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Anotace

Kapilarni zénové elektroforéza pamezi hoj& pouzivané analytické metody vhodné
k separaci chiralnich anaiyt Enantioselektivni prostdi je zaji&ino pidavkem
komplex&niho cinidla piimo do zakladniho elektrolytu, coz zd&jge vysokou
flexibilitu separg&niho systému — komple&ai ¢inidlo ¢i jeho koncentrace mohou byt
snadno mnény. Interakce mezi analyty a kompl€ram cinidlem je charakterizovana

komplex&nimi rovnovahami, jejichz studium jeéqunmetem této dizerténi prace.

Jednou z hlavnich vyhod kapilarni elektroforézy gristence jejiho kompletniho
matematického modelu a simétdch programi umoziujicich gedpovidat vysledky
elektroforetickych separaci. Zadny z dosavadnictdefioviak neni pouZitelny pro
komplexujici systémy. Vramci této prace bykegstaven matematicky model
elektroforézy roz$eny o komplexéni rovnovahy. Model byl implementovan do
dynamického simulatoru elektroforézy Simul 5 a jghlatnost byla experimentain
ovéiena. Nova verze programu Simul 5 Complex je schq@wedpowdét mobilitu,
amplitudu i tvar piku analytu v prdgeti obsahujicim komplegai ¢inidlo. V dalSim
kroku byly komplexani rovnovahy zé&lerény také do linearizovaného modelu
elektromigrace simulatoru PeakMaster 5.3 Compleen Je schopendhem rékolika
vterin predpovdét tvar piku v zavislosti na separdam prostedi. MiZze tedy pomoci
vybrat vhodné experimentalni podminky vedouci kyazka symetrickym pikm
(potlateni elektromigréni disperze) a optimalizaci sepamé&ch podminek za vyrazné
aspory experimentalnihdasu a chemikalii. Sd@asré byl PeakMaster 5.3 Complex
vyuzit k vyswtleni vlivu komplexace analytu s kompléxam ¢inidlem na tvar piku

analytu.

Komplexani cinidlo pridané do zakladniho elektrolytu tie interagovat nejen
s analyty, ale také se slozkami pufru. Tato inteeakiize vyznama znmenit vlastnosti
z&kladniho elektrolytu jako pH, iontovou sfiuvodivost. Bylo prokazano, Ze interakce
komplex&niho c¢inidla se slozkami pufru fitze také vyznamn ovlivnit stanoveni
komplex@&nich parametr. Komplex&ni parametry uwené v takovych systémech
mohou byt zcela nespravné a tak poskytovat mylntarmaci o sile komplexace. Proto
by méla byt moznost interakce komplexaho ¢inidla se slozkami pufru préyena ped
samotnymi experimenty napkontrolou pH po fdavku komplex&niho ¢inidla do

zakladniho elektrolytu.



Abstract

Capillary zone electrophoresis (CZE) is one ofrtiast widely used analytical methods
for separation of chiral analytes. In contrast te bther common chiral separation
methods, chiral complexation agent is usually adde@éctly to the background
electrolyte to create enantioselective separationr@nment. Thus, the type and the
concentration of chiral selector can be easilyadrivhich results in high flexibility of
separation system. The detail understanding otrelgitoretic separation systems with

complexation involved is the main goal of this ikes

One of the most important advantages of capilldegteophoresis is existence of its
complete mathematical model, which was implemenmnteseveral simulation programs.
They can provide detail insight into the separafwacess or predict the separation
results. However, none of the available simulai®suitable for complexing separation
systems, which limits its applicability for chiraéparation systems. For this reason, in
the scope of this thesis we introduce the completathematical model of
electromigration for separation systems with coxaili®en agents. The model was
implemented in our dynamic simulator Simul 5 andswarified experimentally. The
new version of Simul 5 Complex provides the ovepadture about the electrophoretic
separation with complexation agents and allowetbusemonstrate the development of
unforeseen electromigration dispersion connected @omplexation. This phenomena
was further elucidated using our second simulataskMaster 5.3 Complex, whose
linearized model of electromigration was extendg@dmplexation equilibria. The new
version of PeakMaster 5.3 predicts the extent @ftedbmigration dispersion of analyte
peaks depending on concentration of complexatiaentagrhus, it can be used for
optimization of separation conditions to obtain syetrical and sharp analyte peaks.
Complexation agent added to the background elgtératan interact not only with
analytes but also with buffer constituents. Thinaction can significantly influence
the buffer properties, such as pH, ionic strengtltanductivity. We showed that the
value of complexation constant determined in theracting buffers environment can
be totally wrong and may provide misleading infotim@a about the strength of
complexation. Therefore, the interaction of buftenstituents with the complexation
agent should always be considered and tested b#fereery experiments, e.g. by pH

measurement after adding of complexation agertdseparation buffer.
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Uvod

Kapilarni zénovéa elektroforéza (CZE) je analyticképarani metoda zaloZzena na
rozdilné rychlosti iont v elektrickém poli. Mezi hlavni fednosti CZE pdt nizka
spoteba pouzitych chemikalii (separdch pufi i vzorka) a vysoka rychlost acinnost
separace. CZE je mozno pouzit pro separaci Sitaltg latek od malych iofitaz po
makromolekuly. Vyznamné uplaini nachazi také vifpact chiralnich separaci. Pro
separaci chiralnich latek (napenantiomal) je tieba vytvdit enantioselektivni
separéni prostedi, napiklad pidavkem vhodného komplex@ho c¢inidla do
separaniho pufru, které vytvd s jednotlivymi chiralnimi analyty komplexy. TyzZji
elektroforeticky rozdit Ize. Jako chiralni komplexai c¢inidla (chiralni selektory) se
pouzivaji nap cyklodextriny, makrocyklicka antibiotika, crownhery, cyklofruktany,
¢i chiralni micely. Vyhodou kapilarni elektroforézg moznost jednotlivé selektory

lehce ménit, upravovat jejich koncentraci nebo pracovatjgh kombinacemi.

Nejcastji vyuzivanymi komplexanimi ¢inidly jsou cyklodextriny. Jedna se o cyklické
oligosacharidy, sloZzené regtji z 6 az 9 jednotek glukosy. Molekula cyklodextrin
ma charakteristicky tvar komolého kuzele, jeho2j$inplas’ tvori hydrofilni skupiny,
kdeZto dutina (kavita) je hydrofobni. V kavise nachazeji asymetrické uhliky, proto
cyklodextriny mohou slouZit jako chiralni selektokyanalytické praxi se pouZzivaji jak
cyklodextriny nativni, tak derivatizované. Chemiokomodifikaci se ppravu;ji
derivatizované cyklodextriny neutrélni, aniontové&ationtové. Touto modifikaci Ize
velmi vyznamg ovlivnit vlastnosti cyklodextrifi véetrg schopnosti tviit inkluzni

komplexy.

Vazebné interakce mezi analytem a kompteka c¢inidlem charakterizuje konstanta
stability (komplexé&ni, asociani konstanta). Kapilarni elektroforéza je nejefinaou
separéni technikou, ale pouziva se téz ke stanovovamiych fyzikalré-chemickych
charakteristik latek &etné konstant stability. V ramci kapilarni elektrofoyebylo
vyvinuto nékolik metod na ufeni konstanty stability. Mezi n&jsgji vyuzivané paf

afinitni kapilarni elektroforéza (ACE).

Vyznamnou vyhodou kapilarni elektroforézy je jepinkpletni matematicky popis, ktery
umoziuje predikci experimentalnich vysledk V naSi skupigé byly vyvinuty dva
simulani programy Simul a PeakMaster, které umgé optimalizovat sepatai

podminky, ¢imz Sefi ¢asto drahé chemikélie a experimentatmis. Zadny &ne



dostupny simulator elektroforézy neumiofe v plné mie pedvidat vysledky

v prostedi obsahujicim komplegai ¢inidlo. V ramci této doktorské prace byl stavajici
matematicky model elektroforézy ro&Eii o komplexéni rovnovahy. Tento model byl
implementovan do nové verze programu Simul 5, SicnGlomplex. Teoreticky model
a simul&ni program byly nasle@novéreny na gkolika experimentéalnich systémech
(Publikace I a ).

V ramci owrovani platnosti nového modelu byl odhalerive nepopsany trend
v elektromigréni disperzi piku analytu v prasdi s komplexénim cinidlem. Toto
chovani nelze vysilit zménami vodivosti¢i pH prostedi, je tedy nuté spojeno se
samotnou komplexaci. Abychom tento jev dokazalihopit a vys¥tlit, odvodili jsme
castény linearizovany model elektroforézy s neutralniomiplex&nim ¢inidlem, ktery
dokéaze pedvidat elektromigkai disperzi piku analytu. Tento model bykleén do
simulaniho programu PeakMaster 5.3 Complex. Model byleus také o¥ren — a to
jak experimentaly tak pomoci simukmiho programu Simul 5 Complex. Sasre
nam tento model umoznil vy&tit vliv komplexace na elektromigéai disperzi a

vybrat separéni podminky vedouci k minimalni deformaci pifPublikace Il a IV).

Nezbytnymi vstupnimi daty k jakymkoliv simulacimss§mmi s komplexanimi ¢inidly
jsou parametry popisujici interakci analytu s koempinim cinidlem — konstanta
stability a mobilita komplexu. Veaeti casti této prace jsme se proténevali ugovani
konstant stability. Bylo prokadzano, Ze cyklodextrmohou interagovat nejen s analyty,
ale také se slozkami zékladniho elektrolytu (BGE§mito interakcemi se mohou
z&sadn zmenit vlastnosti sepataiho prostedi a tak ovlivnit stanoveni komplexdch
parameti (Publikace V a VI).

e

Dizertatni prace shrnuje nejtezitéjSi vysledky dosazené praci na vySe zmyjich

tématech.
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Cile prace

Cile této dizerténi prace Ize shrnout do nasledujicichinod

1. Rozsfit dynamicky simulani program Simul 5 o komple&ai rovnovahy a

experimentalé owfit platnost navrzeného modelu (Publikace | a Il).

2. Potvrdit funkinost a platnostasté€ného linearizovaného modelu elektroforézy
uvazujiciho komplexaci analytu s neutralnim komatekm cinidlem
implementovaného do programu PeakMaster 5.3 Comphgxzit tento model

k vyswtleni vlivu komplexace na tvar piku analytu (Pubatk Il a V).

3. VySetit a popsat vliv interakce slozek BGE s kompl@xa cinidlem na

stanoveni konstant stability (Publikace V a VI).
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1. Dynamické& simulace elektroforetickych systéiin s komplexanimi rovnovahami:
Publikace I, 1l

1.1 Dynamickéa simulace elektroforézy

Nespornou vyhodou kapilarni elektroforézy je existe jejiho uceleného
matematického modelu. Vyvajdhto modei a jejich implementace do {itacovych

simulanich program probiha jiz vice nez 30 let. V dnesni dpkdy je kazda laborato
zcela samazjmé vybavena vykonnymi potaci, piechazi poitatova simulace do
béZzné laboratorni praxe. Hlavnimi vyhodami simulaei i) detailni nahled do
separaniho procesu, ktery jej umtidje pochopit a vysitlit i) moznost optimalizovat
separani podminky je&t pred provadnim samotnych experiménta iii) vyuZiti

k vzcklavacim @elam.

Prvni matematické modely elektroforézy byly omezewgkiradg na silné elektrolyty
[1] — [5]. Pozdji byly rozSieny také pro slabé elektrolyty [6] — [10]. Jedngli
omezeni byla postupn odstraaiovdna tak, aby bylo mozZné simulovatZbé
elektroforetické techniky, mimo jiné kapilarni zé&ow elektroforézu [11], [12],
izotachoforézu [13], [14], izoelektrickou fokusadil5], [16], ¢i izoelektrické
zakoncentrovani [17]. Historickyighled wetn® moZnych aplikaci &n¢ dostupnych
simulanich progran Ize najit v pehledovychilancich Thormanna a kol. [18], [19].

Matematické modely kapilarni elektroforézy jsouazainy na rovnicich popisujicich
acidobazické/komplexai rovnovahy, na podmince elektroneutrality a roiafi

kontinuity. Rovnice kontinuity jsou nelinearni pidlai diferencidlni rovnice
vychazejici ze zakona zachovani hmoty a popisdjstiibuci koncentraci jednotlivych
sloZzek v¢ase a prostoru [20]. Soustavgtto rovnic nema analytickésSeni. Je vsak

mozné jifeSit numericky pomoci dynamickych simulaci.

V dnesni dob jsou k dispozici pedevSim ii dynamické simulatory elektroforézy:
GENTRANS [21] — [23], SIMUL 5 [24] a SPRESSO [2816]. Mosher a kol. [27] tyto
simulatory na zékladnékolika nasimulovanych systé&nporovnal. Program SPRESSO
je zaloZzen na jednotném obecném modelu. Obsahujadaptivni mizku, ktera slouzi
k zahu&ni simul&nich bodi v mistech, kde se sledovana ¥ea vyrazi meéni. To

v nékterych gipadech mze vyznamg snizit simulé&ni ¢as. Program GENTRANS
obsahuje odélené modely pro jednomocné a vicemocné slozky appoteiny. Toto

odckleni umo#uje zkraceni simutaiho casu pro jednodussi systémy. GENTRANS
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k dalSimu zrychleni simulaci nabizi moznost tzwhlazeni* dat, diky kterému se
piedch&zi numerickym oscilacim. DalSi vyhodou prograBENTRANS je moZzZnost
odhadu elektroosmotického toku. Na rozdil od progréSPRESSO vSak neobsahuje
Zzadnou korekci vlivu iontové sily préstli na mobilitu a také nenabizi uzivatelsky
privétivé grafické rozhrani, které by umaivalo sledovat simulaci v jejim schu.
Program SPRESSO byl napsan v pmedit programu Matlab, GENTRANS ¢4

v prostedi Windows.

1.2 Simul&ni program SIMUL 5

Dynamicky simulator kapilarni elektroforézy SIMUL B4] byl vyvinut v naSi
laboratd@i. Je vol dostupny ke stazeni na naSich webovych strankach
(echmet.natur.cuni.cz). SIMUL 5 obsahuje komplatmtematicky model kapilarni
elektroforézy (roz$ujici model zabudovany w@dchozi verzi programu [13], [28]). Je
pouzitelny pro jakékoliv mnozstvi konstituént & uz slabychei silnych elektrolyti,
jedno- ¢i vicevalentnich iorit a také amfolyl. Jedna se o uZzitey nastroj schopny
simulovat 1fzné elektroforetické techniky: kapilarni zonovou ekatoforézu,

izotachoforézu, izoelektrickou fokusatiizoelektrické zakoncentrovani.

SIMUL 5 je uken pro operéni systtm Windows a nabizi uZivatelskiivptivé a
piehledné grafické rozhrani. Vyhodou je snadnétehlpdné zadavani vstupnich
parametii. V programu je Kk dispozici databaze vstupnich @anitni mobility,
disoci&ni konstanty) pro Sirokou Skalu latekepzata z Hirokawovych tabulek [29] —
[33].Tuto databazi uzivatel ide upravovat a roz%ivat. Po spushi simulace je mozné
cely proces krok po kroku sledovat, coz poskytwgéaithi nahled na proces separace,

ktery umo#uje jeho hlubSi pochopeni.

Samotny model nezahrnuje efekt iontové sily. SIMbSak obsahuje zabudovanou
korekci mobilit na iontovou silu podle OnsagerowweBsovy teorie [34] aippaiet
koncentraci jednotlivych konstituénna aktivity uzitim Debyeovy-Hiickelovy teorie
podle JaroSe a kol. [35]. Po aktivaci této korekimrhazi k pepaitu mobilit a
koncentraci v kazdémasovem kroku v kazdém bodimulace. Takova simulace vice

odpovida realit ovSem za cenu vyrazného prodlouzeni signileo ¢asu.
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SIMUL 5 umoziuje pevné nastaveni hranic pohybujici se oblastikieré probiha
vypocet. Vymezeni Useku kapilary, na kterém sekavaji znény v koncentracich,

vede k vyraznému zrychleni simulace.
1.3 Matematické modely elektroforézy zahrnujici korplexaéni rovnovahy

Matematickych modél elektroforézy zahrnujicich komplexd rovnovahy nebylo
publikovano mnoho a vSechny prozatim publikovargl jgaloZzeny na vicéi mérs

vyznamnych zjednoduseni.

Vroce 1992 Dubrotakova a kol. [36] publikovali zjednoduSeny modehrajici
komplex&ni rovnovahy pro silny elektrolyt jako analyt a trélni komplexani cinidlo.
Busch a kol. [37] fedstavili zjednoduSeny model elektromigrace s kexgshimi
¢inidly, aby mohli ukazat principy affjpadna omezeni jednotlivych metod pouzivanych
k urcovani konstant stability. V roce 2004epstavili Dubsky a kol. [38] SimulChir,
ktery obsahoval zjednoduSeny model elektromigrgaduss modelem interkonverze
enantiomel, ktery umo#oval vypaet rychlostnich konstant interkonverze. Tento
model byl pozdji rozSiien také pro sisi komplexanich cinidel [39], [40]. V naSi
pracovni skupi&é byl také vyvinut program SimulMic [41], ktery olisaval model
popisujici chovani neutralnich andlyt prostedi neutralnich cyklodextrina nabitych
surfaktant (SDS). Programy simulujici experimenty afinitnipkarni elektroforézy
dale gedstavili Fang a kol. [42], [43] a Righetti a kp44]. V roce 2009 Breadmore a
kol. [45] implementovali model obsahujici kompléra rovnovahy do programu
GENTRANS. OvSem i v tomtoifpact se to neobeSlo bez zjednoduSeni — disocia
stupea analyti a komplexanich ¢inidel byl omezen a mobilita volného kompléréo
¢inidla a komplexu analyt-komple&ai cinidlo byla automaticky stejna. Posledni verze
programu GENTRANS [46], publikovana s@asré s naSim modelem, jiz umadje
nastavit rozdilné mobility komplexu a volného koeyaniho ¢inidla. Program byl
pouzit k simulacim izotachoforézy a kapilarni zo@oelektroforézy v prosedi

s neutralnim cyklodextrinem.

1.4 Matematicky model programu Simul 5 Complex

Jak jiz bylo zmigno vySe, do této doby nebyl publikovan kompletnitensaticky
model elektroforézy s komple&aimi rovnovahami. Z tohotodu byl roz&en nas
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stavajici model zabudovany v programu SIMUL 5 [24]komplex&ni rovnovéahy.
Popis tohoto modelu je hlavnim obsahem Publikace I.

Nas model je platny pro systémy, které obsahujigekomplexani ¢inidlo (ligand,
nabojovécislo n,...n) a jakékoliv mnozstvi (i=1,.. ) vicevalentnich slozek (kyselin,
zasad, amfoly) s nabojovymicisly n,...n. Predpokladame, Zze komplexd cinidlo
muze interagovat se vSemi sloZkami predf, ovSem pouze v nejjednodussi, ale také
negastjsSi stechiometrii analyt:kompleai ¢inidlo 1:1. Proto vSechny slozky présli
budeme povaZovat za potencialni analyty. Interakébo analytu ve své iontové foém

s nabojovymcislem z (o koncentracici;) a komplexaniho ¢inidla v iontové forns

s nabojovynxislem| (o koncentracic, ) je charakterizovana rovnovaznou konstantou

stability Ky 2.1
C..
Kx izl S ! (1)
GG

kde ¢4z je koncentrace ifslusného vznikajiciho komplexu. Celkové (analydick
koncentrace jednotlivych analyslozek €¢) a komplexaniho ¢inidla (c.) mizeme

vyjadrit jako sowet vSech neutralnich, nabitych, volnych a komplexgeh forem:

B B P
G = Zci,z +chx,i,z,l (2)
z=n z=n I=n_
P Ny B P
C = ZCL,I +zzzcx,i,z,l' 3)
I=n_ i=1 z=n; I=n_

Neznamou koncentraci hydroxoniovych idnicy) lze ukit pomoci podminky

elektroneutrality:

NX

K P 2 p B
C, —C—W+ZZC},Z +>lcy, +ZZZ(2+|)CW’I =0, @
H z=n;

I=n_ i=1 z=n; I=n_

do které bylo za koncentraci hydroxidovych aniocsy dosazeno z rovnice popisujici
autoprotolyzu vody (iontovy sdéin vody). Koncentrace vSech forem analya
komplexa&niho ¢inidla pritomnych v systému fizeme wéit kombinaci rovnic (1), (2),

(3), (4) a pislusnych acidobazickych rovnovah.

Matematicky model elektromigrace je zaloZzen na ¢@edmnernych parcialnich

diferencialnich rovnicich kontinuity, které vyjagi vyvoj celkové koncentrace
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jednotlivych sloZek wase a v prostoru. Rovnice kontinuity pro vSechnglyg i

komplex&ni ¢inidlo (ozna&eni indexenk =L, 1,...,Ny) |ze zapsat v nasledujicim tvaru:

aCk _ a\]k'f
ot Z‘( ox j ®)

Indexf reprezentuje vSechny volné i komplexované fokatg slozky systému. Veiina
Jksje potom jeji latkovy tok, ktery se v naSerfipact sklada zeif slozek — difuze,
elektromigrace a elektroosmotického toku (EOF)chigstiveor

Pomoci rovnic (1) — (5) je vystaw cely model. Program Simul 5 Complex potom
pouziva stejny algoritmus k nalezeni numerickéd®eni nelinearnich diferencialnich
rovnic kontinuity jako jeho fedchozi verze. Tento model nebere v Gvahu Zadrg dal
efekty jako je vliv iontové sily na mobilitu a roemazné konstanty, teplotii viskozitu
BGE. Jako vstupni data pro simulaci jsou proto gmemb komplexani parametry
odpovidajici aktualnim experimentalnim podminkanegPam vSak poskytuje moznost
vSechna ostatni vstupni data (jako iontove limitiobility a disoci&ni konstanty) fed

zatatkem simulace na aktualni iontovou silu zkorigovat

1.5 Experimentalni owreni programu Simul 5 Complex

V prvnim kroku jsme ukazali, Ze Simul 5 Complexf@dnym nastrojem pro simulaci
vSech BZnych elektroforetickych metod, které se pouZiviajirécovani konstant
stability. V nasledujicim kroku jsme platnost madebwiili na tfech Gznych
experimentalnich systémech, které se liSily typeralydu, komplexaniho cinidla a
silou interakce mezi analytem a kompléxin ¢inidlem. Simulace jsme provedlifip
riznych koncentracich komplek@ho Ccinidla, abychom mohli posoudit vliv
komplexace na separaci. Vstupni parametry (konststability a mobility komplexu)
byly urceny metodou ACE [47]. Simulace byly provedeny zagnsich podminek jako

piislusné experimenty.

Jak je ¥ejmé z Obr. 1, 2 a 3, bylo dosaZzeno vyborné shodygi mxperimentalnimi a
simulovanymi daty co se &g pozice, amplitudy i tvaru pikanalytu. V prvnim systému
byl pouzit jako komplexai ¢inidlo neutralni 60-a-maltosylf-cyklodextrin (Malf3-
CD) a jako analyt (R)-(-)-2-fluoro~ethyl-4-biphenyloctova kyselina (R-flurbiprofen),
ktery byl za danych experimentélnich podmineképhabity K = 3600 + 100
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(mol.dm®™)". Jak je vidt na Obr. 1, s koncentraci komplérého cinidla v pufru se
vyrazre meéni také tvar piku analytu. V systému bez NaGD ma pik takka

gaussovsky tvar, ovSem po minimalnifidavku Malf3-CD (0,1 mM) je pik analytu
silné ovlivnén elektromigrani disperzi a ma typicky trojuhelnikovy tvar. Tertfekt se
se zvySujici koncentraci cyklodextrinu v BGE postuptlumi, pi koncentraci

cyklodextrinu v BGE 2 mM je pik analytu éipakika gaussovsky.
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Obr. 1 Srovnani experimentalnich (n&hd a simulovanych (dole) elektroferognam prvnim
systému — analyt R-flurbiprofen (koncentrace verkad,3 mM), komplexéni ¢inidlo Mal-3-
CD. A: vodivostni signél [48], B: UV-detekce. Jedin@ kiivky (piky) jsou ozn&eny
koncentraci komplexaiho ¢inidla v BGE. Pro lepSi fighlednost byly experimentalni a

simulované kivky z vodivostniho detektoru posunuty podél osy vy.

Elektromigr&ni disperze se projevuje, pokud rychlost analytwistana jeho
koncentraci v zoh— obecg se edpoklada, Ze vznika vidledku zngn vodivosti a pH
v zOrg analytu. OvSem fjidavek 0,1 mM neutrélniho cyklodextrinu niete zmisobit
Zadné vyrazné zény vodivosti¢i pH. Pik analytu by rl tedy mit stejny tvar jako
v prostedi bez pidavku cyklodextrinu. Vyrazna elektromigrd disperze pozorovana

v tomto systému proto musi bytigmbena komplexaci analytu s cyklodextrinem.

Efektivni mobilita analytux e, ktery se vyskytuje ve volné a komplexované f&rm

muze byt vyjadena jako vazeny pmér mobility volného analytuga, a komplexyuac:

Mpett = Qlpc T A=)y, (6)

Konstanty stability pouZité v tomto oddilu pracgsoe korigovany na iontovou silu a viskozitu
prostedi. Odpovidaji tedy aktualnim podminkédm experirtinent
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kde gisluSnou vahou je stupekomplexace analytur. Stupé komplexace zavisi na

koncentraci analytuga, a koncentraci komplexaiho ¢inidla, ¢, podle nasledujiciho

vztahu:

2Kc,

a= .
K(CA +CL)+1+\/[K(CA +CL)+1]2 _4K2CACL

(7)

V ptipact silné interakce analyt — komplexa ¢inidlo stupé komplexace analytu sin
zavisi na koncentraci analytu v 20uliky ¢emuz se s koncentraci v zomeni také jeho

rychlost. Proto v tomto systému pozorujeme vyrazeleldtromigr&ni disperzi.

V druhém systému byl pouzit stejny analyt a jinénkdexani ¢inidlo — heptakis(2,3,6-
tri-O-methyl)3-cyklodextrin. Konstanta stability vznikajiciho kpiaxu je zhruba
Sestkrat nizsi nez wedchozim fipads (K = 610 +40 (mol.dii)™Y). Jak je zrejmé z
Obr. 2, pik analytu ma télka gaussovsky tvar nezavisle na koncentraci konapielko
¢inidla v BGE. To lIze vysitlit slabSi komplexaci, stupekomplexace analytu nezavisi

tak vyrazi na jeho koncentraci v zém vliv elektromigrani disperze se neprojevi.
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Obr. 2 Srovnani experimentalnich (n&bpa simulovanych (dole) elektroferogriam druhém
systému — analyt R-flurbiprofen (koncentrace ve rkao0,3 mM), komplexéni cinidlo
heptakis(2,3,6-tr@-methyl)f3-cyklodextrin. A: vodivostni signal, B: UV-detekcdednotlivé
kiivky (piky) jsou ozn&eny koncentraci komplegaiho ¢inidla v BGE. Pro lepSifehlednost

byly experimentélni a simulované&wy z vodivostniho detektoru posunuty podél osy y.

Ve tretim gipack byl pouzit nabity kationtovy cyklodextrin (6-moneaky-6-mono(3-
hydroxypropylaminol3-cyklodextrin) a neutralni analyt (S-3-bromo-2-mgdpinopan-1-
ol). Interakce mezi nimi byla velmi slabé< 114 + 7 (mol.drif)™). Experimenty byly
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provadny za konstantni iontoveé sily — koncentrace jedwath sloZzek BGE se émily
tak, aby byl kompenzovantigpivek nabitého cyklodextrinu k iontové sile. v
nizSim mobilitam vznikajiciho komplexu byly expegnty provedeny metodou
PreMCE [49], [50]. Experimentalni elektroferogranspu slozi¢jSi na vyhodnoceni,
proto byly experimentalni i simulované vysledkyeypedeny zZasové do mobilitni
Skaly. Jak je vidt, i vtomto systému se uptatje elektromigrani disperze, ovsem jeji

vyswtleni je vyrazg slozi€jSi nez v pedchozich fipadech. Vliv bude mit nejen

menici se koncentrace cyklodextrinu, ale takénioi se slozeni BGE.

2 EOF
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g 09
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2 A 12mm j\‘\/
2 2 15 mM
< 1 20 mM
-4 T T T T T T T T T T T T 1
6 5 4 3 2 1 0 -1
-9 2 -1, ;-1
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0.8 A 1mM
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1110° m’s*v?!

Obr. 3 Srovnani experimentalnich (nabd a simulovanych (dole) elektroferogram UV-
detektoru veietim systému — analyt S-3-bromo-2-methylpropan-{kohcentrace ve vzorku
0,5 mM), komplexani ¢inidlo 6-monodeoxy-6-mono(3-hydroxypropylamin®eyklodextrin.
Jednotlivé kivky (piky) jsou ozn&eny koncentraci komplegaiho ¢inidla v BGE. Pro lepsi

piehlednost byly experimentélni a simulovaiighy posunuty podél osy y.

Simul 5 Complex byl vnaSi labordtoovéien i pro slabé elektrolyty. Byla
nasimulovana publikovana experimentalni data sepaemantiomér v zavislosti na

koncentraci komplexaihocinidla a pH prosedi [51].
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2. PeakMaster 5.3 Complex: Elektromigr&ni disperze v systémech s neutrainim
komplexaénim ¢inidlem a plné nabitym analytem: Publikace IlI, IV

2.1 Elektromigraéni disperze

Kvalita elektroforetické separaceu#e byt vyznamé& ovlivnéna disperznimi jevy.
Disperze zfisobuje roz§ovani a deformaci ptk coZ sniZzuje citlivost a dinnost
separace. K celkové disperzi pifiispiva podélna difaze, vznik Joulova tepla (teplotn
efekty v kapilde), adsorpce na &tu kapilary, elektromigkmi disperze, laminarni
tok,... Tyto jevy jsou detaikh popsany v &kolika prehledovychélancich [52]-[54].
zpisobuje deformaci idealniho gaussovského piku n&ckyprojuhelnikovy tvar. U
takto deformovanych pitknelze pouzitas maxima pro vypmt mobility. Erny a kol
[55], [56] ukazali, Ze knalezeni spravné hodnotygratniho casu je teba
trojuhelnikovy pik prolozit Haarhoffovou-van derndeho (HVL) funkci [57]. Jeden

z parametr této funkce pedstavuje $ed odpovidajiciho gaussovského piku, tedy

maximum piku g nekon€ném zedni.

EMD je znama a zkoumana jiz dlouhou dobu. Vliv EM tvar piku analytu se
projevi, pokud rychlost migrace analytu zavisi ahoj koncentraci v zén Xu a kol.
[58] zavedli pro popis EMD konstantu charakterigujanalyt v daném BGE, ktera
uréuje, jak se projevi vliv EMD na tvar piku analygilé a smir EMD). Také jako prvni
upozornili na to, Ze EMD je ovlivima jak vodivosti, tak pH zakladniho elektrolytu.
Gebauer a kol. [59], [60]pdstavili zakladni popis EMD, ktery charakterizajgru
EMD pomoci jednoduchych diagram Pozaji [61], [62] byla zavedena veina
velocity slopektera je kvantitativni charakteristikou tendemiegého analytu v daném
BGE podléhat EMD. Na tuto praci navazali Horka & k63], kteti zavedlirelative

velocity slopeS:
s, = lim X M 8)
& —~0Vy dCX

kde « je specificka vodivost BGBix je rychlost analytu ax jeho koncentrace. Pokud
je tato velgina kladna, pik ma ve simu migrace ostrou nébnou hranu a rozmytou
sestupnou hranu — chvostujici pikailfng). V opaném gipac pozorujeme pik

frontujici fronting). Na zaklad diagrami ilustrujicich vyvoj EMD v zavislosti na pH a

vodivosti BGE autti predpovdéli existenci systérin kde se hodnot®y pro vybrané
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analyty mohou bliZit k . V takovém pipad je vliv disperze velmi silny a tize dojit
az ke kompletnimu rozmyti piku analytu. Nezavisdesold Gebauer a kol. [64], [65] a
Gas a kol. [66] zkoumallasto vyuzivany fosfatovy pufriipraiznych hodnotach pH a
vymezili oblasti disocignich konstant a limitnich mobilit analyt které v &chto

pufrech budou podléhat extrémni EMD.

2.2 Linearizovany model elektroforézy — simuléni software PeakMaster

Dynamické simulace poskytuji kompletni nahled dmcpsu elektromigrace, ale
vyzaduji delSi simukmni cas, vysSi vypeetni kapacitu a zkuSeného uZivatele.
Uspaadani kapilarni zénové elektroforézy vSak uimgé rovnice popisujici
elektromigraci linearizovat. Linearizovany modekimzi z pedpokladu, Ze se davkuje
tak malé mnozstvi analytu, Zze se sloZzeni BGEk&kengni. Pokud jsou vychozi
zmény BGE malé, budou také 2my v pribéhu elektromigrace malé &imo anerné.
Tento redpoklad vede k vyraznému zjednoduSeni rovnic kait§i a nalezeni jejich
analytického feSeni. AvSak nesmime zapomenout, #é madavkovani ,¥tsiho"

mnoZstvi analytu se projevi faktory, které lineaviany model nezahrnuje.

Poppe a kol. [67], [68] jako prvni zlinearizovabvnice popisujici elektromigraci a
ukazali, Ze jejictreSeni vede k problematice matic a jejich viastidisbl. Na tuto praci
navazali Stdry a kol. [69], kt& sestavili tyto matice tak, Ze jejich vlasttisla ntla
rozmer elektroforetickych mobilit éigenmobilij, piicemz rEkteré z nich nejpsluseji
Zadnému davkovanému analytu — tzv. systémoveé eigeiity. To znamena, Ze
v kapilae existuji zony — systémové zény — které se poliytyghlosti odpovidajici
témto mobilitam. Poet €chto systémovych zon odpovidacpo konstitueni daného
BGE, @i¢emz konstituentem se rozumi kyselina, baze i arnfidy ohledu na hodnotu
pKa ¢i valenci. V zasagl Zadna ze systéemovych mobilit nenabyva nulové hiydrabe
obvykle se gkteré z nich pohybuji s mobilitou natolik blizkoule, Ze mohou slouzit

jako markery elektroosmotického toku.

Stdry a kol. odvodili linearizovany model elektromage nejprve pro silné elektrolyty
[69], pro uni-univalentni slabé elektrolyty [70], rakonec obecn bez jakychkoliv
omezeni tykajicich se slozetii valence jednotlivych slozek [71]. Tento model byl
zabudovan do simulaiho programu PeakMaster verze 5.2 [72]. Vstuprdaty pro

simulace jsou fyzikakrchemické parametry slozek BGE a analytu (konceaira
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limitni mobility, disoci&ni konstanty). Program obsahuje datab&zito charakteristik
pro Sirokou Skélu latek, zaloZzenou na Hirokawovyaebulkach [29] — [33]. Tuto
databazi mze uzivatel upravovat a ro¥dvat. V ramci programu je mozné pouZzit
korekci na iontovou silu, ktera koriguje limitni bility na zakla@ Onsagerovy-
Fuossovy teorie a koncentrace jednotlivych konstituna aktivity uzitim Debyeovy-
Huckelovy teorie [34], [35]. Uzivatel daletrke volit instrumentélni parametry separace
— deélku kapilary k detektoru a jeji celkovou délkelikost a polaritu aplikovaného
napsti, mobilitu elektroosmotického toku a typ detekp&imaci nepgima UV-detekce,
vodivostni detekce). Program je schopen wjfad pH, vodivost, iontovou silu a
pufraini kapacitu BGE. Dale ur efektivni mobilitu analytu, charakteristiky némé a
vodivostni detekce analytu [73]¢etne hodnoty Sx charakterizujici elektromigéai
disperzi. Systémové zony jsou charakterizovany swohilitou a amplitudou [74]. Tyto
vysledky program poskytuje jak v podobiselnych hodnot isluSnych vetiin, tak
formou simulovaného elektroferogramu. Pro vykresiemaru simulovanych pik je
pouzita HVL funkce [57].

V roce 2012 byl tento linearizovany model rdegio nelinearnflen migrace [75], [76].
Nova verze programu PeakMaster dokaZedpowdét tvary systémovych pik
Elektromigr&ni disperze je charakterizovana nelineérni ele&tatickou mobilitou,
Uevp, Kterd odpovida rozdilu mobility ¢égné z maxima (vrcholu) piku a zerestu
odpovidajiciho gaussovského piku (neowiveho EMD). K vykresleni tvérpika je
pouzita HVLR funkce, kterou jako prvni odvodil pobhromatografii Houghton [77].
Tato funkce vice odpovida realnym podminkain gévkovani a dokaze vhoén
modelovat i velmi Siroké zény (plata). Raesiy model byl zabudovan do programu
PeakMaster verze 5.3 a jeho platnost byl&i@va jak pomoci experiment tak

simulaci programem Simul 5 [24].

Zatimco dynamicka simulace CZE experimentu progranfmul 5 niZze zabrat
hodiny az dny vyp&etnihocasu, PeakMaster 5.3 poskytuje vysledkhdm rékolika
vtefin. Program Peakmaster 5.3 je wblke stazeni na webovych strankach naSi

pracovni skupiny (echmet.natur.cuni.cz).

22



2.3 PeakMaster 5.3 Complex — @¥eni matematického modelu

V ramci Publikace Il jsme fiedstavili matematicky model zabudovany do nové everz
programu PeakMaster 5.3 Complex. Tento model p@pisystémy, které obsahuji
pouze d¥ slozky BGE, neutralni komplegai ¢inidlo a plreé nabity analyt. Komplexaci
piedpokladame pouze mezi kompléxan ¢inidlem a analytem ve stechiometrii 1:1. Po
zadani komplexmich charakteristik (konstanta stability, mobilkamplexu) program
poskytuje d¥ charakteristiky EMD:nonlinear electromigration mobility slope of the
analyte zone Svpa, a relative velocity slope Sk. Swoa lze snadno vypotat

z experimentalnichli simulovanych elektroferograinpodle nasledujiciho vztahu

_ HMuax.a = Haesi )

SEMD AT !
) CA

kde tmax a je mobilita analytu urena z maxima pikya e je efektivni mobilita analytu
uréena pomoci HVL funkce aa je aktualni koncentrace analytu v 2éanalytu. Sk
potom niZzeme ziskat jednoduchynigpaitem:

1 SEMD AK
SX =, 10
2 :uA,eff ( )

kde « je vodivost BGE. Kroré téchto hodnot PeakMaster 5.3 Complex vykresluje také

zavislost danych velin na koncentraci komplexaihocinidla v BGE.

Platnost pedstaveného modelu jsmeébavali jak pomoci experimeint tak pomoci
simulaci programem Simul 5 Complexti Testované systémy se liSily v pouzitém
neutralnim komplexaim cinidle (tedy v sile komplexace). Jak je zjevhé z.0h
experimenty a simulace se perfektshoduji, co se tg pozice i tvaru pik

Z experimentalnich i simulovanych elektroferogtaijsme poté vypéitali hodnoty
Swmpa @ Sx. Hodnoty pedposzené programem PeakMaster 5.3 Complex jsou ve
vyborné shod s hodnotami simulovanymi. Experimentalni hodnayrsrre odchyluji,

avSak dodrzuji stejny trend.
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4 Srovnani experimentalnich (horiéda) a simulovanych (dolnfada) elektroferogratn pro analyt R-flurbiprofen a komple&ai cinidlo
A) B-cyklodextrin, B) heptakis(2,6-dD-methyl){3-cyklodextrin a C) heptakis(2,3,6-t@-methyl){3-cyklodextrin pro #zné koncentrace komplex@ho
¢inidla v BGE. Jednotlivé piky jsou ozteny koncentraci komplegaiho¢inidla v BGE.
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2.4 Vliv komplexace na elektromigr&ni disperzi

Na Obr. 5A je zndzogma zavislostSeypa nNa koncentraci komplexaiho cinidla
piedpo¥zena programem PeakMaster 5.3 Complex pro dva okézlsystémy.
V prvnim systému (analyt R-flurbiprofen, kompléra ¢inidlo B-cyklodextrin, K =
4037 (mol di?)?, ac = 8,82x10 m?VsY* pozorujeme po iidavku nepatrného
mnozstvi komplexéniho cinidla vyraznou EMD piku analytu, kterd se vyzng&mn
redukuje pi koncentraci komplexaiho cinidla 2 mM. Tomuto pibéhu odpovida

vyrazné minimum naikvce zavislostiSemp 4 Na koncentraci komplekaiho ¢inidla.

Celkova elektromigrani disperze v systémech s neutralnim kompleba ¢inidlem a
pIné nabitym analytem se sklada Zehlavnich pispevka: (1) vliv analytu na vodivost
BGE, (2) vliv komplexace a (3) vliv komplexu anakgmplexa&ni ¢inidlo na vodivost
BGE. V prvnim bod zavislosti ¢, = 0 mM) je tvar piku ovlivén pouze prvnim
piispvkem (hodnotaSewpa je takka nulovd). Naopak ip vysoké koncentraci
komplex&niho c¢inidla v BGE, kdy je takka vSechen analytifpomen ve form
komplexu, ovliviuje tvar piku pouzetéti pispivek (hodnotaSwpa je také blizka
nule). Mezi &Emito extrémnimi hodnotami koncentrace komptaxho ¢inidla v BGE je
celkova EMD dana kombinaci vSedf prispsvkia. Vzhledem k takka zanedbatelnym
hodnotamSzyp A pro prvni ateti gispivek, musi hlavni roli v této oblasti koncentraci
hrat gispevek druhy, komplexace.

>

j—
W
j—

=
-----------
--
-

Sewp.a ! 10° m*Vistmol?

0 2 2 6 8 10 0 2 . s 8 10
¢ /mM ¢ /mM
Obr. 5 Zavislost Sypa predposzenad programem PeakMaster 5.3 Complex (A) a

lim (da/ch )CL’K (B) na koncentraci komplexaiho ¢inidla v BGE. Komplexani ¢inidlo: (3-

cy -0

cyklodextrin  ¢erna plnd céra), heptakis(2,3,6-t@-methyl){3-cyklodextrin  ¢ervenéd
pieruSovangara).

*Komplexaini parametry pouzité v tomto oddilu prace nejsaigkwany na iontovou silu a viskozitu
prostedi. Odpovidaji tedy aktualnim podminkédm experirinent
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Efektivni mobilita analytu zavisi na stupni komper analytuga, podle rovnice (6).
Vliv EMD se projevi, pokud rychlost migrace zawisi koncentraci analytu v z&rtedy
pokud sea bude vyrazé menit s koncentraci analytu. Zmu stup® komplexace
s koncentraci analytu v zénze vyjadit jako parcialni derivaci rovnice (7) podle
koncentrace analytu v limitni foRmkdy se koncentrace analytu blizi nule:

im oa _ —2Kc, 11
i - =
c .K (KCL +1)3 ( )

Zavislost tohoto parametru na koncentraci kompielw cinidla pro ukazkové
systémy je znazo#ma na Obr. 5B. Podobnost se zavisld&iiipa na koncentraci
komplex&niho ¢inidla (Obr. 5A) je ¥ejm&. Ri nizké koncentraci komplegaiho
¢inidla stup@& komplexace analytu zavisi velmi vyr&zma koncentraci analytu v zéa
pik analytu je sild deformovan EMD. R vysSi koncentraci komplexaiho ¢inidla
(okolo 2 mM) je jiz takka vSechen analyt vazan v komplexu, limitni fornaacpalni
derivace se blizi k nule, stup&omplexace jiZ na koncentraci analytu v zdakika
nezavisi a EMD se neprojevuje. Coz bouhlasi sigdpokladem, Ze v této oblasti
koncentraci komplexaiho cinidla ma nejétsi vliv na EMD prag komplexace analytu

s komplex&nim ¢inidlem.

Druhy sledovany systém (analyt R-flurbiprofen, kdexacni ¢inidlo heptakis(2,3,6-tri-
O-methyl)$3-cyklodextrin,K = 552 (mol drit)?, uac = 6,50 x 10 m*V's?) byl zvolen
tak, aby komplexéni ¢inidlo a analyt interagovali vyrazrslakgji, aby bylo mozné wiit
vliv sily interakce na EMD. V tomto systému pikyadyiu vykazuji takka gaussovsky
tvar nezavisle na koncentraci komplémiéno cinidla v BGE. Také odpovidajici
zavislostSyp A na koncentraci komplexaiho cinidla v BGE vykazuje vyraznmel¢i
minimum (viz Obr. 5). Vzhledem k nizké konstaatability (zhruba sedmkrét nizsi nez
vV prvnim systému) stugiekomplexace analytu nezavisi vyrézama koncentraci analytu
v z6rs. Uplna komplexace analytu nastava ar y3si koncentraci komple¥aiho
¢inidla. Fispivek komplexace k EMD je tedy niZsi, aliefsvava i do vyssi koncentrace

komplexa&niho¢inidla v BGE.

V dalSim kroku byl pomoci programu PeakMaster 5@n@lex vys¥étlen vliv sily
komplexace a mobility vznikajiciho komplexu na vyvBMD. Na Obr. 6A je
znazorgna zavislost Ssupa na koncentraci komplexaiho c¢inidla v BGE pro

teoretické systémy se stejnou mobilitou volnéholyanaa konstantou stability jako
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v prvnim ukazkovém systému= 19,81 x 10 m?v's?, K= 4 037 (mol dri)?), ale
pro @t raznych mobilit komplexu analyt-komple&ai ¢inidlo. Tyto zavislosti
prochazeji vyraznym minimem. Se zvySujicim se dendimobility volného analytu a
komplexu je toto minimum vyrazjsi a vede k vyrazijSi EMD a deformova¥)Sim
pikim. Toto minimum vSak nastavéistejné koncentraci komple&aiho cinidla bez
ohledu na rozdil mobilit. Na Obr. 6B je zndz&ma zavislostSemp . Na koncentraci
komplex&niho ¢inidla v BGE pro teoretické systémy se stejnou Hitolbi volného
analytu a mobilitou komplexu analyt-kompléra ¢inidlo jako v prvnim ukazkovém
systému g = 19,81 x 10 m*V's?, unc= 8,82 x 16 m*v''sh), ale pro pt riznych
konstant stability. Jak je vl se zvySujici se konstantou stability je minimum
v zavislosti hlubsi, ostjSi, nastavaipnizsi koncentraci komplexaiho ¢inidla BGE a
pii niz8i koncentraci komplexaiho ¢inidla také dosahuj&yp a limitni hodnoty. To
znamena, Ze se zvySujici se konstantou stabilppp@rovana EMD vyrazisi, ale vliv

komplexace na EMDiptrvava na uzsim intervalu koncentraci komptexao cinidla.

Z

K=100

/10° m*v's*mol™

Seupn ! 10° MV mol™

EMD,A

S

204

Obr. 6 ZavislostS:yp A Na koncentraci komplegaihocinidla v BGE pro analyt R-flurbiprofen
a mizna teoreticka komplekai ¢inidla. (A) ac = 1, 5, 9, 15 a 19,8 x ParVv's?, K = 4 000
(mol dm?)™. Jednotlivé kivky jsou ozn&eny hodnotou mobility komplexu analyt—kompléra
ginidlo. (B) tiac = 9 x 10° m?V''s™, K = 100, 500, 1 000, 4 000 a 8 000 (mol Y Jednotlivé

kiivky jsou ozngeny hodnotou komplexai konstanty.

Nova verze programu PeakMaster 5.3 Complex je s@hdphem rekolika vtdin
predpowdét tvar piku analytu v systémech obsahujici¢pirabity analyt a neutralni
komplex&ni ¢inidlo. MaZze tedy pomoci vybrat vhodné experimentalni podmink

vedouci k potléeni EMD a optimalizaci sepatich podminek.
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3. Komplexace sloZzek pufru s neutrdinim komplexéim ¢éinidlem: Viiv na

uréovani konstant stability: Publikace V, VI
3.1 Uréovani konstant stability

Silu interakce mezi analytem (A) a kompléxan ¢inidlem (C) popisuje konstanta
stability. Pro nejjednodussi a zardveegasgjSi stechiometrii interakce 1:1 chemickou

rovnovahu vystihuje rovnice:
A+C=AC (12)

a termodynamickou konstantu stabilityiheme vyjadit jako

K= e (13)
A

kde symbolg; predstavuje aktivity jednotlivych sloZzek. V praxi @eSemcasto pouziva
takzvana zdanliva konstanta stabiliy;

._ [AC]

K “[Alc] (14)

kde [ ] pestavuje rovnovaZznou molarni koncentraci jednotlivysloZzek. Takto
vyjadiena konstanta ale zavisi na iontové sile pedsta plati pouze pro dané
experimentalni podminky. V ramci kapilarni elektnafzy bylo vyvinuto tkolik metod
vhodnych k u¢eni konstant stability: afinitni kapilarni elektooéza (ACE), Hummel-
Dreyerova metoda, vakantni afinitni kapilarni alefdréza, metoda vakantnich fjk
frontalni analyzadi kontinualni frontalni analyza v kapilarni elekoéze. Podrobny

popis jednotlivych metod Ize najit ¥kolika prehledovychilancich [78] — [80].

Nejcastji pouzivanou metodou k &¢eni konstanty stability vifpact rychlého ustaveni
rovnovahy (zjednoduSeérnreceno, pokud je ustaveni kompléxa rovnovahy rychlejsi
nez separace) je metoda ACE. Ta je zaloZena ¢eniuzavislosti efektivni mobility
analytu, ktery je davkovan o konstantni koncenfraxa zvySujici se koncentraci
komplex&niho ¢inidla v BGE. Efektivni mobilita analytugses, potom zavisi na
koncentraci komplexaihocinidla v BGE podle vztahu

fa + 1acK'[C]
1+ K'[C]

Hper = , (15)

28



kde s je mobilita volného analytugiac mobilita komplexu a @] je rovnovazna
koncentrace komplexaiho cinidla. Rovnovaznou koncentraci komplérého cinidla
je mozno nahradit za analytickoui mlostaténém nadbytku komplexaiho cinidla.
Tato podminka rize byt v CZE zaji®ha prolozenim piku analytu HVL funkci [57],
kdy ziskdme migrai ¢as analytu  nekon€ném zedni. Rovnici (15) Ize pevést na
jeden z linearizovanych tvarkteré jsou znamy v literatel pod fiznymi nazvy [81] —
[83]. Konstanty se u@uji ze smérnic a phAse&ika linearizovanych zavislosti se
soudadnicovymi osami. Bowser a kol. [82], [83] vSak méth pomoci simulaci Monte
Carlo, Ze nelinearni regrese experimentalnich davrsci (15) poskytuje f@srEjsi a

spravrjsi vysledky nez regrese linearni.

Rovnici (15) Ize ovSem k vyhodnoceni experimentiirdat pouzit pouze tehdy, pokud
se efektivni mobilita analytu &i jenom v dsledku komplexace. V praxi byva
efektivni mobilita analytu ovlivéna dalSimi faktory, jako je &nmici se iontova sila,
viskozita a teplota BGE. V takovémtipact je treba experimentalni datareul
vyhodnocenim vhodnkorigovat nebo fislusné korekce zabudovat do regresni funkce
[84]. Mnoho autai tyto faktory vibec nebere v Gvahu. Taktoiané konstanty stability
jsou ale platné pouze v danych systémech a molodisjenom jako hruby odhad sily

interakce.

V literature Ize nalézt viceffstupi, jak sledovat a korigovat zmy teploty v kapilée
zpisobené vznikem Joulova tepla, fi&fad pomoci vodivostnich &keni [85] — [88].
Vliv meénici se viskozity BGE visledku zvySujici se koncentrace komplaiao
¢inidla na mobilitu analytu byva ne&jsgji korigovana pomoci viskozitniho paimu
(relativni viskozita) [89] — [92]. ® pouZiti nabitych komplexaich ¢inidel menici se
iontova sila prosedi ovliviuje jak konstantu stability, tak jednotlivé mohjlit
V takovém pipackt je treba pracovat hilza konstantni iontoveé sily, nebo data korigovat
nag. pomoci Onsagerovy-Fuossovy teorie [34], jak ukdZhala a kol. [93], [94].
V ramci nasSi pedchozi prace jsme demonstrovali vligchto faktofi na utovani
konstant stability a fedstavili jsme postup, jak stanovit termodynamigkdstanty
stability neutralnich analfgts nabitym komplexaim ¢inidlem [95]. NavrZzeny postup

zohlediuje vSechny vySe zmidné faktory ovliwiujici stanoveni konstant stability.
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3.2 Vliv komplexace sloZzek BGE s komplexaim ¢inidlem na uréovani
konstant stability

Interakce analytu s komplexami cinidly je dikladreé popsana. Ovsem komplexa
¢inidlo miZze sodasre interagovat také se slozkami segaiho pufru. Tento typ

interakce vSak je8tnebyl v literatiie detail studovan [96] — [99].

V Publikaci V jsme se za#tili na popis interakce neutralniho kompléréocinidla se
slozkami sepataiho pufru a jeji tsledky na zakladni vlastnosti pouzitého pufru jako
pH, iontovou silu¢i vodivost. Praktickym @isledikiim t€chto interakci se dnujeme

v Publikaci VI. Prokazali jsme, Ze interakce komxalaiho ¢inidla se slozkou pufru
muze mit za dsledek vznik neZadoucich systémovychipik vyrazné zhorSeni
separace. DalSi z vyznamnychstbdki téchto interakci je vliv na g@ovani konstant
stability — a to jak plé nabitych analyt (silnych elektrolyt), tak analyi pouze
caste&né disociovanych (slabych elektroiyt

V piipact interakce sloZzek pufru s kompleéxam pufrem s€ast komplexénihocinidla
spotebuje a rovnovazna koncentrace volného komgleka ¢inidla se niize zasadh
liSit od koncentrace analytické. Situace je o toZzi¢jSi, Ze nabita a nenabitd forma
slozek pufru MiZe interagovat s komple&aim c¢inidlem jinak silré. Pro demonstraci
tohoto jevu jsme uili konstantu stability R-flurbiprofenu (ptnhnabity za aktualnich
experimentalnich podminek) s neutralrfireyklodextrinem B-CD)v nékolika niznych
pufrech. Jak je vigt na Obr. 7, komplexai konstanty utené v pufrech obsahuijicich
ethanolamin, kyselinu fosfoteou, amoniak, kyselinu maleinovou nebo tricin (N-(2
hydroxy-1,1-bis(hydroxymethyl)ethyl)glycin)  jsou kika stejné (v ramci
experimentalni chyby). To znamena, Ze tyto slozufrips3-CD neinteraguji tatka
vibec (gipadreé interaguji steja siln¢). AvSak komplexéni konstanty ufené v B8zn¢
pouzivanych pufrech obsahujicich 2-(N-morfolin)ethafonovou kyselinu (MES), 3-
morfolinpropan-1-sulfonovou kyselinu (MOPS) a N-hexyl-2-aminoethan
sulfonovou kyselinu (CHES) jsou vyznamnnizSi. Nasledd jsme stanovili
komplex&ni konstanty ve stejnych pufrech, pouzékpt Zedénych (D). Jak je izjmé

z Obr. 7, v pufrech MES, MOPS a CHES se hodnotagtexaini konstanty vyznanin
zmenila. V pripact interagujicich pufr urcend komplexéni konstanta tedy nezalezi
pouze na pouzitém analytu a kompléxian cinidle, ale také na typu a koncentraci

pufru. Takto ukené zdanlivé konstanty stability jsou platné poprmedany systém, jsou
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nizSi nez konstanty termodynamické a mohou poskytoeela mylnou informaci o sile

interakce.
Ethanolamin / HCI 5000 + 200
H,PO,/ NaOH 4900 + 100
NH, / HCI 4500 + 200
kys. maleinova / HCI 4800 + 100
Tricine / LIOH, D 5000 + 200
Tricine / LiOH 4800 + 100
MES / LiOH, D 4200 + 200
MES / LiOH 3400 + 100
MOPS / LiOH, D 3400 + 200 ——
MOPS / LiOH 2700 + 100
CHES / LiOH, D 1490 £ 40
CHES / LiOH _ /.0%20 0 O O O O
0 1000 2000 3000 4000 5000
K/Mm*

Obr. 7 Komplexa@ni konstanty R-flurbiprofenu sp-CD urené v fiznych pufrech. Pufr
ozna&eny pismenem D je S5xiedkny. Rresné sloZzeni pufra experimentalni podminky jsou

uvedeny vlable 1v Publikaci VI.

Abychom owiili silu interakce jednotlivych sloZzek pufrs3-CD, provedli jsme sérii
experimeni, ve kterych jsme neutralf-CD nadavkovali v daném pufru acilr jeho
efektivni mobilitu. Vysledky jsou shrnuty na Obr.\8 tricinovém pufru byla mobilita
B-CD takka nulova, nejvysSi mobilitu jsme naopak w#ih v pufru CHES. Toto
zjisténi plné koresponduje s rozdily vaenych komplexénich konstantach i vysledky

méieni NMR.

Abychom dokazali, Ze interakce kompléréo cinidla se slozkami pufru je hlavni
piicinou vySe popsaného chovani, simulovali jsme ACHeerenty v CHES a
tricinovém pufru simulénim programem Simul 5 Complex (nezbytnymi vstuprdeatiy
byly i komplex&ni parametry CHES B-CD, které byly stanoveny pomoci nezavislych
meieni). Na Obr. 9A je uvedeno srovnani experimerthlnd simulovanych dat.
Experimentalni a simulované body jsou v perfekhdd, coz dokonale podporuje nasi
hypotézu, Ze interakce komplé&xdho ¢inidla se slozkami pufru je jedinymidodem
vySe popsaného chovani.

SKomplexasni parametry pouzité v tomto oddilu prace jsoudmvény na iontovou silu, jedna se o
parametry termodynamické. Prieplednost je uvadime s jednotkou (molYrh
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Tricine / LiOH, D

5000 + 200
témér nula

Tricine / LIOH 4800 +100
MES/LiOH, D 4200+ 200
MES / LiOH

3400 +100
MOPS / LiOH, D

MOPS / LiOH

-10.4+0.2 CHES/ LiOH, D 1490 + 40

134401 CHES/ LiOH

260 +20
T T T T T
-14 -12 -10 -8 -6 -4 -2 0 2 0 1000 2000 3000 4000 5000

K/Mm*

-9 2 1 -1
Uy/ 10" mV's

Obr. 8 Efektivni mobilita neutralnih-CD v niznych pufrech v porovnani s hodnotou
komplex&ni konstanty R-flurbiprofenu @CD urené metodou ACE v daném pufruieBné

sloZeni pufé a experimentélni podminky jsou uvedenyable 1v Publikaci VI.

Z
=

-9 2 -1, f1
Uy e/ 10" Ms™V
-9 2_-1, 1
Uy /107 Ms™V

Obr. 9 A: Zavislost efektivni mobility pl& nabitého R-flurbiprofenu na koncentr§eCD. o a

O predstavuji experimentalni a simulované body v CHE&rup 2 aV predstavuji

experimentalni a simulované body v tricinovém pufitivky odpovidaji regresni analyze
regresni funkci (15). B: Zavislost efektivni motyiltasténé disociovaného R-flurbiprofenu na
koncentraci3-CD. e a o predstavuji experimentalni a simulované body v pufityselinou
benzoovou.2. aV predstavuji experimentalni a simulované body v aceémn pufru. Kivky

odpovidaji regresni analyze regresni funkci (16).

VN s

formy analytu (slaby elektrolyt). Konstanta stalilinenabité formy se twje pi
hodnot pH, kdy je analyt pouze&ast&né disociovan (pH= pKa). K prolozeni
experimentalnich dat se pouzije nasledujici regrfesikce:
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1+ IUAC I<XAC [C]

Hnn =y e , (16)

1+ K, [C]+ acll 1+ Kya[C])
KHA

kde Kxan a Kxac jsou komplexani konstanty neutralni a nabité formy analyua je
disociani konstanta analytu. Velmiitezité je v ptibéhu experimerit drZzet konstantni
experimentalni podminky, fedevSim pH. OvSem interakce slozek pufru
s komplex&nim ¢inidlem mize vyznami pH pufru zngnit a tim stanoveni konstanty
stability neutralni formy analytu znemoznit. K pageni této domenky jsme provedli
dvé sady ACE experimeiits R-flurbiprofenem $-CD v pufrech tvéenych kyselinou
octovou nebo kyselinou benzoovou a hydroxidem yithnpH obou pufi bylo 3,98, R-
flurbiprofen je v nich tedyast&né disociovany (Ka = 4,16). Pomoci nezavislych
experimeni jsme ukazali, Ze kyselina octovf3<CD nijak vyznamg neinteraguje,
zatimco kyselina benzoova interaguje &iliZiskané zavislosti jsou zobrazeny na
Obr. 9B. Experimentalni hodnoty ziskané v acetatoyé@ifru byly prolozeny regresni
funkci (16), komplexéni konstanta neutralni formy 11 100 + 200 (mol3th Avsak
data ziskana v pufru s kyselinou benzoovou nevykazakavany hyperbolicky fib&h

a neni mozné je prolozit regresni funkci (16). Nar.(®B jsou zaroue vidét data
ziskana simulaci obowdhto systém v programu Simul 5 Complex. Wipact pufru
obsahujicim kyselinu benzoovou je zohl&um komplexace jak analytu, tak kyseliny
benzoové $-CD (piislusSné komplexai parametry kyseliny benzoové3sCD byly
stanoveny pomoci nezavislych ACE experinigntle Zejmé, Ze experimentalni a

simulovana data jsou v dobré skod

Je tedy mozno shrnout, Ze komplé&xiakonstanty ufené metodou ACE v pufrech,
které interaguji s komplegaim cinidlem, mohou byt zcela nespravné, poskytovat
naprosto mylnou informaci o sile komplexace nelam@teni Upld znemoznit. Proto
by méla byt moznost interakce komplexaho ¢inidla se slozkami pufru préyena ped

samotnymi experimenty.
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Zavér
Predklddana dizertai prace byla zatiiena na matematicky popis kompleérech

systéni v kapilarni elektroforéze a moznosti predikce gg&h enantioseparaci.

Byl odvozen kompletni teoreticky model kapilarnielétoforézy s komplexaimi
rovnovahami. Tento model byl implementovan do dyického simulatoru Simul 5
Complex, ktery umaluje simulovat vSechny &iné pouzivané metody Kk &eni
konstant stability i vysledky enantioseparaci. idat tohoto modelu a simulatoru byla
ovétena pomoci experiment ve ftech fiznych enantioselektivnich systémech.
Simulované a experimentalni elektroforegramy byl wyborné shafl co se tye
amplitudy, polohy i tvaru pik analytu (jak z UV, tak vodivostni detekce). Sintul
Complex je tedy vhodnym nastrojem k predikci vykledenantioseparace a

optimalizaci sepatmiho systému.

Zarover byl odvozen model elektromigfiai disperze pro systémy obsahujici neutralni
komplex&ni ¢inidlo a plre nabity analyt. Tento model byl implementovan do
simulaniho programu PeakMaster 5.3 Complex. &odvozeny model byl a¥en jak
experimentals, tak pomoci simulaci v programu Simul 5 Compleg. Kantitativnimu
popisu deformace piku elektromigra disperzi byly zvoleny veliny S, relative
velocity slopea Sevp a, the nonlinear mobility slope of the analyte zoR&dpowzené
hodnoty byly v dobré sheéd s hodnotami vyp&itanymi z experimentalnich a
simulovanych elektroferograin Zaroven byl PeakMaster 5.3 Complex pouzit
k vyswtleni vlivu charakteru interakce mezi analytem engptexanim ¢inidlem na tvar
piku. PeakMaster 5.3 Complex tak byl ukazan jakodwly nastroj k optimalizaci

separanich podminek vedouci k eliminaci EMD.

Treti cast prace jednovana stanoveni konstant stability v systémeckktengch slozky
zakladniho pufru interaguji s komplé&xdém c¢inidlem. Takova interakce e znenit
vlastnosti z&kladniho elektrolytu jako pH, vodivésiontovou silu. Bylo ukazéno, Ze
konstanty stability urené v takovych systémech mohou poskytovat zcelanamyl
informaci o sile interakce mezi analytem a komptexa cinidlem. Takto ukené
komplex&ni parametry zavisi nejen na analytu a kompleka ¢inidle ale také na
vybéru pufru a dokonce i jeho koncentraci. Stanovemiskanty stability neutralni a
nabité formy slabého elektrolytu ke byt interakci slozek zakladniho elektrolytu

s komplex&nim cinidlem zcela znemo#&no. Studované systéemy byly nasimulovany
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pomoci dynamického simulatoru Simul 5 Complex. yldgoshoda experimentalnich a
simulovanych dat potvrdila, Ze interakce komptaho ¢inidla se sloZzkami zakladniho

elektrolytu je jedinou ficinou vySe popsaného chovani.
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Research Article

Simulation of the effects of complex-
formation equilibria in electrophoresis:
I. Mathematical model

Simul 5 Complex is a one-dimensional dynamic simulation software designed for elec-
trophoresis, and it is based on a numerical solution of the governing equations, which
include electromigration, diffusion and acid-base equilibria. A new mathematical model
has been derived and implemented that extends the simulation capabilities of the program
by complexation equilibria. The simulation can be set up with any number of constituents
(analytes), which are complexed by one complex-forming agent (ligand). The complex-
ation stoichiometry is 1:1, which is typical for systems containing cyclodextrins as the
ligand. Both the analytes and the ligand can have multiple dissociation states. Simul 5
Complex with the complexation mode runs under Windows and can be freely downloaded
from our web page http://natur.cuni.cz/gas. The article has two separate parts. Here, the
mathematical model is derived and tested by simulating the published results obtained by
several methods used for the determination of complexation equilibrium constants: affin-
ity capillary electrophoresis, vacancy affinity capillary electrophoresis, Hummel-Dreyer
method, vacancy peak method, frontal analysis, and frontal analysis continuous capillary
electrophoresis. In the second part of the paper, the agreement of the simulated and the

experimental data is shown and discussed.

Keywords:

Complex-formation equilibria / Continuity equations / Dynamic simulation /

Simul 5

1 Introduction

The development of various mathematical models of elec-
trophoresis and their implementation in computer programs
has been in progress for more than 30 years. In the last few
years, thanks to the boom in computation power, computer
simulations of electromigration started to play a significant
role in common laboratory practice. Dynamic simulations
enable a better understanding of and better insight into the
process of electromigration and allow the determination of
the optimum separation conditions without making experi-
ments thus saving experimental time and money. Mathemat-
ical models that describe the electromigration separation sys-
tems are based on (i) the distribution equations of all forms of
constituents undergoing acid-base and complexation equilib-
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ria, (ii) the electroneutrality condition, and (iii) the continuity
equations. The continuity equations are nonlinear partial dif-
ferential equations that have no analytical solution but can be
solved in time and space numerically by dynamic simulations.

Many mathematical models and computer simulators
have been described so far. The list of accessible dynamic
simulators, their historical overview, applicability, and infor-
mation about how the simulations performed are shown in
comprehensive reviews [1,2]. Applications of the three most
widely used dynamic simulators (Simul 5, GENTRANS, and
SPRESSO) were compared by Thormann et al. [3]. Our lab-
oratory developed the publicly available software Simul 5 [4]
and PeakMaster 5 [5,6] (http://natur.cuni.cz/gas) that enable
the prediction of the results of electrophoretic separations
and understanding of the behavior of electrophoretic systems.
PeakMaster 5 is based on linearized continuity equations and
enables the users to calculate the parameters of the back-
ground electrolyte (BGE; pH, ionic strength, buffer capacity),
the parameters of the separated analytes (effective mobility,
relative velocity slope, detector response), and the parameters
of the system zones. Simul 5 is a powerful dynamic simu-
lator suitable for the exploration of various electrophoretic
systems. Typically, Simul 5 is utilized for the optimization of

Colour Online: See the article online to view Figs. 1 in colour.
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separation systems, the inspection of various electrophoretic
phenomena and various experimental setups, and for educa-
tional purposes.

Many dynamic simulators, including Simul 5, can be
utilized to simulate isotachophoresis (ITP) [7, 8], isoelectric
focusing (IEF) [9, 10], capillary zone electrophoresis (CZE)
[11, 12], or isoelectric trapping [13]. However, mathemat-
ical models that include complexation equilibria were de-
scribed only in a few articles and exhibit significant approx-
imations. In 1992, a mathematical model and its numerical
solution applicable only for complexation with a neutral ad-
ditive (B-cyclodextrin) were presented [14]. Later, Busch et al.
[15] introduced a simplified model for systems that con-
tain a complexing agent (ligand) to demonstrate the prin-
ciples and limitations of the methods available for the de-
termination of binding constants by means of capillary elec-
trophoresis (CE). Dubsky et al. [16] presented a simulation
program, SimulChir, which is based on a simplified model
of electromigration but includes full dynamics of the inter-
conversion of enantiomers in a chiral separation system, so
it can be used for the determination of the rate constants
of interconversion. In the same year, Tesarova et al. [17] es-
tablished a mathematical model and the simulator Simul-
Mic. The model was used to describe the separation of neu-
tral analytes in a system that contained a neutral cyclodex-
trin together with a charged surfactant (SDS). This model
is able to simulate separations by micellar electrokinetic
capillary chromatography (MEKC). Fang et al. [18,19] and
Righetti et al. [20] introduced programs allowing the simu-
lation of affinity capillary electrophoresis (ACE) experiments
but under simplified electromigration conditions. Recently,
Breadmore et al. [21] presented a new version of the pro-
gram GENTRANS that includes complexation equilibria. It
allows the simulation of both MEKC with a charged sur-
factant and the separation of enantiomers with neutral or
charged complexing agents (cyclodextrins). However, this
is achieved at the cost of some simplifications: the mo-
bilities of the complex and the ligand are assumed to be
the same, and the dissociation states of the analytes and
the ligand are limited. The latest version of GENTRANS
[22] was modified to allow different mobilities for the com-
plex and the ligand and it was used for simulation of ITP
and CZE in complexation systems with neutral cyclodex-
trins.

We introduce a new mathematical model of electro-
migration, which includes complexation equilibria of ana-
lytes with a ligand (typically cyclodextrin) and implement
it in our dynamic simulator, Simul 5 Complex. The arti-
cle is split into two parts. In this first part, we will de-
scribe the mathematical model in detail and use it to sim-
ulate several standard methods used for the determination
of complex formation constants. In the second part, we
will show the agreement of the simulated results with our
experimental data [23]. Since the theory presented in the
text will require the use of many symbols, we list them in
Table 1.
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Table 1. Table of symbols used.

Symbol Meaning

subscript / index over all complex-formation constituents
(i=1..Ny)

subscript L complex-formation agent (ligand)

subscript k index over all constituents including ligand

subscript f denotes all free and complexed forms of k-th
constituent

subscript x denotes quantity related to complexation

zand subscript z

/and subscript /
subscripts H, OH

equilibria

charge number of ionic forms of all constituents
except ligand

charge number of ionic forms of ligand

quantity related to hydronium and hydroxide ions,
respectively

Ny number of constituents complexed by ligand

nj, ng the most negative charge number

Pi, PL the most positive charge number

Kiz Ki acid—base equilibrium constant

Kyizi complex formation equilibrium constant

Ky ionic product of water

Liz Ly cumulative acid—base equilibrium constant

cj, CL total concentration

Ciz CLJ ionic concentration

Cxizl ionic concentration of complex

Qg Qxizl OLizl molar fraction

ag, Bj auxiliary quantities defined by Egs. (23) and (24)

J molar flux

D diffusion coefficient

u electrophoretic mobility (unsigned value)

Ugfr effective electrophoretic mobility

VEOF velocity of electroosmotic flow

Ji Jdiff current density and diffusion current density

K electric conductivity

F faraday constant

N molar fraction of the most negative form of the
ligand

Z b substituting some summation (defined in Table 2)

L function derived from total concentration of
ligand for determination of ¢y and \

G electroneutrality function for determination of cy
and A

2 Theory

2.1 Definition of acid-base and complexation
equilibria for Simul 5 Complex

We adopted a general model of complex-formation systems
in solutions. We assume that the electrophoretic system con-
tains only one constituent, the ligand, which can form com-
plexes with other constituents. The only allowed ratio of com-
plexation is 1:1. The continuity equations consider only the
electromigration and diffusion flux and the electroosmotic
flow. We do not consider any other features or effects such as
the dependence of ionic mobilities and equilibrium constants
on the ionic strength or temperature of the BGE. Therefore,
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simulations should use the input parameters that correspond
to the actual experimental conditions.

The complex-forming agent will be referred to as the lig-
and and in equations it will be denoted with a subscript L. The
number of complexed constituents, Ny, is not limited. There
is no limitation on the acid—base type of any of the com-
plexed constituents: they can be neutral, weak bases, or acids
or ampholytes. Their most negative and most positive charge
numbers are denoted by n; and p;, respectively (n; < 0, pi >
0), where subscript i represents the complexed constituents
(i=1,... Ny). Note that the expression “ionic forms” in-
cludes not only the charged forms, but also the neutral form
of a given constituent. We allowed acid-base equilibria for the
ligand as well, so it can be a general ampholyte and its limit-
ing charge numbers are n; and p;. To decrease the number
of input constants needed for the simulation, we introduced
a special feature for the ligand: all ionic forms of the ligand
need not be defined, so both n; and p; can be positive, neg-
ative, or even equal to each other, which would stand for a
strong electrolyte ion. A typical example where this feature
can be used is the case of highly sulfated cyclodextrins, which
behave as strong electrolyte ions, e.g., with a charge number
—7,so np = —7 and p, = —7. There is no need to specify
complexation constants and mobilities for the ionic states 0
to —6.

2.2 Acid-base equilibrium

Acid-base equilibrium constants, K;,, are defined as [24]

CiCH
z<0
Ci,z+1
Ki,=12=0 1 (1)
Ciz—1CH
zs (0 2
Ciz

where ¢ stands for the (ionic) concentration of the noncom-
plexed ionic forms in solution, subscript H for the hydronium
ions, and z for the charge number of an ionic form. Ky is 1
since there is no acid-base equilibrium. For all constituents,
which are present also in a neutral form (all except the ligand),
we can group the equilibrium constants into the cumulative
form, L;, [24]

Ciz = CioLi.c% (2)

z>0 li[ Ki,z’
Z=1

Note that for the cumulative constants we adopted the
notation from our previous paper [24], so here the letter ‘L’ in
L;, does not mean the ligand. When defining the cumulative
constants for the ligand, L;;, where [ stands for the charge
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number of the ionic form of the ligand, we reformulated
Eq. 2 for the most negative form with charge number n,
because it is always defined

1—
Crl =CLn; LLJCH”L (4)

-1
I <0 ng < 0 l_[ KL,Z
z=np
1
>0 ng <0 K
L=y = ' A1 K (5)
1
I > 0 ny > 0 l_[ KL,Z
z=np+1
I = nr 1

2.3 Complex formation equilibria

The complex formation equilibrium for the i-th complexed
constituent in its ionic form with charge number z, A%, and a
ligand in its ionic form with charge number I, I!, is described
by the equilibrium constant K; ,;

A+ L1 Keba! (AiZLl)erl ©)
Cxizl

Kyjn = —= 7

el CizCLl 7

where c,; 1 stands for the ionic concentration of the complex
formed. The complex equilibria, together with the acid—base
equilibria, help us to determine all unknown concentrations
of the free and complexed ionic forms of all constituents as
a function of the total (net) concentrations of all complexed
constituents, ¢;, and the ligand, ¢;. The total concentration is
a sum over all the free and complexed forms

pi pi pL

c;i = E Ciz+ E E Cx,izl (8)
z=n; z=nj l=n|
pPL Ne pi pL

cL = E cL,l+§ E E Cxizl 9)
I=ng i=1 z=n; l=np

The last unspecified ionic species are the hydroxide and
hydronium ions. The electroneutrality condition enables the
determination of the unknown concentration of hydronium
ions cy

Nx pi

G=cy— &+Zzzci,z
CH i=1 z=n;
p: Nx pi pL (10)
+ Z leps + Z Z Z (z+1D)cyiz1 =0
l=ng i=1 z=n; l=n|

where we substituted the concentration of hydroxide ions,
con, by the expression obtained from the ionic product of
water (autoprotolysis), Ky = crcon. The only remaining total
concentrations of the complexed constituents and the ligand,
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¢ and ¢, are determined by solving the set of continuity
equations [4,25].

2.4 Continuity equations

Simul 5 Complex solves the set of one-dimensional partial
differential continuity equations that express the evolution
of the total concentrations in time and space [4]. A general
notation for both the ligand and all the other constituents
(k=1L1,... Nyis

ack__ 0Ju s
()

where the summation variable f stands for all the free and
complexed forms of the k-th constituent and the quantity Ji ¢is
the molar flux, which consists of diffusion, electromigration,
and electroosmotic flow with a velocity vgor

dcir | sgn(zs) i pu s
=D
Jes kS 0x + K

+VEoFCk. f

(] - jdiff) (12)

where D is the diffusion coefficient, u is the ionic mobility,
which is an unsigned quantity, j is the current density, jasr is
the diffusion current density, and k is the electric conductivity

0x 0x

, ack,r
Jair = —F Xk:;(zk,ka,f o

ac ac
) + Dy— — Dop—nt

(13)

K=F ZZOZH‘uk,ka,f)-f—uHCH‘f‘MOHCOH (14)
ko f

Here, F is the Faraday constant. The diffusion current
density, ja, or diffusion potential (juisr/k) originates from a
potential formed by the diffusive transport of charged ions
with different velocities. Our approach for the numerical so-
lution of the continuity equations is described in the section
A.1 of Appendix.

A.5 Rearrangement of the coupled acid-base and
complexation equilibrium equations for use in
the multivariate Newton-Raphson method

Prior to solving the set of continuity equations (11), we have
to solve the acid-base equilibria together with the complex
formation equilibria given by set of Egs. (1-10). It is advan-
tageous for further calculations to introduce a molar fraction
a for each form of all of the complexed constituents and of
the ligand. Then, we can express the ionic concentrations as
a product of the total concentration and the molar fraction

Ciz = Ciai,z (15)
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Crp=crary (16)
Cxizl =CizCL ] Kx,i,z.l = CiOy izl = CLOL 2] (17)

Note that Eq. (17) expresses the dual meaning of the
molar fraction for the complexed forms, because it is treated
both as the molar fraction of the forms of the complexed
constituents (o) and of the ligand forms (o ; . ). It follows
from Eq. (17) that

Qy izl = CLO 0L | Kx,i.z,l (18)
QL izl = CiQ L ] Kx.i.z‘l (19)

Solving the set of equations for the coupled equilibria
can be reduced to the calculation of two characteristic un-
known variables, which we have to choose-—one for the acid—
base equilibria and one for complexation equilibria. For the
acid-base equilibria, it is obvious to choose the hydronium
ion concentration, cy [24]. For the complexation equilibria,
we utilize the molar fraction of the most negative form
of the ligand, oy ,,, which will be denoted for simplicity
as\

N=ap,, (20)

Using Eq. (4), the molar fraction of the free ligand forms,
ay, can be obtained as

ap) = LL,lCl;;nL)\ (21)

Combination of Egs. (2) and (8) allows us to express the
molar fraction of the free forms in a solution, «;,, as

®jz = 0,z B; (22)
where oy, is an auxiliary quantity
LLZCZH

pi
2z
2 Lty

Z=n;

Qo,iz =

(23)

The quantity B, is a factor between 0 and 1 that expresses
the degree of complexation, i.e., it is zero for complete com-
plexation and 1 for complete lack of complexation of the i-th
constituent

1

B=—
! 1-{—1’]0,,'6[‘)\

(24)

The term by;, together with the other summations, are
defined in Table 2. The summations help the simplifica-
tion of the equations and reduce size of the source code of
the software. The values ¢y and N can be found from the
total balance of all forms of the ligand, Eq. (9), and from
the electroneutrality condition, Eq. (10). These equations are
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Table 2. Substitution of some common summations.

Electrophoresis 2012, 33, 938-947

pL Ion,
Zoo= Y Licy (Zoi=1)
I:pn,_ )
L i
I—n
Ziy =Y. ILL,ICH L Zii= ) 2o,
I:nL z=n;
PL Pi
I—n
Zyy =y PLpjcy™ Zyi= Yy Zogi;
I=n; Z=Nj

pi P I,
boi= > > Lijcy " Kyiziowi:
z=n;j I:nL
pi P I,
b= > (z+NLijcy " Kxiziowz
z=n;j I:nL
ni P ) I,
byi= 3 Y (z+1Lijcy ™t Kuiziowz
z=nj |=n

The number in the subscript represents the exponent of the charge number in the summation. ag, defined in Eq. (23).

nonlinear in ¢y and N\ so one has to use an adequate nu-
merical method to solve them. We have chosen a method
with fast convergence, the multivariate Newton—Raphson
method, which is described in the Section A.2 of Appendix.
The substitutions in Table 2 enable us to formulate Eqgs. (9)
and (10) in compact forms

N,
KU,’ =
G:CH—7+CL)\ZlL+ZCiBi(Zl,i+CL)\bLi) (25)
CH

i=1

Ny
L=-1+ Z()L)\‘F)\Zci Bibo,i (26)

i=1

The multivariate Newton—Raphson method iteratively
finds the ¢ and \ values to obtain zero G and L.

3 Results and discussion

3.1 Simulation of various experimental setups used
for determination of the complexation
parameters

Simul 5 Complex with the implemented complexation mode
is a powerful tool that can be used for the simulation of
electrophoretic systems that contain compounds that un-
dergo complexation, e.g., enantiomer separation systems.
We demonstrate the use of Simul 5 Complex for the sim-
ulation of several experimental setups that were applied for
the determination of complexation parameters: ACE, vacancy
affinity capillary electrophoresis (VACE), Hummel-Dreyer
method (HD), vacancy peak method (VP), frontal analysis
(FA), and frontal analysis continuous capillary electrophore-
sis (FACCE). The principles of these methods are summa-
rized in several papers [15,19,26-29]. As already mentioned
in the section 2, complexation ratio 1:1 is considered during
the simulations. Although 1:1 complexation ratio is the most
common for analyte—cyclodextrin complexes, there are also
other ratios mentioned in the literature [30].

Simulations of the experimental setups of the methods
were performed based on the actual experimental data [23].
The analyte is fully negatively charged (R-flurbiprofen: pKa =
4.19, limiting mobility 24.5 x 10~ m? s7' V~!) and the
chiral selector is a neutral cyclodextrin (6-O-a-maltosyl-B-
cyclodextrin hydrate). The running buffer consists of 50 mM
Tris and 50 mM Tricine. The samples were injected directly
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in the running buffer, only in the case of ACE method the
buffer was diluted in the sample zone (48 mM Tris and 48 mM
Tricine). The concentrations of analyte and chiral selector in
the sample zone and in the BGE are shown in Table 3. The
complexation parameters were determined by ACE experi-
ments: the complexation constant is 3610 4 123 dm? mol~!
and the mobility of the complex is 7.60 + 0.03x
10~ m? s7! V-1 Simulations for each method were per-
formed at two different cyclodextrin concentrations in order
to discuss the effects of the chiral selector concentration on
the studied parameters in the electropherograms. The pa-
rameters used for the simulations are shown in Table 3. The
electroosmotic flow (EOF) movement was imitated by the
movement of the detector, which was initially situated out-
side the capillary. The voltage was adjusted to keep the same
electric field strength as during the experiments. The number
of nodes in the x axis was 50 000. The simulations were per-
formed by the computer with Intel® Core™ i7-960 Processor
3.20 GHz. The simulation time was in the range of hours.

Simul 5 Complex can be downloaded as freeware from
our web page http://www.natur.cuni.cz/gas together with the
configuration files for easy setup of the methods as discussed
next.

3.2 Affinity capillary electrophoresis (ACE)

ACE is the most frequently used method for the determi-
nation of the complexation parameters of interacting com-
pounds by capillary electrophoresis [31]. The ligand is usually
present in the BGE and its concentration is varied in a series
of experiments while the analyte is injected as the sample. The
complexation parameters are calculated from the dependence
of the effective mobility of the analyte, u.g, on the concentra-
tion of the chiral selector, ¢;, in the BGE. For the simple
but common case of a monovalent analyte complexing with a
neutral ligand, we used the effective mobility dependence as
follows

Ui + Kyicpty

27
1+ Kx,iCL ( )

Ueff =
where u; and uy; are the mobilities of the free analyte and
of the complex, respectively, and K,; is the complexation
constant. The actual experiments need to be performed at
constant ionic strength in order to avoid the dependence of
parameters on the ionic strength. Increasing the ligand con-
centration results in the decrease of the effective mobility of
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Table 3. Simulations parameters for the different experimental setups used in the methods designed for the determination of the
complexation parameters.

Method calmM)  c{mM)  ugop(10-Sm?2 s 'V=T)  UV)  horlmm) lpgr(mm) fy(mm)  Peak width(mm) Peak edge width(mm)

clinj) ¢ clinj) ¢

ACE 03 0 2 2 52.8 10 261 220 651 200 0.4 0.2
VACE 0 03 0 2 52.8 10 261 220 651 200 0.4 0.2
FA 03 0 2 0 52.8 13993 300 m 290 15 0.2
FA (short capillary) 03 0 2 0 52.8 13993 300 331 290 15 0.2
FACCE 03 0 2 0 -52.8 -13993 300 451 0 15 0.2

ca and ¢ is the concentration of analyte (R-flurbiprofen) and chiral selector, respectively, c(inj) is the concentration in the sample zone, ¢
is the concentration in the BGE, ugof is the electroosmotic flow mobility, lror is the total length of capillary, Ipet is the position of
detector, and fy; is the injection site.

the analyte due to the formation of the analyte—cyclodextrin ity in absolute value is lower than in the system where the
complex, which has a lower mobility than the free analyte. As concentration of the cyclodextrin is lower.
an example, the simulations of the ACE experiments for two The experimental setup used in the simulations of ACE
cyclodextrin concentrations are shown in Fig. 1A. Clearly, at is also applicable for the HD method, the only difference is
higher concentration of the ligand (cyclodextrin), the analyte in the data evaluation. The complexation constants are deter-
peak appears closer to that of the EOF marker, so its mobil- mined from the height or the area of the peak related to the
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Figure 1. Simulated electropherograms of different experimental setups used in the methods designed for the determination of the
complexation parameters: ACE (A), HD (A insert), VACE/VP (B), FA (C), FACCE (D). Insert C: FA with shorter capillary. The parameters of
the simulations are based on the actual experimental data for the analyte (R-flurbiprofen) and the ligand (6-O-a-maltosyl-B-cyclodextrin
hydrate), see Table 3. Complexation parameters: complexation constant is 3610 £ 123 dm® mol~" and the mobility of the complex is
7.60 + 0.03 x 107° m? s=' V', The record of UV direct detection (corresponding to the concentration of the analyte) is shown for
majority of the methods, UV indirect detection (corresponding to concentration of the ligand) is presented for the HD and VACE methods.
Simulations for each method were performed at two different concentrations of cyclodextrin: 0.2 mM (dashed line) and 2 mM (solid line).
The position of the EOF marker peak is indicated by an arrow and its polarity is denoted by ugor < 0 or > 0.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



944 V. Hruska et al.

ligand, therefore, the HD method requires an external cali-
bration as discussed in Reference [32]. In Fig. 1A (inserted
graph), the simulated concentration profile of the ligand is
shown. The positive peak is associated with the complex, the
negative one with the ligand. The height/area of the nega-
tive peak is related to the amount of the ligand bounded in
the complex. The higher the concentration of the ligand in
the BGE, the larger the amount of the complex formed, the
simulated profiles show a larger negative peak.

3.3 Vacancy affinity capillary electrophoresis (VACE)

In the VACE method, both the analyte and the ligand are
constituents of the BGE and the BGE without the analyte or
the ligand is injected as a sample. Two negative system peaks
(related to the analyte and the ligand) appear in the electro-
pherogram. The presence of both the ligand and the analyte
in the BGE ensures a sufficient background signal that fa-
cilitates the detection of these peaks. The concentration of
one of the constituents in the BGE (either the ligand or the
analyte) is varied while the concentration of the other one is
fixed. The mobilities of the system peaks are determined as a
function of the concentration of the constituent in the BGE,
and the complexation parameters are evaluated by a similar
procedure as in the ACE method as discussed in References
[33, 34]. The simulated electropherograms for the VACE/VP
experiments shown in Fig. 1B indicate that two negative sys-
tem peaks and a small system peak with zero mobility appear.
The mobilities of the system peaks are related to the fraction
of the complexed analyte and the complexed ligand. The mo-
bility of the slower system peak (the first peak after the peak
of the EOF marker) is related to the fraction of the ligand that
is complexed with the analyte. The dependence of the fraction
of the complexed ligand on concentration of the ligand can be
described for our particular system by the following equation

2K
aL = ca (28)

Kcater)+1+ \/[K (catcr)+ 17 —4K%cact

This dependence is shown in Fig. 2. When the concentra-
tion of the ligand is increased, the fraction of the complexed
ligand and, consequently, the mobility of this system peak
decrease. The mobility of the second system peak (the sec-
ond peak after the peak of the EOF marker) depends mainly
on the fraction of the complexed analyte and decreases as
the concentration of the ligand is increased, similarly to the
ACE experiments. This system peak is generally used for the
determination of the complexation parameters, because usu-
ally its mobility depends on the ligand concentration more
significantly than the mobility of the first system peak.

The same experimental setup is used for VP as well. In
contrast to the VACE experiment, in the VP method the com-
plexation parameters are determined from the height/area of
the system peaks. An external calibration and a different data
evaluation procedure are required.
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3.4 Frontal analysis (FA)

The FA method is often utilized for the determination of the
complexation parameters in systems where the complexation
constants are high, e.g., for the binding of a drug to a protein
[35]. In the setup of the FA experiment, the running buffer
is used as the BGE and a large plug of the preequilibrated
mixture of the analyte and the ligand is injected as the sam-
ple. Since the mobilities of the free analyte and the analyte—
ligand complex are different, the free analyte migrates out
of the sample plug after voltage is applied. In the resulting
electropherogram, there is a plateau that corresponds to the
free analyte and another peak/plateau that corresponds to
the equilibrated mixture of the free analyte, the ligand, and the
analyte-ligand complex. Thus, using a calibration curve,
the concentration of the free analyte can be determined
from the height of the free analyte plateau. Consequently,
the complexation parameters are calculated from the exper-
imentally determined free analyte concentration and known
total analyte concentration. This method is especially use-
ful when the complexation constants are in the range of
103108 dm® mol~! [36].

As shown in Fig. 1C, there is no plateau/peak for the equi-
librated mixture connected to the plateau of the free analyte
in the simulated electropherograms. The reason is that the
complexation constant in our particular system is rather low,
3610 dm? mol~?, so the entire amount of the analyte leaked
out from the sample plug during the separation. To reveal that
Simul 5 Complex is able to predict the typical elution profile
for FA experiments, the simulation was performed with the
same complexation parameters but with a shorter capillary
(see Table 3)-—see Fig. 1C insert. During the shorter analysis
time, a fraction of the analyte still remains complexed in the
sample plug so there are two plateaus, or rather, there is a
plateau connected to the peak of the equilibrated mixture. It
is obvious from the simulations that the last boundary of the
analyte plateau migrates with a mobility that is independent

0.6 5

0.4+

0.2

0.0 :

¢ /mM

Figure 2. Fraction of the ligand complexed with the analyte as a
function of the ligand concentration (Eq. 28) used for the expla-
nation of the VACE method.
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of the ligand concentration. This fully agrees with the expec-
tation that the last boundary corresponds to the free analyte
that migrates out of the sample plug immediately after the be-
ginning of the separation. Thus, it has to move with the same
mobility regardless of the concentration of the ligand. Only
the height of the free analyte plateau is necessary for the eval-
uation of complexation parameters. The simulations clearly
show that the height of the plateau decreases with increasing
concentration of the ligand. This is expected, because when
the ligand concentration is lower, a larger fraction of analyte
is not complexed and can migrate out of the sample.

3.5 Frontal analysis continuous capillary
electrophoresis (FACCE)

FACCE is analogous to FA but exhibits better reproducibility
and lower detection limits [37]. The capillary is filled with a
buffer solution and the capillary inlet is immersed in a vial
that contains the pre-equilibrated mixture of the analyte and
the ligand. Thus, the sample is continuously added to the cap-
illary during the separation process. Usually, two detectable
plateaus appear in the electropherogram. One plateau cor-
responds to the free analyte, the other to the equilibrated
mixture. The complexation parameters are usually calculated
from the height of the analyte plateau, similarly to the FA
method, with the help of a calibration curve.

Unfortunately, the FACCE method is not applicable for
our experimental setup. In the previously mentioned meth-
ods, the negatively charged analyte is dragged through the
capillary to the detector by a fast EOF, while its own effective
mobility is in the opposite direction. Since the absolute value
of the mobility of the complex is lower than that of the free
analyte, and because the sample continuously flows into the
capillary, the complex moves to the detector faster than the
analyte and continuously overlaps with it. For this reason,
we have to use both a voltage with negative polarity and a
reverse EOF. This simulates a coating of the capillary wall,
which would be necessary for the actual experiment to be
performed.

In the simulated electropherogram (Fig. 1D), there are
two plateaus. Plateau A corresponds to the free analyte,
plateau B to the equilibrated mixture. Analogously to the
FA method, the first boundary moves with the mobility of
the free analyte, regardless of the ligand concentration. The
second boundary moves with the effective mobility of the
complex. The complexation parameters are again evaluated
from the height of the plateau of the free analyte. As in FA,
the plateau height decreases with increasing concentration of
the ligand.

4 Conclusions
We have introduced a mathematical model for the simula-

tion of electrophoresis in complex formation systems with
1:1 complexation ratio. The model enables the consideration
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of individual complexation equilibrium constants and mo-
bilities for every ionic form of the analytes and ligands. We
have shown in detail how to get the solution of the coupled
acid-base and complexation equilibria and how to solve nu-
merically the corresponding continuity equations. The math-
ematical model is implemented in a new version of the Simul
software, Simul 5 Complex. We have simulated several ex-
perimental methods, which are used for the determination of
complexation equilibrium constants.
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Appendix

A.1 Numerical solution of the continuity
equations

Simul 5 Complex uses the same numerical scheme as Simul
5 in its standard mode [4]. Spatial differentiation is calcu-
lated by a central finite difference formula using a maxi-
mum of three points and the time problem is solved by
the predictor—corrector method of Hamming [38, 39]. The
predictor—corrector method uses for its calculation five time
points: three past time points, one actual, and one future. The
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first four time points require an initialization by the Runge—
Kutta method [39].

To avoid a nested differentiation, Eq. (12) is substituted
into Eq. (11) and the electromigration term is partly differen-
tiated

ack 0 BCk_f . .

—_—= — | D - — — Jdi

ot Zf 3x< ks 3x) U def)zf
0 (Sgl’l (Zk,f) ck,fukvf>

X
0x K

djifr sgn (ztf) Ck, fU. acy
— — (A2
+ ax ; ( K VEOF 0x (A29)

ajdiff bl Bckf
=—F — | D .
ax Xk:; |:Zk'f8x < S ox >i|

0 dcy d dcon
— | Du— ) — — | Don—— A30
+3x< Hax) Bx( " % >> (A30)

The first-order central finite difference is used for the
second and the last term in the right-hand side of Eq. (A29)
g 1

9x = m (gx+Ax - gx—Ax) (A?’l)

where gis an arbitrary function and Ax is a width of a discrete
axial segment (point).

Assuming a constant diffusion coefficient D, the second-
order central difference can be applied

0 ac 9%c
—(p=) =(Dp=—
dx ox ), ax? ),
D
= E (Cx+Ax - zcx + foAx) (A32)
The border points of the simulated channel require spe-

cial attention. We apply the boundary condition using the
sign of the total molar flux Ji = " Ji r based on Eq. (12)
5

<3Ck>
CLANS
{ Je <0 (%)lz Frias constituent is leaving the channel

Jk=0 0

constituent is entering the channel

(A33)

<8Ck )
ot right

Je <0 0 constituent is entering the channel
“lJ>0 (%)”gm_ A, Constituent is leaving the channel

(A34)
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A.2 Solution of the coupled acid-base and
complexation equilibria by the multivariate
Newton-Raphson method

The multivariate Newton—Raphson method is an iteration
algorithm

Xu1 = Xy + A%, (A35)

where n expresses the n-th iteration, ¥ is a column vector
of values of the solved variables, and AX, is a determined
difference based on the following matrix equation

A%, = —J' x R, (A36)
where J is the Jacobi matrix of the partial derivations of G and

Lby cy and \ and R is a vector of the residues (i-e., the values
of G and L functions for a certain ¢y and \)

G 9G

_ | acy on
J=| %51 5L (A37)
dcn N

- (G
R:(L> (A38)

Both J and R are evaluated for the actual values of cy and
\ in the n-th iteration. By inverting J and multiplying it with
R, we can derive analytical equations for our unknowns

oL, _ 3¢
_ _ | oA 2N
(cH)ni1 = (cn)y det () (A39)
;CG L= BacL <
H H
()\)n+1 - ()\)n det (]) (A40)

n
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det () = 9G 9L  9G IL (Ad1)
T dcy N AN dcy

Partial derivatives of G and L are determined from
Egs. (25) and (26)

0G K, cIA
a = 1+7+L7(ZZL —npZi)
3CH CH CHy

N,
1 B

—+ 7 E Ci Bl2 |:— (Zl,i =+ CL)\bL,')Z
Hig

1
+cihnp (Zyibo; — byy) + — (Zy + CL)\bZ.i)i| (A42)

B;
4G S
oy = o o ;ai B?(Zy.ibo; — b) (A43)
JL A
— = — (41 — n1 Zy1)
8CH CH
A
- Z ¢i B} (Ziibo; — b1 +nibo) (A44)
Ho
N,
oL al )
e Zy, + Z ¢i Bibo,; (A45)

i=1

We assume that the equilibrium constants are true con-
stants independent of the concentrations. This simplifica-
tion implies that their derivations by ¢y and N are zero.
The identity for differentiation of c%; by ¢y, 9(c%)/dcnu =
23" is valid for every charge state including z = 0. Using
this identity substantially simplifies the differentiating of the
summations in Table 2.
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Simulation of the effects of complex-
formation equilibria in electrophoresis:
Il. Experimental verification

The complete mathematical model of electromigration in systems with complexation
agents introduced in the Part I of this article (V. Hrugka et al., Eletrophoresis, 2012, 33,
this issue), which was implemented into our simulation program Simul 5, was verified
experimentally. Three different chiral selector (CS) systems differing in the type of the CS,
the magnitude of the complexation constants as well as in the experimental conditions
were selected for verification. The experiments and simulations were performed at various
concentrations of the CSs in order to discuss the influence of the concentration of the CS
on the separation. The simulated and experimental electropherograms show very good
agreement in the position, shape and amplitude of the analyte peaks. The new Simul 5
Complex offers a deep insight into electrophoretical separations that take place in systems
containing complexing agents, for example into enantiomer separations. Using Simul 5
Complex we were able to predict and explain the significant electromigration dispersion of
analyte peaks. It was clarified that the electromigration dispersion in these systems results
directly from complexation. The new Simul 5 Complex was also shown to be a useful and

powerful tool for the prediction of the results of enantioseparations.

Keywords:

Complex-formation equilibria / Dynamic simulation / Enantiomer separations /

Simul 5

1 Introduction

Capillary zone electrophoresis (CZE) is an excellent technique
for the separation of chiral analytes. The significant advantage
of electromigration techniques in enantiomer separations is
the possibility to add a chiral selector (CS) directly to the
background electrolyte (BGE). Thus, the CS can be easily
altered and a wide range of CSs can be investigated and used.
Recent progress in the separation of enantiomers by CZE and
the variety of CSs used has been discussed in several review
articles [1-7].

The complexation equilibrium between the chiral analyte
A and the ligand (or CS) L can be characterized by the com-
plexation constant K, which can be determined directly by
CZE. Many authors [8-11] summarize suitable experimental
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Prague, Faculty of Science, Albertov 2030, CZ-128 40 Prague 2,
Czech Republic

E-mail: gas@natur.cuni.cz
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O-a-maltosyl-B-cyclodextrin hydrate; PA-B-CD, 6-
monodeoxy-6-mono(3-hydroxy) propylamino--cyclodextrin
chloride; R-BMP, R-3-bromo-2-methylpropan-1-ol; R-
flurbiprofen, (R)-(-)-2-fluoro-a-methyl-4-biphenylacetic
acid; S-BMP, S-3-bromo-2-methylpropan-1-ol; TM-B-CD,
heptakis(2,3,6-tri-O-methyl)-B-cyclodextrin
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techniques for determination of the complexation constants.
The most commonly used method is affinity capillary elec-
trophoresis (ACE). In ACE, the complexation constants are
determined from the dependence of the effective mobility of
the analyte on the concentration of the CS.

In 2007, Uselova-Vcelakova et al. pointed out the
problems connected with determination of the accurate
complexation constant values by ACE [12]. Changes in
the ionic strength, viscosity, or temperature of the BGE
caused by the addition of different concentrations of CS
to the BGE may significantly influence the obtained com-
plexation constants. Therefore, all these factors have to be
suitably corrected. Recently, Benes et al. proposed suitable
procedures and corrections necessary for the determination
of accurate complexation constants in BGE systems that
contain charged CSs [13], where all effects mentioned above
are especially significant. Correctly determined complexation
constants can further be used for prediction of the results
of enantiomer separations or even modelling as already
mentioned by Williams and Vigh [14].

In 1992, Wren and Rowe proposed a basic model de-
scribing the separation of enantiomers in electrophoresis
[15]. They showed that the results of the separation de-
pended on the concentration of the neutral chiral addi-
tive (B-cyclodextrin), and proposed a simple approximate

Colour online: See the article online to view Figs. 2—6 in colour.
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equation for determination of the optimum concentration
of the CS to achieve the best separation,

Com — 1
L™ /KxKs

where Ky and Ks are the complexation constants for the R
and S enantiomer, respectively. The equation is a result of
simplifications and does not take into account the effect of
ionic strength. Later, they modified the model for BGE sys-
tems that contain organic solvents [16]. In 2010, Dubsky et
al. extended the model for systems with multiple CSs [17].
The authors showed that in BGEs that contain multiple CSs
notonly the difference in complexation constants, but also the
difference in the mobilities of the analyte—CS complexes have
to be considered. In such cases, the Wren and Rowe model
for determination of the optimum selector concentration can
provide misleading values.

Numerous authors focused on the theoretical description
of enantioseparation in CZE and discussed the effects of the
various experimental parameters such as pH and CS con-
centration on the results of enantioseparation, especially on
separation selectivity and efficiency [14-16, 18-29]. Theoreti-
cal models were established at first for systems with neutral
CSs [15,16,18-25]. In 1997, Williams and Vigh proposed the
theoretical model CHARM (charged resolving agent migra-
tion) which is suitable for systems with a charged CS and
various analytes (nonelectrolytes, weak or strong electrolytes)
[14]. This model is based on simultaneous protonation and
1:1 complexation equilibria and enables the calculation of the
effective charges and effective mobilities of the complexes,
along with the resulting separation selectivity and efficiency.
They discussed how these parameters depend on the concen-
tration of the CS, the pH of the BGE, and the electroomostic
flow. The CHARM model was also verified experimentally
[26-29].

There were also several attempts to model the separation
of enantiomers, but all the models proposed until now are
based on significant simplifications. In 1992, Dubrovcakova
et al. presented the first theoretical model of electromigra-
tion including complexation of strong electrolyte analytes
with neutral chiral additives [30]. The model was applied for
the simulation of the dynamics of the electrophoretic separa-
tions, for the calculation of the isotachophoretic steady state
and even for the determination of the binding constant. In
2004, Dubsky et al. [31] presented the simulation program
SimulChir. This program is based on the simplified model
of electromigration, but includes full dynamics of intercon-
version of the enantiomers in the separation systems and en-
ables the determination of the interconversion rate constants.
This model and the simulation program was later extended
to systems with multiple CSs [32,33] and was validated with
different CS systems [34]. At the same time, Tesarova et al.
[35] presented the mathematical model of micellar electroki-
netic chromatography (MEKC) for systems combining both
sodium dodecyl sulfate (SDS) micelles and CSs. This model
was implemented in the dynamic simulator SimulMic. The
authors focused on the effects of the SDS concentration in

1)
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the presence of hydroxypropyl-B-cyclodextrin and the effects
of the different electrolyte compositions that exist in different
parts of the capillary used for the enantioselective separation.
The model also used several simplifications, e.g., it could
only be applied for systems in which a single charged an-
alyte interacted with a neutral ligand and, simultaneously,
with micelles. In 2009, Breadmore et al. [36] presented a new
version of GENTRANS software allowing the simulation of
both MEKC with charged surfactants and CZE separation
of enantiomers with neutral or charged complexation agents.
They used the approximation that the complex mobilities and
the ligand mobilities were the same, so the model is useful
only for alimited number of cases. The authors obtained good
agreement between the simulated results and the experimen-
tal data, the simulated migration times were within the range
of 7% error around the experimental ones. Simultaneously
with our paper, Thormann and Breadmore [37] presents a
new version of the simulation program GENTRANS, which
enables the simulation of the electromigration process in
complex CS systems.

Although the complexation equilibria are widely dis-
cussed, almost all presented models apply some simplifica-
tions and a complete model of electromigration in systems
that contain a complexing ligand has not been published yet.
Here we introduce a complete theoretical model of electro-
migration, which was described in detail in Part I of this
article [38]. The model was implemented in the new version
of Simul 5-Simul 5 Complex. This paper, Part II of the series
shows experimental verification of this model. The model
was tested with three different CS systems, including both
neutral and charged cyclodextrins. These systems also differ
in the extent of complexation. The results offer a deep insight
into the enantiomer separation process, so we will discuss
some unexpected effects such as electromigration dispersion
caused by complexation. We will also discuss the applicabil-
ity of Simul 5 Complex for the prediction of the results of
enantiomer separations.

2 Mathematical model

A complete mathematical model used in the simulation tool
Simul 5 Complex is described in detail in Part I of this article
[38]. The model is applicable for any number of multivalent
constituents (acids, bases, ampholytes) and one multivalent
complexing agent, which we will call ligand. The ligand is
allowed to form complexes with all other constituents, re-
gardless whether analytes or BGE constituents. The model
we propose considers the most common complexation stoi-
chiometry, 1:1.

The complexation equilibrium of the i-th constituent in
the ionic form with charge number z with a ligand in the
ionic form with charge number ! is characterized by the com-
plexation constant K, ; .,

Cxizl

Kzl = i=1...,N 2)

s
CizCr
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where ¢;,, c;; are the concentrations of the corresponding
ionic form of the analyte and ligand, respectively, c;,; is
concentration of respective complex, N is the number of con-
stituents. The total concentrations of all constituents, ¢;, and
theligand, ¢;, can be expressed as the sum of all neutral, ionic,
free, and complexed forms of the appropriate constituent:

pi pi pL

Cci = E Ci,z+ E E Cxi,zl (3)
z=n; z=n; l=ng.
pL N p pL

cL = E CL,Z+E E E Cuxizl 4)
l=ng i=1 z=n; I=np,

Here n; and p; are the minimum negative and maximum
positive charge numbers of the i-th constituent, respectively,
ny and p; are the minimum negative and maximum positive
charge numbers of the ligand. The concentration of hydro-
nium ions, cy, is set by the electroneutrality condition:

pi pL
KUJ
CH — + E 2ci - + E leps
CH

z=n; I=np

N pi pL

Y Y @iz =0 (5)

i=1 z=n; l=np

where the concentration of hydroxide ions, coy, is calculated
from the equation for the ionic product of water. All ionic
concentrations of the free and complexed forms of the ana-
lytes and ligand are determined by combining Egs. (2-5) and
the respective acid—base equilibria.

Electromigration is described by a mathematical model,
which is based on the set of one-dimensional continuity equa-
tions. These partial differential equations express the devel-
opment of the total concentrations of the constituents in time
and space. The equation valid for both the ligand and all an-
alytes (k =1L, 1,..., N) is:

ack__ 3]k,f
ot 2};( ax) ©)

The subscript fstands for all ionic forms of both the free and
the complexed forms of the k-th constituent and the quantity
Jis is the mass flux density, which consists of the diffusion
flux, the electromigration flux and the electroosmotic flow
(EOF) with velocity vgor:

ack.f i sgn (Zkyf) ck,fuk,f (J _ jd‘ff)
K

=-D
Juy b
+ VEoFCk £ (7)

where D is the diffusion coefficient, u; s the ionic mobility,
Jj the current density, jasr the diffusion current density

. 3Ckyf aCH
Jaigp = —F Xk:; (ZkvakJ 9x ) +Dum

dcon
— Doy 8
OF % ] ®)
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and « is the electric conductivity:

k=F ZZ(!th’”k-fck-f) + UnpCH + UoHCoH 9)
koo f

F is the Faraday constant.

To find a numeric solution for the sets of nonlinear differ-
ential equations and nonlinear algebraic equations we used
the same approach as in the previous version of Simul 5
[39]. The model does not take into account the effect of ionic
strength; however, all input parameters (e.g. pKa, ionic mo-
bilities) can be corrected for the initial ionic strength before
the simulation starts.

3 Materials and methods
3.1 Chemicals

Al chemicals were of analytical grade pu-
rity.  Tri(hydroxymethyl)aminomethane  (Tris), N-
[Tris(hydroxymethyl)methyljglycine  (Tricine),  lithium
hydroxide monohydrate were purchased from Lachema
(Brno, Czech Republic), and acetic acid from Penta
(Prague, Czech Republic). The EOF marker dimethyl
sulfoxide (DMSO) and the analytes (R)-(-)-2-fluoro-a-
methyl-4-biphenylacetic acid (R-flurbiprofen), S-3-bromo-2-
methylpropan-1-ol (S-BMP), R-3-bromo-2-methylpropan-1-ol
(R-BMP) were obtained from Sigma Aldrich (Prague,
Czech Republic). 6-O-a-Maltosyl-B-cyclodextrin  hydrate
(MAL-B-CD) from Sigma Aldrich (Prague, Czech Repub-
lic), heptakis(2,3,6-tri-O-methyl)-B-cyclodextrin (TM-B-CD)
from Sigma Aldrich (Prague, Czech Republic), and 6-
monodeoxy-6-mono(3-hydroxypropylamino)-B-cyclodextrin
hydrochloride (PA-B-CD) from CycloLab Ltd. (Budapest,
Hungary), served as CSs. Water used for preparation of all
solutions was purified by a Milli-Q water purification system
(Millipore, Bedford, MA, USA).

3.2 Instrumentation

All experiments were performed using Agilent 3DE capillary
electrophoresis equipment operated under ChemStation soft-
ware (Agilent Technologies, Waldbronn, Germany) control.
Fused silica capillaries (50 wm id, 375 wm od) were provided
by Polymicro Technologies (Phoenix, AZ, USA). The exper-
iments in Examples 1 and 2 were performed in bare fused
silica capillary with a total length and effective length to the
detector (DAD/contactless conductivity detector) of 53.6 cm
and 45.1/38.2 cm, respectively. The total length and the ef-
fective length to the detector of the capillary used in Example
3 were 64.4 cm and 53.9 cm, respectively. The PHM 220
instrument (Radiometer, Copenhagen, Denmark) calibrated
with standard IUPAC buffers, pH 1.679, pH 7.000, and pH
10.012 (Lyon, France) was used for pH measurements.
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3.3 Experimental conditions

Running voltage and parameters of the capillaries were cho-
sen to keep the electric current low (the current was always
lower than 13 pA), and thus to avoid the effects of exces-
sive Joule heating. New capillaries were flushed with 0.1 M
sodium hydroxide for 30 min and three times for 3 min with
H, O before use. Then, a voltage of 20 kV was applied on the
capillary filled with the BGE for 20 min. The capillaries were
rinsed with the actual BGE for 3 min before each experiment.
Every measurement was repeated four times. All solutions
used in the experiments were filtered with a syringe filter,
pore size 0.2 pm, and degassed for 5 min in an ultrasonic
bath.

The running buffer (BGE) in Examples 1 and 2 was
50 mM Tris and 50 mM Tricine, experimental pH 8.15. The
ionic strength of the BGE was 25.76 mM. The CSs MAL-B-
CD, concentration range 0 mM to 10 mM, and TM-B-CD,
concentration range 0 mM to 50 mM, were dissolved directly
in the running buffer. The injected sample was 0.3 mM ana-
Iyte (R-flurbiprofen) and 0.15 mM dimethyl sulfoxide, which
served as the EOF marker, both dissolved directly in the run-
ning buffer. Detection was performed with the diode-array
detector (DAD) at the detection wavelength of 214 nm and a
contactless conductivity detector of our construction [40]. The
samples were injected hydrodynamically for 450 mbar-s. The
applied voltage was 15 kV (cathode at the detector side). The
operating temperature was 25°C.

The BGE in Example 3 was composed of acetic acid and
lithium hydroxide in 2:1 ratio, experimental pH 4.70. The
ionic strength was kept constant at 40 mM by changing the
concentration of acetic acid and lithium hydroxide to compen-
sate the contribution of the charged CS to the ionic strength.
The ligand, PA-B-CD, was dissolved directly in the buffer, its
concentration varied from 1 mM to 30 mM. The sample was
composed of 0.5 mM solution of either the analyte S-BMP
or both analytes S-BMP and R-BMP and 2.8 mM dimethyl
sulfoxide, which served as the EOF marker, all dissolved di-
rectly in the running buffer. Detection was performed with
the DAD at the detection wavelength of 214 nm. The samples
were injected hydrodynamically for 100 mbar-s. The applied
voltage was 20 kV (cathode at the detector side). The average
temperature was kept constant at 25°C. All experiments in Ex-
ample 3 were performed by the PreMCE method described
by Williams and Vigh [41, 42], which enables the determina-
tion of low effective mobilities of analytes in the systems with
slow electroosmotic flow and avoids problems that compro-
mise the determination of accurate effective mobilities. In the
two-band PreMCE method used, the sample zone (containing
the analyte and the EOF marker) is injected first and pushed
by constant pressure into the thermostated part of the capil-
lary filled with the actual BGE, then voltage is applied for time
tmigr. Finally, the zone containing the EOF marker is injected
by the same conditions as the sample zone and the whole
content of capillary is pushed by the same constant pressure
into the detector. The effective mobility of the analyte is cal-
culated from the distance which the analyte migrates during
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the time when voltage is applied. This distance is calculated
from the velocity of the pressure-induced movement and the
time difference between the analyte and the EOF marker peak
on the resulting detector trace. The mobility of EOF can be
only roughly estimated by the two-band PreMCE method.
The exact setup of measurements and the procedure of data
evaluation is described in our parallel paper [13].

Shapes of all enantiomer peaks in electropherograms
were fitted by the Haarhoff-Van der Linde function [43, 44]
to determine the accurate position of the peak. The Origin
Ver. 8.1 software (OriginLab, Northhampton, NH, USA) was
used for data evaluation.

4 Results and discussion
4.1 Simul 5 Complex

All simulations were performed by means of our simulation
program Simul 5 Complex with implemented complexation
mode. In the first step, the software requires the entry of
the name, pKa, ionic mobility, and concentration in both the
BGE and the injected zone of each constituent. A database
containing the pKa values and limiting mobilities of a number
of constituents is included, thus, the constituents can be easily
selected from the database so only the concentrations of the
constituent in the BGE and sample zone must be entered.
The complexation mode requires that the ligand is entered
as the first constituent in the constituents list: the ligand is
marked with L.

In the next step the experimental conditions have to be
specified, namely, the capillary length, detector position, tem-
perature, driving voltage, and mobility of the electroosmotic
flow. The basic setup of the simulation is the same as in
the previous version of Simul 5 (without the complexation
mode), as described in details in our previous paper [39] and
in the program Help. The complexation mode is activated by
clicking on the button Complex in the main menu bar. If
the complexation mode is on, the red sign COMPLEXATION
MODE appears in the main window. The program automati-
cally creates and opens the Complex table with default values
for all the complexation parameters. The characteristics of
the ligand — pKa and ionic mobilities — should be modified
to reflect the desired actual values. If a neutral compound is
used as the ligand, no pKa value is required; however, the
estimated mobility of the neutral form of the ligand must be
entered, which is used for calculation of the diffusion coeffi-
cient of the ligand. In the case of a strong electrolyte ligand,
such as a sulfated cyclodextrin, the software allows one to
modify the ligand charge numbers (the Ligand nL and/or pL
values) in the Complex table. For example, by setting both nL
and pL as —7, the ligand is regarded as the strong electrolyte
constituent with a charge number of —7. Again, only the
mobility of the free ligand has to be entered. In the next step,
the complexation parameters are specified. All constituents
of the BGE and all analytes are allowed to form a complex
with the ligand. This requires the entry of complexation
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constants and mobilities for all complexes of all constituents
which form complexes with the ligand. We recommend the
use of the default minimum values of complexation parame-
ters for the analytes and the BGE constituents, which do not
form a known complex with the ligand. The complexation
mode also enables one to apply ionic strength correction for
the input data. By clicking on the button Apply IS, pKa values
and mobilities of all compounds in the constituent list, the
parameters of the ligand and the water ion product in the
Complex table are recalculated for the actual ionic strength
according to the Debey—Hiickel and the Onsager—Fuoss the-
ory. The software does not perform ionic strength correction
during the simulation, the correction occurs on the input
parameters.

4.2 Conditions of simulations

The experimental conditions used in the simulations were
set the same as in the measurements but we had in mind
minimizing simulation time also: (i) the EOF movement was
imitated by the movement of the detector, which was initially
situated outside the capillary. Thus, only the part of the cap-
illary, which the analyte passed through by its own effective
mobility, was simulated, (ii) the shorter capillary length was
compensated by the reduction of voltage to keep the inten-
sity of electric field the same as in the experiment. These
two simplifications did not influence principally the result of
simulation.

The length of the capillary in the Example 1 and 2 ranged
from 150 to 370 mm. The width of the injection zone was
0.4 mm and the zone edge 0.2 mm. The intensity of the
electric field was 46.64 kVm™!. The current in both Examples
1 and 2 was 11.3 pA. The number of nodes in the x-axis was
always 50 000. The length of the capillary in Example 3 was
in the range from 50 to 350 mm. The width of the injection
zone was 0.8 mm and the peak edge 0.4 mm. The intensity
of the electric field was kept constant at 31.06 kVm~'. The
current varied, during the simualtion according to the actual
composition of the BGE in the capillary, between 17.5 and
17.8 pA. The number of nodes in the x-axis was 30 000.

The simulations were performed by computer with
Intel® Core™ i7-960 Processor 3.20 GHz. The simulation
time was in the range of hours.

4.3 Experiments

The new Simul 5 Complex software was tested by real “wet”
experiments using three different CS systems (Instead of the
term “ligand”, the term chiral selector, which is generally used
in enantiomer separations, will be used in the rest of the pa-
per.). The systems were chosen to differ in the CS used and in
the experimental conditions. The experiments in Examples 1
and 2 were designed to have the same analyte, R-flurbiprofen,
which was completely charged at the actual pH, and to differ
in the choice of the CS, which was neutral in both examples.
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Figure 1. The dependences of the effective mobility of
R-flurbiprofen on the concentration of (A) MAL-B-CD, (B) TM-B-CD
in the BGE. Squares: experimental data; Solid line: fitted curve;
Error bars present standard error.

MAL-B-CD and TM-B-CD were used in Examples 1 and 2,
respectively. These two CSs were selected because of their
significantly different complexation with R-flurbiprofen. In
Example 3, a neutral analytes, S-BMP and R-BMP, and a com-
pletely charged CS, a well defined single-isomer cyclodextrin,
PA-B-CD, were used. Only the complexation of analytes with
the CS was supposed to be significant in the separation pro-
cess, complexation of the constituents of the running buffer
with the CSs was not considered.

First, the complexation constants and mobilities of com-
plexes for individual systems were determined by perform-
ing a series of ACE experiments at various concentrations
of the CS. The complexation constants and the mobilities
of the complexes were used as the input data to be entered
for the simulation runs. In the next step, the simulations
were performed and the simulated profiles for the UV and
the conductivity detector were compared with those obtained
experimentally.
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Table 1. Complexation constants and mobilities of complexes
with standard error.

Example 1 Example2 Example3 Example 3
R- BMP S-BMP

K/(mol.dm=23)~" 3610+ 123 614443 1109+63 113665
up/107* m2s~'V=1 —7.60 + 0.03—6.43 +0.11 7.08+0.16 7.01£0.16

Example 1: chiral selector — 6-O-a-maltosyl-B-cyclodextrin
hydrate, analyte — R-flurbiprofen; Example 2: chiral selector —
heptakis(2,3,6-tri-O-methyl)-B-cyclodextrin, analyte —
R-flurbiprofen; Example 3: chiral selector —
6-monodeoxy-6-mono(3-hydroxypropylamino)-B-cyclodextrin
hydrogen chloride, analytes — S-BMP and R-BMP

4.3.1 Example 1

In Example 1, neutral MAL-B-CD was used as the CS and fully
charged R-flurbiprofen served as the analyte. The complexa-
tion constants were determined from the dependence of the
effective mobility of the analyte on the concentration of the
CS, see Fig. 1A. The resulting complexation constants sum-
marized in Table 1 were used as input data in simulations.
The simulations were performed at different concentration
levels of the CS to show the influence of complexation on
the position, shape, and amplitude of the analyte zone. The
experimental conditions used in the simulation (e.g., length
of the capillary, position of the detector, voltage, EOF mobil-
ity, width of the injected zone) are described in the Section
4.1. The experimental and simulated profiles for the conduc-
tivity and UV detectors are compared in Fig. 2A and Fig. 2B,
respectively. The simulated profiles show very good agree-
ment with the experimental electropherograms. As follows
from Fig. 2A, the addition of a small amount of CS reverts
the polarity of the conductivity detector signal for the ana-
lyte peak. While the peak has positive amplitude in the BGE
system without CS, it becomes negative when CS has a con-
centration of about 0.1 mM and its amplitude increases with
increasing concentration of CS. The difference in the ampli-
tude results from the complexation of the analyte with CS in
BGE.

The shape ofthe analyte peak changes significantly when
the CS complexes with the analyte. The conductivity (Fig. 2A)
and especially the UV detection (Fig. 2B) electropherograms
show that the analyte peak has almost Gaussian profile in
the BGE free of CS. Interestingly, at a CS concentration of
0.1 mM, the peak shape is significantly distorted by electro-
migration dispersion but when the concentration of the CS is
increased, distortion diminishes. At concentrations of about
2 mM and higher the peak is again almost symmetrical.

Electromigration dispersion occurs if the velocity of the
analyte in its own zone significantly depends on its concentra-
tion and is characterized by the relative velocity slope, which
is defined by

Sy = lim — <%> (10)

crs0 Vg \9Ca
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Figure 2. The comparison of the experimental (upper) and sim-
ulated (lower) profiles for the analyte R-flurbiprofen and the chi-
ral selector MAL-B-CD. (A) Conductivity, (B) UV detection. The
curves/analyte peaks are marked by the corresponding concen-
trations of the chiral selector. The experimental and simulated
conductivity signals were shifted along the y-axis for better visi-
bility, thus the y-axis is only a relative measure of the conductivity
signal.

where c, is the concentration of the analyte and v, is the an-
alyte velocity. Usually, the relative velocity slope is a function
of the conductivity and pH of the BGE. However, this can-
not explain the distortion of the analyte peak in our system,
because the analyte peak in the absence of the CS is not dis-
torted by dispersion and the conductivity or pH of the BGE
are not changed when the neutral CS is added to the BGE
in a low concentration. Here, electromigration dispersion is
caused by complexation, i.e., complexation influences Sy.

The effective mobility ui{f of the analyte in the systems
where complexation occurs depends on the fraction of the
complexed analyte ax aas follows:

Ul =y aua + (1= 4) 0, (11)

where u, is the mobility of the analyte-CS complex and

1S is the mobility of the free analyte. By combining the
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Figure 3. The theoretical dependences of the fraction of the com-
plexed analyte R-flurbiprofen on concentration of MAL-B-CD and
TM-B-CD. The dependence was plotted according to the Eq. (11)
using the experimentally determined complexation constants.
Solid: analytical concentration of analyte 0.3 mM; dashed: an-
alytical concentration of analyte 0 mM. Insert: difference of the
plotted curves of analyte for both chiral selector systems.

Egs. (2, 3, 4) and (11), an expression for the fraction of the
complexed analyte can be derived as follows:

0Lx,A

_ ZKCL (12)

K(catcr)+1 +\/[K (catcr)+ 1 —4K2cc;

where ¢, and ¢; are the analytical (total) concentrations of the
analyte and the ligand, respectively. Obviously, the fraction of
the complexed analyte is a function of the analytical concen-
tration of both the ligand and the analyte. This dependence
for both Examples 1 and 2 is shown in Fig. 3. At low con-
centrations of the CS and within the range of concentrations
of the analyte in the sample zone in the experiments (notice
that the concentration of the analyte in the injected sample is
0.3 mM), the complexed fraction of the analyte depends on
the concentration of the analyte. Therefore, the mobility of
the analyte is not constant in the sample zone and electro-
migration dispersion must occur. This is especially obvious
for Example 1 (curve MAL-B-CD in Fig. 3), in the CS con-
centration range of 0 mM < ¢, < 2 mM (with the maximum
between 0.1 mM and 0.5 mM). When the concentration of
the CS is higher than 2 mM, it is sufficient "to saturate" al-
most completely the injected analyte, depletion of the free
ligand in the sample zone will be small and consequently,
electromigration dispersion will be small. This behavior is
clearly proved by simulations as well as by experimental data
as shown in Fig. 2B.

4.3.2 Example 2

In the second example, the same analyte R-flurbiprofen, fully
charged at the given pH, and a neutral CS TM-B-CD were
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Figure 4. The comparison of experimental (upper) and simulated
(lower) profiles for the analyte R-flurbiprofen and the chiral se-
lector TM-B-CD. (A) Conductivity detection, (B) UV detection. All
curves/analyte peaks are marked by individual concentrations of
chiral selector. In panel A, the experimental and simulated con-
ductivity signals were shifted along the y-axis for better visibility,
thus the y-axis is only a relative measure of the conductivity sig-
nal.

used (the experimental conditions were the same as in Ex-
ample 1). The complexation parameters were determined by
ACE experiments. The experimental data and the fitted curve
are shown in Fig. 1B, the resulting complexation parame-
ters are summarized in Table 1. The complexation constant
here is about six times lower than in Example 1, therefore,
it can be expected that the behavior of the system will differ
significantly from what was seen in the previous one.

The simulated and experimental electropherograms are
shown in Fig. 4. They are in perfect agreement as regards
the positions, shapes and amplitudes of the peaks. The
R-flurbiprofen peak in the conductivity detector traces has
a small positive amplitude not only in the absence of the
complexation agent, but also at a CS concentrations of 0.1
mM and 0.2 mM. Simulation predicts the reversal of the am-
plitude of the analyte peak from positive to negative once the
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concentration of CS is about 0.5 mM, which is confirmed by
the experiments.

The other difference when compared to the Example 1 is
in the shape of analyte peaks, which are almost symmetrical
here at every CS concentration. Because complexation of the
analyte with the CS is weaker, the CS concentration is suf-
ficient to provide the stoichiometric selector amount needed
for the formation of the small amount of complexed analyte.
Consequently, as is obvious from curve TM-B-CD in Fig. 3,
the fraction of complexed analyte does not depend much on
the concentration of the analyte over the whole CS concentra-
tion range. Therefore, the influence of complexation on the
distortion of the analyte peak shape is negligible and electro-
migration dispersion is small.

4.3.3 Example 3

Example 3 differs from the previous ones not only in the
choice of the CS but also in the experimental conditions and
methods of measurements: a neutral analytes (S-BMP and
R-BMP) and a charged CS (PA-B-CD) were used. The ACE
experiments were performed at constant ionic strength (the
buffer composition was varied to compensate the contribu-
tion of the charged CS to ionic strength). Determination of the
complexation parameters in such a system is described in our
parallel paper [13]. The determined complexation parameters
used in the simulations are shown in Table 1.

Due to the low mobilities of the formed complexes all
measurements were performed by using the PreM CE method
of Williams and Vigh [41, 42], as discussed in Section 3.2.
This method requires several steps including the applica-
tion of pressure and changing the vials at the capillary in-
let and outlet. The resulting native electropherograms are
complicated to evaluate, therefore, we show the experimen-
tal and simulated profiles as detector signals in the mo-
bility scale (instead of the time scale), which is easier to
inspect.

The simulations were performed at the same conditions
as used in experiments (see Section 4.1). In the PreMCE
method, both the analyte and the EOF marker are moved
through the detector by application of pressure. Simul 5
Complex has the ability to simulate pressurization of the con-
tent of the capillary and the velocity of this pressure-induced
movement can be specified. Although the analyte peaks were
pushed through the detector by the same velocity in the sim-
ulations and in the measurements, the simulated widths of
the peaks has still to be considered as only approximate, be-
cause the Taylor—Aris dispersion is not implemented in the
simulation causing the simulated peaks narrower than the
experimental ones.

The experimental electropherograms obtained by UV de-
tection and the simulation results are shown in Fig. 5. The
positions and shapes of the analyte peaks are in good agree-
ment. The analyte peaks at low concentrations of the CS are
significantly influenced by electromigration dispersion, this
effect decreases with increasing concentration of the CS. Both
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the simulations and the experimental data show that at a CS
concentration of 20 mM, the analyte peak appears almost
Gaussian. It should be noted that not only the concentration
of CS but also the composition of the BGE was altered during
the measurements. This also has an influence on electromi-
gration dispersion due to conductivity effects and will change
the shape of analyte peak. Obviously, Simul 5 Complex is
able to correctly consider peak shape distortion caused by
both complexation and conductivity effects.

Example 3 was also used to predict the results of the
separation of the R-BMP and S-BMP enantiomers. This is
a difficult task in the given system, because the complexa-
tion constants of the enantiomers differ only slightly, 110.9
and 113.6 (mol.dm—3)~! for the R and S form, respectively,
see Table 1. According to Wren and Rowe [15] we calculated
the optimum concentration of the CS to be 8.9 mM for ob-
taining maximum separation. However, the real separation
performance is very poor due to strong electromigration dis-
persion at this concentration, as is proved both by the simu-
lations and the experiments; see Fig. 6. As found in previous
examples, electromigration dispersion due to complexation
is generally less when using higher concentration of ligand
in the separation system. Therefore, we simulated the sep-
aration at higher CS concentrations as well: at 30 mM and
100 mM. Although there is much less electromigration dis-
persion, peak resolution is still not sufficient due to the fact
that the concentration of the ligand is out of the optimum
value. The experiments show exactly the same behavior. Obvi-
ously, the Wren and Rowe model [15] cannot take into account
the influence of electromigration dispersion, and separation
at the optimum ligand concentration is spoiled by high elec-
tromigration dispersion due to complexation. The CS system
used does not offer sufficient separation selectivity to achieve
adequate peak resolution. All these aspects are predicted by
Simul 5 Complex.

5 Concluding remarks

The new Simul 5 Complex software with the implemented
complexation mode enables one to simulate the process of
electromigration in systems that contain a complexing agent
and to predict the results of the separation, for example the
results of enantiomer separations. The Simul 5 Complex was
verified using three different CS systems. These systems dif-
fered in the choice of the CS and in the experimental con-
ditions. Two systems contained a neutral CS and were used
with a fully charged analyte. In the third system, a positively
charged CS was utilized and neutral enantiomers were in-
jected as the analyte. The experiments were performed by
either classical electrophoresis or by the PreMCE method.
With all CSs and experimental methods used, the simulated
profiles for the UV and conductivity detectors are in very good
agreement with those obtained experimentally. The positions,
shapes, and amplitudes of the analyte peaks agree perfectly
and show the same trends. The influence of complexation on
the amplitude and shape of analyte peak was discussed. In
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addition, the new Simul 5 Complex is a useful tool to demon-
strate the results of enantiomer separations and to optimize
the separation conditions, enabling the saving of expensive
CSs and experimental time.
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1. Introduction

Capillary electrophoresis is the analytical separation method
very well described theoretically. Already in 1897 Kohlrausch
introduced the basic set of continuity equations describing the
electrophoretic movement as well as the conservation law now
called Kohlrausch regulation function [1]. Later Dismukes and
Alberty [2] and also Jovin [3] presented the additional conserva-
tion functions for some electrophoretic systems. The overview of
different conservation laws and their applicability can be found in
the review paper of Hruska and Gas [4]. However, the continuity
equation is nonlinear, and thus, it cannot be solved analytically
without certain approximations. One of the possibilities to study
the process of electrophoretic separation is to solve the con-
tinuity equations numerically by simulation. There are several

* Corresponding author at: Agilent Technologies GmbH, Hewlett-Packard-Straf3e
8, 76337 Waldbronn, Germany. Fax: +49 7243 602 2414.
E-mail address: vlastimilhruska@gmail.com (V. Hruska).
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simulation programs available, such as SIMUL 5 [5], GENTRANS
[6,7] or SPRESSO [8]. The simulations offer detailed insight into
the process of electrophoretic separation, however, the simulation
is often time consuming. Also, the result of numerical solution is
only graphical representation of concentration, pH or conductiv-
ity profiles. Simulations do not provide exact values of mobilities,
amplitudes or other parameters of studied systems.

Because of the special experimental setup of capillary zone
electrophoresis (CZE) its governing equations can be solved by lin-
earization. In CZE analytes are injected in a sample zone into a
certain position in the capillary that creates disturbances in the
background electrolyte (BGE). Such a setup can be first treated
as a linear problem by the perturbation theory regardless of the
magnitude of disturbances and in a next step the nonlinearity
can be taken into account. In 90s Poppe [9] showed that solving
the corresponding linearized equations leads to the matrix eigen-
value problem. Our group adopted and generalized this approach.
We presented a linearized model of electromigration, which was
implemented into the program PeakMaster 5.2 [10-12]. Simulta-
neously, we established the new term - the system eigenmobility,
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which is the mobility of the system zone emerging during the sepa-
ration that directly equals to one eigenvalue of the Jacobian matrix
that describes the linearized system. PeakMaster 5.2 also enables to
predict the characteristics of separation systems such as pH, ionic
strength, conductivity of BGE and mobility, amplitude and shape
of the analyte or system zone. Electromigration dispersion (EMD)
is expressed as the relative velocity slope established in 1997 by
Gebauer and Bocek [13] and later by Horka and Slais [14].

Recently we introduced a simplified nonlinear model of electro-
migration, which can still be solved by the perturbation approach
using matrix notation. The model was implemented into the new
version of PeakMaster software, PeakMaster 5.3 [15,16], which
enables plotting shapes of the system zones distorted by EMD.
The extent of EMD of a system zone is characterized by the
nonlinear electromigration mobility ugyp, which experimentally
corresponds to the difference between the mobility at the maxi-
mum (apex) of the peak and at its base as long as composition in the
maximum remains close to initial conditions, i.e., until it becomes
significantly dispersed. PeakMaster 5.3 can present the separation
result in a form of the electropherogram.

Simultaneously, we presented the new version of our simula-
tion program, Simul 5 Complex [17,18], which is especially useful
for prediction of results of enantiomer separation [19] and offers a
deep insight into the chiral separation. We developed the complete
model of electrophoretic separation in systems with a complexa-
tion agent. The model is suitable for any number of analytes with
any number of charge states and one ligand. We suppose the com-
plexationratio of 1:1, which is the mostly expected for system with
cyclodextrins, although there are also other ratios mentioned in the
literature [20]. The program Simul 5 Complex was verified exper-
imentally and simulations together with experiments pointed out
the unusual behavior of EMD, which was found to be closely related
to the complexation.

In this paper we introduce the linearized model of EMD for par-
ticular electrophoretic systems with one neutral ligand and one
strong (fully charged) analyte which can form a complex. Such sys-
tems are often used in the analytical practice. The model enables us
to calculate the commonly used quantity characterizing EMD, the
relative velocity slope, Sx. We also introduce a new similar quantity,
the nonlinear electromigration mobility slope, Semp.a, as a slope of
the nonlinear electromigration mobility, ugyp, on the analyte con-
centration in the sample, which can be easily used to describe EMD
in any electrophoretic system. We implement the model into the
program PeakMaster 5.3 Complex, which now enables to predict
EMD of one strong analyte that forms a complex with a neutral lig-
and present in the background electrolyte. We also discuss different
contributions of EMD and prove the significant role of complexation
on the shape of analyte peaks.

2. Theory
2.1. Linearization of continuity equations and nonlinear model

Electrophoretic evolution of a total concentration, ¢;, in time, t,
and one dimensional space coordinate, x, is described by a set of
continuity equations for all N constituents where only electromi-
gration is taken into account:

8C,’ . a(v,-c,-)
F
where v; = ueg,ij/« is the velocity and ug; is the effective mobil-
ity of the ith constituent, j is the electric current density and
k is the conductivity. Information about the system is obtained
by linearization of continuity equations [10,21]. The linearization
is possible thanks to a special experimental setup of the capil-
lary zone electrophoresis and analogous techniques where the

i=1,...,N (1)

separation space is filled by an undisturbed BGE solution and in the
beginning of the experiment a sample zone is introduced, which
creates a set of initial disturbances in all constituents. These distur-
bances develop in time and space and appear as system and analyte
zones [10].

The solution of the set of continuity equations (1) are concentra-
tion profiles c;, which can be expressed as a sum of a concentration
of the ith constituent in the BGE, C;, and a function ¢; that describes
development of all disturbances in ith concentration profile in time
and space: ¢;(x, t) = C; + Ci(x, t). Initial conditions are cj(x, t = 0) =
C; + in(x) for all constituents i where ¢i"(x) = ACIpI"(x), ACI is
the amplitude (concentration magnitude) of the initial disturbance
[12] and the function " describes a spatial shape of the sam-
ple zone [15]. Linearization of continuity equations results in the
eigenvalue problem with the characteristic Jacobian matrix Mg:
& ac
AT ke 0
where kg is the conductivity of the BGE, arrows denote column
vectors and My elements have dimension of mobility. For our next
considerations it is important to realize that the solution of the
linearized matrix Eq. (2) is done by a transformation ¢ = Qg x W
that converts concentrations ¢; into characteristic variables w; that
represent individual zones [10,15]. Such a transformation converts
matrix My to a diagonal matrix Ag=Q. x My x Qg that contains
mobilities of all zones. Qg is a matrix composed of column eigen-
vectors in a way that the first column of Qg corresponds to the first
eigenvalue (zone mobility) in Ag. Qp is an inverse matrix to Qg. By
matrix multiplication of the ith column of Qg with the ith row of
Q. we get a matrix of amplitudes for the ith zone, P;, that provides
information about individual disturbances in each concentration
profile [12]: AC = P; x ACI" where superscripts ‘i’ and ‘in’ indicate
the ith zone and the initial disturbance in the sample zone, respec-
tively. A shape of the ith zone is described by the shape function
@i(x, t) [15]. In the linearized case of electromigration it is identi-
cal to the initial shape and it is moving with the mobility of the ith
zone [10]. In the nonlinear case where diffusion and the first nonlin-
ear mobility term are included into the model, the shape function
reflects a non-symmetrical shape induced by the nonlinearity [15].

We described in detail a combined approach of the linearization
and nonlinear model in Ref. [15]. The set of continuity equations (1)
is rearranged to a matrix M(Cq, ..., ¢n), which is further expanded
by the Taylor matrix expansion to the first nonlinear matrix, which
provides nonlinear information about individual zones for suffi-
ciently small disturbances in the sample zone. The transformation
of nonlinear matrices from the concentration (c) to the zone (w)
domain is the same as transformation of Mg to A, i.e., by a multi-
plication by eigenvector matrices Qg and Qy, which are determined
by the linearization.

(2)

2.2. Velocity of sample zone

Our goal in this paper is to describe nonlinear behavior of the
analyte zone denoted as A, which undergoes a complex-forming
equilibrium with a neutral ligand (L). Adding the complex-forming
equilibrium to the same general nonlinear model as was used in
the latest version of PeakMaster 5.3 [15] is a complicated problem,
which may be addressed in future. Here we will restrict our consid-
eration to a more specific and simpler case where a fully charged
analyte forms a complex with a neutral ligand. First we determine
the velocity of the analyte zone, v,ope (X, £), in anon-linearized form
and in the next step we will derive information about the nonlinear
behavior of the analyte zone.

We will rearrange the set of continuity equations (1) into a
vector form and transform such a vector equation to character-
istic variables w, first by multiplying both sides of the equation
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Table 1

Example of matrices Mo, Qr and Q, and P, (matrix of amplitudes for the zone of
the analyte) of linearized system. System composed of two BGE constituents 1 and
2 and one analyte with subscript 3 = A. Elements m, r and [ stand for general values.

my1 Mmyy mis3 1 1 1
Mo = | my1 myp my3 Qr= | r21 12 123
0 0 lUerao 0 0 13

hi ha hs 00 —
Q- b1 ln 1213 Pr=1| o o ﬁ
o 0 — 33

33 00 1

by Qi, which transforms the left-hand side to w, W= Q. x ¢ and
then using ¢ = Qg x W to transform individual ¢; in the right-hand
side. This transforms continuity equations from concentrations (c)
to zone functions (w). The transformed continuity equation of the
analyte A is:

N
%:—Z(QL)AJBX vj C+Z

j=1

] KWk (3)

To simplify the equation we suppose that all zones move inde-
pendently on each other, which means that mutual influence of
overlapping zones is neglected. This implies that within the sample
zone all wy o =0:

Bon _ Z(QQAJ [5G+ Q) aT) (4)

j=1

Second, since the analyte is present only in its own zone, its
concentration in the BGE is zero, C4 =0. It has a substantial impact
on the above continuity equation as well as on the linearized matrix
Mj and eigenvector matrices Qg and Q. Table 1 shows an example
of matrices Mg, Qg and Q; and P4 (the matrix of amplitudes for the
analyte zone) for a system composed of two BGE constituents, 1 and
2, and one analyte, 3 =A. Elements of the third row in all matrices
are zero due to Cp =0 except the diagonal position that reduces
the summation in Eq. (4). From matrices Qg and Q. in Table 1 is
evident that the remaining product of (Qr)a s and (Qr)aa is 1 so Eq.
(4) becomes:

owa _ O(vawa) _ d(vaWa) dWa
ot x dWwa ox
where the partial derivative of vaW, by x was split into two terms.
The character ‘d’ is the total derivative by W, and symbolizes the
fact that wp is the only independent variable. The first term has a
meaning of the velocity of the analyte zone, v ope o = d(VaWa )/ dWA.
The variable W, is in fact a function of the zone shape, @a, Wa =
AWapp where AWy is its amplitude. Similarly, &; = ACI.AgoA, where
the amplitude ACP is given by ith row of ACA =P, x ACI", We use
it to rewrite v,ope o from W variable to ca:

(5)

d(vaca)
dc (6)

Vzone,A =

2.3. Nonlinear electromigration mobility slope Sgyp a

In the nonlinear model for PeakMaster 5.3 [15] we expressed
nonlinearity of a zone by a nonlinear electromigration mobility,
ugvp. Due to zeros in the matrix Py, see Table 1, all disturbances
in the analyte zone are dependent only on the analyte concentra-
tion in the sample, AC", which makes also ugypa to be directly
proportional to the analyte concentration. Therefore, the non-
linearity of the analyte zone can be expressed as the slope of
Upmp,a 0N ACY, Spvip A = Ugmp,a/ ACH. For the analyte zone, ugyipa
can be evaluated from the Taylor expansion of v,opea by ca at

the BGE composition (C;) that is indicated by (0). The absolute
term of the expansion is the linear velocity of the analyte zone,
Vzone,A(0)=j/ko X Uefra 0, the linear term is d(vzonea)/dca(0) x ca.
Since cp = AC}\“(pA, the definition of ugypa is based on the mag-
nitude of the linear term:

ko d(Vzone,A)
UEMDA = — — 5.

2 e 0)ACy ™)

Application of ugyp A and subsequently v,ope A, Eq. (6), to Semp A
results in:

Ko d? (I/ACA)( ) Ko dvp

S = 0)=2—-—-(0 8
EMD.A = ac? (0) (8)

Jj dca

Obviously, in the equation for Sgyp A the slope dva/dca(0) is dou-
bled. It is a consequence of our approach, where we consider the
velocity of the analyte zone, v,pe A, determined from continuity
equations and not the analyte velocity v, which is utilized for esti-
mation of velocity slope [13] and relative velocity slope [14] in the
previous approach. Advantageously, our approach offers us possi-
bility to quantitatively compare theoretical calculations of Sgyp a
with degree of EMD evaluated from simulations or experiments,
which we will perform in the next part (IV - Experimental verifi-
cation) of this series.

In the general case, v, is a function of all ¢;, which are within
the analyte zone functions only of cs that can be expressed from

= ACPgp = (Pp); AACN@4 and that results in €; = (Pa); aCa- This

can be used for the evaluation of dva/dca(0):

dvA avA dc, _ 3VA
ALY Zac’ 1er @ =D 70 OXPaia (9)

where the partial derivative dva/dc;(0) represents the first men-
tioned fact that v, is the function dependent on all constituents.
When applying dva/dca(0) to the Sgvpa and performing substitu-
tion va = Uer pj/K:

SEMD.A = ZZ(PA), ASe (ueffA ) (0) (10)

Note that Egs. (6) and (10) are valid in general for any model
and experimental technique that can be described by the continuity
Eq. (1) and can be linearized, i.e., is based on injection of a sample
to a background electrolyte, such as capillary zone electrophoresis
(CZE), affinity capillary electrophoresis (ACE), gel electrophoresis
or even the isocratic mode of HPLC.

2.4. Complex-forming equilibrium

Our goal is to express the slope of nonlinearity of a complex-
forming analyte by Sgmpa in a specific simple setup: the BGE
consists of two weak non-complexing constituents (denoted 1, 2)
and the ligand (L), which is neutral and forms a complex only with
the analyte (A). The analyte is strong, its charge number is zj, its
free (non-complexed) mobility is ua, the complexed mobility is ux
and its complex-forming equilibrium constant, Ky, comes from the
binding equation Kxca c| r = Cx, o Where ¢y 4 is the concentration of
the complex, ca¢ is the concentration of the non-complexed ana-
lyte and ¢ ¢ is the concentration of the non-complexed ligand. The
total concentration of the analyte is ca = ca  + Cx 4 and that of the
ligand is c; = ¢ f+ cx a. The molar fraction of the non-complexed
ligand, A, is the characteristic unknown quantity, which is deter-
mined by solving the complex equilibrium. It is defined as a relation
between ¢y ¢ and ¢ : ¢, f = Ac.. The model is fully described by
definitions of Kx, cs and c;. The molar fraction of the complexed
analyte is ax = Kxc A /(1 + Kxc A) and that of the complexed lig-
and is o) = KxcaA /(1 + Kxc A). From their definition it follows that
caop =cLop =cxa [17]. Using these equations we can also express
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caf=ca(1 —ax). Again, similarly as shown in Ref. [17], the char-
acteristic equation, L, for determination of A is formulated from
the rearranged definition of ¢, : L = -1+ A + o = 0. Unlike the
approach in Ref. [17], the complex-forming equilibrium here is not
coupled with acid-base equilibria through molar fractions since
both the analyte and the ligand do not dissociate — the analyte is
fully dissociated and the ligand is neutral. The equation L=0 can be
rearranged to a quadratic equation, which can be solved analytically
for the unknown A:

A= 2 (11)

1+ Ke(ca — c) + V1 + K(ca — c)I? + 4Kxcy

2.5. Calculation of Sgmp,a for complex-forming analyte

We will describe here a procedure how to calculate Sgypa for
the system of a strong analyte (A) forming a complex with a neutral
ligand (L), which is present in the BGE together with two buffer
constituents (1, 2), which do not interact with the ligand. For this
purpose we use quantities calculated by the standard PeakMaster
calculation of the setup without the ligand and combine it with the
new scheme containing the complex-forming equilibrium. For the
evaluation of Sgyp 4 the following quantities have to be expressed:
Ueff 00 K0y (PA)i,A and 8(ueff_AK0//c)/8c,-(0) fori=1, 2, A and L. The
effective mobility of the complex-forming analyte ufs 5 is:

Uesr, p = SEN(Za)[Ua — (Ua — Ux)ox] (12)

The linearized value of uefs 4 in the BGE, uefr o, is then obtained
simply by a change of ax to o g that is calculated first by evaluating
A in the BGE using Eq. (11): A(0)=1 and consequently applying it
to the definition of ay:

KxCL

Ox 0= m (13)
Similarly, o o =0. The conductivity « is defined as follows:
K = Korig — F|ZA|CA(UA - ux)oex (14)

where kg is the conductivity of the original system without any
complex-forming equilibria consisting of BGE constituents 1 and
2, a strong (non-complexing) analyte A and H30* and OH~ ions.
Since the additional term due to complexation is proportional to
CA» K0 =Korig(0). The terms d(uesrako/x)/dc;(0) for i=1, 2, A and L
can be further expanded using uef from Eq. (12) and « from Eq.
(14):

el Ko _ Ueff,A0 a’(orig
37‘,- (ueff.A7> (0)= —T (3(:1 (0)

u oo
+ %:’OHZA\(L!A — Ux)otx, 0814 — SEN(Za)(UA — Ux) ( 80*) (0)
1
(15)

where §;4=0 for i=1, 2, L and dpa=1. The term (0koyig/c;)(0)
comes from the conductivity and it is a constant calculated by
the original PeakMaster model without the complex-forming equi-
librium. It is zero for the ligand, (dkrig/dc)(0) = O, since it is a
neutral agent and, therefore, it cannot influence the original con-
ductivity kg by dissociation. Note that such a statement is just
an approximation because in reality the ligand can interfere with
other constituents by changes of viscosity of the solution. The effect
is significant, e.g., for high concentrations of cyclodextrin [22],
which we consider as a model ligand. The middle term comes form
the complexing part of the conductivity that contains cs there-
fore its derivative is nonzero only for the analyte due to Cp=0.
The last term in Eq. (15) comes from uega. The (dox/dc;)(0) is
evidently zero for constituents 1 and 2. For the analyte and the

ligand it is (dorx/9ca)(0) = —Kxork o(1 — ax,o)z and (dax/dcL)(0) =
Kx(1 - ax,O)z-

Finally, to calculate the last set of quantities we have to deter-
mine (Py);a fori=1, 2 and L. The case i=A s trivial since (Pa)aa=1
because it is a proportionality constant between concentration of
the analyte inits own zone and its concentration in the sample zone.
To do so we have to modify the original matrix Mgy of non-complex-
forming system (Table 1) to a matrix My, which is extended by
the presence of the ligand and modified by the complex-forming
equilibrium of the ligand with the analyte:

Ko dJq
Ko 519
myp My ] 8CA( )
Ko 0,
my1 My gaﬁ(o) 0
My o — J oca (16)
0 0 Uetra0 O
Ko L
0 0 S0 0

In general, the element in the ith row and the kth column of
matrices Mp and My is composed of a partial derivative of the
molar flux of the ith constituent, J; = jueg ic;/k, by the kth total
concentration, ¢, for i and k=1, 2, A and L. Since these matrices
are in mobility units (not velocity), every element is divided by the
electric field strength in the BGE, Eg =j/k¢. Effective mobilities of
BGE constituents 1 and 2 are not affected by the complex-forming
equilibrium therefore they are calculated by the basic mode of
PeakMaster, uega is given by Eq. (12) and uegry =sgn(za)Juxay. For
the matrix My the elements m are identical to the original matrix
Mj due to the mentioned independency of equilibria. The partial
derivatives in Eq. (16) are as follows:

JJ; 1 .
Kf-oi(o) = M3 + —FGillegr j 0l2al(Ua — Ux)ax 0, =1 and 2
J dca Ko
(17)
Ko 0,
0 L 0) = sen(zainarxo (18)

The matrix M ¢ has a simple structure and its four eigenvalues
can be easily determined because it can be divided into two 2 x 2
characteristic matrices, which are located on the matrix’s main
diagonal. The first one is the top-left 2 x 2 matrix composed of ele-
ments myqq, My, My1 and myy. This is identical to the matrix My,
therefore, the two resulting eigenvalues will be unchanged and are
calculated by the original (non-complex-forming) PeakMaster cal-
culation. The second bottom-right 2 x 2 matrix is a lower triangular
matrix, so its eigenvalues are uega o due to the complex-forming
analyte and 0 due to the neutral ligand in the BGE. The matrix My
can be decomposed to eigenvector matrices Qg and Q; from which
the elements of the matrix of amplitudes (Pa); 5 fori=1,2 and L can
be obtained:

1Ko | 0 0,
(s =57 {32\(0)(%“,0 ) + aﬁ(mmu] (19)
1kg | 0 0
(Pa)y A= ET’O [ajci(o)(ueff,A,o —my1)+ 82\(°)le:| (20)
B= Ugff,A,o — (My1 + M2 )Uefr a0 + M11M22 — MMy (21)
1 o0
(Pa)ea 0 U (o) (22)

Uet,a,0 J OCA
3. Results and discussion

In the theoretical section we have formulated the mathe-
matical model for calculation of the nonlinear electromigration
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mobility slope of the analyte (Sgvpa) in the system containing
non-complexing buffer constituents 1 and 2, a neutral ligand L
and one fully dissociated analyte A that forms a complex with
the neutral ligand L. The model was implemented in the latest
version of PeakMaster 5.3 Complex that is available online at
www.natur.cuni.cz/gas. In this section we will analyze the shape
and contributions of Sgyp o by means of the model system that will
be experimentally tested in the subsequent paper of this series (Part
IV - Experimental verification) [23]. The non-complexing buffer
is composed of 50 mM Tris (Tris(hydroxymethyl)aminomethane)
and 50mM Tricine (N-[Tris(hydroxymethyl)methyl]glycine). The
analyte is negatively charged and its ionic (unsigned) mobil-
ity of the non-complexed form is 19.81 x 102 m2V-1s-1. The
complexation constant of the analyte with the neutral lig-
and is Kx=4037dm3 mol-! and the mobility of the complex is
Ux=8.82x10"9m2V-1s-1. The used values correspond to the
experimental system containing the analyte R-flurbiprofen and the
complex-forming agent (3-cyclodextrin that will be discussed in
Example 1 of the subsequent part IV of this series.

3.1. Shape and contributions of the nonlinear electromigration
mobility slope (Sgvpa) plot against ligand concentration

A calculated profile of the Sgmpa as the dependence on the
ligand concentration in the BGE for the model system is plot-
ted in Fig. 1A. It exhibits a specific shape of the curve. Initially,
starting from +0.11 x 1072 m° V-1 s~ mol~"! the value goes steeply
down. At the concentration of the ligand of 0.10mM it reaches
the minimum of —6.17 x 1072 m? V-1 s~ mol~! (the highest abso-
lute magnitude) and from this point turns back and approaches
—0.38 x 102 m> V-1 s~ mol~! for the infinite concentration of the
ligand. The importance of the plot is that it can be used for opti-
mization of the experimental conditions in order to avoid high
electromigration dispersion (EMD) and, if needed, to use as low
concentration of the ligand in the BGE as possible, e.g., due to its
cost or solubility.

Eq. (10) defines Sgpmpa as a sum over contributions of all con-
stituents, therefore as we consider here four constituents, we have
four main contributions to Sgyp a. Further, Eq. (15) shows that each
contribution is composed of three terms. For buffer constituents 1
and 2 only the first term is nonzero and for the ligand only the
last one is nonzero. This gives us six contributions to Sgmpa in
total and we will denote them by the s character with two sub-
scripts - the first one denotes constituents (1, 2, A and L) and the
second one relates to the position of the term in Eq. (15) where
‘0’ relates to the first, ‘c’ to the middle and ‘v’ to the last term.
As mentioned in Section 2, the first two terms in Eq. (15) orig-
inate from the derivative of the conductivity, dix/dc;, which has
two components, see Eq. (14), the original conductivity iqjg Of
the non-complexing system (subscript ‘0’) and the second com-
ponent that is due to complexation (subscript ‘c’). The third term
is derivative of the effective mobility (subscript ‘u’), Eq. (12), or
more specifically of the molar fraction of the complexed analyte,
darx / dc;. The definition of the Sgyp A, EQ. (10), can be then rewritten
as SgMp,A =51,0 ¥ 52,0 +SA0 +SAac *Sau * S,y and individual contribu-
tions are as follows:

u 0K ori
s1,0 = —2(Pa).a elfi’OA'O ( ag?g) (0) (23)
u 0K ori
$2.0 = ~2Pa a0 (&zg) (0) (24)
San—_2 Ueff,A,0 8Korig (0) (25)
A0 = Ko aCA
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Fig. 1. Plot of Sempa and its contributions for the model system. (A) Plot of non-
linear electromigration mobility slope Sgmpa- (B) Semp,a contributions sag (green),
s1,0 (red), sac (blue) and s, (dark yellow). (C) Sempa contributions s, (dotted) and
Sau (solid). Model system: BGE 50 mM Tris and 50 mM Tricine; strong complex-
forming analyte (za=-1, ua=19.81 x10-m?V-1s1); neutral complex-forming
ligand (Kx =4037 dm3 mol~!, ux=8.82 x 109 m2V-1s-1),

Ueff A,0

Sa,c =2 Flza|(ua — ux)ox,o (26)
Sau = 25gn(2a)(ua — Koty o(1 — ety ) (27)
SLu = _2ux(uA — ux)Kxox o(1 — ax,O)z (28)

Ueff,A,0

Here (Pa)1 4 and (Pp), 4 are given by Eqgs. (19) and (20), respec-
tively. Contributions s1, S2,0, Sa0 and sa. are plotted in Fig. 1B.
They all have a simple monotonous shape based on oy - either
directly, see sa¢ Eq. (26), or through the effective mobility uefra o
thatis a function of ox,g, see Eq. (12). Note that elements of matrix of
amplitudes (Pa)1 4 and (P )z 4 are also functions of tegrp o and oy o.
Except oy, Uefr o0 and elements of matrix Py all other quantities in
Egs.(23)-(28) are independent on complexation, therefore they are
constants. The magnitude of plots in Fig. 1B is significantly lower
compared to the maximum magnitude of the final Sgpp A plot.
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Contributions sa, and sp, are plotted in Fig. 1C. Their curve
shape is governed by derivatives of ax by ca and cp, respec-
tively, and their combination forms the specific shape of Sgyp a-
Interestingly, the magnitude of sa ,, is even higher than the magni-
tude of Sgmp A and the magnitude of sy, is counteractive to sa , and
Semp,a- The opposite sign of sp, and s, is principal and it is given
by the minus sign in Eq. (28) because sgn(za) and uegrp 0 have the
same sign, uy is an unsigned quantity (always positive) and all the
other terms in Eqs. (27) and (28) are identical.

A further detailed discussion of dependences of Sgypa On
complex-forming parameters Ky and up is given in the subsequent
paper (IV - Experimental verification) [23].

3.2. Simulation of model system by Simul 5 Complex and
comparison with PeakMaster 5.3 Complex

Similarly as we did in the standard nonlinear model for Peak-
Master 5.3 [15,16], we will test the validity of the model both by
means of simulation by Simul 5 Complex and experimentally. Sim-
ulations and experiments for different types and concentrations
of the ligand will be shown in the subsequent paper (IV - Experi-
mental verification) [23]. Here, we focus on a basic correspondence
of the model with simulations and the impact of ugypa on the
non-symmetry of the peak.

Fig. 2 shows a comparison of calculations in PeakMaster 5 Com-
plex (bold dashed blue curve) with simulations in Simul 5 Complex
(solid black curve) of the model system (described above) with
0.1 mM neutral ligand in BGE for four different concentrations of
the analyte in the sample. The parameters calculated by Peak-
Master are plotted by means of the HVLR function [15], which
is utilized in the standard version of PeakMaster 5.3 for plotting
peaks in electropherograms. The HVLR function was originally
derived by Houghton [24] for chromatography. It is suitable for
plotting of nonsymmetrical peaks and it is more realistic ver-
sion of the better known Haarhoff-van der Linde function (HVL)
with improved shape of the injection zone, which is a rectangular
pulse instead of an infinitely narrow band with an infinite height
[15].

The concentration of the ligand we have chosen for simulations,
0.10 mM, corresponds to the maximum magnitude of the Sgypa
curve shown in Fig. 1A, —6.17 x 107 m° V-' s~ mol~!. The four
simulated electropherograms in Fig. 2A-D, are plotted for the four
concentration of the analyte ca: 0.005 mM, 0.025 mM, 0.1 mM, and
0.4 mM. Each electropherogram also shows the nonlinear electro-
migration mobility, ugyvp A, which is the product of Sgpmp a and the
concentration of the analyte. With increasing concentration of the
analyte the peaks become more and more distorted by EMD: from
nearly symmetrical shape (Fig. 2A), the maximum of which almost
coincides with the ideal peak center that is marked by the ver-
tical dotted line, to a strongly triangulating peak in Fig. 2D. The
HVLR plot used by the PeakMaster calculation is in all cases very
close to the simulated curve obtained by Simul 5 Complex. A bit
more significant deviation of the PeakMaster calculation from the
simulation in Fig. 2D is due to the fact that the PeakMaster model
uses only the first nonlinear term of zone velocity in the Taylor
expansion.

Fig. 2D clearly demonstrates one important feature of EMD - its
dependence on analyte actual concentration. The maximum (apex)
of the peak is at the position of 7.2 min and it is 0.3 min before
the ideal peak center (vertical dotted line) at 7.5 min. However,
for the corresponding ugyp A = —2.47 x 1072 m? V-1 s~ the apex of
the peak should be around 1 min before the ideal peak center so
it traveled only 30% of the theoretical distance. This is due to the
continuous decrease of the concentration maximum caused by dif-
fusion and EMD from 0.4 mM at the beginning to about 0.12 mM
(30% of initial concentration). Obviously, during the run the actual
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Fig. 2. Comparison of calculations by PeakMaster 5.3 Complex and simulations by
Simul 5 Complex. Model system as in Fig. 1. Composition of BGE: 50 mM Tris, 50 mM
Tricine and 0.1 mM ligand. Composition of injected sample: the BGE with vary-
ing concentration of analyte: (A) 0.005 mM; (B) 0.025 mM; (C) 0.1 mM; (D) 0.4 mM.
Curves: simulations by Simul 5 Complex (black solid); HVLR function plot based on
parameters calculated by PeakMaster 5.3 Complex (blue dashed bold). Label shows
calculated ugypa by PeakMaster in 10-9m? V-1s-1, Simulated setup: total capil-
lary length 200 mm; length to detector 150 mm; voltage —4000V (anode at detector
side); simulation nodes 40,000; sample zone width 1 mm with smoothed edge width
0.05 mm. Calculated parameters of analyte by PeakMaster: ideal peak center (non-
dispersed) in detector 7.5 min (Uegra0 = —16.54 x 1072 m? V-! s~!) indicated in graph
by vertical dotted line; Sgypa=—6.17 x 1072 m° V-' s~ mol~'; effective diffusion
coefficient D=4.28 x 10~ m? s~'. Front of peaks (direction of migration) is on left
side of electropherogram.

EMD is proportional to the concentration. The HVLR function has a
very good ability to depict the peak shapes dispersed by diffusion
and distorted by electromigration dispersion.

Also a detailed look to the simulation of the 0.4 mM concentra-
tion of analyte (Fig. 2D) shows that all constituents and quantities
that are supposed to have a minor effect to EMD indeed differ from
the BGE values negligibly: the difference in pH is —0.001, the rel-
ative difference in conductivity is —0.02%, Tris —0.06% and Tricine
—0.3%. On the other hand for the ligand, which is together with the
analyte strongly influenced by the complexation, the simulation
shows that its amplitude in the analyte zone differs by +0.12 mM
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(+16%), which is two orders of magnitude higher than differences
of the others.

4. Conclusions

We have formulated a mathematical model for a calculation
of the nonlinear electromigration mobility slope of the analyte
(Semp,a) in the complex-forming systems containing two non-
complexing buffer constituents, a neutral ligand (complex-forming
agent) and a fully charged complexing analyte. We implemented
the model to the latest version of PeakMaster, PeakMaster 5.3 Com-
plex, that is available online at www.natur.cuni.cz/gas. We based
our derivation of Sgyp A on the velocity of the analyte zone deter-
mined from its continuity equation. Such an approach enables us
to quantitatively compare theoretical calculations with simulations
or experiments.

Dependence of Sgyp 4 on the ligand concentration has a specific
shape with the high absolute maximum at which the electromi-
gration dispersion is the highest. The knowledge of the curve shape
allows us to optimize experimental conditions in order to minimize
electromigration dispersion and eventually to minimize consump-
tion of the ligand for the BGE.

We found six contributions of Sgpp 4 based on derivatives of the
conductivity and effective mobility and showed that contributions
based on derivatives of effective mobility are the most significant
ones. The effective mobility of the analyte is solely dependent on the
complex-forming equilibrium, as there are no acid-base equilibria
in the case of the strong analyte and neutral ligand.

For validation of the model which is implemented in PeakMas-
ter 5.3 Complex we compared the calculated peak shapes based
on HVLR functions with numerical simulations done by means of
Simul 5 Complex, which solves the more general model of continu-
ity equations coupled with acid-base and complex equilibria. The
comparison of the two different approaches exhibited a very good
correspondence even for significantly dispersed peaks. It proves
that HVLR function has a very good ability to describe the correct
peak shape.

In the subsequent paper (IV - Experimental) [23] we analyze
Semp,a for various values of complex-forming parameters Kx and

up and compare simulations and experiments for different types
and concentrations of the ligand.
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1. Introduction

Capillary zone electrophoresis is an excellent separation tech-
nique suitable for the separation of a variety of analytes, including
enantiomers, because it provides high separation efficiency and can
utilize a wide variety of chiral selectors. However, the quality of an
electrophoretic separation can be easily ruined by excessive peak
broadening. Several review papers [1-3] detail the causes of peak
broadening (e.g., longitudinal diffusion, Joule heating, electromi-
gration dispersion, wall adsorption, laminar flow, etc.). One of the
most severe ones is electromigration dispersion (EMD), which is
an inherently nonlinear phenomenon that leads to characteristic
triangular peak shapes. EMD has been intensively studied for a
long time. Already in 1979, Mikkers et al. [4,5] observed that the
EMD of strong electrolyte analytes can be eliminated by match-
ing the mobility of the analyte with that of the co-ion in the BGE.
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tov 2030, CZ-128 40 Prague 2, Czech Republic. Tel.: +420 221951399;
fax: +420 224919752.
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Later, Foret et al. illustrated experimentally the development of
EMD for mono- and oligoprotic weak electrolyte analytes [6]. In
1996, Beckers studied the change of pH in the sample zone and
the development of EMD in BGEs that contained two-coins [7]. The
author distinguished between eight cases depending on the char-
acter of the analyte (strong or weak electrolyte) and its co-ion and
counter-ion. He also derived rules of thumb for the electrophoretic
behavior of weak bases in such systems. In the same year, Xu et al.
found that both the pH and conductivity (composition) of the BGE
influenced the extent of EMD [8]. They showed that in special cases
the pH- and conductivity-dependent parts of EMD can act in oppo-
site direction, cancel each other and lead to sharp and symmetrical
peaks. The authors also established a so called EMD constant whose
value determines the direction and degree of peak triangulation.
The tendency of an analyte to undergo EMD was later character-
ized by Gebauer et al. [9,10] by its velocity slope, S . Velocity slope
is defined as the change in the velocity of the analyte with its mole
fraction at infinitely low analyte concentration. The authors also
showed that for S{ < 0 the zones are fronting, for Sy > 0 they are
tailing. Consequently, the magnitude of the velocity slope serves
as a measure of EMD. Using computer simulations together with
the peak shape diagrams that show the combinations of the pK;
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value of the buffering species in a BGE and the ionic mobility of the
charged form of that species that lead to an S = 0 for a particular
analyte, the authors predicted the asymmetry of the analyte peak.
In 2005, Horka and Slais [11] introduced the relative velocity slope
parameter, Sx, defined as
. Kk dux

Sx = clxlino vx dex (l)
where « is the conductivity of the BGE, vx is the velocity of the
analyte, cx is the concentration of the analyte. Since the value of Sk
depends on the physical properties of the analyte, the nature, and
pH of the BGE, Sx can be used as the quantity that characterizes
the asymmetry and broadening of the analyte peak in a given BGE.
Similarly to Gebauer and Bocek, they use the modified peak shape
diagrams to predict the development of EMD in a BGE of selected
pH and conductivity.

In 2002, our group developed the theoretical linearized model of
electromigration [12-14]. The model allows the calculation of the
relative velocity slope and provides a picture of the migration of the
analytes and their EMD. We also focused on the interrelationship of
EMD and the slope of a signal in a conductivity detector. We deter-
mined that in the case of strong electrolytes the relative velocity
slope is equal to the molar conductivity response, while for weak
electrolytes it contains not only the conductivity term, but also a
pH-dependent term that can lead to a sufficiently high conductiv-
ity signal accompanied by low EMD. This fully proves the results of
Xu et al., who predicted that EMD is caused by both conductivity
and pH effects [8]. The mathematical model was later implemented
in our software, PeakMaster (current version 5.3) [15]. It is able to
predict the positions of system zones, calculate the characteristics
of the BGE (pH, conductivity, buffer capacity, ionic strength, etc.)
and the electrophoretic parameters of the analytes (effective mobil-
ity, transfer ratio, molar conductivity slope, detection responses
and, especially, relative velocity slope). Thus, a complete picture of
the electrophoretic separation can be obtained and the separation
conditions can be optimized in order to maximize the detection
response and minimize EMD [16,17].

Recently, we extended the theoretical model of electromigra-
tion by a nonlinear term in a way that can be solved in the matrix
form enabling the calculation of the shape of the system zones as
well. The nonlinear model is implemented in the new version of
PeakMaster, Ver. 5.3.[18,19]. The measure of EMD is characterized
by the term nonlinear migration mobility, ugyp, which experimen-
tally corresponds to the difference in the mobility at the apex of
the analyte peak and at its center at infinite dilution, as long as the
concentrations of all constituents at the peak apex remain close to
the initial concentrations, i.e., until it becomes dispersed.

Although as discussed above the electrophoretic separation is
very well described theoretically, all these results were derived
only for the case of systems that did not contain complexing agents.
Recently, we presented the complete theoretical model of electro-
migration for separation systems that involved complexation [20].
This model was implemented in the simulation program Simul
5 Complex and is applicable for any number of multivalent con-
stituents and one multivalent ligand. The model considered 1:1
complexation stoichiometry, which is common for enantiomer
separations. The mathematical model, together with the Simul 5
Complex program were verified experimentally using three differ-
ent systems [21]. The analyte peaks in these systems often revealed
significant EMD, which could not result either from conductivity or
pH effects. Consequently, we proposed that EMD in such systems
is a direct consequence of complexation.

The aim of this paper is to present the complete linearized model
of EMD in systems that contain neutral ligands and strong elec-
trolyte (or at least fully charged) analytes. The mathematical model
that was described in Part III: Theory [22] has been implemented

in the newest version of our program, PeakMaster 5.3 Complex,
which can be used to calculate the relative velocity slope and pre-
dict its dependence on the concentration of the ligand. We prove
that complexation can play a majorrole in the development of EMD.
This model is especially useful for the study of enantiomer separa-
tions where a neutral cyclodextrin is used as the complexing agent.
It can be advantageously used for the optimization of the separa-
tion conditions that lead to minimum EMD and sharp, symmetrical
peaks.

2. Materials and methods
2.1. Chemicals

All chemicals were of analytical grade purity. Buffer
constituents tris(hydroxymethyl)aminomethane (Tris) and N-
[tris(hydroxymethyl)methyl]glycine (Tricine), the EOF marker
dimethyl sulfoxide (DMSO), the analyte (R)-(—)-2-fluoro-
a-methyl-4-biphenylacetic acid (R-flurbiprofen) and chiral
selectors heptakis(2,6-di-O-methyl)--cyclodextrin (DM-[3-CD),
heptakis(2,3,6-tri-O-methyl)-3-cyclodextrin (TM-(-CD) and -
cyclodextrin (3-CD) were obtained from Sigma Aldrich (Prague,
Czech Republic). Water used for preparation of all solutions was
purified by a Milli-Q water purification system (Millipore, Bedford,
USA).

2.2. Instrumentation

All experiments were performed using the Agilent 3PCE
electrophoretic system operated by ChemsStation software (Agi-
lent Technologies, Waldbronn, Germany). The instrument was
equipped with a built-in diode-array detector (DAD). Fused silica
capillary 50 pmid, 375 p.m od was purchased from Polymicro Tech-
nologies (Phoenix, AZ, USA). The total length of the capillary and its
length to the DAD were 52.0 cm and 43.5 cm, respectively. A PHM
220 pH meter (Radiometer, Denmark) was used to measure the
pH of the BGEs. The computer program PeakMaster 5.3 [15] was
used to optimize the composition of the BGEs and to calculate the
characteristics of the BGEs and the analytes. The programs Origin
8.1 (OriginLab Corporation, Northampton, MA, USA) and Microsoft
Office Excel 2003 were used for data evaluation.

2.3. Experimental conditions

The running buffer (BGE) in all examples was composed of
50 mM Tris and 50 mM Tricine having an experimental pH of 8.13
and anionic strength of 25.76 mM. The neutral chiral selectors were
different in the three examples - Example 1: 3-CD, Example 2: DM-
[3-CD, Example 3: TM-3-CD, concentration range 0-10mM, and
were dissolved directly in the running buffer. Detection was per-
formed with the DAD at a detection wavelength of 214 nm. The
operating temperature was set at 25°C. The samples contained
0.3 mM R-flurbiprofen as the analyte and 0.02% (v/v) DMSO as the
marker of EOF, dissolved directly in the running buffer. Samples
were injected hydrodynamically at 10 mbar pressure for 3s. The
running voltage was 20 kV (cathode at the detector side). All solu-
tions used in the experiments were filtered with syringe filters
(Whatman, Clifton, NJ, USA), pore size 0.45 um and degassed in
an ultrasonic bath for 5 min.

For conditioning of the inner wall of the capillary, a new capillary
was rinsed with 0.1 M NaOH for 30 min and three times with water
for 3 min each, followed by application of a voltage of 20kV for
20 min on the capillary filled with the running BGE to stabilize the
EOF. Prior to each run, the capillary was flushed with the running
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buffer for 3 min. Every measurement was performed at least three
times.

2.4. Simulation conditions

The experimental conditions used in the simulations performed
by Simul 5 Complex were set the same as in the measurements. In
order to minimize simulation time, the EOF movement was imi-
tated by the movement of the detector, which was initially situated
outside the simulated section of the capillary, thus, only the part of
the capillary, which the analyte passed through by its own effec-
tive mobility, was simulated. During simulation, the electric field
strength was kept at the same value as in the experiment. This
simplification did not principally influence the outcome of the sim-
ulations.

The length of simulated capillary was in the 140-345 mm range.
The electric field strength was 38.46kVm~!, the current was
9.319 p.A. The width of the injection zone was 0.4 mm and the peak
edge width was set at 0.2 mm. The number of nodes in the x-axis
was always 50 000. The simulations were performed by a com-
puter that had an Intel® Core™ i7-960 Processor 3.40 GHz. The
simulation time was in the range of hours.

3. Results and discussion

The quantities Sgympa (nonlinear electromigration mobility
slope of the analyte zone) and Sx (relative velocity slope) were
chosen as the most suitable parameters to compare the extent
of electromigration dispersion in systems that contained a com-
plexing agent. Sgvp a can be calculated from the experimental or
simulated data as

Semp.A = w, 2)
Ca
where upaxa is the mobility of an analyte determined from the
peak maximum, uf 4 is the effective mobility of the analyte deter-
mined from the peak center at infinitely low analyte concentration
(determined by fitting the peak with the HVL function [23,24]) and
ca is the actual analyte concentration in sample zone. Since the
analyte concentration in the sample zone is influenced by both
diffusion and electromigration dispersion, its value is changing dur-
ing each experimental and simulated run. That is why we roughly
approximate this concentration by the analyte concentration at the
apex of the analyte peak. This approximation does not interfere
with our conclusions we want to show in this work.
Sx can be calculated from Sgyp a:

1 Semp,AKo
Sy = = JEMD.AKD (3)
T2 Uera

where kg is the conductivity of the BGE.

The mathematical model of electromigration dispersion in elec-
trophoretic systems that contain a neutral complexing agent and
a strong electrolyte analyte (described in Part Ill: Theory [22]) was
implemented in the last version of PeakMaster 5.3 Complex. Peak-
Master 5.3 Complex yields the values for both Sgyp A and Sx of the
analyte. The necessary input data are the experimental conditions,
the constituent parameters (dissociation constant, limiting mobil-
ity) and the complexation parameters (complexation constant and
mobility of the complex). The new version of PeakMaster 5.3 Com-
plex is also able to plot the dependence of Sgypa and Sx on the
cyclodextrin concentration, which can be advantageously used to
choose the best separation conditions that maintain electromigra-
tion dispersion low and yield sharp, narrow analyte peaks while
using the minimum concentration of the complexing agent.

The established theory as well as the new version of PeakMaster
5.3 Complex were verified experimentally and by simulations using

Table 1

Complexation constants and mobilities of the complexes. Analyte: R-flurbiprofen
(mobility of the free analyte at the actual ionic strength ug =19.81 x
10°m2V-'s-1, limiting mobility 24.5x 109 m2V-!s-1). Complexing agent -
Example 1: B-cyclodextrin, Example 2: heptakis(2,6-di-O-methyl)-f-cyclodextrin,
Example 3: heptakis(2,3,6-tri-O-methyl)--cyclodextrin.

Example 1 Example 2 Example 3
K (moldm~3)-1 4037 4800 552
ux (109 m2Vv-1s-1) 8.82 7.54 6.50

the simulation program Simul 5 Complex [20,21]. The experimen-
tal separation systems used for the verification process differed in
the choice of the neutral complexing agent, while the same analyte
R-flurbiprofen (fully charged at the actual pH of the BGE and at the
actual ionic strength of the BGE having an effective mobility in the
non-complexing environment equal to —19.81 x 1072 m2V-1s-1)
was used. The neutral complexing agent were selected to provide
different complexation constants with the R-flurbiprofen analyte.
The complexation constants and the mobilities of the complexes
were determined by affinity capillary electrophoresis (ACE) exper-
iments [25-29].In the ACE experiments the cyclodextrin was added
directly to the BGE and the cyclodextrin concentration was varied
in the range 0-10 mM for the systems that contained [3-CD or DM-
3-CD, and in the 0-50 mM range for the systems with TM-3-CD.
The resulting complexation parameters are summarized in Table 1.

The complexation constants and the complex mobilities were
used as the input data for the simulations of the experimental
runs. Additionally, a high cyclodextrin concentration (100 mM) sys-
tem was also simulated to show the behavior of the system with
the “fully” complexed analyte. The system with the cyclodextrin
concentration of 100 mM cannot be performed experimentally,
because such high concentration exceeds the solubility limits of
the cyclodextrins used. Finally, the Sgvpa and Sx values of the
analyte were calculated for each experimental and simulated run
according to Egs. (2) and (3) and compared with those calculated
by PeakMaster 5.3 Complex.

3.1. Comparison of EMD predicted by PeakMaster with the
simulated and the experimentally obtained data

The experimental analyte peaks and those simulated by Simul
5 Complex are shown in Fig. 1. They are in almost perfect agree-
ment as regards position, peak shape and amplitude. Values of
Semp,a and Sx were calculated using PeakMaster 5.3 Complex with
the implemented complexation mode as well as from the experi-
mental and the simulated detector traces. The resulting values are
summarized in Table 2. The Sgvp A and Sx values obtained by Peak-
Master 5.3 Complex agree very well with those calculated from the
simulated electropherograms for all three chiral selector systems.
Only at very low complexing agent concentration (0.1 mM, Exam-
ples 1 and 2) is there a difference of about 15% between values
calculated by PeakMaster and those obtained from the simulated
detector traces. At this low complexing agent concentration the
analyte peaks are strongly distorted by EMD indicating that the
approximate linearized model used in PeakMaster 5.3 Complex is
not able to perfectly describe the nonlinear behavior of the system.
In order to eliminate the significantly nonlinear effects and achieve
better agreement between the calculated and simulated values it
would be necessary to inject the analyte at lower concentration.

Though the values determined from the experimental elec-
tropherograms slightly differ from the values obtained by
either PeakMaster 5.3 or the simulations, they follow the same
trends. The differences between the experimental and the simu-
lated/calculated data can be explained by realizing that the exact
concentration of the analyte in the analyte zone is not known in
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Fig. 1. Comparison of the experimental (upper panels) and simulated (lower panels) electropherograms for R-flurbiprofen as the analyte and (A) 3-CD, (B) DM-3-CD, (
TM-B-CD as the complexing agent for different cyclodextrin concentrations. The BGE concentration of the cyclodextrin used is shown next to the peaks.

Table 2

Values of Sempa and Sx calculated using PeakMaster 5.3 with the newly implemented complexation module and determined from simulated and experimental runs for
different cyclodextrin concentrations in the BGE for systems containing R-flurbiprofen as the analyte and three different cyclodextrins as the chiral selector. Mark X indicates
that data for a cyclodextrin concentration of 100 mM are experimentally not available.

¢, (mM) Sempa (1072 m° V- s~ mol-") Sx (10~3m? Smol")
PeakMaster 5.3 Simul 5 Experiment PeakMaster 5.3 Simul 5 Experiment
Complex Complex Complex Complex

0 0.11 0.11 0.23 -0.33 -0.35 -0.72
0.1 -6.17 —-5.55 -8.71 22.85 20.70 32.37
0.2 -5.11 —4.85 -7.17 21.17 20.20 29.94
0.5 -2.17 -2.11 -2.71 10.72 10.50 13.50
1. Example 1 -0.87 -0.87 -1.09 4.88 4.90 6.06
R-flurbiprofen + 3-CD 2 —0.46 -0.48 -0.75 2.83 293 4.60
5 -0.38 -0.38 -0.59 2.48 2.53 3.90
8 -0.37 -0.37 -0.70 2.52 2.51 4.72
10 -0.37 -0.37 —-0.84 2.54 2.51 5.76

100 -0.38 -0.38 X 2.64 2.64 X
0 0.11 0.11 0.23 —-0.33 -0.35 -0.72
0.1 -9.25 -8.21 -125 36.06 32.67 49.38
0.2 —7.02 —6.54 -9.72 31.40 29.78 44.63
0.5 —2.64 —2.55 -2.98 14.60 14.31 16.74
2. Example 1 —0.99 —-0.98 -0.95 6.34 6.34 6.07
R-flurbiprofen + DM-3-CD 2 -0.51 -0.53 -0.47 3.62 3.75 3.30
5 -0.41 -0.42 -0.47 3.16 3.24 3.55
8 -0.41 -0.41 -0.33 3.20 3.21 3.56
10 -0.41 —-0.40 -043 3.23 3.20 3.43

100 -0.41 -0.41 X 3.35 3.34 X
0 0.11 0.11 0.23 -0.33 -0.35 -0.72
0.1 -0.39 -0.32 -0.28 1.26 1.04 0.90
0.2 -0.74 -0.63 -1.08 2.47 2.11 3.61
0.5 -1.26 -1.13 -1.49 4.60 4.12 5.51
3. Example 1 -1.38 -1.28 -1.40 5.67 5.27 5.85
R-flurbiprofen + TM-3-CD 2 -1.11 —1.06 —-0.85 532 5.11 4.14
5 —-0.61 -0.62 -0.22 3.77 3.81 1.33
8 —-0.49 —-0.50 -0.11 3.36 3.47 0.75
10 —0.46 -0.47 -0.07 3.30 3.42 0.52

100 —0.43 -0.43 X 3.93 3.96 X
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the experiments and it can be only roughly approximated from the
simulations as described above.

3.2. Influence of complexation on EMD

In the Example 1, native 3-CD was chosen as the complex-
ing agent. The complexation constant and the mobility of the
complex determined by ACE are summarized in Table 1. The
corresponding experimental and simulated analyte peak shapes
are shown in Fig. 1A. Obviously, the peak shape changes signifi-
cantly with the cyclodextrin concentration. In the cyclodextrin-free
BGE, the analyte peak has an almost Gaussian profile: the cal-
culated value of Sgypa is 0.11x 1072 m° V-1s~ T mol-! and that
of Sx is —0.33 x 103 m2 Smol~! (values calculated by PeakMas-
ter 5.3 Complex). These values are exactly the same as those
calculated by the basic version of PeakMaster 5.3 (without com-
plexation mode), as expected. Clearly, the analyte peak is slightly
fronting but the effect is too small to be observable by the
naked eye. However, at a chiral selector concentration of 0.1 mM,
the analyte peak is suddenly significantly influenced by elec-
tromigration dispersion (Sgmpa=-0.62 x 1072 m> V-1 s~ T mol-1,
Sx=22.9 x 103 m2 Smol~!; values calculated by PeakMaster 5.3
Complex). Thus, the resulting analyte peak is small and strongly
tailing. Interestingly, by increasing the concentration of the
cyclodextrin in the BGE the value of Sgyp a decreases: ata cyclodex-
trin concentration of 2 mM and higher, the analyte peaks become
almost Gaussian again.

Generally, electromigration dispersion can be observed if the
velocity of the analyte depends on its concentration in the sam-
ple zone. Mostly this is due to the fact that the presence of the
analyte significantly influences the conductivity and/or pH of the
BGE. However, in our case the addition of a small amount of neu-
tral cyclodextrin to the running buffer does not change either the
conductivity or the pH of the BGE. Thus, the electromigration dis-
persion observed at low cyclodextrin concentration must be related
to the complexation of analyte by the cyclodextrin.

As discussed in detail in Part III: Theory of this series of papers
[22], electromigration dispersion observed in separation systems
that contain a neutral complexing agent and a strong electrolyte
(or fully charged) analyte has three main contributors: (1) impact
of analyte in the sample zone on the conductivity of the BGE, (2)
complexation, and (3) impact of the analyte-ligand complex on the
conductivity of the BGE.

Fig. 2A shows the dependence of Sgypa on the neutral com-
plexing agent concentration. At the initial point of this dependence
(cyclodextrin-free BGE, ¢, =0 mM) complexation is not involved
in the separation. Consequently, the analyte peak has to be dis-
torted only by the first contribution, as in the usual non-complexing
systems. At the virtually infinite cyclodextrin concentration the
analyte is fully complexed and is present only as the complex.
This situation is equivalent to the system where the analyte
migrates in a cyclodextrin-free BGE with an effective mobility
that is equal to the mobility of the complex. The characteristics
of electromigration dispersion calculated for such a non-
complexing system are Sgyp 4 = —0.38 x 1072 m® V-1 s~ mol~! and
Sx=2.66 x 1073 m2Smol-1. As shown in Fig. 2A (insert), depen-
dence of Sgmp A 0n cyclodextrin concentration limits exactly to this
value. Thus, at high cyclodextrin concentration the third contri-
bution to electromigration dispersion prevails. In this particular
system (high complexation constant), the analyte is almost fully
complexed already at a cyclodextrin concentration as low as 2 mM
and Sgvpa almost reaches its limiting value (Fig. 2A). Between
these two extreme cyclodextrin concentrations (0 mM and 2 mM),
Semp,a Ppasses through a sharp minimum as the cyclodextrin con-
centration is increased (Fig. 2A). EMD in this region is caused by
the combination of all three contributions. The Sgyp 4 at the two
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Fig. 2. Spmpa, predicted by PeakMaster 5.3 Complex, (Panel A) and

lim(éiaAlx/acA)cL.K (Panel B) as a function of the analytical cyclodextrin con-
cp—0

centration in the BGE. Complexing agent: 3-CD (solid line), DM-3-CD (dashed line),
TM-B-CD (dotted line). Insert (A) zoomed part of depicted curves in the vicinity of
a complexing agent concentration of 10 mM.

extremes correspond directly to the 1st and the 3rd EMD contribu-
tions, respectively. These values are relatively low and they do not
cause observable EMD. Thus, complexation of the analyte with the
cyclodextrin, as the second contribution, has to play the major role
in the development of EMD in the low cyclodextrin region.

In BGEs that contain a complexing agent, the effective mobility
of an analyte, u.fr 5, depends on the mole fraction of the complexed
analyte, ax, according to the following equation:

Uer p = oxUx + (1 — ax)u, (4)

where uy is the mobility of the analyte-cyclodextrin complex and
ug is the mobility of the free analyte. Electromigration dispersion
occurs when the velocity of the analyte depends on its concen-
tration and the composition of the BGE in the sample zone. The
mobilities of the free and complexed forms of the analyte are con-
stant for each particular system and only the mole fraction of the
complexed analyte depends on the analytical concentration of both
the cyclodextrin (c;) and the analyte (ca) as follows

- 2Kc,
K(ca+c)+1+VIK(ca+c)+ 117 — 4K2cacy

ax

(5)

where K is the stability constant of the analyte-cyclodextrin com-
plex.
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Further, dependence of ax on the concentration of the analyte
in the sample zone can be expressed as the partial derivative of oy
with respect to cp in BGE where cy—0:

92
fim ((Jx) - “2Ka (6)
ca—0\ dca ok (Kee+1)

The dependence of this parameter on the concentration of the
cyclodextrin for our particular system is shown in Fig. 2B. The
similarity to the dependence of Sgyp a on the cyclodextrin concen-
tration is obvious. At low cyclodextrin concentration, the amount
of cyclodextrin present is not sufficient to “saturate” the complex-
ation of the analyte with the cyclodextrin. The mole fraction of the
complexed analyte strongly depends on the analyte concentration
in the sample zone, the observed limit is high and electromigration
dispersion occurs. With increasing cyclodextrin concentration the
limiting form of the partial derivative approaches zero. A value suf-
ficiently close to zero is reached at a cyclodextrin concentration of
about 2 mM. At - and above - this cyclodextrin concentration the
degree of complexation depends only slightly on the concentration
of analyte and electromigration dispersion is avoided. This agrees
very well with the result deduced previously that complexation is
the main cause of EMD in the low cyclodextrin concentration region
in this separation system. A detailed description of the individual
contributions to the development of EMD can be found in our paper,
the Part III: Theory [22].

In Example 2 DM-3-CD is used as a complexation agent. The
complexation constant is about 20% higher, while the complex
mobility is approximately 15% lower than in Example 1 (see
Table 1). The peak shape changes significantly with the cyclodex-
trin concentration and follows the same trends as in the Example
1 (see Fig. 1B). At zero cyclodextrin concentration the analyte peak
has an almost Gaussian profile. With the addition of a small amount
of cyclodextrin to BGE, the analyte peak is strongly influenced by
EMD. This effect is observable up to a cyclodextrin concentration of
2 mM. At this — and higher - concentrations the analyte peaks have
an almost Gaussian profile again.

The dependence of Sgypa and Climo(ao{A,X/acA)cL,K on the

A—)

cyclodextrin concentration for this particular system are shown in
Fig. 2A and B, respectively. The initial value of Sgyp 4 is the same
as in the previous example, because without cyclodextrin the ana-
lyte and the separation systems are identical. Thus, EMD is caused
only by the influence of the analyte on the conductivity of the
BGE. The limiting value of Sgyp a is —0.41 x 1072 m> V-1 s~ mol !
(calculated for the infinitely high cyclodextrin concentration as
described in Example 1). The value is slightly lower (higher in
the absolute value) than in previous example because the mobility
of the analyte-cyclodextrin complex is lower. Between these two
extremes there is a sharper and deeper minimum than in Example
1. This difference is caused by both the higher value of the complex-
ation constant and the lower value of the mobility of the complex.
The influence of complexation constant can be explained by the
dependence of Climo( dorp x/0ca )CL, ¢ on the cyclodextrin concentra-
A*}

tion. As shown in Fig. 2B, this dependence has a steeper decrease
and reaches a deeper minimum than in Example 1 with the lower
complexation constant. It means that the mobility depends more
significantly on the cyclodextrin concentration, and therefore, EMD
is more pronounced. Simultaneously, because of the higher mobil-
ity difference between the complexed and the free analyte, the
effective mobility of analyte in the sample zone changes more sig-
nificantly with the mole fraction than in Example 1, see Eq. (3).
These two effects act together and result in higher absolute val-
ues of Sgvp 4 in the cyclodextrin concentration range of 0.1-2 mM.
At a cyclodextrin concentration of 2 mM and higher, the degree of
complexation depends only slightly on the analyte concentration,

thus EMD is not observed, similarly to what was found in Example
1.

In the third example, Example 3, TM-3-CD was used as the
neutral complexing agent. The complexation constant is about
seven-times lower than in Example 1 (see Table 1).

As shown in Fig. 1C, the analyte peaks have almost Gaussian pro-
files, independently of the cyclodextrin concentration. The same
behavior is observed for the dependence of Sgypa on the com-
plexing agent concentration, see Fig. 2A. The initial point of the
dependence (in the absence of the complexing agent) is com-
mon for all three systems. At this point the analyte peak is only
slightly distorted by EMD, which is caused by the first conductivity
contribution. At infinitely high complexing agent concentrations
the limiting value of Sgyp a is —0.43 x 1072 m°> V-1 s~ mol~! due
to the third conductivity contribution. This value is low, that is
why EMD is not observable and the peak has an almost Gaus-
sian profile. Contrary to the previous examples, the dependence
of Sgmp,a on the cyclodextrin concentration does not show a sharp
and deep minimum between these two extreme complexing agent
concentrations, but a very shallow one in the concentration range
of 0.5-1mM. At the same time, the absolute values of Sgvpa
are insignificant over the whole cyclodextrin concentration range.
Again, the approximate contribution of complexation to EMD can
be found using Climo(aaA'x/BcA)cL’K. Because of the low complexa-

A*}

tion constant, the mole fraction of the complexed analyte depends
only slightly on the analyte concentration in a sample zone and
causes significantly lower EMD than in previous two Examples, see
Fig. 2B. The other result arising from the lower complexation con-
stant value is that full complexation is achieved at a much higher
cyclodextrin concentration, thus, the complexation contribution
plays role over a wider cyclodextrin concentration range.

3.3. Influence of the complexation constant and the mobility of
the complex on EMD

The Sgmpa values are plotted in Fig. 3A as a function of the
concentration of the neutral complexing agent using the same
complexation constant and free analyte mobility values as in Exam-
ple 1 (K=4037(moldm—3)1, uQ = 19.81 x 10 m?V~'s~1), but
five different mobilities of the complexed forms ranging from a
high mobility of ux=19.81x10""m2V-1s-! to a low mobility
of ux=1x10"2m2V-1s~1, For each set of parameter combina-
tions, the Sgvp A values go through a minimum as the cyclodextrin
concentration is increased. The minima become sharper, their
depth increases and the limiting Sgmpa values (observed at
very high cyclodextrin concentrations) remain farther away from
zero as the difference between ug and uy increases from 0 to
18.81 x 102 m?2V-1s-1, leading to increased EMD and worsened
peak shape across the entire cyclodextrin concentration range.
However, the minima occur at the same cyclodextrin concentra-
tion irrespectively of the magnitude of the difference between ulo\
and uy.

The Sgmpa values are plotted in Fig. 3B as a function
of the cyclodextrin concentration using the same complex
mobility and free analyte mobility values as in Example 1
(ux=8.82x107°m?V-1s71, uQ =19.81 x 10 9m?V-'s~1), but
five different complexation constants ranging from a low
K=100(moldm=3)~! to a high K=8000(moldm3)-!. Again, for
each set of parameter combinations, the Sgyp A values go through a
minimum as the cyclodextrin concentration is increased. As the K
values increase from 100 to 8000 (moldm~3)-! the minima occur
at lower cyclodextrin concentrations, become sharper, their depth
increases, and approach their limiting Sgmpa values sooner (at
lower cyclodextrin concentrations). This means that though EMD
is increased and peak shape is worsened as K becomes larger, the
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Fig. 3. Ssmpa as a function of the cyclodextrin concentration in the BGE
for R-flurbiprofen as the analyte and different theoretical complexing agents.
(A) Complexation parameters: ux=1, 5, 9, 15, and 19.8x102m2V-'s1,
K=4000(moldm~3)~'. The curves are marked by the mobility of the complex. (B)
Complexation parameters: ux =9 x 10~ m?V-1s-1, K=100, 500, 1000, 4000, and
8000 (moldm~3)-'. The curves are marked by the value of complexation constant.

complexation induced distortion persists over a narrower
cyclodextrin concentration range.

4. Conclusions

The theoretical model of EMD in systems that contain a neu-
tral complexing agent and a fully charged analyte, described in
Part III: Theory [22], was implemented in the simulation program
PeakMaster 5.3 Complex. The new module of PeakMaster 5.3 Com-
plex can be used to predict the impact of EMD on the shape of the

analyte peak by calculating both the relative velocity slope (Sx) and
the nonlinear electromigration mobility slope of the analyte zone
(Semp,a)- The newly established theoretical model was verified by
simulations (using Simul 5 Complex) and experiments using three
systems with different complexing agents. The calculated values
of Sx and Sgvpa Were compared with those obtained from simu-
lations and experimental data. The good agreement allowed us to
discuss and explain the influence of complexation on EMD develop-
ment. The new version of PeakMaster 5.3 Complex extended with
the complexation module is a powerful tool for eliminating EMD
to obtain symmetrical and sharp peaks, and thus, can be used for
optimization of the conditions of enantiomer separations.
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ABSTRACT: The complexation of buffer constituents with the
complexation agent present in the solution can very significantly
influence the buffer properties, such as pH, ionic strength, or
conductivity. These parameters are often crucial for selection of the
separation conditions in capillary electrophoresis or high-pressure
liquid chromatography (HPLC) and can significantly affect results of
separation, particularly for capillary electrophoresis as shown in Part II
of this paper series (Bene$, M.; Riesova, M.; Svobodovj, J.; Tesafova,
E.; Dubsk§, P.; Gas, B. Anal. Chem. 2013, DOI: 10.1021/ac401381d).
In this paper, the impact of complexation of buffer constituents with a
neutral complexation agent is demonstrated theoretically as well as
experimentally for the model buffer system composed of benzoic acid/

LiOH or common buffers (e.g., CHES/LiOH, TAPS/LiOH, Tricine/LiOH, MOPS/LiOH, MES/LiOH, and acetic acid/LiOH).
Cyclodextrins as common chiral selectors were used as model complexation agents. We were not only able to demonstrate
substantial changes of pH but also to predict the general complexation characteristics of selected compounds. Because of the
zwitterion character of the common buffer constituents, their charged forms complex stronger with cyclodextrins than the neutral
ones do. This was fully proven by NMR measurements. Additionally complexation constants of both forms of selected
compounds were determined by NMR and affinity capillary electrophoresis with a very good agreement of obtained values.
These data were advantageously used for the theoretical descriptions of variations in pH, depending on the composition and
concentration of the buffer. Theoretical predictions were shown to be a useful tool for deriving some general rules and laws for

complexing systems.

uest—host interactions have a significant impact in many

biological processes, and they are also substantial for a
number of separation techniques. The additional interaction of
an analyte can improve results of separation or enable
separation of chiral compounds if a chiral selector is used as
a complexation agent. Simultaneously, this kind of interaction
was shown to influence the physicochemical properties of the
complexed compounds, particularly acid—base behavior, which
can result in shifts of its pK,. The pK, shifts for various
compounds complexing with cyclodextrins (CDs),' ™ cucurbi-
turils,”> or even micelles or compartmentalized lipids6 were
observed by different techniques particularly fluorescence,"”
potentiometry,®™® induced circular dichroism,” electrophore-
sis,”'°”'* and NMR.? Such pKj shifts can have a crucial impact
on the selection of optimum separation conditions, as was
shown for chiral separation in capillary electrophoresis (CE) by
Rizzi et al.'> and Hammitzsch-Wiedmann et al."'

The extent of the pK, shift of an analyte depends on the
ratio of the complexation constants of both dissociated and
nondissociated forms of the analyte with a complexation agent.
Thus, a pH potentiometric titration of the desired compound
was used to determine the complexation constants by Gelb et
al>" Nowadays this method has been replaced by more

i i © 2013 American Chemical Society
7 ACS Publications

8518

accurate techniques, such as NMR and electrophoretic
techniques. In NMR, the concentration of the complexation
agent is varied, while chemical shift, relaxation rates, or
diffusion coeflicients are most frequently measured as a
response. "> An advantage of NMR is that it can be used to
estimate the stoichiometry of the resulting complex or to obtain
the additional information on the structure of the complex. In
electrophoresis, affinity capillary electrophoresis (ACE) is the
most common setup, ° >° in which mobility of an analyte is
determined against the concentration of a complexation agent
added into the background electrolyte (BGE). ACE-like
separation is also frequently used for practical purposes in
analytical chemistry. Despite the fact that electrophoretic
separation is a complicated nonlinear process, it is very well
described theoretically and it generally results in being the
common physicochemical property of the buffer (ie, BGE)
that determines the separation efficiency in CE. Some
computer programs exist that enable to predict the parameters
of the used BGE and/or simulate the separation process. Out of
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these, Simul*'~** and PeakMaster”>~>” have been developed in
our laboratory, and their latest versions were designed to
account for complexation in CE.

Clearly, the complexation of the analyte and complexation
agent is widely studied. On the other hand, other consequences,
such as the impact of the complexation of buffer constituents
on the properties of the buffer, are discussed only rarely and in
special cases.”®”® In the present study, we show, both
theoretically and experimentally, that an addition of any
(even neutral) complexation agent into a BGE might
significantly influence buffer properties, e.g., pH, ionic strength,
or conductivity. We simultaneously demonstrate that changes
in pH can reveal some fundamental characteristics of
complexation. For example it follows that complexation of
common buffer constituents such as CHES, MES, and MOPS
with common neutral CDs is much stronger if they are present
in the charged form than in the neutral one. These findings are
in direct consequence with the zwitterion character of these
compounds and are additionally proved by independent NMR
measurements. The obtained complexation characteristics were
used as input data for Simul 5 Complex software to calculate
and demonstrate the fundamental buffer properties in the
dependence on the concentration of the neutral complexation
agent (f-cyclodextrin) complexing with present buffer con-
stituents. Practical impacts of this study, such as a shift of
complexation constant, system peak occurrences, or even
deterioration of separation, are consequently discussed in Part
IT of this series of papers.*

B THEORY

If a weak electrolyte forms the complex with a neutral
complexation agent, simultaneous dissociation and complex-
ation equilibria have to be considered, as shown, e.g., for weak
acid HA in Scheme 1.

Scheme 1. Reaction Scheme for Simultaneous Dissociation
and Complexation of a Complexation Agent and a Weak
Electrolyte Compound®

HA + H,O

i I Ky,

XAn

HAC + H,0 H;0" + AC

N
=

K

HAC

“C and HA represent the complexation agent and the weak electrolyte,
respectively.

Each equilibrium is characterized by its individual complex-
ation constant (Ky,, Kxac for the neutral or the charged form
of the analyte, respectively) or dissociation constant (Kj,,

Kyac)

[HAC]
[HA](C]

Kypn =

Sy

_ [acT]
VNS (2)
_ [H,0"[AT]
i [HA] (3)
[H,0"][ACT] Ky,
Kyac = —7 =K
[HAC] Kyan 4)

where [ ] stands for the equilibrium concentration of individual
compounds. We use concentrations rather than activities and
thus apparent rather than true thermodynamic equilibrium
constants for simplicity without a loss of validity of the theory.
However, the resulting values of apparent complexation
constants can be corrected for actual ionic strength, as shown
in our previous publication.”'

Simultaneously, total (analytical) concentrations of the
analyte and the complexation agent correspond to the sum of
equilibrium concentrations of individual forms

cya = [HA] + [A7] + [ACT] + [HAC] (s)

(6)

The complete set of these equations together with the
electroneutrality condition, conductivity equation and the
expression for ionic product of water (K,) can be solved
numerically using our simulation tool Simul 5 Complex™***
with the implemented complexation mode. Simul § also enables
to apply ionic strength correction based on the Debye—Hiickel
equation with the linear term. Thus, the precise values of the
pH, ionic strength, and conductivity can be obtained by the
software.

The pH is a fundamental property of the separation buffer
solution. For this reason, we also derived simplified analytical
expressions for the pH of the interacting buffer. However, these
equations are limited to buffers consisting of a weak acid or
conjugate weak acid and a strong base at an acidic (eq 7) or
alkaline (eq 8) pH region, respectively, where concentrations of
hydroxide or hydroxonium ions can be neglected. Further, a
sufficient excess of the amount of complexation agent is
required, so the equilibrium concentration of the complexation
agent can be approximated by its analytical (total) concen-

¢c = [C] + [AC] + [HAC]

tration.
[H O+] — _(KHAZA + [B+])
} 2
o VEuZy = B+ 4KinanZ,
2 )
[H.0'] = _(KHA([B+] - anZ — K,)
’ 2(BY]
o V(B - )7 = K,)* + 4Kk, (12,
2[B*]
(8)
where
_ 1+ Kyacce
AT+ Ko (9)
and [B*] is the analytical concentration of the strong base
utilized for buffer preparation. Analogous equations can be
8519 dx.doi.org/10.1021/ac4013804 | Anal. Chem. 2013, 85, 8518—8525
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derived also for other buffer types, see the Supporting
Information S1. These equations (eqs 7 and 8) are simple
enough to make some general conclusions about behavior of
such systems. The illustrative dependence of pH on the
concentration of cyclodextrin and the buffer concentration
plotted according to the eq 7 is shown in the Supporting
Information in Figure S1-1.

By comparison of these equations with those valid for
systems without complexation, one can see that the complex-
ation introduces the complexation induced pK, shift of the
weak acid by the factor of Z, as shown already by Yoshida et
al.® Thus the system behaves as if a weak acid with its apparent
dissociation constant equal to Kifk = KyyZ, was present and
the complexation induced pK,, shift can be expressed as ApKy;,
= pKiX — pKya = pZ,s. Whether the complexation induced pK,
shift is negative or positive depends only on the ratio of
complexation constants as a resulted of eq 9. We especially
emphasize that the dissociation constant of the weak acid in its
complexed form (Ky,c) is not needed to calculate the pZ,
value, which is a consequence of eq 4. In our particular case of a
buffer composed of a weak acid or conjugate weak acid and a
strong base, the acid becomes weaker (pZ, > 0) as the
complexation of the neutral form of the acid is preferred over
the complexation of its charged form (Ky., > Kxa.). This
indeed results in a shift in pH of the buffer, which increases as
the neutral form of the weak acid complexes stronger with the
complexation agent than the charged one does and vice versa.

Notice that the complexation induced pKj shift is changing
gradually with increasing complexation agent concentration. At
a sufficiently high agent concentration (so that min {Ky.cg
Kyanc o} > 1), it effectively reaches its limit when K} = Kjjac
(see eq 4).

Therefore, at a high concentration of the complexation agent,
the pH converges to a certain value, which is the function of
only the dissociation and complexation constants of weak acid
and the initial concentration of buffer constituents. In other
words a different buffer composed of a fully complexed weak
electrolyte constituent with the shifted value of its dissociation
constant (see eq 4) is formed. This indicates that one might
estimate some fundamental complexation characteristics even
from the very simple pH measurements.

B MATERIALS AND METHODS

Chemicals. All chemicals were of analytical grade purity.
Lithium hydroxide monohydrate, benzoic acid, [Tris-
(hydroxymethyl)methyl]glycine (Tricine), and acetic acid
were purchased from Fluka (Steinheim, Germany). Formic
acid was the product of Lachema (Brno, Czech Republic). 2-
(N-morpholino)ethanesulfonic acid (MES), 3-morpholinopro-
pane-1-sulfonic acid (MOPS), N-cyclohexyl-2-aminoethanesul-
fonic acid (CHES), 3-[[1,3-dihydroxy-2-(hydroxymethyl)-
propan-2-yl]Jamino Jpropane-1-sulfonic acid (TAPS), ethanol-
amine, sodium hydrogenphosphate, and sodium
dihydrogenphosphate were obtained from Sigma Aldrich
(Steinheim, Germany). Neutral cyclodextrins (2-hydroxyprop-
yl)-B-cyclodextrin (HP-3-CD) of 0.8 M substitution and
average M, = 1460, heptakis(2,6-di-O-methyl)-f-cyclodextrin
(DM-$-CD), f-cyclodextrin (-CD), and native @-CD all from
Sigma Aldrich (Steinheim, Germany) were used as complex-
ation agents. Water for solution preparation was deionized by
the Watrex Ultrapur system (Prague, Czech Republic).
Deuterated water (99.8% D) was obtained from Chemotrade,
Leipzig, Germany.

8520

Instrumentation. CE experiments were carried out by
using the Agilent HP*PCE capillary electrophoresis instrument
operated by ChemStation software from Agilent Technologies
(Waldbronn, Germany). Detection was performed with the
built-in diode array detector (DAD) and the contactless
conductivity detector (CCD) of our construction.>* Uncoated
fused silica capillaries with id. of 50 ym and o.d. of 375 ym
(Polymicro Technologies, Phoenix, AZ) were utilized for all
electrophoretic experiments. CE measurements were per-
formed at temperature 25 °C, samples were injected hydro-
dynamically at 30 mbar X 3 s. A new capillary was flushed with
deionized water for 20 min and conditioned with actual
running buffer prior to each run. All running buffers were
filtered with Minisart syringe filters (Sartorius Stedim Biotech,
Goettingen, Germany), pore size 0.45 ym.

All the "TH NMR data were recorded on a Bruker Avance III
600 MHz spectrometer at 25 °C (temperature controlled by
the manufacturer system) equipped with the cryogenically
cooled TCI probe. A chemical shift was referenced according to
the residual water signal set to the value of 4.700 ppm. The
accuracy of the shift values was estimated to +0.001 ppm from
repeated experiments. Measurements of translational diffusion
coeflicients were performed with the double stimulated echo
experiment with bipolar pulse field gradients described by
Jerschow et al.** This pulse sequence is optimized to suppress
flow and convection artifacts as well as eddy current effects.
The use of bipolar gradients removes the possible modulation
of the intensity decay curves by a chemical exchange occurring
between the sites with different chemical shifts.>* The gradients
were 1 ms long with 16 different linearly spaced amplitudes
spanning the range 1—59 G cm™, the diffusion time was 0.8 s,
and 16 scans were acquired to complete the phase cycle. The
calibration was done using a standard sample of 1% H,O in
D,0 (doped with GdCl;) for which the value of the HDO
diffusion coefficient at 25 °C is 1.9 X 107 m? s71.>% All data
processing and fitting of the diffusion coefficients has been
done using the spectrometer software (Topspin 2.1, Bruker)
with the precision of the results estimated to 2%.

The PHM240 pH/ion meter (Radiometer, Copenhagen,
Denmark) calibrated with standard IUPAC buffers, pH 1.679,
pH 7.000, pH 10.012, and pH 12.450 (Radiometer Analytical,
Lyon, France) was used for pH measurements.

CE Measurements. A model buffer system was composed
of benzoic acid (24 mM) as a weak electrolyte and lithium
hydroxide (9.9 mM) as a corresponding strong base, pH 4.01.
The complexation parameters of benzoic acid with S-CD were
determined using the ACE method. The complexation constant
of the dissociated (charged) form, Ky, of benzoic acid was
determined at pH where it is fully dissociated, i.e., Tricine/
LiOH buffer (19.41 mM/10 mM), pH = 8.13. The complex-
ation constant of the nondissociated (neutral) form of benzoic
acid, Ky, was determined in acetic acid/LiOH buffer (61
mM/9.9 mM), pH = 3.98. Ionic strength (IS) was always 10
mM. f-CD was dissolved directly in the running buffer,
concentration range 0—10 mM. The corresponding sets of ACE
measurements were performed also for CHES and Tricine
compounds complexing with S-CD. The complexation
constants of the charged form of CHES and Tricine were
determined at pH where these compounds have deprotonized
their amino groups and fully dissociated acidic groups, in
Tricine/LiOH buffer (4.0 mM/8.0 mM), pH = 11.57, IS = 7.96
mM, and acetic/LiOH buffer (4.0 mM/8.0 mM), pH = 11.42,
IS = 7.96 mM, respectively. The complexation constant of the

dx.doi.org/10.1021/ac4013804 | Anal. Chem. 2013, 85, 8518—8525
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Figure 1. (A) Comparison of dependences of A pH of 24 mM benzoic acid/9.9 mM LiOH buffer on -CD concentration (C¢p) obtained from
experiments ((J) and calculated by Simul S Complex (red ®). (B) Dependence of pH (left axis, W), ionic strength (right axis, red @) and
conductivity (second right axis, blue X) of 24 mM benzoic acid/9.9 mM LiOH buffer on f-CD concentration calculated by Simul S Complex. The
dashed line and highlighted value represent the limiting values of pH calculated by eq 7.

neutral (zwitterionic) forms, Ky,,, were obtained in ethanol-
amine/Tricine buffer (22 mM/8.1 mM), pH = 9.86, IS = 7.99
mM and phosphate/LiOH buffer (8 mM/14.5 mM), pH =
7.68, IS = 7.67 mM for CHES and Tricine, respectively. An
additional set of measurements for the determination of the
complexation constant of the fully charged form of CHES was
performed in Tricine/LiOH buffer (35 mM/11 mM) pH =
12.17, IS = 34.0 mM. S-CD was dissolved directly in the
running buffer, its concentration varied in the range of 0—10
mM.

NMR Measurements. For NMR measurements, the
studied compounds (CHES, Tricine, MES, MOPS) were
dissolved in deuterated water (99.8% D, Chemotrade, Leipzig)
at the concentration of 2 mM. At these conditions, these
compounds are neutral. To achieve a neutral form of benzoic
acid, 8 mM HCI was added to its 2 mM solution. The samples
of the charged forms were prepared by addition of NaOH. The
pH was selected by means of PeakMaster 5.3 to achieve fully
charged forms of all compounds. pH* measured by a classical
glass pH electrode was 12.06. The host f-CD molecule was
dissolved at various concentrations ranging from 0 to 10 mM in
the final solutions of CHES and Tricine. The complexation
constants were calculated from the dependence of the analyte
diffusion coefficient on f-CD concentration. In the case of
benzoic acid, MES, and MOPS, the diffusion coeflicients were
measured in cyclodextrin free solution and at 10 mM
concentration of the host f-CD molecule.

Measurements of pH. All pH measurements were carried
out using a combined pH electrode at ambient temperature
(24-25 °C). The pH measurements of buffers with and
without complexation agents were conducted in short time
intervals to eliminate changes of temperature or other external
effects. CDs were always dissolved directly in the measured
buffer and, if necessary, further diluted with the same buffer
solution. The concentrations of f-CD in the model system (24
mM benzoic acid/9.9 mM LiOH buffer) were 0, 0.1, 0.2, 0.5, 1,
2, 5,8, 10, and 12 mM. All tested buffers were composed of
10.0 mM weak acid (acetic acid, formic acid, Tricine, TAPS,
MOPS, MES, or CHES), 5.0 mM LiOH, and 10.0 + 0.5 mM
neutral CDs (a-CD, -CD, DM-f}-CD, or HP-$-CD). The pH
of the CHES buffer was measured in dependence on its
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concentration, concentration range 0.01 mM to 80 mM. S-CD
was always dissolved directly in the buffer at concentration 10
mM. All measurements were performed in triplicates.

Software. Our simulation program Simul 5 Complex
with the implemented complete mathematical model of
electromigration for separation systems with complexation
agents was utilized to calculate buffer properties. The computer
program PeakMaster 5.3°>*° was used to optimize the
composition of buffers for ACE and NMR measurements.
The Simul $ and PeakMaster software are available as freeware
on our Web site’® The program Origin 8.1 (OriginLab
Corporation, Northampton, MA) and Microsoft Office Excel
2010 were used for data evaluation.

2224

B RESULTS AND DISCUSSION

The theoretical predictions were demonstrated experimentally
on the model system: benzoic acid/LiOH (24 mM/9.9 mM)
buffer (pH = 4.01, IS = 10 mM) and a neutral #-CD. The pH of
this buffer was measured at various concentrations of 3-CD.
The resulting dependence of the pH shift on the concentration
of cyclodextrin (ccp) is shown in Figure 1A. Clearly, pH
increases significantly with the increasing concentration of the
complexation agent. At 10 mM concentration of #-CD, the pH
shift was about 0.3 pH units. The increase of pH in this
separation system should result from the higher complexation
constant of the neutral (nondissociated) form of benzoic acid in
comparison to the charged (dissociated) form as discussed in
the section Theory.

To confirm this assumption, the complexation constants of
the charged (dissociated) and neutral (nondissociated) forms
of benzoic acid were determined by ACE, where the
dependence of the mobility of benzoic acid on the
concentration of the complexation agent was measured at
high pH (benzoic acid is fully charged) and low pH (where
benzoic acid is only partially dissociated) regions. Obtained
dependences were fitted by appropriate theoretical functions,
see the Supporting Information S2, eqs S2-1 and S2-2,
respectively. The dissociation constant of the resulting complex
was calculated by eq 4. The determined complexation
parameters of benzoic acid—f-CD complex for the actual
ionic strength of 10 mM are Ky, = 460 + 20 M™", Ky, = 29 +

dx.doi.org/10.1021/ac4013804 | Anal. Chem. 2013, 85, 8518—8525
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1 M (the error is presented as standard error of nonlinear
fitting), and Kyac = 4.780 X 107° M. The value of the
dissociation constant of benzoic acid at this ionic strength is
Kyya = 7.638 X 1075 M. Clearly, the complexation constant of
the neutral (nondissociated) form is indeed more than 10 times
higher than that of the charged (dissociated) one, which
matches well with the significant positive pH shift.

Determined complexation parameters can be easily used as
input data for simulations by Simul 5 Complex and calculations
by means of eq 7 to propose the general behavior of this
separation system even at those conditions, which are not
obtainable experimentally due to the low solubility of f-CD. At
first, the pH predicted by Simul 5 Complex was compared with
the experimental data to confirm the correctness of the
established model, see Figure 1A. Here a very good agreement
of theoretical and experimental values was observed. Thus, the
values of the pH, conductivity, and ionic strength were
calculated by Simul S for theoretical cyclodextrin concentration
range of 0—1000 mM, see Figure 1B. All the calculated
properties change significantly with increasing concentration of
P-CD, and pH clearly limits to the value of 5.17 as predicted by
the theory (eq 7). This value corresponds to the pH of the
buffer composed of the resulting benzoic acid—f-CD complex,
with dissociation constant Kyj,c = 4.780 X 107 M, calculated
by eq 4.

Next, the pH shifts when adding the complexation agent
were observed in commonly used buffers composed of weak
acids (10 mM Tricine (pK, = 8.15); 10 mM MES (pK, =
6.09); 10 mM MOPS (pK, = 7.20); 10 mM TAPS (pK, =
8.30), 10 mM CHES (pK, = 9.55); 10 mM acetic acid (pK, =
4.76); 10 mM formic acid (pK, = 3.75)) and a strong base $
mM LiOH. pH was measured in the pure buffer and at a 10
mM concentration of several neutral CDs. The resulting pH
shifts are shown in Figure 2. Clearly, the biggest pH changes

0.8

Cep= 10 MM
0.6
0.4+
0.2+
T Tricine  TAPS ~ MOPS MES CHES
[=% 8.1 717 8.50 6.20 9.46
< 0.0
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1 420 472 3.73
.02
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044 EEp-CD
| I HP-p-cD
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Figure 2. Shifts in pH (ApH) after addition of 10 + 0.5 mM a-CD
(cyan), -CD (green), HP-f-CD (blue), or DM-S-CD (magenta) in
seven commonly used buffers and the model system (benzoate buffer).
Groups of columns are marked by the name of the buffering
compound and pH value of the original buffer (without addition of
CD). Error bars represent standard deviation of the measured value.

among common buffers tested were observed in the case of the
CHES buffer for all cyclodextrins studied. Significant shifts were
also found out for MOPS, for MES buffers, and for the acetic
buffer after the addition of a-CD. The pH shifts in the other
buffers were less pronounced.
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The pH shifts, shown in Figure 2, point to an interesting
consequence. While in the model system consisting of benzoic
acid and LiOH, pH significantly increased with the
concentration of A-CD, in the case of common buffer
constituents CHES, MES, MOPS, TAPS, and Tricine, pH
decreased when adding CDs. The increase of the pH of the
benzoic acid buffer stems from the higher complexation
constant of the neutral (nondissociated) form than the charged
(dissociated) one, as discussed above. To the contrary, the
decrease of the pH of common buffers in Figure 2 has to result
from a higher value of the complexation constant of the
charged form of the buffering constituent in comparison to the
neutral one. This is the direct consequence of the zwitterionic
character of these buffering compounds. CHES, MES, MOPS,
and TAPS are amino alkanesulfonic acids, and Tricine is an
amino alkanecarboxylic acid, so their buffering properties are
based on the amonnium/amine dissociation equilibrium. It
means that the molecule behaves as “neutral” at a low pH,
where amino groups are protonated and sulfo (carboxyl)
groups are dissociated. Consequently, protonation of the amino
group hinders the inclusion of the molecule into the cavity and
results in weaker complexation. In the “charged” state of these
compounds, only the sulfo (carboxyl) group is dissociated,
which enables deeper inclusion and stronger complexation of
the compound.

To confirm these findings we employed NMR measurements
of translational diffusion coeflicients of the buffer constituents.
In the first run we compared those properties for the free
analytes and in solutions with excess of B-CD, both in
conditions with different pH: (i) in the alkaline solution of 8
mM NaOH where the buffering compounds are charged and
(ii) in water where the electrolytes were virtually in the neutral
form, in the case of benzoic acid in 8 mM HCI solution. The
buffering compounds benzoic acid, CHES, MES, MOPS, and
Tricine were always in 2 mM concentration and the
complexation agent was at 10 mM concentration. The resulting
NMR derived absolute values of translational diffusion
coefficients, as summarized in Table 1, fully confirmed our
hypothesis. The observed diffusion characteristics of the f-CD
remained constant in all samples (D = 2.4 + 0.1 X 107" m?s™",
which compares well with 2.9 X 107'° m* s™' determined in
H,0%), and it seems quite safe to assume that the complex
behaves in the same way. It then becomes possible to estimate a
fraction of the analyte bound in the complex, as the apparent
diffusion constant is a weighted average of the free and the
bound form. The charged forms of (CHES, MOPS, MES, and
Tricine) always showed a higher degree of complexation after
adding the -CD compared to the neutral ones in contrast to
benzoic acid, where the results were exactly opposite. The most
profound effects of the cyclodextrin complexation of buffer
constituents in common buffers were observed for CHES and
benzoic acid, where also the pH shifts were the most significant,
as the phenyl and cyclohexyl moieties include in the
cyclodextrin cavity. The translational diffusion coeflicient of
the charged CHES molecule was very close to the value of -
CD, suggesting a tight complex. The same holds for the neutral
form of benzoic acid. That is why we studied also the spatial
proximity of the hydrogens of the two analytes to S-CD by
means of the nuclear Overhauser effect in rotating frame
(ROE) combined with selective excitation (excitation sculpting
experiment’®). Clear contacts were observed between the
cyclohexyl and phenyl moieties and the 3 and S hydrogens from
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Table 1. Diffusion Coefficients of Charged (C~) and Neutral (N) Forms of Buffer Constituents in Cyclodextrin Free Solution

(D,) and at a 10 mM Concentration of -CD (D¢)”

benzoic acid CHES MOPS MES Tricine

N (o N C N (on N (on N (on
DA/107 m? 57! 7.20 6.57 521 4.83 542 5.17 6.13 5.45 526 5.14
Dc/107 m? 57! 3.23 5.77 4.74 2.76 542 4.48 6.08 4.67 5.09 4.81
((Dy = D¢)/(Dy = Dacp)) X 100 83% 19% 17% 85% 0% 25% 1% 26% 6% 12%

“Ratio ((Dy — D¢)/(Dy — Dyacp)) X 100 corresponds to the fraction of the complexed analyte, where D,cp is the diffusion coefficient of the

complex, which was approximated by the diffusion coefficient of free CD D,¢p = 2.4 X 107"

m? s

the inside of the -CD cavity confirming their deep inclusion
(for further details see the Supporting Information S3).

The complexation is much weaker in the case of the MES
and MOPS compounds. This is in agreement with the worse
inclusion of the morpholine moiety into the cyclodextrin cavity
due to the presence of the oxygen atom, which makes the
morholine moiety less hydrophobic in comparison with
cyclohexyl or phenyl groups.39 Very weak complexation was
observed also for Tricine whose polar character does not allow
deep inclusion into the cavity.

Determination of the Complexation Constants of
CHES with -CD Both by NMR and ACE Techniques. For a
mutual comparison with benzoic acid we observed the
complexation constants of CHES and Tricine, the most and
least complexing buffer constituents, respectively, with $-CD
both by NMR and ACE techniques. Both the diffusion
coefficients derived from the NMR measurements and the
effective mobilities of CHES resulting from ACE were
measured as a function of cyclodextrin concentration.

The ACE measurements were performed at pH 11.57 and
9.86 in order to determine the complexation constant of the
charged and neutral form of CHES, respectively. Unfortunately
the dissociation of #-CD at a high pH (the pK, of cyclodextrin
is about 12.20) brings additional complexity to the system. At
the high pH, a part of cyclodextrin becomes negatively charged.
Complexation of the charged form of cyclodextrin with CHES
is assumed to be negligible due to electrostatic repulsion;
therefore, the concentration of $-CD must be corrected to
obtain the concentration of the neutral form of #-CD in the
buffer. This correction was done by PeakMaster 5.3 software,
which allows the calculation of the concentrations of the
individual dissociation forms of each buffer constituent. Such
corrected concentrations of the nondissociated (neutral) form
of cyclodextrin were used for data evaluation in the ACE
measurements. The plausibility of corrections was proved by
ACE measurements at a higher pH of 12.17, where $-CD is
dissociated to a different extent. The appropriate fitting
functions for data evaluation are described in the Supporting
Information S2. The measurements at different pH values
provided the same values of the complexation constant in the
range of experimental error.

In the NMR study, the diffusion coefficients of CHES were
measured for dependence on the concentration of cyclodextrin.
The complexation constant of the charged form of CHES was
measured in the 2 mM solution of CHES with 8 mM NaOH
added and that of the neutral form was measured in a 2 mM
deutered water solution of CHES. Analogous corrections due
to the dissociation of -CD were performed as in the ACE
measurements. However, pK} of f-CD in D,O is much higher,
13.66, so this correction was much smaller.*’

Both NMR and ACE techniques provided similar values of
complexation constants. The complexation constant of the
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charged form of CHES with $-CD determined by ACE and
NMR were 440 + 30 M™! and 360 + 30 M™' (the error is
presented as the standard error of nonlinear fitting),
respectively. Unfortunately, the complexation constant of the
neutral form of CHES could not be determined with a
sufficient precision by any method, as its value is certainly very
small. For the purpose of simulations, the complexation
constant of the neutral form was estimated as 30 M. For
more details regarding the determination of the complexation
constants by ACE and NMR see the Supporting Information
S2. Clearly, the complexation constants are in the same range as
those of benzoic acid but opposite in regards to the
complexation of the charged and neutral form. This fully
agrees with the similar value of the pH shift of these two
compounds only in the opposite direction (ApH (CHES) =
—0.58, ApH (benzoic acid) = 0.50), see Figure 2.

The same sets of NMR and ACE measurements were
performed for the Tricine compound. However, both
techniques showed that the complexation of Tricine and S-
CD is negligible, and the values of complexation constants
cannot be evaluated. This result is in agreement with the very
small pH deviations observed for the Tricine buffer (ApH
(Tricine) = —0.02).

Impact of Buffer Concentration on pH Shifts.
Determined values of complexation constants can be again
used as input parameters for calculations in the Simul S
Complex to predict the general properties of the buffer systems.
This was already shown for the dependence of pH, IS, and
conductivity on the concentration of the complexation agent in
the model benzoic acid buffer, see Figure 1B. The complexation
constants determined for interaction of CHES with 3-CD were
used to calculate how the pH is influenced when the 10 mM
solution of -CD is added to the CHES/LiOH buffer (ratio of
CHES and LiOH concentration was kept constant 2:1) of
different concentrations. For comparison, we also calculated the
pH of the cyclodextrin free CHES/LiOH buffer at gradually
increasing concentration. Both dependences are shown in
Figure 3. In the same figure we also show experimentally
measured values of pH. A very good agreement of the
experimental and calculated values is clear. (Such measure-
ments are not obtainable in a benzoic acid buffer due to its low
solubility, for this reason a CHES buffer was used for this
demonstration.)

It is worth noting that at a high concentration of the buffer,
the pH difference between the pure buffer and the buffer
containing 10 mM f-CD diminishes and limits to zero, while at
a low concentration the pH difference was almost 1 pH unit.
This is expected because at a high concentration of the buffer
the concentration of CD is insufficient to complex a significant
part of CHES and pH cannot be significantly influenced.

In summary, the complexation of buffer constituents with the
complexation agent added to the buffer can significantly

dx.doi.org/10.1021/ac4013804 | Anal. Chem. 2013, 85, 8518—8525
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Figure 3. Dependence of pH on concentration of CHES buffer, the
ratio of CHES and LiOH was kept at 2:1. Circle and square symbols
represent data for the cyclodextrin free solution and at a 10 mM
concentration of -CD, respectively. Solid red symbols are simulated
data (Kyac = 440 M7, Kxu, = 30 M), and transparent black symbols
are experimental data. Red dashed lines represent the confidence
interval taking into account the error of estimate of the determination
of complexation constants: the upper curve (Kya. = 410 M7, Ky, =
70 M™") and the lower curve (Kya = 470 M, Kyp, = 1 X 1073 M),

influence its pH and other important properties such as IS or
conductivity. The pH of the complexing buffer depends not
only on the concentration of complexation agent but also on
the type of buffer and concentration of buffer constituents.

B CONCLUDING REMARKS

Complexation of buffer constituents with a complexation agent
present in the buffer, even if the complexation agent is neutral,
can severely influence the buffer properties. This results to a
shift in pH, ionic strength, and conductivity, which can
significantly affect the CE or HPLC separations when such
buffers are used as background electrolytes or present in mobile
phases. This is demonstrated for CE in Part II of this series of
papers.30 Herein, we propose a theory of this phenomenon and
show that is in good agreement with experimental results.

We revealed that some common chemicals used for
preparation of buffers, such as CHES, MES, and MOPS form
complexes with f-cyclodextrin. The complexation is much
stronger with the charged forms of the buffer constituents when
compared to their neutral forms due to their characteristic
zwitterion behavior. This fact was further proved by NMR
measurements. We determined the complexation constants of
P-cyclodextrin with both the charged and neutral form of
benzoic acid and CHES, which were consequently used as input
data for simulations. Simulation program Simul 5 Complex was
shown to be a precise tool for the prediction of behavior of
complexing buffer systems. Clearly, but against the contempo-
rary usual practice, the pH of the buffer should always be
controlled after the addition of the complexation agent (even a
neutral chiral selector) to reveal a possible complexation with
the constituents of the buffer.
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ABSTRACT: This article elucidates the practical impact of the
complexation of buffer constituents with complexation agents
on electrophoretic results, namely, complexation constant
determination, system peak development, and proper separa-
tion of analytes. Several common buffers, which were selected
based on the pH study in Part I of this paper series (Riesova,
M.; Svobodova, J.; Tosner, Z.; Benes, M.; Tesarova, E.; Gas, B.
Anal. Chem., 2013, DOL: 10.1021/ac4013804); e.g, CHES,
MES, MOPS, Tricine were used to demonstrate behavior of
such complex separation systems. We show that the value of a
complexation constant determined in the interacting buffers
environment depends not only on the analyte and complex-
ation agent but it is also substantially affected by the type and

e, ) S0 [ TN
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concentration of buffer constituents. As a result, the complexation parameters determined in the interacting buffers cannot be
regarded as thermodynamic ones and may provide misleading information about the strength of complexation of the compound
of interest. We also demonstrate that the development of system peaks in interacting buffer systems significantly differs from the
behavior known for noncomplexing systems, as the mobility of system peaks depends on the concentration and type of neutral
complexation agent. Finally, we show that the use of interacting buffers can totally ruin the results of electrophoretic separation
because the buffer properties change as the consequence of the buffer constituents’ complexation. As a general conclusion, the
interaction of buffer constituents with the complexation agent should always be considered in any method development

procedures.

C apillary electrophoresis (CE) is a widely employed

separation technique. It offers many useful modifications
that make use of the presence of complexation agents in
background electrolyte (BGE). This so-called pseudostationary
phase brings beneficial interaction possibilities, which are
traditionally utilized to increase separation efficiency, to achieve
enantioseparation, or to change the migration order of analytes.
Additionally, the fact that interactions between analytes and
complexation agents are reflected in changes of electrophoretic
behavior of the respective compounds can be advantageously
used to determine complexation constants or for other studies
of noncovalent binding in chemistry or biology.

Utilization of complexation agents, most frequently chiral
selectors, has widely expanded within the last 2 decades.' For
this reason, several attempts were made to describe electro-
phoretic separation with complexation agents theoretically, and
based on the theory, propose optimization approaches, which
would help to save separation time and costs. In 1992 Wren
and Rowe” presented a theoretical model of the separation of
fully charged analytes with neutral chiral selectors. This model
was later extended by Rawjee and Vigh®* for weak electrolyte
analytes. On the basis of these theoretical models, several
objective functions (e.g, selectivity, difference in mobilities or
resolution) were used for optimizing the separation conditions.
However, the authors admitted that for a correct and complete

i i © 2013 American Chemical Society
7 ACS Publications
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description of such complex separation systems a numerical
simulation would be necessary.”~"" In 2012, Hruska et al.'* and
Breadmore et al."* presented a complete theoretical model of
electromigration for separation systems with complexation
agents. These models were successfully implemented into new
versions of simulation programs Simul 5 Complex'* and
GENTRANS, respectively. Simul S Complex was shown to
provide deep insight into electrophoretic separation in systems
with complexation agents and can be used to explain different
unexpected phenomena. We used Simul 5 Complex to explain
the development of electromigration dispersion (EMD),'>*¢
which is responsible for the deterioration of the analyte peaks’
shape. The results showed that EMD can be directly related to
complexation. An alternative to numerical simulation is the
linearized theory of electromigration, which was introduced by
Poppe'” and was extensively developed in our group18 and
implemented in the PeakMaster software.'” The most
important outcome of this theory is the fundamental
understanding of the development of so-called system peaks.
The system peaks appear as perturbations in the BGE
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Table 1. Composition, Concentrations of the Constituents (c), pH, and Ionic Strength (IS) of the Running Buffers for

Determining the Complexation Constants of R-FLU*

buffer constituents CHES/LiOH D: CHES/LiOH MOPS/LiOH D: MOPS/LiOH MES/LiOH D: MES/LiOH
¢/mM 50/25.76 10/5.15 50/25.76 10/5.15 50/25.76 10/5.15
1S/mM 25.76 S.18 25.76 S.18 25.76 S.1S
pH 9.51 9.54 7.16 7.19 6.06 6.09
buffer constituents Tricine/LiOH D: Tricine/LiOH phosphoric acid/NaOH maleic acid/LiOH NH;/HCl ethanolamine/HCI
¢/mM 50/25.76 10/5.15 11/18 12/19 36/25.76 50/25.76
1S/mM 25.76 S.15 25.0 26.0 25.76 25.76
pH 8.11 8.14 7.27 6.18 8.91 9.53

“D: diluted buffer.

concentration profile traveling through the system independ-
ently of the very presence of any analyte. Currently the
PeakMaster software was extended for complexing systems with
neutral complexation agents complexing with one fully charged
analyte.”® Both software programs are freeware and can be
downloaded from our Webpage.14

The complexation of analyte(s) with complexation agent(s)
is described in detail in the literature nowadays. However,
possible changes of the BGE properties due to the complex-
ation of buffer constituents with the complexation agent are
mentioned rarely. Rawjee et al.*' utilized the complexation of
buffer constituent with complexation agents to affect the
electrophoretic mobility of the co-ion in order to minimize
electromigration dispersion of the analyte. Chen et al*
observed system peaks originating from the interaction of
neutral a-, f-, and y-cyclodextrins with N-cyclohexyl-2-amino-
ethanesulfonic acid (CHES) buffer during the cyclodextrin
(CD) assisted separation of underivatized gangliosides. Fang et
al.> noticed the induction of an additional peak registered by
electrochemiluminescence detection when sulfated p-cyclo-
dextrin and acetonitrile were simultaneously present in BGE.
They attributed the presence of the induced peak to the
physical interaction between CD and acetonitrile. Potential
changes of the basic buffer properties, such as pH or ionic
strength that can appear after the addition of a neutral
complexation agent are considered rarely. Just a few authors
proposed to control the pH of the buffer after the addition of a
ligand.** The theoretical description of the interaction of buffer
constituents with a complexation agent as regards to the
fundamental properties of the buffer was proposed in Part I** of
this series of papers.

Complexation constants and the mobilities of complexes of
various compounds as determined by CE can be further used as
input data for prediction models or simulation programs. The
overview of existing methods and their limitations can be found
in several review papers.”®>® The most commonly used
technique is affinity capillary electrophoresis (ACE), where the
effective mobility of the injected analyte is determined
depending on the concentration of the complexation agent
dissolved directly in the running buffer. Complexation
parameters are evaluated by the fitting of the obtained
dependence with an appropriate fitting function. This method
relies on constant and precise experimental conditions, and
suitable corrections for ionic strength (IS), viscosity, or
temperature have to be applied to obtain thermodynamic
complexation constants as shown in our previous paper.29

The aim of this work is to demonstrate, by means of
simulations and experiments, the practical impact of the
interaction of buffer constituents with the complexation agent
on the electrophoretic separation and determination of
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complexation constants by CE. Several interactin§ buffers
were selected based on the results shown in Part I of this
series of papers. The influence of the interaction is
demonstrated to determine the complexation constants of
fully charged as well as neutral analytes by ACE. The
dependence of the resulting value of the complexation constant
on the type and concentration of the running buffer is revealed.
We also demonstrate the effect of the interaction of BGE
constituents on the development of system peaks, which clearly
differs from their behavior as explained by the linearized theory
of electromigration'® for noncomplexing systems. Finally, the
influence of the complexation on the results of electrophoretic
separation is discussed.

B MATERIALS AND METHODS

Chemicals. All chemicals were of analytical grade purity.
Lithium hydroxide monohydrate, benzoic acid, [Tris-
(hydroxymethyl)methyl]glycine (Tricine), and acetic acid
were purchased from Fluka (Steinheim, Germany). Hydro-
chloric acid and maleic acid were products of Lachema (Brno,
Czech Republic). 2-(N-morpholino)ethanesulfonic acid
(MES), 3-morpholinopropane-1-sulfonic acid (MOPS), N-
cyclohexyl-2-aminoethanesulfonic acid (CHES), 3-[[1,3-dihy-
droxy-2-(hydroxymethyl)propan-2-ylJamino ]propane-1-sul-
fonic acid (TAPS), Tri(hydroxymethyl)aminomethane (Tris),
ethanolamine, sodium hydrogenphosphate, sodium dihydro-
genphosphate, ammonium hydroxide solution, (R)-(—)-2-
fluoro-a-methyl-4-biphenylacetic acid (R-flurbiprofen, R-
FLU), dimethylsulfoxide (DMSO), glycine, L-leucine, L-
glutamine, L-serin, and L-asparagine were obtained from
Sigma Aldrich (Steinheim, Germany). Neutral cyclodextrins
(2-hydroxypropyl)-f-cyclodextrin (HP-5-CD) of 0.8 M sub-
stitution and average M, = 1460, heptakis(2,6-di-O-methyl)-f-
cyclodextrin (DM-f3-CD), f-cyclodextrin (-CD), and native a-
cyclodextrin all from Sigma Aldrich (Steinheim, Germany)
were used as complexation agents. Water for solution
preparation was deionized by the WatrexUltrapur system
(Prague, Czech Republic).

Instrumentation. All experiments were performed using
Agilent 3D“F capillary electrophoresis equipment operated
under ChemStation software (Agilent Technologies, Wald-
bronn, Germany) control. Fused silica capillaries (50 pm i.d.,,
375 um o.d.) were provided by Polymicro Technologies
(Phoenix, AZ). The experiments were performed in a bare
fused silica capillary with a total length and effective length to
the detector (diode array detector (DAD)/contactless con-
ductivity detector (CCD)) of approximately 50.0 cm and 41.5/
34.5 cm, respectively. The PHM 220 instrument (Radiometer,
Copenhagen, Denmark) calibrated with standard IUPAC
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buffers, pH 1.679, pH 7.000, pH 10.012, and pH 12.450 (Lyon,
France) was used for pH measurements.

Experimental Conditions. Running voltage and parame-
ters of the capillaries were chosen to keep the electric current
low (the current was always lower than 33 uA) and thus to
avoid the effects of excessive Joule heating. New capillaries were
flushed with deionized water for 20 min and 3 min with actual
BGE before each experiment. The operating temperature was
always 25 °C. All running buffers were filtrated with Minisart
syringe filters (Sartorius Stedim Biotech, Goettingen, Ger-
many), pore size 0.45 ym. Every measurement was repeated
four times. All analyte or system peaks were fitted by the
Haarhoff-van der Linde (HVL) function®®*! to eliminate the
effect of electromigration dispersion on migration time.

Determining Complexation Constants in Interacting
Buffers by ACE. The composition and parameters of the
running BGE used for ACE measurements of the fully charged
form of R-FLU are summarized in Table 1. The complexation
constant of the neutral form of R-FLU was determined in 61.0
mM acetic acid/9.9 mM LiOH and 24.9 mM benzoic acid/9.9
mM LiOH buffer, both pH 3.98 and IS = 10 mM. The chiral
selector $-CD, concentration range 0—10 mM, was dissolved
directly in the running buffers. The injected sample was 0.3
mM R-FLU and 0.15% DMSO, which served as the
electroosmotic flow (EOF) marker, and both were dissolved
directly in the running buffer. For determination of the mobility
of #-CD interacting with buffer constituents, #-CD was injected
as the sample at concentration 0.3 mM, 0.15% DMSO again as
an EOF marker. Detection was performed with the DAD at the
wavelength of 214 nm. The samples were injected hydro-
dynamically for 100 mbar s. The total capillary length (L,,,) and
the length to DAD (Lp,p) were 49.75 and 4125 cm,
respectively. The applied voltage was 20 kV (cathode at the
detector side).

Impact of Buffer Complexation on Development of
System Peaks. The BGE of the model system contained 5.0
mM benzoic acid, 2.5 mM LiOH, IS 2.57 mM; pH 4.20. HP-§-
CD was dissolved directly in the running buffer in a
concentration range of 0—40 mM. Samples contained neither
analyte nor an EOF marker; only disturbed BGE was injected
to generate system peaks. Compositions of the disturbances at
the particular HP-$-CD concentration are summarized in Table
2. Composition of the sample injected into the buffer without
HP-$-CD was designed by PeakMaster 5.3 in order to obtain
convenient shapes, polarities, and amplitudes of system peaks.
As the complexation model is not included in PeakMaster 5.3,
disturbances of BGEs containing HP-$-CD were optimized
experimentally to keep similar shapes and polarity of system

Table 2. Composition of the Samples/Disturbances Used for
Determination of System Peaks in Model System®

BGE sample/disturbance composition
CHP-/}—CD/ mM Chenzoic acid/ MM CLion/mM CHP-ﬁ—CD/ mM

0.0 4.0 0.0 0.0
5.0 2.5 0.0 6.0

10 0.0 0.0 11

20 0.0 0.0 21

30 0.0 0.0 31

40 0.0 0.0 41

“Model system composition: 5.0 mM benzoic acid, 2.5 mM LiOH,
and 0—40 mM HP-f-CD.
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peaks. The driving voltage was 20 kV (cathode at the detector
site). The L., and the Lp,p were 48.7 and 402 cm,
respectively. Indirect UV detection of system zones was
performed by DAD at the wavelength 200 nm. System peak
investigation was performed in the same common buffers (10
mM weak acid, MES, MOPS, CHES, Tricine, acetate, and S
mM LiOH) as in the pH measurements in Part I** of this series
of papers. The concentration of various neutral cyclodextrins in
BGEs used for electrophoretic measurements was approx-
imately 5 mM. All samples were composed of 11.0 mM weak
acid (ie, + 10% of buffering compound against the BGE
composition) and 5.0 mM LiOH. This sample composition was
designed by PeakMaster 5.3 software to induce system zones
with suitable shapes and amplitudes. The samples were injected
hydrodynamically for 90 mbar s. Conductivity detection was
performed because of the absence of UV absorbing
chromophore in the majority of the tested buffers. The L,
of the capillaries and the length to CCD (L¢cp) were always
49.8 and 35.0 cm, respectively. Driving voltages were 25 kV for
the acetate buffer, 20 kV for the Tricine buffer, and 10 kV for
the MOPS, MES, and CHES buffers, always with the cathode at
the detector side.

Influence of Interaction of Buffer Constituents on
Result of Electrophoretic Separation. A set of amino acids
was separated in 10 mM ethanolamine/S mM HCI and 10 mM
CHES/S mM LiOH buffers, both pH 9.41 and IS 5 mM. The
experiments were performed either in a pure buffer or at a 10
mM concentration of f-CD, which was dissolved directly in the
buffer. The sample was composed of a mixture of 5 amino acids
(1 mM Leu, 1 mM Gly, 1 mM Gln, 1 mM Asn, 1 mM Ser).
The samples were injected hydrodynamically for 90 mbar s.
The L, of the capillary and Lccp were always 49.3 and 34.5
cm, respectively. Applied voltage was 8 kV, with the cathode at
the detector side.

Software. Our simulation program Simul 5 Complex® with
an implemented complete mathematical model of electro-
migration for the separation systems with complexation agents
was utilized for simulations of experimental electropherograms
and for determining background electrolyte properties. The
computer program PeakMaster'® was used to optimize the
composition of BGEs. The new version of this software,
PeakMaster 5.3, which is able to predict shapes and
amplitudes of system peaks, was employed to design suitable
disturbance in order to induce system peaks with convenient
polarity and amplitude. The Simul 5 Complex and PeakMaster
5.3 software are available as freeware at our Web site.'* The
program Origin 8.1 (OriginLab Corporation, Northampton,
MA) and Microsoft Office Excel 2003 were used for data
evaluation.

Bl RESULTS AND DISCUSSION

As shown in Part I>® of this series of papers, an interaction of
buffer constituents with the complexation agent seriously
influences buffer properties. However, the complexation of
buffer constituents might have other practical consequences,
e.g, they might play a role in the determination of physical-
chemical parameters of compounds, if incorrectly considered,
or have a significant impact on electrophoretic separations in
general. In this paper we will focus on three major points: (1)
determination of complexation constants in interacting buffers
by ACE, (2) impact of buffer complexation on the development
of system peaks, and (3) influence of the interaction of buffer
constituents on the results of electrophoretic separation.
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Figure 1. Complexation constants of R-FLU with f-CD determined in various buffers. Errors are expressed as standard deviations. Exact
compositions and experimental conditions of used buffers are summarized in Table 1. D: diluted buffer.

Table 3. Effective Mobilities of Neutral #-CD Corrected for Ionic Strength and Determined in Various Buffers®

buffer CHES D: CHES MOPS D: MOPS MES D: MES
uf /107 m? vl 7! —134 + 0.1 —104 + 02 —9.1 £ 0.1 —41+0.1 -7.5 £ 0.1 —1.8 £ 02

“Composition of buffers: 50 mM CHES, MOPS, MES, and 25.76 mM LiOHj; ionic strength 25.76 mM. D: diluted buffers, 10 mM CHES, MOPS,
MES and 5.15 mM LiOHj; ionic strength 5.15 mM.

On the basis of the pH and NMR study presented in Part I*° Thus, not only is the effective concentration of complexation
of this series, we selected suitable buffers to demonstrate the agent influenced by the presence of the interacting buffer, but
influence of the interaction of buffer constituents with the the pH, ionic strength, and conductivity of the buffer are
complexation agent. The MES/LiOH, MOPS/LiOH, and mutually affected by the presence of the complexation agent,
CHES/LiOH buffers were used as the interacting buffer particularly so depending on its actual concentration as shown
systems, while Tricine/LiOH was suggested as a noninteracting in the first part of this series.”®
one. The complexation constant of R-FLU with f-CD determined

Determination of Complexation Constants in Inter- in different buffers, MES/LiOH, MOPS/LiOH, CHES/LiOH,
acting Buffers. System of Fully Charged Analyte and Tricine/LiOH, maleic acid/LiOH, phosphoric acid/NaOH,
Neutral Complexation Agent. At first we focused on the ammonium/HCI, and ethanolamine/HCI, demonstrates the
determination of the complexation constants of a fully charged influence of the interaction of buffer constituents with the
analyte and a neutral complexation agent. The typical setup for complexation agent. The exact composition and parameters of

determinir‘lg the corrllple-xation constants ‘by ACE is that the the buffers are summarized in Table 1, and the pH of the
complexation agent is dissolved directly in the BGE and the buffers was chosen to ensure the complete dissociation of R-

analyte is injected as the sample. The effective mobility of an FLU (pK, = 4.16). The obtained values of the complexation
analyte is measured depending on the concentration of the

complexation agent and the resulting data are fitted by the
following function

constants were corrected for ionic strength as proposed in our
previous paper” and are depicted in Figure 1. Clearly, the
complexation constants obtained in ethanolamine, ammonium,
maleic, phosphoric, and Tricine buffers are the same, about
4800 M~ in the range of experimental error. This result
confirms that the interaction of these buffers with 3-CD is
either the same or most likely negligible. However, complex-
ation constants determined in MES (3500 M), MOPS (2800
M), and CHES (270 M) buffers are significantly lower.

off _ Ut uACKXAc[C]
= A AL FAc -
I+ Kip[C] )
where Ky, is the complexation constant of the charged analyte,

and u, and u, are the mobilities of the free analyte and the
complex, respectively. [C] is the equilibrium concentration of

the complexation agent. The equilibrium concentration can be Thus, these complexation constants can be regarded as
substituted by an analytical one, if the exact position that the apparent only and valid for this particular separation system
analyte peak would have at virtually infinite dilution is known. including the same concentration of the buffer. These apparent
This position can be determined by fitting the analyte peak with complexation constants are always lower than the true
the HVL function.>*>! However, if a buffer constituent interacts thermodynamic values as an analytical instead of a free
with the complexation agent, part of the complexation agent’s concentration of the complexation agent is used for fitting.

concentration is “consumed” by this interaction, and its To demonstrate the strength of the interaction of the
equilibrium concentration definitely differs from the analytical buffering compounds, we injected the $-CD as a sample to the
one even at the infinite dilution of the analyte. The situation is pure buffer. The stronger the interaction the higher the effective
even more complicated because the buffering constituent is mobility of -CD was expected. Effective mobilities of f-CD in
present in both dissociated and nondissociated forms, which CHES, MOPS, and MES buffers corrected for ionic strength
interact with the complexation agent to different extents.>* are summarized in Table 3. The mobility of f-CD in the
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Tricine buffer was close to zero. It is clear that the highest
mobility of f-CD and consequently the strongest interaction
was observed in the CHES buffer followed by the MOPS and
MES bufters. This finding fully agrees with the differences in
values of complexation constants and the results of the NMR
study, see Part 1.2

As the next step we repeated the ACE measurements in five
times diluted MES, MOPS, CHES, and Tricine separation
buffers. It is obvious from Figure 1 that the complexation
constant of Tricine did not change with the concentration of
the buffer, while in the case of MES, MOPS, and CHES buffers
the complexation constants increased significantly with buffer
dilution. Simultaneously, we observed a decrease of mobilities
of #-CD, see Table 3. It means that the complexation constants
determined in the interacting buffers do not depend only on
the type of analyte and complexation agent but also on the type
and concentration of the buffer used.

In order to confirm our finding that the interaction of buffer
constituents is the major reason of the discrepancy of the
complexation constants values we mimicked the ACE measure-
ments in the CHES buffer by using our simulation program
Simul 5 Complex. The complexation constant and mobility of
the complex of R-FLU with -CD determined in the Tricine
buffer and the complexation parameters of CHES with $-CD
determined by ACE in Part I*° of this series of papers were
used as the necessary input parameters. The comparison of
experimental and simulated data for CHES and Tricine buffers
is shown in Figure 2. Very good agreement of the experimental
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Figure 2. Dependence of effective mobility of R-FLU on concentration
of f-CD. Red @ and [J are experimental and simulated data in S0 mM
CHES/25.76 mM LiOH buffer, respectively. Blue A and green ¥ are
experimental and simulated data for SO mM Tricine/25.76 mM LiOH
buffer, respectively. Black solid and blue dotted lines are the fitted
curves by eq 1. Errors are expressed as standard deviations.

and simulated curves was obtained that proves that interaction
of the buffer with the complexation agent is the only reason for
the deviation of the data.

Weak Electrolyte Analyte and Neutral Complexation
Agent. An even more complicated situation arises in the case
of determining the complexation constants of weak electrolyte
analytes, where both complexation constants of a neutral and
charged form of the analyte are desired. The complexation
constant of the neutral form is observed at pH, where the
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analyte is only partially dissociated. The resulting dependence
of the effective mobility of the weak electrolyte analyte on the
concentration of the complexation agent can be fitted by the
following equation to obtain complexation parameters

Uac
r L Kad €]
Up

= Uy i+
1+ Kep[C] + P01 4 1, [C))

Kyis )
where Ky,,, is the complexation constant of the neutral form of
analyte, and Kjy, is the dissociation constant of the analyte. It is
important to note that this method relies on the constant
separation conditions, especially on a constant pH value.
However, as shown in Part I** of this series of papers, the pH of
the interacting buffer changes significantly with the concen-
tration of the complexation agent. It means that the method for
determining complexation constants may completely malfunc-
tion in interacting buffers. To confirm this statement we
performed two sets of ACE experiments with R-FLU
complexing with #-CD in an acetic acid/LiOH buffer and in
a benzoic acid/LiOH buffer, both pH 3.98 and IS 10 mM. At
the given pH, R-FLU is only partially dissociated (pK, = 4.16).
As shown in Part I*® of this series of papers, while the acetic
acid buffer does not interact substantially with $-CD, benzoic
acid complexes quite strongly. (The pH changes are depicted in
Figure 2 of Part I*® of this series of papers). Obtained
dependencies of the effective mobility of R-FLU on the
concentration of f-CD fitted by eq 2 are shown in Figure 3.
The mobility of the free analyte, complex and complexation
constant of the fully charged form of R-FLU were obtained by
separate measurement in the Tricine/LiOH buffer of the same
ionic strength and were used as fixed input parameters. In the
acetic buffer, the quality of the fit was good (reduced y* = 44;
R* = 0.9936) and the resulting complexation constant was 11
100 + 200 M™Y; however, in the benzoic buffer the data did not
follow the expected hyperbolic trend and could not be fitted by
eq 2 with sufficient precision (reduced y* = 490, R* = 0.9574),
see Figure 3.

Both complexation constants of dissociated and non-
dissociated forms of benzoic acid, which were determined in
Part I*° of this series of papers, were used as input data for
Simul 5 Complex now. The comparison of the simulated and
experimental dependencies is shown in Figure 3. Clearly, the
data agree well. Both experimental and theoretical depend-
encies obtained in the benzoic acid buffer show interesting
trends at a concentration of #-CD higher than 8 mM, and the
mobility of R-FLU increases with the increasing concentration
of f-CD. This is highly surprising because the increase of the
concentration of the neutral complexation agent should always
suppress the mobility of analytes. However, in this particular
case the increase of mobility of the weak acid (R-FLU) is
caused by the increase of pH, which is the consequence of the
interaction of the buffering constituent with f-CD and that
yields to the increase of dissociation of the weak acid R-FLU. At
a certain concentration where the analyte is almost saturated by
CD, as its concentration is small and its complexation constant
high, its mobility almost reaches the limiting value (mobility of
complex) and does not decrease steeply anymore. However, at
this point the pH changes are still significant because the
concentration of the buffer is rather high, and a much higher
amount of the complexation agent is needed to saturate the
buffering compound. Thus, the effect of increasing pH on the

dx.doi.org/10.1021/ac401381d | Anal. Chem. 2013, 85, 8526—8534
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Figure 3. Dependence of effective mobility of R-FLU on concentration of #-CD. Red @ and [J are experimental and simulated data, respectively, in a
24 mM benzoic acid/9.9 mM LiOH buffer. Blue A and green ¥ are experimental and simulated data, respectively, for a 61 mM acetic acid/9.9 mM
LiOH buffer, both pH 3.98 and IS 10 mM. Black solid and blue dotted lines are the fitted curves by eq 2. Errors are expressed as standard deviations.
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Figure 4. (A) Experimental electropherograms recalculated to mobility scale showing changes in mobility and number of system peaks in BGEs with
complex-forming ligand. BGE: 5.0 mM benzoic acid, 2.5 mM LiOH, and various concentrations of HP-$-CD. Samples: disturbed BGE, compositions
summarized in Table 2. Indirect UV detection was performed at a detection wavelength of 200 nm. The curves are marked by concentrations of HP-
S-CD in BGE. Cationic system peaks are labeled by dashed circles. (B) Simulated electropherograms transformed to mobility scale; conditions for
simulations were set according to corresponding real experiments. Curves are marked by concentrations of HP-3-CD in the BGE. Cationic system

peaks are labeled by dashed circles.

mobility of the analyte prevails over the effect of the
complexation of the analyte itself.

In conclusion, the complexation constants in interacting
buffers determined by ACE may be incorrect and provide
confusing information about the strength of the interaction of
analytes with complexation agents. Moreover, at first sight,
unexpected behavior, such as herein demonstrated in an
increase in mobility with the increasing concentration of the
neutral CD, may appear with analytes that are weak acids or
bases. Thus, the potential complexation of the buffer
constituents with the complexation agent should be examined
independently prior to ACE measurements.
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Impact of Buffer Complexation on the Development
of System Peaks. The development of system peaks in
electrophoretic separation systems is well described by the
linear theory of electromigration,”® and their behavior can be
easily predicted using the simulation programs. However, the
occurrence of system peaks in the interacting buffer systems has
not been sufficiently described by now, although we presented
that it might differ from expected trends. Thus, we shall
demonstrate here the behavior of system peaks in interacting
electrolytes, in a model system of a buffer composed of benzoic
acid, which was shown to interact strongly with various
cyclodextrins, and also in the common separation buffers. The
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changes of system zones mobilities for the benzoic acid buffer
after the addition of complexation agent HP-S-CD were
examined both experimentally and by simulations using the
Simul S Complex program. The HP-$-CD was selected for this
demonstration because of its higher solubility in aqueous
environments in comparison to f-CD. The necessary input data
for simulations were determined by independent ACE
measurements, and the resulting complexation constants and
mobilities of complexes are Ky, = 22.3 &+ 0.5 M}, Ky,, = 330
+ 30 M}, upc = —9.9 + 0.5 X 1077 m* s7! V1. Experimental
and simulated electropherograms for a 5.0 mM benzoic acid/
2.5 mM LiOH buffer with 0—40 mM HP-f-CD are shown in
parts A and B of Figure 4, respectively. All detector records
were recalculated for the mobility scale (x-axis) to illustrate
changes in system peaks’ mobility in a more transparent way.
The buffering system without any complexation agent forms
two system peaks as results from the linear theory of
electromigration. According to calculations in PeakMaster,
one of those system peaks has zero mobility and the second
one is a cationic system peak with mobility u = 17.3 X 107 m*
s7' V1. The experimental results were in a perfect agreement
with the simulated ones in regard to positions, amplitudes, and
shapes of the system zones, see Figure 4 (curve marked as 0
mM). The other electropherograms in Figure 4 show behavior
of system peaks at the indicated complexation agent
concentration. The addition of HP-$-CD (5 mM) into the
5.0 mM benzoic acid/2.5 mM LiOH buffer caused substantial
slowdown of the cationic system peak and gave rise to a new
slow anionic system peak. The third system peak kept nearly
zero mobility.

Dependence of the mobility of experimental and simulated
cationic system peaks on HP-$-CD concentration is depicted in
Figure S. Both dependencies agree very well. Such development
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Figure S. Dependences of the mobilities of cationic system peaks on
concentration of HP-$-CD in BGE composed of 5.0 mM benzoic acid
and 2.5 mM LiOH calculated from experimental (M) and simulated
(red A) electropherograms.

of system peaks is not predictable using the classical linear
theory of electromigration for noncomplexing systems. The
addition of a neutral noninteracting compound into BGE
should definitely result in the formation of a system peak with
zero mobility and should not influence the mobility of other
system peaks. Complete linear theory of electromigration for
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complexing systems was not presented so far. Thus, simulations
can be used as the only tool for prediction and explanation of
system peaks in such systems.

The development of system peaks was examined also in
commonly used buffer systems that were selected based on the
results of the pH study. Considering these results (see Figure 2
of Part I*® of this series of papers), the most significant changes
of the system peaks’ behavior were expected in the CHES/
LiOH bufter because the addition of all the tested CDs caused a
considerable shift of pH in this buffer. Figure 6 shows

LiOH / CHES
p-CD \/\r /\ j\_
DM-B-CD \
®
{ =
k=)
w
2 [oCD
>
©
=3
©
S [HPp-CcD
(&)
without CD /\/
T L4 T . T . T » T v T ¥ T € T T
8 6 4 2 0 L5 -4 6 8
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Figure 6. Experimental electropherograms for CHES/LiOH buffer
with various CDs. Concentrations of a-CD, -CD, DM-f-CD, and
HP-4-CD in 10.0 mM CHES/S5.0 mM LiOH buffer were 5.20, 4.54,
4.56, and 4.68 mM, respectively. Sample: 11 mM CHES, 5.0 mM
LiOH.

experimental electrophoregrams obtained after the addition of
the neutral CDs to this buffer. Clearly, the addition of all CDs
induced an additional system peak. HP-$-CD gave rise to a
system peak, which was broadened, and therefore it was difficult
to determine its mobility. The presence of @-CD and DM-f-
CD in BGEs led to an anionic system peak with a mobility
about =3 X 107 m? s7! V7! and —4 x 107° m? s7! V7
respectively. The strongest effect was observed again with f-
CD. The addition of f-CD in BGE resulted in the development
of an anionic system peak with rather high mobility, about —8
X 107 m? s7! V7L, As the result, the CHES buffer could not be
recommended for electrophoretic experiments if a neutral CD
is employed because the originating system peak can migrate in
the same region as analytes, interact with them, and distort
them. In addition the pH changes observed are so significant
that they can seriously affect the separation results. The
development of additional system peaks and changes in system
peaks mobility was observed also in other common buffers. The
detailed results can be found in the Supporting Information.
Influence of the Interaction of Buffer Constituents on
the Result of Electrophoretic Separation. It is well-known
that the result of electrophoretic separation is extremely
sensitive to the selection of a buffer and its pH or ionic
strength. Thus, the change of BGE properties connected with
the complexation of buffer constituents with the complexation
agent present in BGE might have significant impact on the
results of electrophoretic separation. To demonstrate this
behavior, we performed separations of a mixture of amino acids

dx.doi.org/10.1021/ac401381d | Anal. Chem. 2013, 85, 8526—8534
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Figure 7. Comparison of the separation of a set of amino acids (Leu, Gly, Gln, Ser, Asn) in (A) 10 mM ethanolamine/S mM HCI buffer and (B) 10
mM CHES/5 mM LiOH buffer, both pH 9.41 and IS 5 mM. Upper picture, pure buffer marked as 0 mM p-CD. Lower picture: 10 mM
concentration of #-CD. Black solid curves, experiment; red dashed curve, simulations obtained by PeakMaster and Simul 5 Complex for cyclodextrin
free BGE and BGE at a 10 mM concentration of -CD, respectively. Individual amino acids are labeled by their respective abbreviation.

(namely, Leu, Gly, Gln, Ser, Asn) in 10 mM ethanolamine/$
mM Tricine and 10 mM CHES/5 mM LiOH buffers, both pH
9.41 and IS S mM. The separations were performed both in
cyclodextrin free buffer and after addition of 10 mM S-CD. The
pH of ethanolamine/Tricine buffer did not change substantially
after the addition of f-CD, while the pH of the CHES buffer
decreased to the value of 8.86. It confirms that the
ethanolamine/Tricine buffer does not interact with S-CD
remarkably, while the CHES buffer complexes strongly. The
comparison of the obtained electropherograms is shown in
parts A and B of Figure 7, respectively. While the electro-
pherograms obtained in ethanolamine/Tricine buffer before
and after the addition of #-CD are almost the same, in the case
of the CHES buffer not only position but also the shape of the
separated peaks changed significantly after the addition of f-
CD. The resolution deteriorated substantially in the latter
system. The explanation could be either the complexation of
analytes with fS-CD or the changes in BGE properties
connected with the complexation of buffer constituents. The
former possibility is not probable because no similar effect was
observed in the noninteracting ethanolamine/Tricine buffer. It
means that it is the complexation of buffer constituents that
should be the major reason for the presented changes.

To prove these assumptions, we mimicked the experiments
in the CHES buffer using our simulation software Simul §
Complex. Complexation constants of CHES determined in Part
I*° of this series of papers were corrected for actual ionic
strength and used as input data for simulations, the complex-
ation of amino acids with $-CD was neglected. The comparison
of simulated and experimental profiles is shown in Figure 7B. A
very good agreement between the theoretical predictions and
measured electropherograms was obtained. It was confirmed
that the interaction of the CHES buffer with the complexation
agent had a fatal impact on the separation and that
ethanolamine/Tricine buffer should be the buffer of choice
for this separation.

We proved that the complexation of buffer constituents with
the complexation agent present in BGE might significantly
influence the result of separation as it affects the BGE
properties, e.g., pH and IS changes. The possible interaction
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of BGE constituents with the selected complexation agent must
always be considered.

Bl CONCLUSION

In this Part II of this series of papers we illustrate the practical
impact of the complexation of buffer constituents with the
complexation agents present in BGE. Three highly relevant
aspects of electrophoresis were inspected. First, it was shown
that the complexation constants of analytes interacting with the
complexation agent resulting from ACE measurements can be
completely incorrect if the buffer constituents concurrently
interact with the agent. The stronger the concurrent
interaction, the bigger the effect on the complexation constant
value. Moreover, the final effect depends on both the type of
the buffer and its concentration and it can lead to virtually
abnormal behavior of weak acidic or alkaline analytes. Among
the buffers tested, the highest impact was attributed to the
CHES buffer if f-CD was used as the complexation agent.
Second, the influence of the complexation of buffer constituents
with the complexation agent on the development of system
peaks and their behavior was demonstrated depending on the
complexation agent concentration by experiment and further
confirmed by simulation using our simulation software Simul 5
Complex. Perfect agreement of the simulation and experimental
data was achieved, showing that system peaks can substantially
change their mobilities and that an additional system peak of
nonzero mobility can develop in the system even if a neutral
agent is added into the interacting buffer. Last but not least, the
substantial effect of the complexation of BGE constituents on
the result of CE separation was demonstrated on a mixture of 5
amino acids. It was clearly shown that changes of the BGE
properties, that could moreover be different for different
buffers, must be considered in method development
procedures. This importantly applies to all analytes in a sample,
even those not supposed to interact with the agent themselves.

dx.doi.org/10.1021/ac401381d | Anal. Chem. 2013, 85, 8526—8534
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