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Abstrakt

Kapilarni elektroforéza je Siroce pouzivanou sefydrenetodou analytické chemie. Pokud je
do zakladniho elektrolytuffgana interagujici latka, selektor, lze tuto metaguzit i pro
separace enantiontemebo latek s velmi podobnymi fyzik&echemickymi vlastnostmi.
V analytické praxi s&asto vyuZivaji také s#si selektofi, jednak zarérné pripravené pro
dosazeni lepSi separace, jednak proto, Ze Kmhdodavané derivatizované selektory mohou
byt ve skuténosti snésmi latek liSicimi se stugm derivatizace a polohou substituient
Matematicky popis elektromigrace analytu v systémecvice selektory fiZe usnadnit
hledani optimalnich sepd&rdch podminek a zaroie poskytuje uziteny vhled do

mechanismu separaceéehto z aplikéniho hlediska velmi vyznamnych systémech.

Vramci této prace byl ipdstaven a experimentélrowien model elektromigrace
analytu interagujiciho se $8i dvou selektdr, ktery vychazi z obeg¢jsiho popisu systému
s libovolnym pd@tem selektar. Tento model ukazuje, Ze 88 ve které se vzajemny pém
koncentraci selektdérnen®ni, Ize pokladat za selektor jeden. &fgad zanerné kombinace
dvou selektar Ize pomoci tohoto popisuigdpowdét, jak se budou sepdira schopnosti
smesi menit se znnou zastoupeni obou selekipa zvolit nejvhodysi sloZzeni sisi i jeji

celkovou koncentraci.

Déale byl fredstaven model elektromigrace, ktery poprvé zalaheedle interakce
analytu svice selektory i mozZnost acidobazickéodlée analytu. Model ukazuje, Ze
zavislost efektivni mobility na koncentraci selektoodvozena pro jedinou volnou formu
analytu interagujici s jedinym selektorem, je olkepiatna pro systémy se stechiometrii
komplexace 1:1. Tento model také unmgE na vzajem& provazané komplexai a
acidobazické rovnovahy nahlizet @tih¢ a zvolit perspektivu vhodnou pro optimalizaci
daného sepataiho systému. Zavy vyplyvajici z modelu byly experiment@rovéieny na

systému slabé jednosytné kyseliny jako analytuaudelektoir.

Pro uteni komplexanich parametr, se kterymi pracuji vySe zminé elektromigréni
modely, je kl€ové stanoveni spravné efektivni mobility analytuolo divodu byla v rdmci
této prace navrZzena metoda udigici méreni efektivni mobility v systémech, kdeue
nabity selektor interagovat s markerem elektroogrkého toku a tak vysledky &eni
znehodnotit. Dale byl navrzen {gob, kterym lze wit spravny migraéni ¢as analyi

podléhajicich elektromigéai disperzi bez nutnosti nelineérni regrese expantéainich dat.



Abstract

Capillary electrophoresis is a widely used sepanatnethod of analytical chemistry. Addition
of a selector into the background electrolyte edsemts applicability to separation of
enantiomers or of compounds of similar physicoclvamproperties. In analytical practice,
mixtures of selectors are also commonly used -eephepared intentionally to achieve better
separation or because commercially available swkeanay be mixtures of compounds
differing in the degree of substitution and substiit positions. Mathematical description of
these systems, which are highly relevant in arai/practice, can simplify search for optimal

separation conditions. Also, it provides a usefsight into the separation mechanism.

In this work, a model of electromigration of arabite interacting with a mixture of two
selectors is proposed and experimentally verifieliis model results from a more general
description of systems with an arbitrary numbesealectors. The model shows that a selector
mixture can be treated as a single selector ifdkie of the respective selector concentrations
is kept constant. When the mixture is preparednirdgaally, this description predicts, how
separation potential of the mixture changes wihcamposition. Thus it allows the optimal

composition and total concentration of the selewtxture to be chosen.

Consequently, a generalized model of electrommmuatvas proposed that for the first
time considers analyte undergoing acid-base eguailddong with complexation with multiple
selectors. The generalized model shows that theralgmcy of the effective mobility on the
selector concentration, which was originally depeld for the case of a single free form of an
analyte interacting with a single selector, is galhe applicable for systems with 1:1
complexation stoichiometry. The model also enadEsoupling of the highly interconnected
complexation and acid-base dissociation equilibFizerefore, the most suitable perspective
can be chosen for the particular system optimiratidssumptions resulting from the
generalized model were experimentally verified aystem of a week monoprotic acid as an

analyte and two selectors.

Determination of complexation parameters serviagngut for the above mentioned
models requires measurement of correct effectivbilities of analytes. Therefore, this work
proposes a method enabling measurement of unbédfeaadive mobilities in system in which
a charged selector may interact with a neutral eraok the electroosmotic flow. A procedure
Is also proposed for determination of correct ntigratime of analyte peaks deformed by the
electromigration dispersion without the need oflime@ar regression.
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Seznam pouzitych zkratek a symba

A-B-CD
ACE
BGE
B-CD

CD

CE
DM-B-CD
EMD
EMO
EOF

HVL
Malt-p-CD

MaMs

MaSs

SaMs

SaSs

SB-CD

Ao

aq

6-monodeoxy-6-monoamirfcyclodextrin

afinitni kapilarni elektroforézaffinity capillary electrophores)s
zakladni elektrolytbackground electroly)e
nativnip-cyclodextrin

cyclodextrin

kapilarni elektroforézagpillary electrophoresis
heptakis(2,6-di-O-methyl)-cyclodextrin

elektromigréni disperze

elektromigraniho pdadi analyt (electromigration order
elektroosmoticky toke{ectroosmotic floyv
Haarhoffovou — van der Lindeho (funkce)
6-O-u-maltosyl$-cyclodextrin

(systém, model) s vice volnymi formami analytui@e\selektory
(multi-free-analyte-form multi-selector

(systém, model) s vice volnymi formami analytednim selektorem
(multi-free-analyte-form single-selecjor

(systém, model) s jednou volnou formou analytica gelektory
(single-free-analyte-form multi-selecjor

(systém, model) s jednou volnou formou analytedmjm selektorem
(single-free-analyte-form single-selegtor

nedefinovad sulfatovanyB-cyclodextrin

parametr HVL funkce odpovidajici ploSe piku

parametr HVL funkce odpovidajici poloze piku
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parametr HVL funkce odpovidajici symetrickému feadi piku
parametr HVL funkce odpovidajici asymetrické defaci piku
frakce maximalni vysky piku

analyticka koncentrace selektoru

analytickd koncentragetého selektoru

celkova koncentrace selekiior systému (satet analytickych koncentraci vSech
piitomnych selektdi)

celkova koncentrace selektordt které dochazi k zaén¢ elektromigraniho
poradi analyi

rozdil efektivnich mobilit separovanych enantioin@ra B

rozdil efektivnich mobilit separovanych enantioingpisobeny interakci stym
selektorem

zavislost parametra; prislusné HVL funkce na asymetrii piku
funkéni hodnota HVL funkce ¢aset

molarni zlomek-té volné formy analytu vzhledem k celkovému mneist
volného analytu

molarni zlomek-tého selektoru ve stai selektod

¢islovaci index pro volné formy analytu

¢islovaci index pro selektory

koncentrané definovana acidobazicka disoéim konstanta analytu

koncentrané definovana acidobazicka disoéim konstanta komplexu analytu se
selektorem

koncentrané definovana acidobazicka disoéia konstanta komplexu analytu
sj-tym selektorem

koncentréné definovana komplexai konstanta interakdeté volné formy
analytu §-tym selektorem

M-souhrnna komplexai konstanta interakdeté volné formy analytu se ssi
selektofi
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koncentrané definovana komplexai konstanta interakce disociované formy
analytu se selektorem

koncentrané definovana komplexai konstanta interakce analytjrgym
selektorem

koncentrané definovana komplexai konstanta interakce disociované formy
analytu g-tym selektorem

pH-souhrnni komplexai konstanta interakce analyttitpmného ve vice
volnych forméach $-tym selektorem

souhrnna komplexai konstanta interakce analytu sessiselektai (M-
souhrnna komplexai konstanta)

M-souhrnna komplexai konstanta interakce disociované formy analytarsssi
selektofi

souhrnna komplexai konstanta interakce analyttitpomného v libovolném
poctu volnych forem se sési selektoll (MaMs-souhrnna komplexai konstanta)

komplex&ni konstanta interakce analyttitpmného ve vice volnych forméch se
selektorem (pH-souhrnna komplérakonstanta)

prevodni parametr mezi asymetrii piku &8t piku va-frakci jeho maximalni
vySky a parametrem, prislusné HVL funkce

koncentrané definovana komplexai konstanta interakce analytu B-tym
selektorem

koncentrané definovana komplexai konstanta interakce protonované formy
analytu se selektorem

koncentrané definovana komplexai konstanta interakce protonované formy
analytu g-tym selektorem

M-souhrnna komplexai konstanta interakce protonované formy analytsnsesi
selektofi

souhrnna komplexai konstanta interakce analytu A nebo B sésirselektoi
(M-souhrnna komplexai konstanta)

pacet volnych forem analytu v systému
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mobilita volné formy analytu
mobilita volné disociované formy analytu
efektivni mobilita analytu A

mobilitai-té volné formy analytu

souhrnn& mobilita volného analytéitomného v libovolném gidu volnych forem
(MaMgs-souhrnna mobilita volného analytu)

mobilita komplexu-té volné formy analytu stym selektorem
M-souhrnna mobilita komplexidté volné formy analytu se i selektoit

mobilita volného analytuipdaném pH (pH-souhrnna mobilita volného analytu)
mobilita komplexu analytu se selektorem
mobilita komplexu disociované formy analytu seekdrem

mobilita komplexu analytu jstym selektorem

pH-souhrnna mobilita komplexu analyttitpmného ve vice volnych formach-s
tym selektorem

souhrnna mobilita komplexu analytu sessirselektoll (M-souhrnna mobilita
komplexu)

souhrnnéa mobilita komplexu analytéitemného v libovolném pidu volnych
forem se sisi selektolt (MaMs-souhrnna mobilita komplexu)

souhrnna mobilita komplexu analytéitpmného ve vice volnych formach se
selektorem (pH-souhrnna mobilita komplexu)

mobilita volné formy analytu B

efektivni mobilita analytu B

mobilita komplexu analytu B s prvnim selektorem

mobilita komplexu analytu B se druhym selektorem

mobilita volné formy chiralniho analytu stejna mioa enantiomery
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Ura mobilita volné protonované formy analytu
UHas mobilita komplexu protonované formy analytu seskilrem

Us,j mobilita komplexu chiralniho analytyjdym selektorem stejna pro oba
enantiomery

ud souhrnna mobilita komplexu analytu A nebo B sésmelektoil (M-souhrnna
mobilita komplexu)

N pccet selektal v systému
q asymetrie piku
r koeficient vyjadujici miru, s jakou prvni selektotippiva k rozdilu mobilit

enantiomel v systému se @wna selektory

S koeficient vyjadujici miru, s jakou druhy selektofigpiva k rozdilu mobilit
enantiomel v systému se @wna selektory

t cas

ty ¢as odpovidajici maximu piku

Tysp faktor chvostovani piku podle Amerického lékopisu S. Pharmacopeia tailing
factor)

Wo 05 Sitka piku v 5 % jeho maximalni vysky

Wo s Sitka piku v polovig jeho maximalni vysky

Wy Sitka piku va-frakci jeho maximalni vysky

wg Sitka piku vg-frakci jeho maximalni vysky

W0,05 leva polodika piku v 5 % jeho maximalni vysky

Wig leva polodika piku va-frakci jeho maximalni vysky

Wpe prava pologka piku va-frakci jeho maximalni vysky
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1 Uvod

Kapilarni elektroforéza (CE) je Siroce pouZivanapas&ni metodou analytické chemie.
Pridavek interagujici latky (selektoru) do zakladnéiektrolytu roz&iuje pole vyuZitelnosti
CE napiiklad o separace neutralnich analyseparace latek s velmi podobnymi fyzikaln
chemickymi vlastnostmi, a zejména o enantioselektseparace. Velkou vyhodou CE je
moznost snadno it pouzity selektor a jeho koncentraci. V analficpraxi se vyuZiva
Siroka Skala chiralnich selektorcrown-ethery, makrocyklicka antibiotika, protejrghiralni
micely, cyklofruktany a dalSi [1, 2]. Nigsgji pouzivanymi chiralnimi selektory v CE jsou
cyklodextriny (CD) [1-7], cyklické oligosacharidykl&dajici se neggngji ze Sesti -
cyklodextrin), sedmi [-cyklodextrin) nebo osmi yfcyklodextrin) glukopyranozovych

jednotek.

Souasre s vyuzivanim selektarv CE se rozvijel také matematicky popis takovych
systénii. Divodem k sestavovani matematickych méadelektromigrace byla a je moznost
piedpowdét vysledek separace na zaldafyzikalné-chemickych paramaelr systému, coz
muze vyznam@ ushadnit hledani optimalnich podminek pro konkré&teparaci. Stefn

dulezité ale je, Ze modely umidji Iépe pochopit mechanismy, které k separaci uedo

1.1 Popis elektromigrace v komplexujicich systémech

Systémy s jednou formou volného analytu a jednim kktorem (SaSs systémy)

Pravd@podobrg prvni matematicky popis elektromigrace v kompléxiop systému byl
predstaven uZ v roce 1969 [8, 9]. Nicnigako nejstarsi vztah popisuijici efektivni mobilitu
analytu podléhajiciho komplexaci se selektorem,v&8inou uvadi model publikovany
Wrenem a Rowem roku 1992 [10].

Pokud se analyt vyskytuje ve vice formach, meernkhi se ustavuje rychla rovnovaha

(ve srovnani s elektroforetickou migraci), lze é&fgk mobilitu tohoto analytu obeén

" Presrj$im vyrazem by byla ,elektroforetickd mobilita“rqioze termin ,mobilita® ma obe&j$i vyznam.
Jelikoz se vSak tato dizettd prace zabyva pouze elektroforézou a nehrozi emmhgiojmii, bude piviastek
~elektroforetickd" vynechavan.
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vyjadit jako vazeny pimér mobilit jeho jednotlivych forem, fipftemZ vahou je molarni
zlomek gislusné formy analytu vzhledem k jeho celkové (gineké) koncentraci. V fipack
popsaném v modelu Wrena a Rowa je jedinou takowwnavahou interakce analytu A se

selektorem S charakterizovana komplaXaonstantou,:

A+S=AS Kjs = —— (1)

Konstanta K, je definovana pomoci rovnovaznych koncentraci egheg se o
termodynamickou konstantu, kterd by byla definovapnenoci aktivit;K, zavisi nejen na
teplog€, ale i na iontové sile). Analyt je tedyiifopmen ve dvou forméach: volné
nekomplexované fortnA s mobilitouu, a ve form¢ komplexu AS s mobilitow,s a jeho

efektivni mobilitup, . ¢ ¢ Ize vyjadit vztahem:

_ Ha + tasKyslS]
FaelT T TR K]

(2)

Pro praktické uZziti jefeba zavést aproximaci, Ze rovnovazna koncentraltetlvo selektoru
[S] je rovna analytické koncentraci selektoey (zanedba se Ubytek volného selektoru

zpiasobeny interakci s analytem):

[S] = cs 3

Dosazenim podminky (3) do rovnice (2) ziskdme #a@stsefektivni mobility analytu na
koncentraci selektoru v zakladnim elektrolytu (B@ackground electroly)epublikovanou

Wrenem a Rowem [10]:

Ua + HasKasCs

(4)

UHaerr =

16



Vztah (4) je platny pouze za nasledujicich podminek

(i) Teplota je konstantni, coZ je obéckategorickym imperativem* ve fyzikalni chemii.
S teplotou se #mi jak rovnovazné konstanty, tak mobility vSe¢hstic v roztoku.
Instrumentace pro CE umiadje termostatovat&Sinu délky kapilary, a proto Ize tento

pozadavek zpravidla pokladat za s

(i) lontova sila je konstantni. Komplex# konstantaK,; je definovana pomoci
koncentraci a je tedy platna pouze pro danou hadootové sily BGE. Mobilityu, a
Uas JSOU rovigZz zavislé na iontoveé sile a za konstantni parametgwnici (4) je lze
pokladat pouze pokud sefipzméné koncentrace selektoru iontova sila zachova
konstantni. Tato podminka je spha v ipac neutralnich selektér pokud nedochazi
k jejich vyznamné interakci kterou slozkou zakladniho elektrolytu [11]. Yipads
nabitych selektdr je nutné zvySeni koncentrace selektoru kompenzewdtenim
koncentrace slozek zakladniho elektrolytu [12, I®&bo zavést do rovnice (4)

piislusnou korekci [12].

(iif) Je mozné zavést aproximaci (3) — ubytek vblméelektoru zjpsobeny komplexaci
s analytem je zanedbatelny. Tato podminka je vfigésa na okraji piku analytu.
V piipac, Ze uvnit zony analytu dochézi vidledku komplexace k vyznamnému
Ubytku selektoru, neniddledkem posun piku jako celku, ale jeho deformace d
trojuhelnikového tvaru [14, 15]. ProlozZeni takovésiku Haarhoff — van der Lindeho
(HVL) funkci [16, 17] poskytuje migkai ¢as odpovidajici nekoteému zedeni
analytu [18], pi kterém je podminka (3) automaticky sga iz téZ kapitolu 1.2).

(iv) Viskozita BGE je konstantni.iPvysokych koncentracich selektoru je mobilita ghal
ovlivnéna nejen komplexaci, ale i Zmou viskozity BGE. V literatte je vSak popsano

nékolik zpasohi, jak pri matematickém zpracovani tento efekt korigovat [, 20].

(v) Dochazi pouze ke komplexaci o stechiometriil 1{analyt: selektor). Tato
stechiometrie samégjmé neni jedina mozna, nicmé&ne vSeobech pokladana za

nejrelevantyjSi, zejména pokud jde o interakci s cyklodextiiay, 22].

VSechny matematické popisy elektromigrace v komyjieich systémech, o kterych bude
tato dizertani prace déle pojednavat, vychazeji z modelu (4yse zmigné podminky

platnosti se tim padem vztahujii na n

Na zaklad rovnice (4) byla odvozen&da dalSich mod&lpopisujicich §Ss (single-
free-analyte-form single-selec)asystémy [19, 23-27]. Jejich cilem bylo pomocikéfaich
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mobilit separovanych anafytvyjadiit parametry kvantifikujici usfnost separace: rozdil
efektivnich mobilit [10, 19], relativni rozdil miib (rozdil mobilit déleny jejich piimérem)
[28], selektivitu (pordr mobilit) [28], rozliSeni [23, 24] nebo pet teoretickych pater [27].
Nekteré z modeél zavadji dalSi aproximaci, a sice Zefipchiralni separaci je mobilita
vzniklého komplexyu,s stejna pro oba enantiomery [10, 19, 23, 24]. Teuénlpoklad Ize
pokladat za oprawmy v piipadt interakce s jedinym definovanym selektorem, jelikaba
takové komplexy maji stejny naboj a podobnou stmuktRestoZe velk&ast SSs modet se
zantiovala na chiralni separace, vztah (4) lze sa&ejo¥ pouZzit i pro optimalizaci

nechiralnich separaciiifkterych se vyuziva komplexace se selektorem 228,

Popis systéni s vice formami volného analytu a jednim selektorem
(M aSs systémy)

Nevyhodou modelu (4) (aaSs modeh na r¢j navazujicich) bylo, Ze braly v Gvahu pouze
jednu formu volného analytu. Latkami separovanyapikarni elektroforézou jsou at@asto
slabé kyseliny, baze nebo amfolyty podléhajici tetdtické disociaci. Ob piitomné formy
(napiklad disociovana a protonovana u slabé kyseli@k mmohou interagovat se selektorem
s riznymi komplex&nimi konstantami za vzniku komphkex riznych mobilitach. Tim padem
pH zakladniho elektrolytu, kterym jézen stup# disociace analytu, ée mit velky vliv na

vysledek separace.

Popisem MSs (multi-free-analyte-form single-selecjorsysténi se dlouhodob
zabyvala skupina profesora Vigha [30-33]. Pro ewektmobilitu slabé jednosytné kyseliny

[30] byl odvozen nasledujici vztah:

/ [H30+] /;
Ua- + Kg-spa-scs + K. (Una + KirasthiasCs)
a,
Haess = ) 1,0 . ®)
1+ Ky-glia-scs + K (1 + Kfa56s)
a,HA

kde u,-, us-s aKy-5 jsou mobilita volného disociovaného analytu, mitdoileho komplexu
se selektorem affslusna komplexai konstantauy,, tuas @ Ki4s jSOU mobilita volného

protonovaného analytu, mobilita jeho komplexu sk&ekierem a pislusna komplexai
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konstanta[H;0*] je koncentrace oxoniového kationtu v BGE g, je disoci&ni konstanta

analytu definovana pomoci koncentraci:

, [H;07][A7]

a,HA = [HA] (6)

Obdobny vztah byl odvozen i pro slabé jednosytngebiBl]. Modely popisujici Ss
systémy byly publikovany i dalSimi skupinami [34}.38

Lelievreet al.[34] ukazali, Ze p konstantnim pH |ze zavislost efektivni mobilityalse

jednosytné kyseliny na koncentraci selektoru pofusdéci formalré shodnou se vztahem (4):

pH pH ;,'pH
Ha a5 Kys Cs

1+ K2

(7)

Haerf =

kde ub", ub¥ a K2 jsou mobilita volného analytu, mobilita komplexukamplexani

konstanta fi daném pH:

uPH = Ky patta- + [Hs0 " pya (8)
4 Kona + [H30%]

or_ Kanastta-s + [H307]

= 9

“45 = Kanas + TH50°] ©)
K 1o + [Hs0*]

K'PH — g a,HAS 10

a,

K; nas je (koncentrané definovana) acidobazicka disosia konstanta komplexu analytu se
selektorem. Jeji hodnota je jednozma dana disociéeni konstantou analytuk,,, a

komplex&nimi konstantami jeho disociované a nedisociovan@y K -, a K, 4s:
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'
’ ot KA_S (11)
a,HAS — "a,HA K’

HAS

Parametryu’”, 12 a K;2" byly pozdiji [37] vyjadieny i pro dvojsytnou kyselinu. Tyto

parametry jsou zavislé na hodagiH (a iontové sile) BGE. Lelietw model (dale bude
ozna&ovan jako pH-souhrnny model) tedy umaj optimalizovat koncentraci selektoru
v BGE, ale nikoli pH, které musitgtat konstantni. Na druhou stranu model teoreticky
potvrzuje, Ze optimalizai postupy vyvinuté pro s5s systémy lze pouzit i vifpad MaSs
systéni, pokud se pH BGE neni.

V pripact chiralnich separaci jetatkZitou vyjimkou z pedeSlého tvrzenitpdpoklad
stejné mobility pro komplexy obou enantiorese selektorem: Jak je zjevné z rovnic (9) a
(12), parametmﬁ? nezavisi jen na mobilitach komplexyzicky piitomnych v roztoku (o
nichz lze pedpokladat, Zze sefifiS neliSi pro oba enantiomery v daném disociowané
respektive protonovaném stavu), ale zavisi i nanbtéith komplexénich konstant (o nichz
Ize naopak fedpokladat, Ze se pro oba enantiomery liSi — peofioak by @i stejné mobili¥
komplexi interakce se selektorem nevedla k separaci). Tpowida experimentalnim
vysledkim Moffadelaet al. [37], kt&i pii popisu chiralni separace pomoci pH-souhrnného

modelu pozorovali, Ze pH-souhrnné mobility komilee pro dvojici enantiomedisily.

Systémy s jednou formou volného analytu a vice sktery

(SaMs systémy)

V analytické praxi sefasto pouzivaji susi selektoéi. Je to jednak proto, Ze komnigé
vyrébiné derivatizované cyklodextriny jsou ve skutesti mnohdy sisi selektat liSicich se
jak stuprm substituce, tak polohou substituer89-41]. Nekdy jsou ale swisi selektoi
piipravovany zamrné za &elem dosazeni lepSi separace [2, 5, 7, 42, 43]likeuané
teoretické popisy Ms (single-free-analyte-form multi-selecjasysténi v CE byly shrnuty

v piehledovéntlanku, ktery je z&azen na konci této kapitolfP(blikace ).

Prvni matematicky model elektromigrace analytu GEB se d¥ma selektory byl
publikovan v roce 1994 [44] a bylippzenym roz&enim modelu (4) o interakci s dalSim

selektorem:
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Pa + tas1Kas1Cs1 + Has2KasaCsz
1+ Ky51651 + KysoCs2

Haerf = (12)

kde cg; acs, jsou koncentrace prvniho a druhého selekt&iy, a K,g, jsou komplexani
konstanty analytu s prvnim a druhym selektorem & a u,s, jsou mobility komplex

analytu s prvnim a druhym selektorem.

V nésledujicich dvaceti letech byla publikovdada praci zabyvajicich se teoretickym
popisem {Ms systéni (jsou podrob# rozebrany Wublikaci ). Velka¢ast z nich vychazela
z modelu (12) [44-51]. Tyto modely obsahuji¢dvezavislé prognné — koncentrace dvou
selektoti v BGE. Hledani optimalnich podminek je tim padeamingjSi ve srovnani s s
modely. Napiklad pro grafické znazo#ni zavislosti optimalizovaného parametru (relativni
rozdil mobilit [47], selektivita [47], rozliSeni $}) je nutné vykreslitiidimenzionalni graf,
piipadré studovat zavislost toliko na koncentraci jednodlelsoru i konstantni koncentraci
selektoru druhého [45-48]. Proto atitéasto vyuzivali matematicky popisaMs systéni
pouze ke kvalitativnimu vystleni pozorovanych experimentélnich vyslédjako napiklad
zameny migraniho pdadi analyl [44, 46, 52-54]. Mezi gapadesati pracemi, ve kterych byl
k separaci pouzit BGE obsahujici dva cyklodextripgnom ve ittech byly optimalni
koncentrace selektbrvybrany na zaklatdvypaoita a pomoci elektromigemiho modelu [45,
49, 50].

Alternativnim gistupem pouzivanym pro chiralni separace pomocu cedektod je
vyjadrit rozdil efektivnich mobilit separovanych enantemnA a B, Auyp.rr, jako vazeny
pramér rozdili efektivnich mobilit generovanych interakci sjednia s druhym

selektoremApyp err1 @Apapesr2 [50, 54, 55]:

Abpperr =7 Alapesra + S Allapesf,2 (13)

Rozdil mobilit generovanyj-tym selektorem,Au,p ¢, j€ 0dvozen zrovnice (4) se

zavedenim fedpokladu, Ze mobilita komplexu je stejna pro aba@ngomery:

(us,j = ur) (Kgsj — Kasj)cs;
1+ (Késj' + K/;S]')Csj + Kl;Sij;Sijgj

AUsperr,j = (14)

21



kde pf = uy = up j& mobilita volneho analytu (stejna pro oba eramary), ug; = pasj =
tps; j& mobilita komplexu analytu se sektoreff,s; a Kgg; jsou komplexani konstanty
prvniho a druhého enantiomeru se selektorerny) g& koncentrace selektoru. Koeficientya

s vrovnici (13) nejsou i@sreé specifikovany, ale i pouzivani tohoto modelu se obécn
piedpoklada, Ze se jedna o kladnisla zavisla na parametrech komplexace a koncéalrac
obou selektar. Vztah (13) tedy neni mozné pouZzit pro §gtooptimalnich koncentraci obou
selektofi. Je ale v praxi hofnvyuzivan ke kvalitativnimu posouzeni, jaké selekje vhodné
zkombinovat, aby ifidani obou selektdr do BGE gineslo lepSi separaci ve srovnani se
situaci, kdy je fidan pouze jeden z nich [56-59]. Zgegpokladu, Ze- as jsou kladn&isla,
musi bytcleny Auyp err1 @ Aliapesr, budto oba kladné, nebo oba zaporné, aby kombinace
selektofi separaci nezhorSovala. Z toho vyplyva, Ze pokug@ swektory opany vliv na
mobilitu enantiomar (mobility effect — komplexace s jednim selektorem pohyb enantibmer
zrychluje, komplexace se druhym zpomaluje, pak nmoiii opa&ny rozpoznavaci vzorec
(recognition patterih— enantiomer, ktery interaguje sijns jednim selektorem, interaguje se
druhym slabji. Naopak, pokud maji oba selektory souhlasny wivmobilitu enantiomér—
komplexace s aima selektory pohyb enntioniebudto zrychluje, nebo zpomaluje, musi mit
také souhlasny rozpoznavaci vzorec — oba selekimmplexuji sil@ji se stejnym
enantiomerem. Nicménv pozdjSich publikacich [43, 50] dosli autanodelu k z&eru, Ze ve
druhém z vySe uvedenychiipadi nebude sice smiseni selekt@eparaci vyraznzhorSovat,

ale ani ji nezlepSi a je vyho#gi pouzit pouze jeden (ten ,selekt®y&i*) z obou selektdi.

Nicmérg, jak je uvedeno Yublikaci |, ve skuténosti mohou parametny as v rovnici
(13) nabyvat jak kladnych, tak zapornych hodnoysevzmigné za¥ry tedy nejsou obeen
platné. To je ndzogndemonstrovano na hypotetickém (nicragealre mozném) systému
chiralniho analytu a dvou selekiiorV tomto gipadt maji oba selektory souhlasny vliv na
mobilitu (interakce s atma pohyb enantiom&rzpomaluje) a oggny rozpoznavaci vzorec —
podle vySe uvedenych pravidel odvozenych z rovr(it8) by smiseni takovych dvou
selektofi mélo separaci pouze zhorSovat. Bylo ale ukazdhblikace ) Figure 2), Ze sis
téchto dvou selektdr miZze generovat &tSi rozdil efektivnich mobilit enantiomien vétsi
selektivitu (pondr efektivnich mobilit) ve srovnani s optimalni kemtraci jednoho nebo

druhého selektoru pouzitého samostatn
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Rozstenim modelu (4) (respektive (12)) ziskali Pesigal. [60] vztah popisujici
efektivni mobilitu analytu v fMs systému s libovolnym gtem selektal, N, (kazdy tvai

s analytem komplex o stechiometrii 1 : 1):

p _ Hat pasiKasiCs1 + pasaKas2Csat - FHlasn KasnCsn
aers 1+ Kps1651 + KysoCsat.. . +KysnCsy

(15)

Zjevnou nevyhodou modelu (15) je jesdimenzionalita, ktera by ztae komplikovala
jeho pouZiti k optimalizaci separace v praxi. Kaehet al. [61] pozdji ukazali, jak Ize tento
model vyrazy zjednodusSit. Koncentraci kazdého ze selektosystému Ize vyjétt jako:

Csj = XsjCtot (16)

kde xs; je molarni zlomek-tého selektoru ve s¥ai acy,, je celkova koncentrace selekior

(sowet koncentraci vSechrippmnych selektdr). Dosazenim z rovnice (16) do rovnice (15) a

naslednou Upravou vznikne vztah:

ta + (Has1KasiXs1 + HasaKasaXsat- .- FlasnKasn Xsn) Ceot

1A ! ! (17)
1+ (KA51X51 + K52 Xs2t- - +KA5NXSN)Ctot

Haerf =

V piipact, Ze slozeni sisi (vzdjemny porr koncentraci selektorvyjadieny molarnimi

zlomky yxs;) je konstantni, pak zavedenim nasledujici sulustitu

N
Ka$ = KasiXs1 + KasoXs2+ .. +Kasyxsn = 2 _ 1K14;SjXSj (18)
]:
M = tasiKasiXs1 + tasaKasaXso+. - HiasnKasn Xsn _ Z?]ﬂ HasjKasjXs; (19)
A Kps1Xs1 + KysaXsat+. .. +KysnXsn K%

Ize ziskat vysledny vyraz pro efektivni mobilituadytu interagujiciho se sfsi selektai:
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Ua T UasBas Crot (20)

Haers = 1+ Kf% Ctot

Rovnice (20) je formakh shodna s vyrazem (4) popisujicim systém, kde anatgraguje
pouze s jednim selektorem. Pokud je sloZerssselektoit konstantni, Ize na sfa selektoi
pohliZet jako na selektor jediny, jehoZ interak@nalytem je charakterizovana M-souhrnnou
(M-overall) komplex&ni konstantouk;¥ a M-souhrnnou mobilitou komplexul.. Tyto
parametry Ize pro danou smzn¥fit experimentald metodou afinitni kapilarni elektroforézy
(ACE, affinity capillary electrophores)s[20, 62] a naslednje pouzit k hledani optimalni
celkové koncentrace selektoru — a to bez ohledtakia Ze konkretni sloZeni i (ys;) a

komplex&ni parametry pro jeji jednotlivé slozky nejsou ziyam

Karanacket al. ve své préaci [61] pouZzivali k separaci &smdvou derivatizovanych
cyklodextrini, z nichz kazdy byl ve skuirosti sam s®si selektot liSicich se stupim
substituce a polohou substitugniodelem (18) — (20) demonstrovali, Ze pro poploiého
systému mze byt pouzit vztah (12) (odvozenyyodre pro snés dvou gistych selektoi) a
dale se souhrnnym modelem (18) — (20) nepracoRativépodobré z toho divodu model

zapad|, dokud nebyl nezavisle znovu odvozen a koNdin nasi skupinou [63, 64].

Z modelu (18) — (20) (dale bude oZowan jako M-souhrnny model) vyplyva, ze
optimalizani strategie odvozené pron& systémy lze pouzit pro optimalizaci celkové
koncentrace sisi selektol v S\Ms systémech — ovSem é&ps toutéz dleZitou vyjimkou
jako v pipadt pH-souhrnného popisu (7) — (10): ¥igadt chirdlnich separaci nelzepriori
predpokladat, Ze M-souhrnna mobilita komplexfy bude stejna pro oba enantiomery. Tento
parametr nelze chapat jako mobilit¢jaké ¢astice fyzicky pitomné v roztoku, ale jednoduSe
jako parametpl zavislosti (20), tedy mobilitu, ke které se lindithlizi efektivni mobilita
analytu se virstajici celkovou koncentraci gmi selektodi. Z rovnice (19) vyplyva, ze
hodnota tohoto parametru zavisi jak na mobilitaetinptlivych komplex u,s;, tak na
komplexa&nich konstantach a slozeni &n | pokud budou pro kazdy jednotlivy selektor
j mobility komplexu stejné pro oba enantiomery, tglbudou fizné pro @izné selektory, pak
se budou vysledngls u obou enantiomeérlisit (pokud se alesgiopro jeden selektor budou
liSit komplex&ni konstanty obou enantionig@r Timto mechanismem je mozné vysik
velkou separéni schopnost nedefinovarsulfatovanych cyklodextrin [64], ktera je velmi

vyznamna v analytické praxi.
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M-souhrnny model poskytl uzitey vhled do mechanismu separace sesssmi
selektofi, jako jsou komemé¢ dodavané derivatizované cyklodextriny, u kteryctivatel
nezna pesné slozeni ssi. Vyuziti tohoto pistupu také pro popis z&mé pripravovanych

smesi dvou selektdr, stejré jako experimentalni @éveni, je ukazano Rublikaci L.

Na rozdil od systéins jednim selektorem, pro které existuja$4 modely zmhované
vySe, publikované modely elektromigrace v systémeeice selektory dosud nezahrnovaly
moznou acidobazickou disociaci analytu. Takové item$ modelu (18) - (20) na Ms
(multi-free-analyte-form multi-selecfosystémy, kde vice volnych forem analytu interaguj

s vice selektory jefpdstaveno Yublikacich lllalV.

1.2 Stanoveni spravné efektivni mobility

VSechny elektromigi modely rozebirané W edesSlé Kkapitole pracuji s parametry
komplexace — komplexaimi konstantami a mobilitami komplexu. Ty je nuts@anovit
experimentals, zpravidla proloZzenim zavislosti efektivnich mdbilaného analytu na
koncentraci selektoru vhodnou funkci (ACE metod8, [B2]). Ugeni spravné efektivni
mobility analytu je proto ktiové pro stanoveni komplex@ich parametr a jejich naslednou

vyuzitelnost v diznych optimalizanich strategiich.

Tato dizertaéni prace se detaidfi vénuje dema uskalim, se kterymi se experimentator
pii stanovovani spravné efektivni mobilityi#e potykat:

(i) stanoveni mobility elektroosmotického toku akfadnich elektrolytech obsahujicich

nabitou interagujici slozku;

(ii) urceni migr&nihoc¢asu u pik deformovanych elektromigai disperzi.

Elektroosmoticky tok a jeho stanoveni

Elektroosmoticky tok (EOFelectroosmotic floyvv elektroforéze je Zisoben nabojem na
vnitini seén¢ kapilary (ten vznika ndjklad disociaci silanolovych skupin na povrchu
nemodifikované kemenné kapilary) a projevuje se pohybem celéhohbkapilary smirem
k jedné z elektrod [65]. Rychlost analyttcv kapilae a detektoru je tak dana gtem jeho
pohybu skrz roztok zisobeného elektromigraci, a pohybu roztoku jakolcelisobeného
elektroosmotickym tokem. Pro aani efektivni mobility analytu (rychlosti pohybu rgk

roztok vztazené na jednotkovou intenzitu elektricképole) je tedyieba spravé stanovit
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mobilitu EOF a tu od#st od celkové, zjevné mobility analytu. V litersgye popsansada
zpasohi stanoveni mobility EOF, které jsou shrnuty iielad v prehledovéntlanku Wanga
et al. [66].

NejcasgjSi je pouziti neutrdlniho markeru (hkavate), ktery nema vlastni
elektroforetickou mobilitu, pohybuje se pouziespbenim EOF, a z jeho piku zaznamenaného
detektorem je pak rychlost EOF stanovena.riygmt komplexujicich systéins nabitymi
selektory ale tato metodate selhat, protoze selektoripe vedle analytu interagovat i
s EOF markerem — ten pak diky této interakci ziakdenulovou efektivni mobilitu, ktera se
navic (obdob# jako u analytu) s koncentraci selektorgnim Stanovené efektivni mobility
analytu jsou pak zatizené systematickou chybou.

Fuguetet al. [67] porovnavali, nakolikttzné EOF markery interagu§i neinteraguji
s nabitymi micelami v BGE a které markery jsou tediypdné ke stanoveni mobility EOF
v micelarni elektrokinetické chromatografii. Takow¥ovnani pro nabité cyklodextriny
(zejména cyklodextriny nedefinovéarsulfatované, které patk nejoblibegjSim selektoim
v CE [4, 68, 69, 70]) nebylo k dispozici.

V roce 1997 vyvinuli Williams a Vigh [71] metodu@ stanoveni efektivni mobility
v BGE obsahujicich interagujici slozku. Zona nénitd EOF markeru byla obklopena
Sirokymi zénami BGE bez interagujici slozky, zémalsitu se pak nachazela v 20BGE,
ktery nabitou interagujici slozku obsahoval. Anatgtmohla byt, a&asto byla, latka &Zn¢
slouzici jako EOF marker. Metoda unioZala odhalit jeji gipadnou ,mobilizaci” interakci
s nabitou interagujici slozkou BGE - s nabitym lgelem. Konkrétd se jednalo o
definované gingle-isomer sulfatované cyklodextriny [72-74]. Metoda bylalaZzena na
uréeni vzdalenosti mezi EOF markerem a analytéed m po kratké aplikaci nép. Jeji
velkou nevyhodou nicmérbylo, Ze UV detektor musel byt umistpriblizné uprosted délky

kapilary, coz v komenich gistrojich zpravidla neni mozné.

V Publikaci V je predstavena metoda stanoveni efektivni mobility v B&Rabitou
interagujici slozkou, kterou lIze pouzit v kokrér dostupném fistroji pro CE bez poeby
dodaténych Uprav. Pomoci této metody byla porovnana vbhsetétyi ¢asto pouzivanych
EOF markeit pro vyuziti v BGE obsahujicim nedefinoasulfatovanyp-cyklodextrin (snés
selektofi 0 mizném stupni derivatizace a poloze substitilehbjrné pouzivany v analytické

praxi.
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Elektromigra éni disperze a parametry HVL funkce

Pokud v zén analytu zavisi pohyblivost analytu na jeho vlaftohcentraci, pak dochazi
k deformaci tvaru jeho piku z Gaussovského na hedpiikovy (za pedpokladu, Ze gvodre
byl vzorek davkovan jako velmi Uzka zona). Tente $& nazyva elektromigtai disperze
(EMD) a mize k rimu dochazet z nasledujicictidin:

(i) zmeéna vodivosti (a tedy i intenzity pole) ve srovn&BGE v disledku gitomnosti
analytu [75];
(i) nedostaténa pufr&ni kapacita BGE (a tedy zma zastoupeni jednotlivych

disocianich staw analytu se z#nou jeho koncentrace v z75];

(i) vyznamny ubytek volného selektoru v Zz0analytu v dsledku komplexace (a tedy

narist frakce volného analytu s rostouci celkovou katreei analytu) [14, 15].

Z linearizovaného modelu elektromigrace s maloineérni poruchou bylo odvozeno, Ze tvar
piku deformovaného EMD déd vystihuje HVL funkce [16, 17, 18]:

1 1 t D
—a,
exp(ay) —1 + 7(1 + erf(\/ia2 >>

kdet je cas, paramets, odpovida ploSe piku; jeho poloze vyplyvajici z efektivni mobility
analytu @i jeho nekoneéném zZedni, a, popisuje difuzni (symetrick€) ro¥éni piku aas
charakterizuje nesymetrickou deformaci pikiNa Obrazku 1 je ukazano, jak se u piku
deformovaného EMD #mi poloha jeho maxima s celkovou koncentraci aoalyatimco
parametra, se nemni. Pra¥ z parametrui, je tedy vhodné stanovovat efektivni mobilitu

analytu, ktera je naslediyuzita napiklad k ugeni komplexanich parametr.

V piipadt Gaussovského piku jsou znamy vztahy mezi jeho g&aorkymi viastnostmi
(poloha maxima, #ta v polovirg vySky) a parametryifslusné Gaussovy funkce ietni

"V literatire se uzivaji dvatzné zpisoby parametrizace HVL funkce, které se ovSemplize v definici
parametrui;. V této praci je pouzivan apob uvedeny v praci Hruslet al.[18].
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hodnota, rozptyl). Pro HVL pik ale dosud takové avst nebyly odvozeny. Jedinym
zpasobem, jak pro dany pik analytu stanovit parametiyovidajici HVL funkce, byl export
experimentalnich dat a jejich proloZzeni HVL funkoimoci vhodného softwaru pro nelinearni
regresi — coz vyzaduje vymezeni rozsahu dat prtyamaode&teni zakladni linie aipdevsim
prvotni odhad paramétHVL funkce, které jsou nasledmsoftwarem optimalizovany. Odhad
parameti je klicovy pro uspsSné vyhodnoceni experimentalnich dat a vyZzadujeujisniru
zkuSenosti.

Vztahy mezi ,viditelnymi“ charakteristikami piku geometrickymi vlastnostmi HVL

funkce, a jejimi parametry, které uniogi vypocet €chto parametr bez pouziti nelinearni

regrese, jsou odvozenyRublikaci V1

Obrazek 1: Zmeéna tvaru piku deformovaného elektromigvdisperzi sostouci koncentraci analytu; plny
svislymi¢arami jsou vyzn&ena maxima pik svisla geruSovan&ara zndi polohu parametra, prislusné HVI
funkce — hodnota tohoto parametru se s koncendrzaiytu nerdni a je tedy stejna pro vSechtiy zobrazen

piky.
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Twenty years of development of dual and
multi-selector models in capillary
electrophoresis: A review

It has been 20 years since Lurie et al. first published their model of electromigration of an
analyte under simultaneous interaction with two cyclodextrins as chiral selectors. Since
then, the theory of (enantio)separation in dual and complex mixtures of (chiral) selectors
is well understood. In spite of this, a trial-and-error approach still prevails in analytical
practice. Such a situation is likely caused by the fact that the entire theory is spread over
numerous papers and the relations between various models are not always clear. The
present review condenses the theory for the first time. Available mathematical models
and feasible practical approaches are summarized and their advantages and limitations

discussed.

Keywords:

Capillary zone electrophoresis / Complexation / Dual selector system / Electro-

kinetic chromatography / Mixture of selectors

1 Scope of the review

A variety of mathematical models describing electromigra-
tion of an analyte interacting with a single selector (single-
selector models) have been published and are summarized
in general CE reviews or reviews focused on chiral separa-
tions [1-4]. Models dealing with separation systems contain-
ing two or more selectors (dual-selector and multiselector
models) have also been proposed in the literature. How-
ever, even though some of these models were cited in re-
views [2, 3,5, 6], there is apparently no up-to-date review in
which the dual- and multiselector models are thoroughly dis-
cussed and summarized.

Practical applications of dual separation systems, mainly
with cyclodextrins, can be found in specialized reviews [5,7] or
in comprehensive reviews on chiral CE separations [3,6,8-12].
In the present paper, we provide an overview of mathemat-
ical models that describe by means of closed mathematical
formulas the electromigration behavior of analytes under an
interaction with two or more selectors.

2 Introduction
The effective mobility of an analyte interacting with a single

selector, a7, is given by a weighted average of mobilities
of the individual forms the analyte has in the solution. In

Correspondence: Dr. Pavel Dubsky, Charles University in Prague,
Faculty of Science, Albertov 6, 128 40 Prague 2, Czech Republic
E-mail: pavel.dubsky @ natur.cuni.cz

Abbreviation: EMO, electromigration order
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this case, in the separation system, these are the free (un-
complexed) form of the analyte with the mobility w4y, and
the complex of analyte and the selector with the mobility
pac [13]:

Kac[C] "
1+ K€€

Kaeff = Moar

1
1+ Kac[C]

~ Pay + racKac[C] 1)

1+ Kac[C]
where K¢ is the apparent complexation constant character-
izing strength of interaction of the analyte with the selector:

_ [AC]

= — 2
[AC] &

Ac
where [A], [C], and [AC] are equilibrium concentrations of
the free analyte, the free selector and the formed complex,
respectively. Note that the apparent complexation constant
Kc is defined by concentrations (conversely to the true ther-
modynamic complexation constant defined by activities). The
Eq. (1) is valid if the complexation equilibrium is established
much faster compared to the speed of the electrophoretic
movement and the complexation stoichiometry is 1:1 (ana-
lyte:selector). The stoichiometry of the complexation can be
determined by various methods reviewed elsewhere [2,3] (e.g.
NMR or UV-Vis spectroscopy utilizing the Job’s plot method,
MS with soft ionization). The 1:1 stoichiometry is typical for
cyclodextrins [2,4]. Alternatively, the interaction of an analyte
with a selector may be characterized with a capacity factor

Colour Online: See the article online to view Figs. 1 and 2 in colour.
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k', (or the affinity factor analogous to the retention factor in
chromatography) [14]:

Mac
K,=— 3
= ®)
where n, and nsc are molar amounts of the free and the
complexed form of the analyte in the separation system, re-
spectively. Consequently, the effective mobility of the analyte
may be expressed in terms of the capacity factor:
1 n K, "
Hac = —— —4
AC 1+k,AP-Af 1+k,AP-Ac (4)

In the case of 1:1 complexation, the Eq. (4) is mathemat-
ically equivalent to the Eq. (1) (k/y = Kac[C]). When adopting
the simplification stating that the equilibrium concentration
of the free selector [C] is approximately equal to its analytical
concentration, cc, (i.e. the complexation affects the selectors’
concentration only negligibly) the Eq. (1) results in the form
published by Wren and Rowe in 1992 [13]:

Par + pacKacee

5
1+ Kacce G

Raeff =

A high concentration of CD increases the viscosity of the
solution that, in turn, influences the effective mobility of an
analyte. Therefore, on the right-hand side of the Eq. (5), the ef-
fective mobility should be multiplied by a viscosity correction
factor (see e.g. [15]). The viscosity correction will be omitted
in formulas presented in this work for simplicity. Similarly,
all the individual complexation constants and mobilities of
complexes are considered under the constant ionic strength.
If a mixture of selectors is used, from which at least one is
charged, the ionic strength of the buffer depends strongly
on both the mixture composition and its total concentration.
This problem can be overcome by decreasing the buffer con-
centration as a compensation for increasing concentration of
the charged selector [16,17].

3 Dual selector models
3.1 Extension of Wren and Rowe model
3.1.1 Two-concentration model

A quantitative description of the effective mobility of an an-
alyte in a dual-selector system stems from the Wren and
Rowe’s single-selector Eq. (5). Its natural extension lies in
integrating the second selector so that the effective mobility
becomes a function of two concentrations ¢; and ¢, of the
first and the second selector, respectively. In general, it is
assumed that the analyte interacts with the two selectors in-
dependently. Thus it is sometimes mentioned explicitly that
no formation of mixed complexes between the analyte and
the two selectors is allowed. In fact, 1:1 complexation is re-
quired along with all the other requirements for validity of the
Wren and Rowe’s model. Under this assumption, the equilib-
ria is characterized by two individual complexation constants,

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Kac1 and Kac, and the two analyte-selector complexes mi-
grate with their respective mobilities, pac1 and pac, so the
Eq. (5) becomes:

par + paci1 Kaci61 + paca Kacaca
1+ Kaci¢1 + Kacaca.

Wagff = ()

Similar to Eq. (4), Eq. (6) can alternatively be expressed
in terms of the capacity factors kj and k}; k! = Kacic;.

To our knowledge, Lurie et al. [18] were the first who pub-
lished the Eq. (6) in 1994. The authors used it for semiquan-
titative analysis of their dual-CD system, which consisted of
positively charged chiral analytes A and neutral and highly
negatively charged cyclodextrins CDI% and CDIJ, respectively.
Thus the analytes migrating toward the cathode were slowed
down by complexation with the CD!, and could possibly re-
verse the direction of electromigration when complexed with
CD!l. The authors concluded that it is the numerator in
Eq. (6) that controls the sign of the final expression and thus
proved mathematically that the direction of electromigration
of the analyte in a dual mixture consisting of a neutral and
a counter-migrating selector is governed by both the indi-
vidual complexation constants and concentrations of the two
selectors.

The pioneering work continued with the group of Peng,
Bowser, Kranack and Chen. Besides the theoretical descrip-
tion of the system, they also discovered the existence of the
so-called “dengsu” point [19]. “Dengsu” means “equal speed”
in Chinese and refers to a rather curious property of some
dual-selector systems where the effective mobility of the an-
alyte may not change at a certain (dengsu) concentration of
one of the selectors, regardless of the presence of the other
selector. Peng et al. [19] were also the first who provided the
experimental verification of the theory (6). The reported data
gave a good agreement between the observed and predicted
effective mobilities of three Al~) analytes in a CDI% /CD[% dual
mixture (Table 1). Kranack et al. [20] then compared, mea-
sured and predicted effective mobilities in a CDI% /CDI™ sys-
tem for three Al) analytes (Table 1).

Two dual selector models have also been developed
that are focused on the separation of neutral hydrophobic
analytes—polycyclic aromatic hydrocarbons—Dby mixtures of
the charged and the neutral CD (a Al/CD[)/CD¥system)
[21-23]. Due to the high hydrophobicity of polycyclic aromatic
hydrocarbons, the authors supposed that the concentration of
the free form of the analytes is negligible. Therefore, the an-
alytes are considered to be present only in the form of the
complexes with either the neutral or the charged CD.

The approach proposed by Szolar et al. [23] is very similar
to the model (6), except that the concentration of the free form
of the analyte is neglected and not only 1:1 stoichiometry of
the formed complexes is allowed. Formation of the mixed
complexes was not taken into account in the model. The au-
thors observed that the 1:1 (analyte:selector) stoichiometry for
both selectors was in the best agreement with their experi-
mental results. Conversely, Whitaker et al. [21,22] based their
model on the approach developed for MEKC [24]. The au-
thors expected that the analytes would be present only in the

www.electrophoresis-journal.com
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hydrophobic cavities of the CDs and that the transfer of the
analytes between the “phases” would occur only during colli-
sions of the CD molecules. Therefore, when loss of the sepa-
ration efficiency at the low total concentration of the selectors
was observed, the authors explained this effect by the lower
frequency of the collisions and thus the slower exchange of
the analyte between the “phases.” This consideration is in
contrast with the other dual selector models discussed in this
review, in which the complexation equilibrium is always sup-
posed to be infinitely fast.

3.1.2 Overall equilibrium

In addition, Bowser et al. expressed the effective mobility of
the analyte in terms of the “adapted” mobilities and complex-
ation constants. Provided that one of the selector concentra-
tions (c;) is kept constant, the effective mobility of an analyte
can be expressed as [25]:

p'*Af + KZ(:ﬂLAClCl

Bagr = (7)

1+ K1
o s+ Kacapacato ®)
Har = 1+ Kacacz
KACI
Kft . = —" 9
AT T Kaot 9)

Quantities %, and K, were referred to as “apparent”
values in the original work, but we use the term “adapted”
instead. Equation (7) is formally identical to that of Wren
and Rowe (5). Noticeably, it implies that if the analyte is
supposed to interact with only one selector but another inter-
acting compound is present in the BGEs at constant concen-
tration, the “hidden” complexation will not be revealed and
incorrect complexation constant and mobility of free analyte
will be determined.

A similar, but conceptually different, scheme was re-
cently published by our group [26]. We deduced that it is
not the individual concentrations of the two selectors in the
mixture but rather their molar fraction that governs the dual
selector system behavior. In all other aspects the system
should obey the simple Wren and Rowe’s equation with cer-
tain overall complexation constants and overall mobility of the
complex:

over

War + KEEPAE Cror

= 10
K 10
K¢ = (1= x2) Kac1 + x2Kacz (11)

1-— K K
po = ( X2) kac1 Kact + Xamaca Kaca (12)

AC — KIZVCBY
where c,; = ¢; + ¢, is the total concentration of the mixture
and X, = ¢3/¢i is the molar fraction of the second selector
in the mixture.

Several advantages of switching from {c1; ¢;} to {x2; Ciot}
coordinates are discussed in the original paper [26]. They all

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CE and CEC 2691

basically originate from the following two points: First, the
system behaves according to the familiar single-selector-like
pattern of p versus ¢, dependency as far as the mixture
composition x; is constant. Consequently, the entire theory,
which has been extensively developed for the single-selector
systems in recent years, can be applied in dual-selector sys-
tems as well when the overall complexation parameters are
substituted into the original Wren and Rowe’s Eq. (5). Also,
the molar fraction x, can only attain values from zero to one.
In turn, the pag versus ¢, pattern can be inspected as a
function of the well-bounded parameter x, over the whole
range of all possible mixture compositions.

3.2 Predicting separation characteristics
3.2.1 Intrinsic selectivity

Lelievre et al. [27] used the concept of intrinsic selectivity to
characterize the separation ability of a dual-selector system.
For a single selector interacting with a pair of enantiomers A
and B, the intrinsic selectivity is defined as [28]:

K, Kic

Z 13
“TE T Kuc (13)

where k/; and k’; are the capacity factors (see Eq. (3)) and
Kac and Kpc are the respective complexation constants. For
a dual-selector system, the authors defined the intrinsic se-
lectivity k;of the first selector in the presence of a particular
concentration of the second selector, which we will call the
adapted intrinsic selectivity in terms defined in Section 3.1.2:

«_ Kici  Kaci 1+ Kpeacr (14)

K, acl =
! K%eq Kpc1 1+ Kacaca

K¢y and Kj¢, are the adapted complexation constants
(see Eq. (9)) of the respective analytes A and B with the first
selector at a fixed concentration, ¢, of the second selector.
Other symbols have the same meaning as in (6). If Kac ¢, >
land Kpc,c, > 1, then the adapted intrinsic selectivity of the
first selector is equal to the ratio of the intrinsic selectivities
of the two selectors k;* = K; /K.

The adapted intrinsic selectivity, k;, is independent of
the concentration of the first selector and therefore should
characterize the influence of this selector on a separation at
a given concentration of the second selector. This approach
reflects the common analytical practice, where one selector is
used as a (stereo-)selective agent, the concentration of which
is optimized, while the other is used as a mobilizing agent at
a constant concentration.

In addition, the global intrinsic selectivity of a dual-
selector mixture, k¢'°, is defined:

,
glob
_kFT Kacier + Kacata  Kact + Kaz

/ =
k[f,"l"b Kpcic1 + Kpeata Kper + Kpeaz

w&lob
(15)
Kb njc1 +njcy
J - i

njf
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where k;-gl”b is the global capacity factor of the analyte j (j re-
ferring to the analyte A or B) in the dual-selector mixture (see
also Eq. (3)), njc1 is the molar amount of the complex of the
analyte with the first selector, n;¢; is the molar amount of
the complex of the analyte with the second selector, 1 is the
molar amount of the free analyte, and z is the ratio of concen-
trations of the two selectors z = ¢1/c,. The global intrinsic
selectivity is therefore constant for a given ratio of selector
concentrations. It may not be obvious, but comparison of the
Egs. (15) and (11) shows, that the global intrinsic selectivity
is actually a ratio of the overall complexation constants of the
analytes A and B. The authors also concluded [27] that above
a certain concentration threshold, the analytical resolution
does not change significantly with increasing concentration
of the selector mixture, but can be tuned by altering the ratio
of the selector concentrations. A formula was also presented
for mobility of an analyte completely complexed with a dual-
selector mixture. Though expressed in a slightly different way,
it was mathematically equivalent to the Eq. (12) given in the
overall complexation model.

The model by Lelievre et al. does not offer any formula
that could be directly used for the search for optimum sep-
aration conditions but it can be helpful in considering the
separation ability of a particular dual-selector system. On the
other hand, the intrinsic selectivity only takes into account
the contribution of complexation constants to the selectivity
of the system and omits the influence of the mobilities of the
complexes, which can be crucial [29].

3.2.2 Mobility difference, selectivity

Based on the effective mobilities of the two analytes, various
quantities ranking the separation efficiency can be calculated.
These are ordinary measures used in single-, dual-, and pos-
sibly, multiselector systems and their common advantages
and disadvantages are thoroughly discussed in the review by
Chankvetadze [30]. Their adaptation and applicability in the
dual-selector systems is reviewed in the rest of this section.

The mobility difference Ap 5 (16), the mobility factor
MEF (17), the selectivity as5(18), as well as any other charac-
teristic, can be straightforwardly calculated from the effective
mobilities war and wpg of the two analytes A and B ex-
pressed in terms of either of the dual-selector Egs. (6), (7), or
(10).

Apap = Bagf — Kaef (16)
2(acf — Me
MF = (Raeff — Wnefr) 17)
Waef + Mo
Qg = e (18)
M Beff

Abushoffa et at. [31-33] experimentally verified that the selec-
tivity in a dual-selector system can be predicted utilizing the
Egs. (6) and (18) (Table 1).
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Nhujak etal. [34] chose the selectivity and the mobility dif-
ference as the measures of the chiral separation efficacy. How-
ever, instead of using parameters of complexation of each in-
dividual analyte with each individual selector (i.e. individual
complexation constants and mobilities of complexes), they
defined the following parameters to characterize the interac-
tion of a pair of enantiomers with one selector: (i) a geometric
average of the complexation constants of the selector with the
two enantiomers K¢; = (Kac; - KBC,)%, (ii) the intrinsic se-
lectivity k; = Kaci/ Kpci(the same as (13), the parameter was
called “enantioselectivity” by the authors), (iii) the mobility
of the diastereomeric complex (supposed to be the same for
both enantiomers in this model) pc; = paci = paci, and (iv)
the ratio of the mobilities of the free analyte and the diastere-
omeric complex, B; = ps/pci (note that the two enantiomers
have the same mobility j.s). Substituting these parameters
into the Eq. (6), the authors expressed the mobility difference
A ap and the selectivity ap in a dual selector mixture:

G+ G, + Hp
Apap = —————"
(14 Kcier + Keata)
G =2 () Ko ( ) 19
P = iCi - i
1) e K= Kci (19)

4 (o — K1)

Hy=|———"—)Kcic:Kese -
12 <(K1+1) (K2+1)> c161Ke262 (et — pc2)

1% 1+ Keici/k1 + Keaca/x;
Qap = Vi V=
B

R 1 - 1
1+ Kcici——= + Ke2eo—=
/K1

NG
1+ Kc16131«/K>1+K7CzCzBZ\/K>z
— 1
1+ KC‘l‘:lBlﬁ + Kcacafr

Ve = 1
NCY

where subscripts 1 and 2 refer to the first and the second selec-
tor, respectively. It should be reemphasized that the model is
preferably aimed at enantioseparation (w4r = pgs) and valid
only under the assumption of wac; = ppci. The model was
also verified experimentally (Table 1). The main advantage of
this approach, stressed by the authors, is that the parameters
k; and B; are dimensionless and thus can be used for compar-
ison among various selectors. In this way they identified five
different kinds of dual-selector systems. Unfortunately, the
parameters f3; and B, (that reflect the mobilities of the com-
plexes with the first and second selector, pc1 and pc,) were
not accounted for in the classification. Therefore it suffers
from the same drawback as the intrinsic selectivity concept
and is only of limited value in practice.

3.2.3 Resolution

Resolution of analytes A and B can be expressed as follows
(adapted from [30]):

N off — MeBe
RAE = £ (A — Paefr) @1)

4
(R + bef) + Beror

1
2
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where N is the number of theoretical plates and pgor is the
mobility of EOF. Interestingly, a modification of the resolu-
tion equation for a A*1/CDI”/CDI-ldual-selector system was
reported already by Lurie et al. [18] but without any further
use.

Shaeper et al. [35] made an attempt to optimize their
separation based on a prediction of the resolution. They used a
dual-selector system consisting of two neutral CDs to separate
five enantiomeric pairs of dansylated amino acids in one run
(AH1/CD/CDI system). For a particular selector mixture
composition, they calculated the effective mobilities of all
their analytes by Eq. (6). Then, they roughly estimated the
resolution of each pair of subsequent analytes based on the
calculated effective mobilities and the approximation that the
number of theoretical plates, N, is the same for all analytes
and separations. Consequently, a “chromatographic response
function” CRF was calculated that served as a measure of the
success of the separation:

Rgpl RAE
CRF = aZan +b Zln R
AB S AB s

(22)

where RY" is the optimum resolution (R = 1.5 was cho-
sen by the authors). The parameter a weights those pairs
of neighboring peaks that have higher resolution than nec-
essary (R28 > RY"), b weights insufficiently resolved peaks
(R4® < RY").The values of the parameters a and b are arbi-
trarily chosen according to the needs of a particular separa-
tion (@ =5, b = 50 were used by the authors). The CRF values
should be always negative and approach zero for the ideal
separation. The authors optimized the CRF value by varying
concentrations of both selectors. Even though the resolution
was estimated very roughly in this work, the concept of the
chromatographic response function is of general applicability
for separations of higher numbers of analytes.

More accurate calculation of resolution was used by Sura-
paneni et al. [36] in order to optimize the chiral separation in
the Al%/CDI% /CDI-! system (three different CDI” were tested).
When the EOF is assumed to be negligible (as was the case
in [36]) and only the longitudinal diffusion is taken into ac-
count as a source of the peak broadening, the Eq. (21) can be
rewritten in terms of the effective mobilities g and pp.s
and effective charges za5 and zp,5 of the analytes A and B [37]:

rAB — (Pady — ) (Zacy Z5ep) ( eu )]/2 (23)
an _ U
W (Zaeg) + B (Zneg)? \BET

where U is the applied voltage, ¢ is the elementary charge,
k is the Boltzmann constant, T is thermodynamic tempera-
ture. Surapaneni et al. calculated the effective mobilities by
Eq. (6). The effective charges can be calculated analogously as
a weighted sum of charges of the individual forms of the ana-
lyte. In the case of the Al /CDI/CDIh'ed] system, it applies:

Zac1 Kacic

_ (24)
1+ Kaci61 + Kacaca

ZAeﬁ" =
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where subscript 1 refers to the charged selector and zacq
is its charge. The predicted resolution was plotted as a 3D
function of the concentrations of the two selectors (see also
Section 3.3.2) and the dual-selector system with optimum
concentrations of selectors was chosen. Nevertheless, the au-
thors admit that the experimental resolution was only 60% of
that predicted, and attributed this observation to the longer
time the analyte spent in the capillary when interacting with
a lower amount of the charged (mobilizing) selector. How-
ever, the loss of the resolution could just as likely be caused
by a complexation-induced electromigration dispersion, as
demonstrated recently for single-selector systems [38, 39].
This study showed that the unusual electromigration-like dis-
persion of the analyte peak may occur, especially when it
interacts with a relatively low amount of the selector. There-
fore, Eq. (23) must be used with care, especially in case of the
strongly complexing selectors.

3.3 Graphical analysis
3.3.1 Binding isotherms and counter plots

Visualizing the expected trends in dual- selector systems may
help to overcome the mathematical difficulty of dealing with
the two-parametric model (6). Most straightforward are the
3D plots of pag versus ¢ and ¢, dependence (Fig. 1A) as
originally used by Peng et al. [19, 20, 25]. These dependences
were referred to as binding isotherm surfaces by the authors.
Nevertheless, such graphs suffer from their rather hard read-
ability when printed. The graphs must be explored from var-
ious projections and perspectives, in order to get insight into
the properties of the system. On the other hand, the binding
isotherms are readily constructible by means of modern soft-
ware tools, where they can be further inspected without any
limitation.

Another strategy adopted by the authors was the descrip-
tion of the system by contour plots (Fig. 1B). The concentra-
tion, ¢,, can be calculated at which the analyte attains a certain
effective mobility a5 as a function of ¢;. Thus the contour
plot shows the “iso-mobility” curves (the term not originally
used by the authors). By expressing the partial derivative of ¢,
vs. 1, the authors showed that the iso-mobility curves form
straight lines with the slopes (depending on chosen pagf):

ey __ Kaci(Paegp — Peac1) (25)
dcy Kaca(Paegp — Peac2)

Notably, in the light of the contour plots, the dengsu point
(cf. Section 3.1.1) is only a special case of such iso-mobility
lines. In principle, any achievable ..y value can be attained
in an infinite number of mixtures at various concentrations
¢, and the corresponding concentration ¢,

3.3.2 Separation characteristics

Separation characteristics of dual selector systems, such as
the mobility difference, selectivity, resolution, etc. were also
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Figure 1. Graphical analysis of the mobility dependence in the dual-selector system. Model data from Table 2, analyte A, selectors 2 and

3. (A) 3D plot, Eq. (6). (B) Counter plot, Eq. (25). The counter lines are displayed in 2 x 10~°

inred (12-10°m2V-"'s").

inspected theoretically by means of the graphical analysis
(Fig. 2 A). Surapaneni et al. [36] plotted the resolution surfaces
(Egs. 6 and 24 combined with (23) in the A% /CDI% /CD["! sys-
tem using three different CD!% selectors. All the resulted plots
exhibited simple monotonous trends. Abushoffa et al. [32]
combined Eq. (6) with that for the selectivity (18) or with that
for the mobility factor (17) in order to observe the respective
3D surface plots in their A”/CDI=l/CD*} dual-CD separation
system. These plots were far more complex than the previous
ones observed by Surapaneni et al. [36] but still served well for
both the qualitative picture of the system behavior (identifi-
cation of the extremes or the electromigration order reversal
(EMO)) as well as the quantitative assessment of favorable
mixture compositions.

Simplification of the 3D complexity lies in plotting the
separation characteristics as a function of one parameter,
while keeping the second parameter constant. Most often,
the separation characteristics are plotted against ¢; at con-
stant ¢, [32, 34, 36, 40]. Nhujak et al. [34] utilized such an
analysis to describe their dimensionless classification system
(cf. Section 3.2.2). Similarly Zhu et al. [40] used the graphs
for the theoretical explanation of the observed EMO reversal
in the A*1/CDI%/CDI% system.

Introduction of the overall model (Eqs. 10-12) enables
us to plot various characteristics of the dual selector system
as a function of its composition x, (Fig. 2B-D). Interestingly,
Zhu et al. [40] already plotted the mobility difference and se-
lectivity in terms of the molar fraction x, at a constant total
mixture concentration ¢, but without a further theoretical
substantiation. We demonstrated this approach in our recent
study [26]. Advantageously, the molar ratio x, can only attain
the values between one and zero and thus the exploration
is needed no more than within this limited constraint. As
the example, the total mixture concentration ¢, at which (if
any) the EMO reversal occurs was plotted as the function of
the mixture composition X, in two model Al-l/CDI%/CDI
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systems. The regions of a possible EMO reversal are easily
identified in this way (Fig. 2B); model data). A similar strategy
can be adopted for the optimum mixture concentration with
respect to the maximum mobility difference, selectivity or
other separation characteristics. Furthermore, the optimiza-
tion characteristics of interest can be plotted as the function
of the overall mixture concentration ¢, at several levels of
mixture compositions x; (Fig. 2C and D). Such curves obey
the patterns familiar from single-selector models, which gen-
erally exhibit the clear limit (as ¢ grows to infinity) and
possible extremes (e.g. maximum selectivity etc.). The selec-
tivity curves were also validated in the cited paper [26]. Such
a graphical analysis thus helps the analysts in choosing the
favorable separation conditions.

3.4 Weighted mobility difference concept

The approaches summarized up to now were based on the
extended Wren and Rowe’s Eq. (6). Conversely, Chankve-
tadze et al. [33,41,42] proposed a rather different strategy to
understanding the chiral separation mechanism in the dual-
selector systems. The mobility difference in the dual selector
system, A »p, was expressed as a weighted sum of mobility
differences generated by the first, A pp c1, and the second,
A ap.c; selector:

Apap=71-Apapci+s-Apapca (26)

where rand s were referred to as the statistical weights of the
mobility difference, which the first and the second selector,
respectively, would generate if it was in the system alone.
This mobility difference generated by the individual selector
is then expressed based on the single-selector model of Wren
and Rowe:

(reci — ) (Kpei — Kaci)eci
14 (Kaci + Kgci) cci + Kaci Kpeicl;

Apapci = 27)
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Figure 2. Graphical analysis of the separation characteristics in the dual-selector system. Model data from Table 2, analytes A and B,

selectors 2 and 3. (A) Mobility difference 3D plot, Eq. (18). (B) EMO reversal plot. Transient state total mixture concentration,

rans
Cio™®, as

a function of the 2"¢ selector molar fraction, x,. Region of the EMO reversal (compared to the single-selector system 1) shaded, x-axis
scale-changing break is present at x, = 20%. (C) Mobility difference plot using the overall model, Egs. (10) and (18). Molar fractions of
the 2"¢ selector, x», indicated by percentage. The highest (absolute) value observable in either the 15 or the 2"¢ selector system alone
indicated by the red dashed line. (D) The same as C but selectivity, Eq. (20), is depicted.

As the model focuses on the chiral separations, the mo-
bilities of the free analytes A and B are the same: wr =
wps = ps. Also the mobilities of the diastereomeric com-
plexes formed between either of the analytes and the selec-
tor are supposed to be the same: waci = wpc1 = per and
Kac2 = WBc2 = Pca-

The authors used Egs. (26) and (27) to consider which se-
lectors should be combined in the dual selector mixture. The
complexation effect is reflected by the so-called recognition
pattern. Two selectors can exhibit either the same (Kpcq >
Kac1 and Kpey > Kacy) or the opposite (Kper > Kacr and
Kper < Kaci) recognition pattern (one may choose the an-
alyte A such that Kpcq; > Kacr for simplicity). Besides the
recognition pattern, the effect the complexation has on the
analyte’s mobility must be taken into account. Again, two
possibilities can happen. Either both the selectors accelerate
or decelerate the analytes, thus exhibiting the same effect
on the analyte’s mobility (wc1 > py and ez > s or vice
versa). Or one selector accelerates and the other decelerates
the analytes, thus having the opposite effects (e > py and
Mca <y OF Vice versa).

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Accordingly, the authors concluded that the mobility dif-
ferences A pap,c1 and A w4 2 must have the same sign (ei-
ther positive or negative) should the dual selector system
improve the separation compared to the two separate single-
selector systems. This follows from Eq. (26) and from the
fact that the statistical weights r and s were claimed to be
positive numbers. As can be seen from Eq. (27), the sign of
A wag,ci generated by the particular selector depends on its ef-
fect on the analyte’s mobility, wc; — py, and the recognition
pattern, Kgc; — Kaci. Thus the second conclusion is that if
the two selectors have the same/opposite effects on analyte’s
mobility, they should also possess the same/opposite recog-
nition patterns in order to increase the mobility difference
when employed together. Later on [33], the authors further
deduced, that if both the selectors have the same effects on
the analyte’s mobility, their combination is still unlikely to en-
hance the separation since using either the first or the second
selector alone would probably yield better results. Thus usu-
ally the opposite mobility effects and recognition patterns are
considered advantageous. This was also stated in the review
Dby Fillet and Crommen [7].
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Based on this model, Matthijs et al. [43] clarified the
observed effects of the complexation on the electromigration
order of the enantiomers and efficacy of separation. Other
authors, e.g. [44—47], used a similar approach to choose the
suitable dual-selector system for the particular separation. On
the other hand, some authors also concluded [42,43] that not
all experimentally obtained results could be explained by the
(26) concept.

In spite of its indisputable usefulness in practice, the
seeming transparency of the model (26) may however se-
duce one to incorrect interpretations. It can be shown that
the coefficients r and s in the Eq. (26) can in reality attain
any value, both positive and negative. This does not force
the individual mobility difference contributors, A pap c1 and
A ap 2, to be of the same sign in order to positively influ-
ence the final mobility difference, A p 4. Figure 2C illustrates
the model dual-selector system with reasonable input param-
eters, which not only exhibits the same effects on the analyte’s
mobility but simultaneously combines the same effects with
the opposite selectivity patterns. Consequently, A psp.c1 >0
and Apapcr <0. When the mixture composition is about
30:70 (cy:c, ratio) and the total mixture concentration is above
4 mM, the mixture provides a higher mobility difference than
the highest value obtainable in any of the two single-selector
systems alone. The same result is even more pronounced for
the selectivity (Fig. 2D).

3.5 Electromigration order reversal

The electromigration order of two analytes may reverse in cer-
tain single-selector systems with changing the selector con-
centration [48]. During the process, a transient state occurs
at a certain selector concentration, ¢”**, at which the two
analytes are inseparable. The same applies to dual-selector
systems, where the EMO generally depends on the concentra-
tions of both selectors in the mixture, ¢; and ¢,. The transient
state concentrations ¢{** and ¢y** in a specific dual-selector
system may be predicted analogously to the single-selector
systems. The transient state corresponds to the zero mobility
difference (16), the zero mobility factor (17), or to the selec-
tivity (18) equal to one at the nonzero concentration of the
selectors.

However, in cases where the EMO reversal was dis-
cussed in the dual-selector chiral separations, the authors
made mostly qualitative considerations regarding each se-
lector’s recognition pattern and the effect on the analytes’
mobility [18, 44, 46,49-51]. Similarly, the weighted mobility
difference Eq. (26) (Section 3.4) was utilized to clarify the tran-
sient state occurrence in the dual-selector systems [33,43,52].
All these qualitative approaches can be briefly summarized
as follows: Existence of a transient state in the dual selector
system is expected, if the EMO is opposite in the two single
selector systems, i.e. if the two selectors exhibit either oppo-
site recognition patterns and the same effects on the analytes’
mobility, or the same recognition patterns and opposite ef-
fects on the mobility (see also Section 3.4). It is worth noting
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that in the mobility difference concept (Section 3.4), a dual-
selector system showing the transient state is not expected to
Dbe able to improve the separation.

Zhu et al. [40] studied the transient state in the dual
selector system Al*1/CDI/CDI%. In agreement with the above
mentioned weighted mobility difference concept, they stated
that the two selectors alone must provide the different EMO
of the analytes should their combination lead to the mixture-
composition-dependent EMO reversal. Simultaneously, they
made the observation that (within the experimental error) for

the two selector concentrations at the transient state, ¢*" and

trans

¢y, it applies:

Roag.c1 (€7"™) = wgesrcz (65)
.2 (€57) = pegscr (c5) (28)

where the effective mobilities of the analytes A and B in the
first or the second single-selector system are observed at the
corresponding concentrations ¢}**or c¢;**. The authors fur-
ther proved mathematically that the aforementioned condi-
tion (both equalities must apply simultaneously) truly results
in the zero mobility difference A p4p (ci""‘S , cé’“”‘) = 01in the
dual-selector systems. The mathematical treatment assumed
the equal mobilities of the free analytes, the equal mobilities
of the complexes of the two analytes with the first selector
as well as those with the second selector (an approximation
often adopted for enantioseparations). However, Eq. (28) rep-
resents just one particular solution of the problem, while a
virtually infinite number of other mixture compositions exists
in the system that also lead to the transient state. Moreover,
if the two free analytes do not have the same mobilities (as
each other) or the mobilities of their complexes, the Eq. (28)
cannot be applied.

It should be noted that although any of the above ap-
proaches has its validity in certain cases, none of them covers
the problem of the EMO reversal in the dual-selector systems
in its full complexity. Firstly, dual-selector systems may exist
in which the two individual selectors have the same selectivity
patterns and the same effects on the analyte’s mobility but still
exhibit the EMO reversal. The model system given in Table 2,
Analytes A and B, Selectors 1 and 3, forms one such an exam-
ple resulting in, e.g. ¢/ = 9.22 mM and ¢4 = 0.29 mM. If
the concentration is kept at roughly 9 mM, only a tiny addi-
tion of the second selector causes the EMO reversal and the
analytes will further migrate in the opposite order compared
to either of the single selectors alone. Secondly, it is natural
that if Apap.c1 > 0and Apapcr <O then the system must
lead to the EMO reversal at a certain mixture composition
as suggested by the weighted mobility difference concept.
However, this itself does not exclude the mixture from being
advantageous for the (enantio)separation as discussed in the
previous section and demonstrated in Fig. 2C and D.

Finally, it can be summarized that at any mixture com-
position, the transient state can be solved as a result of a
quadratic equation. Thus none, one or even two EMO re-
versals may occur in the dual-selector mixture, either by
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Table 2. Model data used for calculations. Mobilities are given in
102 m2V-'s~'. Complexation constants are given in

M71

System Analyte A Analyte B

Free Af 2 2

Selector 1 WG 12 12
Ke 2000 2250
Mobility effect?) Wei < B
Selectivity pattern® Kgc > Kac

Selector 2 e 12 12
K¢ 2000 1900
Mobility effect?) Wei < B
Selectivity pattern® Kpc < Kac

Selector 3 e 2 2
Ke 5000 5250
Mobility effect?) Mei < it
Selectivity pattern® Kgc > Kac

a) Selectivity pattern and mobility effect are discussed with
Eq. (27).

changing its composition at a constant total concentration
or vice versa. The constitution of the quadratic equation does
not seem to allow any simple generalization. The convenience
of the graphical analysis of the overall complexation model
(10)—(12), which expresses the transient state mixture con-
centration, c/’**, as a function of its composition, x, was
demonstrated in our recent study [26] (cf. also Section 3.3 and
Fig. 2B).

4 Multiselector models

A need for a theoretical description of multiselector systems
arises mainly from the fact that most of the commercially
available cyclodextrin derivatives, which are of high practical
importance in analytical chemistry, are produced as mixtures
of various degrees of substitution and various positions of
substituents [3, 30,48,53, 54].

Essentially, the dual-selector model reported by Peng
et al. [19] resulted as a specialization of their multiselector
model:

_ kg +wraciKacicr + pacaKacaca + - -+ pacn Kacntn
B 1+ Kacie1 + Kacaca + -+ + Kacnen

HAeff
(29)

where there are n selectors in the mixture, all interacting with
the analyte in the 1:1 ratio without any formation of mixed
complexes (the original formula was expressed in terms of
the capacity factors, k; = K ac;c;). The obvious difficulty of the
model (29) is its n-dimensional complexity, which effectively
excludes it from any practical use. Later Kranack et al. [20]
realized that the formula can be substantially simplified when
each of the individual selector concentrations, ¢; is expressed
as:

Ci = XiCtot (30)
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where ; is the molar fraction of the i-th selector in the mix-
ture and ¢, = Y ¢; is the total mixture concentration. By
substituting Eq. (30) into Eq. (29) and after some simple al-
gebra, Eq. (29) becomes:

o + KowrMowrcm

ff = 31
Hacf 1T Kooy (1)
where:

Ko = ZXi Kaci (32)

is an overall complexation constant for the mixture as a whole
and:

wer 2o Xi Kacitaci
N
is the “overall mobility of complex” parameter. We use the
formalism differently from the original paper by Kranack
et al. for clarity. Equation (31) clearly shows that a mixture
of selectors acts as a single selector with the related overall
complexation constant and overall mobility of the (ostensible)
complex. Actually, the authors derived the above equations
rather as an aside, just to justify their approach to deal with a
commercial mixture of CD derivatives as if the mixture was
a single isomer, but without any profound discussion. This
might be the reason why this idea was forgotten until it was
independently rediscovered in our group 10 years later [55].
When applied to the dual-selector systems, Eqs. (31)—(33)
turn into the overall equilibrium described by Egs. (10)—(12).
Equations (31)—(33) thus offer help in choosing optimal com-
position of the mixture and its optimal total concentration if
the individual complexation constants and mobilities of com-
plexes are determined. Naturally, the mixture composition
cannot be optimized neither can the individual complexation
constants and mobilities of complexes measured in the com-
mercial mixtures of selectors. Nevertheless, in such a case,
Egs. (31)—(33) still allow us to treat the mixture as a single
selector and thus to find its optimal total concentration in
the standard way. Additionally, the overall model reveals one
key difference between the single-selector and multiselec-
tor systems. The overall mobility of the complex (Eq. 33) in-
separably blends the individual complexation constants and
mobilities of the complexes together. This effect (referred
to as the mixed thermodynamic/electrophoretic separation
mechanism) has a significant consequence [29], particularly
in the light of enantioseparation. When two enantiomers of
one compound interact with a single selector, the mobilities
of the two complexes are likely to be similar since the two
complexes do not differ in charge and probably not much in
sizes. On the other hand, the overall mobilities in the mixture
of various selectors will most often differ due to the mixed
thermodynamic/electrophoretic separation mechanism (cf.
Eq. 33). First, this generally leads to a better enatioseparative
capability of the commercial mixtures of selectors compared
to single isomers as often observed in the analytical practice
indeed. In fact, this effect is also responsible for the unex-
pected separation ability of the dual-selector system depicted
in Fig. 2C (cf. discussion in Section 3.4). Second, the approx-
imation of the same mobilities of complexes, as applied in

(33)
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some enantioseparation method optimization strategies, be-
comes inappropriate when dealing with mixtures of selectors
(including dual systems and not-well-defined “single” selec-
tor commercial mixtures).

5 Practical considerations and future
challenges

Several models for optimization of dual-selector separation
systems have been reviewed in this paper. However, among
55 examined publications, in which dual selector systems
were employed for separation, only three of them [33, 35, 36]
adopted the electromigration model to search for the opti-
mum separation conditions. In another four, statistical tools
were utilized for the method optimization [56-59]. In most
cases, the trial-and-error approach remains the first and the
only choice. As a matter of fact, the electromigration models
require input parameters (complexation constants, mobili-
ties of complexes, mobilities of free analytes) that have to be
measured experimentally. Therefore, it may seem that the
number of experiments needed for optimization is not much
reduced by utilizing the electromigration models. However,
in many studies (e.g. [60-64]) all data needed for the evalua-
tion of the complexation parameters were actually gathered
during the (semi-)qualitative method optimization process.
In several cases [46,47,49,56,65,66] the complexation param-
eters were even determined but not used for the optimization
(the complexation parameters were used, e.g. to optimize the
single selector systems only [65,66] or to clarify the electromi-
gration order of the analytes [49]). When lucky, the trial-error
approach may be quicker compared to the optimization by
mathematical modeling. However, the luck is never guar-
anteed and the above-mentioned models offer a substantial
help in the optimization of the separation when a sufficient
separation is not achieved instantly.

On the other hand, the theory of the dual- and multi-
selector systems is still not fully complete. In our opinion,
further development is required especially in the following
areas:

(i) The models for method optimization introduced in the
dual-selector systems often need a certain level of ap-
proximation (e.g. zero EOF, equal mobilities of analytes,
equal mobilities of complexes). The overall model (Eq. 10)
suggests that such limitations are not necessary. The op-
timization strategies known from single-selector systems
can easily be adopted in dual-systems using the overall
parameters, which can further be tuned by changing the
mixture composition. We have recently introduced this
approach [26] but have not yet fully tested it in practice.

(ii) The single-selector model has been developed for weak
acidic or basic analytes [67, 68]. Unfortunately, the
acid/base equilibrium brings additional complexity into
the theory and thus no such model is available for dual-
and multiselector systems so far.
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(ili) The single-, dual-, and multiselector models utilize (ap-
parent) complexation constants, mobilities of complexes
and mobilities of free analytes, which are specific for a
particular ionic strength of the BGE. Therefore, an in-
crease in concentration of a charged selector must be
either compensated by a decrease in buffer concentra-
tion or an appropriate correction must be applied [16,17].
To our knowledge, the ionic strength-related effects in
electrophoresis in BGE solutions of highly charged big
molecules (such as multiply charged cyclodextrins) or
even their mixtures has not been sufficiently described
yet.

(iv) We have shown that complexation with a single selector
(even neutral) may significantly contribute to the electro-
migration dispersion of the analyte [38,39]. The effect can
completely disturb the otherwise promising separation.
As a matter of fact, none of the above-mentioned theoret-
ical models accounts for electromigration dispersion.

6 Conclusion

Dual-selector separation systems are of high importance in
practice. They are simple enough to be treated in a rational
way and complex enough to offer a broad range of possibil-
ities for the method development. While their potential has
been recognized in analytical practice, the available theory is
only sparsely used for the method optimization. The descrip-
tion of electromigration of a single analyte in dual-selector
systems already reveals their interesting properties such as
the existence of the dengsu point or the iso-mobility counter
lines. Separation of two analytes in the dual-selector systems
can also be easily inspected. The difference in mobilities of
the separated analytes, the selectivity and resolution of the
separation can be predicted in a quantitative way. The graphi-
cal analysis provides a quick overview of the separation space
and identifies its extremes and limits. The weighed mobility
difference approach helps in recognizing the expected selec-
tivity mechanism and thus choosing appropriate selectors.
The overall model is promising in searching for the dual-
selector mixture composition and its total concentration in
order to obtain the desired separation. Notably, just as help-
ful may be the conclusion that no mixture of the chosen
selectors exists that would satisfy the analysts’ needs.

The commercial mixtures of various derivatives of se-
lectors are often regarded as a single selector. The multise-
lector model justifies such an approach but simultaneously
reveals some distinct aspects of the complex mixtures of se-
lectors. The most important aspect is that the mixed ther-
modynamic/electrophoretic separation mechanism generally
enables better separation ability when compared to the sys-
tems with single selectors. Secondly, the overall mobilities of
the complexes of the two analytes in the multiselector sys-
tems must not be assumed to be the same as they are often
approximated in the single-selector systems.

In spite of this progress, some important theoretical
tasks still remain unresolved after 20 years of development.
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The quantitative approach to the method optimization in
dual-selector systems has not been fully tested yet. The model
of electromigration of week acidic/basic analytes in dual- and
multiselector systems is missing. The ionic strength and elec-
tromigration dispersion may significantly bias the predictions
made by the contemporary models but such effects have not
yet been sufficiently studied and described.
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2 Cile dizerta¢ni prace

Cilem této prace bylo tpdevSim rozgit poznatky o elektromigraci v systémech s vice
selektory:

() Experimental®d owit vyuZzitelnost M-souhrnného modelu pro popis a dike
vlastnosti sepataich systéma piipravenych smisenim dvou definovanych

cyklodextrini a demonstrovat vyhody tohotéigtupu Publikace I1).

(i) Roz8kit M-souhrnny model o mozZznost acidobazické disaziaanalytu a
experimentalé demonstrovat platnost rozdného modelu na systému slabé jednosytné

kyseliny jako analytu a dvou definovanych cyklodaxt jako selektak (Publikace 11
alv).

DalSi cile pak souvisely se stanovenim spravnéiefékmobility analytu:

(i) Navrhnout metodu pro stanoveni efektivni mibpiv systému s interagujici slozkou
BGE pouzitelnou v komeéné dostupném fistroji pro CE a sjeji pomoci posoudit
vhodnost popularnich EOF markepro pouziti v BGE s nedefinovarsulfatovanym

cyklodextrinem Publikace V).

(i) Odvodit vztahy mezi geometrickymi charakteiiaini elektroforetického piku
deformovaného elektromighai disperzi a parametry HVL funkce popisujici tepth,
predevSim migrénim ¢asem odpovidajicim efektivni mobdlitanalytu @i jeho
nekongéném zedeni (Publikace VI).
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3 Experimentalni podminky

Elektroforetické experimenty byly prov&my na pistroji Agilent °CE pro kapilarni
elektroforézu (Agilent Technologies, WaldbronrgniNecko). Ristroj je vybaven vestaaym
UV/Vis detektorem s diodovym polem a bezkontaktwimdivostnim detektorem vyvinutym
v nasi laboratio [76]. K ovladani pistroje a sbru dat slouzil software ChemStation (Agilent
Technologies). K rreni pH slouzil PHM 240 pH/ION metr (Radiometer atiabl, Kodai,
Dansko).

Byly pouzivany kemenné kapilary z #Bi strany pokryté polyimidovym potahem.
Pouzité chemikalie byly vysokéistoty, voda byla deionizovana systémem Rowapur a

Ultrapur (Watrex, San Francisco, USA).

Ke zpracovani a vyhodnoceni dat slouzily progr&mygin 8.1 (OriginLab Corporation,
Northampton, USA) a Microsoft Office Excel.

Detailni experimentalni podminky jsou vzdy popsamnyislusné publikaci, a proto zde

nejsou podrobhuvacny.
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4 Vysledky a diskuze

4.1 Pouziti M-souhrnného modelu pro definované sisi dvou selektok

Podle M-souhrnného modelu (18) — (20) Izeésnselektoi o konstantnim sloZeni
(konstantnim powrru molarnich koncentraci jednotlivych selektore snési) pokladat za
selektor jeden. Model také ukazuje, jak jsou komgiei parametry tohoto ,souhrnného”
selektoru provazany s komplexami parametry jednotlivych slozek sgmi. V pripac, ze
jsou do BGE zawrn¢ pridavany dvaiizné selektory zadlem dosazeni lepSi separace, pak
je sloZeni srsi znamo a komplexai parametry sgsi mohou byt pedpovzeny na zakla#l

komplexa&nich paramefr oboucistych selektar pomoci M-souhrnného modelu.

Pro snds toliko dvou selektdr prechazeji vztahy (18) a (19) do nasledujicichitvar

Ki¥' = Kas1xs1 + KasaXsz = Kasixsh + Kasa(1 — xs1) (22)

v HasiKasiXs1 + tasaKasoXsz  MasiKasiXs1 + Mas2Kasa (1 — Xs1)
Has = K'M - KM
AS AS

(23)

kde ys; @ yxs2 = (1 — xs1) jsou molarni zlomky prvniho a druhého selektoru svesi.
Efektivni mobilita analytu pro konkrétni sloZeni &ina celkovou koncentraci selektoru je
pak dana vztahem (20). Pokud je stejnynispbem vyjatena i efektivni mobilita druhého
analytu, Ize pomoci M-souhrnného modelu zkoumétsg@ngni separéni potencial srési se

zmeénou jejiho slozeni, fipadre zvolit optimalniyg, ac.,; pro danou separaci.

V Publikaci Il byl tento gistup experimentatnowten. Jako modelové analyty byly
zvoleny ibuprofen a flurbiprofen.i®stoZze se jedna o chiralni latky, v tomi@ppd nebyla
provadna chiralni separace i{pzvoleném pH neni interakce s CD enantioselek}jvaie
ibuprofen byl bran jako prvni analyt a flurbiprofgko analyt druhy. Dale jsodipdlaném pH
oba tyto analyty pk& disociovany s vlastni mobilitou, # 0 a neédastni se Zzadné
acidobazické rovnovahy (jedna se tedy gMg systém). V praci byla zkouména jejich
elektromigrace v systémech seémha 1iznymi dvojicemi selektdr. heptakis(2,6-di-O-
methyl)$-cyclodextrinu (DM$-CD) s 6-Oe-maltosyl$-cyclodextrinem (Mal3-CD) tvarily
prvni dvojici cyklodextriri a DM{3-CD s nativninf-cyclodextrinem §-CD) dvojici druhou.

Nejprve byly metodou ACE stanoveny komplé&xiaparametry, s a i, obou analyi
s jednotlivymi selektory (v &5s systémech). Néslednbyly experimentaléy zmeieny M-
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souhrnné komplexai parametryk’. a ull pro fizna slozeni sisi (reprezentovana frakci
prvniho selektoryrs;) a pro oks zkoumané dvojice selekiorPro experimentalni stanoveni
téchto souhrnnych komplegaich parametr byla ogt pouzita metoda ACE — se &si dvou
selektofi o konstantnimys; se zachazelo jako sjednim selektorem. Takt@&rené M-
souhrnné parametry byly porovnany s parametry $tgmymi pomoci rovnic (22) a (23)
z paramett jednotlivych selektar (Publikacell, Table 2). Shoda mezi zienymi a
spaitenymi parametry byla velmi dobrd, pozorované rgzdhezi nimi byly, podle
dlouhodobych zkuSenosti nasi vyzkumné skupiny,rat@iné s fesnosti ACE metody.

Za zminku také stoji porovnani kvality fitu, jmemi¢ chyb parametr stanovenych
ACE metodou, v §5s a S\Ms systémech. Zavislost efektivni mobility na (cel&pv
koncentraci selektoru je v oboufipadech prokladana stejnou funkci. Pokud by chyby
stanoveni byly v systémech setha selektory vyznan#wyssi ve srovnani seSs systémy,
zpochyhiovalo by to zasr M-souhrnného modelu, Ze gsmselektoit o konstantnim slozeni
lze pokladat za selektor jediny. Vysledky ale ukafBublikacell, Table 1 a Table 2), Ze
chyby stanoveni se nijak nelisi, bez ohledu nada, byla metoda ACE aplikovana ngSs
nebo QMs systém, coz spravnost M-souhrnného modelu potrzuj

Schopnost M-souhrnného modeldegpovidat kvalitu separace je demonstrovana
graficky (Publikacell, Fig. 4A a 4B) — v tomto ffppadt byl jako parametr kvantifikujici
kvalitu separace pouzit pamefektivnich mobilit separovanych andiyheboli selektivita.
Selektivity ve smisi selektoit predpo¥zené pomoci M-souhrnného modelu z komptekeh
parametii oboucistych selektal (pInéc¢ary) jsou v dobré shédse selektivitami zgienymi
experimentalé (symboly). Pestoze skteré experimentalni body se s predikci neshoadgjiaz
piesrE, tvar zavislosti a wlezité charakteristiky daného separho systému (ftomnost a

piiblizna poloha maxima, zama migr&niho pdadi) jsou pedpovzeny spravé

Ma-li byt M-souhrnny model pouzit k optimalizacegarg&niho systému se dma
selektory, jeiteba optimalizovat dvnezavisle prognné: celkovou koncentraci selektary;
a molarni frakci prvniho selektoru ve &nys, (frakce druhého selektoru je jednozma
uréena vztahenys, =1 — y5;). To je obdobné situace jako ¥padt ptivodniho modelu
elektromigrace v systému se &va selektory (12), kde jsou nezavislymi pgomymi
koncentrace obou selekiorg; acs,. Nicmérg, prechod odcg; a cg, v pavodnim modelu

K ctor @xs1 V M-souhrnném modelufpasi vyznamné vyhody.

46



Predevsim koncentrace selektax,; acg, mohou ob v principu Gst do nekonéna a je
narané gredstavit si chovani systémui wSech jejich moznych kombinacich. Na druhou
stranu M-souhrnny model ukazuje, Ze chovanéssreelektof je zavislé na pogtu jejich
koncentraci, respektive na frakgi,, ktera niize nabyvat pouze hodnot od nuly do jedné.
V ramci takto dobe definovaného rozsahu slozeniésirize studovat vlastnosti systému — to
bylo jednak ukadzano na experimentalnich vysledeiPablikaci |1, a dale je demonstrovano

na Obrazku 2 pro hypoteticky (nicm€realre mozny) systém.

Z modelu (18) — (20) vyplyva, Ze M-souhrnnd kompimi konstanta rize nabyvat
pouze hodnot mezi hodnotami kompléxah konstant prvniho a druhého selektoru
(Publikacell, Fig. 3A; Obrazek 2E, fpruSovanécary). Totéz plati i pro M-souhrnnou
mobilitu komplexu, ktera se ale na rozdil od kompé®i konstanty negmi sys, linearrg
(Publikace Il, Fig. 3B; Obrazek 2E, plng&ry). Stejr tak i efektivni mobilita jednoho analytu
pii dané celkové koncentraci selektoru se bude vabhazet v rozmezi daném efektivnimi
mobilitami tohoto analytu v BGE obsahujicim ekveraini koncentraci prvniho respektive
druhého selektoru (Obrazek 2A a 2B). Nicraéoto uz neplati pro rozdil efektivnich mobilit
dvou analyti (Obrazek 2C), nebo jejich p@m(Publikacell, Fig. 4; Obrazek 2D) — jinak by
smes dvou selektdr nikdy nemohla zlepSovat separaci ve srovnani rsojislymi selektory.
Tento efekt je mozné pozorovat kigmd dvojice selektar DM-B-CD ap-CD pii vysSich
koncentracichc,,; (Publikacell, Fig. 4A). V @gipad hypotetického systému na Obrazku 2
pak snés poskytuje jak #Si rozdil mezi mobilitami anal§t(Obrazek 2Cyg; = 0,7) tak i
lepSi selektivitu (Obrazek 20y, = 0,3; 0,5 a 0,7) ve srovnani s optimalni koncemntaou
Cistych selektar. Tyto grafy ilustruji, jak se fbéh zavislosti selektivity na celkové
koncentraci mini s nénicim se sloZzenim sfsi — a Ze zrny tvar téchto zavislosti mohou
byt zn&né ,neintuitivni*.

DalSim jevem, nadmzZ lze demonstrovat vhodnost M-souhrnného modetupmpis
separaniho systému se dma selektory je zadma elektromigréniho pdadi analyih (EMO,
electromigration order). Zda a pi jaké koncentraci selektoru dojde k z&n# EMO analyti A
a B, lze zjistit nalezenim takové koncentragg, ktera pro dané slozeni &sn (ys,) sphuje
podMIinKUp orr = Uperr. Za efektivni mobility obou analfytu, .rr a up.rr Ize dosadit ze
vztahu (20), coz vede ke kvadratické rovnici, jgjifaSenim jsou koncentraceii jterych
k zamené EMO dochazi — ty pak lze vynést jako funkci sldzemesi yg; (Publikacell,
Fig. 2; Obrazek 2F). Stejnym @gobem Ize graficky pracovat s dalSimi charaktdasti

systému, jako je ndjklad koncentrace odpovidajici maximalnimu rozdilbilit.
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M-souhrnny model je vhodnym nastrojem pro popigas&nich systém se d¥ma
selektory. Zejména umaije snadno identifikovat, zda smiseni dvou konkoétrselektoi
muze vést ke zlepSeni separace a pokud ano, Izgyéjtvk nalezeni optimalniho slozeni a
celkové koncentrace sisi selektod vzhledem k podilu (nebo rozdilu) efektivnich mdbil
analyti nebo nafiklad i z hlediska jejich migemiho pdadi. Vyhodou tohoto modelu také je,
Ze se nejedna o ro¥dni jednodussiho modelu ditpmnost druhého selektoru, ale spiSe
o specialni pad obecného modelu popisujiciho komplexaci sihboym patem selektat.
Model tak nabizi uzitawy vhled do mechanisim které se v fMs systémech podileji na

separaci.
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Obrazek 2: Grafickd analyza vlastnosti hypotetického sepdr® systému pomoci M-souhrnného modelu.
Zavislost efektivni mobility prvniho (A) a druhéh®) analytu, rozdilu efektivnich mobilit (C) a pém
efektivnich mobilit (D) na celkové koncentraci deteu v systémech s jednotlivymiistymi selektory
(prerusovan&ary, c;,; odkazuje na koncentragistého selektoru) a se gsmi tchto selektak (plné cary),
slozeni snssi (frakce prvniho selektoryg,) uvedeno v grafech; (E) zavislost M-souhrnnych fptexainich
konstant (peruSovanéary) a M-souhrnnych mobilit kompléx(plné ¢ary) na slozeni sési; (F) zavislost
koncentracec?];, pii které dochazi k zaem¢ EMO, na slozeni sési. Mobility volnych analyd u,
= up = 20-10°m?v"'s®; mobility komplexa s prvnim selektorem a se druhym selektoramg, =
= Upsy = 12-10°m?V'SY, pyg, = pgs, = 2-10°m?V's™; konstanty komplexace analys prvnim selektorem
Kjs; = 1900 M*, K45, = 2000 M* a se druhym selektorek}s, = 5250 M*, Kz, = 5000 M".
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We introduce an easy but highly descriptive model of separation efficiency of dual-selector systems
in capillary electrophoresis. The model expresses effective mobilities of analytes in dual-selector mix-
tures as a function of mixture composition and total concentration. The effective mobility follows the
pattern familiar from single-selector systems, while complexation constant and mobility of the com-
plex are replaced by the same but “overall” parameters and a total concentration of the mixture takes
the role of a selector concentration. The overall parameters can be either calculated from the individ-
ual ones (an arbitrary mixture) or measured directly (a particular mixture). We inspected two model
dual-selector systems consisting of heptakis(2,6-di-O-methyl)-3-CD and (-CD and of heptakis(2,6-di-
0O-methyl)-B-CD and 6-O-a-maltosyl--CD, and ibuprofen and flurbiprofen as model analytes (pH 8.2,
non-enantioselective separation). Adopting any optimization strategy typically used in single-selector
systems and finding an optimal mixture composition and total concentration is perhaps the prime ben-
efit of the model. We demonstrate this approach on the selectivity parameter and show that the model
is precise enough to be used in analytical practice. It also results that an electromigration order (rever-
sal) of analytes can exhibit a rather curious dependency on the mixture composition and concentration.
Last, the model can be used for better understanding of separation principles in dual-selector systems in
general.
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1. Introduction In 1992, Wren and Rowe described electromigration behavior of

chiral analytes interacting with one chiral selector as follows [6]:
In capillary electrophoresis (CE), interaction of analytes with

selectors added into the background electrolyte (BGE) makes it pos-

sible to achieve enantioseparation or separation of neutral analytes

Hag+ ncKclS]

1+Kc[S] M

Maeff =

as well as it is widely used to improve ordinary achiral separa-
tions. Additionally, combination of two selectors employed in a
mixture (dual systems) proved advantageous when a single selec-
tor does not serve efficiently enough. Several mathematical models
have been derived describing the mechanism of the separation.
While these models provide help with finding optimal separa-
tion conditions in single selector systems [1-5], a lack of similarly
systematic approach can still be identified when coming to dual
systems.

¥ Presented at the 20th International Symposium on Electro- and Liquid Phase-
Separation Techniques (ITP 2013), 6-9 October 2013, Puerto de la Cruz, Tenerife,
Canary Islands, Spain.
* Corresponding author at: Charles University in Prague, Faculty of Science, Alber-
tov 6, 128 40 Prague 2, Czech Republic. Tel.: +420 221 951 296.
E-mail address: pavel.dubsky@natur.cuni.cz (P. Dubsky).

0021-9673/$ - see front matter © 2014 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.chroma.2014.01.006

where 114 eff is the effective mobility of the analyte, 14 r the mobil-
ity of the free analyte (the effective mobility of the analyte in a
BGE containing no selector), 1.¢ the mobility of the complex of the
analyte with the selector, [S] is the equilibrium concentration of the
selector and K¢ is the apparent equilibrium complexation constant:

o
[A][S]

where [A] and [C] are the equilibrium concentrations of the free
analyte and the complex of the analyte with the selector, respec-
tively. The model is valid under 1:1 complexation stoichiometry
and if the exchange between the complexed and free form of
the analyte is much faster than electrophoretic movement. Even
though this model originally aimed at chiral separations, it serves
just as well for characterization of selector-assisted achiral sepa-
rations [7,8]. Later published models were in their majority based
on the approach by Wren and Rowe [7,9-15] (or a mathematically
equivalent one [8,16-18]) extended with acido-base equilibria and

(2)
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various objective measures of the goodness of separation (mobil-
ity difference, selectivity, resolution) with respect to separation
conditions, namely the selector concentration and possibly pH.

Dual separation systems (chiral [19-30] and achiral [31-35])
have been also described mathematically [2,3,36-38]. In many
cases [19,21,23-26,36,38], authors extend the equation by Wren
and Rowe (1) by the second selector, which finally results in equa-
tion (3):

Hag+ pciKe[S1]+ neaKealSa ]
1+ Kc1[S1]+ Kea[S2]

Haeff = (3)
where symbols have the same meaning as those in Eq. (1) and
indexes 1 and 2 stays for the 1st and the 2nd selector, respectively. A
different approach based on the chromatographic model developed
originally for micellar electrokinetic chromatography separations
[39] was used to describe separation of highly hydrophobic analytes
by a dual selector system of neutral and charged cyclodextrin (CD)
[31,33]. Several authors also described difference between effec-
tive mobilities of two enantiomers separated by a dual selector
system, Ajg, as a weighted sum of mobility differences gener-
ated by the first, A1, and the second, A, selector [22,27,28,37]:
Apg=iAp +jAp,. The (not quantitatively specified) coefficients
i and j generally depend on the concentration of the selectors
and their complexation constants. This approach can be utilized
to judge qualitatively which affinity patterns and effects on ana-
lyte mobilities offer separation improvement (compared to single
selectors) or lead to inversion of the electromigration order. Mod-
els have been also derived describing complexation of an analyte
with more than two selectors [30,34,35].

The main drawback of the dual models is their higher complex-
ity in comparison with the single models. With two independent
variables (concentration of two selectors) it is more difficult to
optimize the separation or even get an insight into the separation
mechanism. Therefore, simplifications are often used which, how-
ever, result in mathematical models valid only for specific cases
[21,31-33], or the models are used only for qualitative explanations
of observed effects [19,22,28,38].

Recently, we have shown that Eq. (3) can be expressed in a form
identical to that of complexation with a single selector (1) even
when extended to an arbitrary number of constituents [40,41]:

Mg+ 1KY cror
T+ K cror

HAeff = (4)
where 1 e and wpr have the same meaning as in Eq. (1), cror is
the total molar concentration of the selector mixture (sum of molar
concentrations of all present selectors) and K2"*' is the overall com-
plexation constant:

K& = " xiki (5)
i

and 2" is the overall mobility of the complex:

¢ D ixiKi

nger

Finally, x; in Egs. (5) and (6) is the molar fraction of the ith
selector in the mixture and K; and p; are corresponding complexa-
tion constant and mobility of the complex, respectively. Note that
the “overall mobility of the complex” actually does not refer to
the mobility of any single specific compound in the solution, but
should be understood as the limiting mobility of the analyte in BGE
containing infinite concentration of the mixture of the selectors.

Equation (4)is valid under the following conditions: (i) the com-
plexation is much “faster” than the electrophoretic movement, (ii)
the analyte can interact with no more than one single selector at a

time with 1:1 stoichiometry, (iii) consumption of each single selec-
tor by the complexation is negligible. The overall complexation
parameters (overall complexation constant and overall mobility
of the complex) can be either measured experimentally (in the
same way as those of a single selector) or calculated (using Eqs. (5)
and (6)) and can serve as input parameters for the already-well-
developed single-selector models.

The objective of this work is both to verify our model experimen-
tally and to demonstrate its potency to systematically characterize
separation properties of dual-selector systems. We compare the
calculated overall complexation parameters with the measured
ones and use them to predict and measure the separation efficacy
of various dual mixtures.

2. Materials and methods
2.1. Chemicals

All chemicals used, namely: (+)-ibuprofen, (+)-flurbiprofen,
tris(hydroxymethyl)aminomethane (tris), N-[Tris(hydroxymethyl)
methyl]glycine (tricine), nitromethane, heptakis(2,6-di-O-meth-
yl)-B-cyclodextrin (DM-B-CD), 6-O-a-maltosyl-B-cyclodextrin
hydrate (Malt-B-CD) and B-cyclodextrin (3-CD); were pur-
chased from Sigma-Aldrich (Prague, Czech Republic) and were of
analytical-grade purity. Water used for preparation of all solutions
was purified by Rowapur and Ultrapur water purification system
(Watrex, San Francisco, USA).

2.2. Instrumentation

All experiments were performed using an Agilent 3PCE capil-
lary electrophoresis operated by ChemStation software (Agilent
Technologies, Waldbronn, Germany). The instrument is equipped
with a built-in photometric diode array detector (UV detector).
Fused-silica capillary of 50 wm i.d. and 375 wm o.d. was provided
by Polymicro Technologies (Phoenix, AZ, USA). The total length of
the capillary and distance from inlet to UV detector were 52.1 and
43.6 cm, respectively. PHM 240 pH/ION Meter (Radiometer analyt-
ical, Lyon, France) was used for pH measurements.

2.3. Experimental conditions

The running buffer not containing any selector was composed
of 50mM tris and 50 mM tricine, pH of 8.2 (tris-tricine buffer).
The stock solution of each single selector was prepared by dis-
solving the selector directly in the tris-tricine buffer to obtain the
highest selector concentration used. BGEs containing a single selec-
tor at lower concentrations were prepared by diluting the stock
solution of the particular selector with the tris-tricine buffer. The
concentration ranges used were 0-8 mM, 0-10mM and 0-5mM
for B-CD, DM-CD and Malt-CD, respectively. To prepare BGEs con-
taining two different selectors, firstly stock solutions of the single
selectors were mixed in required ratio to obtain the highest con-
centration of the desired mixture. Then the mixture was diluted
with the pure tris-tricine buffer to obtain BGEs containing the
mixture in lower concentrations. The concentration ranges used
were 0-8 mM and 0-5mM for dual system consisted of 3-CD and
DM-3-CD and of DM-B-CD and Malt-3-CD, respectively. All the
BGEs used in this work had the same ionic strength of 26 mM
according to the calculation by PeakMaster software [42]. Samples
contained (&)-ibuprofen or (£)-flurbiprofen (0.4 mM and 0.2 mM,
respectively), nitromethane serving as EOF marker (0.02%, v/v) and
running buffer constituents. Samples did not contain any selector.
All solutions were filtered using syringe filters, pore size 0.45 pm
(Sigma-Aldrich, Prague, Czech Republic).
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The capillary was thermostated at 25 °C. Prior to use, a new capil-
lary was flushed with water for 5 min, then with 1 M NaOH for 5 min
and then twice with water for 5 min. Prior to each run, the capillary
was flushed at least for 3 min with the actual BGE. Samples were
injected hydrodynamically, 150 mbars. Applied voltage was 15 kV
(anode at the injection side). Each experiment was repeated at least
four times. The software ChemStation (Agilent Technologies) was
used for data collection and acquisition. The mathematical software
Origin 8.1 (OriginLab Corporation, Northampton, USA) was used for
fitting analyte peaks with the Haarhoff van der Linde (HVL) func-
tion [43,44] and marker peaks with the Gaussian function, and for
nonlinear regression of effective mobilities (Eqs. (1) and (4)). Cal-
culations were performed by means of Microsoft Office Excel 2010
(Microsoft).

3. Results and discussion

We chose ibuprofen and flurbiprofen as our model analytes.
Although both of these analytes are chiral compounds, chiral sep-
aration was not in our scope of interest and their interaction with
CDs is not enantioselective at the pH used (as published for native
3-CD [10] and verified by us for the 3-CD isomers used in this
study). Consequently, (+)-ibuprofen is regarded as the first analyte
and (+)-flurbiprofen as the second analyte. Additionally, both com-
pounds are fully charged under this pH so that they have their own
electrophoretic mobilities ua¢ + 0 and no acido-base equilibrium
is considered. Interaction of these analytes with two dual systems,
one consisting of DM-3-CD and 3-CD and the second of DM-f3-CD
and Malt-B3-CD, was quantified.

3.1. Model verification

As described in Section 1, a mixture of a particular ratio of two
individual selectors can be regarded as a new selector with its own
overall complexation parameters. If so, these overall parameters
can be either calculated based on our model, or measured directly
as usual for single systems.

Calculation of the overall complexation parameters uses the
individual parameters of both the single selector systems (cf.
Egs. (5) and (6)). These parameters were determined by means
of affinity capillary electrophoresis (ACE) [45,46]: dependence of
the analyte’s effective mobility on the selector concentration was
obtained and fitted with equation (1). Exactly the same procedure
- including fitting equation (1) with [S] = ctor — was applied to the
dual systems. Here, cio refers to the concentration of the mixture,
instead of a single selector, and varying cwr means that the total
molar concentration of the two selectors is changed while the ratio
of their individual concentrations remains the same.

Several circumstances should be considered prior to/during the
ACE measurements:

- Peak distortion due to electromigration dispersion that affects
reading of the right peak position.

- Selector consumption due to complexation that should be low
enough as to satisfy condition (iii) of equation (4) but is also pre-
requisite for fitting Eq. (1) (or otherwise the proper value of [S] is
unknown).

- lonic strength, viscosity and temperature that influence
physical-chemical parameters of the system, namely com-
plexation constants and electrophoretic mobilities.

The first two issues are both solved by fitting the analyte
peak with HVL function [47]. As a parameter of this function,
we obtain migration time of the analyte at its infinite dilution
(Fig. 1). This exactly corresponds to the conditions where neither
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Fig. 1. Sample electropherogram. Peak 1: EOF marker (nitromethane); peak 2:
flurbiprofen; the insert shows an extension of the analyte’s peak fitted with HVL
function, migration time obtained as a parameter of this function is marked by
the vertical line; BGE: 50mM tris, 50mM tricine, 0.1 mM DM-3-CD and 0.4 mM
B-CD (0.5mM of dual selector mixture composed of DM-B-CD and 3-CD, molar
fraction of DM-B-CD being 0.2); sample contained 0.2 mM flurbiprofen and 0.02%
(v/v) nitromethane; for other experimental conditions see Section 2.3.

electromigration dispersion nor the selector consumption occurs.
Furthermore, as all the selectors used are neutral compounds and
do not interact in a significant way with the buffer constituents
(buffer pH remained unchanged after addition of the CD, see also
[48]), all the corresponding BGEs had the same ionic strength
regardless of the selector or the mixture concentration. Conse-
quently complexation constants obtained in this study are apparent
(non-thermodynamic) equilibrium constants, valid only for the
ionic strength of 26 mM (see Section 2.3), and the same applies to
the electrophoretic mobilities. The constant ionic strength over all
single and dual systems also ensures that the apparent parameters
measured in the single systems can be used to predict the apparent
overall parameters in the dual systems. Further, according to our
best knowledge, viscosity changes do not significantly affect the
determined complexation parameters as far as the concentration
of the CD does not exceed approximately 10 mM. Finally, at least
80% of the migration path (due to physical limitation of the instru-
mentation) was efficiently thermostated and electrical current did
not exceed 8 A in the 50 um i.d. capillary so that no significant
Joule heating is expected.

DM-B-CD and Malt-B-CD were bought as single isomers.
Although isomeric purity is always an issue when dealing with CD
derivatives, the actual purity of the “single” derivative does not
matter since if it were a mixture of derivatives, the mixture could
yet again be treated as a single derivative with the overall complex-
ation constant and mobility of complex. Such overall parameters
can once more appear at the right-hand side of Egs. (5) and (6)
without compromising their validity. The obtained complexation
parameters for single systems [3-CD, DM-{3-CD and Malt-3-CD and
the two analytes ibuprofen and flurbiprofen are given in Table 1.
These parameters, when substituted into Egs. (5) and (6), serve for
calculation of overall parameters for possible mixtures of these
selectors. As mentioned above, two dual-selector systems con-
sisting of DM-B-CD and -CD and of DM-B3-CD and Malt-3-CD
were examined. Notice that the overall parameters do not depend
on the chosen pair of selectors only, but also on their particular
ratio. Therefore, several mixtures differing in molar ratio of the
selectors were examined per each model dual-selector system.
Simultaneously, the same overall parameters were determined
experimentally treating each individual mixture of a particular
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Table 1

Complexation parameters of single systems: apparent complexation constants (Kc¢)
and effective mobilities of complexes (u=uc). Bottom: effective mobilities of free
analytes (u=upy). Tris-tricine buffer, pH 8.2, ionic strength 26 mM.

Selector Analyte Kc [M~1] u[m?s~'v-1]
B-CD Ibuprofen 7074+£105 —8.63+£0.02
B-CD Flurbiprofen 5093 +87 —8.71+0.03
DM-B-CD Ibuprofen 5334+£208 —7.37+£0.07
DM-B-CD Flurbiprofen 7040+333 —7.47+0.08
Malt-B-CD Ibuprofen 5480+61 —7.41+0.03
Malt-3-CD Flurbiprofen 391275 —7.44+0.05
- Ibuprofen - —19.60+0.04
- Flurbiprofen - —19.71+0.05

molar ratio, y;, as virtually one selector. The calculated and mea-
sured data are given in Table 2.

Generally, the predicted values of the overall parameters are
proven to be in a good accord with the measured ones. Difference
between calculated and measured overall complexation constants
does not exceed 10% and varies around 5%. In case of overall com-
plex mobilities, the difference is even below 3% and varies around
1%. Based on our long-term experience, we can conclude that such
relative errors are well comparable to what one would expect to be
an intermediate precision of the ACE method. Additionally, using
Eq. (1) for either single systems or dual systems yields virtually the
same errors of estimate indicating that the equation works for mix-
tures of selectors just as well as it originally does for single-selector
systems. This, consequently, further supports the idea that the mix-
ture behaves like a single selector with the corresponding overall
parameters.

3.2. Selectivity in dual systems

When an analyte interacts with a mixture of only two selec-
tors, their molar fractions in the mixture, x; and x,, must satisfy
X1=1— x2. Thus the multi-selector model (4) can be rewritten in
terms of x; (or equivalently x3) and ctor. Although this procedure
leads to a two-parametric model similar to Eq. (3), a transformation
from {[S1], [S2]} to {ctot, X1} brings several advantages, which we
shall demonstrate in this section.

One of the advantages is that both [S1] and [S2] can, in principle,
go to infinity and it is nearly impossible to see what would happen
at their various combinations. Conversely, the multi-selector model
shows that it is in fact their molar ratio (and consequently x4 ) that
matters. When constant, the system follows the familiar pattern
of Uefr Vs. Cror dependency. The molar fraction, x1, can only attain
values between zero and one and thus the pattern can easily be

Table 2

inspected within these constraints. For instance, electromigration
order (EMO) is one example of practically relevant characteristics
studied in the literature [4].

Whether aninteraction of two analytes with a particular selector
leads to EMO reversal can be answered by solving the expres-
sion of u efr=Uyefr. This condition leads to a quadratic equation
resulting in selector concentration(s) at which (if any) the EMO
reversal occurs. The solution (and its existence) depends on the
corresponding mobilities and complexation constants. In dual sys-
tems, the entire range of all possible overall mobilities of complex
and complexation constants is obtained via Eqgs. (5) and (6) (with
0 < x1 < 1and x2=1- x1)and thus the EMO reversal condition can
be examined with respect to the mixture composition, xj. Such
an examination is depicted in Fig. 2 where the total concentra-
tion at which the EMO reversal should occur is plotted for each
of the two dual-selector systems against their respective compo-
sition. This examination indicates that the EMO of the two model
analytes can be remarkably tuned when DM-$3-CD is mixed up with
3-CD, while it mostly remains the same when DM-3-CD is com-
bined with Malt-B-CD. Similar approach can be adopted for other
characteristics such as, e.g., optimal selector concentration in terms
of maximal effective mobility difference, selectivity (mobility ratio)
or resolution.

Another advantage is the fact that the dual-selector model
results as a special case of a more general multi-selector model,
rather than an extension of a specific single-selector model. This
gives it a possibility to view the mechanism of separation in a
more general context, similarly as we already demonstrated for
multi-selector systems elsewhere [41].

Detailed mathematical analysis of the model is provided in sup-
plementary information to this paper. The equations lead to an
expectable conclusion that no mixture can form a hypothetic selec-
tor with its overall complexation constant and overall mobility of
the complex outside of the range of the particular values of K¢ and
uc of the two individual selectors in the mixture. The same, yet not
so straightforwardly apparent consequence applies to the effective
mobilities. Namely, the effective mobility of an analyte in a dual-
selector system is always kept within the range of those obtained
in one or the other selector at an equivalent selector concentration.
Equivalently, it can be stated that the ueg vs. cror dependence curve
is always bounded by the individual curves valid for the two single
selectors.

Fig. 3 depicts KgV*" and ug'®" vs. xpm.g-cp dependences for our
two dual-selector systems and analytes. DM-3-CD/B3-CD system
has the same values of overall complexation constant for both ana-
lytes at 54% of DM-B3-CD thus resulting in the “pure electrophoretic
separation mechanism” (cf. [41]) under this composition. The same

Overall parameters of complexation of ibuprofen and flurbiprofen with dual selector systems calculated according to Egs. (5) and (6) and measured directly by ACE (see text

for details); xpwm is the molar ration of DM-B-CD in a particular dual system.

Dual system XM Analyte K" calculated Kg'e" measured Difference u@’*" calculated u’*" measured Difference
M-1] M-1] [m2s-1v-1] [m?s-1v-1]

DM-B-CD +B3-CD 0.2 Ibuprofen 6726 6802+215 +1% —8.43 -8.43+0.05 0.0%
0.2 Flurbiprofen 5482 5325+121 -3% -8.39 -8.39+0.04 0.0%
0.4 Ibuprofen 6378 6882+173 +7% -8.21 —8.30+0.04 1.1%
0.4 Flurbiprofen 5872 6277 £161 +6% -8.11 —8.23+0.04 1.4%
0.7 Ibuprofen 5856 6057 £228 +3% -7.83 —8.00+£0.07 2.2%
0.7 Flurbiprofen 6456 6905 +217 +7% -7.76 —7.99+0.06 2.8%
0.85 Ibuprofen 5595 5535+153 -1% -7.61 —7.68+£0.05 0.9%
0.85 Flurbiprofen 6748 6713 +£217 -1% -7.61 —7.70+0.06 1.2%

DM-B-CD +Malt-B-CD 0.2 Ibuprofen 5451 5034 +47 —8% —7.40 —7.37+0.02 —0.4%
0.2 Flurbiprofen 4538 4246 +62 -7% —7.45 —7.49+0.03 0.5%
0.5 Ibuprofen 5407 5247 +£107 -3% -7.39 —7.40+0.05 0.2%
0.5 Flurbiprofen 5476 5342+52 —3% —7.46 —7.49+0.02 0.4%
0.8 Ibuprofen 5363 5179 +49 —4% -7.38 —7.44+0.02 0.8%
0.8 Flurbiprofen 6415 6193 +68 —4% —7.46 —7.52+0.02 0.8%
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Fig. 2. EMO reversal concentration (y-axis) at various mixture compositions (x-
axis). (A) Dual systems composed of DM-B-CD and 3-CD; (B) dual systems composed
of DM-B-CD and Malt-B-CD; calculation based on Table 1. (A) y-axis scale-changing
break is present at y=20mM; (B) a zoomed area is inserted focusing on x-values
between 0.527 and 0.530.

applies to the second system of DM-f3-CD/Malt-3-CD at 46% of
DM-[3-CD. To the contrary, the “pure chromatographic separation
mechanism” ([41]) controls the separation at 13% and at 85% of
DM--CD in the first dual-selector system, where both the overall
mobilities of the complex become the same, while it never hap-
pens in the second dual-selector system. Notice however that the
equality/non-equality of the overall complex mobilities is not a
result of different complex sizes or effective charges but, instead,
is a consequence of the mixed chromatographic-electrophoretic
mechanisms as also discussed in [41].

The most illustrative — from the practical point of view -
is the advantage of treating the individual mixtures as a single
selector and utilizing the up-to-now well developed concepts for
single-selector systems. For example, selectivity (i.e. the ratio of
effective mobilities of the analytes being separated) is regarded
as an objective measure of optimal separation by many authors
[10,15,17,18,25-27]. Therefore, we examined dependences of
selectivity on total concentration of the mixtures. Effective mobi-
lities of the analytes in the mixtures were both measured and
predicted according to Eq. (4) using the calculated overall complex-
ation parameters. Predicted or actual selectivity of the separation
was then obtained as a ratio of the predicted or measured effective
mobilities. Fig. 4 shows comparison of these theoretical depen-
dences (solid lines) with experimentally measured selectivities
(points). Selectivity in single systems is also plotted (dot lines) using
complexation parameters given in Table 1.

It is worth noting that the selectivity of the separation in the
mixture of the selectors does not necessarily lie between selectivi-
ties provided by the single selectors (see namely Fig. 4A, higher ciot
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Fig. 3. Overall parameters of complexation of ibuprofen (solid) and flurbiprofen
(dashed) with dual-selector systems DM-B-CD/B-CD (black) and DM-[3-CD/Malt-
B-CD (green) depending on mixture composition (x(DM), molar fraction xpwm of
DM-B-CD in the mixture); calculation based on Table 1. (A) Overall complexation
constants; mixture compositions at which overall complexation constants of the
two analytes equal each other indicated with arrows. (B) Overall mobilities; mix-
ture compositions at which overall mobilities of complexes of the two analytes equal
each other indicated with arrows.

values). This result might seem rather counterintuitive as we have
already concluded that the effective mobilities of analytes in any
dual system must always lie between those in the individual sin-
gle systems. However, the selectivity - as a ratio of these effective
mobilities — is a nonlinear parameter that does not obey this simple
limitation. This is indeed the very reason why mixing selectors in
dual-systems could ever have improved the separation.

A good agreement between the predicted and observed selectiv-
ity curves is apparent. Although some experimental points do not
always lie exactly at the expected curves, the prediction is actually
precise enough to get the true picture of the selectivity patterns
even in these systems of very small nuances in selectivity (notice
selectivity changes in order of less than 0.01 units only). All the
practically important characteristics of the selectivity profiles, such
as an existence and quantity of the optimal mixture concentration
(in terms of maximal selectivity), the electromigration order of the
analytes as well as the trends in selectivity as mixture composition
and its overall concentration change, are correctly reflected. The
EMO reversal is also observed in accordance with the discussion
above.

This all makes the herein introduced strategy promising for
identifying benefits that might be gained by mixing two particular
selectors along with quantitative estimations of the optimal molar
ratio of selectors and the total mixture concentration. The same
kind of reasoning could be also made using mobility difference or
relative mobility difference instead of selectivity. Qualitatively the
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Fig. 4. Dependences of selectivity on total concentration of dual selector mixture
(separating ibuprofen and flurbiprofen). (A) Dual systems composed of DM--CD
and B-CD; (B) dual systems composed of DM-3-CD and Malt-3-CD; solid lines: selec-
tivity of dual selector mixtures predicted based on calculated overall complexation
parameters (Table 2); dot lines: selectivity of single selectors (calculated using their
complexation parameters, Table 1); points: experimental selectivities obtained as
ratio of effective mobilities of ibuprofen and flurbiprofen; x(DM), molar fraction xpm
of DM-B-CD in a particular dual selector mixture; description of individual lines an
symbols given in the figure.

figure would be just the same, only extremes of the dependences
would be slightly shifted towards lower concentrations in our case.

4. Concluding remarks

Determination of the complexation constants and the mobilities
of complexes by the ACE method typically requires measurements
at five to nine selector concentration levels per selector and ana-
lyte. This study shows that such a limited number of rather easy

experiments is sufficient to completely characterize any particular
dual-selector system with its virtually infinite number of possible
mixture compositions and concentrations.

Having these parameters measured, the model is ready for
the straightforward graphical and/or mathematical analysis of
the basic separation characteristics of the dual-selector system.
Optimal mixture composition and total concentration can be
advantageously found in terms of maximal selectivity or (relative)
mobility difference. Additionally, a potency of the model to find
optimal separation conditions at the desired electromigration order
of the analytes (or to show that none such a condition exists) in a
given dual-selector system was demonstrated. Finally, the model
describes general mechanism that controls separation in various
mixtures that form dual-selector systems. This can lead to better
understanding of which classes of selectors are principally promis-
ing to combine in order to achieve better separation in analytical
practice.

The results are encouraging in using a systematic approach to
method optimization in dual-selector systems as outlined in this
study, which is in contrast to still prevailing trial-and-error or semi-
quantitative approaches.
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4.2 Generalizovany model elektromigrace v interagujicikb systémech
(MaAMs model)

V minulosti se mnoho autbrzabyvalo popisem systémve kterych analyt interaguje s vice
nez jednim selektorem (jak je shrnut®uwblikaci [). Nicméré Zadny z &chto model (v¢etng
M-souhrnného modelu probiranéhotegeslé kapitole) nezahrnoval dalSi moZné rovnovahy,
kterych se analyt fize (&astnit vedle komplexace +q@evsim rovnovahy acidobazické. Na
druhé stra& elektromigrace anal§it které jsou slabymi jednosytnymi kyselinami nebo
bazemi a interaguji s jednim selektorem, byla Zewrpopsana ndjklad skupinou profesora
Vigha [30-33].

V Publikaci lll je predstaven generalizovany model elektromigrace vagtgicich
systémech se stechiometrii interakce 1:1 (anagtektor). Tento model vychazi
z M-souhrnného modelu a popisuje efektivni mobilianalytu, ktery je ftomny
v libovolném pdtu L volnych (nekomplexovanych) forem, mezi kterymiustavuje rychla
rovnovaha. Tyto rovnovahy nejsou pro iedity modelu specifikovany, ale z praktického
hlediska jsou vyznamné zejména rovnovahy acidokézicjednotlivymi volnymi formami
analytu se pak mini jednotlivé disofmid stavy slabé kyseliny, baze nebo amfolytu. Pro
kazdou volnou formu analytu Ize definovat molarianzek y,; jako pongr jeji molarni
koncentrace ku celkové molarni koncentraci volnéhalytu. Kazda zthto volnych forem
analytu interaguje s kazdymNz ptitomnych selektar. VSechny vznikajici komplexy maji
stechiometrii 1:1 a interakd-té volné formy analytu stym selektorem charakterizuje

komplexa@ni konstantd(,;;:

A +S;=AS; Kaisj = Te ] (24)

Pro kazdy selektor Ize definovat molarni zlomgk jako ponér koncentrace tohoto selektoru
ku celkové koncentraci vSechiftnmnych selektar c;,; (stejreé jako v M-souhrnném modelu).
Komplexace sice ovliwje celkovou koncentraci volného analytu, ale ujet® distribuci

mezi jednotlivé volné formy, proto hodnofy,; nezavisi ani na koncentracickidanych
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selektofi, ani na hodnotach komplesxdch konstant. Efektivni mobilitu analytu v takovém

systému popisuje rovnice:

Zf=1 Xailai + Zfﬂ()(m’ ) Z?’=1 Kf’liSjMAiSjXSj) " Ctot
1+ Zli“:l(XAi ) Z?l=1 KfllistSj) " Ceot

Haerf = (25)

kde p14; je mobilitai-té formy volného analytu a,;s; mobilita komplexu mezi-tou formou

volného analytu gtym selektorem.

Pokud je sloZeni stsi selektoit konstantni (nesmi se vzajemné pa¥ry koncentraci
jednotlivych selektar, ys; = konst.pro vSechng) a jsou konstantni i podminky, na kterych
zAavisi distribuce volného analytu mezi jeho jedmétiformy (y,; = konst. pro vSechna;

v pripact, Ze mezi jednotlivymi volnymi formami analytu sestavuji acidobazické
rovnovahy, je takovou podminkou konstantni pH zdkibho elektrolytu — fesrEji
koncentrace oxoniovych iahtfH:0"]), pak je jedinou nezavisle prémou v rovnici (25)

celkova koncentrace selekiica rovnice pechazi na tvar:

MaM IMaMg MM
Haeff = Ha” "t Kas™ hasCor (26)
Ae - IM M
14+ K, " Sceor
kde
L
MM
IlAA S = ZXAiIlAi (27)
i=1
L N
M s M [
KASA S = ZXAiZKAiSjXSj (28)
i=1 j=1

MaMs _ ZLL=1 Xai Z?’=1 Kfllisj.uAiSjXSj
nuAS - K'MAMS (29)
AS
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Rovnice (26) je (stefh jako rovnice (20) v M-souhrnném modelu) formalshodna

s pavodnim vztahem (4) pro mobilitu analytu, ktery jgt@mny pouze v jedné volné fotna
interaguje pouze s jednim selektorem. Z toho vyqlyge v tomto fipadt (konstantniy,; a
Xsj) 1ze libovolny MaMs systém (sgiujici podminky (i)-(v) uvedené v kapitole 1.1) padtat
za S\Ss systém: zavislost efektivni mobility analytu ndko#é koncentraci selektoru ma
znamy hyperbolicky tvar. To ukazuje jednak, Ze pledani optimalni celkové koncentrace
smesi je mozné vyuzit optimalizai postupy odvozené proaSs systémy (s vyjimkou
piedpokladu shodné mobility kompliexii separaci dvojice enantiontgr jednak univerzalni
pouzitelnost hyperbolické zavislosti (4) pro elekbretické systémy se stechiometrii

komplexace 1:1.

Stoji za zminku, Ze MMs model Zistava aplikovatelny i vijppadé, kdy acidobazické
disociaci podléha selektor. V takovértigadt se definuji molarni frakcgs; pro jednotlivé
formy selektoru a jeféba zajistit, aby tyto nezavisely na celkové kotraan selektoruc,,,.
Toho lze dosahnout dostateu pufr&ni kapacitou BGE nebo zZmou koncentraci jeho
nekomplexujicich slozek, aby se kompenzovalaérempH a iontové sily Zsobena
piidavkem selektoru (obdobny {gpb se pouziva k zaj&ti konstantni iontové sily

v systémech s pmnabitymi selektory [12]).

Radu dive publikovanych elektromigéaich model popisujicich systémy se
stechiometrii komplexace 1:1 Ize chipat jako specigiipady generalizovaného AWis
modelu (25) nebo jeho souhrnné formy (26) — (29):

(i) Pokud je pitomna pouze jedna volna forma analytu a ta intgeagouze s jednim

selektoremk = 1; N= 1), grechazi rovnice (25) naipodni vztah Wrena a Rowa (4).

(i) V piipact Ze analyt je slaba jednosytna kyselina nebo bdeeq interaguje s jednim
selektorem k = 2; N = 1), a zavislost molarnich frakci obou volnych faranalytu na
[H3:0] se vyjadi explicitré, prechazi rovnice (25) na vztah publikovany skupinou
profesora Vigha pro slabé kyseliny (5), respekfive slabé baze [31].

(iii) Pro systém uvedeny v bédii) pirechazi souhrnna formad¥ls modelu (26) — (29) na
pH-souhrnny model Leliévrat al. (7) — (10). Obdob&ipro dvojsytnou kyselinuL(= 3;

N = 1) na model Moffadelat al.[37].

(iv) Pokud je pitomna pouze jedna volna forma analytu a ta intgeag vice selektory
(L =1; N > 1), prechazi model (26) — (29) na M-souhrnny model (1820), ktery je
pro pfipad dvou selektdrpodrobmji rozebran v pedeslé kapitole.
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V MaMs systémech se ustavujada navzajem propojenych rovnovah, které maji kkv
vyslednou efektivni mobilitu analytu. Na Obrazkys®u tyto rovnovahy znazatny pro
nejjednodussi MMs systém: slabou jednosytnou kyselinu interagujéecidgéma selektory.
Vyhodou MaMs modelu je, Ze umdiije nahlizet na MMs systémy ziznych perspektiv.
Jak uz bylo uvedeno, Ize na tento komplikovanyé&yshahliZzet jako na systém, kde jedina
forma volného analytu interaguje s jedinym selektor a popsat jej pomocixSs modelu.
Obdobr je také mozné popsat (a optimalizovat) tento sygiemoci MSs modeti nagiklad
Leliévra et al. [34] nebo Vighaet al. [30-33] (pH-explicitni pistup), nebo pomoci Ms
modeti nagiklad dualniho modelu Luriet al. [44] nebo M-souhrnného modelu (18) — (20)

(M-explicitni peistup).

Pri pH-explicitnim (istupu je sloZeni sési selektol konstantni fs; = konst. pro
vSechng). Vysledky sumaci podle jednotlivych selekigsou tedy také konstantni a rovnici

(25) Ize zapsat:

p _ Yo Xaittai + Die1 XaiKaisthis * Ceot
peff =
eI 1+ ZLL=1 XAL'K/;IL'\Z‘ " Ctot

(30)

Kp-s1 Ka-s2
AS i S S+ A+S,—=2AS,

> ! / >
Ko nasi Ka,HA Ko nas2

M KFIIA51 K},IASZ M
HAS, =—= S, + HA+ S,——= HAS,

Obrazek 3. Nejjednodussi MMs systém — slaba kyselina (disociovana, A protonovana, HA, form
interaguje se ddma selektory (8a S); Ki-s1, Ka-s2+ Kijas1 @ Kijas2 1S0u komplexani konstanty disocioval
formy s prvnim a druhym selektorem a protonovaményos prvnim a druhym selektorefy, ;, je acidobazick
disocig&ni konstanta volneho analytlf, ;451 @ K; pas, jSOu acidobazické disodiai konstanty obou vzniklyc
komplexa (jejich hodnota je dana rovnici (1B neni tedy nutné je experimentilstanovit); pro ¥tsi
piehlednost nejsou ve schématu uvedeny oxoniovérkgtio
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kde

N
Kiis = Z . KuisjXsj (31)
]:

N 12
Mo Zj:l KAiSjMAiSjXSj
ALlAl'S - KIM
AiS

(32)

Komplexa&ni konstantak,Y. a mobilita komplexuuls jsou M-souhrnné komplekai
parametry charakterizujici interakieté formy volného analytu s danou &h selektai, se
kterou tedy Ize zachazet jako se selektorem jedirijyio parametry Ize ndiklad stanovit
experimentalé pii takovém pH zakladniho elektrolytu, kdy je anghyitomen pouze v této
form¢. Dale Ize v rovnici (30) explicith vyjadiit zavislost molarnich frakci jednotlivych
volnych forem analytu na [{®'] a optimalizovat separaci vzhledem kpH a celkové
koncentraci sisi selektod, pricemz se systémem se zachazi, jako bym byl piitomen
pouze jeden selektor. Pro nejjednodusaMd systém je tento pohled schematicky zna&orn
na Obrazku 4.

Pri M-explicitnim pfistupu jsou podminkyidici distribuci volného analytu mezi jeho
jednotlivé formy udrZzovany konstantny,; = konst.pro vSechna). Konkrétré pro analyt

podléhajici acidobazické disociaci musi byt konstarpH zakladniho elektrolytu. Po

pieorganizovani sumaci v rovnici (25):

Yioa Xaikai + X021 (s - Thoy XaiKaisjtais)) = Crot

Haerf = ; (33)
¢ 1+ Zy:l(xsj : ZLL=1 XAiKAisj) * Ctot
lze MaMs model zapsat jako:
H 'pH pH
_ ;uz + Zﬁyzl)(SjKAgj .quj " Ctot
Haefr = N IpH (34)
1+ Zj=1XSjKA5j " Ctot
kde
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L
.UZH = Z,_ Xaillai (35)

f;g_] Z XAlKAlS] (36)
H i=1AAIDAISjHALS)
Masj == om (37)
AS]

Komplexani konstanta’ f;’s’f’ a mobilita komplexy? as; Pak charakterizuji interakctdstene

disociovaného/protonovaného) analytjttgm selektorem. Ty Ize stanovit experimentln
z neieni v BGE, ktery obsahuje konkrétni selektor, alewis je pouzit jako vstupni

parametry nafklad M-souhrnného modelu popsanéhoredesié kapitole a optimalizovat
separaci vzhledem ke sloZeni a celkové koncergratsi selektoii, piicemz se systémem se
zachazi tak, jako kdyby wm byla gitomna pouze jedna forma volného analytu.

Schematicky je tentofstup znazorén pro nejjednodussi MAs systém na Obrazku 5.

Experimentala byly jak pH-explicitni, tak M-explicitni fistup o¥ieny vPublikaci IV
na modelovém systémR{flurbiprofenu jako analytu (slaba jednosytnd kysali a
jednomocného kladnnabitého 6-monodeoxy-6-monoamifiasyclodextrinu (A-CD) spolu

s nativnimB-CD jako selektory.

pH-explicitni pFistup: Pro d& rizna slozeni sisi byly experimentakastanovenyk ;M. a
ults disociované a nedisociované formy #remi @i takovém pH BGE, kde je
R-flurbiprofen téngt zcela disociovan (pH 6,28) respektive &mcela protonovan (pH
2,02). Na zaklagl téchto paramefr byly predposzeny efektivni mobility analytu
v téchto smgsich @i pH 4,01 pomoci modelu Williamse a Vigha (5). Temiodel byl
pavodré odvozem pro casténé disociovany analyt interagujici pouze s jednim
selektorem I = 2, N = 1). Nicmég diky pH-explicitnimu pistupu M\Ms modelu
(Obrazek 4) jej lze aplikovat i pro tuto situacidyk casténé disociovany analyt
interaguje se s&si selektair (L = 2, N = 2). Dobra shodaipdpowdi s mobilitami
experimental zmérenymi Publikace I\ Table 3A, Fig. 1) spravnost tohotdigiupu

potvrzuje.
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M
KA_S

pH-explicitni

Ka-s1 Ka-s2
AS —— |S_1\+ A +|S,

——AS, K
>Stot + A ——— A Sy

! ! ! 7
Ka nas Kona  Kanasz Ky na

A<—— HAS,,

v >Stot+ H
HA'S, ‘:,@+ HA +/S,——=HAS, KM

7 7
KHASl KHASZ

M
K HAS

Obrazek 4: Nejjednodussi MMs systém z pH-explicitni perspektivy ra systém se nahlizi, jako bysg
volné formy analytu interagovaly pouze s jednimekilrem (S, interakci charakterizuji Mouhrnn
komplexa&ni konstantyK;Y;, a K;}4s pro diso@vanou a protonovanou formu analytu (vyznam dh
symboli je uveden u Obrazku 3; prétsi prehlednost nejsou ve schématu uvedeny oxoniovérisg}io

Ka-s1 Ka-s2
AS —= S+ A+S,—=A5S,

/ ! ’
Kanhs1 qupsli Kana KI':’SI; Kanas2
HAS, === S, + HA +S,——— HAS,

! !
Khas1 Khas2

'pH 'pH
K451 K sz

AS; = S, + A +S,—= AS,
M-explicitni
Obrazek 5 Nejjednodussi MMs systém z M-explicitni perspektivy — na systém aélidi, jako by ®béme

selektory interagovala jen jedna volna forma anglygjiz interakce gednotlivymi selektory charakterizi

pH-souhrnné komplexai konstantngf aKgf (vyznam dalSich symbilje uveden u Obrazku 3; pre&tSi
piehlednost nejsou ve schématu uvedeny oxoniovérkgjio
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M-explicitni pristup: Pfi pH 4,01, kdy je analyt pouzeéastén¢ disociovan a tedy
ptitomen v obou svych formach, byly #reny K5 a uhg; pro oba selektory. Na

zaklad téchto parametr byly pomoci M-souhrnného modelu (20) — (28dqpozeny
efektivni mobility Rflurbiprofenu ve smssich tchto dvou selektdr o étyrech Gznych
sloZenich {tyifech fiznychys;) pii tomto pH. Jejich shoda s mobilitami experimentaln
stanovenymi byla velmi dobraPq(blikace IV Table 3B, Fig.1). Podobn jako

v pitedchozim fipad se tak prokazalo, Zze model (20)vpdreg platny pro interakci
jediné formy analytu se sisi selektolt (L = 1, N > 1) mize byt diky M-explicitnimu
piistupu MiMs modelu (Obrazek 5) vyuzit i Wipadt, kdy se selektory interaguji év
volné formy analytul{ = 2,N = 2).

V Publikaci IV je dale ukazano, Ze pokud je zavislost efektivobifity analytu na celkové
koncentraci selektoru {p konstantnim pH a ifpadre sloZzeni smssi) prokladana
hyperbolickou funkci (26), pak kvalita proloZeniyjadiena parametrem 2Rse nelisi bez
ohledu na to, zda se jedna S§ MaSs, SsMs nebo M\Ms systém Publikace I\ Table 2).
To je zcela vsouladu sAMs modelem a potvrzuje vySe zmfou univerzalni

aplikovatelnost tohoto vztahu na systémy se steokini komplexace 1:1.

M-explicitni a pH-explicitni pistup Ize chapat jako svym igopbem ,ortogonalni®, jak
je schematicky nazgano na vioZzeném obrazk®yblikace 1V Fig. 1). Ve skuténosti byly
tyto pristupy rékdy mimodtk pouzivany uz v minulosti (néilklad stanovovani
pH-souhrnnych komplexaich parametr se selektory, které byly ve skab®sti sng¢smi
selektoti [37]). Generalizovany model elektromigrace v iatgrjicich systémech se
stechiometrii interakce 1:Igdstaveny WPublikacich lllalV ale poprvé poskytuje teoreticky
zaklad pro zachazeni s\Ms systémy. Model ukazuje, Ze provazané kompiekaa
acidobazické rovnovahy, jichz se analyiastni, od sebe lze separovat a pracovat s nimi
odckleng. Experimentétor rize zvolit takovy zpsob optimalizace, ktery je nejvyha#ii pro
konkrétni separaci, a tento model mu poskytujerméwe o tom, za jakych podminek Ize
kterou optimalizani strategii vyuzit.
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1. Introduction where A and S represent the free analyte and the free selector in

the solution, respectively, AS is the analyte-selector complex, K} is

Selectors have the ability to separate structurally highly related
analytes (including enantiomers) with similar mobilities or neutral
compounds that would otherwise co-migrate in the (capillary zone)
electrophoresis (CZE). For this ability, the interactions between
the selectors and the analytes are intensively studied and sev-
eral models of electromigration under the complexation have been
introduced in the CZE theory. The most relevant seems the mod-
els assuming 1:1 (selector:analyte) complexation stoichiometry.
Although the 1:1 stoichiometry is not guaranteed in general, it
results from experimental studies that this is a preferred stoichiom-
etry for many complexes, namely with cyclodextrins, the popular
selectors in CZE [1,2].

Under these circumstances, the analyte-selector equilibrium is
established as

[AS]

A+S=AS ATl

Kys =

M

* Corresponding author at: Charles University in Prague, Faculty of Science, Alber-
tov 2030, CZ-128 40 Prague 2, Czech Republic. Tel.: +420 221 951 296.
E-mail address: dubsky@natur.cuni.cz (P. Dubsky).

http://dx.doi.org/10.1016/j.chroma.2015.01.029
0021-9673/© 2015 Elsevier B.V. All rights reserved.

the (ionic-strength apparent) complexation constant and the terms
in the square brackets, [-], stay for the concentrations. The selector
is supposed to be in a high excess over the analyte, so that the
complexation does not consume a significant portion of its total
concentration, cs. Thus the approximation of

[S]=cs (2)

is generally applied. If an analyte is present in numerous forms
among which equilibria much faster compared to the elec-
trophoretic movement exist, its effective mobility becomes

Heff = Z Qifli (3)

where «; are the molar fractions of the individual forms of the ana-
lyte and p; are their respective electrophoretic mobilities. Using
this relationship, the effective mobility of an analyte under com-
plexation results as published by Wren and Rowe in 1992:

Mo + pasKpgCs

T+ KpoCs “)

Heff =
where g is the electrophoretic mobility of the free analyte and
Ias is the mobility of the analyte-selector complex. The rela-
tion (4) can be used to predict separation characteristics such as
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the effective mobility difference, selectivity and resolution. This is
advantageously utilized in analytical chemistry for the rationale
method development and optimization [1-5].

The shortcoming of the model (4) is its limitation to the sin-
gle analyte form interacting with the single selector (as we will
further refer to as the SpSs system). In reality, the analytes are
often weak acids or bases that undergo dissociation equilibria cou-
pled with the complexation. Rawjee, Williams and Vigh partially
overcome this limitation in 1993 by extending the model to mono-
valent weak acidic and basic analytes [6,7]. The theoretical work of
this group finally resulted in the “charged resolving agent migra-
tion” (CHARM) model, which relates the physical characteristics of
the monovalent weak acidic/basic analyte to the fundamental sep-
aration characteristics, such as the selectivity and the resolution
[8].

Leliévre et al. [9] has adopted a different strategy, and showed
that the effective mobility of the monovalent week acidic/basic ana-
lyte can be formally expressed in terms of the simple SxSs model
(4):

H H . pH
1o+ HasK RsCs

Heff = (5)
‘ 14+ KB
with
K +[H30"
KR8 = Kijas > o] (6)
K} yp+ [H307]
,LLPH _ Kz’z,HA”’A +[H30" ] 1tma )
0 K} ja +[H307]
Pt K masta—s + [H30%] )
AS K} jas + [H307]

where (-, ha-s, LHA, LHAS> KA,S and K}, ¢ are respectively mobili-
ties of the free dissociated form of the analyte, its complex with the
selector, the free protonated form of the analyte, its complex with
the selector, and the (ionic strength apparent) complexation con-
stant for the dissociated, and the protonated forms of the analyte.
K;,HA is the (ionic strength apparent) acidic dissociation constant of
the free analyte and [H30*] is the concentration of the hydroxonium
cations. K ;. is the (ionic strength apparent) acidic dissociation
constant of the analyte in the complex. Value of this dissociation
constant is determined by dissociation constant of the free analyte
and complexation constants of the protonated and deprotonated
analyte forms, respectively:

K ae =K/ Kys (9)
a,HAS = Ra,HA |/
HAS
This model shows that under the constant pH, the two (proton-
ated and deprotonated) forms of the analyte act as a single analyte
form with the pH-dependent parameters /LgH' ;J.f\'; and K’f\';. Later

on, Mofadel et al. [10] expressed the parameters K/K';, [LSH and uf\?
for bivalent acids. We will further call this model (5) a “pH-overall
model” and the parameters (6)-(8) “pH-overall parameters”.
Somewhat opposite situation arises if a single analyte form (e.g.
strong, fully deprotonated acid) interacts with a mixture of selec-
tors, which is often encountered in practice [4,11-23]. Luire et al.
[24] have first described the interaction of a single analyte with
two selectors as a simple extension of Eq. (4) in 1994. This equa-
tion has then become a basis for further method optimization in the
dual-selector systems, predominantly in enantioseparations [25].
Similarly to the pH-overall model, Kranack et al. [26] and later us
[27] have shown that, effective mobility of an analyte (present in

a single free form) interacting with a mixture of selectors can be
expressed in a form of the S,Ss Eq. (4):

tho + MK NsCrot

Heff = (10)
¢ 1 +K’%5Ctot
with
N
Khs =Y Kixs, (11)
j=1
N
D1 K& s xs
j=175;1791 745
s = ,(,711\/1 (12)
AS

where cyo is the total concentration of the mixture of N selectors
(Ctot = Zj:lch)' Xs; are fractions of the individual selectors in the
mixture, K¢ and Ms; complexation constant and mobility of com-

plex of each particular selector with the analyte, and jq is the
electrophoretic mobility of the free analyte. Eq. (10) demonstrates
that the mixture of selectors of a constant composition, xs;, which
interacts with the single analyte form, acts as a single selector with
an ostensible complexation constant and mobility of complex. We
will further call this model “M-overall model” and the parameters
(11) and (12) “M-overall parameters”. Eq. (10) is applicable to vir-
tually an unlimited number of selectors under the assumption (2).
It is useful for describing migration of a single analyte under inter-
action with a commercial mixture of selectors [28] as well as for
investigating separation characteristics, such as mobility difference
and selectivity, as a function of mixture composition, namely in the
dual selector mixtures [29].

The aim of this paper is to show that the dependence of the
effective mobility of the analyte on the selector concentration can
always be converted to the SpSs formula (4) whenever the var-
ious forms of the analyte interact with an arbitrary number of
selectors, in 1:1 (analyte:selector) stoichiometry each. The “vari-
ous forms” of the analyte are not necessarily specified, although
the (de)protonated forms of acidic/basic analytes would certainly
be of the prime interest. We will denote the systems where multi-
ple forms of the analyte interact with multiple selectors as “MaMs
systems”. This paper focuses on a deep theoretical analysis of such
systems. We provide the experimental investigation of the model
elsewhere [30].

2. Theory and discussion
2.1. The generalized overall model

Let an analyte A exists in L various (yet not complexed) forms:
A1, ... A ..., Ar.Next, consider an arbitrary number of N selectors,
Sty -+ Sjs - .., SN, present in the system. Finally, let every form of
the analyte, A;, undergo an interaction with each of the N selectors,
in 1:1 ratio exclusively:

. [AlS;]
Ky= [Asiﬁ

A; +Sj = AS;; (13)
where Kl.’j is the (ionic strength apparent) complexation constant

between the ith form of the analyte and the jth selector. Then, for
the total (analytical) concentration of the analyte, c,, it applies

L
=)
i=1

N
[Aj] (14)
=0

J
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wherej = 0refers to the free analyte form ([Aj] = [A;]) for simplicity.
By substituting Eq. (13) into Eq. (14), it results

L L
=3 Mol + (1Al Y KisD (15)
i=1 i=1

The molar fraction of each individual form of the analyte in the
system is expressed as

(16)

and the effective mobility of the analyte results according to the
relation (3) as

L N
= 0

i=1 j=0

_ iAol + 30 (1Al - 3 Kl .

L L N .,
iAol + 37 ([An] - 350 KilS])
It applies for every individual form, Ay,

[Aio] = Xiocao (18)

where ;o is the molar fraction of the ith form of the free analyte
with respect to the total concentration of the free analyte, cao. The
complexation only controls the total amount of the free analyte, cag,
but not its distribution into its various forms, A;y. Thus, the molar
fractions, yjo, are independent of the complexation. Consequently,
Eq. (17) can be rewritten as

L L N
3 D i Xiokio + 3 iq (Xio - D iy KiiyilS;1)
= L N
T+ 37 (o - 2o miflS])
where the total concentration of the free analyte, cag, cancels out
L
and Y Xio = 1.

Using the approximation (2), the amount of every individual
selector present in the system can be expressed as [27]

[Sj] = Xs;Ctot (20)

where Xs; is the molar fraction of the jth selector in the selector
mixture and cyo is the total concentration of the selector mixture.
Then (19) turns into

L L N
> iy Xiokio + Do iq (Xio - Dy KiiktiiXs;) - Crot
T N
T+ (o - D21 Kjixs;) - Crot

where cyo¢ factors out of the both sums over N and L. Under the
constant mixture composition, Xs; = const, and constant external
conditions governing the Aq, .. ., A;, ..., A; equilibria, ;o =const, all
terms in Eq. (21) are constants, which can be denoted as the MaMg-
overall mobility of the free analyte, puMMs, the MaMs-overall
mobility of complex, pMaMs, and the MaMs-overall complexation

constant, K’% Ms

Heff (19)

(1)

Meff =

MpMs MaMs  MaMs
) + K pd P tag T Crot

Meff = 1+ K’XISAMSCmt (22)
Explicitly:
L N
KNS = ZXioZK{jXSj (23)
=1 j=1
L
pyAMs = ZXiOMiO (24)
i=1

L N L,
_ Zi:IXiOZj:IKij'U“UXSj
= MaM

K

LM (25)
Eq. (21) has the same form as Eq. (4). Therefore, it allows us to
treat virtually any system exhibiting 1:1 complexation stoichiom-
etry in the same way as if only one selector and one form of the
free analyte were present in the system. Apart from the effective
mobility, the effective charges of the analytes affect their analyt-
ical resolution. Following the approach described by the group of
Rawjee, Williams and Vigh [8], the same formula results for the
effective charge of the analyte, z.g, as for the effective mobility, Eqs.
(22)-(25), if every mobility is replaced by the respective charge.

2.2. Model assumptions and preconditions

Besides the 1:1 stoichiometry, the approximation (2) along
with the constant external conditions (namely temperature, ionic
strength, pH and viscosity) are required for the validity of Eq. (22).
In reality, the approximation (2)is always fulfilled at the edge of the
peak due to the diffusive nature of the analyte zone. Thus the peak
distortion, rather than its mobility shift, is observed if the complex-
ation is too strong or there is not a sufficient amount of the selector
inside the analyte zone, in general. Recently we have shown that
when a fully charged analyte interacts with one neutral selector,
the peak distortion caused by the lack of the selector has the same
effect as the electromigration dispersion [31]: it generates triangu-
lar HVL-shaped peaks [32]. The correct (i.e. dispersion unaffected)
effective mobility can be determined by a nonlinear regression
or approximate solution [33]. Although the same effect can be
expected for weak analytes and multiple selectors, the appropri-
ate mathematical theory that would substantiate this expectation
has not been formulated yet.

Under the constant external conditions we understand namely
constant ionic strength and pH and also viscosity of the BGE and the
temperature. Maintaining the constant temperature is not a prob-
lem since the temperature control is common in electrophoresis
runs. The viscosity correction to the effective mobility is applied in
SaSs systems if the viscosity is significantly affected by the pres-
ence of the selector [34,35]. Since the individual mobilities of the
free analyte forms, 4o, as well as that of the analyte-selector com-
plexes, uj;, depend on the viscosity to the same extend, Eqgs. (24)
and (25) guarantee that the same correction applies to the MaMs-
overall effective mobilities. pH is kept constant using BGEs with
defined pH and a sufficient buffer capacity. Nevertheless, a special
attention must be paid that none of the BGE constituents interacts
with any of the selectors [36,37]. On the other hand, the individual
molar ratios, xjo, can be expressed explicitly as a function of pH
and the pH dependence incorporated into the model. Finally, ionic
strength may be a serious problem whenever a charged selector
is used (either alone or in the mixture). In some cases, appro-
priate correction can be applied [29,35]. However, ionic strength
related effects, particularly in systems containing highly charged
big molecules, have not been sufficiently described yet.

Noticeably, the MaMs model is not only limited to various forms
of the analyte. Ifit is the selector that undergoes multiple equilibria,
the MyMg-overall Eq. (22) is applicable whenever the external con-
ditions can secure that the molar ratios, Xsp» of the various forms of
the selector do not change when varying its concentration. E.g., the
model is applicable to (a mixture of) weak acidic/basic selector(s)
under constant pH and ionic strength.

2.3. The equivalence of the overall models

Inspection of Eq. (21) reveals that the previously published
models of electromigration in the presence of selector(s) [25] are
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naturally included in the MaMs-overall model. Eq. (21) is reduced
into the Wren and Row’s formula (4) when only one form of the
free analyte and one selector are present in the system. In this sim-
plest case, the My Ms-overall parameters (22) become the mobility
of the free analyte, and the mobility and complexation constant
of the analyte-selector complex. If only one selector is present,
but multiple equilibria among the L analyte forms take place, the
MaMgs-overall complexation constant, Eq. (23), becomes

L
KRM = " xiokis (26)
i=1
and similarly the overall mobility of complex (25):
S xioKigis
Zf:l XioKis

Egs. (26), (27) and (24) provide generalized parameters of the
pH-overall complexation model (5), K’R?, ,uf\? and ;LSH. If the ana-
lyte is a simple monovalent weak acid, these formulas result in the
original equations by Leliévre (6)-(9). Finally, in case of a mixture
of selectors interacting with a single free form of the analyte, Eq.
(21) turns into the formula known from the M-overall model (10).

The MaMs model has one important implication, which we dis-
cuss in detail in the Supplementary Information. It stays that the
pH-overall model remains applicable in multi-selector systems if
the individual single selector complexation constants and mobili-
ties in Egs. (6)-(9) (more generally (24), (26) and (27)) are replaced
by the M-overall parameters defined by Eqs. (11) and (12). We refer
to this situation as to the “pH-overall” perspective. Reversely, the
M-overall model remains applicable in systems with multiple ana-
lyte equilibria (e.g. weak acidic analytes) if the single-analyte-form
parameters in Eqs. (11) and (12) are replaced by the respective pH-
overall ones defined by Eqs. (6)-(9) (more generally (24), (26) and
(27)). This situation corresponds to the “M-overall” perspective.
Although such a conclusion may be anticipated and has in fact been
secretly applied in practice (concerning the fact that selectors are
mostly produced as actual mixtures) the dissociation/complexation
equilibria are highly interconnected (cf. Fig. S1 in the Supplemen-
tary Information). The herein discussed theory proves for the first
time that not only the MaMs scheme coalesces into the apparent
SaSs scheme, but also that the two (dissociation and complexa-
tion) equilibria can be decoupled and treated independently of each
other.

This all provide us with various alternative approaches to deter-
mining the MaMs-overall parameters, K'N&Ms, uMaMs and pMaMs,
and thus the effective mobilities and separation characteristics for
analytes migrating in MaMs systems. In the most trivial case of con-
stant selector mixture composition, pH and IS, Eq. (22) tells us that
the effective mobility of the analyte can be treated as in a SxSs sys-
tem using the MaMs-overall parameters regardless of whether or
not the individual complexation/dissociation constants for partic-
ular selectors and free analyte forms are available. Alternatively, if
for example a monovalent acid interacts with acommercial mixture
of selectors of a constant yet unknown composition, the M-overall
complexation parameters K’?g and M:\é[ and the free analyte mobi-
lities f1jp can be determined for its protonated and deprotonated
(ith) states just as if a single selector was present. The pH-overall
perspective then forms a justification for calculating the pH-overall
parameters according to the familiar Egs. (6)-(9). Similarly, if pH-
overall parameters are measured at a defined pH and IS with several
selectors, one can justifiably combine them into the M-overall
parameters as if a single analyte form migrated in the multi-selector
environment (11) and (12). Experimental investigation and verifi-
cation of these approaches is provided in the Part II of this series of
papers [30].

ppeMs (27)

3. Conclusion

It has been proven that if an analyte undergoes multiple equilib-
ria among its various free forms and each of this forms complexes
with an arbitrary number of selectors in 1:1 ratio, the electromi-
gration of the analyte is equivalent to that of a single analyte form
and a single selector. The MaMs-overall complexation constant,
the MpMs-overall mobility of the free analyte and the MaMs-
overall mobility of the analyte-selector complex play the role of the
respective parameters in the single-analyte single-selector model
introduced by Wren and Row in 1992. This conclusion is practically
relevant for the analytical method optimization since it allows the
analysts to treat, e.g., the multivalent week acidic/basic/amphoteric
analytes interacting with a commercial mixture of selectors in the
same way as if a single form of the free analyte and a single selector
were present in the system. The My Mg-overall parameters can be
measured and used in the currently available optimization strate-
gies.The 1:1 complexation stoichiometry and constant pH and ionic
strength are prerequisite for the validity of the model.

Furthermore, the MaMs-overall model reveals that the multi-
selector overall parameters can serve as an input into the
pH-overall model introduced by Leliévre in 1994 as if only one
selector was present in the system. On the contrary, the pH-overall
parameters can serve as an input into the multi-selector model
introduced by our group in 2008 as if only one form of the free
analyte was present (under the constant pH and IS). This enables
the analysts to extend the original pH-overall model to the mixtures
of selectors as well as the original multi-selector overall model to
week multivalent acidic/basic/amphoteric compounds. The model
can finally serve for finding the optimal pH and mixture composi-
tion for a particular separation setup.
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Interactions among analyte forms that undergo simultaneous dissociation/protonation and complexation
with multiple selectors take the shape of a highly interconnected multi-equilibrium scheme. This makes
it difficult to express the effective mobility of the analyte in these systems, which are often encountered
in electrophoretical separations, unless a generalized model is introduced. In the first part of this series,
we presented the theory of electromigration of a multivalent weakly acidic/basic/amphoteric analyte
undergoing complexation with a mixture of an arbitrary number of selectors. In this work we demonstrate
the validity of this concept experimentally. The theory leads to three useful perspectives, each of which
is closely related to the one originally formulated for simpler systems. If pH, IS and the selector mixture
composition are all kept constant, the system is treated as if only a single analyte form interacted with
a single selector. If the pH changes at constant IS and mixture composition, the already well-established
models of a weakly acidic/basic analyte interacting with a single selector can be employed. Varying the
mixture composition at constant IS and pH leads to a situation where virtually a single analyte form
interacts with a mixture of selectors. We show how to switch between the three perspectives in practice
and confirm that they can be employed interchangeably according to the specific needs by measurements
performed in single- and dual-selector systems at a pH where the analyte is fully dissociated, partly
dissociated or fully protonated. Weak monoprotic analyte (R-flurbiprofen) and two selectors (native 3-
cyclodextrin and monovalent positively charged 6-monodeoxy-6-monoamino-f-cyclodextrin) serve as
a model system.
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1. Introduction

Selectors are widely used in capillary electrophoresis (CE). A
variety of them are available for CE; however, cyclodextrins (CDs)
are the most popular, especially when used as chiral selectors [1-9].
Along with their increasing applications in analytical chemistry,
theoretical models have been developed describing the electromi-
gration of fully dissociated, neutral, or partly dissociated analytes
interacting with one selector [10-23]. Several models dealing with
dual- and multi-selector systems have also been published [24-40]
(we recently summarized them in a review [41]). However none of
these models takes into account the possible protonation equilibria
of the analyte along with its simultaneous interaction with multiple
selectors.

* Corresponding author at: Charles University in Prague, Faculty of Science,
Albertov 2030, CZ-128 40 Prague 2, Czech Republic. Tel.: +420 221951296.
E-mail address: pavel.dubsky@natur.cuni.cz (P. Dubsky).

http://dx.doi.org/10.1016/j.chroma.2015.01.055
0021-9673/© 2015 Elsevier B.V. All rights reserved.

In Part [ of this series, we presented the complete theory of
the electromigration of multivalent weak acidic/basic analytes
undergoing complexation with a mixture of selectors. The the-
ory results in a generalized model of selector-assisted CE with 1:1
(analyte:selector) complexation stoichiometry (the overall multi-
free-analyte-form multi-selector model, MpMs model) [42]. In this
model, L protonated/deprotonated states of the free (uncomplexed)
analyte Ay (i={1,...,L}) are considered to be present in a mixture
of N selectors. Each of the free analyte forms interacts with each of
the selectors S; (j={1,...,N}). The interaction between the ith free
analyte form and the jth selector is characterized by a complex-
ation constant K,.’j and results in the formation of a complex with
mobility ;. The free analyte forms have individual mobilities pjo.
Consequently, the effective mobility of the analyte e is:

L L N
> iy Xiokio + Zi:l(XiOZj:IKijV“ifxsj) * Ctot
L N
T+ 37 (oD i1 KipXsp) - Crot

Meff =
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where ;o are the molar fractions of the free analyte forms (related
to the total amount of the free analyte), xs; are the molar fractions
of the selectors in the selector mixture and c is the total concen-
tration of the selector mixture. The complexation controls only the
total amount of free analyte, but not its distribution into its various
forms, Ajp. Thus the molar fractions yx;jp are determined entirely by
the dissociation constants of the free analyte. The My Mg model (1)
is valid under the following conditions: (i) only 1:1 complexation
(analyte:selector) takes place; (ii) the kinetics of the complexation
are much faster than those of the electrophoretic movement; (iii)
the ionic strength (IS) of the BGE is constant (the complexation
constants K; are defined by the equilibrium concentrations, not the
activities, and therefore depend on the ionic strength of the solu-
tion). The detailed derivation and validity conditions of the model
are discussed in detail in Part I of this series [42]. Though not given
explicitly in Eq. (1), the pH-dependence of the effective mobility
of the analyte is implicitly present in the model through the molar
fractions yxjo. Notice, however, that the entire model works with the
concentration-defined complexation and dissociation constants
and thus the actual concentration of hydroxonium ions should
be considered rather than the pH, which is dependent on the
activity.

The MaMs model (1) is generally applicable to any system
that fulfills the required conditions mentioned above. In simpler
systems, the MaMs model reduces to one of the previously pub-
lished models of electromigration. The model of Wren and Rowe
[10] results when a single free analyte form interacts with a sin-
gle selector (here further referred to as SpSs systems). When a
single analyte form interacts with multiple selectors, the dual-
selector model [40] and the multi-selector model [38,39] published
by our group are obtained from the MaMs model (1). Finally,
when there is only one selector but a monoacidic/monobasic
analyte (and the dependence of x;p on [H30*] is expressed explic-
itly), the MaMs model results in the model of Williams and
Vigh [18].

It has already been demonstrated that (i) an analyte which
is @ weak monovalent [15] or divalent [22] acid and interacts
with one selector can be treated as if only one free analyte
form were present; (ii) a mixture of selectors can analogically
be regarded as a single selector [38-40]. A constant H30" con-
centration in the BGE is a prerequisite in the former case and a
constant mixture composition is required in the latter case. The
MaMs model investigated here indicates that the two approaches,
(i) and (ii), remain valid even if a weak acidic/basic analyte inter-
acts with multiple selectors. Any MaMs system can be viewed

s (i) a single-selector system with multiple analyte forms, (ii)
a single-analyte-form system with multiple selectors, or sim-
ply as a single-analyte-form/single-selector system; depending
on whether [H30%] (and consequently also y;p), the composition
of the selector mixture (represented by xg;), or both are kept
constant.

This work was carried out to demonstrate the validity of the
MaMs model (1) experimentally. We chose the simplest pos-
sible (yet practically highly relevant) MaMs system: a weak
monoacidic analyte interacting with a mixture of two cyclodex-
trins. First, we will simplify Eq. (1) by adapting it for two forms
of the analyte and two selectors. Second, we will show how
the system can be treated from the perspective of (i) multi-
ple analyte forms and a single selector at a constant mixture
composition; (ii) a single analyte form and multiple selectors
at constant [H3O"]; and finally the simplest single-analyte-
form/single-selector system at both constant mixture composition
and constant [H30"]. Finally, we will demonstrate the equiva-
lence of the three approaches, which allows the analyst to choose
the best one according to the requirements of the particular
separation.

2. Materials and methods
2.1. Chemicals

All the chemicals were of analytical-grade purity. R-
flurbiprofen, native -cyclodextrin ((3-CD), formic acid, cacodylic
acid, lithium hydroxide monohydrate and nitromethane were
purchased from Sigma-Aldrich (Prague, Czech Republic).
6-Monodeoxy-6-monoamino-f3-cyclodextrin hydrochloride
(A-B-CD) was purchased from CycloLab (Budapest, Hungary).
Ortho-phosphoric acid was purchased from Lachema (Brno, Czech
Republic). NaOH solutions used for rinsing the capillary were
purchased from Agilent Technologies (Waldbronn, Germany).
IUPAC buffers, pH 1.679, 4.005, and 7.000 (Radiometer, Copen-
hagen, Denmark), were used for calibration of the pH meter. The
water used for preparation of all the solutions was purified by
the Rowapur and Ultrapur water purification system (Watrex, San
Francisco, USA).

2.2. Instrumentation

All the CE experiments were performed using an Agilent
3DCE capillary electrophoresis instrument operated by ChemSta-
tion software (Agilent Technologies, Waldbronn, Germany). The
instrument was equipped with a built-in photometric diode array
detector (UV detector). The 50 wm id and 375 wm od fused-silica
capillary was obtained from Polymicro Technologies (Phoenix, AZ,
USA). The total length of the capillary and distance from the inlet to
the UV detector were 50.3 cm and 41.8 cm, respectively. A pH meter
(PHM 240 pH/ION Meter, Radiometer analytical) was employed to
measure the pH of the BGEs.

2.3. Experimental conditions

The pH 2.02 stock buffer contained 96.0 mM ortho-phosphoric
acid and 38.1 mM LiOH; the pH 4.01 stock buffer contained 70.0 mM
formic acid and 48.0 mM LiOH; the pH 6.28 stock buffer contained
86.0 mM cacodylic acid and 48.0 mM LiOH. Stock solutions contain-
ing 3-CD were prepared by dissolving the selector directly in the
particular buffer. A-B-CD is a monovalent positively charged selec-
tor and was purchased as a salt. Therefore, in stock solutions of this
selector, the concentrations of LiOH and of the relevant buffering
constituent had to be decreased in order to keep the IS of the solu-
tion constant so that all the BGEs used in this work had IS of 48 mM
according to the calculation by the PeakMaster software [43]. All
the stock solutions of A-B-CD contained 10 mM of this selector.
The concentrations of the buffer constituents were 76.0 mM ortho-
phosphoric acid and 28.1 mM LiOH for the 2.02 pH buffer, 55.4 mM
formic acid and 48.0 mM LiOH for the 4.01 pH buffer, and 68.1 mM
cacodylic acid and 38.1 mM LiOH for the 6.28 pH buffer. The BGEs
containing lower concentrations of the single selectors were pre-
pared by diluting the stock solution of the particular selector and
the particular pH with stock buffer of the same pH. The stock solu-
tions of the dual-selector mixtures were prepared by mixing stock
solutions of the single selectors (of the particular pH) in the required
ratio to obtain the desired mixture composition. Consequently, the
stock solution was diluted with pure buffer of the particular pH to
obtain BGEs containing a lower concentration of the dual-selector
mixture. See Table 1 for the concentration ranges used. All the
solutions at the given pH level exhibited the same experimental
pH regardless of the presence and amount of selector(s). This
indicated that no significant interaction occurred between the
selectors and the buffer constituents [44]. Because of the low solu-
bility of R-flurbiprofen at low pH values, the stock solution of 4 mM
R-flurbiprofen was prepared by dissolving the appropriate amount
of the compound in a 4 mM solution of LiOH. The samples were
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Table 1

Concentration ranges of single selectors and of dual-selector mixtures in BGEs used for the determination of the complexation parameters. xs; represents the molar fraction

of A-B-CD in the dual selector mixture.

pH Selectors System? Xs1 Range of concentrations (mM)® Number of concentration levels
A-B-CD SaSs - 0.1-7.0 8
6.28 A-B-CD +B-CD M-overall 0.8 0.1-7.0 8
A-B-CD+B-CD M-overall 0.6 0.1-7.0 8
A-B-CD pH-overall - 0.05-8.0 9
B-CD pH-overall - 0.1-5.0 8
401 A-B-CD +B-CD MaMs-overall 0.8 0.05-10.0 12
- A-B-CD +B-CD MaMs-overall 0.6 0.05-0.8 7
A-B-CD +B-CD MaMs-overall 0.4 0.1-2.5 7
A-B-CD +B-CD MaMs-overall 0.2 0.1-5.0 8
A-B-CD SaSs - 0.1-7.0 9
2.02 A-B-CD+B-CD M-overall 0.8 0.2-7.0 9
A-B-CD +B-CD M-overall 0.6 0.2-7.0 9

@ SaSs: asingle free analyte form interacts with a single selector; M-overall: a single free analyte form interacts with a dual selector mixture; pH-overall: a partly dissociated
analyte interacts with a single selector; MaMs-overall: a partly dissociated analyte interacts with a dual selector mixture.

b A total concentration of the mixture ct is reported for dual selector mixtures.

prepared by mixing 60 pL of the stock solution of R-flurbiprofen,
30 L of 1% (v/v) aqueous solution of nitromethane (EOF marker)
and 410 pL of the respective pure buffer (the samples did not
contain any selector). All the solutions were filtered using syringe
filters, pore size 0.45 um (Sigma-Aldrich, Prague, Czech Republic).

The capillary was thermostated at 25°C (at least 85% of the
migration path is efficiently thermostated, because of the physi-
cal limitation of the instrument). Prior to use, a new capillary was
flushed with water for 5min, then with 1M NaOH for 5min and
twice with water for 5 min. When a BGE containing a lower selector
concentration compared to the previous measurement was used,
the capillary was flushed with water for 3 min, with 0.1 M NaOH
for 3min and with water for 3 min. Prior to each run, the cap-

Ha- +Ky_gyia-s16s1 + Ky_gyia-s2Csa + ([H30T1/K] 110 )(1kma + Kiype 1as1Cs1 + Kjjpeo 1Has2Cs2)

3. Results and discussion
3.1. Theory

The simplest MpMs system consists of a weak monoacidic ana-
lyte and two selectors. In this system, six forms of the analyte are
generally present in the solution: the free deprotonated analyte A~
(mobility p4-); the free protonated analyte HA (ftpa, (tya =0, for a
weak monoacid); the complex of the deprotonated analyte with the
first selector A~Sy (ia-s1; complexation constant K} ¢, ); the com-
plex of the deprotonated analyte with the second selector A~S,
(a-s2; Kj_g,); the complex of the protonated analyte with the
first selector HAS; (ipas1, Kjjugy); and finally the complex of the
protonated analyte with the second selector HAS (inas2,  Kjjpg,)-
The effective mobility of the analyte can be expressed in a straight-
forward way (as the sum of the mobilities of the individual analyte
forms weighted by their respective molar fractions):

Heir = 1+K,

1 s1Cs1 + K,

Xa- M- + XHAHA + (Xa-(K)_ g1 a-s1Xs1 + Kj_go a-s2.X52) + XHAK] 451 HAS1 X1 + K] 050 HHAS2 X52))Ctot

(A-s2Cs2 + ([H30+]/Kéz.HA)(l + Kfjas1Cs1 + KfjasoCs2)

(2)

where K;,HA is the apparent (concentration-defined) dissociation
constant of the free analyte and cs; and cs; are concentrations of
the first and the second selector, respectively. Formulated using
the MaMg model (1) the effective analyte mobility results in the
relationship:

Heff =

illary was flushed for at least 3 min with the relevant BGE. The
samples were injected hydrodynamically at 150 mbars. A volt-
age of 15kV was applied (anode on the injection side). Due to
the low EOF, a pressure of 35mbar was applied during all the
electrophoretic measurements. The electric current and power
in the capillary did not exceed 45 pA and 0.65W, respectively.
Each experiment was repeated at least four times. The software
ChemsStation (Agilent Technologies) was used for data collection
and acquisition. The mathematical software Origin 8.1 (Origin-
Lab Corporation, Northampton, USA) was used for fitting analyte
peaks to the Haarhoff van der Linde (HVL) function [45,46], marker
peaks to the Gaussian function and effective mobilities and MaMs-
complexation parameters to the theoretical equations (see Section
3.2 for details). Other calculations were performed using Microsoft
Office Excel 2010.

1+ (xa- (Ky-gq Xs1 + Ky g5 X52) + XHa(Kijpsq Xs1 + Kijpsy Xs2))Crot

(3)

where xs; and xs;=(1- xs1) are the molar fractions of the
respective selectors in the dual-selector mixture and x4- and yps =
(1 — xa-) are the molar fractions of the dissociated and protonated
analyte (related to the total concentration of the free analyte):

K’

a,HA
Xa-= o (4)
K ya + [H307]
H30™
XHA [H;07] (5)

K ya+[H307]

Both Egs. (2) and (3) are rather complicated and introduction
of the MyMs model does not seem to simplify the situation to any
extent. However, Eq. (3) enables closer inspection of the behav-
ior of the system and simplification of the problem, as we will
demonstrate later. (We assume constant IS, 1:1 complexation stoi-
chiometry and fast complexation kinetics in the following text.)

First, if [H30*] (and therefore also the molar fractions of the free
analyte forms x4- and xpya) and the composition of the selector
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mixture (represented by the molar fraction of the first selector
Xs1=1— xs2) are both kept constant, Eq. (3) takes the form:

MyMs MaMs 1, MaMs
Ko + Hpg K p$ Cot
MM,
14+ KM o

where pMaMs, K'3aMs and 1 MaMs are the MaMs-overall mobility of
the free analyte, the My Mgs-overall complexation constant and the
MpaMs-overall mobility of the complex, respectively. The MaMs-
overall parameters are characteristic for the system at a particular
IS, pH and mixture composition. Their explicit expressions can be
obtained by comparing Egs. (3) and (6) (cf. also Part I of this paper)
and are given in Supplementary information S1 to this paper. For-
mula (6) has exactly the same form as that obtained by Wren and
Rowe for systems with a single analyte form and a single selector
(which we will refer to as the “SpSs model”) [10]. At constant
mixture composition and H30" concentration, the dependence of
the effective mobility of the analyte on the total mixture concen-
tration is thus expected to follow the familiar hyperbolic pattern.
Therefore, the system can be treated as if only one analyte form and
only one selector were present and parameters ug"AMS, K’Q"SAMS and
puMaMs can be measured experimentally (e.g. by affinity capillary
electrophoresis - ACE). In addition, some (but not all) optimization
strategies developed for SySs systems can be adopted. The “but not
all” statement refers to the approximation sometimes assumed in
chiral separations that complexes of the two enantiomers with a
single selector have the same mobilities. This simplification cannot
be employed in the MpMs systems as we have already pointed out
elsewhere for multi-selector systems [39].

Secondly, when the requirement on constant H30* concentra-
tion is removed, so that the analyte may change its degree of
dissociation at a constant composition of the selector mixture, Eq.
(3) takes the form:

Yo ta- + xuatea + (Xa- KO3 g™ o+ xuaK! s 166 Yror @)
1+ (Xa 1(/AM75 + XraK Ms )etot

where K'Y ¢ and K’} are the so-called M-overall constants of
complexation of the selector mixture with the dissociated and pro-
tonated analyte, respectively, and ,ui‘"’,s and ”’%’AS are the M-overall
mobilities of complexes of the two respective analyte forms with
the selector mixture. Explicit expressions for the M-overall param-
eters can be obtained by comparing Eqs. (3) and (7) (cf. also Part
[ of this paper) and are also given in the Supplementary informa-
tion S2 to this paper. Note that the M-overall parameters (K" and
14M) do not refer to any complex physically present in the solution,
but rather describe the interaction between the individual analyte
forms and the mixture as a whole. Specifically, the M-overall mobi-
lities ;Lj‘{’,s or ;L",_j’AS, as appropriate, should be understood to be
the mobility the fully dissociated analyte or the fully protonated
analyte, respectively, that would be attained at virtually infinite
Crot- After substituting Eqs. (4) and (5) into (7), the formula can be
rewritten as follows:

pa- + K cor + ([H3OF1/K )t + K Has 1M sCor) (8)
1+ K3 gcor + ([H301/K, 1y 1+ K o)

Eq. (8) has exactly the same form as that published by Williams
and Vigh [18] for a weak monoacidic analyte interacting with a sin-
gle selector (which we will refer to as the “pH-explicit model”). Thus
the MaMs model shows that any selector mixture of constant com-
position can be regarded as a single selector and, consequently, the
optimization strategies developed for a partly dissociated analyte
interacting with one selector can be employed. Determination of
the M-overall parameters requires measurements in BGEs with at
least two different pH values (keeping IS and mixture composition
constant). Consequently, the effective mobility of the analyte can
be calculated for BGEs with various pH values (or more precisely
[H30%]) and various total concentrations of the selector mixture
(but constant mixture composition).

(6)

Heff =

Heft =

Heft =

Thirdly, if the mixture composition is varied at constant pH, Eq.
(3) yields:

H H  pH H  pH
b+ (K56 by Xs1 + Kby thhey Xs2)Ctot
JpH pH
1+ (KR xs1 + KBy Xs2)cror

Hetf = (9)

where p)™ is the mobility of the free analyte, K’E; and K’A‘??Z are
the complexation constants of the analyte with the first and the
second selector, respectively, and uﬁ?] and /LE?Z are the mobilities
of the complexes of the analyte with the first and the second selec-
tor, respectively, all at the given [H30"]. The pH-overall parameters
p,gH, K/f;:. and phg characterize the electromigration of a partly
dissociated analyte in a single selector system at constant pH and
were originally introduced for single selector systems by Leliévre
et al. [15]. Explicit expressions can be obtained by comparison of
Eqgs. (3) and (9) (cf. also Part I of this paper) and are given in the
Supplementary information S3 to this paper. Analogously to the
M-overall mobilities of the complexes, 5, and Hg?z are also the
mobilities the analyte would attain at virtually infinite concentra-
tion of one or the other selector at the given pH, not the mobilities
of any particular complex physically present in the solution. Eq. (9)
shows that the MyMs system can be treated as if only one analyte
form were present. Therefore, the strategy we recently introduced
for dual-selector systems interacting with a fully charged analyte
[40] (which we will refer to as the “dual-explicit model”) can also
be applied for partly charged analytes as long as [H30"] (i.e., pH
and IS) is held constant. The parameters of complexation with the
individual selectors can be determined in the corresponding sin-
gle selector systems (at the given pH and IS). Consequently, the
effective mobility of the analyte in the dual-selector system can
be calculated for various compositions and concentrations of the
selector mixture.

3.2. Results

We chose R-flurbiprofen as a model weak monoacidic analyte,
and the monovalent positively charged A-B-CD and the neutral 3-
CD as the two selectors in the dual-selector system. We performed
measurements of the effective mobility as a function of the total
selector concentration at various pH values and mixture composi-
tions as given in Table 1 (IS was constant in all the BGEs used). The
dissociation exponent (pK,) of R-flurbiprofen reported in the litera-
ture varies around 4.2 [47-49). Therefore, the degree of dissociation
of the analyte is >99%, ~39% and <1% at pH values of 6.28, 4.01 and
2.02, respectively. In BGEs containing monovalent charged A-3-CD
(either as a single selector or as a part of the mixture), the concen-
tration of the buffer constituents was decreased in order to keep IS
constant as discussed in Section 2.3. The analyte peaks were fitted
to the HVL function [45,46], which yields the migration time of the
analyte at its infinite dilution, i.e., unaffected by electromigration
dispersion or consumption of the selector by complexation with the
analyte [40,50]. According to our experience, viscosity changes do
not significantly affect the determined complexation parameters as
long as the concentration of the CD does not exceed approximately
10 mM. Therefore, no viscosity correction was employed. The mobi-
lities of the free analyte at each pH were measured separately in
selector-free BGEs.

At pH 6.28, the free analyte appears almost exclusively in a single
fully deprotonated form. When measured with the single selec-
tor, the situation matches the SySs model as originally described
by Wren and Rowe [10] and the determined parameters are the
“physical” parameters K _¢, -5 and j14-. When measured at this
pH in a selector mixture of constant composition, s, the situation
matches the M-overall model [40] and the determined parame-
ters are K'}Lg, bt o and pM = pa-. The same applies to pH 2.02,
when the analyte is almost fully protonated and the respective
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Fig. 1. Dependence of the effective mobility of R-flurbiprofen on the total selector
concentration (pH 4.01, mixture of A-B-CD and B-CD, molar fraction of A-B-CD
Xs1=0.6, see Section 2 for experimental details); diamonds: experimental data;
line: function (6) fitted to the experimental data, mobility of the free analyte
(-9.41 x 10-°m? V-' s~1) fixed during fitting, R? of the fit given in the figure; circles:
effective mobilities calculated by the dual-explicit model (9) using the pH-overall
parameters as input values (Table 2); squares: effective mobilities calculated by the
pH-explicit model (8) using the M-overall parameters as input values (Table 2);
inset: schematic representation of the two ways by which the effective mobilities
can be predicted; A~: dissociated analyte form, HA: protonated analyte form. (For
interpretation of the references to color in text near the figure citation, the reader
is referred to the web version of this article.)

parameters are K/, ftuas and ppa, K'is, s and p, = ppa.
Both the protonated and deprotonated forms of the analyte coex-
ist in the system at the medium pH of 4.01. When measured with
a single selector, the situation matches the pH-overall model [15]
and the determined parameters are K/g?. ke and ;/.3”. When mea-
sured with the dual-selector mixture, the complete MjMs-overall
model (6) must be employed and the determined parameters are
K'MaMs |y MaMs and 1 MaMs — ugH. It is worth noting that the MaMs
model implies that each one of all these dependences follows
the same hyperbolical pattern (6). Therefore, SpSs as well as pH-
overall, M-overall and My Mg-overall complexation parameters can
be determined by the same kind of ACE experiment [51,52], by
fitting the same Eq. (6) to the experimental data.

The resulting data are given in Table 2. The nonlinear curve fit
does not indicate any difference between the individual models in
terms of the quality of the fit. The coefficients of determination,
R2, as well as the errors of estimates are comparable for all of the
SaSs, pH-overall, M-overall or MyMg-overall data. On one hand,
all the parameters are pH-overall since, strictly speaking, the ana-
lyte is never fully (de)protonated, as reflected in the very small but
nonzero mobility of the free analyte at pH 2.02. On the other hand,
the degree of dissociation (protonation) seems negligible at the
high (low) pH and the determined complexation parameters can
be considered approximately equal to those of the single-analyte
forms. The coefficients of determination and the errors of estimate
are in perfect agreement with our long-term experience with the
ACE measurements [40]. Fig. 1 (blue diamonds and curve) shows
a representative data fit for the selected mixture composition,
Xs1=0.6, at the medium pH of 4.01. The figure clearly demonstrates
that the experimental data follow the familiar hyperbolical shape
even though two free-analyte forms are present and interact with
two different selectors. This is in accordance with the My Ms-overall
model (6).

The MaMs model also shows that the effective mobility of the
partly dissociated analyte (pH 4.01) in a dual-selector mixture
can be predicted either by the pH-explicit (8) or dual-explicit (9)

approach. These two approaches might be regarded as “orthogonal”
to each other (see the inset in Fig. 1). In the first (“vertical”) case,
the M-overall parameters are measured in a selected mixture with
a constant composition for the individual free analyte forms (disso-
ciated and protonated) and used in the pH-explicit model (8) (red
squares in the inset in Fig. 1). In the second (“horizontal”) case, the
pH-overall parameters are measured at the desired pH with the
two single selectors and further used in the dual-explicit model (9)
(green circles in the inset in Fig. 1).

We will first investigate the “vertical” approach of obtaining
the effective mobility of the analyte in the MsMs system. Here we
simply treat the mixture of selectors as a single selector and use
the measured (M-overall) complexation parameters in Eq. (8). The
M-overall parameters were measured in the standard way at low
(K'M,s and p'¥,5) and high (K} s and uh ) pH (red squares in the
inset in Fig. 1) and the results are given in Table 2. Because the
dual-selector mixture used consists of a charged selector, A-3-CD,
combined with a neutral selector, 3-CD, the M-overall complex-
ation parameters of the free protonated analyte, K'M,s and 1/Mss,
could be estimated at low pH provided that the fraction of A-3-
CD was high enough to mobilize the neutral form of the analyte.
This was true of the model mixtures with xs; =0.8 and xs; =0.6
(Table 2). In the next step, the measured (M-overall) mobilities
of the complexes and the complexation constants were used to
predict the effective mobilities of the analyte at pH 4.01 using Eq.
(8). The [H30+]/K1,1,HA ratio had to be determined for this purpose.
This, in principle, could be calculated from the dissociation expo-
nent (pK,) of the analyte and the desired pH (4.01). Nevertheless,
the [H30+]/K(/LHA ratio is IS-specific and therefore the calculation
would require the pK], ,;, value determined at the particular IS and
conversion of the pH value (activity-defined) to the [H30*] concen-
tration. An alternative and more straightforward strategy is based
on taking advantage of the pH-overall mobility of the free analyte,
MgH (see the Supplementary information S1 and S3), which directly
yields:

[H;07]  pa- — "

’ - H
Kowa 1B — ppa

(10)

where p4- and ugH were measured (without any selector) at
pH 6.28 and 4.01, respectively and fty4 =0. The obtained value
[H30+]/K¢/1,HA =1.07 was used in the calculation. The whole pro-
cedure was accomplished at various total mixture concentrations
and the predicted effective mobilities were then compared with
those measured experimentally. Fig. 1 depicts the experimental
data (blue diamonds) and the data obtained by calculation using
Eq. (8) (red squares) for the mixture with xs; = 0.6. The quantitative
difference between the measured and the predicted data is sum-
marized in Table 3A. Apart from the calculations for the selector
mixtures, xs; =0.8 and xs; =0.6, the calculation was additionally
performed for the single A-3-CD selector system (xs; =1). The data
suggest that the pH-explicit model with the M-overall parame-
ters yields a slightly biased prediction as the total concentration
Ctot increases. This observation could be attributed to the biased
values of the input parameters (K'Mys, uMe, K}, etc.) caused by
the incomplete (de)protonation of the analyte at the high and low
pH values. Nonetheless, and in spite of the fact that the prediction
is a little worse compared to the single selector system (xs1 =1),
the experimental results still support the validity of the proposed
model quite well.

Secondly, we will investigate the “horizontal” approach for
obtaining the effective mobility of the analyte in the MaMs sys-
tem. Now the two ionic forms of the partially dissociated analyte
are treated as a single-analyte form and the (pH-overall) complex-
ation parameters are used in Eq. (9). The pH-overall parameters
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Table 2

Measured mobilities of the free R-flurbiprofen and its complexation parameters with the single and the dual selector systems at various pH values of the BGE. xs; refers
to the molar fraction of A-B-CD in the dual selector mixture with 3-CD (see Section 2 for experimental details), complexation parameters obtained by fit of Eq. (6) to the
experimental data (mobility of the free analyte at the particular pH fixed during the fitting).

pH o® (1079 m2V-1g1) Selector System Ky (M) Tas (109 m2 V-1s71) R?
A-B-CD SaSs 4100 + 120 0%b 0.9947
6.28 -19.53+0.07 Xs1=0.8 M-overall 4550 + 120 -2.06+0.06 0.9987
Xs1=0.6 M-overall 4620 + 80 -3.80+0.04 0.9992
A-B-CD pH-overall 4190 + 50 3.79+0.02 0.9998
B-CD pH-overall 8200 + 110 -2.63+0.02 0.9996
Xs1=0.8 MyMs-overall 4980 + 50 1.76£0.02 0.9997
401 941005 Xs1=0.6 MaMs-overall 5800 + 150 0.17+0.09 0.9987
Xs1=0.4 MuMs-overall 6900 + 180 -0.95+0.08 0.9985
Xs1=0.2 MaMs-overall 7500 + 120 -1.85+0.03 0.9993
A-B-CD SaASs 4320 + 50 7.03+0.01 0.9996
2.02 -0.37+0.05 xs1=0.8 M-overall 5460 + 130 4.18+0.01 0.9975
Xs1=0.6 M-overall 6470 = 170 242+0.01 0.9972

2 Value fixed during the fitting.

b Zero mobility of the complex formed of unitary negatively charged analyte and unitary positively charged selector.

were measured in the standard way with the first and the sec-
ond selector separately at the desired pH of 4.01 (green circles in
the inset in Fig. 1). The results are given in Table 2. In the next
step, the measured (pH-overall) mobilities of the complexes and
complexation constants were used to predict the effective mobi-
lities of the analyte in the mixture of selectors. Eq. (9) applies in
this case. The whole procedure was accomplished for four different
mixture compositions (xs; =0.2, 0.4, 0.6, 0.8) and at various total
mixture concentrations. The predicted effective mobilities were
then compared with those measured experimentally. Fig. 1 depicts
the experimental data (blue diamonds) and the calculation using
Eq. (9) (green circles) for the mixture with xs; =0.6. The quanti-
tative difference between the measured and the predicted data is
summarized in Table 3B. The prediction matches the experimental
data almost perfectly.

Finally, the dependences of the MjyMg-overall complexation
parameters K’,’f\” Ms and [L%{*MS on the mixture composition at con-
stant pH (4.01) can be expressed to further validate the MaMs
model. At constant pH, the M-overall (specifically dual-explicit)
perspective applies. Therefore, the dependences of I(”A”g*MS and
HQ”SAMS on the mixture composition are formally identical to those

Table 3

Median and maximum absolute differences between the measured and the calcu-
lated effective mobilities of R-flurbiprofen at pH 4.01 in the dual selector mixtures
of A-B-CD and -CD of various compositions. ( xs; refers to the molar fraction of A-
B-CD); (A) calculation by the pH-explicit model (8) using the M-overall parameters
of the individual R-flurbiprofen ionic forms determined at low and high pH in the
dual-selector mixtures of the specified composition (Table 2); (B) calculation by the
dual-explicit model (9) using the pH-overall complexation parameters measured
at pH 4.01 with the first and the second selector separately (Table 2); see text for
details.

Number of
concentration levels

X1 [ 1tefr (measured) — jegr
(calculated)| (10°m2V-1s1)

Median Maximum
(A)
0.6 0.20 03 7
0.8 0.19 04 10
1 0.05 0.1 9
(B)
0.2 0.06 0.2 8
04 0.06 03 7
0.6 0.02 0.1 7
0.8 0.07 0.2 10

8000

7000

~ 6000 -

MM
AS

K

5000

R® = 0.9985
4000 +

0.0 0.2 0.4 0.6 0.8 1.0

(10°m*V's™)

MM
Has

R*=0.9998

0.0 0.2 04 0.6 0.8 1.0
%

Fig. 2. MaMs-overall complexation parameters of R-flurbiprofen with dual-selector
mixtures of A-B-CD and B-CD at pH 4.01. x-axis: molar fraction of A-B-CD in mix-
ture xs1.(A) MaMs-overall complexation constant,K"X’;"”S ; points: measured values;
line: fit to Eq. (11). (B) MaMs-overall mobility of the complex, u.f"’SAMS; points: mea-
sured values; line: fit to Eq. (12), single selector complexation constants fixed during
the fitting (4190 M~! and 8240 M~ for A-B-CD and -CD, respectively).
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givenin Ref. [40] (but now the pH-overall parameters stand in place
of the single-analyte-form ones):

MaM H  pH H  pH
Kag™s = K6 ither xs1 + K gy ither (1= Xs1) (11)

H  pH pH . pH
K73s1 s Xst + Ky ity (1 = Xs1)

(12)
K’E; Xs1 +1</5§?2(1 — Xs1)

s =

The dependence of the MpMs-overall complexation constant,
K'¥4Ms  on the mixture composition, xs1, is depicted in Fig. 2A. The
values vary linearly from the K’z; of the second selector at xs; =0to
that of the first selector at xs; = 1. The linear dependence is in agree-
ment with the model (11). An analogous dependence is depicted for
the MaMs-overall mobility of complex, }4Ms, in Fig. 2B. The data
again perfectly match the expected hyperbolic pattern of Eq. (12)
bounded with the single selector ;/,A‘??i values at xs;=0and xs1=1,
respectively. (The model (12) has four parameters: the pH-overall
complexation constants and mobilities of complexes of the two
single selector systems. Therefore, the single-selector pH-overall

. +pPH +PH
complexation constants K';¢; and K';¢, were fixed to prevent over-
fitting.)

This dual-explicit perspective (9) can be advantageously used
for optimization of the composition of the dual-selector mixture,
as we have shown elsewhere [40]. This allows analysts to find the
optimal separation conditions regarding the selectivity, separation
time and electromigration order of the analytes. On the other hand,
the pH-explicit approach (8) is well established for single selector
systems [17-19] and enables separation optimization with respect
to the pH of the BGE. The My Mg model and the experimental results
presented here show that both these approaches are applicable
in an MaMs system according to the requirements of a particular
analysis.

4. Concluding remarks

The MaMs model considerably simplifies the model of electro-
migration of partly dissociated analytes separated by a dual- or
multi-selector mixture. First, when the IS, pH and mixture com-
position are kept constant, the system can be described by the
simple SpSs-like model of electromigration of a fully dissociated
analyte interacting with a single selector. The same precision of
the SpSs-like model was shown for both a fully and a partly dis-
sociated analyte interacting with either a single-selector or with a
dual-selector mixture.

Second, the dual-explicit model (9) originally describing the
interaction of a single analyte form with two selectors is useful
at constant pH and IS regardless of the degree of dissociation of
the free analyte. When the pH-overall parameters are measured
for the single selectors, the dual-explicit model has excellent accu-
racy in calculating the final MaMs-overall complexation constant
and mobility of the complex along with predicting the resulting
effective mobility of the analyte.

Third, the pH-explicit (8) model as derived for the single
weak monovalent acidic/basic analyte and single selector can be
employed to the constant mixture composition and IS. The M-
overall complexation parameters are used as input parameters of
the pH-explicit model. This approach was somewhat less accurate
than the other two but is still undeniably good enough for practical
purposes.

Combination of the mentioned approaches opens the way to
optimizing the pH value, mixture composition and its total con-
centration in the analytical practice of separation of monovalent
weak acidic/basic analytes in dual- or multi-selector mixtures in
capillary zone electrophoresis.
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4.3 Efektivni mobilita EOF marker @& v BGE obsahujicim
sulfatovany B-CD stanovena dvoudetektorovou metodou

Pro stanoveni kompleaich parametr, které jsou vstupnimi parametry elektromigrizh
modehi probiranych v kapitolach 4.1 a 4.2, metodou ACHréba zndtit efektivni mobility
analytu v BGE o &olika riznych koncentracich selektorV piipact, Ze selektor je nabity,
muze byt stanoveni efektivni mobility analytu kompMéano interakci EOF markeru se

selektorem.

Jak byloreceno v Gvodni kapitole 1.2, vhodnd metoda pro stanbefektivni mobility
analyti v zakladnich elektrolytech, jejichzéktera nabita slozka (typicky selektor)ube
interagovat s markerem elektroosmotického tokua wlvinuta ve skupih profesora Vigha
uz vroce 1997 [71]. Nicménpro fungovani této metody je nezbytné usristUV
absorgniho detektoru iiblizn¢ uprosted kapilary, zatimco v kom@rich gistrojich je
vzdalenost mezi timto detektorem a vystupnim konk&emilary konstrukné pevré dana a
ponerné kratka (8,5cm vipad instrumentace Agilent Technologies pouzivané w tét
praci).

Proto byla Wublikaci V navrzena nova metoda zaloZzena na stejném prinailau,
proveditelna v komeni instrumentaci. | nami navrzend metoda je zalaZzea stanoveni
vzdalenosti mezi z6nou markeru umndfgiu v neinteragujicim BGE a zo6nou vzorku
nachazejici se v BGE obsahujicim interagujici sloMetoda vyuziva dva detektory: UV
absorgni detektor s diodovym polem umiis§ u vystupniho konce kapilary a bezkontaktni
vodivostni detektor {pvodné vyvinuty v nasi skupi [76], ktery je ovSem nyni &ing
komekné dostupny u vyrobceifstroje, firmy Agilent Technologies. Konstrukce k&g, do
které se umidlje kapilara, umaiuje situovat mezi oba detektory dalSi sk kapilary,
takZze vzdalenost mezi &ima detektory je ifiblizné stejna, jako mezi vstupem do kapilary a
prvnim (vodivostnim) detektorem, jak je ukdzandimazku 6.

Pribéh mefeni dvoudetektorovou metodou je schematicky zng&momnPublikaci V
(Figure 1), podrobny popis jednotlivych fazi metodypisob vyhodnoceni vysledkje
uveden v sekci 3.1 této publikace.
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Obrazek 6: Navinuti kapilary pro rieni dvoudetektorovou metodou; 1 — vodivostni derek — UV
absorgni detektor; 3 — elektrodyfipojené ke zvroji vysokého naip; 4 — vialky s BGE; 5 kazeta pro umishi
kapilary; A — Usek kapilary od vstupu k vodivostuimetektoru; B -tisek kapilary od vodivostniho detekt
k UV absorgnimu detektoru.

Dvoudetektorova metoda bylaPublikaci V vyuZita ke stanoveni efektivni mobility
Ctyi ¢asto pouzivanych EOF marker dimethyl sulfoxidu, mesityl oxidu, nitromethau
thiomaioviny — v BGE obsahujicim nedefinovaaulfatovanyB-CD (S{$5-CD) v koncentraci
60 g/l (odpovida pblizné 30 mM). Stanovené mobility jsou uvedenBublikaci V (Table 2).

Nejvyssi efektivni mobilita Zjsobena interakci se [BED byla pozorovana
u thiomasoviny (-3,010°m?v's%), coZ ukazuje, Ze tato latka neni vhodnym markepem
metodou stale #fitelné, efektivni mobility byly zjiginy pro dimethyl sulfoxid a nitromethan
(-1,510°m?*v'sY). Lze tedy konstatovat, Ze tyto latky jsou ze ewého setu nejmén

nevhodné jako EOF markery, nicndérty se SB-CD slalg interaguiji.

Ziskané vysledky byly déle steny nerenimi pomoci CE v klasickém usi@olani. Tak
samozejm¢ nebylo mozné zgfit absolutni hodnotu efektivni mobility daného E@®&rkeru.
Nicmére kdyz byly ve vzorku nadavkovany markery dva, bylozné stanovit rozdil jejich
efektivnich mobilit (rozdil neni ovliwn mobilitou elektroosmotického toku). Tento rozdil
pak byl porovnan s rozdilem efektivnich mobilitretaenych dvoudetektorovou metodou a
vysledky byly v ramci experimentalni chyby shodm@lfikaceV, Table 3), coz potvrzuje

spolehlivost vysledk dvoudetektorové metody.
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1 Introduction

Electrophoresis 2013, 34, 768-776
Research Article

Determination of effective mobilities of EOF
markers in BGE containing sulfated
B-cyclodextrin by a two-detector method

A neutral marker of the EOF can gain a nonzero effective mobility because of its pos-
sible interaction with a charged complexing agent, such as a chiral selector in CE. We
determined effective mobilities of four compounds often used as EOF markers (dimethyl
sulfoxide, mesityl oxide, nitromethane, and thiourea) in the BGE-containing sulfated B-CD
(60 g/L). All the compounds studied were measurably mobilized by their interaction with
the selector. The highest effective mobility (-3.0-10~"m?s~'V~!) was observed for thiourea
and the lowest (-1.5-10"m?s~'V~) for dimethyl sulfoxide and nitromethane. The mobil-
ities were determined by a new two-detector pressure mobilization method (2d method),
which we propose, and the results were confirmed by standard CE measurements. In
the 2d method, one marker zone is situated in the BGE containing the charged selector,
while the second marker zone is surrounded with a selector-free BGE, which prevents
its complexation. The initial distance between the two marker zones equals the capillary
length from the inlet to the first detector. After a brief voltage application, the final distance
between the marker zones is determined based on known capillary length from the first to
the second detector. The difference between these two distances determines the effective
mobility.

Keywords:
Capillary zone electrophoresis / Complexation / EOF determination / EOF
markers / Sulfated cyclodextrin DOI 10.1002/elps.201200490

D Additional supporting information may be found in the online version of this
article at the publisher’s web-site

The most popular chiral selectors in CE are CDs [1-11].
Among these, charged CDs are the only choice for separa-

CE is a widely used technique for separation of charged an-
alytes. Applicability of CE can be significantly extended by
addition of an interacting agent into the BGE. If the BGE
contains a chiral selector, then the CE can be used for chiral
separations. A wide range of chiral selectors is available so
they can be easily altered [1-3] which makes CE a versatile
chiral separation method.
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Prague, Albertov 2030, CZ-128 40 Prague 2, Czech Republic
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Abbreviations: CCD detector, contactless conductivity detec-
tor; 2d method, two-detector method; free-BGE, interacting
agent-free BGE; M1, first marker zone; M2, second marker
zone; M3, third marker zone; MO, mesityl oxide; NM, ni-
tromethane; SCD, sulfated B-CD; SCD-BGE, BGE-containing
sulfated CD; TU, thiourea; UV detector, UV/Vis absorption
detector

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tion of neutral analytes. The charged CDs are reported to also
show better chiral recognition ability for charged analytes
compared to neutral CDs [1, 3,5, 11-13]. Two reasons can be
given for this phenomenon. One reason lies in electrostatic
forces playing role in the host-guest interaction along with
a possible countercurrent flux of a free analyte and an oppo-
sitely charged complex of the analyte with the selector [1,3,5].
The second reason is connected with the fact, that the charged
CDs are often produced as a mixture of compounds differ-
ing in degree of substitution and position of substituents. To
such a multiselector separation system, a mixed effect of ther-
modynamic/electrophoretic enantioselective mechanisms is
inherent that can significantly increase the separation capa-
bility of the system [14, 15]. Especially sulfated and highly
sulfated CDs are known as versatile and very effective chiral
selectors [6,9,16-21].

Colour Online: See the article online to view Figs. 1-4 in colour.
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CE is also utilized for determination of physicochemical
constants, such as acidity constants, limiting ionic mobili-
ties, ionic radii, critical micelle concentration. Interaction of
a complexing agent with an analyte in CE can be described by
the complexation constant and the mobility of the complex.
Both these parameters are essential for theoretical models of
electromigration behavior of such systems and consequently,
for both theoretical considerations and practical applications
[14,22,23]. Methods for determination of complexation con-
stants by CE are summarized in several reviews [24-27]. The
most commonly used method is ACE. In this method, the de-
termination is based on measurements of effective mobility
which in turn requires precise determination of the mobil-
ity of the EOF. Therefore, accurate measurement of the EOF
mobility is needed if the interaction of a complexing agent
with an analyte is to be studied.

Several methods of EOF mobility determination are sum-
marized in a review by Wang et al. [28], e.g. measurement of
mass of liquid transmitted by the EOF, calculation of the EOF
based on measurement of streaming potential, monitoring
of the electric current during experiments. Much simpler,
and thus, by far the most popular is, however, the neutral
marker method [29]. In this method, a neutral compound
is injected together with the sample. Having no charge,
the neutral compound moves in the electric field with the
EOF and its “migration time” can be used for the deter-
mination of the EOF. There is, however, a danger: when a
charged interacting agent is present in the BGE, it can in-
teract not only with analytes as desired, but also with the
EOF marker, and thus, impart to the marker a nonzero effec-
tive mobility. Consequently, the compound cannot serve any
longer as a suitable marker of the EOF. A possible complex-
ation of the EOF marker is unfortunately often omitted in
practice.

In 1997, Williams and Vigh [30] published a method
for the accurate determination of the analyte mobility in
the presence of a charged interacting agent. This method
also uses a neutral EOF marker, but its interaction with the
interacting agent is prevented by surrounding the marker
zone with the BGE free of the interacting agent while the
analyte zone is situated in the BGE containing interacting
agent. Pressure mobilization of the capillary content is used
to measure the distance between the marker and the analyte
zone before and after a brief application of driving voltage.
In the group of Vigh, this method was successfully used for
choosing a suitable marker for particular BGEs containing
a charged interacting agent [31, 32] or for indirect determi-
nation of the EOF. In the latter case the accurate effective
mobility of the charged analyte in a particular interacting
BGE is measured by the pressure mobilization method. Then
in the standard CE run, the EOF mobility can be determined
as the difference between this accurate effective mobility
and the apparent mobility of this analyte [33]. However, the
method requires placing the UV/Vis absorption detector (UV
detector) approximately in the middle of the capillary, which
is either difficult or even impossible in common commercial
instruments.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Among articles dealing with the determination of in-
teraction constants of various analytes with charged CDs,
methanol seems to be the most popular EOF marker [34—43].
The other often used neutral markers are: mesityl oxide (MO)
[37,44-47], DMSO [48-52], thiourea (TU) [53], nitromethane
(NM) [54], ethanol [55], and acetone [56]. Muzikar et al.
[57] used water-gap next to MO to determine EOF mobil-
ity and Cai and Vigh [58] used the method of Williams and
Vigh [30] mentioned above. Evans and Stalcup [20] recom-
mended NM as a suitable EOF marker for systems with
sulfated CDs. In 2002, Fuguet et al. [59] investigated suit-
ability of various EOF markers (DMSO, TU, formamide,
DMF, methanol, acetone, ACN, propan-1-ol, tetrahydrofuran)
for several micellar systems: SDS, lithium dodecyl sulfate,
lithium perfluorooctane sulfonate, sodium cholate, sodium
deoxycholate, tetradecyltrimethylammonium bromide, and
hexadecyltrimethylammonium bromide. They stated that in-
teractions of the EOF marker with the micelles are different
in each system depending on the nature of the surfactant
used. Methanol, ACN, and formamide were the best EOF
markers for the systems they studied. To our best knowl-
edge, none such a study has been published for charged CDs,
which are one of the most commonly used charged agents
in CZE.

In this work, we compare the applicability of four pop-
ular EOF markers, which were used for determination of
interaction constants of various analytes with charged CDs,
namely: DMSO, MO, NM, and TU. For accurate mea-
surement of the effective mobility of these compounds in
the interacting BGE (here containing randomly sulfated -
CD (SCD)), we have developed a two-detector method (2d
method). This method utilizes two detectors located on the
capillary. A UV detector can be placed near the outlet of
the capillary, as usual. This makes this method applicable
for commercial instruments. A setup using two detectors
has been already utilized in CE [60-62] mostly to avoid in-
accuracy connected with the Joule heating. Conversely, the
2d method setup and procedure including pressure mo-
bilization of the capillary content enables us to measure
effective mobility without the need to evaluate the EOF
mobility.

2 Materials and methods
2.1 Chemicals

All chemicals were of analytical grade purity. DMSO, MO,
NM, TU, and lithium hydroxide monohydrate were pur-
chased from Sigma Aldrich (Prague, Czech Republic). Suc-
cinic acid and NaCl were purchased from Lachema (Brno,
Czech Republic). B-CD, sulfated sodium salt (Sigma Aldrich,
Prague, Czech Republic), a random mixture of SCDs, was
used as an interacting BGE constituent. Water used for prepa-
ration of all solutions was purified by Rowapur and Ultrapure
water purification system (Watrex, San Francisco, USA).

www.electrophoresis-journal.com
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2.2 Instrumentation

All experiments were performed using an Agilent *°CE cap-
illary electrophoresis operated by ChemStation software (Ag-
ilent Technologies, Waldbronn, Germany). The instrument
was equipped with a built-in photometric diode array detec-
tor (UV detector) and a contactless conductivity detector of
our construction (CCD detector) [63]. Fused-silica capillary of
25 pm id and 375 um od was provided by Polymicro Tech-
nologies (Phoenix, AZ, USA). The total length of the capillary
was 60.8 cm, distance from inlet to CCD detector and from in-
letto UV detector was 26.6 and 52.3 cm, respectively. Distance
between CCD and UV detector was elongated by a capillary
loop. PHM 240 pH/ION Meter (Radiometer analytical, Lyon,
France) was used for pH measurements.

2.3 Experimental conditions

The running buffer without interacting agent was composed
of 20 mM succinic acid and 30 mM lithium hydroxide, pH 5.5
(the choice of this buffer composition is discussed in Section
3.2). The BGE containing an interacting agent was prepared
by dissolving CD directly in the running buffer solution to
obtain concentration of CD of 60 g/L. Marker compounds
(DMSO, MO, NM, TU) were dissolved in water and then
mixed with buffer solution to prepare samples (first marker
zone (M1) and third marker zone (M3) in the 2d method,
samples for standard CE experiments), the markers dissolved
in water were used directly as second marker zone (M2) in 2d
method. Concentrations of the markers in the samples were
0.5% v/v, 0.1% v/v, 0.3% v/v, and 10 mM, for DMSO, MO,
NM, and TU, respectively. All solutions were filtered using
syringe filters, pore size 0.45 um (Supelco, Bellefonte, USA).
The capillary was thermostated at 25°C. Prior to use, the new
capillary was flushed with water for 20 min, then with 1 M
NaOH for 20 min, and then twice with water for 10 min. Prior
to each run, the capillary was flushed for 12 min with buffer
solution.

Distance from the capillary inlet to the CCD detector
was measured by a pressure mobilization method described
by Vcelakova et al. [62]. The capillary was filled with water
during these measurements, the sample contained TU and
NacCl dissolved in water and was injected hydrodynamically
(600 mbar s), pressure used for the pressure mobilization
was 45 mbar. In measurements of the conductivity of the
BGE containing the CD, voltage 15 kV was applied for
3 min. The 2d procedure requires a certain distance between
the two detectors (here the UV and the CCD detector). This
was obtained by inserting one capillary loop in the cassette
between the detectors so their distance was 25.7 cm. The dis-
tance between the capillary inlet and the CCD detector must
be longer, in our case, it was 26.6 cm. Particular steps of
the procedure are listed in Table 1 (exact way how to set up
the 2d method is described in the Supporting Information).
In standard CE experiments, samples were injected hydro-
dynamically, 600 mbar s. Applied voltage was 15 kV (anode

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Particular steps of the 2d method procedure

600 mbar s
45 mbar - 6.0 min

Injection of marker zone M1

Partial filling of the capillary
with SCD-BGE

Partial filling of the capillary
with free-BGE

Injection of marker zone M2

Partial filling of the capillary
with free-BGE

Partial filling of the capillary
with SCD-BGE

Voltage application

45 mbar - 24.9 min

600 mbar s
45 mbar - 5.0 min

45 mbar - 2.0 min

15kV, 1 min, anode at
injection side

600 mbar s

45 mbar until recording
zone M3 by UV detector

Injection of marker zone M3
Pressure mobilization

at injection side). Each experiment was repeated at least four
times. The computer program ChemStation (Agilent Tech-
nologies) was used for data collection and acquisition. The
mathematical computer program Origin 8.1 (OriginLab Cor-
poration, Northampton, USA) was used for fitting marker
peaks with the Gaussian function. Calculations were per-
formed by means of Microsoft Office Excel 2003 (Microsoft).
Calculations needed for a choice of the BGE constituents
were performed by PeakMaster 5.2 software developed in our
laboratory [64].

3 Results and discussion
3.1 2d method

The 2d method enables a precise measurement of low elec-
trophoretic mobilities that originally neutral markers gain
because of their interaction with a charged selector. In the
2d method, two detectors are utilized to measure distances
between two marker zones in the capillary. The first zone of
the marker is situated in the BGE containing the interact-
ing agent, in our case SCD, and therefore, this zone can be
electrophoretically mobilized by interaction with the agent.
The second zone of the marker is surrounded with the BGE
without the interacting agent, and thus, the interaction and
consequent electrophoretic mobilization is prevented. In the
2d method procedure, a distance between the two marker
zones is measured before and after a short application of volt-
age. The length that the first marker zone (M1) has traveled
through the solution due to its interaction with the agent
during the voltage application is obtained as a difference
between the initial and the final distance between the two
marker zones.

Two detectors must be placed on the capillary in order
to measure the two above-mentioned distances (see Fig. 1).
In our case, the first detector was a CCD detector and the
second was a UV detector. If the effective mobility imparted
to originally neutral compound by interaction with a nega-
tively charged agent is to be measured, the distances between
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M1 cCcD uv
(@)
D4 D:

M2 1
(b) ree

(9)

(h)  ——————

Figure 1. 2d method procedure. CCD: contactless conductivity
detector, UV: UV/VIS absorption detector. Black: BGE-containing
sulfated CD, white: BGE without CD, gray: area around borders
between two BGEs where solution composition is changed due
to the voltage application, red: marker zones, arrow: original po-
sition of the zone M1 in the solution.

the detectors should be set as follows: the distance from the
capillary inlet to the first detector (D;) should be similar, but
a little longer than the distance from the first to the second
detector (D).

The 2d method procedure is illustrated in Fig. 1. At the
beginning of the measurement, the capillary is filled uni-
formly with the BGE-containing SCD (SCD-BGE). The M1
is injected (a), then a vial containing SCD-BGE is placed
again on the inlet and pressure is applied, so the capil-
lary is hydrodynamically partially filled with the SCD-BGE.
Then, the inlet vial is changed and the capillary is filled
with the interacting agent-free BGE (free-BGE). While the
respective electrolytes are pushed hydrodynamically into the
capillary, the M1 zone moves toward the outlet. When the
zone M1 is passing the CCD detector, the second marker
zone (M2) is injected (b). Finally, after the zone M2, the
free-BGE is pushed again into the capillary and the entire
trail of zones is completed with some additional SCD-BGE
(c). After that, voltage is applied for a short time (d), while
both the inlet and outlet are placed in vials containing SCD-
BGE (anode at inlet side in our case of the neutral analyte
and the negatively charged selector). The negatively charged

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Signal of CCD detector and UV detector in 2d method
experiment. Procedure of the method is shown in Fig. 1. (A) CCD,
(B) UV detector. Letters in brackets refer to stages of the proce-
dure, red ellipse: effect on the border of two electrolyte zones
during voltage application, sample: DMSO in BGE. Detailed ex-
perimental conditions are given in Section 2.3.

SCD moves electrophoretically toward the inlet during ap-
plication of the voltage. The zone M1 can also move a little
in the same direction due to its interaction with the SCD,
so the distance between M1 and M2 can become shorter.
Simultaneously, all the capillary content moves toward the
outlet with the EOF which, however, does not affect the dis-
tance between the marker zones. The voltage is switched off
before either of the zones reaches any detector. When the
voltage is switched off, the M3 is injected (e) by pressure (the
zone M3 will serve for determining the velocity of the pres-
sure mobilization, which is utilized for the correction terms
described later). Then the capillary content is moved toward
the outlet by pressure mobilization, while capillary is filled
with the SCD-BGE. In an ideal case, the zone M2 passes the
CCD detector and the zone M1 passes the UV detector in the
same moment. In a real experiment, these two events happen
almost simultaneously (f). Finally, the zone M3 is recorded
by the CCD detector (g) and then by the UV detector (h).

Figure 2 shows typical CCD and UV detector records
from a typical 2d method experiment. In the ideal case, M2 is
injected at the very same moment when the M1 peak passes
the CCD detector in step (b) of the 2d method procedure.
Then the initial distance between the two marker zones M1
and M2 (L;) is exactly equal the distance between the inlet and
CCD detector, D;. However, in a real measurement, those
two events do not happen simultaneously and the distance
between the two zones is:

Li=Di+Ag {1

where A is a small correction distance (either positive, neg-

ative, or zero) that must be evaluated for every particular

experiment as follows:
1(M2.treshold)

1
p(t)-dit+q-5-

+(M2,stop)

p(t)-dt

t(M2,start)

Agip = vps -

+(M1,CCD)
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Figure 3. Detail of step (b) of 2d method procedure in real ex-
periment. (A) applied pressure, (B) signal of the CCD detector, 1:
partial filling of the capillary with free BGE, 2: artifacts connected
with changing of the inlet vial, 3: hydrodynamic injection of the
zone M2. Times used in calculation of A ¢;,are highlighted.

(t (M2, start) +t (M2, stop)
q = sgn 5

—t(M1, CCD))

@)

where p is the applied pressure; v, is the pressure mobi-
lization velocity; t (M1,CCD) is the time, when the zone M1
passes the CCD detector; t (M2,treshold) is the time when ei-
ther filling the capillary with the free-BGE is finished before
injection of the zone M2 or the time when filling the capillary
with the free-BGE starts again after the zone M2 has been
injected (depending on whether the zone M1 passes the CCD
detector before or after injection of the zone M2, respectively);
t (M2,start) is the time when the injection of the zone M2
begins; t (M2,stop) is the time when the injection of the zone
M2 is ended.

A detail of step (b) in a real experiment is shown in
Fig. 3 that depicts the record of the applied pressure and
the signal of the first (CCD) detector, where the passage of
the zone M1 appears as a negative peak. The times used in
calculation of the A gy, t (M2,start), t (M2,stop), t (M2, treshold),
and t (M1,CCD), are highlighted in the picture.

The final distance between the two zones M1 and M2
(Ly) is measured in the step (f) of the procedure. In the ideal
case, during the voltage application, the zone M1 migrates
the distance D;—D,. Therefore, the final distance between the
marker zones exactly equals the distance between the two de-
tectors, D,. Thus, the M1 peak passes the UV detector at the
very same moment when the M2 peak passes the CCD detec-
tor. However, in a real measurement, those two events do not
happen simultaneously, so the real final distance between the
two zones is, therefore:

Lf= D)+ At (3)
(M2,CC D)

Ager = vy - p(t)-dt (4)
H{M1,UV)
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where Ay, is a small correction distance (either positive, neg-
ative, or zero) that must be evaluated for every particular
experiment; vy, is the pressure mobilization velocity (differ-
ence between v,; and v,; will be specified later); t (M1,UV)
is the time when the zone M1 passes the UV detector; ¢
(M2,CCD) is the time when the zone M2 passes the CCD
detector.

Finally, the distance L, that the marker M1 passes in
the solution due to its interaction with the SCD is:

Luig =Ly — Li = Dy 4 Age — (D1 + Agy)) (5)

The effective mobility of the marker ug is calculated ac-
cording to the method published by Vigh [30]:
gy = TS ©

[ I()-dt

tu
where S is the cross-section of the capillary; kscp is conduc-
tivity of the SCD-BGE; ty; and ty; are the times when the
voltage was switched on and off, respectively; and I is the
electric current during the application of the voltage.

Two aspects should be considered as regards the reliabil-
ity of the method, both closely connected with the inhomo-
geneous filling of the capillary. First, the magnitude of the
EOF is influenced, among others, by the ionic strength of
the BGE [65]. Therefore, the EOF in the capillary filled with
SCD-BGE will differ from the EOF in the capillary filled with
the free-BGE due to different {-potential of the capillary wall.
Therefore, in a capillary where the {-potential axially varies
(which is the case of a heterogenously filled capillary in 2d
method), the EOF can be different in different parts of the
capillary, as discussed in the study by Williams and Vigh [30].
Nevertheless, these differences in the EOF along the capillary
cause a balancing viscous flow and consequently, combina-
tion of this viscous flow and the EOF results in an axially
invariant bulk flow satisfying the mass conservation. There-
fore, the bulk flow is constant along the capillary during the
voltage application (step (d) of the 2d method). The axially ho-
mogenous bulk flow can also vary in time, during the voltage
application. Yet, as this has no effect on the distance between
the zones M1 and M2, it cannot influence the performance
of the 2d method. Second, addition of CD increases viscos-
ity of solution and therefore, the viscosities of SCD-BGE and
free-BGE differ. As ratio of volumes of these two electrolytes
in the capillary changes, the velocity of the movement due
to pressure mobilization also slightly varies. Therefore, the
pressure mobilization velocities vy, and vy, are given by:

D,
Ut = o) )
plt)-dt
H(M3.CCD)
D,
Un2 = Y0ms.ccn) @)
p(t)-dt

(M3, inj)
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where t(M3,inj), {(M3,CCD), and t(M3,UV) are the times,
when the zone M3 is injected, passes the CCD detector and
passes the UV detector, respectively.

As can be seen in Fig. 1b, during the injection of the
zone M2, a smaller part of the capillary is filled with free-
BGE compared to the rest of the procedure. That is why
the time interval between t(M3,CCD) (Fig. 1g) and t(M3,UV)
(Fig. 1h) is used for calculation of the mobilization veloc-
ity v,;. However, the ratio of SCD-BGE and free-BGE in the
capillary does not change at all during the interval between
t(M3,inj) (Fig. 1e) and ¢(M3,CCD) (Fig. 1g) and is exactly the
same as at {(M2,CCD) and (M1, UV) (Fig. 1g). Therefore, this
time interval is used for the calculation of v,,. The reason
that justifies using two detectors in our experimental setup
is that it is technically convenient to place the CCD detector
somewhere around the half of the capillary (especially with
the Agilent *P CE equipment) while the UV detector is usually
fixed at the end of the capillary. The CCD, on the other hand,
is not capable to detect a neutral analyte. Therefore, it cannot
detect the marker zone in SCD-BGE after the voltage appli-
cation. In our method, the marker zone M1 (having lower
conductivity than the SCD-BGE surrounding it) is detected
by the CCD detector before the voltage application (step (b)
of the procedure) before any electrophoretic migration oc-
curs. When the marker zone M2 is recorded by the CCD
detector in step (f) of the procedure, it is actually the water
gap (a zero-system mobility peak) that is detected. The zero
mobility of the detected system peak can be easily secured
by a proper selection of the free-BGE constituents and veri-
fied, e.g. by means of PeakMaster calculation [64] (therefore,
no analyte is even needed in the M2 zone in principle). On
the other hand, this is not possible for the M1 zone where
the presence of the complexing agent may introduce unpre-
dictable system peaks, especially in the case of selectors such
are highly charged CDs with unknown mobilities and even
with unknown exact composition [66,67].

The uncertainty in distance D is the source of an error of
the 2d method. In our case, this distance can be determined
only by a pressure mobilization method [62]. Since the mea-
sured distance D; is a sum of a real distance D;" and an error
of its measurement e, then the finally determined migration
distance Ly, is affected two times by this error:

Dy=Di+e
D= Dyy— Di —¢
Luig = Dy 4 Ager — (D1 + Agyt)
= Dyv — D} —e+ Ay — (D} +e+Ap)
= Dyy — 2D} + Agey — Agy — 2¢
9)

where Dyy is the distance from the capillary inlet to the
UV detector. SD of D; as measured in our experiments was
0.15 mm, which implies the precision of L, was 0.3 mm.
This length corresponds to the error in effective mobility of
0.6-10"m?V~'s71.
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3.2 Effective mobilities of markers

The 2d method was used to determine effective mobilities
of four compounds commonly used as EOF markers. These
were DMSO, MO, NM, and TU. On usual terms, these com-
pounds are neutral and therefore do not have any effective
mobility so they can serve for determining the mobility of
the EOF. However, in a BGE containing a charged interact-
ing agent, the neutral marker can be potentially mobilized by
interaction with the agent. Therefore, we verified by the 2d
method whether these traditional neutral markers have some
effective mobility in the presence of negatively charged SCD
(concentration 60g/L).

Distance between the capillary inlet and UV detector Dyy
as well as the total capillary length was measured directly (by
a ruler). However, exact distance D; could not be measured
in this way because of the construction of the CCD detector.
This distance was, therefore, determined by pressure mobi-
lization method described in [62]. The free-BGE had to be
chosen carefully to meet the following criteria: (i) at least one
of the system mobilities had to be close enough to zero (this
is often the case), (ii) all other nonzero system mobilities had
to be high enough to move far from the zero position in or-
der not to interfere with the zero peak. Additionally, because
the free-BGE was also used for preparation of the SCD-BGE,
it should be composed of small molecules in order not to
provide concurrent interactions with the selector. Therefore
our choice was the BGE consisting of 20 mM succinic acid
and 30 mM lithium hydroxide (both are small molecules)
which exhibits two system mobilities of 0.008-107°SCD
and —26.4-10° m?V~'s! (calculated by PeakMaster
5.2 [64)).

For evaluation of the effective mobility, the conductivity
of the SCD-BGE, kgcp, must be known (see Eq. (6)). It was
measured in separate experiments: the voltage was applied
on the capillary homogenously filled with the SCD-BGE and
the current Iy, was recorded. The conductivity is then:

Inom - Dr
Kscp =~ (10)
where Dr is a total length of the capillary and U is the voltage
applied.

The L, and u,; measured by the 2d method are given
in Table 2. Absolute values of L, are significantly higher
than the error of the measurement (0.3 mm) which implies

Table 2. Length L,y and corresponding effective mobility ues
resulting from 2d method

Control measurements  In the BGE-containing SCD

(without SCD)
Marker  Lmig (mm) Lmig (mm) U (10~°m?V—"s7")
DMSO 0.17 £ 0.07 —08+01 —-15+02
MO 0.08 £+ 0.05 —09+01 —-18+02
NM 0.22 +0.03 —08+01 —-15+02
TU 0.02 + 0.05 —144+01 -3.0+02

www.electrophoresis-journal.com



774 L. Miillerova et al.

Table 3. Differences between apparent mobilities in standard CE
run and differences between effective mobilities
determined by 2d method

Classical method 2d method
Markers Uapp (1) = gpp (2) ) Uerr (1) = Ugrr (2)
0] (2) (10-°m2y—"1s~1) (10-%m?v-"1s71)
DMSO TU 13 14403
MO TU 1.1 12402
NM TU 13 14402
DMSO MO 0.3 03+03

a) RSD did not exceed 4%.

that all these markers undertake observable interaction with
the sulfated CD. The resulting negative L,;, was observed,
which should be expected due to the negative mobility of the
selector. Control measurements were carried out in order to
confirm the 2d method reliability. In these measurements,
exactly the same procedure was applied as in experiments
with SCD, but the free-BGE was used. Therefore, zero L,
values should result from the control measurements. As can
be seen from Table 2, all the L,,;; lengths measured in the con-
trol experiments were less than the precision of the method
(0.3 mm).

To verify this surprising finding, we performed standard
CE experiments where the neutral markers were used as ana-
Iytes. In these experiments, SCD-BGE was used as a BGE and
two different EOF markers were present in the sample (the
pairs of markers are listed in Table 3). Detection at two wave-
lengths (238 nm and 214 nm) allowed discriminating the two
markers according to their specific ratio of peak heights at
the two wavelengths. All pairs containing TU were baseline
separated (Fig. 4A). Apparently, the separation, though not
baseline, was observed between DMSO and MO (Fig. 4B). A
mobility difference between each two markers was evaluated
from each standard CE experiment. These differences were
compared to those determined by the 2d method (Table 3).
Remarkably good agreement was observed, which fur-
ther confirms the results of the 2d method. The re-
sults clearly confirm that there is interaction of the
generally used EOF markers with the SCD used as a
selector.

The standard CE method cannot measure absolute value
of the effective mobility. In the standard CE separation, there
is no “zero” for comparing the apparent mobility of the stud-
ied marker. Even a water-gap cannot mark the zero position
correctly, as the water-gap is in fact a system zone and behav-
ior of system zones in BGEs containing an interacting agent is
not yet sufficiently described. Therefore, the only way how to
determine absolute value of the effective mobility of a weakly
interacting compound is to use a more sophisticated method
like the 2d method we proposed.

The results of the 2d method measurements have shown
that all the markers studied undertake interaction. The weak-
estinteraction was observed for DMSO and NM and therefore
these are the most suitable EOF markers for the BGE con-
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Figure 4. UV detector signal from standard CE experiments. BGE:
20 mM succinic acid, 30 mM LiOH, 60 g/L randomly SCD sodium
salt, sample (A): NM and TU dissolved in BGE, sample (B): DMSO
and MO dissolved in BGE.

taining SCD. However, even these compounds are slightly
mobilized by the interacting agent and this must be taken
into account, especially when low mobilities of analytes are
being determined. On the other hand, the determined ef-
fective mobility of TU was rather high, and therefore, TU
appeared to be definitely an inappropriate EOF marker for
this system.

4 Concluding remarks

The proposed 2d method is capable of measurement of ac-
curate effective mobilities in BGEs containing charged in-
teracting agents, for example, a low effective mobility that
an originally neutral EOF marker gained from interaction
with the agent. The method is based on the pressure mo-
bilization as well as the method published by Williams and
Vigh [30]. However, the 2d method is more easily applica-
ble in commercial instrumentation. By this method, we have
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determined effective mobilities of DMSO, MO, NM, and TU
(compounds often used as EOF markers) in BGE containing
SCD, an often used chiral selector. Differences between these
effective mobilities were compared with results of standard
CE experiments with good agreement. All the compounds
studied were mobilized by interaction with the selector. TU
had the highest effective mobility (in absolute value), and
therefore, appeared to be an inappropriate EOF marker for
this system. NM and DMSO appeared to be suitable EOF
markers, however, even they were slightly mobilized by the
week interaction with the selector. It should be taken into
account when they are used as EOF markers.
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4.4 Uréeni parametra HVL funkce z geometrickych charakteristik piku

HVL funkce (21) je vhodnym popisem tvaru piku defiovaného elektromigtai disperzi.
V kontextu této dizertmi prace je vyznamnyipdevsim jeji parametr,, ktery ma vyznam
migratniho ¢asu odpovidajiciho efektivni mobditanalytu @i jeho nekon&ném zedni.
Hodnotu tohoto parametru je tedigha utit pro dany EMD deformovany pik analytu, aby
bylo mozné z daného elektroforetického experimeqi@vié vyhodnotit efektivni mobilitu

analytu — ktera pak slouzi néidad ke stanoveni komplexaich parametr metodou ACE.

Tvar EMD deformovaného piku Ize také popsat pomakitych geometrickych
charakteristik, které fZe napiklad automaticky odgtat software pro sl elektroforetickych

dat. Temito charakteristikami jsou:
(i) cas odpovidajici maximu pikey,;

(i) Sitka piku v utité frakci jeho maximalni vySkw,, a € (0;1) (nagiklad w, s — Stka

v polovirg vysky);

(iif) asymetrie pikug. Ta miZze byt definovana najlad jako pondr Sirek piku ve dvou

riznych frakcich jeho maximalni vysky;/w,, ¢i jako pongr pravé a leve polosiy

v urcité frakci maximalni vysky pikwp,/w,,. ChemsStation software dodavany spolu

s CE gistroji firmy Agilent Technologies pouziva faktohwostovani piku podle

Amerického lékopisulY. S. Pharmacopeia tailing factor), Tysp = woos/(2 * Wy 05),

poner Sicky piku v 5 % vysky ku dvounasobku levé potkgiv 5 % vysky.
Nicmére vztah mezi dmito ,viditelnymi“ geometrickymi charakteristikanpiku na jedné
strart a na stra# druhé parametry odpovidajici HVL funkce (21), ktenaji fyzikalni
vyznam, neni imocary. Proto bylo dosud nutné citr parametry HVL funkce nelineéarni
regresi, coz vyzadovalo export experimentalnihdtedéerogramu do vhodného softwaru
(napiklad Origin).

Jak je detaildé odvozeno WPublikaci VI, asymetrie pikug zavisi z parameir HVL
funkce pouze na parametuy, q = f,(a3). Lze tedy definovat zavislost parametry na

geometrické charakteristice asymetrie pjku

az = f ' (@) (38)

93



Dale Ize odvodit vztah mezi parametry (migrani ¢as odpovidajici efektivni mobidt a a,

(symetrické roz$eni piku) a geometrickymi charakteristikatyiaw,:

a, =ty —Wg- Ka(a3) =ty —Wg-* Ka(q) (39)

a; = Wq " Le(az) = wy - Lo:(Q) (40)

Hodnoty gevodnich paramatrK, a L, pro zvolenéu zavisi ogt pouze na parametiy a

tedy skrze rovnici (38) na geometrické charakteasasymetrie pikyg.

BohuZzel, zavislost Zadného z paramets, K, a L, na geometrické charakteristige
nelze vyjadit analytickym vyrazem. Nicménpro zvolenou hodnotw a dany zfisob
vyjadieni asymetrie piky lze zavislostdchto parametr na hodnat g urcit numericky. To
bylo v Publikaci VI provedeno prex = 0,5 ag = Tysp, protozew, s a Tysp jSOU geometrickeé
charakteristiky piku oddtané automaticky softwarem ChemsStation. Ziskanéskésti jsou
uvedeny Wublikaci VI (Figure 1). Tyto zavislosti byly zaneseny do soubllS Excel (Ize
stdhnout ze stranek nasi vyzkumné skupiny [77]gryktna jejich zakla#l prepaita
geometrické charakteristiky,, wo s aTysp poskytnuté softwarem ChemStation na parametry

piislusné HVL funkcer,, a, aas;.

Spravnost takto denych parametlr byla vPublikaci VI ovéfena jejich porovnanim
s vysledky fitovani pik pomoci programu Origin 8.1 a to jednak pro pikgnidbvané
v programu Simul 5 Complex [78], jednak pro reattgktroferogramRublikace VI, Table 1,
Table 2, Figure 3). Shoda byla velmi dobra.fippc realného elektroferogramu byla chyba

srovnatelnd s frekvenci, s jakou jsou experimentidta pistrojem zaznamenavana.

Parametry HVL funkce sgtené vySe uvedenym d&gobem lze pouzit ifpmo —
nagiklad parametm, pro vypdaet efektivni mobility analytu i jeho nekon&ném zedni,

nebo mohou slouzit jako velmigsny péateini odhad pro nelinearni regresi.
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Determination of the correct migration time
and other parameters of the Haarhoff-van
der Linde function from the peak geometry
characteristics

For Gaussian peaks, the migration time of the analyte results as the position of the top of
the peak and the zone variance is proportional to the peak width. Similar relations have
not yet been derived for the Haarhoff-van der Linde (HVL) function, which appears as
a fundamental peak-shape function in electrophoresis. We derive the relations between
the geometrical measures of the HVL-shaped peak, that is the position of its maximum,
its width and a measure of its asymmetry, and the respective parameters a;, a,, and as,
of the corresponding HVL function. Under the condition of the HVL-shaped peak, the
a1 parameter reflects the true migration time of the analyte, which may differ from the
peak top position significantly. Our procedure allows us to express the parameters without
the need of any external data processing (nonlinear regression). We demonstrate our
approach on simulated peaks and on experimental data integrated by the ChemStation
software (delivered with the CE instrumentation by Agilent Technologies). A significant
improvement is achieved reading the migration time of the experimental and simulated
peaks, which draws the error of the HVL-shaped peak migration time evaluation down to

the resolution of the data sampling rate.

Keywords:

Electromigration dispersion / Haarhoff-van der Linde / Migration time

1 Introduction

In CZE measurements, asymmetrical peaks are often ob-
served due to electromigration dispersion (EMD). EMD is
caused by local changes in electrophoretic mobility of a sub-
stance/analyte in the zone of the corresponding peak. These
changes in electrophoretic mobility may be related to changes
in pH or conductivity in the zone of the particular peak or to
the presence of complex-forming constituents in BGE [1-3].
Erny et al. [4, 5] showed that the Haarhoff-van der Linde
(HVL) function [6] often correctly describes peak shapes ob-
served in CZE and is very suitable for fitting CZE peaks.
The HVL function was also found to be the solution of the
linearized model of electromigration with a small nonlinear
disturbance [7].

Other peak-shape functions have been proposed. While
the HVL function is exactly valid only for an infinitely nar-
row injection zone, the so-called HVLR function additionally
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Macromolecular Chemistry, Faculty of Science, Charles Univer-
sity in Prague, Albertov 2030, CZ-128 40 Prague 2, Czech Republic
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results as the solution of the linearized model of electromigra-
tion as the injection zone grows in width [7]. The situation fur-
ther complicates if the conditions of the linearized model are
not satisfied. In such cases some semiempirical approaches
succeeded in finding a suitable peak-shape function [8,9].

In this we focus on the HVL peak function, mainly for
the following two reasons. First, we intend to provide a fun-
damental mathematical analysis of the HVL function that
results in formulas that relate the geometrical properties of
the function to its parameterization given in the theoreti-
cal section. This practice is similar to that applied on the
Gaussian-shaped peaks, where the peak variance is estimated,
for example from its FWHM. Second, the linearized theory of
electromigration shows that as far as the peak of the analyte
obeys the HVL shape, the a; parameter of the HVL function
gives the correct migration time of the analyte (as expected
from its electrophoretical mobility). The herein-introduced
relations will provide a correction term that allows the ana-
lysts to find the (unobservable) a; position of the peak from its
directly observable properties, such as the peak top position,
width, and asymmetry. Unfortunately though, the relations
cannot be found in the closed form. Instead, a lookup table
of a set of coefficients is introduced. This procedure is still
generally more convenient compared to the otherwise needed

Colour Online: See the article online to view Figs. 1-3 in colour.
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data export and nonlinear curve fitting. It allows us to utilize
the output of the standard data integration software and a
simple tool such as MS Excel for a; calculation as we will
demonstrate in the experimental section.

It should be pointed out that there are two different
parameterizations of the HVL function in the literature.
The older type of parameterization, which was first used in
the software PeakFit® (www.sigmaplot.com) and thereafter
adopted by Erny et al. [4] and many other authors, is defined
by the following formula:

agay

2
=1(t=a
ﬂlﬂzmexp |:T( “21)

HVL(t; a0, a1, a;, a3) =

1 1
4103 + 2
exp - -1
2

where g, is the area of the peak. Although not explicitly stated
in Eq. (1), parameters a; and a, are dependent on time,
namely a1 = vot and a; = /28t, where v, is the linear ve-
locity and § the diffusion coefficient of the electromigration
zone corresponding to the particular peak. These two terms,
vo and §, are explained in [7] in more detail. The parameter a,
describes diffusional (symmetrical) broadening of the peak
and as we shall see later, it is directly proportional to the peak
width. The parameter as is usually said to be a measure of the
peak distortion and is defined as the ratio —vgup /vy, Where
vemp is the difference in the electromigration velocity at the
base and at the top of the peak. It can be indeed shown that
the HVL function becomes a symmetrical Gaussian function
if a; = 0 regardless of the choice of the remaining parame-
ters and it becomes asymmetric as a3 # 0. The parameter a;
enters the definition of the HVL function in two ways. First, it
appears in the numerator of the HVL function where it plays
only a role of a multiplicative factor having no influence on
the asymmetry of the HVL function. Hence, the asymmetry
of the HVL function must be governed by the term exp(“33)

p)
“

in the denominator. However, the value of this asymmetry-
determining term depends not only on a3 but also on a; and
a,. Therefore, the value of a; itself is not deterministic for
the peak distortion (asymmetry). From the physical perspec-
tive, the parameter as, although closely related to the EMD,
does not take into account the effect of the diffusion. Yet, it
is the counterbalance of the EMD and diffusion that deter-
mines the final peak shape. At this point, the second type of
parameterization of the HVL function naturally follows from
the linear model of electromigration and was introduced in
the aforementioned paper by Hruska et al. [7]. The related
formula is:

2
a _1ft=m
ﬂzﬂzsmexp |: 2( L ) i|
1 1 t—a; \ |~
exp(azs)—1 +2 [1 +erf (ﬁaz )]

)

HVLs (t; ag, a1, a2, 035) =
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The definition of the parameters ay, a;, and a, remains
unchanged. The only difference lies in the definition of the
parameter as;, which now equals —vgyp/28 and includes
both effects of the EMD and the diffusion (therefore the &
subscript). After this redefinition of the a; parameter, the
asymmetry-determining term depends only on as; (see Eq.
(2)), so the geometrical distortion (asymmetry) of the peak is
given solely by the as; value. Later in this article, we will use
this latter parameterization (Eq. (2)). Notice, however, that
both the parameterizations describe exactly the same HVLi
peak shape and result in the same 4, a, , and a, parameters.
The as; is given by substitution as; = “;?‘ . Therefore we will
further omit the & subscript in HV L (Eq. (2)) and stay on
the general term “HVL function.”

If the peaks are significantly distorted due to the EMD, a
question arises what is the “true” migration time as expected
from the effective electrophoretic mobility of the analyte. The
analyte migration time is usually measured at the top of the
electrophoretic peak. Nevertheless, Le Saux et al. [10] have
proven that the peak apex position, ty, shifts with increasing
the analyte concentration leading to over- or underestimation
of the analyte effective mobility. Instead, the parameter a; of
the HVL function fitted to the peak is proposed as the accu-
rate migration time, which does not depend on the analyte
concentration. This is later substantiated by the linear theory
of electromigration [7], which stays that the a; parameter of
the HVL function be the expected migration time of the ana-
lyte. Based on this justification we will use the a; parameter
in the meaning of the parameter of the HVL function as well
as the correct migration time of the analyte interchangeably
throughout this article. For the sake of clarity, we will further
refer to the migration time of the top of the peak, ty, as to the
“experimental” migration time, while the expected migration
time of the analyte, a;, will be denoted as the “theoretical”
migration time. Notice that if there is no EMD, a3 — 0, the
peak has a Gaussian shape, and the parameter a; coincides
with ty. Finally, we should mention that the HVL function ac-
counts only for the EMD-related shift of the peak apex out of
the expected migration time, a;. Namely in the case of highly
overloaded samples, higher order nonlinear (de)stacking ef-
fects may arise in an electrophoretic system that affect both
the peak shape and observed velocity (migration time) of the
analyte [11,12].

2 Theory
2.1 General

In order to investigate the geometrical properties of the HVL
function in more detail, itis useful to introduce its normalized
form hvl(t;a3) = HVL(7;a0 = 1,01 = 0,0, = 1,a3;5) of one
independent variable, 7, and the single parameter, as;:

1 =2
axv2m P (T)

Wl (7; a3) = ' !
vl (T; a3 WJF%[lJrerf(%)}
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Using this new auxiliary function we can simplify the
HVL function to the form of

HVL(t; ao, a1, 6z, ass) = Fhol (1; as) (4)

where the constant F is defined as ay/a, and the substitution:

t—o
TS ©)
applies. In the rest of this section we shall denote the max-
imum of hvl(t; as;) by 6 and the position of the maximum
by Te. Realize (see Eq. (3)) that both 6 and 7¢ depend only
on as;. Likewise the hvl function, quantities 6 and 7¢ have
only an auxiliary role in this text and their physical meaning,
if any, is not significant here. In addition to introducing the
hvl function, we need to solve the inverse problem of find-
ing 7 for a specified h such that hvl(t;as;) = h. Since the
hvl has one maximum at 7e, the inverse problem results in
two solutions in the domains (—oo;te) and (te; 00). Thus
we introduce restrictions of function hvl(t; as;) to the respec-
tive intervals by defining hvlL(7; ass) = hvl(t; ass)l ) and
WIR(T; ass) = hvl(7; a35)] 1y o) This allows us to express the
values of 7, = hvl L™ (h; as) and g = hvl R (h; ass) for an
arbitrary h € (0, ®) so that hvl(y; ass) = hvl(tg; a35) = h. It
indeed applies WIL™1(0; ass) = hvl R71(0O; as3) = To.

From Eq. (4) it follows that the maximum, M, of the
original HVL function equals to M = F®. This maximum is
situated at a position of ty, which can be expressed as:

ty = a1 + Tea,. (6)

This is a simple consequence of Egs. (4) and (5) and the
fact that 7¢ is the position of the maximum of hvl(t; ass).
Equation (6) provides the first relationship between the (yet
unknown) parameters of the HVL function and the physical
characteristics of the peak, that is its experimental migration
time, ty. In order to get further, we will get rid of the parame-
ter a; in Eq. (6) and show that the a, parameter is proportional
to the geometrical width of the HVL peak.

Let a be an arbitrary number from (0, 1) and denote w,
the full width of the HVL peak at a-fraction of its height, « M.
It is easy to think over that there exist just one 1, € (—00, 7o)
and one T, € (Te, 00) such that:

a® = hol (ty; a3s) = hvl (Tra; a35) - (7)

Both 7, and g, depend only on as;. Using Egs. (5) and
(4) this translates into the physical time domain as:

te = G2TLe + 01 (8a)
tra = B2TRe + G4 (8b)
HVL (b o, 01, Gz, a35) = HVL (tre; Go, 01, G2, G35) = aM

(8¢

The difference between t;, and tg, is the width, wq:

Wo = tra — ta = 02 (TRa — Tia)- 9)

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The subtraction (9) gives the a; parameter vanished and
shows that the HVL peak width is directly proportional to the
a, parameter, and vice versa.

47 = Wy Lo (a3) (10)

The constant of proportionality, L,, depends only on the
a35 parameter. This means that HVL functions that may differ
in their sizes, heights, widths, and peak top positions share
the same set of L, coefficients as only the function of their
distortions (asymmetries) determined by the as; parameter.

The remaining task is thus to find the relation between
the a3 value and the distortion (asymmetry) of the HVL peak.
This can be easily done by realizing that the ratio of the two
w, values is independent of a, as follows directly from Eq.
(10). In this way we are left with a formula depending solely
on as;:

Wy Lg
=== = a35). 11
90 = e T L. fa (@35) (11)
If the function f; is continuous and monotonous, the as;
parameter is obtained from the measure of the peak widths
ratio, gqg, as:

as = f; ' (dep)- (12)

The « and B fractions of the peak height at which the
peak distortion (asymmetry) is measured can, in principle,
be chosen arbitrarily. Alternatively, ty (resp. Ty) can stay for
either tgy OF tro (reSp. Tra OF Trq) in Eq. (9) resulting in the
peak half-widths, w, or wg,. In this way, the ratio of the
peak half-width to the full-width as well as the ratio of the two
(rightward and leftward) half-widths at the same a-fraction of
the peak height may serve the purpose.

Finally, let us summarize the entire procedure of find-
ing the individual parameters of the HVL function from its
geometrical properties. Apart from the experimental migra-
tion time, w, is used as a measure of the peak width and
qep as a measure of its distortion (asymmetry). Parameter
a3y of the corresponding HVL function then results as the
function f,(qas)(Eq. (12)). Next, the L, coefficient relates
the w, measure of the peak width to its actual a, parameter
(Eq. (10)). Since the L, is only the function of a5, which
itself is a function of q.g, the L, coefficients can be advanta-
geously related to the g, directly rather than through the as;
parameter, L, = Lq(qog)- As the last step, the a; parameter
is determined from the peak top position, ty, and Eq. (6). For
the practical purposes, Eq. (6) can be rearranged as:

o1 =ty — T2 = tv — ToWa Lo =t — wa Ky, (13)

where K, forms yet another set of coefficients dependent
on as; (Te is an ass-dependent constant that need not to be
specified). Similarly to the previous case of the L,, coefficients,
K, can be related to the gqg directly, K, = Kq(qag)-
Unfortunately, none of the fq’l, Ly, and K, functions
of qeg can be found in the closed form. Instead, they can
be easily solved numerically for a chosen g, parameter by
modeling the normalized hvl(t; as;) function for various val-
ues of as5. Once generated for the normalized function, the
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coefficients can serve for any HVL-shaped peak since they are
fully determined by the peak distortion (asymmetry), regard-
less of its actual size, that is height, width, or area. We finally
emphasize that although the entire procedure is based on the
d-parameterization of the HVL function (Eq. (2)) this fact only
concerns the as; parameter, that is the values derived for the
fq’1 (qup) function, because parameters a; and a, are the same
in both parameterizations.

Equations (10), (12), and (13) form a unique mapping
from the parametric space of the HVL function (1, a2, as5) to
the physical domain of the HVL peak (ty, wa, qog) and vice
versa. It is evident that one may choose (fix) the a1, a,, and as;
parameters of the HVL function while the physical character-
istics ty, wq, and gop will result. Similarly though, one may
now fix the experimental time (peak top position), width, and
asymmetry (at a certain peak—height ratio) of the HVL peak
and the Egs. (10), (12), and (13), or effectively the coefficients
K, and L, secure that the parameters a,, a, and as; adjust
themselves so that the resulting HVL function will exhibit
the exact top position, width, and asymmetry as desired. This
has a practical consequence that may not be apparent at the
first sight but will be discussed in the experimental part of
this article.

2.2 Application to the ChemStation software output

We will illustrate the above-introduced relations on determin-
ing the HVL parameters of the electrophoretic peaks analyzed
by the ChemStation software. The ChemStation is a stan-
dard software package supplied with the CE equipment by
Agilent Technologies, Waldbronn, Germany. As many other
data analysis software packages, ChemStation provides an
automated peak analysis with detailed report on peak proper-
ties, including system performance parameters such as peak
width, asymmetry, number of theoretical plates (equivalent to
chromatography), etc. Nevertheless, the HVL fit is not avail-
able, which primarily affects the reading of the migration
time, which is attributed to t), rather than a,. This may result
in misleading assessments of the electrophoretic mobilities
of the analytes if EMD is present. In order to overcome this
problem, the data are to be exported into a third-party software
tool and then reprocessed manually with the HVL nonlinear
regression, including the peak detection, baseline definition
and its subtraction. This procedure tends to be laborious and
needs a certain level of experience especially in order to supply
areasonable estimate for the initial values of the HVL param-
eters. Our proposed procedure not only aims to provide such
estimates but should enable the analysts to completely avoid
the need of the external data processing.

Of'the parameters reported by the ChemStation software,
ty denotes here the peak top position, w5 the full width at
the 50% of the peak height, and Tysp the U.S. Pharmacopeia
(USP) tailing factor: [13]

Wo.05

Tusp = (14)

2 wro0s
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Figure 1. Dependencies of the as; parameter, Ko 5 coefficient, and
Lo s coefficient on the USP tailing factor, Tysp. See discussion with
Eq. (14). Each dependency has its own y-axis.

where wigos and wgoes are the left half-width and full-
width of the peak measured at 5% of its height, respec-
tively. The USP tailing factor is used as the measure of the
peak asymmetry (cf. Eq. (11)). We generated the f;(Tuse),
Los(Tusp), and Kos(Tysp) dependencies by means of our soft-
ware ResolutionAnalyzer (http://echmet.natur.cuni.cz, paper
accepted for publication in this special issue). Unambigu-
ous functions have been observed (Fig. 1). Specifically, for
Tysp = 1(symmetrical peak), the as; = 0 and the HVL func-
tion becomes a Gaussian. Thus also the K5 coefficient be-
comes zero as there is not shift of the a; parameter out of the
peak apex, ty, regardless of the peak width. Finally, the Lo

coefficient becomes equal to 0.425 (m), the well-known
n|

coefficient of proportionality between the peak FWHM mea-
sure and the Gaussian a4, = o parameter. As the peak asym-
metry grows, the a3y parameter increases (by definition) as
well as the K5 coefficient does. On the other hand, the Lgs
coefficient decreases with the increasing asymmetry of the
peak. This can be easily understood when realizing that the
EMD (asymmetrical peak distortion, reflected by the as; pa-
rameter) contributes to the overall peak width apart from the
diffusion (symmetrical peak dispersion, reflected by the a,
parameter). Thus if two peaks have the same overall widths,
wys5, while the first is more EMD-distorted than the other,
then the first one must be less diffusion-dispersed than the
latter. Since L5 coefficient is the coefficient of proportion-
ality between the diffusional dispersion, a,, and the peak
width, wy s, it naturally decreases with the peak distortion, a5
(or equivalently Tysp).

The values were generated with the discretization of
a3 = 0.01, in the interval of as; € (0;50) (equivalent to
Tysp € (1; approx. 6.836). The resulting discretization of
the L, and K, coefficients is max(ALys) = 1.7 x 10, and
max(AKys) = 1.7 x 1073. The HVL function is dissymmetri-
cal with respect to the a3; parameter (tailing for as;; > 0 and
fronting for as; < 0), so it results:

Tq
a3 (Tusp) = —a3s (%) (15)

Equation (15) extends the applicability of the numerical
solution to as; € (—50;50) (Tysp approx. (0.146; 6.836)).
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We implemented the calculation into a simple ex-
cel sheet that can be downloaded for free at our website
(http://echmet.natur.cuni.cz). ty, wos, and Tysp serve as the
input parameters based on which the ay, a,, and as; param-
eters of the HVL peak are obtained as an output. The Reso-
lutionAnalyzer software can be used in order to generate the

q’l, L, and K, dependencies for other than wgs and Tysp
geometrical measures of the peak width and asymmetry.

3 Materials and methods

Experimental conditions of the real experiment were as fol-
lows. The experiment was performed using an Agilent *°CE
equipment operated under the ChemStation software (Ag-
ilent Technologies, Waldbronn, Germany) control. Fused-
silica capillaries (50 wm id, 375 wm od) were provided by
Polymicro Technologies (Phoenix, AZ, USA). The total length
of the capillary and the effective length to the detector were
52.0and 43.5 cm, respectively. The PHM 220 instrument (Ra-
diometer, Copenhagen, Denmark) calibrated with the stan-
dard IUPAC buffers, pH 7.000 and pH 10.012, (Radiometer,
Lyon, France) was used for the pH measurements. The BGE
contained 50 mM Tris and 50 mM Tricine, experimental pH
8.13. The ionic strength of the BGE was 25.76 mM according
to the PeakMaster calculation. The complexation agent 3-CD
was dissolved directly in the running buffer at a concentration
of 0.1 mM. The injected sample was 0.3 mM analyte ((R)-(-)-2-
fluoro-a-methyl-4-biphenylacetic acid) and 0.07% v/v DMSO,
which served as the EOF marker, both dissolved directly in
the running buffer. Detection was performed with the DAD
at the wavelength of 214 nm. The samples were injected hy-
drodynamically for 30 mbar-s. The applied voltage was 20 kV
(cathode at the detector side). The operating temperature was
25°C.

Simulations were performed for the B-CD concentra-
tion of 1.0 mM in the running buffer and three differ-
ent concentrations of the analyte ((R)-(-)-2-fluoro-a-methyl-
4-biphenylacetic acid) in the injected sample: 0.01, 0.3, and
1.5 mM. In this way we were able to model systems with no,
medium, and high EMD of the analyte peak. Other exper-
imental conditions used in the simulations were similar to
those in the experiment but it was not our intention to mimic
the experiment with simulation exactly (as we are only inter-
ested in generating various shapes of the resulting peaks).
Our SIMUL Complex software [14] was used for the simu-
lations. The number of nodes in the x-axis was 50 000. The
simulations were performed by means of the Intel® Core™
17-960 processor, 3.40 GHz. The simulation time was in the
range of hours.

4 Results and discussion
In order to verify the accuracy and applicability of the pro-

posed method for determining the parameters of the HVL
function, we tested this method on several peaks generated

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Simulated electropherograms of R-flurbiprofen in con-
centrations of 0.01, 0.3, and 1.5 mM with B-CD in the BGE. BGE
consists of 50 mM Tris, 50 mM Tricine buffer, and 1 mM B-CD.
See Section 3 for other simulation details. Theoretical migration
time is depicted by the vertical line and the arrow at the x-axis.
y-Axis is depicted on a normalized scale. See Table 1 for peak
asymmetries and other characteristics.

using our simulation program Simul 5 Complex [14] and on
a real experiment. As a model system we chose a system
with complexing constituents where the EMD of the analyte
peak occurs due to the complexation [15,16]. The ChemSta-
tion software allows the user to gain values of FWHM, wys,
and the USP tailing factor, Tysp. The calculation procedure
is described in detail in Section 2.2 above. For the simulated
peaks, the ty, wos, and Tysp were determined manually by
means of the Origin 8.1 software. For the experimental peak,
the integration was performed in the ChemStation software
and the resulting values of ty;, wys, and Tysp were used. The
Origin 8.1 software was also utilized for the HVL nonlinear
regression.

Simulated electropherograms are shown in Fig. 2. If a
low concentration of the analyte is injected (SIMUL 0.01) al-
most completely symmetrical Gaussian peak is observed. At
the midrange concentration (SIMUL 0.3), the peak becomes
medium distorted. A highly distorted peak is observed at the
highest concentration of the analyte (SIMUL 1.5). The ex-
perimental migration times, ty, and the parameters a; of
the HVL fits of the peaks are given in Table 1. As expected,
the experimental migration times, ty, differ significantly for
the individual peaks, while the a; parameter stays at the orig-
inal position of the symmetrical (undistorted) peak (SIMUL
0.01). The estimate, denoted as @ in Table 1, results as the
corrected experimental migration time, ty, by Eq. (13). Itis
evident that the correction (13) significantly reduces the dif-
ference between the migration time read and the theoretical
migration time of the peak, a;. For all the EMD-dispersed
peaks the estimated values, 4, are much closer to the theo-
retical migration time, a4, than is the experimental migration
time, ty. The correction factor to the migration time w, K, in
Eq. (13) is in the order of several percent. For the highly
symmetrical peak (SIMUL 0.01) however, the correction
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Table 1. Simulated data of R-flurbiprofen in concentrations of 0.01, 0.3, and 1.5 mM with T mM B-CD in the BGE

Name Peak characteristics HVL fit HVL estimate

ty (min) wo.5 (min) Tusp ar (min) a; (min) as R? 3 (min) 3, (min) I R?
SIMUL 0.01 5.255 0.0123 0.9894 5.2552 0.00522 —-0.032 0.99996 5.2547 0.00522 —0.135 0.99637
SIMUL 0.3 5.267 0.0139 0.6928 5.2542 0.00521 —6.905 0.99997 5.2541 0.00518 -7.115 0.99948
SIMUL 1.5 5.294 0.0244 0.5520 5.2538 0.00542 -33.95 0.99976 5.2534 0.00531 -36.25 0.99905

Experimental migration time, t,; FWHM, wqs; and USP tailing factor, Tyspof peaks of R-flurbiprofen in various concentrations. &, a,, and
as; parameters of the HVL fit of the individual peaks with Eq. (2). &, &, and as; estimates of the respective HVL parameters by Egs. (13),

(10), and (12).

factor is so small (less than 0.006%) that it does not have
any real impact.

The @, and 433 estimates are also summarized in
Table 1. Although the @55 estimate differs from the actual a5
parameter of the HVL fit by an error as low as 5%, this error
is significantly higher than the discretization with which the
sy = fq’l(Tusp) dependence was generated. We attribute this
discrepancy to either the data sampling rate, which affects the
precision of the Tysp reading, or the fact that the HVL shape
does not match the simulated peaks exactly. It seems (data
not shown) that the former applies mostly to the symmetrical
peaks with low a35 values while the latter becomes marginally
significant for the highly distorted peaks with high a5 val-
ues. With the real data, the data noise would moreover most
probably overweight both these effects. Fortunately though,
the L, and K, coefficients are not too much sensitive to the
exact Tysp value so that the g, and namely d; estimates are
made precisely enough.

Additionally, the R? (coefficient of determination) is re-
ported in Table 1 that quantifies how well the fitted /estimated
function reflects the simulated data. The coefficients of deter-
mination are nearly 1 for the HVL fits indicating that the HVL
function really evolves under the ideal conditions of the sim-
ulation (narrow injection zone, EMD, and diffusion effects
only). Only negligibly lower coefficients of determination are
observed when the HVL function is constructed using the g,
@,, and Gssestimates. At high EMD peak distortion, the quality
of the estimate is just as good as the actual fit, since the Ko
and L5 coefficients become less sensitive to the peak asym-
metry and neither the HVL function fits the peak absolutely
perfectly. At low EMD peak distortion, the difference in the
quality of the HVL fit and the estimate is the most significant,
since even the smallest change in the dssestimate results in
a slightly different HVL function shape. This, however, does
not significantly affect the @; and 4, estimates as discussed
above.

The experimental electropherogram is shown in Fig. 3.
The fitted and estimated a1, a5, and a5 parameters of the cor-
responding HVL functions are also given in Table 2. Figure
3 reveals a tiny shift of the estimated HVL function (green
dashed line) from the fitted HVL function (red line) to the
lower times. This is also reflected in the R? value of the
estimate, which is 0.9779 compared to the 0.9992 by the
fitting procedure. A deeper analysis reveals that this is pri-
marily caused by the data sampling rate and the noise. The

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Peak of R-flurbiprofen in a concentration of 0.3 mM with
0.1 mM B-CD in the BGE. Black trace: experimental record; red
solid line: HVL fit; green dashed line: HVL constructed from the &,
&, and as; estimates. BGE consists of 50 mM Tris, 50 mM Tricine
buffer, and 0.1 mM B-CD. See Section 3 for other experimental
details. See Table 1 for the characteristics of the experimental
peak and the HVL functions.

ChemStation software reads the experimental peak top posi-
tion, by, at the highest point of the measured peak, which is
influenced both by the sampling rate and the noise. The HVL
fit is primarily driven by the data points at the inclination
and the declination edges of the peak, while the very few data
points at the top of the peak does not have any significant
influence. In our case, the apex of the HVL fit is shifted right-
ward from the experimental top position, ty. The difference
is +1.5 x 10~ min, which is equivalent to approximately two
data points with the sampling rate of 8.4 x 10~*min. The fit-
ting procedure makes the HVL fit robust against the data
sampling rate and noise, so that the HVL peak overlaps the
experimental peak well on the expense of (or possibly with the
benefit of) adjusting its apex as needed. To the contrary, the
apex of the HVL function resulting from the 8, g, and as;
estimates must be located exactly at the predefined position
of ty as discussed at the very end of Section 2.1. Simultane-
ously, width, wy s, and asymmetry, Tysp, of the HVL peak are
also kept by the estimating procedure. This may result in the
shift of the entire HVL function towards the experimental
peak top position compared to the HVL fit. Hence, the differ-
ence of the @, estimate from the actual a; parameter of the
HVL fitequals —1.6 x 10~*min (two data points), which is in
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Table 2. Experimental data of R-flurbiprofen in a concentration of 0.3 mM with 0.1 mM B-CD in the BGE
Name Peak characteristics HVL fit HVL estimate

ty (min) w5 (min) Tusp a; (min) a; (min) ass R? 3 (min) 3, (min) R R?
Experiment 6.501 0.0554 0.5574 6.4123 0.0132 —30.10 0.9992 6.4107 0.01265 —32.325 0.9779

BGE consists of 50 mM Tris, 50 mM Tricine buffer and 0.1 mM B-CD. See Section 3 for other experimental details. Experimental

migration time, ty; FWHM, wqs; and USP tailing factor, Tysp of the peak of R-flurbiprofen. a, a;, and as; parameters of the HVL fit of the

peak with Eq. (2). &, &, and &;; estimates of the respective HVL parameters by Egs. (13), (10), and (12).

accordance with the +1.5 x 1073 min shift of the fitted HVL
apex out of the ty position. When the tops of the estimated
and fitted HVL functions are synchronized, no observable
difference between the two is present and the R? value of the
estimate grows up to 0.9983. It is important to note that such
a bias has a negligible effect when compared to the error in-
troduced if the uncorrected migration time were read from its
experimental value, . In our case the difference of (ty — a1)
is as large as 8.9 x 10~ min (106 data points), which is over
50 times larger than that of (@; — a,). In conclusion, the cor-
rection of the experimental migration time, ty, introduced by
Eq. (13) is reasonably significant and made within the actual
precision of the data sampling rate.

As a final point, let us underscore the fact that the migra-
tion time correction, that is the shift of the peak maximum,
ty, out of its theoretical position, a4, does not only depend on
the K, parameter, that is the distortion (asymmetry) of the
peak, but is directly proportional to its actual width, w, (Eq.
(13)). Thus although the experimental peak has its distortion
comparable to, or even slightly less than, that of the simulated
peak SIMUL 1.5 (cf. the respective coefficients a5 in Tables 1
and 2), the migration time shift is twice as significant for the
experimental peak as for the simulated one since the former
is twice as wide (Tables 1 and 2, parameter wys).

5 Concluding remarks

We derived relations between the geometrical characteristics
of the HVL function and its a1, a,, and a3; parameters. The
relations require a set of coefficients that cannot be expressed
analytically but were generated numerically for the FWHM,
wys, as a measure of the peak width, and the USP tailing
factor, Tysp, as a measure of the peak distortion (asymme-
try). The relations were successfully applied on simulated
electropherograms of various peak distortions and an experi-
mental electropherogram. The theoretical migration time of
the peak was estimated as a corrected experimental migration
time that would be otherwise falsely assigned to the position
of the top of the peak. It was demonstrated that the procedure
is directly applicable to the output of automated data integra-
tion software, such as ChemStation (CE instrumentation by
Agilent Technologies). The correction of the migration time
provided the accurate value comparable to that obtained by
the HVL fit within the precision of the data sampling rate.
Thus, the herein-introduced procedure may serve as a quick

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and easy alternative to the HVL fitting of the data that re-
quires external data processing. Alternatively, it can provide
a very precise estimate of the initial values of the HVL fit in
an automated manner.
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5 Zavér
Predkladana dizertai prace byla zasiiena na matematicky popis komplexujicich systém
kapilarni elektroforézy, ve kterych analyt interpggge d¥maci vice selektory, fipadré se

vedle komplexaci dastni jest acidobazickych rovnovah. Dale se prace zabyvalaosenim

spravné efektivni mobility analytu v komplexujicisystémech.

Pro popis systéi kde plré nabité analyty interaguji se z&mg pripravenou srési
dvou selektal, byl pouzit souhrngtkomplexa&ni model. Tento model ukazuje, Ze pokud se
neneni slozeni sisi (reprezentované molarni frakci prvniho selekt@sngsi), Ize se sksi
zachazet jako s jednim selektorem. Parametry kompée analytu s timto ,souhrnnym®
selektorem Ize pro dané sloZeni ¢sim pomoci tohoto modelu sgitat z parameir
charakterizujicich komplexaci analytu s kazdyistym selektorem zvIl&@S$ Ze souhrnnych
komplexa&nich parametr Ize nasledé predpowdét zavislost efektivni mobility analytu na
celkové koncentraci stsi selektoéi. Tento model poskytuje uziiey vhled do mechanizmu
separace diky tomu, Ze molarni frakce prvniho setelve smisi mize nabyvat pouze hodnot
od nuly do jedné, zatimco zavislost efektivni mibpidnalytu, gipadré vhodného parametru
charakterizujiciho usgnost separace, jako je rozdil nebo pormobilit separovanych
analyt, sleduje tvar odpovidajici komplexaci s jedinyriek®rem. Experimentatnbyl tento
koncept o¥ien na modelovém systému dvou plmabitych analyt a dvou fiznych dvojic
neutralnich selektér Byla pozorovana velmi dobrd shoda meziedpo¥zenymi a
zmeienymi souhrnnymi komplexaimi parametry pro jednotlivé sisi a potvrdila se i
schopnost modeluedpovidat zavislost patru mobilit analyti (selektivity) na celkove

koncentraci sisi selektod.

Analyty, kterymi jsoucasto slabé kyseliny, baze nebo amfolyty, se moheustému
vyskytovat ve vice volnych formach, mezi kterymi sstavuji acidobazické rovnovahy.
Kazda z &chto forem pak riize vytvdet komplexy s fitomnymi selektory. Zahrnutinét¢hto
rovhovah do souhrrrkomplex&niho modelu byl vytvien generalizovany model
elektromigrace v komplexujicich systémech se steobirii komplexace 1:1. Tento model
vibec poprvé popisuje systémy, ve kterych vice vdinfarem analytu interaguje s vice
selektory. mlezitou vlastnosti tohoto modelu je, Ze unngg nahlizet na tyto velmi slozité
systémy fiznymi zpisoby, ukazuje za jakych podminek a jakymisgbem lze vzajendn

provazané acidobazické a kompléxia rovnovahy od sebe oéld a pracovat s nimi
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samostaté. Platnost modelu byla experimentaloweéiena na nejjednodussSim mozném,
nicmeére z praktického hlediska velmi vyznamném, systémaics volnymi formami analytu a
s vice selektory: slabou jednosytnou kyselinou jakalytem a déma cyklodextriny, z nichz
jeden byl neutralni a jeden klagdmabity. Pro dvatizné zmisoby gedpowdi efektivni
mobility analytu v takovém systému, které geneoalany model umatuje, byla pozorovana
shoda mezi predikci a experimentem. Vysledky daletvrdily, Ze v souladu

s generalizovanym modelem je zavislost elektivnbititg analytu na celkové koncentraci
selektoru, pvodré odvozena pro jedinou formu volného analytu intgjig s jedinym
selektorem, univerzainpouzitelna pro systémy se stechiometrii komplexiadebez ohledu

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

Ve druhécasti této prace bylarpdstavena dvoudetektorova metoda umg@zi stanovit
spravnou efektivni mobilitu analytu v systému, kd&iZze nabitd interagujici slozka
zakladniho elektrolytu, naiklad nabity selektor, interagovat s markerem eteldmotického
toku. Stanoveni spravné efektivni mobility jeckWé pro uéeni komplexanich parametr, se
kterymi pracuji vySe zmibvané elektromigkai modely. Pomoci navrzené metody byla
posouzena vhodnosttyi popularnich EOF markerpro pouziti v zakladnim elektrolytu
obsahujicim jeden z ngstji pouzivanych selektdr nedefinovas sulfatovany f-
cyklodextrin. Jako nejmé&nnevhodné markery se ukazaly dimethyl sulfoxid toniethan
(nicmére i ty se selektorem slahinteraguiji).

Dale byl navrzen Zisob, kterym lze z geometrickych charakteristik glt&floretického
piku deformovaného elektromigra disperzi ufit parametr odpovidajici HVL funkce, ktery
ma vyznam migréniho¢asu analytu i jeho nekon&ném zedéni, a to bez poeby nelinearni
regrese. To zréa¢ usnadni vyhodnoceni spravnych migniah ¢asi a potazmo i efektivnich
mobilit a komplexanich paramefr v komplexujicich systémech, ve kterych dochazi
k elektromigr&ni disperzi zon analft nagiklad z divodu vyznamného ubytku selektoru

v zOre analytu v dsledku silné komplexace.
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