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Souhrn

Kapilarni elektroforéza je ucinna, spolehliva a rychla separaéni metoda s nizkou
spotifebou chemikalii a tedy i nizkymi naklady na analyzu. Systémové zony, které tato
prace studuje, jsou nevyhnutelnou soucasti kazdého elektroforetického systému a
v nepfiznivych pfipadech mohou znacné ovlivnit elektroforetické vysledky, znehodnotit
je, nebo vést k jejich Spatnému vykladu.

Pomoci predikénich pocitacovych program( vystavénych na zdkladé teoretického
popisu elektromigrace lze v jednoduchych systémech dobfe a spolehlivé predpovidat
pozice systémovych pikd. Tato predpovéd vsak nemusi byt dostatecna a nemusi zarudit
jednoznacnou identifikaci systémovych pikG v ziskanych zaznamech. Vramci
predkladané prace byl proto rozsifen soucasny teoreticky model elektromigrace a
vznikla nova verze 5.3 predikéniho programu PeakMaster, kterd umoziuje predpovidat
nejen pozice, ale i tvary a polarity systémovych zon. Pomoci nového PeakMasteru 5.3
Ize tak lépe predpovidat pripadnou interakci nebo prekryv systémovych pika s piky
analytl a nové muZe byt také optimalizovano sloZeni vzorku pravé sohledem na
polaritu a tvary systémovych pik(. Program PeakMaster ma Siroké vyuziti v béiné
analytické praxi prfi efektivnim vybéru separacnich systémU a predikce
elektroforetickych vysledkd.

Aplikovatelnost kapilarni zonové elektroforézy mlze byt rozsifena tim, Ze se
pouzije komplexacni Cinidlo jako pfidavek do zakladniho elektrolytu za ucelem cilené
interakce s analyty. Presto vSak nelze vyloudit (zejména pfi nevhodné volbé pufru) ani
soucasnou interakci komplexacniho cinidla se slozkou zakladniho elektrolytu. Ukazali
jsme, Ze tato nechténd interakce mlze mit znacny vliv na vlastnosti elektroforetického
systému (pH, vodivost, iontovou silu) nebo na chovani systémovych zén. Teoreticky i
experimentalné jsme vysetfili zmény vlastnosti v systémech, kde komplexuje neutralni
komplexacni cinidlo s pufrujici slozkou zakladniho elektrolytu a ukazali jsme mozny
dopad na elektroforetické vysledky. Dale jsme prokdzali, Ze chovani systémovych pikl
v komplexujicich systémech se liSi od chovani, které predpovida klasicka teorie
elektromigrace. Jednoduchym testem k odhaleni nechténé komplexace muze byt
kontrolovani hodnoty pH po pridavku (tfeba i neutralniho) komplexacniho cinidla do

zakladniho elektrolytu.



Abstract

Capillary electrophoresis is a method of choice in many analytical laboratories for
its high separation efficiency, rapidity, low consumption of chemicals and therefore
low costs. Inherent to each electrophoretic separation system are system peaks, which
can significantly affect or confuse the electrophoretic results.

In capillary zone electrophoresis, position of system zones can be predicted
easily and reliably by means of prediction software based on a theoretical description
of electromigration. However, the prediction of only position of a system zone may not
be sufficient for identification of system peaks in obtained electropherograms.
Therefore, an existing theoretical model was significantly extended and new version of
PeakMaster software (PeakMaster 5.3) was introduced in the framework of this thesis.
PeakMaster 5.3 enables to predict not only the positions of system zones, but also
their shapes and polarity. Thus, PeakMaster 5.3 improves the prediction possibility of
overlapping or interaction of system peaks with analyte peaks. Moreover, composition
of the sample can be optimized in order to obtain convenient shapes and amplitudes
of system peaks.

The applicability of capillary zone electrophoresis can be extended by addition of
a complexation agent into the background electrolyte. Complexation additives are
primarily intended to offer additional interactions for analytes. Nevertheless,
simultaneous interactions of background constituents with complexation agents may
occur. We demonstrated that such unwanted interactions seriously influence
properties of the background electrolyte (pH, ionic strength or conductivity) or
behavior of system peaks. We investigated changes of fundamental buffer properties
caused by complexation, both theoretically and experimentally, in systems where a
neutral complexation agent interacts with buffering constituents of several
background electrolytes. We also showed how these changes impact on
electrophoretic results in practice. Further, we revealed that behavior of system peaks
differs from the behavior predicted by classical theory of electromigration in such
systems. We proposed to measure pH changes after addition of neutral complexation

agent as a simple method for detection of unwanted complexation.
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Seznam pouzitych zkratek a symbolt

A analyt

BGE zakladni elektrolyt (background electrolyte)

C komplexacni Cinidlo

CD cyklodextrin

CZE kapilarni zénova elektroforéza

CHES N-cyclohexyl-2-aminoethansulfonova kyselina
HVL Haarhoff — van der Lindeho funkce

LTE linearni teorie elektromigrace

SP systémovy pik

B-CD beta-cyklodextrin

by molarni vodivostni odezva

Ci molarni koncentrace i-té slozky

Ci; molarni koncentrace z-té formy i-té slozky

Ciin pocatecni molarni koncentrace i-té slozky

c vektor moldrnich koncentraci

Ei porucha v koncentraci i-té slozky

3 vektor poruch v koncentracich

G konstantni hodnota molarni koncentrace i-té slozky
J proudova hustota

M Ctvercova matice mobilit

n; nejmensi sytnost i-té slozky

pi nejvyssi sytnost i-té slozky

Sy velocity slope

T cas

TR transfer ratio

Ui iontova mobilita j-té slozky

Uiz iontova mobilita z-té iontové formy i-té slozky
X podélnd osa kapilary ve sméru vnéjsiho elektrického pole
Z nabojové Cislo

K specificka vodivost

Ksce specificka vodivost neporuseného zdkladniho elektrolytu



Predmluva

Systémové piky provazeji celé mé vysokoskolské studium. Na zacddtku,
v bakalaiském stupni, jsem se vénovala miniaturizované elektroforéze na cCipu a
systémovym zénam v komercné prodavanych zakladnich elektrolytech pro analyzu
proteinl. Pozdéji jsem se zabyvala vyjimecénymi zakladnimi elektrolyty, jez vykazuji
oscilacni chovani, které je zplsobeno komplexnimi hodnotami mobilit systémovych
z6n. Ziskané zkusSenosti a védomosti o problematice systémovych zéon a pik(l jsem

vyuZila a hlavné prohloubila i v ramci mého doktorského studia.

Pfedmétem této prace bylo v prvnim kroku zlepSovani moznosti predikce a
identifikace systémovych pik( v kapilarni elektroforéze — rozsiteni pocitacového
programu PeakMaster vyvinutého v nasi pracovni skupiné pro predpovidani vysledki
kapilarni zonové elektroforézy. O této etapé pojednavaji dvé publikace v predkladané

praci oznacené jako Publikace 2 a Publikace 3.

Dalsi velikou kapitolou, kterd byla v rdmci mé dizerta¢ni prace zapocata a které
doposud v literature nebyla vénovana témér zadnd pozornost, je chovani systémovych
pika v elektroforetickych systémech obsahujicich komplexacni Cinidlo. Nas zajem o
komplexacni Cinidla v separacnich metoddch vyustil v publikaci souhrnného clanku
(Publikace 1), kterou vtéto praci prikladam jakou soucast kapitoly Uvod. Ugelem
pritomnosti komplexac¢niho ¢inidla v zakladnim elektrolytu byva cilena interakce cinidla
sanalytem a zlepSeni selektivity separace nebo dosazeni chirdlnich separaci.
Pritomnost komplexacniho cCinidla mGze ale také vyrazné ovlivnit vlastnosti zakladnich
elektrolytll a znacné ovlivnit elektroforetické vysledky. Této problematice pfislusi

Publikace 4 a 5.

V zavéru prdce jsou zafazeny Kapitola 4.3 a Publikace 6 jako ukdazky praktického
vyuziti kapilarni zonové elektroforézy, pti kterych jsem zarocila a uplatnila nabyté
zkuSenosti. Diky predikénim programidm jsem byla schopna velmi rychle vybrat vhodné
separacni systémy a to nejen z hlediska zakladnich vlastnosti zakladniho elektrolytu,

ale i s ohledem na pocty a pozice systémovych zon.



1. Uvod

Od dob svého vzniku usla elektroforéza dlouhou cestu. Vyvijela se, brala na sebe
rizné podoby, diky nimZ prekonavala mnohé vyzvy a spliovala nejraznéjsi cile.
V dnesnich dnech, ve své ,kapilarni“ podobé, vyzrala v excelentni techniku, hojné
pouzivanou v mnoha modernich analytickych laboratofich po celém svété. Vynika
vysokou ucinnosti, rychlosti a predevsim nizkou spotifebou chemikalii, tedy nizkymi
naklady. PouZitelnost kapilarni elektroforézy dale rozsifuji jeji nejriznéjsi modifikace.
Lze ji proto vyuzit k analyzam Siroké skdaly anorganickych i organickych latek, nejen
ionickych, ale i neutralnich, k achiralnim i chirdlnim separacim. Sméle tak konkuruje a
velmi Casto i nepostradatelné dopliiuje ostatni Ucinné separacni metody, zejména

vysokoucinnou kapalinovou chromatografii.

Nezpochybnitelnou vyhodou kapilarni elektroforézy oproti ostatnim metodam je
jeji uceleny teoreticky popis. Pfislusné matematické modely, implementovany do
pocitacovych programl, umoznuji predpovidat elektroforetické vysledky a tak snadno
hledat a optimalizovat vhodné separacni systémy. Mnohdy také tyto simulacni
programy pomahaji vysvétlit experimentdlné pozorované jevy nebo jimi lze

predpovédét neobvyklé chovani nékterych elektroforetickych systém.

Nékteré jevy, které elektroforetické experimenty doprovazeji, vsak mohou
uzivatellm Zivot znacné zneptijemnit. V kapilarni zénové elektroforéze je jednim
z téchto jevl pritomnost systémovych zén, kterd muaze v krajnich pfipadech vést ke
Spatnému vykladu elektroforetickych vysledkll nebo k jejich Uplnému znehodnoceni.
Systémové zdény, v detektoru zaznamenané jako systémové piky, mohou byt totiz
mylné povaZovany za piky analytd nebo s nimi mohou interagovat. Tato interakce pak
vede k deformaci pikl analyt(i, které pak ¢asto neni mozné vyhodnotit. Systémové
zony jsou ale vlastni kazdému elektroforetickému sytému a jsou tak nevyhnutelnou
soucasti kapilarni zonové elektroforézy. Vysetrovani jejich chovani v jednoduchych i
stale slozitéjsich systémech, zlepSovani moznosti jejich predpovédi a rozeznavani ve

vyslednych elektroferogramech je tedy smysluplnym ukolem.
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1.1 Systémové zdny v kapilarni zénové elektroforéze

Systémové zony vznikaji v kapilarni zéonové elektroforéze (CZE) pfi nadavkovani
vzorku. Jelikoz se sloZzeni zény vzorku lisi od sloZeni zakladniho elektrolytu (i kdyz tfeba
jen nepatrné), dojde pfi nadavkovani k poruseni koncentracnich profild slozek
zdkladniho elektrolytu (BGE). Po vlozeni napéti pak mohou tyto poruchy — systémové
z6ny, podobné jako zény analytl, putovat kapilarou. Pokud migruji smérem
k detektoru, mohou byt detektorem zaznamenany jako piky, které ale
nepfrisluseji zadnému z pfitomnych analytl. Pro takové piky se ustalil nazev systémové

piky.

Pojem systémovy pik byl poprvé pouZit pro obdobny jev v kapalinové
chromatografii [1]. V chromatografii se také jako prvni objevily pokusy o vysvétleni
zakladnich principt vzniku a vyskytu systémovych pikli a popis vztahl systémovych
pikd k termodynamice a kinetice procest v chromatografické koloné [2-4]. V CZE stoupl
zajem o systémové piky pozdéji a je spojen srozvojem nepiimé UV detekce [5].
Systémové piky lze totiz detekovat pouze v pfipadé, Ze pouzity detektor reaguje
alespon na jednu slozku zakladniho elektrolytu. To je v CZE nejcastéji pripad vodivostni

nebo pravé neprimé UV detekce.

Ackoliv jsou systémové piky povazovany spise za rusivy jev, Ize je vyuzit napfiklad
ke stanoveni kritické micelarni koncentrace [6]. Jisté, i kdyZz ne prilis presvedcivé, je
vyuZziti systémovych pikd také v podobé vakantni afinitni kapilarni elektroforézy,
napriklad pfi stanoveni konstant stability [7,8]. Problematika systémovych pikd byla
nékolikrdt shrnuta v pracich Gebauera a Beckerse [9,10] a pozdéji v prehledovych

¢lancich Gase a kol. [11,12].

Zpocatku byly systémové zény zkoumany zejména experimentalné, autofi vsak
spravné soudili, Ze existenci systémovych zdn, popfipadé jejich pocet i mobility musi
plynout ze spravného teoretického popisu zdénové elektroforézy nebo procest

kapalinové chromatografie [4].

11



1.2 Matematické pristupy k popisu CZE a systémovych zén

Elektroforéza ma ve srovnani schromatografii vyhodu v jednoduchosti
usporadani, vnémz probihd separacni proces. To umozZnuje dobfe a v principu
jednoduse matematicky popsat elektromigracni proces pomoci (i) rovnice kontinuity
(i) podminky elektroneutrality a (iii) rovnic pro pfislusné rovnovahy (acidobazické,
komplexacni). Sadu rovnic, nabizejicich Uplny popis elektromigracnich procesu, lze resit
pouze numericky pomoci pocitacovych program@. Numerické simulaéni programy [13-
17] tak nabizeji detailni ndhled do dynamiky elektromigracnich procesu. Simulace jsou
ale naro¢né na cas i vykon pocitacl a neumoznuji pocitat kvantitativni charakteristiky
elektroforetickych systému, na zakladé kterych by bylo moZné vyslovovat nékterd
obecna pravidla napfiklad o poftu a mobilité systémovych zén, parametrech zén
analytl a podobné. Proto se autofi jiz v minulosti zaméfrili na hledani popisu kapilarni

zénové elektroforézy majiciho analytické reseni.

1.2.1 Hmotnostni bilance na pohyblivych rozhranich

Prvnim pfistupem k reSeni elektromigracniho chovani zén byla formulace rovnic
hmotnostni bilance na pohyblivych rozhranich. Prvnimi, kdo predstavil tento koncept
pro kapilarni zénovou elektroforézu, byli Longsworth [18] a Alberty [19] jiZ v poloviné
20. stoleti. Na tyto zaklady navazal pozdéji Beckers, ktery se rozsahle vénoval popisu
vzniku systémovych zén i teoretickému popisu zonové elektroforézy samotné. Pouzil
model stacionarniho stavu vyuzivany v izotachoforéze a nestacionarni procesy kapilarni
zonové elektroforézy resil opakovanou aplikaci tohoto stacionarniho modelu. Na
zakladé takového pristupu ukazal, ze systémové piky a pohybujici se rozhrani vznikaji
z poruch koncentrace a pH zakladniho elektrolytu a popsal zakladni zakonitosti jejich
mobilit v jednoduchych systémech [20]. Stejny postup nasledné pouzZil pro vypocty
sloZeni zén analytl, véetné pH a koncentrace koiontll a protiiontG. Byl tedy schopen
predpovédét i zaznamy pro nepfimou a vodivostni detekci. Z vypocitanych zmén pH a
elektrického pole v zéné vzorku a z mobilit koiontl také urcoval tvar (fronting nebo
tailing) a polaritu pika analytd a odvodil néktera obecnd pravidla pro vyskyt daného

tvaru a polarity piku v danych typech jednoduchych zdakladnich elektrolyt s jednim

12



koiontem [21,22]. Tento model byl pak rozsifen i pro systém s dvéma a vice koionty
nebo protiionty, kdy uz ale sloZitost sytému a vypoctli neumoZiiovala takova obecnd
pravidla urcit. Obecny popis byl vtakovém pripadé nahrazen sadou diagramd, tzv.
SystChart, které zobrazovaly vztahy mezi mobilitou analytu a jednotlivymi parametry
(pH, koncentrace kationtl a aniontd v BGE) pro konkrétni zakladni elektrolyt. Pomoci
diagrami SystChart bylo moziné alespon odhadovat asymetrii a polaritu pikd

v konkrétnich BGE [23,24].

Nékteri autofi studovali systémové piky a zejména jejich pocet pomoci vakantni
elektroforézy [25,26]. Pri popisu pikd analytl davaji Gebauer a Bocek do spojitosti
fronting a tailing pika se zapornym ¢i kladnym znaménkem veliciny velocity slope Sy a
sestavuji diagramy tvarQ pikd (Peak Shape Diagram) pro dany BGE [27]. V pfistupu
zavedeném Beckersem bylo dale mozné formulovat pro jednoduché systémy veliciny
dllezité pro vodivostni a nepfimou detekci — limitni moldrni vodivostni odezvu by [28] a
transfer ratio TR [29]. Tento pfistup umél predpovidat existenci nékterych
systémovych pikd nebo interakci systémovych zén se zdénou analytu, zpusobujici
neobvyklou nebo tzv. schizofrenni disperzi piku analytu [30,31]. Casto diskutovanym
tématem v problematice systémovych pikd byl jejich pocet. Z modelu pohybujicich se
rozhrani nevyplyva jednoznacné pravidlo o poctu systémovych pik(i a predpovédi se
Casto opiraly jen o experimentdlni zkuSenosti pro dané typy BGE [10,32-34] a tzv.
galerie systémovych zén [35]. Na zakladé tohoto pfistupu nebylo moziné
charakterizovat obecny systém (N slozek, slabych ¢i silnych, jednosytnych i

vicesytnych, kyselin, zdsad ¢i amfolyta).

1.2.2 Linearni teorie elektromigrace

Druhy pristup k teoretickému popisu kapilarni zonové elektroforézy zaved| Poppe
[36,37], kdyz vysvétlil existenci systémového piku a moZnost nepfimé detekce na
zakladé matematického modelu linearizovanych transportnich rovnic. Tento
matematicky model Ustil vieseni problému vlastnich hodnot matice (eigenvalues
problem) a Poppe proto nazval systémové piky eigenpiky. Jako prvni také vyslovil
predpovéd, Ze systém s N stupni volnosti (N slozek systému) bude mit N eigenpikd.

Kazdému z pikd pfrislusi jedna vlastni hodnota matice s rozmérem mobility a vlastni
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vektor, ktery popisuje relativni intenzity poruchy kazdé slozky v dané zéné. Pro tento
model se pozdéji vzil nazev linedrni teorie elektromigrace (LTE). V dalSich pracich
skupina Poppeho uUspésné objasfovala, na zakladé LTE, jevy souvisejici s nepfimou
detekci [38], s pfeddvkovanymi systémy [36] nebo predpovidala pozice a intenzitu

systémovych pikd [39].

Na tento model navazala GaSova skupina. Zabyvala se systémy silnych
jednosytnych elektrolytd [40], slabych jednosytnych elektrolytl [41] a postupné
zobecnila linearni teorii elektromigrace pro N slozek, slabych ¢i silnych kyselin, zasad
nebo amfolytl libovolné sytnosti [42]. Z jev(l spojenych se systémovymi piky se tato
skupina ve svych pracich zabyvala rezonanci, tedy jevem nastavajicim v pripadé
rovnosti mobilit analytu a systémového piku [40], vysvétlila existenci staciondrniho
piku [41] a predpovédéla systémy, které zminény pik nemaji [42]. Z LTE také vyplynulo,
Ze mobility systémovych z6n mohou byt v principu komplexni Cisla. Takové systémy
pak byly skutecné nalezeny a vykazuji neobvyklé, oscilacni, chovani [43,44]. Dale bylo
prokazano, Ze i v ramci tohoto pfistupu lze ziskat veli¢iny: molarni vodivostni odezvu,
transfer ratio a relative velocity slope, a predpovidat tak odezvy vodivostni i nepfimé
spektrofotometrické detekce [42]. Spektralnim rozkladem matice mobilit byla ziskana
matice amplitud systémovych pikd [45]. Z linedrni teorie elektromigrace jednoznacné
vyplyva, Ze pocet eigenmobilit systému, tedy i pocet systémovych zon, je roven poctu
slozek systému. lonty OH a H3O" nejsou povaZovany za slozky systému, jejich
koncentrace je dana acidobazickymi rovnovahami a podminkou elektroneutrality.
Pfesto tyto ionty mohou vyrazné ovlivnit chovani systémovych zén. Linearni teorie
elektromigrace predcila pristup hmotnostni bilance na pohyblivém rozhrani a nabizi

uceleny matematicky model pro kapilarni zénovou elektroforézu.

1.3 Simulacni program PeakMaster

V predchozi kapitole byly shrnuty zakladni pfistupy matematického popisu
kapilarni zénové elektroforézy. Tyto matematické modely byly od pocatku

implementovany do pocitaovych program(, které mély za cil prfedpovidat vysledky
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elektroforetickych experimentd. Linearni teorie elektromigrace se stala zakladem pro

simulacni program PeakMaster, ktery byl vyvinut v nasi skupiné [46].

PeakMaster je volné a zdarma dostupny na strankach nasi skupiny [47] a je Siroce
vyuzivan v mnoha laboratofich, nejen v elektroforetickych. V Tabulce 1 jsou prehledné
shrnuty poZadované vstupni parametry a nejduleZitéjsi vystupni parametry, které

muzZe program PeakMaster, verze 5.2, poskytnout.

Tabulka 1. Vstupni parametry potfebné pro vypoclty v programu PeakMaster 5.2 a prehled
nejvyznamnéjsich vystupnich parametri

Vstupni parametry Vystupni parametry

. * pH
e sloZeni/koncentrace

w w e vodivost
o ° disociaém’konstantyb o ) .
@ o, b @ ® jontovd sila
e |imitni mobility . . .
e pufrani kapacita
e efektivni mobilita
E ® mnoistvi (S,M,L, XL)® .; e TR [29] (nepfima detekce)
Tcu ° disocia(:m’konstantyb T‘::s ® b, [28] (vodivostni detekce)
< . Iimitnl'mobilityb < ® S, [27] (elektromigracni
disperze)
- e celkova délka kapilary
: 7 oy s
S > . szlkf Ilipllary @
g £ etextoru e = o mobility
€ E e vkladané napéti @ o . c
= T s . £ N e amplitudy[45]
g o e mobilita/pozice markeru ES
3 elektroosmotického

toku

TR - transfer ratio; b, - molarni vodivostni odezva; S, - velocity slope

®v piipadé analytd se v zakladnim nastaveni nezadava jejich presna koncentrace, ale vybira se jedno z
moznych mnozZstvi: S (small), M (medium), L (large) nebo XL (extra large)

bpro Sirokou $kdlu latek je mozné je vyhledat pfimo v databazi programu PeakMaster; databaze jsou
zalozeny na datech T. Hirokawy

‘dostupné v podokné ,Amplitudes” po zadani presného sloZeni davkovaného vzorku

Vysledky vypoctud jsou dany jak Ciselnymi hodnotami jednotlivych parametr(, tak
i vpodobé simulovaného elektroferogramu. Celd simulace a vypocet jsou oproti
numerickym simuldtordm velmi rychlé (v tadu vtefin). Limitni mobility jsou

v PeakMasteru korigovany na iontovou silu pomoci Onsagerova a Fuossova vztahu
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[48], disociacni konstanty pomoci Mclnnesovy aproximace Debye-Hiickelova zakona

s linedrnim ¢lenem.

1.3.1 Vypocet mobilit systémovych zén v ramci LTE

Uvazujme obecny elektroforeticky systém slozeny z N slozek rozpusténych ve
vodé, umistény v kapilafe o konstantnim prirezu a s konstantni radialni distribuci
vSech sloZek. Zanedbdna je také difuze zplsobena gradientem chemického potencialu
a teplotni a sorpcni efekty. Kapilara je umisténa podél osy x a koncentrace C(X,t) je
pak tedy funkci prostorové proménné x a Casu t. Vychozim bodem je rovnice kontinuity

popisujici jednorozmérnou elektromigraci:

oc. d o (u.c
Ti=—j> —| 2 i=1,.,N
ot jzznisgn(z)ax( K j 1= (1)

kde specificka vodivost K je dana

N P
K= (ZZM U,C, tUgyCoy t+ uHch (2)

i=1 z=n;

¢; je analyticka koncentrace i-té slozky, t je Cas, j znaci proudovou hustotu, z ndbojové

vy

vnéjsiho elektrického pole, u;, udava iontovou mobilitu z-té iontové formy i-té slozky a

ci, jeji koncentraci. Sadu rovnic (1) Ize upravit a zapsat ji v maticovém tvaru:

oc j .\ OC
== M(c)x =
ot Kace (c)x ox (3)

- T . , , v . v
kde c=(cl,...,cN) je sloupcovy vektor koncentraci slozek (index T znadci
transponovanou matici), M je Ctvercova matice typu N XN, jejiz cleny zaviseji na

E(x,t). Ksce je specificka vodivost plivodniho neporuseného BGE. Tuto maticovou
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rovnici lze diky vhodnému usporadani CZE linearizovat. UvaZuje se, Ze koncentrace
sloZzek zakladniho elektrolytu jsou podél kapilary rovhomérné rozloZzeny a v pribéhu
separace se koncentrace i-té slozky méni jen malo, tedy zUstava blizka konstantni
hodnoté koncentrace C. Potom tuto zménu koncentrace muZeme oznadit jako
poruchu, ¢;, kde ¢, =c, —C, . Takto lze uvaZovat i o analytech, které jsou davkovany
v malych koncentracich (mnohem mensich neZ jsou koncentrace slozek zakladniho
elektrolytu) a pro které tedy uvazujeme, Ze podél kapilary maji C; = 0 a porucha v misté
davkovani odpovida nadavkované koncentraci. Poruchy jsou mala cisla blizka nule a

rovnici (3) lze tedy prepsat do linearizovaného tvaru:

a_C:_LMXa_C (4)
ot Kee ox

Vektor ¢ je vektor poruch koncentraci slozek, E':(El,...,EN )". Matice M je Jacobiho
matice a je zde jiz konstantni matici. ReSeni této maticové rovnice vede na problém
vlastnich Cisel (eigenvalues). Vlastni ¢isla matice M maji rozmér mobilit a nase skupina
pro né zavedla ndazev eigenmobility (vlastni mobility). Existence eigenmobility
naznacuje, Ze jisty jev, z6na, se mlzZe pohybovat separa¢nim kandlem s pravé takovou
mobilitou. Pokud je jednou ¢&i vice slozkami systému analyt, pak je patficny pocet
vlastnich cisel (vlastnich mobilit) roven pfislusnym efektivnim mobilitdm analytd.

Ostatni (tedy vlastni hodnoty pro slozky BGE) odpovidaji mobilitam systémovych zén.
Spektralnim rozkladem matice M lze ziskat matice amplitud systémovych pikd
[45].
1.3.2 Pouzitelnost programu PeakMaster

Na rozdil od numerickych simuldtorli nelze PeakMaster vyuzit pro rdzné
elektromigracni techniky (izotachoforéza, izoelektricka fokusace, apod.). Jak z podstaty
LTE vyplyvd, PeakMaster muze predikovat vysledky pouze pro kapildrni zénovou

elektroforézu. CZE je dnes nejbéznéjsi elektromigracni technikou, kterou lze navic
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vhodné modifikovat pridavkem latek poskytujicich analytim rGzné cilené interakce.
PeakMaster je urCen pro vodné prostfedi, ackoliv po drobné modifikaci a se spravnymi
vstupnimi Udaji mGzZze byt vyuZit napf. i pro methanolické zakladni elektrolyty [49].
Disperze pikd analytl predpovidana programem je dana jen elektromigracni disperzi,
difize neni uvaZovana. Vratime-li se kTabulce 1, je patrné, Ze dosavadni verze
PeakMasteru nebyly schopné predpovidat tvary systémovych pikQi. Rozsifeni
linearizovaného modelu, jeho implementace do PeakMasteru, stejné jako
experimentalni ovéreni schopnosti nové verze programu predpovidat tvary

systémovych pikU, jsou uvedeny v Publikacich 2 a 3 této prace.

V soucasné dobé se v nasi skupiné snazime rozsifit pole pouzitelnosti
PeakMasteru také na systémy kapilarni elektroforézy, kde se uplatiuji kromé
acidobazickych rovnovah také rovnovahy komplexacni. Zatim byla publikovana prvni
verze PeakMasteru 5.3 Complex, schopna predpovidat elektromigracni disperzi silného
elektrolytu davkovaného jako analyt do systému obsahujictho jedno neutralni
komplexacni Cinidlo tvofici sdanym analytem komplex [50,51]. Kompletni
linearizovany model elektromigrace zahrnujici komplexa¢ni rovnovahy vsech slozek
systému zatim neni dostupny. Proto mohou byt systémovy piky v téchto systémech
studovany pouze experimentdlné nebo simulovany nékterymi znumerickych

simuldtor( — napt. Simul 5 Complex [52] nebo GENTRANS [53].

1.4 Komplexacni rovnovahy v kapilarni elektroforéze

Rychlé komplexacni rovnovahy se v kapilarni elektroforéze vyuzivaji ¢im dal
Castéji. Pfitomnost komplexujiciho cinidla vBGE ma za cil poskytnout analytim
dodatec¢né interakéni moznosti a zvysit tak selektivitu daného separacniho sytému.
Pokud je komplexacnim cinidlem chirdlni selektor, pak je navic mozné dosahnout
enantioseparace chiralnich analytll. Toto vyuZiti komplexacnich rovnovah v CZE lze
z dlvodu velkych narokd na enantiomerni Ccistotu léciv a potravinovych doplikd

[54,55] povaZovat vsoucasnosti za nejrozsirenéjsi. Prehled chirdlnich selektor(
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pouzivanych v HPLC a kapilarni elektroforéze je zarazen na konci této kapitoly

v Publikaci 1.

| pro tyto elektroforetické systémy se vyvijely teoretické modely zamérené na
optimalizaci separaCnich podminek pro enantioselektivni separace. Tyto modely se
soustredily hlavné na analyty a predpovidani jejich efektivnich mobilit v systémech,
kde interaguji s pfitomnym komplexaénim cinidlem (chiralnim selektorem). Cilem praci
bylo najit separacni podminky poskytujici co mozna nejvétsi selektivitu enantiomert

[56-58].

Komplexace analytu s komplexacnim c¢inidlem je v dne$ni dobé jiz detailné
popsana. Velmi malou pozornost vSak autofi vénovali a vénuji mozné nechténé
komplexaci daného komplexacniho C(Cinidla se slozkami pouZitého zakladniho
elektrolytu. Prace nékterych autorl napovidaji, Ze vduasledku komplexace
komplexac¢niho ¢inidla s BGE mUZe dochazet k vyraznym zméndm ve vlastnostech BGE.
Chen a kol. [59] zaznamenali vznik systémovych pikd v disledku interakce nativnich
cyklodextrinl s pouzitym CHES pufrem pfi separaci nederivatizovanych gangliosidd.
Podobné Fang a kol. [60] detekovali dodatecny systémovy pik, pokud byly v BGE

soucasné pritomny acetonitril a sulfatovany B-cyklodextrin.
Chovani systémovych pikd v komplexujicich systémech i zmény fyzikalné-
chemickych vlastnosti zakladnich elektrolytl v dUsledku nechténé komplexace BGE

s komplexujicim cCinidlem a pfipadny vliv na elektroforetické vysledky byly pfedmétem

Publikaci 4 a 5 v Kapitole 4.2.
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Abstract:Enantiomers (stereoisomers) can exhibit substantially different properties if present in chiral environments. Since chirality is a basic
property of nature, the different behaviors of the individual enantiomers must be carefully studied and properly treated. Therefore,
enantioselective separations are a very important part of separation science.

To achieve the separation of enantiomers, an enantioselective environment must be created by the addition of a chiral selector
to the separation system. Many chiral selectors have been designed and used in various fields, such as the analyses of drugs, food
constituents and agrochemicals. The most popular have become the chiral selectors and/or chiral stationary phases that are of general
use, i.e., are applicable in various separation systems and allow for chiral separation of structurally different compounds.

This review covers the most important chiral selectors / chiral stationary phases described and applied in high performance liquid
chromatography and capillary electrophoresis during the period of the last three years (2008-2011).

Keywords: High performance liquid chromatography
* Enantioselective separation
© Versita Sp. z 0.0.

Capillary electrophoresis ¢

Chiral selector ~ *  Chiral stationary phase

1. Introduction

Many reviews dealing with enantioselective separations
have been published over the last few years. Based on
the topic they focused on, the reviews can be roughly
categorized as reviews on various chiral selectors (CSs)
or chiral stationary phases (CSPs), on enantioselective
separation mechanism, and application. Often it is a
combination of these topics. Some reviews are published
annually, some every two or three years. These papers
are mostly entitled “fundamental” reviews but other
papers, also fundamental, appear in the literature, as
well.

As we do not wish to repeat the information which has
been already reviewed, and considering the tremendous
number of papers covering the topic, we decided to focus
on papers that have not been reviewed previously, i.e.,
published between January 2010 and May 2011. The
reviews published between January 2008 and May
2011 (according Web of Science) are summarized in
Table 1 (liquid chromatography) and Table 2 (capillary
electrophoresis). Basic research papers contribute to
the explanation of chiral recognition mechanism and

@ Springer

analytical applications are of interest to analysts from
commercial laboratories. Therefore, we have included
both aspects in this review.

As CSPs play the most important role in chiral high
performance liquid chromatography (HPLC) separations,
the HPLC part of this review has been divided into
subchapters based on the various CS/CSP types used.
In addition, different separation modes that can be used
are discussed.

The capillary electrophoresis (CE) is more difficult
to categorize. The variety of chiral selectors, as
well as the different electromigration methods, such
as capillary zone electrophoresis (CZE), micellar
electrokinetic chromatography (MEKC) or capillary
electrochromatoghraphy (CEC) can be used and
contribute to diverse separation mechanisms.

2. HPLC

Table 1 summarizes the recent reviews relating to
chiral HPLC separations using different chiral stationary
phases.

* E-mail: tesarove@natur.cuni.cz
All authors contributed to this review paper to the same extent.
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Table 1. An overview of the review articles dealing with enantioselective separation in HPLC published in the period between January 2008
and May 2011.

CS/CSP* Topic Analytes Ref.
LEC, CZE and CEC [1,2]
preparation of new CSPs by click chemistry, 3l
application

polymeric, macrocyclic,
brush type, ligand silica-based CSPs [4]
exchange CSPs

development of new CSPs, application [5]

major commercially application active pharmaceutical ingredients [6]
available CSPs

application pharmaceuticals [7]

application organophosphorus pesticides [8]

application fluoroquinolones antibiotics [9]

L biologically important small epimeric peptides
application . ) ) [10]
and their amino acid components
application pyrethroids 1]

chiral modified silica monolithic columns
monolithic CSPs, application

modern CS/CSPs separation mechanism 14]

indirect LC, application D, L-penicillamine 15]

application pharmaceuticals in aquatic environment 16]

macrocyclic glycopeptide- separation mechanism, physicochemical (7]
based CSPs properties

polysaccharide derivatives CSPs, application [18]
tartrates and metal- .

tartrates CS CS, application [19]

coated/immobilized CSPs, application chiral pharmaceuticals [20]

polysaccharide CSPs

antidepressant drugs and their metabolites in

application biological samples 21]
application pesticides [22]
application triptans [23]
application amino acids in biological samples [24]
reversed CSPs, application pharmaceutical compounds [25]
Pirkle-type,
polysaccharide-based CSPs, application pharmaceutical compounds [26]
CSPs
penicillin G acylase CS CS [27]
ion-pair chromatography, application [28]
application pharmaceutical formulations [29]
vancomycin and its )
degradation products CS, application (30]
CS/CSPs, application [31]
macrocyclic antibiotics recognition mechanism, application [32]
chiral separations since 1998 to 2008 [33]
protein/glycoprotein CSPs recognition mechanism [34]
chlt-osa_n phenyl carbamate CSPs (35]
derivatives
chiral and achiral methods, application thalidomide and its metabolites [36]
application adrenergic drugs [37]
CSPs, application [38]
CSPs [39]
Chiralpak 1A, Chiralpak 1B, application, methods compatible with MS [40]
Chiralpak IC '
polysaccharide-,
macrf)cycllc glycop-eptlde-, application, methods compatible with MS/MS chiral drugs and/or their metabolites [41]
protein-, cyclodextrin-
based CSPs
application antimalarial drugs and their metabolites [42]

*If the CSs/CSPs are not stated the review gives an overview of various types.
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2.1. Recent chiral HPLC

The majority of enantioselective HPLC systems are
composed of a chiral stationary phase and an achiral
mobile phase. This fact is reflected in this review.

2.1.1. Cyclodextrin-based CSPs

Cyclodextrin (CD) CSPs are still widely used in chiral
and achiral HPLC as confirmed by the number of
papers published since 2010. Commercially available
or newly modified (derivatized with various groups) CD
CSPs are remaining popular in both basic research and
applications.

ChiraDex Beta (3-CD CSP) and ChiraDex Gamma
(y-CD CSP) columns were used for an achiral
separation of 9,10-antraquinone derivatives in reversed
phase (RP) mode with gradient elution [43]. An off-line
two-dimensional reversed phase/reversed phase liquid
chromatography (2-D RP/RPLC) method combining
stationary phase C18 and B-CD CSP was developed
for achiral separation of more than 500 components
in extracts of Fructus schisandrae chinensis, which
represent traditional Chinese medicine [44]. Two new
CSPs were prepared by bonding mono[6-deoxy-(R)-
(=)-N-1-(2-hydroxyl)-4-chlorophenylethylimino]--
cyclodextrin (R-CPGCD) and mono[6-deoxy-(R)-(-)-
N-1-(2-hydroxyl)-4-hydroxy-methylphenylacetate-
imino]-B-cyclodextrin (R-HMPGCD) to silica gel, chiral
nitro aromatic alcohol derivatives were separated
on these CSPs in RP and polar organic (PO) modes
[45]. Another novel CD-based CSPs containing
mono(6(A)-N-(omega-alkenylamino)-6(A)-deoxy)
perphenylcarbamoylated (-cyclodextrin with spacers
of three different lengths were prepared, compared and
applied for enantioseparation of various racemates in
normal phase (NP) mode [46]. Four novel ionic liquids
functionalized B-CDs CSPs were prepared and their
enantioselectivities were tested with 16 chiral aromatic
alcohol derivatives and 2 racemic drugs in PO mode
[47]. Hydrobenzoin and structurally related compounds
(benzoin and a-phenetyl alcohol) were successfully
separated on B-CD and hydroxypropyl-B-cyclodextrin
(HP-B-CD) in RP HPLC [48]. The new synthesized
CD-based CSPs: heptakis(6-deoxy-6-azido)-B-CD and
heptakis(6-deoxy-6-azido-phenylcarbamoylated) B-CD
showed good enantioselectivity with over forty pairs of
different enantiomers [49]. Another novel CD derivative,
mono(6(A)-azido-6(A)-deoxy)-per(p-chlorophenyl
carbamoylated) B-CD immobilized onto an amino-
functionalized silica gel with different pore and particle
sizes was examined by enantioseparation of variety
of racemates in NP and RP modes [50]. A series of
imino-modified B-CD derivatives were bonded to silica

gel to form a new CD-based CSPs; their separation
performance was examined with the separation of
different compounds, i.e., amino acids, chiral aromatic
alcohol etc. [51]. A click chemistry strategy was used in
the preparation of a new CD-based CSs and evaluated
by chiral separation of various analytes, ie., aryl
alcohols, flavonoids, atropine, B-blockers etc. [52]. Aclick
chemistry-derived B-cyclodextrin (CD-click-sil and CD-
click-RAM) CSPs were evaluated by enantioseparation
of mandelic acid and chlorthalidone in human plasma
[53], and a novel chiral-CD-RAM CSP prepared via
atom transfer radical polymerization was tested on
enantioseparation of some chiral drugs [54]. Newly
prepared ethylenecliamine-f-cyclodextrin functionalized
poly(glycidyl methacrylate-co-ethyleneglycol
dimethacrylate) monoliths were characterized by
scanning electron microscopy, differential scanning
calorimetry and X-ray photoelectron spectroscopy and
used for the chiral separation of racemic ibuprofen [55].
Two new types of substituted B-CD CSPs, which actually
combined two powerful CSs (macrocyclic antibiotics and
CD), vancomycin-capped B-CD-bonded silica particles
and rifamycin-capped B-CD-bonded silica particles, were
developed, characterized and tested with separation of
achiral disubstituted benzenes and chiral drugs [56].
Bromine-containing B-CD-bonded stationary phase
(BACD-HPS, bromoacetate-substituted [3-(2-O-3-CD)-
2-hydroxypropoxy]propylsilyl-appended silica particles)
were prepared and evaluated by separation of achiral
disubstituted benzenes and some chiral drug compounds
[57]. Native and derivatized CD CSPs (high performance
hydroxypropylether--CD,  hydroxypropylether-3-CD,
acetylated B-CD, R- and S- naphthylethylcarbamate-
3-CDs, dimethylphenylcarbamate-3-CD, 2,6-dinitro-4-
trifluoromethylphenylether-g-CD, dimethylated B-CD)
were chosen for enantioseparation of fifteen racemic
4,5-disubstituted imidazole compounds, and the
mechanism of chiral recognition was discussed [58].
m-acidic and T-basic perphenylcarbamoylated B-CDs
were synthesized and their enantioselectivities were
examined and compared using a set of 2-piperazine-
1,2-dihydronaphthaline derivatives and other chiral
compounds in NP and RP modes [59]. Enantioseparation
of a set of B-lactams was predicted and confirmed on
three B-CD based CSPs, permethyl-3-CD, B-CD and
R,S-HP-3-CD [60,61].

In addition to their excellent enantioseparation
abilites CD CSPs show interesting capabilities for
achiral application in hydrophilic interaction liquid
chromatography (HILIC). Wang etal. carried outanachiral
separation of a series of three cycloinulooligosaccharides
(cyclofructans) on the Cyclobond | 2000 column (3-CD
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CSP) in HILIC mode [62]. Cyclobond | 2000 (native B-CD
CSP) and Cyclobond | 2000AC (acetylated 3-CD CSP)
columns exhibited great potential for achiral separation
of estrogen and estrogen conjugated compounds in
HILIC mode [63]. However, CD-based CSPs are mostly
applied in RP separation mode or with PO mobile phase.
Under these conditions they yield the best results.

Cyclodextrins were also used as mobile phase
additives for chiral and achiral separations in HPLC
[64-69]. However, this way of creating a separation
environment is less popular than the use of CD-based
stationary phases.

2.1.2. Polysaccharide CSPs

Recently, polysaccharide-based CSPs are the most
frequently used group of CSPs used in chiral HPLC
method development. Many studies reported during
the review period discuss the enantiorecognition
mechanism.

These CSPs are commercially available as either
immobilized or coated on a support surface. The limited
stability of coated CSPs could be a disadvantage as
compared with CD CSPs that can resist repeatable
changes among all known separation modes. The
coated CSPs can be used with a rather limited number of
eluents (alkane/alcohol mixtures) in NP chromatography
and water/acetonitrile mixtures in RP chromatography.
Solvents with intermediate polarities (e.g. ethyl acetate,
tetrahydrofuran (THF), 1,4-dioxane, acetone) can
partially or totally dissolve the chiral polymer. Chemically
bonded (immobilized) polysaccharide CSPs have been
developed to overcome the drawbacks of the coated
CSPs and broaden the range of applicable solvents
[70].

Immobilized Chiralpak IC, Chiralpak IA and coated
Lux Cellulose-1, Lux Cellulose-2 and Lux Amylose-2
CSPs were used for the enantioseparation of 1-phenyl-
1,2,3,4-tetrahydroisoquinoline, allthreeseparationmodes
(RP, NP and PO) were tested [71]. Chiral separation of
eight racemic atropisomers of biphenyl was investigated
on six polysaccharide CSPs in NP and PO modes [72].
Enantioselectivity of four recently commercialized
CSPs, ie., Lux (R) Cellulose-1, Lux (R) Cellulose-2,
Lux (R) Amylose-2 and Lux (R) Cellulose-4 were tested
on a set of 61 racemic compounds in normal phase
mode [73]. Preparative enantioseparation of substituted
4-oxo-1,4-dihydroquinoline-3-carboxamide derivatives
(new potential selective agonists of the cannabinoid
CB2 receptor) was performed on a Chiralpak AD-H
column (amylose tris(3,5-dimethylphenylcarbamate)
CSP) in NP mode [74]. Three chlorine containing
cellulose-based CSPs, i.e., cellulose tris(3-chloro-4-
methylphenylcarbamate) (Sepapak-2scolumn),cellulose

tris(4-chloro-3-methylphenylcarbamate)  (Sepapak-4s
column) and cellulose tris(3,5-dichlorophenylcarbamate)
(Sepapak-5s) were evaluated by the separation of basic
amino-drug enantiomers in PO mode [75]. Neonicotinoid
insecticides were enantioseparated on Chiralcel OD-H,
Chiralpak AD-H and Chiralpak IB columns in NP mode,
but also using supercritical fluid chromatography
(SFC) [76]. The types of interactions play a role in the
mechanism of enantioselective recognition and the
thermodynamic parameters affecting the process were
discussed. Amylose tris(3,5-dimethylphenylcarbamate)
CSPs was used for the enantioseparation of newly
synthesized triazole fungicides in NP mode [77]. The
3,5-dimethylphenylcarbamate  derivatized amylose
and cellulose CSPs in systems with PO eluents were
compared in terms of the enantioseparation of coumarin-
based compounds [78]. The 2-D RP HPLC method
using a C8 RAM BSA column as the first step followed by
amylose tris(3,5-dimethoxyphenylcarbamate) CSP for
the determination of lansoprazole in human plasma was
developed and validated [79]. The enantioseparation of
eight novel (R,S)-N-mexiletine derivatives with different
alkyl chain lengths were performed on both a Chiralcel
OD-H column and a Chiralcel OJ-H column under NP
conditions [80]. Chiralpak IA and Chiralpak IC columns
were used for the enantioseparation of new quinazoline
derivatives bearing an a-aminophosphonate moiety
under NP conditions; the chiral recognition mechanism
was also discussed [81]. Chiralpak IA and Chiralpak
IC columns were also applied to the enantioseparation
of hypericin, pseudohypericin and protohypericin in
PO mode; optimized HPLC conditions were used
for determination of stereodynamic parameters of
interconversion of the enantiomers [82]. HPLC methods
were developed for the enantioseparation of five new
aminonaphthol analogs in systems with amylose tris(3,5-
dimethylphenylcarbamate) CSP (Kromasil ®AmyCoat ™
column) or cellulose tris(3,5-dimethylphenylcarbamate)
CSP (Kromasil ® CelluCoat ™ column), the influence of
the mobile phase composition on enantioseparation was
tested [83]. Relative content of (2S)- and (2R)-naringin
in the albedo of pummelo during maturation during the
entire season was determined by a NP HPLC using
Chiralpak 1B column [84]. The enantioseparation of
a-arylthiocarboxylic acids (i.e., pirinixic acid derivatives)
with different substitution patterns were performed on
amylase tris(3,5-dimethylphenylcarbamate)-coated
silica, tert-butylcarbamoylquinine CSPs and
quinidine-based anion exchangers in analytical and
preparative scale [85]. Fenoterol enantiomers were
separated after precolumn fluorescence derivatization
with  naphthylisocyanate on cellulose tris(3,5-
dimethylphenylcarbamate)-coated silica gel column
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(OD-RH column) in RP mode [86]. More than 200
racemic compounds of pharmaceutical interest were
used for the evaluation of three complementary three

polysaccharide-based CSPs, ie., cellulose tris(3-
chloro-4-methylphenylcarbamate), amylose  tris(2-
chloro-5-methylphenylcarbamate) and cellulose

tris(3,5-dimethylphenylcarbamate) CSPs in RP
mode compatible using mass spectrometry (MS)
detection. Chiral separation in RP mode was compared
with NP and PO modes [87]. Amylose tris(3,5-
dimethylphenylcarbamate) CSP was used for the
enantioseparation of racemic benzylmandelate. The
retention behavior of the enantiomers were explained by
nuclear magnetic resonance (NMR) experiments [88].
The enantiorecognition ability of cellulose tris(4-chloro-
3-methylphenylcarbamate) coated CSP (Sepapak-4)
was evaluated by the chiral separation of ten basic drugs
of different structures and hydrophobicities using PO
mobile phases [89]. Enantioseparation of 14 similar chiral
solutes (with one or two chiral centers) were examined
on amylose tris(3,5-dimethylphenylcarbamate) CSP
in NP mode. The nanostructure of the CS’s cavity
and interaction types participating in the interaction
mechanism were proposed based on the obtained
chromatographic data, infrared spectroscopy and
molecular dynamics simulations [90]. Franco and Zhang
proposed a screening procedure for the development of
analytical methods for resolution of enantiomers in a
reasonable time frame performed on a relatively small
set of polysaccharide-based columns [91,92].

Several papers describe various approaches
for  preparation/synthesis of newly derivatized
polysaccharide-based CSPs with an improved stability
towards the mobile phase components. Bae et al.
prepared new polysaccharide-immobilized CSP by
surface-initiated atom transfer radical polymerization;
the enantioselectivity was evaluated by injecting ten
racemates under NP conditions [93]. The one-pot
method was carried out to synthesize the cellulose
3,5-dichlorophenylcarbamates bearing small amounts
of 3-(triethoxysilyl)propyl residues and immobilized
onto silica gel through polycondensation. The new
CSP was tested with eight racemic mixtures using
eluents (chlorophorm, THF) which can not be used
with conventional coated CSPs [94]. The one-pot
method was also applied to the preparation of the
cellulose and amylose 3,5-dimethylphenylcarbamates
bearing 4-(trimethoxysilyl)phenyl groups and
immobilized onto silica gel through polycondensation
of the trimethoxysilyl groups. The enantiorecognition
abilities of these columns were examined in the mobile
phases containing chlorophorm and THF [95]. Other
new CSPs were prepared by immobilization of 3,5-

dimethylphenylcarbamates of cellulose and amylose
onto silica gel using (3-glycidoxyprolyl)triethoxysilane
as a linker. In addition, these CSPs were proven to be
compatible with mobile phases containing chlorophorm
and THF [96]. Two novel coated composite CSPs were
prepared using tris(3,5-dimethylphenylcarbamate) of
cellulose and amylose by coating the corresponding
derivatives onto 3-aminopropy! silica gel separately and
then mixing or by coating the mixed derivatives onto silica
gel. The enantioselectivities of these novel CSPs were
compared with CSPs containing only one derivative by
separation of eight racemates under NP conditions [97].
New cellulose derivatives bearing pyridyl and bipyridyl
residues CSPs were also synthesized. These CSPs
were used in ligand-exchange chromatography (LEC) for
the direct separation of amino acids with mobile phase
containing a copper salt [98]. The cellulose derivatives
with pyridyl 1 and bipyridyl 2 residues at the 2-, 3- and 6-
positions of the glucose ring show low chiral recognition
ability while the regioselectively substituted derivatives
exhibited relatively high chiral recognition ability. The
other new amylose derivatives CSPs bearing different
groups were prepared and their enantioselectivities were
compared with commercially available polysaccharide
columns [99,100]. Novel amylose esters (cinnamate
derivatives) CSPs were prepared and evaluated for
their application in chiral separations; the recognition of
the abilities of these CSPs vary significantly depending
on the type and position of substituents on the phenyl
group [101].

Chiral screening strategies on diverse columns
including polysaccharide-based ones (Chiralcel OD-H,
OJ-H, Chiralpak IA-3, IC-3) were described using a set
of 19 racemates in isocratic and gradient elution modes
with mobile phases compatible using MS detection and
suitable for preparative chromatography [102].

2.1.3. Macrocyclic antibiotics-based CSPs

Macrocyclic  antibiotics-based = CSPs  represent
another powerful group of CSPs with wide application
possibilities. They can be used in RP, NP and PO
separation modes. The best separation efficiency and
selectivity is achieved mainly with PO mobile phases or
in RP separation systems.

Chirobiotic T, T2 (both teicoplanin-based) and TAG
(teicoplanin aglycone-based) columns were used to
separate the enantiomers of five monoterpene-based
2-amino carboxylic acids under RP conditions [103].
Underivatized y-amino acids were enantioseparated in
RP HPLC systems with a Chirobiotic T, T2, TAG and
R (ristocetin A-based) columns, mechanism of chiral
recognition were discussed [104]. The complementary
of new dalbavancin CSP to the teicoplanin CSP
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was examined and verified by enantioseparation
of 250 structurally different racemates using three
mobile phase compositions [105]. A RP18 monolithic
column coated with N-(2-hydroxydodecyl)-vancomycin
was prepared and successfully applied to the
enantioseparation of dansylamino acids [106]. A two-
dimensional HPLC method using a C18 column and
teicoplanin CSP under RP conditions was applied for
the determination of three pairs of amino acids, i.e.,
tyrosine, phenylalanine, tryptophane, in order to control
transformations in the E-beam irradiated foodstuff
[107].

2.1.4. Protein-based CSPs

Protein-based CSPs are used less frequently for
the separation of enantiomers in HPLC. Their main
disadvantage is their limited compatibility with mobile
phases containing higher amounts of organic modifier.
However, they can serve as a model environment
for studies of drug interactions in organisms (human
body).

New simplified, efficient and generic protocols for
sample screening on CHIRAL-AGP column (utilizes
a,-acid glycoprotein as CS) for liquid chromatoghraphy
with MS detection (LC-MS) analyses in RP mode were
developed [108]. Chrysanthakopoulos et al. studied the
retention behavior of 39 structurally diverse drugs on
human serum albumin CSPs (HSA CSP) in RP mode for
the calculation/simulation of plasma protein binding data
[109]. A Chiralpak AGP column was successfully used for
the separation of a mixture of racemic pharmaceuticals
using mobile phase composed of 1% propane-2-ol in
10 mM ammonium acetate, pH 5, compatible with MS
detection [110].

2.1.5. Pirkle-type CSPs
The m-donor or t-acceptor CSPs belong to the oldest
applications in chiral HPLC separations. Nevertheless, it
is still used in various combinations. Both commercially
available and newly T-donor acceptor modified CSPs
appear in the literature.

Adsorption of naproxen enantiomers on (R,R)
Whelk-O1 and (S,S) Whelk-O1 CSPs were studied in
RP mode; the mechanism of adsorption and separation
is also discussed [111,112]. The enantioseparation
of vesamicol and six new azaspirovesamicols was
accomplished on two Pirkle-type columns, i.e., Reprosil
Chiral-NR (11-donor acceptor) and Reprosil Chiral-
OH (m-donor acceptor, esp. for aromatic alcohols)
and compared with other types of CSPs — teicoplanin
aglycone, cellulose and amylose-based CSPs [113].
The inverted chirality columns approach was used
for the determination of enantiomeric excess of

camptothecin derivative — namitecan in the systems
with (R,R) Whelk-O1 and (S,S) Whelk-O1 CSPs [114].
(S,S) ULMO column (based on a 3,5-dinitrobenzoyl
derivative of diphenylethylenediamine) were used for
the semipreparative enantioseparation of four axially
chiral biscarbostyrils (4,4 -bisquinoline-2-ones). For
this specific case three different calculation methods
of dynamic peak shape were compared [115]. A new
Pirkle-type CSP was prepared using Sepharose 4B as
a matrix, L-tyrosine as a spacer arm, and the aromatic
amino derivative of L-glutamic acid as ligand and applied
to resolution of (+)-B-methylphenylethylamine [116].

Two brush-type CSPs of single selector were
synthesized by immobilization of ((2S,3S)-1-(benzyloxy)-
4-chloro-1,4-dioxobutane-2,3-diyl)dibenzoate
and (1R,2R)-1,2-diphenyl-2-(3-phenylureido)ethyl
4-isocyanatophenyl urea CSs on aminated silica gel;
a combination of these both CSs was also immobilized
on aminated silica gel to prepare a mixed CSP. The
columns were tested by enantioseparation of various
analytes in RP mode [117]. Three novel brush-type
CSPs differing in the size of silica particles (4.3 pm,
2.6 ym, 1.9 um) were prepared by covalent grafting of
the m-acidic bis(3,5-dinitrobenzoyl)-derivative of trans-
1,2-diaminocyclohexane. The enantioselectivity of these
CSPs were tested using different pairs of enantiomers
[118].

2.1.6. Crown ether CSPs

As these CSPs can be used for a limited group of
enantiomers they did not gain an important position
among chiral stationary phases with a wide application
field. In addition, crown ether-based CSPs were
not employed in many papers dealing with liquid
chromatography during this review period.

CSP based on (+)«(18-crown-6)-2,3,11,12-
tetracarboxylic acid was applied to the resolution of
1-aryl-1,2,3,4-tetrahydroisoquinolines in PO mode [119].
The same CSP under PO conditions was used to resolve
flecainide (antiarrythmic drug) and its analogues [120]
and for the separation of native diaminopimelic acid
stereoisomers in RP mode [121]. Doubly tethered CSP
based on (+)-(18-crown-6)-2,3,11,12-tetracarboxylic
acid was used for the enantioseparation of tocainide
(antiarrythmic drug) and its analogues in RP HPLC, the
influence of mobile phase composition and temperature
on enantioseparation was examined [122].

2.1.7. Cyclofructan-based CSPs

Cyclofructan-based chiral selectors were introduced in
2009 [123]. The cyclofructan-based chiral stationary
phases (CF CSPs) offer a crown ether core for interaction
with analytes. While native CF CSPs have just very
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Figure 1. (A) Scheme of chemically bonded derivatized-CF6 CSP and chemical structure of isopropyl (IP) derivatization group. Reprinted with
permission from [125], Copyright (2011) American Chemical Society. (B) Chromatogram of enantioseparation of primary alcohol
2-amino-1,2-diphenylethanol. CSP : isopropy! functionalized CF6, mobile phase composed of ACN/MeOH/acetic acid/triethylamine
30/70/0.3/0.2. Reprinted from [129], Copyright (2011), with permission from Elsevier

limited enantioseparation abilities their derivatized
analogs were shown to give good resolution for various
enantiomers.

The interaction possibilities of R-naphthylethyl
cyclofructan 6 CSP in NP mode were revealed by linear
free energy relationship (LFER) method and compared
with those of R-naphthylethyl-3-CD CSP; chiral
separation of binaphthyl catalysts was examined [124].
R-naphthylethyl cyclofructan 6 and dimethylphenyl
cyclofructan 7 CSPs were reported to provide
enantioselectivity for a broad range of compounds,
e.g. chiral acids, amines, metal complexes, neutral
compounds [125]. Native cyclofructan 6 is suitable for
achiral separation of polar compounds in HILIC mode
[126]. Isopropyl functionalized cyclofructan 6 CSP
(Fig. 1A) demostrate a high efficiency for
enantioseparation of compounds possessing primary
amino groups (Fig. 1B) [127].

2.1.8 Polymeric CSPs

Polymeric CSPs keep effort to find their position

in the enantioselective separation science. In general,

results obtained using CSPs based on naturally occurring

CSs (or just their modifications) give better results.
New polymeric chiral stationary phases based on

the monomers: N-(2-acryloylamino-(1R,2R)-cyclohexyl)

acrylamine (P-CAP CSP), N,N’-[(1R,2R)-1,2-diphenyl-
1,2-ethanediyl]bis-2-propenamide (P-CAP DP CSP) and
trans-9,10-dihydro-9,10-ethanoanthracene-(11S,12S)-
11,12-dicarboxylic acid bis-4-vinylphenylamide
(DEAVB CSP) were used for the enantioseparation
of 17 chiral organic sulfoxides in three separation
modes [128], with the best enantioselectivities were
obtained under NP conditions. Three new polymeric
CSPs were synthesized based on (1S,2S)-1,2-
bis(2,4,6-trimethylphenyl)ethylenediamine, (1S,25)-
1,2-bis(2-chlorophenyl)ethylenediamine, and (1S,2S)-
1,2-di-1-naphthylethylenediamine via a simple free
radical initiated polymerization in solution. Their
enantioselectivities were evaluated by the separation
of various racemates (amines, amides, alcohols, amino
acids, ester etc.) in NP mode and compared with
structurally related commercial P-CAP-DP CSP [129].
Two helical polyisocyanide-based CSPs covalently
bonded to silica gel (polyisocyanides are composed
of the same L-alanine repeating units, but they are
completely different in their helical sense (right- and left-
handed helices)) were prepared and chiral separation of
15 structurally different compounds were investigated in
NP mode [130].
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2.1.9. CSPs for ligand/ion exchange chromatography
LEC represents one of the oldest environments used for
the separation of enantiomers. The simplest system can
be created using one enantiomer of an amino acid (as
chiral ligand) and mostly Cu(ll) as a central atom forming
the complex with another amino acid as analyte.

The click chemistry was applied to immobilize
L-prolinamide derivative onto azide-modified silica gel to
obtain a novel CSP for ligand exchange chromatography;
the CSP was evaluated by enantioseparation of
some amino acids [131]. Proton pump inhibitors,
ie., omeprazole, pantoprazole, lansoprazole,
rabeprazole were enantioseparated using ligand
exchange CSP prepared by bonding (R)-phenylglycinol
derivative, sodium N-[(R)-2-hydroxy-1-phenylethyl]-N-
undecylaminoacetate, to silica gel [132].

LEC is often performed using achiral columns
and mobile phases with chiral additives. Ofloxacin
enantiomers  were  enantioseparated in  the
system with a C18 column and a mobile phase
composed of methanol/water containing different
concentrations of L-isoleucine and copper sulfate
[133] or a C18 column and a mobile phase composed
of methanol/water containing L-1 amino acid ionic liquid
and copper sulfate [134]. Racemic amino acids (valine,
methionine, leucine, phenylalanine and tyrosine) were
separated on RP-C8 column with agueous mobile
phase containing N,N-dimethyl-L-phenylalanine and
copper [135]. The influence of non-ionic surfactants
on the selectivity and retention were also examined
[136]. A chiral LEC was applied to the separation of
four glutamate analogs (1-aminospiro [2.2]pentyl-1,4-
dicarboxylic acids) first on a CSP obtained by dynamic
coating of C18 with S-trityl-(R)-cysteine, and then in
chiral mobile phase prepared from O-benzyl-(S)-serine
[137]. Enantiomer elution order of amino acids in chiral
LEC was elucidated by computational studies [138].

Novel anion exchange 1,2,3-triazole-linked
CSPs were prepared by click chemistry of 10,11-
didehydrocinchona tert-butylcarbamates to azido-
grafted silica gels. These CSPs were tested under PO
and RP conditions with a set of structurally diverse
racemates (acids, N-protected amino acids, aromatic
and aryloxycarboxylic acids, binaphtholphosphate)
[139]. lon chromatography with cation exchange column
employing crown ether and carboxylate and phoshonate
cation exchange sites was applied for determination of
imidazolium and pyridinium ionic liquid cations [140].

2.1.10. Miscellaneous CSPs

Chiral macrocycles with a hydrogen bond donor/acceptor
site in the cavity were synthesized and covalently
bonded to silica gel to give five different CSPs. These

phases showed excellent abilities to separate various
chiral compounds, e.g. ketones, esters, carboxylic acids,
amines etc. [141]. Four novel dendrimer-type CSPs
were prepared by immobilizing (1S,2R)-1,2-diphenyl-
2-(3-phenylureido)ethyl 4-isocyanatophenylcarbamate
on dendrimers of various generations (Fig. 2), and the
chiral separation of structurally diverse analytes were
performed in RP and NP modes [142]. Two new quinine-
based CSPs, i.e., QN CSP and QN CSP (EC) were
developed by the immobilization of quinine on porous
silica particles, one CSP was subsequently endcapped
with n-hexyl hydrocarbon chains. The enantioselectivity
was evaluated by the separation of twenty N-derivatized
2,4-dinitrophenyl a-amino acids in RP mode [143].
Enantioseparation of an amino acid derivative
phthalylvaline was achieved on quinine-carbamate
based CSP, the effect of mobile phase composition was
investigated [144].

3. Electromigration methods

Recent reviews pursuing a survey of enantioseparations
performed in various electromigration systems are listed
in Table 2.

3.1. Recent enantioselective

electrophoresis
While the chromatographic part of this review is simply
divided into subchapters according to different structure/
chemistry of chiral stationary phases, a similar approach
is not possible in the electrophoresis chapter. In this part
the sort is based on the subject of the paper reviewed,
electromigration methods utilized and only then on the
chiral selectors used.

capillary

3.1.1. Theory and recognition mechanism

Some physico-chemical studies were carried out to
determine the CS-analyte interaction constants and to
create mathematical models for the explanation of a
separation mechanism and/or prediction of separation
behavior and chiral recognition.

The method for the determination of a rate constant
of interconversion of enantiomers in chiral and achiral
environments of a dynamic enantioseparation system
was evaluated in terms of its accuracy, sensitivity and
robustness [186]. Two different enantioseparation
systems were selected and compared statistically.
Clarification of enhanced selectivity in CZE multi-
chiral selector systems, namely mixtures of highly
sulfated B-cyclodextrins (HS-B-CDs), as compared
with single-isomer CD was reported by Dubsky et al.
[187]. The presumptions resulting from the theoretical
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Table 2. Review articles dealing with chiral separations in capillary electrophoresis methods published in the period between January 2008
and May 2011.

Methods Chiral selector* Topic; Group of analytes Ref.
CE, HPLC developments and applications [5,31]
CE, HPLC, GC general strategies, suitable for beginners [145]
CE, NACE, CEC, chip-CE chiral seplaraltlon prmmpleg, developments, [146]
applications, new chiral selectors
CZE, NACE, MEKC, MEEKC, chiral and non-chiral analyses of phytochemical
[147]
CEC substances
CE, CCE, CEC separation principles, chiral recognition mechanisms, [148]
’ ’ applications to drugs
:L%?_rgj ng%\ange in CE, essential papers, authors” own activities [2]
CE-MS electrolytes systems for chiral separations [149]
CE-MS chiral separations of amino acids [150]
EKC-MS various approaches of on-line coupling [151]
CE-MS enantiomeric analysis of compounds in different [152]
matrices
MEKC classical and newly used pseudo-stationary phases [153]
MEEKC advances in chiral separations [154-156]
CE on-line sample preparation, ultratrace chiral [157]
determination of biologically active compounds
nano-CE, nano-LC nano scale chiral separations [158]
CZE, MEKC, CEC chiral separation of amino acids, pesticides, [159]
polyphenols, food compounds
CE methodological and instrumental improvements for [160]
enhancing sensitivity in chiral analysis
chip CE enantioseparations by microchip electrophoresis [161,162]
NACE list of chiral separation [163]
MEKC innovations of instruments and methodology [164]
enantioseparations of pharmaceuticals, biochemicals,
CE, MEKC, MEEKC, CEC, agrochemicals, fine chemicals, specific test [165]
chip CE compounds, new chiral selectors, separation
mechanism
CE recent strategies to improve resolution [166]
MEKC fundamental characteristics [167]
CE CDs boron cluster species [168]
LC, CE fluoroquinolones [9]
CE, GC, HPLC commercial organophosphorus pesticides [8]
CE active pharmaceutical ingredients [169]
CE, GC, HPLC, SFC pyrethroids (synthetic pesticides) [11]
MEKC amino acids, several types of biomatrices [170]
CE amino acids [171]
CE, LC D-isomers of amino acids, biological matrices, various [24]
modes of detection
CE, HPLC, GC chiral pesticides [22]
CE, LC triptamine based drugs [23]
CE peptide stereoisomers [172]
drugs, metabolites, biomarkers in biological samples,
CE new approaches and enantioselective agents, on-line [173]
sample pretreatment, detection modes
CE environmental pollutants [174]
CE, LC andrenergic drugs [37]
CE, LC thalidomide and its metabolites [36]
CE antibiotics pharmaceuticals [175]
crown ethers . . -
CE crown ethers + CDs chiral and non-chiral applications [176]
CE single isomer derivatives of CDs [177]
antibiotics

CE polysaccharides [17e]

uncharged CDs fundamental contributions [179]
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Table 2. Review articles dealing with chiral separations
January 2008 and May 2011

Continued

in capillary electrophoresis methods published in the period between

Methods Chiral selector* Topic; Group of analytes Ref.
charged CS major developments [180]

EKC polymeric pseudo-stationary chiral and achiral applications [181]

phases
CE, LC Penicillin G acylase stereoselective molecular recognition mechanism [27]
monosubstituted positively work carried out in authors “ laboratory, amino acids,

CE, LC L ) [182]
charged CDs anionic pharmaceuticals, neutral analytes

CE CDs new derivatives and appllcatvlons., drug, anwonmenta\ [183]

and food analysis, bioanalysis
CE, CEC CDs recent employment of CDs [184]
CE CDs applicability of CD selectors [185]

* If the CSs are not stated the review gives an overview of various types.

multi-CS model were verified experimentally with the
enantioseparation of lorazepam in the presence of a
commercial mixture of HS-B-CDs and single-isomer
HS-B-CD, heptakis(6-O-sulfo)-3-CD. Binding constants
of modafinil enantiomers with the sulfated B-CD were
determined using the CE technique and three different
linear plotting methods[188]. Computational calculations
of the complexation energies of inclusion complexes
of sulfated B-CD with ofloxacine and ornidazole
enantiomers were utilized to elucidate differences
between migration times of the both analytes and their
enantiomers. The migration order of the enantiomers are
reflected in the different complexation energies [189].
Computational modeling based on the calculations of
complexation energies of inclusion complexes were
carried out to elucidate the migration behavior of
the enantiomers of primaquine and quinocide in the
presence of a- and B-CD and 18-crown-6-ether as
chiral selectors [190]. The epimerization rate constants
of amygdalin under basic microemulsion conditions at
different epimerization times were determined by the
microemulsion electrokinetic chromatography (MEEKC)
method [191].
Propranololwasrepeatedlyusedasthetestcompound
for studying the structures of intermolecular selector-
analyte complexes. Possible molecular mechanisms
of enantioseparation of propranolol in the presence
of heptakis(2,3-di-O-methyl-6-O-sulfo)-3-CD (HDMS-
B-CD) and heptakis(2,3-di-O-acetyl-6-O-sulfo)-B-CD
(HDAS-B-CD) in aqueous and non-aqueous background
electrolytes (BGEs) were investigated by CE and
rotational frame nuclear Overhauser effect spectroscopy
(ROESY) experiments[192]. Major structural differences
were found between the propranolol complexes with
native B-CD and heptakis(6-O-sulfo)-B-CD by 1D
ROESY NMR experiments [193]. The 2D ROESY
technique was used for the elucidation of the structures
of inclusion complexes of pregabaline derivatives and
3-CD [194] and vinca alkaloids with various CDs [195].

High resolution MS and various NMR techniques were
utilized to investigate the mechanism of enantioselective
recognition of HDAS-B-CD towards propranolol. The
enantiomeric nuclear Overhauser effect was observed
for the first time. The switch between external complex
and inclusion of the propranolol/HDAS-B-CD pair was
observed when an aqueous buffer was changed to a
non-aqueous methanolic electrolyte [196]. The binding
free energies of HP-B-CD with propranolol and its five
analogues were calculated by molecular docking. The
calculated results were in agreement with experimentally
obtained order of R/S enantiomers [197].

3.1.2. Detection

Detection is an inseparable part of any separation
technique. Sensitive detection offering low limits of
detection (LOD) and quantification (LOQ) is essential
for analytical applications. Therefore, we present the
works, in which detection is the main topic in this special
chapter.

New on-line coupling of chiral MEKC to atmospheric
pressure photoionisation MS (APPI-MS) was reported
for the first time. Four structurally similar neutral
test solutes (benzoin derivatives) were successfully
ionized by APPI-MS [198]. Ligand-exchange capillary
electrophoresis (LECE) utilizing 6-mono-deoxy-6-[4-(2-
aminoethyl) imidazoyl]-3-CD complexing with copper(Il)
as chiral selector was hyphenated to electrospray
ionisation mass spectrometry (ESI-MS). LECE-
ESI-MS gave better values of LOD of tryptophane
enantiomers than LECE with ultraviolet (UV) detection
[199]. CE-ESI-MS/MS arrangement was used for the
determination of D-carnitine as enantiomeric impurity
in L-carnitine in pharmaceutical formulations [200] and
dietary food supplements [201]. Chiral CE-ESI MS/MS
mode was utilized in the enantioseparations of 1,2,3,4-
tetrahydroisoquinoline derivatives. To avoid any potential
contamination of MS ionisation source with non-volatile
chiral selector (sulfated 3-CD), a partial filling technique

459



Recent chiral selectors for separation in HPLC and CE

||-’\,'|A"‘"
\/‘H./
i AN fown > Ny,
| CONH CONA o~
o | o .
e —a‘\.— Hoa—N J coni?™ M
bonm._~
: | " L
____________________ M e Nl
’ CONHa
- .
Care Gl e et G2
w
LR S e
[ IN-{‘-‘/
—~ e
N
LT PR
- & o™
Cre =1 S
) A
Con.__ i ey T .
)
N L
L
TN~
G3
x
)
i
\_z"-.--'\-H'rL .
e conpe ™™
COAN
e
»,H ST ol M”.,\.,N""
y d
oo N o= N

T e

conee M

N comil T M comia,

]

Core=n

COnen

= N N

CENH "N NH,

N
L coni~/" NA

[y CONIL W € Vil b
e W At -

W

(LTI

= A —
s WL L

N

Gt i

Figure 2. The structure of generation-various dendrimers. G1, G2, G3 and G4 represent one to four-generation dendrimer respectively.
Reprinted from [144]. Copyright (2011), with permission from Wiley

was employed [202]. The impact of the BGE composition
on the ionization performance in analysis of carvedilol by
non-aqueous capillary electrophoresis (NACE) with ESI-
MS was investigated under three achiral (ammonium
formate, acetate or camphorsulfonate in methanol)
and three chiral (addition of HDMS-3-CD, HDAS-3-CD
or heptakis(2-O-methyl-3-O-acetyl-6-O-sulfo)-3-CD
(HMAS-B-CD)) conditions. The results showed that the
chiral selector must be selected not only according to its
ability to enantioseparate the compound of interest, but
also according to its effect on the ionization efficiency
[203]. CE with an end-column amperometric detection
was developed for sotalol enantiomers analysis [204].
CE combined with electrochemiluminescence detection
was successfully used for enantioseparation of
antidepressant trimipramine in aqueous-organic media
[205]. A new detection method was introduced for the
analysis of the chiral drug, bupropion. The detection
was based on the phosphorescence in both the direct

mode and the indirect mode. In the indirect mode an
analyte acts as an energy donor to the phosphorescent
acceptor providing phosphorescence with higher
intensity. In this case, biacetyl was utilized as the energy
acceptor. LODs of both enantiomers obtained by indirect
detection were 40 times lower than those obtained in the
direct mode [206]. The detection of non-UV-absorbing
a-hydroxy- and amino-substituted alkylcarboxylate
enantiomers were achieved by capacitively coupled
contactless conductivity detection (C*D). Derivatization
of the analyzed compounds was not necessary when
C*D was used [207]. Two C*D detectors were utilized
in heart-cutting 2D-CE method for chiral separation of
native amino acids [208]. Light-emitting diode-induced
fluorescence detection (LEDIF) was used for recording
D- and L-Asp enantiomers. D- and L-Asp were
derivatized with naphthalene-2,3-dicarboxaldehyde to
form fluorescent derivatives prior to CE-LEDIF [209].
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3.1.3. Sensitivity enhancement by preconcentration
Sensitivity of an analytical method (detection) can
be also improved either by derivatization or using a
preconcentration step.

Wang et al. [210] developed CE method combining a
partialfilling technique with large volume sample stacking.
The method was applied to the enantioseparation
of racemic fenoprofen and six 9-fluorenylmethyl
chloroformateaminoacidderivatives. Underthe optimized
electrokinetic injection and separation conditions, an
almost 1000-fold enhancement in detection sensitivity
compared to the normal injection was achieved. Two on-
line preconcentration methods: (i) hyphenated MEKC
stacking with reverse migrating micelles (SRMM), and
(ii) sweeping were used to improve LOD of three triazole
fungicides [211]. Poly(ethylene oxide) (PEO) zone was
utilized as a concentrating medium during enantiomeric
separation of D- and L-aspartic acid by cyclodextin-
modified MEKC (CD-MEKC). Migrating sodium
dodecylsulfate-analyte (SDS-analyte) complexes were
slowed down in the PEO zone and stacked through the
viscosity difference between PEO and the sample zone.
Approximately 100-fold improvement in the sensitivity
of D- and L-aspartic acid detection was achieved [209].
On-line sample preconcentration step, field-amplified
sample injection (FASI), substantially improved values
of LODs of D,L-tetrahydropalmatine enantiomers and
enabled analysis of a real sample [212]. Transient
moving chemical reaction boundary (tMCRB) was
investigated as the on-line preconcentration possibility
for native amino acids in heart-cutting 2D-CE. The first
dimension of the heart-cutting 2D-CE provided a non
chiral separation and isolation of the fraction of interest
and the second dimension rendered chiral separation of
the selected amino acid. The LODs were improved by a
factor of 10 using the tMCRB focusing step [208].

3.1.4. C(2)E

In the literature the capillary electrophoresis system with
a CS in a BGE is considered either as a CZE with chiral
additives or as electrokinetic chromatography (EKC)
with chiral pseudostationary phase. We decided to keep
the classification used by the authors themselves in their
papers and put these works together in one chapter
entitled C(Z)E.

3.1.4.1. Cyclodextrins

CD derivatives belong to the most popular group of chiral
selectors used in CE. Enantioseparations using the
well-established and/or newly designed and prepared
derivatives regularly appear in the literature. CDs can be
applied in all possible separation modes — CZE, MEKC,
MEEKC, CEC.

Several CD derivatives were evaluated for their ability
to separate a series of fifteen racemic 4,5-disubstituted
imidazole compounds by CE. The mechanism of the
chiral recognition was discussed [58]. Hydroxypropyl-
y-CD (HP-y-CD) was revealed as the most effective
chiral selector towards iodiconazole, a new antifungal
drug, and its analogues [213]. Sulfobutyl ether-f-
CD was utilized for the determination of enantiomeric
purity of a new antiarrhytmic agent marked RS86017.
The optimized method was validated [214]. Zhu et al.
separated sibutramine enantiomers by either methyl-
B3-CD or carboxymethyl-3-CD (CM-B-CD) as chiral
selectors [215]. This research group also investigated
the reversal of the enantiomer migration order in CE
based on separations of sibutramine as a function of
the concentration of native B-CD and acetyl-3-CD [216].
1,2,3,4-tetrahydroisoquinoline derivatives, neurotoxins
inducing Parkinsonism, were baseline enantioseparated
by CE-ESI-MS/MS with sulfated B-CD as CS. The
resolution values were better than those reported
previously by a HPLC method [202]. In order to evaluate
the enantioselective binding of zoplicone enantiomers to
human serum albumin (HSA), the EKC with partial filling
of the anionic CM-B-CD as chiral selector was applied.
The results suggested that S-zopiclone exhibits twice
the affinity to HSA than R-zopiclone [217]. The selection
of 22 neutral and anionic CDs were screened in terms
of their ability to effectively separate the enantiomers of
five antimalarial drugs [218]. Neutral and anionic CDs
were also tested for the enantiomeric separation of
benzoxazolinone amino alcohols and their aminoketone
precursors [219]. Amethod for the simultaneous analysis
of R-(-)-, S-(+)-baclofen and an impurity (4R,S)-4-(4-
chlorophenyl)pyrrolidin-2-one utilizing a-CD as CS was
established. A PEO-coated capillary was used and an
optimized method was validated [220]. The comparison of
-CD, y-CD, dimethyl-3-CD (DM-B-CD), heptakis(2,3,6-
tri-O-methyl)-B-CD (TM-B-CD) and HP-B-CD for their
ability to separate fenoterol enantiomers were reported
and the obtained results were compared with HPLC
experiments [86]. A novel single isomer of positively
charge B-cyclodextrin, mono-6-deoxy-6-((2S, 3S)-(+)-
2,3-O-isopropylidene-1,4-tetramethylenediamine)-3-CD
was designed and synthesized. The chiral resolution
capabilities of a new chiral selector were studied using
10 dansylamino acids as model analytes [221]. Native
a-, B-, and y-CDs and their hydroxypropylated, randomly
methylated, carboxymethylated and sulfobutylated
derivatives were used for the enantioseparations of three
vinca alkaloid enantiomers (vincamine, vinpocetine and
vincadiformine). All vinca alkaloids were successfully
enantioresolved but with different CDs [195]. HP-B-
CD among other tested CDs (y-CD, 3-CD, DM-B3-CD)
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provided the best resolution of pheniramine enantiomers
[222]. The method was subsequently modified using
a partial filling approach that resulted in improved
resolution [223]. CE method with sulfated B-CD as chiral
selector for the separation of enantiomers of ofloxacin
and ornidazole was described. The optimized method
was validated and applied for the determination of these
analytes in a pharmaceutical formulation [189]. Several
CD derivatives (single carboxymethyl-a-, 3- and y-CDs
or sulfobutyl-B-CD) were examined to find the most
selective system for enantioseparations of 19 pairs of cis-
B-lactam stereoisomers of pharmacological importance.
From the tested chiral selectors the sulfobutyl-3-CD
yielded the best results [224]. A new single-isomer
cationic  B-cyclodextrins, namely mono-6-deoxy-6-
pyrrolidine-B-CD chloride (pyCDCI), mono-6-deoxy-6-
(N-methyl-pyrrolidine)-B-CD chloride (N-CH,-pyCDCI),
mono-6-deoxy-6-(N-(2-hydroxyethyl)-pyrrolidine)-f3-
CD chloride (N-EtOH-pyCDCI), mono-6-deoxy-6-(2-
hydroxymethyl-pyrrolidine)-3-CD  chloride (2-MeOH-
pyCDCI) were synthesized (see Fig. 3A) and used as
chiral selectors for the enantioseparation of carboxylic
and hydroxycarboxylic acids and dansyl-amino acids.
The pyCDCI CS exhibited the greatest resolving ability
(Fig. 3B) [225]. CE was utilized for the enantioseparation
of seven Tic-hydantoin sigma-1 agonists as an alternative
technique to HPLC. The enantiomers were fully resolved
with HS-B-CD [226]. The enantiomers of pregabalin
derivatized by tosyl- and dansyl-chloride were separated
using CD modified CE. The best resolution was obtained
using 6-monodeoxy-6-mono-(3-hydroxy)-propylamino-
B-cyclodextrin hydrochloride for the tysolated derivate
and trimethylated a- and B-CDs for dansylated prebalin
[194].

3.1.4.2. Oligosaccharides, polysaccharides

Glycogen, a branched polysaccharide, was introduced
as a novel chiral selector. The enantioseparation
potential of glycogen (an electrically neutral compound)
was tested with one acidic and four basic drugs.
The enantiomers of citalopram, cetirizine, nefopam
and ibuprofen were baseline separated and partial
separation of enantiomers of amlodipine was achieved
[227]. Chondroitin sulfate A (CSA), a linear ionic
polysaccharide, was used as a chiral selector in the
enantioseparation of nefopam hydrochloride by affinity
electrokinetic chromatography (AEKC). The selector
concentration, pH of the BGE, capillary temperature
and applied voltage were systematically optimized in
order to obtain the optimum separation of the nefopam
enantiomers. A statistical analysis approach revealed
that the buffer's pH was the most significant parameter
controlling the chiral separation. The enantiorecognition

mechanism of CSA towards the enantiomers of
nefopam was described [228]. Carboxymethylated
cyclosophoraose (CM-Cys) was synthesized and
employed as a chiral selector in the enantioseparation
of flavonoids [229]. a-Cyclosophorooctadecaose
(a-C18), produced by Rhodobacter sphaeroides, was
successfully isolated and used as chiral selector in the
enantioseparation of catechin [230] and five flavanones
and three flavanone-7-O-glycosides [231]. Maltodextrin
was employed as a chiral selector in the separation of
the enantiomers of cetirizine and hydroxyzine in spiked
human plasma. The effect of zwitterionic property of
cetirizine was also investigated and its cationic form
was proven to be advantageous for enantioseparation
[232].

3.1.4.3. Antibiotics

Antibiotics represent a very popular group of CSs with
a high chiral discrimination power. Their disadvantage
is they absorp at the wavelengths usually used for
detection of analytes.

Two new chiral selectors from the antibiotic family
of macrolides were used within the period of interest for
the first time. Erythromycin lactobionate, the structure
is depicted in Fig. 4, showed an excellent ability to
enantioseparate of the enantiomers of N,N-dimethyl-
3-(2-methoxyphenoxy)-3-propylamine, propranolol
and duloxetine, while just a partial enantioresolution
of primaquine, chloroquine and nefopam [233].
Azithromycin, a semi-synthetic macrolide antibiotic
derived from erythromycin, was employed for the
enantioseparation of five chiral drugs and tryptophane
[234]. Chiral separations of racemic fenoprofen and
six 9-fluorenylmethylated acetic acids were achieved
employing vancomycin as chiral selector [210]. The
same CS was used for the enantioseparations of
a-hydroxy- and amino-substituted alkyl carboxylate
enantiomers [207]. Three vancomycin-type macrocyclic
antibiotics, i.e., balhimycin, bromobalhimycin and
dechlorobalhimycin, were used for enantioseparation
of N-benzolyated amino acids. Enantioseparation of
N-benzoylated derivatives of four amino acids (Leu,
Ala, Met and Thr) were compared using a CE method,
which combined partial filling approach with a dynamic
coating technique and the co-electroosmotic flow
(co-EOF)electrophoresismethod. Theenantiorecognition
mechanism was investigated [235].

3.1.4.4. Miscellaneous

Bovine serum albumin was added to a buffer
solution to achieve the enantioseparation of D,L-
tetrahydropalmatine. Partial filling technique was used
to decrease the UV absorption of BGE [212]. Chiral
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Figure 4. Structure of erythromycin lactobionate, a new antibiotic chiral selector. Reprinted from [233] with kind permission from Springer
Science + Business Media.

selector (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid ion-pairing agents in CE for both non-chiral and chiral
was employed in the second dimension of heart-cutting  separation of amino alcohols was shown [236].

2D-CE to enantioseparate D,L-phenylalanine and D,L- lonic liquids can be used as BGE additives.
threonine in a mixture of 22 native amino acids [208]. However, their exceptional properties become obvious
The possibility of using N-blocked bivalent dipeptides, only if they are used solely. The ephedrine-based
known as chiral mobile phase additives in HPLC, as chiral ionic liquid, (+)-N,N-dimethylephedrinium-
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bis(trifluoromethanesulfon)imidate ([DMP]" [Tf,N]), was
introduced as chiral selectorinto non-aqueous separation
solution consisting of acetonitrile and methanol.
Rabeprazole and omeprazole were enantiosepareted
and the effects of the [DMP]* [Tf,N]- concentration, the
buffers and the choise of organic solvents were studied.
The discussion of separation mechanism was further
undertaken [237]. The new fluorescent chiral ionic
liquid, L-phenylalanine ethyl ester bis(trifluoromethane)
sulfonimide, capable of acting simultaneously as
solvent, chiral selector and fluorescent agent in chiral
analytical measurements was introduced and properties
of the separation system were studied [238].

3.1.4.5. Dual selector systems

If optimization of an enantioseparation system with
one chiral selector fails, a dual selector system can
be employed. However, in many cases well optimized
separation with one CS can yield the same or even better
results. Many chiral reagents including cyclodextrins
and their derivatives, crown ethers, proteins, chiral
surfactants and chiral polymers were used in dual
selector systems for the enantioseparation of a series
of chiral compounds.

The first investigation of an enantioselectivity of
dual selector system, which contained a polysaccharide
glycogen, was published. Three dual systems combined
glycogen with CSA, B-CD and HP-B-CD were tested.
The dual system of glycogen with CSA exhibited good
enantiodiscriminative properties towards the tested
drugs (duloxetine, cetirizine, citalopram, sulconazole,
laudanosine, amlodipine, propranolol,  atenolol,
nefopam). Enhanced enantioselectivity compared
to the single selector systems was observed [239].
A CE assay for the simultaneous determination of
charged and uncharged potential impurities (1S,2S-
(+)-norpseudoephedrine, 1R,2S-(-)-norephedrine,
phenylacetone and phenylacetone oxime) of
dexamphetamine sulfate including the stereoisomer
levoamphetamine was developed and validated. Dual CD
system consisting of sulfobutyl ether-B-CD and sulfated
3-CD was employed [240]. The simultaneous separation
of the stereoisomers of six tetrahydronaphthalenic
derivatives (agonists and antagonists for the melatonin
binding sites) were successfully achieved using a
dual CD system in a capillary dynamically coated with
PEO. The HS-B-CD/y-CD system was proven to be the
optimal system for this analysis [241]. Enantioselective
abilities of various dual CD selectors (carboxymethyl-
and sulfobutyl-B-CDs with neutral -CDs) towards 19
pairs of cis-B-lactam derivatives were tested. Mixtures
of TM-B-CD and the negatively charged sulfobutyl-3-CD
were able to separate all the investigated stereoisomeric

pairs [224]. HDMS-B-CD with 3-CD was used as a dual
CS system for the separation of methamphetamine and
its related compounds. The main aim of this work was to
compare the reproducibility of the analysis obtained in
three different capillaries — untreated capillary, poly(vinyl
alcohol) (PVA)-coated capillary and a capillary with diol
groups. The relative standard deviations of the migration
times of analytes were lower for diol- and PVA-coated
capillaries (0.1%) than for the untreated one (0.4%) [242].
Single isomer CD and dual CDs systems (phosphated-
3-CD with HP-y-CD) were tested for enantioseparation
of tysolated and dansylated pregabalins. The resolution
obtained with two enantiomers became better only in a
dansyl-pregabalin in acidic environment [194]. An Zn(Il)-
L-valine complex as chiral selector with the addition of
3-CD is another example of a dual CS systems [243].
The presence of CD enhanced enantioselectivity of the
LECE system.

3.1.5. LECE

Special separation systems utilizing formation of
complexes, in which mostly Zn(ll) or Cu(ll) serve as
central ions and pure enantiomer CS and analyte as
ligands, were introduced as early as in 1971 [244]
and are still utilized today.The novel chiral selector,
Zn(ll)-L-prolinamide, was used in a kinetic study of the
competitive effect of sodium benzoate on D-amino acid
oxidase activity [245]. Aldo-bis-indole derivatives (aldo-
BINs) of common monosaccharides were prepared
and separated by CE. The enantioseparation of the
D,L-pairs of aldo-BINs based on ligand-exchange
mechanism was achieved using HP-B-CD as a chiral
ligand and borate buffer, where borate anion served
as central ion. The usefulness of UV active aldo-BINs
for sugar composition analysis was demonstrated
[246]. Similarly, the D,L-aldo-naphthylimidazoles (aldo-
NAIMs) of various D,L-monosaccharide pairs were
prepared and enatioresolved utilizing borate buffer
and phosphate buffer with sulfated-a-CD [247]. The
separation performance of a new ligand-exchange
selector di-L-valinol-copper complex was tested
on enantioseparations of D,L-dansyl-amino acids,
unmodified amino acids racemates and a B-blocker R, S-
propranolol by LECE in thermoreversible low molecular
weight organogel (LMOG) - trans-(1S,2S)-1,2-bis-
(dodecylamido) cyclohexane. The enantioseparation
achieved was proven to be superior to MEKC under
similar operating conditions [248]. To separate D,L-
isocitric acid enantiomers, D-quinic acid was used as
a chiral selector ligand and Mn(ll), Fe(lll),Co(ll), Ni(ll),
Cu(ll), and Zn(ll) ions were utilized as the central ions.
D,L-isocitric acid was found to be enantioseparable with
all the above mentioned metal ions except for Mn(lIl)
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[249]. Different cyclodextrins were employed in chiral
LECE because CDs can form inclusion complexes and
thus enhance the regiospecificity and stereospecificity.
The successful separations of 20 pairs of D,L-amino
acids with Zn(lIl)-L-valine complex in the presence
of B-CD were achieved. Furthermore, the kinetics of
L-amino acid oxidase enzyme reaction was measured
in the proposed dual CS system [243]. Dependence
of enantioseparation of tartaric acid on molar ratio
of Cu(ll)/D-quinic acid was studied. At low (1/1 — 1/3)
and high (1/8 — 1/12) molar ratios tartaric acid was
enantioresolved, but at medium molar ratios chiral
separation was not achieved. Reversed enantiomer
migration order at high molar ratios were explained by
changes in the coordination structure of Cu(ll) ion with
D-quinic acid [250]. Sodium arsenyl-(L)-(+) tartrate, a
member of tartrate-based transition metal complexes,
was introduced as a CS that showed enantioselective
associations with many cationic analytes, including
primary, secondary, and tertiary amines. Twenty six
amine-containing compounds showed enantioselectivity
within reasonable analysis time and 13 of them were
baseline separated [251].

3.1.6. MEKC

Micellar electrokinetic chromatography (or micellar
capillary electrophoresis (MCE)) is a popular technique
suitable for separation of uncharged analytes. The
enantioselective environment can be formed with chiral
micelles, achiral micelles with chiral additives to BGE or
using mixed micelles (micelle complexes composed of
achiral micelles and CSs).

The CD-MEKC method with a HP-y-CD chiral selector
and SDS micelles was reported for the enantiomeric
separation of econazole [252] and three triazol fungicides
(hexaconazole, penconazole and myclobutanil) [211].
The same chiral selector and sodium deoxycholate
as surfactant were used for enantioseparation of
derivatized dipeptides (Tyr-Phe, Tyr-Leu, Ala-Gin).
The dipeptides were precolumn derivatized with
naphthalene-2,3-dicarboxyaldehyde [253]. A HP-B-
CD mediated MEKC was utilized for the separation
of Asp enantiomers. The influence of the molar ratio
of SDS to HP-B-CD as well as the total concentration
of SDS and HP-B-CD on the enantioresolution was
investigated [209]. TM-B-CD in the presence of sodium
cholate surfactant enabled enantioseparation of the
synthetic pyrethroid cis-bifenthrin by CD-MEKC [254].
Enantioseparation of this pyrethroid was reported for the
first time. This method can be used for the determination
of cis-bifenthrin in commercial insecticides. Chen and
Du [255] modified MEKC method by addition of a novel
antibiotic CS — clindamycin phosphate. Different types

of anionic surfactants, organic additives and BGE
compositions were tested. Excellent separation of the
enantiomers of nefopam, citalopram, tryptophane,
chlorphenamine, propranolol and metoprolol, and
partial enantioresolution of tryptophane methyl ester
and cetirizine were achieved with SDS in phosphate
buffer and propane-2-ol as an organic modifier.
Four chiral photoinitiators, hydrobenzoin, benzoin,
benzoin methyl ether and benzoin ethyl ether were
simultaneously enantioseparated using a mixture of two
chiral molecular micelles polysodium N-undecenoxy
carbonyl-L-leucinate (poly-L-SUCL) and polysodium
N-undecenoyl-L,L-leucylvalinate (poly-L,L-SULV) [198].
The mixed mode separation method combining MEKC
with polyelectrolyte multilayer (PEM) coating procedure
was used for both chiral and achiral separations. Sodium
poly(N-undecanoyl-L-leucylvalinate) (poly-L-SULV)
served as both a chiral molecular micelles creator and
an adsorbed chiral polymer layer [256]. Two CD-MEKC
methods were developed for simultaneous enantiomeric
separation of four chiral polycyclic musks (Galaxolide,
Tonalide, Traseolide, and Phantolide). The best
separation was achieved with SDS micelles in a dual
CD system composed of HP-y-CD and y-CD [257].

3.1.7. MEEKC

Three different arrangements for enantioselective
separation can be used in microemulsion electrokinetic
chromatography. A chiral selector can be deposited on
the capillary wall, chiral microemulsion can be used or
CS can be added to the BGE.

MEEKC carried out in a capillary coated by 3-CD
enfolded polymer layer provided higher separation
efficiency of stereoisomers of sertraline than MEEKC
without the presence of a CD polymer coating [258].
The development and validation of a MEEKC method for
enantioseparation of phenethylamines was reported. The
separation system consisted of sulfated B-CD added to
the microemulsion composed of the oil-component ethyl
acetate, surfactant sodium dodecylsulfate, cosurfactant
1-butanol, propane-2-ol as the organic modifier and
phosphate buffer as the aqueous phase. The results
were compared with those obtained by CD-modified CZE
[259]. The preparation of chiral microemulsions from
eight L- and D-tartrates with different alcohol moieties
as chiral oils was described by Hu et al. [260]. A water
insoluble compound, di-i-butyl L-tartrate, was used for
the preparation of a stable microemulsion, which was
utilized for the enantioseparations of B-blockers. Yu et
al. utilized MEEKC for the separation and determination
of amygdalin and its epimer (neoamygdalin) [191].

Gold nanoparticles modified by thiolated 3-CD were
revealed as a suitable pseudostationary phase for the

485



Recent chiral selectors for separation in HPLC and CE

enantioseparation of four dinitrophenyl-labeled amino
acid enantiomers (Val, Leu, Glu and Asp) and three
pairs of drug enantiomers (chlorpheniramine, zopiclone,
carvedilol) [261].

3.1.8. Microchip capillary electrophoresis
Substantially reduced material needs, therefore low
cost of analyses, and small sample amounts required
for analysis are the main advantage of miniaturized
separation techniques.

The MEKC mode of microchip electrophoresis
utilizing SDS micelles in borate buffer for quantitative
analyses of fluorescein-5-isothiocyanate (FITC) labeled
ephedrine and pseudoephedrine in tablet formulations
and urine after oral intake of the drugs was reported.
The linearity, reproducibility, and applicability of the
method were evaluated [262]. Both achiral and chiral
separations of proteins and racemic amino acids
were studied on a poly(methyl methacrylate) (PMMA)
microchip. Immobilization of amino-poly(ethyleneglycol)
(PEG-NH,) onto surface of the microchip reduced
irreversible adsorption of proteins on the wall. Chiral
separation of tryptophane was achieved after addition
of bovine serum albumin to the background solution
[263].

A new method was described for 2D separations
using a microfluidic chip normally employed for 1D
electrophoresis. Gradient elution moving boundary
electrophoresis and chiral CZE were combined as the
first and the second dimension of the separation process
of some amino acids, respectively [264].

3.1.9. NACE
Non-aqueous capillary electrophoresis represents the
possibility for changing the interaction mechanism to
extend the range of applicability of a given chiral selector
because different interaction types prevail in chiral
recognition in aqueous vs. non-aqueous environments.
Enantioselectivity =~ of  single-isomer  anionic
cyclodextrin HMAS-B-CD towards basic model analytes
were tested under various concentrations of HMAS-
B-CD and BGE composition in order to propose a
generic system for basic drug analysis [265]. Two
single-isomer anionic CDs, HMAS-3-CD and HDMS-
-CD, were utilized simultaneously in chiral and achiral
separations of fenbendazole and its sulfoxide and
sulfone metabolites [266]. Novel NACE method for the
enantioseparation of some B-blockers and B-agonists
was developed. Di-n-amyl L-tartrate—boric acid complex,

in situ synthesized by the reaction of di-n-amyl L-tartrate
with boric acid in a non-aqueous BGE using methanol
as the medium, was tested as the chiral selector. The
enantioseparations of all the tested drugs were achieved
[267]. Two new antibiotic CSs were tested in NACE
mode. Erythromycine lactobionate with mixed buffer
solution containing borate buffer and methanol (50/50,
v/v) was utilized for enantioseparation of N,N-dimethyl-
3-(2-methoxyphenoxy)-3-propylamine, propranolol,
duloxetine, primaquine, chloroquine and nefopam
[233]. Polar organic mixture composed of acetonitrile,
methanol, acetic acid and triethylamine (80/20/0.1/0.1,
v/v/v/v) was employed as BGE for enantioseparation of
five chiral drugs and tryptophane with azithromycin as CS
[234]. Non-aqueous mode of capillary electrophoresis
was also used for enantioseparation of rabeprazole and
omeprazole in presence of ephedrine-based ionic liquid
[DMP]'[Tf,N] [237].

4. Conclusions

The importance of enantioselective separation methods
is reflected in the number of publications in the literature.
Both liquid chromatography and electromigration
techniques have an irreplaceable position in this field.
The crucial factor for the creation of a successful
enantioselective separation system is the proper choice
of a chiral selector or chiral stationary phase. The choice
must be based on the structure of the compounds to be
analyzed. The separation system must be considered as
a whole because the enantiodiscrimination mechanisms
can participate in different separation environments with
the same CS/CSP. This review is intended to serve as
an aid to support the choice of a chiral selector or a
chiral stationary phase.
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2. Cile dizertacni prace

Cile prace byly zamérené na zlepSeni moZnosti predikce a identifikace
systémovych zon a pika v kapilarni zonové elektroforéze, které by mohly zlepsit nebo
rozsifit uplatnéni programu PeakMaster v analytické praxi. Dale pak cile sméfovaly k
prohloubeni poznatklli o chovani systémovych pikd v komplikovanéjsich systémech,
zejména takovych, které zatim neni mozné efektivné vySetfovat pomoci simulacnich

programu.
Konkrétni cile prace byly nasleduijici:

e Potvrdit spravnost a funkénost nového nelinearniho modelu odvozeného a
implementovaného do nové verze programu PeakMaster 5.3 za ucelem

predikce tvaru systémovych pik(
(i) porovnat vypocty PeakMasteru 5.3 se simulacemi programu Simul 5

(ii) vybrat vhodné elektroforetické systémy a srovnat predikce
PeakMasteru 5.3 srealnymi experimenty, zejména zménu tvaru a
polarity systémovych pik( v zavislosti na sloZzeni a velikosti ddvkované

zony

e V elektromigracnich systémech, kde dochazi ke komplexaci slozky pufru

s komplexa¢nim cinidlem:
(i) vysetfit zmény zakladnich vlastnosti pufru v disledku této komplexace

(ii) odhalit a popsat pfipadny dopad téchto zmén na elektroforetické

vysledky

(iii) vysSetfit chovani systémovych pikd v danych systémech a porovnat je

s predikcemi linedrni teorie elektromigrace
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3. Experimentalni podminky

Veskeré elektroforetické experimenty probihaly na pfistrojovém vybaveni nasi
laboratofe, tedy na pfistrojich Agilent®®CE nebo CE 7100 (Agilent Technologies,
Waldbronn, Némecko). Pfistroje jsou vybaveny vestavénymi UV/Vis detektory
s diodovym polem a vodivostnimi detektory navrzenymi v nasi laboratofi [61]. Oba
typy pfistroji jsou ovladany softwarem ChemStation. Méfeni pH probihalo na PHM

240 pH/ion metru firmy Radiometer (Copenhagen, Dansko).

Pouzivany byly kfemenné kapilary svnéjsSim polyimidovym potahem. Délky,
praméry a promyvani kapildr se nevymykaly béZnym postuplm. PouZité chemikalie
byly vysoké cistoty, voda byla deionizovana systémem UPLTRAPUR od firmy Watrex
(Praha, CR).

Z pouzitych komercnich softwar(l Ize jmenovat Origin 8.1 (OriginLab Corporation,
Norhampton, USA) a MS Office Excel (Microsoft Corporation, USA) pro vyhodnocovani
namérenych dat. Dale byly pouzivany simula¢ni programy rady Simul a PeakMaster,

vyvinuté v nasi laboratofi [47].

Detailni experimentalni podminky jsou uvedeny vzdy v pfislusné publikaci, a

proto zde nejsou detailngji zmifnovany.
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4. Vysledky a diskuze

4.1 Predpovéd tvarl systémovych piku

Linedrni teorie elektromigrace (LTE) je velmi dobrou aproximaci nelinearnich
elektromigracénich procest pro mod kapilarni zonové elektroforézy. Umoiznuje ziskat
hodnoty dulezitych parametr(i elektroforetickych systémi a dokdZe obsahnout a
popsat mnoho podstatnych rysd danych systémda. Stale se vsak jedna jen o priblizny
popis, ktery ma jista omezeni. Pomoci LTE mohou byt napfiklad vypocitany amplitudy
systémovych pikl, ale jejich tvar neni mozné na zakladé LTE predpovédét. LTE také
selhavd, pokud ma davkovand zéna komplikovanéjsi tvar (nejéastéji davkovani dlouhé
zony vzorku). V takovém pripadé pak nemohou byt spravné predpovézeny ani tvary

pikd analytd.

V Publikaci 2 byl formulovan zjednoduseny nelinearni model elektroforézy, ktery
nabizi lepSi moZnosti nez dosavadni LTE, ale stdle je jeSté feSitelny pomoci maticového
zapisu. Kompletni matematické zpracovani, zalozené na Taylorové rozvoji rovnic
popisujicich elektromigraci a nasledném zahrnuti konstantniho a prvniho nelinearniho
¢lenu elektromigrace a konstantniho ¢lenu difaze do tohoto zjednoduseného modelu,
je popsano v Publikaci 2. Model je pak reSen pro dvé pocatecni podminky davkovani
vzorku — ve tvaru Diracovy funkce a obdélnikového pulsu. Re$enim pro prvni ptipad je
Haarhoff — van der Lindeho (HVL) funkce. Pro druhy vice realisticky pripad bylo pouzito
feSeni poprvé odvozené pro chromatografii a v Publikaci 2 oznacené jako HVLR funkce.
HVLR funkce tak umoZini presnéjsi zobrazeni tvarl pikd, zejména pokud je
nadavkovana S$irsi zona vzorku. Nelinearni model byl implementovan do nové verze
programu PeakMaster oznacené jako PeakMaster 5.3. | tato verze je volné a zdarma
dostupna na strankach nasi skupiny [47]. BéZzny uZivatel pak pociti zménu oproti
predeSlym verzim programu PeakMaster v pfitomnosti podokna Amplitudes and
Shapes, kde se po vyplnéni konkrétniho slozeni vzorku a Sirky davkované zény
vypocitaji parametry pro vSechny zdny — jejich sloZeni, vodivostni odezva, linearni
mobilita a nové také tzv. nelinearni elektromigrac¢ni mobilita, ugmp;, ktera je mirou

elektromigracni disperze i-té zény. VSechny vypocitané parametry jsou nasledné
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prevedeny i do grafické podoby a pod tladitkem Show/HideGraph je moiné si
prohlédnout vysledny elektroferogram pro dany BGE, dané experimentalni podminky,

dané sloZeni vzorku a danou Sitku davkované zény.

Pfesnost nového modelu v programu PeakMaster 5.3 byla ovéfena srovndnim se
simulacemi v programu Simul 5 [14], ktery feSi dané nelinedrni rovnice popisujici
elektromigraci numericky. Figure 3 v Publikaci 2 doklada velmi dobrou shodu simulaci
systémovych pik(i programem PeakMaster 5.3 a Simul 5. Spravnost a pouZitelnost
modelu a nové verze PeakMasteru tak byla ovéfena. Zatimco simulace v programu
Simul 5 jsou ¢asové ndroc¢né (fadu hodin i dni) a nabizeji jen grafické zobrazeni
vyslednych profild, PeakMaster 5.3 je schopen vysledek stejného elektroforetického
experimentu predpovédét béhem nékolika vtefin na zakladé vypoctd danych

parametr( elektroforetického systému.

V Publikaci 3 byl novy PeakMaster 5.3 otestovan srovnanim s experimenty
provadénymi na trech rdznych systémech. V kazdém systému byly vysSetfovany
systémové piky vybuzené ¢tyfmi rliznymi poruchami (vzorky obsahujici +/- 10% jedné

nebo druhé slozky pufru oproti koncentraci v BGE). Testovany byly nasledujici systémy:

i) TRIS a kyselina benzoova pfi neutralnim pH. Tento systém ma mobility obou
systémovych pikd blizké nule. Systémové piky tak mohou tvofit tzv. cikcak tvar nebo,
pokud maji oba stejnou polaritu, mohou v zaznamu splynout a budit dojem pouze

jednoho systémového piku. (Figure 1)

ii) TRIS a kyselina benzoova v kyselé oblasti pH. Jeden ze systémovych pikd ma
kvali jiz znacné nizkému pH pomérné rychlou kationickou mobilitu. Mobilita druhého

systémového piku zlstava blizka nule. (Figure 2)

iii) TRIS a kyselina ftalova s nizkou pufracni kapacitou. Jeden systémovy pik
zUstava témér nulovy, druhy je rychly, anionicky. Anionicky systémovy pik ma velkou

hodnotu ugmp @ ma proto silné trojuhelnikovity tvar. (Figure 3)

Ve vSech tfech pfipadech, i v pfipadé davkovani dlouhych zén (Figure 5), byly

predpovédi programu PeakMaster 5.3 v naprosté shodé s experimenty.
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Novy PeakMaster 5.3 muZe zlepsit mozZnosti predikce a identifikace systémovych
pikd v experimentalné ziskanych elektroferogramech, protoze predpovida nejen pozice
systémovych pikd, ale také jejich polarity a tvary. Systémové piky tak mohou byt
v zaznamech snadnéji rozpoznany a méné casto tak mlze dojit k zaméné systémovych
pikl s piky analytd. Nové pak mlZe byt pfed samotnou analyzou optimalizovano i
sloZzeni vzorku pravé s ohledem na polaritu a tvary systémovych pikd, jak je naznaceno

na Obrazku 1.

Vv SP1
_ SP2
e
= A3
(2]
I A2 |:>
8
> zména
B3 A1 slozeni
>
vzorku SP2
SP1 l‘_‘ A1 Va2 Va3
¢as ¢as

Obrdzek 1 llustrace moZnosti optimalizace sloZeni vzorku z pohledu vhodné polarity a tvaru
systémovych piku v programu PeakMaster 5.3; SP - systémovy pik, A - analyt

O vyhodach nového PeakMasteru 5.3 vypovida také Obrazek 2. Stara verze, ktera
systémové piky znazoriuje pouze jako svislé ¢ary nemuze byt schopna dobfe popsat
situace, kdy se systémové piky prekryvaji (Obrazek 2A) nebo kde kvili svému tvaru

zasahuji do piku analytu (Obrazek 2B).
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Obrdzek 2 Rozdil v predikci dvou systémovych piki (A) a dvou systémovych piku a jednoho piku
analytu (B) v programu PeakMaster 5.2 (starsi verze) a PeakMaster 5.3 (novd verze); SP —

systémovy pik, A - analyt

Implementace nového matematického modelu do programu PeakMaster vyrazné

posunula mozZnosti tohoto ucinného nastroje pro predpovédi vysledk( kapilarni zénové

elektroforézy.
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Research Article

A nonlinear electrophoretic model for
PeakMaster: |. Mathematical model

We extended the linearized model of electromigration, which is used by PeakMaster,
by calculation of nonlinear dispersion and diffusion of zones. The model results in the
continuity equation for the shape function ¢(x,t) of the zone: ¢, = —(vo + Vemp@)Px +
d¢y that contains linear (1y) and nonlinear migration (vgmp), diffusion (3), and subscripts
x and t stand for partial derivatives. It is valid for both analyte and system zones, and
we present equations how to calculate characteristic zone parameters. We solved the
continuity equation by Hopf—Cole transformation and applied it for two different initial
conditions—the Dirac function resulting in the Haarhoff-van der Linde (HVL) function
and the rectangular pulse function, which resulted in a function that we denote as the
HVLR function. The nonlinear model was implemented in PeakMaster 5.3, which uses
the HVLR function to predict the electropherogram for a given background electrolyte and
a composition of the sample. HVLR function also enables to draw electropherograms with
significantly wide injection zones, which was not possible before. The nonlinear model
was tested by a comparison with a simulation by Simul 5, which solves the complete
nonlinear model of electromigration numerically.

Keywords:
Diffusion / Eigenvalues / Nonlinear electromigration / Simulation / System peak

1 Introduction

Formulation of basic laws able to describe movement of
charged particles in liquid solution under the influence of
an outer electric field is not difficult in itself. The basic set of
continuity equations was introduced in 1897 by Kohlrausch
[1], who derived a certain conservation law, which must
be obeyed in electromigration systems and which is now
called the Kohlrausch regulating function. Later, additional
conservation laws [2-4] were found. Nevertheless, finding
conservation function is not a full solution of the continuity
equations. Because of the inherent nonlinearity, an exact
closed-formula solution of the governing continuity equa-
tions is unattainable. A numerical solution, or simulation,
is a way how to obtain information about phenomena taking
place in electromigration and is used in many instances.
For this purpose, several simulation programs are available
[5], such as GENTRANS [6, 7], SIMULS5 [8], or SPRESSO
[9]. Unfortunately, numerical simulation is often too slow to
study phenomena in the realistic physical scale, and, more
importantly, the output are just concentration profiles of all
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constituents so it cannot directly provide parameters of the
system such as mobilities or velocity slopes of zones or to
find general laws of broader validity.

In capillary zone electrophoresis, the situation is more fa-
vorable in a certain sense. Thanks to the experimental setup
of zone electrophoresis the governing equations can be lin-
earized and resulting equations are still able to describe many
important features. This is because the constituents forming
the background electrolyte (BGE) are axially almost uniformly
distributed along the separation channel and the analyte con-
stituents are injected as a sample into a certain site of the
channel in a concentration that is usually much smaller than
that of the BGE. It allows to formulate continuity equations
as a perturbation problem. This approach was started in elec-
trophoresis by Poppe et al. [10,11] who showed that solving
the linearized equations leads to the eigenvalue problem for
amatrix. In the two papers [12,13], our group presented a lin-
ear mathematical model of capillary zone electrophoresis and
introduced PeakMaster, a free software program that imple-
ments the linear approach. We introduced a term the system
eigenmobility, which is the eigenvalue of the Jacobian matrix
M of the electromigration system. The system eigenmobil-
ity is the mobility of the system zone, which can be formed
during electromigration. We showed that the BGE composed
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of N constituents has N system eigenmobilities and N cor-
responding system zones. The spectral decomposition of the
matrix M implemented in PeakMaster 5.2 enables to calculate
the amplitudes of system eigenpeaks [14] when composition
of the injected sample is known.

The linear model we introduced together with both ver-
sions of PeakMaster, 5.1 and 5.2, attracted the interest of
electrophoretists, as we can estimate from the number of
downloading of the software from our web page. However,
the linear model is only an approximation of the original
nonlinear equations and in some cases it has limitations. For
example, it allows to calculate the amplitudes of the system
peaks but not their shape as appears in detectors. Especially,
when the injected profiles of the analytes into the separation
channel have a more complex shape, the linear model cannot
predict the resulting profiles.

As noticed above, the exact closed-formula solution of
the original equations is not known so far. The aim of this
paper is to formulate a simplified nonlinear model of elec-
trophoresis, which will be more rigorous and more accurate
than the linear model and which will still be solvable in the
matrix notation. Such model will be then implemented in
the new version of PeakMaster, PeakMaster 5.3. In addition
to the previous versions, this will allow to obtain practically
important information about peak shapes of both the system
peaks and peaks of the analytes in zone electrophoresis in
much shorter time when compared to numerical simulation.

2 Theory
2.1 Continuity equations

The electrophoretic model consists of N one-dimensional
continuity equations for N constituents, which can be acids,
bases, or ampholytes, which can be present either in the sam-
ple (analytes) or can be a part of the BGE. Ions H;O" and
OH™ do not have to be described by the continuity equations
because they are bound by the electroneutrality condition and
autoprotolysis of water (ionic product of water) [12]. The con-
tinuity equation describes a change of the net concentration
¢; of the ith constituent in spatial, x, and time, t, coordinate

dei SN
WL (%) m

where J;, is a mass flux of the ith constituent in its ionic form
with charge number z, and n; and p; are the most negative
and positive ionic forms of the ith constituent, respectively.
Unlike the previous model we introduced [12], this one will
consider the mass flux composed of both electromigration
movement (driven by the gradient of the electric potential ®)
and diffusion (driven by the gradient of concentration)

P D aCiYZ )
Jiz = —sgn(2) Giathay — Dia"p ()
where ¢;,, u;,, and D;, stand for the ionic concentration, ionic
electrophoretic mobility, and diffusion coefficient of the zth
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ionic form of the ith constituent, respectively. Note that we use
the ionic mobility u;, defined as an unsigned proportionality
constant in the dependence of ionic velocity v;, on intensity
of electric field E: v;, = sgn(z)u;,E. Electric potential in Eq.
(2). can be ruled out by introducing the current density j

N pi
j=F [Z > (2fia) + Ju— JOH} 3)
i=1 z=nj
where F is the Faraday constant and subscripts H and OH
stand for hydronium H3O0" and hydroxide OH™ ions, respec-
tively. Using Eq. (2) in Eq. (3) yields
aci; | sgn(a)ciziz . .

. ~ i 4

ox T " ( — Jaier) )

where jgi is the diffusion current density (jisr/x is the diffu-
sion potential) and k is the electric conductivity

Nz ac ac ac
. i,z H OH
=[5 (20122 ) 2 2

i=1 z=nj

]i.z = - Di,z

N pi
k=F [Z D Izl i) + wmon + uOHCOH:| (6)

i=1 z=nj

Using Eq. (4) the right-hand side of continuity Eq. (1) can be
arranged as a sum of two terms

ac; ) ()
ait _ (isgn (2) CLz”’i,z)

ax K
z=nj
) & dciz  Jaifr
Diz — — S| i,zW,z
+axm( et = Ssgn (@) cuam,

8Ci Bci
(). ()., "

The first one, (22)em, will be denoted as the electromigration
term, the second one (Ba—cj)dig as the diffusion term. A final so-
lution of continuity Eq. (7) fori=1, ..., Nis fully determined
by a set of initial and boundary conditions.

2.2 Linearization and Taylor expansion of continuity
equations

Before the sample is injected, the separation space is filled
by an undisturbed BGE. The injection of the sample cre-
ates disturbances ¢1"(x) in axial concentration profiles of all
BGE constituents as well it forms profiles of analytes. The
electromigration begins by application of the electric field.
Mathematical expression of the initial condition is [14]

i, t=0)=C +&"(x) (8)

&N (x) = ACPe™ (x) )

i

where C; is a concentration of the constituent in the BGE (for
analytes C; = 0), AC" is the magnitude of the initial distur-
bance in the ith concentration profile, and ¢ (x) is a function
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describing the shape of the injection zone, which is identical
for all constituents. A difference between c;(x,t) and the refer-
ential BGE concentration C; is a set of small disturbances in
concentration profiles forming electrophoretic zones. These
differences are denoted as ¢;(x, t)

Ci(x,t) =ci(x,t) — G (10)

In our previous paper [12], we showed that the electro-
migration term (%‘)em can be rearranged to the matrix form
without linearization or any approximations

” S M) x (11)
— =— C1y oy CN) X —
Jat KBGE ! N dx

em

where M(Cy, .., &x) is @ nonsymmetrical Jacobian matrix and
¢ is a column vector composed of disturbances ¢;, i =
1,...,N, and kpgr is the conductivity of the BGE. Elements
of the matrix have dimension of mobility. The linearization
of the matrix M can be simply done by substituting ¢; = 0
to the matrix M(C,..,Cy) to obtain a constant matrix
M(0, .., 0) = My, that s, the absolute term of Taylor expansion.
We call the eigenvalues of the matrix M, as eigenmobilities.
As we showed in [14], the eigenvectors yield information on
composition of both analyte and system zones (also called
system eigenzones).

In this paper, we will analyze the electromigration in a
more complex way to get more information about nonlinear
behavior of all zones in the system. We apply the Taylor
expansion on M(¢y, .., €y) considering its absolute M, and
linear M, x terms

9z j l 9z
— =— M M; & — 12
<8t> KBGE ( ot Z 1'ka> x ax (12)
em

k=1

Analogously, we perform the linearization of the diffusion
term (%)qr where we consider only the absolute mem-
ber of the Taylor expansion expressed by the diffusion

matrix D

9 3%
(m) =Dx (13)
diff

Combining Egs. (12) and (13) the final matrix continuity equa-
tion is

3E j il az 3%
A M Ml | X — +D x — 14
ot KBGE ( o+ ; 1"k6k) x ax +Dhx dx2? (14)

The initial condition for disturbances expressed as a column
=in .,
vector ¢ is

=in Ciln - Cl
= - (15)
C%\? — CN
and the boundary conditions is
lim & =0 (16)

x—+00

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

General 925

that assumes an infinite separation space and vanishing dis-
turbances in infinity, that is, disturbances cannot be infinitely
wide. Egs. (14), (15), and (16) completely define the simplified
nonlinear model of electromigration, which we will analyze
further.

2.3 Approximate solution of nonlinear matrix
equation

Eigenvalues, \¢;, of the matrix M, are mobilities of system
and analyte zones. The corresponding right column and left
row eigenvectors (fr; and gy ;, respectively) together with
initial conditions serve for calculation of concentrations of all
constituents in all zones. Eigenvalues and eigenvectors can be
arranged into matrices in the following way: (i) The eigenval-
ues are arranged into a diagonal matrix A, of eigenmobilities,
where the ith diagonal element contains \o;. (ii) Similarly, all
right column eigenvectors form a matrix Qg and the left row
eigenvectors form a matrix Q where the ith vector is in the
ith column and row, respectively. Matrices Qg and Q. are
mutually inverse and they diagonalize M,

Ao = Qu x My x Qr (17)

First, we apply matrix transformation of concentrations
C; to characteristic variables w;, which have meaning of func-
tions representing eigenzones

=Qr X

Al
S

(18)

To find a solution to the nonlinear matrix Eq. (14) we
multiply it from the left and right side by matrices Qp and Qg,
respectively. Finally, we substitute ¢ by ¢x = ZjN:l (Qr)ij W
to complete the transformation from ¢ to @

A j oy OW 3%
= A Ay (W — +Ax — 1
Jt KBGE [ 0 * ! (w)] X 0x * X 3x2 ( 9)
where

N
(M) = aw; i (20)
(A)i; =8 (21)

All nondiagonal elements of A;(w) and A are neglected
using a simplifying assumption that all zones are immedi-
ately separated from each other and therefore there are no
electrophoretic interactions among zones that need to be de-
scribed by these non-diagonal elements. The ith diagonal
element of the matrix A; () is a product of the characteristic
function @; and the constant 3]’;‘1 ,which is a slope of the depen-
dence of eigenmobility on ;. Similarly, diagonal elements of
A provide the diffusion coefficient of the ith eigenzone, 3;.
The quantity %‘7“ is calculated as follows:

ow;

N
- =) (Qr)ix (Qux Mk x Qu);; (22)
k=1
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For the ith zone, Eq. (19) is rewritten with using only the
diagonal elements

Qb j N 9 02,
=- Nos + —r b; S 23
at KBGE<°T+awiw> ax 10592 @3)
with initial and boundary conditions
N
o= Qe (24)
j=1
lim @ =0 (25)
x—+00

2.4 Solution of separated nonlinear partial
differential equation

We will focus on obtaining the shape function ¢;(x, t) rather
than solving Eq. (23) in concentration domain of w; or &;.
@i(x, t) is initially equal to ' (x). At t > 0, it starts to move
by electromigration with its linear mobility A; and the shape
is gradually dispersed by the nonlinearity and diffusion. In
order to solve the system, we express the zone function @; as
a product of its amplitude AW, and the respective ith shape
function ¢;(x, t)

Wi (%, t) = AWe; (x, t) (26)
and we insert it to Eq. (23)

32@1
0x?

i i
5 (vo.i + VEmD.i®i) x +9

(27)

where vy; = KB]?AOJ is the linear velocity of the ith zone and
VEmpi = —L— N AW is a nonlinear parameter, which we will

call the efggrz‘f‘nigration velocity. In general, ¢™(x) have to
be a function with unitary height to satisfy that AW, is the
initial amplitude (concentration) in the ith zone. The elec-
tromigration velocity vgmp,; is then a measure of electromi-
gration dispersion of the ith zone for given initial conditions
or, in reality, for the given composition of the sample zone.
Experimentally, veyp; is a difference between the velocity at
the apex of the ith zone and the velocity at its base as long as
composition of the maximum remains close to the initial con-
ditions, that is, until it become dispersed. If vgyp; is divided
by the applied intensity of the electric field in BGE, Epgg =
J/KBGE, We get ugmp i, Which is a measure of electromigration
dispersion of the ith zone independent on the actual electrical
conditions and which we will call electromigration mobility.

An actual velocity profile within the zone is given by
the product of vgyp; and @;(x,t). A special case of ¢!"(x) is
the Dirac function, which cannot be normalized to unitary
height but only to unitary area because its height is not an
independent parameter. This case will be discussed later.

Switching temporarily to new coordinates where we let
the system move along the x-axis with a linear velocity vy ;
enables us to remove the velocity v; and to express Eq. (27)
as the Burgers’ equation
s ¢

. 3%q;
1 1
= —VeMpiPi—— + &
ot EMD,1(P1 ax 92

(28)
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After we derive a final solution, we can return to the original
coordinates by a simple back-substitution of x by x — vy ;t,
while t remains unchanged. The analytical solution of the
Burgers’ equation can be found by using the Hopf (also
known as Hopf-Cole) transformation [15]

1d

@ = Ja (Inw;) (29)
b= -t (30)

This reduces the nonlinear problem to a simple linear diffu-

sive transport problem
ami _ azwi
at  ax?

that has the well-known solution

< Y
o () = 5 [ ol @ e ( L )de (32)

where the initial condition i is obtained as a solution of
a differential equation - [In i (x)] = ;¢ (x) resulting from
Eq. (29)

o (x) = exp (dyi / o (x) dx) (33)

We get the final solution ¢;(x, t) by substituting w; to Eq.
(29). It is important to note that the solution is obtained by
a double integration of the initial zone shape function ¢™(x),
therefore, we have to use such initial functions that can be
analytically integrated, such as Dirac function or stepwise
functions. This will be discussed in next two sections.

(31)

2.5 Dirac function as initial shape ¢™(x)

For the purpose of zone electrophoresis and chromatogra-
phy, the simplest possible initial shape is the Dirac function,
which is a function with unitary area and its value equals zero
everywhere except one point x = 0 where its value is infinity,
see Fig. 1. The Dirac function is a crude approximation of a
common setup where a width of a sample zone is negligible
compared to a traveled distance of zones to a detector. In
our model, it gives a solution known as the Haarhoff-van der
Linde (HVL) function [16-18]

HVL (x, t) = Aigi

ex _ (x—vmt)z
Ai 1 p 43t
= = 34
NZE Y l],ri 1 + 1 n 1erf <x—v0,il) ( )
exp(ipi)—1 2 2 Jasit

where A; is the area in the spatial domain, which could be
either in mol.m~2 unit if integrated over the length or in
mol if over the volume and {s = —vgmp s / 28; is the constant
from the Hopf transformation representing a magnitude of
the nonlinearity. Figure 1 shows an example of the HVL
plot. Erny et al. [18] defines HVL as a purely spatial function
containing four parameters: a, (area), a; (original position
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Figure 1. Plot of Dirac and Haarhoff-van der Linde (HVL) function. (A) Dirac function as initial condition with infinite height in its center
x=0. (B) Plot of HVL(x,1) function with following parameters: A= 0.005 mol.m=2, vy =1 x 1074 m/s, 8 =1 x 1072 m?/s, vgmp = -4 x 10~8 m/s,

and t = 250 s. Peak center (vpt) at 0.025 m.

in the case of a nondispersed peak), a, (nondispersed peak
width), and a3 (measure of dispersion). The comparison of
the parametric HVL function in Ref. [18] with our solution
in both x and t coordinates, Eq. (34), allows to express the
parameters ag—a; by real electrophoretic quantities

4= V2o, ay=— MR (35

Vo,i

a) = A, a1 = vgt,

It is obvious that using the Dirac function as the initial
condition ¢™(x) yields the solution expressed as a rather sim-
ple formula, Eq. (34). The HVL function has a good capability
to parametrically fit most of the nonsymmetrical peaks in
chromatography and electrophoresis. For example, it enables
to obtain the parameter a; (or vy;t), which is much better esti-
mate of the true peak position than the peak maximum or the
center of gravity. Its obvious disadvantage is that its height
and width are not independent parameters—the initial Dirac
function causes an infinite concentration of the peak in t =0,
which is decreased in time by overall dispersion. Therefore,
we cannot satisfy the condition stated earlier that ¢ (x) has to
have the unitary height. It results in significant overestima-
tion of the nonlinearity and therefore HVL function cannot
draw very realistic profile based on real parameters.

2.6 Rectangular pulse function as initial shape ¢™"(x)

The rectangular pulse function is a much more realistic initial
condition. It is zero everywhere except an interval with a
length L between points x = —L/2 and x = L/2 where its
value is 1 as shown in Fig. 2. The initial step-wise function is
mathematically represented by two Heaviside functions

i L L . L
¢" (x) = Heaviside (x + E) — Heaviside (x — E) (36)

The Heaviside step function is 0 for x < 0, 1/2 for x =
0, and 1 for x > 0 (in Ref. [19] it is called So). The initial
rectangular pulse yields a nonlinear solution first derived for
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chromatography by Houghton [19], which we abbreviate here

as the HVLR function
Rv
HVLR; (x, t) = Coii (x,1) = CO,im (37)

R = erf (as) — orf (a-) (38)
O = exp (E+)[1 - erf (b)) + exp (E)[L —erf (b)) (39)

X — Uo_it — UEMD,it + % X — Uo_it + %

ay = , by = 40

: N R
v i 1 L

Ey= EZMTD <x — voit = 3 vewpit £ 5) (41)

where Cy; is the initial concentration of the rectangular zone
for t = 0. An example of the HVLR plot is shown in Fig. 2.
Since the function is initially rectangular, the relation be-
tween concentration Cy; and area A; is simply

A = Co;L (42)

Even though HVLR function is given by Eq. (37) and can
be in principle evaluated for arbitrary values of its parameters
and coordinates (x, t), there are several numerical complica-
tions, which have to be addressed during its evaluation. The
numerical complications are caused by a finite precision of
numbers in computers and most frequently it is a problem
connected to the arithmetic overflow of a value (the value
magnitude is higher than the maximum what a computer
can process) and also insufficient number of digits, which
happen when two almost identical numbers are subtracted.
Therefore, for the correct evaluation of the HVLR function in
PeakMaster 5.3, we developed a numerical scheme that can
handle all such problems.
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Figure 2. Example of rectangular pulse function and HVLR function. (A) Rectangular pulse as initial condition (t = 0) with unitary height
(Co =1 mM), L =0.008 m, and center in x = 0. (B) HVLR(x,t) function with following parameters: Co = 1 mM, L = 0.008 m, vo =1 x 1074
m/s, =1 x 1072 m?/s, Vmax = 3 x 105 m/s, t = 250 s. Peak center (vy1) at 0.025 m.

3 Discussion

We implemented the model of electromigration based on the
Taylor expansion of governing equations where we consider
only the constant and the first nonlinear term of electromi-
gration and the constant term of diffusion into the program
PeakMaster 5.3. Its user interface is located in the “Ampli-
tude and Shapes” window [14]. Here, the user defines the
sample composition and then click on the “Process” button,
which calculates various properties of all zones: linear mo-
bilities, composition (i.e., amplitudes, which represent the
response for the indirect detection), conductivity response,
linear pH disturbance, and the electromigration mobility
upmp = Vemp/Epge, which gives us information about the
electromigration dispersion of the zone.

The best way how to test the validity of the model is by
means of simulation by Simul 5, which contains the identical
model without any approximations [8]. In this paper, we will
show such comparison and discuss basic features of the non-
linear model. In the second separate part of the paper [20], we
will present verification of PeakMaster 5.3 by experimental
data. For the comparison with Simul 5, we utilize a system
with the BGE containing 10 mM imidazole and 20 mM acetic
acid and the sample composed of 10 mM imidazole and 26
mM acetic acid. The experimental electropherograms of the
indirect UV detection at 214 nm were published in Ref. [14]—
see Fig. 1, plot “Sample 6.” The experimental conditions were
as follows: the total capillary length of 0.726 m, the length to
the UV detector of 0.641 m, applied voltage —30 000 V, and the
mobility of the EOF was approximately —39 x 10~ m?V~!s~!
(the negative mobility of the EOF is due to coating the capil-
lary with Polybrene). The system has two system zones—one
with almost zero mobility and one with mobility around 1.4
x 107 m?V~1s71, For simulation purposes, it is sufficient to
simulate only 50 mm of the capillary because system mobil-
ities are small compared to the EOF and the EOF itself can
be emulated by moving the detector with the mobility of the
EOF, which is a useful feature that is enabled in Simul 5. The
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sample zone width is 1 mm and its diffused edge width is set
t0 0.025 mm to obtain a rather sharp initial rectangular shape.
The voltage is set 0.050/0.726 x 30 000 V = 2066 V to have
the same intensity of the electric field as in the experiment.
The sample center is at 40 mm and the detector is initially
located at 681 mm, which is outside the simulated area. The
number of nodes is set to 10 000. When opening the file
“Imidazole+Acetate INITIAL.sna” in Simul 5, all the input
parameters are set automatically. This file together with all
other supplementary files for Simul 5 and PeakMaster 5.3 can
by downloaded from our web page www.natur.cuni.cz/gas.
Approximately after 390 s of simulation time the detector en-
ters the simulated area and within next 30 s the whole area is
recorded by the detector. The final simulation is captured in
“Imidazole+Acetate 420s.sna” file. The detector record can
be displayed by clicking on Sim/Det button in Simul. Calcu-
lation procedure in PeakMaster 5.3 is as follows. In the main
window the following parameters should be entered: BGE,
Run Parameters, Signal to Indirect UV—Imidazole, range
of the x-axis, and switching off the Ionic strength correction
mode. In the Amplitude and Shapes window, following pa-
rameters should be entered: the sample composition, set the
sample width (L) of 1 mm. Also, the PeakMaster’s configura-
tion file “Imidazole+Acetate.pmd,” which sets all the input
data used in the example, can be downloaded from our web
page. When pressing the Process button, all parameters are
calculated and the plot is drawn.

Experimental UV electropherogram is proportional to the
concentration profile of imidazole, which is the UV-absorbing
compound in the system, therefore, we used the imidazole
profile in Fig. 3 for the calculated and simulated plots. Two
blue dotted vertical lines represent the position of system
peaks calculated from their linear mobilities. This type of de-
picting system zones is used in the main window of PeakMas-
ter 5.3—the system peaks are depicted by vertical lines. The
black solid curve is generated by the new nonlinear model of
electromigration in PeakMaster 5.3 and the red dashed curve
is the simulation in Simul 5 (detector profile). The system
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Figure 3. Comparison of PeakMaster 5.3 cal-
culation and Simul 5 simulation of the back-
ground electrolytes composed of 10 mM im-
idazole and 20 mM acetic acid. Blue dot-
ted vertical lines as shown by PeakMaster
5.2 graph in main window symbolize posi-
tions of system peaks based on their linear
mobility; black solid curve is calculated by
nonlinear model of electromigration in Peak-
Master 5.3 (in Amplitudes and Shapes win-
dow); red dashed curve is simulated in Simul
5 (displayed as detector profile). All curves
are profiles of imidazole concentration. Both
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peak on the left is practically stationary and both Simul 5 and
PeakMaster 5.3 results are practically identical for this peak.
The second system peak on the right slowly migrates with
cationic mobility of 1.4 x 107 m?V~!s~! and its ugyp is 0.78
x 107 m?V~1s~1. Here, the PeakMaster 5.3 and Simul 5 pro-
files slightly differ. It is the expected consequence of the sim-
plification in the nonlinear model of PeakMaster 5.3, which
uses only the first nonlinear term expressed by matrices Mj x
in Eq. (12). But clearly, the accordance is fully sufficient for
basic inspection of the shapes of the system peaks. Also, the
correspondence of the calculated imidazole profile in Fig. 3
with the experimental curve in Ref. [14] (Fig. 1, Sample 6) is
very good.

The system we have chosen is also a good example for
discussion what quantity should be used for representation
of the electromigration dispersion. The usual practice is to
divide the nonlinear parameter by the linear velocity, as is
donein Eq. (35) for the parameter a3 = —Vemp /o = —Ugmp /No-
Parameters a3 for both system peaks in Fig. 3 are 0.59 and
0.56 for the left and right one, respectively. Obviously, the a;
overestimates electromigration dispersion of slow zones as
they are almost the same but the impact of the nonlinearity
is completely different—the left one is symmetrical and the
right one is strongly triangulating peak. For more precise
assessment of the nonlinearity, we can utilize parameter s
from Eq. (30), {/Epge = —urmp/28, which considers also
differences in diffusion coefficients. Parameters {i/Epcg for
both system peaks in Fig. 3 are —5 x 1077 V! and —0.33
V! for the left and right one, respectively. Obviously, Us/Epcp
clearly predicts the difference in triangulation of both system
peaks. It is also worth noting the position of the blue dotted
vertical line in Fig. 3 for the right system peak. It marks
the position where the peak maximum should be if there
were no electromigration dispersion. Therefore, the fitting by
nonlinear peak functions is a recommended approach how
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1 calculation and simulation were performed
without application of ionic strength correc-
tion. Calculation and simulation condition
are in the text.

to determine the proper position of the peak instead of using
the peak maximum. As noted earlier for the HVL function,
such position is given by the parameter a;.

4 Concluding remarks

Occurrence of system peaks is an inevitable phenomenon
in electrophoresis and chromatography separations. The sys-
tem peaks can be utilized as a source of information about the
system but on the other hand they can negatively influence
the separation. PeakMaster 5.3 is a tool for characterization
of electrophoretic systems for capillary zone electrophoresis
(CZE) separations and it is able to calculate many important
parameters of the BGEs and separated analytes. In the ver-
sion we have presented in this paper, it is now possible not
only to calculate positions but also amplitudes and shapes
of the system peaks for a given composition of the BGE
and sample and a given experimental configuration. We have
demonstrated on an example that the comparison of the Peak-
Master 5.3 calculation with the simulation in Simul 5 and with
the experiment is very good. It must be noticed, however, that
there exist highly nonlinear nonconservation systems, such
as the oxalic buffer system described in Ref. [12], where the
simplified model is not able to describe all features of their
behavior. However, such systems are rare, have low buffering
capacity, and cannot be used in practice as BGEs.
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Research Article

A nonlinear electrophoretic model for
PeakMaster: ll. Experimental verification

We introduce a computer implementation of the mathematical model of capillary zone
electrophoresis described in the previous paper in this issue (Hruska et al., Electrophoresis
2012, 33), the program PeakMaster 5.3. The computer model calculates eigenmobilities,
which are the eigenvalues of the Jacobian matrix of the electromigration system, and which
are responsible for the presence of system eigenzones (system zones, system peaks). The
model also calculates parameters of the background electrolyte: pH, conductivity, buffer
capacity, ionic strength, etc., and parameters of the separated analytes: effective mobility,
transfer ratio, molar conductivity detection response, and relative velocity slope. In addition
to what was possible in the previous versions of PeakMaster, Version 5.3 can predict the
shapes of the system peaks even for a complex injected sample profile, such as a rectangular
plug. PeakMaster 5.3 can replace numerical simulation in many practically important
configurations and the results are obtained in a very short time (within seconds). We
demonstrate that the results obtained in real experiments agree well with those calculated

by PeakMaster 5.3.

Keywords:

Eigenmobility / Electromigration dispersion / Simulation / System peak

1 Introduction

The nonlinearity of the equations that describe the electromi-
gration of ions or charged particles in solutions causes a prob-
lem as it is almost impossible to find an analytical solution
(in a closed form) for the equations [1]. Instead, a numerical
solution can be used to obtain information about the behav-
ior of the system: several simulation programs are available,
such as GENTRANS [2, 3], SIMULS [4], or SPRESSO [5] that
do so. Unfortunately, numerical simulation yields the results
only in a numerical or graphical form, so it cannot be used to
formulate general laws of broader validity. In our earlier pa-
per [6] we showed that the specific experimental setup of zone
electrophoresis allows easy linearization of the laws that de-
scribe the electromigration process. The separation channel
is filled with a relatively concentrated background electrolyte
(BGE) and the sample is introduced into a specific point of
the channel with a relatively small amount (concentration), so
the concentration of the BGE and its conductivity remain al-
most unchanged, even in the analyte zones. This enables the
linearization of the equations and the formulation of the Jaco-
bian matrix leading to the solution in a particular point—in
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the point of the BGE. The eigenvalues of the Jacobian ma-
trix correspond to characteristic velocities in the equations
(which we call eigenmobilities), and which are the mobili-
ties of both the analytes and the system zones. Further, the
spectral decomposition of the Jacobian matrix implemented
in PeakMaster 5.2 enables the calculation of the amplitudes
of the system eigenzones [6,7] when the composition of the
injected sample is known. The linear model is, of course,
only an approximation of the original nonlinear equations
and does not allow the description of some of the features of
electromigration that are connected with nonlinearity. One
of such feature is the distortion of the system zones due to a
change in the conductivity in the zone. Since for analyte zones
the formula describing their velocity is explicitly known, it is
simple to extend the linear model by the nonlinear velocity
slope, a quantity that permits the estimation of the extent of
electromigration dispersion in the analyte zone. For the cal-
culation of electromigration dispersion in the system zone
such an approach is not possible, because the formula for the
velocity of the system zones is not known in general.

In the first part of the paper [8] we introduced a simpli-
fied nonlinear model of electrophoresis, which is more accu-
rate than the linear model and which is still solvable using
matrix notation. The model is implemented in PeakMaster
5.3. In addition to the capabilities of the previous versions
of PeakMaster, Version 5.3 can determine the peak shapes
of system peaks even for more complex injected sample pro-
files, such as of a rectangular plug. PeakMaster 5.3 then can

Colour Online: See the article online to view Figs.1-5 in colour.
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replace numerical simulation in many practically important
configurations and the results are obtained in much shorter
time (within seconds) than by simulation. The first part of
our paper showed a very good agreement between the results
obtained by PeakMaster Ver. 5.3 and numerical simulation
by means of Simul. In the present second part of the paper

Table 1. Amplitudes of the system peaks in a BGE composed of
12.5 mM TRIS and 10 mM benzoic acid

Perturbation A B C D

15t System peak
changein
concentration
of benzoic acid
(mM)

2" System peak
changein
concentration
of benzoic acid
(mM)

0.569 —0.569 0.275 —0.275

—0.569 0.569 0.725 —0.725
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we demonstrate the agreement between the results obtained
in real experiments and those calculated by PeakMaster 5.3.

2 Materials and methods
2.1 Software

The nonlinear PeakMaster 5.3 is a freeware program available
at our website (http://www.natur.cuni.cz/gas). Itimplements
the simplified nonlinear model of electrophoresis described
in detail in the previous part of the paper [8]. It contains all
the features of the previous versions of PeakMaster [9].

The same input parameters are necessary for the analy-
sis of the system as described in the help file accessible from
the PeakMaster environment. Also, the basic results of the
analysis by PeakMaster 5.3 are obtained in the basic mode
by clicking the “Calculate!” button: the pH of the BGE, the
effective mobilities of analytes, the transfer ratios for predic-
tion of the signal in indirect photometric detection, the molar
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Figure 1. Predicted and experimental electropherograms of system peaks in a BGE composed of 10 mM benzoic acid and 12.5 mM
TRIS. Injected samples are as follows: (A) 10 mM benzoic acid, 13.75 mM TRIS (+10% TRIS); (B) 10 mM benzoic acid, 11.25 mM TRIS
(=10% TRIS); (C) 11 mM benzoic acid, 12.56 mM TRIS (+10% benzoic acid); (D) 9 mM benzoic acid, 12.5 mM TRIS (—10% benzoic acid).
Capillary: Liot = 49.5 cm, Lget = 41.0 cm, id = 50 pum. Injection, 30 mbar x 3 s. Thermostated temperature, 25°C. Voltage, +25 kV. Detection

wavelength, 228 nm.
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Table 2. Amplitudes of the system peaks and electromigration
mobilities in a BGE composed of 7.5 mM TRIS and
10 mM benzoic acid

Perturbation A B C D

CE and CEC 933

The nonlinear features are attainable in the “Amplitudes
and Shapes” window. First, the user inputs the concentration
of all constituents in the injected sample, “c(Sample)”, and
the length of the injected sample “L (mm)”. Then, clicking the
“Process!” button reveals many other parameters of the sys-

19! System peak change in —0461 0461 0370 —0370 tem, including the matrices of amplitudes P 7], the responses
cohdc(tan't\;la)\tlon of benzoic in concentration, conductivity, pH, and the parameter ugyp
ndam m . = vpmp/E, which we call the dispersion mobility and which
2"% System peak change in 0.461 —0.461 0.630 —0.630 . . .
concentration of benzoic is a measure of nonlinearity. The shapes of all peaks, as they
acid (mM) appear in various modes of detection, can be displayed by
15t System peak ugvp —0935 0935 0749 —0.749 clicking the “Show/Hide Graph” button.
(1079 m2v-Ts7")
2" System peak uemp 0.000 —0.000 0.000 — 0.000
(10~8 m2v—1s—1) 2.2 Chemicals and instrumentation

conductivity detection response for prediction of the signal
in conductivity detection, the relative velocity slope which is
a measure of the tendency of the analyte to undergo electro-
migration dispersion, and the system eigenmobilities.

Chemicals were of analytical reagent grade. Benzoic acid
(p-a.) and phthalic acid (p.a.) were purchased from Fluka
(Switzerland), tris(hydroxymethyl)aminomethane (TRIS,
>99.9%) was obtained from Sigma-Aldrich (Germany),
and a 0.1 M solution of NaOH from Agilent Technologies
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Figure 2. Predicted and experimental electropherograms of system peaks in a BGE composed of 10 mM benzoic acid and 7.5 mM TRIS.
Injected samples are as follows: (A) 10 mM benzoic acid, 8.25 mM TRIS (+10% TRIS); (B) 10 mM benzoic acid, 6.75 mM TRIS (-10% TRIS);
(C) 11 mM benzoic acid, 7.5 mM TRIS (+10% benzoic acid); (D) 9 mM benzoic acid, 7.5 mM TRIS (—10% benzoic acid). Capillary: Lyt =
49.5 cm, Lget = 41.0 cm, id = 50 um. Injection, 30 mbar x 3 s. Thermostated temperature, 25°C. Voltage, +25 kV. Detection wavelength,
228 nm.
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Table 3. Amplitudes of the system peaks and electromigration
mobilities in a BGE composed of 10 mM TRIS and 5 mM
phthalic acid

Perturbation A B C D

15t System peak change in 0.361 —0.361
concentration of phthalic
acid (mM)

2"d System peak change in —0361  0.361
concentration of phthalic
acid (mM)

15t System peak ugmp —0.000 0.000 —0.000 0.000
(10~ m2v—"s7")

2" System peak ugmp
(10 m?v-"s~")

0.138 —0.138

0.362 —0.362

23.866 — 23.866 — 23.890 23.890

(Germany). Water was deionized by the Ultrapur system
(Watrex, Czech Republic). pH was measured by means of the
PHM 240 instrument (Radiometer, Denmark). All solutions
were filtered with a syringe filter, pore size 0.45 pm.
Experiments were performed using the HP*PCE capillary
electrophoresis system operated with the ChemStation
software (Agilent Technologies). Detection was performed
with the photometric diode-array detector (DAD) at various
detection wavelengths (214, 228, or 230 nm). The driving
voltage was 25 kV (cathode was at the detector side). Fused
silica capillaries of 50 wm inside diameter (id) and 375
pm outside diameter (od) were provided by Polymicro
Technologies (Phoenix, AZ, USA). The total capillary length
(Liot) was 49.5 cm, the length to the DAD detector (Lget) Was
41 cm. A new capillary was preconditioned by rinsing it
with deionized water (10 min), 0.1 M NaOH (10 min), and
again with deionized water (10 min). Prior to each run, the
capillary was flushed with the actual BGE solution for 5 min.
The capillary was thermostated at 25°C.

3 Results and discussions

We compared the electropherograms predicted by PeakMas-
ter 5.3 with the experimental electropherograms for several
systems. In all cases the BGE was a binary buffer composed
of two constituents: Constituent 1 was TRIS, Constituent 2
was either benzoic acid or phthalic acid. Constituent 2 is UV
absorbing in order to get a UV signal for the BGE in the
DAD. The samples we injected had the same constituents as
the BGE but at different concentrations in order to excite, in a
controlled way, the system peaks either with positive or neg-
ative amplitudes. Four injected sample solutions were made
by perturbing the BGE as follows: (A) +10% of Constituent
1, (B) —10% of Constituent 1, (C) +10% of Constituent 2,
(D) —10% of Constituent 2. For all four perturbations Peak-
Master 5.3 yields all electromigration parameters of the BGE
but we will concentrate on the positions and shapes of the sys-
tem peaks, which are the new features in the nonlinear Peak-
Master. At the same time, we performed the corresponding
experiments on the HP3PCE capillary electrophoresis sys-
tem and recorded the electropherograms. Both the electro-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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pherograms predicted by PeakMaster 5.3 and the experimen-
tal ones are shown together in the figures to facilitate easy
comparison. The installation file of PeakMaster 5.3 on our
website (http://www.natur.cuni.cz/gas) includes the config-
uration files for an easy setup of the simulations, described
below, that can be opened in the PeakMaster environment.

3.1 The system of TRIS and benzoic acid at
neutral pH

The BGE composed of 12.5 mM TRIS and 10 mM benzoic
acid has a pH of about 7.5, so its buffering ability is achieved
due to the partial protonation of TRIS, the pKa of which is
8.076. As both constituents are univalent electrolytes and
the pH is almost neutral, both system eigenmobilities are
close to zero, 0.000 x 1072 m?V~'s™!, and —0.032 x 10~°
m?V~1s71. If we excite both system peaks in one direction,
either positive or negative, one would expect at first glance
that they should merge together due to their vicinity and
form one duplicated peak. However, both system peaks differ
somewhat and if we excite one system peak in the positive
direction and the second one in the negative direction, the
resulting peak may have a zigzag shape. This was confirmed
both by the experiments and PeakMaster’s predictions. As
Constituent 2, benzoic acid, is the UV absorbing constituent,
the change of the concentration of benzoic acid in the system
peaks determines the resulting amplitude and peak shape.
The change in the concentration of benzoic acid in both
system peaks, as calculated by PeakMaster 5.3, is given in
Table 1. For perturbations (A) and (B), the system peaks have
an opposite polarity, which results in a zigzag peak, while
for the perturbations (C) and (D) both system peaks have the
same polarity, either positive or negative, respectively. Figure
1 shows a direct comparison of PeakMaster’s predictions and
the experimental records proving that the predicted shape of
the system peak reflects reality very well.

3.2 The system of TRIS and benzoic acid at acidic pH

The BGE is composed of 7.5 mM TRIS and 10 mM benzoic
acid. Compared to the previous BGE, the concentration of
TRIS is less than the concentration of benzoic acid and the
pH is about 4.6. The buffering ability of the BGE is due to the
partial dissociation of benzoic acid, whose pKa is 4.203. The
pH is rather acidic which means that one of the system zones
will have a relatively high cationic mobility (it will behave as
cation). According PeakMaster 5.3, the system eigenmobili-
tiesare 4.415 x 107° m*V~'s™ " and —0.000 x 10~ m?V~'s~.
If we excite the system peaks by the same perturbations as
in the previous system, the system peaks should behave basi-
cally in an analogous pattern. The difference here is that the
system peaks will be sufficiently apart and can be observed
separately. What is interesting to inspect in this system is the
shape of the system peaks and to judge whether the nonlinear
feature included in PeakMaster 5.3 allows the prediction of
not only the amplitude, but also the correct shape (or electro-
migration dispersion) of the system peaks. As stated in Part

www.electrophoresis-journal.com
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peaks in a BGE composed of 5 mM phthalic acid and 10 mM TRIS.

Injected samples are as follows: (A) 5 mM phthalic acid, 11.256 mM TRIS (+10% TRIS); (B) 5 mM phthalic acid, 9 mM TRIS (-10% TRIS);
(C) 5.5 mM phthalic acid, 10 mM TRIS (+10% phthalic acid); (D) 4.5 mM phthalic acid, 10 mM TRIS (—10% phthalic acid). Capillary: Liot =
49.5 cm, Lget = 41.0 cm, id = 50 um. Injection, 30 mbar x 3 s. Thermostated temperature, 25°C. Voltage, +25 kV. Detection wavelength,

214 nm.

I of this paper, the quantity responsible for electromigration
dispersion of peaks is the dispersion mobility, ugmp, which
is the difference between the mobility at the apex of the peak
and the mobility at the base of the peak at the beginning
of electromigration, before electromigration dispersion will
lower the original amplitude of the peak. Both the change in
the concentration of benzoic acid, which is a measure of the
amplitude of the system peak in the DAD, and ugyp, which
provides information about the extent of electromigration
dispersion, are given in Table 2. A negative sign of upyp im-
plies a fronting peak, a positive sign means a tailing peak. All
records of the corresponding simulations and experiments
shown in Fig. 2 confirm what is predicted above, especially as
regards the positions and triangulation of the system peaks.

3.3 The system of TRIS and phthalic acid with low
buffer capacity

The BGE composed of 10 mM TRIS and 5 mM phthalic acid
has, intentionally, a low buffer capacity. Phthalic acid here

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

is predominantly in the double negative anionic form and
TRIS in the single positive cationic form. Such buffer is, in
fact, unsuitable for use as a BGE and provides a relatively fast
system zone that moves toward the anode. The two system
eigenmobilities are 0.001 x 10~° m?V~!s™! and —12.122 x
107 m?V~1s7. The system peaks are excited the same way
as in the previous systems with benzoic acid, that is, by per-
turbation of the concentrations of TRIS and phthalic acid in
the injected sample. The resulting parameters of the system
peaks are given in Table 3.

Obviously, for the second system peak, upyp has a very
high absolute value, 23.866 x 10~ m?V~'s™!, and, depend-
ing on the excitation, it is either positive or negative. This
value is even higher than the eigenmobility itself. The veloc-
ity of the system zone at points where the concentration is
high considerably differs from the velocity at points where
the concentration is small. This pushes the crest of the peak
to overtake the base of the peak, like a sea wave. Of course,
such a breaking wave cannot occur in electrophoresis, be-
cause the diffusive flux becomes high in the spots of high
concentration gradient and prevents formation of a breaking

www.electrophoresis-journal.com
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wave, but it causes a strong triangulation and the triangle will
have a sharp edge. Comparison of the simulations and the
experiments is shown in Fig. 3. Although the predicted po-
sitions of the system peaks do not fit the experimental ones
perfectly (probably due to incorrect input data for phthalic
acid), the polarity and shapes of the system peaks are in a
good agreement.

3.4 The system of TRIS and benzoic acid with
embedded system peaks

This is a rather unusual system, as both peaks have very
different shapes and are embedded. It is formed by 15 mM
TRIS and 15 mM benzoic acid so, in fact, it is a solution of a
salt of a weak acid and a weak base. Such a system has a low
buffering capacity and its pH of 6.141 is approximately the
average of the pKa of benzoic acid, 4.203, and of protonated
TRIS, 8.076. The eigenmobilities of the system are 0.889 x
1072 m2V-1s7! and —0.000 x 10~? m?V~'s!, so both are
close to zero. The corresponding amplitudes and dispersion
mobilities, ugmp, are given in Table 4.

The first system peak with a positive eigenmobility of
0.889 x 1072 m?V~1s~! moves as a cation and has a high neg-
ative dispersion mobility, —6.046 x 10~ m*V~'s~!, which
means that it will be strongly fronting. The fronting is so
excessive that it is able to overlap the second system peak,
which in fact does not move from its originally injected po-
sition, so finally both system peaks are embedded together.
This may seem like a theoretical construction, but the ex-
periment proves that in reality the peaks look almost ex-
actly as predicted (Fig. 4). The figure also shows the result-
ing electropherogram as generated by the previous versions
of PeakMaster. Here the shapes of the system peaks are
not drawn, only their positions are depicted as two vertical
lines.

3.5 The system of benzoic acid and TRIS at acidic pH
with a long plug of injected sample

The system is the same as in Part 3.2, that is, it is a buffered
system composed of 7.5 mM TRIS and 10 mM benzoic acid.
Here we have checked whether the Haarhoff-van der Linde-
like function based on initial rectangular pulse disturbance

Table 4. Amplitudes of the system peaks and electromigration
mobilities in a BGE composed of 156 mM TRIS and
15 mM benzoic acid

Perturbation A

15t System peak change in concentration of benzoic —0.999
acid (mM)

2" System peak change in concentration of benzoic 0.999
acid (mM)

15t System peak ugyp (1073 m2V—"1s~1) — 6.046

2" System peak ugyp (1073 m2V—1s~7) 0.000

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Predicted and experimental electropherograms of sys-
tem peaks in a BGE composed of 15 mM benzoic acid and 15 mM
TRIS. Injected sample are as follows: 15 mM benzoic acid, 177 mM
TRIS. Capillary: Lyt = 49.5 cm, Lget = 41.0 cm, id = 50 pm. In-
jection, 30 mbar x 3 s. Thermostated temperature, 25°C. Voltage,
+25 kV. Detection wavelength, 228 nm.

(HVLR) [8], which is implemented in PeakMaster 5.3, is able
to predict correctly the shapes of the system peaks if a suffi-
ciently long plug of the sample is injected. If the injected sam-
ple plug is sufficiently long, the resulting peak is no longer
Gaussian or triangular in shape, rather it is flat having edges
of different steepnesses. The injected sample, 10 mM ben-
zoic acid, 8.25 mM TRIS, had a type (A) perturbation, that is,
+10% of TRIS. Injection was done by applying a pressure
of 50 mbar for 13 s which, according to Poisseuille’s equa-
tion, pumped a 10.1 mm long plug into the capillary. The
plug is intentionally much longer than is usual in zone elec-
trophoresis, just to verify the ability of the HVLR function
to depict the shapes of long plugs. The length of 10.1 mm
has to be inserted in the Amplitudes and Shapes window in
PeakMaster 5.3 as L (mm). The resulting predicted shape, to-
gether with the experimental electropherogram, is shown in
Fig. 5. The first negative system peak has a nonsymmetrical
trapezoidal shape with a fronting front edge, while the tailing
edge is much steeper. This is due to ugup, which is —0.935
x 1072 m?V~1s7! for this peak, see Table 2. The second peak
is also trapezoidal, but symmetrical. It does not move and its
trapezoidal shape is due to diffusion only, as ugmp is almost
zero.

4 Concluding remarks

The Simul 5 software we developed in our laboratory and
other dynamical simulation programs are powerful numer-
ical tools for the inspection of the behavior of electromigra-
tion systems in general, regardless of the operation mode,
be it zone electrophoresis, isotachophoresis, or any other
distribution of electrolytes in the separation channel. The
price of this achievement, however, is computation time,
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Figure 5. Predicted and experimental electropherograms of long
system peaks in a BGE composed of 10 mM benzoic acid and
7.5 mM TRIS. Injected sample are as follows: 10 mM benzoic
acid, 8.25 mM TRIS (+10% TRIS). Capillary: Lt = 49.5 cm,
Lget = 41.0 cm, id = 50 wm. Injection, 50 mbar x 13 s. Ther
mostated temperature, 25°C. Voltage, +25 kV. Detection wave-
length, 230 nm.

which can be in some cases days or even weeks. Of all
the possible operation modes, zone electrophoresis offers an
easy way to simplify the governing equations and to find
their solution. Such simplified, though sufficiently accurate
equations are implemented in the PeakMaster software se-
ries, which can yield information, in seconds, about many
of the features of electrophoresis separations. This helps
method development in capillary zone electrophoresis and
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can significantly reduce the expense and time of experimental
work.
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4.2 Systémové piky v komplexujicich systémech

Pfitomnost komplexujiciho Ccinidla v zakladnim elektrolytu muZe nabidnout
analytim dodatecné interakce, které pak mohou zvysit selektivitu daného separacniho
systému. Nabitd komplexacni Cinidla mohou prostiednictvim interakce s neutralnimi
analyty tyto analyty ,,mobilizovat” a rozsifuji tak pouzitelnost kapilarni elektroforézy i
pro nenabité latky. Pokud je pouzitym komplexacnim cinidlem chiralni selektor, pak
mUze dochazet k enantioseparaci chirdlnich analytd. Komplexujici ¢inidla maji tedy jako
aditiva do zakladniho elektrolytu Siroké vyuziti. Zatimco vliv komplexace na chovani
analyt( v takovych systémech je pomérné dobie popsan, zejména v oblasti chiralnich
separaci, uceleny popis a mozné dusledky komplexace slozky zakladniho elektrolytu

s pfitomnym komplexacnim cinidlem zcela chybi.

Cilem Publikaci 4 a 5 bylo zacelit tento nedostatek. Nejprve jsme se zaméfili
obecné na roztoky pufrli. Teoreticky i experimentalné jsme vysetfili pfipadné zmény
jejich zakladnich vlastnosti v dusledku komplexace pufrujici slozky s neutrdlnim
komplexacnim cinidlem. Velkou pozornost jsme vénovali predevsim zménam pH.
Kompletni teoreticky popis pufracnich systém, kde probiha kromé disociace pufrujici
slozky (slaby elektrolyt) soucasné i komplexace s pfitomnym neutrdlni komplexacnim
Cinidlem (situace zndzornéna na Obrazku 3) neni mozné fesit analyticky. K vypoctiim
presnych hodnot zakladnich vlastnosti komplexujicich pufri je moZné wvyuzZit

numerického simulatoru Simul 5 Complex [52], ktery zahrnuje komplexaéni model.

KHA
HA+H,0 = H30"+A
+ +
C C
Kyan {1 1 Kxac
HAC+H,0 = H30"+AC
KHAC

Obrazek 3 Schéma soucasné probihajici disociacni a komplexacni rovnovdhy slabého
elektrolytu HA s neutrdInim komplexacnim cCinidlem C, Kya. a Kxa, jsou komplexacni konstanty
nabité a nenabité formy HA, Kys a Kuac jsou disociacni konstanty HA a prislusného komplexu
HAC
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Pro ziskani predstavy o obecné platnych pravidlech zmén pH v komplexujicich
systémech jsme odvodili zjednodusené vztahy pro vypocet koncentrace oxoniovych
iontl. Z odvozenych vztah( platnych vidy pro dany typ pufru (kysely nebo bazicky,
s vysokym nebo nizkym pH) vyplyvd, Ze pomér komplexacnich konstant nabité a
nenabité formy pufrujici slozky s komplexacnim cinidlem jednoznac¢né urcuje, zda bude
pH daného pufru nizsi nebo vyssi nez pH pavodniho pufrujiciho roztoku bez pridavku

komplexujiciho cinidla.

Na dvou modelovych systémech jsme ovéfili platnost téchto predpokladd.
Vysetfovany byly pufry sestavené (i) z kyseliny benzoové a hydroxidu lithného a (ii)
kyseliny N-cyklohexyl-2-aminoethansulfonové (CHES) a hydroxidu lithného. Z méreni
zmén pH pufru po pfidani neutrdiniho B-cyklodextrinu (B-CD) vyplyva, Ze nenabita
forma kyseliny benzoové interaguje s B-CD silnéji nez nabita. U CHESu je tomu

naopak*. Vysledky téchto zavéru prehledné ilustruje Obrazek 4.

Kyselina benzoova CHES
Kyac < Kxan Kyac > Kxan
T

S=0
O O NHE / I 0]
2 0 |

HO 0] _/—s:o

\f | XX /NH |

Obrdzek 4 Ilustrace informaci ziskanych o modelovych komplexech (kyselina benzoovd - /-CD a
CHES - [-CD) promérenim zmén pH pufri pfed a po pridavku S-CD.

Tyto zdvéry jsou v souladu literdrnimi udaji i s vSeobecnym predpokladem, Ze s

hydrofobni kavitou cyklodextrin(i budou silnéji interagovat hydrofobni molekuly nebo

* Nenabitou formou latky se rozumi stav, kdy je celkovy ndboj molekuly nulovy. V pfipadé CHESu je to
tedy stav, kdy je protonizovdna aminoskupina a zaroven disociovana sulfonova skupina.
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jejich C¢asti resp. nedisociované analyty. Tyto predpoklady a vysledky vyplyvajici z
méreni pH byly ovéfeny také NMR mérenim difuznich koeficientd nabitych a

nenabitych forem obou latek v prostfedi bez 3-CD a s B-CD.

Prakticky dopad komplexace slozek zakladniho elektrolytu na elektroforetické
vysledky je podrobné popsan v druhé ¢asti dvoudilné série ¢lankd (Publikace 4 a 5).
Z vysledki je zfejmé, Ze stanovovani komplexacnich konstant pomoci afinitni kapildrni
elektroforézy je nezbytné provadét v pufrech, které s pritomnym komplexacnim
Cinidlem neinteraguji. Ukazali jsme, Ze pfipadnd (nechténa, skrytd) interakce slozky
BGE a komplexacniho ¢inidla ma zasadni dopad na stanované hodnoty komplexacnich
konstant a tuto hodnotu zavazné zkresluje. Pfitomnost komplexacniho Cinidla (tfeba za
Ucelem chirdlini separace) mize také vyrazné sniZit rozliSeni separace danych analyt(.
Tato skutecnost byla demonstrovana na sadé aminokyselin, které jsou v pufru bez
pfidavku komplexujiciho cinidla dobfe separovany (Obrazek 5A). Po pridavku
komplexujiciho cinidla dojde k vyraznému zhorseni separace kvili neocekavané zméné

pH zplsobené komplexaci slozky BGE s komplexacnim cinidlem (Obrdazek 5B).

A)
Gly
Ser
Asn
Leu Giln
©
S
‘» T T T T 1
= 35 4,0 45 5,0 55
g |B Gly
5 Leu/ |
§ | Gin \Ser « Asn
\ ‘ 4‘
|
|
| |
T T \/ T T T T T 1
3,5 4,0 45 5,0 55
t/ min

Obrdzek 5 Separace aminokyselin v CHES/LIOH pufru bez pfitomnosti -CD (A) a ve shodném
pufru s pridavkem B-CD (B)
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Znacnou pozornost jsme vénovali také chovani systémovych pikQ
v komplexujicich systémech. Vznik systémovych pikd, jejich pocet a mobility jsou velmi
dobre popsany linearni teorii elektromigrace. Podle této teorie nezplsobi pridavek
neutrdlni latky do roztoku zakladniho elektrolytu Zadnou zménu v existujicich
systémovych z6nach’. v pripadé komplexace neutralniho cinidla se slozkou BGE vsak
byly pozorovany zmény v poc¢tu a mobilitach systémovych pikl. Tento fakt Ize vysvétlit
vznikem komplexu (v Obrazku 3 komplex HAC), ktery také podléhda acidobazické
rovnovaze a je elektroforetickym systémem vnimdm jako dalsi slozka zakladniho
elektrolytu. ZplGsobuje tak vznik dalSiho systémového piku a ovliviiuje (nékdy i vyrazné)
mobility téch stavajicich. Tyto ,nepfedvidatelné” systémové piky lze pak snadno
zaménit za piky analytd nebo mohou piky analytd prekryvat a znehodnotit.
Elektroforetické vysledky v komplexujicich systémech, vcetné systémovych pikl, je
v soucasné dobé moziné pouze numericky simulovat programem Simul 5 Complex [52].
Vypocitat prfimo mobility systémovych zén zatim moziné neni*. V Publikaci 5 bylo
chovani systémovych pikQ v komplexujicich systémech opét demonstrovdno na
modelovém sytému kyselina benzoovd/LiOH + 3-CD. Prokazali jsme, Ze i maly pridavek
neutralniho komplexacniho cinidla muUZe zasadné ovlivnit pozice jiz existujicich
systémovych pik( (Figure 4A v Publikaci 5). Na rozdil od uvedeného sytému, kde ma
vznikajici systémovy pik velmi nizkou mobilitu, systémovy pik, ktery vznika po pridavku
B-CD do systému CHES/LIOH, ma jiz podstatné vétsi mobilitu (Obrazek 6) a je

pravdépodobné, ze mlze , prekazet” pikiim analyt( v redlnych separacnich systémech.

" Uvazuje se, ze neutralni slozka vyvold piitomnost systémového piku s nulovou mobilitou a nulovou
amplitudou a neovlivni mobility ani amplitudy jiz existujicich systémovych pikd

*V soutasné dobé v nasi skupiné pracujeme na linearizaci modelu, ktery by zahrnoval i komplexa&ni
rovnovahy. Hotovy model, implementovany v programu PeakMaster, pak bude cennym nastrojem pfi
systematickém vysetfovani systémovych pik( v komplexujicich systémech
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bez B-CD ﬂ

Vodivostni signal

u/10°m’s'Vv?

Obrdzek 6 Zména poctu systémovych piki v dusledku komplexace slozky BGE s neutrdini
komplexacnim Cinidlem (f-CD) v CHES/LiOH pufru

Pfitomnost komplexacniho cinidla mizZe vyrazné ovlivnit vlastnosti pufru. Tyto
zmény jsou malokdy ocekavany, zejména v pripadé neutralniho komplexacniho cinidla.
Je-li komplexujici pufr pouzit jako zakladni elektrolyt v kapilarni elektroforéze, muze
zasadné ovlivnit a zkreslit elektroforetické vysledky. Kontrolovani hodnoty pH po
pfidavku komplexaéniho cinidla do BGE muzZe byt jednoduchym testem k odhaleni
nechténé komplexace a spolehlivou prevenci Spatnych interpretaci elektroforetickych

vysledkd.
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ABSTRACT

The complexation of buffer constituents with the complexation agent present in the solution can
very significantly influence the buffer properties, such as pH, ionic strength or conductivity.
These parameters are often crucial for selection of the separation conditions in capillary
electrophoresis or HPLC and can significantly affect results of separation, particularly for
capillary electrophoresis as shown in Part II of this papers series. In this paper the impact of
complexation of buffer constituents with a neutral complexation agent is demonstrated
theoretically as well as experimentally for the model buffer system composed of benzoic acid/
LiOH or common buffers (e.g. CHES/ LiOH, TAPS/ LiOH, Tricine/ LiOH, MOPS/ LiOH, MES/
LiOH, and acetic acid/ LiOH). Cyclodextrins as common chiral selectors were used as model
complexation agents. We were not only able to demonstrate substantial changes of pH, but also
to predict the general complexation characteristics of selected compounds. Due to the zwitterion
character of the common buffer constituents their charged forms complex stronger with
cyclodextrins than the neutral ones do. This was fully proven by NMR measurements.
Additionally complexation constants of both forms of selected compounds were determined by
NMR and affinity capillary electrophoresis with a very good agreement of obtained values.
These data were advantageously used for the theoretical descriptions of variations in pH,
depending on the composition and concentration of the buffer. Theoretical predictions were

shown to be a useful tool for deriving some general rules and laws for complexing systems.

INTRODUCTION
Guest-host interactions have a significant impact in many biological processes, and they are

also substantial for a number of separation techniques. The additional interaction of an analyte
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can improve results of separation or enable separation of chiral compounds, if a chiral selector is
used as a complexation agent. Simultaneously, this kind of interaction was shown to influence
the physicochemical properties of the complexed compounds, particularly acid-base behavior,
which can result in shifts of its pKa. The pKy shifts for various compounds complexing with
cyclodextrins (CDs)'?, cucurbiturils*® or even micelles or compartmentalized lipids® were
observed by different techniques particularly fluorescence'”, potentiometry®®, induced circular

21012 and NMR®. Such pK, shifts can have a crucial impact on the

dichroism’, electrophoresis
selection of optimum separation conditions, as was shown for chiral separation in capillary
electrophoresis (CE) by Rizzi et al.'* and Hammitzsch-Wiedmann ez al.".

The extent of pK, shift of an analyte depends on the ratio of the complexation constants of
both dissociated and non-dissociated forms of the analyte with a complexation agent. Thus, a pH
potentiometric titration of the desired compound was used to determine the complexation

constants by Gelb et al.®"

Nowadays this method has been replaced by more accurate
techniques, such as NMR and electrophoretic techniques. In NMR, concentration of the
complexation agent is varied, while chemical shift, relaxation rates or diffusion coefficients are
most frequently measured as a response.'*'> An advantage of NMR is that it can be used to
estimate the stoichiometry of the resulting complex or to obtain the additional information on the
structure of the complex. In electrophoresis, affinity capillary electrophoresis (ACE) is the most

1920 "in which mobility of an analyte is determined against the concentration of a

common setup
complexation agent added into the background electrolyte (BGE). ACE-like separation is also
frequently used for practical purposes in analytical chemistry. Despite the fact that

electrophoretic separation is a complicated nonlinear process, it is very well described

theoretically and it generally results in being the common physicochemical property of the buffer
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(i.e. BGE) that determines the separation efficiency in CE. Some computer programs exist that
enable to predict the parameters of the used BGE and/or simulate the separation process. Out of
these, Simul*'?* and PeakMaster™ " have been developed in our laboratory and their latest
versions were designed to account for complexation in CE.

Clearly, the complexation of the analyte and complexation agent is widely studied. On the
other hand, other consequences, such as the impact of the complexation of buffer constituents on

the properties of the buffer, are discussed only rarely and in special cases.**

In the present
study, we show, both theoretically and experimentally, that an addition of any (even neutral)
complexation agent into a BGE might significantly influence buffer properties, e.g., pH, ionic
strength or conductivity. We simultaneously demonstrate that changes in pH can reveal some
fundamental characteristics of complexation. For example it follows that complexation of
common buffer constituents such as CHES, MES, MOPS with common neutral CDs is much
stronger if they are present in the charged form than in the neutral one. These findings are in
direct consequence with the zwitterion character of these compounds and are additionally proved
by independent NMR measurements. The obtained complexation characteristics were used as
input data for Simul 5 Complex software to calculate and demonstrate the fundamental buffer
properties in the dependence on the concentration of the neutral complexation agent (p-
cyclodextrin) complexing with present buffer constituents. Practical impacts of this study, such

as a shift of complexation constant, system peaks occurrences or even deterioration of

separation, are consequently discussed in Part II of this series of papers.*

THEORY

ACS Paragon Plus Environment
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If a weak electrolyte forms the complex with a neutral complexation agent, simultaneous
dissociation and complexation equilibria have to be considered, as shown, e.g., for weak acid HA

in Scheme 1.

OCOoO~NOOUOTAWN -

11 Scheme 1. Reaction scheme for simultaneous dissociation and complexation of a complexation
13 agent and a weak electrolyte compound. C and HA represent the complexation agent and the

15 weak electrolyte, respectively.

19 Ky

21 HA + H,0 = H0'+ A
24 * *
26 C C

gg KXAn

I M Ky,.
31 HAC+ H,0 = H;0" +AC

33
34 KHAC

37 Each equilibrium is characterized by its individual complexation constant (Kxan, Kxac for the
neutral or the charged form of the analyte, respectively) or dissociation constant (Kpa, Knac)

43 « _ [HAC]

44 0 = THATIC] (1)

47 _ [ACT]
48 NS

@

51 _[H,0][AT]

52 HA [HA] )

[H,0"][AC] Ky
=== . —AAC 4
56 HAC [H A C] HA KXA“ ( )
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where [ ] stands for the equilibrium concentration of individual compounds. We use
concentrations rather than activities and thus apparent rather than true thermodynamic
equilibrium constants for simplicity without a loss of validity of the theory. However, the
resulting values of apparent complexation constants can be corrected for actual ionic strength, as

. . . . 31
shown in our previous publication.

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

cun =[HA]+[A]+[AC ]+ [HAC] (5)

¢ =[c)+[aC |+ [HA] (©)

The complete set of these equations together with the electroneutrality condition, conductivity
equation and the expression for ionic product of water (K,,) can be solved numerically using our

simulation tool Simul 5 Complex*>*

with the implemented complexation mode. Simul 5 also
enables to apply ionic strength correction based on the Debye-Hiickel equation with the linear
term. Thus, the precise values of the pH, ionic strength and conductivity can be obtained by the
software.

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

complexation agent is required, so the equilibrium concentration of the complexation agent can

be approximated by its analytical (total) concentration.
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[H,0"]= _(KHA 24 +[B+])+\/(KHA Z, _[B+])z +4- Ky, cyp 2, @)
T 2
[H,0"]=
_ _(KHA '<[B+]_CHA)'ZA _Kw)+\/(KHA '([B+]_CHA)'ZA _Kw)z +4-Ky, - K, '[B+]'ZA ®)
- 2-[B*]
where
I+ Ky, cce
T+ Ky, ©)

and [B"] is the analytical concentration of the strong base utilized for buffer preparation.

Analogous equations can be derived also for other buffer types, see Supporting Information S1.
These equations (eqs 7, 8) are simple enough to make some general conclusions about behavior
of such systems. The illustrative dependence of pH on the concentration of cyclodextrin and the
buffer concentration plotted according to the eq 7 is shown in Supporting Information in Figure

S1-1.

By comparison of these equations with those valid for systems without complexation, one can
see that the complexation introduces the complexation induced pKy shift of the weak acid by the

factor of Z, as shown already by Yoshida et al’ Thus the system behaves as if a weak acid with
its apparent dissociation constant equal to KjY =K,;,Z, was present and the complexation

induced pKa shift can be expressed as ApK,, = pK{l —pK,, = pZ,. Whether the

complexation induced pK 4 shift is negative or positive depends only on the ratio of complexation

constants as resulted from eq 9. We especially emphasize that the dissociation constant of the
weak acid in its complexed form (Ky,c) is not needed to calculate the pZ, value, which is a

consequence of eq 4. In our particular case of a buffer composed of a weak acid or conjugate
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weak acid and a strong base, the acid becomes weaker ( pZ, > 0) as the complexation of the
neutral form of the acid is preferred over the complexation of its charged form (Ky,, > K,.)-

This indeed results in a shift in pH of the buffer, which increases as the neutral form of the weak
acid complexes stronger with the complexation agent than the charged one does and vice versa.
Notice that the complexation induced pK, shift is changing gradually with increasing
complexation agent concentration. At sufficiently high agent concentration (so that
min{KX ae " Cois Kyan -cc} >>1) it effectively reaches its limit when K77 = K, (see eq 4).
Therefore, at a high concentration of the complexation agent the pH converges to a certain
value, which is the function of only the dissociation and complexation constants of weak acid
and the initial concentration of buffer constituents. In other words a different buffer composed of
a fully complexed weak electrolyte constituent with the shifted value of its dissociation constant
(see eq 4) is formed. This indicates that one might estimate some fundamental complexation

characteristics even from the very simple pH measurements.

MATERIALS AND METHODS

Chemicals. All chemicals were of analytical grade purity. Lithium hydroxide monohydrate,
benzoic acid, [Tris(hydroxymethyl)methyl]glycine (Tricine) and acetic acid were purchased from
Fluka (Steinheim, Germany). Formic acid was the product of Lachema (Brno, Czech Republic).
2-(N-morpholino)ethanesulfonic acid (MES), 3-morpholinopropane-1-sulfonic acid (MOPS), N-
cyclohexyl-2-aminoethanesulfonic acid (CHES), 3-[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-
ylJamino]propane-1-sulfonic acid (TAPS), ethanolamine, sodium hydrogenphosphate and
sodium dihydrogenphosphate were obtained from Sigma Aldrich (Steinheim, Germany). Neutral

cyclodextrins (2-hydroxypropyl)-p-cyclodextrin (HP-B-CD) of 0.8 molar substitution and
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average M, = 1460, heptakis(2,6-di-O-methyl)-pB-cyclodextrin (DM-B-CD), B-cyclodextrin (j3-
CD) and native a-CD all from Sigma Aldrich (Steinheim, Germany) were used as complexation
agents. Water for solution preparation was deionised by the Watrex Ultrapur system (Prague,
Czech Republic). Deuterated water (99.8% D) was obtained from Chemotrade, Leipzig,
Germany.

Instrumentation. CE experiments were carried out by using the Agilent HP*’CE capillary
electrophoresis instrument operated by ChemStation software from Agilent Technologies
(Waldbronn, Germany). Detection was performed with the built-in diode array detector (DAD)
and the contactless conductivity detector (CCD) of our construction®”. Uncoated fused silica
capillaries with i.d. of 50 um and o.d. of 375 pm (Polymicro Technologies, Phoenix, AZ, USA)
were utilized for all electrophoretic experiments. CE measurements were performed at
temperature 25°C, samples were injected hydrodynamically at 30 mbar x 3 s. New capillary was
flushed with deionised water for 20 min and conditioned with actual running buffer prior to each
run. All running buffers were filtrated with Minisart syringe filters (Sartorius Stedim Biotech,
Goettingen, Germany), pore size 0.45 pm.

All the 'H NMR data were recorded on Bruker Avance III 600 MHz spectrometer at 25°C
(temperature controlled by the manufacturer system) equipped with the cryogenically cooled TCI
probe. Chemical shift was referenced according to the residual water signal set to the value of
4.700 ppm. The accuracy of the shift values was estimated to £0.001 ppm from repeated
experiments. Measurements of translational diffusion coefficients were performed with the
double stimulated echo experiment with bipolar pulse field gradients described by Jerschow et
al..* This pulse sequence is optimized to suppress flow and convection artifacts as well as eddy

current effects. The use of bipolar gradients removes the possible modulation of the intensity
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decay curves by a chemical exchange occurring between the sites with different chemical
shifts.** The gradients were 1 ms long with 16 different linearly spaced amplitudes spanning the
range 1-59 G cm’', the diffusion time was 0.8 s, and 16 scans were acquired to complete the
phase cycle. The calibration was done using a standard sample of 1% H,O in D,O (doped with
GdCls) for which the value of the HDO diffusion coefficient at 25°C is 1.9x10”° m*s™.>> All data
processing and fitting of the diffusion coefficients has been done using the spectrometer software
(Topspin 2.1, Bruker) with the precision of the results estimated to 2%.

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

CE measurements. A model buffer system was composed of benzoic acid (24 mM) as a weak
electrolyte and lithium hydroxide (9.9 mM) as a corresponding strong base, pH 4.01. The

complexation parameters of benzoic acid with B-CD were determined using ACE method. The
complexation constant of the dissociated (charged) form, K,., of benzoic acid was determined

in the buffer at pH where it is fully dissociated, i.e., Tricine/ LiOH buffer (19.41 mM/ 10 mM),
pH = 8.13. The complexation constant of the non-dissociated (neutral) form of benzoic acid,
K, was determined in acetic acid/ LiOH buffer (61 mM/ 9.9 mM), pH = 3.98. Ionic strength
(IS) was always 10 mM. B-CD was dissolved directly in the running buffer, concentration range
0 to 10 mM. The corresponding sets of ACE measurements were performed also for CHES and
Tricine compounds complexing with B-CD. The complexation constants of the charged form of
CHES and Tricine were determined at pH where these compounds have deprotonized their
amino groups and fully dissociated acidic groups, in Tricine/ LiOH buffer (4.0 mM/ 8.0 mM),

pH =11.57, IS = 7.96 mM, and acetic/ LiOH buffer (4.0 mM/ 8.0 mM), pH = 11.42, IS = 7.96
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mM, respectively. The complexation constant of the neutral (zwitterionic) forms, K., were

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

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

Measurements of pH. All pH measurements were carried out using a combined pH electrode
at ambient temperature (24 — 25°C). The pH measurements of buffers with and without
complexation agents were conducted in short time intervals to eliminate changes of temperature
or other external effects. CDs were always dissolved directly in the measured buffer and, if

necessary, further diluted with the same buffer solution. The concentrations of B-CD in the
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model system (24 mM benzoic acid/ 9.9 mM LiOH buffer) were 0; 0.1; 0.2; 0.5; 1; 2; 5; 8; 10
and 12 mM. All tested buffers were composed of 10.0 mM weak acid (acetic acid, formic acid,
Tricine, TAPS, MOPS, MES or CHES), 5.0 mM LiOH and 10.0 £ 0.5 mM neutral CDs (a-CD,
B-CD, DM-B-CD or HP-B-CD). The pH of the CHES buffer was measured in dependence on its
concentration, concentration range 0.01 mM to 80 mM. B-CD was always dissolved directly in
the buffer at concentration 10 mM. All measurements were performed in triplicates.

Software. Our simulation program Simul 5 Complex****

with the implemented complete
mathematical model of electromigration for separation systems with complexation agents was
utilized to calculate buffer properties. The computer program PeakMaster 5.3%>* was used to
optimize the composition of buffers for ACE and NMR measurements. The Simul 5 and
PeakMaster software are available as freeware on our website.”® The program Origin 8.1

(OriginLab Corporation, Northampton, MA, USA) and Microsoft Office Excel 2010 were used

for data evaluation.

RESULTS AND DISCUSSION

The theoretical predictions were demonstrated experimentally on the model system: benzoic
acid/ LiOH (24 mM/ 9.9 mM) buffer (pH = 4.01, IS = 10 mM) and a neutral B-CD. The pH of
this buffer was measured at various concentrations of B-CD. The resulting dependence of the pH
shift on the concentration of cyclodextrin (ccp) is shown in Figure 1A. Clearly, pH increases
significantly with the increasing concentration of the complexation agent. At 10 mM
concentration of B-CD the pH shift was about 0.3 pH units. The increase of pH in this separation

system should result from the higher complexation constant of the neutral (non-dissociated) form
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of benzoic acid in comparison to the charged (dissociated) form as discussed in the section
Theory.

To confirm this assumption, the complexation constants of the charged (dissociated) and
neutral (non-dissociated) forms of benzoic acid were determined by ACE, where the dependence
of the mobility of benzoic acid on the concentration of the complexation agent was measured at
high pH (benzoic acid is fully charged) and low pH (where benzoic acid is only partially
dissociated) regions. Obtained dependences were fitted by appropriate theoretical functions, see
Supporting Information S2, eq S2-1 and eq S2-2, respectively. The dissociation constant of the

resulting complex was calculated by eq 4. The determined complexation parameters of benzoic

acid - B-CD complex for the actual ionic strength of 10 mM are K, ,,=460+20 M"; K, .= 29
+ 1 M (the error is presented as standard error of non-linear fitting); K A 4.780x10° M. The

value of the dissociation constant of benzoic acid at this ionic strength is K ,,, = 7.638x10™ M.

Clearly, the complexation constant of the neutral (non-dissociated) form is indeed more than 10
times higher than that of the charged (dissociated) one, which matches well with the significant
positive pH shift.

Determined complexation parameters can be easily used as input data for simulations by Simul
5 Complex and calculations by means of eq 7 to propose the general behavior of this separation
system even at those conditions, which are not obtainable experimentally due to the low
solubility of B-CD. At first, the pH predicted by Simul 5 Complex was compared with the
experimental data to confirm the correctness of the established model, see Figure 1A. Here a
very good agreement of theoretical and experimental values was observed. Thus, the values of
the pH, conductivity and ionic strength were calculated by Simul 5 for theoretical cyclodextrin

concentration range of 0 — 1000 mM, see Figure 1B. All the calculated properties change
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significantly with increasing concentration of B-CD, and pH clearly limits to the value of 5.17 as
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predicted by the theory (eq 7). This value corresponds to the pH of the buffer composed of

resulting benzoic acid — B-CD complex, with dissociation constantK ;.= 4.780x10° M,

calculated by eq 4.
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Figure 1. A) Comparison of dependences of A pH of 24 mM benzoic acid/ 9.9 mM LiOH buffer

on B-CD concentration (c.,) obtained from experiments (black transparent squares) and

calculated by Simul 5 Complex (red solid circles). B) Dependence of pH (left axis, black

squares), ionic strength (right axis, red circles) and conductivity (second right axis, blue crosses)

of 24 mM benzoic acid/ 9.9 mM LiOH buffer on B-CD concentration calculated by Simul 5

Complex. Dashed line and highlighted value represent limiting values of pH calculated by eq 7.

Next, the pH shifts when adding the complexation agent were observed in commonly used

buffers composed of weak acids (10 mM Tricine (pKa = 8.15); 10 mM MES (pKa = 6.09); 10

mM MOPS (pKa = 7.20); 10 mM TAPS (pKa = 8.30), 10 mM CHES (pKa = 9.55); 10 mM

acetic acid (pKa = 4.76); 10 mM formic acid (pKa = 3.75)) and a strong base 5 mM LiOH. pH
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was measured in the pure buffer and at a 10 mM concentration of several neutral CDs. The
resulting pH shifts are shown in Figure 2. Clearly, the biggest pH changes among common

buffers tested were observed in the case of the CHES buffer for all cyclodextrins studied.

OCOoO~NOOUOTAWN -

Significant shifts were also found out for MOPS, MES buffers and for the acetic buffer after the

13 addition of a-CD. The pH shifts in the other buffers were less pronounced.
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33 Figure 2. Shifts in pH (A pH) after addition of 10 + 0.5 mM a-CD (cyan), p-CD (green), HP-p-
36 CD (blue) or DM-B-CD (magenta) in six commonly used buffers and the model system
38 (benzoate buffer). Groups of columns are marked by the name of the buffering compound and
40 pH value of the original buffer (without addition of CD). Error bars represent standard deviation

43 of the measured value.

48 The pH shifts, shown in Figure 2, point to an interesting consequence. While in the model
51 system consisting of benzoic acid and LiOH, pH significantly increased with concentration of -
53 CD, in the case of common buffer constituents CHES, MES, MOPS, TAPS and Tricine, pH
decreased when adding CDs. The increase of the pH of the benzoic acid buffer stems from the

58 higher complexation constant of the neutral (non-dissociated) form than the charged
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(dissociated) one, as discussed above. To the contrary, the decrease of the pH of common buffers
in Figure 2 has to result from a higher value of the complexation constant of the charged form of
the buffering constituent in comparison to the neutral one. This is the direct consequence of the
zwitterionic character of these buffering compounds. CHES, MES, MOPS and TAPS are amino
alkanesulfonic acids, and tricine is an amino alkanecarboxylic acid, so their buffering properties
are based on the amonnium/amine dissociation equilibrium. It means that the molecule behaves
as “neutral” at a low pH, where amino groups are protonated and sulfo (carboxyl) groups are
dissociated. Consequently, protonation of the amino group hinders the inclusion of the molecule
into the cavity and results in weaker complexation. In the “charged” state of these compounds
only the sulfo (carboxyl) group is dissociated, which enables deeper inclusion and stronger
complexation of the compound.

To confirm these findings we employed NMR measurements of translational diffusion
coefficients of the buffer constituents. In the first run we compared those properties for the free
analytes and in solutions with excess of B-CD, both in conditions with different pH: (i) in the
alkaline solution of 8 mM NaOH where the buffering compounds are charged and (ii) in water
where the electrolytes were virtually in the neutral form, in the case of benzoic acid in 8 mM
HCI solution. The buffering compounds benzoic acid, CHES, MES, MOPS, and Tricine were
always in 2 mM concentration and the complexation agent was at 10 mM concentration. The
resulting NMR derived absolute values of translational diffusion coefficients, as summarized in
Table 1, fully confirmed our hypothesis. The observed diffusion characteristics of the p-CD

%5 which compares well with 2.9x10"°

remained constant in all samples (D=2.4+0.1 x10"° m
m?s™ determined in H203 7) and it seems quite safe to assume that the complex behaves in the

same way. It then becomes possible to estimate a fraction of the analyte bound in the complex, as

ACS Paragon Plus Environment

16



Page 17 of 27

OCOoO~NOOUOTAWN -

Analytical Chemistry

the apparent diffusion constant is a weighted average of the free and the bound form. The
charged forms of (CHES, MOPS, MES and Tricine) always showed a higher degree of
complexation after adding the B-CD compared to the neutral ones in contrast to benzoic acid,
where the results were exactly opposite. The most profound effects of the cyclodextrin
complexation of buffer constituents in common buffers were observed for CHES and benzoic
acid, where also the pH shifts were the most significant, as the phenyl and cyclohexyl moieties
include in the cyclodextrin cavity. The translational diffusion coefficient of the charged CHES
molecule was very close to the value of B-CD, suggesting a tight complex. The same holds for
the neutral form of benzoic acid. That is why we studied also the spatial proximity of the
hydrogens of the two analytes to B-CD by means of the nuclear Overhauser effect in rotating
frame (ROE) combined with selective excitation (excitation sculpting experiment’®). Clear
contacts were observed between the cyclohexyl and phenyl moieties and the 3 and 5 hydrogens
from the inside of the B-CD cavity confirming their deep inclusion (for further details see
Supporting Information S3).

The complexation is much weaker in the case of the MES and MOPS compounds. This is in
agreement with the worse inclusion of morpholine moiety into the cyclodextrin cavity due to the
presence of oxygen atom, which makes the morholine moiety less hydrophobic in comparison
with cyclohexyl or phenyl groups®. Very weak complexation was observed also for Tricine

whose polar character does not allow deep inclusion into the cavity.
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Table 1. Diffusion coefficients of charged (C’) and neutral (N) forms of buffer constituents in
cyclodextrin free solution (Ds) and at a 10 mM concentration of B-CD (D¢); ratio

M 100
A~ Daco corresponds to the fraction of the complexed analyte, where Dacp is the diffusion
coefficient of the complex, which was approximated by the diffusion coefficient of free CD

Dacp =2.410"" m?s™!

benzoic acid CHES MOPS MES Tricine
N C N C N C N C N C

DA/ 10 m*sT | 720 657 521 483 542 5.17 6.13 545 526 5.14
Dc /100 m%s? [3.23 577 474 276 542 448 6.08 4.67 5.09 4.81

D,-D
—A—C-100 | 83% 19% 17% 85% 0% 25% 1% 26% 6% 12%

AT DACD

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

The ACE measurements were performed at pH 11.57 and 9.86 in order to determine the
complexation constant of the charged and neutral form of CHES, respectively. Unfortunately the
dissociation of B-CD at high a pH (the pKa of cyclodextrin is about 12.20) brings additional
complexity to the system. At the high pH a part of cyclodextrin becomes negatively charged.

Complexation of the charged form of cyclodextrin with CHES is assumed to be negligible due to
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electrostatic repulsion, therefore the concentration of B-CD must be corrected to obtain the
concentration of the neutral form of B-CD in the buffer. This correction was done by PeakMaster
5.3 software, which allows the calculation of the concentrations of the individual dissociation
forms of each buffer constituent. Such corrected concentrations of the non-dissociated (neutral)
form of cyclodextrin were used for data evaluation in the ACE measurements. The plausibility of
corrections was proved by ACE measurements at higher pH of 12.17, where B-CD is dissociated
to different extent. The appropriate fitting functions for data evaluation are described in the
Supporting Information S2. The measurements at different pH values provided the same values
of the complexation constant in the range of experimental error.

In the NMR study the diffusion coefficients of CHES were measured for dependence on the
concentration of cyclodextrin. The complexation constant of the charged form of CHES was
measured in the 2 mM solution of CHES with § mM NaOH added and that of the neutral form
was measured in a 2 mM deutered water solution of CHES. Analogous corrections due to the
dissociation of f-CD were performed as in the ACE measurements. However, pKa of f-CD in
D,0 is much higher, 13.66, so this correction was much smaller.*

Both NMR and ACE techniques provided similar values of complexation constants. The
complexation constant of the charged form of CHES with B-CD determined by ACE and NMR
were 440 = 30 M and 360 + 30 M (the error is presented as standard error of non-linear
fitting), respectively. Unfortunately, the complexation constant of the neutral form of CHES
could not be determined with a sufficient precision by any method, as its value is certainly very
small. For the purpose of simulations the complexation constant of the neutral form was
estimated as 30 M. For more details regarding the determination of the complexation constants

by ACE and NMR see Supporting Information S2. Clearly, the complexation constants are in the
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same range as those of benzoic acid, but there are opposite as regards to the complexation of the
charged and neutral form. This fully agrees with the similar value of the pH shift of these two
compounds only in opposite direction (ApH (CHES) = [10.58, ApH (benzoic acid) = 0.50), see
Figure 2.

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

Impact of buffer concentration on pH shifts. Determined values of complexation constants
can be again used as input parameters for calculations in the Simul 5 Complex to predict the
general properties of the buffer systems. This was already shown for the dependence of pH, IS
and conductivity on the concentration of the complexation agent in the model benzoic acid
buffer, see Figure 1B. The complexation constants determined for interaction of CHES with (-
CD were used to calculate how the pH is influenced when the 10 mM solution of B-CD is added
to the CHES/ LiOH buffer (ratio of CHES and LiOH concentration was kept constant 2:1) of
different concentrations. For comparison, we also calculated the pH of the cyclodextrin free
CHES/ LiOH buffer at gradually increasing concentration. Both dependences are shown in
Figure 3. In the same figure we also show experimentally measured values of pH. A very good
agreement of the experimental and calculated values is clear.’

It is worth noting that at a high concentration of the buffer, the pH difference between the pure

buffer and the buffer containing 10mM B-CD diminishes and limits to zero, while at a low

"Such measurements are not obtainable in a benzoic acid buffer due to its low solubility,
for this reason a CHES buffer was used for this demonstration.
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concentration the pH difference was almost 1 pH unit. This is expectable because at a high
concentration of the buffer the concentration of CD is insufficient to complex a significant part

of CHES, and pH cannot be significantly influenced.
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Figure 3. Dependence of pH on concentration of CHES buffer, the ratio of CHES and LiOH was
kept constant at 2:1. Circles and squares symbols represent data for the cyclodextrin free solution
and at a 10 mM concentration of B-CD, respectively. Solid red symbols are simulated data
(Kxac=440 M, Kxay=30 M), transparent black symbols are experimental data. Red dashed
lines represent the confidence interval taking into account the error of estimate of the
determination of complexation constants: the upper curve (Kxac=410 M, Kx4,=70 M™") and the

lower curve (Kxac=470 M, Kxan=1 10° M™).

In summary, the complexation of buffer constituents with the complexation agent added to the
buffer can significantly influence its pH and other important properties such as IS or
conductivity. The pH of the complexing buffer depends not only on the concentration of

complexation agent but also on the type of buffer and concentration of buffer constituents.
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CONCLUDING REMARKS

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

We revealed that some common chemicals used for preparation of buffers, such as CHES,
MES and MOPS form complexes with B-cyclodextrin. The complexation is much stronger with
the charged forms of the buffer constituents when compared to their neutral forms due to their
characteristic zwitterion behavior. This fact was further proved by NMR measurements. We
determined the complexation constants of B-cyclodextrin with both the charged and neutral form
of benzoic acid and CHES, which were consequently used as input data for simulations.
Simulation program Simul 5 Complex was shown to be a precise tool for the prediction of
behavior of complexing buffer systems. Clearly, but against the contemporary usual practice, the
pH of the buffer should always be controlled after the addition of the complexation agent (even a

neutral chiral selector) to reveal a possible complexation with the constituents of the buffer.
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ABSTRACT

This paper elucidates the practical impact of the complexation of buffer constituents with

complexation agents on electrophoretic results, namely complexation constant determination,
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system peak development and proper separation of analytes. Several common buffers, which
were selected based on the pH study in Part I of this paper series (e.g. CHES, MES, MOPS,
Tricine), were used to demonstrate behavior of such complex separation systems. We show that
the value of a complexation constant determined in the interacting buffers environment depends
not only on the analyte and complexation agent but it is also substantially affected by the type
and concentration of buffer constituents. As the result, the complexation parameters determined
in the interacting buffers cannot be regarded as thermodynamic ones and may provide
misleading information about the strength of complexation of the compound of interest. We also
demonstrate that the development of system peaks in interacting buffer systems significantly
differs from the behavior known for non-complexing systems, as the mobility of system peaks
depends on the concentration and type of neutral complexation agent. Finally, we show that the
use of interacting buffers can totally ruin the results of electrophoretic separation because the
buffer properties change as the consequence of the buffer constituents’ complexation. As a
general conclusion, the interaction of buffer constituents with the complexation agent should

always be considered in any method development procedures.

INTRODUCTION

Capillary electrophoresis (CE) is a widely employed separation technique. It offers many
useful modifications that make use of the presence of complexation agents in background
electrolyte (BGE). This so called pseudostationary phase brings beneficial interaction
possibilities, which are traditionally utilized to increase separation efficiency, to achieve

enantioseparation or to change the migration order of analytes. Additionally, the fact that
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interactions between analytes and complexation agents are reflected in changes of
electrophoretic behavior of the respective compounds can be advantageously used to determine
complexation constants or for other studies of non-covalent binding in chemistry or biology.
Utilization of complexation agents, most frequently chiral selectors, has widely expanded
within the last two decades.! For this reason, several attempts were made to describe
electrophoretic separation with complexation agents theoretically, and, based on the theory,
propose optimization approaches, which would help to save separation time and costs. In 1992
Wren and Rowe’ presented a theoretical model of the separation of fully charged analytes with
neutral chiral selectors. This model was later extended by Rawjee and Vigh™* for weak
electrolyte analytes. Based on these theoretical models several objective functions (e.g.
selectivity, difference in mobilities or resolution) were used for optimizing the separation
conditions. However, the authors admitted that for a correct and complete description of such
complex separation systems a numerical simulation would be necessary.” ~'' In 2012 Hruska et
al.'* and Breadmore et al."® presented a complete theoretical model of electromigration for
separation systems with complexation agents. These models were successfully implemented into
new versions of simulation programs Simul 5 Complex'* and GENTRANS, respectively. Simul
5 Complex was shown to provide deep insight into electrophoretic separation in systems with
complexation agents and can be used to explain different unexpected phenomena. We used
Simul 5 Complex to explain the development of electromigration dispersion (EMD), '>'® which
is responsible for the deterioration of the analyte peaks’ shape. The results showed that EMD can
be directly related to complexation. An alternative to numerical simulation is the linearized
theory of electromigration, which was introduced by Poppe'” and was extensively developed in

our group'® and implemented in the PeakMaster software'’. The most important outcome of this
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theory is the fundamental understanding of the development of so called system peaks. The
system peaks appear as perturbations in the BGE concentration profile travelling through the
system independently of the very presence of any analyte. Currently the PeakMaster software
was extended for complexing systems with neutral complexation agents complexing with one
fully charged analyte®. Both software programs are freeware and can be downloaded from our
webpage'?.

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

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

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

results of electrophoretic separation is discussed.
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MATERIALS AND METHODS

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

Instrumentation. All experiments were performed using Agilent 3D capillary
electrophoresis equipment operated under ChemStation software (Agilent Technologies,
Waldbronn, Germany) control. Fused silica capillaries (50 pm i.d., 375 pm o.d.) were provided
by Polymicro Technologies (Phoenix, AZ, USA). The experiments were performed in a bare
fused silica capillary with a total length and effective length to the detector (diode array detector
(DAD)/ contactless conductivity detector (CCD)) of approximately 50.0 cm and 41.5/34.5 cm,

respectively. The PHM 220 instrument (Radiometer, Copenhagen, Denmark) calibrated with
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standard I[UPAC buffers, pH 1.679, pH 7.000, pH 10.012 and pH 12.450 (Lyon, France) was
used for pH measurements.

Experimental conditions. Running voltage and parameters of the capillaries were chosen to
keep the electric current low (the current was always lower than 33 pA), and thus to avoid the
effects of excessive Joule heating. New capillaries were flushed with deionised water for 20 min
and 3 min with actual BGE before each experiment. The operating temperature was always 25
°C. All running buffers were filtrated with Minisart syringe filters (Sartorius Stedim Biotech,
Goettingen, Germany), pore size 0.45 um. Every measurement was repeated four times. All

30, 31 .
7 to eliminate

analyte or system peaks were fitted by Haarhoff-van der Linde (HVL) function
the effect of electromigration dispersion on migration time.

Determining complexation constants in interacting buffers by ACE. The composition and
parameters of the running BGE used for ACE measurements of the fully charged form of R-FLU
are summarized in Table 1. Complexation constant of the neutral form of R-FLU was determined
in 61.0 mM acetic acid/ 9.9 mM LiOH and 24.9 mM benzoic acid/ 9.9 mM LiOH buffer, both
pH 3.98 and IS = 10 mM. The chiral selector B-CD, concentration range 0 mM to 10 mM, was
dissolved directly in the running buffers. The injected sample was 0.3 mM R-FLU and 0.15 mM
DMSO, which served as the electroosmotic flow (EOF) marker, and both were dissolved directly
in the running buffer. For determination of the mobility of B-CD interacting with buffer
constituents, B-CD was injected as the sample at concentration 0.3 mM, 0.15 mM DMSO again
as EOF marker. Detection was performed with the DAD at the wavelength of 214 nm. The
samples were injected hydrodynamically for 100 mbarxs. The total capillary length (L) and the

length to DAD (Lpap) were 49.75 cm and 41.25 cm, respectively. The applied voltage was 20 kV

(cathode at the detector side).
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Impact of buffer complexation on development of system peaks. The BGE of the model
system contained 5.0 mM benzoic acid, 2.5 mM LiOH, IS 2.57 mM; pH 4.20. HP-B-CD was
dissolved directly in the running buffer in a concentration range of 0 — 40 mM. Samples
contained neither analyte nor an EOF marker; only disturbed BGE was injected to generate
system peaks. Compositions of the disturbances at the particular HP-B-CD concentration are
summarized in Table 2. Composition of the sample injected into the buffer without HP-B-CD
was designed by PeakMaster 5.3 in order to obtain convenient shapes, polarities and amplitudes
of system peaks. As the complexation model is not included in PeakMaster 5.3, disturbances of
BGEs containing HP-B-CD were optimized experimentally to keep similar shapes and polarity of
system peaks. The driving voltage was 20 kV (cathode at the detector site). The L and the Lpap
were 48.7 cm and 40.2 cm, respectively. Indirect UV detection of system zones was performed
by DAD at the wavelength 200 nm. System peak investigation was performed in the same
common buffers (10 mM weak acid - MES, MOPS, CHES, Tricine, acetate and 5 mM LiOH) as
in the pH measurements in Part I of this series of papers. The concentration of various neutral
cyclodextrins in BGEs used for electrophoretic measurements was approximately 5 mM. All
samples were composed of 11.0 mM weak acid (i.e. + 10% of buffering compound against the
BGE composition) and 5.0 mM LiOH. This sample composition was designed by PeakMaster
5.3 software to induce system zones with suitable shapes and amplitudes. The samples were
injected hydrodynamically for 90 mbarxs. Conductivity detection was performed because of the
absence of UV absorbing chromophore in the majority of the tested buffers. The Ly of the
capillaries and the length to CCD (L¢cp) were always 49.8 cm and 35.0 cm, respectively. Driving
voltages were 25 kV for the acetate buffer, 20 kV for the Tricine buffer and 10 kV for the

MOPS, MES and CHES buffers, always with the cathode at the detector side.
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Table 1. Composition, concentrations of the constituents (c¢), pH and ionic strength (IS) of the

running buffers for determining the complexation constants of R-FLU. D: diluted buffer.

OCOoO~NOOUOTAWN -

Buffer CHES D: CHES MOPS D: MOPS  MES D: MES

10 constituents
11 / LiOH / LiOH / LiOH / LiOH / LiOH / LiOH

13 ¢/ mM 50/25.76 10/5.15 50/25.76 10/5.15 50/25.76  10/5.15
15 IS/ mM 25.76 5.15 25.76 5.15 25.76 5.15

pH 9.51 9.54 7.16 7.19 6.06 6.09

20 Buffer Tricine D: Tricine phosphoric  maleic NH; ethanolamine

21 constituents ) ) acid acid
29 / LiOH / LiOH / HCI / HCl

23 / NaOH / LiOH

¢/ mM 50/25.76 10/5.15 11/18 12/19 36/25.76  50/25.76

28 IS/ mM 25.76 5.15 25.0 26.0 25.76 25.76

30 pH 8.11 8.14 7.27 6.18 8.91 9.53

Table 2. Composition of the samples/disturbances studied in electrophoretic experiments. Model

35 system composition: 5.0 mM benzoic acid, 2.5 mM LiOH and 0 — 40 mM HP-B-CD.

38 BGE Sample/disturbance composition

41 CHP-ﬁ-CD Chenzoic acid cLiOH CHP‘B'CD

42 mM mM mM mM

44 0.0 4.0 0.0 0.0
46 5.0 2.5 0.0 6.0
48 10 0.0 0.0 11
50 20 0.0 0.0 21
52 30 0.0 0.0 31
54 40 0.0 0.0 41
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Influence of interaction of buffer constituents on result of electrophoretic separation. A
set of amino acids was separated in 10 mM ethanolamine/ 5 mM HCI and 10 mM CHES/ 5 mM
LiOH buffers, both pH 9.41 and IS 5 mM. The experiments were performed either in a pure
buffer or at a 10 mM concentration of B-CD, which was dissolved directly in the buffer. The
sample was composed of a mixture of 5 amino acids (1 mM Leu, 1 mM Gly, 1 mM GIn, 1 mM
Asn, 1 mM Ser). The samples were injected hydrodynamically for 90 mbarxs. The L of the
capillary and Lccp were always 49.3 cm and 34.5 cm, respectively. Applied voltage was 8 kV,
with the cathode at the detector side.

Software. Our simulation program Simul 5 Complex'® with an implemented complete
mathematical model of electromigration for the separation systems with complexation agents
was utilized for simulations of experimental electropherograms and for determining background
electrolyte properties. The computer program PeakMaster'’ was used to optimize the

33233 which is able to

composition of BGEs. The new version of this software, PeakMaster 5.
predict shapes and amplitudes of system peaks, was employed to design suitable disturbance in
order to induce system peaks with convenient polarity and amplitude. The Simul 5 Complex and
PeakMaster 5.3 software are available as freeware at our website.'* The program Origin 8.1

(OriginLab Corporation, Northampton, MA, USA) and Microsoft Office Excel 2003 were used

for data evaluation.

RESULTS AND DISCUSSION
As shown in Part I° of this series of papers an interaction of buffer constituents with the
complexation agent seriously influences buffer properties. However, the complexation of buffer

constituents might have other practical consequences e.g. they might play a role in the
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determination of physical-chemical parameters of compounds, if incorrectly considered, or have
a significant impact on electrophoretic separations in general. In this paper we will focus on three
major points:

1. Determination of complexation constants in interacting buffers by ACE;
2. Impact of buffer complexation on the development of system peaks;

3. Influence of the interaction of buffer constituents on the results of electrophoretic

separation.

Based on the pH and NMR study presented in Part I of this series we selected suitable buffers
to demonstrate the influence of the interaction of buffer constituents with the complexation
agent. The MES/ LiOH, MOPS/ LiOH and CHES/ LiOH buffers were used as the interacting
buffer systems, while Tricine/ LiOH was suggested as a non-interacting one.

1. Determination of complexation constants in interacting buffers

System of fully charged analyte and neutral complexation agent. At first we focused on the
determination of the complexation constants of a fully charged analyte and a neutral
complexation agent. The typical setup for determining the complexation constants by ACE is
that the complexation agent is dissolved directly in the BGE and the analyte is injected as the
sample. The effective mobility of an analyte is measured depending on the concentration of the

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

eff _ Ua +uACKXAc[C]

ST K] M

where K, . is the complexation constant of the charged analyte, ua, and uac are the mobilities of

the free analyte and the complex, respectively. [C] is the equilibrium concentration of the
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complexation agent. The equilibrium concentration can be substituted by an analytical one, if the
exact position that the analyte peak would have at virtually infinite dilution is known. This

30,31 .
=" However, if a

position can be determined by fitting the analyte peak with the HVL function.
buffer constituent interacts with the complexation agent, part of the complexation agent’s
concentration is “consumed” by this interaction and its equilibrium concentration definitely
differs from the analytical one even at the infinite dilution of the analyte. The situation is even
more complicated because the buffering constituent is present in both dissociated and non-
dissociated forms, which interact with the complexation agent to different extents.** Thus, not
only is the effective concentration of complexation agent influenced by the presence of the
interacting buffer but the pH, ionic strength and conductivity of the buffer are mutually affected

by the presence of the complexation agent, particularly so depending on its actual concentration

as shown in the first part of this series.

The complexation constant of R-FLU with B-CD was determined in different buffers: MES/
LiOH, MOPS/ LiOH, CHES/ LiOH, Tricine/ LiOH, maleic acid/ LiOH, phosphoric acid/ NaOH,
ammonium/HCI, and ethanolamine/HC] demonstrate the influence of the interaction of buffer
constituents with the complexation agent. The exact composition and parameters of the buffers
are summarized in Table 1, and the pH of the buffers was chosen to ensure the complete
dissociation of R-FLU (pKa = 4.16). The obtained values of the complexation constants were
corrected for ionic strength as proposed in our previous paper” and are depicted in Figure 1.
Clearly, the complexation constants obtained in ethanolamine, ammonium, maleic, phosphoric,
and Tricine buffers are the same about 4800 M in the range of experimental error. This result
confirms that the interaction of these buffers with B-CD is either the same or most likely

negligible. However, complexation constants determined in MES (3500 M), MOPS (2800 M)
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and CHES (270 M ") buffers are significantly lower. Thus, these complexation constants can be
regarded as apparent only and valid for this particular separation system including the same

concentration of the buffer. These apparent complexation constants are always lower than the

OCOoO~NOOUOTAWN -

11 true thermodynamic values as an analytical instead of a free concentration of the complexation

13 agent is used for fitting.
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Ethanolamine / HCI

Phosphoric acid / NaOH
NH,/HOI
Meleicacid/ HQI
Tricine/ LIOH, D
Tricine / LIOH
MES/LiOH, D
MES/LiOH

MOPS /LiOH, D
MOPS / LIOH

CHES/LIOH, D
CHES/LiOH

Figure 1. Complexation constants of R-FLU with B-CD determined in various buffers. Errors are
expressed as standard deviations. Exact compositions and experimental conditions of used

buffers are summarized in Table 1. D: diluted buffer.

To demonstrate the strength of the interaction of the buffering compounds, we injected the [3-
CD as a sample to the pure buffer. The stronger the interaction the higher the effective mobility
of B-CD was expected. Effective mobilities of B-CD in CHES, MOPS and MES buffers
corrected for ionic strength are summarized in Table 3. The mobility of B-CD in the Tricine
buffer was close to zero. It is clear that the highest mobility of B-CD, and consequently the
strongest interaction was observed in the CHES buffer followed by the MOPS and MES buffers.
This finding fully agrees with the differences in values of complexation constants and the results

of the NMR study, see Part I.
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Table 3. Effective mobilities of neutral B-CD corrected for ionic strength and determined in
various buffers. Composition of buffers: 50 mM CHES, MOPS, MES and 25.76 mM LiOH,
ionic strength 25.76 mM; D: diluted buffers: 10 mM CHES, MOPS, MES and 5.15 mM LiOH,

ionic strength 5.15 mM.

Buffer CHES D: CHES  MOPS D: MOPS MES D: MES

eff
CD

-134+0.1 -104+02 -91+0.1 4.1+01 -75+0.1 -1.8+£0.2
/107 m*Vv s

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

In order to confirm our finding that the interaction of buffer constituents is the major reason of
the discrepancy of the complexation constants values we mimicked the ACE measurements in
the CHES buffer by using our simulation program Simul 5 Complex. The complexation constant
and mobilities of the complex of R-FLU with B-CD determined in the Tricine buffer and the
complexation parameters of CHES with B-CD determined by ACE in Part I of this series of
papers were used as the necessary input parameters. The comparison of experimental and

simulated data for CHES and Tricine buffers is shown in Figure 2. Very good agreement of the
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experimental and simulated curves was obtained that proves that interaction of the buffer with

the complexation agent is the only reason for the deviation of the data.

w1107 m’s™V"

Figure 2. Dependence of effective mobility of R-FLU on concentration of B-CD. Red circles and
black transparent squares are experimental and simulated data in 50 mM CHES/ 25.76 mM
LiOH buffer, respectively. Blue upward triangles and green downward triangles are experimental
and simulated data for 50 mM Tricine/ 25.76 mM LiOH buffer, respectively. Black solid and

blue dotted lines are the fitted curves by eq 1. Errors are expressed as standard deviations.

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

equation to obtain complexation parameters
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1+L;AKXAC[C]

" (2)
1 K 0 0N )

HA

where Kxanis the complexation constant of the neutral form of analyte, Ky is the dissociation
constant of the analyte. It is important to note that this method relies on the constant separation
conditions, especially on constant pH value. However, as shown in Part I of this series of papers
the pH of the interacting buffer changes significantly with the concentration of the complexation
agent. It means that the method for determining complexation constants may completely
malfunction in interacting buffers. To confirm this statement we performed two sets of ACE
experiments with R-FLU complexing with B-CD in an acetic acid/ LiOH buffer and in a benzoic
acid/ LiOH buffer, both pH 3.98 and IS 10 mM. At the given pH R-FLU is only partially
dissociated (pKa =4.16). As shown in Part I of this series of papers, while the acetic acid buffer
does not interact substantially with B-CD, benzoic acid complexes quite strongly. (The pH
changes are depicted in Figure 1 of Part I of this series of papers). Obtained dependencies of the
effective mobility of R-FLU on the concentration of B-CD fitted by eq 2 are shown in Figure 3.
The mobility of the free analyte, complex and complexation constant of the fully charged form of
R-FLU were obtained by separate measurement in the Tricine/ LiOH buffer of the same ionic
strength and were used as fixed input parameters. In the acetic buffer, the quality of the fit was
good (reduced y* = 44; R? = 0.9936) and the resulting complexation constant was 11 100 + 200
M, however in the benzoic buffer the data did not follow the expected hyperbolic trend and
could not be fitted by eq 2 with sufficient precision (reduced y* = 490, R* = 0.9574), see Figure

3.
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Figure 3. Dependence of effective mobility of R-FLU on concentration of B-CD. Red circles and
black transparent squares are experimental and simulated data, respectively in a 24 mM benzoic
acid/ 9.9 mM LiOH buffer. Blue upward triangles and green downward triangles are
experimental and simulated data, respectively for a 61 mM acetic acid/ 9.9 mM LiOH buffer,
both pH 3.98 and IS 10 mM. Black solid and blue dotted lines are the fitted curves by eq 2.

Errors are expressed as standard deviations.

Both complexation constants of dissociated and non-dissociated forms of benzoic acid, which
were determined in Part I of this series of papers, were used as input data for Simul 5 Complex
now. The comparison of the simulated and experimental dependencies is shown in Figure 3.
Clearly, the data agree well. Both experimental and theoretical dependencies obtained in the
benzoic acid buffer show interesting trends at a concentration of B-CD higher than 8§ mM, and
the mobility of R-FLU increases with the increasing concentration of B-CD. This is highly
surprising because the increase of the concentration of the neutral complexation agent should
always suppress the mobility of analytes. However, in this particular case the increase of
mobility of the weak acid (R-FLU) is caused by the increase of pH, which is the consequence of

the interaction of the buffering constituent with p-CD and that yields to the increase of
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dissociation of the weak acid R-FLU. At a certain concentration where the analyte is almost
saturated by CD, as its concentration is small and its complexation constant high, its mobility
almost reaches the limiting value (mobility of complex) and does not decrease steeply anymore.
However, at this point the pH changes are still significant because the concentration of the buffer
is rather high and a much higher amount of the complexation agent is needed to saturate the
buffering compound. Thus, the effect of increasing pH on the mobility of the analyte prevails
over the effect of the complexation of the analyte itself.

In conclusion the complexation constants in interacting buffers determined by ACE may be
incorrect and provide confusing information about the strength of the interaction of analytes with
complexation agents. Moreover, at first sight, unexpected behavior, such as herein demonstrated
in an increase in mobility with the increasing concentration of the neutral CD, may appear with
analytes that are weak acids or bases. Thus, the potential complexation of the buffer constituents

with the complexation agent should be examined independently prior to ACE measurements.

2. Impact of buffer complexation on the development of system peaks

The development of system peaks in electrophoretic separation systems is well described by
the linear theory of electromigration®, and their behavior can be easily predicted using the
simulation programs. However, the occurrence of system peaks in the interacting buffer
systems has not been sufficiently described by now, although we presented that it might differ
from expected trends. Thus, we shall demonstrate here the behavior of system peaks in
interacting electrolytes, in a model system of a buffer composed of benzoic acid, which was
shown to interact strongly with various cyclodextrins, and also in the common separation

buffers. The changes of system zones mobilities for the benzoic acid buffer after the addition
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of complexation agent HP-B-CD were examined both experimentally and by simulations using
the Simul 5 Complex program. The HP-B-CD was selected for this demonstration because of
its higher solubility in aqueous environments in comparison to 3-CD. The necessary input data
for simulations were determined by independent ACE measurements, and the resulting
complexation constants and mobilities of complexes are Kxa.=22.3 £0.5 Mfl, Kxan= 330+ 30
M uac=-9.9 £ 0.5 10 m’s"'V"'. Experimental and simulated electropherograms for a 5.0
mM benzoic acid/ 2.5 mM LiOH buffer with 0 — 40 mM HP-B-CD are shown in Figure 4A and
Figure 4B, respectively. All detector records were recalculated for the mobility scale (x-axis)
to illustrate changes in system peaks’ mobility in a more transparent way. The buffering
system without any complexation agent forms two system peaks as results from the linear
theory of electromigration. According to calculations in PeakMaster, one of those system
peaks has zero mobility and the second one is a cationic system peak with mobility u =
17.3x10”° m’s 'V"'. The experimental results were in a perfect agreement with the simulated
ones in regard to positions, amplitudes and shapes of the system zones, see Figure 4, (curve
marked as 0 mM). The other electropherograms in Figure 4 show behavior of system peaks at
the indicated complexation agent concentration. The addition of HP-B-CD (5 mM) into the 5.0
mM benzoic acid/ 2.5 mM LiOH buffer caused substantial slowdown of the cationic system
peak and gave rise to a new slow anionic system peak. The third system peak kept nearly zero

mobility.
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Figure 4. A) Experimental electropherograms recalculated to mobility scale showing changes in
mobility and number of system peaks in BGEs with complex-forming ligand; BGE: 5.0 mM
benzoic acid, 2.5 mM LiOH and various concentrations of HP-B-CD. Samples: disturbed BGE,
compositions summarized in Table 2. Indirect UV detection was performed at a detection
wavelength of 200 nm. The curves are marked by concentrations of HP-B-CD in BGE. Cationic
system peaks are labeled by dashed circles. B) Simulated electropherograms transformed to
mobility scale; conditions for simulations were set according to corresponding real experiments.
Curves are marked by concentrations of HP-B-CD in the BGE. Cationic system peaks are labeled

by dashed circles.

Dependence of the mobility of experimental and simulated cationic system peaks on HP-B-CD
concentration is depicted in Figure 5. Both dependencies agree very well. Such development of
system peaks is not predictable using the classical linear theory of electromigration for non-
complexing systems. The addition of a neutral non-interacting compound into BGE should
definitely result in the formation of a system peak with zero mobility and should not influence

the mobility of other system peaks. Complete linear theory of electromigration for complexing
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systems was not presented so far. Thus, simulations can be used as the only tool for prediction

and explanation of system peaks in such systems.

u/10° m’s'v!

0 T T T T T
0 10 20 30 40

Cop ! MM

Figure 5. Dependences of the mobilities of cationic system peaks on concentration of HP-B-CD
in BGE composed of 5.0 mM benzoic acid and 2.5 mM LiOH calculated from experimental

(black squares) and simulated (red triangles) electropherograms.

The development of system peaks was examined also in commonly used buffer systems that
were selected based on the results of the pH study. Considering these results (see Figure 2 of Part
I of this series of papers) the most significant changes of the system peaks’ behavior were
expected in the CHES/ LiOH buffer because the addition of all the tested CDs caused a
considerable shift of pH in this buffer. Figure 6 shows experimental electrophoregrams obtained
after the addition of the neutral CDs to this buffer. Clearly, the addition of all CDs induced an
additional system peak. HP-B-CD gave rise to a system peak, which was broadened, and
therefore it was difficult to determine its mobility. The presence of a-CD and DM-B-CD in BGEs
led to an anionic system peak with a mobility about =3x10° m*s 'V ' and 4x10° m’s 'V,
respectively. The strongest effect was observed again with B-CD. The addition of B-CD in BGE

resulted in the development of an anionic system peak with rather high mobility, about —8x10~°
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m’s 'V, As the result, the CHES buffer could not be recommended for electrophoretic
experiments if a neutral CD is employed because the originating system peak can migrate in the

same region as analytes, interact with them and distort them. In addition the pH changes

OCOoO~NOOUOTAWN -

11 observed are so significant that they can seriously affect the separation results. The development
13 of additional system peaks and changes in system peaks mobility could be observed also in other
15 common buffers. A system peak investigation with other tested buffers, where interactions with
18 various CDs are most probably weak in comparison to CHES buffer, was carried out as well. The

20 detail results can be found in Supporting Information.

23 LiOH / CHES

A N
[

26 VT

DM-p-CD

a-CD

32 HP-g-CD
33
34

w
)
Conductivity signal

35 without CD

T T T T T T T T T
37 8 6 4 2 0 2 4 6 -8

38 u/10° mis™V’
Figure 6. Experimental electropherograms for CHES/ LiOH buffer with various CDs.
43 Concentrations of a-CD, B-CD, DM-B-CD and HP-B-CD in 10.0 mM CHES/ 5.0 mM LiOH

45 buffer were 5.20, 4.54, 4.56 and 4.68 mM, respectively. Sample: 11 mM CHES, 5.0 mM LiOH.

49 3. Influence of the interaction of buffer constituents on the result of electrophoretic

51 separation

It is well known that the result of electrophoretic separation is extremely sensitive to the

57 selection of a buffer and its pH or ionic strength. Thus, the change of BGE properties connected
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with the complexation of buffer constituents with the complexation agent present in BGE might
have significant impact on the results of electrophoretic separation. To demonstrate this behavior
we performed separations of a mixture of amino acids (namely Leu, Gly, Gln, Ser, Asn) in 10
mM ethanolamine/ 5 mM Tricine and 10 mM CHES/ 5 mM LiOH buffers, both pH 9.41 and IS 5
mM. The separations were performed both in cyclodextrin free buffer and after addition of 10
mM B-CD. The pH of ethanolamine/ Tricine buffer did not change substantially after the
addition of B-CD, while the pH of the CHES buffer decreased to the value of 8.86. It confirms
that the ethanolamine/ Tricine buffer does not interact with f-CD remarkably, while the CHES
buffer complexes strongly. The comparison of the obtained electropherograms is shown in
Figure 7A and 7B, respectively. While the electropherograms obtained in ethanolamine/ Tricine
buffer before and after the addition of B-CD are almost the same, in the case of the CHES buffer
not only position but also the shape of the separated peaks changed significantly after the
addition of B-CD. The resolution deteriorated substantially in the latter system. The explanation
could be either the complexation of analytes with B-CD or the changes in BGE properties
connected with the complexation of buffer constituents. The former possibility is not probable,
because no similar effect was observed in the non-interacting ethanolamine/ Tricine buffer. It
means that it is the complexation of buffer constituents that should be the major reason for the

presented changes.

ACS Paragon Plus Environment

24

Page 24 of 31



Page 25 of 31 Analytical Chemistry

OCOoO~NOOUOTAWN -

Conductivity signal

0 mM -CD B) omm p-CD Gly Ser
Leu GIn Asn
Experiment
©
S
; A sd s, Simulation
I I I I ! k é T T T T T 1
45 5.0 55 6.0 6.5 70 8 40 4 s A
10 mM p-CD 3 §
m B\l § 10 mM B-CD Leu Gly G Ser A
/\Sn Experiment
Leu =ﬁ
Gly i /"“,”'w o "
ehn Ser " i S S S Simulation

45 5.0 55 6.0 6.5 7.0 4.0 4.4 48 52
t/ min t/ min

Figure 7. Comparison of the separation of a set of amino acids (Leu, Gly, Gln, Ser, Asn) in A)
10 mM ethanolamine/ 5 mM HCI buffer; and B) 10 mM CHES/ 5 mM LiOH buffer, both pH
9.41 and IS 5 mM. Upper picture, pure buffer marked as 0 mM B-CD; Lower picture: 10 mM
concentration of B-CD. Black solid curves: Experiment; Red dashed curve simulations obtained
by PeakMaster and Simul 5 Complex, for cyclodextrin free BGE and BGE at a 10 mM
concentration of B-CD, respectively. Individual aminoacids are labeled by their respective

abbreviation.

To prove these assumptions we mimicked the experiments in the CHES buffer using our
simulation software Simul 5 Complex. Complexation constants of CHES determined in Part I of
this series of papers were corrected for actual ionic strength and used as input data for
simulations, and the complexation of amino acids with B-CD was neglected. The comparison of
simulated and experimental profiles is shown in Figure 7B. A very good agreement between the
theoretical predictions and measured electropherograms was obtained. It was confirmed that the
interaction of the CHES buffer with the complexation agent had a fatal impact on the separation

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

CONCLUSION

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

acids. It was clearly shown that changes of the BGE properties, that could moreover be different
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for different buffers, must be considered in method development procedures. This importantly
applies to all analytes in a sample, even those not supposed to interact with the agent themselves.
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ABBREVIATIONS

ACE, affinity capillary electrophoresis, BGE, background electrolyte, CCD, contactless
conductivity detector, CD, cyclodextrin, CE, capillary electrophoresis, CHES, Nscyclohexyl-2-
aminoethanesulfonic acid, DAD, diode array detector, DMSO, dimethylsulfoxide, DM-B-CD,
heptakis(2,6-di-O-methyl)-B-cyclodextrin, EMD,  electromigration  dispersion,  EOF,
electroosmotic flow, HP-B-CD, (2-hydroxypropyl)-p-cyclodextrin, HVL function, Haarhoff -Van
der Linde function, IS, ionic strength, Lcep, Lpap, capillary length to CCD /DAD detector, Lo,
total capillary length, MES, 2-(N-morpholino)ethanesulfonic acid, MOPS, 3-
morpholinopropane-1-sulfonic acid, R-FLU, (R)-(-)-2-fluoro-a-methyl-4-biphenylacetic acid (R-
flurbiprofen), = TAPS,  3-[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl]amino]propane-1-
sulfonic acid, Tricine, [Tris(hydroxymethyl)methyl]glycine, Tris,

Tri(hydroxymethyl)aminomethane
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4.3 Vyuziti kapilarni elektroforézy a softwaru PeakMaster v praxi

Analyticky chemik musi v praxi pfi vyvoji nové separacni metody pro novou sadu
analytll zvazit mnoho faktorl, které stoji za volbou vhodného separacniho systému.
Samoziejmosti je volba vhodného pH pufru. Ladéni dalSich parametru, které mohou
vysledky separace znacné ovlivnit (iontova sila, mobilita slozek zakladniho elektrolytu,
pozice systémovych zén) muze byt velmi zdlouhavé a metoda pokus-omyl i
dodrZovani empiricky stanovenych optimalizacnich protokold nemusi vidy vést
k nalezeni optimalnich separacCnich podminek. Program PeakMaster je v tomto ohledu
nezastupitelny. Umoznuje velmi rychle vyzkouset mnoho separacnich podminek a

predikovat vysledky separace ve stale komplikovanéjsich systémech.

Prikladem wvyuziti kapilarni elektroforézy a programu PeakMaster v analytické
praxi je vyvoj metody pro separaci sady benzodiazepinl (Obrazek 7). VSechny
separované latky jsou si strukturné velmi podobné a vétSinou jsou si blizké i jejich

disociacni konstanty.

H O H P N
N N N
O
— —N
o O O
N

Bromazepam Oxazepam Chlordiazepoxid
H3C‘ 0 H3q o) HSQ o)
N N N
SONeONe
O2N =N Cl =N Cl =N
o O CJ
Flunitrazepam Lormetazepam Diazepam

Obrdzek 7 Struktury benzodiazepinii separovanych kapildrni elektroforézou za separacnich
podminek vybranych a optimalizovanych programem PeakMaster
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Pro separaci bylo zvoleno velmi nizké pH (pH = 2). Pro vypocty v programu
PeakMaster jsou zapottebi hodnoty limitnich mobilit a disociacnich konstant analytd.
Disociacni konstanty nebo jejich odhady lze ziskat vypoctem ve specialnich softwarech
[62,63]. Pro odhady limitnich mobilit je pak vhodné naméfit pfi zvoleném pH a znamé
iontové sile efektivni mobilitu jednotlivych analytd a zté pak limitni mobilitu
odhadnout. Pro optimalizaci separace tak bylo zapotrebi jen velmi malé mnozstvi
experimentl. Po zjisténi hodnot efektivnich mobilit pfi dané iontové sile a pH pak
pokracovalo ladéni podminek pouze v programu PeakMaster. Tim byly separacni
podminky optimalizovany velmi rychle, napfiklad ve srovnani svysokoucinnou
kapalinovou chromatografii, kde podobné softwarové pomlcky nejsou témér

dostupné.

Optimalizovand metoda pro separaci sady benzodiazepin( byla validovana a je
tak pfipravena pro praktické vyuZiti pfi analyze téchto farmaceuticky hojné

pouzivanych psychoaktivnich latek.
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Abstract. The goal of the present study was to separate a set of benzodiazepines, namely bromazepam,
oxazepam, nitrazepam, chlordiazepoxide, flunitrazepam, lormetazepam and diazepam by analytical scale
HPLC and CZE. The both methods for separation of these seven compounds from the 1,4-benzodiazepine
group were optimized and compared. LODs and LOQs were determined under the optimized conditions in
the both methods. The corresponding LOD and LOQ values are approximately three orders of magnitude
lower in HPLC than in CZE. As expected, elution order was found to be different for the both techniques.
As a result of a critical collation of all the parameters considered, RP-HPLC was found to be more suit-
able for determination of the set of benzodiazepines. A real sample analysis was performed under opti-
mized conditions to demonstrate applicability of the proposed analytical methods. (doi: 10.5562/ccal738)

Keywords: RP-HPLC, CZE, benzodiazepines, pharmaceuticals

INTRODUCTION

1,4-benzodiazepines (BZDs) are a well-known class of
psychoactive drugs; they are known primarily for their
hypnotic and sedative effects.’ This pharmaceutical
group is also used as anxiolytics, anticonvulsants and
muscle relaxants.” They are still widely prescribed but
also abused.™* Many studies on these drugs can be found
in the literature.” ® Diverse analytical methods for deter-
mination of benzodiazepines in various matrices have
been published,”" e.g. potentiometry,'' immunoassays,"
spectrophotometry’® and also separation techniques that
represent a clear majority of the reported methods be-
cause they allow determination of individual compounds
in often rather complicated mixtures. While HPLC re-
mains the most common technique for the analysis of
benzodiazepines,””'*'> mainly in reversed phase (RP)
mode, several capillary zone electrophoresis (CZE) me-
thods have recently been developed.*'*!” CZE represents
an interesting alternative to HPLC for determination of
pharmaceuticals, in general,'®! mainly because of its
higher efficiency in comparison with HPLC.*

The aim of this work was to develop and optimize
separation conditions for a set of seven 1,4-BZDs in RP-

HPLC and CZE with UV detection and compare these
methods in terms of efficiency, analysis time, resolu-
tion, elution order and basic validation parameters. The
results aimed to answer the question if CZE is really a
suitable alternative to RP-HPLC for the resolu-
tion/analysis of BZDs.

EXPERIMENTAL

Chemicals

Acetonitrile (ACN) for HPLC and methanol (MeOH)
for HPLC were obtained from Sigma-Aldrich (Stein-
heim, Germany). Glacial acetic acid (HAc, purity > 99.5
%), sodium dihydrogen phosphate anhydrous (purity >
99 %) and mesityl oxide were purchased from Fluka
(Buchs, Switzerland). Sodium hydroxide solution (0.1
mol/l) was from Agilent Technologies (Waldbronn,
Germany). Ortho-phosphoric acid (85 %) was obtained
from Lachema (Brno, Czech Republic). 1,4-
benzodiazepines, namely oxazepam, nitrazepam, lorme-
tazepam, chlordiazepoxide, flunitrazepam, diazepam
and bromazepam, were obtained from Sigma-Aldrich
(Steinheim, Germany). The tablets of Diazepam Slova-

T Presented at the 10™ International Symposium and Summer School on Bioanalysis within the CEEPUS Network CII-HU-0010-

04-0910, Zagreb, Croatia, July 2010.

* Author to whom correspondence should be addressed. (E-mail: kveta.kalikova@centrum.cz)
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kofarma® 5 mg were product of Zentiva (Hlohovec,
Slovakia) and Lexaurin® 3 (bromazepamum 3 mg) was
product of KRKA (Novo mesto, Slovenia). Water was
prepared with a Milli-Q water purification system (Mil-
lipore, Milford, MA, USA). Stock solutions of the ana-
lyzed compounds were prepared in concentration of 1
mg/ml using MeOH as a solvent.

Equipment and Measurement Conditions
All chromatographic measurements were performed on
a Waters Breeze HPLC system (Waters Chromatogra-
phy, Milford, MA, USA) consisting of a 1525 binary
pump, a 717 plus autosampler, a column heater and a
2487 dual A absorbance detector. A Breeze software was
used for process control and data handling. Columns
used for separations were a Zorbax SB-C8 (column size
150 mm x 4.6 mm i.d., particle size 5 um) and Zorbax
SB-C18 (column size 150 mm x 4.6 mm i.d., particle
size 5 um), both purchased from Agilent Technologies
(USA). The columns were thermostated at 25 °C. Flow
rate was 2 ml/min. Detection was carried out at the
wavelength of 240 nm. Mobile phases were composed
of ACN/deionised water with acetic acid, pH 3.0, in
various ratios. Injected sample volume was 10 pL. Indi-
vidual measurements were repeated three times.
Electrophoretic experiments were performed using
an Agilent *°CE equipment operated under control of a
ChemStation software (Agilent Technologies, Waldbronn,
Germany). Detection was performed with a diode array
detector at the detection wavelength of 240 nm. A bare
fused-silica capillary of 50 um i.d. and 363 pm o.d. was
product of Polymicro Technologies (Phoenix, USA). Total
length of the capillary was 63.7 cm and length to the de-
tector was 55.2 cm. The capillary was thermostated at 25
°C. Driving voltage was +27 kV (with cathode at the
detector side). Samples were injected hydrodynamically:
50 mbar x 5 s. Mesityl oxide was used as an electroosmo-
tic flow (EOF) marker. Stock solutions of sodium dihydro-
gen phosphate and ortho-phosphoric acid at a concentra-
tion of 50 mM were used for preparation of background
electrolyte (BGE). The running buffer was prepared by
mixing of appropriate amounts of the stock solutions and
addition of water to obtain BGE with final composition of
6 mM sodium dihydrogen phosphate and 33 mM ortho-
phosphoric acid. pH value of the BGE was 2.0. The capil-
lary was rinsed with pure water for 10 min, with 0.1 mM
NaOH for 10 min, 10 min with pure water again and 20
min with running buffer before use. Prior to each measure-
ment the capillary was washed with the running buffer for
4.5 min. All measurements were carried out in triplicates.

Procedures

Real Sample Preparation
Aliquots of powdered tablet samples were dissolved in
methanol to concentration of 1 mg/ml. The samples
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were sonicated for 20 min to provide complete dissolu-
tion. Appropriate volumes of clear supernatants were
diluted with methanol to concentration of 0.01 mg/ml
and with BGE to concentration of 0.05 mg/ml for HPLC
and CZE analyses, respectively. The prepared samples
were filtered through a 0.45 um filter before injection.
The total amounts of the drugs were then determined
using the optimized HPLC and CZE methods.

Statistical Data Evaluation

One-way analysis of variance (ANOVA) statistical
method was used for robustness testing. Parameters,
which could become significant sources of errors in
practice, were chosen as variables. The significance
level (&) was set at 0.05. The one-way analysis of va-
riance compares the medians of two or more groups in
order to determine if at least a median value of one
group is different from the others. The tests are nondi-
rectional as the null hypothesis specifies that all me-
dians are equal and the alternative hypothesis simply
states that at least one median value is different.*' If the
statistical p-value is higher than the chosen significance
level, the null hypothesis of the equal medians is ac-
cepted.

RESULTS AND DISCUSSION

Optimization of the Chromatographic
Separation Conditions
Optimization of separation conditions for seven drugs
from 1,4-benzodiazepine group — bromazepam, oxaze-
pam, nitrazepam, chlordiazepoxide, flunitrazepam,
lormetazepam and diazepam - was carried out in RP-
HPLC system.>"'*!* The first column tested was Zor-
bax SB-C8 packed with an endcapped octyl-silica gel
stationary phase. The most suitable mobile phase com-
position found in isocratic elution mode was
ACN/deionised water with acetic acid, pH 3.0, 30/70
(v/v). Baseline resolution of all seven analytes was
achieved within 20 minutes — see Figure 1A. Compared
to mobile phase composed just of ACN and deionised
water the acidified mobile phase enhanced peak symme-
try. Various linear gradient elution types were tested to
decrease the analysis time. To preserve baseline resolu-
tion of a critical pair of flunitrazepam and lormetazepam
the acetonitrile gradient could not be applied before 11"
minute. As the result of application of the gradient
shorter analysis time was reached while the peak sym-
metry was preserved. However, the isocratic mode is
more suitable for routine (repeated) measurements be-
cause it does not require column equilibration before
cach analysis.

Using column with more hydrophobic stationary
phase octadecyl-silica gel SP — Zorbax SB-C18 — the
analysis time was substantially reduced because a mo-
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Figure 1. Chromatograms of 1,4-benzodiazepines separation.
Chromatogram A: Zorbax SB-C8 column; mobile phase:
ACN/water with HAc, pH 3.0, 30/70 (v/v); 2 ml/min; 25 °C;
240 nm. Chromatogram B: Zorbax SB-C18 column; mobile
phase: ACN/water with HAc, pH 3.0, 40/60 (v/v); 2 ml/min;
25 °C; 240 nm. Elution order: 1-chlordiazepoxide, 2-
bromazepam, 3-oxazepam, 4-nitrazepam, 5-flunitrazepam, 6-
lormetazepam, 7-diazepam.

bile phase with higher ACN content (40 volume per-
cent) could be applied while the separation was still
preserved. The baseline resolution of all seven 1,4-
BZDs was achieved within 7 min (Figure 1B). Linear
gradient elution was also tested. Using the Zorbax SB-
C18 column and mobile phase composed of ACN/water
with HAc, pH 3.0, 40/60 (v/v) and a linear gradient to
volume fraction ¢ = 90 % of acetonitrile applied from
2" to 3" minute, the analysis time was reduced to 4.5
minute. The results obtained under isocratic versus
gradient elution conditions are summarized in Table 1
for comparison. The peak symmetry was similar under
the both studied conditions. Therefore, the isocratic
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elution was selected as the optimized separation mode.
The efficiency, expressed as plate number/meter of
column, ranged under optimized isocratic conditions
from 2.05 x 10* to 6.00 x 10* while under gradient elu-
tion conditions this parameter rendered higher values,
from 1.97 x 10 to 3.55 x 10°.

Optimization of the Electrophoretic

Separation Conditions

The software PeakMaster” was utilized for selection of
an initial BGE composition, pH and separation condi-
tions. The optimized BGE composition for the analysis of
BZDs was 6 mM sodium and 39 mM phosphate ions.
According to PeakMaster calculations the optimized BGE
had pH 2.0, ionic strength 17.2 mM and buffering capaci-
ty 48 mM. Nitrazepam was excluded from the studied set
of analytes because of its instability in the buffer of the
low pH. Using 6 mM phosphate buffer of higher pH the
compounds were not baseline resolved. Baseline separa-
tion of six BZDs was obtained within 36 minutes with the
BGE of pH 2.0. To reduce the analysis time additional
pressure of 50 mbar was applied in 10" min. Then the
analysis time decreased to 17 minutes with baseline sepa-
ration preserved — see Figure 2. The additional pressure
could not be used earlier (before the 10™ min) because it
would not allow baseline resolution of the first three com-
pounds (bromazepam, diazepam and chlordiazepoxide).
The efficiency, expressed as plate number / meter, ranged
under optimized conditions from 1.11 x 10° to 3.08 x 10°.
The plate number of the lormetazepam peak was calcula-
ted to be an order of magnitude lower in comparison with
all the other peaks obtained in the CZE measurements.
This is caused by a resonance phenomenon™* that can
lead to anomalous dispersion of the analyte’s peak.” The
resonance can cause false results of analysis. It was de-
scribed to have also a negative impact on efficiency of
separation.”® Therefore, it is better to avoid using separa-
tion conditions at which the resonance occurs.

Table 1. Comparison of retention time (#), resolution (R) and peak symmetry (S) for isocratic and gradient elution with Zorbax
SB C18 column. Mobile phase compositions: isocratic elution: ACN/deionised water with HAc, pH 3.0, 40/60 (v/v); gradient
elution: ACN/deionised water with HAc, pH 3.0, 40/60 (v/v) in isocratic elution up to 2*! minute and a linear gradient to volume

fraction, ¢ = 90 % of ACN applied from 2" to 3™ mins

g /min R S
peak number compound iso grad iso grad iso grad
1 chlordiazepoxide 1.32 1.31 1.21 1.16
2 bromazepam 1.76 1.76 4.44 433 1.12 1.14
3 oxazepam 241 241 5.61 5.60 1.05 1.07
4 nitrazepam 2.74 2.73 2.50 2.53 1.05 1.06
5 flunitrazepam 4.09 3.90 8.39 10.03 1.03 0.99
6 lormetazepam 4.60 4.06 2.65 1.75 1.01 1.04
7 diazepam 6.83 4.40 9.07 4.36 1.02 1.01
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Figure 2. Electropherogram of 1,4-benzodiazepines separa-
tion. BGE: 6 mM phosphate buffer, pH 2.0; +27 kV; 25 °C;
240 nm. Elution order: l-bromazepam, 2-diazepam, 3-
chlordiazepoxide, 4-flunitrazepam, 5-oxazepam, 6-lormeta-
zepam in coincidence with stationary system peak, x-impu-
rities. Baseline "jump" at 10" min is caused by application
of pressure.

Validation of the Methods

Stability of Sample Solutions

Stability of the sample solutions (1 mg/ml MeOH) kept at
low temperature was tested by the optimized HPLC me-
thod during the period of three weeks. Almost all the
samples were proved to be stabile over the three weeks
period. The only exception was solution of chlordiazepox-
ide that showed slight instability after five days of storage.

K. Kalikova et al., HPLC versus CZE of 1,4-benzodiazepines

However, it was still useful for the purpose of this study.

Precision

In order to evaluate the precision of the HPLC and CZE
methods, repeatability and reproducibility of measure-
ments were studied at the wavelength of 240 nm. The
repeatability of the retention factors and sample con-
centrations in HPLC and the effective mobilities and
sample concentrations in CZE were determined as
relative standard deviations (R.S.D.) for 10 consecutive
injections of the set of 1,4-benzodiazepines at the con-
centrations of 0.01 mg/ml and 0.05 mg/ml in HPLC and
CZE, respectively. The reproducibility of the chroma-
tographic and electrophoretic data (retention factor,
effective mobility, sample concentration) of the tested
set of analytes was measured in the period of 3 days by
different scientists. The R.S.D. values for precision of
the both methods are shown in Table 2. The results
suggest that the HPLC and CZE methods are suitable
for both qualitative and quantitative analysis of the
1,4-BZDs.

Linearity

The linearity was tested over the concentration range
0.001 to 0.1 mg/ml and 0.02 to 0.1 mg/ml in HPLC and
CZE, respectively. Measurements at all concentration
levels were carried out in triplicate at six concentration
levels and all values of peak areas were subjected to
linear regression. Linear relationships between the peak
areas in HPLC or the corrected peak areas (peak
area/migration time) in CZE and the concentrations of
individual 1,4-benzodiazepines were observed — see
Table 3.

Table 2. Precision, expressed as relative standard deviation values of concentrations, retention factors and effective mobilities, of

the developed HPLC and CZE methods for analysis of 1,4-BZDs

HPLC CZE
Repeatability Reproducibility Repeatability Reproducibility
RSD.(c) RSD.(k) RSD(c) RSD.(k) RSD.c) RSD.(x,) RSD(c) RSD.(u)
% % % % % % % %
chlordiazepoxide 0.965 0.229 1.66 0.635 3.94 0.950 14.7 2.06
bromazepam 0.999 0.188 1.81 0.262 4.11 0.743 9.09 1.11
oxazepam 0.985 0.108 1.37 0.245 4.74 0.732 8.12 0.326
nitrazepam 0.943 0.145 1.18 0.313 X X X X
flunitrazepam 1.24 0.131 1.30 0.261 4.11 0.486 8.87 0.439
lormetazepam 1.14 0.123 1.70 0.227 X X X X
diazepam 1.07 0.132 2.20 0.362 4.10 0.903 11.2 1.19

¢, concentration; &, retention factor; ., effective mobility; R.S.D, relative standard deviation.
repeatability — the R.S.D. values were calculated from ten consecutive injections of the mixture of analytes.
reproducibility — the R.S.D. values were calculated from measurements obtained by different scientists within a period of 3 days.
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Table 3. Linearity — parameters of the obtained linear regression equations
HPLC CZE
slope intercept slope intercept S.D.
10°mVsmlmg™ mV's R SD. mAUmlmg™ 10° mAU R 1073
chlordiazepoxide 2.85 =56 0.9992  41.5 2.85 5 0.9919 14.5
bromazepam 2.80 -7.2 0.9999  4.41 1.09 5 0.9949 3.79
oxazepam 23.32 —4.7 0.9999 337 1.19 1 0.9987 2.62
nitrazepam 15.93 4 0.9999 7.54 X X X X
flunitrazepam 13.49 -3.6 0.9999 3.04 0.41 0.4 0.9956 1.38
lormetazepam 21.77 -10 0.9999  12.0 X X X X
diazepam 26.9 5 0.9998 11.8 2.34 3 0.9982 5.40
Table 4. LOD and LOQ data under optimized separation conditions — see the text
HPLC CZE
LOD /ng ml”! LOQ /ngml”’ LOD /g ml! LOQ/pgml’!
chlordiazepoxide 8.68 28.9 1.63 5.44
bromazepam 7.89 26.3 4.27 14.3
oxazepam 8.91 29.7 2.98 9.94
nitrazepam 17.1 56.8 X X
flunitrazepam 26.7 89.0 11.2 37.3
lormetazepam 17.8 59.2 X X
diazepam 22.8 75.9 1.57 5.22

X - not quantified.

Limit of Detection and Limit of Quantification

The limit of detection (LOD), expressed as a concen-
tration at a signal-to-noise ratio 3:1, was calculated on
the basis of the baseline noise, which was evaluated
by recording the detector response over a period of
approximately ten times the widths of the peaks. The
signal-to-noise ratio of 10:1 was used to determine the
limit of quantification (LOQ). LODs and LOQs were
calculated for all seven 1,4-benzodiazepines under the
optimized isocratic HPLC conditions. Under the
optimized separation conditions in CZE LODs and
LOQs were determined for the five separated BZDs.
It was not possible to quantify the peak of lormetaze-
pam because its mobility (at the pH of the BGE) was
very close to zero and therefore close to the mobility
of the stationary system peak. The observed resonance
substantially changed the peak height (area), which
could not be used anymore for quantification of the
analyte. The LODs and LOQs data are summarized in
Table 4.

Robustness Studies

One-way ANOVA statistical method was used for ro-
bustness testing. The selected variable parameters of the
HPLC method were: column temperature (24 °C, 25 °C
and 26°C), pH of the aqueous part of the mobile phase
(2.8, 3.0 and 3.2) and acetonitrile content in the mobile
phase (40 % = 2 %). The tested parameters of the CZE
method were: temperature (24 °C, 25 °C and 26 °C) and
background electrolyte pH (2.0 = 0.2 pH units). The
robustness was determined from triplicate injections of
0.01 mg/ml of the set of seven 1,4-BZDs and of 0.05
mg/ml of the set of five 1,4-BZDs in HPLC and CZE,
respectively, for every change of the tested parameters.
The effect of the method parameters on retention factors
or effective mobilities and analytes concentrations was
calculated. The hypothesis that errors resulted from a
normal distribution was tested first. This hypothesis was
accepted in all cases (at o = 0.05). Consequently, the
robustness of the method was examined using the one-
way ANOVA - see Experimental. The null hypothesis
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Figure 3. Reports of diazepam tablets analyses under opti-
mized CZE and HPLC conditions. For details see captions to
Figures 1 and 2 or Experimental.

was accepted in almost all cases (obtained p-values
were higher than 0.05), so the robustness of the selected
parameters of the methods was verified. An exception
was the background electrolyte pH. The effect of an
increase of the BGE pH value on the effective mobility
and concentration of chlordiazepoxide and diazepam
could not be evaluated by one-way ANOVA due to their
co-migration.

Real Sample Analysis — Accuracy

Two different tablets containing 10 mg of diazepam and
3 mg of bromazepam were analyzed three times in con-
centrations of 0.01 mg/ml and 0.05 mg/ml using the
optimized HPLC and CZE methods, respectively. Accu-
racy of the methods, regarded as the closeness of
agreement between the claimed contents of tablets and
the found values, were 103.2 % for bromazepam and
102.9 % for diazepam by the HPLC method. Accuracy
of the CZE analyses were 109.8 % for bromazepam and
103.2 % for diazepam. The reports of the analyses of
diazepam are shown in Figure 3. The same results can
be achieved for other pharmaceutical preparations con-
taining BZDs.

Comparison of HPLC and CZE Methods

RP-HPLC and CZE methods for separation of 1,4-
benzodiazepines were developed and optimized. The
HPLC analysis under isocratic elution conditions can be
achieved within 7 mins, application of mobile phase
gradient can reduce the analysis time to 4.5 minutes.
Separation of 1,4-benzodiazepines requires separation
time of 17 minutes in the optimized CZE system if addi-
tional pressure is applied. The LOD and LOQ values are
approximately three orders of magnitude lower in
HPLC than in CZE. There are two reasons for these
quantification results in CZE: (i) the baseline noise is
much higher in CZE than in HPLC, and (ii) lower sam-
ple volume is injected in CZE (6 nl) in comparison with
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HPLC (10 pl). On the other hand the plate number / me-
ter is an order of magnitude higher in CZE than in HPLC.
Narrower profiles of peaks obtained in capillary zone
electrophoresis can make easier and more reliable quanti-
fication from the peak height (compare the analyte’s
peaks in Figure 3).

CONCLUSION

HPLC and CZE were proved to be suitable methods for
separation of benzodiazepines and for their qualitative
and quantitative analyses in pharmaceutical formula-
tions. From the results obtained it is obvious that the
method of first choice is RP-HPLC.
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5. Zaveér

Pfedkladanda prace byla zamérena na zlepSeni moznosti predikce systémovych
pika v kapilarni zonové elektroforéze a na vySetfeni vlastnosti elektroforetickych

systém, kde se uplatiuji komplexacni rovnovahy.

Za ucelem predikce tvard systémovych pikd byl odvozen novy nelinearni model
elektromigrace, ktery byl implementovan do nové verze programu PeakMaster 5.3.
Funkcénost a spravnost PeakMasteru 5.3 byla potvrzena porovnanim jeho vypoctl se
simulacemi numerického simuldtoru Simul 5. Dale byly vybrany tfi typy
elektroforetickych systém(, u kterych byly sledovany zmény tvari a amplitud
systémovych pik( v zavislosti na sloZzeni davkovaného vzorku a také tvaru davkované
z6ény. Shoda predikci PeakMasteru 5.3 a ziskanych experimentl potvrdila, Ze
PeakMaster 5.3 je schopny spravné predikovat tvary a amplitudy systémovych pikl a
muZe tak vyrazné zlepsit jejich identifikaci v realnych elektroforetickych zaznamech.
Zaroven je mozné s pouzitim PeakMasteru 5.3 optimalizovat sloZzeni davkované zény

pravé s ohledem na tvary a polaritu systémovych pikl elektroforetického systému.

Ve své druhé Casti se prace zabyvala elektroforetickymi systémy, ve kterych
dochazi ke komplexaci pufrujici slozky s pfitomnym komplexacnim cinidlem. Bylo
prokdzano, Ze vdUsledku zminéné komplexace muze i pfidavek neutrdlniho
komplexacniho Cinidla zapficinit vyraznou zménu vlastnosti zakladniho elektrolytu, coz
ma za dUsledek vainé zkresleni rdznych elektroforetickych vysledk(. VysSetien byl
dopad na hodnotu stanovovanych komplexac¢nich konstant metodou afinitni kapilarni
elektroforézy a negativni vliv komplexujiciho pufru byl také demonstrovan na separaci
sady aminokyselin. Bylo prokazano, Ze chovani systémovych pikd v systémech
s neutralnim komplexaénim Cinidlem se nefidi linearni teorii elektromigrace v té formé,
jak jsme ji doposud vyvinuli. V dasledku vzniku komplexu slozka pufru — komplexacni
Cinidlo vznikd v danych systémech novy systémovy pik, ktery mze mit vyraznou
mobilitu a zasahovat tak do oblasti migrace analytld. RovnéZ se méni i mobility
stavajicich systémovych pikd. Chovani systémovych pikld v komplexujicich systémech

nemohou byt zatim efektivné vySetfovany pomoci stavajicich predikénich program.
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Méreni zmén pH po pridavku komplexac¢niho cinidla do roztoku BGE bylo navrieno
jako snadna a spolehlivda metoda k odhaleni nechténych komplexaci

v elektroforetickych systémech.

V zavéru prace byl zarazen priklad vyuZiti programu PeakMaster v béiné
analytické praxi. Na zakladé nékolika malo experimentl a s vyuZitim PeakMasteru byl

vybran vhodny separacni systém pro separaci sady benzodiazepin(.
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