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Resum

i. RESum

Aquesta Tesi es titula Determinacié de constants d’acidesa de substancies d’interés
biologic per electroforesi capil-lar. La Dissertacio es focalitza llavors en I'estudi de la
determinaci6 de la constant d’acidesa de farmacs utilitzant aquesta técnica
d’electroseparacio, l'electroforesi capil-lar. La constant d’acidesa o pK, és una
propietat fisicoquimica util en el descobriment i desenvolupament de farmacs, on el
coneixement de l'estat de ionitzacié d’un grup funcional és sovint essencial per a
comprendre les propietats farmacocinétiques i farmacodinamiques de nous farmacs
potencials. Gracies a l'us d'un patré intern (IS), es va desenvolupar una nova
metodologia per a la determinaci6 d’aquestes constants per electroforesi capil-lar (CE),
el métode IS-CE. No obstant aix0, aquest métode només es va desenvolupar per a
substancies simples monoprotiques. Aixi doncs, I'objectiu principal d’aquesta Tesi és
establir el métode IS-CE com a meétode d’alt rendiment per a la determinacié de
constants d’acidesa de compostos bioactius, aixi com també dissenyar un prototip
especific per aquest métode per tal d'implementar-lo per a I'analisi rutinari de farmacs
potencials en laboratoris d’analisis fisicoquimiques. Aquesta fita ha estat perseguida al
llarg d’aquesta Dissertacio, cobrint durant el seu desenvolupament cada necessitat

que presentava el métode.

Per comencar, en aquesta Tesi s’estableix el pK, d'un llistat de patrons interns acids i
basics de diferent estructura que cobreixi tot Iinterval de pH util en electroforesi
capil-lar i s’amplia l'aplicabilitat del métode a compostos amb diverses constants
d’acidesa. Posteriorment s’optimitzen els parametres instrumentals per tal de convertir
I'lS-CE en un métode high throughput IS-CE. Després s’avalua la capacitat del métode
per a la determinacié de compostos de baixa solubilitat en aigua i s’amplia per a la
determinacié de constants d’acidesa de compostos de molt baixa solubilitat utilitzant
mescles metanol-aigua. Arribat aquest punt es dissenya una instrumentacio especifica
adaptable al métode IS-CE, tot simplificant i agilitzant el procés per a la determinacio
del pKa.

En conjunt, aquest treball d’investigacié cientifica ha permés el desenvolupament
consolidat d’'un métode rapid, robust, precis i acurat per a la determinacié de constants
d’acidesa de compostos bioactius. Aixi mateix, també ha permés dissenyar un nou

prototip per a la implementaci6 d’aquest métode a lanalisi rutinari de farmacs
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potencials en laboratoris de mesures fisicoquimiques i de drug discovery and

development.

Aquesta Tesi inclou quatre parts que estan escrites en anglés, el resum, els objectius,
les conclusions i també els articles publicats en revistes que formen la base de la feina
exposada aqui. Hi ha dues raons per tenir aquestes parts escrites en anglés. En
primer lloc, 'anglés és la llengua vehicular de la ciéncia; i en segon lloc, també cal fer
possible que qualsevol persona que no sap catala, la llengua en qué s’escriu aquesta
Dissertacio, pugui entendre aquest treball completament. Aixi doncs, les parts
essencials de la Tesi com el resum, els objectius, les conclusions i els articles estan en

anglés perqué qualsevol lector de cientific de formacié cientifica pugui entendre-la.



Abstract

i. ABSTRACT

The Thesis is entitled Determinacio de la constant d’acidesa de substancies d’interes
biologic per electroforesi capil-lar, which could be translated as Determination of acidity
constants of biological compounds by capillary electrophoresis. The Dissertation is
then focused on the study of the acidity constant determination of drugs using this
electroseparation technique, capillary electrophoresis. The acidity constant or pK, is a
useful physicochemical property in drug discovery and development, where the
knowledge of the ionization state of a functional group is often essential to understand
the pharmacodynamic and pharmacokinetic properties of new potential drugs. In the
past, a new method to determine acidity constants by capillary electrophoresis (CE)
was developed by the use of an internal standard (IS), the IS-CE method. However,
this method was only developed for simple monoprotic compounds. Thus, the main
objective of this Thesis is to establish the IS-CE method as a high throughput method
for the determination of acidity constants of bioactive compounds as well as to design a
specific prototype for this method in order to implement it for the routine analysis of
potential drugs in physicochemical analysis laboratories. This goal has been pursued
throughout this Dissertation in order to meet the need during the development of this

method.

First of all, this Thesis establishes the pK, of a list of acidic and basic internal standards
with different structures that covers the entire pH-range useful in capillary
electrophoresis, and expands the applicability of this method to compounds with
several acidity constants. Afterwards, instrumental parameters and experimental
conditions are optimized in order to transform the IS-CE method into a high throughput
method. Subsequently, the method is evaluated for sparingly soluble compounds in
water and extended for the determination of acidity constants of highly insoluble
compounds using methanol-water mixtures. At this point a specific instrumentation is
designed and adapted to the IS-CE method, simplifying and accelerating the pK,

determination process.

Overall, the conducted scientific research has allowed the development of a
consolidated fast, robust, precise and accurate method for the determination of acidity
constants of bioactive compounds. Likewise, a new prototype has been designed for
the implementation of this method to the analysis of potential drugs in routine

laboratory of physicochemical measurements and drug discovery and development.
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This Thesis includes four parts written in English, the abstract, the aim, the conclusions
and also the articles published in peer-reviewed journals which form the basis of the
work exposed here. There are two reasons for having these parts written in English.
First, English is the vehicular language of science; and secondly, it is also necessary
that anyone who does not know Catalan, the language in which this Dissertation is
written, could understand completely this work. Therefore, the essential parts of the
Thesis the abstract, the aim, the conclusions and the papers are in English, because

there parts should be enough to allow a scientific English reader to understand it.
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ii. OBJECTIUS

Recentment es va desenvolupar una metodologia per a la determinacié de constants
d’acidesa per electroforesi capil-lar gracies a I'iUs d’'un patré intern. Aquest métode
només es va aplicar per a substancies simples monoprotiques. Per tant, I'objectiu
principal d’aquesta Tesi és proporcionar una metodologia robusta, simple i fiable per
tal d’avaluar la constant d’acidesa per a qualsevol tipus de substancia bioactiva, sense
importar la seva complexitat, nombre de constants d’acidesa o solubilitat. Aixi mateix,
la necessitat de les empreses farmacéutiques de mesurar moltes mostres en poc
temps requereix I'optimitzacié d’aquest métode per a convertir-lo en un métode high

throughput.

Un altre aspecte a considerar és el desenvolupament d’'una instrumentacié especifica
per a I'aplicabilitat d’aquest métode. Un segon objectiu d’aquesta Tesi és dissenyar un
nou prototip automatitzat per tal que pugui ser implementat en laboratoris de mesures
fisicoquimiques o de drug discovery and development. Aixi doncs, I'analista podra
determinar de forma simple, rapida i efica¢ la constant d’acidesa d’'un farmac potencial
per a l'estudi de les seves propietats fisicoquimiques i d’absorcié en processos

biologics.
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il. AIMS

Recently, a method to determine acidity constants by capillary electrophoresis by the
use of an internal standard was developed. This method was only applied for simple
monoprotic compounds. Thus, the main objective of this Thesis is to provide a robust,
simple and reliable methodology to evaluate the acidity constant for any kind of
bioactive compound, regardless its complexity, number of acidity constants or
solubility. Furthermore, the need of pharmaceutical companies to measure high
quantity of samples in short time requires to optimize this method in order to transform

it into a high throughput method.

Another aspect to consider is the development of a specific instrumentation for this
method. So a second aim of this Thesis is therefore to design a new automated
instrumentation to be implemented in physicochemical measurements and drug
discovery and development laboratories. Thus, the analyst would be capable of
determining in a simple, fast and effective manner the acidity constant of a potential
drug in order to study its physicochemical properties and absorption in biological

processes.






Capitol |

Introduccio






Introduccio

1.1. LA CONSTANT D’ACIDESA

La constant d’acidesa és una propietat fisicoquimica util per descriure I'abast de la
ionitzacié dels grups funcionals d’'una molécula respecte al pH. Aquests parametres
son importants en arees d’investigacidé com el descobriment i desenvolupament de
farmacs, on el coneixement de l'estat de ionitzaci6 d’'un grup funcional és sovint
essencial per a comprendre les propietats farmacocinétiques i farmacodinamiques de

nous farmacs potencials.

Aquesta primera seccio de la introduccié es divideix en cinc apartats. El primer explica
la importancia de la constant d’acidesa de les substancies bioactives dins del sistema
biologic. Seguidament, en el segon i tercer apartat es defineix la constant d’acidesa
per a cada tipus d’equilibri acid-base en medi aquds i en preséncia de cosolvent. El
quart apartat presenta la necessitat de meétodes rapids per a la determinacié de
constant d’acidesa, i el cinqué i Ultim posa de manifest alguns dels métodes més

importants.

1.1.1. La constant d’acidesa com a parametre d’interés biologic

La constant d’acidesa, K, 0 pK, (com a - log K;) és una constant que defineix I'estat de
ionitzaci6 de les substancies acid-base en un medi. Aquesta és una propietat
fonamental dels acids i bases febles que afecte a la seva accié bioldgica, ja que les
propietats de les formes ionitzades i neutres son generalment diferents. La forma
ionitzada és sovint més soluble en aigua, mentre que la forma neutra és més lipofilica i
té major permeabilitat en la membrana [1,2]. Per tant, el grau de ionitzacié és factor
indispensable per a l'estudi dels processos d’absorcio, distribucid, metabolisme,
excrecioé i toxicitat, o altrament anomenat en I'acronim anglés, processos ADMET [3—
6]. La Figura 1.1 representa l'impacte de la constant d’acidesa a les propietats

fisicoquimiques i les potencials interaccions amb les caracteristiques ADMET.

13
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Figura 1.1. Impacte del pK, a les propietats fisicoquimiques i

interaccions amb altres parametres [6].

Degut a que molts dels farmacs contenen com a minim un grup funcional acid-base, el
coneixement de la constant d’acidesa esdevé, en molts casos, clau per a conéixer el
comportament dels farmacs en solucié. Al 1988, es va estimar que el 75% dels

farmacs eren basics, el 20% acids i només el 5% no eren ionitzables [7].

A continuacié s’explica la influencia que té la ionitzaci® en dos parametres
bioldbgicament tant importants com la lipofilicitat i la solubilitat, i posteriorment la

repercussio que té tot aixd en I'absorcié biologica de farmacs.

1.1.1.1. lonitzacid i lipofilicitat

Les molecules sén més lipofiliques quan no estan ionitzades, i la seva lipofilicitat
disminueix rapidament quan s’ionitzen. Aquest fet condicicna I'absorcié i transport de
farmacs dins I'organisme com a resultat de la seva permeabilitat per difusié passiva a

través de membranes i bicapes lipidiques. La Figura 1.2 mostra la variacié de la

14
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lipofilicitat (expressat com a logaritme de la particié octanol / aigua, logD) de tres
farmacs ionitzables en funci6 del pH. Tal i com mostra la figura, la lipofilicitat presenta
variacions significatives dins del interval de pH i quan la substancia és neutre roman

constant, aquest valor s'anomena logP.

Hi ha molts factors que poden influir en la conversié de farmacs en la seva forma no
ionitzada, causant variacions notables en la seva lipofilicitat [8,9]. Per exemple
I'exposicid a medis de pH diferent com el de la sang i la barrera sang-cervell (7.4), de
'estébmac (pot variar de 1 a 7, perd normalment es troba entre 1.4-2.1), del tracte

gastrointestinal (d’entre 5 i 8) o canvis de pH depenent de si s’esta o no en deju.

! 1
g Lisguas P logD = logP b eresesesannesananns .
------ frmmmmn 1
\ Ibuprofen: ! Carvedilol:
i = [ pK, =7.97
: pK, =4.35 : |ogaP =4.14
2 | logP =3.97 : =4,
! ]
! ]
: 1
: / ¢
Q 0+ : /7 : \
g L/ N
Y 7 ) N\
2 4 Y i N
5 , .
% ‘ | ~ Labetalol: ' N \ .
|, pK,=936,7.42 | N
/7 logP = 1.48 ! N
! ]
] 4 i N\
£1 Physiological : :
/o pH range '—’:
-6 { L | 1: 1 |
= 4 6 8 10 12

o
I

Figura 1.2. Perfils de lipofilicitat en funcié del pH de I'ibuprofé (acid),

el carvedilol (base) i el labetalol (zwitterid) [8].

1.1.1.2. lonitzacio i solubilitat

La solubilitat de les molécules ionitzables és inferior quan es troben en la seva forma
neutra, i augmenta rapidament quan s’ionitzen. Tanmateix, I'espécie neutra en solucio

va desapareixent a mesura que la idnica augmenta. Si a més, tenim en compte la

15
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lipofilicitat explicada anteriorment, només les molécules dissoltes de les espécies
neutres passaran a la fase biologica [10]. Aixi doncs, si un farmac no es troba en
soluci6 en la seva forma neutra no sera permeable, essent per tant la solubilitat baixa
un problema molt important per als laboratoris de descobriment i desenvolupament de
farmacs, en anglés anomenats drug discovery and development laboratories. Els
perfils de solubilitat o logS (logaritme de la solubilitat) en funcié del pH de la Figura 1.3
mostren com la solubilitat augmenta quan s’ionitzen molécules. El logS, és el logaritme

de la solubilitat de la forma neutra de la substancia [11].

4
Very soluble salts r
34 a4 p
21 Poorly soluble salts
1 e —‘n““ / ¥
L gl —m——,
O .
E Pindolol:
% = pK, = 9.54
o I =-3.
» | Ketoprofen: Bg Sy=—3.78
| pK,=4.03 Ciprofloxacin:
log Sy =-3.41 pK, =8.62, 6.16
S T - : |Og SO =-3.72
_4- / ‘‘‘‘‘ i
log S=log Sy
_5 T T T T T T T T

2 3 4 5 6 7 8 9 10 11
pH

Figura 1.3. Perfils de solubilitat en funcié del pH del ketoprofe (acid),

pindolol (base) i ciprofloxacina (zwitterio) [8].

1.1.1.3. lonitzaci6 i absorci6 bioldgica

Tot i I'existéncia d’altres mecanismes de transport a través de les membranes
lipidiques, com per exemple el transport paracel-lular o el transport actiu [12-15], el

principal métode de transport és la difusid6 passiva. Com ja s’ha comentat, les
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molécules neutres sén més permeables per aquesta via mentre que les molécules
ibniques romanen en fases aquoses tals com la sang i s6n excretades a través dels
ronyons. Per aquest motiu s’ha de tenir en compte el pH del medi a I'hora de preveure

I’'absorcié de farmacs.

Molts farmacs basics son absorbits en l'intesti, on el pH pot variar entre 5 i 8 depenent
de quina part es considera, i si el pacient esta alimentat o en deju (els aliments eleven
el pH de I'estdmac, pero redueixen el de l'intesti). El itraconazol (comercialitzat com
Sporanox) és un antifungic que es pot prendre per via oral. Als pacients se’ls aconsella
prendre itraconazole amb els apats, quan el pH del contingut de I'intesti pot baixar a 5
o0 menys. La paret de l'intesti esta protegida per una capa de mucosa amb un pH al
voltant de 6, i no es veu molt afectada pel pH del contingut intestinal [2]. Amb valor de
pK, al voltant de 4 i amb una lipofilicitat alta, I'itraconazol és una base que a pH alt no
es troba ionitzada i és gairebé insoluble [16]. S’ionitza a un pH baix, i seria bastant
més soluble a pH 5 que a pH 6. Gracies a que els continguts intestinals poden baixar
fins a pH 5, algunes molécules s’hi poden dissoldre. D’aquesta manera, l'itraconazol

pot acostar-se a la paret i transformar-se en la forma neutra que és de facil absorci6.

Un altre exemple clar sobre la important relacié entre la constant d’acidesa i 'absorcio
biologica és el sildenafil. Aquest farmac és un vasodilatador, i es comercialitza sota el
nom de Viagra. Es un compost amfolit, amb un pK, acid de 9.12 i un pK, basic de 6.78
[17]. Per tant, el sildenafil es troba carregat a valors de pH alts i baixos, i és neutra un
pH entremig d’ambdues constants d’acidesa. Aixi doncs, al pH intestinal el sildenafil es
trobara en la seva forma més lipofilica, que en altres paraules significa que sera

absorbit al tracte gastrointestinal.

Concloent, el coneixement de la constant d’acidesa és de vital importancia per a
l'estudi del comportament dels farmacs dins l'organisme. La ionitzacié de les
substancies altera de forma considerable propietats com la lipofilicitat i la solubilitat,

fent possible o no I'absorcié i la consequent funcié curativa del farmac.

1.1.2. Equilibri acid-base i la seva constant

L’any 1923, el quimic danés Johannes Nicolaus Brgnsted i I'anglés Thomas Martin

Lowry publicaren de forma independent una teoria sobre el comportament dels acids i
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de les bases que superava la teoria acid-base vigent d’Arrhenius. La teoria acid-base
de Browsted-Lowry defineix que “un acid és aquella substancia capa¢ de perdre o
donar un protd, mentre que una base és aquella capa¢ de guanyar o acceptar un
protd”. Aixi doncs, I'equacié general per a una substancia monoprotica acida, HA?, es

pot expressar de la seglient manera:

[HF][a" "]

z z-1 + —
HA”? = A" '+ H K, THA7]

(1.1)

La constant d’acidesa (K,), és una propietat fonamental dels acids i bases febles. Per
als compostos amb un unic grup ionitzable, es defineix com el pH en el qual un
compost s’ionitza al 50%. Aplicant el logaritme a I'expressio (1.1), L.J. Henderson [18] i
K.A. Hasselbalch [19] establiren a principis del segle XX I'equacié que relaciona el pH

(definit com a — log [H*]) amb el pK.:

[base]
[acid]

pH = pK, + log (1.2)

No obstant aixd, quan volem comparar o parlar de constants d’acidesa normalment
parlem de constants d’acidesa termodinamiques (K,), referida a les activitats, és a dir,
a forga idnica zero. La constant termodinamica depén Unicament de la temperatura.

L’equacio (1.3) mostra la constant per a una acid i 'equacié (1.4) per a una base:

raa _ ayg+laT] ya- Ya-
K = H = A . == K, — 1.3
a aga [HA] YHA 2 yHa (1.3)
a,+a a B
K, = Ht®B _ H+[+]_ VB =K. - VB (1.4)
apy+ [BH ] Yeu+t Yeu+

Aqui, a; és l'activitat, i y; el coeficient d’activitat de les diferents espécies. La K'a és la

constant a una determinada forga ionica.

Considerant que el coeficient d’activitat de les espécies neutres és practicament igual
a la unitat (yga i ys= 1), el logaritme de la constant d’acidesa termodinamica ve donat

per:
pK, = pK; — logya- (1.5)

pK, = pKy + logypy+ (1.6)
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on els termes IogyA_ i logyg,+ s'encarreguen de corregir els efectes de la forga ionica

del solut ionitzat. Aquests coeficients es poden estimar usant la teoria de Debye-
Huckel, equacio (1.7):

Az*VT
—logy ;- = —logyg,+ = —logy = H;—aoﬁ (1.7)

Els parametres A i B son dues constants que depenen de la naturalesa del dissolvent i
de la temperatura, i la constant ap, és el radi idnic. Aquestes constants de Debye-
Hiickel son, per solucions aquoses a 25 °C, 0.5085, 0.3281 i 4.56 A respectivament. La

forga ionica de I'equacié anterior, | (mol-L™"), és calculable a partir de 'equacié (1.8):
_1lgn 2
I = Ezi=1 CiZ (1.8)

on z; és la carrega i ¢; (mol-L™) és la concentracié de cada espécie ionica. Aquesta

equacio és valida per a forces idbniques menors a 0.2 M.

Fins ara s’han tractat equilibris acid-base per a substancies monoprotiques. Per a un
compost poliprotic totalment protonat, H,X?, les equacions en equilibri es representen

de la seglient manera:

[Hn-1X7""]

HXe = Hukd +HY pKey = pH — log =t =
n

[Hn—iXZ_ i]

[Hp—ip1 X771

Hpip 1 Xe#1 7= Hy Xed + H* pK,;, = pH — log (1.9)

. [HXZ 71
HXzn+1 —= Xen + H+ pK,, = pH — log [HX?7-1+1]

on n és el nombre total de grups ionitzables, z la carrega de l'espécie totalment

protonada, i el pK,; és la constant d’acidesa a certa forca ionica de I'iessim equilibri.

El pK, termodinamic es pot calcular a partir dels valors de pK:ali a través dels

coeficients d’activitat de les especies involucrades a I'equilibri (yH o i Y, XZ_i+1):
n-i

n-i+1

Y yZ—i
pK,; = pK}; — log — 1= (1.10)

14 . Z—i+1
Hp—it+1X
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estimant, de la mateixa manera que per als compostos monoprotics, els coeficients

d’activitats a través de I'equaci6 (1.7).

1.1.3. Constants d’acidesa en preséncia de cosolvents

Les técniques actuals utilitzades per al desenvolupament de nous farmacs a vegades
proporcionen molécules poc o0 gens solubles en aigua. La insolubilitat sovint es
converteix en un inconvenient en la caracteritzacié fisicoquimica dels medicaments, ja
que molts assajos requereixen que els compost es trobi en solucio al llarg del procés
experimental [6,20-22]. No obstant aixd, aquest problema es pot solucionar utilitzant

medis mixtes de solvent organic i aigua.

S’han utilitzat molts solvent organics solubles en aigua com alcohols o acetonitril.
Tanmateix, el metanol és el dissolvent més escollit, perqué malgrat que les seves
propietats s6n molt similars a 'aigua, és capag¢ de dissoldre compostos no solubles en
aigua [21-26].

El pKa en preséncia de cosolvent s’anomena constant d’acidesa aparent, sza (segons

la IUPAC), on s significa la mescla de la barreja hidro-organica en I'escala de pH de la

mateixa.

Per a estimar el pK, aquéds, o altrament dit a composicié organica zero, existeixen
diverses equacions. La més coneguda és la proposada per Yasuda-Shedlovsky,
basada en el model electrostatic de Born [27,28]. El treball experimental implica la
determinacio del pK, a diverses mescles hidro-organiques i I'aplicacio de la seguent

equacio:
pK, + log[H,0] = = + b, (1.11)

que expressa una relacio lineal entre el terme pK, + log[H,O] i la inversa de la constant
dieléctrica, 1/¢. a; i b, so6n les constant que depenen de cada substancia. El valor de
pKa aqués es troba quan la constant dieléctrica pren el valor corresponent a l'aigua
pura, € = 78.3. L’equaci6 (1.11) és valida per a solucions amb valor de € > 50, Pel cas
de mescles metanol/aigua aquest representa un contingut inferior al 66% en volum (o

aproximadament al 60% en pes) de metanol. Valors fora d’aquest interval comporten a
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una peérdua de linealitat, atribuida a qué a valors baixos de €, es comenca a tenir una
preséncia important de parells idnics. També podria interpretar-se com a una desviacio
deguda a la solvatacié preferencial del solut, el que implicaria que la esfera de
solvatacio del solut fos de composicié diferent, i per tant, tingués un valor de ¢ diferent
al del si de la dissolucié que s’inclou a la equacié (1.11). A proporcions més baixes de
metanol el efectes responsables de la variacid del pK, son deguts a efectes

electrostatics [21-23].

1.1.4. La necessitat de métodes rapids per a la determinacié de constants

d'acidesa

El descobriment de farmacs ha sofert canvis considerables amb l'aven¢ de noves
tecnologies i estratégies. Aquests avengos han donat lloc a noves oportunitats per
reunir i integrar la informacid, augmentant I'éxit i I'eficacia del descobriment de
farmacs. Tot aixd fa que les empreses farmaceéutiques sintetitzin un gran nombre de
farmacs potencials i precursors quimics en periodes relativament curts [29,30].
Posteriorment, aquells que sén els més adequats se seleccionen per a la seva analisi
posterior i desenvolupament. Els laboratoris que mesuraven menys de deu valors de
pK, al mes fa menys de dos décades han hagut d’adaptar o desenvolupar nous
procediments per gestionar peticions de diversos centenars de mesuraments de pK,
per setmana [31]. Com a consequliéncia, es necessita un cribratge d’alt rendiment per a
'avaluacié rapida d’aquests compostos un cop son disponibles després de la seva
sintesi [3,4]. La disponibilitat d'informacié sobre les propietats fisicoquimiques en les
primeres etapes de la seleccié d’'un compost permet temps de desenvolupament més
curts i una reduccio en la quantitat de candidats en els programes de recerca de nous
farmacs [6,20,31]. Aixi doncs, es requereix la mesura de moltes mostres en poc temps,
en altres paraules, es necessiten métodes d’alt rendiment, o0 més conegut en anglés

com a métodes high throughput.
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1.1.5. Metodes per a la determinaci6 de constants d’acidesa

Per a mesurar valors de pK, cal exposar el compost a un ambient de canvi de pH, i
supervisar una propietat que canvia en funcié de I'estat de ionitzacié de la molécula. A
més, és imprescindible mantenir la temperatura i la forga idnica constant per a totes les
mesures. Diverses consideracions afecten la tria del métode. Per exemple, si la mostra
es troba en la seva forma no ionitzada i és poc soluble en aigua, ha de ser mesurada
en una solucié molt diluida, o bé ser analitzada en barreges d’aigua-dissolvent. Si se’n
disposa d’'una quantitat molt petita (per exemple, menys d’1 mg), els Unics métodes
practics impliqguen majoritariament l'espectroscopia UV. D’altra banda, com s’ha
comentat a la secci6 1.1.4, factors com la rapidesa en la determinacié high throughput
d’aquestes constants també son d’'importancia vital a I'hora d’escollir una metodologia

adequada.

Hi ha diverses técniques per a la determinacié de les constants d’acidesa. Els métodes
més utilitzats es basen en valoracions potenciométriques [21-23,32-35],
espectroscopiques [32,36—-39] i mesures electroforétiques [40-55], També se n’han
desenvolupat d’altres menys utilitzades com ara espectroscopia Raman, RMN,
conductivimetria, termometria o la cromatografia de liquids [32,56]. Al llarg dels ultims
15 anys s’han publicat molts articles comparant alguns dels avantatges i inconvenients
d’aquestes técniques [57—-62]. Tanmateix, en aquest apartat s’explicara una breu
pinzellada dels més importants, i més extensament el métode per a electroforesi

capil-lar en les seccions 1.3 i 1.4.

Les vastament conegudes valoracions potenciométriques donen resultats molt
precisos, perd la mostra ha de ser de gran puresa i totalment soluble en tot I'interval de
pH. Per tal de detectar un canvi significant al punt d’equivaléncia de la corba, es
necessita treballar per sobre de concentracions de I'ordre de 5-10* M. Una valoracié
tipica entre pH 3 i 11 requereix al voltant de 45 valors de pH mesurats. A meés, la
necessitat d’esperar a I'equilibri per a cada mesura de pH fa que no sigui un métode

rapid, fins i tot per a valoracions automatitzades.

D’altra banda, les valoracions espectrofotométriques sén més simples i requereixen
concentracions significativament menors, perd també soén lentes i només s’apliquen

quan el compost d’interés té un grup cromofor en la seva estructura amb diferents

22



Introduccio

propietats espectrals entre la forma ionica i la forma neutra. A més, igual que en les

valoracions potenciométriques, la puresa elevada de la mostra també és obligatoria.

Una variacid molt atractiva és l'instrument hibrid de pH-metric/UV [8,36,63]. Aquest
instrument és eficient i altament automatitzat, on el resultat s’obté a partir dels canvis
en l'espectre UV en funcié del pH. En alguns casos, les mesures es poden realitzar
fins i tot quan apareix precipitacié acoblant una sonda anomenada DPAS (dip probe

absorption spectroscopy) [64].

L’electroforesi capil-lar és una altra técnica automatitzada i a més, altament utilitzada
per a la determinacié de les constants d’acidesa. Aquesta técnica necessita petites
quantitats de mostra i reactius. Les impureses no son un problema perque sén
separades de 'analit en el procés d’electroforesi. Els temps de separacié poden ser de
I'ordre de pocs minuts. No es requereix informacio sobre la concentracié ja que només
es necessiten les mobilitats electroforétiques i normalment disposa de sistemes per a

controlar la temperatura.

També val la pena esmentar aqui, que la comparacié dels resultats obtinguts
mitjangant diverses técniques analitiques i dades de la literatura assenyalen la
consisténcia satisfactoria dels resultats i la possibilitat d'utilitzar diferents técniques
indistintament. Entre aquestes técniques, la CE sembla ser una de les preferides per a
mesures rapides i precises [55]. En altres paraules, I'electroforesi capil-lar s’ha creat
un lloc entre tota la col-lecci6 de métodes per a la determinacid de constants

d’acidesa.
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1.2. ELECTROFORESI CAPIL-LAR

1.2.1. Fonament teodric

L’electroforesi capil-lar és un métode de separacioé que es basa en la diferent velocitat
de migracié de les espécies carregades en el si d’'un medi conductor o electrolit suport
(conegut en anglés com a background electrolyte o BGE) dins d'un capil-lar de
diametre intern petit (normalment de 50 ym) a través del qual s’hi aplica un camp

eléctric constant.

A valors per sobre de pH 2, la paret interna d’un capil-lar de silice presenta carrega
negativa degut a la ionitzacié dels grups silanol (Si-OH) de la superficie. Els cations del
BGE s’agrupen sobre la superficie negativa del capil-lar de silice per formar la doble
capa eléctrica: d’'una banda, es crea una capa interna on els cations queden fixats a la
paret del capil-lar; d’altra banda, com aquests cations no son suficients per a
neutralitzar tota la carrega negativa dels grups silanol, una segona capa de cations és
atreta cap a la superficie del capil-lar perd amb menor forga, per la qual cosa aquesta
segona capa és mobil. En aplicar una diferéncia de potencial, els cations de la capa
exterior son atrets cap al catode o eléctrode negatiu, creant un flux de liquid que es
coneix com a flux electroosmétic (EOF). Degut a que els ions estan solvatats,
arrosseguen la resta de la solucié al llarg del capil-lar. L’electroosmosi provoca un flux

en la dissolucié amb un perfil pla, perpendicular al capil-lar (Figura 1.4). [65].

EOF EOF
®e © e ® |e|e
ol e 8 g ® 00| |0
SPke oo o ° oled°S
Paret del capillar | § 9]@9 9 ® o %6 & % @/@ | Paretdel capillar
Si0” ole| @ ) ® ® ®le Si0
@ © o o © @ e
8 ® % ) ® o © 0:0 8
dole® o ©° o ° PBolelo
Dol @ e e
ee e ® a Dol
/ N\
Capa fixe Capa fixe
Capa mobil Capa mobil

Figura 1.4. Generacio del flux electroosmotic.
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Gracies a aquest factor, el flux electroosmotic no contribueix de manera significativa a
I'eixamplament de banda de la mateixa manera que ho fa el flux laminar conduit per la

pressié en HPLC.

Encara que tota la solucié de dins el capil-lar és conduida pel flux electroosmotic, en
injectar una mescla de compostos carregats i eléctricament neutres i aplicar una
diferéncia de potencial entre els extrems del capil-lar, s’'observen diferéncies en el
moviment de les substancies. Aquest fet es deu a que el moviment de les substancies
carregades no esta regit Unicament per la velocitat de I'EOF, sin6 també per la
mobilitat electroforética, Y., que varia per a qualsevol molécula carregada segons la
seva mida i carrega. Fent balang entre les forces d’electromobilitat i friccio, la mobilitat

electroforetica, constant per a cada i6 determinat, pot expressar-se com:

q

He = oo (1.12)

on q és la carrega de l'id, n és la viscositat del BGE i r és el radi de I'ié solvatat. Si
tenim una mescla de diferents substancies, a I'aplicar un camp eléctric les diferents e
faran que els anions migrin cap al pol positiu (anode) i els cations cap al pol negatiu
(catode). A més, els ions més petits i més carregats migraran a major velocitat que els
de mida més gran i carrega menor. En consequéncia, cada molécula carregada té una
mobilitat diferent, anomenada mobilitat electroforética efectiva, per, suma de la
mobilitat de 'EOF i la propia Pe. En canvi, les substancies neutres en no experimentar
ni atraccié ni repulsié respecte els pols, es mouen totes amb el flux electroosmétic i per

tant, no és possible la separacié entre elles (Figura 1.5) [65,66].

Figura 1.5. Representacio de la migracio electroforética de diferents
molécules en un capil-lar de silice fosa. N representa les substancies

neutres.
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Els principals parametres a tenir en compte en I'optimitzacié d’una separacié per CE
sén la naturalesa i composicié del BGE, sovint una solucié tampd, és a dir la seva
concentracié i pH. Altres factors importants que afecten a la separacié i que en alguns
casos estan interrelacionats son: la quantitat de mostra a injectar; la mida del capil-lar
(longitud i diametre); la calor generada per efecte Joule; la temperatura de treball; i el
voltatge emprat en la separacié. El control d’aquests factors és imprescindible per a

poder aconseguir separacions rapides, reproduibles i d’alta resolucio [66].

1.2.2. Parametres d’interés per a la determinacio de constants d’acidesa

En un equilibri acid-base com al que es mostra en I'equacio (1.1) de la seccié 1.1.2, la
relacié entre [A] i [HA]+[A] determina el grau de ionitzaci4 d’'una determinada
substancia. De la mateixa manera, la mobilitat efectiva, pe¢, d’'un acid monoprotic (HA)
depén d’aquest grau de ionitzaci6. Quan nomeés existeix A" aquesta mobilitat és

constant i s’anomena mobilitat de I'espécie desprotonada, My» O mobilitat limit. La

relacio d’ambdues mobilitats amb la constant d’acidesa ve determinada per la seguent

equacio:

Ha~

T 1oPKhapH (1.13)

Heff =
Igual que pels acids, la e d’'una base monoprotica (B) ve determinada pel seu grau de
ionitzacié. Quan només existeix BH® aquesta mobilitat és constant i s’anomena
mobilitat de I'especie protonada, pg,+ 0 mobilitat limit. La relacio d’'ambdues mobilitats

amb la constant d’acidesa ve determinada per la seguent equacio:

”BH+

1+10PH-PKg (1.14)

Heff =
Extrapolant aquestes bases a compostos poliprotics seguint la nomenclatura de

I'equacid (1.9) present en de la seccio 1.1.2, la mobilitat efectiva es pot expressar en

funcié del pH i del pK, de cada equilibri amb I'equacié general (1.15):
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(1.15)

on Yy xz és la mobilitat de I'espécie més protonada i p és la mobilitat de les

z-i
H. X

espeécies desprotonades successives.

Experimentalment la e (cm?V'min™") es pot calcular directament a través de I'equacié
(1.16).

U= LTVLD (i—é) (1.16)

Aquesta depén basicament de dos parametres: el primer és el temps de migracio del
compost (ty); i el segon el temps de migracié del marcador de flux electroosmotic
(substancia neutra no retinguda que marca la velocitat del flux electroosmétic, t;). La
longitud total del capil-lar (L), la longitud efectiva (distancia entre I'extrem del capil-lar
més allunyat de la finestra de deteccié i la propia finestra, Lp) i el voltatge (V) sén

constants dins d’'un sistema electroforétic especific.
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1.3. METODES ELECTROFORETICS PER A LA DETERMINACIO DE

CONSTANTS D'ACIDESA

S’han publicat molts articles cientifics sobre la determinacié de constants d’acidesa per
electroforesi capil-lar, on la majoria han estat compilats per S.K. Poole et al. [31] i P.
Nowak et al [55]. EI compendi comprén una gran diversitat de compostos i
metodologies dins I'abast de la técnica. En aquesta secci6 es comenten les
caracteristiques i tipus de metodologies existents per a la determinacié de les

constants d’acidesa per electroforesi capil-lar.

1.3.1. Introduccié

La majoria de metodologies es basen en el métode classic, consistent en tres passos:
(i) preparacido de diversos tampons a diferents valors de pH; (i) mesura de les
mobilitats electroforétiques d’analits i de marcador de EOF; (iii)) i per ultim, la
determinacio del punt d’inflexié de la corba mobilitat versus pH tracada per regressio
no lineal. No obstant, s’han introduit diverses modificacions com per exemple:
monitoritzar I'absorbancia en lloc de la mobilitat electroforética o utilitzar electrolits que
contenen cosolvents organics. A la Figura 1.6 es mostra un petit esquema sobre les

possibilitats que ofereix la determinacié de constants d’acidesa per CE.

pK, determination by CE

CE format: Capillary type: Extensions:
- classical BGE: - bare fused-silica Data analysis & - thermodynamic
. calculation: pK, (D-H correction
fecsirelon - aqueous - dynamically or extrapolation to
it Jent coated - non-linear zero ionic strength)
vacuum assisted = cosolven
Bor-aqueous - permanently - linear - variation with
S - -aqueou
- miniaturized & coated temperature
- CE-DAD
multiplexed - pK, in chiral
- internal standard- media

based method

Figura 1.6. Esquema dels diversos passos per a la determinacidé pK, per CE. D-H: model de

Debye-Hickel. DAD: acronim angles de diode array detector [55].
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Cada requadre d’aquesta figura permet una opcié i totes les combinacions entre
aquests elements particulars estan permeses. Aquest fet representa un ampli espectre

de solucions i possibilitats, algunes de les quals fins ara han estat inexplorades.

Aplicar pressio a I'entrada del capil-lar o el buit a la seva sortida, sén algunes de les
metodologies emprades per tal d’aconseguir separacions més rapides [44—-47,67,68].
Alternativament, alguns autors [69-71] utilitzen recobriments dinamics o permanents
en capil-lars de silice (il-lustrat com a capil-lars dynamically or permanently coated a la
Figura 1.6) per eliminar, incrementar o mantenir constant el flux electroosmotic a

qualsevol pH de treball.

Seguidament, s’explicara més detalladament en qué consisteix el métode classic.
D’altra banda, cal esmentar que el nostre grup de treball ha desenvolupat un nou
meétode electroforétic basat en la utilitzacié d’un patro intern. Degut a que aquesta tesi
esta enfocada principalment en el desenvolupament i optimitzacié d’aquest métode, se

li ha dedicat una seccid Unica i exclusiva de la introduccio, la secci6 1.4.

1.3.2. Metode classic

El métode classic es basa en determinar la mobilitat del compost a diversos valors de
pH. Per tal d'utilitzar aquest métode cal tenir varies solucions tampd que cobreixin un
interval minim de pH entre pK, £ 4 de l'analit per tal d’assegurar que el punt d’inflexié

de la corba correspon a la constant.

Cada pH és mesurat potenciométricament i de forma acurada just abans de I'analisi.
Segons el pH, la substancia analitzada presenta diferents graus de ionitzacio, donant
temps de migracié diferents dins del capil-lar. Aquestes diferéncies en els temps de
migracioé condueixen a una mobilitat electroforética o una altra. A partir dels temps de
migracio es registren i es calculen les mobilitats a partir de I'equacié (1.16) de la seccio
1.2.2. Sabent que aquesta mobilitat és la mobilitat efectiva de I'analit i que el pH ha
estat mesurat préviament via pH-metre, obtenim llavors una série de valors
representables en una grafica, on a I'eix de les abscisses s’hi representa el valor de pH
de la substancia i al d’'ordenades el valor de . Les dades s’ajusten a I'equacié no
lineal que relaciona ambdues variables i els valors de pK, es determinen per

interpolacio. Aquestes equacions es troben resumides a la seccié 1.2.2, essent per a
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substancies monoproétiques acides l'equacié (1.13), per a bases monoproétiques

'equaci6 (1.14), i per a poliprotics I'equacio general (1.15).

Un exemple de l'aplicacié d’aquest métode és la quinina, una base feble diprotica
utilitzada anteriorment per combatre la malaria i actualment en begudes refrescants.
Aquesta substancia pot trobar-se en tres estats diferents en funcié del pH: H,X?*, HX",
X. Calculant la pes a diferents valors de pH i representant-los en un grafic, trobarem el
perfil d’'una corba tal i com es mostra en la Figura 1.7, marcats com a (o).
Seguidament, aquest valors s’ajusten (linia continua de la figura) i els valors de pK,,

marcats com a (e), es determinen per I'ajust.

Mot (104 cm? V1 )

4.0 -

3.0 -

ol

wl L

0.0 T j T T I °1 pH
0 5 4 6 8 10 12

Figura 1.7. Relacié entre la ye i el pH del tampd per un compost diprotic basic, la quinina.
Els punts experimentals estan representats com a (o) i I'ajust a I'equacio general (1.15) com

a linia continua. Els punts (e) representen els valors de pK, extrapolats [69].

Per a una bona determinacidé de la constant d’acidesa, factors com ara la tria de les
solucions tampd i la seva concentracié poden resultar claus. Els tampons han de tenir
capacitat amortidora suficient, han de minimitzar el problema de I'escalfament per

efecte Joule i no han de presentar interaccions especifiques amb 'analit.
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En aquest métode, el pH de les solucions tampd és critic i cal que sigui mesurat just
abans de determinar la mobilitat. Un mal condicionament del capil-lar amb la solucié
tampo, I'electrolisi d’aquest a causa de la diferencia de potencial i I'absorcié de CO, de
'atmosfera sén problemes freqients que afecten al valor de pH de les mesures.
Tanmateix, alguns d’aquests problemes es poden minimitzar canviant les solucions

amortidores per unes de noves cada 5 o 6 analisis o de vegades preparant-les de nou.

En termes de rendiment, el métode classic és un métode lent ja que les mobilitats
electroforétiques s’han de determinar en una ampli interval de valors de pH. Tenint en
compte que s’han de preparar al voltant de 20 solucions tamponades per a cobrir tot
linterval de pH util en CE, es necessiten unes hores per a realitzar la determinacio
d’'una constant d’acidesa. No obstant aix0, en els darrers anys algunes aproximacions i
nous dissenys s’han dut a terme per a la determinacié high throughput d’aquestes
constants per CE. Entre elles destaquen: la utilitzacié de sistemes amb 96 capil-lars
electroforetics [47-49,72,73]; la miniaturitzacié per microxip [70]; o la determinacio
simultania de la pe¢ d’'un conjunt elevat de compostos utilitzant detectors més sensibles

i selectius com I'espectrometria de masses [74].
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1.4. 1S-CE, INTERNAL STANDARD CAPILLARY ELECTROPHORESIS

El grup de treball ha desenvolupat un nou métode per a la determinacié de constants
d’acidesa anomenat métode del patré intern per electroforesi capil-lar o IS-CE (/Internal
Standard Capillary Electrophoresis) [75]. El métode I1S-CE és més rapid i efica¢ que el
meétode classic. Utilitza I'electroforesi capil-lar, perd se centra en I'is d’'un compost de
referéncia, anomenat patré intern o IS (de l'acronim anglés Internal Standard), de
naturalesa i pK, similars als de I'analit. Aquest métode calcula el pK, de I'analit a partir
de les diferéncies entre les mobilitats relatives d’ambdés compostos i la constant
d’acidesa de I'lS, suposant que I'lS i I'analit es comporten de la mateixa manera en les
condicions d’analisi. Cal afegir, que el métode IS-CE ha estat provat per a compostos
monoprotics de diferent naturalesa quimica, obtenint valors de pK, amb desviacions

mitges respecte els valors de la literatura de 0.05 unitats [75,76].

Per a una millora en la lectura i comprensié d’aquest métode, aquesta seccid s’ha
dividit en quatre parts: en la primera s’explicara com funciona el métode; en la segona
els fonaments i equacions per utilitzar-lo; en la tercera es comentaran algunes
consideracions a tenir en compte per a la seva utilitzacié; i en la quarta i ultima part,

els seus avantatges respecte als altres métodes.

1.4.1. Procediment

El métode IS-CE consisteix en injectar I'analit i el patré intern conjuntament a dos o
més valors de pH diferents. Un primer pH on l'analit i I'lS estiguin parcialment ionitzats,
és a dir, a un interval de pH + 1 unitats respecte al valor de pK, a fi de tenir un
percentatge acceptable tant d’espécie ionica com de neutra dels dos compostos. | un
segon pH on ambdds estiguin totalment ionitzats, en altres paraules, a pH > pK, + 2 en

el cas dels acids i pH < pK,; — 2 en el cas de les bases.

Un cop obtinguts els dos electroferogrames, a partir dels temps de migracié s’obtenen
les mobilitats efectives i de les formes totalment ionitzades de I'analit i de I'lS. De la

relacié entre les diferents mobilitats de I'analit i del patré intern s’obté la diferéncia
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entre els valors de pK, de l'analit i de I'lS. Per tant, coneixent exactament el pK, de I'IS

pot determinar-se facilment el de I'analit.

1.4.2. Fonament teoric

En aquesta seccid s’expliquen els fonaments i les equacions emprades en el métode
IS-CE per a la determinacié de constants d’acidesa d’acids i bases monoprotiques.
Atés que la determinacié de constants d’acidesa de substancies poliprotiques forma
part de la recerca original d’aquesta tesi, seran considerades a la segona seccio del

Capitol Il d’'aquest treball. També es pot trobar a la publicacié presentada a I'article Il.

1.4.2.1. Acids monoprotics

Suposant un acid monoproétic, HA, la seva mobilitat electroforética (ues) es pot

relacionar amb la constant d’acidesa (o el logaritme d’aquesta, pK,) i el pH, tal com es

reflecteix a I'equacio (1.13) de la seccio 1.2.2. Aillant el pK; de la equacio s’obté:

pK, =pH+log%=pH+logQ (1.17)
ef f

on Q és el coeficient que relaciona la mobilitat limit (pA_) i la mobilitat efectiva (Mes).

Aquestes mobilitats (cm?V'min”) es poden calcular directament amb el temps de
migracio del compost (t,,) i el marcador de flux electroosmotic (o) a través de I'equacio
(1.16) de la seccid 1.2.2.

Utilitzant un patrd intern (IS), 'equacié (1.17) es pot escriure dues vegades: una per a
I'analit (AN), equacié (1.18); i una altra per a I'lS, equacié (1.19).
AN~ — Heff(AN) __

! u
K' oo = pH + = pH + 1.1
PRgany =P log Her Fean) p logQan (1.18)

Uis™ — Heffus)

= pH + logQs (1.19)
Herras)

PKyas) = pH + log
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Restant ambdues equacions el pH es simplifica i deixa de ser una variable a

determinar. Si s’ailla la constant de 'analit s’obté:
ch,l(AN) = chll(IS) + logQan — log Qs (1.20)

Si AN i IS s6n compostos de la mateixa naturalesa acid-base i carrega, els coeficients
d’activitats se simplifiquen. Aixi doncs, la constant termodinamica es pot trobar

directament tal i com es mostra a la equacio (1.21).

PKaany = PKaasy +10gQan — logQys (1.21)

Per tant, injectant els dos compostos en un tampd a un pH on estiguin totalment

desprotonats (per determinar Moy i pls_) i en un altre tampéd on estiguin parcialment

ionitzats (per determinar peman) i Mefigs)), podrem calcular el pK, sense determinar

exactament el pH, ja que aquest no es troba implicat a I'equacié.

1.4.2.2. Bases monoprotiques

Quan es té una base monoprotica, B, la mobilitat també es podra relacionar amb la

constant d’acidesa i el pH, tal com es reflecteix a I'equacio (1.14) de la seccié 1.2.2. Si

s’ailla el pK'a d’aquesta equacio s’obté:

pK/ =pH—l0gM=pH—logQ (1.22)
Uerr
on Q torna a ser el coeficient que relaciona la mobilitat limit (ug,+), i la mobilitat

efectiva (Ue). De la mateixa manera que per als acids, amb un patré intern (IS),

I'equacio (1.22) es pot escriure per al AN, equacié (1.23), i per a I'lS, equacié (1.24).

) H —He
Ky any = pH — log “2=—1U = pH — logQ,,y (1.23)
Heff(any
/ _ st ~ Heffus)
PKaasy = pH —log————— = pH —logQ;s (1.24)

Hefr(1s)

Restant aquestes dues equacions i aillant el pK;(AN):
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PKaany = PKausy — 10gQan + logQs (1.25)

Novament, al restar, el pH se simplifica i deixa de ser una variable a determinar. Si els
dos compostos també tenen la mateixa naturalesa acid-base, els coeficients d’activitat

s’eliminen i la constant de 'analit s’obté tal com indica I'equacio (1.26).

PKacany = PKaasy) — logQan + logQys (1.26)

Aqui la determinacié del pKa(AN) també requereix la determinacioé de les mobilitats de

les especies ionitzades, [ \+ | Mg+, l€s mobilitats de les especies parcialment

ionitzades, Peran) i Mefigs), I, €l valor del pKys).

1.4.2.3. Utilitzant compostos de diferent naturalesa acid-base

Sempre que es pugui, es recomana que el patré intern sigui de la mateix naturalesa
acid-base que la de I'analit. No obstant aixo, un treball publicat pel nostre grup de
recerca [77] ha demostrat que es pot utilitzar un IS de naturalesa acida per a
determinar el pK, d’'un analit basic, i I'inrevés, argumentant que la similitud estructural
entre AN i IS no suposa un requeriment essencial en el métode IS-CE. Per tant,
podrem determinar constants d’acidesa utilitzant mescles monoprotiques mixtes per

dues vies.

El primer cas és la determinacié d’'un AN acid a partir d’'un IS basic. Igual que pels

acids i les bases monoprotiques, podem restar les equacions (1.18) i (1.24) i aillar el

pK;(AN) per donar I'equacié seglent:

PKycany = PKaas) +10gQay + logQs (1.27)

El segon cas és la determinacidé d’'un AN basic a partir d'un IS acid. De la mateixa

manera, restarem les equacions (1.23) i (1.19) i aillarem el pKa(AN) , obtenint 'equacio

seguent:

ch,l(AN) = chll(IS) —logQan —logQss (1.28)
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Un cop més, aquestes equacions no son pH-dependents. Per calcular la constant
d’acidesa de l'analit, cal saber la constant del patré intern i les mobilitats idniques i
efectives dels dos compostos. Degut a que en aquests casos la naturalesa acid-base
no és la mateixa, la constant d’acidesa termodinamica només podra ser calculada
corregint la forga idnica a partir de I'equacié (1.5) de la seccid 1.1.2, si es tracta d’un
analit acid, o I'equacié (1.6) de la seccié 1.1.2, si es tracta d’'una base. Llavors,

substituit i arreglant termes, I'equacio (1.27) és transformara en la seglent:
PKaany = PKaasy +10gQan + logQs — 2logy (1.29)
i 'equacio (1.28):
PKaany = PKaasy — logQan — logQ;s + 2logy (1.30)

Es pot observar que aquestes dues equacions no depenen pH, perd si depenen de
l'activitat idnica dels coeficients del AN i de I'lS (logy). Aquest coeficients es poden

estimar seguint 'aproximacioé de Debye-Hlckel, equacio (1.7) de la seccié 1.1.2.

1.4.3. Consideracions

Fins ara en aquesta seccié s’han comentat els procediments i els fonaments teorics
per a la determinacié de constants d’acidesa per al meéetode IS-CE. Tanmateix, el
meétode requereix d’'unes consideracions per a disposar de tampons de pH i patrons
interns adequats. En aquesta seccio es discuteix quins son els principals punts a tenir

en compte per tal d’utilitzar bons BGE i bons IS.

1.4.3.1. Consideracions del BGE

Com en el métode classic d’electroforesi capil-lar, hi ha varis factor que s’han de
controlar. Entre tots ells, tres sén els principals a considerar de cara a una bona

determinacio de les constants d’acidesa.
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Primerament, la forga idnica (I) ha de ser la mateixa per a totes les determinacions.
Per aquesta rao, tots els tampons s’han de preparar al pH desitjat amb una forga
idnica determinada i constant. Si s’utilitzen solucions d’electrolits diluits, aquests han
de proporcionar una bona capacitat amortidora, suficient com per mantenir un pH fix
quan la mostra és injectada. S’ha estimat que per a determinacions electroforétiques la

forga idnica optima esta entre 10-100 mM [31,78].

El segon factor a controlar és la temperatura. Encara que el capil-lar estigui
termostatitzat, I'aplicacié d’'una diferéncia de potencial i la generacié d’'un corrent
eléctric dins del capil-lar fa augmentar la temperatura (efecte Joule). Només en el cas
que el calor es dissipi d’'una manera apropiada, la temperatura dins del capil-lar es
mantindra constant. Una forma facil de comprovar si les condicions de treball sén
adequades o no, €s mesurar la intensitat generada per una solucié tampé a diversos
valors de tensio. Si la temperatura no canvia, llavors la relacio entre intensitat i voltatge
(I/V) romandra constant, d’acord amb la llei d’Ohm [79]. Aquest efecte es va comprovar
al nostre grup de treball [76], i es va demostrar que per a tots els tampons utilitzats a
'estudi i amb capil-lars de 40 cm de longitud efectiva (Lp), tampons amb forca idnica

de 50 mM i voltatge de 20 kV, la relacio I/V seguia la llei d’Ohm.

El tercer i ultim factor a tenir en compte és la interaccié especifica entre els analits o
els patrons interns i I'electrolit del tampd. En un altre treball [52] es van avaluar
aquestes interaccions amb diferents tipus de tampons, utilitzats normalment per a la
determinacioé de constants d’acidesa en sistemes de CE. Es va observar la formacio
d’alguns parells ionics entre tampons i analits, donant una clara desviacié de la
mobilitat esperada. Com a conclusié es van escollir un conjunt de tampons que no
presentaven interaccions amb els analits, que son els s’han utilitzat en aquest treball.

Aquesta llista es presentara en la primera seccio del capitol 1.

1.4.3.2. Consideracions de I'lS

La consideracio més important a tenir en compte a I'hora d’escollir un patré intern és
que el pK,; sigui similar al de I'analit, ja que les mobilitats efectives dels dos han de ser
determinades conjuntament en el mateix electroferograma. Si tinguéssim valors de pK,

massa diferents, no es trobaria un pH on ambddés compostos estiguessin parcialment
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ionitzats. Aixd implica tenir a priori un coneixement aproximat del valor de pK, de

I'analit.

Avui en dia existeixen programes de calcul forga bons que permeten una primera
aproximacié al pK,. Entre ells destaquen 'ACD/Labs [80] i el SPARC [81]. Un cop
obtinguda la primer a aproximacio del pK, de I'analit, s’escull un pH i un patr6é adequats
per a la determinacié. Si el pH del tampé esta en la zona de pK, = 1 del compost a
mesurar, aquest es troba significativament ionitzat (10-90%) i s’escull un IS amb un
pK, a la mateixa zona. A vegades la primera estimacié de pK, de l'analit no és
correcte. Llavors, el pK; del AN i de I'lS sén massa diferents i com a conseqiiéncia el
pH on es realitza la mesura de la per NO és I'adequat. Per a un compost monoprotic
basic, per exemple, I'analit mostrara una mobilitat molt proxima a la de la seva forma
protonada (en el cas que es seleccioni un pH massa baix), o una mobilitat propera a
zero (en cas que es seleccioni un pH massa alt). Pel cas d'un acid, passara
exactament el contrari. Si aix0 passa, el métode no es pot aplicar. Com que el valor de
la per €stara sempre comprés entre la seva mobilitat limit i zero, depenent del valor
obtingut de pe a la primera aproximacio, es pot escollir facilment un nou pH i IS, si es
necessari. Per exemple, si la Us¢ d’'una base feble és molt similar a la seva forma
ionica, Pg,+, voldra dir que el pH utilitzat per a la determinacio €s massa baix.
Suposant que tenim un coneixement previ erroni del pK, de l'analit, és bastant
probable que la mesura adequada de la per sigui @ un pH més alt, per exemple dues
unitats de pH per sobre. En cas que el pes Sigui zero, voldra dir que el pH és massa alt
i la base és en la seva forma neutra. Un cop més, s’haura de realitzar la mesura de la
Mef dues unitats de pH per sota. Per tant, quan la primera estimacio de la pK, no és

prou bona sovint és necessari un altre assaig.

Tot i que probablement no sigui un requisit estricte, és recomanable que els

compostos escollits com a patrons interns siguin de naturalesa similar a la dels analits.

1.4.4. Avantatges

Com a primer avantatge cal esmentar que el métode IS-CE utilitza I'electroforesi
capil-lar, per la qual cosa aprofita tots els avantatges d’aquesta técnica ja comentades

al penultim paragraf de la seccidé 1.1.4. Alguns exemples sén: cal poca mostra i
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reactius; és una técnica de separacid; no necessita informacié sobre les

concentracions dels analits i esta molt automatitzada.

Apart de tots els beneficis com a técnica electroforética, el principal avantatge del
meétode IS-CE és que I'is del patré intern compensa alguns error sistematics durant
I'experiment. Aixi doncs amb tant sols dues injeccions en dos valors de pH diferents,
es pot determinar la constant d’acidesa d’'un nou compost. El factor limitant de la
velocitat del métode classic és la necessitat de realitzar moltes analisis experimentals
de forma separada a diferents valors de pH. Aquest pas, que no aplica als métodes de
valoracié potenciomeétriques o espectrofotométriques, tampoc aplica al métode IS-CE.
Mentre que el métode classic necessita aproximadament unes hores per a determinar

una constant d’acidesa, I'IS-CE implica un temps mitja de tant sols 20 minuts.

D’altra banda, un treball realitzat en el mateix grup de recerca [82] ha aplicat aquest
meétode per a la determinacio de constants a diferents temperatures. En aquest treball
es demostra que si 'AN i IS tenen increments d’entalpies estandards similars, la
utilitzacid d'un patré intern compensa possibles fluctuacions incontrolades de

temperatura a dintre del capil-lar, com per exemple les degudes a I'efecte Joule.
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is based on the use of an internal standard of pK, similar to that of the analyte. In this paper we establish
the reference pK, values of a set of 24 monoprotic neutral acids of varied structure that we propose as
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the classical CE method. Some systematic deviations of mobilities have been observed in NaOH buffer in

Key words:
Acidity constant
Capillary electrophoresis

pKa
Internal standard reference to the other used buffers, overcoming the use of NaOH in the classical CE method. However,
High throughput method the deviations affect in a similar degree to the test compounds and internal standards allowing thus, the

use of NaOH buffer in the internal standard method. This fact demonstrates the better performance of
the internal standard method over the classical method to correct mobility deviations, which together
with its fastness makes it an interesting method for the routine determination of accurate pK, values of

new pharmaceutical drugs and drug precursors.
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1. Introduction

The knowledge of the acidity constant K; (or in logarithmic
scale, pK;) of chemical compounds with acid-base properties is
essential in many fields. In fact, the neutral and ionic forms of the
chemical substances can have very different physicochemical and
biological properties, the acidity constant being sometimes deci-
sive for a given application. This is the case in the pharmaceutical
industry, in which the pK,; values have a particular importance
[1-3]. Many drugs are weak acids or bases and new applications
will depend on their particular physicochemical properties such
as acidity, hydrophobicity, and solubility [3,4]. Therefore, pharma-
ceutical companies must characterize a great number of potential
drugs and chemical precursors in a relatively short time to select
those which are more suitable for their further test and develop-
ment. Need of rapid patents of the promising drugs is evident for
such companies, which normally compete for similar compounds
and applications, thus justifying the increasing demand of fast and
reliable physicochemical characterization techniques of potential
drugs [1,2].

* Corresponding author. Tel.: +34 93 403 92 75; fax: +34 93 402 12 33.
E-mail addresses: marti.roses@ub.edu, marti@apolo.qui.ub.es (M. Rosés).

0021-9673(3 - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016fj.chroma.2010.10.060

There are several methodologies for the determination of acid-
ity constants. The ones most used are based on potentiometric
[5-7], spectrophotometric [5,8] and electrophoretic measurements
|9-15]. Capillary electrophoresis (CE) has been widely used to
determine acidity constants. It is a highly automatized technique
that uses small amounts of samples and reagents. In addition, impu-
rities are not a problem because they can be easily separated from
the analyte during the electrophoretic process [13-17].

Recently, our research group has developed a new method to
determine acidity constants by capillary zone electrophoresis (CZE)
[18,19], faster and more efficient than the classical one. This method
is based on the use of a reference compound or internal standard
(1S), with nature and pK; similar to those of the analyte. The refer-
ence compound and the analyte behave in a similar manner in the
conditions of the analysis and therefore, the difference between
the values of their relative mobilities is directly related to their dif-
ferent acidity. In comparison with other CE methods, the internal
standard method requires less electrophoretic measurements and
there is no need to measure the pH value of the buffer solution. In
fact, for routine pK; estimation the analyte and the internal stan-
dard can be injected at only two different pH values: a first one
where the analyte and the IS are partially ionized (at pH=pK, +1)
inorder to calculate the effective mobility (itefr). and a second one in
which both are completely ionized to calculate the limiting mobil-
ity (fa- or pgyy+ ) for monoprotic compounds. From these mobility
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measurements the pK; can be directly obtained if the pKj of the IS
is well known. The CE internal standard method is, therefore, an
attractive alternative to other methods, which are more expensive
because they need higher amounts of pure sample and solvents,
and they are more time consuming [5-15]. The main purpose of
this paper is to establish the pK, of a series of acids with different
functional groups and structures, covering all the useful pH range in
CE, which can potentially be employed as internal standards for the
fastand efficient knowledge of the pK; of new drugs and precursors.

2. Theory

The effective electrophoretic mobility, jt.¢, of a monoprotic neu-
tral acid HA can be related to the acidity constant K; and pH through
the following equation [16]:

Hop-

— 1
1+ 10PKa—PH 2

Heff =
where f£,- is the mobility of the completely deprotonated species,
and pKj is related to the thermodynamic pK; and the activity coef-
ficient of the anionic species y,-. which corrects the effect of the
ionic strength (1), as follows:

pKa = pK} — log y4- (2)

The pKj; of the test compound can be easily obtained from Eq.
(1):

- — Heff

pK. = pH + log’u“u =pH+logQ (3)

eff

For an acid HA, Q is the coefficient of the relative amounts of the
neutral and ionic forms, related to pt,- and pter. Such mobilities
(cm?V-" min~") can be directly calculated from the retention time
of the analyte t;, and the electroosmotic flow marker tp (min) by
means of the expression:

Llp (1 1
et (L -3)

where Lt and Lp are the total length and the effective length of the
capillary, respectively (cm), and V is the applied voltage (V).

In the internal standard method, Eq. (3) is applied to both, the
analyte (AN) and the internal standard (1S). The difference between
the two equations obtained leads to:

PK; an — PK1s = log Qan — log Qss (5)

This equation is independent of pH. Therefore, when injecting
both compounds using a given buffer solution in which they are
all completely deprotonated (to obtain ¢,- ), and a second buffer
solution with a different pH where they are partially ionized (to
obtain feeg), PK;, oy €an be calculated despite the pH is not exactly
known (since it is not involved in the equation):

PK; an = PK, s + 10g Qan — log Qis (6)

To determine pK;, ,, the value of pK}  is obviously needed, and
it should be as accurate as possible.

Notice, that if the ionic forms of the analyte and internal stan-
dard have the same charge (such as in all acids studied in this work)
then Debye-Hiickel equation predicts the same activity coefficient
correction for Eq. (2). In this instance, pK} can be replaced by pK,
in Eq. (6) for both analyte and internal standard. In other words,
the pK, (or pK}) value of the analyte is obtained in the same work-
ing conditions (ionic strength) than the pK, value of the internal
standard used to calculate it.
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3. Experimental
3.1. Apparatus

Capillary electrophoresis experiments have been performed
using a PJACE MDQ Beckman instrument (Palo Alto, CA, USA),
equipped with a diode-array spectrophotometric detector. The
fused-silica capillaries were 50.2cm length (40cm to the detec-
tor) x 50 um ID and were obtained from Composite Metal Services
Ltd. (Shipley, West Yorkshire, UK). The temperature of the capillary
was 25.0+0.1°C. The samples were injected at a hydrodynamic
pressure of 0.5 psi for 3 s, and the applied voltage was 20 kV.

Before the injections, the capillary was conditioned according to
the following steps[17,18]: 1.0 M NaOH (20 min}), H0 (10 min), and
finally the buffer to be used in the experiment (20 min). Between
consecutive injections, the capillary was washed with the same
buffer (3 min), and after 4-5 injections, the vial containing the
buffer was replaced. When a different buffer was used, the capil-
lary was washed with water (10 min) and afterwards, with the new
buffer solution (20 min). At the end of each session, the capillary
was washed with 0.1 MNaOH (10 min) and water (15 min).

3.2. Reagents

Benzyl alcohol (analytical-reagent grade), 0.5 M sodium hydrox-
ide, 0.5 M hydrochloric acid, and potassium chloride (>99.5%) were
from Merck (Darmstadt, Germany). Anhydrous sodium acetate
(>99.6%) was purchased from ].T. Baker (Deventer, The Nether-
lands). 2-(Cyclohexylamino)ethanesulfonic acid (CHES, >99%), and
3-(cyclohexylamino)-1-propanesulfonic acid (CAPS, >98%) were
from Sigma (St. Louis, MO, USA). 2,2-Bis(hydroxymethyl)-2,2',2"-
nitrilotriethanol (BisTris), and sodium formate were from Fluka
(Buchs, Switzerland). Tris(hydroxylmethyl)amino-methane (Tris,
>99.9%) was purchased from Aldrich (Milwaukee, WI, USA). Water
was purified by a Milli-Q plus system from Millipore (Bedford, MA,
USA), with a resistivity of 18.2 MS2 cm.

The test solutes employed were: 2-chlorobenzoic acid, 2,6-
dibromo-4-nitrophenol, 4-nitrobenzoic acid, 2,6-dinitrophenol,
3-bromobenzoic  acid, 24-dinitrophenol, benzoic acid,
ibuprofen, nicotinic acid, warfarin, 2,5-dinitrophenol, sul-
facetamide, 2,4,6-tribromophenol, 4-nitrophenol, vanillin,
4-hydroxybenzaldehyde, phenobarbital, 3,5-dichlorophenol,
methylparaben, 2-chlorophenol, 3-chlorophenol, 4-bromophenol,
paracetamol, and phenol. All the compounds were reagent grade
or of chromatographic quality and were obtained from Sigma,
Fluka, or Carlo Erba (Milan, Italy).

3.3. Preparation of samples and buffers

The buffers employed covered practically all the useful CE pH
range (from 3 to 12). They are shown in Table 1, together with
the corresponding pH range and their stock solutions. The buffer
solutions have been prepared as described in previous work [17].
Briefly, to prepare the buffers at the desired pH and constant ionic
strength, 0.5 M HCl, 0.5 M NaOH or 0.5 M KCl was added to 50 mL of
the stock solution (0.1 M). Finally, the solution obtained was diluted
by adding water up to a volume 100 mL, thus allowing keeping a
constant ionic strength of 50 mM.

The internal standard solutions were prepared at a concentra-
tion of 1000 pgmL~', in water or in a methanol/water mixture
(when they were not soluble in water). Afterwards they were
diluted to 100 g mL~! with water. Benzyl alcohol (100 pgmL-1)
was then added as the EOF marker to determine the mobilities.

All the samples and buffers were filtered through a nylon mesh
0.45 pm porous size (Whatman, Maidstone, UK) and stored at 4°C
until used.
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Buffer solutions used to determine acidity constants with the internal standard and classical methods by capillary electrophoresis.

Buffer pKa pH range Stock solution (=50 mM)
HCOOH/HCOO- 3.75 2.60-4.80 0.1 M HCOONa+0.5M HCI
CH3COOH/CH3C00~ 476 3.70-5.80 0.1 M CH3COONa +0.5M HCl
BisTrisH* /BisTris 6.48 5.50-7.50 0.1 M BisTrisHCl + 0.5 M NaOH
H3PO,4~ [HPO42-2 7.21 5.80-8.20 0.1 M NaH,;PO4 +0.1 M Na;HPO,
TrisH* [Tris 8.08 7.00-9.00 0.1 M TrisHCI +0.5 M NaOH
H3BO3/H2BO;~? 9.24 8.20-10.40 0.1 M NazB407 +0.5 M HCl
CHES/CHES~ 9.50 8.40-10.10 0.1 M CHESNa+0.5 M HCl
CAPS/CAPS- 10.40 9.40-11.60 0.1 M CAPSNa+0.5M HCl
NaOQH® 11.8-13.00 0.1M NaOH +0.5 M KCI

4 Used only in the classical method.
b Not recommended for the classical method (see text).

4. Results and discussion

Table 2 lists the acids selected as internal standards together
with their literature pK; values (pK,) at 25°C and zero ionic
strength [20-24). They are of diverse chemical nature and cover the
pH range most useful for CE. We selected pK; values from general
sources which are compilations of pK; values [20,21]. Only when
the pK; of the compound was not found in this reference literature,
it was taken from specific research articles [22-24]. Since different
pKa values can be found in the literature for a same compound,
it was difficult to choose one reference value for each internal
standard. To set up a list with reliable pK; values, we applied an
iterative process with our own experimental electrophoretic data.
The advantage of using this procedure is that during the refining
process, the initial pK; values, which could be no good enough,
converge to the correct final value (consistent with the measured
electrophoretic mobilities for the whole set of internal standards).

The procedure to establish the pK, reference values was
performed as follows. The pK, value for each acid (pK;an)
was determined from the electrophoretic measurements using a
series of appropriate acids from the same set in Table 2 with
PKais =pKaan =1, used as internal standards. 4-7 internal stan-
dards were generally used for each compound. In a first approach
the literature pK, values of the internal standard were used as
pK,,s in Eq. (6) for the calculation of pK, an. Then the pK; oy val-

Table 2

ues obtained with the different internal standards for the same
analyte were averaged. This procedure provided a new list of pK;
values for all the studied compounds, slightly different from the ini-
tial literature ones. An iterative process was then applied to obtain
a new pK, value for each compound, from the already measured
electrophoretic mobilities and the new obtained pK; values for
the internal standards (instead of the literature ones). A new set
of refined average pK; values was thus obtained. The procedure
was repeated until achieving pK; values differing only <0.01 units
between consecutive refined values.

Table 3 shows the evolution of the pK, values of some com-
pounds of Table 2 through the consecutive refining steps. For
example, the pK; of 2-chlorobenzoic acid was calculated from the
PKa,ic values of 2,6-dibromo-4-nitrophenol, 4-nitrobenzoic acid,
2,6-dinitrophenol, and 3-bromobenzoic acid, used as internal stan-
dards (N=4), and the corresponding electrophoretic results. The
calculated pK, values of 2-chlorobenzoic acid from these four
internal standards were 2.91, 2.91, 2.86 and 2.77, respectively,
with an average value of 2.86 (see the first value in the col-
umn of pK;r; shown in Table 3). At the same time, the pK, of
2,6-dibromo-4-nitrophenol was calculated from the pK,; values
of 2-chlorobenzoic acid, 4-nitrobenzoic acid, 2,6-dinitrophenol,
3-bromobenzoic acid, 2,4-dinitrophenol and benzoic acid (N=6)
obtaining pK; g =3.32. Similarly, the pK, g; of 4-nitrobenzoic acid
was calculated from the pK,;; values of five different internal stan-

Literature (pK, ;) and experimental reference (pK, ror) pK, values at 25 °C and zero ionic strength of the acidic internal standards, together with the mobilities of the completely
deprotonated species t,-. N is the number of internal standards used in the determination.

Compound N PKaie Ref. PKarer fa~ % 10* (cm? min~! v-1)
2-Chlorobenzoic acid 4 292 |20] 2.84 £ 0.02 -137.1 £ 05
2,6-Dibromo-4-nitrophenol 6 3.38 |20] 331+ 003 -1228 + 1.1
4-Nitrobenzoic acid 5 3.43 [20] 337 £ 0.01 -138.1+05
2,6-Dinitrophenol 7 3.74 [20] 3.69 £ 0.01 —~149.6 + 0.9
3-Bromobenzoic acid 8 3.83 [20] 3.79 + 0.02 -1341 4+ 1.0
2.4-Dinitrophenol 7 4.10 |20] 4.12 + 0.02 -1408 + 14
Benzoic acid 7 4.19 |20] 4.22 £ 0,03 -1462 £ 19
Ibuprofen 6 443 [23] 4.49 + 0.02 -95.7 + 0.6
Nicotinic acid 7 4.82 [21] 4.85 + 0.03 -1438+ 16
Warfarin 6 5.08 23] 5.17 £ 0.04 -848+23
2,5-Dinitrophenol 4 5.22 120] 5.30 £ 0.05 -1442 + 0.8
Sulfacetamide 4 5.27,5.32 [23,24] 542 + 0.05 -1147 £ 04
2,4,6-Tribromophenol 5 6.10 |20] 6.04 £ 0.08 -1160+13
4-Nitrophenol 5 7.18 [20] 7.09 + 0.05 -144.1 + 06
Vanillin 6 740 |121] 7.36 + 0.06 -1228 £ 16
4-Hydroxybenzaldehyde 6 7.51 [20] 7.61 + 0.04 -1372 %+ 1.7
Phenobarbital 6 7.46 [22] 7.53 £ 0.04 -113.0+ 1.1
3,5-Dichlorophenol 7 8.18 |20] 8.18 + 0.04 -1301+ 1.8
Methylparaben 7 8.37 [20] 8.35 + 0.03 -1221 £ 17
2-Chlorophenol 7 8.51 [20] 8,50 + 0.04 -145.0 + 1.1
3-Chlorophenol 6 9.02 [20] 9.04 £ 0.01 ~1446 £ 1.3
4-Bromophenol L] 9.36 119] 9.28 + 0.01 -1364 £ 1.2
Paracetamol 4 9.45,9.75 121,23] 9.58 + 0.02 -110.7 £ 0.8
Phenol 3 9.99 [20] 9.89 + 0.01 -150.7 £ 0.3
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Table 3

Procedure for establishment of the reference pK; values (pK, ) from the literature initial pK, values (pK,,; ) after several pK; refinements (pKag).
Compound N PKait PKagy PKarz PKags PKars PKaser
2-Chlorobenzoic acid 4 292 2.86 2.85 285 2.84 2.84 + 0.02
2,6-Dibromo-4-nitrophenol 6 3.38 332 3.32 3.31 331 3.31 +£0.03
4-Nitrobenzoic acid 5 343 3.40 3.38 338 3.37 337 +£001
2,6-Dinitrophenol 7 3.74 3.69 3.69 3.69 3.69 3.69 + 0,01
3-Bromobenzoic acid 8 3.83 3.80 3.79 3.79 3.79 3.79 £ 0.02
2.4-Dinitrophenol 7 4.10 412 412 412 4.12 4.12 + 0,02
Benzoic acid 7 4.19 420 4.20 4.21 4.21 422 +0.03
Ibuprofen 6 443 447 4.48 448 4.49 4.49 + 0.02
Nicotinic acid 7 4.82 4.80 4.84 4.84 4.85 4.85 + 0.03
Warfarin 6 5.08 513 5.15 5.15 516 5.17 £ 0.04

dards, etc. Once the column of pK,g; values was completed, the
procedure was repeated for each compound with the same elec-
trophoretic data and internal standards, but using the new pK, g
values instead of the literature pK, values. A new series of pK, g2
values is thus obtained. The refining process was stopped after
calculating the pK, rs series, which was almost equal to pK, g4 (dif-
ference <0.01). The last column shows the pK; gs values, which have
been considered the reference ones (pK r). The standard error
obtained for the use of N internal standards is also indicated.

For each compound pey and p,- were calculated in buffers
with an appropriate pH from the experimental migration times by
means of Eq. (4), and the corresponding pK, ay was obtained from
Eq. (6). The reference j1,- value was determined as the average of
all the limiting mobilities obtained using the N internal standards.
Table 2 shows all the limiting mobilities and the experimental pK,
values (pKj exp) with the corresponding standard deviation.

As shown in Table 2, the experimental results obtained in this
paper agree well with the literature ones; in general they differ in
less than 0.1 units. Table 2 provides, therefore, a series of mono-
protic acidic internal standards with a well established pKj, value,
useful to determine pK, of test compounds through the internal
standard method.

To further validate the method, the pK; values of some of
the studied compounds were also determined by the classical CE
method. In the classical method, the effective mobility of the ana-
lyte is measured at pH values close to its pKj, at some pH values
much higher than pK; and usually, although not strictly needed for
a neutral acid, at some pH values much lower than pK;. The plot
of the mobility vs. pH gives a sigmoidal curve with an inflection
point at pH=pK,. In our case, the mobility was determined at pH
increments of about 0.2 pH units in the middle of the curve, and
at pH increments of about 0.5 pH units at the beginning and at the
end of the curve., Fitting the corresponding effective mobility to pH
through Eq. (1), the pK; and jt,- parameters are obtained.

In particular, the pK; values of paracetamol (with two quite dif-
ferent literature pK; values) and phenol (with a 0.1 pK; difference
between literature and experimental values) were checked. When
determining the pK,; values by the classical method, an abnor-
mal behaviour was found at the end of the curve (see Fig. 1).
The mobilities determined using NaOH as buffer showed a shift to
more negative values than expected. It is difficult to discard NaOH
because it is apparently innocuous and specific interactions with
analytes have not been reported. For this reason CHES/CHES~ and
CAPS/CAPS~ buffers (see Table 1) were supposed to be the cause
of the deviation in the plots of Fig. 1. They are buffers with a more
complex structure and could exhibit a selective capacity of interac-
tion greater than that of the NaOH buffer. However, it is generally
accepted that the zwitterionic buffers such as CHES and CAPS do
not present interactions with acids of this type [17]. In addition,
both have a similar chemical nature and it is not easy to ascertain
from Fig. 1 that they promote deviations.
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In order to test the effect of NaOH as buffer on the mobility-pH
curves, we selected three other acids from Table 2, of different
nature and lower acidity constants. This would allow drawing a
baseline in the high pH region, where the buffers under study may
present problems. These compounds are 3-bromobenzoic acid, 2,5-
dinitrophenol, and 4-nitrophenol, with pK, values of 3.79, 5.30, and
7.09, respectively.

Fig. 2 depicts the mobility-pH curves for such three com-
pounds. It is clearly observed that when H;PO4~[HPO42- and
H3B03/H,BO5~ are used as buffers, their experimental points fol-
low the same trend as the ones of CHES/CHES~ and CAPS/CAPS~
buffers. No deviation is observed in this case. In addition, a neg-
ative deviation in the mobility is clearly observed when NaOH
buffer is employed, very similar to the negative deviation observed
for paracetamol and phenol. These results allow conclusion that
NaOH buffers are not adequate to determine pK; values with
the classical method. We do not know the exact reason of this
behaviour, although, we presume it may be caused by attack of
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Fig. 1. Mobility (cm? min=' V- x 10*) vs. pH plots for {a) paracetamol and (b) phe-
nol. The employed buffers are: (#) TrisH*[Tris, CHES/CHES-, and CAPS/CAPS-, and
(a) NaOH. Solid lines correspond to the fitting to Eq. (1).
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Fig. 2. Mobility (cm? min=' V-! % 10*) vs. pH plots for (a) 3-bromobenzoic acid,
(b) 2.,5-dinitrophenol, and (c) 4-nitrophencl. The employed buffers are: (®)
HCOOH/HCOO, (4) CH3COOH/CH;COO~, (M) BisTrisH* [BisTris, (+) H2PO4~ [HPO,2-,
(=) TrisH*[Tris, (*) CHES/CHES-, (A) H3BO3/H2BO5-, () CAPS/CAPS-, (a) NaOH.
Solid lines correspond to the fitting to Eq. (1).

the NaOH buffer to the silica capillary wall that modifies solute
mobilities.

The pK, values of the compounds of Figs. 1 and 2 were then
calculated by fitting the experimental data to Eq. (1) but excluding
the points obtained with NaOH buffer. The curve obtained from
the fit is plotted as a solid line in Figs. 1 and 2, and the obtained
pK; values are listed in Table 4, where they are compared to those

Table 4

Comparison of experimental pK, values at 25°C and zero ionic strength, obtained
through the internal standard method (Table 2) and through the classical method
(statistics of the fitting to Eq. (1) are also shown).

IS method Classical method
Compound pK, 5 pKy £s r 5 F
Paracetamol 958 £ 002 957+002 099 2.85 4509.0
Phenol 989+ 001 989+003 0994 422 33775
3-Bromobenzoicacid 3.79+ 002 3.73+001 0995 229 61339
25-Dinitrophenol 5.30 + 0.05 5224002 0996 3.86 8075.7
4-Nitrophenol 7.004+£ 005 7.09+002 0997 415 11458

obtained using the internal standards method. It can be seen that
they are practically equal.

In order to see if NaOH buffer had any effect in the measure-
ments performed in the IS method, those analysis performed at high
pH values with NaOH as buffer were repeated using CAPS/CAPS—. It
was observed that although the limiting mobility (- ) was shifted
to more negatives values for NaOH than for CAPS, the same pKj;
values were obtained independently of the buffer used. The rea-
son is that although the analyte shows mobilities in NaOH more
negative than those observed in CAPS, the same happens with the
internal standard, so the effect is balanced and the same final pK,
value is obtained. Therefore, NaOH can be used to determine pK;
values using internal standard method proving the better perfor-
mance of this method over the classical one to deal with mobility
shifts caused by unexpected effects and interactions that affect in
a similar degree to the analyte and the internal standard.

5. Conclusions

A reference set of monoprotic neutral acids with different func-
tional groups and structures, and reference pKj values that cover all
the useful pH range in CE, has been established. These compounds
can be systematically employed as internal standards for routine
and accurate determination of pK; values in a fast way. They can be
especially interesting for the pK; determination of new drugs and
drug precursors in the pharmaceutical industry, which may need
to deal with a lot of compounds in a short time.

For routine analysis of neutral acidic compounds an internal
standard with a pK; similar to the one of the analyte can be selected
from the set presented in Table 2. Then, both compounds are
injected together in a buffer with a pH where they are partially
ionized and in a buffer with a pH where they are totally ionized.
The electrophoretic mobilities in these conditions are calculated
from the migration times, and finally the pK; of the analyte is
calculated through Eq. (6). This procedure provides a pK; value
for the analyte as accurate as the one of the internal standard.
Higher precision and accuracy can be obtained selecting several
adequate internal standards from the list, and averaging the results
obtained.

It has been also observed, that the internal standard method
compensate some systematic deviations of mobility, which is a
clear advantage over the classical CE method. In fact, it has been
proved that mobilities determined using NaOH as buffer show a
shift to more negative values than expected from other buffers.
The NaOH buffer is, therefore, not suitable for accurate determina-
tions when the classical method is used, whereas these problems
are overcome with the internal standard method.
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The IS-CE method is developed for pK, determination of polyprotic compounds. In this method, the
internal standard (IS) and the polyprotic test compound are injected into the capillary electrophoresis (CE)
system in buffers with appropriate pH. The pH of the buffers is not externally measured, but determined
inside the capillary from the mobilities of the internal standards. Then the pK, values of the polyprotic
compounds are obtained by fitting its mobilities to the in situ pH values. The method is faster than the
classical CE method (a diprotic compound can be done in less than 15 min), and also than other methods
like potentiometric and spectrophotometric titrations. The method has been successfully applied to 20
polyprotic test compounds of different chemical nature, including compounds with extreme or very close
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1. Introduction

Acidity determination is important in many fields of research,
specifically in drug development because the ionization state of
a compound governs its physicochemical properties such as sol-
ubility, lipophilicity and protein binding. Many drug compounds
contain at least one acidic and/or basic functional group and it has
been estimated that 95% of the commercial drugs are ionizable [1,2].

A need for rapid filing of patents for promising drugs com-
pels pharmaceutical companies to characterize a great number
of potential drugs and chemical precursors in a relatively short
time to select the ones which are more suitable for their further
test and development. This fact justifies the increasing demand of
fast and reliable physicochemical characterization techniques|[1,2].
In addition, there is a significant need of measuring the dissocia-
tion constants of environmentally relevant drugs and pollutants to
determine their occurrence, fate and effects [3].

Our research group has developed the internal standard (IS)
method, based on capillary electrophoresis (CE) for the determi-
nation of acidity constants [4-7]. The IS-CE method is fast and
efficient, and offers an attractive alternative to the classical method

* Corresponding author at: Departament de Quimica Analitica, Universitat de
Barcelona, Marti i Franqués 1-11, E-08028 Barcelona, Spain.
Tel.: +34 93 403 92 75; fax: +34 93 402 12 33,
E-mail address: marti.roses@ub.edu (M. Rosés).

0021-9673/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.chroma.2013.01.018

[8-14] and to other common methods, such as potentiometric
[15-17] and spectroscopic titrations [15,18]. It is easily automat-
able and requires very small amounts of compounds that may only
be available in very limited quantities (e.g. from combinatorial syn-
theses). Using this method, the acidity constant of a monoprotic
compound can be easily determined in few minutes in an standard
CE instrument.

The method is based on the use of an internal standard with pK;
similar to that of the analyte. The analyte and the internal standard
are injected through sequential injection into the capillary and run
sequentially in two different buffers: a buffer in which the analyte
and the IS are partially ionized (pH in the range pK,+1), and a
second buffer in which both are completely ionized (pH > pK; for a
neutral acid or pH « pKj for a neutral base). The difference between
the pKj, of the analyte and the one of the IS can be determined from
the mobility ratio of the analyte and the IS. Consequently, when the
pK, of the IS is well known, the pK; of the analyte can be accurately
determined [4-7]. This procedure provides a measure of the pK, of
the test compound as accurate as the pK, of the IS. In any case, the
precision can be improved by using more internal standards and/or
buffer solutions.

At the moment, the I1S-CE method has been only developed for
the pK, determination of monoprotic weak acids and bases [4-7].
However, many drugs contain more than one acidic and/or basic
group and thus the method needs to be extended to polyprotic com-
pounds. The present paper extends the application of the method to
compounds with several acidity constants, and emphasizes those
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particularly troublesome cases, like compounds with extreme or
very close pK, values.

2. Theory

The general acid-base equilibria for a fully protonated species,
HpX?, can be expressed by:

z-1
HpX? = Hy_1X*1 + H Pk, = pH log_[Hil,C;I;_Z] ]
n
: - Hy_iX*1]
Hy_ i1 X241 = Hy X2 4 H+ pK’. = pH —log =1 _(q)
n—i+1 n-i PRy =P g[H"_fHXZ'”l]
T T : [x>"]

HXZ-n+1 = Xz-n 4 H+ pKgn = pH — legw

where n is the total number of ionizable groups, z the charge of
the fully protonated species, and pK; the dissociation equilibrium
constant of the ith dissociation step (at constant ionic strength).
As the ionization degree is related to the acidity constants, the
effective electrophoretic mobility (i¢y5) of a polyprotic compound
can be expressed as a function of the pK, values of each species and
the pH of the background electrolyte through the following general
equation [9,11,19-22]:
i i "
HHXxz + ZL] loipH j=]pKajﬂH“_l.xz i

(2)

e = : -
1 T 10 Ty

where Py, xz-i is the limiting mobility of the subscript species.
The term corresponding to the uncharged species has j¢ =0 and it
is removed from expression (2).

Such mobilities can be directly calculated from the migration
time of the test solute t;; and the electroosmotic flow marker ty
(min) by means of the expression:

Lylp (1 1
p=T2 (%) &
where Ly and Lp are the total length and the effective length of the
capillary, respectively (cm), and V is the applied voltage (V).

In order to obtain each pK; of a studied compound, data pairs
PH — 1teman) can be fitted to Eq. (2) using nonlinear regression anal-
ysis. Later, the thermodynamic pK,; values can be easily calculated
from the working pK’. values by using Eq. (4):

Yh, x=-i

pKqi = pK}; - log (4)

H" i 1x:—i+l
where YH,_x-1 and VH,_. Xz are the activity coefficients of
the involved species. Activity coefficients are usually estimated by
Debye-Hiickel equation, which depends on the ionic strength (1) of
the solution:

Az T
1+ Bavi

where A and B depend on the solvent dielectric constant and tem-
perature (their values are 0.509 and 0.33, respectively, in water at
25°C), z is the charge of the ion, and a is the hydrated radius of the
ion. The value of a depends on the hydrated ion, although a value
of 4.5 A (value for hydrogen ion) is commonly taken for most ions.
This equation is valid for ionic strength values lower than 0.2 M. As
usual, activity coefficients of neutral species (z=0) are assumed to
be unity.

In the classical CE method, the pH of the buffer solution is mea-
sured by potentiometry and the mobility of the analyte in this

~logy = (5)
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buffered solution by capillary electrophoresis. In the IS-CE method,
both parameters can be obtained at the same time in the same CE
experiment. The test compound and the IS are injected together
into the capillary. Since the pK, of the IS is known, once (i and
the limiting mobility of the IS have been measured in an appro-
priate buffer, the pH of the buffer solution inside the capillary can
be easily calculated from Eq. (2) avoiding pH variations between
potentiometric pH and electrophoretic mobility measurements.

The calculation of the pH inside the capillary is particularly sim-
ple if we chose monoprotic internal standards, such as the ones we
proposed in earlier work [6,7]. In this instance, Eq. (2) can be trans-
formed into Eq. (6) when the IS is a monoprotic neutral acid (n=1,
z=0), or Eq. (7) when it is a monoprotic neutral base (n=1,z=1)
[4].

’ His- — Meff(1s)
H=pK . —log———— 6
p PRaus) g Ty ®) (6)
s His+ — Heff(is)
H = pK/ e, + log——— 27 (7)
PRL=PRatisy ¥ 08 Hef(is)

In these equations the pKj is related to the thermodynamic pK;
and the activity coefficient using Eq. (4), r¢s- is the mobility of
the fully deprotonated neutral acid IS (measured at pH » pK“!“S))
and ps+ is the mobility of the fully protonated neutral base IS
(measured at pH « PKis))-

Iy Of the analyte is also measured together with ¢ of the IS.
Fitting all pairs pH — eran) to Eq. (2) and using nonlinear regres-
sion analysis, all pK}; and limiting mobilities of the test compound
not directly measured can be calculated.

3. Experimental
3.1. Apparatus

Experiments have been performed using an Agilent Tech-
nologies (Santa Clara, CA, USA) Capillary Electrophoresis system
equipped with a diode-array spectrophotometric detector. Capil-
lary was of fused silica 50 pm L.D., 375 um 0.D., and 33.5 cm of total
length (25 cm to the detector). The temperature of the capillary was
25.0°C+0.1°C.Samples were injected hydrodynamically at a pres-
sure of 50 mbar for 2 s and the applied voltage was 20 kV. Sequential
injection was performed. A pressure of 25 mbar is applied dur-
ing the electrophoretic runs. With these conditions each run took
around 1.5 min. The UV detector was set at 214, 254, and 280 nm.

The capillary conditioning previously reported [6,7,22] was time
optimized. The very first time the capillary was conditioned by rins-
ing successively with 1.0 M NaOH (20 min), H,0 (10 min), and the
buffer solution (10 min). Before every other use, the capillary was
conditioned with 1.0M NaOH (2 min), H,0 (0.5 min), and finally
the buffer to be used in the experiment (2 min). When the pH of
the buffer used was changed, the capillary was cleaned with the
new buffer solution (10s). At the end of each session, the capillary
was washed with 0.1 M NaOH (2 min) and water (2 min).

3.2. Reagents

Dimethyl sulfoxide (DMSO, >99.9%), 0.5M sodium hydrox-
ide, 0.5M hydrochloric acid, and sodium dihydrogenphosphate
monohydrate (>99%) were from Merck (Darmstadt, Germany).
Anhydrous sodium acetate (>99.6%) was purchased from J.T. Baker
(Deventer, The Netherlands). 2-(Cyclohexylamino)ethanesulfonic
acid (CHES, >99%), and 3-(cyclohexylamino)-1-propanesulfonic
acid (CAPS, >98%) were from Sigma (St. Louis, MO, USA).
2,2-Bis(hydroxymethyl)-2,2’,2"-nitrilotriethanol (BisTris, >99.9%),
and sodium formate were from Fluka (Buchs, Switzerland).
Tris(hydroxylmethyl)amino-methane (Tris, >99.9%) was purchased
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Fig. 1. Structures of the studied test compounds.

from Aldrich (Milwaukee, WI, USA). Water was purified by a Milli-
Q plus system from Millipore (Bedford, MA, USA), with a resistivity
of 18.2MQ cm.

The acidic internal standards used were: 2-chlorobenzoic acid,
2,6-dibromo-4-nitrophenol, 2,4-dinitrophenol, 2,5-dinitrophenol,
sulfacetamide, 4-nitrophenol, vanillin, phenobarbital, 3-
chlorophenol, 4-bromophenol, paracetamol, phenol. The basic
internal standards used were: aniline, quinoline, pyridine, 4-tert-
butylpyridine, trazodone, 24,6-trimethylpyridine, bupivacaine,
1-phenylpiperazine, N,N-dimethyl-N-benzylamine, procainamine,
propranolol, nortriptyline. The polyprotic test solutes employed
were: furosemide, labetalol, phthalic acid, 2-aminophenol,
4-hydroxybenzoic acid, histamine, pyrilamine, pyridoxine, phen-
ylalanine, chlorpheniramine, acetazolamide, histidine, quinine,
chlortetracycline, levodopa, cefalexine, cefadroxil, ampicillin,
sotalol and oxitetracycline. All the compounds were reagent grade
or of chromatographic quality and obtained from Sigma, Fluka,
Aldrich, or Carlo Erba (Milan, Italy). Fig. 1 shows the structures of
the studied compounds.

3.3. Preparation of samples and buffers

Buffer solutions covering practically all the useful CE pH range
(from 2 to 12) were prepared as described in previous work [22].
Table 1 shows the different electrophoretic solutions together with
the corresponding pH range and the stock solutions used for their
preparation. To prepare the buffers at the desired pH and 50 mM
ionic strength the corresponding amounts of 0.5M HCl or 0.5M
NaOH were added to 50 mL of the stock solution (0.1 M). Finally,
the solution obtained was diluted by adding water up to a volume
of 100 mL.

Stock solutions of test compounds and ISs were prepared at
a concentration of 100mgL~! and 0.4% of DMSO was added as
electroosmotic flow marker. They were solubilized in water or in
a methanol/water mixture (when they were not soluble in pure
water).

All the samples and buffers were filtered through a nylon mesh
0.45 pm pore size (Whatman, Maidstone, UK) and stored at 4°C
until used.

3.4. Calculations

Fits of Eq. (2) to the experimental data have been performed
using TableCurve 2D v2.01, a 2D linear and non-linear curve fitting
software from Systat Software Inc. (SSI) (San Jose, CA, USA).

4. Results and discussion

Several polyprotic compounds going from simple com-
pounds, such as aminophenols, to more complex ones, such
as cephalosporins or tetracycline derivatives (with three acidity
constants) or compounds with very close pK, values were selected
as test analytes. They were chosen considering their acid-base
characteristics and pharmacologic importance, as well as the dif-
ficulty in the determination of their acidity constants. A total of
twenty compounds of diverse chemical nature were selected for
this study (Fig. 1), which can be classified according to the nature of
their acid-base moieties: acidic compounds (all acid-base groups
are acidic), basic compounds (all are basic) and amphiprotic com-
pounds (they have acidic and basic groups).

The IS-CE method requires choosing buffers and internal stan-
dards with pH and pK, values close to those of the test compound.
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Table 1
Buffer solutions used to determine the acidity constants by the IS-CE method.
Buffer PKa pH range Stock solution pH modifier
H3PO4/H;PO,~ 215 2.10-3.10 0.1 M NaH;POs 0.5M HCl
HCOOH/HCOO~ 3.75 2.60-4.80 0.1 M HCOONa 0.5M HCl
CH3COOH/CH3C00- 476 3.70-5.80 0.1 M CH3COONa 0.5M HCl
BisTrisH"* [BisTris 6.48 5.50-7.50 0.1 M BisTrisHCI 0.5M NaOH
TrisH* [Tris 8.08 7.00-9.00 0.1 M TrisHC 0.5M NaOH
CHES/CHES- 9.50 8.40-10.10 0.1 M CHESNa 0.5M HCl
CAPS/CAPS- 10.40 9.40-11.60 0.1 M CAPSNa 0.5M HCl
Table 2 almost zero or very close to the limiting mobility, since the pH in
Internal standards set (6.7). which experiments are performed is much lower or higher than
1S pKa IS pKa the true pKj, value. In any case, effective mobility would not change
2-Chlorobenzoic acid 284 4-Nitrophenol 7.09 when changing the pH of the buffer solution. Then, new buffers and
2,6-Dibromo-4-nitrophenol 331 Vanillin 736 IS must be selected as reported elsewhere [4].
4-Nitrobenzoic acid 337 246- o 751 Once the appropriate IS was chosen, IS and analyte were injected
. 58 1[;;:’“92‘)"55";‘1'“9 5 together into the capillary, and the j2,4and limiting mobilities were
3'_;;:12;];;;:“ d 3'?3 7 DAL ;'g] determined in the buffers of appropriate pH. These mobilities were
) Hydroxybenzaldehyde ' calculated from the experimental migration times by means of Eq.
2.4-Dinitrophenol 412 Lidocaine 7.93 (3). The exact pH (pHge;) of the buffer solution where IS and ana-
Benzoic acid 422 Clonidine 8.10 lyte were partially ionized was then obtained from Eq. (6) and/or
g‘r‘.‘iﬂﬁj&“ :'gg g‘;p_;;’i;“l'o“; i :‘:g Eq. (7). through the pK}, and the effective and limiting mobilities
Nicotinic acid 485 I\;‘ielhylparabi:n 835 of the internal stan_dal:d (the latter measured in the buffer where
Quinoline 493 2-Chlorophenol 8.50 IS was completely ionized). Then pHge, and pepan) data were fit-
4-tert-Butylaniline 493 1- ) ) 8.75 ted to Eq. (2), so pK‘;( An) Was obtained. A maximum of 4 runs were
. Fhenyipipecazing performed for each pK, (three at pH close to the pK, and one in a
Warfarin 5.17 N,N-Dimethyl-N- 8.95 ; 2 SRS 2
benzylamine puf‘fer_ appropriate to measure the correspondmg llmztmg mobil-
N,N-Dimethyl-N-phenylamine 517 3-Chlorophenol 9,04 ity). Since each run took around 1.5 min, about 6 min were needed
Pyridine 5.28 Diphenhydramine 9.08 for each pKa.
25-Dinitrophenol 530 Procainamide 9.26 Several examples of increasing complexity are discussed for
Sulfacetamide 5.42 4-Bromophenol 9.28 illustrati
Acridine 555  Imipramine 9.37 Hlustration,
2,4,6-Tribromophenol 6.04 Propranolol 947
4-tert-Butylpyridine 6.03 1% 9.52 4.1. Polyprotic compounds with separate intermediate pK, values
Aminoethylbenzene
Papaverine 6.41 Paracetamol 9.58 R . N . . -
2 4 Lutidine 6.81 Ephedrine 972 The SImp_lest case is a diprotic compound w!th one_at:ld_lc group
Trazodone 6.84 Phenol 9.89 and one basic group, and separate pK, values, like pyridoxine. Pre-
Pilocarpine 7.08 Nortriptyline 10.08 dicted pK, values for pyridoxine were 5.29 and 9.47, so pyridine

Thus, the pK, values of the test compounds were estimated by
the SPARC program (pKg(preq)) [23] and pH buffers close to these
PKapred) values were prepared from the solutions listed in Table 1.
In the same way, we selected appropriate internal standards of pK,
value close to the one expected for the test, and as far as possible
with the same acid-base nature (monoprotic acids as ISs for acidic
groups and monoprotic bases as ISs for basic groups), from the list
of Table 2. This table presents the internal standards of well known
pKqa values as established in earlier work [6,7]. Sometimes the ini-
tial estimation of a pKjy is not correct, so wrong buffer solutions
and internal standard are selected. These cases are easily detectable
because then the effective mobility of the test compound becomes

and paracetamol, with pK, values of 5.28 and 9.58, respectively,
were used as internal standards. Analyte and each IS were injected
together in three pH solutions where they were partially ionized
(nominal pH 5.0, 5.5 and 6.0 for the first pKg, and 8.5, 9.0 and 9.5
for the second pKy). Also, they were injected at nominal pH 3.0 to
obtain the limiting mobilities of pyridine and pyridoxine (quxf]
and at nominal pH 11.5 to determine the limiting mobilities of
paracetamol and pyridoxine (- ). Egs.(6) and (7) were used to cal-
culate pH. pHge, values were then related to jiegan) values through
Eq.(2). In this case, experimentally measured jiy,x+ and jix- were
directly used in the fitting equation. Table 3 shows the data cor-
responding to the pK,; determination of pyridoxine and Fig. 2 the
corresponding fit. pKg; and pKy; obtained for pyridoxine in this
way were 4.89 +0.01 and 9.01 + 0.02, respectively (about 0.4 pK,

Table 3
Data for pyridoxine pK, determination.
IS PKags) PHnom 1S Analyte (e x 10%2)
1 x 1043 PHaer
Pyridine 5.28 3.0 2405 - 137.2
5.0 163.0 5.04 63.7
55 106.6 547 333
6.0 343 6.15 8.7
Paracetamol 9.58 11.5 -122.2 - -111.0
9.5 -62.0 9.61 -94.4
9.0 -343 9.19 -71.4
85 -114 8.61 -35.0

4 Mobility in cm? V=! min-1.
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pH

Fig. 2. Mobility vs. pH plot for pyridoxine. (W) Experimental points. Solid line is the
fit to Eq. (2). Dashed lines show the directly measured limiting mobilities.

units lower than SPARC predictions). Histidine and 2-aminophenol
behave in the same way as pyridoxine.

In case of compounds with pK, values separated more than 3
units, like pyridoxine, histidine and 2-aminophenol, it is also pos-
sible to determine each pK, separately, applying the IS-CE method
for monoprotic compounds [4-7]. For example, the pKj of pyridox-
ine determined in this way obtained practically identical results
(pKq1 =4.89+0.01 and pK,; =9.01 +£0.02). Moreover, as the charge
of the ionized form of pyridoxine and the IS are the same (-1 for
the acidic group and +1 for the basic one) there is no need of ionic
strength correction.

4-Hydroxybenzoic acid is presented as example of a compound
with two groups of the same nature and separate pK, values.
Estimation through SPARC program provides 4.17 and 8.85 as pos-
sible pKg values, so according to Table 2, 2 4-dinitrophenol and
3-chlorophenol were chosen as acidic internal standards (their pK,
values are 4.12 and 9.04, respectively). 4-Hydroxybenzoic acid was
injected together with the corresponding IS in three pH solutions
for each pK, where they were partially ionized to calculate pegan)
and fiems). In this case, the solutions were of nominal pH 4.0,
4.5 and 5.0 when 24-dinitrophenol was used as IS for the first
pKq, and 8.5, 9.0 and 9.5 for 3-chlorophenol as IS for the second
pKe. 2,4-Dinitrophenol was also injected at nominal pH 7 to get
its limiting mobility and the mixture of 3-chlorophenol and ana-
lyte was injected at 11.5 to determine their limiting mobilities.
Obtained data is shown in Table 4. Effective and limiting mobili-
ties of the internal standard were used to determine the exact pH
(pHget) of the buffer solutions using Eq. (6). As the limiting mobil-
ity of the species X2~ was directly measured in the buffer at pHpom
11.5,its value was introduced into Eq. (2). Although it could be mea-
sured in a restricted pH range because the pK, values are separated
enough, the limiting mobility of the intermediate species (ftyx-)
was not measured, but obtained through the fit. Therefore, the fit

HO
O
(o}

-100
-150
=200 -
Hyz=e o v v v o w0
-250 ' .
2 4 6 8 10 12
pH

Fig. 3. Mobility vs. pH plot for 4-hydroxybenzoic acid. Symbols as in Fig. 2.

of the experimental values (pHge; and peman) to Eq. (2) allowed
determination of pKgy, pKg2 (4.65£0.02 and 9.45 4 0.04, respec-
tively 0.5-0.6 pKg units higher than expected by SPARC) and pyy-
(—141.7 £ 2.2) for 4-hydroxybenzoic acid. Fig. 3 shows the experi-
mental points and the curve corresponding to the fit, Furosemide
has the same behavior and it was determined in the same way.

As pKg values are quite separated, the determination can be done
individually, like a monoprotic compound. However, in this case
ionic strength correction is needed for the second pK, because the
charge of the IS (—1) is not the same as the one of 4-hydroxybenzoic
acid (—2). When the determination is done separately, very similar
results are obtained (pKy1 =4.63 £0.02 and pK,2 =9.42 £0.02).

Other compounds of Fig. 1 (pyrilamine, histamine, chlorpheni-
ramine and quinine) are diprotic bases with relatively separated
pKg values. Although the procedure followed to determine the pKgs
is analogous to the one of 4-hydroxybenzoic acid, there are some
differences. For example, the limiting mobility (corresponding to
BH2* species) must be determined at acidic pH values, and ideally,
monoprotic basic internal standards should be used. In this case,
ionic strength correction also must be done, but for the first acidity
constant, because of the charge difference between the IS (+1) and
the one of the most acidic form of the compounds (+2).

4.2. Polyprotic compounds with extreme pK, values

Aninteresting case to check the method is the one of compounds
with very low or high pK, values. Compared to previous cases, a
difficulty appears because it is not possible to measure directly
the limiting mobilities. In these cases, an IS of different nature
must be selected, i.e., an acidic IS for a basic test pK, or a basic
IS for an acidic test pKg, because g, of IS cannot be measured
at highly acidic or basic pH regions. For instance, phenylalanine
has a predicted pKy; value of 2.21. The mobility of the most pro-
tonated form (pty,x+) could not be directly determined because

Table 4
Data for 4-hydroxybenzoic acid pK,; determination.
1S PKairs) PHnom IS Analyte (j¢ % 10%2)
px1042 PHger
2 4-Dinitrophenol 412 7.0 -1539 - -
5.0 -142.6 514 -111.2
45 -119.2 457 -70.2
4.0 -76.6 4,03 -339
3-Chlorophenol 9.04 115 -144.3 - -211.0
9.5 -119.0 9.63 -192.0
9.0 -94.0 9.23 -177.9
8.5 -42.7 8.58 -156.3

* Mobility in cm? V-! min-'.
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Table 5
Data for phenylalanine pK, determination.
IS PKauis) PHaom 1S Analyte (p x 1013)
wx10%2 PHget
2-Chlorobenzoic acid 2.84 6.0 -164.4 - 0.0
28 -79.2 2,73 34.6
5 -529 244 52.3
23 -34.7 2.19 71.8
4-Bromophenol 9.28 11.5 -146.0 - -135.0
10.0 -131.8 10.16 -121.8
9.5 -105.3 9.60 -90.7
9.0 -374 8.73 -27.7

4 Mobility in cm2V-! min-'.
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Fig. 4. Mobility vs. pH plots for phenylalanine. Symbols as in Fig. 2.

the compound should be injected at very low pH value, nor an IS
of the same nature as the analyte (i.e. a basic one) could be used
to determine the first pK, because its limiting mobility must be
also measured at a very low pH value. Thus, 2-chlorobenzoic acid
(with pK, similar to the analyte) was used as internal standard for
the first pK, of phenylalanine. Both analyte and IS were injected at
the most acidic nominal pH values possible (2.3, 2.5 and 2.8) using
H3P04/H,PO4~ buffer (Table 1). The limiting mobility of the IS was
measured in a buffer of nominal pH 6.0, as pointed out in Table 5. Of
course, ionic strength correction was needed to obtain the thermo-
dynamic pK, since the charge of the first pK, of phenylalanine (+1)
is different from the one of the IS (—1). The second pK, of phen-
ylalanine (pKg(preq)=9.23), corresponding to an acidic group, was
determined with 4-bromophenol as IS (Table 5) following the same
procedure as in previous sections. The mobility of the protonated
form of phenylalanine, jty,x+, was calculated through extrapola-
tion of the mobility vs. pH curve (i.e. from the fitting to Eq. (2)) and
pK; values were determined from the fit as well (Fig. 4). Therefore,
pKa values (2.20+0.09 and 9.35+0.02) and fty,x+ (129.3£13.9)
were obtained, close to the SPARC predicted ones. The pK, and
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Fig. 5. Mobility vs. pH plots for sotalol, Symbols as in Fig. 2.

the extrapolated limiting mobility obtained have a standard devi-
ation somewhat higher than those cases where mobilities could be
directly determined instead of extrapolated. Compounds such as
levodopa, ampicillin, cefalexine, cefadroxil, chlortetracycline and
oxitetracycline have also extreme pK, values and therefore their
parameters were determined in the same way.

4.3. Polyprotic compounds with close pK, values

The IS-CE method is also applicable to compounds with several
close pK, values. In these cases pK, determination cannot be done
separately, like individual monoprotic compounds. For instance,
sotalol has two close pK; values (one as neutral base and the other
as neutral acid). According to SPARC, they are 9.16 and 10.35,
respectively, therefore N,N-dimethyl-N-benzylamine (pK,=8.95)
and phenol (pK; = 9.89) were selected as adequate ISs. The followed
procedure is the same as in previous examples. However, as the
two pK, values are very close, some selected pH values to deter-
mine /¢y can be the same for both IS, as can be observed in Fig. 5

Table 6
Data for sotalol pK, determination.
IS PKais) PHnom 15 Analyte (¢ = 10%3)
px 107 PHaet
N.N-Dimethyl-N-benzylamine 895 6.0 144.7 - 90.3
9.0 98.3 8.7 243
9.5 55.0 9.25 0.0
10,0 221 9.78 -355
Phenol 9.89 115 -1225 - -79.8
10.5 -106.0 10.61 -68.4
10.0 -56.9 9.74 -355
95 —243 9.20 0.0

4 Mobility in cm? V- min~'.
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Table 7
Data for phthalic acid pK, determination.
Is PKas) PHnom IS Analyte (1 x 1043)
=102 PHaer
2-Chlorobenzoic acid 284 6.0 -157.0 - -
4.0 -153.5 440 -140.5
35 -127.8 3.40 -99.3
3.0 -78.6 2,77 -50.9
25-Dinitrophenol 5.30 7.5 -163.1 - -2523
6.5 -1514 6.48 -2446
6.0 -129.9 5.96 -2339
55 -834 5.39 —-208.7

* Mobility in cm? V- min-'.

and Table 6. In this case, buffers at nominal pH 9.5 and 10 have
been used for the experimental determination of both pKgs. As a
result of that, fewer electrophoretic runs are needed so that both
ISs and the test compound are injected together in the same run
to determine simultaneously two fitting points. Table 6 presents
the electrophoretic data of sotalol pK, determination. Obtained
pK, values are 8.36 +0.05 and 9.92 + 0.05. It can be observed that
their standard deviations are low. The fact of obtaining experimen-
tal data for the calculation of two different pK, values through the
same electrophoretic run has been performed in the pK, determina-
tion of other compounds with close pK; values, such acetazolamide,
labetalol, cefadroxil, chlortetracycline and oxytetracycline. This last
compound, for example, has three acidity constants (pKgs of 3.28,
7.48, and 8.88) and two of them are very close (less than 1.5 pKq
units between the second and the third one).

Phthalic acid is also worth discussing. This compound is a
diprotic neutral acid (H;A), with close pK, values. According to
SPARC estimation pKgs are 3.05 and 5.57, so 2-chlorobenzoic
acid (pKg=2.84) and 2,5-dinitrophenol (pK, =5.30) were selected
as ISs. Compared to sotalol, phthalic acid presents the difficulty
that the mobility of the amphiprotic species (HA~) is not zero,
and it cannot be experimentally determined because there is
no plateau region between the two jumps. Then, ppyx- must
be estimated in the fit of experimental points to Eq. (2), like
the two pKg values. Table 7 shows the experimental data for
phthalic acid pK; determination, and Fig. 6 the fit of experi-
mental points to Eq. (2). Obtained results are pKg; =3.02 £0.05,
PK;=5.3840.05, and pyx- = —127.4 x 10 cm?V-"min~'. pK,
values show very good agreement with most of the values of lit-
erature.

4.4. General discussion

The results obtained by the application of the IS-CE method
to the different studied polyprotic acids are presented in Table 8.

Perr *104 (cm2min-V-1)

pH

Fig. 6. Mobility vs. pH plots for phthalic acid. Symbols as in Fig, 2.

This table shows, for each test compound, the pK, estimated by
SPARC, the pK; and limiting mobilities of the different species
at the working ionic strength, the pKyey) at 25°C after ionic
strength correction, and statistics of the fit. When possible, limiting
mobilities of the test compounds were experimentally deter-
mined, and their value introduced into Eq. (2). However, in those
cases where the pK, of the compounds were in extreme regions
of the pH scale, or the compound had very close pK; values,
limiting mobilities could not be experimentally measured and
were obtained through the fit. Mobilities of the neutral species
are, obviously, zero. In general, the obtained standard deviations
are lower than 0.1 pK; units, being for most pK, values 0.05 or
less.

Literature pK, values (pKyiy) for all tested compounds at 25°C
and zero ionic strength are also shown in Table 8. These values were
collected mainly from general compilation sources[3,8,9,18,24-44]
in order to compare the results obtained through the IS-CE method
to the results obtained by other methods. When the experimentally
determined pKj values (pKy(exp)) of polyprotic compounds are com-
pared to literature values, very good agreement is observed (<0.1
pKa units) for most pK,s and compounds. For compounds such as
chlorpheniramine, labetalol, sotalol, ampicillin, cefadroxil, chlorte-
tracycline or levodopa there is a 0.2-0.3 variations difference for
some of their pKg values. However, bibliographic information is
scarce and disperse regarding the acidity constants of these com-
pounds, so a real estimation of the accuracy of the obtained pKq
values is not possible. Fig. 7, that shows the correlation between
PKqiiry and pKgeexp), proves the good general accuracy of the IS-CE
method comparing our results with those reported in the litera-
ture.

12

10

2 4 6 8 10 12
PKsgexp)

Fig. 7. Literature pK, vs. experimental pK, plot. Test compounds are: (%)
furosemide, (M) phthalic acid, (% ) 4-hydroxybenzoic acid, (%) acetazolamide,

(M) pyrilamine, (@) histamine, (3J) chlorpheniramine, (& ) quinine, (28)

levodopa, (M) histidine, (# ) phenylalanine, (/\) 2-aminophenol, (@) pyridoxine,
(£2) labetalol, (O ) sotalol, () ampicillin, (# ) cefalexine, (@) cefadroxil, (©) chlorte-
tracycline, (") oxitetracycline,
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5. Conclusions

The IS-CE is a fast and reliable method for the determina-
tion of the pK, values of polyprotic compounds. It is not only
applicable to the simplest cases where the pK, values are quite
separated, but also to compounds with extreme or very close pK,
values, with very good results in terms of precision and accu-
racy of the obtained values. The method is fast (the determination
can be done in less than 15 min for a diprotic compound), easily
automatable, requires very small amounts of compounds, there is
no need of previous measurements of the exact pH of the buffer
solutions, and possible experimental errors during the determina-
tion are corrected by the use of an internal standard. Therefore,
we provide a very attractive alternative for the acidity constant
determination in physicochemical screening processes, such as in
drug-discovery.
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ABSTRACT: A novel high-throughput method for determin-
ing acidity constants (pK,) by capillary electrophoresis (CE) is
developed. The method, based on the use of an internal
standard (IS-CE), is implemented as a routine method for
accurate experimental pK, determination of drugs undergoing
physicochemical measurements in drug discovery laboratories.
Just two electropherograms at 2 different pH values are needed
to calculate an acidity constant. Several ISs can be used in the
same buffer and run to enhance precision. With 3 ISs, for

pH =5

os o7 08 (K] 13 15
time (min)

os er o8 o9 10 1.1
time (min)

— PKare) = f(PKapsy i) —

example, the pK, of the test compound (TC) can be obtained in triplicate in less than 3 min of electrophoresis. It has been
demonstrated that the IS-CE method eliminates some systematic errors, maintaining, or even increasing the precision of the
results compared with other methods. Furthermore, pH buffer instability during electrophoretic runs is not a problem in the IS-
CE method. It is also proved that after 16 h of electroseparation using the same buffer vial, pH may change by around one unit;
but the pK, calculated by the IS-CE method remains constant. Thus, IS-CE is a powerful high-throughput method for pK,

determination in drug discovery and development.

KEYWORDS: acidity constant, IS-CE, high-throughput method, pK, determination, internal standard, capillary electrophoresis

B INTRODUCTION

Drug discovery has undergone considerable changes with the
advent of novel technologies and strategies that have given rise
to new opportunities for gathering and integrating information
and that can increase the success and efficiency of drug
discovery. Pharmaceutical companies synthesize a large number
of potential drugs and chemical precursors in relatively short

Aol .
periods. "~ Those that are those most suitable are then selected
for further testing and development. As a consequence, high-
throughput screening for rapid evaluation of com?ounds is
needed as soon as they are available from synthesis.”

Physicochemical parameters are frequently used as predictors
of ADME properties (absorption, distribution, metabolism and
excretion) of drugs. One important physicochemical property
that affects the pharmaceutical potential of a compound is its
acid—base dissociation, defined by its acidity constant (or pK,
on a logarithmic scale). Many potential drugs are weak acids or
bases, and their performance in advanced studies depends
strongly on their pK,, since it determines the degree of
ionization of the compound under given conditions of pH.
Therefore, in drug discovery there is a major need for fast pK,
determination of a large number of compounds.j’ﬁ

Capillary zone electrophoresis (CZE) has been widely used
as a technique for aqueous pK, determination.”"* It is a highly
automated technique which requires only small amounts of the
sample and reagents. In addition, CZE does not require
substances with a high degree of purity because it allows for the
separation of impurities and decomposition products from the

V ACS Publications  © 2014 American Chemical Society 518

main compound. Thus, CZE is an attractive alternative
compared to the most common techniques for pK,
determination, such as potentiometric or spectrophotometric
titrations, which have some limitations based on the sample
quantity, solubility, or purity, among other factors."*™1°

The classic capillary electrophoresis (CE) method for acidity
constant determination involves measuring the mobility of the
substance of interest at several pH values which are set by the
preparation of suitable buffers at constant ionic strength in
different pH ranges.'®'” However, the classic CZE method is
quite slow and not very useful for high-throughput screening. It
also has other limitations: interactions between the compound
being studied and the different buffers must be avoided; and it
requires strict control of temperature to minimize the Joule
effect. If such undesired effects are not avoided, deviations in
the mobility vs pH curve can result, which affect the final pK,
determination. A faster method to determine acidity constants
by CE based on the use of internal standards (ISs) was recently
developed by our research group.'® The IS-CE method is based
on the use of an IS with a similar pK, value to that of the test
compound (TC). The IS and the TC are supposed to behave in
the same way under the same measurement conditions.
Therefore, if they are injected together, the differences in the
mobility values of the compounds can be directly related to
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differences in their acidity. Provided that the pK, of the IS is
well-known, the pK, of the drug can be calculated easily. So the
IS-CE method benefits from all the advantages of CE as a
method for pK, determination, but in the IS-CE method far
fewer measuring points are required. Furthermore, an external
accurate measurement of the pH of the buffer solution is not
needed because the IS allows the pH to be determined in situ
inside the capillary.'®"?

IS-CE has been applied to determine the acidity constants of
simple compounds, such as monoprotic and polyprotic ions
with separated pK, values, as well as more complex ones,
ranging from compounds with several close pK, values to
others with acidity constants at the limits of the pH range that
is useful in CE**"** The procedure requires a minimum of
only 2 CE runs for each pK, value, which is determined through
the ratio between the mobility of the TC and that of the IS. It
has been demonstrated that the IS-CE method minimizes the
effect of interactions between the TC and the buffer
components,”® and the use of an adequate IS corrects possible
systematic experimental errors, such as temperature or pH
variations during the determination.” In previous work, a set of
suitable ISs (acidic and basic monoprotic compounds) with
different chemical structure and pK, values that cover the entire
pH range that is useful for CE was established.®" Table 1 lists
this proposed set, which is used and tested in the current work.

Table 1. Internal Standard Set”

IS pK, IS pK,
2-chlorobenzoic acid 2.84  4-nitrophenol 7.09
2,6-dibromo-4-nitrophenol 331 vanillin 7.36
4-nitrobenzoic acid 337 246-trimethylpyridine 7.51
2,6-dinitrophenol 3.69  phenobarbital 7.53
3-bromobenzoic acid 379  4-hydroxybenzaldehyde 7.61
2,4-dinitrophenol 412 lidocaine 7.93
benzoic acid 422 clonidine 8.10
ibuprofen 449  bupivacaine 8.19
aniline 4.63  3,5-dichlorophenol 8.18
nicotinic acid 4.85  methylparaben 8.35
quinoline 493  2-chlorophenol 8.50
4-tert-butylaniline 493  l-phenylpiperazine 8.75
warfarin 5.17  N,N-dimethyl-N- 8.95

benzylamine
N,N-dimethyl-N- 5.17  3-chlorophenol 9.04
phenylamine

pyridine 528  diphenydramine 9.08
2,5-dinitrophenol 5.30  procainamide 9.26
sulfacetamide 542 4-bromophenol 9.28
acridine 5.55  imipramine 9.37
2,4,6-tribromophenol 6.04  propranolol 9.47
4-tert-butylpyridine 603  l-aminoethylbenzene 9.52
papaverine 6.41  paracetamol 9.58
2,4-lutidine 6.81  ephedrine 9.72
trazodone 6.84  phenol 9.89
pilocarpine 7.08  nortriptyline 10.08
“Thermodynamic reference pK, values at 25°C.2%*!

Although IS-CE is a fast method, it cannot be considered a
genuine high-throughput method as several parameters have
not yet been optimized. Capillary conditioning processes prior
to analysis take some time, and electrophoretic determination
could be improved to become faster, particularly at low pH
values where the electroosmotic flow is very slow. Con-
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sequently, here we sequentially test and optimize several
instrumental parameters and different experimental conditions
to reduce run time and both the pre- and postconditioning
steps as much as possible without losing precision.
Furthermore, other important aspects of the implementation
of the method for accurate experimental pK, determination in
day-to-day analysis in physicochemical measurement laborato-
ries are checked and improved where possible; for instance, the
use of consecutive injections or the stability of the ISs and
separation buffers.

B THEORY

The apparent mobility of a compound (,,) is the sum of the
electrophoretic (u,) and electroosmotic flow (pgor) mobilities
and can be expressed by means of eq 1

pap = uep 25 HeoF (1)

Any of these mobilities can easily be calculated from the
capillary length to the detector (Lp, usually in cm), the electric
field applied (E, in V-cm™"), the observed migration time of the
compound (f,,), and an electroosmotic flow marker (f,). Thus

_ Lo

Hp = Et, @)
_Lpf1 _ 1

= E{fm fo] 3)

where E is calculated from the applied potential (V) and the
total capillary length (L) thus

|
E= —
Ly

(4)

For an ionizable acid—base compound, the electrophoretic
mobility depends on the degree (or degrees) of ionization of
the compound. Thus, the general acid—base equilibria for a
monoprotic species, HX?, can be expressed as

[x*]
[HX)

HX 2 X'+ H" pK' = pH — log

(8)
where z is the charge of the protonated species and pK; the
logarithmic form of the acidity constant (at a given ionic
strength).

The pg, also called the effective mobility (u.q), of a
monoprotic compound can be expressed as a function of the
pK; of the species and the pH of the background electrolyte
through the following general equation

Hyxe + (yemr) 10PHPKS
Ae = 1 + 10PHPK; (6)

where gy and gy are the limiting electrophoretic mobilities
of the subscripted species.

In the classic CE method, the pH of the buffer solution is
measured by potentiometry and related to the mobility of the
compound in the same buffered solution measured by CE. In
the IS-CE method, both parameters are obtained at the same
time in the same CE experiment. The use of an IS allows direct
calculation of the pH of the buffered solution inside the
capillary. This value is then used to calculate pK] of the
compound being studied.

For example, for a neutral acid used as the IS, where z is 0,
the pH value can be given, by rearranging eq 6, by
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Figure 1. Effect of pressure during the separation on the migration time and resolution. Buffer: HCOOH/HCOO™, I = 50 mM, pH = 3.5;
compounds, clonidine (1) and imipramine (2) at 100 ppm; neutral marker DMSO (N).

; His- — HKqs)
pH = pK ) = log ————

log

Heis) (7)

where pi.q5) is the effective mobility and pys- the limiting
mobility (mobility of the fully charged negative species) of the
IS. The term corresponding to the uncharged species, pyy, has
zero mobility and is removed from eq 6. Since pKj(s) of the IS
is well-known, only two runs at two different pH values are
needed to calculate the pH: the first where the pH is in the
range pK, + 1 to calculate the effective mobility; and a second
in which it is completely ionized to calculate the limiting
mobility.

Once the pH inside the capillary is known, the acidity
constant of the TC can be calculated by rearranging eq 6 again:

Hyxe

-_ ,ue y
= pH - log _ts

PK rc
) Hg(rc) — Hx=

(8)

where gty and gy refer to the limiting mobilities of the fully
charged z and z — 1 species of the TC.

In these equations, pKjc) is related to the thermodynamic
pK, by the activity coeflicients, calculated by means of the
Debye—Hiickel equation.”

B EXPERIMENTAL SECTION

Apparatus. CE experiments were performed with a P/ACE
MDQ Beckman instrument (Palo Alto, CA, USA), equipped
with a diode-array spectrophotometric detector. The capillary
was made of fused silica, 50 gm LD., 375 pm O.D., 35.2 cm
length (25 cm to the detector) and was obtained from
Composite Metal Services Ltd. (Shipley, West Yorkshire, UK).
The temperature of the capillary was set to 25.0 °C + 0.1 °C.
The TCs and ISs were injected sequentially (one-by-one before
separation) at a hydrodynamic pressure of 0.5 psi for 3 s (1 psi
= 6897.76 Pa), and the applied voltage during separation was
20 kV. An additional 0.5 psi of hydrodynamic flow was applied

520

during separation. The UV detector was set at 214, 254, and
280 nm.

Chemicals. Dimethyl sulfoxide >99.9% (DMSO), 0.5 M
sodium hydroxide tritisol, 0.5 M hydrochloric acid tritisol, and
sodium dihydrogen phosphate monohydrate >99% were
obtained from Merck (Darmstadt, Germany). Anhydrous
sodium acetate >99.6% was purchased from ].T. Baker
(Deventer, Netherlands). 2-(Cyclohexylamino)ethanesulfonic
acid >99% (CHES) and 3-(cyclohexylamino)-1-propanesul-
fonic acid >98% (CAPS) were purchased from Sigma (St.
Louis, MO, USA). 2,2-Bis(hydroxymethyl)-2,2",2"-nitrilotrie-
thanol >99.9% (BisTris) and sodium formate were bought from
Fluka (Buchs, Switzerland). Tris(hydroxylmethyl)amino-meth-
ane >99.9% (Tris) was purchased from Aldrich (Milwaukee,
WI, USA). Water was purified using a Milli-Q plus system from
Millipore (Bedford, MA, USA), to a resistivity of 18.2 MQcm.

The ISs and TCs used were reagent grade or of
chromatographic quality and obtained from Sigma, Fluka,
Aldrich, or Carlo Erba (Milan, Italy).

Sample and buffer preparations are detailed in the
Supporting Information, section 1.

B RESULTS AND DISCUSSION

To consider IS-CE a high-throughput method for accurate
experimental pK, determination in day-to-day analysis,
instrumental parameters and experimental conditions need to
be optimized to reduce the run time, conditioning steps and
sample preparation as much as possible. IS and buffer solution
stability must also be studied to determine how many times
they can be used before requiring replacement. The precision
and accuracy of the method should also be established.
Instrumental Conditions. In accordance with ideal
requirements for the IS-CE method, a CE P/ACE MDQ
Beckman instrument was selected as the most adequate for the
method. The samples are placed in a different tray from the
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buffers and they can be removed easily from their position for
storage. Moreover, the samples can be stored directly at 4 °C
inside the instrument, and the instrument allows for the
application of pressure during separation as well as sequential
injecting.

Modifications were made to the experimental conditions and
methodology reported in previous work'*™*"** to minimize the
analysis time. The capillary was cut to the minimum length the
instrument configuration allows: 25.0 cm to the detector and
35.2 cm total length. To avoid the Joule effect, a voltage of 20
kV was selected as the maximum to maintain linearity between
the voltage applied and the current generated (according to
Ohm'’s law) for all the buffers used. Under these capillary and
voltage conditions, migration times were reduced compared to
those in previous work, down to average analysis times of 3 min
for anionic compounds, which are the last compounds eluted.

To avoid the necessity to prepare solutions of specific
mixtures of the TC and the appropriate ISs prior to the analysis,
sequential injection was used. It must be taken into account
that the sample plug length (TC plus IS plugs) should be less
than 1% or 2% of the total length of the capillary to avoid
overloading. Consequently, the lowest pressure that the
instrument allowed (0.5 psi) was applied for the 3 s of
injection time.

To speed up the migration of the compounds, pressure was
applied during separation: the higher the pressure, the shorter
the migration times. However, high pressure may result in
overlapping peaks. In order to optimize the pressure, the
migration time and separation of several compounds with
different structures and limiting mobilities were compared at
different pressures (0.0, 0.2, 0.5, and 1.0 psi). The example
shown in Figure 1 illustrates as when pressure increases, run
time decreases, as does the resolution between peaks. 0.5 psi
was chosen as the best compromise between high resolution
and a short run time.

Pre- and postconditioning methods (at the beginning of the
session; between injections with the same buffer; when the
buffer is changed; and at the end of the working session) were
optimized to reduce the rinsing time and, as a consequence,
total analysis time. Table 2 shows the conditioning sequences
after the optimization processes. The total rinsing time was
drastically reduced just to obtain reproducible results.

Table 2. Capillary Conditioning Optimization

rinse type CE conditioning (at 20 psi)
beginning of the session 2.0 min NaOH 1.0 M
0.5 min H,0
2.0 min buffer
replicates no rinse
change pH 0.2 min new buffer

2.0 min NaOH 0.1 M
2.0 min H,O

end of the session

A more detailed description of these processes is available in
the Supporting Information (section 2 Instrumental con-
ditions).

Electroosmotic Flow Marker. Although many organic
solvents can be used as EOF markers, the common use of
DMSO in the syntheses of new drugs together with the fact
that it is the most commonly used solvent for preparing
compound libraries in the pharmaceutical industry,”* ¢ make
it appropriate for our purpose. Many potential samples may
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already have this EOF marker incorporated, prior to the
analysis.*”*

To test the performance of the marker, several compounds
were totally dissolved in DMSO at a concentration of 1000 ug
mL™". Solutions were then prepared for injection at a
concentration of 100 gg mL™" by dilution with water. When
the samples were injected, significant peak tailing appeared due
to the high concentration of DMSO (Figure 2a). For cationic
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Figure 2. Electropherograms of (a) cationic compounds (metoprolol,
diphenidramine, propranolol, ephedrine) at pH = 5.0 and 10%
DMSO; (b) anionic compounds (ibuprofen, nicotinic acid, warfarin)
at pH = 8.5 and 10% DMSO; (c) anionic compounds (ibuprofen,
nicotinic acid, warfarin) at pH = 8.5 and 0.4% DMSO.

compounds no problems were observed because they elute
before the EOF marker; however, the anionic compounds were
hardly detectable since they were diffused in the tail of the
DMSO peak (Figure 2b). Consequently, the quantity of
DMSO in the samples was reduced 20-fold. So that 4% DMSO
was added to the stock solutions and the final volume was made
up with water. After 1/10 dilution, the content of DMSO in the
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injection vial was about 0.4%. In these conditions, the large
peak tail disappeared, as shown in Figure 2c, thereby increasing
the peak efficiency.

Stability of the Buffers. The buffers must satisfy several
requirements for meaningful experimental results to be
obtained. For use in CE, a buffer must have a good bufferiné
capacity in the pH range of use and a low detection signal.'
The buffers should also be inert so that they do not interact
with the analyte or the walls of the capillary. Moreover, the
whole CE system must be filled with the same buffer to keep
parameters, such as conductivity, electric field, temperature and
pH, as constant as possible.'"'®

The precise determination of a pK, by CE requires the
measurement of the effective mobility in several electrolytes
with a low and constant ionic strength. This ionic strength must
be low enough to minimize activity corrections, temperature
gradients and viscosity differences; but there must be enough
buffer capacity to maintain a fixed pH, even after introduction
of the sample.l(”23 Thus, an ionic strength of 0.05 M is a
reasonable compromise between the need to minimize Joule
heat production inside the capillary and the buffering capacity
required. Several running solutions covering the pH range that
is useful in CE system were prepared at this ionic strength.
Supporting Information Table S1 shows the buffers used, their
pK, value and the stock solution used in their preparation.
These buffers have an effective range of approximately two pH
units, centered on their pK, value.

The pH of the buffer can be affected by several factors, such
as volatilization (e.g, ammonia buffers), electrolysis when a
voltage is applied (almost all buffers), or even CO, dissolution
(NaOH and highly basic buffers), which cause changes in the
pH and migration velocity of the compounds over time.'”*’
Even though with the IS-CE method the pH of the buffer
solution inside the capillary can be easily calculated for every
run, it is important to know for how many runs a buffer can be
used before its properties stray from an acceptable range.
Consequently, the recommended buffers were monitored over
time to ensure that they kept their initial properties. One way
to monitor stability is through the pH value. This is easy to
monitor because the pH inside the capillary can be calculated at
any time just from knowing the pK, value and mobilities
(limiting and effective) of any compound injected (in fact, of an
IS) in a capillary filled with the buffer under study.

The pH values of all the buffers shown in Supporting
Information Table §1 were monitored over time (every $ min
for a total of 16 h of electroseparation) using three different ISs
of appropriate pK, from Table 1. Figure 3 shows the average
pH obtained with the three ISs against the electrophoretic run
time. As can be seen, in all the cases the pH decreases over the
run time. This can easily be explained by the electrolysis
processes that occur in the separation vials: reactions involving
the generation (inlet buffer) and consumption (outlet buffer)
of hydrogen ions occur at the electrodes.”™ As explained above,
in the IS-CE method alterations in the conditions of analysis
can be minimized by the use of an IS that undergoes the same
alteration as the TC. This means that these pH variations
should not affect the pK, determination of any compound
provided that the TC and IS remain adequately ionized.

Therefore, at the same time as monitoring the pH inside the
capillary, the pK, of two compounds, 2,6-dibromo-4-nitro-
phenol and acridine, was determined with the same frequency.
For 2,6-dibromo-4-nitrophenol, 2-chlorobenzoic acid was used
as the IS, and the experiments were performed with an acetic/
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Figure 3. pH of the background electrolytes as a function of
electrophoretic run time.

acetate buffer at pH 5.5 and 50 mM ionic strength. In the case
of acridine, pyridine was used as the IS and H;PO,/H,PO,™ as
the separation buffer at pH 3.0 (I = 50 mM). Figure 4 shows
the pK, of the compounds (solid line) and the pH of the
buffers (dashed line) over the electroseparation time. It can
clearly be seen that while the pH decreases during voltage
application, the calculated pK, remains constant all through the
16 h of the study (around 500 injections). This demonstrates
that the IS-CE method does not require the buffer vials to be
replaced frequently; whereas in other work,'"'”** where the
classic CE method is used for pK, determination, pH variation
is minimized by replacementof the buffer solutions approx-
imately every 1—2 h of electrodriven separation.

Nevertheless, after several hours of separation, the pH of the
buffer may become drastically reduced. For example, Figure 3
shows that the pH of TRIS or CAPS decreases nearly one unit
after 10 h of separation. The buffering capacity is then clearly
diminished and, what is more important, the IS and TC
selected may be in different ionization states from the initial
one. In order to prevent this, we recommend buffer
replacement after 10 h of use; considering a mean run time
of 2 min, this corresponds to 300 injections.

Stability of the Internal Standards. Table 1 shows the
pK, values of the 48 monoprotic acidic®® and basic®' ISs
established in previous works. The list comprises a reference set
of compounds with well-determined acidity constants that
facilitates the process of selecting an appropriate IS for a given
pK, determination. Thus, when the pK, of a TC is to be
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Figure 4. pH of the buffer solution vs electrolysis time. Solid lines correspond to the pK, of test compounds. Dashed lines are the pH of the buffer
calculated using the ISs. Buffers used: pH = 3.0, H,PO,/H,PO,"; pH = 5.5, CH;COOH/CH,COO".

determined, one or several appropriate ISs from the sample tray
are sequentially injected with the TC. However, the
replacement time of the solutions must be known because of
possible degradation.

To evaluate the stability of the ISs, each compound was
injected once per week at a pH at which it was totally ionized.
The peak area and the mobility of the compounds were
monitored over this time. Nicotinic acid, N,N-dimethyl-N-
phenylamine, pyridine, and 4-fert-butylpyridine showed a
decrease of 10% in their area in a few days; so they must be
replaced daily. In the case of vanillin, aniline, quinolone, 4-tert-
butylaniline, 2,4-lutidine, trazodone, pilocarpine, 2,4,6-trime-
thylpyridine, bupivacaine, imipramine, and propranolol, weekly
replacement is required. Warfarin, 2,4,6-tribromophenol,
acridine, papaverine, and procainamine require only monthly
replacement. For the rest of ISs, the peak area was still 90% or
more after a four-month period.

Precision and Accuracy. The precision of the pK, values
obtained (standard deviation, sd) can be evaluated in several
ways. Effective mobilities can be determined using several
buffers with pH values close to the pK, of the TC. For example,
the pK, of mepivacaine was determined using bupicavaine as
the IS (pK,gs) = 8.19) at three pH values near to their pK,
values. Considering the p 4 of the TC and IS at pH values of
7.5, 8.0, and 8.5, the following results were obtained: 7.90, 7.95,
and 7.93, respectively. So, final pK, value obtained for
mepivacaine is 7.93 =+ 0.03. In this case, four electropherograms
are required to determine the acidity constant in triplicate.
Alternatively, and much faster, the precision can be improved if
more than one IS is used for any pK, determination. Several ISs
can be sequentially injected together with the TC in the same
run. For example, the pK, of mepivacaine was determined using
three different ISs (lidocaine, clonidine and bupivacaine) in the
same pH buffer and run, obtaining an average pK, for the three
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ISs of 7.92 # 0.02. In this way, just two runs of 1.1 and 1.6 min
are needed to obtain the pK, value as determined in triplicate,
since the four compounds (mepivacaine and the three ISs) are
injected together. Figure 5 shows both electropherograms.

To date, we have used the IS-CE method to determine 129
pK, values for 93 different drugs (pK, s cgy)- These compounds
range from simple structures (with just one acidity constant) to
more complex ones with up to four constants. To estimate the
accuracy of the experimental values, we correlated them with
compiled values obtained from the literature (pK, ) at 25 °C
and zero ionic strength®* ***"? or measured in our laboratory
by other methods. The overall data is presented in Table 2S in
the Supporting Information. Figure 6 shows pK gs.cp) as a
function of pK, ;) and the fitted line. The equation obtained is

pK = (0995 + 0.006)pK . + (0.05 + 0.05)

a(18-CE)
SD = 0.17 F = 24783 9

The slope and intercept of the correlation are not
significantly different from 1 and 0, respectively, for a 95%
confidence level. These fitting results demonstrate the accuracy
of the IS-CE method compared with reference literature values.

B CONCLUSION

The proposed IS-CE method is a fast and attractive alternative
to longer time-consuming methods for the determination of
acidity constants, such as potentiometric and spectophoto-
metric titrations, or the classic CZE method. Several
instrumental parameters and different experimental conditions
were studied and optimized to reduce the time of pK,
determination. With a short capillary of just 25 cm to the
detector, reduced capillary conditioning times, 0.4% DMSO
marker, hydrodynamic sequential injection at 0.5 psi for 3s, and
the application of 20 kV and 0.5 psi during separation, the time
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required for the electropherograms can be reduced in such a
way that any pK, can be obtained in less than S min using the
proposed buffers and ISs. 129 pK, values from 93 drugs,
ranging from simple structures to more complex ones with up
to four constants, were determined by this IS-CE method and
satisfactorily correlated with reference values from the

literature.
In conclusion, IS-CE is a powerful high-throughput method

suitable for routine pK, determination in drug discovery and

development laboratories.
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1. Preparation of samples and buffers

Buffer solutions covering practically all the useful pH range (from 2 to 12 separated at inter-
vals of 0.5 pH units) were prepared at the approximate pH and 50 mM ionic strength as de-
scribed elsewhere.'® Table 1S shows the employed buffers, its pK, value and the stock solution
used in their preparation. To prepare the buffers at the desired pH and 50 mM ionic strength,
caculated amounts of 0.5 M HCI or 0.5 M NaOH were added to 50 mL of the stock solution (0.1
M), according to Table 1S. Finally, the solution obtained was diluted by adding water up to a
volume of 100 mL. Buffers were stored at 4°C until used.

Stock solutions of test compounds and ISs were prepared at a concentration of 1 mg mL" and
4% of DMSO was added as electroosmotic flow (EOF) marker. They were diluted in water or in
a methanol/water mixture (when they were not soluble in water itself). Afterwards, a 1/10 dilu-
tion of the stock solution in water was prepared for injection (100 mg L™, 0.4% DMSO). Internal
standards and test compounds were stored at 4°C until used.

All the samples and buffers were filtered through a nylon mesh 0.45 pm porous size (What-
man, Maidstone, UK) and vials were filled up to 1.6 mL. When the instrument was not in use,

sample tray and inlet and outlet buffer trays were removed and stored in a refrigerator at 4°C.
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2. Instrumental conditions

2. 1. Instrument selection

To implement IS-CE method for high-throughput analysis the commercial instrument has to
accomplish a series of requirements: it must have a high number of positions in the sample and
buffer trays to accommodate all standards and buffers; it is convenient for the sample and buffer
trays to be in separate positions for easy replacement of samples; trays must be easily removable
to store them in the refrigerator at 4°C when they are not used; sample trays should be thermo-
stated while the instrument is working to avoid decomposition of ISs; the instrument must be
able to apply pressure during the separation and capable of sequential injection to speed up the
process.

According to these requirements, capillary electrophoresis PPACE MDQ Beckman instrument
was selected, among others, as the most adequate for developing the method. As illustrated by
Figure 1S, samples are placed in a different tray than buffers and they can be removed easily
from their position for storage. Moreover, samples can be directly stored at 4°C inside the in-
strument, and this instrument can apply pressure during separation as well as injecting sequen-

tially.

2.2.Optimization of instrumental paramelers
Modifications to experimental conditions and methodology reported in previous works® ®
have been performed in order to minimize the analysis time. As explained before (Theory Sec-

tion), the mobility of a compound, p,,, can be expressed by means of eq 2. When migration time

is isolated, eq 2 becomes eq 18S.

G, = L2 (18)

E-lap
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This equation demonstrates that if low migration times are obtained, minimum capillary length
and maximum electrical field must be used. Consequently, the capillary was cut as short as al-
lowed by the instrument configuration, 25.0 cm until detector and 35.2 c¢cm of total length. Ac-
cording to eq 4, voltage should be as high as possible to obtain the maximum electrical field.
Migration time decreases when high voltages are applied, but on the contrary, efficiency is re-
duced because of the Joule heat generated.”>*® So, even though the rate of analysis becomes fast-
er as the voltage is increased, the use of very high voltages can be a disadvantage because effi-
ciency of separations as well as robustness of the method can be dramatically affected.”> "% It
has been demonstrated that in pK, determination through the IS-CE method some mobility fluc-
tuations of the test compound can be corrected by an appropriate IS (if temperature variations
affect equally both compounds).®® Anyway, the linearity between the applied voltage and the
generated current (according to Ohm’s law) was tested for all the employed buffers in order to
avoid the Joule effect. The voltage of 20 kV was selected as the maximum value for keeping
linearity. In these conditions of capillary length and voltage, migration times were reduced in
reference to previous works, obtaining average analysis times of 3 minutes for anionic com-

pounds, which are the last eluted compounds.

2.3.Sequential injection and pressure-assisted separation

The IS-CE method implies the injection of the test compound and one or more internal stand-
ards (depending on the desired accuracy and precision) at the same time for the mobility meas-
urement. The usual procedure would imply the preparation of solutions of specific mixtures of
the TC and the appropriate ISs prior to the analysis, which enlarges the sample preparation step.

However, this handicap can be overcome by sequential injection. In this way only the TC solu-
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tion must be prepared (together with the EOF marker) prior to the test analysis. Then, the test
compound is injected followed by all the required ISs, which are already in the sample tray of the
CE instrument. Once ISs and TC are mixed into the capillary, voltage is applied to start the sepa-
ration. This procedure drastically reduces the amount of mixtures TC-IS to be prepared

A pressure of 0.5 psi was applied during separation. Some authors''® point out that the use of
pressure introduces an additional hydrodynamic flow which generates a non-linear EOF. There-
fore, it is interesting to know whether the applied pressure influences the effective mobility
measurement, especially for short migration times. When electrophoretic mobilities were calcu-
lated (by eq 3), a slight decrease was observed (for basic compounds) or increase (for acidic
compounds) of mobility values. Such deviations reach a relative variation around 8-10% when a
pressure of 1 psi is applied. However, as in the IS-CE method any variation on the EOF affects
equally the TC and the IS, the effect is compensated and the final determination of pK, remains
unaffected. This advantage enables the IS-CE method to obtain more accurate results than other

CE methods.

2.4.Capillary conditioning

Pre- and post-conditioning methodologies (at the beginning of the session; between injections
with the same buffer; when buffer is changed: and at the end of the working session) have been
optimized to reduce the rinsing time, and as a consequence, the total analysis time. In order to
assess this reduction, mobility of a compound (at pH where it was half ionized) was monitored as
the rinsing time gradually decreased. A maximum variation of 3% was accepted, choosing as
mobility reference value the one obtained in the much longer CE conditioning step used in pre-

vious works.* S The lowest rinsing time that did not exceed this error was selected.
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Table 2 summarizes the conditioning sequences after the optimization processes. At the begin-
ning of the session, capillary is intensively rinsed with sodium hydroxide, water and buffer. The
rinsing time was drastically reduced from 50 to 4.5 minutes, which was enough to obtain repro-
ducible results. When the buffer is changed, attention must be paid to eliminate completely the
old buffer and replenish the capillary with the new one, otherwise ionization state of the injected
compounds could not be the desired one. 5 s were needed to fill the capillary until detector and
reach the final absorbance. For security, the rinsing time was set at 0.2 min (12 s) to assure the
whole replacement of the solution inside the capillary and thus keeping an acceptable relative
error. It was observed that there was no need at all to rinse the capillary between injections using
the same buffer solution. As pressure was applied during the separation, buffer solution was con-
stantly entering during all the separation time so at the end of the analysis the capillary was full
of fresh buffer and ready for a new separation. Postconditioning of the capillary was also reduced
from 25 to 4 minutes without loose of performance. Capillary conditioning time has been re-

duced nearly 12 times overall.

3. Precision and accuracy

The 129 pK, values of 93 different drugs determined by the IS-CE method are presented in
Table 2S.. This table also shows the average of pK, values published in the literature®S>%'>14
as well as its differences with the IS-CE method determined ones. We include the range of litera-
ture values to illustrate the variability of results of some drugs.

The overall average difference between the pK, values measured in this work and the average

literature pK, values was found to be -0.01 units. However, for some compounds there is a 0.2-

0.4 variations difference. These deviations are mainly observed for compounds that have close
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and/or extreme pK, values, compounds with complex structures, or compounds that are unstable
under basic conditions. The pK, of these compounds are difficult to measure by any technique.
For them, bibliographic information is scarce and dispersed. Some other compounds are poorly
soluble in water and their pK, values were determined in hydro-organic mixtures and extrapolat-
ed to the 0% co-solvent, which always implies higher error than direct determination in aqueous
buffers. The good performance of the IS-CE method (low sample contentration and short analy-
sis time requirements) allows direct determination of the pKa of these compounds in water me-

dia.
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FIGURES
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Figure 1S. Sample and buffer trays of Capillary Electrophoresis P/ACE MDQ instrument from

Beckman.
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TABLES

Table 1S. Buffer solutions used to determine the acidity constants by the IS-CE.
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Buffer pK, pH prepared Stock solution pH modifier
H;PO4/H,PO4 218  20;25;3.0 0.1 M NaH,PO4 0.5 M HCI
HCOOH/HCOO 375 3.5:4.0 0.1 M HCOONa 0.5 M HCI
CH3COOH/CH3;COO™ 4.76  4.5:5.0;5.5 0.1 M CH3COONa 0.5 M HCI
BisTrisH'/BisTris 6.48  6.0:6.5;:7.0 0.1 M BisTrisHCI 0.5 M NaOH
TrisH'/Tris 8.08  7.5:8.0:8.5 0.1 M TrisHCI 0.5 M NaOH
CHES/CHES 9.50  9.0;9.5 0.1 M CHESNa 0.5 M HClI
CAPS/CAPS’ 1040 10.0;10.5,11.0 0.1 M CAPSNa 0.5 M HCI
NaOH - 11.5;12.0; 12.5 0.1 M NaOH + 0.5M KCI -
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Table 2S. IS-CE measured and literature pK, values at 25°C and zero ionic strengrth.

IS-CE Reference Literature b
Cotliprine measured pK, literature pK,"  pK, range APl Rek
2-Chlorobenzoic acid 2.84 2.92 2.92 0.08 4S
2.6-Dibromo-4-nitrophenol 3.31 3.38 3.38 007 4S
4-Nitrobenzoic acid 3.37 3.43 3.43 006 4S
2.,6-Dinitrophenol 3.69 3.74 3.74 0.05 4S
3-Bromobenzoic acid 3.79 3.83 3.83 0.04 4S
2.4-Dinitrophenol 4.12 4.10 4.10 -0.02 4S8
Benzoic acid 422 4.19 4.19 -0.03 4SS
Ibuprofen 449 443 443 -0.06 4S8
Aniline 4.63 4.60 4.60 -0.03 58
Nicotinic acid 4.85 4.82 4.82 -0.03 48
Quinoline 493 4.87 4.87 -0.06 58
4-tert-butylaniline 4,93 4,95 4,95 0.02 58
Warfarin 5.17 5.08 5.08 -0.09 4S5
N,N-dimethyl-N-phenylamine 5.17 5.07 5.07 -0.10 58
Pyridine 5.28 522 5.22 -0.06 58
2.5-Dinitrophenol 5.30 5.22 522 -0.08  4S
Sulfacetamide 5.42 5.30 5.27-5.32 -0.12  4S
Acridine 5.55 5.52 5.52 -0.03 58S
2.,4,6-Tribromophenol 6.04 6.10 6.10 0.06 4S
4-tert-butylpyridine 6.03 5.99 5.99 -0.04  5S
Papaverine 6.41 6.34 6.34 -0.07 58
2.4-Lutidine 6.81 6.79 6.79 -0.02 58
Trazodone 6.84 6.87 6.87 0.03 58
Pilocarpine 7.08 7.08 7.08 0.00 58
4-Nitrophenol 7.09 7.18 7.18 0.09 48
Vanillin 7.36 7.40 7.40 0.04 4S
2.4,6-Trimethylpyridine 7.51 7.43 7.43 -0.08 58
Phenobarbital 7.53 7.46 7.46 -0.07 4S8
4-Hydroxybenzaldehyde 7.61 7.51 7.51 -0.10 4S8
Lidocaine 793 7.96 7.96 0.03 58
Clonidine 8.10 8.12 8.12 0.02 58
Bupivacaine 8.19 8.35 8.35 0.16 58
3.5-Dichlorophenol 8.18 8.18 8.18 0.00 4S
Methylparaben 8.35 8.37 8.37 002 4S5
Quinine 8.45 8.48 8.48 003 35S
2-Chlorophenol 8.50 8.51 8.51 0.01 4S
1-Phenylpiperazine 8.75 8.60 8.60 -0.15 58
N,N-dimethyl-N-benzylamine 8.95 9.14 9.14 0.19 58
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3-Chlorophenol
Diphenydramine
Procainamide
4-Bromophenol
Imipramine
Propranolol
1-Aminoethylbenzene
Paracetamol
Ephedrine

Phenol
Nortryptyline
Furosemide
Phthalic acid
4-Hydroxybenzoic acid
Acetazolamide
Pyrilamine
Histamine
Chlorpheniramine
Quinine
Levodopa
Histidine
Phenylalanine
2-Aminophenol
Pyridoxine

Labetalol

Sotalol

9.04
9.08
9.26
9.28
937
9.47
9.52
9.58
9.72
9.89
10.08
3.83
10.25
3.02
5.38
4.57
9.51
7.57
9.51
4.01
8.99
5.67
9.91
3.64
9.27
4.11
8.43
2.16
9.47
5.99
9.32
2.20
9.35
4.71
9.80
4.89
9.02
L20
9.69
8.36
9.92
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9.02
917
9.35
9.36
9.30
9.48
9.49
9.60
9.66
9.99
10.14
393
10.53
2.98
5.41
4.51
9.39
7.65
9.49
4.08
9.02
5.85
9.91
3.86
9.16
3.94
8.48
2.31
9.72
5.86
9.19
2.20
9.24
4.71
9.70
4.80
9.04
1.33
9.35
8.33
9.61

9.02
9.17
9.35
9.36
9.30
9.48
9.49
9.45-9.75
9.66
9.99
10.14
3.60-3.87

10.32-10.75

2.73-3.06
4.78-5.43
4.45-4.57
9.32-9.46
7.52-7.78
9.41-9.57
4.02-4.14
8.92-9.12
5.80-5.89
9.85-9.96
3.86
9.13-9.18
3.92-4.29
8.39-8.60
2.30-2.31
9.70-9.74
5.67-5.96
8.99-9.31
2.16-2.23
9.01-9.32
4.63-4.78
9.42-9.97
4.67-4.87
8.99-9.11
7.28-7.36
9.16-9.49
8.28-8.38
9.47-9.75

-0.02
0.09
0.09
0.08

-0.07
0.01

-0.03

-0.13

-0.06
0.10
0.06

-0.10
0.28

-0.04
0.03

-0.06

-0.12
0.08

-0.02
0.07
0.03
0.18
0.00
0.22

-0.11

-0.17
0.05
0.15
0.25

-0.13

-0.13
0.00

-0.11
0.00

-0.10

-0.09
0.02
0.06

-0.34

-0.03

-0.31

48

58

58

4S

58

58

58

48

58

4S

58

128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
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Ampicillin
Cefalexin

Cefadroxil

Chlortetracycline

Oxitetracycline

Atenolol
Procaine
Alprenolol
Diltiazem
Fluoxetine
Flurbiprofen
Maproptiline
Chlorpromazine
Diclofenac
Haloperidol
Miconazole
Acebutolol
Metroprolol
Morin

Quercetin

Kaemferol

Fisetin

Galangin

Naringenin

78

2.76
7.48
2.68
7.17
2.72
7.67
10.02
3.28
7.19
8.86
3.28
7.48
8.88
9.67
9.08
9.37
7.99
10.08
4.19
10.23
9.26
4.22
8.56
6.14
9.36
9.53
515
8.15
10.46
7.15
8.84
10.31
7.16
9.05
10.54
7.14
8.39
10.28
7.25
9.54
6.68

2.44
7.09
2.62
737
252
7.41
9.68
3.31
7.46
9.30
3.19
7.49
9.09
9.55
9.10
9.52
8.13
10.05
4.01
10.57
9.24
4.03
8.42
6.32
9.55
9.58
4.99
7.93
9.99
7.09
9.04
10.30
7.47
9.58
10.54
7.36
8.34
10.08
737
9.39
7.04

2.41-2.50
6.94-7.30
2.40-2.93
7.08-7.27
2.48-2.55
7.21-7.65
9.64-9.71
3.30-3.33
7.40-7.55
9.279.33
3.04-3.30
7.30-8.00
8.94-9.20
9.54-9.56
9.04-9.15
9.48-9.55
8.02-8.24

10.00-10.09

4.01
10.57
9.24
4.03
8.42
6.32
9.55
9.58
4.99
7.93
9.99
7.09
9.04
10.30
7.47
9.58
10.54
7.36
8.34
10.08
1.37
9.39
7.04

-0.32
-0.39
-0.06
0.00
-0.20
-0.26
-0.34
0.03
0.27
0.44
-0.09
0.01
0.21
-0.12
0.02
0.15
0.14
-0.05
-0.18
0.34
-0.02
-0.19
-0.14
0.18
0.19
0.05
-0.16
-0.22
-0.47
-0.06
0.20
-0.01
0.31
0.53
0.00
0.22
-0.05
-0.20
0.12
-0.15
0.36

128
128
128
128
128
128
128
128
128
128
128
128
128
13S.14S
138,148
13S,14S
138,148
135,145
14S
14S
14S
14S
14S
14S
13S
13S

C
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10.16 9.82 9.82 -0.34
Hesperetin 6.97 7.02 7.02 0.05 -°
10.13 9.96 9.96 -0.17
Apigenin 7.60 752 7.52 -0.08 -¢
9.35 9.14 9.14 -0.21
Chrysin 7.47 7.44 7.44 -0.03 -°
Ketoconazole 345 3.29 3.29 -0.16  13S
6.81 6.42 6.42 -0.39 138
Theophylline 8.39 8.63 8.63 024 13S
“: pK, average of all literature values.
oy ApK, = pK(literature) - pK,(IS-CE).
‘. Determined potentiometrically at our laboratory.
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Abstract

In 1997 Valko et al. developed a generic fast gradient HPLC method, based on the calculation of the
Chromatographic Hydrophobicity Index (CHI) from the gradient retention times, in order to measure
lipophilicity. We have employed the correlations between CHI and log P, and adapted the rapid gradient
HPLC method to UHPLC obtaining excellent resolution and repeatability in a short analysis time (< 4min).
log P, values can be easily obtained from these CHI measurements but, unfortunately, these correlations
are only valid for non-ionized compounds. Consequently, in order to determine the effective log P, value
at a particular pH, a fast high-throughput method for pK, determination was required. The IS-CE method,
based on the use of internal standards (IS) and capillary electrophoresis (CE), is a fast and attractive
alternative to other methods for pK, determination, since it offers multiple advantages compared to them:
low amounts of test compounds and reagents are needed, high purity is not required, specific interactions
between test compounds and buffers are corrected, etc. In addition, it allows the determination of a pK,
value in less than 5 minutes. Both CHI and IS-CE have been combined in order to describe a high
throughput alternative in the determination of the lipophilicity profiles of bioactive compounds.

Keywords: lipophilicity, drug discovery, acidity constants, chromatographic hydrophobicity index, CHI,
internal standard

Introduction

The drug discovery and development process requires the high-throughput determination of
physicochemical parameters of drug candidates. Parameters measuring lipophilicity, acidity, solubility or
protein interaction must be determined in a fast way for a high number of compounds of potential interest
to select the most promising compounds for further development.

One of the most important physical properties affecting the biological activity of substances is
lipophilicity, traditionally expressed as the logarithm of the octanol-water partition coefficient (log P,,). In
the common case of drug candidates with acid-base properties, the effective partition rate at a particular
pH is noted as log D, Although being these the most widely used liphophilicity indexes, experimental
reference procedures are usually time consuming and require a high purity and a relatively high amount of
sample. In order to decrease the analysis time and overcome these limitations, instrumental analytical
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methods have been developed to determine lipophilicity, and the values therefrom obtained in a particular
lipophilicity scale have been correlated to log P, or log D, scale.

About twenty year ago Klara Valké and Péter Slégel [1] proposed a new hydrophobicity index measured
by a reversed-phase HPLC method, named ¢, defined as the concentration of organic modifier in the
mobile phase (methanol or acetonitrile) which is required to obtain a retention time (tz) double than the
dead time (t). In these conditions, the logarithm of the retention factor equals to zero
(log k'=log {{ta-10)/t0)=0) and, therefore, the compound is equally distributed between the mobiie and the
stationary phases. The higher the value, the more hydrophobic is the compound. This index is characteristic
of a compound and independent of the column dimensions, the mobile phase composition and flow-rate. It
only depends on the stationary phase, the particular organic modifier employed, the temperature and, for
acidic or basic compounds, the pH. However, @, values were experimentally determined in isocratic mode
using several mobile phases containing low fractions of methanol or acetonitrile, which involved long run
times for hydrophobic substances. A few years later, Valké and co-workers [2] proposed a new high-
throughput Chromatographic Hydrophobicity Index (CHI), based on ¢, but derived from retention times
observed in a fast gradient reversed-phase HPLC method. Compounds of previously determined CHI values
can be used as calibration set, and the retention times of new compounds can be correlated to their
corresponding CHI values. In that work the C;3 column employed was an ODS2-IK5 Inertsil with the
dimensions of 150 x 4.6 mm, and the gradient program lasted for about 15 min. In a paper published in
2001 in collaboration with Michael H. Abraham [3] a much shorter column was used, a 50 x 4.6 mm
Phenomenex Luna C-18(2), and therefore gradient times were reduced to 5 minutes. In addition,
correlations between CHI and log P, were improved by means of hydrogen-bond acidity descriptors, since
it was found that the major difference between these scales is their sensitivity towards the hydrogen bond
acidity of the compounds. However, in the case of compounds with acid/base properties, poor correlations
between CHI and log D, have been obtained so far. In 2002 Stephen F. Donovan and Mark C. Pescatore [4]
used a 20 x 4.2 mm octadecyl—poly(vinyl alcohol cartridge and a fast gradient methanolic elution in order to
estimate log P, from chromatographic data. Due to the pH stability of this polymeric column, the pH of
the mobile phase could be adjusted to the desired value to ensure the ionizable analyte to be in its neutral
form. Nowadays, UHPLC technology presents also an excellent stability of Ci3 columns over a wide range
pH, besides higher resolution and sensitivity, and shorter equilibration times within consecutive runs in
gradient elution.

Since mostly of the potential drug candidates are acids or bases, log D, is a fundamental parameter to
be determined in the drug discovery process in order to estimate the pharmacokinetics of a compound of
interest. Especially relevant is the log D, at pH 7.4, the physiological value, which indicates the lipophilicity
of a drug in the blood plasma. As long as this effective partition rate at any particular pH can be estimated
from the measured log P, for the neutral substance and the pkK, of the compound, we propose a high-
throughput methodology based on the combination of UHPLC for CHI measurements and CE for pK,
determination in order to define the log D,,,, profile of drug candidates.

In a series of previous works [5-7], we have proposed a high-throughput method to determine acidity
constants of weak acids and bases by capillary zone electrophoresis. This method is based on the use of an
internal standard (IS) of similar nature and acidity constant as the test compound, which is injected into the
capillary just after the sample compound and analyzed in the same electrophoretic run. This method
requires only two electrophoretic runs: a first one at a pH where both the test compound and the IS are
totally ionized, and a second one at another pH at which both are partially ionized. Thus, from the
mobilities of the compounds at these two pH values and the pK, value of the IS, the pK, of the analyte can
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be easily calculated [5,8]. Besides its rapidness, the main advantages of this method are the compensation
of systematic errors due to simultaneous analysis of analyte and IS, and the unnecessity of an accurate pH
measurement.

Experimental

Apparatus

For UHPLC measurements, a Shimadzu (Kyoto, Japan) Nexera UHPLC system was used. The system was
equipped with two LC-30AD high-pressure pumps, a DGU-20As online degasser, a CTO-10ASvp oven
thermostatized at 25°C, a SIL-30AC autosampler, a SPD-M20A diode array detector and a CBM-20Alite
controller. Retention data were obtained from a Waters (Milford, MA, USA) Acquity BEH C,5 column, 50 mm
x 2.1 mm, which allowed the study of basic drugs because of their extended working pH range (up to 12).
Injected samples were prepared in DMSO at a concentration of 0.5 mg/mL and thus, due to the melting
point of DMSO (19°C), the autosampler temperature was set at 20°C. Aqueous buffers were, in all cases, 50
mM ammonium acetate at the desired pH value. Acidic buffers were prepared from glacial acetic acid and
the pH was adjusted with small volumes of concentrated ammonia (25%), and basic buffers were prepared
inversely. Medium acidic and basic buffers were obtained by solving the salt and adjusting the pH with
concentrated ammonia or glacial acetic acid.

Capillary electrophoresis experiments were performed using a P/ACE MDQ Beckman instrument (Palo
Alto, CA, USA), equipped with a diode array detector. Capillary was made of fused silica 50 pm I.D., 375 um
0.D., 35.2 cm length (25 cm to the detector) and purchased from Composite Metal Services Ltd (Shipley,
West Yorkshire, UK). The temperature of the capillary was 25.0£0.1°C and the applied voltage during
separation was 20 kV. IS and analyte samples were sequentially injected at 0.5 psi for 3 s and analyzed in
the same run. Additional 0.5 psi of hydrodynamic flow during separation was applied. The capillary was
initially conditioned with 1 M NaOH (2.0 min), water (0.5 min), and running buffer (2.0 min). Between
replicates with the same buffer the capillary was not rinsed. 20 psi of pressure was applied during rinsing
processes. Running buffers were prepared at different pH values and 50 mM ionic strength as described
elsewhere [8]. Injected samples were prepared in methanol/water mixtures at a concentration of 0.1
mg/mL, containing DMSO as neutral marker. Appropriate IS were selected from the set proposed in
previous works [8]. All samples and buffers were filtered through a nylon mesh 0.45 pm porous size
(Whatman, Maidstone, UK) before use.

pH measurements were performed with a combined Crison (Alella, Spain) 5014 electrode in a Crison
GLP22 pH meter. The electrode system was standardized with ordinary aqueous buffers of pH 4.01, 7.00
and 9.21.

Chemicals

Acetonitrile HPLC gradient grade was purchased from VWR (West Chester, PA, USA). Water was purified
by the Milli-Q® plus system from Millipore (Billerica, MA, USA) with a resistivity of 18.2 MQ cm. The
chemicals used for buffer preparation were anhydrous sodium acetate (>99.6%) and glacial acetic acid from
J.T. Baker (Deventer, The Netherlands), 2-(Cyclohexylamino)ethanesulfonic acid (CHES, >99%), and
3-(cyclohexylamino)-1-propanesulfonic acid (CAPS, >98%) from Sigma (St. Louis, MO, USA),
2,2-Bis(hydroxymethyl)-2,2",2"-nitrilotriethanol (BisTris, >99.9%) from Fluka (Buchs, Switzerland), sodium
hydroxide, hydrochloric acid and ammonia from Merck (Darmstadt, Germany). Dimethyl sulfoxide (DMSO,
>99.9%) was purchased from J.T. Baker. The injected compounds were purchased from Merck, Sigma—
Aldrich and Fluka, or obtained from Almirall (Barcelona, Spain), all of them in high purity grade.
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Results and Discussion

Measurement of CHlyecy values by UHPLC

The HPLC fast gradient method developed by Valké and co-workers [3] was transferred to our UHPLC
system taking into consideration the column and particle sizes, the flow rate, the injection volume, and the
dwell time of the UHPLC instrument. The final UHPLC conditions, together with the original HPLC ones, are
shown in Table 1. DMSO was used as sample solvent because its ability to solve hydrophobic compounds
sparingly soluble in MeCN/water mixtures. In the present work MeCN was used as organic modifier as long
as this solvent allows better correlations between log P,, and CHI than methanol.

Several substances covering a wide range of CHlyeen and log Py, values were tested as calibration
standards. Finally, the representative compounds shown in Table 2 were selected. They are mainly
unionizable substances that can be used at any pH value (acetanilide and phenones), but 4-hydroxybenzyl
alcohol is a phenol that should be used in its neutral form below pH 8. When using aqueous buffers above
this pH value, caffeine was used instead of 4-hydroxybenzyl alcohol. A representative chromatogram of the
calibration set is shown in Figure 1. After plotting the CHly.cy values against the retention times in the fast
gradient elution, a quadratic calibration curve is obtained with a typical coefficient of determination (r?)
higher than 0.998 and a root mean square error (RMSE) lower than 1.5.

Table 1. Comparison between HPLC and UHPLC conditions to measure CHI values

HPLC [3] UHPLC (present work)
Column C18,50x 4.6 mm, 5 um BEH C18,50x 2.1 mm, 1.7 um
Flow rate 2.0 mL/min 0.5 mL/min
Temperature 25°C 25°C
Fast gradient program % MeCN % MeCN

0.0 min -> 0% 0.0 min -> 0%

0.5 min -> 0% 0.4 min -> 0%

3.0 min -> 100% 2.5 min -> 100%

3.5 min -> 100% 2.9 min -> 100%

3.7 min -> 0% 3.1 min -> 0%

4.5 min -> 0% 3.8 min->0%

Injection volume and solvent 3 plL - MeCN/aqueous buffer 0.2 uL - DMSO

Similarly to log D, scale, CHI values of acidic or basic compounds depend on the ionization degree. The
lower the ionization, the higher the CHI value [9,10]. Therefore, acidic substances present the highest CHI
when aqueous buffers of low pH are used, and consequently basic compounds exhibit the reversed trend.
On the other hand, non-ionizable analytes show nearly the same CHI values independently of the pH. In the
present work all studied analytes were injected at three different pH values (3.0, 7.4 and 11.0), and a
representative collection supporting the above statements is presented in Table 3.

Table 2. Compounds used as calibration standards.

Compound CHlmeen [11]  log Poj [12]  pK,[12]
4-hydroxybenzyl alcohol 18.91 0.25 9.83
Caffeine” 24.45 -0.07 0.60
Acetanilide 42.38 1.16 -
Acetophenone 63.26 1.58 -
Propiophenone 76.93 2.19 =
Butyrophenone 87.14 2.66 -
Valerophenone 96.53 3.28 -
Hexanophenone 105.13 3.79 -
Heptanophenone 112.79 4.32 -

Jysed below pH 8. ®lUsed above pH 8.
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Figure 1. Chromatogram of the calibration set after subtraction of the DMSO blank. UHPLC conditions

according to Table 1, 50 mM ammonium acetate pH 7.4 as aqueous buffer.

Table 3. CHly4.cy values obtained at pH 3.0, 7.4 and 11.0.

CHlpecn Analyte

Compounds  — o0 OH7.4 pH1L0 behavior
Paracetamol 21.2 20.7 -137.2 Acidic
Theophylline 21.4 20.2 -55.9 Acidic
Atenolol 19.1 18.6 32.1 Basic
Colchicine 439 43.4 43.8 -
Salicylic acid 46.0 21.1 -12.5 Acidic
Benzoic acid 48.0 -64.4 -143.2 Acidic
Hydrocortisone  50.2 50.0 50.3 -
Metoprolol 38.1 35.9 61.5 Basic
Procaine 249 30.1 62.9 Basic
Propranolol 54.2 51.0 80.9 Basic
Warfarin 82.9 41.8 25.9 Acidic
Ketoconazole 70.8 83.4 83.9 Basic
Lidocaine 35.4 77.9 86.4 Basic
Haloperidol 70.1 66.4 88.9 Basic
Thymol 90.0 89.9 89.5 Acidic
Indomethacin 90.7 54.5 37.7 Acidic
Napththalene 97.6 97.6 97.5 -
Phenothiazine 98.4 98.4 98.2 -
Reserpine 82.7 95.6 98.7 Basic
Anthracene 1115 1117 112.3 -

Determination of log P,./pKo/1og Do,

As mentioned in the introduction, Valké and co-workers proposed an equation to correlate CHlyecy and

log P, indexes, which involved the Abraham'’s solute hydrogen-bond acidity descriptor (A, also noted in
the original paper as Za,") [3]:

log P,;,, =0.054-CHl,,., +1.319-A~1.877 (n=86,R=0.970,5=0.29,F =655) (1)
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Table 4. Validation set used for the determination of log P, and log D,,.

log Posy  PK, log D74 log D; 4

Belision  p it CHlmeen A1) (1S-CE)  (CHI+IS-CE) (reference)
Non-ionizable 1 Acetanilide 40.70 0.41 0.86 - 0.86 1.19°
2 Acetophenone 62.50 0.00 1.50 - 1.50 1.58°
3 Anthracene 112.30 0.00 4.19 - 4.19 4.49°
4 Butyrophenone 87.90 0.00 2.87 - 2.87 2.65°
5 Caffeine 2590 0.00 -0.48 - -0.48 -0.10°
6 Colchicine 4390 0.26 0.83 - 0.83 1.09°
7 Heptanophenone 112.10 0.00 4.18 - 4.18 4.46°
8 Hexanophenone 105.20 0.00 3.80 - 3.80 3.69°
9 Hydrocortisone 5030 0.73 1.80 - 1.80 1.58
10 Naphthalene 97.50 0.00 3.39 - 3.39 3.19°
11 Phenothiazine 98.40 0.13 3.61 - 3.61 411"
12 Propiophenone 77.20 0.00 2.29 - 2.29 2.24°
13 Valerophenone 97.00 0.00 3.36 - 3.36 3.40°
Basic 14 Papaverine 66.93 0.00 1.74 6.41 1.69 -
15 Reserpine 98.70 0.31 3.86 6.64 3.79 3.89°
16 2,4-Lutidine 49.35 0.00 0.79 6.81 0.69 -
17 Ketoconazole 8390 0.00 2.65 6.81 2.55 3.42°
18  Trazodone 76.34  0.00 2.25 6.84 2.14 2.54°
19 Pilocarpine 2086 0.00 -0.75 7.08 -0.92 -
20 2,4,6-Trimethylpyridine 57.17 0.00 1.21 7.51 0.85 -
21 Lidocaine 86.40 0.26 3.13 7.89 2.52 1.61°
22 Clonidine 51.30 0.42 1.44 8.10 0.67 0.62°
23 Bupivacaine 101.75 0.26 3.96 8.19 3.11 -
24 Quinine 66.42 0.23 2.01 8.45 0.93 B
25 Haloperidol 88.90 0.31 3.34 8.56 2.15 2.77°
26 Procaine 6290 0.23 1.82 9.08 0.14 0.24°
27 Propranolol 80.90 0.29 2.88 9.48 0.83 1.23°
28 Metoprolol 61.50 0.29 1.83 9.53 -0.26 -0.25°
29  Atenolol 3210 0.78 0.89 9.67 -1.33 -1.81°
Acidic 30 Paracetamol 21.20 091 0.47 9.58 0.46 0.35°
31 2-Chlorophenol 63.64 0.33 2.00 8.50 1.96 -
32  Theophylline 2140 035 -0.27 8.39 -0.31 -0.07°
33 Methylparaben 5233 0.66 1.82 8.35 1.78 -
34 3,5-Dinitrophenol 8597 0.83 3.86 8.18 3.80 E
35 4-Hydroxybenzaldehyde 38.36 0.66 1.07 7.61 0.86 .
36 Phenobarbital 51.84 0.52 1.61 7.53 1.37 1.51°
37 Vanillin 41.37 0.44 0.94 7.36 0.61 B
38 4-Nitrophenol 55.31 0.67 1.99 7.09 1.51 B
39  Warfarin 8290 031 3.01 5.17 0.83 0.89°
40 Benzoic acid 48.00 0.57 1.47 4.22 -1.40 -1.27°
41 Indomethacin 90.70 0.57 3.77 4.16 0.88 -

Ishake-flask method, ref. [13]. b’Experimental value, ref. [14].

With the aim of validating the UHPLC method proposed, CHly.cy were measured for several non-
ionizable, acidic and basic compounds in the log P, range between -0.07 and 4.45. All analytes were
injected using aqueous mobile phases of pH 3.0, 7.4, and 11.0, and the highest value was considered for log
P, determination. These 41 compounds are listed in Table 4, together with the CHly.cy values of neutral
species determined in the present work, the A solute descriptors obtained from the ACD/Percepta platform
[15], and the log P, determined from CHly.cy and A according to Eq. (1). There is a good correlation
between literature log P, values (Mlog P values compiled in Bio-Loom database [12]) and the ones
measured in the present work (slope: 0.99(+0.06), intercept: -0.15(+0.15), r: 0.940, RMSE: 0.45). Basic
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solutes correlate slightly worse than non-ionizable and acidic compounds. Nevertheless, from the 16
studied bases only 6 presented deviations from literature values higher than 0.7 log P, units. In four of

~*
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and 19 in Table 4), and in two cases (solutes 21 and 29) the reverse trend was shown.

As previously commented, poor correlations are obtained between log D, and CHly.cy values for
ionized compounds. However, the effective distribution rate of a drug at a particular pH value can be
estimated from its acidity constant and the partition coefficients of the neutral and fully ionized species
[16]. The current state of the art does not allow the direct measurement of the partition coefficient of ions
but it can be assumed that a typical value is 3.15 units lower than that of the neutral species, according to
the work published by Donovan and Pescatore [4]. Thus, log D, values of monoprotic compounds can be

calculated from the following expressions at any desired pH value:
Acidic compound: log D, ,,=log (g, wHP, 1, -3.15)-10°HPK. ) Iog(1+10"H'pK°) (2)
Basic compound: log D, ,,=log (F{)M+ (P -3.15)-10PK.PH )- Iog(1+10”'{='p“) (3)

Consequently, the measurement of aqueous acidity constants was required in order to estimate log Do
values and the IS-CE fast method was presented as a very appropriate option. This method allows an
accurate determination of acidity constants, which normally present an excellent match with reference
values found in literature. In the present work, the correlation between the measured pK, values for some
of the studied acidic and basic compounds (Table 4) and the ones found in literature was remarkable
(slope: 1.01(£0.01), intercept: -0.07(+0.09), r: 0.998, RMSE: 0.11).

Table 4 shows the log D, values at pH 7.4 resulting from log P, determinations and pK,
measurements (Eqs. (2-3)) and those obtained from reference methods [13,14]. As shown in Figure 2, there
is a good agreement between both sets of values, with the only exception of lidocaine, which presented yet

one of the worst matches in log P,, determination.

%7 Siope: 0.94(:0.04)

1 intercept: 0.00(:0.09) < iaB

49 roere '
RMSE: 0.34 5

High throughputlog O,
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-2 4 e A  Neutral
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Reference log O, atpH7.4

Figure 2. Correlation between reference log D, values at pH 7.4 (Table 4) and those obtained from log P, and
pK, measurements (Eqs. (2-3)). Linear regression (continuous lines) and the statistics are also shown, together with the
lines corresponding to +2-RMSE (dashed lines).
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Figure 3 shows the log D, profile obtained in the present work for vanillin and clonidine, which present
acidic and basic nature, respectively. For the sake of comparison, the curve calculated by ACD/Labs
software is also presented, together with their corresponding calculated and measured pK, values. In the
case of vanillin, the ACD/Labs calculated partition ratio (1.32) is moderately higher than the measured one
(0.94), whereas both pK; values, estimated and experimental, match very well (7.30 and 7.36, respectively).
Thus, the ACD/Labs estimated curve shifts up from the experimental one. For clonidine, the ACD/Labs
calculated log P, (2.05) is higher than the CHlyecy measured one (1.44) by 0.6 units, whereas the pK,
(7.90) is lower than the IS-CE determined one (8.10). Therefore, the ACD/Labs estimated curve moves up
and left from the measured one, being the values determined in the present work more accurate according
to literature (8.05 and 1.43, for pK, and log P, respectively [12]).

1 Clonidine B -
| AC0MLabs softwar . 20 (basic) S

: ] 7.0 "
154 _' This work

0.54

0.04

ofw

-0.54

log D
log O,

-1.04
-1.54

-2.04 Vanillin

(acidic)
25 T T T T T T
0 2 4 6 8 10 12 14

pH

Figure 3. log D, profile for vanillin and clonidine according to Egs. (2-3) (continuous line) and calculated profile
using ACD/Labs software (dotted lines), together with their corresponding measured and calculated pK, values.

Conclusions

In the present work the combination of two high-throughput methods have been proposed in order to
estimate the log D, of an ionizable compound at any desired pH. On the one hand, a fast gradient
reversed-phase methodology was successfully transferred into UHPLC in order to determine log P, from
chromatographic retention times, based on the formerly developed CHI lipophilicity index. After calibration
of the system, a single fast-gradient run performed within 4 minutes is enough to determine the CHlyecn
value of a compound, and then the value can be transformed into log P, lipophilicity scale by means of
the established equation. In the case of analytes with acid/base properties, runs performed at 3 different
pH values (3.0, 7.4 and 11) are recommended, and the highest CHly.cy is selected. On the other hand, the
IS-CE allows the determination of a pK, value from only two runs, lasting less than 5 minutes (about 2 min
each). Finally, from both the log P, of the neutral species (UHPLC-CHI procedure) and the pK, value (IS-CE
method), the effective distribution rate log D, can be estimated at any particular pH value.
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Determination of acidity constants of
sparingly soluble drugs in aqueous solution
by the internal standard capillary
electrophoresis method

A set of 33 drugs with different solubilities, ranging from soluble to very insoluble, has
been chosen in order to evaluate the performance of the internal standard CE method
to determine acidity constants of compounds with limited solubility. The set of drugs
tested in this work has been chosen as a function of their intrinsic solubility. For the
most insoluble compounds, several analytical conditions to overcome the insolubility in
aqueous buffers have been tested. This paper assesses the compound solubility limits for
the IS-CE method in aqueous pK, determinations, and also compares the determined
pK.s with the results from the literature data obtained by other methods. It is proved that
IS-CE method determines acidity constants of sparingly soluble drugs in aqueous media
(compounds with logS down to around -6), whereas other reference methods require the
use of aqueous—organic solvent buffers and extrapolation procedures to obtain the aqueous

pK., for the same compounds.

Keywords:

Acidity constant / Capillary electrophoresis / Internal standard / pK, determina-

tion / Solubility

1 Introduction

Drug discovery has undergone considerable changes with
the introduction of new technologies and strategies, adding
new opportunities for gathering and integrating informa-
tion, which can increase drug discovery success and effi-
ciency. Pharmaceutical companies synthesize a large num-
ber of potential drugs and chemical precursors in a relatively
short time. This fact requires selecting those drugs that are
most suitable for further test and development. As a conse-
quence, high-throughput screening for rapid evaluation of
compounds is needed as soon as they are available after syn-
thesis [1,2].

Physicochemical parameters are frequently used as pre-
dictors of ADME (absorption, distribution, metabolism, and
excretion) properties of drugs. One main physicochemical
property that affects the pharmaceutical potential of a com-
pound is its acid-base dissociation, which is defined by its
acidity constant (or pK, in logarithmic scale). Many poten-
tial drugs are weak acids or bases, and their use in further
studies strongly depends on their pK,, since it determines
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the ionization degree of the compound in the environment
PH [2,3]. Modern techniques of drug discovery often produce
molecules that are highly lipophilic and sparingly soluble in
water. Poor aqueous solubility often becomes a drawback in
the physicochemical characterization of drugs, because many
assays require the drugs to be in solution during measure-
ment. Therefore, the determination of the acidity constant
of sparingly soluble drugs can be a serious problem in drug
discovery [2,4-6].

Potentiometric titrations are commonly used as a refer-
ence method for pK, determination due to their accuracy and
high precision. But, by contrast, potentiometry is a relatively
slow method (it takes normally 20-40 min per compound),
and solutions of at least 5 x 10™* M are required in order
to detect a significant change in the shape of the titration
curve [7].

An alternative to potentiometric titrations are the UV-
Vis spectrophotometric titrations. They require a lower con-
centration, and thus can handle compounds with lower
solubility that show favorable molar absorption coefficient.
However, the classical spectrophotometric method is not fully
automated and hence becomes a time-consuming method. A
very attractive variation is the hybrid pH-metric/UV method
[6,8,9]. This method is also efficient and highly automated
approach, where the result is obtained from changes in mul-
tiwavelength UV spectra when the pH changes. In some in-
stances, measurements can be done even when precipitation
occurs if a probe to detect precipitation (dip probe absorption
spectroscopy, DPAS) is present [10]. The main drawbacks of
spectrophotometric methods are that the drug must contain a
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UV-active chromophore close enough to the site of the acid-
base function in the molecule, and the requirement of high
purity.

CE is another widely used technique to determine acid-
ity constants. One of the main advantages of CE is that less
amount of reagents and samples is needed, and in addition,
high purity is not required because it is a separation tech-
nique. Also in case of decomposition of the compound at
some pH values, in most instances the main peak can be
monitored to perform the pK, determination. Few years ago,
a high-throughput multiplexed CE method based on paral-
lel capillaries with UV detection was presented [11,12]. With
such a 96-capillary array, the throughput capacity was signifi-
cantly increased as compared to a single-capillary instrument,
but this method requires specific complex instrumentation.
In the classic CE method [13-17], electrophoretic mobilities
of the drugs must be determined in solutions whose pH
has been accurately measured, keeping temperature constant
and being aware of possible specific interactions between the
buffers and drugs. Based on the CE classic method, CE-MS
has also been successfully developed as an advanced tech-
nique [18] for pK, determination. It provides high selectivity
as well as high sensitivity, so thatlower concentration of drugs
can be used. Furthermore, the CE-MS method has a distinct
advantage; throughput can be significantly increased by pool-
ing a number of compounds into a single sample. However,
in addition to the above-mentioned problems of the CE clas-
sic method, if the number of compounds is not high, pK,
determination becomes time-consuming and expensive.

When the pK, of sparingly soluble drugs cannot be de-
termined in aqueous media, alternative methods based on
the determination of the pK, at different proportions of
aqueous—organic solvent mixtures are used. Aqueous pK, val-
ues at zero organic solvent composition are then estimated by
extrapolation (e.g. the Yasuda-Shedlovsky method). The
mixed-solvent procedures mainly using alcohols or ACN-
aqueous mixtures provide a good alternative for sparingly
soluble compounds [7,11,13, 14,19, 20]. However, a final ex-
trapolation to 0% organic solvent is always required—fact that
may worsen the accuracy of the determination compared to
the direct measurement in aqueous media.

Recently, a high-throughput method to determine acidity
constants based on CE and the use of internal standards (IS-
CE, internal standard CE) has been developed [21-27]. This
method does not need an accurate external measurement of
the pH of the buffer because it measures the pH inside the
capillary from the mobilities of the IS. In addition, the method
may correct the interactions of the test compound with the
buffers, and possible experimental and systematic errors—
such as temperature or buffer pH variations due to electroly-
sis processes during run analysis—using an adequate IS.

Unlike other methods, the IS-CE presents a big advan-
tage for the sparingly soluble drugs. The method requires
only two CE runs at two different pH values to determine
a pK, value: the first one where compounds (drug and IS)
are totally ionized (limiting mobility measurement) and the
second one where they are partially ionized (effective mobil-
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ity measurement). As solubility increases with the ionization
degree, limiting mobility is usually easy to measure. In case
of effective mobilities, if precipitation of the drug is detected,
a new pH in which the compound is ionized in a higher but
still measurable degree can be selected in some cases for the
determination.

In the present work, we report and discuss the deter-
mination of pK, values of drugs in aqueous solution by the
IS-CE method. The aim of this study is to evaluate the ability
of the method for the determination of acidity constants of
sparingly soluble compounds, compared to other methods
for pK, determination.

2 Materials and methods
2.1 Apparatus

CE experiments have been performed with a P/ACE MDQ
Beckman instrument (Palo Alto, CA, USA), equipped with a
diode-array spectrophotometric detector. Capillary was made
of fused silica (50 pm id, 375 wm od, 35.2 cm length (25 cm
to the detector)) and was obtained from Composite Metal Ser-
vices (Shipley, West Yorkshire, UK). The temperature of the
capillary was set to 25.0 £ 0.1°C. Test compounds and ISs
were injected sequentially (one-by-one before separation) ata
hydrodynamic pressure of 0.5 psi for 3 s (1 psi = 6897.76 Pa),
and the applied voltage during separation was 20 kV. Addi-
tional 0.5 psi of hydrodynamic flow during separation was
applied. The UV detector was set at 214, 254, and 280 nm.
Capillary conditioning has been described recently [27].

2.2 Chemicals

DMSO >99.9%, 0.5 M sodium hydroxide tritisol, 0.5 M hy-
drochloric acid tritisol, and sodium dihydrogenphosphate
monchydrate >99% were from Merck (Darmstadt, Ger-
many). Anhydrous sodium acetate >99.6%, CHES >99%,
and CAPS >98% were from Sigma (St. Louis, MO, USA).
2,2-Bis(hydroxymethyl)-2,2',2"-nitrilotriethanol >99.9% (Bis-
Tris) and sodium formate were from Fluka (Buchs, Switzer-
land). Tris >99.9% was purchased from Aldrich (Milwaukee,
WI, USA). Water was purified by a Milli-Q plus system
from Millipore (Bedford, MA, USA), with a resistivity of
18.2 MQ cm. All studied drugs (described in Table 1) and
ISs were of reagent grade or better, and were purchased from
Sigma, Aldrich, Fluka, Merck, and Carlo Erba (Milan, Italy).

2.3 Buffer preparation

Buffer solutions covering practically all the useful pH range
(from 2 to 12 separated within intervals of 0.5 pH units)
were prepared at the desired pH, and 50 mM ionic strength
as described elsewhere [28]. The employed buffers, its pK,
value, and the stock solution used in their preparation have
been summarized previously [25]. All buffers were filtered
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Table 1. Test compounds with their logS from literature and the
determined IS-CE pK, values

Compound logSiy  PKausce % lonization  pignic®
atthe
working pHs
Sample prepared in water
Theophylline —110" 839 73 —1629
Atenolol —1.29¢) 967 60 84.6
Procaine —1.72°) 9,08 65 989
Alprenalol -263° 937 57 92.1
Diltiazem —2.94¢) 7.99 45 789
Fisetin —3.00" 7.14 46;70; 88 -519
8.39 129:154: 167  —1426
10.28 216;230;270  —184.4
Morin —302% 515 19; 42; 69 —93.1

8.15 118; 142; 168 —1726

10.46 217, 240; 258 —209.2

Kaempferol —33m1 7.16 48; 69; 89 —84.7
9.05 128, 137; 169 —146.3

10.54 216; 239; 268 —220.0

Quercetin —-340Y 7.5 21,47, 70 -719
8.84 119; 139; 148 —-102.2
10.31 225; 254, 273 —164.3
Apigenin —347% 7.60 25;48;70 —1299
9.35 156; 172; 189 —17.1
Naringenin —3.48" 6.68 53:77; 82 —95.6
10.16 144; 165; 183 —185.0
Hesperetin —3500 6.97 54;78; 83 —88.6
10.13 144; 162; 182 —166.3
Oxyphencyclimine —358%  11.01 73 783
Dibucaine —368Y 8.57 21 1223
Fluoxetine —-392°) 10,08 60 91.2
Galangin —393Y 725 17,4265 889
9.54 138; 159; 181 —169.0
Diflunisal —4.20 2.97 80 —118.6
Flurbiprofen —430¢9 419 38 —1059
Ketoconazole —4.40" 3.45 21;50; 71 64.9
6.81 150; 165; 181 1313
Maprotiline —469°  10.23 58 1317
Cyproheptadine ~ —4.94% 8.90 37 107.2
Reserpine -505° 664 70 63.8
Fenbufen ~5.19°) 473 65 —108.3
Chlorpromazine  —5.29%9 926 61 95.0
Sample prepared in 1 mM acid or base
Diclofenac —545%9 422 66 —103.0
Haloperidol —5.47°) 8.56 72 80.0
Miconazole —5,62¢! 6.14 86 87.1
Mifepristone —575%¢ 523 78 756
Indomethacin®! —577%¢ 416 84 —1288
Niclosamide —6.15" 7.25 82 —-93.4
Unable to be determined in aqueous media
Mefenamic acid ~ —634  — = —104.0
Loperamide S | — - 62.0
Amiodarone T = =

a) Mobility of the ionic species in x10% em? V! min~'.

b) ACD/Percepta Platform v2012 Software, ACD/Labs 2012 [29].
c) From [8].

d) From [31].

e) From [32].

f) From [33].

g) Degradation was observed when prepared in 1 mM acid or
base.
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through a nylon mesh with 0.45 wm pore size (Whatman,
Maidstone, UK).

2.4 Sample preparation

Stock solutions of test compounds and ISs were prepared
at a concentration of 1 mg/mL and 4% of DMSO was
added as EOF marker. They were diluted in water or in a
methanol/water mixture (when they were not soluble in wa-
ter itself). Afterwards, a 1/10 dilution of the stock solution
in water was prepared for injection (100 mg/L). Test com-
pounds and ISs were filtered through a nylon mesh with
0.45 pm pore size (Whatman).

25 pK, determination

The determination of acidity constant by IS-CE has been
recently reported [22-25]. Briefly, the method is based on
the use of an IS with pK, similar to that of test compound
(ApK, < 1) choosing as first approximation for the pK; of the
test compound the one predicted by ACD/Labs software [29],
although any other pK, prediction software can be used. Then,
mobilities of the IS and test compound were calculated in two
different buffers: a buffer in which the analyte and IS were
completely ionized (pH > pK, for an acid or pH < pK, for
a base); and a second buffer in which both were partially ion-
ized (pH in the range pK, =+ 1). For polyprotic compounds
with close acidity constants, one IS was selected for each con-
stant and effective mobilities were determined in triplicate at
three different pH values close to the pK,. From these mo-
bility measurements, the pK, of the test compound can be
directly obtained if the pK, of the IS is well known. ISs and
their reference pK, values were chosen from a set of suit-
able acidic and basic monoprotic compounds [23,24]. Finally,
acidity constant at the working ionic strength is related to the
thermodynamic pK, by the activity coefficients, calculated
through Debye-Hiickel equation [30], if it is required.

3 Results and discussion

The set of test compounds compiled for the evaluation of the
performance of the IS-CE method to determine the pK, of
compounds with limited solubility includes a total of 33 sub-
stances (46 pK, values) with most of them being commer-
cially available drugs. This set of compounds was selected as
a function of their intrinsic solubility. Table 1 shows the com-
pounds together with the logarithmic form of their intrinsic
solubility (logSgy, solubility in mol/L), the acidity constant
determined through the IS-CE method (pK,s.cg), as well as
the mobility of the ionic species. Compounds are listed in
decreasing order of solubility values, going from very soluble
such as theophylline with logS of —1.10 to other much more
insoluble such as amiodarone with log$ of —8.17. These sol-
ubility values were collected from several sources (8, 31-33],
or predicted through ACD/Percepta software [29] when ex-
perimental data were not available in the literature. Average
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of log$ is provided for the compounds having more than one
literature value.

Commonly, solubility increases with the ionization de-
gree and, therefore, precipitation can be avoided in most cases
if ionization is increased. For this reason, when effective mo-
bilities of the partially ionized test compounds were deter-
mined, ionization degree was monitored and is summarized
in Table 1 for the particular experiments realized.

In a CE instrument, precipitation is identifiable by a sig-
nificant broadening of the analyte peaks or the appearance
of a plateau instead of the typical Gaussian peak profile ob-
tained for compounds in solution. Another indication of pre-
cipitation is an abrupt disappearance of the analyte peak at a
particular pH value.

3.1 Determination of the acidity constant of soluble
drugs

For a drug with high enough solubility, pK, was determined
by the usual IS-CE method without special problems. As sol-
ubility goes down, pK, of the drug becomes more difficult
to be determined. Diclofenac, with logS of —5.45 units, was
the least insoluble compound that precipitated from its stock
solution (1 mg/mL) when it was prepared at 100 ppm in
water. It can be said, therefore, that precipitation is not ob-
served in the whole process of pK, determination through the
IS-CE method for compounds with log$S values higher than
around -5.

Maprotiline and chlorpromazine are the two compounds
located in the boundary whose pK, value has been widely
determined by different techniques. Consequently, it is con-
venient to contrast the 1S-CE method with others presented
in the literature. Multiplexed CE method [11] allowed the de-
termination of the pK, of maprotiline using aqueous buffers,
whereas chlorpromazine was found to precipitate and its pK,
was not determined without employing methanol as cosol-
vent. Nevertheless, it was possible to measure directly the
aqueous pK, of chlorpromazine through CE-MS [18]. The
aqueous pK, of maprotiline could be directly determined
through spectrophotometric titrations, but chlorpromazine
chromophores were not close enough to give appropriate
changes in multiwavelength spectra, so the use of the po-
tentiometric method in the presence of cosolvent was needed
to determine pK, (7, 8, 34]. The IS-CE method allowed the
determination of the pK, of both compounds in aqueous

buffers.

3.2 Determination of the acidity constant of
sparingly soluble drugs

Compounds with logS lower than that of chlorpromazine,
such as diclofenac, haloperidol, miconazole, mifepristone,
indomethacin, niclosamide, mefenamic acid, loperamide,
and amiodarone, precipitated when the stock solution was
diluted in water. However, several strategies were adopted to
overcome this problem. The first option was to add the neces-
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sary amount of HCl or NaOH in order to ionize the compound
in the sample vial and, consequently, increase its solubility.
Since the amount of compound injected into the capillary is
very small, many times precipitation can be avoided if the
compound is previously ionized and solubilized, even when
pH changes inside the capillary. However, if precipitation in
capillary was detected, the measurement of the effective mo-
bility could be done at a new pH closer to the pH where ionic
form predominates, which implies a higher ionization degree
of the drug. The third strategy was to further dilute drugs ap-
proximately to 5-10 ppm. At these concentrations, detection
can be performed correctly. The explained strategies, alone
or combined, allowed the determination of pK,s directly in
aqueous solution of drugs that presented logS values down
to approximately —6. In fact, niclosamide was the last drug
determined in this way. As Table 1 shows, the percentage of
ionization was around 70% or more for these compounds.
This degree of ionization was high enough to keep the drug
in solution, but low enough to allow pK, calculation.

Table 2 shows a comparison of methodologies for the
pK, determination of these sparingly soluble drugs. For the
majority of the compounds, multiple literature values (pKjy)
have been reported, determined by a variety of methods and
experimental conditions. All pK, reported values are at zero
ionic strength. The acidity constants of mifepristone and
niclosamide were not found in any reliable source, so com-
parison is not provided.

Similar pK, values are observed when comparing the re-
sults of the IS-CE method to the ones obtained with other
methods. When data from literature are analyzed, it is ob-
served that at these solubility levels, potentiometric titrations
require the use of cosolvents and extrapolation methods to
obtain aqueous pK, values. As regards spectrophotometric
titrations, except for diclofenac, all measurements were also
performed in hydroorganic measurements. In addition, it
has been reported [9] that miconazole and indomethacin
presented precipitation during the spectrophotometric titra-
tion. It should be noted that this method, combined with a
probe to detect precipitation (spectrophotometric titrations
with DPAS), allows the determination of acidity constants
even if precipitation takes place, just avoiding spectra in
the pH range where presence of precipitate is observed, to
perform calculations [10]. The classic CE method is in the
boundary between the use or not of cosolvents. For exam-
ple, the acidity constant of indomethacin has been deter-
mined in aqueous media by multiplexed CE, whereas the
one of miconazole requires the use of methanol-aqueous
mixtures and extrapolation through Yasuda—Shedlovsky
equation. Finally, CE-MS allows the direct determination
in aqueous buffers, probably due to high sensitivity of the
method, which allows working at very low concentration.

3.3 Determination of the acidity constant of highly
insoluble drugs

As regards compounds with very low solubility such as mefe-
namicacid, loperamide, and amiodarone (logS < —6.34), they
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Table 2. Comparison of pK; determination by the IS-CE and by literature methods, for low-solubility compounds

Compound 10g Sy PKas-ce) PKaiy Method
Sample prepared in 1 mM acid or base
Diclofenac —5.45%b) 4.22 4,16 Potentiometry cosolvent [35]
4.09 Potentiometry cosolvent [36]
4.03 GLpK; spectrophotometry aqueous media [8]
421 CE-MS aqueous media [18]
Haloperidol —5.479 8.56 8.65 Potentiometry cosolvent [8]
8.55 Potentiometry cosolvent [34]
8.42 GLpK; potentiometry cosolvent [8]
8.96 CE-MS aqueous media [18]
Miconazole —5.62% 6.14 6.32 GLpK; spectrophotometry cosolvent [8]
6.38 Multiplexed CE cosolvent [11]
Mifepristone —5.75%¢) 5.23 - -
Indomethacin® —5.770¢ 4.16 4.53 Classic CE cosolvent [13]
4.15 CE-MS aqueous media [18]
4.18 Multiplexed CE aqueous media [11]
Niclosamide —6.15% 7.25 - -
Unable to be determined in agueous media
Mefenamic acid —6.34% - 4.22 GLpK; spectrophotometry cosolvent [8]
Loperamide —7.13 - 8.90 GLpK; spectrophotometry cosolvent [8]
Amiodarone —8.17% - 8.80 Potentiometry cosolvent [36]
8.73 GLpK; spectrophotometry cosolvent [8]
8.85 Classic CE cosolvent [14]
8.1 Multiplexed CE cosolvent [11]
a) From [8].
b) From [31].
c) From [32].
d) From [33].

e) Degradation was observed when prepared in 1 mM acid or base.

precipitated during aqueous measurements. In case of mefe-
namic acid and loperamide, there were no problems when
mobilities of the ionic species were determined. However,
precipitation appeared in the measurement of effective mo-
bilities, when the percentage of ionization was lower than
100%, despite they were diluted to approximately 5-10 ppm.
Amiodarone mobility could not be determined in aqueous
buffers even when the compound was fully in its ionic form.
In the same way, experimental literature values of Table 2
show that such insoluble drugs cannot be determined in
aqueous media, and in all cases the use of cosolvent is strictly
necessary.

4 Concluding remarks

The ability of the fast high-throughput IS-CE method to deter-
mine pK, of sparingly soluble compounds has been evaluated.
It has been stated that the limit of application of the method
is around an intrinsic solubility value of 10~¢ M. However,
from compounds with S values around 10~° M, different sim-
ple strategies should be adopted to avoid precipitation of the
compound during the pK, determination process. When the
drug has a solubility with a log S value lower than -6, the use of
cosolvents and extrapolation procedures is strictly necessary.

Compared to other methods, potentiometry and spec-
trophotometric titrations require the use of cosolvents for
compounds with higher solubilities. As regards other CE-

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

based methods, the classic CE method even in multiplexed
CE systems shows a drug solubility limit similar to that of the
IS-CE method. However, in some cases, the use of cosolvents
is needed in the classical CE method, whereas in the IS-CE
method it is still not needed. Finally, the CE-MS method al-
lows the use of a lower drug concentration, so pK, values of
more insoluble drugs can be directly determined in aqueous
buffers. However, the latter method is time-consuming and
expensive unless many drugs are pooled for a simultaneous
determination.
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Lower methanol percentages are needed compared to other pK, determination methods
The aqueous pK, is obtained in < 30 min from methanol-water measurements

pK. values of internal standards between 0-40% methanol are determined
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ABSTRACT

A fast determination of acidity constants (pK,) of sparingly soluble drugs has become a
necessity in drug discovery because it often produces molecules that are highly lipophilic and
sparingly or not soluble in water. In this paper we have adapted the high throughput internal
standard capillary electrophoresis (IS-CE) method for the determination of pK, of water
insoluble compounds by measurement in methanol/water buffer mixtures. For this purpose,
we have established reference pK, values for a set of 48 acids and bases of varied structure
(internal standards) at several methanol-water mixtures covering a range up to 40% of
methanol. In contrast with other pK, determination methods which require higher amounts of
co-solvent, 40% of methanol has been enough to determine the aqueous pK, of all tested
drugs because of the lower requirement of solubility of the internal standard method.
Obtained pK, values (around 200 values determined) have been contrasted with literature
data obtaining a good agreement and, therefore consolidating the reference acidity constants

of the internal standard set.

The IS-CE method has been successfully applied to 8 test drugs of different chemical nature
with intrinsic solubilities lower than 10° M. The obtained results have been successfully
compared to literature ones obtained by other methods. It is concluded that the IS-CE method
allows the determination of aqueous pK, values using lower proportions of co-solvent,

becoming then more accurate in the extrapolation procedure than other reference methods.

KEYWORDS

Acidity constant, IS-CE, pK, determination, internal standard, low solubility, hydro-organic

media.
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1. INTRODUCTION

The new technologies and strategies for drug discovery and development have increased
considerably in the last decades, adding new opportunities for gathering and integrating
information to increase drug discovery success and efficiency. Consequently, pharmaceutical
companies synthesize a great number of potential drugs and chemical precursors in a relative
short time. To select those which are the most suitable for further test and development, there
is a need of high throughput screening for rapid evaluation of potential drug candidates as

soon as they are available from synthesis [1,2].

ADMET (Absorption, Distribution, Metabolism, Excretion and Toxicity) and DMPK
(Drug Metabolism and Pharmacokinetic) studies frequently use physicochemical parameters
for the understanding and simulation of drug properties and processes. One of main
properties that affects the pharmaceutical potential of a compound is the dissociation constant
(or pKj in logarithmic scale) since it determines the ionization degree of the compound in the
pH of the target. In fact, the neutral and ionic forms of a compound can have very different
physicochemical and biological properties, being the pK, sometimes decisive for a given

application [2-4].

Modern techniques of drug discovery often produce molecules that are highly lipophilic
and sparingly or not soluble in water. Poor aqueous solubility often becomes a drawback in
the physicochemical characterization of drugs, because many assays require the drugs to be in
aqueous solution during measurement. Therefore, the determination of the acidity constant of

insoluble drugs can be a serious problem in drug discovery [2,4-6].

In order to meet the need for pK, determination of insoluble compounds, aqueous-organic
solvent mixtures can be used. Then, acidity constants are determined at different ratios of
hydro-organic mixtures, and aqueous pK, values at zero organic solvent composition are
estimated by extrapolation (e.g., through the Yasuda-Shedlovsky equation). Many water
miscible organic solvents have been used such as alcohols or acetonitrile. Nevertheless,
methanol is the solvent of choice because it is very similar in properties to water, and it is
able to solubilize compounds insoluble in water. So far, it is thought to be the least error-
prone of the common co-solvents since its general effect on pK, values has been studied so

extensively [7-12].
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Capillary electrophoresis is a particular convenient technique for pK, determinations
because it enables automated and accurate measurements even for minute amounts of sample,
does not require the information about concentration, and handle both the impure and
complex samples [13]. Recently, a high throughput method to determine acidity constants
based on CE and the use of internal standards (IS-CE) has been developed [14], as well as
tested for all kinds of compounds [15]. The pK; of an analyte can be determined in 5 minutes.
Furthermore, this method does not need an accurate measure of the pH of the buffer, and it
may correct the interactions of test compounds with buffers and possible experimental
systematic errors -like temperature or pH buffer variations due to electrolysis processes
during run analysis- by the use of an adequate internal standard. Moreover, the IS-CE method
has been evaluated for determination of sparingly soluble compounds reaching solubility
limits of 10 mol-L™'. However, the use of co-solvents and extrapolation procedures to pure

water is strictly necessary for those compounds with lower solubility [16].

Working with hydro-organic mixtures implies establishing new reference pK, values for
the internal standards at each methanol volume fraction, as it was previously done in aqueous
media [17,18]. In the present work we measure and establish the pK, of 48 acids and bases
(internal standards) at several methanol volume fractions in order to use them as reference
values. Furthermore, the validity of the methodology to determine acidity constants of
sparingly soluble drugs is proved by comparison of the results to the ones obtained by other

methods.

2. MATERIAL AND METHODS
2.1. Apparatus

Capillary electrophoresis experiments have been performed with a P/ACE MDQ Beckman
instrument (Palo Alto, CA, USA), equipped with a diode-array spectrophotometric detector.
Capillary was made of fused silica 50 um LD, 375 um O.D., 35.2 cm length (25 c¢m to the
detector) and was obtained from Composite Metal Services Ltd (Shipley, West Yorkshire,
UK). The temperature of the capillary was set to 25.0+0.1 °C. Test compounds and internal
standards were injected sequentially (one-by-one before separation) at a hydrodynamic
pressure of 0.5 psi for 3 s (1 psi = 6894.76 Pa), and the applied voltage during separation was

20 kV. In order to speed up analysis, an additional hydrodynamic pressure of 1.0 psi during
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separation was applied. The UV detector was set at 214, 254, and 280 nm. Optimized
capillary conditionings were described recently[14]. Briefly, at the beginning of the session
capillary was conditioned with NaOH 1.0 M (2.0 min), H,O (0.5 min) and buffer (2 min); 0.2
min with new buffer when pH was changed; and at the end of the session NaOH 0.1 M (2.0

min) and H>O (2.0 min). Capillary was not rinsed for replicates.

2.2. Chemicals

Dimethyl sulfoxide >99.9% (DMSO), methanol HPLC grade, 0.5 M sodium hydroxide
tritisol, 0.5 M hydrochloric acid titrisol, and sodium dihydrogenphosphate monohydrate
>99% were from Merck (Darmstadt, Germany). Anhydrous sodium acetate >99.6%, 2-
(cyclohexylamino)ethanesulfonic acid >99% (CHES), and 3-(cyclohexylamino)-1-
propanesulfonic acid >98% (CAPS) were from Sigma (St. Louis, MO, USA). 2.2-
bis(hydroxymethyl)-2,2" 2" -nitrilotriethanol >99.9% (BisTris) and sodium formate were
from Fluka (Buchs, Switzerland). Tris(hydroxylmethyl)amino-methane >99.9% (Tris) was
purchased from Aldrich (Milwaukee, WI, USA). Water was purified by a Milli-Q plus system
from Millipore (Bedford, MA, USA), with a resistivity of 18.2 MQcm.

All studied drugs and internal standards [14] were reagent grade or purer, and were

purchased from Sigma, Aldrich, Fluka, Merck, or Carlo Erba (Milan, Italy).

2.3. Preparation of samples and buffers

Stock solutions of sodium dihydrogenphosphate, sodium formate, sodium acetate,
BisTrisH', TrisH', CHES", CAPS™ or NaOH were prepared in aqueous media at 0.25 mol-L™".
In order to obtain BGE solutions at the desired pH, ionic strength, and methanol/water
fractions, the appropriated amount of 0.5 M HCI, 0.5 M NaOH or 0.5 M KClI was added into
5 mL of stock buffer solution. Subsequently, pure methanol was added to have the desired
mixture (v/v), and afterwards the content of the volumetric flask was diluted with a methanol-
water mixture of the same v/v proportion up to 25 mL. Using this procedure the ionic

strength was kept constant at 0.05 M.
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Buffer solutions covering practically all the useful pH range (from 2 to 12.5 separated
within intervals of 0.5 pH units) were prepared at 10, 20, 30 and 40 % (v/v) of methanol-
water mixtures. Since the pH is calculated by the IS in-situ into the capillary, pH-meter

measurements are not required.

Stock solutions of test compounds and ISs were prepared at a concentration of 1 mg mL™
and 4% of DMSO was added as electroosmotic flow (EOF) marker. They were diluted in
water or in a methanol/water mixture (when they were not soluble in water itself).
Afterwards, a 1/10 dilution in water of the stock solution was prepared for injection (100 mg
L™ 0.4% DMSO).

All buffers and compound solutions were filtered through a nylon mesh 0.45 um porous

size (Whatman, Maidstone, UK) and stored at 4°C until their use.

2.4. pK, determination

The optimized procedure used for acidity constants determination by the IS-CE method has
been recently reported [14]. Briefly, the method is based on the use of an IS with pK, similar
to that of test compound (ApK, < 1), choosing as first approximation for the pK, of the test
compound the prediction by an appropriate software (ACD/Labs in our case) [19]. Then,
mobilities of the IS and the test compound are determined in at least two different buffers for
a monoprotic acid-base compound: a buffer in which the analyte and the IS are completely
ionized (pH > pK, for an acid or pH « pK, for a base); and a second buffer (or more
buffers) in which both compounds are partially ionized (pH in the range pK, £ 1). From these
mobility measurements the pK, of the test compound can be directly obtained if the pK, of
the IS is well known [14].

For the determination of the aqueous pK, of sparingly soluble compounds, acidity constants
were determined in buffers made of a given electrolyte solved in methanol-water mixtures at
different compositions (0.10, 0.20, 0.30, 0.40 v/v). Then, the aqueous pK, was obtained by
extrapolation to 0% methanol through the Yasuda-Shedlovsky equation, according to the

relationship between pK, values and methanol/water mixtures dielectric constant (equation

1).
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PK, + log[H,0] =a=——+b (1)

In this equation, log[H,O] is the logarithm of the water molar concentration in a given
solvent mixture, and ¢ is the dielectric constant of the solvent mixture. From the plot of the
pKa vs. 100/e a linear relationship should be obtained, and extrapolation to pure water would

provide the aqueous pK,; of the compound [7].

3. RESULTS AND DISCUSSION
3.1. Establishment of the pK, of the reference set of internal standards

Working with hydro-organic mixtures implies establishing reference pK, values for the set
of ISs in the whole range of methanol-water working compositions (0-0.4 v/v). The
procedure followed to establish these pK, values is based in the IS-CE methodology and has
been used already in previous works to determine the aqueous pK; of the reference set of
compounds [17,18]. Briefly, it consists in an iterative process in which the compounds are
used indistinctly as test compounds or as internal standards in the following way: to determine
the pK, of a given compound of the set, the neighboring compounds (with pK, differing less
than 1 pK, units from the expected one) are used as internal standards. This procedure is done
for each compound in the set, using the corresponding neighbors as internal standards. The
procedure has been applied separately for acidic ISs and basic ISs, and in all cases the pK,
values have been determined at four different methanol-water compositions, 0.10, 0.20, 0.30
and 040 (v/v). In order to start the iteration, empirical equations fitting available
experimental pK, values in methanol-water to the solvent percentage have been used to
estimate the initial pK, values of the ISs. Different equations are used depending on the
functional groups of the compounds [20,21]. Table 1 lists the pK, as well as the standard

deviation at each volume fraction for all the ISs at 25°C and zero ionic strength.

In order to know the reference pK, value at any methanol-water composition between 0 and
0.4, the obtained values together with the aqueous ones established in previous works [17,18]
have been fitted to polynomial equations, summarized in Table 2. These quadratic
polynomial equations allow the calculation of the acidity constant at any particular volume

fraction for any internal standard of the list in a range between 0.00 and 0.40.
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Literature pK, (pKuaaiy) values for the set of ISs have been compared to the values obtained
by interpolation from the equations in Table 2. Literature values have been obtained from
several sources [12,22-42], although most of the values have been summarized in the
excellent compilation of Palm et al. [43]. Particularly, 101 pK, values in methanol-water
compositions ranging from 0.11 to 0.45 have been correlated with the literature ones for the
established ISs. The overall data is presented in Table 3 as well as the pK, variation between
literature and interpolated acidity constants (ApK,) at 25 °C and zero ionic strength. Figure 1

shows pK,qs.ck) as a function of pK,, and the corresponding theoretical line.

As bibliographic information is sometimes scarce and disperse regarding the acidity
constants of these compounds, a real estimation of the accuracy of the obtained pK, values is
not possible. However, absolute ApK, values do not surpass 0.25 units and in most cases it is
less than 0.1. Besides, there are some internal standards for which reliable literature values
were not found. Nevertheless, the reliability of their pK, values is supported by the good

agreement of the values obtained from the different neighbor ISs used on their determination.

3.2. Determination of acidity constant of sparingly soluble compounds

The test compounds chosen for the evaluation of the performance of the IS-CE method in
hydro-organic media include 8 substances, most of them commercially available drugs
(Figure 2). These compounds (5 bases and 3 acids) were selected as their insolubility in water
made it impossible to perform an aqueous IS-CE determination [16]. Table 4 shows the
compounds together with the logarithmic form of their intrinsic solubility (logSgiy, in mol L~
Y. These solubility values were collected from several sources [44,45], or predicted through
ACD/Percepta software [19] when experimental data was not available in literature.
Compounds are listed in decreasing order of solubility, from mefenamic acid with logS of -

6.34 to tamoxifen with logS of -8.49.

The pK, values of all studied drugs were determined at four percentages of methanol as co-
solvent (40, 30, 20 and 10% v/v), and extrapolation to 0% co-solvent yields the aqueous pK,
using the Yasuda-Shedlovsky equation, as explained in section 2.4. Table 4 shows the
determined pK, and the fitting parameters to the Yasuda-Shedlovsky equation as well as the
extrapolated aqueous acidity constant for each drug. Yasuda-Shedlovsky equation has been

chosen to obtain the aqueous pK, values instead of polynomial fitting because of two reasons:
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on one hand, it is a linear equation that requires less input data than polynomial equations,
and on the other hand, it is the common equation used for aqueous pK, extrapolation

regardless of the experimental technique used [7,12,30,42,46].

One of the advantages of the IS-CE method when hydro-organic media is required is that
the pH of the buffer solution is calculated inside the capillary in each determination by means
of the IS, obtaining directly the pH (if the pK, of the IS is in the JpH scale). In other
methods like potentiometry, spectrophotometry and the classical CE, pH is measured with a
glass electrode generally calibrated with aqueous buffers, while sample measurements are
done in solvent/water mixtures. Therefore, a correction of the pH scale is needed to transform
the obtained jpH into the desired $pH. These pH scales corrections can be avoided in the

IS-CE method.

Table 5 shows a comparison of the pK, values obtained by the IS-CE method to the values
obtained by other methods for the selected drugs. For most of the compounds, multiple
literature values (pKaaiy) have been reported, determined by a variety of methods and
experimental conditions. The pK, of sertaconazole was not found in any reliable source, so
comparison is not provided. Table 5 also includes information regarding the co-solvent and
the composition range (v/v) used in each determination. There are some references which do

not specify the range of co-solvent, or even the co-solvent used (n.s. in the Table).

Similarity between extrapolated pK, values are observed when comparing the results of the
IS-CE method to other methods. Analyzing literature data, it is observed that at these
solubility levels, all methods (potentiometry, spectrophotometry and CE) require the use of
co-solvent and extrapolation methods to obtain the pK, in water except CE-MS, which allows
the direct determination of highly diluted solutions in aqueous buffers due to the high

sensitivity of the technique.

In terms of the co-solvent used, it is demonstrated that methanol is the preferred co-
solvent. Methanol general effect on pK, values has been studied so extensively, its properties

are very similar to water, and it is able to solubilize many compounds insoluble in water.

Regarding the range of solvent compositions (v/v), almost all the reference methods
(potentiometric titrations, spectrophotometric titrations, and classic CE method) require the
use of higher volume fractions of methanol than the IS-CE method. The use of MDM (equal

volumes of MeOH, 1,4-dioxane and ACN) instead of methanol allows to decrease the content
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of organic solvent in the mixtures, as observed for amiodarone. In terms of aqueous pK,
determination, using the Yasuda-Shedlovsky extrapolation, the lower solvent percentage
used, the more accurate the aqueous pK, results should be obtained. Tables 4 and 5
demonstrates that IS-CE method allows the determination of pK, values from 10% whereas
other methods require the use of higher volumes of co-solvent, around 40%-50% of

methanol, making the reliability of the IS-CE results higher.

4. CONCLUSIONS

The IS-CE method is a fast and reliable alternative for acidity constants determination of
any kind compound, including sparingly soluble ones. The pK, values in methanol-water
mixtures ranging from 0 to 40% (v/v) of a set of 48 acidic and basic internal standards have
been successfully established through polynomial equations that relate the pK, with the
composition of the mixture. Literature values form several sources have been satisfactorily
correlated to the reference pK, of the internal standards established in this work. This set can
be systematically employed as internal standards for routine and accurate measurements of

pK, by the IS-CE method in methanol-water media.

The method has been tested for a set of commercial drugs with aqueous solubility under 10°
® M, which cannot be directly determined in water by the IS-CE method, nor with other
techniques. pK, values of these compounds have been determined at 10, 20, 30 and 40% of
methanol, and aqueous acidity constant extrapolated using Y-S equation. Compared to other
methods, potentiometry and spectrophotometry titrations as well as other CE-based methods
require the use of higher methanol percentages in the determinations, being the lowest 40%
of methanol, fact that increases the extrapolation error. The CE-MS method allows the direct
determination in aqueous solutions due to the high sensitivity of the technique. However, this
CE-MS method is time-consuming and expensive unless many drugs are pooled for a
simultaneous determination. In conclusion, the high throughput IS-CE method can be used to
determine the acidity constants of water insoluble compounds with a lower co-solvent
proportion, increasing the accuracy of the obtained results, compared to other current
methods. In addition, the high-throughput performance of the method allows the

determination of an aqueous pK, in several hydro-organic media in less than 30 minutes.
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FIGURES
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TABLES

Table 1. pK, values of the internal standards at several methanol-water compositions (v/v), at
25°C and 0 ionic strength.

Methanol (v/v) 0.00* 0.10 0.20 0.30 0.40
Acidic internal standards
2-Chlorobenzoic acid 284+002 298+001 329+001 347+£001 3.76+0.02
2.6-dibromo-4-nitrophenol 331£003 343+£001 3.63+0.02 379+003 3.98+0.01
4-nitrobenzoic acid 337+0.01 3.49+0.02 3.65+0.03 382+0.03 4.00+0.04
2.6-dinitrophenol 369+001 378+001 386+001 397+0.02 4.04+0.02
3-bromobenzoic acid 379+£002 395+£001 408+002 434+002 455+003
2. 4-dinitrophenol 4.12+£0.02 4.17+003 426+0.03 435+0.02 443+0.04
Benzoic acid 422+003 438+003 456+003 482+004 505+0.04
Ibuprofen 449+£0.02 473+£004 492+£0.02 523+£004 546+0.03
Nicotinic acid 485+003 482+003 476+002 472+004 461004
Warfarin 517004 536+003 540002 558002 570+0.04
2.5-dinitrophenol 530005 539+£004 545+£003 553+003 560+0.04
Sulfacetamide 5424005 562+002 580+0.02 6.11+006 631+0.04
2.4.6-tribromophenol 6.04+008 622+0.05 644005 6359+£006 6.74+£0.03
4-nitrophenol 7.09+005 7.18+£005 727+004 737+£005 7.49+0.03
Vanillin 736£006 749+002 765+£0.04 7.77£001 7.92+0.03
Phenobarbital 761004 769+£0.03 775005 797+£002 8.13+£0.01
4-hydroxybenzaldehyde 753+£0.04 768+£0.05 7.84+003 792+0.02 8.03+0.03
3.5-dichlorophenol 8.18+004 831+004 840+002 853+003 8.63+003
Methylparaben 8.35£0.03 8.48+0.03 8.60 + 0.04 8.75+£0.02 8.85+0.03
2-chlorophenol 850+004 868+002 882+003 9.00+0.02 920+0.04
3-chlorophenol 9.04+001 9.18+£003 932+003 944+003 9.357+0.02
4-bromophenol 928+ 0.01 943 +0.02 9.55+0.02 9.65 +0.02 9.81+0.02
Paracetamol 058+002 972+001 988+0.01 998001 10.15+0.01
Phenol 9.89+0.01 1001+002 1014+£002 1025+0.04 1045+0.01
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Aniline 463+£0.02 452+£001 443+£002 438+002 427+0.04
Quinoline 493+£001 475+£001 456+0.02 432+004 4.12+0.04
4-tert-butylaniline 4.93+0.01 481+002 472+£0.01 461+£002 448+0.04
N.N-dimethyl-N-phenylamine 517002  502+001 488+002 473+003 457+0.05
Pyridine 5.28+£0.01 5.05+0.01 489+002 479+£0.01 4.70+0.06
Acridine 5554006 527+003 510+£002 486+0.03 4.60+0.05
4-tert-butvlpyridine 6.03+003 582+004 551+002 535+002 5.03+0.04
Papaverine 641£007 613001 587002 570004 560£0.05
2.4-Lutidine 681+005 655+0.04 622+002 604+004 584+0.04
Trazodone 684005 660003 643£004 623£002 6.08=0.03
Pilocarpine 708+002 676+003 655+£003 626+002 591+0.03
2.4.6-Trimethylpyridine 7.51+0.03 721006 682£006 661+£005 644£0.02
Lidocaine 7.93+0.01 778+006 7.70+£0.04 763003 7.46=0.06
Clonidine 8.10+0.04 8.03+006 8.00+006 8.01+003 798+0.06
Bupivacaine 8.19+0.03 8.13+004 798+006 797+£0.03 7.79+0.06
1-Phenylpiperazine 8754002 856+005 845+004 846+0.05 837+0.04
N.N-dimethyl-N-benzylamine 895+004 883+£004 874+0.06 8.65+0.04 850+0.03
Diphenhydramine 9.08+0.02 898+004 892+£005 886+0.03 881+0.05
Procainamide 926+0.03 9.07+0.03 895+003 880+007 8.70+0.06
Imipramine 937+0.02 929+£002 920+£0.03 907+006 888+0.05
Propranolol 947+000 929+0.02 9.13+£002 904+007 8.89+0.03
1-Aminoethylbenzene 9.52+0.01 9.39+0.01 929+£0.02 920+£004 9.10+0.02
Ephedrine 972+£0.02 959+0.01 942+ 0.03 935£0.06 926+0.03
Nortriptyline 10.08 £ 0.01 9.94 +£0.01 982+002 972+£0.04 9.64+0.04
"Data from [17,18].
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Table 2. Equations and statistics of the fit of pK, to methanol volume fraction for the set of
internal standards. Equations provide the acidity constant at any methanol volume fraction (v)
between 0.00 and 0.40, at 25°C and O ionic strength.

Compound Fit equation R? SD F
Acidic internal standards
2-Chlorobenzoic acid 1.188-v? + 1.848 v +2.827  0.9926  0.045 135
2.6-dibromo-4-nitrophenol 0.677-v’+ 1428 v+3303 09977 0018 426
4-nitrobenzoic acid 0.909-v* + 1.223-v+3.368  0.9997  0.006 3878
2.6-dinitrophenol -0.090-v* +0.910-v+3.690 09970  0.011 335
3-bromobenzoic acid 1.644-v2 +1.250-v+3.792  0.9947  0.031 188
2. 4-dinitrophenol 0.362:v* +0.658-v+4.115 09962  0.011 262
Benzoic acid 1.670-v* + 1.426-v+4.218 09986  0.018 695
Ibuprofen 0.636-v> +2.177-v+4.492 09960  0.034 249
Nicotinic acid -0.924-v*-0202'v +4.849 09829  0.017 57
Warfarin -0.078-v* + 1.305-v+5.185 09755  0.045 40
2.5-dinitrophenol -0.114v2+0.792-v+5305 09953  0.011 212
Sulfacetamide 0.898V+1.901'v+5416 09936  0.040 156
2.4.6-tribromophenol -0.790-v* +2.088-v+6.035 09985 0015 685
4-nitrophenol 0.466-v* 4+ 0.790-v 4+ 7.093  0.9990  0.007 1033
Vanillin 0.123-v* + 1.354:-v+7.359  0.9989  0.010 899
Phenobarbital 1.228: v +0.990-v+7.541 09862  0.039 72
4-hvdroxvbenzaldehyde 0.028v? + 1.064-v+7.601 09896  0.025 95
3.5-dichlorophenol -0.210-v* + 1.206-v+8.181 09984  0.010 627
Methylparaben -0.078v* + 1.310-v+8.347 09981  0.013 514
2-chlorophenol 0.540-v* + 1.508-v+8.506 09987  0.014 748
3-chlorophenol -0.338v +1.462:-v+9.040 09998  0.004 4867
4-bromophenol -0.049v* +1.293-v+9.288 09958  0.019 237
Paracetamol -0.016-v* +1.407-v+9.582 09973  0.016 366
Phenol 0.994-v* +0.968v +9.896  0.9961 0.019 253
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Aniline 0.165-v*-0.932'v +4.623 09896  0.020 95
Quinoline -0.805v* - 1.743-v+4.934 0998  0.017 721
4-tert-butylaniline -0.163v* - 1.024-v+4.925 09981  0.011 532
N.N-dimethyl-N-phenylamine -0.158v - 1.422-v+5.167 09996  0.007 2276
Pyridine 2371-v*-2380-v+5275 09978  0.015 449
Acridine -0.138v*-2251-v+5535 09964  0.031 274
4-tert-butylpyridine -0.384v*-2308v+6.033 09914  0.051 115
Papaverine 3.244v*-3342.v+6.415  0.9994  0.011 1731
2 4-Lutidine 1.849-v*-3.200-v +6.820 09967  0.032 307
Trazodone 0.987-v*-2.286:v+6.834 09984 0017 621
Pilocarpine -1.016:v* - 2.431-v + 7.061 0.9961 0.040 256
2.4.6-Trimethylpyridine 3.176-v* -4.015-v+7.530  0.9945  0.046 180
Lidocaine 20283V -0981'v+7913 09742  0.040 38
Clonidine 0.837-v2-0.601-v+8.093 09351 0.017 14
Bupivacaine -0.706-v* - 0.676-v + 8.191 09593  0.044 24
1-Phenylpiperazine 2295v*-1.776-v+8.737 09539  0.044 21
N.N-dimethyl-N-benzylamine -0458v'-0901-v+8941 09909  0.023 109
Diphenhydramine 0.799-v* - 0.973-v+9.077  0.9986  0.005 739
Procainamide 1.107-v* - 1.841'v+9.257 09983  0.013 575
Imipramine - 1.850-v* - 0.452-v+9.365 0998  0.010 691
Propranolol 0.905-v*- 1.769-v + 9.466  0.9957  0.021 231
1-Aminoethylbenzene 0.488-v?-1.222:-v+9515 09973 0012 372
Ephedrine 1.349v* - 1.697-v+9.725  0.9929  0.022 139
Nortriptyline 0.926:v* - 1.437-v+10.077 09972  0.013 360
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Table 3. Comparison of pK, at 25°C and 0 ionic strength for the set of internal standards.

Compound v* PK, ApK,**
IS-CE Literature
Acidic internal standards
2-Chlorobenzoic acid 0.20 3.24 3.20 [22] -0.04
0.40 3.76 3.78 [23] 0.02
2,6-dibromo-4-nitrophenol 0.24 3.68 3.67 [24] -0.01
0.24 3.68 3.64 [23] -0.04
0.24 3.68 3.67 [25] -0.01
4-nitrobenzoic acid - - - -
2.6-dinitrophenol 0.18 3.85 3.85 |20] 0.00
0.18 3.85 3.81 [26] -0.04
0.20 3.87 3.82 [26] -0.05
0.34 3.99 3.99 [26] 0.01
0.40 4.04 4.02 [26] -0.03
0.20 3.87 3.88 [27] 0.01
0.35 3.99 4.00 [27] 0.01
0.24 3.90 3.89 [24] -0.01
0.24 3.90 3.90 [25] 0.00
3-bromobenzoic acid - - - -
2‘4-dinitrophenol 0.20 4.26 4.23 [27] -0.03
0.35 439 4.29 [27] -0.10
0.24 429 4.22 [24] -0.07
0.24 429 422 [25] -0.07
Benzoic acid 0.12 4.42 4.42 28] 0.00
0.24 4.66 4.58 [28] -0.07
0.35 492 4.86 [28] -0.06
0.20 4.57 4.51 [29] -0.06
0.20 4.57 441 [22] -0.16
0.40 5.06 492 [23] -0.14
Ibuprofen 0.36 5.35 5.13 [30] -0.21
0.40 5.48 5.24 [30] -0.24
Nicotinic acid - n 2 c
Warfarin - - - -
2.5-dinitrophenol 0.20 5.46 5.40 [27] -0.06
0.35 5.57 5.47 |27] -0.10
0.24 549 536 [24] -0.13
0.24 5.49 5.36 |25] -0.13
0.45 5.64 5.62 [29] -0.02
Sulfacetamide - - - -
2.4.6-tribromophenol = = = =
4-nitrophenol 0.12 7.20 7.18 [31] -0.02
0.24 7.31 7.31 |31] 0.00
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Vanillin
Phenobarbital

4-hydroxybenzaldehyde

3.5-dichlorophenol

Methylparaben
2-chlorophenol

3-chlorophenol

4-bromophenol

Paracetamol

Phenol

Basic internal standards
Aniline

Quinoline
4-tert-butylaniline
N.N-dimethyl-N-phenylamine

Pyridine

0.35
0.20
0.35
0.24

0.20
0.30
0.40
0.12
0.24
0.35
0.11
0.20
0.36

0.11
0.20
0.36
0.11
0.20
0.36
0.24
0.35
0.19
0.29
0.38
0.12
0.24
0.35
0.20
0.35

0.20
0.40
0.20
0.40
0.21
0.42

0.20
0.40
0.20
0.40
0.18

7.43
727
742
7.31
7.78
7.95
8.13
1.73
7.86
7.98
831
8.41
8.59
8.67
8.83
9.12
9.19
932
9.52
9.59
9.74
9.85
9.99
10.11
10.03
10.18
10.36
10.13
10.35

4.44
4.28
4.44
4.28
4.43
4.26
4.88
4.57
4.88
4.57
492

7.44
7.32
7.47
7.34

7.58
7.78
7.97
7.66
7.83
7.99
8.34
8.44
8.61

8.64
8.77
9.05
9.15
9.25
9.49
9.63
9.80
9.83
9.98
10.15
10.08
10.29
10.53
10.33
10.55

4.45
4.30
436
4.12
447
4.28

4.95
4.70
4.76
4.45
4.92
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[31]
[27]
[27]
[32]

[12]
[12]
[12]
[31]
[31]
[31]
[33]
[33]
[33]

[33]
[33]
[331
[33]
[33]
[33]
[31]
[31]
[12]
[12]
[12]
[31]
[31]
(311
(27
[27]

[34]
[34]
[35]
1351
[36]
[36]

[34]
[34]
[35]
[35]
[37.38]

0.01
0.05
0.05
0.03
-0.20
-0.17
-0.16
-0.07
-0.03
0.01
0.03
0.03
0.02
-0.03
-0.06
-0.07
-0.04
-0.07
-0.03
0.04
0.06
-0.02
-0.01
0.04
0.05
0.11
0.17
0.20
0.20

0.01
0.02
-0.08
-0.15
0.04
0.02

0.07
0.13
-0.11
-0.13
0.00
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0.35 4.73 4.61 [37.38] -0.12
0.20 4.90 4.82 [39] -0.08
0.35 4.73 4.70 [39] -0.03
0.20 4.90 498 [27] 0.08
0.35 4.73 471 [27] -0.02
0.40 4.70 4.66 [40] -0.04
Acridine . = s =
4-tert-butvlpyridine - - - -
Papaverine 0.20 5.88 6.03 [12] 0.15
0.30 5.70 594 [12] 0.24
0.40 5.60 5.81 [12] 0.21
2 4-Lutidine - - - -
Trazodone - - - -
Pilocarpine - - - -
2.4.6-Trimethylpyridine 0.20 6.86 6.81 [39] -0.05
0.35 6.52 6.46 [39] -0.06
Lidocaine - - - -
Clonidine - s £ =
Bupivacaine - - - -
1-Phenylpiperazine s - = =
N.N-dimethyl-N-benzylamine - - - -
Diphenydramine 0.20 8.91 9.00 [41] 0.09
0.30 8.86 8.89 [41] 0.03
0.40 8.82 8.78 [41] -0.04
Procainamide 0.20 8.93 9.15 [41] 0.22
0.30 8.80 9.05 [41] 0.25
0.40 8.70 8.93 [41] 0.23
Imipramine 0.42 8.84 8.79 [42] -0.05
Propranolol 0.12 9.27 9.28 [40] 0.01
0.24 9.09 9.20 [46] 0.11
0.40 8.90 9.00 [46] 0.10
I-Aminocthvlbenzene - - - -
Ephedrine 0.19 9.45 9.49 |12] 0.04
0.29 9.35 9.43 [12] 0.08
0.40 9.26 9.34 [12] 0.07
Nortriptyline 0.37 9.67 9.56 [42] -0.11
0.20 9.83 9.96 [41] 0.13
0.30 9.73 9.84 [41] 0.11
0.40 9.65 9.72 [41] 0.07
*v: methanol volume fraction
**ApK, = pK,(literature) - pK,(IS-CE)
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Table 5. Comparison of aqueous pK, determined by the IS-CE method to the values determined
by other methods. pK,us.ce, were determined by Yasuda-Sheldolovsky extrapolation using
methanol as a co-solvent within the range 0.10-0.40 v/v. All acidity constants are at 25°C and 0

ionic strength.

Compound PKaas-cr) PKaain Method Cosolvent (v/v) range
Mefenamic acid 4.17 422 GLpK, spectrophotometry [44] MeOH n.s.
Meclofenamic acid 4.09 4.10 GLpK, ns. [44] .s. 1.S.
Sertaconazole 6.07 - - - -
Glyburide 5.44 5.22 CE-MS [47] None 0.00
Loperamide 8.79 890  GLpK, spectrophotometry [44] MeOH .s.
Terfenadine 9.19 9.25 GLpK, potentiometry [44] McOH 0.50-0.70
9.74 Potentiometry [48] n.s. n.s.
9.31 Multiplexed CE [11] MeOH 0.40-0.60
9.21 CE-MS [47] None 0.00
Amiodarone 8.59 8.85 Potentiometry [9] MeOH 0.46-0.60
8.80 Potentiometry [49] MDM#* 0.36-0.53
8.73 Potentiometry [49] MeOH 1.s.
8.94 Potentiometry [50] n.s. .s.
8.73  GLpK, spectrophotometry [44] McOH 0.40-0.50
8.85 Classic CE [9] MecOH 0.50
8.62 Multiplexed CE [11] MeOH 0.50-0.60
Tamoxifen 8.40 8.36 Potentiometry [50] ns. ns.
8.51 Multiplexed CE [11] MeOH 0.40-0.60
8.71 CE-MS [47] None 0.00
ns.. not specified in the reference.
*MDM: mixture consists of equal volumes of MeOH, 1,4-dioxane and ACN.
24
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ABSTRACT

The Internal Standard Capillary Electrophoresis method (IS-CE) has been implemented in a
novel sequential injection — capillary electrophoresis instrument for the high-throughput
determination of acidity constants (pK,) regardless of solubility, number of pK,s or structure.
This instrument comprises a buffer creation system that automatically mixes within a few
seconds four reagents for in-situ creation of the separation electrolyte with a pH range of 2-
10, ionic strength of 10-100 mM and organic solvent content from 0-40%. Combined with 30
kV, a short capillary (25 cm) and a short effective length (15 cm to the UV detector) fast 20 s
electrophoretic separations can be obtained. The low standard deviation of the replicates and
the low variation compared to reference values show that this system can perfectly determine
acidity constants of drugs by IS-CE. A single pK, can be determined in two minutes and a set
of 20 measurements in half an hour, allowing rapid, simple and flexible determination of pK,

values of pharmaceutical targets.

GRAPHICAL ABSTRACT (TOC)

3D micromixer
Isolation
L valve
i““..“""“"“"“"""" l“jectlon
; valve
Waste —a ]
f , S’/ “
o 40% MeOH -
0124 r,"‘\ Y .
=t
= ——F uv
\ m Internal / HVEO)
= standard
— Outlet
2% MeOH vial

124



Publicacions: Article VII

INTRODUCTION
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considerably over the last few decades adding new opportunities for gathering and integrating

information to increase drug discovery success and efficiency’?. Consequently,
pharmaceutical companies synthesize a great number of potential drugs and chemical
precursors in a relative short time. To select those which are the most suitable for further
development, there is a need for high throughput screening of potential drug candidates as

- 3.4
soon as they are available.

ADMET (Absorption, Distribution, Metabolism, Excretion and Toxicity) and DMPK
(Drug Metabolism and Pharmacokinetic) studies frequently use physicochemical parameters
for the understanding of drug properties and processes. One of the main properties that
affects the pharmaceutical potential of a compound is the dissociation constant, K,, (or pK, in
logarithmic scale) since it determines the ionization degree of the compound. In fact, the
neutral and ionic forms can have very different physicochemical and biological properties

and the pK, is sometimes decisive for a given application.*”

The determination of acidity constants can be performed by titration, but it is more
convenient to use automated methods such as capillary electrophoresis where multiple targets
can be screened rapidly.® This involves measuring the electrophoretic mobility of the target in
a number of different pH electrolytes to construct something akin to a titration curve from
which the pK, can be determined. Recently, a new CE approach that uses internal standards
(IS-CE) has been developed’ and applied for a range of different compounds'® with only
three-minutes required per analyte. The key to this approach is the use of an IS, a compound
with a precisely known pKj, similar to that of the analyte (AN). If they are injected together,
the differences in the mobilities of the compounds can be directly related to the difference in
their acidity. This means that only two electropherograms are needed to determine the acidity
constant. Unlike other methods, IS-CE does not need an accurate measure of the electrolyte
pH and may correct for interactions of analyte with the buffers and possible experimental and
systematic errors — such as temperature or pH buffer variations due to electrolysis during a
sequence. This method has been evaluated for pK, determinations of sparingly soluble
compounds reaching solubility limits of 10 mol-L™."" Furthermore, for those drugs with
lower solubility, the use of co-solvents and extrapolation procedures have been performed."
Consequently, IS-CE is now a reliable, precise and accurate method applicable to any kind of

compound regardless its solubility, number of pK,s or structure. However, commercial CE
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instruments are big, heavy and expensive, and the need to cover all the pH range (from 2 to
12) requires preparation of a lot of different buffers, and electrolyte preparation is tedious and
long, particularly for methanol-water buffers. There are also storage issues when multiple
electrolytes need to be kept for prolonged periods of time. To overcome these issues, special
instrumentation has been designed and adapted to the IS-CE method to simplify and
streamline the process for pK, determination by using a sequential injection — capillary

electrophoresis platform.

Sequential injection — capillary electrophoresis uses a flow-based sample and electrolyte

introduction system to introduce solutions into the capillary, and is perfectly suited for

13,14 In the

18

continuous monitoring applications or the integration of sample handling processes.
present work, a recently developed sequential injection — capillary electrophoresis system'*"
has been adapted for the determination of acidity constants. The detector was changed to a
UV absorbance detector and an automated on-line buffer creation system developed in order
to prepare fresh buffer at any desired pH and co-solvent mixture. The ability to accurately
determine a pK, value in 2 min is shown in aqueous media and mixed aqueous-methanol

conditions.

EXPERIMENTAL
Chemicals

Dimethyl sulfoxide (DMSO), methanol (MeOH), potassium chloride (KCI), sodium
formate, 2,2-bis(hydroxymethyl)-2,2*,2* -nitrilotriethanol (BisTris), tris(hydroxyl-
methyl)amino-methane (Tris), 2-(cyclohexylamino)ethanesulfonic acid (CHES), 3-
(cyclohexylamino)-1-propanesulfonic acid (CAPS) of analytical reagent grade were obtained
from Sigma-Aldrich (New South Wales, Australia). Standard solutions of 0.5 M hydrochloric
acid and 0.5 M sodium hydroxide were from Riedel-deHaén (Seelze, Germany) and
anhydrous sodium acetate from AJAX (Sydney-Melbourne, Australia). Solutions were
prepared in water from a Milli-Q water plus system from Millipore (Bedford, MA, USA),
with a resistivity of 18.2 MQcm. All studied drugs (internal standard set’, mefenamic acid
and terfenadine) were reagent grade or purer, and were purchased from Sigma-Aldrich,

Merck (Darmstadt, Germany) or Carlo Erba (Milan, Italy).
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Stock buffer solutions (sodium formate, sodium acetate, BisTrisHCI, TrisHCI, NaCHES
and NaCAPS) and pH modifiers (NaOH and HCI) were prepared in aqueous media at 0.25

mol-L™. A 0.05 M of KCl aqueous solution was prepared for the outlet vial.

Stock solutions of analytes and ISs were prepared at a concentration of 1 mg-mL™" and 4%
DMSO was added as electroosmotic flow (EOF) marker. They were diluted in water or in a
methanol/water mixture (when they were not soluble in water itself). Afterwards, a 1/10

dilution of the stock solution in water was prepared for injection (100 mg-L™, 0.4% DMSO).

All stock solutions were filtered through a nylon mesh 0.45 um porous size (Agilent

Technologies, Santa Clara, CA, USA).

Instrument Design

A schematic diagram of the home-built instrument is shown in Figure 1, based upon a
modified design for the rapid separation of inorganic explosive anions recently developed."
This IS-CE instrument is composed of five Milligat pumps (MG-5, GlobalFIA, Fox Island,
WA, USA). The first four were used to create and deliver the desired BGE and solvent, and
the fifth to pump both analyte and internal standard. A buffer selection valve (7-port selector
valve; MXP-7970, Rheodyne, Oak Harbor, WA, USA) was connected to pump 1 to select the
appropriate stock buffer solution. A pH modifier valve (2-position; MXP-7980, Rheodyne,
Oak Harbor, WA, USA) was connected to pump 2 to select acid or base solution to titrate the
BGE to the appropriate pH. Pumps 3 and 4 were connected to water and co-solvent
containers, respectively, with the water used to ensure constant ionic strength across all pH
values, and the co-solvent used to increase the solubility of compounds not soluble in water.
Analyte and internal standard trays were connected to pump 5 by a PEEK (poly(ether ether
ketone)) Y-shape piece (P-512, Upchurch Scientific, Oak harbor, WA, USA). A 2-position 4-
port injection valve (360T041SHH, NResearch, West Caldwell, NJ, USA) was used to direct
sample or BGE to the analytical system. A PEEK tee-shape connector (P-727, Upchurch
Scientific, Oak harbor, WA, USA) was used to interface the flow system and the CE
capillary. The capillary inlet was fixed at a constant position close to the centre of the
interface with the help of a piece of capillary (360 um o.d.) introduced through the horizontal
part of the tee-piece. The outlet side of the capillary was immersed in a 5 mL vial filled with
KCl 50 mM. A stainless steel syringe needle was cut to yield a 2 cm long, 0.51 mm i.d. tube

and was employed as outlet and ground electrode and connected to the interface through the
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waste tubing. An isolation valve (HP225KO021, NResearch, West Caldwell, NJ, USA) was
linked on the waste tubing at the T piece outlet to control solution direction either to capillary

or to waste.

The four channels used to make the BGE were connected into a microfluidic 3D
micromixer, based upon Baker’s transformations'’, printed using a Miicraft 3D printer
(Hsinchu, Taiwan). The object was designed in CAD software and converted into STL with
triangle facets. The digital 3D model was sliced into 2D cross section layers of 50 pm depth
and printed using colourless cream resin. The 3D micromixer was designed with four
channels (from pump 1 to pump 4) and connected by a “Y” shape as shown in Figure 1,
creating laminar flow in four different sections. Subsequently, this 4 laminar-flow was mixed
by splitting and recombining the flows at a perpendicular angle in a mixing unit. A previous

20

study” found that 0.1 pg/mL fluorescein and 0.1pg/mL rhodamine were mixed completely
after passing through 4 mixer units. As there were acid-base reactions and solvent-water
mixtures, a total of 6 units in a row were printed to ensure a complete mixing. The entire chip
was 32 mm x 20 mm x 14 mm (width x depth x height), yielding 0.5 mm wide and deep
squared micro-channels for the solution and 1.6 mm cylindrical channels to squeeze in the

PEEK tubing.

Separation was driven by an EMCO 4300 high-voltage power-supply (Sutter Creek, CA,
USA) working with normal polarity with the cathode (-) electrode immersed in the outlet
vial. A commercial ActiPix D100 imaging detector was purchased from Paraytec (York,
UK). The detector uses a 9 mm x 7 mm active pixel sensor array made up 1280 x 1024
individual 7 pm pixels. The xenon light source was filtered using a 214 nm interference filter.
The sample rate was 10 Hz. The detector head was positioned 10 cm from the outlet of the
CE capillary. The detector was insulated from the high voltage supply using a 3D printed

case. Data acquisition was obtained by Paraytec ActiPix D100 Online Mode software.

The system was controlled from a laptop using USB to RS-485 converter (GlobalFIA, Fox
Island, WA, USA) serial connections for the Milligat pumps. The injection valve, isolation
valve and high voltage power supply were interfaced to the computer using NI DAQ system
(USB-6212). BGE and pH modifier valves were also interfaced but using NI DAQ system
(USB-6008). Total system control, except data acquisition was achieved using software
LabView v11.0. Both interfaces and software were from National Instruments (Austin, TX,
USA). The same software was used to monitor both voltage and current provided by the

power supply.
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The entire system was operated on a small cabinet with a Ranco ETC-211100-000 Digital
Temperature Controller (Pain City, OH, USA) connected to a cooler and a heater.
Temperature was set to 25+1 °C and homogenized in whole cabinet using a fan. Figure 2

shows the prototype instrument and the main parts.

System operation

Operational sequence steps of the IS-CE system are described in Table 1. Briefly, the tee-
interface was filled with the BGE and the capillary rinsed by closing the isolation valve for
20 s. Subsequently, a mixture of IS and AN were injected by firstly filling the interface and
secondly closing the isolation valve for 5 s. After injection, the tee-piece was cleaned using
the BGE. Finally, the BGE flow rate was changed (0.02 uL-s™ for weak bases, 0.3 pL-s" for
weak acids), isolation valve closed and HV applied to facilitate a pressure-assisted
electrophoretic separation. These conditions were selected in order to minimize analysis time

and consumption of reagents.

To prepare the aqueous buffers at the desired pH and constant ionic strength of 50 mM,
calculated flows of 0.25 M HCI or 0.25 M NaOH were added to a constant flow of the 0.25
M stock buffer solution (always a 20 % of the total BGE flow rate). Buffer stock solution was
chosen according to the buffering pH range of each buffer (pK, + 1). Finally, water was
added to dilute the buffer solution until a constant ionic strength of 50 mM. For MeOH-H,O
mixtures, calculations were performed for each specific mixture keeping the same percentage
of stock buffer solution. Buffer pK, values and pH scale shifts due to methanol (when
measuring in methanol-water solvents) were taken into consideration. For extremely basic pH
(12.7), the appropriate flow rate of 0.25 M NaOH was directly mixed with the desired
proportion of MeOH/H,O maintaining the ionic strength constant. In this manner, all the
useful pH range (from 2.8 to 12.7) at any percentage of methanol mixture between 0.0 and

40.0 % (v/v) can be covered.

Electrophoretic conditions

Separations were performed using fused-silica capillaries (25 pm 1.D., 360 pm O.D. and 25
cm length, 15 c¢cm to the detector) obtained from Polymicro Technologies (Phoenix, AR,
USA). Sample and internal standard were injected hydrodynamically by closing the isolation

valve for 5 s at 0.5 uL-s”. Separation was performed at 30 kV and normal polarity under
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pressure by closing the isolation valve while BGE was flushing at 0.02 uL-s™ (bases) or 0.3
pL-s™ (acids). Capillaries were conditioned for the first time by flushing 1 M NaOH for 2.0
min at 1 pL-s™ and then 2.0 min with water at same rate. For routine analysis, the capillary
was rinsed for 2.0 min with 0.25 M NaOH and 0.5 min with water at the beginning and
ending of the session using pump 2 and 3 of the system in Figure 1. When the instrument was
not in use, stock solutions were removed and stored in a refrigerator at 4°C and all tubing and

pumps were flushed for 2 min with a solution of 15% MeOH/water (v/v).

PK, determination by IS-CE method

The procedure for acidity constants determination by IS-CE has been previously reported.’
Briefly, the method is based on the use of an IS with pK, similar to that of test compound
(ApK, < 1), choosing as first approximation the pK, predicted for the test compound,
ACD/Labs software in our case.”’ Then, mobilities of the IS and the test compound are
measured in two different buffers: a buffer in which the analyte and the IS are completely
ionized (pH > pK, for an acid or pH « pK, for a base); and a second buffer in which both
are partially ionized (pH in the range pK, + 1). From these mobility measurements the pK, of

the test compound can be directly obtained if the pK, of the IS is accurately known.

For determination of aqueous pK, of insoluble compounds, acidity constants (pK,) at
different ratios of hydro-organic mixtures are determined. Then, the pK, values are
extrapolated to 0% organic solvent by the Yasuda-Shedlovsky equation.”” This mathematical

expression performs a lineal extrapolation between pK, values through the eq 1.

pK, + log[H,0] == +b (1)
In this equation log[H,O] is the logarithm of the molar water concentration of the given

solvent mixture, and ¢ is the electric permittivity of the binary solvent.”* From the plot of the

pKa of a compound in a given methanol/water mixture vs. the inverse of the electric

permittivity of the binary solvent a linear relationship should be obtained. Extrapolation to

pure water provides the aqueous pK, of the compound using £ = 78.3 and log[H,0] = 55.5.

RESULTS AND DISCUSSION

The IS-CE method recently developed”’ has become a powerful and high-throughput tool

for pK, determination in drug discovery and development. However, there are some
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limitations regarding the previous system. A large number of BGEs are to be prepared a
priori and stored in the instrument autosampler. This reduces sample capacity decreasing the
usefulness of this approach. Moreover, pH instability of aqueous and solvent-water buffers is
always a problem. Therefore, it would be ideal to have the electrolyte made on-line according

to the requirements for each target.

For the system to be functional, it is necessary to be able to generate on-line buffers with
pH ranging from 2-12. This could be achieved in two main ways. The first is to mix several
different buffer constituents (for instance, NaHCOO, pH 2.60-4.80; BisTrisHCI, pH 5.50-
7.50; TrisHCI, pH 7.00-9.00; NaCAPS pH 9.40-11.60) to obtain the desired pH. However,
this approach has some disadvantages: the pH and ionic strength are difficult to control as
they all are weak acids and basics and ion-pairs between electrolytes have not been studied.
In the second and better approach, stock buffer is selected using a valve and pH is adjusted
with strong acid or base, which is instrumentally simpler as it requires 2 fewer pumps.
Another 2 pumps can be used to add water to dilute the buffer and ensure constant ionic
strength and organic solvent to allow pK, determinations of water-insoluble compounds. This
approach also has the added advantage that both acid, base and water are available on-line for

conditioning capillaries if necessary.

BGE considerations

Several different buffers have to be used in order to cover the entire pH range from 2-13.
These buffers must be adequate as running buffers in CE and the ionic strength has to be kept

24,25

constant throughout the series. Therefore, it is important to select the most appropriates of

the most common CE BGEs. Buffered electrolyte solution can present specific interactions

% we evaluated many buffer solutions used in the

with the analytes. In a previous study
determination of acidity constants by CZE observing interactions between some buffers and
the analytes which led to inaccurate pK, determinations. As a result of this work, a set of
buffers which showed no deviations due to specific interactions were identified. From this,
the following 6 BGE components were identified for use in the IS-CE instrument developed
here: HCOOH/HCOO™ (pK, 3.75), CH;COOH/CH;COO" (pK, 4.76), BisTrisH /BisTris (pK,

6.46), TrisH"/Tris (pK, 8.08), CHES/CHES™ (pK, 9.55) and CAPS/CAPS™ (pK, 10.40).

One of the advantages of the IS-CE method is that accurate external measure of the buffer

pH is not needed. Small pH variations due to fast capillary conditioning, electrolysis and CO;
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absorption from the atmosphere do not affect to the pK, determination since the pH is always
measured inside the capillary by the internal standard. What cannot be corrected for is
changes in ionic strength and this must be the same for the two buffer solutions in which the
mobilities are measured. For this reason, buffers must be prepared at the desired pH at
constant ionic strength, the latter with a high degree of accuracy. Therefore, the accuracy and
precision of the buffer pumps is of vital importance in order to obtain appropriates mixtures.
Milligat pumps were selected on their operational and technical specifications: speed between
0.0005-167 pL-s™ giving a volume precision of < 0.08 % dispensing 1250 pL and < 0.3 %
for 125 pL.

Accuracy of on-line aqueous BGE mixtures

The reliability of buffer pH was evaluated by programming 30 different pH values (from
2.8 to 12.7) with 4-6 pH values from each electrolyte constituent into the on-line buffer
generation system. The effluent was collected after the 3D micromixer and the pH measured
using a conventional pH-meter. The measured pH (pH) values were compared to the
calculated ones (pHclc)) as shown in Figure 3. Fitting parameters of the overall data is

presented in the following equation:
pHm) = (1.000 + 0.004) pHcuic) + (-0.01 £ 0.03)
N=30 SD=0.08 F=73377 R* =0.9996 2)

The slope and intercept of the correlation are not significantly different from 1 and O,
respectively, for a 95% confidence level. Therefore, these results demonstrate the good
agreement and also consolidate the desired pH with respect to the measured one for all the pH

range used.

Regarding the maintenance of a constant ionic strength, pK, values of 8 internal standard
(acids and bases) from the reference list’ were determined by the classic CE method using the
home-built instrument. In the classic method, the effective mobility (perr) of the analyte is
measured at pH values within the working range of CE. The plot of the mobility vs. pH gives
a sigmoidal curve with an inflection point when pH = pK} (acidity constant at working ionic
strength). Consequently, this acidity constant is determined by fitting the corresponding

parameters through eq 3.

10
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_ Hyxzt(pygz-1 )10PH-PKa
Heff =

3)

1+10PH-PKa

where pyxz and pyz-1 are the limiting electrophoretic mobilities of the subscript species. pKj
is related to the thermodynamic pK, by the activity coefficients, calculated by means of the
Debye-Hiickel equation.'” Figure 4 shows the experimental mobilities for the selected
internal standards. For those determinations, the capillary was previously rinsed for 3 min
with the buffer to ensure that it was perfectly conditioned at the desired pH. The curve
obtained from the fit is plotted as a line in this figure, and the obtained pK, values calculated
by eq 3 are listed in Table 2, where they are compared to those obtained as a reference pK,
values for the IS-CE method. The fitting parameters indicate a perfect correlation between pH
and mobility and the biggest difference between the two methods for pK, determination was
0.05. From this it can be concluded that the ionic strength remains constant using the on-line

buffer generation system.

Determination of acidity constants by IS-CE

Several acidic and basic compounds with reference acidity constant values were selected as
test compounds to evaluate the automated IS-CE system. Some of the reference values were
taken from the internal standard list for this method,” and some others were previously
determined by the IS-CE method."> All of these values have been previously established
using commercial Beckman (Palo Alto, CA, USA) and Agilent Technologies (Santa Clara,
CA, USA) capillary electrophoresis instruments. Compounds listed in Table 3 show the
reference acidity constant at zero ionic strength and 25 °C. This table also shows the IS
selected in each determination, the number of determinations, the experimental pK,

calculated with its standard deviation, and its difference from the reference value.

Very small differences were obtained between the acidity constants determined by IS-CE
using the home-built CE system and commercial CE equipment. All values are within 0.07
from the reference value and precision is excellent with standard deviation of less than 0.05.
In some cases such as papaverine, N,N-dimethyl-N-phenylamine, ibuprofen and terfenadine,

the pK, were determined using two different internal standards with good agreement.
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BGE methanol-water mixtures

In order to determine acidity constants of compounds sparingly soluble in water, the
performance of the instrument when using methanol-water mixtures as solvent in the BGE
was tested. It is well-known that small proportions of organic solvent in water change the
aqueous acidity constant since it affects to the relative permittivity and hydrogen-bond donor
capacity. Therefore, hydro-organic buffers can be tested by the respective shifts of acidity
constant at different proportion of solvent. The pK, of ibuprofen was determined using
benzoic acid as the internal standard at increasing percentages from 2% MeOH/H,0 (v/v) to
40%. At each level of MeOH mobilities were measured at two pH values as for the
completely aqueous system. Figure 5 shows the electropherograms from 2% to 40% of
MeOH at pH where ibuprofen and benzoic acid are completely ionized. This figure
demonstrates that migration time increases proportionally with methanol ratio. As voltage
and ionic strength were constant during each run, these changes can only be attributed to the
decreasing conductivity as well as changes in the pH scale and the acidity constants of
buffers due to the increasing percentage of MeOH. Consequently, this causes mobility shift
and non-linear pK, variations of ibuprofen with respect to the % MeOH (Figure 6). In a
previous work,'? we established the reference acidity constants of all the IS set at 10, 20, 30
and 40% MeOH-H,0, including ibuprofen. In order to demonstrate the good accuracy of the
experimental pK, values, Figure 6b also includes the experimental values at 10, 20, 30 and
40% MeOH-H,O0 determined by a commercial CE instrument. The overall results and Figures
5 and 6 demonstrate the good mixing of methanol-water buffers as well as the ability to
combine in a few seconds different parameters to create a desired pH and organic mixture
buffer.

The addition of MeOH allows pK, values to be determined for mefenamic acid and
terfenadine, which are unable to be determined using 100% aqueous buffers because they are
insoluble. For these compounds aqueous pK, values were extrapolated by Yasuda-
Shedlovsky approximation. To validate this approach, ibuprofen was also determined using
completely aqueous BGE and also MeOH/H,O mixtures (from 2% to 40%), obtaining
average experimental values of 4.48 and 4.45, respectively. In case of mefenamic acid and
terfenadine, comparing the acidity constants determined by this prototype and the commercial
CE similar values were obtained. Summarizing, the low standard deviation of the replicates
and the low variation respect to the reference values show how the system developed in this

work can perfectly determine acidity constants of drug by the use of the IS-CE method.

12
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Throughput of the home-built CE system

Using the home-built automated IS-CE instrument, faster separations were obtained when
compared to commercial available instruments from Beckman or Agilent techno]ogies.("u'z?
This is primarily due to the much shorter capillaries that can be used (Lp 15 cm) and high
voltages (30 kV). With lower internal diameter (25 pm) and good refrigeration, the
detrimental heat due to Joule effect was avoided. Closing the control solenoid and varying the
BGE pump speed allows different pressures to be generated to provide faster separations, to
avoid current fluctuations and to constantly fill the capillary with fresh buffer. All these
conditions allow electropherograms to be obtained within 20 to 60 s, with the MeOH/H,O

mixtures being slightly longer due to the increase in viscosity. Figure 5 shows an example for

two acidic compounds in different methanol mixtures.

The on-line buffer generator is the biggest advantage of this IS-CE instrument compared to
commercial ones, and is the first to feature on-line electrolyte generation. The mixing system
avoids instability, environmental and human errors since it prepares a new buffer each time,
consuming low quantities of stock solutions. The software only requires a pH and percentage

of methanol to be inserted to fill the capillary with fresh solution within a few seconds.

Using the IS-CE method with this CE system increased the throughput for acidity constant
determination. For a single compound just two minutes are needed to determine its acidity
constant and for a set of 20 just half an hour. 20 pK, at 20 different MeOH/H,O mixtures
were determined for ibuprofen in half an hour with no preparation of the buffers beforehand,
making this a simple and quick approach to the determination of pK, values in a range of

experimental conditions.

CONCLUSION

A simple automated CE system has been designed and constructed for the implementation
of high-throughput IS-CE to determine acidity constants of any bioactive compound. The
instrument has been built from commercially available parts with a 3D micromixer designed
and printed to combine four different flows into one single homogeneous flow. Good
reliability of pH and ionic strength of buffers were obtained from pH 2.8 to 12.7 in aqueous
media and several methanol-water mixtures (until 40%). With short capillaries of just 15 cm
to the detector, high voltages (30 kV) and applying pressure during the separation,

separations of 20 s were obtained, and 2 min required for a pK, determination. Furthermore,
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the ability to determine pK, using MeOH at 20 different concentrations could be performed
in 30 min, allowing the calculation of acidity constants of water-insoluble compounds. The
low standard deviation of the replicates and the low variation compared to the reference
values show this system can determine acidity constants of drugs by the use of the IS-CE

method in a fast and reliable way.
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Figure 2. Photograph of the automated Internal Standard Capillary Electrophoresis system.
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Figure 3. pH of the BGE calculated (pHaie)) as a function of the measured pH after the 3D

micromixer using conventional pH-meter (pH )

4 6 8

10 12 14

Pfﬁcm

Figure 4. Electrophoretic mobilities (x10* cm” V' min™) of basic (empty dots) and acidic (full

dots) internal standards vs. pH. Dots are experimental mobilities and fitted lines are obtained by

) papaverine; (o;---) lidocaine; (A;) diphenhydramine; (0;---) nortryptyline;

;------) benzoic acid; (®;---) nicotinic acid; (A ;) methylparaben; (¢;---) 4-bromophenol.

Electrophoretic conditions: S0 mM ionic strength, normal polarity at 30 kV, 25 °C.
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Figure 5. Electropherograms from 2 % to 40 % of MeOH (v/v) of ibuprofen (AN, analyte) and

benzoic acid (IS, internal standard) using DMSO as electroosmotic flow marker. Conditions:

ionic strength of 0.05 (CHES/CHESY), -30 kV, BGE flow rate 0.3 pL's” during separation

(isolation valve closed).

0.14 5

0.121

0.101

0.08 4

0.06 1

Absorbance

0.04 4

0.02 1

0.00

DMSO

40 % MeOH
A

2 % MeOH

142

10

20

30

Time (s)

I L I % 1

40 50 60

20



Publicacions: Article VII

Figure 6. Acidity constants (pK,) at several MeOH/H,O mixtures (from 2% to 40%). (a)
Mobility (x10* cm’ V' min™) versus % MeOH (v/v) of ibuprofen (0; m) and benzoic acid (o; e)
at pH values where they are partially and totally ionized. Fitted solid lines show the mobility at
pH when they both are completely ionized, and fitted dashed lines when they are partially
ionized. (b) pK, of ibuprofen at 0 ionic strength and 25 °C as a function of % MeOH (v/v). Solid
line is the fit to a quadratic polynomial equation (R* = 0.9992) and empty symbols () are the
reference pK, of ibuprofen at 10, 20, 30 and 40% of MeOH-H,0 determined by commercial CE

equipment. "’

0 A

(a)
-50 -
Z
‘2-100 -
S
=
-150 -
-200 - T T T T \
0 5 10 15 20 25 30 35 40
%MeO
(b) 6.0
5.5 4

PK,
Ibuprofen
:l.. Lh

4.0

0 10 20 30 40
% MeOH

21

143



CapiToL Il

(4

‘pasueyd sem Hd 1o1ynq uaym pajerado azem g pue [ sdaig

81 09 = 0£'0 9501 I SpY

[ 09 - 200 350[) I saseg  uoneiedag 4
0°0¢1 S . 0t uadp I Sumueapo eI AOG 9
4 € €0 = 501D z uonoalur ojdureg ¢
0l G <0 - uadp rd saeiqmbyg  +
0°00€ 01 0t . uadp T Sumeap soepoun opduieg ¢
0°0¢ 0T - I 2s0[D) I Sumeop Areqdeo gng ¢
0051 s - 0¢ uadQ I Sumeop wASAs gog |

() (%) (,.5-1m) (,.s-M) IAJEA uonisod B
pasuadsip awnjoA awp, et-mop adwes  eI-Molq [®I0], AOM uone|osy aAea uondaluy

"wA)sAs g)-S Y3 10J uonerado aouanbag ‘1 Ijqe ],

SHT1dVL

144



Publicacions: Article VII

100 orE9 P11 €L660 C00FLT6 8C6 Jouaydowoig-{
200" 08¢h S1'6 65660 €00FLES  SE'8 uaqered[Aylo
€00 99¢¢€l 99°¢C #8660 C00F I8t c8'v P1o®B JIUNOJIN
000 0EvLI 8y 08660 C00FTTY wy poe olozuag
PRV

€00 el 8I'8 9L66°0 C00FS00I 800I aurfydAnioN
100 608¢S1 ce'8 78660 C00FLO6 806 aururerpAyuaydiq
000 8Trle r{0h 06660 [00FE6'L €o'L QUIEdOPIT]
S00- [S1ET 6Et 68660 [00F9%9 I¥9 sunaAedeq
aseq

((Powpw agssep)eny (] - (AD-SDEyr() A as Y| s F *yd eyd punoduro))

poyjau dISSe[)

poyjdur Hy-ST

‘(umoys os[e a1e ¢ ba 03 sumy oy Jo sonsnels) poyraw sisazoydonoare Areppides oisseo ayy

pue Jsi| 2duaiajel *yd g)-S Ayl YSnoiy paurelqo YiSudls dIuol 019z pue ), ¢z Ie sanjea yd [puswiiadxs jo uosuedwo) 7 dqe],

145



CapiToL Il

¥C

£ 2OUAIRJAI WOLJ UAYE) SAN[BA

; 2OUAIRJI WOIJ UIYE} SANJEBA ,

€0°0- €00 FTT6 ¥ sunuelpAyuaydiq

LO0- ¥0'0 ¥9T6 14 aurweAuayd-N-[AyIowIp-N'N 616 QUIpBRURJIAL,

900 00FIIY v proe o10zudg WAR PIoe SIweuJIN

00 900 F Stt 0T  pweolozuag Nidd ugjoidnqy
snyng O°H/HOIN

000 200 F 686 € [owreRoeIed

€0°0- €00 F 266 3 Jouaydowoig- 686 [ouayd

100 900 F8¥'t S p1o® OIunOodIN

200 POOF LYY S proe o10zuag OF ¥ uajoidnqy

200 S00F90°6 €1 sunwe|Auayd-y-[Ayuip-NN 806 surwrelpAyuaydiq

LO0- S00FT06 L [ojoueidoig

200" SO0FL6'S zl sunuelpAyuaydiq S6'8 surwe| Audayd-N-[Ayowip-N°N

€00 00 FLO'S Tl duredopry 018 auIpIuo[)

200" 200 F €v9 € auIpNN-4'C

200" 700 F €7°9 8 sutpuAd|fing-ri2i-t 179 sutpAedeq

s1ayyng snoanby
Aaﬁ_nv—& o cEEv—& S EEEM& N SI cEEv-Q N r«:«.

‘SUOTJBUIULIIAP JO JOqUINU ;N "SJUSINISUT [BIDIQWILIOD FuIsn

paysI[qeIsa a1om sanjea Uinyd (Gaeyd) souo aoudsajar ayy pue ((Myd) sanjea pauruieiep Ajjejuswiiadxe usamiaq uosuedwo)

‘eIpaw snoanbe ur wa)sAs sisaroydonad|yg Arejide) prepuel§ [euidu] 2y} AQ pauIULIRP SIUBISUOD AJIPIOR JIWRUAPOULIdY ], *€ Jqe],

146



Capitol IlI

Resultats i Discussio






Resultats i Discussio

El métode anomenat IS-CE va ser desenvolupat recentment per a la determinacié de
constants d'acidesa de compostos monoprotics simples [75]. No obstant aixo, cal
desenvolupar completament aquest metode per tal de proporcionar una metodologia
d’'alt rendiment, robusta, simple, fiable i apta per a la determinacié de la constant

d’acidesa de qualsevol tipus de substancia bioactiva.

Per a desenvolupar aquest métode cal una llista de compostos de diferent estructura i
naturalesa quimica amb valors de pK, de referencia per tal de facilitar el procés de
seleccid dels patrons interns. Aixi mateix, cal adaptar el métode IS-CE per a la
determinacié de constants d’acidesa de compostos amb més d'una constants
d’acidesa i posteriorment optimitzar-lo per tal de convertir-lo en un métode high
throughput,

D’altre banda, cal avaluar la capacitat del métode IS-CE per a la determinacié de
compostos de baixa solubilitat i fer servir medis hidro-organics per a aquells amb

solubilitats més baixes.

Per ultim, cal dissenyar un nou prototip perfectament automatitzat i especific per
aquest métode, per aixi poder-lo implementar per a determinacions rutinaries en

laboratoris de mesures fisicoquimiques i de drug discovery and development.
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3.1. ESTABLIMENT D’UNA LLISTA DE PATRONS INTERNS DE REFERENCIA

La seleccié d’'un estandard apropiat amb un valor de pK, conegut i ben determinat és
de vital importancia per a l'aplicacié d’aquest métode, degut a que I'exactitud en la
determinacié de la constant d’acidesa de 'analit dependra en bona part de la certesa
dels valors de pK, dels estandard i de la similitud entre els valors de pK, d’ambdés.
Aixi doncs, per tal de facilitar el procés de seleccid6 de patrons interns adequats,
s’estableix el pK, d’un llistat de patrons interns acids i basics de diferent estructura que

cobreix tot l'interval util en electroforesi capil-lar.

Per tal de proporcionar una llista de patrons interns acids, se seleccionaren diversos
compostos d’aquesta naturalesa com a possibles candidats i s’establiren els valors pK,
de referéncia. En poques paraules, aquest procediment consisteix en un procés iteratiu
en qué es determina el pK, d’'un compost de la llista utilitzant els compostos veins
(amb una diferéncia inferior a £ 1) com a IS. Per iniciar el procés s'utilitzen valors de
pK, bibliografics o estimats, i un cop obtinguts uns nous valors de pK, per a cada
compost, aquests s’utilitzen novament en una nova iteracio, juntament amb les dades
de mobilitat. Aquest procediment es realitza per a cada compost del conjunt i es
recalculen les constants fins a obtenir valors de pK, concordants entre els valors de
pK, consecutius (ApK, < 0.01). Un exemple amb una explicaci6 més detallada es pot
observar a l'article |, juntament amb la Taula 3. A la Taula 2 del mateix article es
mostren els compostos escollits i les seves constant d’acidesa a 25°C i a forga ionica
zero. La bona concordanca dels valors trobats amb els valors de la literatura demostra
com aquesta llista proveeix una série de patrons interns acids amb valors de pK, de

referéncia Util per a determinar pK, d’analits a través del métode IS-CE.

Per a una validaci6 més acurada dels valors de pK, determinats per als patrons
interns, es va determinar el pK, d’alguns dels compostos a partir del métode classic.
Tal com explica la seccid 1.3.2 de la introduccid, el métode classic relaciona la
mobilitat de I'analit amb el pH en un interval aproximat de pK, + 4. Subseqlientment,

les dades experimentals s’ajusten a l'equacié no lineal que relaciona la mobilitat
efectiva amb el pH, equacié (1.13), i es troben els parametres de pK'a [ M- El pK,

termodinamic es determina corregint per la forga idnica seguint les equacions (1.5) i
(1.7).
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Particularment, ens les determinacions del paracetamol i del fenol es van veure

anomalies al final de la corba. La Figura 3.1 mostra com els punts obtinguts pel tampo

de NaOH presenten un desplagament de la mobilitat cap a valors més negatius que els

punts determinats amb els altres tampons.

a) 50

-100

Mess

-150

-200

-250

A AA
8 9 10 1 12 13
pH
A L.
8 9 10 1 12 13
pH

Figura 3.1. Grafic de la mobilitat x 10* (cm? s™ V') en funcié del pH pel (a)

paracetamol i pel (b) fenol. Els tampons utilitzats sén: (¢) TrisH"/Tris,
CHES/CHES', CAPS/CAPS’; (A) tampé NaOH; (==) Corba obtinguda a

I'ajustar els punts a I'equacié (1.13), sense tenir en compte el tampd NaOH.

Aquests resultats permeten concloure que el tampé de NaOH pot ser considerat

incorrecte per a la determinacié de pK, pel métode classic. Ajustant les mateixes

dades sense tenir en compte els punts realitzats amb el tamp6é de NaOH, es va

observar com els valors determinats pel métode classic no presenten diferéncies

significatives respecte dels del métode IS-CE. Aquest fet és degut a que 'augment de
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la mobilitat que produeix el NaOH en I'analit, es veu compensat amb el produit per al
patré intern, obtenint llavors el mateix valor de pK,. Tot aixo prova que, a diferencia del
meétode classic, la utilitzacié del métode IS-CE pot fer front als canvis de mobilitat
causats per efectes inesperats i interaccions que afecten en un grau similar a I'analit i

patro intern.

De la suma d’aquests patrons interns acids i de la llista de patrons basics
confeccionada i presentada paral-lelament per E. Fuguet i col-laboradors [77], es pot
crear una llista uniformada d’lS acids i basics. D’aquesta forma, s’estableix un conjunt
de patrons interns de diferent naturalesa acid-base i estructura amb valors de pK, de
referéncia que cobreixen tot I'interval de pH util en electroforesi capil-lar. La llista dels

patrons amb els valors de pK, corresponents es troba a la Taula 3.1.

Partint d’aquesta llista, els analistes tenen a disposicié un ampli conjunt de fins a 48
compostos amb valors de pK, consolidats per escollir de forma rapida i simple el millor

patré intern per a una determinacié donada.
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Taula 3.1. Conjunt de patrons interns per a la determinacié de constants d’acidesa pel métode

IS-CE. Constants d’acidesa termodinamiques a 25°C. (A): patrd intern acid. (B): patrd intern

basic.

IS pK, IS PKa

Acid 2-clorobenzoic 2.84 (A) 4-Nitrofenol 7.09 (A)
2,6-Dibromo-4-nitrofenol 3.31 (A) Vanil-lina 7.36 (A)
Acid 4-nitrobenzoic 3.37 (A) 2,4,6-Trimetilpiridina 7.51 (B)
2,6-Dinitrofenol 3.69 (A) Fenobarbital 7.53 (A)
Acid 3-bromobenzoic 3.79 (A) 4-Hidroxibenzaldehid 7.61 (A)
2,4-Dinitrofenol 412 (A) Lidocaina 7.93 (B)
Acid benzoic 4.22 (A) Clonidina 8.10 (B)
Ibuprofé 4.49 (A) 3,5-Diclorofenol 8.18 (A)
Anilina 4.63 (B) Bupivacaina 8.19 (B)
Acid nicotinic 4.85 (A) Metilparabé 8.35 (A)
Quinolina 4.93 (B) 2-Clorofenol 8.50 (A)
4-terc-Butilanilina 4.93 (B) 1-Fenilpiperazina 8.75 (B)
Warfarina 5.17 (A) N,N-Dimetil-N-benzilamina 8.95 (B)
N,N-Dimetil-N-fenilamina 5.17 (B) 3-Clorofenol 9.04 (A)
Piridina 5.28 (B) Difenhidramina 9.08 (B)
2,5-Dinitrofenol 5.30 (A) Procainamida 9.26 (B)
Sulfacetamida 5.42 (A) 4-Bromofenol 9.28 (A)
Acridina 5.55 (B) Imipramina 9.37 (B)
4-terc-Butilpiridina 6.03 (B) Propranolol 9.47 (B)
2,4 ,6-tribromofenol 6.04 (A) 1-Aminoetilbenzené 9.52 (B)
Papaverina 6.41 (B) Paracetamol 9.58 (A)
2,4-Lutidina 6.81 (B) Efedrina 9.72 (B)
Trazodona 6.84 (B) Fenol 9.89 (A)
Pilocarpina 7.08 (B) Nortriptilina 10.08 (B)
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3.2. METODE IS-CE PER A COMPOSTOS POLIPROTICS

En Tl'equilibri acid-base general per a una substancia poliprotica la mobilitat
electroforética pot expressar-se segons 'equacio (1.15), anomenada (3.1) en aquest

Capitol:

. i !

n lpH—Zl-=1 PK i .
MHnAZ+Zl'=1 10 J ]H’Hn_iAZ—l (3 1)
ipH-3%_, pKy '

Uerf =
1+3%, 10

i=

Les mobilitats de les diferents espécies es poden calcular a través dels temps de
migracié mitjangant I'equacié (1.16) i la constant termodinamica a partir dels

coeficients d’activitat seguint I'equacio (1.10).

Seguint el mateix procediment que es feia servir per a substancies monoprotiques, a
cada constant d’acidesa que tingui I'analit poliprotic se li assigna un patré intern
monoproétic de la Taula 3.1 amb un valor de pK, similar. Posteriorment s’injecten
cadascuna de les mescles d’AN i IS a dos valors de pH diferents: un proper al valor de
pKy d’ambdés; i un altre on s’obtingui la mobilitat limit de 'AN i IS, en altres paraules, a

un pH = pK, £ 2, segons si es tracta d’un acid o d’'una base.

A diferéncia de les substancies monoprotiques, les mobilitats limit i efectives dels
patrons interns s’utilitzen per a calcular el pH dins del capil-lar. Aixi doncs, si s’ailla el
pH de 'equacié (1.19) i es corregeix la forga idnica utilitzant I'equacié (1.5) s’obté, per

a un IS de naturalesa acida, que el pH es calcula a partir de I'equacio (3.2):

Ris™ = HRerras) o logyis- (3.2)

H = pK —1
p bPRqusy) — LOg terras)

| per a un IS basic, s'utilitza 'equacio (1.24) i es corregeix per la forga idnica mitjangant

I'equacié (1.6) per a obtenir 'equacio (3.3).

Hist — Heff(s)

Ueff(s)

pH = pKyus) + log
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Aquest simple calcul del pH es pot fer a partir de la mobilitat limit (pls_ 0 Hg+)ila

mobilitat efectiva (“eff(IS)) mesurades als dos valors de pH corresponents, i del pKa(IS)

present a la llista de patrons interns de la Taula 3.1.

Com que la mobilitat efectiva de l'analit, Metran) €S mesura conjuntament amb la
mobilitat efectiva del patré intern, Mefr(s): el pH calculat per al patré intern correspon al
pH on també es mesura la Mef(aN)- D’aquesta manera s’obtenen una série de valors de

Mefran) €N funcié del pH, i fent un ajust no lineal d’aquests parells de valors a I'equacié

(3.1) es poden trobar els valors de pK.

Per a I'estudi del métode IS-CE en substancies poliprotiques es seleccionaren un total
de 20 farmacs, des de compostos simples com aminofenols fins a substancies com
cefalosporines o derivats de les tetraciclines amb 3 constants d’acidesa. Els
compostos es van escollir en funcié de les seves caracteristiques acid-base i de la
importancia farmacologica, aixi com també per la seva dificultat en la determinacio de
les constants d’acidesa. La llista de compostos es troba a la Taula 3.2 i les estructures

d’aquestes a la Figura 1 de l'article II.

Un cas interessant per comprovar la robustesa del métode és el dels compostos amb
valors de pK, molt alts o0 molt baixos. En comparacié amb els casos anteriors apareix
una dificultat, ja que no és possible mesurar directament les mobilitats limit. En
aquests casos, s’ha d’utilitzar un IS de naturalesa diferent, és a dir, per a un pK, molt

acid un IS de naturalesa basica i per a un pK, molt basic un IS de naturalesa acida.

El métode IS-CE també és aplicable a compostos amb valors de pK, propers entre
ells. El procediment a seguir és el mateix que en els exemples anteriors. No obstant
aixo, es necessiten menys electroferogrames ja que tant els patrons com el compost
d’assaig s’injecten tots junts en la mateixa analisi per a una determinacié simultania de

dos punts d’ajust (un amb cada patro).

Els resultats obtinguts de I'aplicacié del métode d’IS-CE als 20 compostos poliproétics
estudiats es presenten a la Taula 3.2 juntament amb els valors trobats a la literatura.
Les referéncies bibliografiques es troben resumides a la Taula 8 de larticle Il. En
general, les desviacions estandard associades als valors de pK, obtinguts sén inferiors

a 0.1 unitats de pK,, sent per a la majoria dels valors 0.05 o menys.
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Taula 3.2. Constants d’acidesa termodinamiques a 25°C determinades a partir del

métode IS-CE (pKaexp)). | trobades a la literatura (pKaiy).

Resultats i Discussio

Compost PKaexpy S PKagity
Furosemida 3.83 0.05 3.78; 3.87; 3.64; 3.76; 3.60
10.25 0.07 10.62; 10.75; 10.6; 10.32; 10.35
Acid ftalic 3.02 0.05 3.06; 2.73; 2.94; 2.95
5.38 0.05 5.38;4.78; 5.43; 5.41
Acid 4-hidroxibenzoic 4.65 0.02 4.45; 4.57
9.45 0.04 9.32; 9.46
Acetazolamida 7.55 0.03 7.52;7.78
9.27 0.04 9.41; 9.57
Pirilamina 4.01 0.03 4.14; 4.02
8.99 0.02 9.12; 8.92
Histamina 5.67 0.04 5.80; 5.89
9.91 0.04 9.96; 9.85
Clorfeniramina 3.64 0.04 3.86
9.27 0.03 9.13;9.18
Quinina 4.11 0.07 3.95; 3.92; 3.95;4.29; 4.14
8.43 0.04 8.46; 8.43; 8.60; 8.53; 8.39
Levodopa 2.16 0.18 2.31; 2.30
9.47 0.04 9.74;9.70
Histidina 5.99 0.01 5.96; 5.94; 5.67
9.32 0.02 9.27; 9.31; 8.99
Fenilalanina 2.20 0.09 2.16; 3.23; 2.23
9.35 0.02 9.01; 9.39; 9.32
2-Aminofenol 4.71 0.01 4.63;4.78;4.72
9.80 0.01 9.42; 9.97; 9.71
Piridoxina 4.89 0.01 4.67;4.87;4.77;, 4.87
9.01 0.02 9.02; 9.11; 9.04; 8.99
Labetalol 7.27 0.03 7.28;7.36;7.35
9.69 0.04 9.49; 9.40; 9.16
Sotalol 8.36 0.05 8.38; 8.28
9.92 0.05 9.47;9.75
Ampicil-lina 2.76 0.07 2.50;2.41; 2.42
7.48 0.02 7.04;6.94; 7.30
Cefalexina 2.68 0.13 2.40; 2.61; 2.53; 2.93
717 0.03 7.27;7.08;7.13;7.18
Cefadroxil 2.72 0.04 2.55;2.52;2.48
7.67 0.02 7.21;7.65;7.37
10.02 0.04 9.71;9.64
Clortetraciclina 3.28 0.02 3.33; 3.30; 3.3
7.19 0.04 7.55;744;74
8.86 0.04 9.33;9.27; 9.3
Oxitetraciclina 3.28 0.02 3.22; 3.10; 3.04; 3.27; 3.3
7.48 0.05 7.46; 7.35; 8.00; 7.32; 7.3
8.88 0.06 8.94;9.20; 9.11; 91
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Quan es comparen els resultats obtinguts pel métode IS-CE amb els de la literatura, es
pot observar que per a la majoria de compostos existeix una diferéncia < 0.1 unitats.
Per a compostos tals com clorfeniramina, labetalol, sotalol, ampicil-lina, cefadroxil,
clortetraciclina o levodopa hi ha diferéncies al voltant de 0.2-0.3 unitats de pK, per
algunes de les seves constants d’acidesa. No obstant aixd, la informacié bibliografica
d’'aquests compostos és escassa i dispersa, de manera que l'estimacidé real de
'exactitud d’aquests valors bibliografics no és possible. La Figura 7 de Iarticle Il
il-lustra la bona correlacié entre els valors experimental i bibliografics, demostrant
novament que el métode IS-CE pot aplicar-se per a compostos amb més d’una

constant, independentment de la seva complexitat.
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3.3. IS-CE cOM A METODE HIGH THROUGHPUT

Per aconseguir convertir el métode IS-CE en high throughput, s’ha analitzat i millorat el
rendiment dels parametres instrumentals i de les condicions experimentals, segons 6
apartats principals: (i) la tria d’una instrumentacié adequada; (ii) I'optimitzacié dels
parametres instrumentals de I'equip seleccionat; (iii) la millora del rendiment en la
separacio electroforética i en la determinacio del pK, (iv) l'optimitzacio de
condicionaments del capil-lar; (v) la utilitzaci6 de DMSO com a marcador d’EOF; (vi) i

finalment I'avaluacié general de la precisio i exactitud del métode un cop optimitzat.

En primer lloc l'instrument comercial seleccionat és el P/ACE MDQ de Beckman, ja
que es presenta com el més adequat pel desenvolupament del métode. Les safates de
mostres i tampons estan ubicades en llocs diferents i es poden treure facilment de la
seva posicid i a més es poden emmagatzemar directament a 4°C a linterior de
linstrument. D’altra banda, linstrument permet l'aplicacié de pressié durant la

separacio, aixi com també la injeccié sequencial de mostres.

En segon lloc, per a I'optimitzacié dels parametres instrumentals cal tenir en compte

'equacié (1.16), anomenada en aquest Capitol, equacio (3.4):

= (i - i) (3.4)

Degut a que la mobilitat roman constant, I'inica manera d’aconseguir temps de
migracié més curts (i, i to) és utilitzant longituds de capil-lar curtes (Lp i Lt) i aplicant
voltatges grans (V). Aixi doncs, el capil-lar es va tallar a la longitud minima que la
configuracié de l'instrument permet (25.0 cm fins al detector i 35.2 cm de longitud total)
i es va seleccionar un voltatge de 20 kV per a mantenir la linealitat entre la tensio
aplicada i el corrent generat per a tots els tampons (on encara es mantenia la llei
d’Ohm). En aquestes condicions de capil-lar i voltatge, els temps de migracié es
redueixen en comparacié amb aquells obtinguts anteriorment. S’arriba fins a temps
d’analisi d’entre 1 i 3 min, essent les determinacions més llargues aquelles a valors de
pH baixos i amb compostos anionics; en altres paraules, analisis amb EOF baix i

compostos amb mobilitat negativa.

El tercer pas va ser implementar 'anomenada injeccié sequencial. Aquesta injecta un

rere l'altre 'analit i tots els patrons interns seleccionats abans de comencar a aplicar la
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diferéncia de potencial. Aixi mateix, per accelerar la migracié dels compostos, es va
aplicar pressioé durant la separacié: com més gran sigui la pressid, més curt sera el
temps de migracié. No obstant aix0, l'alta pressié pot provocar pics superposats.
L’exemple mostrat a la Figura 1 de I'article Il il-lustra que quan la pressié augmenta,
disminueix el temps de migracié aixi com també la resolucié entre pics. Aixi doncs, es
va aplicar 0.5 psi com a millor compromis entre un temps d’electroferograma curt i alta

resolucio.

Les metodologies de pre- i post-condicionament del capil-lar, el quart punt, van ser
optimitzades a fi de reduir el temps de rentat i, com a consequiéncia, el temps total
d’analisi. La Taula 2 de l'article lll mostra les seqiéncies de condicionament després
dels processos d’optimitzacié. La reduccid va ser drastica, gairebé de 12 vegades,

sense afectar a la repetibilitat dels resultats.

En cinqué lloc es va utilitzar el DMSO com a marcador de I'EOF. EI DMSO s'utilitza
ampliament per a la sintesi de nous farmacs i per a crear biblioteques de compostos
en la industria farmacéutica [11,83,84], per tant molts del farmacs potencials per
caracteritzar normalment ja el tenen incorporat abans de I'analisi [46,85]. Tanmateix, el
DMSO té una absortivitat molar elevada i pot causar problemes en la deteccio dels
pics si es troba a concentracions altes. Aixi doncs, 0.4% de DMSO al vial d’injeccio6 va
ser la proporcio optima per a la determinacio eficag de compostos en CE (Figura 2c de
l'article III).

En sisé i ultim lloc, es va avaluar la precisié i exactitud del métode optimitzat. La
precisio dels valors de pK, obtinguts es va avaluar de dues maneres: la primera
determinant les mobilitats efectives, per, a diversos valors de pH proxims al pK, de
I'analit (en lloc de fer-ho a un unic valor); i la segona manera, més rapida, a partir de
diversos patrons interns injectats sequencialment en el mateix electroferograma.
L’article Il juntament amb la Figura 5 mostra un exemple utilitzant la mepivacaina com
a analit. Pel que fa a I'exactitud, el métode IS-CE fins al moment s’ha utilitzat per a
determinar fins a 129 valors de pK, de 93 farmacs d’estructures diverses. Per estimar
I'exactitud dels valors de pK, experimentals, pKais.ce), aquests s’han correlacionat amb
els valors trobats a la literatura, pKai, @ 25°C i forga idnica zero o mesurats en el
nostre laboratori per altres métodes. Les dades numériques d’aquesta correlacié es
troben a la secci6 de Suporting Information de l'article Ill. La Figura 3.2 mostra la
representacio entre pKausce) i PKagiyy, 1 €ls parametres de la correlacio entre ambdos

estan resumits a I'equacié (3.5):
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Figura 3.2. Correlacio entre els valors de pK, determinats pel métode 1S-CE (pKas-cg))

i dels trobats a la literatura (pKyiy). La linia continua representa d’ajust lineal associat.

PKaus—ce) = (0.995 + 0.006)pK ... + (0.05 + 0.05)

a(lit)
N =129 SD =017 F = 24783 (3.5)

El pendent i la interseccio de la correlacio no son significativament diferents de 0 i 1
respectivament, per a un nivell de confianga del 95%. Aquests resultats demostren la
bona exactitud del métode IS-CE en comparacié amb els valors de referéncia de la
literatura.

Arribat a aquest punt, amb els parametres instrumentals i les diferents etapes del
métode optimitzades, es van comprovar altres aspectes importants per a l'aplicacié
rutinaria del métode IS-CE en laboratoris de mesures fisicoquimiques o de Drug
Discovery and Development, com per exemple I'estudi de l'estabilitat dels patrons

interns i dels tampons de separacio.
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3.3.1. Estudi d’estabilitat dels tampons i dels patrons interns

Per a obtenir bons resultats experimentals s’han de complir els requisits sobre els BGE
i els patrons interns ja comentats a la seccié 1.4.3 del Capitol I. El pH del tampé pot
modificar-se principalment per tres factors: el primer és la volatilitzacio, com passa per
exemple amb els tampons d’amoniac; el segon és l'electrolisi quan s’aplica una
diferencia de potencial; i per ultim la dissoluci6 de CO, en tampons de NaOH o
altament basics. Tot i que en el métode IS-CE el pH de la solucié tampd a l'interior del
capil-lar es pot calcular facilment, és important saber quantes vegades es pot utilitzar
la mateixa parella de tampons, mantenint les seves propietats dins d’un interval
acceptable. En conseqliéncia, es va monitoritzar el pH dels tampons recomanats per a
la utilitzacié de I'lS-CE (presents a la Taula 1 de larticle 1) en funcié del temps
d’electrolisis. El pH es va calcular utilitzant el pK, i les mobilitats limit i efectiva del

patré intern a partir de I'equaci6 (3.2) per a un IS acid i 'equacié (3.3) per un IS basic.

El pH de tots els BGE va ser monitoritzat al llarg del temps, fent analisis cada cinc
minuts durant un temps total de 16 hores d’electroseparacié. La determinaci6 del pH
es va dur a terme utilitzant tres IS per a cada BGE. La mitjana del pH obtingut per a
cada electrolit es representa graficament durant les primeres 10 hores

d’electroseparacio a la Figura 3.3.

Com es pot observar, en tots els casos el pH disminueix amb el temps d’analisi. Aixd
pot explicar-se facilment pels processos d’electrolisi produits en els vials de separacio
a causa de les reaccions que impliquen la generacié (tamp6 d’entrada) o el consum
(tampd de sortida) d’ions d’hidrogen a través dels eléctrodes [86]. L'equacio (3.6)
descriu els processos redox que tenen lloc als vials de separacid de I'equip

electroforétic.
2H,0 - 0y +4H" +4e~ Anode (+) Entrada
4H* +4e™ > 2H,, Catode (-) Sortida (3.6)

Com s’ha explicat abans, el métode IS-CE minimitza alteracions en les condicions
d’analisi gracies a que utilitza un IS que pateix la mateixa alteracié que I'analit. Aixo vol
dir que aquestes variacions en el pH no afecten a la determinacio del pK, del compost,

sempre i quan I'AN i I'lS estiguin degudament ionitzats.
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Figura 3.3. pH dels BGE en funcio del temps d’electrolisi (vials amb 1.6 mL de
BGE a 50 mM). pH calculat a través de les equacions (3.2) i (3.3) utilitzant alguns

dels patrons interns llistat a la Taula 3.1.

Monitoritzant la determinacié del pK, per a un compost també cada 5 minuts durant 16
hores d’electroseparacio pel metode IS-CE, es va comprovar que el valor del pK, es

manté constant després de 500 injeccions aproximadament (considerant analisis d’uns
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2 minuts, Figura 4 de l'article Ill). Aquest fet demostra que I'is del métode I1S-CE no
requereix una substitucio frequient dels vials de separacio, mentre que en el métode
classic la variacio pH es minimitza canviant els vials aproximadament cada 1-2 hores

d’electroseparacio.

No obstant aix0, la Figura 3.3 mostra que el pH del TRIS o CAPS disminueix gairebé
una unitat després de deu hores. Aquest fet fa disminuir la capacitat amortidora i, el
que és més important, variar 'estat d’ionitzacié de I'AN i IS. Per tal d’evitar aquest fet,
es recomana la substitucié dels tampons després d’aproximadament 10 hores d’'Us o

després d’'unes 300 injeccions, considerant un temps d’analisi mitja de 2 minuts.

Tal com s’ha comentat anteriorment, la Taula 3.1 mostra la llista de valors de pK, dels
48 patrons interns. Aquesta llista proporciona un conjunt de compostos de referéncia
amb constants d’acidesa perfectament conegudes i ajuda en el procés de seleccio
d'un IS apropiat per a una donada determinacié de pK,. Aixi doncs, quan s’ha de
determinar el pK, d’'un analit, un o diversos patrons interns de la safata de mostres
s’injecten sequencialment amb el compost d’assaig. No obstant aixd, pot ser que les
solucions patré es degradin amb el temps i per aixd cal fer un estudi sobre la seva

estabilitat.

Per a aquesta avaluacio, cada compost es va injectar periddicament a un pH on es
troba totalment ionitzat, controlant I'area i la mobilitat del compost al llarg del temps.
L’acid nicotinic, la N,N-dimetil-N-fenilamina, la piridina i la 4-terc-butilpiridina mostraven
una disminucié del 10% de l'area total en uns pocs dies per la qual cosa s’han de
canviar diariament. En el cas de la vanil-lina, I'anilina, la quinolina, la 4-terc-butilanilina,
la 2,4-lutidina, la trazodona, la pilocarpina, el 2,4,6-trimetilpiridina, la bupivacaina, la
imipramina i el propranolol, la substitucié s’ha de fer setmanalment. La warfarina, el
2,4 ,6-tribromofenol, l'acridina, la papaverina, i la procainamina, requereixen la
substitucié mensual. Per a la resta dels patrons interns, I'area del pic continuava sent

del 90% o més després d’'un periode de quatre mesos.
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3.4. APLICACIO DEL METODE IS-CE PER A LA DETERMINACIO HIGH

THROUGHPUT DE PERFILS DE LIPOFILICITAT

En el Capitol | s’ha explicat com son d’'importants les determinacions high throughput
per als parametres fisicoquimics de processos de drug discovery and development.
S’ha comentat també que, aixi com la constant d’acidesa, la lipofilicitat (logP) també
juga un paper molt important en I'estudi de I'activitat bioldgica. Aixi doncs, la seva
determinacio rapida també és rellevant en I'estudi de farmacs. De la mateixa manera,
la determinacié rapida del pK, i de la lipofilicitat (logP) permet la determinacié rapida

del perfil de lipofilicitat (logD) en funcio del pH.

Tradicionalment, la lipofilicitat d’'una substancia neutre s’expressa com a logaritme del
coeficient de particié octanol-aigua o en la seva forma logaritmica, logP... Ara bé, per
a molécules amb propietats acid-base el coeficient de particié varia amb el pH,
anomenant-se llavors el coeficient de lipofilicitat a qualsevol pH com a logDou

(coeficient de distribucio).

Per a substancies ionitzables, el logD. es pot estimar a partir de les constants
d’acidesa i del coeficient de particidé de la substancia neutra i totalment ionitzada [87].
Tanmateix, no es pot realitzar la determinacié directa del coeficient de particid de
'espécie totalment idnica, perd segons un treball publicat per S. Donovan i M.
Pescatore [88] es pot assumir que aquest valor és tipicament 3.15 unitats
logaritmiques més baix que el de l'espécie neutra. Aixi doncs, el logD,. es pot
expressar seguint I'equacio (3.7), per a un acid monoprotic i seguint I'equacio (3.8), per

a una base monoprotica.

Pyt (Popw—3.15)-10P71PKa
_ / /
logDe sy = log( ot f+M;OpH—;J)Ka ) (3.7)
P w+(Popy—3.15)-10PKa™PH
logD, ,, = l0g< ot ;_/i_wlopl(a—)pH > (3.8)

Consequientment, coneixent la constant d’acidesa (pK,) i el coeficient de particio

(logPow), €s pot calcular el logD, @ qualsevol pH.

Tal com comenta l'article IV, s’ha desenvolupat un métode que permet la determinacio

del logPyw en pocs minuts utilitzant la técnica d’UHPLC (acronim anglés de ultra high
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performance liquid chromatography). Degut a que el desenvolupament i metodologia
d’aquest métode no forma part d’aquesta tesi, no s’explicara ni es discutira en
profunditat. No obstant aixd, se’'n fa una breu descripcid. Aquest métode utilitza el
calcul de retencions cromatografiques en gradient per UHPLC per calcular els
anomenats indexs d’hidrofobicitat cromatografica (CHIyecn) de les espécies neutres de
substancies ionitzables. Un cop trobat els valors de CHI, aquests serveixen per

calcular el valor de logP,, a través de I'equacié descrita per Klara Valko et al. [89],

10gPy/yy = 0.054CHIyocy + 1.3194 — 1.877

N =86 R =0.70 SD =029 F =655 (3.9)

involucrant un descriptor d’acidesa per pont d’hidrogen (parametre A). Resumint, en
tant sols una analisi per UHPLC de menys de 4 minuts es pot determinar el valor del

coeficient de particié de la forma neutra d’'una substancia qualsevol.

En aquest treball, tant el métode IS-CE per a la determinacié de valors de pK, com el
de UHPLC per a la determinacié de valors de logP.w €s van combinar per descriure
una alternativa high throughput per a la determinacié dels perfils de lipofilicitat de
compostos bioactius. Per a aquest estudi, es va determinar el pK, i el logP.w d’una
série de 28 substancies acides i basiques. La Taula 3.3 llista totes les substancies amb
els corresponents valors de pK, i logP.. determinats aixi com també mostra els valors
de CHI i A en la determinacié. Seguint les equacions (3.7-3.8), la taula també presenta
la determinacio d’un parametre biologic interessant com el coeficient de particié al pH
sanguini de 7.4, logD7 4. Aquests valors sén contrastats amb els valors de referéncia
trobats a la literatura, logD7 4(er. Comparant ambdds valors de la taula es pot observar
que hi ha una molt bona similitud entre els valors de LogD74, amb excepcié de la
lidocaina, que presenta una desviacid major, perd de només d’una unitat de logD

aproximadament.
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Taula 3.3. Determinaci6 del logP., pel métode basat en UHPLC, de pK, pel métode IS-CE i del
coeficient de particié a pH 7.4, logDy7 4, a partir de les equacions (3.7-3.8).

Compost CHI A logPow pKs logD7g l0gD7.4qit)
Substancies basiques

Papaverina 66.93 0.00 1.74 6.41 1.69 -
Reserpina 98.70 0.31 3.86 6.64  3.79 3.89%
2,4-Lutidina 49.35 0.00 0.79 6.81 0.69 -
Ketoconazol 83.90 0.00 265 6.81 255 3.42%
Trazodona 76.34 0.00 225 6.84 214 2.54")
Pilocarpina 20.86 0.00 -0.75 7.08 -0.92 -
2,4,6-Trimetilpiridina ~ 57.17 0.00 121 7.51 0.85 -
Lidocaina 86.40 0.26 3.13 7.89 252 1.612)
Clonidina 51.30 0.42 1.44 810  0.67 0.62"
Bupivacaina 101.75 0.26 396 8.19  3.11 -
Quinina 66.42 0.23  2.01 845 0093 -
Haloperidol 88.90 0.31 3.34 856 2.15 2.77%
Procaina 62.90 0.23 182 9.08  0.14 0.24%
Propranolol 80.90 0.29 2.88 948  0.83 1.23%)
Metoprolol 61.50 0.29 1.83 953 -0.26 -0.25%
Atenolol 3210 0.78  0.89 9.67 -1.33 -1.81%
Substancies acides

Paracetamol 21.20 0.91 047 958  0.46 0.35%
2-Clorofenol 63.64 033 2.00 850 1.96 -
Teofil-lina 2140 035 -0.27 839 -0.31 -0.07%
Metilparabé 52.33 0.66 182 835  1.78 -
3,5-Dinitrofenol 85.97 0.83 3.86 8.18 3.80 -
4-Hidroxibenzaldehid 38.36 0.66 1.07 7.61 0.86 -
Fenobarbital 51.84 0.52 161 7.53 1.37 1.51%
Vanil-lina 4137 044 094 736  0.61 -
4-Nitrofenol 55.31 0.67 199 7.09  1.51 -
Warfarina 82.90 0.31 3.01 517  0.83 0.89%
Acid benzoic 48.00 0.57 147 422 -1.40 -1.27%
Indometacina 90.70 0.57 3.77 4.16 0.88 -

a) Métode Shake-flask. Ref. [90]. b) Ref. [2].
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3.5. DETERMINACIO DE CONSTANTS D’ACIDESA DE COMPOSTOS POC

SOLUBLES

A diferéncia d’altres métodes, I'lS-CE presenta un gran avantatge per als farmacs poc
solubles. Normalment la mobilitat limit és facil de mesurar, ja que la solubilitat
augmenta a mesura que augmenta el grau de ionitzacid, tal i com s’ha comentat a la
seccid 1.1.1.2 de la introduccidé. En el cas de les mobilitats efectives, si es detecta la
precipitacié del farmac, la determinacié de la mobilitat es pot tornar a provar a un nou

pH on el grau de ionitzacié sigui més alt.

En aquesta seccio del treball es presenta i s’analitza la determinacié de valors de pK,
de farmacs en solucié aquosa pel métode IS-CE. El conjunt de compostos compilats
inclou 38 substancies amb un total de 51 valors de pK,, essent molts dels compostos
farmacs comercials. La seva seleccié es va realitzar en funcié de les respectives
solubilitats intrinseques. La Taula 3.4 mostra els compostos juntament amb la forma
logaritmica de la seva solubilitat intrinseca (logS, en mol-L™) i la constant d’acidesa
determinada pel meétode IS-CE (pKaus-ce)- Els compostos s’enumeren en ordre de
solubilitat decreixent, comeng¢ant pels molt solubles com ara la teofil-lina amb logS de -
1.10, i acabant pels molt insolubles com el tamoxifé amb logS de -8.49. Aquests valors
de solubilitat foren obtinguts a partir de diverses fonts [37,63,91,92], o a través del
programa de prediccio ACD/Labs v2012 [80] quan no hi havia dades experimentals
disponibles a la literatura. En el cas de que hi hagués més d’un valor bibliografic, la

taula presenta la seva mitjana.

Per a un farmac amb solubilitat suficientment alta, el pK, es determina pel metode IS-
CE habitual sense gaire problemes. A mesura que la solubilitat baixa, la determinacio
del pK, del farmac esdevé més dificil cada vegada. El diclofenac, amb logS de -5.45
unitats, va ser el compost més soluble que precipitava quan es preparava la solucié a
injectar, és a dir, quan es preparava la dilucié 1/10 en aigua a partir de la solucié mare
de 1 mg-mL"" dissolta en metanol. Es pot dir per tant, que no s’observen problemes de
precipitacié en tot el procés de determinacié de pK, a través del metode IS-CE per

farmacs amb valors de logS superiors a -5, aproximadament.
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Taula 3.4. Compostos d’estudi amb els respectius logS de la literatura i els valors de pK,

determinats pel métode IS-CE. Valors de pK, a 25°C i forga idnica zero.

Compost l0gSiy) PKags-ce) Compost l0gSiy) PKags-ce)
Teofil-lina -1.10” 8.39 Galangina -3.93" 7.25
Atenolol -1.299 9.67 9.54
Procaina -1.729 9.08 Diflunisal -4.20” 2.97
Alprenolol -2.63% 9.37 Flurbiprofé -4.30%9 4.19
Diltiazem -2.94° 7.99 Ketoconazol -4.40 3.45
Fisetina -3.00” 7.14 6.81
8.39 Maprotilina -4.69% 10.23
10.28 Ciproheptadina -4.94" 8.90
Morin -3.02% 5.15 Reserpina -5.05” 6.64
8.15 Fenbufé -5.19% 473
10.46 Clorpromazina -5.29%9 9.26
Campferol -3.37% 7.16 Diclofenac -5.45%9 4.22
9.05 Haloperidol -5.47° 8.5
10.54 Miconazole -5.62° 6.14
Quercetina -3.40” 7.15 Mifepristona -5.75%° 5.23
8.84 Indometacina® -5.77%° 4.16
10.31 Niclosamida -6.15" 7.25
Apigenina -3.47" 7.60 Acid mefenamic -6.34% 4.17
9.35 Acid meclofenamic -6.86° 4.09
Naringenina -3.48" 6.68 Seraconazol -6.99" 6.07
10.16 Gliburida -7.05° 5.44
Hesperetina -3.50” 6.97 Loperamida -7.13% 8.79
10.13 Terfenadina -7.74% 9.19
Oxifenciclimina -3.58" 11.01 Amiodarona -8.17% 8.59
Dibucaina -3.68" 8.57 Tamoxifeé -8.49% 8.40
Fluoxetina -3.92% 10.08

a) Degradacié observada quan es prepara a 1mM d’acid o base. b) ACD/Labs 2012. [80]. c)
Ref. [63]. d) Ref. [37]. €) Ref. [91]. f) Ref. [92].

3.5.1. Farmacs amb solubilitat lleugerament baixa

Els compostos amb logS més baixos que el de la clorpromazina, inferiors a -5.3
aproximadament, precipitaven en diluir la solucié mare en aigua. No obstant aix0, es
poden adoptar diverses estrategies per superar aquest problema. La primera opcio és
afegir la quantitat necessaria de HCI o NaOH per tal de ionitzar el compost al vial de
mostra augmentant aixi la seva solubilitat. Atés que el métode de mesura és molt

rapid, moltes vegades la precipitacio es pot evitar si el compost és ionitzat i solubilitzat
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préviament, i encara que hi hagi canvis de pH a l'interior del capil-lar el pK, es mesura
mentre la solucié es manté sobresaturada. De totes maneres, si es detecta precipitacié
al capil-lar, una segona opcio és realitzar la mesura de la mobilitat efectiva a un nou
pH més a prop del pH on predomina la forma idnica, és a dir, a un major grau de
ionitzacié del farmac. Una tercera estratégia és diluir els farmacs a aproximadament a
5-10 ppm, ja que la detecci6 en aquestes concentracions encara es pot realitzar

correctament.

Les estrategies explicades, soles o combinades, permeteren la determinacié de
constants d’acidesa de farmacs directament en solucié aquosa fins a logS de -6
aproximadament. De fet, la niclosamida va ser I'Gltim farmac en ordre decreixent de
solubilitat determinat d’aquesta manera. Tal i com mostra la Taula 1 de l'article V, el
grau de ionitzacié per a aquest grup de compostos es troba al voltant del 70% o més.
Aquest percentatge de ionitzacié és suficient per mantenir el farmac en solucié, pero

prou baix com per permetre el calcul de pKa.

3.5.2. Farmacs amb solubilitat molt baixa

Pel que fa als compostos amb solubilitat molt baixa, logS < -6.34, aquests precipiten
durant les analisis realitzades en medi aquds, fins i tot quan s’adopten les estrategies
presentades a I'apartat anterior. Aixi doncs, la utilitzacié de cosolvents i procediments

d’extrapolacio son estrictament necessaris.

Treballar amb barreges hidro-organiques implica establir nous valors de pK, de
referéncia per al conjunt dels IS en tota la gamma de composicions metanol-aigua de
treball (0-40% v/v). El procediment seguit per a establir aquests valors de pK, es basa
en la mateixa metodologia utilitzada anteriorment per a establir la llista d’IS acids,
explicada a la primera seccié6 d’aquest Capitol. El procediment es va aplicar
separadament per IS acids i IS basics i en ambdds casos els valors de pK, es van
determinar a quatre composicions diferents de metanol-aigua, 10, 20, 30 i 40% (v/v). Al
comengament de la iteracid, es van utilitzar com a constants de partida els valors de
pK, estimats per a cada mescla MeOH-H,O a partir d’equacions empiriques [93,94].
En cada cas, es va aplicar una equacié especifica depenent del grup funcional implicat

a la constant d’acidesa i del percentatge de metanol.
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La Taula 1 de l'article VI llista els valors de pK, obtinguts per a les diferents barreges
MeOH-H,O aixi com també els valors aquosos i les desviacions estandards
associades. Per tal de conéixer el valor de pK, de referéncia a qualsevol composicié
de metanol-aigua entre 0-40%, els quasi 200 valors experimentals d’aquesta taula es
van ajustar a equacions quadratiques per a cada IS. Aquests ajustos es resumeixen a
la Taula 2 de I'article VI i permeten el calcul de la constant d’acidesa a qualsevol volum

per a qualsevol IS de la llista entre un interval de 0-40% de metanol.

Els valors de pK, publicats a la literatura (pKagiyy) van ser comparats amb els valors
obtinguts a través de les equacions de la Taula 2 de l'article VI. Els valors de la
literatura s’obtingueren a partir de diverses fonts, la majoria de les quals es troben a
I'excel-lent compilacié de Palm et al. [95]. Particularment, 101 valors bibliografics en
composicions de metanol que van entre 11-45% van ser correlacionats amb els
establerts pels patrons interns. La Taula 3 i la Figura 1 del mateix article presenten les
correlacions entre els valors de pK,. L’escassetat i dispersi6 de la informacié
bibliografica d’aquests valors fa que sigui dificil realitzar una estimacié real de
I'exactitud. No obstant aixd, els valors absoluts de ApK, no superen les 0.25 unitats i
en la majoria dels casos és inferior a 0.1. D’altra banda, no es van arribar a trobar
valors fiables d’alguns dels patrons interns. Tanmateix, aquests valors també sén
indirectament avaluats ja que el métode de mesura implica contrastar conjuntament els
valors de pK, mesurats i per tant estan tots relacionats entre si. D’aquesta manera, un
bon ajust amb els valors de la literatura implica una bona relacié general, fins i tot per a
aquells casos en qué la comparacié directa amb valors bibliografics no ha estat

possible.

Els 8 ultims farmacs de la Taula 3.4 van ser els seleccionats per a l'avaluacié del
meétode en medis hidro-organics, des de I'acid mefenamic amb logS de -6.34 fins al
tamoxifé amb un valor de -8.49. Els valors pK, d’aquests farmacs es van determinar a
quatre percentatges de metanol com a cosolvent (10, 20, 30 i 40% v/v), i 'extrapolacio
al 0% seguint I'equacio lineal de Yasuda-Shedlovsky tal com s’ha explicat anteriorment
a la introduccié. La Taula 4 de l'article VI mostra les constants d’acidesa determinades
en les mescles, els parametres d’'ajust a I'equacié de Yasuda-Shedlovsky i el pK,
extrapolat per a cada farmac amb la corresponent desviacié associada a la

determinacio.
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3.5.3. Comparacio amb altres métodes

La Taula 3.5. mostra una comparacié de metodologies per a la determinacié pK,
d’'aquests farmacs poc solubles, particularment aquells que presentaven problemes i
que han estat mencionats anteriorment. Les substancies s’han separat en dos blocs,
les que es poden analitzar en medi aquds i les que necessiten de mescles hidré-
organiques. Per a la majoria de compostos es van trobar forces valors a la literatura
(pKagiy) determinats per a una gran varietat de métodes i condicions experimentals.
Tots els valors de pK, de la taula estan a forga idnica zero i a 25°C. No es van trobar
fonts fiables dels valors de pK, de la mifepristona, la niclosamida i el sertaconazol de
manera que no es poden incloure en la comparaci6. La taula també inclou informacio
sobre el cosolvent i I'interval utilitzat (% v/v) en cada determinacio. Algunes de les
referéncies no especifiquen l'interval de cosolvent, o fins i tot el cosolvent utilitzat (n.e.

a la taula).

En general s’observa que els resultats obtinguts pel métode IS-CE s’aproximen molt
als dels altres métodes. Quan s’analitzen les dades de la literatura per a les
determinacions en medi aquds, es veu que a aquests nivells de solubilitat les
valoracions potenciomeétriques requereixen I'is de cosolvents i métodes d’extrapolacio
per obtenir valors de pK, aquosos. Pel que fa a les valoracions espectrofotométriques,
llevat de diclofenac totes les mesures també es realitzen en medis hidro-organics. El
meétode classic CE esta en el limit entre I'is 0 no de cosolvents. Per exemple, la
constant d’acidesa de l'indometacina s’ha determinat en aigua per multiplexed CE,
mentre que el de miconazole requereix I'is de mescles de metanol-aigua i

I'extrapolacio a través de I'equacio Yasuda-Shedlovsky.

Si s’analitzen les dades experimentals de les determinacions amb el métode IS-CE
utilitzant cosolvents i es comparen amb les bibliografiques, es pot observar que per a
aquests nivells de solubilitat tots els métodes requereixen I'is de cosolvent i
procediments d’extrapolacido excepte el CE-MS. La técnica CE-MS permet la
determinacié directa en tampons aquosos, probablement a causa de que lalta
sensibilitat del metode li permet treballar a molt baixa concentracié. No obstant aixo,
aquest métode és lent i car a no ser que s’agrupin molts farmacs per a una

determinacio simultania.
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Taula 3.5. Comparacié entre els valors de pK, termodinamics a 25°C determinats pel métode

IS-CE i pels métodes de la literatura, per als compostos més insolubles de la Taula 3.4.

Compost PKagscey  PKagiy Meéetode Cosolvent % viv
Farmacs analitzats en medi aqués
Diclofenac 4.22 4.16 Pot. [96] Isopropanol 100
4.09 Pot. [38] MDM* 17 — 48
4.03 GLpK, espect. [63] No 0
4.21 CE-MS [74] No 0
Haloperidol 8.56 8.65 Pot. [21] MeOH 46 — 66
8.55 Pot. [97] MDM* 37 - 56
8.42 GLpK, pot. [63] n.e. n.e.
8.96 CE-MS [74] No 0
Miconazole 6.14 6.32 GLpK, espect. [63] n.e.. n.e.
6.38 Multiplexed CE [49] MeOH 30-60
Mifepristona 5.23 - - - -
Indometacina® 4.16 4.53 Classic CE [24] MeOH 24 — 66
4.15 CE-MS [74] No 0
4.18 Multiplexed CE [49] No 0
Niclosamida 7.25 - - - -
Farmacs analitzats en medi metanol/aigua (10-40% MeOH/H,0)
Acid mefenamic 417 4.22 GLpK, espect. [63] MeOH n.e.
Acid meclofenamic 4.09 4.10 GLpK, n.e. [63] n.e. n.e.
Sertaconazol 6.07 - - - -
Gliburida 5.44 5.22 CE-MS [74] No 0
Loperamida 8.79 8.90 GLpK, espect. [63] MeOH n.e.
Terfenadina 9.19 9.25 GLpK, pot. [63] MeOH 50 — 66
9.74 Pot. [98] n.e. n.e.
9.31 Multiplexed CE [49] MeOH 40 -60
9.21 CE-MS [74] No 0
Amiodarona 8.59 8.85 Pot. [25] MeOH 46 — 60
8.80 Pot. [38] MDM* 40 -60
8.73 Pot. [38] MeOH n.e.
8.94 Pot. [2] n.e. n.e.
8.73 GLpK, espect. [63] MeOH 40 -50
8.85 Classic CE [25] MeOH 50
8.62 Multiplexed CE [49] MeOH 50 — 60
Tamoxifé 8.40 8.36 Pot. [2] n.e. n.e.
8.51 Multiplexed CE [49] MeOH 40 -60
8.71 CE-MS [74] No 0

Espect.: espectrofotometria; Pot.: potenciometria. n.e.: no s’especifica a la referéncia.

a) Ref. [63]. b) Ref. [37]. c) Ref. [91]. d) Ref. [92]. e) Degradaci6 observada quan es prepara a

1mM d’acid o base.
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Un dels avantatges del métode IS-CE quan es treballa en medis hidro-organics és que
el pH de la solucié tampd es calcula dins del capil-lar a partir de I'lS, obtenint
directament el sz (pH en l'escala de la barreja hidro-organica) si el pK, de I'lS és
troba a 'escala sz. En altres métodes com la potenciometria, I'espectrofotometria i el
CE amb el métode classic el pH es mesura amb un eléctrode de vidre en general
calibrat amb tampons aquosos, mentre que les mesures de la mostra es realitzen en
preséncia de cosolvent. Per tant, aquests métodes necessiten una correccid per
canviar els valors de l'escala aquosa a l'escala de la mescla [49]. Aquestes

correccions, es poden evitar en el métode IS-CE.

Pel que fa al cosolvent utilitzat, es demostra que el metanol és el preferit degut a que
les seves propietats sén molt similars a les de l'aigua i és capag de solubilitzar molts
compostos insolubles en aigua. Observant l'interval de composicions (% v/v), gairebé
tots els métodes de referéncia (valoracions potenciomeétriques, espectrofotometriques i
el metode classic CE) requereixen I'is de volums de metanol més alts que el métode
IS-CE. Aquest fet presenta un avantatge ja que per a determinacions aquoses de pK,
mitjangant I'extrapolacié Yasuda-Shedlovsky, s’obté un resultat tant més precis com
més baix sigui el percentatge de solvent organic utilitzat. L’4s de MDM (volums iguals
de MeOH, 1,4-dioxa i MeCN) en lloc del metanol permet generalment disminuir el
contingut de solvent organic, tal i com s’observa per al diclofenac, I'haloperidol i
I'amiodarona. Tot i aixi, els resultats obtinguts demostren que el métode I1S-CE permet
la determinacio dels valors de pK, al 10% en metanol mentre que altres métodes
requereixen al voltant del 40-50%, fent que la fiabilitat del métode IS-CE resulti

superior a la dels altres.
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3.6. DISSENY D’'UN INSTRUMENT ESPECIFIC PER AL METODE IS-CE

En les seccions anteriors s’ha anat desenvolupant el métode IS-CE, aconseguint a
hores d’ara que aquest métode esdevingui rapid, fiable, precis i acurat per a
determinar constants d’acidesa de compostos d’interés bioldgic, sense importar la
seva solubilitat, nombre de constants o complexitat. No obstant aixo, els instruments
comercials d’electroforesi capil-lar sén grans, cars i tenen algunes limitacions. Per
exemple la necessitat de cobrir tot I'interval de pH (2-12) requereix la preparacio,
d’entrada, d’'una gran quantitat de tampons diferents, fent la preparacié d’electrolits
feixuga i llarga especialment per als tampons de mescles metanol-aigua. A més, el fet
de disposar tots els tampons a les safates de l'injector, redueix la capacitat per a
mostres i constitueix una limitacié de la utilitat d’aquest métode per a I'analisi de rutina.
Per a superar aquests problemes, en aquesta tesi s’ha dissenyat una instrumentacio
especifica adaptable pel métode IS-CE, tot simplificant i agilitzant el procés per a la

determinacio del pKa.

3.6.1. Disseny de I'equip

A la Figura 3.4 es mostra un diagrama d’un instrument desenvolupat recentment per a
la separaci6 rapida d’anions o cations inorganics, conegut en anglés com a sequential
injection — capillary electrophoresis [99-104]. Aquest sistema esta composat de dues
bombes, una per a la mostra i I'altra per al tamp06, connectades alhora a una valvula de
dues posicions anomenada valvula d’injeccid. Aquesta valvula tria automaticament a
través d’'un software quina solucio deixa passar a la interfase. Aquesta interfase és una
peca en forma de “T”, que connecta a la seva entrada amb la valvula d’injeccio i
perpendicularment amb el capil-lar (Figura 3.5). A la sortida connecta amb una altra
valvula, anomenada valvula d’aillament, que obre o tanca el canal en funcié de si
volem o no fer passar liquid pel capil-lar. La part final del capil-lar esta submergida a
un vial que conté el mateix tampd, on s’hi col-loca un eléctrode per tal d’aplicar la

diferéncia de potencial. L’eléctrode de terra es troba a la interfase.
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Figura 3.4. Diagrama esquematic d’'un sistema sequential injection — capillary
electrophoresis per a la determinacié rapida d’explosius inorganics [101]. G: terra;
HV: alt voltatge; C*D: detector capacitively coupled contactless conductivity.

Figura 3.5. Fotografia de la interfase. La solucié entra per la dreta i surt per

'esquerra, el capil-lar es troba connectat perpendicularment al flux de solucio. El
final del tub de sortida esta connectat amb la valvula d’aillament. El cable verd és

la connexio de terra.
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El sistema funciona seguint 6 passos principals: (i) s’activa la bomba del BGE per
rentar la interfase; (ii) es tanca la valvula d’aillament per fer entrar el BGE dintre del
capil-lar; (iii) un cop condicionat el capil-lar amb BGE, es gira la valvula d’injeccio i
s’acciona la bomba de la mostra per rentar la interfase amb mostra; (iv) es tanca la
valvula d’aillament o s’aplica voltatge uns segons per a la injeccié de la mostra al
capil-lar; (v) es torna a canviar la valvula d’injeccio, s’acciona la bomba del BGE i es

renta la interfase; (vi) s’aplica alt voltatge per a la separacio.

Com s’ha comentat anteriorment, d’acord amb les necessitats i requisits del métode
IS-CE, i basat en el sequential injection — capillary electrophoresis, es va dissenyar un
sistema per a generar l'electrolit en continu, anomenat en anglés on-line buffer

generation system. Aquest funciona tal i com mostra la Figura 3.6.

3D micromixer

Valvula
d’injeccio

Figura 3.6. Diagrama del on-line buffer generation system.

El procediment per a preparar els tampons en el métode IS-CE convencional es
realitza de la seguent manera: es mescla la proporci6 adequada d'una solucid
d’electrolit patré amb la quantitat adequada de HCIl o NaOH i finalment es dilueixen en
aigua o metanol-aigua segons convingui fins a un volum controlat. En el cas del on-line
buffer generation system la solucié tampd s’aconsegueix a partir de la mescla de
quatre canals. Se selecciona el BGE i el modificador (HCl o0 NaOH) i es bombeja per a
cada una de les bombes el flux desitjat per a generar qualsevol tamp6 (a qualsevol pH
a forga ionica controlada i constant) i/o qualsevol mescla hidro-organica. EI mesclador
de 3 dimensions o 3D micromixer, basat en les transformacions tridimensionals de
Baker [105], aconsegueix un flux unic i uniforme separant el flux en una dimensié i

tornant-lo a unir en una segona dimensio (senyalat amb una fletxa vermella a la Figura
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3.6). D’aquesta manera es va dissenyar digitalment un model tridimensional i va ser
imprés amb una impressora 3D utilitzant resina incolora. Aquest 3D micromixer va ser
dissenyat amb quatre canals d’entrada (des de la bomba 1 a la bomba 4) connectats
en forma de "Y" com es mostra a la Figura 3.6, creant un flux laminar de quatre
seccions diferents. Posteriorment, aquests quatre fluxos laminars es barregen dividint i
recombinant els fluxos en un angle perpendicular. Un estudi previ [106] va demostrar
gue es necessiten un minim de 4 unitats en el mixer per aconseguir una bona mescla.
Degut a que aquest sistema té reaccions acid-base i mescles d’aigua i solvent, es van
aplicar un total de 6 unitats per assegurar una barreja completa. La mida del xip és de

32 mm x 20 mm x 14 mm (amplada x algada x profunditat).

Tenint en compte les consideracions ja comentades sobre els BGE a la seccié 1.4.3
del Capitol |, les solucions mare dels electrolits seleccionats sén 6 dels estudiats fins
ara: HCOOH/HCOO" (pK, 3.75), CH3COOH/CH;COO" (pK, 4.76), BisTrisH'/BisTris
(pK, 6.46), TrisH'/Tris (pK, 8.08), CHES/CHES™ (pK, 9.55) i CAPS/CAPS™ (pK, 10.40).
Els patrons de BGE es preparen a concentracio 0.25 M. Per a seleccionar el BGE
desitjat s’utilitza una valvula de 6 posicions amb 7 ports, i una valvula de 2 posicions
amb 3 ports per a seleccionar el reactiu per ajustar el pH i la for¢a idnica (HCl o NaOH
0.25 M). La Figura 3.7 mostra una imatge de la valvula que controla els electrolits. Els

canals de I'aigua i el metanol es connecten directament als recipients receptius.

Figura 3.7. Fotografia de la valvula de
6 posicions amb 7 ports que
selecciona la solucié mare d’electrolit.
Els tubs transparents sén I'entrada i el
tub taronja la sortida. En aquest cas,
la fotografia mostra la selecci6 6, que
representa la succid d’electrolit
NaCAPS 0.25 M.

Combinant el sistema sequential injection — capillary electrophoresis i el on-line buffer
generation system es va dissenyar linstrument d’electroforesi «capil-lar per la
determinacié de constants d’acidesa pel métode IS-CE, Figura 3.8. Una fotografia

d’aquest sistema, tot indicant les parts més destacades, s'il-lustra a la Figura 3.9.
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Font
d'alimentacio

Detector UV
Solucions mare

Vial de sortida (0.25 M tampons,
KCI0.05 M NaOH i HCI)
3D Micromixer
Valvules
Bombes
Analits i

patrons interns

Figura 3.9. Fotografia del sistema per a la determinacié automatitzada de constants d’acidesa
pel métode IS-CE.

El sistema d’introduccio de la mostra es fa a partir de la succio simultania d’ambdés
compostos a través d’'una peca en forma de “Y” que els connecta. D’altra banda, degut
a la naturalesa del compostos d’estudi i dels patrons interns, aquest sistema incorpora
per primera vegada un detector UV. Aquests detector, en ser metal-lic i estar a prop de
I'electrode es va aillar mitjangant una caixa impresa en 3D tal i com es veu a la Figura
3.10. Altres especificacions técniques i mecaniques aixi com també el funcionament
del sistema i les condicions electroforétiques es troben ampliament desglossades a
l'article VII. Cal destacar que tot el sistema esta connectat amb un portatil i controlat a
través del software LabView v11.0. La Figura 3.11 mostra la pagina d’execucioé del

software.
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ActIPix

Figura 3.10. Fotografia del detector UV ActiPix D100. Les peces fucsia i gris
presents a la part superior i inferior formen la caixa d’aillament per al detector. La
finestra del capil-lar es troba al cartutx negre. El vial blau és on es submergeix la
sortida del capil-lar i a on es col-loca I'eléctrode per a I'aplicacioé d’alt voltatge. A la

dreta del detector es pot observar la interfase (peca negre).
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3.6.2. Determinacié automatitzada del pK, pel métode IS-CE

Com s’ha comentat al llarg d’aquest treball, un dels avantatges del métode IS-CE és
que no necessita una mesura acurada del pH del tampd6. No obstant aixd, com a
qualsevol métode, cal controlar la forga idnica en totes les determinacions. Per
aquesta rao, els tampons s’han de preparar amb exactitud a un pH determinat i,

sobretot, a forga idnica constant.

El pH de les mescles de tampd generades es van comparar amb el pH calculat a 30
valors diferents, entre 2.8 i 12.7 i amb 4-6 valors diferents de pH per a cada electrolit
del sistema. La mescla que sortia del 3D micromixer es recollia i es mesurava el pH
amb un pH-metre convencional. La bona concordang¢a que presenta la Figura 3 de
I'article VIl i els ajustos de la recta confirmen que la mescla dels 4 fluxos és bona per a
tot l'interval de treball. Altrament, per assegurar que la forga idnica es manté constant,
es van determinar pel métode classic pero utilitzant el nou disseny instrumental, els
valors de pK, de 8 acids i bases de la llista de patrons interns. Els valors d’aquestes
constants es van comparar amb els valors de referéncia de la llista, obtenint variacions
inferiors a 0.05 unitats entre ambddés métodes. En mescles metanol-aigua es va
estudiar com la mobilitat i el pK, de l'ibuprofé variava en funcié del % de MeOH. Aixi
mateix, també es va comparar el pK, experimental d’algunes de les mescles
MeOH/H,O amb el determinat a partir d’equips comercials. A la Figura 6 de I'article VII
s’il-lustra la bona concordanga entre els valors. Tots aquests resultats demostren la
bona barreja de tampons tant aquosos com hidro-organics, confirmant el bon
funcionament del on-line buffer generation system, aixi com també que el pH i la forca

ionica dels tampons generats es mantenen constants.

Diversos compostos acids i basics foren seleccionats com a compostos d’assaig per a
avaluar el sistema automatitzat IS-CE. Se’n van determinar les constants d’acidesa
diverses vegades i per a alguns d’ells es va realitzar amb diversos patrons interns. Els
valors resultants es van comparar amb els obtinguts a partir d’equips comercials com
ara I'electroforesi capil-lar Beckman (Palo Alto, CA, EUA) i Agilent Technologies (Santa
Clara, CA, EUA). Tal com mostra la Taula 3 de l'article VI, els resultats presenten
petites diferéncies entre les constants d’acidesa determinades per [linstrument
automatitzat IS-CE i I'instrument comercial de CE, perd que no superen una diferencia
de 0.07 unitats respecte els valors de referéncia, i la precisid és excel-lent, amb una

desviacio estandard de menys de 0.05.
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Utilitzant I'instrument automatitzat s’obtenen separacions més rapides en comparacio
amb els instruments comercials de Beckman o d’Agilent tecnologies. Aixd es deu
principalment a la utilitzacié de capil-lars molt més curts (Lp 15 cm) i voltatges més alts
(30 kV). Degut a que s'utilitza un menor diametre intern (25 pm) i una bona
refrigeracio, s’evita la calor causada per I'efecte Joule. D’altra banda, el fet d’aplicar
pressi6 a la separaci6 dona electroferogrames més rapids, elimina possibles
fluctuacions de la corrent i omple el capil-lar de tampd fresc constantment. Totes
aquestes condicions permeten obtenir electroferogrames d’entre 20 i 60 s, essent els
de les mescles de metanol-aigua els més llargs, a causa de 'augment de la viscositat i

la disminucié del corrent.

El on-line buffer generation system és el major avantatge d’aquest instrument en
comparacié amb els comercials, i és el primer a incorporar la generacié automatica
d’electrolit en linia. El sistema evita la inestabilitat i els errors ambientals i humans, ja
que es prepara un tampd nou cada vegada consumint petites quantitats de solucions
mare. En altres paraules, el software només requereix un pH i el percentatge de
metanol (o qualsevol altre solvent organic) per omplir el capil-lar de solucié fresca en

pPOCs segons.

Utilitzant el métode d’IS-CE amb aquest sistema automatitzat d’electroforesi capil-lar,
s’augmenta el rendiment per a la determinacié de constants d’acidesa. Per a un sol
compost es necessiten només dos minuts per a determinar la seva constant d’acidesa
i només mitja hora per a un conjunt de 20 compostos. El pK, de l'ibuprofé s’ha
determinat en 20 mescles diferents de MeOH/H,O en tant sols mitja hora sense la
necessitat d’'una preparacié de tampons prévia. Tots aquests avantatges fan d’aquest
instrument, juntament amb els avantatges propis del métode IS-CE, una eina simple i
rapida per a la determinacio de valors de pK, en una amplia gamma de condicions

experimentals.
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Conclusions

Del treball realitzat en aquesta Tesi es poden extreure les seglents conclusions:

1. Lallista general desenvolupada de 48 compostos de naturalesa acida i basica, de
diferent estructura i que cobreix tot I'interval de treball en electroforesi capil-lar és
una eina util i fiable per tal de seleccionar de forma simple i rapida el millor patré
intern per a una determinacié donada. D’acord amb els bons resultats en
comparacio amb els valors de la literatura, aquesta llista és adequada per a la

determinacio de constants d’acidesa de farmacs pel metode IS-CE.

2. El métode IS-CE és valid per a la determinacié de compostos poliprotics, fins i tot
per a aquelles determinacions on els valors de pK,; sén molts extrems o molt
proxims entre ells, i déna bons resultats en termes de precisio i d’exactitud en

relacidé amb els valors de la literatura.

3. Amb un capil-lar curt de 25 cm fins al detector, temps de condicionaments reduits,
un 0.4% de DMSO com a marcador, injeccio sequencial de 0.5 psi per 3 segons, i
I'aplicacié de 20 kV i 0.5 psi durant la separacio, es poden determinar constants
d’acidesa en un temps d’entre 3 i 5 minuts si s'utilitzen els tampons i patrons
interns recomanats. La determinacio rapida de pK, i la correlacié satisfactoria amb
els valors bibliografics dels 129 valors de pK, de 93 compostos conclouen que I'lS-

CE és valid per a la determinacié high throughput de constants d’acidesa.

4. La capacitat del métode IS-CE per a determinar constants d’acidesa de farmacs
parcialment solubles en medi aquds és del voltant d’'una solubilitat intrinseca de
10 M. No obstant aix0d, per a compostos amb solubilitats des d’aproximadament
10° M, cal adoptar diverses estratégies simples per véncer la precipitacié durant la
determinacio del pK,. Quan la solubilitat és més baixa de 10 M, la utilitzacio de

cosolvent i de procediments d’extrapolacié son estrictament necessaris.

5. Les valoracions potenciométriques i espectrofotométriques requereixen I'is de
cosolvent per a les determinacions de constants d’acidesa de compostos amb
solubilitats més altes que pel métode IS-CE. Per a les determinacions utilitzant la
técnica CE, en alguns casos el métode classic necessita I'is cosolvents mentre

que el métode IS-CE permet treballar encara en solucié aquosa.
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Els valors de pK, del conjunt de 48 patrons interns acids i basics desenvolupats
per a mescles de metanol-aigua sén valids per a la determinacié sistematica de

constants d’acidesa de farmacs entre el 0 i 40% de metanol.

Treballant en composicions metanol-aigua, el métode high throughput IS-CE pot
determinar constants d’acidesa aquoses de farmacs comercials molt poc solubles,
amb solubilitats per sota de 10® M. En comparacié amb altres métodes, la
potenciometria, I'espectrofotometria i els métodes basats en CE requereixen I'is
de percentatges de metanol més alts per a aquestes determinacions (40% minim).
El métode IS-CE pot determinar les constants d’acidesa d’aquests compostos
utilitzant només el 10% de metanol, obtenint d’aquesta manera extrapolacions

més bones quan es determina la constant d’acidesa aquosa.

Amb 5 bombes, 4 valvules i un 3D micromixer per combinar 4 fluxos diferents en
un flux dnic i homogeni, l'instrument dissenyat i construit per a I'l|S-CE determina
constants d’acidesa de forma rapida i automatitzada, sense importar la
complexitat, nombre de constants d’acidesa o solubilitat. El on-line buffer
generation system produeix tampons de pH entre 2.8 a 12.7 i a forga idnica
constant en medis aquosos i medis metanol-aigua (fins al 40% de metanol) en
pocs segons. Amb capil-lars curts de 15 cm fins al detector, alts voltatges (30 kV) i
I'aplicacié de pressioé durant la separacié, s’obtenen separacions de 20 segons i
determinacions de pK, en 2 minuts. La baixa desviacié estandard dels replicats i la
baixa variaci6 en comparacid6 amb els valors de referéncia mostren que aquest
sistema pot determinar constants d’acidesa de farmacs utilitzant el rapid i fiable
métode IS-CE.

Com a conclusio general, I'lS-CE per a la determinacio de pK, per a electroforesi
capil-lar és un metode high throughput, robust, simple i fiable. Aixi mateix, el
disseny del nou prototip CE automatitzat juntament amb el on-line buffer
generation system es presenta com a una instrumentacié idonia per a l'analisi
rutinari de farmacs potencials en laboratoris de mesures fisicoquimiques i de drug

discovery and development.



Conclusions

The results obtained throughout the Thesis have led to the following conclusions:

1. The developed reference set of 48 compounds with different structures that cover
all the useful pH range in capillary electrophoresis is a useful and fast tool that
allows selecting in a simple and fast way the best internal standard for a given
determination. The good agreement with the literature values proves that this set is

suitable to the pK, determination of drug by the IS-CE method.

2. The IS-CE method is able to determine pK, values of polyprotic compounds, even
though for those compounds with extreme or very close pK, values, and gives

good accuracy and precision when there are related with literature.

3. With a short capillary of 25 cm to the detector, reduced capillary conditioning
times, 0.4% DMSO marker, hydrodynamic sequential injection at 0.5 psi for 3s,
and the application of 20 kV and 0.5 psi during separation, a pK, can be obtained
in about 3-5 min using the proposed buffers and ISs. The fast pK, determination
and the good agreement with the 129 pK, values from 93 drugs, conclude that the

IS-CE method is meaningful for high throughput determination of acidity constants.

4. The ability of the high throughput IS-CE method to determine the pK, values of
poorly soluble drugs is around an intrinsic solubility value of 10™® M. However, from
compounds with solubility values around 10™° M, different simple strategies should
be adopted to avoid precipitation of the compound during the pK, determination
process. When the drug has solubility lower than 10 M, the use of cosolvents and

extrapolation procedures is strictly necessary.

5. Potentiometry and spectrophotometric titrations require the use of cosolvents for
determination of acidity constants of compounds with higher solubilities than the
IS-CE method. Regarding other CE-based methods, the classic CE method needs
in some cases the use of cosolvents, whereas in the IS-CE method it is still not

needed.
6. The developed pK, values of the 48 acidic and basic internal standards set for

methanol-water mixtures is suitable to determine acidity constants of drugs ranging

from 0 to 40% (v/v) of methanol.
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Working with methanol-water mixtures, the high throughput IS-CE method is able
to determine acidity constants of sparingly soluble commercial drugs, with aqueous
solubility under 10°® M. Compared to other methods, potentiometry and
spectrophotometry titrations as well as other CE-based methods require the use of
higher methanol percentages in the determinations (40% minimum). The IS-CE
method is able to determine the acidity constants of these water sparingly soluble
compounds at only 10% of methanol, obtaining therefore better extrapolations

when aqueous pKj is determined.

With 5 pumps, 4 valves and a 3D micromixer to combine four different flows into
one single homogeneous flow, the instrument designed and built for the IS-CE
method determines acidity constants quickly and automatically, regardless its
complexity, number of pK, values or solubility. The on-line buffer generation
system produces buffers from pH 2.8 to 12.7 at constant ionic strength in aqueous
media and methanol-water mixtures (until 40% of methanol) in few seconds. With
short capillaries of just 15 cm to the detector, high voltages (30 kV) and applying
pressure, separations of 20 s are obtained, and 2 min are required for a pK,
determination. The low standard deviation of the replicates and the low variation
compared to the reference values show this system can determine acidity

constants of drugs by the use of the fast and reliable 1S-CE method.

As a general conclusion, the IS-CE for the pK, determination by capillary
electrophoresis is a high throughput, robust, simple and reliable method.
Furthermore, the design of the novel CE prototype together with the on-line buffer
generation system is presented as an adequate instrumentation for the routine
analysis in physicochemical measurements and drug discovery and development

laboratories.
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