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L'objectiu d’aquesta tesi doctoral ha estat I'estudi i caracteritzaci6 de
membranes artificials de diversa naturalesa, utilitzant diferents técniques
analitiques que ens proporcionessin informacié de com els compostos es
comportaven davant de les membranes. Un cop que estiguessin
caracteritzades es pretenia determinar la seva capacitat per modelar
propietats biologiques, de manera que es poguessin conéixer alguns
d'aguests parametres sense necessitat de mesurar-los experimentalment.



Introduccio






1.1. Avaluacio de les interaccions farmac-
membrana

En el procés de desenvolupament de nous farmacs l'avaluacié de la
interaccié entre farmac i membrana és un pas critic, perqué la seva
activitat, toxicitat, distribucid i absorcié depenen de la seva particié a través
de diferents membranes (com lintestinal, la pell o la barrera
hematoencefalica)'. Encara que un farmac tingui un gran potencial en
estudis /n vitro no podra ser efectiu si no arriba al lloc on ha d’actuar. Per
tant, conéixer el seu comportament farmacocinétic és clau, en particular els
processos d'absorcid i distribucid. El problema radica en portar a terme
experiments amb sistemes biologics, ja que sovint pot resultar dificil per
raons teécniques i etiques, a més de comportar un elevat cost economic. Per
aquesta rad va sorgir la necessitat de trobar models capacos de predir el
comportament de compostos en sistemes bioldogics, amb I'objectiu
d’estalviar temps i diners en les primeres etapes de desenvolupament del
farmac.
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La lipofilicitat, expressada pel coeficient de particié octanol/aigua (log
Put), s’ha considerat tot sovint un parametre decisiu per modelar la difusid
passiva®>. No obstant, la biodistribuci6 de compostos d’estructura
complexa, com son molts farmacs, no sempre resulta ben explicada per
aquest coeficient®, degut a que els processos de distribucid en sistemes
biologics son significativament més complexos que els tipics sistemes de
particié quimics.

L'assaig de permeabilitat a través d’'una membrana artificial (PAMPA)
també ha estat utilitzat per mesurar la permeabilitat passiva’'’, amb
I'objectiu de predir I'absorcid oral de nous farmacs, obtenint excel*lents
resultats. En aquest cas no es basa en la particid octanol/aigua sin6 que
s'utilitza un altre solvent organic, I'hexadeca, per formar una membrana
artificial situada entre dos compartiments aquosos que els compostos
creuen o no en funcid de la seva lipofilicitat.

Un altre sistema utilitzat ampliament per avaluar la interaccié farmac-
membrana son els liposomes. Preparats a partir de fosfolipids, presenten
una estructura similar a la bicapa fosfolipidica que conforma les membranes
cel*lulars.

Figura 1.1. Estructura d'un liposoma
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Figura 1.2. Estructura d'una membrana cel*lular

Tot i que les cel'lules presenten més elements a les seves membranes
(com proteines, colesterol, sucres, etc.) l'estructura basica és molt similar a
la dels liposomes, ja que en els dos casos els fosfolipids formen una bicapa
enfrontant les cadenes apolars i deixant els caps polars cap a l'interior i
exterior en contacte amb medis aquosos, tal i com es veu a les figures 1.1 i
1.2.

Diversos estudis QSAR (Relacions Quantitatives Estructura-Activitat)
realitzats demostren I'utilitat del coeficient de particid dels liposomes per
modelar la partici® en membranes cel'lulars, proporcionant bones
correlacions amb Iactivitat dels farmacs''™'®. Perd aquesta técnica també
presenta les seves limitacions, degut a la dificultat de la preparacié dels
liposomes, l'equilibracié del solut a la suspensié del liposoma, la
quantificacié del solut lliure en preséncia dels liposomes, etc. El procés és
llarg i tedids, i aix0 impedeix que la tecnica s'apliqui a gran escala.
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Basant-se en la mateixa idea d’emprar els principals constituents de la
membrana cel*lular, els fosfolipids, va sorgir la cromatografia de membrana
artificial immobilitzada (IAM), desenvolupada per Pidgeon i Venkataram a

finals dels anys 80

HSC\ +/CH3
/N
HsC

Figura 1.3. Estructura d'una columna IAM
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La fase estacionaria IAM (Figura 1.3) es prepara enllacant covalentment
molécules de fosfatidilcolina a la silice, formant en aquest cas una
monocapa de fosfolipids, en lloc de la bicapa de les membranes. La silice
esta desactivada (endcapped) amb cadenes alquiliques C10 i C3 mitjangant
enllagos amida, per evitar interaccions no desitjades. De totes maneres, a
causa de l'impediment estéric, queden alguns grups propilamino lliures que
donen a la columna IAM una certa basicitat™.

L'objectiu d'aquesta nova tecnica era obtenir prediccions rapides i
precises de la distribucié de farmacs en sistemes biologics a partir de les
mesures de retencié en cromatografia de liquids d‘alta resolucié (HPLC).
Durant els Ultims anys s’han intentat trobar varies correlacions entre el
factor de retencié en columnes IAM i diferents parametres biologics, com
sén I'absorcid intestinal en rates'®!, la permeabilitat i particié a través de la
pell’®, o a través de la barrera hematoencefalica’®?. Es van obtenir bones
correlacions en alguns casos i en altres no tant, o només limitades a petits
grups de farmacs homolegs. Pero és una tecnica amb un gran potencial, i
es continua estudiant i treballant amb ella.

Durant tota la meva tesis he anat treballant amb les técniques fins ara
esmentades. A continuacid parlaré amb més detall del fonament de
cadascuna d‘elles i dels models teorics que vaig aplicar durant el seu estudi.






1.2. Cromatografia liquida d‘alta resolucid
(HPLC)

La cromatografia liquida d‘alta resolucié és una técnica de separacid
basada en la diferent distribucié dels components d'una mescla entre una
fase mobil i una fase estacionaria. Les fases son escollides de tal forma que
els soluts es distribueixen de diferent manera entre elles. Es a dir, o tenen
més tendéncia a quedar retinguts a la fase estacionaria, o tenen més
tendéncia a ser eluits per la fase mobil. A conseqiiéncia de la seva diferent
mobilitat, els components de la mescla se separen en bandes (pics
cromatografics) que  poden analitzar-se  qualitativament  i/o
quantitativament®.

El factor de retencid (k) és un parametre important que s'utilitza
freqlientment per descriure les velocitats de migracid dels soluts a les
columnes. Es pot definir com:

(M

13
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El temps de retencid (£z) és el temps que triga qualsevol solut en arribar
al detector des del moment en que és injectat, mentre que el temps mort
(tv) és el temps necessari perqué un compost que no es retingui en absolut
a la fase estacionaria arribi fins al detector.

Quan treballes amb cromatografia de liquids és molt important conéixer
les propietats de les fases implicades en el procés de transferencia per
poder escollir les millors condicions de treball. D'aquesta manera, part de
I'estudi realitzat esta dedicat a la caracteritzacid de fases estacionaries
mitjancant diferents models, sent una d’elles la columna IAM.

1.2.1. Caracteritzacid de l'acidesa de fases estacionaries

La silice és el suport més emprat per fabricar fases estacionaries degut
a la seva facilitat per enllacar amb diferents components, a més de les
seves propietats fisiques i mecaniques. Malgrat aixo també presenta alguns
desavantatges, especialment en lanalisi de substancies basiques que
interaccionen fortament amb els grups silanols lliures. Es freglient observar
en els pics cromatografics de compostos basics una baixa eficacia de la
columna, pics asimetrics, o augment de la retencié, deguts a una interaccio
amb el suport més que amb la fase estacionaria®.

S’han portat a terme diversos estudis per bloquejar o eliminar el
nombre de silanols residuals, o si més no disminuir la seva quantitat, com
son I'endcapping, el pretractament de la silice, o I'ls de silices hibrides
(formades per silice i metilsiloxans)®*%. Tot i aixi continuen quedant silanols
residuals a la superficie, en menor o major grau depenent de la
columna®’8, Aquests silanols poden ser de diferents tipus: aillats, geminals
o veinals (Figura 1.4) i poden interaccionar entre ells per donar diferents

estructures.
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Veinal (Enllag I) . Veinal (Enllag Il

H\ ,"l-\ \ -H

Geminal gy
OH

OH
Aillat

Figura 1.4. Silanols residuals lliures a la superficie de la silice.

S’han realitzat diversos estudis per determinar la interaccidé dels soluts
amb la silice?®. Molts d’aquests models estan basats en la retencié d’amines,
perd no hi ha cap acceptat universalment ja que els resultats depenen
fortament del solut emprat®®3!. A més, aquests compostos tendeixen a ser
voluminosos, fent dificil el seu accés als porus més petits de la silice i
interaccionant també amb la fase estacionaria, no només amb el suport,
degut a la seva hidrofobicitat.

El métode que nosaltres fem servir per caracteritzar I'acidesa de la silice
de la columna IAM esta basat en la variacid de la retencid d'un compost
ionic (nitrat de liti) en funcid de la variacid del pH d'una fase mobil
ionica®%8, El liti, a diferéncia de les amines, només experimenta interaccid
amb el suport per intercanvi ionic, i pot accedir als porus més petits degut a
la seva grandaria. Els cations sodi de la fase mobil queden retinguts als
silanols ionitzats, i s'intercanvien pels ions liti quan son injectats:

R;Si-O"Na™ + Li"¥ == R;Si-O'Li* + Na* (2)

El nitrat no queda retingut pels silanols carregats negativament, pel que
podem associar el seu temps de retencié amb el temps mort. En el cas que
la columna presenti silanols lliures I'injeccié del nitrat de liti ens donara dos
pics separats, degut a la major retencid del liti. Si els dos pics estan
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solapats mostrant un Unic pic, ens indica que no hi ha silanols lliures en
aquella columna i per a aquell pH de treball. A mesura que augmentem el
pH de la fase mobil els silanols es van desprotonant i retenint el liti,
depenent del seu pA.

L'acidesa dels silanols (pK;) i la seva abundancia (k) es calculen a
través de la segiient equacié®®, per ajust de les dades experimentals () al
pH de les solucions de treball:

m k/
=3 o) @)

/=1

on k és el factor de retencio de 6 liti i &; és la maxima retencié que es pot
aconseguir per a un tipus especific / de silanols amb acidesa pK;. Aquest
parametre &; es defineix amb la seglient equacio:

Lit
/(Na+ n;

Tty N1, E X

i

on K, . és el coeficient de selectivitat del catid liti respecte al cati6 sodi, 7

és el nombre total de silanols de tipus / &y és el temps mort (o sigui el
temps de retencio del nitrat), /Na’ ]y és la concentracié de cations sodi a la
fase mobil i A és el cabal de la fase mobil.

Una silice de bona qualitat sera aquella que tingui uns pK; elevats, ja
que els silanols aguanten sense desprotonar-se en la major part de
I'interval de pH de treball de la fase mobil.
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1.2.2. Model de polaritat

El model que relaciona la retencié amb la polaritat de la fase mobil ha
evolucionat al llarg del temps passant per diverses etapes. Inicialment es
van demostrar relacions lineals en un ampli interval de composicions de
fase mobil entre el log & dels soluts i el parametre E£30) (parametre de
polaritat de Dimroth-Reichardt)*>*®. En la forma normalitzada d’aquest
parametre, I'equacio queda:

logk=q+pE). (5)

A continuacio es va observar que els coeficients gi p de soluts estudiats
amb la mateixa fase estacionaria i fase mobil estaven interrelacionats, i per
aquest motiu es va reescriure lI'equacio (5) per convertir-se en la segiient:

logk = (logk), + plEY, — L) (6)

on £} és el parametre de polaritat normalitzat de la fase estacionaria. De

I'equacid (6) es pot deduir que la retencié d'un solut vindria descrita per un
parametre constant per a cada solut (p) i un parametre relacionat amb la

fase mobil (£),). Els altres parametres (log K)o i £ son constants per a

un determinat sistema columna-modificador organic.

El principal problema d'aquest model es que no es podia aplicar a totes
les composicions de fase mobil, la linealitat estava limitada a un determinat
interval. Per aquest motiu Rosés i Bosch van modificar I'equacié introduint

un parametre nou de polaritat**:
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logk =g +p PY (7)

on el parametre P es defineix mitjancant les seglients relacions

empiriques:
2.13¢
PY =1.00- —=2F
m 1.00 +1.42¢ (8)
1.334
PY =1.00-———"
m 1.00 +0.47¢ ©)

per a acetonitril i metanol respectivament. ¢ és la fraccié de volum en tant
per u de solvent organic a la fase mobil.

Els parametres p i g estan relacionats linealment segons la seglient
equacio:

g = (logk), - p P (10)

Substituint I'equacié (10) a l'equacié (7) s‘obté una equacié similar a la
(6), funcié d'un parametre del solut, altre de la fase mobil, i dos constants
del sistema:

logk = (logk), + p(PY — PV (11)

on P! és el parametre de polaritat de la fase estacionaria. Aquest model

ha estat comprovat per Rosés i Bosch en tot l'interval de composicions de

fases mobils acetonitril/aigua i metanol/aigua amb diferents columnes C18

obtenint bones correlacions®™’.
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1.2.3. Model LSER (Relacions lineals de I'energia lliure de
solvatacio)

El model LSER es basa en la correlacié de qualsevol propietat d’interes
(relacionada linealment amb I'energia lliure de solvatacid) amb propietats
moleculars del dissolvent o dels soluts que participen en el procés®. Aquest
model es pot aplicar a una propietat fisico-quimica (coeficient de particié
octanol-aigua (A,.), factor de retencié en HPLC (k)...) o a una propietat
biologica o toxicologica (barrera hematoencefalica (BBB), factors de
toxicitat...)**.

El logaritme de la propietat d'interés es pot correlacionar linealment
amb propietats moleculars del solut representades a través dels descriptors
moleculars segons l'equacié (12), que descriu la transferéncia d’'un solut

entre dues fases condensades:
log SP=c+ eE+ sS+ aA+ bB+ vV (12)
on SPés la propietat d'interes, en el nostre cas el factor de retencio ().
Les propietats representades pels descriptors sén les seglients:
e La refractivitat molar en excés ve representada pel terme de
polaritzabilitat £ que mesura la capacitat del solut per interaccionar
amb el medi mitjangant els seus electrons -n o -r per interaccions

de dispersié tipus dipol induit - dipol induit entre el solut i el

dissolvent.
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e El terme S avalua la dipolaritat i la polaritzabilitat conjuntament
perqué no és possible separar les dues contribucions. Mesura la
capacitat del solut per interaccionar amb el dissolvent mitjancant
interaccions dipol - dipol i dipol - dipol induit.

e El descriptor V representa el volum caracteristic de McGowan del
solut.

e L'acidesa i basicitat per pont d’hidrogen venen representades pels

termes Ai Brespectivament.

Els coeficients de l'equacid (12) reflecteixen les diferencies entre les
dues fases implicades en el procés de transferéncia respecte la propietat
del descriptor al que estan multiplicant. El coeficient e representa la
diferéncia de capacitat que tenen la fase mobil i estacionaria per
interaccionar amb els electrons -n o -n del solut. El coeficient s indica la
diferéncia entre aquestes fases quan interactuen amb el solut a través de
dipol-dipol i dipol-dipol induit. Els coeficients @i / mesuren la diferéncia en
basicitat i acidesa del medi per pont d’hidrogen, respectivament. Per ultim,
el coeficient v ens informa de la diferencia en hidrofobicitat de les dues
fases.

Aquests coeficients, i la constant (¢), es calculen mitjancant una
regressido multilineal dels logaritmes experimentals de la propietat de interés
d’'una série de soluts neutres i els seus corresponents descriptors. Un cop
que els coeficients ja s’han calculat es pot predir aquella propietat per a
qualsevol solut neutre de descriptors coneguts per a aquell mateix sistema
(mateixa fase estacionaria i composicié de fase mobil). En canvi, el model
deixa de ser util per a altres composicions de fase mobil, i s’haurien de

calcular novament els coeficients.
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Per poder aplicar el model LSER és necessari conéixer els descriptors
dels soluts. El volum de McGowan ()* i la refraccié molar en excés (E)* es
poden calcular directament a partir de I'estructura molecular del compost,
perd la dipolaritat/polaritzabilitat ($)* i acidesa i basicitat per pont
d’hidrogen (A i B)**** s’han de determinar experimentalment. Una altra
manera d'estimar aquests descriptors és mitjancant el programa de calcul
47,48

ABSOLVE que Abraham i col*laboradors van desenvolupar fa uns anys

encara que no és tan precis com les mesures experimentals.

1.2.3.1. Model LSER global
El principal desavantatge del model LSER és que només es pot aplicar a

una composicié de fase mobil, pel que és necessari realitzar tantes
correlacions com composicions es vulguin estudiar, implicant un gran volum
de feina experimental. Per solventar aquest problema es va desenvolupar
una equacié que permet predir la retencié de soluts neutres de descriptors
coneguts a multiples composicions de fase mobil*. Si es considera que
cadascun dels coeficients de I'equacié (12) varia de forma lineal amb la

composicio de la fase mobil, s'arriba a la seglent relacio:

log k= (Cv- Cuf) + (Ew - End)E + (Sw - Sup)S + (@w - @np)A + (b - D) B
+ (V- V) V (13)

on ¢ és la fraccid de volum en tant per u de modificador organic a la fase
mobil. Els coeficients d’aquesta expressié global s‘obtenen de manera
similar al model LSER classic, mitjancant una regressi6 multilineal, i
presenta |'avantatge que amb només 12 coeficients queden definides totes

les composicions de fase mobil per a una fase estacionaria concreta,
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estalviant moltes mesures experimentals respecte al model LSER classic,
que requereix del calcul de 6 coeficients per a cada composicié diferent.



1.3. Modelaci6 de sistemes biologics per
sistemes fisico-quimics

L'equacid (12) es pot aplicar a un gran nombre de processos. Per fer-
ho, és necessari determinar experimentalment la propietat d’interes, sent
en alguns casos un procés senzill (com el factor de retencid en
cromatografia de liquids) i en altres casos forca més complicat (com molts
parametres biologics). A la taula 1.1 es troben representats exemples de
coeficients LSER d’una serie de sistemes, extrets de la bibliografia.

Taula 1.1. Aplicacié de I'equaci6 LSER a diferents sistemes.

Processos

fisico-quimics SP e S a b v  Ref.

Octanol-aigua  /og P, 0.56 -1.05 0.03 -3.46 3.81 40

Hexa-aigua log P,y 0.58 -1.72 -3.60 -476 434 50

Columna C18-

ACN/aigua logk 038 -0.63 -0.63 -2.10 227 51

23
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Columna IAM-

ACN/aigua logk 0.47 -0.34 0.10 -2.26  2.17 52
Liposomes- logk 060 -0.69 032 -3.12 3.01 53
tampo aquos

SDStampo 0 024 030 -0.18 -1.85 298 54
aquos

Processos

biologics

Narcosi en cap- log

grossos (1/Coor) 0.77 -0.70 0.24 -259 334 55
Barrera log

hematoencefalica  BBB 051 -0.8 -0.72 -067 0.86 56

Particid alapell /fogk, 034 -021 -0.02 -2.18 1.85 19

Absorcid log
intest.humana HIA -0.03 0.14 -0.41 -0.51 0.20 57

" HIA = In[100/(100-% Abs)]

Els coeficients mostrats a la taula 1.1 s6n molt Utils, ja que un cop ben
caracteritzat el sistema, es pot predir la propietat d'interés de qualsevol
solut (sempre i quan coneguem els seus descriptors) sense la necessitat de
determinar-la experimentalment.

1.3.1. Estimacio de processos biologics a partir de relacions
LSER

Ja que la mateixa equacid (12) es pot aplicar satisfactoriament a
processos biologics i fisico-quimics, hauria de ser possible trobar
correlacions entre els dos tipus de processos que permetrien estimar unes
propietats a partir de les altres, més senzilles de determinar. En aquesta

linia d'investigacid diversos autors han estudiat la relacié dels coeficients
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LSER de dos sistemes per determinar si eren semblants entre si. Ishihama i
Asakawa>® consideraven aquests coeficients com a components d’un vector
en un espai de cinc dimensions i van proposar el cosinus de I'angle (cos &;)
que formaven els dos vectors com a mesura de la similitud entre els
sistemes. Si els dos sistemes sdn matematicament similars, el cosinus de
I'angle ha de ser un valor molt proper a 1. Com no és possible representar
aqui un vector de cinc dimensions, hem fet un simil amb un espai de dues

dimensions (Figura 1.5).

y
2 -
1 1 Wi D'
O ~
W.
0 . b
0 1 2

Figura 1.5. Representacio esquematica en dues dimensiones dels vectors
LSER (només dos coeficients), separats per un angle g; i una distancia D’

Abraham'®*° també va comparar diferents sistemes LSER mitjancant un
altre parametre, la distancia D’ Va considerar els cinc coeficients de cada

sistema com un punt en un espai de cinc dimensions, i calculava la
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distancia entre dos punts. Per poder considerar dos sistemes similars, ell va
proposar que tinguessin una distancia compresa entre 0.5 i 0.8.

Nosaltres proposem utilitzar com a parametre de mesura la distancia
entre els dos vectors, pero després de normalitzar els coeficients (Figura
1.6). Podem escriure I'equacio (12) de forma vectorial:

SP=c+w W (14)

on w és el vector dels coeficients i W el vector dels descriptors del solut.

y _
a) 2 b)
y
2 _
— 1 .
1 4 |Wu -
Wi
W,
u NH” _
W
0 T T O T 1
0 1 2 0 1 2
X X

Figura 1.6. Representacié en dos dimensions de la normalitzacié d’'un

vector LSER (a) i de la distancia entre dos vectors normalitzats (b).

El vector normalitzat w., és un vector unitari, que multiplicat per la
longitud (/) del vector LSER ens ddna el vector original. El podem calcular

mitjancant les seglients equacions:
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Wu:%(esab M (15)

/=ver +s2+a’+b? +v> (16)

La distancia d entre els vectors w. i w.; de la figura 1.6.b) ens informa
de la similitud entre els sistemes. Com més petita sigui la distancia, més
semblants son, i en el cas que la distancia fos 0, els sistemes serien idéntics
0 proporcionals. La distancia es calcula amb tots els coeficients LSER

normalitzats:

d= \/(eu/ _euj)2 +(Su/ _Suj)z +(au/' _auj)z +(bu/ _buj)z +(Vu/ _Vuj)z (17)

on e, = e, su= |51, au=lalll, bu= 16111 v,= |V/].

La nostra distancia ¢'i la distancia O’ d’Abraham no donen la mateixa
informacid, perque vectors unitaris que tinguin una distancia ¢ molt petita
podrien donar una distancia O’molt gran si les longituds dels vectors LSER
fossin molt diferents entre si.

En canvi, el nostre parametre si esta relacionat amb el cosinus de
I'angle de Ishihama, per una relacié trigonomeétrica, ja que els dos vectors
unitaris i la distancia ¢ formen un triangle isosceles, com s’aprecia a la
Figura 1.6.

cos g = cos (2 * arcsen (d/2)) (18)
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Els dos parametres mesuren el mateix concepte, perd considerem que
és més facil i intuitiu comparar sistemes a partir de la distancia d, perque
I'escala del cosinus no és lineal. Encara que les dues escales sén de similar
llargada (de 0 a 1 per a cos ;i de 0 a V2 per a @) només els valors de
cosinus entre 0.97 i 1 indicaran sistemes similars, mentre que les distancies

que ho fan van de 0 a 0.25.



1.4. Assaig de permeabilitat a través d'una
membrana artificial (PAMPA)

En els darrers anys una nova tecnica ha sigut dissenyada i utilitzada per
mesurar la permeabilitat passiva de nous farmacs, amb l'objectiu de predir
la seva absorcié oral. L'assaig de permeabilitat a través d’'una membrana
artificial (PAMPA)’° consisteix en dos compartiments aquosos (un donador
i un acceptor) separats per una placa filtrant porosa impregnada
d’hexadeca, que fa la funcié de membrana liquida (Figura 1.7). El compost
d'interés es carrega en el compartiment donador, i després de certs
intervals de temps d'incubacié es mesura la quantitat de compost que va
creuant la membrana cap al compartiment acceptor. D’aquesta manera, es
pot representar un perfil cinétic on es veu com la concentracié de farmac va
augmentant progressivament en el compartiment acceptor i disminuint en

el donador fins arribar a un equilibri.
29
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Compartiment
acceptor

Cotnpartirnent
donador

Much magnetic Ietnbrana d’hexadeca

Figura 1.7. Esquema d’un assaig PAMPA

Els perfils cinétics dels farmacs en els dos compartiments venen definits

per les seglients equacions:

ac, c, C
__palCo_Ca
a (vg I/Aj (19)
ac, c, ¢
_4p Al _ta
a (I/D I/A] (20)

on &, Wi G, V4 s6n les concentracions i volums dels compartiments
donadors i acceptors respectivament, i 4 és I'area superficial accessible del
filtre (area total multiplicada pel factor de porositat del filtre).

La solucié de les equacions diferencials (19) i (20) ens proporciona el

valor de la permeabilitat aparent:

A% C
P, =——D7A__|ni1_ 4
2T W, +V )AL { C J (21)

eq

on G, és la concentracié teorica a I'equilibri, sent la meitat de la que es
posa inicialment al compartiment donador en el cas que els dos
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compartiments tinguin el mateix volum. S'agafa com a temps ¢ un temps
d’incubacid inferior al necessari per arribar a I'equilibri.

L'objectiu del nostre treball va ser utilitzar aquesta técnica PAMPA ja
perfectament establerta per a una aplicaci6 completament innovadora:
determinar la constant d’enllag proteina-farmac (K). Aquest parametre és
molt important dintre del disseny de nous farmacs, ja que dependra de la
seva major o menor afinitat per les proteines de la sang que el farmac arribi
al seu lloc d'accié i en la proporcidé necessaria. Degut a la seva importancia,
fa molt de temps que aquest parametre s'estudia per diferents teécniques,
sent les més ampliament utilitzades la dialisi i la ultrafiltraci®®®.
Recentment, alguns autors també han intentat determinar la constant
d’enllag utilitzant albumina humana (HSA) immobilitzada en diferents
suports®>®, Tot i tenir I'avantatge de ser técniques facils d’automatitzar,
requereixen l'assumpcié de que la proteina immobilitzada conservara
completament les seves caracteristiques d'enllac.

La nostra aplicacié també utilitza I'albdmina humana, ja que és la
proteina més abundant a la sang, perd0 no esta immobilitzada sind en
solucié, pel que conserva completament la seva conformacid. Una certa
quantitat de proteina és afegida al compartiment donador juntament amb
el farmac i s'estudia com afecta la seva preséncia a la permeabilitat del
compost. Com més afinitat tingui el farmac per I'albimina, menys fraccio
lliure quedara en solucid i per tant, menys farmac creuara al compartiment
acceptor, donant una permeabilitat aparent inferior a la que té el farmac en
absencia de proteina. Ni la proteina ni el complex que forma amb el farmac
poden creuar la membrana d’hexadeca, només el farmac lliure. A la Figura

1.8 es mostra l'esquema del procés que té lloc.
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Farmac Compartiment acceptor

membrana IIJ’q:lllllllllllllllllllllll

Farmac + HSA —— Farmac-HSA ,
<— Compartiment donador

Figura 1.8. Esquema d'un assaig PAMPA introduint albimina humana al
compartiment donador.

En preséncia de proteina, I'equacid (19) es transforma en I'equacié (22),
mentre que I'equacié (20) resta igual, perque en el compartiment acceptor
continua havent només farmac.

at

Lo __p [Co_&
? Vo Vi

Al —= j -k,, HSA-C, + k. Complex (22)

A l'equacié (22) Complex i HSA representen les concentracions de
farmac-proteina i proteina lliure, respectivament. Les equacions (23) i (24)
descriuen la formacio i dissociacié del complex farmac-proteina.

dl;/fA - _konHSA : CD + koffcomp/ex (23)
% = kanHSA . CD - koﬁcomp/ex (24)

Perd no només la proteina que afegim afecta a la cinética de difusié del
farmac, sind que també es pot produir una certa retencié del compost a la
membrana. Aquest fenomen depen del coeficient de distribucié de la
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membrana (log Dyen), i per tenir-ho en compte s’han de transformar les
equacions (22) i (20) en (25) i (26).

dac, c, C
=—PA —-2_"M\_k HSA-C, +k . Complex
dt' a (VD VM J on D + off p (25)
dac, c, C,
=+P A L - —~2
at a (I/M V, J (26)

on Cy és la concentracié del farmac a la membrana a un determinat temps
t i Vy és el volum de membrana aparent (volum de membrana real
multiplicat pel coeficient de distribucid de la membrana). Per ultim, ens
falta afegir una altra equacié diferencial, la que descriu el pas del farmac a

través de la membrana:

dac,
dt

= +P,A Co 26y  Cs
I/D I/M I/A

(27)

Totes aquestes equacions diferencials no tenen solucié analitica, pel que
és necessari utilitzar el programa Berkeley Madonna® per calcular els perfils
cinetics mitjancant integracidé numerica. Es fixen les condicions inicials de
I'experiment i s’introdueixen les equacions diferencials de la (23) a la (27), i
el programa simula el perfil cinétic i troba els parametres optims de £, i Ky
per ajustar les corbes als punts experimentals. De fet K; es troba
desglossada a les equacions diferencials en les seves constants d’associacio

i dissociacio,
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koff

K =
7 k

(28)

on

pel que l'equacid (28) també ha de ser inclosa en el programa.



1.5. Liposomes

Els liposomes estan formats per una bicapa de moléecules lipidiques,
deixant una cavitat aquosa al seu interior. Quan els lipids de la composicio
(que poden ser un o diversos fosfolipids diferents) es posen en contacte
amb l'aigua, s'ordenen espontaniament en forma de vesicules de diferents
grandaries. Els liposomes han sigut utilitzats per modelar interaccions de
farmacs i altres biomolecules (com proteines, peptids, carbohidrats...) amb

membranes cel'lulars en nombroses ocasions®’”°

, degut a la seva
semblanca estructural.

S'utilitzen fosfolipids per formar els liposomes perque son els principals
constituents de les membranes biologiques. L'estructura general d'un
fosfolipid (figura 1.9) consta de dues cadenes d‘acids grassos de llargada
variable, esterificades a un grup glicerol. A la vegada el grup glicerol esta
esterificat a un grup fosfat en la posicié 3’, el qual té lligat un alcohol. Es
aquest alcohol del grup fosfat el que dona nom al fosfolipid, obtenint
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diferents compostos com ara fosfatidilcolina, fosfatidilglicerol,
fosfatidilserina, fosfatidiletanolamina, etc.

-
Alcohol \P"AO
CON0OI~_ e
i o Sl
(o)
z 7
CH—CQQ
0 O
o) 1 O
2
(H2C), }CHz)m
CH3 H3C

Figura 1.9. Estructura general d'un fosfolipid.

De tots ells, el més comu és la fosfatidilcolina, que consta de dues
cadenes de 16 carbonis esterificades al glicerol i una colina al fosfat (com
es pot apreciar a la figura 1.3). Presenta una carrega negativa del fosfat i
una positiva de la colina, pel que la carrega neta és zero. Aquest fosfolipid
és I'utilitzat en les columnes IAM i també és molt emprat en la fabricacié de
liposomes.

Com ja he comentat, els liposomes poden ser de diferent grandaria, ja
que poden estar formats per una sola bicapa o per diverses bicapes
concentriques. En funcié de la grandaria que es vulgui obtenir el procés de
fabricacid sera diferent. Quan els liposomes estan composats de diverses

bicapes s6n anomenats vesicules multilamel*lars (MLVs), i quan només
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presenten una Unica membrana es diuen vesicules unilamellars,
diferenciant-se per la grandaria en petites (SUVs), intermedies (IUVs) o
grans (LUVs)"..

1.5.1. Calorimetria d’escaneig diferencial (DSC)

La calorimetria d'escaneig diferencial (DSC) va ser la técnica que vaig
emprar en l'estudi de la interacci6 de determinats compostos amb
liposomes. La tecnica estudia el comportament termotropic dels lipids en
presencia i abséncia del compost, donant informacié de les interaccions
lipid-compost. Es basa en el diferent comportament de fase dels fosfolipids
quan se sotmeten a uns cicles de temperatura.

A baixes temperatures, les bicapes lipidiques es troben ordenades en
forma de gel (fase Ls;) on les cadenes son paral‘leles les unes amb les

altres, en contacte estret i estirades al maxim, presentant majoritariament

%  Transicié
de fase

Fase gel Fase cristall-liquid

Figura 1.10. Diferents conformacions de les cadenes lipidiques dins d’'una
bicapa.
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conformacidé trans. Quan augmentem la temperatura el gruix de la bicapa
disminueix, perqué les cadenes ja no estan completament estirades,
augmenten els moviments i la preséncia de conformacions gauche. En
conseqiiéncia, es passa a un estat desordenat de cristall-liquid (fase L,)"?,
com es mostra a la figura 1.10.

La temperatura de transicié de fase (7, és aquella temperatura a la
qual la meitat dels lipids estan en fase gel, mentre que I'altra meitat estan
en fase cristall-liquid. Aquesta 7, és especifica per a un determinat
fosfolipid, i si introduint un compost a la soluciéd dels liposomes aquest
parametre resulta alterat, ens indica que el compost esta interaccionant
amb el liposoma.

Els lipids que tenen caps polars molt voluminosos, com la
dipalmitoilfosfatidilcolina (DPPC), presenten una petita pretransicié abans
de la transicié principal, degut a que el volum dels caps polars fa inclinar les
cadenes del lipid”>"*.

Altre parametre que es pot estudiar d’'un termograma és I'amplitud a
mitja alcada del pic (A7), el qual informa de la cooperativitat de les
molécules lipidiques durant el procés de transicid. Si a I'afegir un compost
als liposomes el pic es fa més ample, aix0 ens indica que el compost esta
interaccionant amb la bicapa, trencant la cooperativitat de les cadenes que
la formen”. A la figura 1.11 trobem un exemple de termograma amb els
parametres comentats fins ara.
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Figura 1.11. Tipic termograma obtingut de MLVs de DPPC.
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Abstract

Residual silanol acidity and activity of one immobilized artificial membrane (IAM) column have been measured from the retention of LiNOj in the
column with a methanol/buffer (1 mM in Na*) (60:40, v/v) mobile phase buffered to different pH values. Just one type of silanol with {pK, = 7.61
(near the pH limit recommended by the manufacturer) was found, although these silanols show large activity. The results obtained have been
compared with those obtained previously for Resolve C18, Resolve Silica, Symmetry C18, Symmetry Silica, XTerra MS C18, underivatized
XTerra, Lichrospher 100 RP-18, Purospher RP-18e, Luna C18 (2) and Chromolith Perfomance RP-18e, showing that the IAM column is similar
to Luna C18 and Symmetry C18 in terms of silica quality, as measured by Li* retention. A warning about the use of IAM columns for emulation
of biological systems at physiological pH 7 is given because the ionized silanols may contribute to the retention of some drugs at this pH.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Immobilized artificial membranes; HPLC; Silanol acidity; Silanol activity

1. Introduction

Silica is the most widely used support for HPLC station-
ary phases [1-4], due to the fact that it is quite easy to bond
very different stationary phases to the particle, as phospholipids
in immobilized artificial membrane (IAM) columns. However,
during the manufacturing process of the stationary phases free
residual silanols remain on the surface of the silica, in more or
less extent. Basic analytes show a strong interaction with these
silanols, producing broad and tailing peaks [2-7].

There are several types of silanols (single, geminal, vicinal)
on the silica surface [6], which could have different acidity.
Although several methods have been studied to block, remove or
decrease the number of residual silanols [2,4,8,9], column end-
capping is the most widely used [1,2,4,9]. Another possibility is
to reduce the accessibility to free silanols by means of bulky or
sterically groups, bidentate ligands, etc. [2,4,10-13].

Several characterization tests have been reported in literature
to study the activity of residual silanols [3]. Most of them are
based on the retention of amines, although there is not a uni-
versal method. The problem is that these compounds have not

* Corresponding author. Tel.: +34 9340 39275; fax: +34 9340 21233.
E-mail address: marti@apolo.qui.ub.es (M. Rosés).

0021-9673/$ — see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2008.01.003

only silanophilic interactions but also hydrophobic interactions.
In order to correct the contribution of hydrophobicity, some tests
analyze the relative retention between bases and neutral com-
pounds [14,15]. Another alternative is to study the retention of
small cations, since they are not retained by the stationary-phase
due to their charge. We studied the possibility of using different
cations [16] and finally we chose the lithium due to its facility
to access to the smallest pores of the silica surface. Thus, we
developed a method to determine the solute—silica interactions,
based on an ion exchange between injected lithium ions and the
sodium ions of the mobile phase retained by the ionized silanols
in the column [16-18]. Lithium is not retained by the station-
ary phase due to its charge and small size. Therefore, retention
changes of the lithium peak with the pH of the mobile phase
indicate an interaction with silanol groups partially or totally
ionized. The acidity of the silanols is obtained by means of the
following equation:

m

ki
k=3 (W) M

i=1

where k is the retention factor of the lithium ion, and k; is the
maximum retention that can be achieved by the specific type i
of silanols (with acidity pKy;).
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Initially we characterized derivatized (Resolve C18, Symme-
try C18, XTerra MS C18) and underivatized columns (Resolve
Silica, Symmetry Silica, XTerra column) [17], and later, we
extended the method to Lichrospher 100 RP-138, Purospher RP-
18e, Luna C18 (2) and Chromolith Perfomance RP-18e [18].
Now, we are applying the method to a new HPLC column, the
TAM.PC.DD2. We have chosen this column due to its impor-
tance in studies related with biological properties. [AMs were
introduced as HPLC column-packing materials by Pidgeon and
Venkataram [19]. They are prepared by linking covalently syn-
thetic phospholipid analoguestosilica—propylamine particles, in
order to mimic the lipid environment of a fluid cell membrane
on a solid matrix. Due to this chemical similarity, JAM columns
are mainly used for the estimation of biomembrane transport
properties. Different correlations between the retention factor
on JAM columns and biological systems, such as drug trans-
port across the blood—brain barrier [20,21], human intestinal
absorption [22-24], and human skin permeability and partition
[25,26], have been reported in literature. The retention of some
compounds used in this kind of correlations could be affected
in some way by their interaction with the residual silanols, pro-
ducing false results. Therefore, we consider very interesting to
evaluatethe purity of the silicaused in IAM columns. Theresults
obtained in the present paper are compared with those published
in a previous work for other columns[18], in order to understand
better the properties of its silica.

2. Experimental
2.1. Apparatus

All measurements were performed with a ISCO Model 2350
dual-pump system with a 10-p.L, loop valve connected to a Shi-
madzu CDD-10Avp conductivity detector. Data were acquired
through the ISCO ChemResearch data management program.
The retention data were measured using an IAM.PC.DD2 col-
umn (100mm x 4.6 mm L.D., 12 pm of particle size, 300A of
pore size, endcapped, Regis Technologies, Morton Grove, IL,
USA).

Our previous studies [17,18] demonstrated that mass spec-
trometry (MS) and conductimetric detection could be both
employed to evaluate the ionic exchange between Lit ion and
Na* ions from the mobile phase retained in the column by the
ionized silanols. In this study, we have employed conductimet-
ric detection instead of MS, due to its lower cost and greater
simplicity.

All pH measurements were taken with a Ross Combination
electrode Orion 8102 (glass electrode and a reference electrode
with a 3.0M KCI solution in water as salt bridge) in a Cri-
son micropH 2002 potentiometer with a precision of £0.1mV
(£0.002 pH units).

2.2. Chemicals
Methanol was HPLC grade from Merck (Darmstadt, Ger-

many) and water purified by the Milli-Q plus system from
Millipore, with a resistivity of 18.2M§2cm. Buffers were pre-

pared from sodium acetate and trisodium citrate, purchased from
Merck. Lithium nitrate was from Prolabo (Barcelona, Spain),
99% purified.

2.3. Procedure

The mobile phase used was methanol/water (60:40, v/v)
buffered to different pH values, between 2 and 7.5 (pH range rec-
ommended by the manufacturer, measured in the aqueous buffer
before mixing it with the organic modifier). Acetate and citrate
buffers were used. The sodium concentration was kept constant
to 1 mM in the aqueous portion of the mobile phase. This mobile
phase was filtered through a 0.45 pum pore-size nylon membrane
(Whatman, Maidstone, Kent, UK) and degassed for 20 min by a
helium stream. The mobile phase flow was 1 mL min~.

Solutions of 0.01 mol L~ LiNO; in methanol/water (60:40)
were prepared and filtered through 0.45um nylon filter, and
10 pLL of the LiNO3 solution were injected into the HPLC sys-
tem. A change of sensitivity of the conductimetric detector was
done just after the elution of NO3 ™~ because the signal of Li* was
significantly lower than that of NO3 ™. Additionally, the polarity
was reversed for the acquisition of the Li* ion in positive mode.
All results obtained were the mean of at least three injections.

In all experiments, the column was first equilibrated with the
mobile phase for at least 30 min.

3. Results and discussion

The residual silanol acidity of a HPLC column can be mea-
sured from theretention of LINO3 with a methanol/buffer (1 mM
inNa*) (60:40, v/v) mobile phase buffered at different pH values.
Fig. 1 shows two examples of conductimetric chromatograms
obtained at §pH 5.1 and 7.1 for IAM.PC.DD2 column. In the
first chromatogram NO3z~ and Li* are eluted together in one
peak (void time), which indicates there is no cation exchange
for Li* at this pH. Nevertheless, at §pH 7.1, there are two peaks,
the second one corresponding to Lit, which was retained alonger
time due to the ionized silanols. After elution of the NO3 ~ peak,
the polarity was changed and the sensitivity was increased 10
times in order to see better the second peak. It might be argued
that the negative phosphate head-group of the phosphatidyl-
choline chains could contribute to Li* retention. However, the
pK, of this phosphate group is between 1 and 2 [27,28], so
at pH 3.5 more than 90% of them are deprotonated [27]. In
Fig. 1 it can be seen that at SpH 5.1 there is not retention of Li*
yet, so we conclude that the phosphate groups of the stationary
phase does not contribute to a significant retention of the injected
Lit.

The retention factor of Li* ion was measured at different SpH
between 3 and 8.5, and fitted to the mobile phase pH values
through Eq. (1) with Sigma Plot 9.0 software to determine
the extent of the silanols interaction. The best fit (r2 =0.997,
SD=0.27) was obtained with m=1, i.e. only one type of
silanols was observed in the pH range studied. Each type of
silanol is described by two parameters: its acidity (pK,) and
its effective activity (k). The acidity determines the pH value
from which the interaction of cationic solutes with the silanol
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Fig. 1. Chromatograms for the elution of LiNO3 from the IAM.PC.DD2 column
at two mobile phase pH values obtained by conductimetric detection. Sensitivity
of the detector was increased 10 times and polarity changed just after elution of
the NO3 ™~ peak.

will be noticed, while the effective activity measures the extent
of these interactions, i.e. the retention of the cation that will be
observed. For the IAM.PC.DD2 column, the model fitted to one
type of silanol with {pK, 7.61  0.02, similar in terms of acidity
to Luna C18 (7.244+0.17) and Symmetry C18 (7.87 £0.12)
[18], two HPLC columns with very high quality silica. In fact,
these two columns have more than one type of silanol because
their pH range studied is larger, but they would only show
one type working from {pH 3-8.5. The similarity of the silica
in all three columns is clear, although the importance of the
IAM.PC.DD2 silanols is bigger, since the associated k; value is
very large (18.14 £0.32). In fact, the silanols of IAM.PC.DD2
are the most active of all columns studied. Thus, the activity of
its silanols will only be shown near the pH limit recommended
by the manufacturer, but in a large extent.

30,0

Resolve Silica

25,0

20,0

Resolve C18
Symmetry Siica

Underivatized XTerra

15,0 4 Luna C18 ()

10,0 4

5.0 4 Symmetry C18

0,0 f----

RP-18e

<—Xterra MSC18

-5,0 T T T T
20 30 40 50 60

SpH

Fig. 2. Variation of silanol activity of stationary phases with the pH of the
mobile phase. For IAM.PC.DD2 column, experimental points have been added.
(|<>|);pH range studied.

There are also columns with silica of better quality than
IAM.PC.DD2, such as Purospher RP-18e, Chromolith RP-18¢
and XTerra MSC18, since no evidence of silanol activity was
found at any pH studied [18].

Fig. 2 shows all experimental points of IAM.PC.DD2 and the
fitting line calculated according to Eq. (1). Moreover, the curves
of those columns studied in the previous work [18] have been
added. By means of this plot, it is possible to know which silanol
activity is expected for a particular column at a known {pH of
mobile phase. In all cases the derivatization decreases silanol
activity (see Resolve Silica — Resolve C18 or Symmetry Silica
— Symmetry C18), and this effect is larger when the column has
been end-capped. IAM.PC.DD2 shows less silanol activity than
Resolve Silica, Resolve C18, Symmetry Silica, and LiChrospher
100 RP-18 for one particular pH, increasing steeply its activity
at 3pH 6.5. However, Luna C18 (2), Underivatized XTerra and
Symmetry C18 are less active than IAM.PC.DD2. Eventually,
Purospher RP-18e, Chromolith RP-18e and XTerra MSC18 do
not show any activity in the pH range of use recommended by
the manufacturers.

We have also tested the possibility of anion exchange for
IAM.PC.DD2 column, since some evidence of anion exchange
was observed in some columns in a previous work [17], but in
this case no evidence of this process was found.

4. Conclusions

‘We have demonstrated that residual silanol acidity and activ-
ity of IAM.PC.DD2 column can both be characterized through
the model proposed, being conductivity detection a suitable tech-
nique to evaluate the retention of cationic solutes due to the
ionized silanols. Analysis of Li* retention factor shows that it
does not have silanol interaction up to JpH 6. Nevertheless, at
higher {pH values, a large proportion of silanols was evidenced.

Although the relative population of silanols is very high, their
activity will not be shown until pH values close to the limit
recommended by the manufacturer. Since IAM.PC.DD2 column
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is widely used to emulate biological systems and these studies
are mostly done at pH 7, activity of ionized silanols can be
relevant in some applications. Special care must be taken when
working with basic compounds, as many drugs are, because their
retention can be affected by the ionized silanols.

Acknowledgement

We are grateful for financial support from the Spanish Gov-
ernment (Project CTQ2004-00965/BQU).

References

[1] K K. Unger, Porous Silica, Elsevier, Amsterdam, New York, 1979.

[2] UD. Neue, HPLC Columns—Theory, Technology, and Practice, Wiley-
VCH, New York, 1997.

[3] $.D. Rogers, I.G. Dorsey, J. Chromatogr. A 892 (2000) 57.

[4] UD. Neue, in: R.A. Meyers (Ed.), Encyclopedia of Analytical Chemistry,
Wiley, Chichester, 2000.

[5] D.V. McCalley, LC-GC Eur. 12 (1999) 638.

[6] J. Nawrocki, J. Chromatogr. A 779 (1997) 29.

[7]1 G.B. Cox, J. Chromatogr. A 656 (1993) 353.

[8] L.C. Sander, S.A. Wise, CRC Crit. Rev. Anal. Chem. 18 (1987) 299.

[9] LR. Snyder, J.J. Kirkland, J.L. Glajch, Practical HPLC Method Develop-
ment, 2nd ed., Wiley, New York, 1997.

[10] UD. Neue, C.H. Phoebe, K. Tran, Y.F. Cheng, Z. Lu, J. Chromatogr. A

925(2001) 49.

[11] I.J. Kirkland, J.B. Adams, M.A. van Straten, H.A. Claessens, Anal. Chem.
70 (1998) 4344,

[12] M. Petro, D. Berek, Chromatographia 37 (1993) 549.

[13] R. Arora, F. Ahmed, I. Rustamov, D. Babusis, T. Hanai, M. Arora, J. Liq.
Chromatogr. Rel. Technol. 21 (1998) 2763.

[14] T. Daldrup, B. Kardel, Chromatographia 18 (1984) 81.

[15] U.D. Neus, E. Serowik, P. Iraneta, B.A. Alden, T.H. Walter, J. Chromatogr.
A 849 (1999) 87.

[16] M. Rosés, EZ. Oumada, E. Bosch, J. Chromatogr. A 910 (2001) 187.

[17] A.Méndez, E. Bosch, M. Rosés, U.D. Neue, J. Chromatogr. A 986 (2003)
33.

[18] .M. Herrero-Martinez, A. Méndez, E. Bosch, M. Rosés, J. Chromatogr. A
1060 (2004) 135.

[19] C. Pidgeon, U.V. Venkataram, Anal. Biochem. 176 (1989) 36.

[20] A. Ducarme, M. Neuwels, S. Geldstein, R. Massingham, Eur. J. Med.
Chem. 33 (1998)215.

[21] A. Reichel, D.J. Begley, Pharm. Res. 15 (1998) 1270.

[22] S. Ong, H. Liu, C. Pidgeon, J. Chromatogr. A 728 (1996) 113.

[23] C.Pidgeon, S. Ong, H. Liu, X. Qiu, M. Pidgeon, A H. Dantzig, J. Munroe,
‘W.J.Hornback, J.S. Kasher, L. Glunz, T. Szczerba, J. Med. Chem. 38 (1995)
590.

[24] M. Genty, G. Gonzalez, C. Clere, V. Desangle-Gouty, J.Y. Legendre, Eur.
I. Pharm. Sei. 12 (2001) 223.

[25] A. Nasal, M. Sznitowska, A. Bucinski, R. Kaliszan, J. Chromatogr. A 692
(1995) 83.

[26] F. Barbato, B. Cappello, A. Miro, M.1. La Rotonda, F. Quaglia, Il Farmaco
53 (1998) 655.

[27] I.M. Boggs, Biochim. Biophys. Acta 906 (1987) 353.

[28] MR. Moncelli, L. Becueci, R. Guidelli, Biophys. J. 66 (1994) 1969.



Article 2

49

Jo Med Chern, 2006, 49, 4861 —4870

4861

Chromatographic Estimation of Drug Disposition Properties by Means of Immobilized Artificial

Membranes (FAM) and C18 Columns

Elisabet Lazaro,T Clara Rafols,” Michael H. Abraham.? and Marti Rosés™-

Departament de Quimica Analitica, Universitat de Barcelona, Marti § Frangues 1, E-0%028 Barceiona, Spain. and Department of Chemistry,

University College London, 20 Gordon Street, London WCIH 047, UK.

Received February 23, 2006

Chromatographic retention measurement in immobilized artificial membranes (JAMSs) is considered a fast
and reliable method to pradict biological properties (drug distribution) becausa of the TAM structure, which
consists of phospholiptd analogues bonded covalently to silica particles. A new parameter (&) 1s proposed
to estimate the similarity between TAM columns, conventional HPLC columins, and drug distribution systems,
and thus the performance of chromatographic systems to predict drug distribution. An IAMPC.DD2 colurnn
has been used for this study, together with two XTerra columns (MSCI8 and RP18), at several acetonitrile —
water mobile phases. According to the d parameter, good correlations should be obtained between
chromatographic systems (both IAM and C18) and octanol—water partition coefficient (log P}, and thus
both types of columns could be used to obtain log P values. The IAM PC.DDZ system shows a close sim ilarity
to human skin partition, tadpole narcosis, and blood—brain permeability processes, showing that it can be
useful as a model for these biological processes. Controversially, 1t 1s shown that human skin permeation
is more similar to CI8 partition than to IAM partition. Other biological processes such as blood—brain
distribution and tissue—blood partition show a poor similarity to TAM and C18 systems, demonstrating that
estimation of these drug distribution processes by chromatographic measurements may not be adequate.

Introduction

Drug distribution and activity depend on interactions with
biological membranes, so the evalvation of these interactions
is a key issue in the drug discovery process. Partition coefficients
between an aqueous phase and a lipid phase are thought to
predict the drug transport across biological membranes. As an
example, the logarithm of octanol —water partition coefficient
(log P and the logarithm of the partition coefficient in liposome
systems (log Fsrv)* have been tested. Since drug distribution
prediction by means of these techniques may be experimentally
laboricus, there i a need for faster predictive models. In this
sense, there have been different approaches, such as biosensors*
or IAM (immobilized artificial membranes) chromatography.

LAMs were introduced as HPLC column-packing materials
by Pidgeon and Venkataram.® The IAMs are prepared by linking
covalently synthetic phospholipid analogues to silica—propyl-
amine particles to mimic the lipid environment of a fluid cell
membrane on a solid matiix. The goal was to get fast and
accurate predictions of drug distiibution in biological systems
directly from the HPLC retention measurements. Several
correlations between [AM chromatography and biological
systems have been published. Pidgeon et al.® observed a weak
correlation of the IAM retention factor logarithin (log Apany) with
rat intestinal absorption {y = 0.791) and with permeability
through Claco-2 cells { = 0.762) for struchurally different drugs,
but they improved correlations by means of a molecular weight
correction (» = 0.858 and » = 0.854, respectively). Nasal et
al.” found a good correlation { = 0.942) between log A and
skin permeability coefficients (log X,) for a set of 10 steroids.
However, they obtained a poorer correlation (» =
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set of 14 phenclic compounds. Barbato et al.® showed a good
correlation (r = 0.952) of log kiane with the activity data on
closed sodium channels for a set of 13 anaesthetics, after
removing two outliers. The retention fhetors on IAM showed
poor correlation {# = 0.576} with the blood—brain concentration
raios (log BB) in the study by Salminen et al® using 26
strocturally different drugs. When they took into account the
effect of itonization and solute size and removed five outliers,
the regression model was improved {» = 0.921). Reichel and
]EBegleym studied the correlation between the log kray and the
logarithm of brain uptake index (log BUI) for six steroids (» =
0.854) and six biogemc amines {# == 0.864). A good correlation

(Par was observed for a set of 12 struchwally diverse diugs,
with melar volume as an additional descriptor, in the study by
Genty et al.'! The relation between 1AM binding data (CHI
TAM) of known drug melecules and human serum albumin
(HSA) binding, both obtained by chromatography, was studied
by Valko et al,'? showing that compounds with a certain
lipophilicity bind to both membrane and HSA.

The main purpose of this work is to characterize an 1AM
column by means of the solvation parameter model and to study
its similarity with common C18 chromatographic {Waters
KTerra columns) and biological (blood~—brain distribution,
intestinal absorption, skin permesability, and partition ...) systems.
According to these similarities, we can choose the most suitable
systerns (1AM or C18) in order to estimate biological properties
by means of chromategraphic measures,

Theoretical Basis

Riological activities of solutes can be related to structural
descriptors by means of quantitative structure—activity relation-
ships (QSARs). Among the OSAR models, the sclvation
parameter model®* has successfully described many biclogi-
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Figure 1. Schematic representation in two dimensions (only two
coefficients) of LSER vectors, showing the angle 6 and the distance
D’ between them.

cally interesting processes as well as physicochemical ones. For
instance, this model was used to characterize the octanol—water
partition (log P),'* tadpole narcosis (1/10og Cpar),'® skin perme-
ation and partition (log K, and log Ky.),'7 drug transport across
the blood—brain barrier (log BBB),'®!> human intestinal
absorption,’*~?? tissue—blood partition,>>?* micellar electroki-
netic chromatography (MEKC),>~2% and reversed-phase liquid
chromatography (RPLC)?~3! processes.

This solvation parameter model, the linear free energy
relationship (LFER), can be written as

SP=c+eE+sS+ad+ bB+ vV (1)

where SP is the dependent solute property. The solute descriptors
are the excess molar refraction £, the dipolarity/polarizability
S, the solute’s effective hydrogen-bond acidity 4 and hydrogen-
bond basicity B, and McGowan’s characteristic volume V.

When SP is the chromatographic retention factor (as log k),
the coefficients in eq 1, which are calculated by multiple linear
regression, represent the difference in solvation properties of
both phases forming the chromatographic system. Coefficient
e depends on the difference in the capacity of the solvated
stationary and mobile phases to interact with solute n- or
7- electrons; s is a measure of the difference in the capacity of
the solvated phases to take part in dipole—dipole and dipole—
induced dipole interactions; coefficients @ and b represent the
differences in hydrogen-bond basicity and acidity, respectively,
between the stationary and the mobile phases; and v is a measure
of the relative ease of forming a cavity for the solute in the
solvated stationary and mobile phases.

Since the same eq 1 can be applied to biological and
physicochemical processes, it should be possible to find
correlations between both kinds of processes. Since the solvation
parameter model, as many QSAR and chromatographic models,
can only characterize drug passive transport processes, the
correlations are restricted to these kind of processes. Active
transport processes, such as protein transport, cannot be modeled
well by eq 1, and thus they are not considered in our approach.
To test if a physicochemical process can model a biological
process, it is useful to study the relation between their LFER
coefficients. Ishihama and Asakawa®® considered these coef-
ficients as components of a vector in five dimensional (coef-
ficients) space and proposed cos 6 as a measure of the similarity
of the two LFERs, 0;; being the angle between the two LFER
vectors (i; and ;) (see Figure 1). If the two systems are
mathematically similar, the value of cos 6;; becomes close to 1.
The cos 0;; can be calculated as follows:

Lazaro et al.

=

W
|l
ee,tss,taa+bb+ vy

cos 0, =

@

\/e,-2 +s+a’+ b + 0} \/g/z + s/2 + a,2 + b/2 + l//-z

Later, Abraham'”33 compared different systems by means of
the distance (D) between them (see Figure 1). He considered
the five coefficients of any system as a point in five-dimensional
space and calculated the distance between each two points,
suggesting that D should be less than about 0.5—0.8 if the
systems are chemically similar.

We proposed to use the distance between the normalized
vectors of the systems as another measure of the similarity of
these systems.>* The LFER system can be written in matrix or
vectorial notation as

E
S
SP=c+(esabuv)Ad 3)
B
V
or
SP = ¢+ Wi o)

where 77 is the coefficients vector and J¥” the solute descriptors
vector. The coefficients vector can be normalized (i7,) by the
following equations:

W=l )

W,=1(esab) ©

I=VeE+s8+dP+ B+ )

where / is the length of the coefficients vector.

If there are two different systems with ,, and ,, respec-
tively, the distance (/) between both vectors provides a measure
of the two systems’ mathematical similarity (see Figure 2b).
The distance can be calculated according to

> ®)

g Jewe) 68 + @, —a,)’+
(bul - bu/)2 + (Uu/ - Uu/ B

where all the coefficients have been normalized. The smaller
the distance value is, the more mathematically similar are the
two compared systems. For instance, if two i and j LFERs are
linearly related, they will show the same normalized vector:

log SP,= ¢, + L, )

log SP, = ¢, + I, (10)
The d distance will be zero, and it is obvious that each LFER
system may model the other, although the D’ parameter is not
zero in this situation, since

D=i- an

On the other hand, we can relate the d distance parameter
with the Ishihama cos 0, by simple trigonometry, since the two
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Figure 2. Schematic representation in two dimensions of a LSER
vector normalization (a) and the distance d between two normalized
vectors (b).

unitary vectors and the distance () constitute an isosceles
triangle. This relation can be written as follows:

cos 0,_, = cos(2 arcsin(d/2)) (12)

This equation shows that both parameters measure the same
concept. The cos 0 is a measure of similarity (the higher the
cos 0 is, the larger the similarity of the systems is), and d is a
measure of distance (the lower d is, the closer the two systems
are). When the two systems approach each other, d tends to 0
and cos 0 to 1.

Experimental Section

Apparatus. The retention data were measured in an IAM.PC.DD2
column (100 mm x 4.6 mm i.d.. 12 um, Regis Technologies Inc..
Morton Grove, IL) and XTerra MSC18 and XTerra RP18 columns
(150 mm x 4.6 mm i.d.. 5 um, Waters Corporation, Milford, MA).
All measurements were performed with a Shimadzu liquid chro-
matograph (Kyoto, Japan) equipped with two Shimadzu LC-10AD
pumps and a Shimadzu SPD-10AV detector. The temperature was
controlled at 25.0 & 0.1 °C with a Shimadzu CTO-10AS column
oven. All pH measurements were taken with a Ross combination
electrode Orion 8102 (glass electrode and a reference electrode with
a 3.0 M KCl solution in water as salt bridge) in a Crison micro-pH
2002 potentiometer with a precision of £0.1 mV (£0.002 pH units).

Chemicals. Acetonitrile was HPLC grade from Merck (Darm-
stadt, Germany) and water purified by the Milli-Q plus system from
Millipore, with a resistivity of 18.2 MQ cm. The sodium dihydro-
genphosphate monohydrate (GR), the disodium hydrogenphosphate
(GR). and the sodium hydroxide (GR) were from Merck. The test
solutes employed were reagent grade or better and obtained from
Merck, Fluka (Steinheim, Germany), Aldrich (Steinheim, Germany),
or Carlo Erba (Milano, Italy).

Procedure. The eluents were mixtures of acetonitrile and 0.01
M phosphate aqueous buffer adjusted to pH 7, in percentages
ranging from 10% to 60% for the IAM.PC.DD2 column and from
20% to 60% for the XTerra columns because of the extremely large
retention times of several solutes in these columns. All compounds
were dissolved in methanol, and their concentrations were 0.1 mg
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mL~". The injection volume was always 10 uL. The detection
wavelength was 254 nm for all the compounds (except geraniol,
a-pinene, pyrrole, furan, 4-hydroxybenzyl alcohol, lidocain, and
p-cresole, whose wavelength was at 214 nm). Isocratic conditions
were always used at a flow rate of I mL min~'. The column holdup
time was determined by using an aqueous solution of potassium
bromide (0.1 mg mL~") as an unretained solute. Its detection was
performed at 200 nm. Retention data were expressed by the
logarithm of the capacity factor, log 4. defined as log k = log[(#, —
1,)/t,] where #, and ¢, are the retention times of the solute and the
unretained compound, respectively. All measurements were taken
in triplicate.

Results and Discussion

Characterization of Chromatographic Systems. IAM.PC.-
DD2, XTerra MSC18, and XTerra RP18 columns have been
characterized with the solvation parameter model through eq 1
by analysis of the log & data of 59 solutes. This set of solutes
with known descriptors must have properties sufficiently varied
to define properly all interactions in eq 1. In a previous study?®
we selected an adequate collection of 71 solutes from the current
database, which contains 2975 solutes with all five descriptors
characterized. We applied principal component analysis (PCA)
in order to select compounds that embraced a wide range of
descriptor values, avoiding cross-correlation among the descrip-
tors. In this study we have used 59 of these solutes that have a
reasonable absorbance for their detection and are neutral at the
working pH. We must emphasize again that characterization
by the solvent parameter model requires a set of solutes neutral
at the working pH with well-known descriptors. Thus, the
solutes selected are neutral at pH 7; they are mostly monofunc-
tional and only part of them are druglike molecules because
descriptors for most drugs and complex structures are not yet
available. The conclusions of this study might not be applicable
to molecules with a more complex structure and surely not to
ionized or partly ionized solutes.

The solute descriptors and the log & values obtained in the
different chromatographic systems are given in Table 1 except
for some compounds that could not be measured in all mobile
phases because of their strong retention. The structures and
properties of these columns have been given before.’> The
structure of the IAM.PC.DD2 column shows positive and
negative charges in the IAM surface, but we consider that they
do not affect significantly the distribution of neutral solutes
through the stationary phase.

The system constants and the statistics for the fit of the
solvation parameter model to the experimental log £ data are
summarized in Table 2. The outliers (solutes with a standard
residual greater than |2.5|) were removed when the models were
calculated (two to six outliers for correlation). Table 2 shows
that the solvation parameter model gives good statistical fits
and correlation coefficients. As far as we know, there are only
two studies in the literature’®3! reporting LSER parameters for
IAM columns. Both refer to 20% acetonitrile, but there are some
differences in the coefficients obtained by both sets of authors.
Our coefficients for 20% acetonitrile in Table 2 are between
those reported in these previous studies. Our e and v are very
similar to those reported by Lepont and Poole,’! while the a
and b are closer to the coefficients established by Valko et al.>
The s coefficient shows small differences with both literature
values. Regarding XTerra columns, there are not LSER cor-
relations reported, but we have compared the coefficient ratios
(elv, s/v, alv, blv) with those reported in a previous study’ for
different C18 columns with acetonitrile—water mobile phases,
and they are in good agreement.
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Table 1. Solute Descriptors and Retention Factors (log k) of All Studied Solutes

descriptors IAMPCDD2, ¢dro? XTerra MSCI8, dro KTerra RP18, o
solufe B s A B 1 0.6 0.4 0.2 0.1 0.6 0.4 0.2 0.6 0.4 0.2
,3-benzofuran 0.888 0.00 015 0.9053 —0.498 —0404 0.879 5194 0.305 0.870 683 0.242 0.805

1
21 1301 0.084
5 1326 0.085

0.52 036 10569 —0.432 0.095 0.799 L1s2 0.037
0.53 039 10569 —0.441 0.096 0.804 1170 0.027 0.

-dimethylphenol  0.850
-dimethylphenol  0.840

pa
-
2,
=
p

2-naphthol 1520 0.61 040 1.1441 0318 0.260 1.130 1614 0.013 0.348 1418 0.105 0

2-nitroaniline 1180 030 036 09904 - 0.076 0.534 0.847  —~0.060 0.363 1021 —0.008 0430
2-nitroanisole 0968 0.00 038 1.0902 2134 0486 0.799 0.033 0.319 1.220 0.015 0495
3-chloroaniline 1050 030 036 0.9390 ~0.023 0.636 0911 0.018 0.467 0495
3-nitroaniline 1200 040 035 0.9904 —0.155 0.408 0664 —0.153 0.286 0346
4-chloreacetanilide  0.980 0.64 051 1.2357 0.626 1009 —0.187 0310
4-chloroaniline L0560 030 035 0.93% 0.389 0.878 —0.022 0410 108 —0009 0426
4-chlorophenol 0915 0.67 020 0.8975 0.834 1249 —0.056 0418 1210 0.038 0518
4-nitroaniline 1220 042 038 09904 0461 —0.211 0.170 0731 —-0.119 0.293
acetanilide 0.870 046 069 1.1137 0.042 364 0109 0428 0325 —0.041
acetophenone 0818 000 048 1.0130 0.247 0522 0020 0.360 0976 —0.064 0316

o-pinene 0.446 000 012 1.25M 1.262 0.938

aniline 0.353 26 050 0.8162 0135 0229 0.071 ~.213 0.070

anisole 0.708 0.00 029 0.9160 0.771 0.194 0.687 0126 0.601
antipyrine 1320 0.00 148 0092 —-0571 -0367 0.351  —0381
benzaldehyde 0.820 0.00 439 0404 —0.033 8 —0.068 0.302
benzamide 0.990 049 067 —0.005  —0.582 403 537

benzene 0,610 000 0614 - 0,663 0,262 0735 0164

benzophenone 1447 000 0630 14808 0.236 1.683 0.382 1.063 2. 0.333

benzonitrile 0742 0.00 5 0.8711 ~0.236 0512 2.004 0423 1004 0020

benzy! benzoate 1.264 0.00 1.6804 0432 1.655 2232 620 1.435 0.309

bromoebenzene 0.882 0.00 0.8914 0.267 1.087 1389 0.4356 1.069 1.895 0.368 1.729
butylbenzene 0.600 0.00 1.2800 0.653 1.835 0.953 1.798 G.720 54
butyrophenone 0797 0.00 1.2857 0.066 0.829 1237 0.348 0932 1.808 0.257 0.824 1.612
caffeine 1500 0.00 13632 —0.89%4 —073 -0506 —0210 —0599 —0560 —0199 —0375 —0479 —0.221
chlorobenzene 0718 0.00 0.8388 0.191 0.545 1231 0.408 0.999 1.766 (321 0.888 1.615
corticosterone 1.860 0.40 2.738% 0.081 0.819 1444 0.174 0.284 G.780 4202 2.251 1.406
cortisone 1.960 0.36 27344 0.310 0487 1076 0.388 0.010 225 (.367 2.038 1.079
dodecanophienione 0.720 0.00 2.4229 1.637 1.873 1.484

estradiol 1.800 0.88 2.1988 0.639 1.836 —0.004 0.604 0.181 0807

estriel 2,000 140 122 22575 0109 1.059 1328 0560 —0.183 0897 —0.38% 0.054 1.188
ethylbenzene 0.613 0.00 015 0.9982 0276 1.104 1419 0.587 1.239 z2116 G425 1.068 1.852
furan 0.369 0.00 013 0.3363 —0.358 0.025 0.104 0.001 0.356 0732 —0.048 0304 0.601
geraniol 0.5313 039 066 1.4903 =0.067 1.050 1464 0.260 0.861 1.980 0183 0742 1.730
heptanophenone 0720 0.00 030 17184 0.642 1.909 2477 0.898 1.775 0.709 1.361

hy drocertisone 2,030 071 190 7075 0,232 0.540 L112 ~0410 -0.043 0844 —-0.374 0.000

m-cresole 0.822 057 034 09160 0077 0.503 0810 0122 0.279 0840 —0.067 0343

methy! benzoate 0.733 0.00 046 1.0726 —0.116 .521 0.819 0.15% 1368 0.086 0.549

Monuron £.140 047 078  1.4768 —0.115 0.574 0979  —0.181 ¥ —0.121 0.306

myrcene 0483 0.00 021 1.0000 0.743 2.001 1.082 0.804

naphthalene £.340 0.00 020 1.085 0.390 1762 0.533 0436 1.089 1.995
nitrobenzene 0.871 Q.00 028 0.8906 —~0.090 0747 1.107 0.077 0.549 1.087
c-toluidine 023 059 0957 11 0424 100 104 0.243 0.667
phenol .60 030 L7751 (O 0478 0238 ~0.173 0154 0.386
propicphenone 000 05F 1.1548 0.544 1878 0179 0112

propylbenzene 000 015 11391 1458 845 0.769

p-xylene 0.613 0006 0616 0.9982 1.121 E45S 0.584

prrimidine 0.606 0.00 065 0.6342 —G.637 —0544 —0.606

pyrocatechol 0.970 088 047 0.8338 0.124 0329 —0.447

pymrole 0.613 041 ; ~0.086 0007 0215 0.052

quinoline 1.268 .00 1.196 1.685 107 0.224

resoreinol 0.980 110 0.000 0249 —0.569 0380 0022 401 7
thioures 0840 082 077 ~0.687 —0641 0933 ~1.166 ~1.138 0866 1047 -1.264
thymol 0822 079 0352 1336 1795 352 1.034 2.080 G352 1020 1.959
toluene 0801 0.52 0.00 0,805 1066 0412 0.988 707 (.208 0.847 1517
valerophenone 0795 0.95 000 1.4366 0.244 1.150 1411 0.513 1.209 2232 0405 1.065 2.000

-y represents the different volume fractions of acetonitrile in the three studied columns.

Table 2. Constants for All Studied Chromatographic Systems (Standard Deviations in Parentheses)

coetfficients sfatisfics
system c e 5 a b & n r SO F
IAM.PC.DDZ (10% acefonitrile) —0.730(0.039) 0.761(0.059) 0.128(0.035) —1963(0.050)  2.400(0.043) 49 0994 0.068 708
TIAM.PC.DD2 (26% acetonitiife) ~0.705(0.038) 0.498(0.058) 0.187(0.033) ~-1.999(0.057)  2.131(0.938) 52 0994  0.066 742
1AM PC.DD2 (46% acetonitrile) —0.710(0.027) 0.292(0.042) 0.141(0.024) —1.193{(0.040) 1.168(0.027) 51 0391 0.047 480
1AM PC.DDZ (60% acetonitrile} 0.978(0.028) 0.268(0.041) 0.258(3.028) 0.189(0.025} 0.593(0.035) 0.616(0.028) 55 0363 0.050 izs

XTerra MSC1E (20% acetonitrile}
XTerra MSCI8 (10% acetonitrile)

0.272(0.076)  —0.669 432(0045)  —234600.060)  2.7640.062) 49 0993 0093 606

—0.424(0.034)  —171900043)  1759(0.030) 35 0994 0072 7Te4
XTerra MSCIR (60% acetonitrile) 317(0.033) 1080.041)  1.198(.030) 38 0891  0.069 550
XTera RP1R (2096 acetonitrile) 0.052)  —D.S79(.038)  —0.211(0.036) 3520.045)  2.564(0.040) 48 0896 0060  118%
XTerra RPLE (409 acetonitrile) ~0.172(0.029)  0.2330.047)  -0460(0.032)  —0.260(0.027) 0.036)  15B2(0.025) 55 0996 0056 132
X Terra RP1E (60%% acetonitrile) —0.330(0.020)  0.120(0.034) —0335(0.023)  —0.195(0.020) —0.996(0.026) 1.025(0.018) 55 0996 0.040 1220
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Figure 3. Plot of LSER coefficients vs volume fraction of acetonitrile
in the mobile phase, using as stationary phase a IAM.PC.DD2 (a), a
XTerra MSC18 (b), and a XTerra RP18 (c) columns: (M) coefficient
v: (@) coefficient e; (x) coefficient a; (A) coefficient s: (O) coefficient
b; (O) constant c.

Positive coefficients imply an increase in log £; i.e., partition
into the stationary phase is favored. Therefore, negative coef-
ficients indicate a greater affinity to the mobile phase. The larger
the coefficient absolute value, the greater the influence on the
retention in RPLC. The comparison between the coefficients
of each system shows that solute volume and hydrogen-bond
acidity are the largest coefficients in absolute value (v and b,
respectively). The coefficient v is large and positive in all cases,
and its value increases with the water content in the mobile
phase. This is due to the cohesive density of water. Therefore,
creating a cavity inside the mobile phase requires more energy
than is necessary in the stationary phase. All coefficients b are
large and negative, which indicates that the hydrogen-bond
acidity of the stationary phase is lower than the hydrogen-bond
acidity of the mobile phase. Thus, solutes with greater hydrogen-
bond basicity (large B descriptor value) are less retained.

All systems have negative s coefficient values, which shows
that stationary phases are less dipolar than mobile phases.
Regarding the coefficient e, all systems have positive values,
which indicates that stationary phases are more polarizable than
mobile phases.

The aA4 term depends on the column. Both XTerra columns
have negative a coefficient values; therefore, the stationary phase
has a lower hydrogen-bond basicity than the mobile phase.
However, the IAM.PC.DD2 column has a positive coefficient
a, which indicates that this stationary phase is a stronger
hydrogen-bond base than is the mobile phase. Thus, IAM has
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a)

b)

b a
Figure 4. Radial plots of LSER coefficients before and after their
normalization, in IAM.PC.DD2 column ((a) and (d), respectively). in
XTerra MSCI18 ((b) and (e), respectively), and in XTerra RP18 ((c)
and (f), respectively): (- *-) gpacn = 0.6; (=) pacn = 0.4; (++) pacn =
0.2; (== =) pacny = 0.1

stronger affinity to hydrogen-bond donor compounds than C18
columns. This is the main difference between all the columns.

The different proportions of the acetonitrile—water mobile
phases change the properties of the mobile phase and therefore
the values of the coefficients (see Table 2 and Figure 3). For
the IAM column the hydrogen-bond acidity of the mobile phase,
with respect to the same property of the solvated stationary
phase, is reduced significantly by addition of acetonitrile
(coefficient b increases). However, the lipophilicity of the mobile
phase is significantly increased by the addition of acetonitrile
(coefficient v decreases); i.e., the cohesion of the mobile phase
is strongly reduced when the content of acetonitrile in the mobile
phase increases. These properties change little at first (10—20%)
and more noticeably from 20% to 60% of organic modifier.
The variation of the other properties is smaller, but there is a
moderate increase in the polarizability (coefficient e decreases)
and a decrease in the dipolarity (coefficient s increases) of the
mobile phase with acetonitrile content. However, the hydrogen-
bond basicity of the system is hardly influenced by the
composition of the mobile phase. Therefore, solutes that differ
in size and hydrogen-bond basicity will show the greatest change
in retention with increasing acetonitrile content of the mobile
phase. The same trends are observed in all the studied stationary
phases.

Modeling of Biological Processes. The LFER coefficients
of selected biological systems were obtained from the literature
and are summarized in Table 3.
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Table 3. Constants for All Selected Biopartitioning Systems

Lirzaro et al.

coefficients statistics
number biopartitioning systems c e k3 a h v n & S0 F
1 blood—brain distribution 0.044 0.511 —0.886 —0.724 —(.666 0.861 148 0.843 0.367 7
2 blood—brain permn eability —1.210 0.770 0.000 —2.800 3310 18 0.976 0481 65
3 human intestinal absorption®? 0.544 025 ~(.514 0.204 127 0.8%4 0290 94
4 human skin permeation'? 5426 —0.106 ; 000 2296 119 0912 0461 112
5 human skin partition!” 0.341 0.341 024 ~2.178 1.850 45 0.962 0218 7
6 tadpole narcosis'® 0.582 0.770 —0.696 0.243 —2.592 3.343 114 0.952 0341 263
7 octanol-water distribution'® 0.088 0.562 1.054 0.034 3460 3814 613 0.997 01t 23162
tissne—blood partition
8 brain®’ 0.523 G195 —0.603 —0.627 —0.623 0627 302 0.75 030 138
9 muscle™ 0.039 ~0.100 ~0.080 ~0.254 0041 (.233 163 0.595 0.220 33

Table 4. Distances (o, £} and cos 8; Obtained between All Studied Chromatographic Columns with 40% of Acetonitrile and Selected Biopartitioning

Systems

chromatographic systems, 4 0% of acetonitrile

IAMPCDD2 XKTemra MSC18 XTerra RP18

biopartitioning systerns d g cos 8y d g €05 8y d g cos 8y
blood—brain distribution 0.712 1.208 0.747 3.603 0.818 1348 0.817
blood—brain permeability 0.234 3127 0973 3300 0.955 2614 0.96%
human intestinal absorption 0.888 1.420 0.606 0.702 0.754 1.863 0.721
human skin permeation 0.317 2.260 0.950 3,181 0.984 1.644 0.980
human skin partition 0178 1.222 0.984 0.223 0.975 0.754 0.98%
tadpole narcosis 0.143 2.661 0990 0.276 0.962 2176 0.973
octanol—water distribution 0.116 3.573 0.593 184 0.983 3.014 0.992
tissee—blood partition

brain 0.696 1.130 0.758 ¢.527 1.595 0.861 0.549 1405 0.850

muscle 1.194 1.663 02871 1.001 2.380 0.499 1.049 2164 0.450

Table 5. Distances {d) Obtained between All Selected Biopartitioning Systems

biopartitioning systems 1 2 3 4 5 6 7 8 9
blood—brain distribution 1 4
blond-brain permeability 2 0.544 0
human intestinal absorption 3 0.517 0.954 0
human skin permeation 4 0,728 0412 0.643 0
human s iti 5 9.757 0368 0742 0.199 [
tadpole nare [ 6.706 0250 0.909 0.372 0.238 0
octanoi—~water distribution 7 0.674 0213 0.848 0.268 (.182 0111 Q
tissue—blood partition

brain 8 0.159 0550 0779 0.627 0. 0.702 0.642 a

muscle 9 0.879 1.083 1.032 1.087 1.175 1127 1.103 0.819 0

Estimation of the Similarity between Systems. To compare
chromatographic and biclogical systems, we propose to use the
distance () between these systems calculated according to eq
8, where all the coefficients are nonmalized. When all compo-
nents of the system vectors are represented (see Figure da—c),
we can observe laige differences depending on the mobile phase
composition. However, if the system coefficients are normalized
(see Figure dd-1), these differences practically disappear. and
the distances between them become very small. There are
significant differences in the retention of the solutes depending
on the concentration of acetonitrile, so we obtain very different
coefficients for each mobile phase composition (see Figure 3).
However, the differences between these cluvomatographic sys-
terns are minimized when we normalize the coefficients. If we
calenlate the distance 4 between systems with the same
stationary phase and extreme percentages of acetonitrile
(AM.PC.DDZ d = 0.192 from 10% to 60% acetonitrile; XTera
MECTS 4= 0.114 from 20% to 60% acetonitrile, XTerra RPIS
d = 0.104 from 20% to 60% acetonitrile), we can conclude
that these systems are analogous. For this reason, it is not
necessary to calculate 4 between all chromatographic and
biological systems. We choose 40% of acetonitrile as an
intermediate and representative mobile phase composition, and
estimate 4 between all colurnng with this percentage and all
biological systems. The results are shown in Table 4. The

distance [, where the system coefficients are not normalized,
and cos &, caleulated according to eq 2, are also presented in
this table. Obviously, the same conclusions about the similarity
of the systerns will be obtained if we use d or cos 8y, since
they are related by a trigenometric equation. If cos 8; is near
1, the distance 4 is short (0—0.25), and the two compared
systems can be considered similar. However, we consider it to
be easier and more intuitive to compare pattition systems by
means of the ¢ parameter, since the cos 913 scale is not linear.
Both o and cos 6 scales range from O to 1, but because of the
lack of linearty in the cos £ scale, the range of the adequate
cosines for similar systems goes from 1 to 0.97 while the
distances go from 0 to ( The wider and linear range allows
us to obsarve at first sight the small differences between various
systemns, which is more difficult with the cosine range. On the
other hand, I does not provide the same information, as was
proved by eq 11, since it is possible that two systems are
separated by a small 4 but a large [ distance. For example,
the distances 2’ for the chiromatographic systems studied above
are very large (IAMPC.DDZ I = 2.360 between 10% and
60% acetonitrile, X Tema MSCI18 0" = 2.052 between 20% and
60% acetonitrile; XTerra RP18 1) 181 between 20% and
60% acetonitrile). It is obvious that these long distances point
to poor similarity of related systerns for which J indicates close
similanity (e.g., £ = 2.081 but 4 = 0.104 between 20% and
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Table 6. Solute Descriptors and Retention Factors (log k) of Some Selected Solutes from ref 17 in the Three Studied Columns

descriptors log k. gacn = 0.4
solute E N A B vV IAM.PC.DD2 XTerra MSC18 XTerra RP18
2.4.6-trichlorophenol 1.010 0.80 0.68 0.15 1.1423 -0.229 0.228 0.281
2.4-dichlorophenol 0.960 0.84 0.53 0.19 1.0199 0.376 0.651 0.767
2-chlorophenol 0.853 0.88 0.32 031 0.8975 1.014 0.326 0.429
2-nitro-p-phenylendiamine 1.525 2.05 0.35 0.70 1.0902 —0.412 —0.237 —0.126
3-nitrophenol 1.050 1.57 0.79 0.23 0.9493 —=0.011 0214 0.381
4-amino-2-nitrophenol 1.360 1.50 0.30 0.66 1.0491 —0.331 0.005 0.082
4-bromophenol 1.080 1.17 0.67 0.20 0.9501 0.187 0.463 0.583
4-chloro-3-methylphenol 0.920 1.02 0.67 022 1.0384 0.250 0.587 0.683
4-hydroxybenzyl alcohol 0.998 1.20 0.86 0.81 0.9747 —0.544 =0.516 —0.457
4-nitrophenol 1.070 1.72 0.82 0.26 0.9493 —0.262 —0.070 0.114
8-methoxypsoralen 1.611 1.70 0.00 0.80 1.4504 —0.068 0.451 0.477
cortisone 21-acetate 1.820 3.11 0.21 2.13 3.0521 —0.088 0.573 0.593
hydrocortisone 21-acetate 1.890 2.88 0.46 2.16 3.0951 —0.066 0.470 0.525
lidocaine 1.010 1.49 0.11 127 2.0589 0.349 0.753 0.613
o-phenylenediamine 1.260 1.40 0.24 0.73 0.9160 =0.507 —0.390 —0.354
p-cresole 0.820 0.87 0.57 031 0.9160 =0.093 0.261 0.334
progesterone 1.450 329 0.00 1.14 2.6215 0.425 1.287 1.122
testosterone 1.540 2.59 0.32 1.19 2.3827 0.232 0.630 0.611
8
6
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Figure 5. Plots of experimental log P vs experimental log & in
IAM.PC.DD2 (a), XTerra MSC18 (b), and XTerra RP18 (c) columns.

60% acetonitrile in XTerra RP18). This fact can be also observed
when we compare biological with chromatographic systems
(Table 4). There is a short D’ distance (1.208) between blood—
brain distribution and IAM.PC.DD2 but a large d distance
(0.712). In contrast, the D’ distance between IAM.PC.DD2 and
blood—brain permeability is large (3.127) but d is short (0.234).

If the values of d are analyzed, blood—brain permeability,
human skin partition, tadpole narcosis, and octanol—water
distribution would be the only systems considered as analogues
to the IAM.PC.DD2 with 40% of acetonitrile system (d < 0.25),
while the human skin permeation would be better explained by

log kre1s

Figure 6. Plots of experimental log K|, (skin permeation logarithm)
vs experimental log & (retention factor logarithm) in IAM.PC.DD2 (a),
XTerra MSC18 (b). and XTerra RP18 (¢) columns.

means of the XTerra MSC18 (d = 0.18). However, the small
differences between the XTerra RP18 and IAM.PC.DD2
columns in relation to the d parameter suggest that the XTerra
RP18 column could provide good correlations with the same
biological systems as well (see Table 4). On the other hand,
according to 7, the XTerra columns should be good models
for the human skin partition (D’ < 0.8). Finally, some biological
systems, such as the blood—brain distribution and the tissue—
blood partition (for muscle), cannot be modeled with any of
these chromatographic systems because all values of the distance
parameter are too large.
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We can also compare all biological systems between them
by means of the ¢ parameter (see Table 5). Not surprisingly,
blood—brain distribution and the tissue—blood partition (for
brain) are similar systems, and the same similarity can be found
between human skin permeation and partition. Regarding the
other systems, tadpole narcosis and octanol—water distribution
are analogue to blood—brain permeability and human skin
partition. Moreover, octanol—water distribution is also similar
to tadpole narcosis. The rest of the systems are too different
between them, according to d.

Examples of Modeling. According to d, the octanol—water
distribution should be well modeled by means of IAM.PC.DD2
(d = 0.12) and XTerra RP18 (d = 0.13) and slightly worse by
XTerra MSC18 (d = 0.18), although taking into account D',
they cannot be considered similar systems because the distances
are very large. Thus, according to the d distance, a good linear
relationship should be obtained between the logarithm of the
retention factor (log k) and the logarithm of octanol—water
partition coefficient (log P). The log P data for all studied solutes
were obtained from refs 15, 36, 37 (except a-pinene, geraniol,
and myrcene, which were not available), and their plots against
log k are presented in Figure 5. Three correlations were obtained
(for IAM.PC.DD2, XTerra MSC18, and XTerra RP18 columns,
respectively):

log P =2.185 + 3.034 log k;,\ (13)
n=>56, r=0.960, SD=0.362

log P = 1231+ 1.722 log kysc1s (14)
n=55 r=0924, SD=0433

log P=1.109 + 2.040 log kgps (15)
n=355 r=0952, SD=0.347

In these equations and in the following ones, n denotes the
number of solutes, r is the correlation coefficient, and SD is
the standard deviation. It is obvious that there are good
correlations in all cases, specially for IAM.PC.DD2 and XTerra
RP18, since they present better statistics as is predicted by our
d distance. The correlations embrace a large large lipophilicity
range of 7 log P units, with very few outliers (2,3-benzofuran
and thiourea for IAM.PC.DD2; estradiol and estriol for XTerra
MSC18 and XTerra RP18). These results are in good agreement
with other ones published before,*? where it was shown that
HPLC can be used to determine log P easily using suitable
stationary and mobile phases.

The human skin permeation and partition systems were also
selected in order to be modeled by chromatographic systems.
The experimental data of log K, (skin permeation) and log K.
(skin partition) were extracted from ref 17. Seventeen substances
from Table 1 (2-naphthol, 4-chlorophenol, aniline, anisole,
benzaldehyde, benzene, caffeine, corticosterone, cortisone, es-
tradiol, ethylbenzene, hydrocortisone, m-cresole, phenol, resor-
cinol, thymol, and toluene) were included in this study, since
their experimental log K, or log Ky values were known.
Moreover, a set of new solutes was selected and studied in the
three columns, using 40% of acetonitrile. Their descriptors and
the experimental log k data are summarized in Table 6.

Plots of experimental log K, versus experimental log & for
the selected solutes in the three columns are shown in Figure
6. Three correlations were obtained (for IAM.PC.DD2, XTerra
MSC18, and XTerra RP18 columns, respectively):

Lazaro et al.

log K, = —5.154 + 1443 log kyy, (16)
n=32, r=0514, SD=00916
log K, = —5.728 + 1.636 log kyscys 17
n=32, r=0739, SD=0.719
log K, = —5.865 + 1.849 log kypys (18)

n=232, r=0746, SD=0.711

The human skin permeation gave fair correlations with XTerra
MSC18 and XTerra RP18 (according to d = 0.18 and d = 0.20,
respectively), while the IAM.PC.DD2 column (d = 0.32)
showed such a poor correlation that it is not useful for predicting
skin permeation. Although the d distance between XTerra and
skin permeation is only slightly larger than the d distance
between IAM (or XTerra) and octanol—water partition, the
correlation is worse. This fact is due to the precision of the
original data, since parameters for physicochemical processes
(octanol—water distribution) can be measured more easily,
precisely, and accurately than those for biological processes
(skin permeation). This can be easily observed in the statistics
(r and F) of the original LFER correlations presented in Table
3. Thus, there are two main factors that influence the precision
(r and F) of the biological—chromatographic systems correla-
tions. One is the similarity of the two systems correlated,
measured by the d distance between them. The other one is the
precision (e.g., standard deviation) with which the correlated
data (both chromatographic and especially biological) have been
measured. The larger the ¢ distance among systems and the
standard deviation of the biological data are, the poorer is the
correlation with chromatographic parameters.

2381
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Figure 7. Plots of experimental log K (skin partition logarithm) vs
experimental log & (retention factor logarithm) in IAM.PC.DD2 (a),
XTerra MSC18 (b), and XTerra RP18 (¢) columns.
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Good correlations were obtained between the human skin
partition (log K and chromatographic systems (log k). Rela-
tionships are shown by the following:

log K, = 1.555 + 1.522 log oy (19)
7w 0.919, 8D =019
log K. = 1131 +0.855log k1908 2m
n=15 r=0872 SD=0242
log K = 1.099 + 0.950 log &pp5 2n

n=15 r=102847 SD=0.263
for IAM.PC.DD2, XTerra M3C 18, and XTeira RP18 columns,
respectively.

The‘;e correl ariom are illum‘ared in Figure 7

The best of Them

has Ehc amaﬂmt uZ gldﬁktm‘- for the other tvm cohmms (d =
0.223 and 0.187) are not as good, although they are still quite
reasonable.

Conclusions

It has been shown that the proposed d parameter is a good
measure of the mathematical similarity between biological and
chromatographic systerus, previously characterized by means
of the solvation parameter model. It allows a choice to be made
for the most appropriate chromatographic system (JAM or C18)
to model a particular biclogical system and to estimate drug
distribution parameters in the biclegical system from retention
measurements in the selected chromatographic column,

The results obtained demonstrate that contrary to commen
belief immobilized artificial membranes are not always the best
choice to model a biclogical drug distribution systern, since for
sorne of them common C18 columns may show better perfor-
mances. The octanol—water partition, tadpole narcosis, human
skin partition, and Bblood—brain permeability can be well
modeled by IAM columms, but human skin permeation is better
modeled by C18 columns. Application of the d parameter shows
that some biological systems (e.g., blood—brain or tissue—blood
distribution) cannot be well modeled by IAM or C18 columns,
and thus use of [AMs to estimate drug-distribution parameters
for these systems is inadvisable,
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Abstract

Immobilized artificial membranes (IAMs) prepared from phosphatidylcholine analogs are used as stationary phases in liquid chromatog-
raphy systems to model drug partitioning between an aqueous phase (mobile phase) and a cell membrane (IAM column). Two different
chromatographic models, which describe retention as a function of solute and column-mobile phase properties, have been applied to charac-
terization of an IAM and two reversed phase C18 columns (Waters XTerra MSC18 and XTerra RP18) with acetonitrile—water mobile phases.
The comparison of the results shows that the phosphatidylcholine group makes IAM column more polar than both XTerra columns, specially
in terms of hydrogen-bond acceptor ability. XTerra RP18 is slightly more polar than XTerra MSC18 because of the presence of the embedded

carbamate polar group.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Immobilized artificial membranes (IAMs) were developed
by Pidgeon and Venkataram [1] by covalent binding of a phos-
pholipids monolayer (typically phosphatidylcholine-PC) to
silica-propylamine particles. Because of steric hindrance,
some residual free propylamino groups still remain on the
silica surface after coupling with the phosphatidylcholine
molecules. As a result, IAM columns show a basic IAM.PC
subsurface [2].

IAM columns are mainly used for the estimation of
biomembrane transport properties due to the fact that they
are physically and chemically similar to cell membranes
and, therefore, mimic fluid phospholipid bilayers. Thus, for
instance, the retention factor on IAM columns correlated well
with solute partition coefficients in fluid liposome systems
[3.4] and has been used to predict drug transport across the
blood-brain barrier [5,6]; to prognosticate skin permeability
and skin partition coefficients [7,8] and to predict intestinal
absorption [3,9,10].

* Corresponding author. Tel.: +34 934039275: fax: +34 934021233.
E-mail address: marti@apolo.qui.ub.es (M. Rosés).

0021-9673/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
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There is not a universal model to characterize chromato-
graphic columns due to the fact that the retention process
is very complex and depends on many factors. One of the
models tested lately is a solvation parameter model [11-13].
However, there are many others which have been developed
to predict the retention of a solute in RPLC. The main pur-
pose of this work is to characterize several columns by means
of two chromatographic models: the global linear solvation
energy relationship (LSER) model and the polarity model.
In addition to IAM.PC.DD2 column, in this report XTerra
MSCI18 and XTerra RP18 columns have also been tested,
and all of them have been compared.

2. Theory
2.1. Linear solvent strength theory (LSST)

The retention data (log k) of a neutral solute can be related
to the composition of the mobile phase by means of a quasi-
linear function [14-17], over a limited range of organic
solvent:

log k = log ky, — my¢ (1)
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where k1s the solute retention factor at a specific mobile phase
composition, ¢ 1s the mobile phase composition expressed as
the volume fraction of the organic modifier, &, is the solute
retention factor extrapolated to mobile phase equivalent to
pure water, and m is a solute-dependent solvent strength
parameter specific to the organic modifier on the stationary
phase under consideration.

The value of k,, varies substantially with the type of mobile
phase modifier, which should not vary if the E¢. (1) was valid
over the entire range of mobile phase composition. Another
problem of this model is that it is only valid for one solute,
since different solutes require different k., and ny, parameters.

2.2, Linear solvation energy relationship (LSER)

The LSER model has been widely used for a lot of dif-
ferent systems, including many chromatographic systems.
The logarithmic retention factors (logk) at a single mobile
phase composition can be correlated with the solutes molec-
ular properties using the I.SER model [18-20]:

logk=c+ eE+ 55+ ald + bB+ vV 2)

where k is the solute retention factor. The solute descriptors
are the excess molarrefraction E, the dipolarity/polarizability
S, the solute’s effective hydrogen-bond acidity 4 and
hydrogen-bond basicity B and McGowan’s characteristic vol-
ume V.

The coefficients in Eq. (2), which are calculated by mul-
tiple linear regression, represent the difference in solvation
properties of both phases forming the chromatographic sys-
tem. The ¢ coefficient depends on the difference in capacity
of the solvated stationary and mobile phases to interact with
solute #2- or - electrons; 5 is a measure of the difference in
capacity of the solvated phases to take part in dipole—dipole
and dipole-induced dipole interactions; the @ and b coef-
ficients represent the differences in hydrogen-bond basic-
ity and acidity, respectively, between the stationary and the
mobile phases; and v is a measure of the relative ease of
forming a cavity for the solute in the solvated stationary and
mobile phases.

Each mobile phase composition is characterized by a dif-
ferent L.SER equation. Therefore, the number of retention
measurements increases with the number of mobile phase
compositions being characterized.

2.3, The global LSER model

Tt would be much more efficient if we could predict reten-
tion for multiple neutral solutes at multiple mobile phase
compositions. For this reason, the LSER and L3ST models
were both combined [16,17]. The log k., and my parameters
were modelled by the LSER theory, as shown by the follow-
ing equations:

logky = iy + ewE + 58S + awA + byB + v,V 3)

mig = cm + emE +5mS + amA + bpB v,V [€))]

Replacing Egs. (3) and (4) in Eq. (1), a global linear solva-
tion energy relationship model (global LSER) was derived:

log k = (cy — cm®) + (ew — em@)E + (50 — sm$)S
+(aw — @A + (b — b d)B + (v — vV
&)

It is also possible to obtain the same model considering
the coefficients of Hy. (2) as linear relationships of ¢. The
global LSER 1is a great experimental simplification, since it
only requires 12 coefficients instead of six coefficients for
every ¢ value using the LSER model.

2.4. The polarity model

We have developed a polarity model for neutral solutes
[17,21] based on a new solvent parameter (PY), which is
related to acetonitrile—water mobile phase composition:

2134

PY —100- =¥
1+ 1429

©)
The retention factors in all experimental mobile phases
are related to this parameter, according to:

logk =g+ pPY (7

where ¢ and p are constants depending on the solute. Next,
a linear correlation is established between g and p for all
solutes in order to obtain first estimates of (log k) and PY
parameters:

q = (ogk),— PP ®

Replacing Eq. (8) in Eq. (7) leads to the following equa-
tion:

log k = (log k) + p(PY — PY) ©)

where p is a solute parameter, PY is a mobile phase param-
eter and (log #)o and PY are two stationary phase constant
parameters. Nevertheless, these values can be improved inan
iterative process by minimising the sum of squared residu-
als (SSR) between the predicted and the experimental log &.
After a few iterations, we obtain not only the optimal (log &)
and PY parameters, but also refinated p values [22].

3. Experimental
3.1. Apparatus

The retention data were measured in an TAMPC.DD2
column (100mm x 4.6mm ILD., 12 pm, Regis Technolo-
gies Inc., Morton Grove, IL, USA), XTerra MSCI18 and
KTerraRP18 columns (150mm x 4.6mm 1D, 5 um, Waters
Corporation, Milford, MA, USA). All measurements were
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performed with a Shimadzu liquid chromatograph (Kyoto,
Japan) equipped with two Shimadzu LC-10AD pumps and
a Shimadzu SPD-10AV detector. The temperature was con-
trolled at 25.0 £ 0.1 °C with a Shimadzu CTO-10AS column
oven. All pH measurements were taken with a Ross Combi-
nation electrode Orion 8102 (glass electrode and a reference
electrode with a 3.0 M KCI solution in water as salt bridge)
in a Crison micropH 2002 potentiometer with a precision of
+0.1mV (£0.002 pH units).

3.2, Chemicals

Acetonitrile was HPLC grade from Merck (Darmstadt,
Germany) and water purified by the Milli-Q plus system from
Millipore, with a resistivity of 18.2 M2 cm. The sodium dihy-
drogenphosphate monohydrate (GR), the disodium hydro-
genphosphate (GR) and the sodium hydroxide (GR) were
from Merck. The test solutes employed were reagent grade
or better and obtained from Merck, Fluka (Steinheim, Ger-
many), Aldrich (Steinheim, Germany) or Carlo Erba (Milano,
Ttaly).

3.3, Procedure

The eluents were mixtures of acetonitrile and 0.01M
phosphate aqueous buffer adjusted at pH 7, in percentages
ranging from 10 to 60 % for TAMPC.DD2 column, and
from 20 to 60% for XTerra columns, due to the extremely
large retention times of several solutes in these columns. All
compounds were solved in methanol and their concentration
were 0.1 mgmI . The injection volume was always 10 pL.
The detection wavelength was at 254 nm for all the com-
pounds (except geraniol, alpha-pinene, pyrrole and furan,
whose wavelength was at 214 nm). Isocratic conditions were
always used at a flow rate of 1 mL min~!. The column hold-
up time was determined by using an agueous solution of
potassium bromide (0.1 mgmL 1) as an unretained solute.
Tts detection was performed at 200nm. Retention data were
expressed by the logarithm of the capacity factor, logk,
defined as log k = log|[(#, — 1,)/t,] Where t. and t, are the
retention times of the solute and the unretamed compound,
respectively. All measurements were taken in triplicate.

4. Results and discussion

The retention of 59 solutes in IAM.PC.DD2, XTerra
MSC18 and XTerra RP18 columns has been characterized
by means of the global LSER and the polarity models. The
log kvalues were obtained for all solutes in the different chro-
matographic systems. However, some compounds could not
be measured in all mobile phases due to their strong reten-
tion. The retention data follow the trend expected in the
reversed-phase liquid chromatography (RPLC), i.e., reten-
tion increases when the acetonitrile content of the mobile
phase decreases.

4.1. Application of the global LSER model to neutral
compounds

The global LSER model (Eq. (5)) is derived taking LSST
and LSER models into account. The LSST model describes
a linear relationship between the solute retention and the vol-
ume fraction of organic solvent, but it is only observed over
a limited range of mobile phase composition. Eq. (1) was
appliedto the retention data of each solute at the mobile phase
compositions studied in order to check if the tested mobile
phase range was included in the linear range. The log k., m
and statistics of all solutes and columns are shown in Table 1.
In general, very good correlations were obtained.

The LSER model correlates the retention data with the
molecular properties of the solutes studied, whose descrip-
tors are shown in Table 2. In order to check the applicability
of the global LSER model (Eq. (5)), we correlate the solute
descriptors with the log k., and my parameters of Table 1. We
obtained two relationships (log &y, and m) for each column
(IAMPC.DD2, XTerra MSC18 and XTerra RP18, respec-
tively):
logky = —0.572 + 0.716E — 0.8435 + 0.1244 — 2.317B

+2.785V 8D =0.102, r = 0.993, F = 639
(10)
mp = 0.555 4 0.844E — 0.9415 — 0.039A4 —3.035B
+3.734V SD=0.177, r = 0989, F =450 (11)

logk,, = —0.031 + 0.312E — 0.7665 — 0.4564 — 3.082B
+3.533V 8D =0.090, r = 0.996, F =915
)
my = 0.386 4+ 0.608E — 0.9295 — 0.123A — 3.486B
+4.215V SD =0.145, r = 0.990, FF =394 (13)

logky = —0.213 + 0.471E — 0.7205 — 0.2224 — 2.991B
+3.299V  SD =0.076, r = 0997, F = 1212
(14
my = 0.158 + 0.449F — 0.6595 4 0.0434 — 3.3698
+4.012V SD=10.109, r = 0994, F =666 (15)

After this proof, the global L.SER model was applied to
the retention data, and three equations were obtained (for
IAM.PC.DD2, XTerra MSC18 and XTerra RP18 columns,
respectively):

logk = (—0.520 — 0.603¢) + (0.758 — 0.979$)E
- (—0.843 4 0.849¢) S -+ (0.146 + 0.066¢)A
+(=2.199 + 2.787H)B + (2.644 — 3.4264)V
SD = 0.096, r = 0.992, F = 1153 (16)
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logk = (0.002 — 0.505¢) + (0.423 — 0.746¢)E
+(—03811 4 0.803¢)5 + (—0.400 + 0.132¢)A
1 (—3.094 4 3338¢)B + (3.419 — 3.733¢)V

log k = (—0.219 — 0.192¢) + (0.470 — 0.6159)E
4 (—0.584 + 0.494¢)S + (—0.248 + 0.060$)A
1 (~3.003 + 3.3174)B + (3.180 — 3.642¢)V

SD = 0.092, r = 0.993, F = 902 an SD = 0.062, r = 0.996, F = 1559 (18)
Table 1
Correlations of log & values of the studied solutes with the mobile phase composition (¢) according to Eq. (1)
Solute IAM.PC.DD2, logk=log k., — mi¢ KTerra MSC18, logk=log k., — mug XTerra RP18, log k=log k,, — mg

log &, my r SD F log ky  my r SD F log ky g r SD F

2,3-Benzofuran 1496 3702 0944 0352 16 2331 3446 09% 0.101 93 2141 3208 0.998 0.064 201
2,3-Dimethylphenol  1.441 3192 0997 0.061 398 1.885 3.162 0991 0.121 55 1.800 2914 0.995 0.079 109
2,4-Dimethylphenol 1460 3239 0997 0.062 404 1929 3248 0992 0.116 63 1822 2951 0995 0.082 103
2-Naphtol 1.933 3880 0.994 0114 170 2.065 3.513 0990 0.137 52 2137 3471 0992 0.125 61
2-Nitroaniline 1125 2.893 0999 0.037 906 1523 2.704 0992 0.09¢ 63 1486 2.527 0997 0.055 172
2-Nitroanisole 1.088 3016 0.999 0.031 1410 1.776 2.962 0.994 0.08% 89 1619 2708 0.998 0.050 232
3-Chloreaniline 1207 2961 099 0.039 Se4 1671 2.821 0993 0.002 75 1.587 2.622 0997 0.053 196
3-Nitroaniline 0.925 2.635 0999 0.022 2052 1.334 2514 0997 0052 189 1.308 2327 0.998 0.038 302
4-Chloroacetanilide 1.267 3.110 0.994 0.090 176 1.592 3.067 0985 0.150 34 1.553 2.855 0.988 0.124 42
4-Chloroaniline 1156 2.892 0.998 0.042 714 1.597 2.765 0.992 0.099 63 1495 2.548 0.996 0.061 141
4-Chlorophenol 1.541 3269 0.997 0071 310 1.790 3.164 0.989 0.130 47 1.768 2.944 0.994 0.089 88
4-Nitroaniline 1.012 2.752 0.997 0052 415 1.199 2405 0993 0.082 70 1277 2360 0997 0.049 188
Acetanilide 0.480 2.109 0997 0.041 400 0.778 1.980 0979 0.116 23 0.765 1.866 0.991 0.073 53
Acetophenone 0.760 2.541 0.999 0.026 1450 1441 2513 0991 0.093 59 1252 2229 0996 0.054 136
Aniline 0.351 1.813 0999 0.016 1846 1.785 3.589 0.948 0341 9 0671 1481 1.000 0.010 1740
Anisole 1.062 2.826 0.999 0.020 3081 1.904 2.897 099 0.071 134 1.661 2.581 0.999 0.034 471
Antipyrine 0.222 1.827 0991 0.068 108 0.577 2.025 0961 0.164 12 0387 1.651 0963 0.131 13
Benzaldehyde 0.630 2252 0.999 0.014 3842 1307 2307 099 0.057 132 1.140  2.029 0.999 0.031 333
Benzamide 0.121 1.593 0995 0.045 189 —0.009 0.962 0.999 0.011 616 0275 1404 0983 0.074 28
Benzene 0.955 2.542 0998 0.043 511 1836 2.656 0998 0.47 256 1.610 2420 1.000 0.014 2292
Benzophenone 2,063 4.295 0996 0.097 291 2.906 4.307 0993 0.145 71 2675 3.991 0994 0.128 78
Benzonitrile 0.767 2477 0999 0.015 3874 1478 2.500 0.996 0.064 121 1318 2251 0.999 0.031 426
Benzyl benzoate 2706 5276 099 0.124 267 = = = = = = = = = =
Bromobenzene 1.748 3.564 0.998 0.049 773 2580 3.600 0996 0.087 137 2378 3.402 0997 0.075 163
Butylbenzene 2.784 5.035 0995 0143 100 = = = = = = = = = =
Butyrophenone 1.561 33591 0.998 0.056 605 2490 3.651 0993 0.120 74 2253 3.388 0996 0.090 114
Caffeine —0.166 1.291 0964 0.097 26 —0.052 1.001 0907 0.131 5 —0.071 0884 0.967 0.066 14
Chlorobenzene 1.584 3384 0.999 0041 982 2416 3.396 0997 0.072 178 2235 3.235 0997 0.065 199
Corticosterone 1.694 3951 0.982 0.205 55 1251 2385 0999 0.015 2013 2.093 4.020 0970 0.287 16
Cortisone 1.294 3584 0.982 0.188 53 1.895 4.032 0960 0.333 12 1.696 3.616 0.969 0.259 15
Estradiol 2.652 4557 0.984 0234 30 = = = = = = = = = =
Estriol 1.658 3406 0.985 0.160 67 1.508 3.643 0963 0.286 13 1.859 3.933 0.969 0.284 15
Ethylbenzene 1.805 3.713 0999 0.046 949 2843 3.823 099 0.092 139 2541 3.567 0.998 0.058 307
Furan 0322 1.732 09% 0.050 180 1.095 1.829 0.999 0.009 3676 0935 1.623 0999 0.022 430
Geraniol 1.799 3.999 0.979 0224 47 2753 4.299 0985 0.211 33 2452 3.943 0989 0.163 47
Heptanophenone 2,985 5492 099 0123 292 S S S S S S S S S S
Hydrocortisone 1.303 3371 0.977 0.201 12 1.517 3.384 0967 0.253 14 1.656 3.572 0964 0278 13
m-Cresole 1.050 2685 0.997 0049 435 1428 2.657 0990 0.106 50 1352 2404 0996 0.058 139
Methyl benzoate 1.106 2959 0.999 0032 1233 1.930 3.041 0991 0.112 59 1.694 2725 0996 0.068 130
Monuron 1.237 3166 0995 008 198 1606 3.077 0986 0.145 36 1548 2862 0989 0.119 46
Myrcene 3.014 5370 0995 0149 104 = = = = = = = = = =
Naphthalene 2149 4169 0.997 0078 423 2941 4.096 0994 0.123 89 2733 3898 0.9% 0103 114
Nitrobenzene 1.040 2796 0.999 0.020 2901 1.751 2.784 0.996 0.065 148 1.581 2526 0.999 0.027 708
o-Toeluidine 0.645 2208 0.999 0014 3729 0.774 1408 0.985 0.070 32 1.039 1.926 0998 0.032 293
Phenol 0.687 2202 0999 0.025 1142 0964 2.053 0992 0.073 63 0952 1.898 0998 0.034 246
Propiophenone 1161 3.048 0999 0038 942 2103 3.303 0989 0.141 44 1.758 2786 0.997 0.064 150
Propylbenzene 2.287 4.359 0998 0.064 682 o o o o o o o o o o
p-Xylene 1.834 3.728 0.999 0.045 1015 2865 3.862 0996 0.088 152 2.540 3.547 0998 0.057 308
Pyrimidine —0.499 03597 0.994 0017 175 —0.509 0.181 0.881 0.027 3 —0467 0.184 0872 0.029 3
Pyrocatechol 0.487 1.768 0.998 0.028 584 0446 1.544 0983 0.081 29 0466 1435 0996 0.036 127
Pyrrole 0.177 1.505 0.995 0.040 211 0589 1.341 1.000 0.000 1.35E+7 0.538 1.209 0996 0.029 138
Quinoline 2.065 4303 0.996 0.096 296 1.711 3.201 0963 0.253 13 1.204 2360 0986 0.114 34
Resorcinol 0.396 1.787 0.994 0054 160 0224 1369 0984 0.06% 31 0.338 1410 0994 0.042 89
Thiourea —0.615 0309 0.993 0010 152 —1.297 0.513 0.851 0.090 3 —1.390 0.746 0.967 0.055 14
Thymol 2.194 4267 0997 008 363 2883 4319 0992 0.14% 68 2717 4018 0995 0.110 106
Toluene 1.401 3147 0.999 0.035 1167 2331 3.239 0998 0.058 248 2.107 3.049 0998 0.049 304
Valerophenone 2.010 4191 0.998 0.073 482 3.037 4.208 0.994 0.133 83 2752 3989 0.995 0113 100




Article 3 63

E. Lizaro et al. /J. Chromatogr: A 1081 (2005) 163-173 167
Table 2
Solute descriptors studied in this work
Solute E N A B 14
2.3-Benzofuran 0.888 0.83 0.00 0.15 0.9053
2,3-Dimethylphenol 0.850 0.90 0.52 0.36 1.0569
2,4-Dimethylphenol 0.840 0.80 0.53 0.39 1.0569
2-Naphtol 1.520 1.08 0.61 0.40 1.1441
2-Nitroaniline 1.180 1.37 0.30 0.36 0.9904
2-Nitroanisole 0.968 1.34 0.00 0.38 1.0902
3-Chloroaniline 1.050 1.10 0.30 0.36 0.9390
3-Nitroaniline 1.200 1.71 040 0.35 0.9904
4-Chloroacetanilide 0.980 1.50 0.64 0.51 12357
4-Chloroaniline 1.060 1.10 0.30 0.35 0.9390
4-Chlorophenol 0915 1.08 0.67 0.20 0.8975
4-Nitroaniline 1.220 1.91 042 0.38 0.9904
Acetanilide 0.870 1.36 046 0.69 1.1137
Acetophenone 0.818 1.01 0.00 0.48 1.0139
Alpha-pinene 0.446 0.14 0.00 0.12 1.2574
Aniline 0955 0.96 0.26 0.50 0.8162
Anisole 0.708 0.75 0.00 0.29 0.9160
Antipyrine 1.320 1.50 0.00 1.48 1.5502
Benzaldehyde 0.820 1.00 0.00 0.39 0.8730
Benzamide 0.990 1.50 049 0.67 0.9728
Benzene 0.610 0.52 0.00 0.14 0.7164
Benzophenone 1.447 1.50 0.00 0.50 1.4808
Benzonitrile 0.742 1.11 0.00 0.33 0.8711
Benzyl benzoate 1.264 142 0.00 0.51 1.6804
Bromobenzene 0.882 0.73 0.00 0.09 0.8914
Butylbenzene 0.600 0.51 0.00 0.15 1.2800
Butyrophenone 0.797 0.95 0.00 0.51 1.2957
Caffeine 1.500 1.60 0.00 1.33 1.3632
Chlorobenzene 0.718 0.65 0.00 0.07 0.8388
Corticosterone 1.860 343 0.40 1.63 2.7389
Cortisone 1.960 3.50 0.36 1.87 2.7546
Dodecanophenone 0.720 0.95 0.00 0.50 24229
Estradiol 1.800 330 0.88 0.95 2.1988
Estriol 2.000 336 140 1.22 2.2575
Ethylbenzene 0.613 0.51 0.00 0.15 0.9982
Furan 0.369 0.53 0.00 0.13 0.5363
Geraniol 0.513 0.63 039 0.66 1.4903
Heptanophenone 0.720 095 0.00 0.50 1.7184
Hydrocortisone 2.030 3.49 0.71 1.90 2.7975
m-Cresole 0.822 088 0.57 0.34 0.9160
Methyl benzoate 0.733 0.85 0.00 0.46 1.0726
Monuron 1.140 1.50 047 0.78 1.4768
Myrcene 0.483 0.29 0.00 0.21 1.0000
Naphthalene 1.340 0.92 0.00 0.20 1.0854
Nitrobenzene 0.871 1.11 0.00 0.28 0.8906
o-Toluidine 0.970 0.90 0.23 0.59 0.9571
Phenol 0.805 0.89 0.60 0.30 0.7751
Propiophenone 0.804 0.95 0.00 0.51 1.1548
Propylbenzene 0.604 0.50 0.00 0.15 11391
p-Xylene 0.613 0.52 0.00 0.16 0.9982
Pyrimidine 0.606 1.00 0.00 0.65 0.6342
Pyrocatechol 0.970 1.10 0.88 0.47 0.8338
Pyrrole 0.613 0.73 041 0.29 0.5774
Quinoline 1.268 097 0.00 0.51 1.0443
Resorcinol 0.980 1.00 1.10 0.58 0.8338
Thiourea 0.840 0.82 0.77 0.87 0.5696
Thymol 0.822 0.79 0.52 0.44 1.3387
Toluene 0.601 0.52 0.00 0.14 0.8573

Valerophenone 0.795 0.95 0.00 0.50 1.4366
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The coefficients of Eqs. (16)—(18), which are multiply- 0.0
ing to the capital letters, correspond to the same coefficients
shown in Eq. (2), but represented as a linear relationship of -0.54

¢. Positive coefficients imply an increase in logk, i.e., parti-
tion into the stationary phase is favoured. For the same reason,
negative coefficients mean that partition into the mobile phase
is favoured. The larger the coefficient absolute value, the
greater the influence on the retention in RPLC.

For all columns studied, » and v coefficients have the
largest absolute values. The v coefficient is large and positive
inall cases and its value increases with the water content in the
mobile phase. This fact is due to the cohesive density of water.
Therefore, creating a cavity inside the mobile phase requires
more energy than the necessary in the stationary phase. All
b coefficients are large and negative, which indicates that the
hydrogen-bond acidity of the stationary phase is lower than
the hydrogen-bond acidity of the mobile phase. Therefore,
solutes with greater hydrogen-bond acceptor ability (large B
descriptor value) are less retained.

All columns have negative s coefficient values, which
shows that they are less dipolar than the mobile phase.
Regarding the e coefficient, all columns have positive values,
which indicates that they are more polarizable than mobile
phase.

The solute hydrogen-bond basicity term (a coefficient)
depends on the column. Both XTerra columns have a nega-
tive values; therefore, they are worse hydrogen-bond accep-
tors than mobile phase. However, the IAM.PC.DD2 col-
umn has a positive a coefficient, which indicates that this
stationary phase is more hydrogen-bond basic than mobile
phase.

The global LSER model for neutral compounds requires
12 mobile—stationary phase parameters (¢, ¢m, €w, €m, Sw,
Sm, Gy, Am, by, bm, Vy, V) and five solute parameters (E, S,
A, B, V) [16].

4.2. Application of the polarity model to neutral
compounds

The polarity model relates the retention factor (k) of a
neutral compound with a solute parameter (p), amobile phase
parameter (P2) and two stationary phase constant parameters
((log k)o and P_{V) [21]. In order to obtain first estimations of
pvalues, log k values were correlated with P for each solute
according to Eq. (7).

Next, g versus p values were represented to achieve ini-
tial (log k)o and P_!V parameters, according to Eq. (8) (see
Fig. 1). These parameters were respectively (—0.940, 0.172)
for IAM.PC.DD2 column, (—1.102, —0.027) for XTerra
MSC18 column and (—0.905, 0.013) for XTerra RP18 col-
umn. In order to improve these parameters, two or three
iterations were done for each column [22]. The best fitting
parameters are represented in the following equations:

logk = —0.982 + p(PN —0.154)
SD = 0.071, r = 0.996, F = 25059 19)
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Fig. 1. Plot of ¢ vs. p parameters for all solutes and columns tested: (a)
IAM.PC.DD2, (b) XTerra MSC18 and (c) XTerra RP18 column.

logk = —0.992 + p(PY +0.010)
SD = 0.058, r = 0.997, F = 22062 (20)

logk = —0.813 + p(PY —0.022)
SD = 0.048, r = 0.997, F = 26075 @

for IAM.PC.DD2, XTerra MSCI18 and XTerra RPI18
columns, respectively. The (log k) parameter is the retention
of any solute in a hypothetical mobile phase with the same
polarity as that in the stationary phase (PY = PY), whereas

the p value represents the ability of the solute to interact with
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Fig.2. Plotofcalculated log & with the global LSER model (a) or the polarity
model (b) vs. experimental logk for all solutes and mobile phase com-
positions studied in IAM.PC.DD2 column. Symbols: (@) solutes used to
construct the models, (O) outliers.

both phases. The p values were also improved by means of
the iterative process, and are shown in Table 3.

4.3. Comparison of all columns and models studied

The plots calculated log £ versus experimental log & for all
columns and models are presented in Figs. 2—4. The outliers
(solutes with a standard residual >|2.5|) were removed when
the models were calculated, but they are also represented (by
empty circles). The theoretical line with slope 1 and intercept
0 is also represented for each plot.

4.3.1. Comparison of the global LSER model with the
polarity model

It has been possible to apply successfully both models
to the three studied columns. The main difference between
models is that Eq. (5) requires five solute parameters and
twelve mobile—stationary phase parameters. Therefore, the
polarity model is simpler than the global LSER model, since
it requires less parameters. For this reason, it can be easier
to implement it in RPLC retention prediction. However, the
global LSER model characterizes better the solute—solvent
interactions in the RPLC system and therefore provides more
chemical information.

169

Table 3
Refinated p values for all solutes and columns
Solute p (Solute polarity parameter)

IAM.PC.DD2  XTerra MSC18  XTerra RP18
2,3-Benzofuran 3413 3.971 3.655
2.3-Dimethylphenol ~ 3.357 3.321 3.182
2.4-Dimethylphenol ~ 3.374 3.347 3.199
2-Naphtol 4.025 3.430 3.467
2-Nitroaniline 2.862 2.943 2.823
2-Nitroanisole 2.729 3.248 2.963
3-Chloroaniline 2.993 3.144 2.960
3-Nitroaniline 2.581 2.713 2.608
4-Chloroacetanilide ~ 3.049 2.837 2.734
4-Chloroaniline 2.925 3.042 2.828
4-Chlorophenol 3.523 3.143 3.098
4-Nitroaniline 2.703 2.532 2.524
Acetanilide 1.938 2.022 1.849
Acetophenone 2.296 2916 2.564
Aniline 1.813 2.375 1.925
Anisole 2.765 3.529 3.134
Antipyrine 1.554 1.618 1.248
Benzaldehyde 2.169 2.799 2479
Benzamide 1.460 1.212 1.195
Benzene 2.681 3.560 3.143
Benzophenone 4.086 4.487 4.179
Benzonitrile 2.339 2.991 2.680
Benzyl benzoate 4.919 S e
Bromobenzene 3.794 4337 3.993
Butylbenzene 5.443 - -
Butyrophenone 3.410 4.135 3.754
Caffeine 1.035 1.109 0.865
Chlorobenzene 3.549 4.163 3.824
Corticosterone 3.520 2.640 -
Cortisone 3.022 - -
Estradiol 5512 - -
Estriol 3.695 4.140 S
Ethylbenzene 3.838 4.685 4.203
Furan 1.794 2.712 2.350
Geraniol 3.790 4.207 3.770
Heptanophenone 5372 - -
Hydrocortisone 3.009 1.962 -
m-Cresole 2.813 2.798 2.642
Methyl benzoate 2.792 3.560 3.101
Monuron 2.964 2.856 2719
Myrcene 5.753 - -
Naphthalene 4.316 4.688 4.356
Nitrobenzene 2.734 3.317 3.013
o-Toluidine 2.221 2.729 2.350
Phenol 2.310 2322 2.196
Propiophenone 2.862 3.639 3.186
Propylbenzene 4.500 - -
p-Xylene 3.889 4.700 4215
Pyrimidine 0.689 0.788 0.558
Pyrocatechol 2.113 1.686 1.552
Pyrrole 1.611 2.084 1.846
Quinoline 4.087 3.117 2.381
Resorcinol 1.904 1.384 1314
Thiourea 0.590 —0.233 —0.635
Thymol 4.360 4434 4.243
Toluene 3.292 4.107 3.697
Valerophenone 4.027 4.737 4332
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Fig. 3. Plotofcalculated log & with the global LSER model (a) or the polarity
model (b) vs. experimental log & for all solutes and mobile phase compo-
sitions studied in XTerra MSC18 column. Symbols: (@) solutes used to
construct the models, (O) outliers.

Plots of calculated log & (with each model) versus exper-
imental log & for all solutes, mobile phase compositions and
columns are shown in Figs. 2-4. For IAM.PC.DD2 column,
we can compare its plots and its respective correlations:

log k calc = 0.003 + 0.984 log k exp

n =222, SD =0.093, r =0.992, F = 13288 22)
which corresponds to Fig. 2a and:

log k calc = 0.002 + 0.991 log k exp

n =225,SD =0.071, r =0.996, F = 24830 (23)

for Fig. 2b. The statistics of both correlations are very similar,
but they are slightly better for the polarity model. The same
can be observed for XTerra MSC18. The correlation of Fig. 3a
is:

log k calc = 0.007 + 0.986 log k exp
n =156, SD =0.088, r = 0.993, F = 10615 (24)
which should be compared with the correlation of Fig. 3b:

log k calc = 0.003 + 0.994 log k exp
n =142, SD = 0.058, r = 0.997, F = 22062 (25)

Fig.4. Plotofcalculated log k with the global LSER model (a) or the polarity
model (b) vs. experimental log & for all solutes and mobile phase composi-
tions studied in XTerra RP18 column. Symbols: (@) solutes used to construct
the models, (O) outliers.

Moreover, both models show very good fitting for X Terra
RP18 column. The correlation of Fig. 4a is:

log k calc = 0.004 + 0.992 log k exp
n =151, SD = 0.060, r = 0.996, F = 18383 (26)
which we compare with the correlation of Fig. 4b:

log k calc = 0.002 + 0.995 log k exp
n = 141, SD = 0.048, r = 0.997, F = 26075 27

Therefore, we must conclude that both models predict
retention with a similar accuracy.

4.3.2. Comparison of the studied columns

The structures of all stationary phases are presented in
Figs. 6-8 and their main characteristics are shown in Table 4.
The XTerra columns are longer and have a surface area and
bonding density higher than those of the IAM.PC.DD2 col-
umn, thus they have more stationary phase that can interact
with solutes. Therefore, all compounds are less retained in the
IAM.PC.DD2 column, which shows shorter retention times.

On the other hand, the chemical properties of the stud-
ied columns can be compared by examining the coefficients
of Eqs. (16)—-(18). The most hydrophobic stationary phase
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Fig. 5. Plots of experimental log & in: IAM.PC.DD2 column versus

25

XTerra

MSC18 column (a) or XTerra RP18 column (b), and experimental log k
in XTerra RP18 column versus XTerra MSC18 column (¢). Symbols: (H)

solutes with 4=0, (O) solutes with 4>0.

Table 4
Characteristics of columns used in the present study

HsC\q-/C]-[g
N
Hsc~~

O\P/O
-0 Yo

Fig. 6. Structure of studied IAM.PC.DD2 stationary phase.

Pore diameter (A)

Surface area (m?/g) Bonding density (wmol/m?)

Column Dimensions (mm) Particle size (wm)
IAM.PC.DD2 100 x 4.6 12
XTerra MSC18 150 x 4.6 5
XTerra RP18 150 x 4.6 S

120 0.66 (C(iam)) 0.52 (C10/C3)
179 2.14 (Cig)
178 2.28 (Cig)
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Fig. 7. Structure of studied XTerra MSC18 stationary phase.

(the largest v coefficient) is XTerra MSC18, and the least
one is [AM.PC.DD2. XTerra RP18 column has an inter-
mediate hydrophobicity between the two other columns. As
regards a coefficient, IAM.PC.DD2 has the largest positive
value; therefore it would become the most hydrogen-bond
basic of the columns studied. XTerra RP18 goes behind it,
and next, XTerra MSC18. The hydrogen-bond acidity (b
coefficient) follows the same order. Regarding the e coeffi-
cient, IAM.PC.DD2 column is the most polarizable system,
and XTerra RP18 is slightly more polarizable than XTerra
MSC18.

However, from among all coefficients described above,
the most important differences are shown by coefficient
a, whereas the other coefficients are quite similar. This
means that solutes without hydrogen-bond acidity (4=0)
should behave similarly in all columns, whereas hydrogen-
bond acids (4>0) should show retention differences. In
order to prove the different hydrogen-bond acceptor abil-
ity of each column, plots of retention data of each tested
column versus the other two at 20% of acetonitrile were
constructed separately (Fig. 5). All solutes were divided

H3C —— Si—— CHs

O

XTerra RP18

Fig. 8. Structure of studied XTerra RP18 stationary phase.
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into two groups. Those compounds represented by a full
square have a descriptor 4 =0, whereas the empty squares
show solutes with 4>0. Due to the great hydrogen-bond
acceptor ability of IAMPC.DD2 column, hydrogen-bond
donors solutes (4 >0) should be more retained in this col-
umn than in XTerra columns. We can appreciate clearly this
trend in Fig. 5a. In contrast, XTerra RP18 column has an
intermediate basicity. Consequently, the differences of data
retention between solutes with 4=0 and 4>0 in relation to
the other tested columns are less evidenced (see Fig. 5b,c).
Taillardat- Bertschinger et al. [2] proposed that the basicity
of IAM.PC.DD2 column was mainly due to the residual-free
propylamino groups on the silica surface. Nevertheless, other
groups such as negatively charged head group could also
influence its hydrogen-bond acceptor ability. On the other
hand, the intermediate basicity of X Terra RP18 column could
be attributed to its embedded carbamate polar group, which
behaves as hydrogen-bond acceptor. Unlike TAM.PC.DD2
column, in this column there are not residual-free propyl-
amino groups, since the amide polar group is introduced
in the bonding process to silica support in a different way
[23].

The differences in stationary phase hydrogen-bond basic-
ity should be reflected in the overall polarity of the columns,
which can be measured through P¥ parameters of Egs.
(19)—+21). The IAM.PC.DD2 column is more polar than the
KTerra RP18 column, being XTerra MSCI18 the least polar
column.

5. Conclusions

It has been proved that it is possible to apply successfully
the global LSER and polarity models to the three studied
columns, and therefore, they can be considered as models
with general applicability for prediction of RPLC retention
in acetonitrile/water mobile phase. Regarding the polarity
model, we can conclude that the IAM.PC.DD2 column is
the most polar, followed by the XTerra RP18 column, while
the XTerra MSC18 column is the least polar. The polarity
model 1s easier to implement in RPLC retention prediction
than the global LSER model, since it requires less solute and
mobile-stationary phases parameters. However, the global
LSER model characterizes better the solute—solvent inter-
actions in the RPLC system. According to this model the
TAMPC.DD?2 is the most polarizable, hydrogen-bond acid
and basic of the columns tested, followed by the XTerra

RP18, and finally the XTerra MSCI18. Nevertheless, the
TAM.PC.DD2 is the least hydrophobic stationary phase. The
XTerra RP18 column has an intermediate hydrophobicity,
and the XTerra MSC18 column is the most hydrophobic.
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Prediction of retention in reversed phase liquid
chromatography by means of the polarity parameter model
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Abstract

The polarity parameter model previously developed: log k = (log k) + p(P 2 -
PY) has been successfully applied to study several chromatographic systems
involving new generation RPLC columns (Luna C18, Resolve C18, XTerra
MSCI18, and XTerra RP18). In this model the retention of the solutes (log k) is
related to a solute parameter (p), a mobile phase parameter (Pﬁ) and two
chromatographic system parameters (P} and (log k),). The studied systems have
been characterized with different acetonitrile-water and methanol-water mobile
phases, using a set of 12 neutral solutes of different chemical nature. The polarity
parameter model allows prediction of retention of any solute in any mobile phase
composition just using the retention data obtained in one percentage of organic
modifier and the polarity parameters established in the characterization of the
chromatographic systems. This model also allows the solute polarity data
transference between RPLC characterized systems, so it is possible to predict the
retention in various RPLC systems working experimentally with just one of them.
Moreover, the global solvation parameter model (global LSER) has also been
applied to the same chromatographic systems using a wide set of solutes in order to
compare its predictive ability with the one of the polarity parameter model. The
results clearly show that both models predict retention with very similar accuracy
but the polarity parameter model requires much less preliminary experimental
measurements to achieve equivalent results than the global solvation approach.

Keywords: Polarity parameter model; Global solvation parameter model; RPLC; stationary phases;

prediction of retention.
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1. Introduction

There is not a universal model to
characterize chromatographic systems
in RPLC since the retention process is
very complex and depends on many
factors, such as the nature of stationary
phase [1], type of organic modifier,
mobile phase composition [2-4] or
temperature [5,6].

been

RPLC
different
produced between the
stationary-mobile
phases. One approach is the solvation
parameter model (LSER model), which
relates the logarithmic retention factors
(log k) at a single mobile phase
composition with the solutes molecular
properties [3,7]:

Several models have
developed to characterize
based on the

interactions

systems

solute and the

logk=c+eE+sS+ad+bB+vlV (1)

where k is the solute retention factor.
The solute descriptors are the excess
refraction E, the
dipolarity/polarizability S, the solute’s
effective hydrogen-bond acidity 4 and
hydrogen-bond

molar

basicity B  and
McGowan’s characteristic volume V.
The coefficients in Eq. (1), which
are calculated by multiple
regression, represent the difference in

linear

solvation properties of both phases
forming the chromatographic system.
The e coefficient depends on the
difference in capacity of the solvated
stationary and mobile phases to interact
with solute n- or T+ electrons; s is a
measure of the difference in capacity of
the solvated phases to take part in
dipole-dipole  and  dipole-induced
dipole the @ and b
coefficients represent the differences in
hydrogen-bond basicity and acidity,
respectively, between the stationary
and the mobile phases; and v is a
measure of the relative ease of forming
a cavity for the solute in the solvated
stationary and mobile phases.

In a given column, each mobile
phase composition is characterized by a
different LSER equation. Therefore, the
number of retention measurements

interactions;

increases with the number of mobile
phase compositions being
characterized. To solve this problem, a
global solvation parameter model was
developed,  which
retention of neutral solutes in one

describes  the
column at any mobile
composition [8].
Eq. (1) were considered as linear
relationships of the volume fraction of
the organic modifier (@), getting the
following equation:

phase
The coefficients of
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log k= (c, - cu® + (e - en@E + (s, -
Su®S + (a, - a,@A + (b, - b,PB + (v,
- vm@V (2)

The global solvation parameter
model involves a great experimental
simplification over the LSER model,
12 global
coefficients instead of 6 coefficients for

since it only requires
every @ value. However, it is still a
high number
requires a high number of experiments
to obtain them, which is a serious
drawback for the implementation of the
global solvation parameter model in
optimization  of
separations or in
retention.

of coefficients that

chromatographic
prediction  of
Literature shows other similar
approaches based on solute and column
properties, but that
interactions and shape selectivity [9-
11]. Thus, Snyder and coworkers

developed an empirical linear-free-

include ionic

energy equation:

logk=logkest WH+0’S+ LA+
B+ k’C 3)

where the quantities 77°, ’, B, a’ and
K’ refer to some property of the solute
molecule, while H, S, A, B and C refer
to properties of the chromatographic
system. Each term of Eq. (3) stands for
kind of

interaction,

a different interaction:

hydrophobic steric

attraction of protonated
bases by ionized silanols, hydrogen
bonding between acceptor solutes and
non-ionized silanols in the stationary
phase or between donor solutes and one
acceptor group in stationary phase. The

selectivity,

authors characterized the columns

using a constant mobile
composition (50% acetonitrile-aqueous
phosphate buffer pH 2.8), and although
changes in mobile phase composition
have been investigated [10], a general
model relating retention of compounds
to this system variable has not been
developed. This model gives a lot of
chemical about the
chromatograpic interactions, but it is
not useful for quantitative prediction of
the retention of new solutes, since it
would require excessive experimental
effort, as it is explained by the authors
[9].

Another interesting model is the
one proposed by Euerby and Petersson
[12,13]. They have performed an
approach  based  on
methodology, using 6 parameters to
characterize

phase

information

Tanaka’s

each
hydrophobic
shape selectivity, hydrogen bonding
capacity, total ion exchange capacity
and acidic ion exchange capacity). To
get each parameter they use the
retention factor of one specific solute or

column (surface

coverage, selectivity,

the ratio of retention factors of two
solutes. After that, they classify and
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compare the columns basically by
Principal Component Analysis (PCA).
This approach allows to differentiate
between columns, but not to predict
retention of new solutes.

In previous works [14-21] we have
set up a “polarity parameter model”.
This model relates the retention in
RPLC (log k) to a mobile phase
parameter (P ) (related to the mobile
phase composition), a solute parameter
() and two chromatographic system
parameters (P) and (log k),), that are
related to RPLC system properties.
This model
applied to the characterization of
several RPLC C18 columns of different
nature [17,20]. The model is based on
the equation:

has been successfully

log k= (log k) + p(P, - P) “

The polarity parameter of the
mobile phase (P)) is related to its
volume fraction of the organic modifier
(@ [15,17], according to Eq. (5) for
acetonitrile-water and Eq. (6) for
methanol-water mobile phases:

PY =1.00- 217 (5)
1+1.42¢

PN =1.00- ¢ ©6)
1+047¢

The (log k), is the retention of any

solute eluted with a hypothetical

mobile phase showing the
polarity as the stationary phase (P} =
PY), being PY the polarity parameter
of the column. (log k), and P!
parameters are constants that depend on

The p

same

the chromatographic system.
parameter basically depends on the
solute, although the nature of the
mobile and stationary phases slightly
modify its value.
noticed that in
agreement with Reichart’s definition of
“solvent polarity” [22], adopted by
IUPAC [23], here the term “polarity” is
taken in a broad sense as the ability of
solvent (mobile or stationary phases)
and solute to interact by all possible
non specific and specific intermolecular
(dipole-dipole,  dipole-
induced dipole, hydrogen bonding, etc)
that contribute to the studied effect (i.e.
chromatographic retention), excluding,
however, those interactions leading to
definite chemical alteration of the
solute (such as protonation, oxidation,
reduction,
formation, etc).
At first glance, it seems that the
hydrophobic substraction model of
Snyder et al. [9-11] or the solvation
parameter model should be better than
the polarity parameter model, since
they independent
interactions related to the retention and,
therefore, these models embody five
different parameters.

It must be

interactions

chemical

complex

consider  five

However, this
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perception is not exact, since the
analysis of some Snyder’s data by
means of principal component analysis
showed that one principal component
already explained 99.7% of the
retention variation among solutes [24].
Therefore, with

parameters, such as the polarity one,

one model less
could be considered.

In a previous work [20] we
demonstrated that the RPLC systems
can be accurately characterized by
means of the polarity parameter model
with a small set of solutes, and we
proposed 12 compounds as a standard
characterization set.
already established a wide database for
p  parameters than 250
compounds) [18], it is possible to set
up linear equations which transfer

Since we have

(more

Table 1

solute polarity data between the studied

chromatographic  systems, allowing
easy prediction of the retention of new
solutes in the characterized systems. In
fact, any RPLC characterized system
could be used as a reference to transfer
solute polarity data to other RPLC
systems, as we show in this article.
Now, we extend our study to four new
generation  columns: Luna CI8,
Resolve C18, XTerra MSCI18, and
XTerra RP18 (see Table 1). All of them
have C18 chains bound to the silica as
stationary phase. Luna C18 and XTerra
columns are endcapped and with a
very good quality silica support, with
almost no residual acidic silanols, but
Resolve C18 is not endcapped and
silica support

shows more acidic

[25,26].

Characteristics of all columns used in this study, other columns studied in a

previous work [20] and the column used to construct the database [18]; data

supplied by manufacturers

Spherisorb ~ Symmetry ~ Chromolith Luna Resolve XTerra XTerra
ODS-2 C18 RP-18e C18(2) C18 RP18 MS C18
Particle 5 5 - 5 5 5 5
size (Mm)
. a

Pore size, 80 86° 13 nm/ 100 90° 127 125
p(A) 2”mm
Surf:

vitace area 200 346 300 400 200 178 179
(m7/g)
Endcapped Yes Yes Yes Yes No Yes Yes
Dimensions 50 s 150x4.6  100x4.6  150x46  150x3.9 150%4.6 150%4.6
(mm) (Ixi.d.)
pH range 3.5-7.5 2-8 2-7.5 2-8 2-8 2-12 1-12
Manufacturer Waters Waters Merck Phenomenex  Waters Waters Waters
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The aim of this work is to evaluate
the ability of the polarity parameter

model to predict accurately the
retention of solutes from few
experimental measurements. Thus,

firstly the global solvation parameter
and the polarity parameter models have
been applied to
systems involving the mentioned set of
C18 columns and a wide set of solutes.
Experimental retention data fit well the
predicted ones by means of both
models, but the polarity parameter one
requires much less experimental effort.
Secondly, the polarity parameter model
has been tested in order to predict the
retention of solutes at any composition
of mobile phase using the system
parameters established by means of the
own model. The idea is to do few
experiments using a percentage of
organic modifier and to be able to
predict retention wusing any other
percentage in the mobile phase. On the
other hand, the transference of solute
polarity  data RPLC
characterized systems should allow the
prediction of retention in any RPLC
system starting from one of them used
as a reference without any additional
experimental work.

chromatographic

between

2. Experimental

2.1. Apparatus

All studied columns are detailed in
Table 1. The retention measurements
were performed with a Shimadzu liquid
chromatograph (Kyoto, Japan)
equipped with two Shimadzu LC-10AD
pumps and a Shimadzu SPD-M10A
diode array detector. The temperature
was controlled at 25.0 £ 0.1°C with a
Shimadzu CTO-10AS column oven.
All pH measurements were taken with
a Ross Combination electrode Orion
8102 (glass electrode and a reference
electrode with a 3.0 M KCI solution in
water as salt bridge) in a Crison
micropH 2002 potentiometer with a
precision of * 0.1 mV (* 0.002 pH
units).

2.2. Chemicals

Methanol and acetonitrile were
RPLC grade from Merck (Darmstadt,
Germany) and water purified by the
Milli-Q plus system from Millipore,
with a resistivity of 18.2 MQ cm. The
sodium dihydrogenphosphate
monohydrate  (GR), the
hydrogenphosphate (GR), the acetic
acid (GR) and the sodium hydroxide
(GR) were from Merck. The solutes
employed were reagent grade or better
and obtained from Merck, Fluka
(Steinheim, Germany), Aldrich
(Steinheim, Germany) or Carlo Erba
(Milano, Italy).

disodium
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2.3. Procedure
logk=q+pP, (7)
The eluents were mixtures of
organic modifier (acetonitrile or  with
methanol) and water phase in
percentages ranging from 10 to 80 % ¢ = (log k) - pP [ )

(v/v). Depending on the solutes, the
aqueous phase was 0.01 M phosphate
aqueous buffer adjusted at pH = 7 or
0.1 M acetic acid (pH = 2.7), in order
to get neutral solutes. All compounds
were solved in methanol and their
concentration were 0.1 mg mL". The
injection volume was always 10 pl.
Isocratic conditions were always used
at a flow rate of 1 mL min"'. The
column hold-up time was determined
by wusing an aqueous
potassium bromide (0.1 mg mL") as
unretained solute. Retention data were
expressed by the logarithm of the
capacity factor, log k, defined as log &k
=log [(¢. — t,)/t,] where ¢, and ¢, are the
retention times of the solute and the
unretained compound, respectively. All
measurements were taken in triplicate.

solution of

2.4. Calculation of polarity paramaters

Initial estimations of the equation
parameters (P:I , (log k) and p for
each solute) were obtained from linear
correlations of the retention data of
each solute (log k) against the polarity
value of the mobile phase (P)) [14-
21], according to Eq.(7):

Final values were obtained by non-
linear regression of Eq.(4), by using
these initial estimations and minimizing
the sumof residual squares between the
experimental and calculated retention
data. To implement the
process, the Solver tool of Microsoft
Excel was used [20].

iterative

3. Results and discussion

3.1. Study of several RPLC columns
with the global solvation parameter
model and the polarity parameter

model
First, we applied the global
solvation  parameter model to

Symmetry C18, Chromolith RP-18e,
Luna C18, Resolve C18, XTerra
MSCI18, and XTerra RP18 columns. To
apply the global LSER model we
needed at least 5 solutes for each
coefficient. The set used for XTerra
RP18 and MSCI8 columns was the
same previously selected to study these
columns using acetonitrile [27], and
now we have extended the study to
methanol. However, the set used for
Symmetry C18, Chromolith RP-18e,
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Luna C18 and Resolve C18 columns is
the same used in a previous work about
the polarity parameter model [20]. All
these solutes are included together in

compounds injected
different percentages of acetonitrile and
methanol in the hydroorganic mobile
phases. The coefficients of Eq. (2)

were using

Table 2, which also shows the  obtained after the linear regression are

Abraham’s descriptors [28]. These  showed in Table 3.

Table 2

Solute descriptors of all solutes studied in this work.

Solute E S A B \%
1-Naphthoic acid 1.460 1.27 0.65 0.45 1.3007
2,3-Benzofuran 0.888 0.83 0.00 0.15 0.9053
2,3-Dimethylphenol 0.850 0.90 0.52 0.36 1.0569
2,4,6-Trichlorophenol 1.010 0.80 0.68 0.15 1.1423
2,4-Dichlorophenol 0.960 0.84 0.53 0.19 1.0199
2,4-Dimethylphenol 0.840 0.80 0.53 0.39 1.0569
2-Bromophenol 1.037 0.90 0.35 0.31 0.9501
2-Naphthol 1.520 1.08 0.61 0.40 1.1441
2-Nitroaniline 1.180 1.37 0.30 0.36 0.9904
2-Nitroanisole 0.968 1.34 0.00 0.38 1.0902
3-Chloroaniline 1.050 1.10 0.30 0.36 0.9390
3-Methylbenzoic acid 0.730 0.90 0.59 0.38 1.0726
3-Nitroaniline 1.200 1.71 0.40 0.35 0.9904
3-Nitrophenol 1.050 1.57 0.79 0.23 0.9493
4-Chloroacetanilide 0.980 1.50 0.64 0.51 1.2357
4-Chloroaniline 1.060 1.10 0.30 0.35 0.9390
4-Chlorophenol 0.915 1.08 0.67 0.20 0.8975
4-Nitroaniline 1.220 1.91 0.42 0.38 0.9904
4-Nitrotoluene 0.870 1.11 0.00 0.28 1.0315
Acetanilide 0.870 1.36 0.46 0.69 1.1137
Acetophenone 0.818 1.01 0.00 0.48 1.0139
alpha — Pinene 0.446 0.14 0.00 0.12 1.2574
Aniline 0.955 0.96 0.26 0.50 0.8162
Anisole 0.708 0.75 0.00 0.29 0.9160
Anthracene 2.290 1.34 0.00 0.28 1.4544
Antipyrine 1.320 1.50 0.00 1.48 1.5502
Benzaldehyde 0.820 1.00 0.00 0.39 0.8730
Benzamide 0.990 1.50 0.49 0.67 0.9728
Benzene 0.610 0.52 0.00 0.14 0.7164
Benzoic acid 0.730 0.90 0.59 0.40 0.9317
Benzonitrile 0.742 1.11 0.00 0.33 0.8711
Benzophenone 1.447 1.50 0.00 0.50 1.4808
Benzyl benzoate 1.264 1.42 0.00 0.51 1.6804
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Biphenyl 1.360 0.99 0.00 0.26 1.3242
Bromobenzene 0.882 0.73 0.00 0.09 0.8914
Butylbenzene 0.600 0.51 0.00 0.15 1.2800
Butyrophenone 0.797 0.95 0.00 0.51 1.2957
Caffeine 1.500 1.60 0.00 1.33 1.3632
Chlorobenzene 0.718 0.65 0.00 0.07 0.8388
Chrysene 3.027 1.73 0.00 0.36 1.8234
Corticosterone 1.860 343 0.40 1.63 2.7389
Cortisone 1.960 3.50 0.36 1.87 2.7546
Dodecanophenone 0.720 0.95 0.00 0.50 2.4229
Estradiol 1.800 3.30 0.88 0.95 2.1988
Estriol 2.000 3.36 1.40 1.22 2.2575
Ethylbenzene 0.613 0.51 0.00 0.15 0.9982
Furan 0.369 0.53 0.00 0.13 0.5363
Geraniol 0.513 0.63 0.39 0.66 1.4903
Heptanophenone 0.720 0.95 0.00 0.50 1.7184
Hexachlorobenzene 1.490 0.99 0.00 0.00 1.4508
Hydrocortisone 2.030 3.49 0.71 1.90 2.7975
m-Cresole 0.822 0.88 0.57 0.34 0.9160
Methyl 4-hydroxybenzoate 0.900 1.37 0.69 0.45 1.1313
Methyl benzoate 0.733 0.85 0.00 0.46 1.0726
Monuron 1.140 1.50 0.47 0.78 1.4768
Myrcene 0.483 0.29 0.00 0.21 1.0000
Naphthalene 1.340 0.92 0.00 0.20 1.0854
N-Ethylaniline 0.945 0.85 0.17 0.51 1.0980
Nitrobenzene 0.871 1.11 0.00 0.28 0.8906
n-Propyl 4-hydroxybenzoate 0.860 1.35 0.69 0.45 1.4131
o-Toluidine 0.970 0.90 0.23 0.59 0.9571
Pentachlorophenol 1.220 0.87 0.96 0.01 1.3871
Phenol 0.805 0.89 0.60 0.30 0.7751
Propiophenone 0.804 0.95 0.00 0.51 1.1548
Propylbenzene 0.604 0.50 0.00 0.15 1.1391
p-Xylene 0.613 0.52 0.00 0.16 0.9982
Pyrene 2.808 1.71 0.00 0.28 1.5846
Pyrimidine 0.606 1.00 0.00 0.65 0.6342
Pyrocatechol 0.970 1.10 0.88 0.47 0.8338
Pyrrole 0.613 0.73 0.41 0.29 0.5774
Quinoline 1.268 0.97 0.00 0.51 1.0443
Resorcinol 0.980 1.00 1.10 0.58 0.8338
Thiourea 0.840 0.82 0.77 0.87 0.5696
Thymol 0.822 0.79 0.52 0.44 1.3387
Toluene 0.601 0.52 0.00 0.14 0.8573
Valerophenone 0.795 0.95 0.00 0.50 1.4366
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Table 3
Coefficients of all studied systems with the global solvation parameter model using

Eq. ().

Symmetry Chromolith Luna Resolve XTerra XTerra
Parameters

C18 RP-18¢ C18 (2) C18 MSC18 RP18
Acetonitrile-
water

Cy 0.671 0.137 0.523 0.347 0.002 -0.219
Cm -1.456 -1.361 -1.104 -1.044 -0.505 -0.192
e, -0.070 0.162 0.295 0.145 0.423 0.470
en 0.475 -0.021 -0.311 -0.003 -0.746 -0.615
Sy -0.290 -0.558 -0.378 -0.463 -0.811 -0.584
S -0.396 0.336 0.052 0.269 0.803 0.494
a,, -0.450 -0.585 -0.507 -0.540 -0.400 -0.248
a, -0.264 0.013 -0.071 0.025 0.132 0.060
b, -2.630 -2.588 -2.358 -2.243 -3.094 -3.003
b, 2.051 2.031 1.916 1.773 3.338 3.317
Vi 2.710 2.875 2.364 2.694 3.419 3.180
Vin -2.258 -2.755 -2.022 -2.691 -3.738 -3.642

r 0.986 0.987 0.983 0.988 0.993 0.996

n 154 184 155 172 156 151
Methanol-
water

Cy 0.408 -0.543 0.056 -0.335 -0,110 -0,456
Cm -1.040 -0.415 -0.593 -0.319 -0,838 -0,287
e, -0.055 0.190 0.081 0.122 0,375 0,355
en 0.380 0.096 0.146 0.086 -0,544 -0,359
Sy -0.926 -0.862 -0.573 -0.535 -0,986 -0,642
S 0.672 0.429 0.139 0.245 0,878 0,550
a, -0.095 -0.266 -0.393 -0.504 -0,347 -0,168
ap -0.283 -0.111 0.153 0.255 0,073 0,072
b, -3.167 -2.842 -2.668 -2.386 -2,800 -3,029
b, 1.931 1.580 1.712 1.245 2,215 2,584
Vi 3.909 4.080 3.591 3.524 3,920 3,712
Vin -3.371 -3.595 -3.089 -3.062 -3,382 -3,494

r 0.993 0.996 0.992 0.992 0.993 0.995

n 179 226 184 207 195 201

n is the number of experimental points used to obtain the coefficients (after
removing the outliers)

Next, we applied the polarity those obtained with the global salvation
parameter model to the same columns  parameter model. In this case, we need
in order to compare the results with  much less compounds, only twelve, as
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it was previously demonstrated [20]. using  different  percentages  of

The set of twelve reference solutes (see  acetonitrile and methanol in the

Table 4) was injected in all columns  hydroorganic mobile phases.

Table 4

Polarity parameters of the chromatographic systems and each compound
Parameters Spherisorb ~ Symmetry Chromolith Luna  Resolve XTerra XTerra

ODS-2° C18? RP-18¢" C18 C18 MSC18  RPI8
Acetonitrile-
water
N
P -0.03 -0.14 -0.06 -0.04  -0.04 -0.02 0.00
(log k), -1.02 -1.40 -1.49 -0.83  -1.00 -1.02  -0.91
p(1,2-
Dihydroxybenzene) 1.79 2.13 1.84 1.79 1.78 1.69 1.67
p(Benzamide) 1.69 1.88 1.65 1.68 1.78 1.23 1.33
p(3-Methylphenol) 2.82 3.04 2.85 2.72 2.70 2.78 2.71
p(Propiophenone) 3.70 3.66 3.54 3.38 343 3.61 3.23
p(Methyl benzoate) 3.59 3.60 3.46 3.30 3.36 3.46 3.15
p(4-Nitrotoluene) 3.95 3.93 3.83 3.67 3.70 3.76 3.48
p(Butyrophenone) 4.19 4.14 4.09 3.89 3.93 4.09 3.77
p(Naphthalene) 4.86 4.65 4.66 438 4.43 4.64 4.34
p(Propylbenzene) 5.56 5.21 5.28 5.01 4.97 5.34 4.81
p(Heptanophenone) 5.78 5.49 5.69 5.36 5.45 5.82 5.33
p(Butylbenzene) 6.13 5.64 5.81 5.51 5.49 5.91 5.31
p(Chrysene) 7.33 6.28 6.52 - 6.23 - 6.18
Methanol-water
N

Py -0.05 -0.12 -0.12 -0.06  -0.06 -0.16  -0.08
(log K)o -1.13 -1.31 -1.76 -1.03  -1.02 -1.76  -1.25
p(1,2-
Dihydroxybenzene) 1.98 2.07 2.05 1.87 1.48 2.29 1.85
p(Benzamide) 2.10 2.06 2.07 1.98 1.67 2.35 1.73
p(3-Methylphenol) 2.98 3.03 3.05 291 2.46 3.27 2.79
p(Propiophenone) 3.88 3.59 3.63 3.51 3.18 3.83 3.18
p(Methyl benzoate) 3.89 3.63 3.63 3.55 3.17 3.86 3.22
p(4-Nitrotoluene) 4.08 3.80 3.76 3.69 3.29 3.93 3.43
p(Butyrophenone) 4.36 4.10 4.14 4.05 3.65 4.30 3.65
p(Naphthalene) 5.12 4.92 4.30 477 424 4.90 441
p(Propylbenzene) 5.71 5.54 541 5.52 4.87 5.45 4.77
p(Heptanophenone) 6.06 5.73 5.77 5.82 5.29 5.69 5.04
p(Butylbenzene) 6.32 6.10 6.01 6.16 5.51 5.93 5.23
p(Chrysene) 8.46 7.70 7.11 6.98 6.74 - -

* from ref. [20]
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The resulting retention data were
used to get P and (log k), as we
explained Thus,
chromatographic system (column and
organic modifier) is characterized by
means of these two parameters. They
are reported in Table 4, together with
those determined previously [20]. In
some cases it was not possible to get
the p value of chrysene due to its strong

above. each

retention. All columns show similar
PY and (log k), parameters as we
expected, since all of them are C18
columns, and no significant differences
can be observed due to the
manufacturing process of stationary
phases.

To check the goodness of the
models, we have plotted calculated log
k vs. experimental log k for all columns
and models (see Figs. 1-4). The outliers
(solutes with a standard residual >|2.5|)
were removed when the models were
calculated, but also
represented (by empty circles). The
theoretical line with slope 1 and
intercept 0 is also represented for each

plot. However, we have used different

they are

number of solutes to characterize the
chromatographic systems by means of
both models. For that reason, in the
case of polarity parameter model, we
have not only represented the set of
characterization, but that we have
added the compounds given in Table 5.
In order to get their calculated log &

values we have used the P and (log k),
parameters of Table 4, and p suitable
values for the solutes (average p
parameter for any solute from those
determined at each studied mobile
phase composition). Now, each pair of
graphs of the same column (applying
the polarity or the global LSER model)
have almost the same experimental
points. As it can be seen in Figs. 1-4,
good correlations were obtained with
both models. Global LSER parameter
model shows deviation in some points,
which had mobile phases containing
high percentage of organic modifier,
while polarity parameter model shows
deviation for mobile phases with high
content of water.

In order to compare the accuracy of
both models, Table 6 was constructed.
It can be observed that the standard
deviation is better for
parameter model in most cases. The

polarity

number of outliers which were
removed depends on the
chromatographic  system. In five
systems we removed more

experimental points with the polarity
parameter (being the total
number of experimental points slightly
higher), but in the other seven systems
opposite. Therefore, the
polarity parameter model
considered as good as the global LSER
parameter model, or slightly better.

model

was the
can be
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Fig. 1. Plot of calculated log k vs. experimental log k& values for all studied mobile
phase compositions with acetonitrile, using the polarity parameter model (a, ¢, €)
and the global LSER parameter model (b, d, f). The studied columns were XTerra
RP18 (a, b), XTerra MSC18 (¢, d) and Luna C18 (e, f). Symbols: (®) solutes used

to construct the models, (0) outliers.
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the global LSER parameter model (b, d, f). The studied columns were XTerra RP18
(a, b), XTerra MSC18 (c, d) and Luna C18 (e, f). Symbols: (@) solutes used to
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Table 5
Set of commercial compounds used in this study and their p parameters in acetonitrile and methanol.
Compounds Symmetry C18 Chromolith RP-18e Luna C18 (2) Resolve C18 XTerra MSC18 XTerra RP18
p(ACN) p(MeOH) p(ACN) p(MeOH) p(ACN) p(MeOH) p(ACN) p(MeOH) p(ACN) p(MeOH) p(ACN) p(MeOH)
1,4-Dimethylbenzene 4.75 5.06 4.66 4.87 4.47 4.86 4.49 4.27 - - - -
1-Benzofuran - - - - - - - - 3.95 425 3.74 3.78
1-Naphthoic acid 3.29 3.88 3.06 3.74 2.99 3.77 3.11 33 - - - -
2,3-Dimethylphenol - - - - - - - - 322 3.77 323 3.36
2,4,6-Trichlorophenol 4.22 4.88 4.1 4.68 3.96 4.64 4.03 4.11 - - - -
2,4-Dichlorophenol 3.7 42 3.53 4.04 342 4.01 3.49 3.49 - - - -
2,4-Dimethylphenol - - - - - - - - 3.24 3.84 3.24 3.4
2-Bromophenol 3.17 3.24 2.96 3.15 2.87 3.15 2.96 2.65 - - - -
2-Naphthol 3.38 3.63 3.19 3.53 3.11 3.52 32 3.03 3.27 3.94 3.39 3.7
2-Nitroaniline 291 2.51 2.77 2.69 2.82 2.81 2.81 2.07 2.88 323 2.92 3
2-Nitroanisole - - - - - - - - 3.21 3.34 3.06 2.96
2-Toluidine - - - - - - - - 2.68 3.04 2.52 245
3-Chloroaniline - - - - - - - - 3.1 3.39 3.07 3.01
3-Methylbenzoic acid 29 3.41 2.65 3.33 2.57 3.34 2.71 2.86 - - - -
3-Nitroaniline - - - - - - - - 2.72 2.9 2.74 2.67
3-Nitrophenol 2.85 2.87 2.61 2.78 2.56 2.82 2.66 2.32 - - - -
4-Chloroacetanilide - - - - - - - - 2.63 3.59 2.66 3.21
4-Chloroaniline - - - - - - - - 2.98 3.34 2.92 2.95
4-Chlorophenol - - - - - - - - 3 3.63 3.12 3.39
4-Nitroaniline - - - - - - - - 2.48 2.71 2.63 2.64
4-Xylene - - - - - - - - 4.74 - 4.33 4.29
Acetanilide - - - - - - - - 1.9 2.77 1.9 2.27
Acetophenone - - - - - - - - 2.88 333 2.67 2.71
Aniline 2.4 1.83 221 2.02 2.25 2.13 2.33 1.65 2.27 2.6 2.14 2.02
Anisole - - - - - - - - 3.56 3.82 33 325
Anthracene - - 5.63 6.16 - - 5.45 - - - - -
Antipyrine - - - - - - - - 1.36 2.5 1.16 1.64
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Benzaldehyde
Benzene
Benzoic acid
Benzonitrile
Benzophenone
Biphenyl
Bromobenzene
Caffeine
Chlorobenzene
Corticosterone
Cortisone

Estriol
Ethylbenzene
Furan

Geraniol
Hydrocortisone
Methoxybenzene
Methyl 4-hydroxybenzoate
Monuron

N -Ethylaniline
Nitrobenzene

n -Propyl 4-hydroxybenzoate
Pentachlorophenol
Phenol

Pyrene
Pyrimidine
Pyrrole
Quinoline
Resorcinol
Thiourea
Thymol

Toluene
Valerophenone

2.83
3.66

3.02
4.36

4.36
0.95
4.22
2.72
2.15
1.74
4.72
2.87
3.93
2.04

2.66

3.35

23

0.86
2.23
2.59
1.33
-0.32
4.29
4.19
4.66

3.17
3.85

3.23
4.73

4.57
2.19
4.44
4.49
3.94
3.69
4.84
3.13

4.08

3.52

3.51

2.83

1.54
236
3.53
2.64
0.6
4.75
436
4.89

2.65
3.36

2.84
4.11

4.07
0.94
3.92
2.53
2.07
2.11
431
2.65
3.6
1.99

2.65

3.18

2.34

0.86
2.16
235
1.42
-0.3
421
3.83
431

2.59
3.23

2.69
4.19

4.06
1.55
39
3.74
32
3.67
4.23
2.51
4.2
3.39

3.11

3.08

243

0.77
1.9
2.85
1.69
-0.01
433
3.76
4.28

88
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Table 6

Comparison of the accuracy of the global solvation parameter model and the

polarity model, using the standard deviation and the number of outliers.

Parameters Symmetry Chromolith  Luna Resolve  XTerra XTerra
C18 RP-18¢ C18 (2) C18 MSC18 RPI
Acetonitrile-water
Global LSER model
SD 0.094 0.108 0.092 0.089 0.092 0.062
n 159 189 156 172 166 166
Outliers 5 5 1 0 10 15
Polarity model
SD 0.046 0.058 0.039 0.042 0.075 0.061
n 170 202 165 184 165 164
Outliers 7 9 7 9 4 4
Methanol-water
Global LSER model
SD 0.068 0.070 0.069 0.074 0.092 0.073
n 187 234 193 217 202 214
Outliers 8 8 9 10 7 13
Polarity model
SD 0.048 0.064 0.047 0.061 0.065 0.072
n 208 258 203 237 202 212
Outliers 6 7 6 7 9 8

n is the number of experimental points (included the outliers)

The polarity parameter model
combines all free energy terms in one
unique term and thus, needs one unique
descriptor for solute and one unique
descriptor for each phase (mobile and
stationary phases), instead of 12 fitting
coefficients and 5 solute parameters of
global solvation parameter model. The
global LSER model characterizes better
the fundamental

interactions in the RPLC system and

solute-solvent

therefore, it provides more chemical

information. However, the polarity

parameter model is simpler because it

requires less parameters, so it can be
easier to implement in RPLC retention
prediction programs [29]. Moreover,
although polarity parameter model
seems less rigorous, there is no loss of
precision regarding global solvation
parameter model
expected).

In order to predict data retention
have the
characterized with one of these models
and to know p values of the new
compounds (for the polarity parameter
model) or all their LSER descriptors

(as it could be

we need to system
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(for the global solvation parameter
model). To characterize one system
with the polarity parameter model we
only need 12 solutes, while the global
LSER model at least 5
compounds for each coefficient of the
equation. The p values can be obtained
by measurement in one unique mobile
phase composition in the characterized
chromatographic
transference from the p values of these
compounds in the solute data base or in
any other characterized system through
Eq. (4). They can be also calculated by
means of the CODESSA program [18].
This is much easier that getting LSER
descriptors. There is a wide data base
of these descriptors, but if one new
compound is not included there, it is
necessary to get the
experimentally or calculate them with
ABSOLVE software [30, 31], although
the values obtained with the software

requires

system or by

values

are less accurate. For these reasons, we
simpler to predict data
retention with the polarity parameter

consider
model.

3.2. Prediction of retention of new
compounds by the polarity parameter
model

In order to demonstrate the
predictive ability of the
parameter model, we have used a set of
commercial compounds different to the
set used in the characterization of the

polarity

columns. The wide p range of this set
goes from 0 to 6, and the compounds
are  structurally  different.  The

compounds used to check the
prediction of the retention are those
reported in Table 5.

3.2.1. Prediction of retention from data
obtained in the same column

The first aim was to achieve the
prediction  of
percentage of organic modifier in one
specific column. The idea was to work
with phase
composition and to be able to predict
the behaviour of all compounds at any
other composition. We select 40% for
acetonitrile and 50% for methanol as
average compositions in the studied
percentage range. First, we obtained the
experimental values for all compounds
with different mobile phases (60, 50,
40, 30, 20, 10 % of acetonitrile and 80,
70, 60, 50, 40, 30, 20, 10 % of
methanol)
predictions. After this experimental
work, we used the retention factors (log
k) in 40% acetonitrile or 50% methanol
to obtain the values of the solute
polarity (p) using Eq. (4) (see Table 5).
The parameters of the system P and
(log k) were taken from Table 4, and
the P} wvalues for the intermediate
compositions calculated by Eq. (5) or
(6).

Finally,
calculated retention factors (log k) for

retention at any

mobile

only one

in order to check the

we also obtained the
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the other mobile phase compositions
using again Eq. (4), where the solute

polarity  (p)
calculated previously, as we explained

The
between the

values were those

above. correlations  achieved
calculated and
experimental data are shown in Fig. 5
and Fig. 6, for acetonitrile and
methanol respectively. A theoretical
line with slope 1 and intercept O is
represented for each plot, together with
the standard deviation. It can be seen
that all predictions are good, and the
standard  deviations are  similar.
However, when we compare the plots
for each column and both solvents, we
observe that the predictions are always
more accurate with methanol, except
for Resolve C18 (Figs. 5d and 6d)
where the standard deviation is lower
with acetonitrile. The largest dispersion
in each plot is observed for data at 20
or 10 % of organic modifier, where the
precision of the model is the lowest.
This is due to the difficulty in
measuring the retention with accuracy
working at these phase
compositions, since the solutes spend a

long time inside the column. For this

mobile

reason, we recommend to use the
model in order to predict the retention
of solutes for any mobile phase
containing between 80 and 30 % of
methanol and between 60 and 30 % of
acetonitrile. For less than 30 % you can

have an idea of the retention, but this

estimation is not accurate enough. The
dispersion obtained with methanol is
smaller than with acetonitrile, and thus,
the estimation at low percentages of
methanol is better.

3.2.2. Prediction of retention from data
obtained in any other column

The second aim was to predict the
retention in any RPLC system (column
and mobile phase) starting from one
specific system, used as a reference.
The system XTerra RP18/acetonitrile
has been chosen to predict all the
others. We used the solute polarity data

from Table 4 to establish linear
relationships between the systems,
according to:

p2=apitbh )

where p; is the p value in the reference
system and p, is the p value of the same
solute in any other chromatographic
system. The slopes a and interceptions
b (shown in Table 7) allow the solute
polarity data
RPLC systems.

First, we transferred the p values of
10 test solutes (those of Table 5 that
were injected in all 6 columns) from
the reference
systems using the linear relationships
from Table 7. After that, we calculated
all retention data with them (using Eq.
(4).The correlations between calculated

transference between

system to all other
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XTerra MSCI18, ¢) Luna C18, d) Resolve C18, e) Chromolith RP-18e, f) Symmetry
C18. The predictions of each column were made by means of the study of one

percentage of acetonitrile (40%) in that column.



Article 4 93
25
el 2.0 1 .
.
15 SD=0.131 X oo SD =0.145 o
o - 1.0 >
E o T% .. . A
x 057 X ~ . .
o ol o 0.0 .
= s
..’
051 &% -1.0 ) o
¢
a : b
-
-1.5 T T T -2.0 T T T T
15 -0.5 05 15 25 -2.0 -1.0 0.0 1.0 2.0
log k exp log k exp
2.0 R 23
*
% -
15 LIRS ol 174 B e
SD =0.079 e SD =0.126 . 5
. hd "t o
*
igf 1.0 1 S : % 111 LY ~§ .
™ . S ‘%, °
o #°%8% > .
o 051 3 S 054 .
0 4 *
S *
0.0 1 e
-0.2 1 ¢
C
; £ d
-0.5 T T T T 08
-05 00 05 10 15 20 -0.8 -0.2 05 11 17 23
log k exp log k exp
254 . 2.0 4 ‘e
. ® *
SD=0.129 MR 3¢ 15 4 SD =0.087 % b
15 . o
© * ©
4 - S 104 .
~ (Y X .~
o 0.5 1 o 8
) ] $
2 = 05 .
051 0.0 1 I £
(4
-1.5 T T T T -0.5 T
-15 -05 05 15 25 -0.5 0.0 05 1.0 15 2.0
log k exp log k exp

Fig. 6. Prediction of retention factors of new solutes in different mobile phases (80,
70, 60, 40, 30, 20 and 10 % of methanol), and different columns: a) XTerra RP18,
b) XTerra MSCI18, c¢) Luna C18, d) Resolve C18, e¢) Chromolith RP-18e, f)
Symmetry C18. The predictions of each column were made by means of the study
of one percentage of methanol (50%) in that column.



94

Article 4

Table 7

Slopes a and interceptions b of the linear relationships between p values to transfer
solute polarity data between RPLC systems. The reference system is XTerra
RP18/acetonitrile, used always as the independent variable.

RPLC systems a b r SD
XTerra RP18, methanol 0.89 0.41 0.993 0.10
XTerra MSC18, acetonitrile 1.15 -0.25 0.998 0.09
XTerra MSC18, methanol 0.92 0.88 0.989 0.14
Luna C18, acetonitrile 0.98 0.23 0.995 0.08
Luna C18, methanol 1.09 0.10 0.986 0.21
Resolve C18, acetonitrile 0.97 0.29 0.995 0.11
Resolve C18, methanol 1.06 -0.21 0.981 0.23
Chromolith RP-18e, acetonitrile 1.05 0.09 0.996 0.10
Chromolith RP-18e, methanol 1.12 -0.01 0.982 0.23
Symmetry C18, acetonitrile 0.96 0.52 0.997 0.08
Symmetry C18, methanol 1.26 -0.32 0.963 0.38

and experimental data are shown in
Fig. 7 and Fig. 8, for acetonitrile and
methanol respectively. In Fig. 7a, 8a
and 8b there are more points than in
the other graphs, due to the fact that
we used all compounds of Table 5 in
common with those of the reference
system (not only 10 solutes, but 44).
A theoretical line with slope 1 and
intercept 0 is represented for each
plot,
deviation. In this case it is just the
opposite, although all predictions are
good we obtained better

together with the standard

quite

standard deviations with acetonitrile.
This fact is due to the solute polarity

data transference. In Fig. 7 the
transference is only  between
columns, but same solvent

(acetonitrile). However, in Fig. 8 we
transferred solute polarity data to
other column and solvent, so the
accuracy of the predictions is slightly
worse. It can also be observed that in
Figs. 8c-f most of the calculated log
higher than the
theoretical values, while in Fig. 7 this

k values are

fact does not happen.
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This prediction method have an
enormous potential, since it is possible
to know the  chromatographic
behaviour of one compound in any
studied system just working with one
reference system. This information can
be very useful in order to predict the
best good
chromatographic separations.

conditions to  get

4. Conclusions

The global solvation parameter and
the polarity parameter models have
been successfully applied to several
RPLC systems involving modern C18
columns and methanol and acetonitrile
as organic modifiers of the mobile
phases. Then, a proper characterization
of these
requiring the polarity parameter model
much less experimental effort although
the global LSER parameter model
gives more chemical information. Both
models show similar ability in the
prediction of retention of solutes.

We have demonstrated that the
system parameters (PSN and (log k)o) of
chromatographic
(column and
determined by means of the polarity
parameter model can be used to predict
retention in any other characterized
chromatographic system. There are two
ways to get these predictions. First, it is
possible to predict the retention for any

systems has been done

a given system

organic  modifier)

mobile phase composition in one
specific column working with only one
percentage of organic modifier in the
mobile
extended the prediction to any system
(stationary and mobile phase) just
working with one specific system used
as a reference. To get this
approximation it is necessary to
transfer solute polarity data by means
of linear relationships between the
different systems. In both cases the
really good,
showing the big potential of this
polarity parameter model.

phase. Second, we have

results obtained are

Acknowledgements

We are grateful for financial support

from the Spanish Government (Project
CTQ2007-61623/BQU).

References

[11 L.C. Tan, P.W. Carr, M.H.
Abraham, J. Chromatogr. A 752
(1996) 1.

[2] K. Valko, L.R. Snyder, J.L.

Glajch, J. Chromatogr. A 656 (1993)
501.

[3] M.H. Abraham, M. Rosés, J. Phys.
Org. Chem. 7 (1994) 672.

[4] L.C. Tan, P.W. Carr, I.
Chromatogr. A 799 (1998) 1.

[5] D. Bolliet, C.F. Poole, Analyst 123
(1998) 295.



98

Article 4

[6] J. Li, P.W. Carr, Anal. Chem. 69
(1997) 2202.

[7] M.H. Abraham, M. Rosés, C.F.
Poole, S.K. Poole, J. Phys. Org.
Chem. 10 (1997) 358.

[8] A. Wang, L.C. Tan, P.W. Carr, J.
Chromatogr. A 848 (1999) 21.

[9] N.S. Wilson, J.W. Dolan, L.R.
Snyder, P.W. Carr, L.C. Sander, J.
Chromatogr. A 961 (2002) 217.

[10] N.S. Wilson, M.D. Nelson, J.W.
Dolan, L.R. Snyder, P.W. Carr, J.
Chromatogr. A 961 (2002) 195.

[11] N.S. Wilson, M.D. Nelson, J.W.
Dolan, L.R. Snyder, R.G. Wolcott,
P.W. Carr, J. Chromatogr. A 961
(2002) 171.

[12] M.R. Euerby, P. Petersson, J.
Chromatogr. A 994 (2003) 13.

[13] P. Petersson, M.R. Euerby, J.
Sep. Sci. 28 (2005) 2120.

[14] M. Rosés, E. Bosch, Anal. Chim.
Acta 274 (1993) 147.

[15] E. Bosch, P. Bou, M. Rosés,
Anal. Chim. Acta 299 (1994) 219.
[16] M. Rosés, P. Bou, E. Bosch, K.
Siigur, Org. React. 29 (1995) 51.

[17] JR.
Garcia-Alvarez-Coque, M. Rosés, E.
Bosch, J. Chromatogr. A 955 (2002)
19.

[18] R. Bosque, J. Sales, E. Bosch, M.
Rosés, M.C. Garcia-Alvarez-Coque,
J.R. Torres-Lapasio, J. Chem. Inf.
Comput. Sci. 43 (2003) 1240.

Torres-Lapasio, M.C.

[19] J.R. Torres-Lapasio, M.C.
Garcia—Alvarez—Coque, M. Rosés, E.
Bosch, A.M. Zissimos, M.H.
Abraham, Anal. Chim. Acta 515
(2004) 209.

[20] P. Izquierdo, M. Rosés, E. Bosch,
J. Chromatogr. A 1107 (2006) 96.

[21] J.R. Torres-Lapasio, M.J. Ruiz-
Angel, M.C. Garcia-Alvarez-Coque, J.
Chromatogr. A 1166 (2007) 85.

[22] C. Reichardt, Chem. Rev. 94
(1994) 2319.

[23] P. Miiller, Pure Appl. Chem. 66
(1994) 1077.

[24] L.A. Lopez, S.C. Rutan, J.
Chromatogr. A 965 (2002) 301.

[25] A. Méndez, E. Bosch, M. Rosés,
U.D. Neue, J. Chromatogr. A 986
(2003) 33.

[26] J.M. Herrero-Martinez, A.
Méndez, E. Bosch, M. Rosés, .
Chromatogr. A 1060 (2004) 135.

[27] E. Lazaro, C. Rafols, M. Rosés, J.
Chromatogr. A 1081 (2005) 163.

[28] M.H. Abraham, University
College London Database (1997).

[29] M. Rosés, X. Subirats, E. Bosch,
J. Chromatogr. A 1216 (2009) 1756.
[30] M.H. Abraham, J. Le, J. Pharm.
Sci. 88 (1999) 868.

[31] J.A. Platts, D. Butina, M.H.
Abraham, A. Hersey, J. Chem. Inf.
Comput. Sci. 39 (1999) 835.



Article 1

45




Article 5

99

J. Med. Chem. 2008, 51, 2009-2017

2009

New Approach To Measure Protein Binding Based on a Parallel Artificial Membrane Assay

and Human Serum Albumin

Elisabet Lizaro,” Philip J. Lowe,* Xavier Briand,® and Bemard Faller*®

Departament de Quimica Analitica, Universitat de Barcelona, Marti i Franques 1, E-08028 Barcelona, Spain, Novartis Pharma AG, Modelling
and Simulation, WSJ-27.1.22, CH-4002 Basel, Switzerland, and Novartis Institutes for BioMedical Research,

WSJ-350.3.04, CH-4002 Basel, Switzerland

Received October 11, 2007

‘We report here a new, label-free approach (o measure serum protein binding constants. The assay is able (o
measure HSA K values in the milli-molar to micromolar range. The protein is not immobilized on any
surface and the assay self-corrects for nonspecific adsorption. No mass balance is required to get accurate
binding constants and it is not necessary to wait for equilibrium to extract the binding constant. The assay
runs in a 96-well format using commercially available parts and is, therefore, relatively easy to implement
and automate. As the chemical membranes used are not water permeable, there is no volume change due to
the osmotic pressure and pretreatment (soaking) is not necessary. The concept can potentially be extended
to other proteins and could thus serve as a label-free technique for general binding constant measurements.

Introduction

Plasma protein binding is an important factor to understand
the pharmacokinetics and pharmacodynamic properties of drug
candidates, as it strongly influences drug distribution and
determines the free fraction, which is available to the target.
Human serum albumin (HSA) is the most abundant plasma
protein, so the determination of its binding constant (Ky) with
early drug candidates is particularly relevant. In early diug
discovery, protein binding is a key issue in compound optimiza-
tion when compounds that are potent in a primary biochemical
assay fail to retain activity in subsequent cell-based and in vivo
assays. Other than pharmacokinetic clearance, two main reasons
for this loss of activity are poor membrane permeability and
high protein binding. This study shows that the measurement
of passive permeability through an artificial membrane in the
presence and absence of protein can be used to estimate the
protein-ligand Ky and generate valuable information for com-
pound optimization.

A broad variety of techniques have been applied to measure
protein binding, with equilibrinm dialysis and ultrafiltration
being the most widely used methods.'™ Although attempts to
increase the throughput with these methods are described in
the literature,* © they remain difficult to apply in early discovery.
In addition, accurate rank ordering of compounds that are highly
protein bound is a significant challenge, especially when
recovery is not complete, and varies from compound to

* To whom correspondence should be addressed. Tel.: +41 61 324 7090.
Fax: +41 61 324 3357, E-mail: bernard.faller @ novartis.com.

T Universitat de Barcelona,

¥ Novartis Pharma AG.

% Novartis Institutes for BioMedical Research.

“ Abbreviations: A, surface of filterplate well x porosity: Va, volume
of acceptor well; Vp, volume of donor well; Cy, concentration in acceptor:
Cp, concentration in donor; complex, HSA— d; Ky, membrane + non
specifichinding sites distribution coefficient extracted from PAMPA kinetics;
K. protein-ligand binding affinity (defined as koft/kon); kon, association rate
constant; ko, dissociation rate constant; Dypen, membrane distribution
coetficient measured by dual-phase potentiometric titration; Dy, hexadecane
distribution measured by dual-phase potentiometric titration; Vi, apparent
volume of the membrane (= membrane volume ¥ Dpem); HSA, human
serum albumin; P,, apparent permeabi Cini, initial concentration in donor;
Ceq, theoretical concentration at equilibrium; Cy, concentration in the
membrane.

10.1021/jm7012826 CCC: $40.75

Scheme 1. Chemical Equilibrium in the PAMPA-HSA Assay

Drug Acceptor plate

Drug + HSA ? Drug-HSA

Donor plate
compound. Spectroscopic methods™® are cheaper and faster
alternatives that examine the molecular properties of the
drug-protein complex; however, they do not correlate well with
equilibrium dialysis for various reasons. More recently, some
authors have proposed protein binding determinations using
HSA immobilized on an HPLC stationary phase™® or on
beads ! However, these methods assume that the immobilized
HSA retains its full binding characteristics and that nonspecific
binding has little impact on the result.

In the method described in this paper, the protein-binding
K value is estimated from transmembrane permeation Kinetics
measured in the presence and absence of protein.

Assay Principle

A parallel artificial membrane permeation assay (PAMPA)
is used to measure the permeation kinetics through an artificial
membrane coated on a porous filter plate.' ' Various PAMPA
assays have been described in the literature to measure passive
(transcellular) permeability, with the aim to predict oral absorp-
tion of drug candidates. In this study, we report for the first
time the use of a PAMPA to measure binding constants.
Permeability is measured in the presence and absence of protein
in the donor compartment, and the difference between the two
experiments is used to estimate the binding constant. The key
assumption in this approach is that only the free ligand is able
to cross the membrane, while both the protein and the protein—
ligand complex are either unable to cross the membrane, or do
so at a velocity far lower than that of the free ligand (see
Scheme 1).

The donor and acceptor compartments are separated by a thin
liquid membrane coated on a porous filter in a 96-well
microtiter-plate format (setup details available as Supporting
Information). At the end of the incubation time, the compound
concentration in the acceptor compartment is measured and then
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Figure 1. Permeability of HSA through the hexadecane and octanol membranes. Upper panel, 1 #M HSA (as a reference signal); Middle panel,
donor and acceptor compartments separated by a hexadecane membrane. HPLC trace in acceptor compartment after 4 h incubation of 100 M HSA
in the donor compartment; Lower panel, donor and acceptor compartments separated by an octanol membrane. HPLC trace in acceptor compartment

after 4 h incubation of 100 4M HSA in the donor compartment.

the apparent permeability (P,) is calculated from the concentra-
tion vs. time data. In absence of protein, P, can be calculated
using the following differential equations, which describe
passive diffusion under nonsink conditions:

[s[& Cy, Cy
?-—Pa*‘(v—n—vj W
dc, Gy Gk
T *PaA(v—D*v—A @

where Cp, Vp, and Ca, V, are the concentrations and volumes
of the donor and acceptor compartment, respectively, and A is
the accessible filter surface area (total filter area multiplied by
the filter porosity factor).

Equation 3 is the solution of the above differential eqs 1
and 2:

P, =—Ln(l—%) 3)
& (Vp+Vy)Ar Cy
where
Vo
Ceq= mc'mi @)

Ceq is the theoretical concentration at equilibrium defined by 4
and Ci,; is the initial concentration in donor plate (f = 0).
‘When HSA is added to the donor compartment, the apparent
permeability (P,) of the test compound decreases, because only
the free fraction can diffuse through the membrane. The choice

of the membrane material is critical for the assay. The ideal
membrane is highly permeable to the free ligand but imperme-
able to the protein and ligand—protein complex. With HSA as
the target protein, we found at least two chemical membranes
fulfilling these criteria: hexadecane and octanol. HSA does not
cross these membranes due to its low lipophilicity and high
hydrogen bond potential (Figure 1). In the presence of protein,
eq 1 becomes eq 5; new equations 6 and 7 are added to describe
the formation and dissociation of the HSA—ligand complex.
Equation 2 remains unchanged, as no protein is added to the
acceptor compartment.

o pa[2_58) 4 Hsa.c,+k, Compl
o = PA Ty, ) Fwellea ik Complon
(5)
%:—kﬂ" HSA - Cpy+ k ; Complex (6)
dComplex
—dtp—:kaISA~bekoﬂ.Complex @

All concentrations are expressed in molar units. Complex and
HSA are the concentrations of protein-ligand complex and free
HSA at time ¢, respectively.

Another phenomenon which potentially affects diffusion
kinetics is membrane retention. Membrane retention is charac-
terized by the membrane/buffer distribution coefficient, also
known as the log D,uem. To take this phenomenon into account
5 becomes 8 and 2 becomes 9:
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where Cy is the concentration in the membrane compartment
at time £ and Vi is the apparent membrane volume, that s,
membrane volume multiplied by the ligand distribution coef-
ficient, Kn. Io this paper, Dpem refers to the membrane
distribution coefficient measured using an independent method
(dual-phase potentiometric titration) and Ky is the membrane
distribution coefficient derived from the PAMPA assay using
equations § and 10, In the absence of nonspecific adsorption to
the device, Diem and Kj, should be identical within the noise of
the experiment. An additional equation that describes the
concentration of the free ligand 1o the membrane is also needed
(eq 10):

dC,

(103

As there is uo simple analytical solution to solve the
differential equations 8 and 10, Caff) was calculated using
numerical integration with the Berkeley Madonna software,'®
Although the above equations decompose Kq 10to its microscopic
Yo all data
analyses. Berkeley Madenna is a differential equation solver
developed by R. 1. Macey and G. 1. Oster at the University of
California at Berkeley. It allows both simulation and fitting of
one or more differential equations simultaneously.

Results

As recovery is a critical aspect in protein-binding measure-
ment, especially with the lipophilic compounds encountered in
modern drug discovery, we started to study the mmpact of
nonspecific binding and membrane retention on the permeation
kinetics. A simulation was carried out based on equations §
and 10 using the Berkeley Madonna software. Figure 2 shows
the theoretical concentration/time profiles obtained in the
absence (Figure 2A) and presence of HSA (Figure 2B) in the
donor compartment. Both HSA binding and membrane retention
lead to a reduced concentration in the acceptor compartment
and, thus, an underestimation of the true membrane permeability
of the free test compound. Toterestingly, the comparison between
panel A and panel B shows that the shape of the concentration
versus time curve iz different. Membrane retention creates a
lag phase, during which the membrane is filled with the ligand,
before the compound effectively reaches the acceptor compart-
ment (Figure 2A, curves C, D). This is not the case when the
decrease in apparent permeability is caused by HSA binding
(Figure 2B, curves C, D). This shows that recording appropriate
time points allows one to (i) correct the apparent permeability
for membrane retention and (i) differentiate between protein
binding and membrane trapping,

The impact of low ko (and kon) values on the permeability
kinetics is shown in Figure 3. The assay has the capability to
detect low microscopic rate constamts if the association/
diszociation process half-time s comparable or slower than the
diffusion kinetics. When the microscopic rate constanis are low
(hoge = 0.001 5%, the diffusion of the free ligand through the
membrane is faster than the binding to HSA (Figure 3, curves
B, C) and, as a result, the concentration of the free ligand in
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the acceptor compartment goes down again due to slow binding
of the free ligand to the protein in the donor compartment.

The model has been applied to 11 drugs with different
properties in terms of lipophilicity (log Dy g), polar surface area,
acidic and basic character, with protein binding Ky data taken
from lreramre sources.” ™" Compound selection is shown
in Table 1. The permeability of these 11 drugs {see chemical
structures in Figure 4) wag measured in the presence and absence
of human serum alburnin,

Figure 5 shows the concentration versus time profile of
quinine, a low binding affinity compound®™ with a low
merbrang retention (10g Dug = —1.3), in the absence () and
presence of HSA (+) in the dener compartiment. The solid lines
are the best fit obtained with eqns 8—10 with log P, == —4.07,
log Ky < 1, and —log Ky (HSA) = 3.6

Figure 6 shows the concentration versus time profile of
warfarin, a high binding affinity compound'’™® with low
membrane retention (log Dy.q == —2) in the absence (—) and
presence of protein i the donor compartment (). The sohd
lines were obtained with log P, = —4.4, log &, < 1 and —log
Ve (HSA) = 5.4, Comparison of Figures 5 and 6 shows that
the impact of protein on the apparent permeability is much
higher with warfarin than with quinine, consistent with its higher
HSA binding affinity. Figure 7 shows chlorpromazine, a
lipophilic compound (log Dy = 2.6) with a medium HSA
binding affinity.”?***' In this case, membrane retention
significantly influences the Ca(r), and the best fit was obtained

As described above, the method is based on the change in
apparent perrseability upon addition of protein to the donor
compartment. One obvious Hmitation of this approach is with
compounds that are poorly permeable through the membrane.
Initially, the hexadecane membrane was designed to mimic
transcellular gastrointestinal permeability,® and therefore, com-
pounds with a poor transcellular permeability would be difficult
to measure. This is typically the case of diflunisal, a peripherally
active non-narcetic analgesic that diffuses poorly through the
hexadecane membrane. Successful measurement of protein-
binding Ky with the less lipophilic compounds was achieved
by using an alternarive membrane to separate free from protein-
bound ligand. Octanol (5 gL of 30% octanol dissolved in
hexane) was found to work well for most compounds with poor
hexadecane permeability. Diflunisal (log Do == 0.5, log Dixa
< =2} was successfully measured using an octanol membrane.
The HSA K, does not depend on the nature of the membrans
used to separate the free ligand from the HS A—ligand complex,
as demonstrated with verapamil, which was measured using both
hexadecane and octanol membrangs. HSA —log K4 values of
3.2 and 3.5 were obtained using hexadecane and octanol,
respactively. The difference berween the two experiments is in
the membrane retention, which 1s higher with the octanol
membrane (log Ky = 3.75} compared with hexadecane (log Ky
= 2.1

The results obtained with the 11 test compounds are shown
in Table 1, together with the HS A &y values taken from literature
sources. A very good agreement was found between the HSA
K4 values obtained with the PAMPA-HSA assay and the
reference valies were taken from literature (Figure 8). Both sets
agree with a correlation coefficient greater than 0.9 and a slope
close to 1.

Most of the measurements in this stady were performed with
[HSA] = 100 #M and [ligand] = 50 gM. Data in Table 2



102

Article 5

2012 Journal of Medicinal Chemistry, 2008, Vol. 51, No. 7

A

Lizaro et al.

2505
— A
S
/ o= = 1 B
/ L ———-C
25
155
g
3
.. D
165
///-
5o
0 r T T T T T T T 1
0 1003 2000 3000 4000 5000 8000 700C 8000
TIME (seconds)
B
2505 *
SRS T
— B
//
25
(&
—
1585
g
] "
125
566 — —D
I
///
0 T T T T T T T T 1
0 1000 208 3000 00 5000 5000 00 00
TIME (seconds)
Figure 2. (A) Theoretical concentration/time profiles in the absence of HSA, obtained with log P, = ~2.5 and Dyen = 1, 10, 100, and 1000
(A—D). The loading concentration is 50 uM, Vi == 0.3 mL, V, = 0.3 mL, and the membrane volume is 0.75 uL. (B) Theoretical concentration/time

profiles in the presence of HSA, obtained with log P, = —2.5, log Duen

=1, and HSA Ky = 1071, 107%, 107* and 1075 M (A—D). The loading

concentration is 50 M. Va = 0.3 mL, Vp == 0.3 mL, and the membrane volume is 0.75 uL.

demonstrate the reproducibility of the method with different
drug/protein concentrations.

Discussion

Careful inspection of Figures 5 and 6 shows that there is a
small lag phase in the Ca(¢) kinetics. This cannot be explained
by membrane retention as the membrane (hexadecane) distribu-
tion coefficients of quinine and warfarin are too small (—1.3
and —2, respectively). What likely explains this deviation from
linearity is nonspecific adsorption of the compounds in the
acceptor compartment. The compounds only appear after the
nonspecific binding sites are fully saturated, but the K}, parameter
in equations 8—10 does not differentiate between membrane
retention and nonspecific binding in the acceptor compartment.
For this reason, the log K), values are always equal or higher
than the membrane distribution coefficients log Dyen measured
independently. When membrane retention becomes significant,

as with chlorpromazine, the relative contribution of nonspecific
binding is lower and, in this casc, log K}, becomes close to log
Diern (3.4 vs 2.6 for chlorpromazine).

The method presented here has the advantage of being label-
free and does not require immobilization of the protein on a
surface, which can potentially affect the binding affinity.
Desipramine can be used to illustrate this point; a —log Kj of
4.85 has been reported using a fluorescent method,” while a
quite different value (—log K = 3.48) has been recently reported
using an ultrafilration technique.” Interestingly, using the
PAMPA—HSA method gives a result that is in good agreement
with the one obtained by ultrafiltration (3.10 vs 3.48).

We have shown that the assay dynamic range is about 3 log
units from millimolar (desipramine, —log K4 = 3.5) down to
micromolar (diflunisal, —log K4 = 6.2). This window can be
further adjusted to the desired range depending on the protein
and ligand concentrations used.
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Figure 3. Impact of slow dissociation (low ko) on the concentration in acceptor time profile. Egns 8—10 were used to simulate the impact of low
on and off rates on Ca(f). Conditions were Ky = 5 M. [drug] = 50 M, HSA = 100 uM. Curves were calculated for ko = 0.00001, 0.0001, 0.001,
and 0.01 57! (curves B, C, D, and E, respectively). The reaction is initiated by the addition of the drug to the PAMPA sandwich containing HSA

in the donor compartment at time 0. Curve A represents Ca(f) in the absence of protein in the donor compartment.

Table 1. Resull Summary of PAMPA-HSA Results Obtained with the 11 Test Compounds®

compound AB  ClogP  membrane log . log Kn  PAMPA—HSA —log Ky —log K4 (lit. value)  avg ref value used’

chlorpromazine’ 2523 B 53 Hxd 3.4 4.26 (91.5) 4.62¢, 3.89%, 4.25" 4.26

desipramine®® B 45 Hxd 1.3 3.07 (41.3) 3.48¢ 348
B 3.0 Hxd 1.6 4.61 (96.0) 5.07,4.89%, 3.94% 4.60
A 4.7 Hxd <1 5.61 (99.6) 5.74%,5.70 572
A 4.4 Hxd <1 undefined 5.70%, 6.70°
A 44 Oct i4 5.91 (99.8) 5.70%, 6.70°

oxazepam B 2.3 Hxd <1 i

propranolol*® B 27 Hxd 1.8

quinine™ B 2.8 Hxd =<1

tolbutamide! A 2.5 Hxd <1

verapamil'® B ‘ Hxd 2.09

verapamil'® B 4.5 Oct

wal 17-23 A 29 Hxd ( 238 5207, 5.487

warfarin!” A 2.9 Oat <1 5.37(99.3) ’, 5,207, 5.48"

7 A, acids; B, bases. All measurements have been performed at pH 7.4. The numbers in brackets represent the fraction bound in % derived from the Ky

values assuming a [HSA] = 600 4M and [drug] =5
technique. “ Ultrafiltration. ¢ Capillary electrophors
PAMPA—HSA values (Figure 7).

ClogP values wi

There are also some limitations in this approach that we would
like to briefly discuss. The first one is that not all compounds
can be measured with the same chemical membrane; We have
shown that general lipophilic compounds can be measured with
a hexadecane membrane, whereas more hydrophilic compounds
(like Diflunisal) only worked with an octanol membrane. Can
one select the appropriate membrane prior to the experiment?
As a rule, we would propose that compounds with calculated
octanol/water log D values lower than 1 will not work with the
hexadecane membrane: however, there are probably a few
exceptions to that rule. The other option is to run the assay
with both membranes in parallel and select the relevant one
after the experiment.

Another aspect that deserves some commnents lies with the
fact that the compounds in the training set are “old” drugs and,
therefore, how well will the method work with “real life”
discovery compounds? Drug candidates are generally more
difficult to handle than generic drugs in many assays, essentially
because they are often more lipophilic, bigger, and less-soluble.
To answer the question whether the method would be able to
cope with these more difficult compounds, experiments were
done at a lower ligand concentration with propranolol (Table

oblained with the BioBy
. THPLC chromatography. £ Gel filtration. ” Calorimetry. * Average value used to compare with

vare v. 4.71. * Bquilibrium dialysis. < Spectroscopic

2). Essentially, the log K3 values obtained at 10 #M was identical
to the one obtained at 50 #M. Extremely insoluble compounds
might require to go further down in ligand concentration, and
the lower limit of guantification of the apalytical method can
then become rate limiting. However, the same limitation applies
to all known methods, as LLC-MS/MS is the readout of choice
in most if not all high-quality protein-binding a . High
lipophilicity is another characteristics of new ‘real life”
compounds and leads to membrane retention and nonspecific
binding. We have shown that this is usually not an issue with
the method presented here, as these phenomena are taken into
account in the Ky parameter.

A common issue encountered with protein-binding assays is
the resolution, which can be reliably obtained for highly protein-
bound compounds. To get a feel for the performance of our
method, we repeated experiments over a six-week time period
with a number of highly protein-bound compounds {Table 3).

In general, the resolution of the method depends on the
targeted Ky value and the concentration of HSA and ligand used.
In this study, most measurements were done at 100 M HSA
with the intend to cover a K; from the millimolar to the
micromolar range. We suggest to use these conditions as a first
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Figure 4. Chemical structures of the compounds of the test set.

line generic screen. For refined measurements, one can repeat
the experiment with lower HSA concentration for very strong
binders (permeability in the presence of protein drops below
the lowest limit of quantification) or with a higher HSA
concentration for weak binders (permeability & protein becomes
too small).

Lizaro et al.

In comparison with membrane dialysis, the analytical burden
is more or less identical, as both methods used LC-MS/MS as
a readout. The advantages of the PAMPA—HSA approach are
clsewhere; this approach is faster (i) with no need to reach
equilibrium fto estimate the binding constant (and lower risk of
compound or protein degradation}, and (ii) the loss of material
to the plate walls or the membrane interface does not affect the
quality of the result. As with alternative approaches, membrane
retention and nonspecific binding to the walls of the device does
oceur, but it is taken care in the analysis of the Kinetic data as
the Ky, parameter accounts for compound retention. In principle,
the kinetic approach described here can also be used with an
equilibrium dialysis technique and would be a powerful allerna-
tive to mass balance calculations. However, there are a few
advantages provided by the liquid membranes. Liquid mem-
branes allow equilibrium to be reached faster because the
effective surface of exchange provided by a liquid membrane
is larger. As these membranes are not perimeable to water, there
is no volume change due the osmotic pressure (and, therefore,
no correction needed). Finally, there is no need to pretreat
membranes prior to use, which makes it easier for automation.
The PAMPA—HSA approach can also be viewed as a direct
way to study the impact of protein binding on drug absorption
or diffusion through cell membranes. In this respect, the
hexadecane membrane gives the ability to establish and maintain
a pH gradient between the donor and the acceptor compartment,
which would not be possible with the traditional membrane
dialysis technique.

Perhaps a more general application of this work lies in the
use of permeability kinetics as opposed to end point measure-
ments as a method to correct permeability values for adsorption,
such as nonspecific binding and membrane trapping. For
example, in cell-based permeability assays (Caco-2, MDCK),
poor compound recovery has been identified as a factor that
should be taken into account when judging the validity of the
result. We have shown that permeability corrected from
nonspecific binding can be estimated [tom the permeability time
course. This could be a powerful alternative to the traditional
recovery calculations (mass balance) performed in cell-based
permeability and PAMPA assays.

The assay principle described in this study could also be
considered as a general label free technology to study protein—
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Figure 5. Concentration in acceptor (Ca) vs time profile of quinine in presence (++) and absence of HSA (—) in the donor compartment. Open
circles represent the measured concentrations in acceptor compartment and the solid line is the best fit obtained using eqns §—10.
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Figure 7. Concentration in acceptor (C,) vs time profile of chlorpromazine in presence (+) and absence of HSA (—) in the donor compartment.

Open circles represent the measured concentrations in acceptor compartment and the solid line is the best fit obtained using eqns §—10.

ligand interactions. In particular, water-soluble proteins are
expected to behave similarly to HSA and a chemical liquid
membrane, such as those described in this study, will most
probably separate most {ree ligands from the prolein-ligand
complexes efficiently.

Experimental Section

Reagents, All drugs were purchased from Sigma (Div. of Fluka
Chemie AG. Buchs, Switzerland) and were dissolved in dimethyl
sulfoxide (DMSQO) at a concentration of 10 mM each and used
without further purification. DMSO and hexane were obtained from
Merck KGaA (Darmstadt, Germany) with a purity grade >99.8%
and >99%, respectively. Hexadecane (>98%) and 1-octanol
(99.5%) were purchased from Fluka and Riedel-de Haen, respec-
tively (both from Sigma-Aldrich Chemic GmbH, Buchs, Switzer-
land). Human serum albumin (IISA), 99% fatty acid free, essentially
globulin-free, was from Sigma. Phosphate buffer, pH 7.4 (0.014
M KH,PO4 and 0.054 M Na;HPOy), was from Fluka.

Analytics. The LC-MS/MS analyses were performed with a
system equipped with two Rheos pumps 2000 (Flux Instruments,
Basel. Switzerland) and a TSQ Quantum Discovery Max detector
equipped with an electrospray ionization (ESI) source (Ther-
moFinnigan, San Jose, CA, U.S.A.). Nitrogen is used as a nebulizer
gas at 40 psi, while the auxiliary gas is set at 10 psi. The capillary
voltage is set at 4 kV, and its temperature is set at 350 °C. The
collision pressure is 1 mTorr. The 96-well plates containing the
samples are stored at 20 °C. Prior to injecting the sample, a solution
of ACN/water 1/1 with internal standards (1.0 M alprenolol for
positive mode and 1 M warfarin for negative mode) is added to
the sample. The mobile phase is composed of a mixture of
acetonitrile and water (containing 0.1% (v/v) of formic acid).
Samples are injected (20 pl. in a loop of 10 ul.) and chromato-
graphed on a Zorbax SB-CI8, 30 x 2.1 mm, 1.8um, column
(Millian SA, Meyrin/Gene Switzerland) at a flow rate of 0.25
ml/min using to the following gradient: 0—1 min constant mobile
phase composition of 5% acetonitrile; 1—3 min linear gradient from
5 to 100% acetonitrile; 3—4.8 min remained constant; 4.8—4.81
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Figure 8. Correlation between literature and PAMPA—HSA Ky values.

Table 2. Impact of Drug and Protein Concentrations on Ky
Determination

[propranctol], [HSA], log log PAMPA
uM HuM P, Ky —log Ky
10 50 —4.2 1.3 3.45
10 100 —42 1.5
10 300 —4.0 1.8
10 600 —4.0 2.0
50 100 —4.0 1.8

Table 3. Assay Variability for Highly Protein-Bound Compounds®

N=1 N=2 N=3
warfarin 5.24 (99.0) 5.39 (99.3) 533 (99.2)
tolbutamide 5.56 (99.5) 4.95 (98.2) 5.16 (98.9)
diclofenac 5.61 (99.6) 5.60 (99.6). 5.61 (99.6)
diazepam 4.48 (94.7) 4.64 (96.3) 4.70 (96.7)
chlorpromazine 4.22 (90.8) 4.03 (86.5) 4.52 (95.2)

“ Numbers are the PAMPA—HSA log 1/Ky (M) obtained from three
independent experiments performed over a six-week time period using
[HSA] = 50 uM and [ligand] = 100 #M. The numbers in brackets represent
the fraction bound in % derived from the K values, assuming a [HSA] =
600 uM and [drug] = 5 uM.

linear gradient back to 5% acetonitrile; and 4.81—6 min was
constant. The use of two chromatographic pumps allowed the MS
analysis of one column elute while the other column is recondi-
tioned, reducing therefore the total run time per sample to 4.8 min.

Permeability Measurements. Permeation experiments are car-
ried out in a teflon 96-well plate, which acts as the donor
compartment. All wells are filled with 300 gl of 50 xM drug
solution in buffer pH = 7.4, containing 0.75% DMSO, and a little
magnet is placed in each one. Half of the plate contains 100 uM
HSA and the other half is protein-free. Microtiter filter plates
obtained from Millipore AG (Zug, Switzerland) are used as acceptor
plates. Each well of the filter plate is impregnated with 5 uL of a
15% (v/v) hexadecane solution (or 5 ul. of a 30% (v/v) octanol
solution) dissolved in hexane and incubated for 15 min until
complete evaporation of hexane. After that, the acceptor compart-
ment is hydrated with 300 x#L of phosphate buffer, pH = 7.4. The
resulting sandwich construct (acceptor plate above donor plate) is
incubated al room temperalure under constant stirring. At different
time points (0.1, 0.2, 0.5, 1 and 2 h), 75 xL from acceptor plate
wells is transferred to a disposable polystyrene plate and loaded to
the LC-MS autosampler. Each sample is quantified by comparing
the peak surface area of the analyte with a 25 uM (theoretical
equilibrivm concentration) reference solution prepared independently.

Lizaro et al.

To ensure that the donot/acceptor fluxes are not due to porous
or unstable hexadecane layers, the stability of the membranes is
tested by electrical resistance measurements at the end of the 2 h
incubation. These measurements are performed using a Keithley
6517A electrometer (Keithley Instruments S.A., Ditbendorf, Swit-
zerland) with Ag/AgCl electrodes from World Precision Instruments
(Berlin, Germany). Trans-wells with electrical resistance Jower than
25 kOhm are discarded.

Measurement of HSA Permeability, HSA is quantified using
an LC-UV method. Analyses were performed with an Agilent 1200
series LC-UV HPLC with a binary pump and a diode array detector
(Agilent Technologies, Waldbronn, Germany). The chromatography
was performed on a Vydac 214TP C4 column. 50 x 2.1 mm, 5
um (Bucher Biotec AG. Basel, Switzerland), maintained at 40 °C.
The mobile phase solution is composed of acetonitrile and water
delivered at 1.75 mL/min. Triftuoroacetic acid (TFA, 0.1%) is added
in the mobile phase as an ion pair agent. The initial condition is
37% acetonitrile during 0.59 min; 0.59—0.6 min lincar gradient
from 37 to 40% acetonitrile; 0.6—1.0 min remained constant:
1.0—1.1 min linear gradient back to 37%; and is then constant until
2 min. The analytical wavelength was set at 210 nm.
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Interaction of Antioxidant Biobased Epicatechin Conjugates
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(—)-Epicatechin conjugates with sulfur-containing moieties are strong free radical scavengers with
cell-protecting activities, which may be in part modulated by their capacity to bind to biological
membranes. We present here a study of the interaction of these conjugates with membrane models
such as multilameliar vesicles and a phospholipid-coated silica column (immobilized artificial
membrane}, monitored by differential scanning calorimetry and high-performance liquid chromatog-
raphy, respectively. The nonpolyphenolic moiety significantly influenced the membrane behavior of
the whole molecules. Bulky and hydrophobic conjugates clearly interacted with the phospholipids
and may have a tendency to penetrate into the hydrophobic core of the vesicles. In contrast, the
smaller cationic 43-(2-aminoethylthio)epicatechin may be focated at the outer interface of the lipid
membrane. The outcomes from both experimental set-ups were in good agreement. The differences
detected in the biological activities of the conjugates may be explained in part by their tendency to

penetrate the cell membrane.

KEYWORDS: Antioxidants; catechins; flavonoids; liposomes; artificial membranes

INTRODUCTION

Natural polyphenocls present in foods and supplements are
widely appreciated for their putative health-promoting effects
(1), They may be behind the low incidence of cancer and
cardiovascular diseases of animals and humans following a diet
nch in fruits and vegetables (2, 3). Catechins and their
oligomeric forms (proanthocyaniding) are the main polyphenclic
components of nutraceutical preparations from grape or pine
(4, 5). We have described a new type of catechin conjugates
with sulfur-containing compounds (6, 7}, which can be readily
obtained from agrofood byproduets (8). The nonphenolic part
of these molecules influences the antiproliferative and proapo-
plotic aclivities on skin and celon cancer cells (9), neuronal
survival (10), and immunomodulation (1), Interestingly, the
conjugates appear to protect cells against oxidative damage by
maintaining the levels of endogenous antioxidant systems (e.g.,
ghutathione) rather than just scavenging free radicals (14).
Changes in the capacity to interact with biological membranes
driven by the nonphenolic substituents may be partially respon-
sible for the differences detected among the conjugates. In fact,
we have shown that cationic derivatives penetrate the skin layers
more efficiently than zwiterionic and underivatized catechins

* To whom caorrespondence should be addressed. Telr +34 93 400 61
12. Fax: 34 93 204 59 04, E-mail. jitgbp@iigab.csic.es (JL.T.) and
ditigab.csic.es (F.C.
reitat de Barcelona.
¥ institute for Chemical and Environmental Research, CSIC.

10.10214f063327d CCC: $37.00

(12). To search for clues as to how the new molecules interact
with biomembranes, simple membrane models such as lipo-
somes and phospholipid-coated HPLC (high-performance liquid
chromatography) columns are convenient tools,

Liposomes (e.g., multilamellar vesicles, MLVs) have been
widely used as models for the interaction of small drgs and
other blomolecules (proteing, peptides, DNA, and carbohydrates)
with the cell membrane (73—16). In contrast, information about
polyphenol interactions with mermbrane moedels is scarce. Simple
catechins such as (—j-epicatechin (Ec) and (—)-epicatechin-
gallate show some ability to penetrate into liposomes by a
mechamism driven mainly by the capacity to establish hydro-
phobic interactions (17, 7&). The more hydrophobic gallate esters
appear to penetrate more deeply into the bilayer (18). An
alternative and more simple way to screen bioactive compounds
for their interaction with biomembranes is the so-called im-
mobilized artificial membrane (1AM). IAMs were infroduced
as HPLC columu-packing matenals by Pidgeon and Venkataram
(19) and have proven to be useful tools teo predict drug
permeability in different biological systems {20, 27). As far as
we know, catechins and their derivatives have niot been studied
on LAM columps. The 1AMs are prepared by covalently linking
synthetic phospholipid analogues to silica-propylamine particles,
in. order to mimie the Lipid environment of a fluid cell membrane
on a solid matrix. Because of this chemical similarity, IAM
columns are mainly used for the estimation of bomembrane
transport properties. In previous studies, the retention factor on

© 2007 American Chemical Society
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IAM columns correlated well with solute partition coefficients
in fluid liposome systems (22, 23).

We describe here the behavior of bioactive sulfur derivatives
of Ec on MLV liposomes and a IAM column. Because some
differences in the biological activities of the electrically charged
catechin conjugates might be explained by a differential capacity
to penetrate or somehow interact with biological membranes,
these model systems may provide valuable information to help
explain the biological properties of the new bioactive conjugates.

MATERIALS AND METHODS

Chemicals. 1.2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
was purchased from Avanti Polar Lipids Inc. (Alabaster, AL). Ec and
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) were
obtained from Sigma Chemical Co. (St. Louis, MO). Chloroform and
acetonitrile were from E. Merck (Darmstadt. Germany), and methanol
was from Carlo Erba (Milano, Italy). Sodium dihydrogenphosphate
monohydrate and disodium hydrogenphosphate were from E. Merck.
All solvents and reagents used were of analytical grade. 4/-(S-
Cysteinyl)epicatechin (Cys-Ec), 45-(2-aminoethylthio)epicatechin (Cya-
Ec), 4p-[S-(O-ethyl-cysteinyl)]epicatechin (ECys-Ec), and 4/3-[S-(N-
acetyl-O-methyl-cysteinyl)]epicatechin were synthesized in our laboratory
by a previously published methodology (7. 24). The structures of the
molecules studied are depicted in Figure 1. Ultrapure water, produced
by a Nanopure purification system coupled to a Milli-Q water
purification system, with a resistivity of 18.2 MQ c¢m, was used for
the aqueous solutions.

Preparation of MLVs of DPPC. A standard solution of DPPC (4.4
mg/mL) in chloroform/methanol 1/1 v/v was prepared and aliquoted
(100 uL) in glass tubes. This solution was evaporated to dryness under
a nitrogen stream while the tube was rotated in order to obtain a thin
film at the bottom of the tube walls. The residual solvent was removed
by keeping the samples under high vacuum. MLVs were formed by
hydrating the dried lipid with 100 uL of 5 mM oxygen-free HEPES
buffer, pH 7.4, containing the corresponding amount of epicatechin or
its derivatives, followed by five alternative cycles of sonication (2 min)
and heating at 60 °C (2 min). Under these conditions, the polyphenolics
remained intact as ascertained by reversed-phase HPLC before and after
the treatment.

Differential Scanning Calorimetry (DSC). Calorimetric experi-
ments were performed with a DSC 821E Mettler Toledo (Greifensee,
Switzerland) calorimeter. DSC runs were carried out with fresh
liposome preparations. Aluminum pans were loaded with 30 uL of
DPPC MLV suspension (containing 0.13 mg of DPPC). Then, they
were hermetically sealed. Three heating/cooling cycles were performed
in a temperature range between 0 and 60 °C at a constant scanning
rate of 5 °C/min. The data from the first scan were always discarded
to avoid mixing artefacts. Experiments were carried out in triplicate.

HPLC. The retention data were acquired with an IAM.PC.DD2
column (100 mm x 4.6 mm i.d., 12 um, Regis Technologies Inc.,
Morton Grove, IL). All measurements were performed with a Shimadzu
liquid chromatograph (Kyoto. Japan) equipped with two Shimadzu LC-
10AD pumps and a Shimadzu SPD-10AV detector. The eluent was
0.01 M phosphate aqueous bufter, pH 7, containing 20% CH;CN. All
compounds were dissolved in a mobile phase at a concentration of 0.1
mg/mL. The injection volume was always 10 uL. The detection
wavelength was 214 nm. Isocratic conditions were always used at a
flow rate of 1 mL/min. The column hold-up time was determined by
using an aqueous solution of potassium bromide (0.1 mg/mL) as an
unretained solute. Its detection was performed at 200 nm. Retention
data were expressed by the logarithm of the capacity factor, log &,
defined as log k = log [(#. — t0)/to] where 1, and 1, are the retention
times of the solute and the unretained compound, respectively. All
measurements were taken in triplicate.

RESULTS AND DISCUSSION

Lipid MLVs as a Membrane Model: DSC Studies. To
evaluate the interaction between epicatechin derivatives (Figure
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Figure 1. Structures of the epicatechin derivatives.

1) and lipid membranes, the phase transitions of DPPC MLVs
with and without the solutes were evaluated by DSC. DSC
thermograms of DPPC MLVs show a sharp transition at 41 °C
and a pretransition at 35 °C, consistent with previously reported
values (25, 26). The pretransition corresponds to the transition
between a gel phase and a ripple phase characterized by a tilt
of the acyl chains caused by the bulky polar heads. The main
transition takes place from an ordered gel state (P; phase) at
lower temperature to a more disordered liquid crystalline state
(Lq phase) at higher temperature. In the gel state, the acyl chains
are largely in trans conformation, while in the liquid state they
tend more to gauche conformation. The average number of
gauche conformers is related to the bilayer fluidity.

The thermotropic parameters studied were the phase transition
temperature (7y,) and the width at half-height of the heat
absorption peak (A7)). The former relates to the stability of
the membrane structure, and the latter carries information about
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Figure 2. Phase transition temperature (Tp) of DPPC MLV liposomes as

a function of the molar percentage of epicatechin derivatives in a

concentration range between 0 and 30 mol %: Ec (x), Cya-Ec (#), Cys-
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Figure 3. Transition width (A T;2) of DPPC MLV liposomes as a function
of the molar percentage of epicatechin derivatives in a concentration range
between 0 and 30 mol %: Ec (x), Cya-Ec (#), Cys-Ec (m), ECys-Ec
(@), and AMCys-Ec (a).

Figure 4. DSC curves obtained with DPPC-Ec. The molar percentages
of Ec were a, 0% (i.e., pure DPPC); b, 5%; ¢, 10%; d, 15%; e, 20%; f,
25%; and g, 30%. The heating rate was 5 °C/min.

the cooperativity of the phase-transition process. Both param-
eters were plotted against the concentration of each product in
the MLV preparation (0, 5, 10, 15, 20, 25, and 30 mol %). The
results are summarized in Figures 2 and 3. Figure 4 illustrates
the endothermic transition peaks obtained in the presence of
the parent polyphenol Ec. The effect of polyphenols such as
Ec and other naturally occurring flavonoids on DPPC or 1,2-
miristoyl-sn-glycero-3-phosphocholine membrane models has
been described by other authors (/7, 18). The polyphenols
abolish the pretransition and induce a decrease in the phase
transition temperature and some broadening of this main
transition peak. This behavior is common to other small organic

J. Agric. Food Chem., Vol. 55, No. 8, 2007 2903

molecules (27, 28). In our hands, all of the compounds abolished
the pretransition at 5 mol % whereas different effects on the
main transition were recorded. Ec and the uncharged hydro-
phobic derivative AMCys-Ec behaved much like other small
species. Both compounds caused a moderate decrease in 77,
(Figure 2) meaning that they slightly affected the stability of
the liposomes. Interestingly, a significant increase in A7, was
recorded for the bulkier hydrophobic derivative AMCys-Ec
(Figure 3). This compound appears to raise the fluidity of the
lipid bilayer much like other lipophilic molecules (e.g., short
chain alkanes), which show a tendency to be located at the center
of the hydrophobic core (29, 30). Ec did not alter the membrane
fluidity significantly. These results show that the introduction
of a protected cysteine moiety may facilitate the incorporation
of the polyphenol into the lipid. This may carry an improved
capacity to protect membrane lipids from peroxidation. In fact,
it has been suggested that similar hydrophobic sulfur-containing
derivatives of no amino acidic nature are better antioxidants
than more hydrophilic conjugates in a liposome lipid peroxi-
dation model (37).

The electrically charged conjugates influenced the stability
of the liposomes in different ways. Cationic ECys-Ec exerted
the strongest perturbation of the liposome stability and fluidity
recorded in this study. The temperature of the main transition
(7m) slumped until 25 mol % and then reached a plateau (Figure
2). This behavior indicates that the positively charged ECys-
Ec interacts strongly with the phospholipid bilayer. In agreement
with this, the ATy, suffered a steep increase until 15—20 mol
%. At higher concentrations, the phase transition peaks are
narrowed again. Under these conditions, the phospholipid
molecules would be freed from the interaction with the catechin
and participate in the phase transition again, increasing the
cooperativity. This might be explained by the formation of
clusters or self-aggregates of ECys-Ec. In fact, at high concen-
trations, w—x stacking or cation—x interactions might be
relevant. The effects on the phase transition caused by the
cationic derivatives may have points in common with those of
cationic surfactants (32) and peptides (33).

The effect of the positively charged Cya-Ec on the thermo-
tropic behavior of DPPC liposomes set this compound apart
from the rest of the series. The thermograms showed no change
in 7y, while AT\, clearly increased over the interval between
0 and 25 molar percentage (Figures 2 and 3). The broadening
of the main transition endothermic peak without any change in
the melting temperature is characteristic of molecules localized
in the outer cooperative zone of the bilayer. The same behavior
has been described for peptide epitopes (34). The results are
compatible with an interfacial location of Cya-Ec with some
penetration of the more hydrophobic flavonoid ring into the
hydrocarbon chain region closer to the polar head. In fact, it
has been described that aromatic rings may penetrate the
surfactant layers, making them fragile (35). This penetration
might be driven by an effective interaction with the glycerol
moiety connecting the acyl chains to the phosphocholine group.
This would be supported by the observation that poly(oxyeth-
ylene) chains are highly soluble in aromatic hydrocarbons (36,
37). In any case, Cya-Ec neither stabilized nor destabilized the
liposomes, since the main transition happened at the same
temperature at any concentration.

When liposomes were prepared in the presence of the
zwitterionic Cys-Ec, the main transition was completely abol-
ished already at 10 mol %. To obtain a more detailed description
of its behavior, Cys-Ec was tested at a lower concentration range
(0, 2, 4, 6, and 8 mol %). The plots obtained (Figure 5) show
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Figure 5. Phase transition temperature ( Tr) (a) and transition width (ATy,)
(b) of DPPC MLV liposomes as a function of the molar percentage of
Cys-Ec in a concentration range between 0 and 8 mol %.

Table 1. Retention of the Conjugates on the IAM Column?

compound t to log k
ECys-Ec 121 19.65 1.183
AMCys-Ec 121 7.35 0.706
Ec 121 471 0.462
Cya-Ec 121 472 0.463
Cys-Ec 121 261 0.062

#Mobile phase, phosphate buffer, pH 7, 20% CHsCN; k (retention factor) = (t
— t)lty; experiments performed in triplicate.

no changes in 7y, and a slight increase in A7), meaning that
the cooperativity of lipid—lipid interactions was only slightly
affected. The liposomes appeared to be destroyed at concentra-
tions of 10 mol % and above, while the lipid molecules remain
in solution. The effect of this compound does not follow the
most common tendency of membrane active substrates, which
gradually affect the phase transition and cooperativity. At low
concentrations (10% mol and below), Cys-Ec appeared to
interact slightly with liposomes, probably by the same mech-
anism that Cya-Ec does. At higher concentrations, the lipidic
structure was effectively disrupted.

TAM. Ec and its sulfur derivatives were tested on an IAM
column using a mobile phase buffered at pH 7 containing 20%
CH;CN. The conditions inside the column, with a continuous
flow of fresh solvent, may be comparable to the situation on
the MLV model at low molar solute concentrations. The
retention factors obtained are summarized in Table 1. The
results are in good agreement with those obtained with MLV
vesicles. ECys-Ec was the most retained solute followed by
AMCys-Ec and Ec. The observation that AMCys-Ec was more
efficiently retained than Ec on the column may be explained
by the tighter interaction of the former compound with the
hydrophobic part of the lipid as shown by its effect on the
liposome fluidity (Figure 3). Cya-Ec and Ec eluted at the same
time. In this case, while Ec appears to be able to establish
hydrophobic contact with the lipid (/8), Cya-Ec might be mainly
interacting with the polar outer interface of the lipid, as

Lazaro et al.

suggested by the observations on the liposome model. The IAM
column is not able to discriminate between the two kinds of
interaction. Finally, Cys-Ec was not retained by the 1AM
stationary phase, in agreement with the plots obtained with
liposomes (Figure 5), which indicate that no perturbation of
the vesicle structure occurs at low concentrations.

The retention of epicatechin derivatives on an IAM relates
well with their behavior on MLVs. In agreement with previous
results for other compounds (27, 38), IAM chromatography
proved to be a convenient way to quickly test polyphenolic
derivatives for their putative interaction with membranes. On
the other hand, IAM does not tell us about the kind of interaction
(polar, hydrophobic) involved or where the solute may be
located. More detailed information about the nature of the
interaction of the active molecules can be obtained from
experiments on vesicles using DSC. This is particularly
important for compounds such as Cya-Ec, which appears to bind
to the lipids by both polar and hydrophobic interactions, with a
possible biologically significant tendency to be located in the
outer parts of the membrane.

The results presented here show that the incorporation of a
nonpolyphenolic moiety onto the epicatechin structure may
significantly influence its interaction with model membranes.
Particularly, while cationic Cya-Ec may have a tendency to be
located at the outer interface of the lipid membrane, ECys-Ec,
also cationic with a bulkier nonpolyphenolic moiety, appears
to efficiently penetrate into the inner zones of the liposome.
The uncharged AMCys-Ec may penetrate into the core lipids
mostly by hydrophobic interactions. We have shown that some
biological properties of the epicatechins are influenced by the
nonpolyphenolic part of the molecules and the present results
clearly show that the same modifications influence the capacity
of the conjugates to interact with biological membrane models.
So far, while no clear-cut relation seems to arise from the
comparison between the biological and the physicochemical
behavior of the conjugates, the results suggest that the nonphe-
nolic part of the molecules might determine whether the
phenolics are available for action on surface receptors, inside
the membrane, or even intracellularly. The information gained
about the behavior of the cell-protecting antioxidant thiocon-
jugates in membrane environments may contribute to elucidate
their mechanisms of action and open new avenues for the
valorization of agrofood byproducts.
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3.1. Caracteritzaci6 de sistemes de
cromatografia de liquids

Tal i com s’explica a la introduccid, les columnes IAM emprades en
cromatografia de liquids pretenen modelar propietats biologiques gracies a
la seva estructura, similar a la de les membranes cel*lulars. No obstant,
abans d'estudiar la seva relaci6 amb sistemes biologics, vam voler
caracteritzar mitjancant diversos models cromatografics aquesta fase
estacionaria per tal de conéixer millor les seves propietats.

3.1.1. Caracteritzacio de l'acidesa d'una columna IAM

L'acidesa d'una columna ens informa de si queden grups silanols lliures
a la silice després del procés de fabricacié de la fase estacionaria i de la
seva activitat. A partir de la determinacié del p&; dels silanols podem saber
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a quins pH’s la retencid d’alguns compostos (especialment basics) pot
resultar afectada.
Per calcular I'acidesa dels silanols s’estudia la retencid del nitrat de liti a

diferents valors de pH. De fet treballem amb I'escala de ;pH . El valor de

~PpH correspon al pH mesurat en una fase hidroorganica amb un eléctrode
calibrat amb tampons aquosos, facilment mesurable. A partir d’aquest valor
podem passar a l'escala de pH senzillament, ja que la diferencia entre les

dues escales és una constant per a cada fase mobil anomenada & (en el
nostre cas experimental, 60% de metanol, 8 = 0.17)578,

Quan els silanols estan desprotonats, interaccionen amb el liti injectat,
provocant un augment a la seva retencié (figura 1, article 1). Encara que
I'estructura de la fase estacionaria IAM presenta un grup fosfat carregat
negativament (figura 1.3), aquest grup no afecta significativament a la
retencioé del catio liti, com es demostra als cromatogrames obtinguts. El p&;

del grup fosfat esta entre 1 i 2798

, pel que esta totalment desprotonat a
:pH = 5.1. No obstant, quan es va injectar nitrat de liti amb aquest pH a la

fase mobil, els dos pics van coeluir, és a dir, cap dels dos ions va quedar
retingut a la fase estacionaria (figura 1a, article 1). Per tant, el

comportament del liti a pH's superiors és degut Unicament a la

desprotonacio dels silanols.
Les dades experimentals de retenci6 del catid liti van ser representades

enfront dels diferents  pH s estudiats (figura 3.1), i els punts es van ajustar

a I'equacio (3), obtenint la linia representada a la figura 3.1. El millor ajust
es va aconseguir amb m=1, el que vol dir que només s’ha trobat un grup

de silanols a la columna IAM en el rang de ;pH estudiat (de 3 a 8.5). De

I'equacid (3) podem obtenir dos parametres que ens informen dels silanols
presents a la columna: pAKj ens informa de la seva acidesa i 4; de la seva
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activitat. Per a la columna IAM vam obtenir un {pKk; = 7.61 £ 0.02. Tenint

en compte que el fabricant recomana treballar amb aquesta columna fins a
un pH maxim de 7, el valor obtingut és molt bo, perque els silanols lliures
només ens afectaran quan estiguem a les condicions de treball extremes de
la columna. Per altra banda, I'activitat que presenten és molt elevada (&; =
18.14 + 0.32). Es a dir, que encara que no es manifesten fins pH’s elevats,
quan ho fan sén molt actius, i el seu efecte s’hauria de tenir en compte.

17 ~
15 -

13

- 1 T T T T T 1
3 4 5 6 7 8 9

. pH
Figura 3.1. Dependéncia de la retencié del Li* a la columna IAM enfront

del :pH de la fase mobil.

En estudis previs realitzats al nostre grup es va determinar I'acidesa de
diversos tipus de fases estacionaries®”?%, A la taula 3.1 es troben resumides
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les principals caracteristiques d’aquestes columnes, incloent la IAM que jo
he caracteritzat. Per altra banda, a la taula 3.2 es troben els diferents ; pK;

obtinguts per a cada columna en els diferents rangs de pH estudiats, i els
estadistics corresponents a I'ajust dels punts experimentals a I'equacio (3).

Es pot observar com la silice de la columna IAM ({pK; 7.61 £ 0.02) és

d’una qualitat similar a la que presenten les columnes Luna C18 ( pKy; 7.24
£ 0.17) i Symmetry C18 (7.87 + 0.12). Encara que la columna Luna C18
presenta també un {pK de 5.65 + 2.33, I'activitat d'aquests silanols és

practicament inexistent, ja que &, = 0.29 + 0.67. Aquestes dues columnes
presenten altres tipus de silanols a pH’s més elevats, mentre que per a la
columna IAM només se’n observa un tipus. Perd aix0 és degut a que el
rang de pH estudiat es va poder ampliar més per a la Luna C18 i la
Symmetry C18, d’acord amb les especificacions del fabricant. Per altra
banda s’ha de tornar a incidir en el fet que l'activitat dels silanols de Ia
columna IAM és molt alta. Comparant el seu valor de & amb els altres
valors obtinguts per a la Luna C18 i la Symmetry C18, veiem que encara
que la silice de totes tres columnes presenti una acidesa similar, els silanols
seran molt més actius a la columna IAM, ja que n’hi ha molts més de
lliures.

La taula 3.2 també ens mostra com hi ha altres columnes
cromatografiques fabricades amb una silice de pitjor qualitat que la silice de
la columna IAM, com sén la LiChrospher 100 RP-18, la Resolve C18, la
Resolve Silica i la Symmetry Silica. Per altra banda, també vam trobar
columnes amb una silice de major qualitat. A la taula 3.2 falten les
columnes XTerra MSC18, Chromolith RP-18e i Purospher RP-18e, perque la
seva silice és tan bona que no presenten cap activitat dels silanols en tot
I'interval de pH treballat.
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Una manera rapida i visual de comparar I'acidesa de totes les columnes
estudiades és mitjancant la figura 3.2. En el grafic esta representada

I'activitat dels silanols de cada columna respecte el seu {pK;. Per tenir
silices de bona qualitat interessa que el valor de 4; sigui el més petit
possible mentre que el valor de :pkK sigui el més gran possible.

Graficament podem veure a simple vista els resultats comentats fins ara:
com la columna IAM presenta una silice de bona qualitat respecte les altres
columnes, encara que els seus silanols sén uns dels més actius de tots.

21 -
18 +
15 o

12 - © A

Figura 3.2. Distribucié de les columnes depenent de l'acidesa i activitat
dels seus silanols. (x) LiChrospher 100 RP-18, (o) Resolve C18, (¢) Resolve
Silica, (o) Symmetry C18, (-) Symmetry Silica, (A) Luna C18 (2), (*)
Underivatized XTerra, (+) IAM.PC.DD2.
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Una altra figura que pot resultar de gran utilitat és la representacié de

la retencié de cada columna respecte el ;pH en un mateix grafic (figura 2,

article 1). D’aquesta manera podem saber per a un determinat ;pH quines
columnes presentaran silanols actius i en quin grau. Per exemple, fins a
SpH 6 veiem com la columna IAM no presenta activitat dels silanols,

mentre que altres columnes (Lichrospher 100 RP-18, Symmetry Silica,
Resolve C18, Resolve Silica) ja presenten una gran activitat, perque les
seves corbes estan per sobre de la de la columna IAM. A partir d'aquest

:pH l'activitat dels silanols de la columna IAM s’incrementa rapidament.

També es pot deduir de la grafica que la derivatitzacié fa disminuir
I'activitat dels silanols en els 2 casos estudiats (Resolve i Symmetry), i que
aquest efecte encara s‘aprecia més si la columna ha patit un procés
d’'endcapping.

3.1.2. Caracteritzaci6 de sistemes cromatografics
mitjancant el model LSER

Per conéixer millor les propietats de la fase estacionaria d'interes, la
columna IAM, es va aplicar el model cromatografic de solvatacid LSER
descrit a la introduccid. Es va seleccionar una serie de 59 soluts d’estructura
i propietats ben diferents i es van injectar al sistema amb diferents fases
mobils acetonitril-aigua (entre el 60 i el 10% de modificador organic). La
seleccié dels soluts provenia d’un estudi previ fet al nostre grup®' on es van
escollir 71 compostos d'una base de dades amb quasi 3000 soluts. La
seleccid es va dur a terme a partir de I'analisi de components principals
(PCA), de manera que els descriptors dels soluts seleccionats cobrien un
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interval de valors elevat i no estaven correlacionats entre si. D'aquests 71
compostos vam triar només els 59 que presentaven una absorbancia
raonable per a la seva deteccid en el cromatograf de liquids i que eren
neutres al pH de treball (pH=7). Aquest ultim punt és molt important,
perqué el model LSER tal i com esta aqui explicat (equacié (12)) no es pot
aplicar a compostos parcialment o totalment ionitzats. Existeixen estudis
realitzats amb aquest tipus de soluts®, perd va ser necessaria una
modificacié de I'equacid (12). Per evitar aix0, ens vam assegurar que els 59
soluts seleccionats fossin neutres a pH=7. Els descriptors de tots els
compostos estudiats, a més de les seves dades de retencidé cromatografica,
es poden trobar a la taula 1, article 2. En aquesta taula no només trobem
les dades de retencid de la columna IAM, sind també aquelles
corresponents a les columnes XTerra MSC18 i XTerra RP18. Es tracta de
dues columnes C18 comercials on també es van aplicar els diferents models
cromatografics per poder comparar els resultats obtinguts amb els de la
columna IAM. Les caracteristiques principals d‘aquestes tres columnes
queden recollides a la taula 4, article 3.

Per aplicar el model LSER a cada columna i fase mobil estudiada es fa
una regressio multilineal entre les dades de retencid i els descriptors dels
soluts. Els coeficients obtinguts i els parametres estadistics es poden trobar
a la taula 2, article 2, mostrant bones correlacions en tots els casos. A la
taula es pot observar com el nombre de punts utilitzats (7) és inferior a 59
en tots els casos perque es van eliminar alguns punts aberrants a I'hora de
construir el model. El criteri utilitzat va ser eliminar tots els punts que
presentessin un residu estandard superior a 2.5 en valor absolut. A part
d'aix0, a percentatges baixos d‘acetonitril les substancies quedaven molt
més retingudes a la columna, i no es va poder obtenir el factor de retencié
de totes elles.
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L'analisi dels coeficients de la taula 2, article 2, ens informa de les
diferéncies entre les fases mobil i estacionaria de cada sistema. A partir de
I'equacié (12) es dedueix que els coeficients positius impliquen un
increment en el factor de retencid, es a dir que la particié a la fase
estacionaria esta afavorida. De la mateixa manera, els coeficients negatius
ens indiquen que els compostos tindran major afinitat per la fase mobil. Per
altra banda, com més gran sigui el coeficient en valor absolut, més
influencia tindra aquella propietat en la retencié del compost. En tots els
sistemes cromatografics estudiats, els coeficients que presenten una major
influencia sén v i b. Es a dir, el volum del solut i la basicitat per pont
d’hidrogen son les propietats del solut que més influeixen en la seva
retencid. Si observem els signes dels coeficients, veiem que v i e son
positius, mentre que si b sén sempre negatius. Aquest fet ens indica, per
una banda, que és més facil la creacié d’'una cavitat de la grandaria de la
molécula del solut a la fase estacionaria que a la fase mobil, i que la fase
estacionaria és més polaritzable. Per altra banda, els coeficients s i b
negatius ens indiquen que la fase mobil és més dipolar i forca més acida
per pont d’hidrogen que les tres fases estacionaries estudiades.

L'Unic coeficient on canvia el signe entre la columna IAM i les altres
dues columnes C18, és el coeficient &, positiu per a la columna IAM i
negatiu per a les columnes XTerra. La columna IAM és, per tant, més
basica per pont d’hidrogen que la fase mobil, succeint a la inversa per a les
altres dues columnes. Degut a aquesta diferéncia en la basicitat, els
compostos donadors de pont d’hidrogen quedaran més retinguts quan
s'injectin a la columna IAM que en les altres columnes C18. Per tant, els
compostos que no presentin acidesa per pont d’hidrogen (A=0) s’haurien
de comportar digual manera a les tres columnes, mentre que els
compostos acids (4>0) haurien de mostrar diferéncies en la seva retencio.
Per tal de comprovar aix0 es va construir la figura 5, article 3. Es va
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representar la retencié dels compostos d’unes columnes enfront de les
altres (una a una), indicant els soluts acids mitjancant quadrats blancs i els
que no ho eren amb quadrats negres. Tal i com esperavem, la figura 5a,
article 3, mostra que tots els compostos es comporten de manera similar en
les dues columnes, excepte els compostos acids significativament més
retinguts a la columna IAM. En aquest grafic és on es pot apreciar més
clarament, perquée la columna IAM és la més basica de les tres, mentre la
XTerra MSC18 és la menys basica. La columna XTerra RP18 presenta una
basicitat intermedia, pel que les figures 5b, 5c, article 3, presenten la
mateixa tendéncia, perd menys acusada. La basicitat de la columna IAM pot
ser deguda, segons Taillardat-Bertschinger i col-laboradors®, als grups
propilamino que resten lliures a la superficie de la silice. No obstant, el grup
negatiu que presenta l'estructura del fosfolipid potser també influeix en la
seva capacitat acceptora de pont d’hidrogen. La diferéncia en basicitat
respecte les dues columnes XTerra pot ser explicada pel grup carbamat que
la columna XTerra RP18 porta incorporat a la seva estructura (figura 8,
article 3) i que es comporta com a acceptor de pont d’hidrogen.

Per comparar totes les propietats de les columnes entre si observem
detalladament els coeficients de la taula 2, article 2. Podem concloure que
la fase estacionaria més hidrofobica és la columna XTerra MSC18, i la
menys hidrofobica la columna IAM, restant la columna XTerra RP18 entre
les dues. La columna IAM és la més basica, la més acida i la més
polaritzable, seguida per la columna XTerra RP18, i en Ultim lloc la columna
XTerra MSC18.

Els coeficients no només varien amb les diferents fases estacionaries,
sind també amb la composicié de la fase mobil. Les diferents proporcions
d’acetonitril afegides a la fase aquosa fan variar les propietats del solvent i
per tant, els coeficients canvien. A la figura 3, article 2, trobem
representades aquestes variacions graficament. Els coeficients de les tres
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columnes presenten tendeéncies similars entre el 20 i el 60% d‘acetonitril.
L'acidesa de la fase mobil es veu drasticament reduida quan augmentem la
proporcid d‘acetonitril (coeficient b disminueix), respecte a l'acidesa de la
fase estacionaria, mentre que la lipofilicitat de la fase mobil s'incrementa al
mateix temps que ho fa el contingut de modificador organic (coeficient v
augmenta). Es a dir, que per a continguts baixos d'acetonitril les diferéncies
entre fase mobil i estacionaria s'accentuen, mentre que per a continguts
alts d‘acetonitril les diferencies entre fases sdén menors. Les altres
propietats també es veuen afectades pel contingut d’acetonitril a la fase
mobil, perd en menor grau. Sobretot la basicitat del sistema (coeficient a),
practicament resta invariable amb la composicié de la fase mobil. En el cas
de la columna IAM també es va estudiar el 10% d’acetonitril, observant-se
com es perdia la linealitat de la variacié dels coeficients en aquest punt.

Els resultats obtinguts en aquest estudi s’han comparat amb les
caracteritzacions que altres autors havien realitzat per a la columna IAM
(taula 3.3).

Taula 3.3. Comparacid entre sistemes cromatografics caracteritzats per
diferents autors utilitzant la columna IAM i 20% d’acetonitril a la fase mobil

Coeficients
c e s a b % Referencies
-0.71 0.50 -0.58 0.19 -2.00 2.13 ]
Article 2
(0.04) (0.06) (0.04) (0.03) (0.06) (0.04)
-0.83 0.23 -0.20 0.22 -2.03 1.89 83
(0.08) (0.08) (0.09) (0.17) (0.11)
-0.95 0.47 -0.34 0.10 -2.26 2.17 5>

(0.06) (0.05) (0.04) (0.05) (0.07) (0.18)
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Els coeficients que vam obtenir per a la columna IAM sén molt similars
als extrets de la bibliografia. Els coeficients ei v son practicament iguals als
que van obtenir Lepont i Poole®?, mentre que els coeficients @i 6 sén molt
similars als obtinguts per Valko i col*laboradors®. L'Unic que varia una mica
és el coeficient s, perd en general podem afirmar que vam obtenir els
mateixos resultats que altres autors.

3.1.3. Caracteritzaci6 de sistemes cromatografics
mitjancant el model LSER global i el model de polaritat

El desavantatge que presenta el model LSER és que es necessari
construir una equacio per a cada fase mobil estudiada. Un cop caracteritzat
un sistema, i coneixent els descriptors d'un nou solut, es pot predir la seva
retencié sense més treball experimental. Perd si es vol coneixer la retencié
d’'un compost a diferents composicions de fase mobil, s’han de caracteritzar
diversos sistemes. Per solucionar aix0, va sorgir el model LSER global, que
engloba en una Unica equacio totes les composicions, ja que estableix cada
coeficient del model LSER com una variacid lineal del tant per u de
modificador organic.

El model LSER global es va aplicar a les columnes IAM, XTerra MSC18 i
XTerra RP18 (equacions (16-18), article 3), obtenint bons parametres
estadistics després d'eliminar els punts aberrants amb el mateix criteri
d'abans (residu estandard superior a 2.5 en valor absolut). Es van eliminar
com a punts aberrants aproximadament entre un 5% i un 6% dels punts
experimentals inicials. La informacid sobre les propietats del sistema que es
pot extreure d'aquestes equacions és la mateixa que amb el model LSER,
aplicant a ¢ el valor desitjat. Aquest model global requereix 12 parametres
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per definir el sistema (¢, Cn €w €m Sw Smy @w @m Bw by Viy Vi) 15
parametres pel solut (descriptors £, S, A, B, V) (veure equacié (13)).

Un altre model cromatografic que engloba totes les composicions de
fase mobil en una Unica equacié és el model de polaritat. EI model relaciona
el factor de retencié d'un compost neutre amb un parametre de polaritat

del solut (p), un parametre de polaritat de la fase mobil (£Y) i dos
parametres del sistema ((log &), i P/ ), segons I'equacié (11). El model es

va aplicar a la mateixa série de 59 compostos utilitzada fins ara, injectats a
diferents percentatges d’acetonitril. Primerament es representen les dades
de retencié enfront del parametre de polaritat de la fase mobil, que depén
de la composicid d'aquesta, segons l'equacié (8). D’aquesta relacid lineal
podem extreure gi p de lI'ordenada a l'origen i del pendent, respectivament
(veure equacio (7)). A continuacid es representen els valors de g enfront de
p de cada solut, obtenint la figura 1, article 3. Aquestes relacions ens
permeten obtenir una primera estimacié dels parametres del sistema (log

K)o i P! (veure equacio (10)). Per optimitzar aquests parametres, i els de

polaritat del solut p, s'aplica un procés iteratiu sobre I'equacié (11) amb
I'eina Solver del programa Excel, buscant la minimitzacié de la suma dels
quadrats dels residuals entre les dades de retencid experimentals i
calculades per I'equacié. Un cop finalitzat el procés iteratiu, s‘obtenen les
equacions (19-21), article 3, que caracteritzen a cadascun dels sistemes.

El parametre P! ens informa de la polaritat de la fase estacionaria

t%* de la

d’'una manera global, d’acord amb la definicié que va fer Reichard
“polaritat d’un solvent” i que va ser adoptada per la IUPAC®. El terme de
polaritat del solvent (fase mobil o estacionaria) es defineix com la seva
capacitat per a interaccionar amb el solut mitjancant qualsevol interaccio
intermolecular especifica i/o no especifica (dipol-dipol, dipol-dipol induit,

pont d’hidrogen, etc.) contribuint, en aquest cas, a la retencié
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cromatografica. En canvi, el terme de polaritat no recull cap interaccié que
provoqui algun tipus dalteraci6 quimica del solut, tal com protonacid,
oxidacid, reduccio, formacié d'un complex quimic, etc. La columna IAM
presenta la polaritat més elevada (0.154), seguida de les columnes XTerra
RP18 (0.022) i XTerra MSC18 (-0.010), amb polaritats molt similars entre si.

Per comparar els dos models aplicats a les tres columnes, observem les
figures 2-4, article 3, i les equacions (22-27), article 3. Observant les
equacions (22, 24, 26) corresponents al model LSER global respecte les
equacions (23, 25, 27) corresponents al model de polaritat podem veure
com els parametres estadistics son lleugerament millors pel model de
polaritat, encara que els dos models sajusten molt bé a les dades
experimentals. Les grafiques representen els valors calculats respecte els
experimentals, ajustant-se perfectament a les linies teoriques de pendent 1
i ordenada a l'origen 0. S’han inclos també amb cercles buits els punts
aberrants exclosos a I'hora de construir el model.

A continuacié es va ampliar I'estudi d’aquests dos models amb un altre
solvent a la fase mobil, metanol, i més columnes C18 comercials (Symmetry
C18, Chromolith RP-18e, Luna C18 i Resolve C18). Les caracteristiques
d’aquestes columnes es troben a la taula 1, article 4. A les dues columnes
XTerra vam injectar la mateixa serie de 59 soluts amb diferents
percentatges de metanol a la fase mobil. Pero per a les altres quatre noves
columnes C18 vam fer servir una altra série de soluts, perqué part de les
dades experimentals provenien d'un estudi previ sobre el model de polaritat
realitzat al nostre grup®. El conjunt total de soluts, i els seus descriptors,
queda recollit a la taula 2, article 4. Es van aplicar els dos models a totes
les columnes i pels dos solvents, acetonitril i metanol. A la taula 3, article 4,
queden recollits tots els coeficients del model LSER global obtinguts després
de fer la regressid multilineal i els parametres estadistics. El model es va
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ajustar perfectament a les dades experimentals en totes les columnes i
ambdos solvents.

Per caracteritzar correctament un sistema es necessiten al menys cinc
soluts per cada coeficient a determinar. Per aix0 la serie de soluts pel model
LSER (o LSER global) ha de ser tan extensa. Pero en el cas del model de
polaritat no cal una serie de soluts tan gran. En un estudi previ del nostre
grup® es va establir una série de 12 soluts idonis per realitzar la
caracteritzacid, d'estructures diferents i que cobreixen un ampli interval de
valors de p. En aquest mateix estudi es va demostrar que els parametres
del sistema obtinguts a partir d'aquests 12 soluts eren molt similars als que
s'obtenien amb una serie de soluts més amplia, i per tant, es van establir
aquests compostos com a seérie de caracteritzacid per a treballs futurs.
Tenint en compte aix0, es van caracteritzar totes les columnes amb
acetonitril i metanol amb aquests 12 soluts. Els parametres del sistema i els
valors de p de cadascun dels soluts després del procés d'optimitzacid
queden reflectits a la taula 4, article 4. Els parametres del sistema sén molt
similars en tots els casos, com era d'esperar. Totes sén columnes C18 i no
s'aprecien diferéncies significatives en els seus termes de polaritat.

Per comparar l'ajust dels dos models ens basem en les figures 1-4,
article 4. Els punts aberrants també estan representats, encara que
s’haguessin eliminat per construir el model. Per poder comparar els ajustos
en igualtat de condicions, hauriem de tenir el mateix nombre de dades
experimentals en el grafic de cada model. Per tant, en el cas del model de
polaritat, no només es van representar els 12 compostos de la série de
caracteritzacid, sind també tots aquells de la taula 5, article 4 que
s’haguessin fet servir amb el model LSER global. Per determinar els factors
de retencid calculats d’aquests soluts complementaris es va fer servir
I'equacié (11), substituint els parametres del sistema préviament obtinguts
a la taula 4, article 4. Els valors de p del solut es van obtenir de la mitjana
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entre els valors obtinguts a cada composicid de fase mobil estudiada.
D’aquesta manera es va aconseguir que cada parell de grafics tingués el
mateix nhombre de punts experimentals, encara que per realitzar els ajustos
feien falta moltes menys substancies amb el model de polaritat. Els dos
models s'ajustaven bé a les dades experimentals, com es veu a les figures
1-4, article 4, encara que alguns punts es desviaven de la recta teorica. En
el cas del model LSER global les desviacions provenien principalment de
fases mobils amb un alt contingut de modificador organic, mentre que el
model de polaritat presentava desviacions per a baixos continguts de
solvent organic. Per comparar la precisid dels dos models, es va construir la
taula 6, article 4. Es pot veure com les desviacions estandards sén una mica
inferiors en el model de polaritat, en la majoria de casos, mentre que el
nombre de punts aberrants eliminats per construir els models és a vegades
superior, a vegades inferior. Si a més tenim en compte la gran senzillesa
del model de polaritat (un parametre del solut, dos parametres del sistema)
enfront del model LSER global (cinc parametres del solut, dotze parametres
del sistema), es pot considerar com una bona opcid en la caracteritzaci6 de
sistemes cromatografics, encara que perdem la informacié quimica que ens
dona el model LSER.

Encara que no s’ha publicat a cap article, també s’han aplicat els dos
models a la columna IAM fent servir metanol com a modificador organic
(taula 3.4, figura 3.3).

Taula 3.4. Parametres resultants de Iajust del model LSER global i de
polaritat a la columna IAM utilitzant metanol com a solvent organic.
Model LSER global Model de polaritat

o -0.954 P 0.08
Cnm 0.358 (log K)o -0.75
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Ew 0.695 p (1,2-dihidroxibenze) 1.87
€n -0.586 p (benzamida) 1.01
Sw -0.672 p (3-metilfenol) 2.14
Sm 0.666 p (propiofenona) 2.16
aw 0.340 p (benzoat de metil) 2.15
am -0.343 p (4-nitrotolue) 2.58
b, -2.974 p (butirofenona) 2.60
by, 3.238 p (naftale) 3.57
Vi 3.122 p (propilbenze) 3.61
Vin -3.477 p (heptanofenona) 4.31

0.989 p (butilbenze) 4.42
n 216 p (crise) 7.35
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Figura 3.3. Representacid dels log 4 calculats enfront dels log &
experimentals de la columna IAM, utilitzant metanol com a solvent organic
a la fase mobil, amb el model a) LSER global i b) de polaritat. Simbols: (e)
compostos utilitzats per construir el model, (o) punts aberrants.

En el cas del metanol també es van obtenir bons ajustos per a la
columna IAM, i exactament la mateixa desviacié estandard amb els dos
models (0.088), encara que va ser necessari eliminar molts més punts
aberrants durant la construccié del model LSER global que amb el model de
polaritat. La polaritat de la fase estacionaria és 0.08, un valor
moderadament superior al que presentaven totes les columnes C18.
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3.1.4. Prediccid de la retencié cromatografica mitjancant el
model de polaritat

En cromatografia de liquids resulta molt Gtil poder predir la retencié dels
compostos en el disseny de nous métodes. Pot estalviar-nos molt temps i
treball experimental, i encaminar-nos cap al sistema (fase mobil i fase
estacionaria) més adient per resoldre el nostre problema analitic.

Dels dos models cromatografics estudiats, considerem més apropiat el
model de polaritat per fer prediccions de la retencid. Aixo es degut en part
a la seva senzillesa. Per poder fer prediccions, necessitem primer tenir els
sistemes caracteritzats. Per fer-ho, només necessitem 12 compostos en el
cas del model de polaritat, mentre que pel model LSER (o LSER global)
necessitem almenys cinc compostos per cada coeficient a determinar, és a
dir 30 compostos. Segon, necessitem coneixer els valors de p dels nous
soluts o els seus descriptors, depenent del model. Els valors de polaritat del
solut s'obtenen amb una Unica mesura experimental, a una composicié de
fase mobil en el sistema caracteritzat. Altra possibilitat és per transferéncia
del valor de polaritat del mateix compost perd en un altre sistema, ja que
disposem d’una amplia base de dades de polaritat del solut”. La
transferéencia es fa mitjancant una relacié lineal que explicaré amb detall en
aquest mateix apartat 3.1.4. Per poder obtenir els descriptors del solut es
pot consultar la base de dades que els conté®, perd en cas de que no hi
siguin alla es forca més complicat aconseguir-los experimentalment.
Aquests parametres també es poden estimar amb programes informatics,
fent servir el programa CODESSA®” pel parametre p del solut i el programa
ABSOLVE*"*® pels descriptors, encara que els valors aixi obtinguts sén
menys precisos.
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Per demostrar la capacitat predictiva del model de polaritat utilitzem la
serie de 12 compostos per a la caracteritzacio i tots els altres compostos de
la taula 5, article 4, per fer les prediccions. Tots els compostos que farem
servir presenten estructures diferents i cobreixen un ampli interval de valors
de p(entre 0i 6).

Prediccid de la retencid a diverses composicions de fase mobil partint de les

dades experimentals d'un Unic percentatge en aguella mateixa columna

Per realitzar aquest tipus de prediccid només cal tenir caracteritzada
una determinada columna, injectar un nou solut a un percentatge intermedi
de solvent organic, i ja es pot predir la retenci6 a qualsevol altre
percentatge. Per comprovar la bondat de les prediccions vam seleccionar
com a percentatge intermedi del rang estudiat el 40% d’acetonitril i el 50%
de metanol, encara que els compostos van ser injectats a totes les
composicions de fase mobil per comprovar si el model era capacg de predir
la retencié correctament. Els factors de retencié obtinguts amb aquests
percentatges intermedis sén els que es van fer servir per calcular el valor
de p de cada solut aplicant I'equacidé (11) i els parametres del sistema
préviament caracteritzat. Tots els parametres de polaritat del solut aixi
calculats estan recollits a la taula 5, article 4. No apareixen els valors de p
de tots els compostos perqué recordem que hi ha dos séeries de compostos
diferents, i a cada columna es va injectar una o altra. Un cop disposem
d’aquestes dades de polaritat del solut, només vam haver d‘aplicar
novament l'equacié (11) per a cada fase mobil desitjada i vam obtenir els
factors de retencid calculats per a totes les composicions. Finalment, vam
representar les dades experimentals enfront de les calculades (figures 5 i 6,
article 4, per a acetonitril i metanol, respectivament).

Totes les prediccions obtingudes sén bones, i les desviacions estandards
que es mostren als grafics en general sén similars entre si. Pero si es mira
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amb més detall la prediccié a cada columna per a ambdods solvents es pot
veure com les prediccions sempre s6n més precises utilitzant metanol
(excepte per a la columna Resolve C18, que és més precisa la prediccio
amb acetonitril). Els punts que més es desvien de les rectes tedriques sén
aquells corresponents a percentatges baixos de solvent organic (10 o0 20%),
degut a que els soluts queden molt més retinguts a la columna i és més
dificil mesurar la seva retencid amb precisid, encara que aquesta dispersio
és més rellevant en el cas d’acetonitril que en el de metanol. Per aixo
considerem més adient utilitzar el model per fer prediccions entre el 30 i el
80% de metanol, i entre el 30 i el 60% d'acetonitril. A percentatges més
baixos es pot fer servir per tenir una idea aproximada dels factors de
retencid, pero la prediccié no es prou bona.

Prediccié de la retencié en una columna partint de les dades experimentals

de qualsevol altre sistema cromatografic

La prediccio de la retencié amb el model de polaritat encara resulta més
interessant si es pot injectar un solut en una columna amb un Unic
percentatge de modificador organic, i a partir d'aquesta dada experimental
predir la retencidé del compost a qualsevol altre sistema cromatografic
(diferent columna i/o fase mobil). Per poder portar-ho a terme necessitem
tenir tots els sistemes desitjats caracteritzats (conéixer els seus parametres

(log K)o i P!) i establir unes relacions lineals de transferéncia de polaritat

del solut. Es pot escollir qualsevol sistema com a referencia i relacionar tots
els altres amb ell. En aquest estudi es va triar com a sistema referent la
columna XTerra RP18 i l'acetonitril com a solvent, i es va predir la retenci6
en tots els altres. Per establir les relacions lineals de transferencia es van
correlacionar les dades de polaritat del solut dels 12 compostos de
caracteritzacio (taula 4, article 4), obtenint una relacié d’aquest tipus:
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p=ap+b (29)

El valor de p del solut en el sistema de referéncia és p; i el valor de p
del mateix solut perd en un altre sistema és p,. A la taula 7, article 4,
queden recollits tots els valors d’ai b, la pendent i la ordenada a l'origen de
les rectes obtingudes. També estan inclosos els parametres estadistics,
mostrant bones correlacions en tots els casos.

En aquest estudi es va predir la retencid de deu compostos, aquells que
hi havia en comu en les dues llistes de soluts i s’havien injectat a totes les
columnes (2-naftol, 2-nitroanilina, anilina, benzaldehid, benze, clorobenze,
fenol, timol, tolué i valerofenona). Primer de tot es va obtenir el valor de p
d’aquests deu soluts a tots els sistemes per transferéncia del valor obtingut
al sistema de referéncia (fent servir les relacions de la taula 7, article 4).
Amb aquests valors, i els parametres que caracteritzen a cada sistema, es
va poder aplicar I'equacio (11) per calcular tots els factors de retencid a
totes columnes i composicions de fase mobil, i representar-los enfront de
les dades de retencidé experimentals (figures 7 i 8, article 4). En el cas de
les figures 7a, 8a, i 8b, article 4, es veuen molts més punts representats
perquée disposavem de més soluts en comU amb el sistema de referencia
(en lloc de 10 vam predir la retencié de 44 substancies). A totes les figures
s'obtenen prediccions raonables, tot i que les desviacions estandard son
millors fent servir acetonitril. Aquest fet era d'esperar, degut a que a la
figura 7, article 4, només hem transferit dades de polaritat entre columnes,
perd hem mantingut el mateix solvent, acetonitril. En canvi a la figura 8,
article 4, la transferencia té lloc entre columnes i solvents, tot alhora,
provocant una perdua de precisid. De fet s'observa com a les figures 8c-f,
article 4, hi ha una tendencia a sobreestimar els factors de retencid, perque
donen la majoria de log Ks calculats un valor lleugerament superior al

teoric.






3.2. Estimacio de propietats biologiques a
partir de sistemes de cromatografia de liquids

Per poder avaluar la possibilitat d’estimar propietats bioldgiques amb un
sistema fisico-quimic, en aquest cas cromatografia de liquids, és necessari
tenir caracteritzats ambdds sistemes amb el model LSER. Llavors, a partir
de la distancia d (equaci6 (17)) entre els dos sistemes, podem determinar
si son similars entre si, i per tant, si un d’ells pot servir per modelar I'altre.
Els sistemes biologics utilitzats per fer aquest estudi d’estimacié es van

extreure de la bibliografia!®3%>57,8991

. A la taula 3, article 2, queden
recollits els coeficients del model LSER que altres autors van obtenir a
I'aplicar el model a certes dades biologiques (com l'absorcié intestinal, la
permeabilitat i la particié a través de la pell, etc.).

Per trobar el sistema cromatografic més adient per estimar una
determinada propietat biologica hauriem de calcular la seva distancia amb
tots els sistemes estudiats (totes les columnes i totes les composicions de

fase mobil). Perd en realitat no és necessari, ja que el calcul de la distancia
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d es fa amb els coeficients LSER normalitzats, i les diferéncies als
coeficients degudes a la composicioé de fase mobil desapareixen. Aixo queda
reflectit a la figura 4, article 2. En aquesta figura s’han representat els
coeficients LSER de les columnes IAM, XTerra RP18 i XTerra MSC18 a
diferents percentatges d’acetonitril a la fase mobil mitjancant uns grafics
radials de 5 eixos. Els grafics a-c d'aquesta figura corresponen als
coeficients sense normalitzar, mentre que els grafics d-f estan fets després
de la normalitzacid. Graficament es pot veure a primera vista com les
diferéncies existents entre els coeficients (sobre tot /i V) es fan minimes
un cop s’han normalitzat. Per tant, no és necessari calcular les distancies
amb cada fase mobil diferent, perque els resultats seran molt similars. El
que es va fer és escollir un percentatge intermedi i representatiu del rang
estudiat, el 40% d’acetonitril, i determinar la distancia entre els sistemes
cromatografics (les 3 columnes amb aquesta composicié de fase mobil) i els
biologics.

A la taula 4, article 2, es mostren les distancies d que vam determinar,
junt amb la distancia O’ d’Abraham i el cos 6; dIshihama. El cosinus de
I'angle esta relacionat trigonometricament amb el nostre parametre de
distancia (equacié (17)), pel que els dos parametres ens proporcionen la
mateixa informacid. L'Unic problema que presenta el cosinus de I'angle és
que la seva escala no és lineal, pel que costa més de diferenciar entre
parelles de sistemes, en termes de similitud. En canvi la distancia g, que va
de 0 a 1, si que segueix una escala lineal, considerant similars aquells
sistemes que estiguin separats per una distancia igual o inferior a 0.25. En
canvi, el parametre D’ens pot donar una informacié diferent. També és un
parametre de distancia, pero sense normalitzar els coeficients. En el cas de
que dos vectors tinguin similar direcci6 perd0 moduls molt diferents,
obtindrem una distancia J petita perd D’ gran, proporcionant-nos
informacié contradictoria. De fet, aix0 és exactament el que passa en
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alguns casos de la taula 4, article 2. Per exemple, segons el nostre
parametre d, la columna IAM podria modelar la permeabilitat a través de la
barrera hematoencefalica (0.234), pero arribariem a la conclusié contraria
fixant-nos en un parametre D’ molt elevat (3.127). En canvi per a la
distribucié a través d'aquesta mateixa barrera vam obtenir una gran d
(0.712) per0 una relativament petita D’ (1.208). Recordem que per
considerar dos sistemes similars necessitem una & entre 0 i 0.25 mentre
que la D’hauria d’estar entre 0.5 0.8.

Sorprenentment el parametre d ens informa que no només la columna
IAM es capac de modelar bé parametres biologics, idea per la qual va ser
dissenyada. També la columna XTerra RP18 presenta similitud amb
diversos sistemes de bioparticid, ja que les distancies calculades eren
inferiors a 0.25. De fet, totes dues columnes mostren similitud amb els
mateixos sistemes: partici6 a la pell humana, narcosi en cap-grossos,
permeabilitat a través de la barrera hematoencefalica i distribucié octanol-
aigua. Per altra banda, la columna IAM no pot modelar correctament la
permeacié a través de la pell humana (d = 0.317), mentre que les
columnes XTerra RP18 (4 = 0.200) i XTerra MSC18 (d = 0.181) si poden
fer-ho. En canvi, si ens fixem en el parametre D; |'Unic sistema que es
podria modelar correctament seria la particid a través de la pell humana,
per les dues columnes XTerra, mentre que la columna IAM no seria similar
a cap dels sistemes de bioparticid presentats a la taula. Per ultim, hi ha
alguns sistemes que no es podrien modelar amb els sistemes
cromatografics aqui estudiats perque totes les distancies calculades sén
massa grans (com son la distribucié a través de la barrera hematoencefalica
i la particio a través del muscul i del cervell).

La distancia ¢ també pot ser utilitzada per buscar analogies entre els
diferents sistemes biologics (veure taula 5, article 2). Com és logic, el
parametre ¢ va trobar similituds entre la distribucié a través de la barrera
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hematoencefalica i la particid a través del cervell, i per altra banda, entre la
particié i la permeacid a través de la pell humana. També mostrava com a
analogs els sistemes de narcosi en cap-grossos i distribucié octanol-aigua,
com efectivament queda demostrat al treball d’Abraham i Rafols®. A més,
aquests dos sistemes eren a la vegada similars a la permeabilitat a través
de la barrera hematoencefalica i a la particié a través de pell humana. La
resta de parelles de sistemes donaven distancies superiors a 0.25 i per tant
no es poden considerar analogs.

3.2.1. Exemples de diferents propietats modelades per
sistemes cromatografics

Després de realitzar el calcul de les distancies ¢, el més adient era
comprovar si les conclusions extretes eren correctes i si efectivament
aquests sistemes cromatografics eren capacos de modelar les propietats
corresponents. En aquest cas, hauriem d’obtenir bones relacions lineals
entre les propietats i el sistema cromatografic escollit. Vam triar tres
sistemes de biopartici6 a mode de exemple: distribucié octanol-aigua, i
particié i permeacid a través de la pell humana.

Respecte al coeficient de particié octanol-aigua (log AP,.), vam poder
trobar a la bibliografia®*%% dades experimentals per a quasi tots els 59
soluts (taula 1, article 2) injectats als sistemes IAM, i XTerra’s (exceptuant
o—ping, geraniol i mirce). Vam representar aquestes dades de log P enfront
dels log & per cada columna estudiada i 40% d’acetonitril a la fase mobil i
vam obtenir bones correlacions (veure figura 5 i equacions (13-15), article
2). Segons el nostre parametre d esperavem bones correlacions en tots els
casos, sent una mica millors per a la columna IAM i XTerra RP18 (¢=0.12 i
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ad=0.13 respectivament), respecte la columna XTerra MSC18 (4=0.18). I
efectivament, aix0 és el que vam obtenir. Observant les equacions
resultants de la correlacio, veiem que els millors parametres estadistics
(coeficient de la correlacio i desviacié estandard) sén per a la columna IAM i
la XTerra RP18, i que tots tres sistemes modelen bé la distribucié octanol-
aigua. Aquests resultats concorden amb els publicats préviament per altres

autors®>?’

, demostrant que la cromatografia de liquids és una técnica
adequada per estimar el log P, amb la fase estacionaria i mobil adient.
Aquests resultats confirmen que el parametre d ens ha proporcionat la
informacid correcta, mentre que el parametre D’indicava que cap dels tres
sistemes cromatografics era similar a la distribucié octanol-aigua.

Els seglients sistemes a estudiar van ser la permeacié (log k) i la
particié (log K..) a través de la pell humana. Del nostre llistat de 59 soluts
només vam trobar valors de log K, i/o de log K. a la bibliografia®® per a 17
d’aquests compostos. Per aquest motiu vam seleccionar una nova serie de
soluts (taula 6, article 2) dels que tinguéssim les dades biologiques i els
vam injectar a les tres columnes amb 40% d‘acetonitril a la fase mobil.
D'aquesta manera disposavem de més punts per fer les correlacions.
Segons el parametre g, esperavem bones correlacions de log kK, amb el
factor de retencid de les columnes XTerra RP18 i XTerra MSC18 (4=0.20 i
ad=0.18, respectivament), perd no amb la columna IAM (&=0.32). Les
correlacions que vam obtenir es mostren a la figura 6, article 2, junt amb
les equacions (16-18) del mateix article. Encara que les distancies son igual
de petites, les correlacions obtingudes s6n més pobres que en I'anterior cas
de log P, Aix0 és degut a la precisidé de les dades originals. Per obtenir
bones correlacions necessitem que els dos sistemes siguin similars
(distancia d petita), perdo també que la desviacié estandard de les dades
que volem correlacionar no sigui gaire gran. Com pitjor sigui la desviacio
estandard resultant de la mesura d'una propietat, pitjor és la correlacio. A
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la taula 3, article 2, podem trobar aquestes dades, sent la desviacié del
parametre log P, 0.116 mentre que la del log K, és 0.461. Aquestes dades
no son sorprenents, degut a que els processos fisico-quimics (com és la
distribucié octanol-aigua) sén més facils de mesurar amb precisié que no
pas els processos biologics. De totes maneres, podem veure a les figures
6b-c, article 2 (columnes XTerra), com les correlacions son millors que la
figura 6a, article 2 (corresponent a la columna IAM). Aquesta Ultima
correlacio és tan pobre que no es pot fer servir per fer cap estimacio.

Per ultim, vam correlacionar les dades de log K. amb la retencié als tres
sistemes cromatografics (veure figura 7 i equacions (19-21), article 2). En
aquest cas les correlacions son molt millors, perd també la desviacio
estandard de les dades originals ho és (SD=0.216). La millor correlacio,
segons els parametres estadistics, és amb la columna IAM, tal i com havia
predit la distancia d.

Aquests tres exemples han demostrat la fiabilitat del parametre de
distancia d per avaluar la similitud entre sistemes, permetent-nos tenir una
idea de quins sistemes cromatografics podrien fer-se servir per estimar
propietats biologiques. Evidentment, la distancia ¢ es pot aplicar també
entre altres tipus de processos, sempre que aquests hagin estat
caracteritzats mitjancant el model LSER.



3.3. Determinaci6 de la constant d'enllag
albumina-farmac

La constant d’enlla¢ albumina-farmac (K3) és un parametre biologic molt
important en el disseny de nous farmacs. Hi ha farmacs que funcionen
perfectament en assajos in vitro, perd que no son efectius quan finalment
es realitzen els assajos in vivo. Aquesta pérdua d‘activitat pot ser deguda a
diverses causes, perd principalment es deu a una baixa permeabilitat a
través de la membrana i/o a un fort enllagc amb les proteines de la sang
(sent la albdmina la més abundant). Tampoc interessa que la K sigui molt
petita, perque sind el farmac no sera transportat per la sang fins el seu lloc
d’accid. Per tant, la possibilitat de determinar aquest parametre a l'inici del
desenvolupament d’un nou farmac és clau per a la industria farmaceutica.

Un assaig PAMPA, normalment utilitzat per determinar la permeabilitat
passiva dels compostos, va ser modificat amb I'objectiu d’estimar constants
d’enllag albumina-farmac. L'experiment es va realitzar amb onze farmacs de
propietats molt diferents en termes de permeabilitat i constant d’enllac amb
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la proteina. Per seleccionar els compostos adients vam representar a la
figura 3.4 els valors de -log K, de 35 farmacs extrets de la bibliografia®®
enfront dels de la permeabilitat aparent a pH=7.4 (extrets de la base de
dades interna de Novartis Pharma AG).
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Figura 3.4. Mapa de compostos utilitzant com a variables la permeabilitat
aparent a pH=7.4 i la constant d'enllag albumina-farmac. Els farmacs
utilitzats en aquest estudi estan representats pel simbol ¢.

El grafic esta dividit en varies zones, depenent del que es considera
alta, mitja o baixa permeabilitat i un fort, intermig o feble enllag a
I'albimina. La seleccié dels 11 farmacs (veure figura 4, article 5) es va
realitzar intentant cobrir al maxim tot I'espai de propietats. L'Unic compost
que ens va donar problemes va ser el diflunisal, perqué és molt poc
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permeable, i a sobre, s’enllaga fortament a I'albimina deixant poca fraccid
de farmac lliure, pel que la mesura de la seva concentracié al compartiment
acceptor va ser analiticament impossible.

Per solventar aquest problema, que tindriem amb tots els compostos de
similars caracteristiques al diflunisal, es va provar també amb una altra
membrana liquida alternativa a I'hexadeca (hxd), l'octanol (oct). Es va triar
aquest solvent organic perque el log D, del diflunisal era 0.5 mentre que el
log Dy era inferior a -2. De totes maneres s’ha de tenir en compte que
perqué una membrana sigui adequada pel nostre estudi ha de ser altament
permeable al compost d‘interés perd impermeable a la proteina i al complex
que forma amb aquell compost. Abans de fer servir l'octanol es va
comprovar que fos efectivament impermeable a I'albdmina humana, al
menys en el periode de temps que necessitavem per dur a terme el perfil
cinetic (2 hores). A la figura 1, article 5, es mostren els tres cromatogrames
corresponents a la injeccid de la proteina, i de solucid del compartiment
acceptor fent servir hexadeca o octanol com a membrana liquida. Fins que
no van passar quatre hores no es va detectar cap resta de proteina en el
compartiment acceptor per a cap de les dues membranes, i quan es va fer
va ser a nivell de traca. Per tant, en aquest sentit totes dues opcions,
hexadeca i octanol, son adequades per a aquest estudi, ja que la proteina
no les penetra.

Els 11 farmacs escollits es presenten a la taula 1, article 5, mostrant
diferents propietats també a nivell d'acidesa/basicitat, lipofilicitat, etc. Es va
mesurar la seva permeabilitat aparent en presencia i abséncia de proteina,
recollint fraccions del compartiment acceptor a diferents temps d’incubacié
(0.1, 0.2, 0.5, 1 i 2 hores). L'experiment es va realitzar en plats que
contenien 96 compartiments (veure figura 3.5), dividint el plat en dues
zones (la meitat contenia proteina i I'altra meitat no) i les files en funcio6 del
temps d'incubacid. Per tant, la concentracio del farmac en el compartiment
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acceptor va ser calculada fent la mitjana de dotze valors (per a t=0.1, 0.2 i
0.5 hores) i de sis valors (per a t=1i 2 hores).

tampo pH=7.4 + HSA 100uM tamp6 pH=7.4
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Figura 3.5. Disseny experimental de I'estudi PAMPA-HSA.

A continuacid es va representar la concentracid6 de farmac en el
compartiment acceptor enfront del temps, i mitjancant el programa
informatic Berkeley Madonna es van ajustar simultaniament les dues corbes
tedriques (preséncia i absencia de proteina) als punts experimentals
proporcionant el valor optim de K; per a aquell ajust. A la taula 1, article 5,
es mostren els valors de —log K; que vam obtenir, juntament amb aquells
que vam extreure de la bibliografia®™**. Per tal de determinar si la técnica
era reproduible, la mesura de K es va fer per triplicat durant un periode de
6 setmanes. Es a dir, entre la mesura del primer, segon i tercer replicat
passaven 2 setmanes. Els valors de cada replicat obtinguts pels farmacs
més afins a la albimina es poden consultar a la taula 3, article 5.
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A mode d'exemple presentem lajust de les corbes als punts
experimentals per a quinina, warfarina i clorpromazina (veure figures 5-7,
article 5). Els perfils cinétics obtinguts sén molt diferents, perd també ho
son les propietats dels compostos. Com la quinina s’enllaga a I'albdmina
molt feblement, les dues corbes sén molt proximes entre si. Justament al
contrari del que passa amb la warfarina, un compost que presenta una
elevada afinitat per a l'albimina, donant per tant corbes ampliament
separades. El perfil de la clorpromazina presenta una forma diferent al dels
altres dos compostos, i és degut a que queda retingut parcialment a la
membrana d’hexadeca. En aquest estudi vam diferenciar entre el coeficient
de distribucié de la membrana (D), que va ser mesurat al grup de treball
mitjancant una técnica potenciomeétrica, i el coeficient de distribucid (K})
que ens proporcionava el programa Berkeley Madonna i que no diferenciava
entre retenci6 de membrana i adsorci6 no especifica a les parets del
compartiment. En el cas de que no hi hagués cap tipus d'adsorci6 a les
parets, Dyen i Ky serien identics. En el cas de la clorpromazina vam obtenir
log K, =3.4ilog Dy =2.6, pel que també quedava en part adsorbida a les
parets del plat. Quan es produeix algun dels dos fenomens (o tots dos),
s'observa al principi del perfil cinétic un petit desfase. En un primer moment
el farmac s'adsorbeix, o queda retingut a la membrana, i després comenca
a creuar cap al compartiment acceptor. Aquesta peculiar forma del perfil
cinetic pot observar-se a les corbes C i D de la figura 2A, article 5. Aquesta
figura és una simulacié feta pel programa Berkeley Madonna per a suposats
compostos que tinguessin diferents valors de D, i per tant, quedessin
retinguts a la membrana de menor a major grau. Encara que es doni
aquesta perdua de compost per adsorcid o retencié de membrana, el model
ho té en compte a través de les equacions diferencials (25-27) i per tant no
ens perjudica en I'estimacio de la constant d’enllac.
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A la taula 1, article 5, es pot veure com tres compostos van ser
analitzats amb una membrana d’octanol enlloc d’hexadeca. La warfarina i el
verapamil es van estudiar en ambdues membranes per comprovar que els
resultats obtinguts de K, no depenguessin de la naturalesa de la membrana
emprada, i es van obtenir valors similars en els dos casos. Va ser impossible
analitzar el diflunisal utilitzant hexadeca, tal i com he explicat abans, pero
amb octanol si va ser possible, obtenint-se un —-log A; =5.91. Un cop
determinades totes les constant d'enllag albimina-farmac es van
representar enfront de les dades extretes de la bibliografia, obtenint una
molt bona correlacid, com es mostra a la figura 8, article 5. Per tant, el
nostre metode d’estimacio de K és una alternativa valida a les técniques
classiques de dialisi i ultrafiltracio.

La presencia de proteina en el comportament donador provoca una
disminucié de la permeabilitat aparent del farmac. Per aquest motiu vam
mirar de relacionar la constant d’enllac amb la diferéncia de valors de
permeabilitat que obteniem. Els valors obtinguts es troben a la taula 3.5.

Taula 3.5. Constants d'enllac K; obtingudes amb I'assaig PAMPA i
diferéncies en la permeabilitat aparent provocades per la presencia de
proteina a l'assaig.

Compost -log Ky Alog 7;
Clorpromazina 4.26 0.20
Desipramina 3.07 0.09
Diazepam 4.61 0.72
Diclofenac 5.61 1.38
Oxazepam 4.16 0.41
Propranolol 3.36 0.05
Quinina 3.51 0.17

Tolbutamida 5.22 0.90
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Verapamil 3.19 0.16
Warfarina 5.33 1.02

La relacid que vam obtenir entre aquests dos parametres no és lineal,
sind quadratica (veure figura 3.6). L'equacié de segon grau obtinguda ens
permet tenir una primera aproximacido de log K, sense la necessitat de
construir tot el perfil cinetic. Només cal mesurar la permeabilitat després de
dues hores d'incubacid (procés completament automatitzat) i a partir de la
figura 3.6 obtenir el valor aproximat de la constant d’enllac. Per coneixer
aquest parametre amb precisid és necessari fer el perfil cinétic, pero si
només volem tenir una idea aproximada de si el farmac presentara un
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Figura 3.6. Relacié entre la diferéncia en permeabilitat de farmacs en
presencia i absencia de proteina i la seva constant d’enllag albimina-farmac
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enllac fort o feble amb I'albimina, llavors la figura 3.6 pot resultar molt util.

Tots els experiments van ser realitzats amb una concentracié inicial de
farmac de 50uM i de 100uM per a l'albimina. Pero tenint en compte que
avui en dia hi ha farmacs cada cop més lipofilics i insolubles, podria ser
necessari fer els experiments a una concentracié més baixa, fins el punt on
ho permeti el limit de quantificacié de la técnica de mesura, LC-MS/MS en el
nostre cas. Per comprovar que el canvi de les condicions experimentals no
influiria en I'estimacio de la constant d’enllag es va estudiar el propranolol a
una concentracié inicial de 10um i variant la concentracié de proteina entre
50 i 600uM (veure taula 2, article 5). Tots els parametres resultants sén
similars, pel que les condicions inicials de I'experiment es poden variar en
funcié del compost a analitzar sense cap perjudici per a la determinacié de
K.

L'Gs d'un assaig PAMPA per a determinar el parametre K és una bona
alternativa i presenta alguns avantatges respecte la técnica de dialisi,
tradicionalment utilitzada per a la mesura d'aquesta constant:

- La nostra aproximacio és més rapida, perqué no hem d’esperar que

s'arribi a I'equilibri per a I'estimacio de K.

- La pérdua de compost per adsorcié a les parets del plat o a la
membrana es tinguda en compte i no influeix en la nostra mesura
de la constant d’enllag. Per tant, no es necessari fer els calculs de
balang de massa propis de la dialisi.

- La membrana d’hexadeca no és permeable a l'aigua, i per tant, no
hi ha canvi de volum als compartiments degut a la pressido osmotica
ni cal fer cap correccid al respecte (com si succeeix a la dialisi).

- A lassaig PAMPA les membranes no necessiten cap tipus de
pretractament, pel que lautomatitzacid de la tecnica és molt
senzilla.
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Encara que aquest estudi s’ha basat només en la determinacié de la
constant d’enllag albumina-farmac, podria ser aplicat en el futur a altres
proteines solubles en aigua, sempre que es doni la condicié que la
membrana liquida utilitzada sigui impermeable per a aquestes proteines. En
definitiva, considerem que és una técnica amb un gran potencial.






3.4. Avaluacio de la interaccio de derivats de
I"epicatequina amb liposomes de DPPC

Els flavonoids sén uns compostos polifendlics presents en certs aliments
(com fruites, verdures, vi negre, etc.) de propietats beneficioses per a la
salut humana. Tenen caracter antioxidant i es creu que ajuden a prevenir el
cancer i les malalties cardiovasculars**2, Hi ha molts tipus de flavonoids
naturals classificats segons la seva estructura (calcones, flavones,
isoflavones, flavonols, catequines, etc.). En general, tots son compostos
organics heterociclics constituits per dos anells aromatics (A i B) amb
diferents grups hidroxid, units per una cadena de tres atoms de carboni que
poden formar, o no, un tercer anell (C). A la figura 1, article 6, es poden
trobar les estructures dels flavonoids seleccionats per a aquest estudi,

I'epicatequina i quatre dels seus derivats. Torres i col*laboradors™>>*3*

van
descriure aquests compostos, els quals contenen un atom de sofre en la

posicio 4.
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La part no fenolica de cada una d'aquestes molécules influeix en les
diferents propietats que presenten els compostos, i pot ser degut en part a
la seva diferent capacitat d'interaccié amb les membranes cel*lulars. De fet,
s’ha demostrat que els derivats cationics penetren més a la pell que les
catequines zwiteridniques i sense derivatitzar'®*. Per tal d’entendre una
mica més el comportament d’aquests derivats de I'epicatequina davant de
les biomembranes, s’ha estudiat la seva interaccié amb liposomes de DPPC,
degut a que la seva estructura és similar a la de les membranes cel*lulars.

En estudis previs d'altres autors™*'*

s’ha demostrat que I'epicatequina i
I'epicatequina-gallat podien penetrar en els liposomes establint,
principalment, interaccions hidrofobiques. Perd de fet hi ha molt poca
informacid avui en dia sobre la interaccié d’aquest tipus de compostos i les

membranes.

3.4.1. Estudi calorimetric dels liposomes

Per tal de determinar si els compostos estudiats interaccionaven
d’'alguna manera amb els liposomes es va emprar la técnica DSC
(calorimetria d'escaneig diferencial). Es van preparar una serie de
liposomes amb diferents concentracions de compost (de 0 a 30% molar), i
es van sotmetre a uns cicles de temperatura (escalfament/refredament)
obtenint els termogrames corresponents. Cada experiment es va fer per
triplicat en dies no consecutius.

La figura 4, article 6, mostra un exemple dels termogrames obtinguts
amb diferents concentracions de |'epicatequina, representats conjuntament
en un Unic grafic. El termograma “a” correspon al liposoma de DPPC pur,
mostrant una transicié a 7,, = 41 °C. En realitat també hi ha una petita
pretransicié a 35 °C, pero no es pot apreciar a I'escala que s’ha fet servir en
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aquesta figura. Els valors observats estan en bona concordancia amb els

obtinguts per altres autors’>!*

. Els termogrames b-g corresponen a un
increment de la concentracié d’epicatequina fins a un maxim de 30% molar.
Es pot apreciar clarament com el pic es va desplacant cap a l'esquerra
(disminueix la temperatura de transicid) i es va fent més ample cada
vegada. A més desapareix la pretransicié tipica del DPPC. Aquest és el
comportament habitual dels flavonoids en solucions de liposoma de DPPC,
tal i com s’ha publicat en altres treballs**>7,

La relacid entre 7, i ATy, respecte la concentracié dels diferents
compostos és avaluada a les figures 2 i 3, article 6, respectivament. Es
poden observar comportaments molt diferents, depenent del compost. El
flavonoid cationic ECys-Ec va ser el compost que va presentar la interaccio
més forta amb la membrana lipidica. La temperatura de transicid del
liposoma decreix abruptament a mesura que augmenta la concentracié de
ECys-Ec. A partir de 20% molar continua disminuint, perd més
gradualment. Per tant, aquest compost interacciona fortament amb el
liposoma, pertorbant I'estabilitat de la membrana. També es pot veure a la
figura 3, article 6, com el parametre A7y, s'incrementa amb la concentracié
de ECys-Ec fins 15% molar, i després disminueix. Aix0 significa que
concentracions baixes d'aquest compost fan augmentar la fluidesa de la
membrana, perd a concentracions més altes les molécules de fosfolipid
interaccionen menys amb el compost i més entre si, augmentant la
cooperativitat del procés. Aquest comportament suggereix que el compost
ECys-Ec pot estar formant agregats a partir de certes concentracions.

L'altre flavonoid cationic estudiat és Cya-Ec. Aquest compost sembla no
afectar a l'estabilitat del liposoma, ja que la temperatura de transicid resta
invariable per a tot linterval de concentracions de Cya-Ec estudiat. En
canvi, si que s‘observa un increment de I'amplada a mitja alcada del pic.
Aquest és el tipic comportament de moléecules situades en la zona més
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externa de la bicapa, com s’ha descrit per a alguns péptids'*. La part més
hidrofobica del compost penetra dintre de la membrana, en la part més
superficial, a prop dels caps polars, pertorbant la cooperacié de les
molécules lipidiques en el procés de transicié de fase. No obstant, el
compost Cya-Ec ni estabilitza ni desestabilitza la membrana, perqué la
transicio es dona a la mateixa temperatura que si tinguéssim el liposoma
pur.

Els flavonoids no carregats, epicatequina (Ec) i AMCys-Ec, es comporten
de forma similar. Com no presenten carregues, només interaccionen
hidrofobicament. Els dos compostos provoquen una moderada disminucid
de la temperatura de transicid en augmentar la seva concentracid, afectant
només lleugerament a l'estabilitat dels liposomes. En canvi I'augment de
I'amplada del pic és més pronunciat en el cas de AMCys-Ec que en
I'epicatequina. Aquest diferent comportament ens indica que el substituent
que diferencia a la AMCys-Ec de I'epicatequina influeix en la interaccié amb
la membrana i provoca una major incorporacié del compost en el lipid, pel
que les propietats antioxidants dels dos compostos podrien variar en funcio
d‘aixo.

L'dltim compost estudiat és I'especie zwiterionica Cys-Ec. El seu
comportament és molt diferent als altres, ja que a baixes concentracions
sembla no afectar gaire a l'estabilitat del liposoma, perd a concentracions
superiors al 10% molar destrueix completament el liposoma, pel que ja no
veiem cap transicid. Per aquest motiu es va estudiar amb més detall
I'interval entre 0 i 10% molar per a aquest compost (veure figura 5, article
6). Es va poder constatar com la temperatura de transicié restava
practicament invariable i I'amplada de pic augmentava només lleugerament.
Per tant, semblava que el compost no pertorbava gaire als liposomes, fins

una certa concentracio critica on trencava completament la seva estructura.
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Aquest és el comportament que vam observar pel flavonoid Cys-Ec, encara
que no és I'habitual en aquest tipus de compostos.

Els resultats obtinguts demostren que els diferents substituents que
units a l'epicatequina formen alguns dels seus derivats, influeixen en la
seva diferent interacci6 amb les biomembranes i per tant, també en les
seves propietats especifiques.

3.4.2. Retencié cromatografica dels derivats d’epicatequina
en una columna IAM

Les columnes IAM, com els liposomes, també presenten una estructura
similar a les membranes cel*lulars, ja que estan constituides per cadenes de
fosfatidilcolina enllacades a la silice. De fet, s’ha demostrat en alguns

190141 yna bona correlacid entre el factor de retencid en

estudis previs
columnes IAM i el coeficient de particié en liposomes.

L'epicatequina i els seus quatre derivats van ser injectats en la columna
IAM amb una fase mobil a pH=7 i 20% d'acetonitrii com a modificador
organic. Els factors de retencié obtinguts es troben a la taula 1, article 6. El
compost més retingut, amb diferéncia, és Ecys-Ec, en concordancia amb els
resultats obtinguts amb els liposomes, ja que era el compost que
presentava una interacci6 més forta amb ells. A continuacié anaven el
AMCys-Ec i I'epicatequina, en aquest ordre, tal i com s’esperava a partir de
les conclusions extretes dels liposomes, on AMCys-Ec interaccionava més
amb els liposomes, afectant en major grau a la cooperacié de les molécules
lipidiques. ElI compost Cya-Ec va quedar retingut a la columna el mateix
temps que l'epicatequina. Segons el model dels liposomes, |'epicatequina
presenta una interaccié hidrofobica amb el lipid mentre que la Cya-Ec més
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aviat interacciona amb la part polar de la bicapa que es troba a la
superficie. Per tant, la columna IAM no és capag de diferenciar entre
aquests dos tipus d'interaccid, mentre que els liposomes si ho fan. Per Gltim
tenim a la Cys-Ec, que practicament no queda retinguda a la columna,
concordant amb la informacié dels liposomes (a baixes concentracions del
compost no hi havia practicament cap interaccié amb la membrana).

Per tant, la columna IAM també ens ofereix informacié sobre si aquests
tipus de compostos interaccionen o no amb les membranes, encara que els
liposomes ens aporten més informacié (tipus d'interaccid polar o
hidrofobica, zona més exterior o interior on té lloc, etc.).
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A partir dels resultats obtinguts s’extreuen les seglients conclusions:

1. La caracteritzacié de l'acidesa d’una columna de membrana artificial
immobilitzada (IAM) no va mostrar cap evidencia de silanols lliures a la

silice fins a un {pH de 6. A partir d'aquest valor, els cations liti injectats

comencen a quedar retinguts pels silanols lliures per interaccié ionica,
mostrant una gran activitat. La qualitat de la silice d’aquesta columna és
comparable a la de la Luna C18 i la Symmetry C18, dues columnes
comercials amb una silice de gran qualitat. Encara que s’ha demostrat
que els silanols de la columna IAM sén molt més actius, també es cert
que només es presenten a un pH extrem de treball, a prop del limit
recomanat pel fabricant.

2. L'estudi a partir del model de parametres de solvatacié LSER indica que
és més favorable crear una cavitat de la grandaria del solut en totes les
fases estacionaries estudiades que en les fases mobils. Mentre que
dintre de les columnes estudiades podem concloure que la columna IAM
és la menys hidrofobica de totes. Totes les fases estacionaries son
menys acides per pont dhidrogen que les fases mobils, essent la
columna IAM més acida que les altres columnes C18 estudiades. També
és la columna IAM la més polaritzable de totes, essent totes les fases
estacionaries més polaritzables que les fases mobils. Respecte la
basicitat per pont d’hidrogen es va trobar la principal diferéncia entre
les fases estacionaries. La columna IAM era més basica per pont
d’hidrogen que la fase mobil, mentre que les altres columnes no ho
eren. Degut a aquesta diferéncia, els compostos donadors de pont
d’hidrogen queden més retinguts quan s'injecten a la columna IAM que
en altres columnes C18.
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3. El model de parametres de solvatacid permet predir la retencid de
soluts neutres en cromatografia de liquids, en base als descriptors dels
soluts i als coeficients de l'equacid de solvatacid corresponent. Un
sistema cromatografic que posseeixi el valor d'un dels coeficients molt
elevat en valor absolut respecte la resta, sera capag de discriminar molt
bé entre soluts que difereixin en aquella propietat.

4. Per poder conéixer la retencid de qualsevol compost, de descriptors
coneguts, a qualsevol composici6 de fase mobil sense necessitat de
caracteritzar-les totes, es pot construir el model LSER global que
proporciona excel'lents resultats amb una Unica equacid, encara que
s’han de determinar dotze coeficients per caracteritzar un sol sistema.

5. El model de polaritat és una bona alternativa al perfectament establert
model LSER. Ambdds models tenen una capacitat similar per predir la
retencié de nous compostos, un cop coneguts els parametres del solut.
El model de polaritat és més senzill d‘aplicar, ja que només requereix
dos parametres per caracteritzar el sistema (incloent totes les
composicions de fase mobil), perd proporciona menys informacié
quimica de les interaccions que tenen lloc entre el solut i les fases. A
més, presenta I'avantatge que es poden transferir les dades de polaritat
del solut d'un sistema a un altre, de manera que es poden efectuar les
prediccions a qualsevol sistema cromatografic treballant només amb un
sistema de referencia, i estalviant una gran feina experimental.

6. El parametre de distancia ¢ entre dos vectors LSER de coeficients
normalitzats és una bona eina per determinar la similitud matematica de
dos sistemes (siguin fisico-quimics o biologics). Una distancia inferior a
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0.25 ens indica que un determinat sistema pot ser ben modelat per
aquell amb qui s'ha comparat. De totes maneres, la bona correlacié que
finalment s’‘obtingui entre ambdds parametres no només depen de la
distancia entre els sistemes, sind també de les desviacions estandard de
les dades originals. Com pitjor sigui la precisié de les dades, pitjor sera
la correlacié amb un altre parametre.

7. La columna IAM no és sempre la millor eleccid per a l'estimacié de
propietats biologiques. En el cas de la permeacié a través de la pell
humana s’ha demostrat que les columnes XTerra MSC18 i XTerra RP18
haurien d’estimar molt millor aquest parametre que no la columna IAM.
De totes maneres pot ser Util per a I'estimacié d‘altres parametres, com
la particié octanol-aigua, la narcosi en cap-grossos, la particio a la pell
humana i la permeacio a través de la barrera hematoencefalica.

8. L'assaig de permeabilitat a través d’'una membrana artificial (PAMPA) és
utilitzat normalment per a determinar la permeabilitat passiva de
farmacs, perd s’ha demostrat en aquell treball que també pot ser una
eina Util en la determinacié de la constant d’enlla¢ albimina-farmac.
L'assaig esta dissenyat per utilitzar I'hnexadeca com a membrana artificial
liqguida, pero també es pot fer servir octanol com alternativa per a
aquells compostos molt poc permeables en hexadeca i que presentin un
fort enllac a la proteina. Els compostos poden quedar retinguts en part
a la membrana o adsorbits a les parets dels compartiments, perod aquest
fenomen queda recollit a les equacions del model i per tant, es té en
compte en la mesura de la constant d’enllag.

9. L'assaig PAMPA-HSA és una bona alternativa a la técnica classica de
determinacié de la constant denllac albimina-farmac, la didlisi. Es una



168 Conclusions

aproximacié més rapida, perqué no s’ha d'esperar a que sarribi a
I'equilibri. No s’ha de fer correccidé de volum perqué la membrana
d’hexadeca no és permeable a l'aigua. La possible perdua de compost
es té en compte al model, pel que no es necessari fer balang de
masses. I és una tecnica facilment automatitzable perque la membrana
no requereix cap tipus de pretractament.

10. Els liposomes poden ser utilitzats per a I'estimacié de la interaccié de
diferents compostos amb les membranes cel*lulars a partir d’estudis
calorimétrics. Derivats de |'epicatequina, amb diferents substituents
sulfurats, mostraven interaccions diferents amb les membranes. Tots
aquests compostos van ser injectats a la columna IAM obtenint
conclusions similars a les que proporcionava l'estudi dels liposomes,
encara que la columna IAM és incapag de diferenciar entre interaccié
hidrofobica i polar, mentre que el model del liposoma si que ho fa.
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