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Introduction générale

Le travail effectué par les chromatographistes en milieu pharmaceutique peut étre
divers et varié, tant a I'’échelle analytique que préparative. Une des principales taches
reste le profilage d’impuretés de candidats médicaments, qui intervient a tous les stades
du développement du médicament. En effet, la synthése d’un nouveau principe actif (PA)
est un procédé long, conduit en plusieurs étapes. Dans un processus complexe de
développement, la présence d’impuretés résiduelles issues de la synthése semble
inévitable. C’est pourquoi l'identification et la quantification des impuretés nécessitent un
contrble strict afin de garantir I'efficacité et la toxicité limitée du candidat médicament. Le
contrble des impuretés est régulé par le Conseil international d’harmonisation des
exigences techniques pour [I'enregistrement des médicaments a usage humain
(International Council for Harmonisation of Technical Requirements for Pharmaceuticals
for Human Use ou ICH) [1]. On comprend donc aisément que la problématique du

profilage d’'impuretés soit une préoccupation importante des industries pharmaceutiques.

L’Institut de Recherches Servier ne fait pas exception, avec environ 14000
échantillons traités chaque année au laboratoire de chromatographie. Les échantillons
analysés sont principalement de deux types. Le premier concerne les intermédiaires de
synthese (composés de « type | »), qui sont analysés quotidiennement par la division de
Physico Chimie Analytique avant d’étre réintégrés pour la suite de la synthese. La
deuxiéme catégorie correspond aux composés de « type S », ce qui, pour le laboratoire
Servier, signifie que le candidat médicament étudié se situe a un stade avancé de la
Recherche et du Développement (Figure 0.1, tests précliniques). Ces produits sont
ensuite destinés aux études pharmacologiques afin d’estimer leurs activités. lIs
représentent 20 a 25% des composés étudiés chaque année. L’ensemble des composés
analysés pour ce travail de thése est un set de composés dit de « type S », disponibles
par nature en quantités suffisantes pour mener plusieurs études contrairement aux

produits I.
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Figure 0.1 - Cycle de vie du médicament (adapté d'aprés : Leem, http://www.leem.org/article/recherche-developpement-
0)

Ces deux types de composés sont analysés selon le méme principe, avec : (i) la
confirmation ou l'infirmation de I'identité du composé principal, (ii) I'estimation de la pureté
relative de I'échantillon en relevant les impuretés ayant une pureté relative supérieure a
0.04% par analyse en chromatographie avec principalement une détection UV et (i)

I'identification structurale des impuretés ayant une pureté relative supérieure a 1%.

Ces analyses nécessitent de disposer de méthodes analytiques performantes, pour
s’assurer que I'ensemble des impuretés est correctement identifié et qu’il n’y a pas de
coélutions entre le PA et une impureté ou entre plusieurs impuretés. La méthode de choix
pour le profilage d’impuretés de candidats médicament reste la chromatographie liquide
en phase inverse (RPLC) couplée avec la spectrométrie de masse. A llnstitut de
Recherches Servier, ce sont deux méthodes RPLC qui sont utilisées comme méthodes de
référence. Ces méthodes ont été développées sur une méme phase stationnaire C18 mais
avec des conditions d’élution différentes (acides ou basiques). Bien que trés performantes,
ces méthodes échouent parfois a retenir les composés les plus polaires ou ne permettent
pas d’aboutir a un résultat chromatographique acceptable (dégradation de composeés,
formes en équilibres etc.). Dans ces cas, il apparait essentiel de pouvoir disposer de
méthodes alternatives complémentaires et de maximiser Il'orthogonalité entre les
méthodes [2].

L’'objectif de cette thése a donc été le développement de méthodes
chromatographiques alternatives pour permettre I'analyse des candidats médicaments,

lorsque les méthodes de premiére intention échouent.
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Le premier chapitre de ce manuscrit est consacré a I'étude bibliographique des
méthodes chromatographiques utilisées pour I'analyse de composés pharmaceutiques. En
dehors de la phase stationnaire C18 couramment utilisée, des phases originales ont été
commercialisées et utilisées en RPLC. C’est le cas des phases de silice greffée
pentafluorophényle, utilisées pour augmenter la rétention des composés polaires. La
chromatographie liquide a mode mixte ou mixed-mode a vu le jour plus récemment et de
nouvelles phases ont été commercialisées. Ces phases, appelées bimodales ou
trimodales, combinent au sein d'une méme colonne plusieurs types de greffons ou
plusieurs fonctionnalités sur un méme greffon afin de diversifier les interactions entre
phase stationnaire et analyte. La chromatographie en phase supercritique est quant a elle
de plus en plus utilisée dans les laboratoires pharmaceutiques et sera également traitée

dans ce chapitre.

Le deuxieme chapitre de cette these concerne le développement de méthodes
HPLC pour le profilage d’'impuretés de candidats médicaments. Les méthodes RPLC de
référence utilisées chez Servier seront évoquées, ainsi que la mise en ceuvre d’une
méthode alternative sur phase pentafluorophényle. Par la suite, le développement de
méthodes HPLC mixed-mode sur colonnes bimodale et trimodale sera détaillé. Enfin, les
cing méthodes HPLC (deux méthodes de référence et trois méthodes alternatives) seront
comparées en termes de performances chromatographiques et de capacité pour le

profilage d’'impuretés.

Le troisieme chapitre traite du développement de méthodes en chromatographie en
phase supercritique. Le développement de méthodes alternatives en SFC passe par le
choix de la phase stationnaire et des conditions analytigues (composition de la phase
mobile en gradient) adéquates. La robustesse de ces méthodes a également été testée.
Une partie de ce chapitre concerne également la comparaison des méthodes SFC en
gradient générique avec gradient focus ou isocratique. Le couplage de colonnes en série,
en utilisant les deux meilleures méthodes SFC développées auparavant, est également
détaillé. Finalement, les performances des méthodes SFC et RPLC de premiére intention

sont comparées ainsi que leur capacité en termes de profilage d’impuretés.

La derniere partie fait un bilan de I'ensemble des méthodes analytiques (HPLC et
SFC) développées dans ce travail de thése et une stratégie d’analyse du candidat

médicament est proposee.
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Chapitre 1

l. Introduction

L’augmentation constante du nombre d’analytes a traiter et la complexification
croissante des candidats médicaments synthétisés nécessite de disposer de méthodes

chromatographiques performantes pour répondre a ces challenges analytiques.

Parmi ces méthodes, la RPLC reste sans conteste la méthode de choix, utilisée
dans une majorité de laboratoires pharmaceutiques [3]. La RPLC sur phase stationnaire
C18 est couramment utilisée, avec une phase mobile constituée d’'un solvant organique
polaire (le plus souvent ACN ou MeOH) et d’'un tampon aqueux. La double détection UV et
MS est largement plébiscitée [4]. Cette technique est particulierement performante pour la
séparation de composés de polarit¢ moyenne a faible [5]. Elle est donc adaptée a
'analyse d’une majorité de composés pharmaceutiques de bas poids moléculaires, avec
des log P compris entre -1 et 8 (Figure 1.2). Bien que le greffon C18 soit le plus utilisé, des
phases stationnaires de type phényle (pentafluorophényle ou phényl-hexyl) ont vu le jour
plus récemment et permettent parfois de retenir davantage les composés plus polaires [6].
Malgré tout, la RPLC échoue a retenir efficacement les composés polaires neutres ou
chargés. En effet, les composés polaires sont parfois retenus sur les phases stationnaires
par le biais d’interactions parasites avec les groupements silanol résiduels, mais ces
interactions causent généralement des pics élargis et asymétriques. Différents modes
chromatographiques existent et peuvent étre envisagés comme alternative a la RPLC pour
analyser ces composés: la chromatographie déchange d’ion (IEX) [7], la
chromatographie d’interaction hydrophile (HILIC) [8,9], la chromatographie en phase
normale (NPLC), 'HPLC mixed-mode (MM-HPLC) [10] et la chromatographie en phase
supercritique (SFC) [11-13] (Figure 1.2).
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-10 -5 0 5 10 Iog =
composés polaires CLLLLIITITITIIITIIILS composés
et ionisables Majorité des composes hydrophobes

pharmaceutiques de faibles
poids moléculaires

i Phase stationnaire : échange d'ion
' Phase mobile : solvant polaire
» + sel ou agent de paire d'ions

=
C
(3]

| Phase stationnaire : polaire
i Phase mobile : solvant organique
1 polaire (ACN) + Hz0 (+ sel ou tampon)

1 »
'Phase stationnaire - polaire (silice, diol)
i Phase mobile : solvant non polaire

| HPLC mixed-mode i
i Phase stationnaire : mixed-mode !
! (bi ou trimodale) :
' Phase mobile : tampon + solvant polaire (ACN):

i Phases stationnaires : polaires (composés polaires), aromatiques et C18 a groupement polaire inséré
' ([composés polarité intermédiaire), tous types de phases (composés organiques), C18 (composés hydrophobes)
! Phase mobile : CO; + co-solvant (ajout d'additif pour analyser les composés polaires et ionigues, ajout de

Figure 1.2 - Modes chromatographiques pouvant étre utilisés pour I'analyse de composés pharmaceutiques de bas poids
moléculaires en fonction de log P. Adapté de [5,14]

Cependant, certains de ces modes chromatographiques sont peu utilisés en routine
au laboratoire. C’est le cas de la NPLC qui, en raison des grandes quantités de solvants
organiques apolaires toxiques (hexane), était utilisée dans le passé mais a été délaissée
au profit de méthodes plus vertes et moins onéreuses. La NPLC est néanmoins toujours
utilisée aujourd’hui, en remplacant 'hexane par I'’heptane, qui est moins toxique. L’IEX
qguant a elle est peu compatible avec un couplage a la spectrométrie de masse, en raison
des fortes concentrations de sel utilisées dans la phase mobile, ce qui empéche toute
implantation en laboratoire comme méthode de référence. La HILIC est parfaitement
compatible avec un couplage MS [15,16] en raison du fort taux de solvant organique
présent dans la phase mobile, facilitant la désolvatation des composeés analysés et permet

la séparation de composeés polaires et ionisables. Cependant elle reste difficile a appliquer
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en routine pour des analyses rapides au laboratoire compte tenu notamment des longs

temps de rééquilibrage et de l'influence du solvant d’injection sur la séparation.

D’autres méthodes se développent et font leur apparition dans les laboratoires.
C’est le cas de la SFC qui a su récemment s’imposer comme méthode alternative a la
RPLC [17,18]. En effet, ces méthodes sont orthogonales [13,19] et le couplage a la
spectrométrie de masse est facile et performant [20]. La SFC permet l'analyse de
composés de polarités tres variées (Figure 1.2) grace a I'ajustement de la composition de
la phase mobile (proportion de co-solvant, ajout d’additif ou de tampon) mais aussi aux
multiples phases stationnaires disponibles. Par ailleurs, I'intérét pour 'HPLC mixed-mode
est croissant [21]. L’'HPLC mixed-mode utilise différents mécanismes de rétention (modes
phase inverse, HILIC, IEX) en une seule colonne afin d’augmenter le pouvoir de
séparation et permet de séparer des composés polaires et apolaires grace aux
nombreuses interactions pouvant avoir lieu entre la phase stationnaire et les analytes [22].
Cette méthode est également compatible avec un couplage MS, en raison de l'utilisation

de tampons volatils dans la phase mobile.

La suite de ce chapitre est consacrée aux méthodes chromatographiques citées
précédemment : 'HPLC, 'HPLC mixed-mode, la SFC ainsi que leurs utilisations dans le

domaine pharmaceutique seront tour a tour décrites.

1. L’HPLC

1) Histoire

A la fin des années 60, 'HPLC était pratiquée sur des colonnes de grandes
dimensions et avec des temps d’analyse longs. Bien que treés utilisée dans de nombreux
domaines (pharmaceutique, environnemental, métabolomique, analyse de produits
naturels, contréle anti-dopage etc.), cette techniqgue a cependant montré ses limites pour
la séparation de mélanges complexes (comprenant un grand nombre de composeés) et
l'utilisation en routine dans les laboratoires ou il est nécessaire de pouvoir traiter un
nombre important d’échantillons au quotidien. Rapidement, un besoin pour des
séparations rapides a haut débit s’est fait sentir et de grands efforts ont été fournis pour
améliorer les performances de la technique (en termes de rapidité d’analyse, de résolution
et d’efficacité) par le développement conjoint de colonnes chromatographiques de plus
faibles dimensions [23], avec des particules de 5 um jusqu’aux particules sub-2 um, et de
systemes chromatographiques a hautes pressions [24]. On parle alors d’'UHPLC, pour
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chromatographie liquide a ultra-haute-pression (ou performance). En 2004, le premier
appareil dédié est commercialisé par Waters Corporation sous le nom de systéme
ACQUITY UPLC™ [25], avec une pression pouvant aller jusqu’a 1000 bar, un débit de 1

mL/min et 'emploi de colonnes remplies de particules totalement poreuses de 1.7 pm.

2) L’HPLC moderne : UHPLC

Depuis la commercialisation du premier systeme UHPLC en 2004, de nombreux
autres systemes ont fait leur apparition sur le marché, avec des pressions maximales
comprises entre 600 et 1500 bar [26]. LUHPLC est une méthode chromatographique
largement répandue en chimie analytique et utilisée dans de nombreux domaines. Les
systemes développés ont donc été adaptés et sont compatibles avec l'utilisation de
nombreux détecteurs [27]: UV, DAD, DEDL, fluorescence, CAD et MS.

2.1. Appareillage moderne

Tous les systemes UHPLC actuels permettent de travailler a de hauts débits
d’analyse sur des colonnes de faibles dimensions grace a 'augmentation de la pression
maximale de ces systémes, jusqu’a 1500 bar. Cependant, Fekete et al. ont mis en lumiére
a plusieurs reprises les principales contraintes techniques devant étre prises en compte
pour tirer pleinement profit de la technologie UHPLC [26,28] : la pression et le débit
maximaux supportés par le systeme, le volume de délai (ou délai de gradient) et la

dispersion extra-colonne. Ces différents points vont étre successivement abordés.

2.1.1. Pressions et débits

L’évolution principale des systemes UHPLC par rapport aux systemes HPLC est
'augmentation de la pression maximale des systémes comprise entre 600 et 1400 bar. On
notera lintroduction récente sur le marché du systtme U-HPLC Vanquish™,
commercialisé par Thermo Fisher, qui permet d’atteindre une pression maximale de 1500
bar. Cette évolution vient du fait que I'on tend a utiliser des colonnes contenant des

particules de trés faibles dimensions, inférieures a 2 um.

34



Chapitre 1

La perte de charge (AP) générée par 'emploi de telles particules est importante. En
effet, selon la loi de Darcy (Eq. 1), AP est inversement proportionnelle au carré du

diametre des particules (dp).

(Z)*L*U*T] qul

AP =
d,?

Ou @ correspond au facteur de résistance a I'écoulement, L a la longueur de la colonne, u
a la vitesse linéaire de la phase mobile et n a la viscosité de la phase mobile. On
comprend alors que l'utilisation de colonnes contenant des particules sub-2 um nécessite
de pouvoir travailler avec des systemes supportant des pressions maximales élevées [29].
De la méme fagon, 'augmentation de u (pour diminuer la durée d’analyse) ou de L (pour
augmenter 'efficacité ou faire varier la sélectivité en couplant des colonnes différentes) se
traduit par une augmentation de AP, second argument en faveur de 'augmentation de la

pression limite délivrée par le systéme de pompage.
2.1.2. Délai de gradient

Le délai de gradient ou volume de délai correspond au temps mis par la phase
mobile depuis la chambre de mélange pour atteindre I'entrée de la colonne [30]. Lors
d’'une analyse en gradient, ce délai va se traduire par un décalage de temps entre le
gradient programmé et celui qui se déroule réellement a l'intérieur de la colonne. Dolan et
al. [31] ont parfaitement illustré ce probléme, en montrant les chromatogrammes simulés
obtenus lors de la méme analyse en gradient sur des systémes ayant des délais de
gradient différents (Figure 1.3).

(a)

1-mL dwell
100 mm x 4.6 mm column
10-40% B in 15 min
1 mL/min

o 2\_4 6 \8 10 12 14 16

(b)

3-mL dwell

0 2 B 8 10 12 14 16
Figure 1.3 - lllustration des effets provoqués par le délai de gradient, analyse réalisée en gradient (10-40 % de solvant

organique en 15 min, 1 mL/min, colonne de 100 x 4.6 mm. Chromatogrammes simulés obtenus avec des systéemes
ayant des volumes de délai de (a) 1 mL, (b) 3 mL. Le gradient effectif est représenté en vert. D’apres [31].
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Sur la Figure 1.3, on comprend aisément que le délai de gradient d’un systéme
chromatographique doit étre connu avec précision si 'on souhaite transférer une méthode
gradient d’'un systéme a un autre et obtenir des séparations semblables et des analyses
répétables. En effet, avec un délai de gradient de 3 mL (équivalent dans ce cas a 3 min
car le débit est de 1 mL/min) la durée de gradient se trouve allongée de 3 min, par I'ajout
d’'un palier isocratique avant le gradient qui correspond au temps nécessaire a la phase
mobile pour atteindre I'entrée de la colonne. Entre un délai de 1 et 3 min, les temps
d’analyse augmentent et la résolution change. Bien évidemment, les volumes de délai ne
sont pas aussi importants sur les systemes UHPLC modernes (volumes compris entre 0.1
et 1.0 mL [26]) mais le probleme reste identique. Dans le cas d’analyses rapides, comme
souvent en UHPLC, l'ajout d’'un palier isocratique en début de gradient peut étre
problématique et entrainer des problémes de répétabilité entre les analyses. Pour réduire
la durée de ce palier, un effort a été fait par les fabricants de matériel pour tenter de
réduire les volumes des chambres de mélange et les longueurs de capillaire et ainsi
diminuer le volume de délai. Nous verrons plus loin que la connaissance de ce volume de
délai est également nécessaire pour mesurer avec exactitude la composition de la phase

mobile au moment de I'élution d’'un analyte.

2.1.3. Volumes extra-colonne

Outre la diminution de la taille des particules et la dimension des colonnes (Chapitre
1,11, 2, 2.2.), les volumes extra-colonne doivent étre minimisés pour conserver une bonne
efficacité [32]. Les volumes extra-colonnes sont une source indésirable d’élargissement
des pics chromatographiques et concernent les volumes des tubulures du systéme (entre
I'injecteur et I'entrée de la colonne et entre la sortie de la colonne et I'entrée du détecteur),
le volume de la cellule UV ainsi que celui du systéme d’injection [33]. Sur les instruments
de derniére génération, les volumes extra-colonne ont été réduits. Cela a été rendu
possible par une diminution des volumes de l'injecteur et du détecteur ainsi que ceux des
connectiques, ajoutant une perte de charge supplémentaire que seuls les systemes
UHPLC peuvent supporter, grace a I'augmentation de la pression maximale atteignable

avec ces systémes.
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2.2. Phases stationnaires pour TUHPLC

Dés l'apparition de 'TUHPLC en 2004, un effort important a été fait pour réduire le
diamétre des particules contenues dans les colonnes chromatographiques afin
d’augmenter les performances chromatographiques [34] et tirer pleinement profit de la
technique. En 2004, le premier systeme UHPLC a été commercialisé avec une colonne
remplie de particules de 1.7 um (colonnes de 100 x 2.1 et 50 x 2.1 mm [25]), ce qui
marque une avancée importante dans la technologie des phases stationnaires. Cette
phase stationnaire commercialisée par Waters est définie comme hybride et est appelée
« BEH » pour « Bridged ethylene hydrid ». La silice de cette phase stationnaire a été
modifiée, par l'ajout de pont éthylénes entre les atomes de silice afin d’augmenter la
stabilité¢ de cette phase et sa résistance aux fortes pressions de 'UHPLC [35]. Le
développement de 'UHPLC sur particules totalement poreuses (FPP) sub-2 um, a été
suivi par le développement des particules superficiellement poreuses (SPP) sub-3 um [36]
en 2007 et sub-2 pm en 2009 [37,38].

Il faut également mentionner les colonnes monolithiques, apparues dans les
années 90 [39] et développées en vue de leur utilisation comme colonnes HPLC. La
premieére commercialisation de colonnes monolithiques n’a eu lieu qu’en 2000 (colonnes
Chromolith™ commercialisées par Merck) [40]. Ces colonnes sont constituées d’'un
barreau de silice contenant deux types de pores (macropores et mésopores) permettant
de travailler & de hauts débits sans générer une pression trop importante [41]. De hautes
efficacités (N > 100 000) ont été obtenues avec I'utilisation de colonnes couplées en série
[41,42], parfois jusqu’a 10 [43]. Il parait peu probable que de telles pratiques soient
utilisées dans l'optique de séparations rapides au quotidien, principalement dans
I'industrie. De plus, seuls deux fabricants de colonnes proposent aujourd’hui des colonnes
monolithiques (Merck et Phenomenex) avec une variété de chimies de phases trés pauvre
(silice, C8 et C18). Avec un champ d’applications restreint, Guillarme et al. ont estimé que
seul 1% des spécialistes de la chromatographie utilisent en routine ce genre de colonnes
[44].

A Tlinverse, une grande diversité de phases stationnaires est commercialement
disponible pour les phases SPP et FPP, garantissant ainsi un large spectre d’applications
pour lequel 'HPLC et TUHPLC vont donner pleinement satisfaction. Cette diversité de
phases sera abordée dans le paragraphe I1-3. La suite de ce paragraphe sera consacrée

aux phases SPP et FPP et leurs évolutions.
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2.2.1. Les colonnes FPP sub-2 pum

L’engouement pour les phases présentant des diametres de particules de plus en

plus petits s’explique simplement par cette équation (EqQ. 2) :

L Eq. 2

Ou N correspond a l'efficacité, L a la longueur de la colonne, H (ou HEPT) a la hauteur
équivalente a un plateau théorique, h a la hauteur réduite de plateau théorique et dp au
diametre des particules. On comprend donc qu’une diminution de dp permet une
augmentation de l'efficacité. Ainsi, avec I'emploi de particules FPP ayant un diameétre
compris entre 1.7 et 1.9 ym, un gain important d’efficacité peut étre obtenu par rapport aux
particules en usage en HPLC (généralement 3 ou 5 um). D’aprés I'Eq. 2, a longueur de
colonne équivalente, le fait de passer de particules de 5 a 1.7 ym permet d’augmenter N
d’'un facteur 3. Il est aussi possible de diminuer la longueur de colonne par 3 sans

impacter la valeur de N, tout en diminuant le temps d’analyse.

Le temps d’analyse peut également étre réduit lorsqu'on réduit la taille des

particules via 'augmentation de la vitesse linéaire optimale (uopt) (EQ. 3).

v*D
Uopt = — = Eq. 3

p
Ou vopt correspond a la vitesse linéaire optimale réduite, Dm au coefficient de diffusion.

Cependant, les particules FPP généerent une pression importante (Eq. 1). Ce
phénoméne est exacerbé par I'emploi simultané de débits élevés (uopt augmente) et la
diminution de dp. Il sera donc essentiel de pouvoir travailler sur des systemes UHPLC
avec ces colonnes. Aujourd’hui, un nombre important de colonnes FPP est disponible
commercialement, et l'utilisation de telles phases est largement répandue en raison du

gain d’efficacité important et des temps d’analyse réduits [45].

2.2.2. Les colonnes SPP

Les particules superficiellement poreuses (SPP) sont constituées d’'un cceur solide
(non poreux) entouré d’'une enveloppe poreuse. Les premiéres particules SPP de taille
réduite sont apparues en 2007, avec un dp de 2.7 um [36]. Ces colonnes sont couramment

appelées « core-shell » ou « fused-core ». L’avantage mis en avant quant a l'utilisation de
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telles colonnes, en plus du gain d’efficacité par rapport a des phases FPP de dp identique,
a eté la compatibilité avec I'appareillage HPLC, grace aux plus faibles pressions générées

par ces colonnes, contrairement aux colonnes FPP sub-2 um [36,46].

L’utilisation de colonnes contenant des particules SPP de 2.6 et 2.7 um s’est
démocratisée, au détriment des particules FPP [47]. En effet, il a été démontré qu’une
efficacité supérieure a celle des FPP pouvait étre obtenue avec I'emploi de SPP a taille de
particule identique [36,48,49] a hauts débits, avec une perte de charge réduite (Eq.1).
L’équation de Knox se décompose en trois termes: A (correspondant a l'anisotropie
d’écoulement, dépend de dp et de la qualit¢ de remplissage de la colonne), B
(correspondant a la diffusion longitudinale de 'analyte, dépend de Dm et de la qualité de
remplissage de la colonne) et C (correspondant a la résistance au transfert de masse du
soluté entre les phases stationnaire et mobile, terme proportionnel a (dp?/Dm)) (EQ. 4).
L’augmentation de N dans ce cas est due a la faible valeur du terme A, qui est constante,
ainsi qu’a la diminution du terme C [46,50] de I'équation lors de I'augmentation du débit
[51].

B
H=A+—+ Cxu Eq. 4

Ainsi, de trés hautes efficacités, de l'ordre de 300 000 plateaux/metre, ont pu étre

obtenues avec ces colonnes SPP sub-3 um [46].

Aujourd’hui, des colonnes SPP sub-2 um ont été développées afin de repousser
encore davantage les performances de ces colonnes en termes d’efficacité [52]. Le
diameétre des particules a été successivement réduit, jusqu’a atteindre 1.3 um en 2013
[53]. L'utilisation de ces colonnes a permis d’atteindre une trés haute efficacité (450 000 -
500 000 plateaux/metre) [38]. Ces colonnes générent cependant une pression importante,
et ne sont compatibles qu’avec des systemes UHPLC ou la variance extra-colonne est
réduite. Dans le futur, les colonnes SPP pourraient étre amenées a se développer
davantage, compte tenu des performances atteignables, a condition que I'évolution des
systémes UHPLC suive celle des colonnes chromatographiques, notamment en termes de

pression maximale atteignable.
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3) Choix de la phase stationnaire : a la recherche de la sélectivité

La sélectivité peut étre modulée en faisant varier différents paramétres opératoires
comme la température [54,55], le pH, la force éluante du solvant. Un autre parameétre clé

est le choix de la phase stationnaire en HPLC.

Le mode chromatographique le plus utilisé en HPLC est le mode a polarité de
phase inversée ou « reversed phase » (RPLC). A titre d’exemple, 90% des analyses de
composés pharmaceutiques de faibles poids moléculaires sont réalisées en RPLC [56]. La
RPLC sur phase stationnaire C18, avec une détection UV et MS, est le mode de
séparation le plus fréquemment utilisé dans les entreprises pharmaceutiques [4]. Le
mécanisme de rétention en RPLC est basé sur I'adsorption et le partage simultanés de
I'analyte sur et dans la couche hydrophobe de la phase stationnaire [57]. Le greffon C18,
qui procure une rétention importante des composés hydrophobes, est le greffon le plus
utilisé devant les greffons C8, utilisés pour réduire la rétention des composés les plus
hydrophobes, tout en conservant une sélectivité similaire a la phase C18. Tous les
fabricants proposent aujourd’hui des phases C18 et C8 dans leurs jeux de colonnes, dont
la fabrication, le greffage et le traitement varient d’'un fabricant a l'autre. Aussi, la
sélectivité peut varier d’'une colonne a une autre méme si I'appellation est la méme.
Aujourd’hui, il existe des classifications de colonnes C18 pouvant aider au choix de la

phase stationnaire selon la nature des composés a étudier [58].

Bien que les interactions principales ayant lieu en RPLC soient des interactions
intermoléculaires entre la phase stationnaire et I'analyte apolaire (Forces de London), des
interactions secondaires parasites peuvent avoir lieu entre les analytes basiques et les
silanols résiduels présents sur la phase stationnaire. Ces silanols peuvent établir des
liasisons hydrogéne et des interactions ioniques avec les analytes basiques [59]. Les
impuretés métalliques sont également source d’interaction avec les composés acides. Ces
interactions parasites entrainent une détérioration de la symétrie de pic des composés
polaires. Pour l'analyse de composés basiques polaires en RPLC, des traitements de
recouvrement, dits traitements d’ « end-capping » apolaires, consistant a remplacer les
atomes d’hydrogéne des groupements silanol par des groupements apolaires, ont d’abord
été éetudiés afin de limiter les effets néfastes des silanols [60]. Le greffon le plus
couramment utilisé est le triméthylsilyle [61]. Par ailleurs, des groupements polaires ont
été ajoutés a la base de la chaine alkyle (« polar embedded group ») ou a la surface de la
silice (« polar end-capped »). Ce groupement polaire a pour but de limiter les interactions

parasites entre les silanols et les analytes basiques en créant une pseudo-phase
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stationnaire aqueuse pres de la surface de silice (effet de « shield » ou écran), et favorise
I'élution des composés avec une bonne symétrie [62]. Ces groupements polaires
permettent aussi d’obtenir des sélectivités différentes de celles obtenues avec les phases
alkyles [63,64]. La nature des groupements polaires varie [65] : on trouve des phases avec

un groupement amide, carbamate, urée [66], éther ou ammonium [67].

Pour les composés aromatiques, des phases avec un groupement phényle peuvent
étre employées. En effet, des fortes interactions -1 peuvent avoir lieu entre le
groupement phényle donneur d’électrons et les analytes [68]. Ces phases présentent une
sélectivité différente des phases C18 [69]. Les fabricants de colonnes proposent des
colonnes phényles, dont les différences se situent principalement au niveau du nombre de
groupements phényles (simple phényle ou biphényle par exemple) et de la longueur de la
chaine alkyle du bras espaceur (« spacer arm »).

L’analyse des composés polaires ionisables peut étre réalisée avec une phase
stationnaire pentafluorophényle (PFP). Elles sont constituées d’une chaine alkyle non
fluorée et d’'un groupement aromatique substitué par cinqg atomes de fluor. Ces phases
sont devenues populaires en raison de la sélectivité unique qu’elles offrent [6,70]. Elles
sont présentées comme étant orthogonales aux phases C18 et sont aujourd’hui proposées
par de nombreux fabricants, qui les integrent a leurs jeux de colonnes au méme titre
qu’une phase C18. Avec ces phases, des interactions 1T-1m peuvent avoir lieu entre les
analytes riches en électrons et le greffon PFP qui est un accepteur d’électrons. En raison
de la rigidité du cycle aromatique PFP, la forme de l'analyte étudié peut également
influencer la rétention. Enfin, des interactions dipole-dipole et ioniques peuvent avoir lieu
entre les atomes de fluor portant des charges partielles négatives et les analytes [71].
Cependant, le choix de la phase stationnaire devra étre mdrement réfléchi, car les
résultats obtenus d’une colonne a une autre et d’'un fabricant a I'autre sont souvent trés
différents [6,71,72]. Nos observations faites en phase supercritique exacerbent ces
différences par rapport aux observations faites en phase liquide aqueuse, mais sont
néanmoins révélatrices de la diversité existant parmi ces phases : certaines sont trés
apolaires, proches des phases de type phenyl-hexyle, alors que d’autres sont trés polaires

avec des sélectivités fondamentalement différentes des premieres.
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4) Applications : 'HPLC pour I'analyse de produits pharmaceutiques

La RPLC, couplée a un détecteur UV ou MS, reste la technique de référence pour
le profilage d’'impuretés de candidats médicaments et a aujourd’hui fait ses preuves pour
'analyse de petites molécules [73—75]. Les difficultés restantes résident essentiellement
dans la séparation de composés proches structurellement. Regalado et al. ont notamment
développé une méthode HPLC sur colonne SPP pour séparer un PA, la Warfarine, de ses
5 impuretés isomeres [76]. Aujourd’hui, 'HPLC est également utilisée pour détecter des
impuretés génotoxiques a I'état de traces dans les PA. En effet, la législation concernant
ces impuretés s’est durcie et les autorités (FDA, food and drug administration, et ANSM,
agence nationale de sécurité du médicament et des produits de santé) accordent une
grande importance a lidentification et la quantification des ces impuretés, la dose
maximale journaliere ne devant pas dépasser 1.5 g par personne pour chaque impureté
détectée [77]. Ainsi, Wang et al. ont développé une méthode générique en HPLC-UV pour
la quantification de I'hydrazine, entité génotoxique, lors du développement de composés
pharmaceutiques [78]. Grigori et al. ont développé et validé une méthode quantitative en
HPLC-MS/MS pour la détermination de trois impuretés génotoxiques dans un PA [79]. Les
méthodes HPLC développées sont de plus en plus souvent associées a la masse de
haute résolution ou a la RMN pour permettre I'élucidation structurale des impuretés et
confirmer lidentit¢é du PA [80,81]. Lorsque la MS ne permet pas de différencier les
impuretés, comme c’est le cas pour les impuretés isobares, la RMN se révéle tres

performante pour leur caractérisation structurale.

A I'opposé des petites molécules, on assiste aujourd’hui a la montée en puissance
des biomolécules (encore appelées biomédicaments) qui ont tendance a les remplacer
[82,83]. Contrairement aux petites molécules issues de la synthése chimique, le PA des
biomédicaments est issu d’'une source biologique. Ces biomédicaments incluent les
protéines et les peptides thérapeutiques, les anticorps monoclonaux (mAbs) et les
anticorps conjugués ou ADCs (antibody-drug conjugates). En raison de la complexité de
ces nouveaux médicaments, une grande attention est portée a leurs développement et
caractérisation par les agences de régulation et de contrble des médicaments comme
'AEM (Agence européenne des médicaments) ou la FDA [84]. Un nombre important de
controles doit étre réalisé, nécessitant 'emploi de méthodes analytiques orthogonales
pour s’assurer de leurs bonne caractérisation [85,86]. Les méthodes les plus couramment
utilisées sont 'HPLC (RPLC [87,88], chromatographie d’exclusion stérique (SEC) [89,90]
et chromatographie d’échange d’ions (IEX) [91,92]) et I'électrophorese capillaire [93,94]
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avec une détection UV et MS, ainsi que la spectrométrie de masse (MALDI-TOF-MS)
[95,96]. Le présent manuscrit traitant uniguement des petites molécules, les applications

concernant les biomédicaments ne seront pas développées.

II. L’HPLC mixed-mode

La review suivante traite de la chromatographie mixed-mode. Les phases

stationnaires dédiées a la MM-HPLC ainsi que les applications sont présentées :

E. Lemasson, S. Bertin, P. Hennig, E. Lesellier, C. West

Mixed-mode chromatography — A review

LC GC, Volume 30, Issue 6 (2017), 22-33
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Mixed-Mode Chromatography
—A Review

Elise Lemasson', Sophie Bertin?, Philippe Hennig?, Eric Lesellier', and Caroline West', *University of Orleans, CNRS, Institut de
Chimie Organique et Analytique (ICOA), Orléans cedex, France, 2Institut de Recherches Servier, Suresnes, France

Mixed-mode high performance liquid chromatography (MM-HPLC) involves the combined use of two (or more)
retention mechanisms in a single chromatographic system. Many original stationary phases have been
proposed in recent years with promising possibilities, while applications have only started to appear in the
literature. In this review, we discuss mixed-mode chromatography stationary phases. An overview of
applications with mixed-mode chromatography is also covered. We finally discuss the interest of mixed-mode

systems in two-dimensional chromatography.

Among the numerous available
separation modes, reversed-phase
liguid chromatography (LC) is the
favourite HPLC mode (1,2). In
reversed-phase LC, C18 columns are
most frequently utilized. With this kind

of phase, one type of interaction
dominates: the dispersion (London)
interactions, also called hydrophobic

interactions, between stationary phase
and analytes. Secondary ‘“parasite”
hydrophilic interactions can appear
between residual silanol groups and
analytes, mainly when the phase is
non-endcapped, which can lead to
peak shape deformation and loss of
efficiency. Reversed-phase LC is
particularly suited for the separation of
hydrophobic compounds, but fails for

the retention of polar or charged
compounds.
Different chromatographic modes

must be envisaged as an alternative to
reversed-phase LC for the analysis of
such compounds. In the past, ion-
pairing reversed-phase LC methods
were developed to allow for the
simultaneous retention of hydrophobic
analytes and ions, for instance an active
pharmaceutical ingredient (API) and its
counterion. However, method
development may be lengthy, and
compatibility to mass spectrometry (MS)
is not guaranteed (3). Hydrophilic
interaction liquid chromatography
(HILIC) (4) is an interesting alternative.
In HILIC mode, the stationary phase
used is hydrophilic and the mobile
phase contains a high proportion of
organic solvent (typically 70-98%
acetonitrile, mixed with a buffer), which
provides adequate retention for polar

and ionic compounds and makes it
compatible with electrospray ionization
mass spectrometry (ESI-MS) (5-7).
The retention mechanism is believed to
be based on a combination of partitioning
(between the mobile phase and a layer
of water adsorbed on the stationary
phase) and adsorption (onto the
stationary phase surface or ligands).
However, this technique also presents
disadvantages: the low solubility of some
compounds in high proportions of
organic solvent, the long column
equilibration time responsible for long
method development time, and the
critical influence of injection solvent on
peak shape, retention, and separation,
make it impractical for open-access use
(8,9). lon-exchange chromatography
(IEX) allows the separation of ionic
compounds based on size and charge
differences (10).
However, the compatibility with MS can
be difficult because of the high
concentration of buffering salts in the
mobile phase. Because of the high
orthogonality between supercritical fluid
chromatography (SFC) and reversed-
phase LC, SFC can also be envisaged
as an alternative (11-13). With the
selectivity offered by the numerous types
of stationary phases available in SFC, not
only hydrophobic but also polar and
ionizable solutes may be analyzed, with
adjusted mobile phase conditions (14).
Unfortunately, the majority of laboratories
are equipped with HPLC systems. It is
therefore easier to propose methods that
would be compatible with HPLC systems
to ensure their applicability.

In the 1980s, chromatographers
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started to investigate the use of
secondary parasite interactions in
reversed-phase LC to increase the
separation power (15). The concept of
mixed-mode liquid chromatography (MM-
HPLC) as we know today appeared in
1986, when the combination of reversed-
phase LC and IEX modes in one column
was used for the separation of proteins
(16). Since this first experiment, a variety
of mixed-mode stationary phases have
been developed, and some of them have
been commercialized. In MM-HPLC, the
stationary phases may be designed
according to three different procedures:
(i) one ligand is functionalized with
different chemical functions (17,18); (ii)
several different ligands are immobilized
onto one support (17,19); or (iii) different
groups or particles bonded with different
types of ligands are mixed together in
one column (20).

The intent of MM-HPLC is to use
several retention mechanisms in a single
column. MM-HPLC therefore shows
great flexibility and versatility in the
separation of various polar and non-
polar compounds, owing to the multiple
possibilities for interactions taking place
between stationary phase and analytes
(22). In addition, MM-HPLC is also highly
compatible with MS because the
concentrations of salts used are lower
than in IEX mode.

In this review, selected particle-based
mixed-mode chromatography stationary
phases are presented. An overview of
applications with mixed-mode
chromatography is also given. Finally, the
interest of including MM-HPLC in 2D
systems is discussed.
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Figure 1: Different reversed-phase LC—HILIC stationary phases with (a) diol

(17,25), (b) amide (26), (c) amine (27}, and (d) zwitterionic polar groups (32).
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Mixed-Mode Chromatography
Stationary Phases
This review is not intended to be
exhaustive. Indeed, MM-HPLC
stationary phases have been well
detailed in previous reviews (22,23).
Besides, we have chosen to focus
solely on MM stationary phases
developed for HPLC, and not for solid-
phase extraction (SPE) purposes.
Judging from the types of
interactions combined, mixed-mode
stationary phases can be classified into
four different groups: reversed-phase—
hydrophilic interaction (reversed-phase
LC—HILIC), reversed-phase—ion-
exchange (reversed-phase LC-IEX),
hydrophilic interaction—ion-exchange
(HILIC-IEX), and tri-mode MM-HPLC
(with several possible combinations).
However, in practice, it often seems
that only one retention mechanism can
be used at the time, depending on the
ratio of organic—aqueous portion in the
mobile phase (20,24). Therefore, some
of the stationary phases designed for
MM-HPLC actually allow for multi-
modal  operation (for instance,
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reversed-phase LC or HILIC) but have
not necessarily demonstrated
combined mixed-mode mechanisms.

Reversed-Phase-Hydrophilic
Interaction (Reversed-Phase LC-
HILIC): Because reversed-phase LC is
used for moderately polar and non-
polar compounds and HILIC for polar
compounds, the reversed-phase LC-
HILIC  mixed-mode presents the
powerful advantage of retaining both
hydrophobic and hydrophilic
compounds. This combination should
permit the analysis of complex mixtures
with a wide range of polarities in a
single run. The reversed-phase LC-
HILIC stationary phases are designed
by a combination of hydrophobic and
polar groups. The hydrophobic portion
is traditionally an alkyl chain or aromatic
group. The chemical nature of the polar
group varies between charge-neutral
functions, like diol-, amide-, and cyano-
or ionic-groups. In the latter case, the
ionic functions are meant to support the
aqueous pseudo-stationary phase of
the HILIC retention mechanism, rather
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than an ion-exchange mechanism.

A typical reversed-phase LC—HILIC
stationary phase is constituted of diol
groups at the end of an alkyl chain
(Figure 1[a]) (17,25). Aral et al. (26)
designed a new stationary phase with
two different amide groups, one was the
terminal amide group and the other one
was inserted between a phenyl ring and
amino alcohol group (Figure 1[b]). This
phase could sustain large variations of
pH, which may be practical during
method development, whenever
ionizable species are concerned.
Another type of stationary phase
employed amino acids or short peptides
as ligands. Li et al. developed a poly-
L-lysine-grafted silica-based stationary
phase (Figure 1[c]) (27). Lysine thus
provides both a polar function (terminal
amine group) and an alkyl chain. In a
different paper, the authors directly
immobilized a small peptide Boc- Phe-
Aib-Phe-OH onto silica (28).

This column demonstrated retention
capability for various compounds, from
hydrophobic compounds like polycyclic
aromatic hydrocarbons or steroids to
more polar compounds like nucleosides.
In addition, the intrinsic chirality of the

peptide ligand also imparted
enantioselective  capabilities to this
phase. Surfactin, a peptide loop

comprising seven amino acids and a
B-hydroxyl fatty acid, was also

employed as a mixed-mode ligand for
reversed-phase LC—HILIC. Ohyama et al.
(29) first reported the synthesis of a
surfactin-modifed silica stationary phase.
With this phase, the retention of polar
solutes depended on the acetonitrile
content and exhibited a reversed-phase

LC—HILIC mixed-mode retention
behaviour.
More recently, ionic liquids were

used to develop zwitterionic ligands. The
complex imidazolium organic cation and
T conjugated system was commonly
used to achieve the simultaneous
separation of hydrophilic and
hydrophobic compounds (30,31). Li et al.
(32) used zwitterionic imidazoline to
prepare a new type of stationary phase
by polymerization on the silica surface
with solvent-free  microwave- assisted
organic synthesis (Figure 1[d]). With the
use of ionic liquids, multiple interactions
could take place: dipole- dipole,
electrostatic, T1-Tm  interaction, and
hydrogen bonding. Qiao et al. (33)
developed a new silica-based stationary
phase with tricationic ionic liquid for the
separation of flavonoids.
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Reversed-Phase-lon-Exchange
(Reversed-Phase LC-IEX): With
reversed-phase LC—IEX mixed-mode,
the retention of both hydrophobic and
ionic compounds is achieved. The
stationary phase ligands are constituted
of an alkyl chain (C8 to C18) with ionic
or ionizable groups at the end of, or
embedded in the alkyl chain. In this
kind of MM-HPLC, four IEX modes can
be differentiated: strong cation-
exchange (SCX), weak cation-exchange
(WCX), strong anion-exchange (SAX),
and weak anion-exchange (WAX).

For cation-exchange (CEX),
similarly to traditional CEX stationary
phases, acidic groups were generally
used: carboxylic acid for WCX (Figure
2[a]) (34) and sulfonic acid for SCX
(18) (Figure 2[b]). Zhang et al. (35)
developed an original reversed-phase
LC-WCX silica-based phase with
a polystyrene network comprising
carboxylic groups. For basic drugs
separation, this phase exhibited good
orthogonality with common C18 phases.

For anion exchange (AEX),
guaternary ammonium can be
used for SAX (36). Wei et al. (37)
developed a new stationary phase
with copolymerization of quaternary
ammonium and C18 chain on silica
(Figure 2[c]). For WAX, Lammerhofer,
Lindner, and co-workers developed a
novel series of phases, a surface-
bonded N-(10-undecenyl)-3-
aminoquinuclidine silica-based
stationary phase (38,39). This phase
showed excellent performance for
oligonucleotides separation (Figure
2[d]) (40). Recently, the same team
developed novel stationary phases
based on thiol-ene click chemistry
(41). These phases were synthesized
by immobilization of N-undecenyl-3-a-
aminotropane  onto  thiol-modified
silica gel. The main advantages of
theses phases with co-ionic
endcapping were the strong reduction
of retention times and the elution of
acidic compounds with lower ionic
strength, which enhanced the MS
compatibility.

Once again, ionic liquids have
been used to design imidazole-based
stationary phases for reversed-phase
LC-AEX (42). For example, Sun et al.
(43,44) developed such phases for
the separation of inorganic anions.

The same team also synthesized
more complex phases with dicationic
imidazolium ionic liquids (45).
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Figure 2: (a) SCX (34), (b) WCX (18), (¢) WAX (37), and (d) SAX (40)

reversed-phase LC-IEX stationary phases.
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Hydrophilic Interaction—lon-
Exchange (HILIC-IEX):

The HILIC-IEX mode is adapted to the
analysis of charged polar compounds.
The main application field of this mode
is the analysis of proteins or peptides. In
the early 1990s, Zhu et al. analyzed
peptides on strong cation-exchange
columns (24). They first observed that
IEX columns exhibited two different
retention mechanisms depending on the
acetonitrile percentage in the mobile
phase. An IEX mechanism was
observed at low percentage, while a
HILIC-type retention mechanism was
observed with increasing acetonitrile
percentage.

Later on, diverse stationary phases
for HILIC-IEX mixed-mode were
developed. The principle is always quite
similar. Indeed, to obtain HILIC-IEX
mixed-mode retention mechanisms,
both charged (cationic, anionic, or
zwitterionic) and uncharged hydrophilic
groups are necessary. For HILIC-AEX
mode, an amino group can be used as
weak anion exchanger (Figure 3[a])
(19,46). Qiao et al. also used
glucaminium-based ionic liquids (Figure
3[b]) for the separation of nucleosides in
HILIC-SAX mode (47). Recently, Bo et
al. (48) synthesized an original HILIC—
IEC phase with adjustable selectivity

by controlling the mixture ratio of two
functional monomers. The application
of the concept was demonstrated by
the separation of nucleosides and
3-agonists.

Tri-Mode MM-HPLC:

As a result of the variety of analytes that
may be encountered in a single
sample, a need for increasingly varied
interaction capabilities has arisen, and
tri-mode MM-HPLC is being
developed.

While the simpler mixed-mode phases

described above included the
combination of two retention
mechanisms, the tri-mode stationary

phases involve three different retention
mechanisms. For this purpose, complex
chemistries of stationary phases must
be developed. The most common tri-
mode used is the reversed-phase LC—
HILIC-AEX (49).

In 2012, Qiu et al. (21) developed a
poly(ionic liquid)-grafted silica
stationary phase, using ionic liquids.
This phase allowed the effective
retention of hydrophobic compounds,
neutral polar molecules, and anions,
owing to the presence of alkyl chain,
carboxyl, and imidazolium groups,
respectively (Figure 4[a]). In 2014, Li et
al. (20) proposed a novel silica-based
dendritic polymer reversed-phase LC—
HILIC-AEX stationary phase, which
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Figure 3: (a) HILIC-AEX amino-based (19,46), (b) glucaminium-based ionic

liquids (47) stationary phases.
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was composed of repeated patterns
comprising phenyl ring, quaternary
ammonium, and hydroxyl groups
(Figure 4[b]). With this material, the use
of the different retention mechanisms
offered a wide range of selectivities.

Indeed, wunder reversed-phase LC
conditions, the authors separated
polycyclic ~ aromatic ~ hydrocarbons

(PAH). With the IEX mechanism, the
analytes were separated in acids,
bases, and neutrals compounds.
Finally, under HILIC conditions, neutral
amides were separated. The reversed-
phase LC-HILIC-CEX mode was also
described for small molecules analysis
(50). The analysis of proteins can also
be envisaged with this tri-mode: Lin et
al. (51) performed the separation of
bovine serum albumin.

The range of applications of reversed-
phase LC-AEX—-CEX phases is large
and allows the need for ion-pairing
agents to be eliminated (52-55). Liu et
al. (56) used a commercial tri-mode
reversed-phase LC-AEX-CEX phase
for the separation of pharmaceutical
counterions. Another commercial tri-
mode HILIC-AEX-CEX was also used
for the separation of pharmaceutical
counterions (57). Qiao et al. (58)
synthesized an original tri-mode phase
with 4-Chloro-6-pyrimidinylferrocene
modified silica gel for the separation of
PAH, phenols, and aniline compounds.
With this phase, reversed-phase LC,
normal-phase, and AEX modes can all
be envisaged. For HILIC-CEX-AEX,
Shen et al. developed a glutathione-
based zwitterionic stationary phase (59)
for the separation of oligosaccharides.
Glutathione is a tripeptide containing
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a free amino group and two carboxyl
groups. With this peptide, there were
two exchange sites available (Figure
4[c]). Wang et al. (60) used a multi-
functionalized silica synthesized via
“click chemistry”, which could be
operated in tri-mode reversed-phase
LC-CEX-HILIC, for the purification of
quaternary ammonium alkaloids from
plants.

One of the most complex mixed-
mode phases in this category is the
quinine-based  zwitterionic phase
developed by the group of Lindner
(61,62), now available as a commercial
product. In addition to hydrophilic
interaction, polar organic, anion-
exchange, cation-exchange, and
zwitterion-exchange retention
mechanisms, enantioselectivity is also
possible and was demonstrated with
chiral separation of amino acids, small
peptides, and acidic and basic
analytes.

Finally, the tri-mode phases can be
used for complex samples because of
the large number of interactions
involved. The challenge of tri-mode is to
separate anionic, cationic, and neutral
species by using only one column and
one set of conditions. The choice of
operating conditions remains primordial
to take advantage of the wide selectivity
offered.

Use of Mixed-Mode HPLC for
Achiral Applications
Pharmaceutical Applications:
Pharmaceutical analyses (synthetic
intermediates, APIs, impurities, or
degradation products) are the most
popular applications of mixed-mode

Chapitre 1

chromatography.
Counterions  analysis is  very
common in pharmaceuticals. Indeed,

about 50% of pharmaceutical
compounds are in the salt form, to
improve their physicochemical properties
like solubility, purity, and stability.
Zhang et al. developed a method for the
simultaneous separation of 25
counterions, including both cations and
anions, organic and inorganic, in 20 min,
using a gradient elution program with a
reversed-phase LC-WAX-SCX tri-mode
stationary phase (63). Liu et al. (56)
used the same stationary phase to
separate 10 counterions in isocratic
elution. The same team also developed
a method for the separation of other
counterions using a HILIC-WCX-SAX
stationary phase (57). In these papers,
the authors also achieved the separation
of basic and acidic APIs and their
associated counterions. The European
Pharmacopoeia (Ph. Eur.) validated the
method developed by Zhang et al. for
the separation of the 25 counterions in
terms of specificity, repeatability, limits of
quantification, and linearity. The Ph. Eur.
demonstrated the applicability of the
method for the identification and
quantification of counterions in
pharmaceuticals, coupled to an MS
detector (64).

The identification and quantification
of impurities in pharmaceutical products
must be strictly controlled to ensure the
efficiency and limited toxicity of the final
product. MM-HPLC has proven its worth
in the field of impurity profiling of small

drugs (neutral polar or charged
molecules) (65,66). Zhang et al. (35)
used the reversed-phase LC-WCX
phase described above for the

separation of 43 basic drugs. This
phase exhibited good orthogonality with
common C18 phases. Strege et al.
proposed the use of mixed-mode anion
or cation- exchange—-HILIC coupled to
electron  light scattering detection
(ELSD)-ESI-MS as an alternative to
reversed-phase LC for the analysis of
small molecules in drug discovery (67).
With the use of a mixed-mode column,
the separation selectivity was highly
orthogonal to reversed-phase LC. The
authors also highlighted the advantage
for preparative applications. Because of
the high loadability of ion-exchange
packings, the loading capacity was
increased 10- to 100-fold in many
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cases in comparison to reversed-
phase LC. This kind of mobile phase

(acetonitrile  gradient  with  0.05% (c) HILIC-CEX-AEX glutathione-based zwitterionic stationary phase (59).
ammonium acetate and acetic acid)

was also directly compatible with ELSD Hydrophilic group Hydrophobic group Anion-exchange group
and MS detectors.

The families of compounds
encountered in mixed-mode achiral
analysis of drug-like compounds are
varied: steroids (18,28), alkaloids
(60,68), non-steroidal anti-inflammatory

drugs (17,60,68,69), sulfonamides (70), \V’
nitroimidazoles  (71), cannabinoids LA

Figure 4: (a) Poly(ionic liquid)-grafted silica stationary phase (21), (b) dendritic
polyrmer-modified silica (20) reversed-phase LC-HILIC-AEX stationary phases,

(72), water and fat-soluble vitamins
(70,74-76), biphosphonates (77), and

amphetamines (35). Analytical
conditions (stationary and mobile L
phases, operating conditions) reported Anlon-exchanga group
for the separation of families of drug .Oﬁ o .
compounds are detailed in Table 1. |D‘{iji Hydrophilic group

The use of peptides as = “tydrophabic chain
therapeutics is fairly new (78). However,
the range of therapeutic applications is
steadily increasing: oncology, stationary phases with multiple (81) presented a comparison of the
metabolic, cardiovascular diseases, interactions is needed to provide chromatographic  performance  of
and hematology are only a few alternative selectivity to classical C18 reversed-phase LC, four HILIC,
examples. Lammerhofer et al. (38) reversed-phase LC and hydrophobic and two mixed-mode columns for the
developed a reversed-phase LC-WAX interactions. The use of mixed-mode analysis of 764 metabolite standards,
stationary phase to separate molecules columns for proteomic purposes, including amino acids, nucleotides,
by lipophilicity and charge differences. such as the separation of therapeutic sugars, and other metabolites,
The authors demonstrated the flexibility proteins, is also growing. Wang et al. representing all major biological
of retention and selectivity for peptide developed a reversed-phase LC—-IEX pathways and commonly observed
separations.  Depending on the stationary phase based on ionic exogenous metabolites. The authors
analytical conditions, different  liquids. The authors demonstrated investigated retention  capabilities,
separation mechanisms were promoted: the high selectivity provided by this selectivities, and specificity towards
this stationary phase can be operated in column, with the exclusion of basic hydrophilic metabolites for each
reversed-phase LC, AEX, ion-exclusion, proteins and the separation with method. For phosphates, sugars, and
HILIC, and hydrophobic interaction  good resolution of acidic ones (79). amino acids, at least one of the
chromatography (HIC) mode. Another Ding et al. developed a reversed- mixed- mode columns permitted the
mixed-mode reversed-phase LC— phase LC—positively charged retention of a higher percentage of
WAX stationary phase described above  repulsion stationary phase, with the metabolites with good peak shape
(with a N-(10-undecenoyl)- 3-  polymerization of polar group on the than the C18 column. Ammann et al.
aminoquinuclidine selector [39]) was surface of silica (80). By adjusting (82) coupled two mixed-mode
used as an alternative to a C18 operating conditions, the separation columns to obtain tri- modal
stationary phase for the separation and  of five proteins was achieved. They reversed-phase LC, HILIC, and IEX
purification of tetrapeptide and its side also used the stationary phase to separation capabilities in one run for
products. The authors demonstrated a  separate degradation products of the analysis of various metabolites:
better selectivity and enhanced loading one therapeutic protein, the sugars, amino acids, carboxylates,
capacity in comparison to reversed- recombinant human growth fatty acids, and antioxidants. The
phase LC. hormone. authors  also  investigated the

MM-HPLC has also proven Metabolomic Applications: capability of a single tri-mode column
beneficial for the separation and Metabolomics studies require highly for the separation of the same
purification of proteins. Published works  efficient, precise, and selective metabolites. The separation of 18
have reviewed the development of chromatographic methods. Among standards was partially achieved and
mixed- mode ligands (86), constituted them, reversed-phase LC coupled to the coupling with MS permitted the
of aliphatic or aromatic groups as the high resolution mass spectrometry identification of metabolites.
hydrophobic part and an amino, (HRMS) is the most commonly used. Eastwood et al. (83) developed an
carboxyl, or sulfonic group as the ionic  However, metabolomics samples analytical and semi-preparative method
moiety, and their applications in the usually contain numerous analytes for the purification of nucleotides
biopolymer  field (87). However, Wwith a wide range of polarities. The present in an enzymatic reaction
because  proteins are  complex use of mixed-mode columns is mixture. The collected nucleotide was
molecules, the development of novel therefore advisable. Wernisch et al. found to be pure at 99%. The dendritic
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polymer described above (20) was
used for the effective separation of six
nucleobases and nucleosides, with the
combined use of reversed-phase LC,
AEX, and HILIC interactions. Qiu et al.
also developed a reversed-phase LC—
AEX-HILIC stationary phase, based on
ionic liquids for the separation of similar
compounds. Zimmermann et al. (40)
used a reversed-phase LC-WAX
stationary phase based on N-(10-
undecenoyl)-3-aminoquinuclidine for
the separation of structurally closely
related oligonucleotides, with a size of
20 to 23 nucleotides. Phosphorylated
carbohydrates are essential metabolites
for all forms of life. The difficulty in
analysis is because there is a
coexistence of isomers with a similar
fragmentation in mass spectrometry
and the complete resolution of isomers
is difficult to obtain with reversed-phase
LC. Hinterwirth et al. (84) developed a
selective method for the separation of
sugar phosphates by using a reversed-
phase LC-WAX stationary phase. This
phase revealed remarkable selectivities
for the separation of six individual
isomeric hexose phosphates, which
were at least partially separated.

The use of mixed-mode columns
has also appeared for lipidomic
purposes. Granafei et al. proposed a
method for the separation of a complex
mixture containing polar lipids, with the
use of a reversed-phase LC-HILIC
mixed- mode liquid chromatography
coupled to a high resolution tandem
mass spectrometry system (85).

Mixed-mode material has also
proven its application for the analysis
of polar compounds in natural
products. Apfelthaler et al. (86)
evaluated the retention properties of
79 fungal metabolites on a reversed-
phase LC-WAX mixed-mode stationary
phase by LC-ESI-MS/MS. Qiao et al.
(30) investigated the analysis of highly
polar compounds with the analysis of
secondary metabolites of Trichoderma,
a genus of fungi, with an imidazolium-
embedded C8-based stationary phase
for simultaneous reversed-phase LC-
HILIC mixed-mode.

Finally, Bicker et al. (87) developed
a method for the quantification of

major  chlorpyrifos metabolites, an
insecticide, in human urine, by
reversed-phase  LC- WAX liquid

chromatography coupled to ESI-MS/MS
(88). Some of these metabolomics
applications are detailed in Table 1.

Recent Developments in HPLC and UHPLC June 2017

Interest of Mixed-Mode
Columns in 2D Systems

The principle of two-dimensional liquid
chromatography (2D-LC) is based on
the combination of two different
chromatographic systems, which may
be provided by different stationary
phases, different elution conditions, or
different chromatographic modes.

Mixed-mode columns combine
multiple  chromatographic ~ modes,
which  are  complementary  or
orthogonal to each other. With such
columns, the analysis of complex
samples with only one column has
been demonstrated (21,27) because
of the great flexibility and high
selectivity  offered.  The  major
advantage of using one mixed-mode
column for two-dimensional
separations is that it can replace the
dual columns used in classical 2D-LC.
Thus, the entire 2D-LC operation can
be accomplished on a single column
in offsline or on-line mode, by
adjusting the analytical conditions to
promote different retention
mechanisms in the two dimensions.

Stevenson et al. (52) developed
an off-line 2D-LC separation of a B-
lactoglobulin  tryptic digest with a
single reversed-phase LC-AEX-CAX
tri-mode stationary phase. In the first
dimension, the mobile phase pH was
7, while it was adjusted to 2 in the
second dimension. The authors also
performed the same separation with a
C18 column. Greater efficiency was
observed for the mixed-mode column,
thereby providing larger peak capacity
than the C18 column.

Gilar et al. (89) developed a
reversed-phase LC-CEX silica- based
PFP column for the pseudo 2D-LC
separation of peptides with strong
negative moieties, such as
phosphopeptides and sialylated
glycopeptides. Recently, Wang et al.
(17,90) synthesized a reversed-phase
LC—HILIC C18-diol stationary phase for
the analysis of complex samples of
traditional Chinese medicines. They
used their column for the simultaneous
separation of highly polar and
hydrophobic compounds in on-line and
off-line 2D-LC, using a single column
but changing the ratio of organic and
buffer solution. Here again, the mixed-
mode column showed enhanced peak
capacity and higher efficiency when
compared to a C18 column. Li et al. (91)
analyzed urinary nucleosides in off-line

Chapitre 1

2D-LC with one reversed-phase LC-AEX
phase (a silica stationary phase co-
functionalized with Wulff-type
phenylboronate and C12).

A mixed-mode column can also be
coupled to a reversed-phase LC column
for comprehensive 2D-LC analysis. Li et
al. (92) used a reversed-phase LC-SAX
in the first dimension and a reversed-
phase C18 in the second dimension for
the simultaneous separation of ionic and
non-ionic compounds  with different
functional groups contained in white
wine. With the use of a mixed-mode
column in the first dimension, higher
retention and larger peak distribution
areas were obtained. Li et al. (93) used
the same configuration for the analysis of
polysorbate 20, a surfactant commonly
used in the formulation of monoclonal
antibodies to avoid protein denaturation
and aggregation. In the first dimension,
the mixed-mode column was used to
separate polysorbate esters from the
protein. Then, the esters were separated
in the second dimension with the
reversed-phase column. Finally, an off-
line 2D mixed- mode reversed-phase LC—
MS/MS method was developed for the
profiling of lipids in biological samples. In
the first dimension, lipids were separated
according to their polaries on a
monolithic  silica-based  mixed-mode
column. In the second dimension, the
separation was improved on a C30 core—
shell particle phase. The method was
applied to rat plasma and liver samples
and more than 800 lipids were detected.

Conclusion and Perspectives

In this review, the recent development of
mixed-mode chromatography stationary
phases is covered.

MM-HPLC provides unique flexibility
because of the multiple retention
mechanisms offered in one column.

By adjusting the ratio of organic and
agueous phases and the concentration
of aqueous buffers, reversed-phase LC,
HILIC, and IEX modes can be
successively used. The reversed- phase
LC—HILIC, reversed-phase LC-IEX,
HILIC—IEX, and tri-mode MM-HPLC are
the most commonly encountered.

The field of applications of MM-
HPLC is wide. MM-HPLC has
demonstrated its efficiency for the
combined analysis of small, non- polar,
polar, and charged compounds, but also
for larger molecules such



West et al.

Table 1: Bi-modal and fri-modal spplications of mixed-mods chromatagraphy

Chapitre 1

Family Compounds tested Analytes Maicde
40 Counteriore: choline, tromethamine, scdium, potessium, Timodd
megumine, mesylate, nirate, chioids, bromide, iodida rem
42 Counberione: phogphats, endum, potassium, chionds,
malksta, hr-:mdarﬂm'la citrata, fumerate, sulfats, Tri-modal

Caunten megnesium, calcium
25 Counanions: sodium, calcium, potessium, magluming,
tromethaming, zinc, megnesium, procaine, choline chionds,
auliale, bromide, maleale, mesylate, farireds, cinale, Tri-modsl
phosphats, fumnerate, nirate, lactate, succinals, beeylats,
malsts, glconate, tozysts
4 Steroids: astricl, -c-estradiol, 17-p-sstradiol, estons Bi-micdal
Steroids
8 Sternids: pradnizolons, coricosterons, corteone, Bi-
festosterons, estid, estone, 1T-w-astrediol, 17E-esTadidl
. T Alkaloids: tetraftydropalmatins, H'-u-:;:h,'lina,gaircdn .
— barberng, yooring, sinomening, terendne Pais
Nm%mwmmﬂ story drugs QNENDB:Iﬂupmﬁn, flufenamic ;::d' n'rsfmlau_'nn mrc-dﬁn, -
( ) aulindec
. & Sulforamides: sulfepyridins, sulamethyldiazing, .
Sufioramides auliedaine, suladimethoxine, sulfsthisrols, sutascmazoe Bi-modal
. £ Mifrcimidazoles; ipronidazols, omidazols, metronidazols, :
. hitroimidazoles vy Bi-miodal
Phameceuticals
& Cannabincids: cannabidiol, cannabinol,
Cennabincids fetrahydo-cannabinolc acd, cennebididlic acid, Bi-micdal
A3-tetrahydrocaninaking
S £ Compounds from witemin B fiamine, nicoinamids, ;
b R L S leciofiaving, pyridosine, cobalamin Bi-madal
N 40 \itamina: B4, BE, B3-amide, B12, B2 C, B3, ;.
Wadar and fataclubls vilamine A 0. Ki Bi-miodal
: Etidnonate 1ablet and related impurities ;
Biphcephoraia : sion products ImpuiEs o Bi-miodal
Fmethaytyraming, methcathinons, cathinone, aphedrine,
Catacholamines and methemphetamine, methyensdiogrmethamphetaming, Bi-
amphatemine retated drugs mathyanedoamphetaming, mathyerad ooyetylam:
phetaming
. Tetrapaptids [M-scetyl-lle-Ghu-Gly-Arg-p-nifroaniide) -
Peplides ard ifs rrpuriies Bi-miodal
Poolsing 5-P'r_usha:cg,'h:dm1_15, ineulin, lyscoyme, fransiamin, Bi-
bowina serum slbumin
p " T EE:-:m:!-:unda: uraci, undine, cytosine, cytidine, guaning, Trimmdal
guancens
" : Wizturea of cigonudecsides with difierant chein lenghs "
Cligonuclectidss {20-22 nuclecsides) Bi-miodal
Metabolomica Phosphony eled cerbohydrates & Individual isomernic heroes phosphakes Bi-miodal
Chiompyrifos metebolies Chlorpyrifoa end 4 metabokbes: Bi-miodal
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Stationary phase Operating conditions Dataction mods Referance
ecetonitileiwater 100 mk ammonium eceteta bulfer, pH S
Reversed-phase LE-WAX-B0X (B25-15, wigh), flow ret 0.5 mfmin, 20 °C Can 56
water 100 mM emmonium formmate buffer, pH 365
HLIC-WCX-BAK [gredient elution programe 900 to GHOD W, Tow rmate: Can 57
0.6 mLimin, 30 C
ecetonitrikeiwaber200 mi ermmonium fomebs, pH 410
' CoWA_ B [gredient elution program: 80,882 to 807355 in 7 min, then
. il = o 5540 in & min, plalesu during 5 min], fow ate: 0.5 mLf L =
mir, 357G
&wﬂmﬁgsmﬂ sics) mathanoliwater (5535, yv), fow rate: 1.0 mLimin, 30 °C LV (254 i %
;'n?"“”?d g phase LCHILE. alical methanoliweter (30:70, wA?, iow rate: 1.0 mLfimin, 25 °C LV (254 i 2
Aeversed-phase LC-HILIC eetonitileda0 mk emmonium ecetete buffer, pH 4 (30010, ; -
(CH8-cithicrhreitol siice) wi?, fiow rafe: 0.2 mLmin, 25 'C DAD (macximum ateorption) 6B
Aewersad-phase LC-HILIC ecatonitileidd mM ammonium ecatets budfer, pH 6.8 . .
{CH3-cithiotreitd siice (S, i), flow reter 0.2 rifmin, 25,70 Lol I R 4
- ) ecatonitrikeS0 mM ammonium scetals (gredent slution
HLIGAEX [2-methlimidazclium . : ; : ;
i : program: 255 durirg 2 min, 955 to 8020 in 5 min), flow rabe LW (254 nmj m
functionalizad siica) 1.0 ml_frin, 3590
Rewersed-phase LCromalphase LT | o nontimetienal (T2:18:40, wig, flow reie: 018
:N-hn:‘?a;ﬁﬂ?:ﬂ}amm-amm mimin, 30 °C LW (320 nmi) i
A wetermethanolacstonirle (352 525, wid) + 0.2%
Eetramettylammonium hydnoeide (conc. 26% in methenal),
Reversed-phaze LE-WAK B: waterfmethenoliacetonifrile [10:20:0, wid] + 0.2% LV (230 e T2
{C18-aming sikca) Etrameattylammonium hydnoeida (eonc. 26% in methencl)
gredient 100% A 1o 100% B in 3 min, fow rate: 1.0 mLimin,
i H
HLIC-AEX ecatonitriled20 mM ammonium escetals buffer (7327, yi, low LV (272 rem) 7
{2-mattyimidazcium funcionalized slica) | rada: 1.0 mlfmin, 35°C
A wedapH00 mM phosphate buffer, pH 4.4fcetonirs
Reversed-phase LC-WAX [B5A0E, wigld, B: walar100 mM phosphats bufier, pH 4.4/
(N-{0-undecancy)-3-amiroquinucdne | ecatoritrle (18:2:80, wid), gredient 0% B during 2 min, 12% LI (2B r T
onbo thiol-modified monclthic silca) B &t 7 rrin, 82% &t 22 min, 97% B at 30 min, plaseu et 7% B
during 3 min, 0% B at 34 min, fiow ret: 1.0 mLimin, 25°C
& acedonitrilefD 03% TRA inweler (585, wid, B
Reversad LC-AEX - .
e scatoritrie 2% TFA in weier (506, i), gradient: 0% B o CAD T
’ 4009 B in & min, flow rade; 0.5 mLfmin, 40 %C
Aewersed-phase LC-WCK . .
; ecatonitileiwster (4060, W comainng & miM
ﬂp:ﬁﬁ?ﬁmrﬁnukmhcahmﬁc ammenium acetais, fiow rat: 10 mLjmin, 40 °C L {240 nm} 35
Aeversedphase LC-WAX o o AT
: . ecaionitrileiwaten™ M formic acd, pH 4.5 (2070:40; wigid,
gaﬁgﬁm]gmmqummﬂm fiow raie: 1.0 mLjmin, room fsmpanstura L {216 nm) 1
Aeversed-phase LC-posiively changed A 049 TRA in waber, B: 0.1% TFA in ecatonifris, gradient: LIV (244 nmj a0
repulsion 4040 B0 B in 20 min, flow rebe: 1 mLfmin, 30 %
Aewersad-phase LC-AEX-HLIZ £ miM emmonium formate, pH 4 8, scetoniiefwaar {B0:10, LV (254 i an
{dandritic polymar-modiied porous siica) Wi, flow rede: 4 mLimin
ecatonitilel] 2 M nsty Bmmonium phosphete buffer,
Reversed-phaze LE-WAX pH 75 (3070, wb), flow rate: 1 mLjmin, 40 °C LI (260 nm) 40
0.1% TRA in acetonitrilafwater (720, W, Tow rate:
Reversed-phaze LE-WAX 1 mijmin, 55°C Can a4
A acetonitrlefwaier (30:70, vl + 20 mi ecetic acid, pH £.45,
A hane LC WA B: ecetonirlefaetar (2020, wi) + 20 mM acedc acid, pH T.45, ESI-MSMS a8

gradient 100% A fo 100% B in 10 min, platesy st 100%
B unt 22.5 min, fow rate: 1.0 mLfmin, 25 "C

Recent Developments in HPLC and UHPLC June 2017

51



West et al.

as peptides or proteins. As a result,
this technique is particularly used in
pharmaceutical analysis for impurity
profiling of APIs, counterions, drugs,
vitamins,  biopharmaceuticals, and
much more. The high MS compatibility
of mobile phases used with mixed-
mode chromatography also permits
the analysis of complex mixtures in

metabolomics and lipidomics. For
two-dimensional  separations, one
mixed-mode column can
advantageously replace the dual

columns used in classical 2D-LC.
Thus, the entire 2D-LC operation may
be accomplished on one single
column in off-line or on-line modes, by
adjusting the analytical conditions in
the two dimensions. Compared to
classical reversed-phase C18 phases,
higher efficiency, peak capacity, and
resolution were described. With the
high flexibility offered by mixed- mode
columns, a large number of molecules
can be analyzed, making the
possibilities of applications and the
method development almost infinite.
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Chapitre 1
V. La SFC

1) Histoire

La chromatographie en phase supercritique a vu le jour en 1962, lorsque Klesper et
al. [97] ont démontré que le travail & une pression supérieure au point critique de la phase
mobile permettait de travailler a des températures plus basses qu’en chromatographie en
phase gazeuse (GC) et garantissait ainsi une meilleure stabilité des composés étudiés. A
cette époque, le nom de HPGC (high pressure gas chromatography) a été proposé. Dans
les années 60, d’autres groupes se sont intéressés a 'HPGC et ont démontré la
supériorité de cette technique pour séparer les composés thermiquement instables en GC
[98,99]. Cependant la SFC était uniquement vue comme une variante de la GC et non
comme une nouvelle méthode de séparation innovante. Cette technique n’a donc pas
réussi a s'imposer au profit de la GC, malgré la commercialisation d’'un premier appareil
de SFC dans les années 1970. Il s’agissait en fait d’'un systéme de chromatographie
liquide (LC) équipé d’un régulateur de pression [100]. La possibilité d’ajuster la pression
avec ce systéme a permis de séparer des composés aromatiques polycycliques en
utilisant un gradient de pression et en un temps plus court qu’en chromatographie liquide.

Pour la premiere fois, la SFC devenait compétitive avec la GC.

Les années 1980 marquent a la fois la commercialisation des premiers instruments
SFC mais aussi I'apparition des colonnes capillaires de longues dimensions similaires a
celles utilisées en GC [101,102]. L’appareillage est lui aussi similaire a celui utilisé en GC,
mais le manque de robustesse de ces appareils par rapport a la GC a entrainé un déclin
rapide de la SFC sur colonnes capillaires. La SFC, considérée alors comme une approche
intermédiaire entre GC et LC depuis ses débuts, ne réussit pas a s’'imposer comme
méthode chromatographique a part entiere. Parallelement a cela, Gere et al. [103]
développent un systeme dédié a la SFC, qui reprend en grande partie les éléments d’'un
systeme LC, a I'exception d’'un régulateur de contre-pression utilisé pour maintenir le fluide
a 'état supercritique et permettait d’utiliser une phase mobile binaire constituée de CO: et
de co-solvant en faible quantité. Ce systeme, commercialisé par Hewlett-Packard, utilise
pour la premiere fois des colonnes remplies pour une application en SFC. On parle alors
de pSFC (« packed column SFC »). Gere et al. ont montré qu'une augmentation de
I'efficacité est obtenue en diminuant la taille des particules des colonnes utilisées (3, 5 et
10 um). lls ont également montré qu’a taille de particules identiques, la SFC et la LC
offrent une efficacité similaire mais avec une vitesse linéaire optimale plus importante pour

la SFC, ce qui signifie que de hautes efficacités sont obtenues en SFC méme a hauts
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débits. Malgré ces avancées, la pSFC reste a la fin des années 80 une méthode peu
utilisée en raison des instabilités instrumentales, au niveau de la régulation de la contre-
pression notamment, qui rendent cette technique peu fiable, sensible et robuste aux yeux

des chromatographistes.

Dans les années 90, peu de laboratoires ont continué a croire en la SFC. A cette
époque, Berger, considéré par beaucoup de chromatographistes comme le pére de la
SFC moderne, a notamment beaucoup travaillé sur 'analyse de composés polaires en
pSFC [104] et 'emploi d’additif acides et basiques dans la phase mobile pour améliorer la
forme des pics [105,106]. En 1995, employé par Hewlett-Packard, il fonde Berger
Instruments Inc avec quelques-uns de ses colléegues et entreprend alors de modifier le
premier instrument commercialisé par Hewlett-Packard pour le rendre compatible avec
I'utilisation de colonnes remplies [107]. Ce systeme a été principalement utilisé dans

I'industrie pharmaceutique.

Pendant encore deux décennies, l'utilisation de la SFC a I'’échelle analytique est
restée trés faible et la technique n’a survécu que grace aux avantages reconnus pour la
purification d’énantioméres a I'échelle préparative. Aujourd’hui, c’est la pSFC qui domine,
une minorité d’applications se faisant encore sur colonne capillaire, typiquement dans le
domaine pétrolier, et le terme générique de SFC est employé pour parler de la technique.
La SFC fait figure de référence dans le domaine de la séparation chirale [108], tant a
I'échelle analytique que préparative, et de nombreux laboratoires pharmaceutiques I'ont
aujourd’hui adopté au profit ou en complément de 'HPLC [17,109-112]. En effet, la SFC
présente de nombreux avantages par rapport a ’'HPLC pour la séparation et la purification
de composés chiraux: (i) les séparations menées sont rapides, (i) le CO2 utilisé
couramment comme fluide supercritique est non-toxique, (ii) 'évaporation du solvant a
I'échelle préparative est facilitée par le retour a I'état gazeux du CO: lorsqu’il n'est plus
maintenu a I'état supercritique ainsi que par la faible teneur en solvant organique des
fractions collectées, ce qui représente un avantage économique non négligeable. De
nombreux travaux traitent de la séparation et de la purification des composés chiraux en
SFC dans la littérature [113-115] et ne seront que brievement abordés dans la suite de ce

manuscrit (partie 1V-3).

La SFC s’est enfin imposée comme méthode séparative a part entiere suite aux
efforts des constructeurs et des fabricants de colonnes pour fournir du matériel robuste,
notamment grace a un controle précis de la contre-pression, et des colonnes dédiees
(colonnes totalement poreuses sub-2 pm [116-119] ou superficiellement poreuses sub-3
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pum [120,121]). Parmi les systémes actuellement disponibles, on citera TACQUITY UPCz,
appareil dédié a la SFC commercialisé par Waters Corporation en 2012. En 2011, la
société Agilent a commercialisé un systeme hydride LC/SFC, appelé 1260 Infinity SFC
System, permettant a la fois de réaliser des analyses en UHPLC et de basculer en SFC
grace a l'ajout d’'un systeme de pompage du CO:2 et d’'un régulateur de contre-pression.
Ces instruments ont été concus de facon a réduire les volumes morts et le délai de
gradient et ainsi améliorer les performances analytiques, comme pour les systemes
UHPLC. Le terme UHPSFC (pour « Ultra-high performance supercritical fluid
chromatography ») fait alors son apparition [20,119], et fait référence a [utilisation
combinée d’'un systeme SFC optimisé et de colonnes sub-2 um. On notera également la
commercialisation par Shimadzu d'un systéeme hybride SFE/SFC/MS, le systéme
Shimadzu UC Nexera, permettant de réaliser une extraction sous fluide supercritique

(SFE) suivie d’'une analyse SFC et d’une détection en masse.

Longtemps cantonnée essentiellement a I'analyse de produits pharmaceutiques, le
champ d’applications de la SFC s’est aujourd’hui largement étendu. La SFC a ainsi montré
son efficacité pour I'analyse de composés divers comme les lipides [122], les produits
naturels comme les huiles végétales [123], les vitamines [124] ou les huiles essentielles
[125], les produits cosmétiques [126,127], les produits pétroliers [128,129], les produits
agroalimentaires [130]. Cette technique reste cependant largement employée dans le
domaine pharmaceutigue ou les applications, nombreuses, seront détaillées dans la partie
IV-3. On notera également I'apparition des analyses concernant la médecine traditionnelle
chinoise [131].

2) Les fluides supercritiques

2.1. Définitions

Chaque composé, quand il est pur, peut exister sous trois états différents : solide,
liquide ou gazeux. L’état dans lequel se trouve le composé est fonction de la pression et
de la température (Figure 1.4). Les domaines de ces différents états sont délimités par les
courbes de changements d’état, traduisant des transitions de phases (fusion pour le
passage de I'état solide a liquide, vaporisation pour le passage de I'état liquide a gazeux
et sublimation pour le passage de I'état solide a gazeux). Chaque corps pur existera donc
sous un état de la matiére, sauf sur les courbes de changement d’état ou les deux états

coexistent et au point triple ou les trois états de la matiére sont en équilibre.
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Pression

Fluide

Solide supercritique

Liquide

Pointcritique

1
1
1
1
1
1
I
1
1
1
1
1
1
I
1
|
T. ,
Température

Figure 1.4 - Diagramme d'état d'un corps pur

La courbe de vaporisation s’interrompt au point critique, de coordonnées (T¢, Pc).
L’état supercritique est obtenu lorsqu’un corps pur est soumis a une pression et une
température supérieures a la pression critique (Pc) et la température critique (Tc). A
I'interface liquide/gaz, sur la courbe de vaporisation, la séparation des deux phases est
bien nette (Figure 1.5). Au point critique, la densité des phases liquide et gazeuse tend
vers un équilibre et la courbe de changement d’état s’interrompt, ce qui garantit un
continuum des propriétés physico-chimiques lors du passage a I'état supercritique. Il est
alors plus difficile de distinguer la séparation des deux phases. Lorsqu’'on est a I'état
supercritique, les deux phases se confondent. Cette phase homogéne est celle d’un fluide

supercritique.

liquide/gaz point critique fluide supercritique

Figure 1.5 - Changement d'état de l'interface liquide gaz avec l'augmentation de P et T jusqu’au point critique et au
passage a l'état supercritique (adapté d'apres http://www1l.chem.leeds.ac.uk//People/CMR/criticalpics.html)
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2.2. Propriétés physico-chimigues du CO2 supercritique

Les fluides supercritiques possedent des propriétés physiques intermédiaires entre
les liquides et les gaz (Tableau 1.I). La viscosité des fluides supercritiques est proche de
celle d’'un gaz, leur masse volumique est proche de celle d’'un liquide et le coefficient de

diffusion est a une valeur intermédiaire entre liquide et gaz.

Tableau 1.1 - Propriétés physiques des liquides, des gaz et des fluides supercritiques [132]

Viscositén Coefficient Masse volumique
(cPoise) diffusion Dm (mM?/s) p (g/cm?)

Liquides o
(1 atm, 15-30°C) 0.2-3 (0.2-2)x10 06-1.6

Fluides
supercritiques (1 - 3) x 102 0.7 x 107 02-12

(Te, Pc)

Gaz i 2 i 5 ) 3

(1 atm, 15-30°C) (1-3)x10 (1-4)x10 (0.6-2)x10

Grace a la faible viscosité des fluides supercritiques, il est possible de travailler a
hauts débits tout en gardant une efficacité élevée et sans générer une pression excessive.
Ajoutées a la faible viscosité, la valeur intermédiaire du coefficient de diffusion et la masse
volumique proche de celle d'un liquide permettent d’avoir une haute diffusivité

(garantissant une haute efficacité) et une bonne solubilisation des analytes.

2.3. Les différents fluides et leurs utilisations

Plusieurs types de fluides ont été utilisés a I'état supercritique en chromatographie
[133], en fonction de [Iapplication souhaitée: réaction, purification, extraction,

chromatographie (Tableau 1.1I).

Tableau 1.1 - Pc et Tc de certains fluides [133]

Composé Tc (°C) Pc (bar)
Dioxyde de carbone 31 74
Oxyde nitreux 37 73
Fréon 22 96 49
Propane 97 43
Ammoniaque 132 113
Méthanol 240 80
Eau 374 221
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Parmi ces fluides, certains ne sont pas utilisés en chromatographie car il est difficile
d’atteindre les conditions de Pc et Tc. C’est le cas de I'eau (Tc = 374°C et Pc = 221°C), du
méthanol (Tc = 240°C) et de 'ammoniaque (Tc et Pc élevées) qui est également
extrémement corrosif [134]. L'utilisation du méthanol, et de I'’éthanol, supercritiques trouve
cependant des applications dans la synthése de biocarburants [135]. L’extraction par eau
supercritique, eau chaude sous haute pression, est quant a elle utilisée pour I'extraction
de plantes. Le romarin a ainsi été particulierement étudié pour ses propriétés
antioxydantes [136]. Ce procédé a également été utilisé pour extraire les huiles
essentielles [137] ou végétales [138] et les microalgues [139]. Comparée a d’autres
techniques, I'extraction par eau supercritique posséde I'avantage d’étre une méthode peu
chére et rapide, mais elle reste corrosive. L'eau supercritique est également utilisée dans
le traitement des déchets nucléaires [140]. L'oxyde nitreux, ou protoxyde d’azote, possede
quant a lui des Tc et Pc plus accessibles et a été utilisé un temps pour extraire des
composeés polaires, mais c’est un oxydant fort et les risques d’explosion sont importants
avec ce fluide [141]. Différents fluorocarbones, comme le Fréon 22, ont été utilisés pour
extraire des composés polaires tels que les stéroides [142] et les phénols [143].
Cependant, ils sont aujourd’hui peu utilisés en raison de leur forte contribution au
réchauffement climatique. Enfin, le COz s’est trés vite imposé comme fluide supercritique

de choix en chromatographie de par ses nombreux avantages.

2.4. Intérét du CO> supercritigue pour la chromatographie

Au cours du développement de la SFC des années 60 a aujourd’hui, le CO2 est
devenu le fluide de référence et est actuellement utilisé dans une majorité des

laboratoires. Cela s’explique par ses nombreux avantages :

- D'un point de vue pratique, les Tc et Pc (31°C et 74 bar) de ce fluide sont
facilement atteignables. Dans ces conditions, on peut travailler a basse température
et minimiser les risques de dégradation des composés thermolabiles. Les
conditions sont également douces pour le matériel (instrument et colonnes). De

plus, le CO2zest non corrosif.

- D'un point de vue chromatographique, le CO:2 présente un avantage non
négligeable lors de son utilisation en chromatographie préparative ou pour
I'extraction. En effet, dans ces deux cas de figure les extraits ou fractions collectés
seront hautement concentrés en raison de la décompression du CO: a la fin de
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'analyse et de son retour a I'état gazeux. Cela représente un avantage économique
important, car I'évaporation des fractions pour obtenir des extraits secs en sera

grandement facilitée.

- D’un point de vue écologique et économique, le CO2 est non toxique et non
inflammable. Il est également disponible en grande quantité et naturel, car c’est un
sous-produit industriel (lors de la fabrication du ciment ou de I'ammoniac par
exemple). Il peut également étre recyclé. Enfin, il est peu colteux et est disponible

a des taux de pureté élevés (environ 1€30/kg pour du CO2 de haute pureté).

- En termes de performances chromatographiques, I'emploi d’'une phase mobile
constituée majoritairement de CO2 permet d’obtenir de trés hautes performances
chromatographiques. Grand-Guillaume Perrenoud et al. [13] ont montré qu’a taille
de particules identique, la vitesse linéaire optimale (u) obtenue est plus haute en
SFC qu’en LC (Figure 1.6). En raison de la faible viscosité du COz, les coefficients
de diffusion sont plus élevés, ce qui permet de travailler & hauts débits sans perdre
en efficacité mais en réduisant le temps d’analyse. Cependant, compte-tenu de la
pression limite des systemes UHPSFC actuels (400 bar), cette vitesse linéaire

optimale ne peut étre atteinte.

20.0
175

15.0

125

10.0 SFC

H (um)

7.5

5.0

UHPSFC

25

0-0 1 1 T 1 1 1
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

u(mm/s)

Figure 1.6 - Courbes de Van Deemter obtenues pour le butylparabéne sur un systéeme LC et un systeme SFC avec des
colonnes différentes et deux tailles de particules : 1.7 um et 3.5 pm. Colonnes XTerra RP18 (50 mm x 4.6 mm, 3.5 um)
(points bleus), Acquity Shield C18 (50 mm x 2.1 mm, 1.7 um) (losanges rouges) testées en conditions LC : H2O/ACN
(60/40, vIv), 30 °C, 1 uL injecté, 254 nm. Colonnes Acquity UPC? BEH 2-EP (100 mm x 3.0 mm) en 3.5 um (carrés
violets) et 1.7 um (triangles verts) testées en conditions SFC : CO2/MeOH (96/4, v/v), 40 °C, 150 bar, 1 pL injecté,
254 nm. Adapté de [13]
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3) Utilisation de la SFC pour I'analyse et la purification de produits pharmaceutiques

La review suivante traite de l'utilisation de la SFC chirale et achirale pour I'analyse

et la purification de composés pharmaceutiques :

E. Lemasson, S. Bertin, C. West

Use and practice of achiral and chiral supercritical fluid chromatography in pharmaceutical

analysis and purification

Journal of separation science, Volume 39, (2016), 212-233
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Review Article

Use and practice of achiral and chiral
supercritical fluid chromatography in
pharmaceutical analysis and purification

The interest of pharmaceutical companies for complementary high-performance chromato-
graphic tools to assess a product’s purity or enhance this purity is on the rise. The high-
throughput capability and economic benefits of supercritical fluid chromatography, but also
the “green” aspect of CO as the principal solvent, render supercritical fluid chromatography
very attractive for a wide range of pharmaceutical applications. The recent reintroduction of
new robust instruments dedicated to supercritical fluid chromatography and the progress
in stationary phase technology have also greatly benefited supercritical fluid chromatogra-
phy. Additionally, it was shown several times that supercritical fluid chromatography could
be orthogonal to reversed-phase high-performance liquid chromatography and could effi-
ciently compete with it. Supercritical fluid chromatography is an adequate tool for small
molecules of pharmaceutical interest: synthetic intermediates, active pharmaceutical ingre-
dients, impurities, or degradation products. In this review, we first discuss about general
chromatographic conditions for supercritical fluid chromatography analysis to better suit
compounds of pharmaceutical interest. We also discuss about the use of achiral and chiral
supercritical fluid chromatography for analytical purposes and the recent applications in
these areas. The use of preparative supercritical fluid chromatography by pharmaceutical
companies is also covered.

Keywords: Enantioseparation / Impurity profiling / Pharmaceutical analysis /
Purification / Supercritical fluid chromatography
DOI 10.1002/jssc.201501062

preferred method in many cases, but SFC is also a favorite in

Chromatographers in pharmaceutical companies encounter
many different tasks that may be carried out at the analytical
or preparative scale. Identification and impurity profiling of
molecular entities is the key task, as the identity and propor-
tion of impurities must be strictly controlled to guarantee the
efficacy and limit toxicity of the active pharmaceutical ingredi-
ent (API) [1]. For this purpose, it is necessary to have comple-
mentary high-performance analytical tools. Preparative-scale
chromatography is used at the early development of drug can-
didates. It is essentially concerned with enhancing the purity
of synthetic intermediates before further chemical reaction,
and purifying possible drug candidates before bioactivity test-
ing. In this event, the purification of enantiomers is a special
case. At this stage, a fast and economic method is preferred.
At both scales, analytical or preparative, HPLC remains the

Correspondence: Caroline West, Institut de Chimie Organique et
Analytique (ICOA), Univ Orleans, CNRS, UMR 7311, B.P. 6759, rue
de Chartres, F-45067 Orléans cedex 2, France

E-mail: caroline.west@univ-orleans.fr

Abbreviations: APCI, atmospheric pressure chemical ioniza-
tion; API, active pharmaceutical ingredient; CSP, chiral sta-
tionary phase; NP, normal phase

62

many companies, and is gaining ground in others.

SFC makes use of supercritical or liquid mobile phases
comprising a significant portion of pressurized carbon
dioxide, usually mixed with another solvent (most often an
alcohol such as methanol) [2]. CO; has major advantages
over more conventional chromatographic solvents, as it has
a low viscosity allowing for high diffusivities of the analytes
(hence high efficiencies) and limited pressure drop over
packed columns, even with columns packed with small
particles. As a result, high flow rates can be used without
strongly affecting efficiency.

With the emergence of capillary SFC [3, 4] in the 1970s
and 1980s, SFC was reserved for the analysis of nonpolar com-
pounds, due to the low eluting strength of neat CO3, which
was considered equivalent to that of pentane. Most pharma-
ceutical compounds being rather polar and therefore poorly
soluble in pure CO», the interest of pharmaceutical companies
for capillary SFC thus remained very limited. However, with
the appearance of packed-column SFC and the use of mixed
mobile phases comprising a cosolvent, the range of com-
pounds amenable to the technique significantly increased.
The introduction of a cosolvent greatly increases solubility for
both polar and nonpolar analytes. Nevertheless, in the 1990s
SFC did not manage to settle efficiently as a chromatographic
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technique of choice for the pharmaceutical industry. The only
field of application where SFC was usually recognized for its
improved capabilities compared to HPLC was that of enan-
tioseparations, particulatly at the preparative scale [5]. In this
field, the economic and ecological advantages of CO; were
usually a significant motivation.

A limiting factor of SFC development in pharmaceutical
companies was undoubtedly the lack of UV detection sen-
sitivity compared to HPLC, specifically for the profiling and
quantification of impurities present in very low concentra-
tions. The recent introduction of improved SFC instruments
with better UV sensitivity and the democratized use of mass
spectrometric detection (MS) now render this issue much
less a concern than in the past.

Indeed, new robust instruments dedicated to packed col-
umn SFC were recently introduced by several manufacturers
(Agilent, Shimadzu, and Waters), while other systems had
long been available from other manufacturers (Jasco, No-
vasep, Pic Solution, Sepiatec, and Waters again). Besides, the
progresses in stationary phase technology (sub-2 pum parti-
cles [6,7], superficially porous particles [8]) intended for HPL.C
have also greatly benefited to SFC. The high-throughput capa-
bility and economic benefits of the method employing only
small portions of organic solvents, but also the “green” as-
pect of the principal mobile phase component (COzis a
nontoxic recycled material and causes no waste disposal is-
sues) together render SFC very attractive for a wide range
of applications, whenever a replacement or complement to
HPLC is desired [7-13]. As will be further developed be-
low, it was shown in numerous occasions that SFC or SFC—
MS is an adequate tool for small molecules of pharmaceu-
tical interest: synthetic intermediates, drug candidates, ac-
tive pharmaceutical ingredients, impurities, or degradation
products.

In this review, we first discuss about general chromato-
graphic conditions for SFC analysis to better suit compounds
of pharmaceutical interest. We also discuss about the use of
achiral and chiral SFC for analytical purposes and the recent
applications in these areas. The use of preparative SFC in
pharmaceutical companies is also covered. It was not our in-
tention to present a comprehensive review of the literature,
that may be found in other interesting reviews [14—16], but
rather to point at significant features of SFC as they apply in
the field of drug analysis.

2 Chromatographic conditions for SFC
analysisofdrugmolecules

Two key factors must be considered for method development
in SFC: first, a stationary phase to ensure good resolution and
second, a mobile phase and operating conditions (tempera-
ture, pressure, and flow rate) to ensure good solubility of the
analytes and modulate resolution.
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2.1 Choiceofstationaryphases

2.1.1 Stationary phasesforachiral SFCapplications

Because SFC can be practiced with both polar and non-
polar stationary phases, all columns that are marketed for
HPLC whether for RP, normal-phase (NP), HILIC or ion-
exchange modes [17—-23] can be used in SFC. The chemical
diversity of the available stationary phases is currently sig-
nificantly improving, benefiting from the diversity of phases
produced for HPLC (particulatly the recent development of
many HILIC phases with original bonding chemistries) but
also of the rising interest of the column manufacturers and
research groups to produce original phases dedicated to SFC
use [24—-26]. Moreover, while different operating modes in
HPLC require different mobile phase compositions (for in-
stance, hydro/organic in RP, alkane/alcohol in NP), in SFC
the same CO2/cosolvent mobile phase may be used with
all sorts of stationary phases. As a result, two stationary
phases with different surface chemistry may be employed
with SFC operating conditions and provide orthogonal se-
lectivity [0, 7,9-12,17-21,24-28] as will be further discussed
below.

In the recent years, SFC chromatographers in the phar-
maceutical industry have focused their attention essentially
on polar stationary phases. Indeed, because pharmaceutical
compounds usually comprise polar groups, some polar
characteristic must be present in the stationary phase, cither
from silanol groups of a silica support, or in the bonded
ligands, to ensure sufficient retentiveness [18]. Apart from
purely lipophilic species like steroids, nonpolar phases (like
with  hydrophobic
end-capping groups) were rarely found to be useful. Among

octadecylsiloxane-bonded silica phases
the phases that are familiar to the HPLC chromatographers,
most often observed are bare silica [29-32], cyanopropyl
[13,33-36], diol [27,37—40], aminopropyl [41,42], all sorts of
HILIC columns [20, 40, 43], fluorophenyl phases, and non-
endcapped Cig-bonded silica stationary phases [44]. However,
more and more stationary phases are available, which were
designed  specifically SFC use. The
stationary phase dedicated to SFC is 2-ethylpyridine- bonded
(2EP) silica. The 2EP phase is known to offer good peak
shapes for basic compounds, even without any additive in the

for most famous

mobile phase [45]. It was first introduced by Prince- ton
Chromatography, more than 10 years ago, but its success
prompted several manufacturers (Waters, ES Industries, Kro-
masil, Nacalai Tesque) to develop similar phases [13, 45—47].
Eatrly on, Princeton Chromatography also had a range of
other columns with original stationary phases designed for
SFC, such as 4-cthylpyridine, diethylaminopropyl, dinitro-
phenyl, or benzenesulfonamide [27, 40]. Some academic and
industry teams have also developed new stationary phase
chemistries for SFC use with pharmaceutical compounds,
based on original neutral or ionic liquid ligands [24-206, 48,
49]. Whether they will yield any commercial product is
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Figure 1. The orthogonal selectivity of SFC method versus RP-HPLC method. Separation of API plus six impurities at the 0.5% level. SFC
conditions: DEAP column (4.6 X 150 mm X 5 pm). CO2/MeOH with 0.1% water v/v, gradient elution 10-60%, 2 mL/min, 35°C, 150 bar BPR,
UV detection 220 nm. RPLC conditions: Luna PFP (4.6 X 100 mm x 5 um), water/acetonitrile with 0.05% TFA, gradient elution 10-50%, 1
mL/min, 30°C, UV detection 240 nm. Adapted from [43] with permission from Elsevier.

however unsure yet. Several manufacturers now propose
“SFC stationary phases” that are simply NP-HPLC or
HILIC stationary phases (silica, amino-propyl, propanediol,
cyanopropyl etc.), although the packing procedure and hard-
ware were sometimes adapted to take account of the speci-
ficities of SFC. Other manufacturers have followed in the
footsteps of Princeton Chromatography to design station-
ary phases specifically for SFC use, like ES Industries with
the (for
pyridyl amide, amino phenyl) and, more recently. Waters
with the ACQUITY UPC? and Torus columns (e.g. 1-

GreenSep columns instance, 4-ethylpyridine,
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aminoanthracene and 2-picolylamine stationary phases). Wa-
ters also prompted the current trend of ultra-high perfor-
mance columns similar to those employed in UHPLC (packed
with sub-2 um particles) to allow for higher efficiency, but
with original stationary phases developed for SFC. Station-
ary phases based on sub-3 pm superficially porous particles
also permit to reach high efficiency [7, 50]. Given the current
upper pressure limit set by the available pumping systems
(400—600 bars), columns packed with superficially porous par-
ticles may have the advantage of generating smaller pressure
drops, especially at the end of a gradient program when the
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fluid density is the largest, and whenever faster flow rates are
desired.

Given the large number of possibilities, choosing a col-
umn to develop a method in achiral SFC is rather difficult.
Current practice is to select a set of columns and to screen
them with generic conditions (most often, a gradient elution
program with fixed pressure and temperature conditions).
Because gradient analyses may be very short [51] (even be-
low 1 min on short columns [52]) and large diffusion coeffi-
cients together with large flow rate allow for very fast column
equilibration, the process of screening for columns may be
extremely fast. It is even faster with the apparatus equipped
for parallel screening of columns that have been employed
for several years in HPLC and SFC chiral screening strate-
gies [53-56]. When the columns are adequately selected to
provide orthogonal selectivity properties, this screening pro-
cedure generally allows identifying a good starting point for
further optimization within a few minutes.

It was shown several times that the selectivity of a given
column employed in HPLC or in SFC may be very different
[57, 58]. To assist the users of achiral SFC in the selection of
orthogonal columns, the classification of columns dedicated
to SFC, developed by West and Lesellier [58—61], can be help-
ful. The physicochemical characteristics of stationary phases
were studied with quantitative structure-retention relation-
ships, to characterize more than 80 stationary phases [62, 63].
The properties of the phases were compared to understand
their differences in terms of retention behaviors and selectiv-
ity properties [17-20, 64|. The classification is presented in a
simple fashion, with a figure called a spider diagram. It can be
of help to chromatographers, especially SFC beginners, will-
ing to select stationary phases with diversity of selectivities in
the initial screening procedure.

The possible need to transfer a method to preparative
scale must also be considered when selecting a column. Nat-
urally, those stationary phases that are available in larger di-
mensions and identical bonding chemistry should be privi-
leged in that case.

2.1.2 Stationary phases for chiral SFC applications

The success of chiral chromatography is related to chiral sta-
tionary phases (CSP) innovation. Identically to the situation
observed in chiral HPLC, the most commonly used CSPs in
SFC are the ones based on polysaccharides [65], now avail-
able from several column manufacturers. These phases are
based on amylose or cellulose derivatives that are coated [60]
or immobilized [67] on a silica gel support. They ensure the
resolution of a wide variety of enantiomers through comple-
mentarity and diversity of derivatives. The most commonly
cited stationary phase is (tris-(3,5-dimethylphenylcarbamate)
of amylose (Chiralpak AD from Daicel, in its first commer-
cial version, but now copied by several other manufactur-
ers). This CSP usually has the highest success rate of all
columns with a variety of compounds. It is most often as-
sociated to three other polysaccharide CSPs (Chiralpak AS,
Chiralcel OD, and Chiracel O] from Daicel, or similar phases
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from other manufacturers) and were long known as “the
Golden Four.” Together, they reach a statistical success rate
of more than 80% of the chiral drugs currently on the mar-
ket. In the recent years, chlorinated polysaccharide CSPs were
released by Phenomenex (for instance Lux Cellulose-2, Lux
Cellulose-4, and Lux Amylose-2) and are now also available
from a range of manufacturers. They have proven useful in
providing complementary selectivity to the traditional non-
halogenated polysaccharide CSPs [68]. Another recent devel-
opment in polysaccharide CSPs is the availability of immobi-
lized phases, while the original phases were all coated. With
coated phases, solvents in which polysaccharides are highly
soluble (like dichloromethane or dimethylsulfoxide) must be
avoided otherwise the polysaccharide may be stripped from
the silica surface and the column permanently damaged. In
case of immobilized polysaccharide, any solvent may be used.
This has two interesting consequences: (i) other solvents may
allow for improved resolution through diversified enantios-
electivity or improved efficiency; (ii) other solvents may im-
prove analyte solubility, which is critical to high productivity
at the preparative scale.

Aside the high success rate, one significant reason to
explain the popularity of polysaccharide CSPs in SFC is
their high loading capacity [69]. Indeed, when transferring a
method to preparative scale, it is useful to have columns that
are capable to adsorb large quantities of sample, to improve
productivity. As preparative SFC really has been a driving
force during the 1990s and the beginning of the 21st century,
itis no surprise that the polysaccharide CSPs have emerged as
the preferred separation media in most cases, while other sta-
tionary phases allowing for inferior loading capacity became
less popular.

However, other stationary phases may still be employed
for analytical chiral SFC. Brush-type stationary phases are
some of the most ancient and most recent phases developed
for enantioselective chromatography. Because they are based
on a well-defined ligand with a chiral center of known R/S
configuration, they are usually available in both configura-
tions. This is advantageous for enantioresolution of chiral
drugs, as it allows the reversal of the elution order of the
enantiomers in changing the configuration of the stationary
phase. Indeed, when measuring enantiopurity, it is preferable
to have the minor enantiomer eluted first, to avoid drowning
the minor peak in the tail of the major peak. On the con-
trary, when enantiopure compounds must be produced by
preparative chromatography, it is best to have the preferred
enantiomer ecluted first, as the first analyte usually has the
best final purity. The oldest brush-type CSPs were the phases
initially developed by Pirkle [70], with the most famous one
still available as WhelkO-1 from Regis Technologies. More
recently, the zwitterionic phases developed by the group of
Lindner and now trademarked as Chiralpak ZWIX by Daicel
have proven to be promising supports for amino acid enan-
tioseparation [71,72]. We may also note that the fact that
brush-type CSPs are bonded to the silica support make them
capable to support cosolvents with high eluting strength, sim-
ilarly to immobilized polysaccharides.
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16
14 (R)
12 4
= (S)
%10 ;
$ 81
g
g °
% 410 J
2 4 ' R) (S) Figure 2. Separation of R—and S-timolol using a
mobile phase with (A) and without (B) the presence
0 (b)l of 0.1% v/v TEA. Column: Chiralcel OD-H (4.6 mm
' X 250 mm, 5 pm). Mobile phase: (93:7) CO:
2 /MeOH with 0.1% TEA for chromatogram (A) and
. Z = H ' (93:7) CO2 /MeOH for chromatogram (B). A 4.0
0 2 4 6 8 10 12 mL/min, 40°C, 130 bar, UV detection 297 nm. Repro-
Retention time (mins) duced from [163] with permission from Elsevier.
N
C )
N
L=15Scm --
A N,/m = 73608 m'!
r T T T T T T T = ]
0 0.5 | 1:5 2
L=5cm --- N,/m=63427 m!
&——————ollllNMMIMImm ~ Figure 3. Example of ultra-fast enantioseparation of
O T : T T T 1 Tréger's base using very short columns. Chiralpak AD-H
0 0.5 1 15 2 columns with different lengths (15, 5, and 1 cm). Mobile
- . = 1 phase: 25 mM IBA in MeOH-COz, isocratic 40%. 40°C, 200
L=1cm Nzlm 38310 m bar, UV detection 210 nm. Flow rate 3 mL/min or 2.3 mL/min
o G——5llmmmmmmmmm - so as to keep the same linear velocity on all columns.
0 05 1 15 2 min Adapted from [52] with permission from Wiley.

Macrocyclic glycopeptides have also been cited in some
occasions [73], especially for the enantioseparation of amino
acids. Synthetic polymers [74], cyclodextrins [75], and cy-
clofructans [76] may also be of use but are rarely mentioned.

Even more than in achiral SFC, prevision of the right
stationary phase before chiral analysis is hazardous. The se-
lection of a column is thus achieved through a systematic
screening process, in a similar manner to the usual prac-
tice in chiral HPLC. Nowadays, the most common screening
strategies are based on the use of a group of CSPs comprising
several polysaccharide CPSs, while some of the chlorinated
polysaccharides more recently introduced now tend to enter
the first round of screening. De Klerck et al. [77] proposed a
short selection of stationary phases to achieve a high success
rate in a minimum of experiments, without the need for a
complete screening of the selected CSP and mobile phases.
Beside polysaccharide phases, the screening strategy may
include a brush-type phase (the most frequent cited being
WhelkO-1), one ormore macrocyclic glycopeptides (Chirobi-
otic phases from Sigma—Aldrich), one or two polymer-type

71

(like Kromasil CHI-TBB or DMB, or Supelcosil P-CAP) or a
cyclodextrin-type CSP.

Again the possible need to transfer the method to prepar-
ative scale (very frequent in chiral SFC) must be taken into
account to favor the columns that are available in larger di-
mensions. The loading capacity of the stationary phase and
the possibility to use “exotic” solvents to improve solubility
are also key points to consider to achieve high productivity of
the purification process.

Tandem column (coupling two different stationary
phases with complementary selectivities) is sometimes ob-
served to be an interesting option, particularly when more
than one chiral center is present [78]. The chances of success
improve when some identification of the enantiomers is pos-
sible (through optical rotation detection) to ensure that the
second column will not undo the work of the first column.

Finally, a word may be said about particle technology.
The trend toward smaller particles of silica support is also
appearing now for chiral stationary phases, but it is not yet
as prominent as in the achiral field. Unlike bonded-silica
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Figure 4. SFC-MS analysis of two SFC-purified enantiomers (404 m/z). Enantiomer A was very pure but enantiomer B was shown to have
impurities that were detected only by MS. Adapted from [134] with permission from Elsevier.

stationary phases, the difficulty to produce polysaccharide
phases with small particles is a key point, explaining why the
first sub-2 um particle CSP described was not a polymer but a
brush-type phase [79]. Commercially available polysaccha-
ride CSP currently remain limited to 2.5 um (Waters Tre-
foil stationary phases) or 3 um (Daicel, Phenomenex, Regis
Technologies, Dr. Maisch, YMC, and Kromasil). However,
here again the benefits of improved efficiency to achieve im-
proved enantioresolution [79,80] will certainly prompt further
developments in this field in the near future.

2.2 Mobilephasecomposition

2.2.1 Cosolvent

Because neat COyz is not polar enough for most pharmaceuti-
cal compounds, virtually all analyses are now performed with
a mixture of pressurized CO; and a cosolvent (often called

72

modifier). Cosolvent addition is necessary to improve analyte
solubility but has other side-effects, namely increasing mo-
bile phase density and modulating selectivity. CO> is miscible
with all organic solvents that are commonly employed in L.C
(except water, which has a very low solubility), which is an
advantage for the possible modulation of selectivity through
mobile phase composition. To analyze complex pharmaceu-
tical mixtures, gradient elution program is usually preferred,
typically from 5 to 40% of cosolvent. The addition of a cosol-
vent changes the critical values of the mobile phase (pressure
and temperature) [2]. Consequently, the analyses are usu-
ally performed in subcritical (thus liquid), not supercritical
conditions. This should be of no concern, as all the advanta-
geous properties of supercritical CO» remain available. In a
general way, an increase of cosolvent percentage in the mo-
bile phase, and therefore of the elution strength, causes a
decrease of retention. The cosolvent can also improve peak
shape by reducing the undesirable interactions between an-
alytes and residual silanol groups [81]. The silanol groups
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have H-bond acceptor character and to avoid these interac-
tions, modifiers with H-bond donor character like alcohols
(methanol, ethanol, isopropanol) are preferred. Among these
alcohols, methanol is most often employed because of its
high polarity that permits a good solubility of the analytes in
the mobile phase. Its low viscosity and boiling point are also
important for preparative analysis or MS detection. Ethanol
and isopropanol, less polar solvents, are also used but often
yield increased retention compared to methanol, especially
for the most polar compounds [82].

Concerning chiral separations, the choice of alcohol co-
solvent has other consequences. Indeed, enantiomers could
coelute on one column with one solvent, while changing
the cosolvent may provide baseline resolution [83]. However,
enantioselectivity varies in an unpredictable way between two
different separations. For this reason, several mobile phase
compositions comprising different cosolvents or mixtures
of cosolvents are usually employed in systematic screening
strategies.

Contrary to the general observations in reversed-phase
HPLC, the use of acetonitrile as a sole cosolvent often results
in poor efficiency and deteriorated peak shapes because of
the nonprotic character of this solvent, resulting in a very low
recovery rate of silanol groups. Compared to methanol, an
increase of retention is also usually observed. It may however
be of use for small molecules that may react with alcohol
modifiers or are subject to hydrolysis (like boronic ester com-
pounds). Also, in combination with methanol, acetonitrile
permits to further modulate selectivity. Brunelli et al. have
demonstrated the possibility to take advantage of this change
inselectivity withoutlosing chromatographic performance by
mixing varying proportions of acetonitrile and methanol [84].

Because all other solvents that are common to the HPLC
chromatographers can also be mixed with pressurized CO»,
itis also possible to use other solvents, like dichloromethane,
dimethylsulfoxide, or tetrahydrofuran [85]. This is especially
useful in the case of preparative separations, when one needs
to increase solubility to further increase productivity. Such
strong solvents are usually not used alone, but rather in com-
bination with methanol (typically 10-20% strong solvent in
methanol).

Some comment should be added here about the supposed
“greenness” of SFC mobile phases, compared to HPLC mo-
bile phases. Green chemistry is indeed a growing concern in
pharmaceutical companies. Comparing analytical reversed-
phase HPLC to analytical SFC, the advantage of the SFC mo-
bile phase composition is not tremendous, especially when
one considers the small volumes of solvent consumption
with modern HPLC systems (especially ultra-high perfor-
mance systems). The green advantage of SFC is however
more significant in the field of NP-HPLC and chiral separa-
tions, which are most often conducted in the normal-phase
mode in HPLC, with ecologically unfriendly solvents. When
transferring the method to the preparative scale, litters of
hexane, and dichloromethane are exchanged for smaller vol-
umes of methanol. At the preparative scale, the advantage of
SFCisstill significantoverreversed-phase preparative HPLC.
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Moving for even greener alternatives, as most pharmaceuti-
cal companies are now required to do, should depend on
selecting other cosolvents. First, ethanol may be preferred
over methanol when a “green” solvent is favored, as it is
significantly less toxic than methanol and produced from re-
newable resources. When mixed with pressurized CO», none
of the usual problems observed in HPLC and associated to
the high viscosity of ethanol are encountered. However, the
boiling point of ethanol is significantly higher than that of
methanol, increasing the energy cost to evaporate it from pu-
rified fractions, thus the advantage at the preparative scale
may not be so true. Alternative “green” solvents have been
tested such as 2-methyl-tetrahydrofuran or cyclopentylmethyl
ether [85].

The acidity of the COz-based mobile phase must also be
mentioned. Because CO; and alcohols react to form alkyl-
carbonic acid [86, 87], SFC mobile phases are somewhat
acidic [88]. This is a significant point as acidic species may
then be deprotonated, while basic species most often encoun-
tered in active pharmaceutical ingredients may be protonated.

2.2.2 Additives

Nowadays, additives (acids, bases, or salts) are commonly
used as a third componentin the mobile phase. Additives usu-
ally favor the elution of polar analytes with good peak shapes,
especially for ionizable species like most active pharmaceu-
tical ingredients. Additives are introduced at lower concen-
trations than the cosolvent, typically 0.1-1% in the cosolvent,
resulting in an overall concentration of 0.005-0.5% depend-
ing on cosolvent percentage.

First, it should be said that a large portion of analytes
(typically about 50% [15]) can be eluted satisfactorily from
many good columns without the need for an additive. Itis also
important to note that compounds which exhibit satisfactory
clution in the absence of an additive are most often unaffected
by the presence of an additive [30,89]. An additive is desirable
when peak shape is not satisfactory (fronting, tailing, and
distorted peaks), which may result either from poor solubility
of the analyte in the CO2/cosolvent mobile phase, or from
strong interactions with the stationary phase.

The contributions of additives to the elution and sep-
aration mechanisms are still rather unclear. Because ba-
sic pharmaceutical compounds can be protonated in the
acidic CO2/alcohol mobile phase [2, 88], unwanted interac-
tions between deprotonated silanols and protonated basic
compounds may take place. The additive adsorbs on polar
sites of the stationary phase thus may cancel these unwanted
interactions. Moreover, additives can also form ion pairs with
ionic analytes of opposite charge. Ion-pairing mechanism
helps the elution of the analytes by improving their solubil-
ity [30,90-94]. An additive with strong acid or base character
may also work as an ion suppressor toward a weaker ana-
lyte [95, 96] (strong acid toward less acidic analyte or strong
base toward less basic analyte). In chiral SFC, the role of ad-
ditives is even stronger than in achiral SFC, as it may also
significantly influence enantioselectivity.
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Basic additives are often used for pharmaceutical applica-
tions because a large majority of drugs have basic functions.
Isopropylamine is most commonly cited [96], but also diethy-
lamine and trimethylamine [97]. Acidic additives, less cited
than bases, prove efficient for the analysis of acidic com-
pounds (e.g. TFA [82], acetic acid, formic acid [98], ethanesul-
fonic acid [99], or citric acid [93, 100]). While some works
reported the use of both acid and base [84, 101-103], the
current trend is rather to use volatile salts. Such salts per-
mit the elution of both acidic and basic compounds and
ensure MS and preparative-scale compatibility. Ammonium
formate [38, 104, 105] and ammonium acetate [13, 30, 89, 106]
are frequently cited. However, their high UV absorption may
be a problem in the case of gradient elution when low level
impurities must be identified. Alternatively, ammonium hy-
droxide and ammonia have been recommended in many re-
cent reports [89,107,108], as they have an additional benefit of
limited UV baseline drift when gradient elution is employed.

Some studies report the use of a small proportion of water
[109-112] (typically 1-5%, because of the limited miscibility of
water and COy) as an additive in alcohol cosolvent to improve
peak shape and help the elution of compounds with very high
polarities. It seems however that the joint action of water and
a volatile salt is even more efficient to obtain good peak shapes
for very polar species.

The additive concentration differs depending on the type
of analyte and stationary phases and should be optimized
during method development. It was shown several times
that even with a very low concentration of additive, signifi-
cant improvements in peak shapes and retention times hap-
pened [30,89,113]. However, it is advisable to employ higher
concentrations of additives, when the peak shapes and MS
response are more stable, to ensure an improved robustness
of the analytical method [89].

2.3 Otheroperating parameters (pressure,
temperature, flow rate)

Mobile phase density influences selectivity [114]. The effects
of pressure changes on density are certainly the easiest to
understand. When the pressure increases, the density of the
fluid, thus the elution strength increases causing a decrease
of retention time. The range of retention variation depends on
mobile phase composition. For neat CO», the density varies
from 0.2 to 1.1 g/mL. The change of density influences solu-
bilityand can dramatically modify retention factors [115-118].
With the addition of high modifier proportion, the pressure
variation has a lower impact on density and thus on retention.
In chiral SFC, it was shown that pressure changes in the 10—
20 MPa range have a very limited effect on enantioselectivity
with binary mobile phases of CO3 and methanol [119,120].
The effectof temperature depends on the fluid density. At
low pressure and low cosolvent proportions, i.e. low fluid den-
sity, the increase in temperature favors the solubility, and the
retention factor increases, which is opposite to the behavior
thatis familiar to HPLC chromatographers. Athigh pressure
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and high cosolvent proportions, i.e. high fluid density, the in-
crease in temperature increases solubility (equivalent to the
behavior of liquids [121]) and decreases the retention factor.
Changing temperature in the course of the optimization of an
achiral separation may then have positive or negative effects
and causes more or less significant changes in selectivity [43].
For enantioselective separations, temperature has additional
effects as it may contribute to changes in the rigidity of the
stationary phase and analytes, thereby affecting the analyte
fit into chiral cavities in a positive or negative fashion [122].
Also the way of controlling and measuring temperature varies
between systems produced by different manufacturers, some-
times resulting in temperature differences as large as 15°C.

The influence of temperature and pressure can be dif-
ficult to predict [123], otherwise by testing. Fortunately, the
pressure and temperature are not the most influential pa-
rameters on retention and can be used in a second step in
the method development. In a detailed review on SFC, Lesel-
lier, and West have demonstrated many reasons to prefer
subcritical rather than supercritical conditions [2] and pro-
posed a starting point: moderate temperature of 25-30°C and
pressure of 150 bar.

With the low viscosity of COx it is possible to use high
flow rates while pressure drop still remains manageable with
current SFC systems. In a general way, increasing the flow
rate results in shorter analysis time while maintaining rea-
sonable column efficiency thanks to high diffusivity of the so-
lutes. However, in SFC, flow rate changes do not affect only
efficiency but also retention and selectivity. Indeed, as the
fluid is compressible, changing its linear velocity in the col-
umn affects its density, therefore affects its eluting strength.
For instance, lowering flow rate with polysaccharide station-
ary phases generally results in improved enantioresolution.
Flow rate is then also an optimization parameter to adjust
resolution.

3 Use of achiral SFC for analytical
purposes

The chemical impurities that may be found in a sample of
pharmaceutical interest (intermediate, drug candidate, or fi-
nal product) can have multiple origins (synthesis, purifica-
tion, or storage) and include lots of species (reagents, degra-
dation products, intermediates from synthesis) [124], and may
cause unwanted effects. That is why the International Con-
ference on Harmonization of Technical Requirements for
Registration of Pharmaceuticals for Human Use (ICH) im-
poses a precise control of these impurities (i.e. identification
and quantification), for safety reasons. A general screening
method for impurity profiling of drug candidates should nat-
urally allow the resolution of a maximum of species. In ad-
dition, while detection is most often carried out with a UV
detector, mass spectrometric detection is desirable to confirm
peak identity and support peak purity.
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RP-HPLC has always been considered as the technique
of choice forimpurity profiling [125]. The versatility provided
by achiral SFC, with an extremely wide choice of stationary
phases and possibilities of operating parameters, altogether
providing an extended range of selectivities, is now raising
interest. The recent rise of achiral SFC for analytical purposes
is noticeable, especially in recent years. The use of achiral SFC
is actually more common in the pharmaceutical industry than
the number of publications might suggest, because many
industry users do not communicate their results.

An interesting feature of SFC is that, in addition to pos-
sibly providing an orthogonal method to a RP-HPLC one, it
can also be orthogonal to itself, when stationary phases are
adequately selected: two columns with different stationary
phase chemistry can be employed with the same operating
conditions and provide orthogonal selectivity [89].

Several studies compared impurity profiling between
SFC and RP-HPLC. Wang et al. [47] developed a method for
the determination of eight impurities and degradation prod-
ucts of mometasone furoate at 0.05% of API area. Compared
to HPLC, SFC provided higher efficiency and faster analyses.
Morteover, the SFC and HPLC methods provided orthogo-
nal selectivity. Nevertheless, this study highlighted the lesser
sensitivity of the SFC method. Xu et al. [32] proposed a fast
separation with good selectivities between bromosulfone and
seven impurities, which are instable in water. The absence
of water in SFC eliminates the risk of bromosulfone degra-
dation during the analysis, which was a major concern with
RP-HPLC. Moreover, the method was sensitive enough to
detect the impurities at 0.5 mg/mL level. Two studies from
Alexander etal. compared HPLC and SFC for quantification
aspects. First, the authors studied two API and their impu-
rities mixtures. They showed that the recent material used,
an Agilent 1100 LC system when converted to a supercriti-
cal fluid chromatograph by addition of an Aurora Fusion F5
SFC module, provided reproducible retention time and bet-
ter sensitivity (12-fold) over previous reports. It proved that
SFC can be used for impurity profiling and quantification
with drug loading concentration of 2 mg/mL [43]. The sec-
ond study compared impurity profiling of three antiretroviral
drugs and their impurities with SFC and HPLC [13]. Even if
the selectivity was slightly lower with SFC (total separation of
all species with HPLC, against one coeluting pair with SFC),
SFC had many advantages over HPLC: better distribution of
peaks across the separation space, no baseline drift and easier
method development. In both studies, high orthogonality was
obtained between the two methods, as exemplified in Fig. 1.
The new generation of SFC instrumentation was found to ex-
hibit the required sensitivity for successful quantification of
potential impurities/degradation products at the 0.05-0.1%
area level. These applications also undermined the lack of
sensitivity in UV usually found, and lack of reproducibility of
the analysis. Sensitivity is crucial to quantify very low concen-
trations of impurities with good enough S/N [126,127].

The possible coupling between SFC and mass spectrom-
eters can overcome limited UV sensitivity. It was already
proven that SFC—MS could compete with LC—MS for the
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purpose of pharmaceuticals analysis [35,40, 128—130]. At-
mospheric pressure chemical ionization (APCI) [27, 35, 40,
102,128-131] and ESI [106-108, 132, 133] sources are both
commonly used. The use of atmospheric pressure photo-
ionization was also reported [134]. As in the case of LC-MS,
the choice of the source depends on compound ionization
capability. The SFC—MS interface is often used with an ad-
ditional solvent, called make-up solvent, which avoids the
precipitation of analytes that may be caused by the cool de-
pressurization of COz, but also promotes analyte ionization.
Forinstance, the use of methanol as make-up flow with a flow
rate of 0.2 mI./min was selected to improve the S/N with neg-
ative APCI [129]. A larger proportion of CO> than methanol
in the mobile phase, from 50 to 70%, was found to improve
the APCI-MS response for pharmaceutical products. A higher
LOD in SFC-MS (four to tenfold increase) than LC—MS was
reported by Grand—Guillaume Perrenoud et al. for EST based
on the analysis of six drugs [108]. Based on the analysis of
110 doping agents in urine samples, 32% of the compounds
were found to exhibit higher ESI-MS response with SFC than
with HPLC [104]. However, in another paper, the same au-
thors [135] achieved opposite conclusions. These differences
were attributed to the use of different mass spectrometers.

The families of compounds typically observed in SFC
achiral analysis of drug-like compounds are varied: steroids
[13,27,29,82,84,132,136], benzodiazepines, and their deriva-
tives [108,137-139], alkaloids [7,27,31,38,40,92,102,106,108,
140], nonsteroidal anti-inflammatory drugs [7,30, 38,82, 84,
106,140-142],sulfonamides [30,84,131,132,136,143],antibi-
otics [3,42,144-146], B-blockers [25,30,41,93,101,103,147—
149], anti-depressants [150], anti-psychotics [34,107,130,151],
stimulants [152], barbiturates [153,154],imidazoles [155,150],
taxanes [157,158], cannabinoids [3], retinoids [98,159], anti-
histamines [36], and antiretroviral drugs [13,160,161]. Typical
analytical conditions (stationary and mobile phases, operat-
ing conditions) reported for the separation of generic families
of drug compounds are detailed in Table 1.

4 Useof chiral SFCfor analytical purposes

Because guidelines regulate the development of chiral prod-
ucts, the stereoisomers must be analyzed separately for their
potential differences in toxicity and activity. Consequently,
the production of individual enantiomers has become a prior-
ity for pharmaceutical companies [162]. While chiral synthe-
sis is clearly desirable from an economic point of view, early
developments require the production of all stereo-isomers
to identify the bioactivity of each of them. HPLC and SFC
are both commonly used for this enantioresolution, but SFC
clearly is a favorite in this field. For a long time, analytical
chiral SFC was thus employed essentially in the purpose of
transferring the analytical method to preparative scale (see
next section). The recent progress in stationary phase tech-
nology, and most importantly the improvement in apparatus
allowing for more reliable and sensitive quantitation now
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make it a favorite for analytical scale enantiopurity assess-
ment as well.

Several studies compared the performances of chiral SFC
and chiral HPLC. However, as pointed out above, NP-HPLC
is most common in the case of chiral separations. Matley
etal. [163] developed a separation method of timolol maleate
enantiomers on a Chiralcel OD-H stationary phase within 5
min, which was three times shorter and 11 times consume
less as the NP-HPLC reference method. The authors also
studied the importance of the mobile phase composition and
particularly the impact of additives use: for these compounds,
thesimpleaddition 0of0.1%v/vof TEA significantlyimproves
peak shape (Fig. 2).

Combinatorial chemistry has rendered the development
of high-throughput enantioselective methods particularly
necessary. Recently, with the improvements in apparatus
and column technologies, Regalado et al. [52] were able to
achieve ultrafast enantioseparations of pharmaceutically rel-
evant compounds on the order of seconds witha 1 cm column
length (Fig. 3).

Mass detection can be particularly helpful for enantiop-
urifications [164]. Alexander et al. [165] point out that MS
detection can be essential to differentiate the enantiomers
of interest from other achiral impurities. Bolafios et al. [134]
pointout thataccurately analyzing chiral compounds by SFC—
MS is vital for properly assessing the potency of test ligands
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in biological assays. Indeed, they illustrated this point with an
SFC-MS analysis of two SFC-purified enantiomers. Although
the purity of enantiomer A assessed by both MS and UV was
very good, enantiomer B was shown to have impurities that
were detected only by MS (Fig. 4).

The families of compounds typically observed in SFC
chiral analysis are similar to those encountered in achi-
ral SFC: benzodiazepines and their derivatives [139, 166],
nonsteroidal anti-inflammatory drugs [167-169], antibi-
otics, B-blockers [139,163, 168, 170], sulfonamides [171,
172], stimulants [83], barbiturates [1606], chiral sulfoxides
(benzimidazoles, imidazoles) [162,173—175], antihistamines
[83,176], anticoagulants [177,178],and amino acids [73]. Typ-
ical analytical conditions (stationary and mobile phases, oper-
ating conditions) reported for the separation of generic fami-
lies of chiral drug compounds are detailed in Table 2.

5 Use of preparative SFCin
pharmaceutical companies

Both chiral and achiral SFC purifications are performed on
samples with quantities varying from a few milligrams to
several kilograms [107]. Preparative SFC provides some
benefits relative to preparative HPLC. As mentioned above,
the low viscosity and high diffusivity of the mobile phase
permit the use
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of high flow rate without sacrificing so much in efficiency. For
preparative-scale separation, a direct consequence is an im-
provement of productivity with SFC purification as compared
to HPLC. Another important feature is that the use of a major-
ity of COzin the mobile phase provides significant reduction
in organic solvent consumption, and consequent reduction
in energy and time required to evaporate the fractions [179],
which support the “green aspect” of SFC. A significant gain
of evaporation time was reported in many studies [180, 181]:
for instance, a gain of 7 h compared to the HPLC purification
method was reported by McClain et al. [182]. The fast process
and reduced consumption of solvent are further enhanced
by the use of “stacking” mode injection, which permits to
improve the productivity by a factor three, compared to suc-
cessive injections [183]. Stacked injections have been in use
for a long time for the purification of enantiomers [184], but
can be applied to achiral purification as well, and are espe-
cially useful when a single compound needs to be retrieved.
An example of a stacked injections chromatogram is given in
Fig. 5.

Chiral SFC has been routinely used in many companies
for over two decades. The goal of chiral purification is to
generate individual enantiomers, lots of blockbusters being
chiral species formulated with an enantiopure form [185].
For most pharmaceutical companies [184], the technique has
replaced HPLC as first intention method for enantiosep-
aration [186]. As mentioned in Section 2.1, a majority of
chiral purifications are performed with polysaccharide
phases, selected for their high success rate and high load-
ing capacity [107,162,186—189].

Recently, there has been an increasing interest for achi-
ral purification as well [27,134,179,180,190,191]. In addition
to the advantages previously mentioned, the alternative se-
lectivity provided by SFC compared to HPLC provides an
interesting separation tool for achiral high-throughput pu-
rification [180, 181]. Differences in selectivity can be help-
ful for certain separation cases, like isomeric species. Sim-
ilarly to cases described at the analytical scale, the absence
of water in SFC mobile phase overcomes the problems
of instability of water-sensitive compounds. For some ba-
sic drugs, the use of additives is necessary to achieve effi-
cient purification. Ventura et al. [107] drew attention to the
choice of additives. In principle if the basic additive is more
volatile than the mobile phase, it can be expected to be re-
moved in the solvent evaporation step following purification.
Again the authors advised the use of ammonium hydroxide
rather than common basic additives like isopropylamine or
diethylamine.

6 Conclusion and perspectives

Despite the obvious benefits of SFC as efficientanalytical tool,
it still does not hold the first place in many laboratories and
HPLC remains the preferred technique. Nevertheless, many
pharmaceutical companies have taken advantage of SFC and
its presence is increasing today: first for preparative enan-
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tioresolution but also more recently for achiral applications
at the analytical and preparative scales.

The versatility provided by achiral SFC, with an extremely
wide choice of stationary phases and possibilities of operating
parameters, providing an extended range of selectivities, is a
significant strength of the technique compared to HPLC.

Atthe preparative scale, the excellentkinetic performance
and high possible flow rates permit an improvement of
productivity for SFC purification compared to HPLC. More-
over, the fractions are collected with only a small percentage
of organic solvent, supporting the “green aspect” of SFC.

The recent marketing of new robust instruments dedi-
cated to analytical SFC and the progresses in HPLC stationary
phase technology have both greatly benefited to SFC. While
the knowledge on the technique is still limited, SFC is now
technologically fully mature and should find a place on every
bench in pharmaceutical companies.

The authors of this paper have declared no conflict of interest.
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4) Innovations récentes en SFC

La précédente publication datant de 2016, les plus récentes applications et
innovations en SFC n’y figurent pas. Parmi elles, on notera les travaux de Dispas et al. sur
l'utilisation du concept de « Quality by Design » pour optimiser et développer des
méthodes analytiques robustes en SFC. Le concept de QbD est largement utilisé dans le
développement pharmaceutique et est défini comme « une approche systématique du
développement qui commence avec des objectifs prédéfinis et souligne la nécessité de
comprendre les produits et de maitriser les procédés, basée sur la science et la gestion
des risques qualité » selon la réglementation ICH Q8 R2 de 2009 [144]. Dispas et al. ont
ainsi développé et validé une méthode SFC-UV pour la détermination et la quantification
d’impuretés dans un principe actif, le salbutamol sulfate [145], et dans la vitamine D3
[146].

Desfontaine et al. se sont intéressés a linfluence de différents paramétres
d’injection (solvant de dilution, solvant de rincage de [laiguille, volume d’injection,
concentration de I'analyte, pourcentage initial de co-solvant dans la phase mobile) sur la
forme des pics chromatographiques [147]. Cette étude a été réalisée en gradient, en
utilisant 3 colonnes sub-2 um et sur un set de 11 composés pharmaceutiques. Aprés une
étude individuelle de chacun des paramétres, il apparait que les parameétres qui
influencent le plus la forme des pics sont la nature du solvant d’injection et le volume
d’injection. Les auteurs proposent un choix de solvants permettant d’injecter de larges
volumes en SFC sans compromettre la forme des pics : MTBE (méthyl tert-butyl éther),
DCM (dichlorométhane), ACN et CPME (méthoxycyclopentane) sont indiqués de
préférence au MeOH, considéré comme la pire alternative. Cependant, il apparait que la
nature de l'analyte et de la phase stationnaire influence également la forme des pics. Le
solvant d’injection idéal en SFC reste donc difficile a prévoir. Les auteurs conseillent donc

d’inclure dans le développement de méthode le choix du solvant d’injection.

V. Conclusions générales

En raison de la synthése multi étapes des produits pharmaceutiques développés,
augmentant de surcroit le nombre potentiel d'impuretés présentes, et des Iégislations de
plus en plus restrictives, il est nécessaire de disposer de méthodes analytiques
performantes pour assurer l'efficacité du principe actif. Bien que largement privilégiée
dans un grand nombre de laboratoires pharmaceutiques, la RPLC sur phase C18 est

adaptée a une gamme limitée de composés (-1 < logP < 7). Afin d’obtenir des sélectivités

84



Chapitre 1

variées, les chromatographistes s’orientent vers des méthodes alternatives les plus

orthogonales possibles a la RPLC C18.

Dans un souci de simplicité, la stratégie la plus simple vise a utiliser une colonne
avec un greffon différent du greffon C18 en RPLC. Ainsi, avec un minimum de
changement et en conservant des conditions de travail proches, on peut changer la

sélectivité.

Une autre stratégie vise a multiplier les possibilités d’interactions entre le soluté et
la phase stationnaire. C’est le cas des colonnes mixed-mode, qui contiennent des greffons

complexes susceptibles d’'interagir de multiples fagons avec I'analyte.

Malgré un démarrage difficile, la SFC tend de plus en plus a s'imposer comme
méthode chromatographique de premier plan pour I'analyse de candidats médicaments.
Cette technique, orthogonale a la RPLC, offre des avantages économiques importants

pour des aspects préparatifs. Elle concurrence également ’'HPLC en termes d’efficacité.

Ces trois stratégies (RPLC sur des phases stationnaires autres que C18, HPLC

mixed-mode et SFC) ont été mises en ceuvre dans le cadre de cette thése.
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l. Introduction

Comme nous l'avons vu au premier chapitre de cette these, la RPLC sur phase
stationnaire C18 est encore aujourd’hui la méthode de premier choix pour le profilage
d’'impuretés de produits pharmaceutiques. Bien que les laboratoires de contrble-qualité
soient majoritairement équipés de systémes HPLC, 'usage de 'UHPLC s’est démocratisé

dans les laboratoires de recherche et développement.

A [lInstitut de Recherches Servier, ce sont deux méthodes UHPLC
complémentaires en phase inverse (RPLC) sur colonne C18 qui sont utilisées. Ces
méthodes sont utilisées en routine au laboratoire depuis de nombreuses années. Bien que
tres performantes, il arrive que ces méthodes échouent, notamment quand le PA ou les
impuretés présentes dans I'échantillon ne sont pas suffisamment retenus sur la colonne.
C’est le cas des composés polaires. Il est alors difficile voire impossible d’évaluer la pureté
relative du PA et dénombrer et quantifier ses impuretés. Dans ce cas, il est essentiel de

pouvoir se tourner vers des méthodes analytiques alternatives.

La premiére méthode alternative explorée dans ce chapitre est une méthode RPLC
mais avec une phase stationnaire différente, une phase PFP (pentafluorophenyle). Ce
type de phases est couramment utilisé comme alternative a la C18, en raison de la
différence de sélectivité qu’elles offrent. Euerby et al. ont montré que des composés
pharmaceutiques basiques (10 composés couvrant une large gamme de log P et pKa)
étaient davantage retenus sur des phases PFP. Les auteurs ont également montré que les
séparations obtenues avec ces phases PFP étaient orthogonales a celles obtenues sur
des phases C18 [6]. L'utilisation d’'un fort pourcentage de solvant organique, I'absence
d’agent d’appariement d’ion et les faibles pourcentages d’additif ajoutés a la phase mobile
rendent le couplage a la masse aisé et permettent d’obtenir un gain de sensibilité par
rapport a l'utilisation d’'une phase C18 [148]. Regalado et al. ont également montré qu’une
phase PFP fournissait les meilleures performances pour séparer des cOmposés
pharmaceutiques contenant notamment des halogénes (dont des atomes de fluor)
[149,150]. D’'un point de vue stratégique, cette méthode est la premiere alternative
généralement mise en ceuvre dans ce laboratoire Servier car elle est la plus rapide a
mettre en place. En effet, seule la phase stationnaire change, les autres parameétres

opératoires (appareillage et conditions analytiques) restant principalement les mémes.

L’HPLC mixed-mode est également étudiee comme méthode alternative a la RPLC

pour le profilage d’impuretés de candidats médicaments. Le principe de 'HPLC mixed-
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mode (HPLC-MM) est d’utiliser plusieurs mécanismes de rétention dans une seule
colonne (échange d’ion, phase inverse, HILIC). Une phase stationnaire bimodale
(constituée d’une chaine C18 et d’'un échangeur de cations faible) et une phase trimodale
(modes RP, échangeur de cations fort, échangeur d’anions faible) ont été testées dans
cette étude. Ainsi, des composés de polarités variées peuvent étre séparés avec 'HPLC-
MM grace aux interactions multiples ayant lieu entre la phase stationnaire et les analytes
[22].

Enfin, une comparaison des performances des méthodes HPLC développées pour
le profilage d'impuretés est établie. Les méthodes alternatives développées doivent
répondre a un objectif double : (i) étre les plus orthogonales possible a la méthode de

référence, (ii) augmenter la rétention des composés peu retenus sur C18.

II. Présentation des composés sondes sélectionnés pour I’étude

L’ensemble de composés sondes utilisé est constitué de 140 composés (sauf
indication contraire). Ces produits sont des composés de « type S ». lls sont tous de bas
poids moléculaires (avec des masses molaires comprises entre 164.1 et 669.4). Parmi
eux, une large majorité est basique (environ 75%). Leur gamme de polarité est assez
variée, avec des log P compris entre -2 et 7.5 dont une large majorité de valeurs positives

(Figure 2.7). Leurs structures restent confidentielles.
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Figure 2.7 - Présentation des 140 composés Servier (log P et masses moléculaires)
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1. Présentation des méthodes RPLC existantes a I'ldRS

1) Méthodes sur phase stationnaire C18

Les méthodes UHPLC utilisées comme méthodes de premiére intention pour le
profilage d’'impuretés a I'lnstitut de Recherches Servier ont été développées sur une seule
et méme colonne chromatographique, la colonne ACQUITY BEH C18 (colonne totalement
poreuse de 50 x 2.1 mm, 1.7 pm commercialisée par Waters). Ces méthodes
complémentaires ont été optimisées il y a plusieurs années pour permettre la séparation
d’'un maximum d’impuretés. La complémentarité de ces méthodes s’explique par
I'utilisation de conditions analytiques différentes : acides (avec I'emploi d’acide méthane
sulfonique) ou basiques (avec I'emploi de bicarbonate d’ammonium). La méthode utilisée
en premier lieu est la méthode en conditions acides. Si cette méthode n°1 ne permet pas
la séparation totale des impuretés et du PA, ou si le PA n’est pas correctement
chromatographié ou suffisamment retenu sur la colonne ; la méthode n°2 en conditions
basiques est utilisée. Deux systemes UHPLC sont utilisés en paralléle, un pour chaque
méthode. Les systémes utilisés sont des systemes ACQUITY UPLC® I-Class (Waters

Corporation).

Les analyses sont effectuées dans les conditions suivantes :

(i) Conditions acides : utilisation d’acide méthane sulfonique a une concentration
constante de 0.1% dans la phase mobile. La phase mobile est composée d’eau et
d’acétonitrile (ACN). Le gradient utilisé passe de 2 a 98% d’ACN en 8 min, sans

palier initial.

(i) Conditions basiques : utilisation de bicarbonate d’ammonium a une concentration
constante de 20 mM dans la phase mobile. La phase mobile est constituée d’eau et
d’ACN. Le gradient varie de 2 a 80% d’ACN en 8 minutes, suivi par un palier de 2
minutes a 80% d’ACN.

Le débit est fixé a 0.4 mL/min et la température a 30°C.

Une double détection est permise avec ces systemes : UV (détecteur UV-visible
DAD, longueur d’onde extraite a 210 nm) et masse (ESI+/-). En conditions acides, un
détecteur de masse simple quadripble équipé d'une source électrospray est utilisé

(détecteur ACQUITY QDa, Waters). La détection est effectuée en mode alterné positif et
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négatif (m/z : 100-800). Le reste des parameétres est : balayage 10 points/s, voltage du
capillaire 1kv en ESI+ et -0.8 kv en ESI-, voltage de coéne 20 V, fréquence
d’échantillonnage 8 Hz, température de la source 150°C, température du capillaire 600°C.
Une pompe additionnelle est utilisée en amont de la MS, le débit de la pompe make-up est
fixé a 0.4 mL/min (70% ACN / 30% H20 avec 0.1% d’acide formique). En conditions
basiques, le détecteur de masse utilisé est un détecteur simple quadripdle ACQUITY
SQD® avec une source d’ionisation ESI. La détection est effectuée en mode positif et
négatif (m/z: 100-1000), temps de balayage 0.3 s, voltage du capillaire 4 kV en mode
positif et 3 kV en mode négatif, voltage de cbne 20 V en positif et 30 V en négatif,

température de la source 150°C, température de désolvatation 250°C (débit 500 L/h).

2) Méthode sur phase pentafluorophényle

A llnstitut de Recherches Servier, c’est ['utilisation de phases stationnaires
pentafluorophenyle (PFP) qui a été privilégiée pour I'analyse de composés polaires peu

retenus sur phase C18.

Pour cela, différentes phases PFP ont été testées au début des années 2000 de
facon systématique sur les produits polaires analysés au laboratoire. C’est la colonne
Discovery HSF5 (150 x 4.6 mm, 3.0 um, Supelco) qui avait été retenue, en raison de sa
capacité a retenir les composés polaires a hauteur de 80%. Cependant, une dégradation
des résultats a été constatée en 2010 avec cette colonne (analyses non reproductibles
d’'une colonne a une autre) et la stratégie a di étre réévaluée. D’autres colonnes PFP ont
alors été testées sur un set de 27 composés variés (acides, bases, neutres) avec des log
P variés et représentatifs des composés analysés a I'ldRS, des composés polaires de
synthéses issus de la Recherche ainsi que les produits analysés en routine au laboratoire
afin de tester une diversité de structures importante. Parmi les 3 colonnes testées, la
colonne XSELECT HSS PFP (150 x 4.6 mm 2.5 um, Waters) a été retenue pour ses
capacités rétentives et la reproductibilité des analyses au cours du temps et entre

plusieurs colonnes provenant de lots différents.

L’ensemble des analyses est réalisé sur la XSELECT HSS PFP (150 x 4.6 mm 2.5
um, Waters). Le systeme utilisé est le méme que pour les méthodes UHPLC sur phase
C18 (Chapitre 2, lll, 1: systéme ACQUITY UPLC® I-Class, équipé d'un détecteur UV
DAD).
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Les analyses sont réalisées en gradient, avec une phase mobile constituée de
H20/ACN/TFA (100/1/0.1) pendant 3 minutes, puis un gradient d’élution avec une phase
mobile commengant avec un mélange H2O/ACN/TFA (100/1/0.1) et finissant avec un
mélange H20/ACN/TFA (1/100/0.1) en 17 minutes suivi d’un palier de 5 minutes a la

composition finale. Les analyses ont été réalisées a 0.9 mL/min et 30°C.

Le détecteur de masse est un triple quadripble ACQUITY TQD® équipé d'une
source d’ionisation électrospray. Les composés étudiés sont détectés en mode positif (m/z
100-1000), temps de scan 2s, voltage du capillaire 3kV, voltage de céne 15V, température
de la source 150°C, température de désolvatation 600°C, débit du gaz de désolvatation
1000L/heure, débit cbne 50L/heure.

IV. Utilisation de I'HPLC mixed-mode comme méthode alternative a la
RPLC

1) Développement de méthode en HPLC mixed-mode sur une phase stationnaire
bimodale

Afin de développer une méthode de profilage d'impuretés HPLC mixed-mode, nous
avons dans un premier temps réalisé la caractérisation d’'une colonne bimodale (Acclaim
WCX-1 LC) afin de déterminer les conditions opératoires optimales. Ces travaux sont

présentés dans l'article suivant :

E. Lemasson, Y. Richer, S. Bertin, P. Hennig, C. West

Characterization of retention mechanisms in mixed-mode HPLC with a bimodal reversed-

phase / cation-exchange stationary phase

Chromatographia, 81, 3, (2018), 387-399
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Abstract

Mixed-mode HPLC (MM-HPLC), combining different interactions or retention modes in a single column, can be an inter-
esting alternative to reversed-phase HPLC, notably to achieve the combined retention of polar and non-polar species. In the
present fundamental study, we have selected one bimodal stationary phase allowing for both reversed-phase and weak cation-
exchange retention modes (Acclaim mixed-mode WCX-1 LC). First, the mobile phase buffer composition (buffer pH ranging
from 5 to 7 and concentration ranging from 20 to 100 mM) was explored with a small set of probe compounds (15 acids, bases
and neutrals) to ensure adequate retention and peak shapes for the target compounds, and to evaluate the relative contributions
of reversed-phase and ion-exchange mechanisms. Second, retention values measured for 63 probe compounds with various
proportions of acetonitrile (ranging from 30 to 80%) served to establish linear solvation energy relationships based on (a)
the usual and (b) a modified version of the solvation parameter model comprising additional descriptors to take account
of interactions with ionizable species to bring some insights into the retention mechanisms. Finally, temperature effects at
the low (30%) and high (60%) proportions of acetonitrile were observed between 20 and 40 °C (with 5 °C increments) and
Van’t Hoff plots were drawn to measure the changes in interactions energies when the mobile phase composition changed.

Keywords Reversed-phase liquid chromatography - Mixed-mode chromatography - Linear solvation energy relationships
(LSER) - Solvation parameter model - Stationary phase characterization - Thermodynamic characterization

Introduction [1], hydrophilic interaction chromatography (HILIC) mode
[2], ion-exchange chromatography (IEX) [3] or supercritical
fluid chromatography (SFC) [4, 5]. However, because of the

limited compatibility to mass spectrometric (MS) detection

Among the numerous separation modes available, reversed-
phase liquid chromatography (RPLC) is one of the most fre-

quently used to analyze small molecules in any application
area. RPLC mode is particularly suited for the separation of
compounds of low and moderate polarity but usually fails to
retain polar neutral or ionic compounds. Different chromato-
graphic modes must be envisaged as an alternative to RPLC
for the analysis of such compounds: ion-pairing RPLC mode

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10337-018-3477-5) contains
supplementary material, which is available to authorized users.
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(for ion-pairing RPLC and IEX) or because of the apparent
complexity of implementation involving other instruments
or knowledge (HILIC and SFC), these methods are not
widely accepted as viable alternatives to RPLC. It is there-
fore easier to propose methods that are compatible with,
and most similar to RPLC systems to ensure their broadest
applicability and adoption by the chromatographers.
Although it was certainly used in previous experiments but
not formally recognized as such, the concept of mixed-mode
liquid chromatography (MM-HPLC) was first described in
1984 by Bischoff and McLaughlin who used both alkyl chains
and silanol groups to analyze nucleic acids on a C18-bonded
stationary phase [6]. Some time later in 1986, Kennedy et al.
[7] used the combination of RPLC and IEX modes in one col-
umn for the separation of proteins. The intent of MM-HPLC
is to make use of several retention mechanisms in a single col-
umn to increase the separation power [8, 9]. Judging from the

@ Springer

94


https://doi.org/10.1007/s10337-018-3477-5
mailto:caroline.west@univ-orleans.fr
mailto:caroline.west@univ-orleans.fr

types of interactions combined, mixed-mode stationary phases
can be classified into four different groups: reversed-phase/
hydrophilic interaction (RPLC/HILIC), reversed-phase/ion-
exchange (RPLC/IEX), hydrophilic interaction/ion-exchange
(HILIC/IEX) and trimodal MM-HPLC (with several possible
combinations). Thanks to the numerous combinations offered,
MM-HPLC promises great flexibility and versatility to retain
and separate both polar and non-polar compounds, owing to
the multiple possibilities for interactions taking place between
stationary phase and analytes [10]. Analyses of pharmaceuti-
cal compounds are the most popular applications of mixed-
mode chromatography, as appears in several research papers
[11-15]. These studies showed that the selectivity of mixed-
mode stationary phases was highly orthogonal to RPLC with
C18 phase. In addition, MM-HPLC is also highly compatible
with MS or evaporative light-scattering detection (ELSD)
(provided that volatile buffers are employed), unlike the major-
ity of ion-exchange materials available today, usually requiring
high concentrations of buffer salt that are not compatible with
this kind of detectors.

In this research paper, we are interested in improving
understanding of the retention mechanisms participating in
MM-HPLC. For this purpose, we selected one bimodal
stationary phase: a weak cation-exchange
(WCX)/RPLC stationary phase. First, we explored the
effects of buffer pH from 5 to 7 and ionic strength of the
buffer, varied from 20 to 100 mM with a selection of 15
small molecules probes to find condi- tions ensuring both
retention and good peak shapes. Second, we sought to
understand the retention mechanisms involved in this
column depending on mobile phase composition. In this
aim, column characterization was achieved with quan-
titative structure—retention relationships (QSRRs). Using
the retention data acquired for a set of 63 probe compounds
with varied isocratic conditions (proportion of acetonitrile
ranging from 30 to 80%), the interaction capabilities of the
stationary phase were evaluated with linear solvation energy
relationships  (LSER) with the modified solvation
parameter model using five Abraham descriptors [16] and
two additional descriptors to take account of ionic
interactions [17, 18], as described in the experimental
section. These experiments served to determine the
dominant retention mechanism prevailing in each mobile
phase condition and to determine optimum conditions to
retain analytes with diverse characteristics. Finally, tem-
perature effects between 20 and 40 °C were also observed
to measure the changes in enthalpy and entropy occurring
when mobile phase composition is varied.

Chapitre 2

Materials and methods

Chemicals

The solvent used was HPLC grade acetonitrile (ACN) pro-
vided by VWR (Fontenay-sous-Bois, France). Ammonium
acetate was provided by Sigma-Aldrich (Saint-Quentin-
Fallavier, France) and ultra-pure water was obtained from
an Elga UHQ system from Veolia (Wissous, France).

Ammonium acetate buffer was prepared according to
the instructions of PhoEBus, an application program aid
for buffer preparation (Analis, Namur, Belgium). For
improved reproducibility, after preparation of the recom-
mended mixture of ammonium acetate salt and acetic
acid solution, the buffer {ypH was always verified and if
necessary, adjusted. Then, the buffer-acetonitrile 5pH was
measured, with the pH meter calibrated in aqueous buff-
ers. For instance, when mixing the wpH 5 buffer to 30%
ACN the resulting 5pH was 5.7. When the percentage of
ACN increased to 80%, the resulting $pH

was 7.0. In the calculations of analyte charges, D
descriptors and logD values, only the $pH value was
employed.

For the investigation of mobile phase effects, 63 test
compounds (Table 1) were obtained from a range of sup-
pliers. A subset of 15 compounds (marked with an asterisk
in Table 1) served for preliminary investigations of buffer
pH and concentration and for thermodynamic studies. The
Abraham solute descriptors (E, S, A, B, V) used for QSRRs
were extracted from an in-house database established from
all the available literature on the solvation parameter
model, and based on calculations with the Absolv module
in ACD I-lab (https://www.ilab.acdlabs.com/iLab2/index
.php). For the purpose of simplicity, the two additional
descriptors (D~ and D*) and logD values were calculated
based on apparent 5pH and aqueous pK, values determined
with Chemicalize (http://www.chemicalize.org/). This may
seem a rough approximation, but retention prediction was
not an objective, only some understanding of the reten-
tion mechanisms. The series of test compounds has been
selected by observing the requirements of a good QSRR
analysis [19]. The compounds were chosen so as to provide
a uniform distribution of each descriptor within a wide
enough space (see Figure S1 in supplementary material)
and the absence of cross-correlation among the descrip-
tors was checked. Some correlation was observed between
E and S, as is usual when only aromatic species are pre-
sent in the test set. No aliphatic analytes were introduced
in this set to break the correlation, for detection reasons
as only UV detection was available. Another typical (but
moderate) correlation is that observed between the S and
B descriptors. Diversity in the polarity range may also be
appreciated through logP values (Table 1) ranging from
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— 2.8 to 4.7 or through logD values (Figure S1). Depend-
ing on the $pH of the mobile phase, the estimated logD
values then ranged from — 5.2 to 4.7 (mobile phase 5pH
5.7) or from — 6.7 to 4.7 (mobile phase 5pH 7.2).

Chromatographic System and Conditions

The stationary phase selected for this study was a bimodal

phase, Acclaim mixed-mode WCX-1 LC (150 x 3.0 mm,
3.0 um) from Thermo Fisher Scientifif (Villebon-sur-
Yvette, France). This silica-based stationary phase fea-
tures a hydrophobic alkyl chain with a carboxyl terminus
that provides both hydrophobic reversed-phase and weak
cation-exchange properties. The column can be used at
pH values ranging from 2.5 to 7, with temperatures up to
50 °C and pressures up to 400 bar.

The chromatographic system was equipment manufac-
tured by Agilent (Les Ulis, France). The HPLC system was
equipped with a quaternary solvent delivery pump compat-
ible with mobile phase flow rates up to 10 mL min~! and
pressures up to 400 bar (Agilent 1100 Series G1311A),
an autosampler (Agilent 1100 Series G1313A ALS), a
degasser pump (Agilent 1100 Series G1379A), a column
compartment (Agilent 1100 Series G1316A) compatible
with 150 mm length columns and temperatures from 10
to 80 °C and a diode array detector (Agilent 1100 Series
G1315B). The detection wavelength was 210 nm for all
probe compounds. Thermo Xcalibur software (V3.0.63)
was used for system control, data acquisition and treat-
ment. The mobile phase used in this study was always a
mixture of acetonitrile and ammonium acetate buffer in
various proportions. Elution conditions were isocratic in
all cases. The flow rate was 0.5 mL min~'. Injection vol-
ume was 5 pL for all compounds.

For pH studies, the salt concentration in the aqueous
phase was 100 mM, ACN percentage was 30%, and the
oven temperature was set at 30 °C. The \ypH was 5, 6 or 7,
resulting in measured 5pH 5.7, 6.5 and 7.2, respectively.

For ionic strength studies, aqueous phase \wpH was 7,
ACN percentage was 30%, and the oven temperature was
set at 30 °C. The salt concentration was 20, 40, 60, 80 or
100 mM. The resulting measured 5pH was always 7.2.

For the ACN percentage studies, the aqueous phase
wpH was 5, the salt concentration in the aqueous phase
100 mM, and the oven temperature was set at 30 °C. The
ACN percentage was 30, 50, 70 or 80%. The measured
SpH was 5.7, 6.0, 6.6 and 7.0, respectively.

Finally, for temperature studies, the aqueous phase
woH was 7 (measured SpH was 7.2), ACN percentage
was 30%, and the salt concentration in the aqueous phase
was 60 mM. The oven temperature was set at 20, 25, 30,
35 or 40 °C.
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Data Analysis

Retention factors (k) were calculated based on the retention
time tg, determined using the peak maximum and on the
hold-up time ty measured as the first baseline disturbance.
Multilinear regressions were performed using XLStat2017
software, version 19.03.44850 (Addinsoft, New York, NY,
SA). The quality of the QSRR fits was estimated using
the adjusted determination coefficient (R?ld]-) and standard
error in the estimate (SE). In certain conditions, the retention
of some analytes was too low (elution in dead volume) thus
they were excluded from the calculations. In all cases, a suf-
ficient number of analytes with adequate diversity was
retained in the fi set to ensure that meaningful models
would be obtained. In addition, the coefficients must make
chemical sense. Values of the system constants must be both
large and significantly larger than their standard deviation.

QSRR models were established according to Eq. (1):

logh=c+el+s55+ad+bB+vW+d D +d7D7. (1)
In this equation, capital letters represent the solute
descriptors, related to particular interaction properties, while
lower case letters represent the system constants, related to
the complementary effect of the phases on these interactions. ¢
is the model intercept term and is dominated by the phase
ratio. E is the excess molar refraction (calculated from the
refractive index of the molecule) and models polarizability
contributions from n and = electrons; S is the solute dipolar-
ity/polarizability; A and B are the solute overall hydrogen
bond acidity and basicity, respectively; V is the McGowan
characteristic volume; D~ represents the (partial or total)
negative charge carried by anionic and zwitterionic species,
and D* represents the (partial or total) positive charge car-
ried by cationic and zwitterionic species.

Other descriptors, named J~ and J*, were developed by
Abraham and Acree [20] to take account of ionic interac-
tions. However, these are suitable to compounds in their
fully ionized form, while in the present study, we aimed at
varying operating conditions, which should result in inter-
mediate ionization states.

The system constants (e, s, a, b, v, d”, d¥), obtained
through a multilinear regression of the retention data for a
certain number of solutes with known descriptors, reflect the
magnitude of difference for that particular property between
the mobile and stationary phases. Thus, if a particular coef-
ficient is numerically large, then any solute having the com-
plementary property will interact strongly with either the
mobile phase (if the coefficient is negative) or the stationary
phase (if the coefficient is positive). The system constant is
thus related to the interaction capabilities of the chroma-
tographic systems controlling the retention and selectivity.
Exhaustive information on the solvation parameter model
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and its application to the characterization of chromato-
graphic systems can be found elsewhere [19, 21].

Results and Discussion

Preliminary Experiments to Define Optimal Buffer
pH

Because the bimodal stationary phase possesses a weak cat-
ion-exchange group (carboxylic function), the influence of
mobile phase apparent 5,pH was examined. To determine the
optimum pH to obtain a sufficient retention of polar cationic
species, i.e., the pH which makes possible to fully utilize the
ionic interactions with the carboxylate groups, three differ-
ent values of aqueous phase wpH were tested: 5, 6 and 7.
The measured $pH values in the buffer-acetonitrile (70:30
v/v) mixtures were 5.7, 6.5 and 7.2, respectively. Note that,
at WpH 7, ammonium acetate is not acting as a buffer. How-
ever, we found it was preferable to maintain the same salt
throughout all experiments, regardless of the buffer strength.
Naturally, it was anticipated that switching from a
mobile phase $pH 5.7-7.2 should allow for a greater
deprotonation of the carboxylic acid groups to carboxy-
late groups. Anionic terminal functions favor the reten-
tion of protonated bases through coulombic attraction,
thus the retention of basic compounds with moderate and
high pK, values should increase. The bases with the high-
est pK, values (e.g., 4-aminopyridine, with an aqueous
pK, value of 9.3), expected to be fully protonated in the
range of pH investigated, showed a continuous increase of
retention (Fig. 1a), indicating that the carboxylic groups
must be increasingly deprotonated. The bases with lower
pK, values (e.g., 2-aminopyridine with an aqueous pK,
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Mobile phase apparent pH

Chapitre 2

value of 6.9) showed lower slopes when the apparent pH
approached their pK, values (Fig. 1a), as the basic analyte
would be expected to deprotonate thus return to a neutral
form.

On the contrary, anionic compounds such as depro-
tonated acids should experience electrostatic repulsion
between their negative charges and the negative charges
carried by carboxylate groups of the stationary phase,
resulting in decreasing retention. Some of the acidic com-
pounds in our set had aqueous pK, values below 4 (for
instance, salicylic acid with an aqueous pK, value of 3.0 or
barbituric acid with an aqueous pK, value of 4.0), thus the
acid function can reasonably be expected to be deproto-
nated in all conditions investigated. Indeed, only moderate
retention decrease was observed (Fig. 1b). For other probe
compounds, having pK, values slightly larger (typically in
the 4.5-5.0 range), the retention decreases between
apparent pH 5.2 and 6.5 was sharp (Fig. 1b), as it must
result from the combined effect of deprotonation of the
analyte function and deprotonation of the carboxylate
group. Consequently, the interaction between a neutral
analyte and a neutral stationary phase is progressively
changed for repulsion between two anionic groups.
Further apparent pH increase (up to 7.2) caused less
significant variation.

At the highest pH values, hydrophobic acids could still
be sufficiently retained, but hydrophilic acids were now
eluted even closer to dead time.

Naturally, neutral species (compounds with zero or
near-zero charge in all conditions) showed no significant
retention change.

From the above observations, we can conclude that
larger (but moderate) pH values should favor the retention
of basic compounds, but may be deleterious to the reten-
tion of hydrophilic acidic species on this stationary phase.

157 p
log k
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hN N acid probe pKa 4.9
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acid probe pKa 4.0
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'05 T T 1
5.0 6.0 7.0 8.0

Mobile phase apparent pH

Fig. 1 Influence of mobile phase apparent pH on retention of different probe compounds: a basic compounds and b acidic compounds. Chroma-
tographic conditions: acetonitrile/ammonium acetate buffer pH 5, 6 or 7: 30/70, 30 °C, 0.425 mL min™!
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Contribution of lon-Exchange Mechanism
with Different Salt Concentrations

Second, we investigated the influence of ionic strength. Five
levels of ammonium acetate buff concentrations were
tested, ranging from 20 to 100 mM. As the buffer was mixed
to 30% acetonitrile, the overall concentration actually ranged
from 14 to 70 mM. Judging from the previous observations,
the buffer {ypH was adjusted to 7 (the measured mobile phase
S pH values were equal to 7.2 in all cases, whatever the buffer
concentration). The effect on retention was predictable, but
the peak shape was also of interest at this stage.

Examples of retention behaviors are provided in Fig. 2
where it appears that a weak base (aniline) that should not be
ionized in these operating conditions and an ionizable mol-
ecule with charge-neutral state (tryptophan) are unaffected
by salt concentration, while three strong bases that should
be ionized (singly charged) at these operating conditions
have decreased retention with increased concentration of
counter-ion (ammonium). As expected, acidic species faced
a retention increase. These observations are in accordance
with previous reports [22], and with previous observations
in HILIC chromatography on a zwitterionic stationary phase
with terminal sulfonic group [17]. Additionally, the curves
of retention factors (k) for basic species plotted against
the inverse concentration of buff salt (between 20 and 80
mM) could be well fitted by linear trends, as is typical of
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ion-exchange retention mechanisms. The points at higher
concentration of buff (100 mM) deviated from the trend
line. According to the stoichiometric displacement model
involving both the reversed-phase and ion-exchange mecha-
nisms, for singly charged basic compounds, on a mixed-
mode stationary phase combining hydrophobic ligands and
ion-exchange groups, using a cationic displacer bearing a
single charge at concentration C, the total retention factor
(Kiotar) can be described as [15, 23]

BIEX

Ko = kgp + kipx = kgp + el

()

where kigx is the contribution of ion-exchange to total reten-
tion and the slope Bjgx is a measure of the strength of the
ion-exchange interaction. kgp is the contribution of reversed-
phase to retention, and is measured at infinite concentration
of the cationic displacer, thus in conditions where ion-
exchange should not occur anymore. The values of kgp and
B ex can be determined from the linear regression equations in
Fig. 2. From these values, the relative contributions of
reversed-phase and ion-exchange mechanisms depending on
buff salt concentration are calculated (Table 2). In these
conditions, at the lowest concentration of ammonium tested
(20 mM in agueous phase, corresponding to 14 mM overall
concentration), the contribution of ion-exchange to the retention
of these three bases was about 70%. In the conditions of the
average concentration tested (60 mM in aqueous phase,
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Fig. 2 Plots of retention factor (k) vs. the inverse concentration of
ammonium acetate buffer in the mobile phase (overall concentration
varying from 14 to 70 mM) for five species: a non-ionized weak base
(aniline), an ionizable but charge-neutral molecule (tryptophan) and

three ionized bases (lidocaine, procaine and nicotine, from top to bot-
tom). Other chromatographic conditions: acetonitrile/ammonium ace-

tate buffer pH 7: 30/70, 30 °C, 0.425 mL min™' &\ Sori
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Table 2 Relative contributions of Lidocaine Procaine Nicotine
reversed-phase (kgp) and
ion-exchange (kjex) mechanisms to  Arp 5.65 4.10 4.21
baces a3 uncion o ammonium Bx 17508 17328 118.52
Eg)ncentratlon (C) accordingto Eq.  c(mM) Ky kpx [EX % Ky Kx EX% ko kex  IEX %
70 7.16 1.51 21 5.10 1.00 20 4.75 0.54 11
56 8.67 3.02 35 7.15 3.05 43 6.30 209 33
42 9.82 4.17 42 8.13 4.03 50 7.00 2.79 40
28 12.08 6.42 53 10.48 6.38 61 8.51 4.30 51
14 18.10 12.45 69 16.42 12.32 75 12.65 8.44 67

corresponding to 42 mM overall concentration), the contri-
bution of ion-exchange was still about 40-50%.

To conclude on this section, a low concentration of salts
should then be favored to improve the retention of basic
compounds, but again this may be detrimental to the reten-
tion of polar acidic compounds. Unfortunately, a low salt
concentration (20 or 40 mM in buffer, corresponding to 14
or 28 mM overall concentration) was accompanied by a sig-
nificant peak deformation. As a result, a compromise buffer
concentration of 60 mM (42 mM overall concentration)
could be advocated to maintain adequate retention of basic
compounds without degrading too much the peak symmetry.

Variation of Retention Mechanisms with
Different Proportions of Organic Solvent

Third, we investigated the influence of the mobile phase
composition, with proportions of acetonitrile increasing
from 30 to 80%. Our intention in this set of experiments
was to observe the changes of interactions in the chroma-
tographic system during a gradient elution, to experience
whether the different retention modes (reversed-phase and
ion-exchange) would be affected in the same manner. For
this set of experiments, the buffer {ypH was adjusted to 5
and the buffer concentration was 100 mM. We reasoned that

both (1) the mobile phase 5pH and (2) the concentration of

buffer salt would vary when the proportion of acetonitrile is
increased from 30 to 80%. Indeed, when the percentage of
acetonitrile is 30%, the mobile phase $pH will be 5.7, and
the overall salt concentration 70 mM. When the percentage
of acetonitrile is 80%, the mobile phase $pH will be 7.0, and
the overall salt concentration 20 mM. From the above obser-
vations, we can conclude that both parameters (pH increase
and salt concentration decrease) will have the same effects:
no changes on the retention of neutral species, increased
retention of cations (basic compounds) and decreased reten-
tion of anions (acidic compounds).

Simply observing the retention curves (not shown) for the
probe compounds was rather confusing as different trends
were observed that could not be simply related to polarity or
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charge state of the analyte. Although extreme mobile phase
compositions were not included (with acetonitrile percent-
age remaining between 30 and 80%), none of the curves
could be adequately fitted with a linear trend line. However,
most of them were very well fitted by a second order poly-
nomial curve with convex function.

To gain some understanding of retention mechanisms, lin-
ear solvation energy relationships (LSER) were established
based on Eq. (1), as described in experimental section.
Previous works have described the use of LSER to char-
acterize mixed-mode stationary phases combining hydro-
phobic ligands and ion-exchange groups [15, 24, 25], but
the authors had used the classical equation based on fi e
Abraham descriptors, thus could not characterize the ionic
interactions. In the present case, two models were calculated
for each condition. The first one was based on the usual
equation with five Abraham descriptors (E, S, A, B and V)
and the retention data for molecules that were neutral in all
conditions (D~ and D* equal to zero in all four conditions).
The second one was based on the augmented equation
comprising seven descriptors (E, S, A, B, V, D™ and D*) and
the whole set of retention data.

The results of the solvation parameter models are pre-
sented in Fig. 3 and Table S1 in supplementary material. The

fits were all of reasonable quality, R? g ranging from 0.79 to

0.96 and standard error of estimate varying from 0.02 to
0.16. Although the quality of the fits is not very high and
would be insufficient for retention prediction (which was not
desired), we consider these results as good enough to allow
for interpretation of retention mechanisms. Basically, a R?
value equal to 0.80 indicates that 80% of the variance is
explained by the model, which should be good enough to
gain some understanding of the retention mechanisms. As it
was never statistically significant, the a term will never be
discussed in the following. Indeed, the standard deviation of
this system constant was always larger than the value of the
system constant itself.

First, it can be observed with the system maps on Fig. 3a,
b that the reduced dataset (neutral species) or extended
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Fig. 3 System maps for normalized LSER models calculated with the
retention data measured for the 63 species in Table 1. a System con-
stants for charge-neutral species with only neutral species included in
model calculation, b system constants for charge-neutral species with

dataset (neutral and ionizable species) result in identical
trends for the system constants related to non-ionic interac-
tions (e, s, b, v). The most significant difference is observed
for the e term at 30% ACN, where the reduced dataset con-
tained only 17 molecules, resulting in large error bars.

The variation of system constants (Table S1 and Fig. 3)
over the range of mobile phase composition studied shows a
clear change in retention mechanism. With a low percentage
of acetonitrile in the mobile phase (30%), we mainly observe
the reversed-phase retention mechanism, with a pattern that
is quite characteristic of reversed-phase systems previously
characterized with the solvation parameter model [21].
Indeed, the values for the system constants related to polar
and ionic interactions (s, b, d” and d*) were negative while
the system constants related to non-polar interactions (e and
v were positive. The most significant terms were the large
and positive v term (resulting from water cohesiveness and
dispersive interactions with alkyl chains of the stationary
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ionizable species included in model calculation, ¢ additional system
constants for ionizable species. Chromatographic conditions: ace-
tonitrile/ammonium acetate buffer (100 mM) pH 5 30/70 (v/v), 50/50
(viv), 70/30 (v/v) and 80/20 (v/v), 30 °C, 0.425 mL min”'

phase) and the large and negative b term (resulting from
hydrogen-bonding properties of water). It may be noted,
however, that the absolute values of b and v are much lower
than is usually observed in reversed-phase HPLC systems.
This is probably due to the polarity of the stationary phase,
resulting from the terminal carboxylic function of the alkyl
chains. This is in line with previous models computed by
Ali and Poole [26] on polar stationary phases (aminopro-
pyl, cyanopropyl, propanediol) where the signs of system
constants were in accordance with a reversed-phase
mechanism but lower-than-usual values for b and v terms
(typically 0.5-1.0 instead of 2.0-3.0).

When the percentage of acetonitrile increased, the e
and v coefficients remained positive. The e term decreased
moderately while the v term strongly decreased, down to a
non-significant value, reflecting a lower retention of hydro-
phobic compounds. Conversely, the values of polar inter-
actions system constants s and b increased but remained
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negative. The changes observed for the system constants
relating non-ionic interactions (e, s, b and v, Fig. 3a, b) are
typically observed in system maps established in RPLC
[21]. Actually, decreasing the proportion of aqueous buffer
in the mobile phase always results in strong reduction of the
mobile phase hydrogen-bonding capabilities (increase in the
negative b term) and strong reduction of the mobile phase
cohesiveness, resulting in lessened cavity energy (decrease
in the positive v term).

Regarding interactions with ionic species (Fig. 3c), the
d* term increased strongly, changing from negative to posi-
tive values. The d™ term also increased with a lower slope,
and always remained negative. In other words, the absolute
value of the d™ term decreased. Thus, polar neutral species
were more and more retained when acetonitrile percentage
increased, while polar ionic species faced a stronger
retention increase. The anionic compounds remained
moderately retained over the whole range of compositions
tested (negative value for d").

With the highest percentage of acetonitrile (80%), the
retention mechanism is rather far from typical reversed-
phase, with a dominant d* term, indicating that ion-
exchange mechanism was now the most significant. It
is therefore in these conditions that we would expect
the highest retention of basic compounds, which are not
enough retained on classical C18 phases with hydrophobic
end-capping groups. The change of retention trends can
also be observed in Fig. 4, where the retention factors of
all probe molecules were plotted against logD values at the
mobile phase $pH. On Fig. 4a, the reversed-phase elution
conditions at 30% acetonitrile provided a clear trend relat-
ing retention and polarity, i.e., the most polar species (low
logD values) eluted faster than the least polar species (high
logD values). Apart from a few analytes of low retention
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Fig. 4 Relation between chromatographic retention on the bimodal
stationary phase and the octanol-water partition coefficient logD in
two different mobile phase conditions. Chromatographic conditions:
acetonitrile/ammonium acetate buffer (100 mM) pH 5 a 30/70 (v/v),
and b 80/20 (v/v), 30 °C, 0.425 mL min~'. The mobile phase pH was
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that did not fit well in the main tendency (among which
were a few basic analytes, possibly experiencing some
ionic interactions), most analytes were well distributed
over the whole retention range. On Fig. 4b, the pattern is
clearly different. First, the retention range for neutral and
acidic species (black squares and red triangles) was much
smaller due to larger elution strength of the mobile phase,
but the basic compounds (blue diamonds) strongly devi-
ated from the main cluster of points, as they were much
more retained (compared to other species in the same con-
ditions), through ionic attraction to the carboxylate groups.
At the highest proportion of ACN, mobile phase pH was
higher (7.0) and acidic species should be in the deproto-
nated form, yielding lower logD values for this group of
analytes than for the neutral species. On the contrary, the
weak bases had higher logD values at the higher pH, as
protonation should be lessened when pH increases.

In comparison, in HILIC chromatography, the most polar
compounds are most retained, while the least polar com-
pounds are eluted faster, thus a negative relation of log k and
logD is usually observed [18]. It is interesting to note that
no HILIC mechanism can be assumed here, as the tendency
curve between retention factors and logD values was not the
reverse of that in reversed-phase conditions, as only basic
compounds were strongly retained, not all polar species. The
retention mechanism is thus simply cation-exchange and not
HILIC.

In conclusion, with this bimodal column there are two
possible retention mechanisms: reversed-phase mechanism
is dominant when the proportion of acetonitrile is low, while
cation-exchange becomes dominant when the proportion of
acetonitrile is high. However, it appears that these two mech-
anisms cannot be fully used simultaneously, as they depend
on the percentage of organic solvent in the mobile phase.
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measured: 5.7 in conditions (a) and 7.0 in conditions (b). Identifi-
cation of points: black squares are neutral species, red triangles are
acids in the anionic form, blue diamonds are bases in the cationic
form
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Effects of Oven Temperature

The effects of temperature variation were investigated with
isocratic conditions, buffer pH set at 7, buffer concentration
60 mM and acetonitrile percentage 30 and 60%. Five lev-
els of temperature were tested, between 20 and 40 °C, with
5 °C increments. This temperature range may be considered
as restricted, but further increases of temperature are not
recommended on this stationary phase. Only the subset of
15 probe compounds (identified by an asterisk in Table 1)
was used for these experiments. Van’t Hoff equation relates
retention to temperature according to Eqg. (3)
AH AS

Inlk) = ———+ — + In(1/7),

RT ~ RT @)

where AH° and AS° are the standard molar enthalpy and
molar entropy of transferring solute from mobile phase to
stationary phase and g is the phase ratio. Thus, In(k) plotted
against 1/T should provide straight lines.

Van’t Hoff plots were thus plotted for all 15 probes.
Sample curves for fi e species are presented in Fig. 5. No
curves could be plotted for acidic species at 60% acetonitrile
because they were eluted in or very near the dead volume.

With both mobile phase compositions (30 and 60%
acetonitrile), all curves could be correctly fitted by lin-
ear tendency curves, although the fits at 60% acetonitrile
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Fig. 5 Van’t Hoff plots relating retention to temperature for five rep-
resentative analytes: two neutral compounds (ethylparaben, black
squares and phenol, open black squares), an acidic compound (ibu-
profen, red triangles), a basic compound (lidocaine, blue diamonds)
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were of inferior quality, probably due to the more complex
retention mechanism. Indeed, the retention mechanism
may not be perfectly invariant over the range of tempera-
ture explored, with either reversed-phase or ion-exchange
mechanism being more or less prominent. The slopes were
positive, indicating that the enthalpy of association with
the stationary phase was negative, as is usually observed
in reversed-phase chromatographic systems [27]. In other
words, the solute transfer from the mobile phase to the
stationary phase was favorable to all analytes in both sets
of conditions. This indicates that a moderate temperature
increase (40 °C) would favor faster elution of all analytes.
However, the slopes of the curves varied significantly

between the two conditions in a different way depending
on analyte charge state. For neutral species (example of
ethylparaben and phenol, with zero or near-zero charges
in these conditions), the absolute value of AH° decreased
when increasing acetonitrile percentage, while the con-
trary was observed for basic (example of lidocaine) and
zwitterionic (example of tryptophan) species. This seems
logical and in accordance with above observations as inter-
action energy between cationic species and the stationary
phase increased (exoergic process) when acetonitrile per-
centage increased, while the endoergic solvophobic effect
repulsing the hydrophobic analytes from the mobile phase
should be reduced when the proportion of water decreases.
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and a zwitterionic compound (tryptophan, green crosses). Chroma-
tographic conditions: acetonitrile/ammonium acetate buffer (60 mM)
pH 7 a 30/70 (v/v) or b 40/60 (v/v). Flow rate 0.425 mL min™!
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Conclusions

The characterization of the bimodal reversed-phase/ion-
exchange stationary phase with extra-thermodynamic stud-
ies (modified LSER and Van’t Hoff plots) together with
assessment of the quantitative contributions of RP and IEX
mechanisms provided some insights in the retention mecha-
nisms involved in mixed-mode HPLC when mobile phase
composition is changed. MM-HPLC provides unique flex-
ibility because of the multiple retention mechanisms offered
in one column. By adjusting the ratio of organic and aque-
ous phases and concentration of aqueous buffers, RPLC
and ion-exchange modes can be successively used, with
RPLC mechanism dominating the process at low percent-
age of acetonitrile, and ion-exchange being more prominent
at high percentage of acetonitrile. Consequently, it appears
that “mixed-mode” retention mechanism cannot be truly
obtained in a single set of operating conditions. However,
both modes may be encountered in the course of an elution
gradient. Method development in MM-HPLC would then
be improved when gradient elution is employed, to take full
advantage of combined retention mechanisms.

The bimodal RP-WCX column allowed a greater reten-
tion of polar basic compounds which are poorly retained
in RPLC on classical C18 stationary phases. However, this
bimodal stationary phase did not retain the polar acidic
compounds. Another column combining reversed-phase,
anion-exchange and cation-exchange mechanisms may be
beneficial in that case.
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Chapitre 2

2) Présentation de la méthode HPLC mixed-mode développée sur une colonne
trimodale

Dans l'article précédent, nous avons observé que la colonne bimodale ne permettait

pas de retenir efficacement les composés polaires acides. Dans I'espoir d’'améliorer ce

point, une colonne trimodale a également été étudiée.

L’ensemble des analyses est réalisé sur la colonne Acclaim Trinity P1 (150 x 3.0
mm, 3 um, Thermo Fisher Scientific). Le systeme utilisé est le méme que pour les
méthodes UHPLC sur phase C18 et PFP (Chapitre 2, lll, 1 : systtme ACQUITY UPLC® I-
Class, équipé d’'un détecteur UV DAD).

Les analyses sont réalisées en gradient, avec une phase mobile constituée d’'un
tampon acétate d’ammonium (,pH7, 60 mM) et dacétonitrile. Le pourcentage

d’acétonitrile passe de 30 a 60% en 7 minutes, suivi d’'un plateau a 60% pendant 8 min.

Les analyses ont été réalisées a 0.425 mL/min et 25°C.

Nous avions d’abord essayé de travailler avec le méme additif acide que dans la
méthode de référence RPLC sur phase C18 (AMS) car la colonne trimodale possede un
groupement échangeur de cation fort. Cependant, cet additif s’est révélé inefficace pour
'analyse de composés pharmaceutiques sur cette colonne, avec un pourcentage de
composes élués et de pics symétriques plus faible qu’avec I'AA. Cet additif acide n’a donc

pas été retenu pour la suite des essais sur la colonne trimodale.

Le détecteur de masse est un simple quadripdle ACQUITY SQD® équipé d’'une
source d’ionisation électrospray. Les composés étudiés sont détectés en mode positif (m/z
100-1000), temps de scan 0.3 s, voltage du capillaire 3kV, voltage de cbne 20V,
température de la source 150°C, température de la sonde 600°C, débit du gaz de

désolvatation 500L/heure.

Les performances des méthodes mixed-mode seront comparées dans le

paragraphe suivant (Chapitre 2, V.).
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Chapitre 2

V. Comparaison des méthodes HPLC pour le profilage d’impuretés de

candidats médicaments

Cing méthodes HPLC sont maintenant disponibles :

1. Une méthode RPLC avec phase stationnaire C18 et phase mobile acide, méthode

de premiére intention qui servira de référence

2. Une méthode alternative RPLC avec phase stationnaire C18 et phase mobile

basique
3. Une méthode alternative RPLC avec phase stationnaire PFP et phase mobile acide

4. Une méthode alternative MM-HPLC avec phase stationnaire bimodale RPLC/IEX et

phase mobile neutre
5. Une méthode alternative MM-HPLC avec phase stationnaire trimodale RPLC/IEX et

phase mobile neutre.

Ces cing méthodes doivent étre comparées en termes de performances
chromatographiques, et plus précisément pour la tache a laquelle elles doivent servir : le

profilage d'impuretés. Cette comparaison est décrite dans I'article suivant.

E. Lemasson, S. Bertin, P. Hennig, E. Lesellier, C. West

Impurity profiling of drug candidates: analytical strategies using reversed-phase and

mixed-mode high-performance liquid chromatography method

Journal of Chromatography A, Volume 1535, (2018), 101-113
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The development of new active pharmaceutical ingredients (API) requires accurate impurity profiling.
Nowadays, reversed-phase HPLC (RPLC) on C18 stationary phase is the method of first choice for this task and
usually employed in generic screening methods. However, this method sometimes fails, especially when the
target analyte is not sufficiently retained, making impurity analysis difficult or even impossible. In such cases, a
second method must be available.

In the present paper, we compare the merits of RPLC on C18 phase to those of previously optimized
alternative methods, based on the analysis of a large and diverse set of small-molecule drug candidates.
Various strategies are considered: RPLC on C18 phase but with different mobile phase composition (acidic or
basic), RPLC with a pentafluorophenyl stationary phase, or mixed-mode HPLC with both bimodal and
trimodal stationary phases. First, method performances were compared in terms of response rate
(proportion of compounds eluted) and peak shapes for a large set of synthetic drugs (140) with structural
diversity and their orthogonality was evaluated. Then a subset of compounds (25) containing varied
impurity profiles was used to compare the methods based on the capability to detect impurities and
evaluate the relative purity of the API.
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1. Introduction for any new product [8]. However, due to the complexity of
some of the synthesized active pharmaceutical ingredients (API)

Pharmaceutical manufacturers must guarantee the efficacy and causing a larger number of impurities and variety of polarities

limited toxicity of all synthesized products [1]. For this reason,
the identification and quantification of residual solvents [2] and
impurities (also called impurity profiling) requires strict control
and high-performance chromatographic tools. For this task, while
gas chromatography is useful to analyze volatile chemicals [3],
reversed-phase high performance liquid chromatography (RPLC)
with C18 stationary phase combined with UV and mass spec-
trometric (MS) detection modes is the gold standard in most
companies [4-6], with about 90% of low-molecular weight phar-
maceutical compounds carried out by RPLC [7]. A generic, universal
method is usually desired in order to provide a fast response
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encountered, RPLC mode sometimes fails. Indeed, with C18 phases,
one type of interaction between stationary phase and analytes
dominates: the dispersion interactions. Besides these major inter-
actions, secondary hydrophilic interactions can occur between
residual silanols and analytes. These secondary interactions may
cause increased retention of polar analytes, but they mostly cause
peak shape deformation and loss of efficiency, especially for basic
compounds. To avoid these problems, modern stationary phases
include protection strategies against silanophilic interactions. As a
result, RPLC mode is best suited for the separation of hydrophobic
compounds but either fails to retain polar or charged compounds, or
does retain them but with poor peak shape, yielding difficult or
even impossible impurity profiling. It is then essential to turn to
other analytical methods that offer different opportunities in terms
of selectivity and specificity. Firstly, for ionizable species (acidic
or basic API) with low polarity, the simplest and fastest method to
implement is to adjust the pH of the mobile phase. When this
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strategy is not sufficient, the second easiest method may be to
replace the C18 phase with a different sort of stationary phase. In
this regard, column manufacturers have developed a variety of sta-
tionary phases, promising different selectivities. In particular, in
the recent years, fluorinated ligands have been established as an
alternative to octadecyl ligands, because of the unique selectivity
[9,10] and orthogonality [11] they offer. In particular, pentafluo-
rophenyl (PFP) phases have been found to offer superior selectivity
and peak efficiency, compared to perfluoroalkyl phases [12]. The
unique selectivity can be explained by the different interactions
taking place between the stationary phase and the analyte: m-m
interactions (between the analyte and electron acceptor PFP group),
strong dipole-dipole and ionic interactions (related to the negative
partial charges on the fluorine atoms [13]). A large number of PFP
columns are now commercially available with most column man-
ufacturers proposing these phases in their portfolio. PFP phases are
particularly powerful for the analysis of basic [9,14], polar [15,16]
and halogenated compounds [17] or to separate halogenated from
dehalogenated compounds[6]. PFPphasesalso provedtheirworth for
impurity profiling [18] and the separation ofisomers [19,20].

Alternatively, other retention modes can be considered.
Hydrophilic interaction liquid chromatography (HILIC) is adequate for
polar species [21], thus not the preferred method when a large
chemical space must be explored [22]. While compatibility to MS
detection is excellent [23], equilibration times are excessively long.
Mixed-mode HPLC (MM-HPLC) [24] involves the combined use of two
(or more) retention mechanisms in a single chromatographic
system (reversed-phase, ion exchange or hydrophilic interaction
chromatography for example). MM-HPLC shows great flexibility,
versatility and high orthogonality with RPLC in the separation of
various polar and non-polar pharmaceutical compounds [25-28]
and retains good compatibility to MS detection [29,30]. MM-HPLC
covers a wide range of applications in the pharmaceutical field
(APIs, impurities, synthetic intermediates and degradation prod-
ucts) and has shown possible applicability for impurity profiling of
small molecules for therapeutic use [31-33].

In this study, we compare the performance of RPLC with a C18
phase (in acidic or basic conditions) to RPLC with a PFP phase, and to
two mixed-mode HPLC methods (with bimodal and trimodal
stationary phases combining reversed-phase and ion-exchange
mechanisms) coupled to UV and MS detection for impurity profiling
of drug candidates. First, method performances were compared in
terms of response rate and peak shapes for a large set of synthetic
drugs (140), then a subset of compounds (25) containing varied
impurity profiles was used to compare the methods based on
the capability to detect impurities and evaluate the relative purity
of the API. Because these methods are intended for a laboratory
analyzing drug candidates at an early stage of drug development,
accurate quantitation is not desired but it is expected that the most
abundant impurities (above 0.04%) should be separated from the
main compound and detected.

2. Material and methods

2.1. Chemicals and solvents

For the evaluation of chromatographic performance and orthog-
onality, the set of 140 drug candidates was obtained from Servier
Research Laboratories (Suresnes, France). The structures are confi-
dential, but they were previously described [34]. Briefly, molecular
weights ranged from 150 to 750 g/mol, and log P values varied
between -1.9 and 7.5, with a large majority of positive values.
Moreover, as is usual in compounds of pharmaceutical interest, a
large portion of them have basic functions (80%). 14 mixtures of
10 compounds each were prepared at 1 mg/mL in acetonitrile-
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water (1:2 v/v) for RPLC methods (C18 and PFP phases) or in a
50:50 mixture of acetonitrile-ammonium acetate buffer (pH 7, 60
mM in water) for mixed-mode HPLC methods.

For the sample applications of impurity profiling, a subset of 25
diverse drug candidates was selected from the initial set. In this
subset, molecular weights ranged from 200 to 670 g/mol and log P
values varied between 0 and 7.5. 74% of them had a basic function
and 12% had an acidic function. Considering that the larger
selection was representative of the diversity of structures normally
encountered in this research laboratory, this subset adequately
represents the same diversity. They were selected so as to reflect
the diversity of samples to be processed every day at the labo-
ratory: they included some compounds with high purity (above
95%) and others with lower purity and a large number of impuri-
ties. They were injected individually (dilution solvent as described
above for 10-component mixtures) to evaluate the relative purity of
the main compound and provide an estimated quantification of
major impurities. Two of them have a pair of diastereoisomers as
principal ingredient thus 27 substances were considered for purity
evaluation but 25 substances were considered for the number of
impurities.

Water was obtained from a Milli-Q Purification System from
Millipore (Millipore SAS, France), HPLC-grade acetonitrile was
purchased from Merck (VWR international SAS, France), methane-
sulfonic acid, trifluoroacetic acid and ammonium acetate were
provided by Sigma-Aldrich (Sigma Aldrich Chimie, France).

2.2. Instruments

The UHPLC systems used in all cases were ACQUITY UPLC ®I- Class
from Waters Corporation. They were equipped with a binary solvent
delivery pump compatible with mobile phase flow rates up to 2
mL/min and pressures up to 827 bar, an autosampler that included
partial loop volume injection system, 2-position column oven
compatible with 150 mm length columns and a photodiode- array
(PDA) detector. The extracted wavelength for UV detection was
fixed at 210 nm. Frequency was set at 20 pts/s and resolution at 1.2
nm.

For analyses performed in RPLC on C18 phase and acidic conditions
an ACQUITY QDa ® single-quadrupole mass detector (Waters
Corporation) with electrospray ionization source was used. An iso-
cratic solvent manager was used as a make-up pump and was
positioned before the mass detector. The main flow stream was then
split by the on-board flow-splitter assembly. With this sys- tem only
1/10th of the column flow enters the MS. For analyses
performed in all other conditions, an ACQUITY SQD @®single-
quadrupole mass detector (Waters Corporation) with electrospray
ionization source was used. MS operating conditions are specified
below. Note that no comparison of the MS responses is used in the
following, as the MS detection served only at identifying the peaks of
API and major impurities.

2 pL of each sample (10-compounds mixture or single drug can-
didate) were injected with a 10 pL-loop and acetonitrile was used to

rinse the system.

MassLynx ® software (V4.1) was used for system control and data
acquisition. Empower ® 3 was used for integration of peaks for col-
umn efficiency measurements. Waters Data Converter (V2.1) was
used to convertdatafrom MassLynxto Empower.

2.3. Analytical methods

2.3.1. RPLC methods with C18 phase

At Servier Research laboratories, it is common practice to use
two complementary reversed-phase UHPLC methods that were
optimized several years ago to maximize the chances to identify
and estimate correctly all impurities. Both methods make use of the
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same chromatographic column (ACQUITY BEH C18, 50 x2.1 mm,
1.7 pm fully porous silica, from Waters) but with two different
mobile phase compositions: (i) acidic conditions with methanesul-
fonic acid and (ii) basic conditions with ammonium bicarbonate,
thereby providing some complementarity. If the preferred method
(acidic conditions) is not satisfactory (when the main compound
elutes too close to dead volume, to the gradient end, or is incorrectly
or not eluted, if co-elution with impurities is observed or to obtain
better structural information), the second method (basic condi-
tions) is used. Two UHPLC systems are used in a parallel fashion.
These two methods have been routinely used for day-to-day impu-
rity profiling of synthetic products for several years and constitute
reference methods at Servier Research laboratories. The unusual
acid employed (methanesulfonic acid) was selected after investi-
gation of other, more common acidic additives (formic acid, acetic
acid or trifluoroacetic acid). It was found that methanesulfonic acid
offered excellent efficiency through ion-pairing with basic com-
pounds, together with low UV absorbance. However, it is worth
mentioning that the resulting low pH is not suited to all station-
ary phases and may be rather aggressive to certain parts of the
instrument.

Analyses were performed at 0.4 mL/min, 30 °C, with a gradient
elution program in the following conditions:

(1) For analyses performed with methanesulfonic acid (MSA) (con-
stant concentration of 0.1% in both solvents), the mobile phase
composition was water with 2% acetonitrile, increased to 98%
in 8 min. The MS conditions were based on pre-optimized con-
ditions recommended by the manufacturer: scan rate 10 pts/s,
capillary voltage 0.8kV, cone voltage 15V, sampling frequency 8
Hz, ion source temperature 150 C and probe temperature
600 °C. The analytes were detected in positive electrospray ion-
ization mode (m/z 100-800). Make-up flow was 0.4 mL/min
with 70% acetonitrile -30% water comprising 0.1% formic acid.

(2) For analyses performed with ammonium bicarbonate (BICAR)
(constant concentration of 20 mM in both solvents), the mobile
phase composition was water with 2% acetonitrile, increased
to 80% in 10 min. The compounds were detected in positive
and negative electrospray ionization mode (m/z 100-1000),
scan time 0.3 s, capillary voltage 4 kV (ESI +) or - 3 kV (ESI -)
cone voltage 20 V (ESI+) or 30 V (ESI-), ion source temperature
150 °C, desolvation temperature 250 °C, probe temperaturee
600 °C, gas flow desolvation 500 L/h and gas flow cone 0 L/h

2.3.2. RPLC methods with PFP phase

An alternative RPLC method to C18 phase was studied. The sta-
tionary phase used was a pentafluorophenyl-bonded silica (PFP):
XSelect HSS PFP (150 x 4.6 mm, 2.5 pm) from Waters. The mobile
phase composition was H,0/ACN/TFA (100/1/0.1) for 3 min, then a
gradient elution program from H;0/ACN/TFA (100/1/0.1) to
H20/ACN/TFA (1/100/0.1) in 22 min. The flow rate was 0.9 mL/min,
and the oven temperature was set at 30 °C. Unlike the BEH C18
phase described above, this PFP phase cannot be used with mobile
phases with very acidic pH, explaining why TFA was preferred over
methanesulfonic acid in this case.

The compounds were detected with MS in positive electrospray
ionization mode (m/z 100-1000), scan time 0.3 s, capillary volt-
age 3kV (ESI+), cone voltage 20 V (ESI+), ion source temperature
150 °C,probe temperature 600 °C, gasflowdesolvation500L/hand
gas flowconeOL/h.

2.3.3. Mixed-mode HPLC methods with bimodal and trimodal
phases

Finally, mixed-mode HPLC methods were developed, with
both bimodal and trimodal stationary phases. The bimodal phase
allowed forreversed-phase and weak cation-exchange (RP-WCX)
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retention modes: Acclaim WCX-1 column (150 x3.0 mm, 3.0 um). The
trimodal phase allowed for reversed-phase, strong
exchange and weak anion-exchange (RP-SCX-WAX) retention
modes: Acclaim Trinity P1 (150 x 3.0 mm, 3.0 pm) column. Both
columns were provided by Thermo Fisher Scientific (Villebon-sur-
Yvette, France). The mobile phase composition was ammonium
acetate buffer (60 mM, pH 7) with 30-60% of acetonitrile in 15 min,
0.45mL/min, 25 °C.

The compounds were detected in positive and negative elec-
trospray ionization modes (m/z 100-800), scan time 0.3 s, capillary
voltage 3 kV (ESI+) or -1.5 kV (ESI-), cone voltage 15 V (ESI+ and
ESI-), ion source temperature 150 °C, probe temperature 600 °C, gas
flow desolvation 500 L/h and gas flow cone OL/h.

cation-

2.4. Orthogonality measures

The degree of orthogonality between two chromatographic
methods may be assessed with the determination coefficient (R%)
between the values of retention factors. A low value for R? indicates a
high degree of orthogonality [35]. Unfortunately, the sole use of R? is
limited to assess orthogonality because it is significantly affected by
lever points, thus strongly depends on the analytes selected to
evaluate the orthogonality. Furthermore, with the determination
coefficient, no indications regarding the retention space covered by
the two methods is provided.

For these reasons, we also use another method for the evaluation
of orthogonality. This method, based on a geometric approach, was
proposed by D’Attoma et al. [36] to determine the retention areas
covered by two different methods. Because we wish to compare
chromatographic methods based on different gradient time and limit
values, the retention times obtained with each method must be
transformed into elution composition (Ce) [37] using Eq. (1):

*(tg — tp) (1)

Where Ce corresponds to the percentage of ACN required to elute
the analyte of interest; Ci and Cr are the initial and final composi-
tions of the gradient, respectively; t; is the gradient time; tr is the
retention time retention time of the compound and tp is the
system dwell time.

The dwell volume of the UHPLC system was measured according to
the method described in [38] and the value found was 0.203 mL. The
methods can then be compared two by two in terms of Ce, which
allows visualizing the distribution of compounds in the retention
space. Plotting the linear regression line, the retention space covered
by the two methods is constructed by drawing a polygon. The two
diagonal lines are parallel to the regression line and represent the
confidence envelope at 95%.

3. Resultsand discussion

While the first method to be used for any new compounds
should remain the RPLC method with C18 phase and acidic con-
ditions, the objective of this work was to determine the best
alternative analytical methods for:

(i) compounds exhibiting insufficient retention (22% of the com-
pounds)withthe preferred RPLCC18method;

(ii) cases where a lack of selectivity is observed with the preferred
methodresultingininaccurate impurity profiling.

The alternative methods should naturally be efficient for the task
of impurity profiling but also be easy to set up. For instance, retain-
ing the same dilution solvent would be considered ideal because
the amount of sample available is not always sufficient to produce
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Fig.1. Comparison of response rate, proportion of symmetrical and non-symmetrical peaks (tailing, fronting, shoulders), with an identical set of 140 compounds in all cases.

two solutions for chromatographic analyses. This would a priori
preclude the use of HILIC mode because the dilution solvent should
be carefully adjusted [39], with a composition that should be rather
less polar than in RPLC. Note that, while compounds with low reten-
tion are usually polar species, the compounds typically analyzed in
this laboratory mostly have positive log P values, thus HILIC would
not be the preferred method anyway. Additionally, it is worth men-
tioning that instrument availability is not an issue in the target
laboratory, thus different alternative methods may be useful for
different cases (for instance: neutral, acidic or basic species).

3.1. Chromatographic performance evaluated with large set of
drugs

First, we measured the response rate of each method, in other
words the number of compounds observed with UV or MS detec-
tion (and in a large majority of cases with both of them). The
objective is to have a maximum of compounds eluted with good
peak shapes, to ensure the most probable detection, identifica-
tion and quantification of impurities. Peak symmetry (measured
on UV chromatograms) was assessed based on the measure-
ment of asymmetry at 10% of peak height (As), according to the
definition of the European Pharmacopoeia. For each compound
eluted among the 140 compounds studied, we separated symmet-
rical peaks (0.8 <As < 1.4), from non-symmetrical peaks including
fronting (As < 0.8), tailing (As > 1.4), distortions and shoulders. The
results are summarized in Fig. 1. The highest response rate was
obtained with the reference method (RPLC with the C18 phase
in acidic conditions), with almost 99% (138 compounds) of eluted
peaks. High response rates were also obtained with RPLC C18 col-
umn in basic conditions and PFP methods (98% in both cases). On
the contrary, with mixed-mode HPLC methods, the results were
worse: only 81% (114) of analytes were successfully eluted with
bimodal column and 78% (109) with the trimodal one.

The highest proportion of symmetrical peaks was obtained with
thereference RPLC C18 method (74% of symmetrical peaks). In that
particular case, the methanesulfonic acid (MSA) additive probably
formsion pairs with basic analytes to favour their elution with good
peak shapes. Although the mobile phase also contained a strong
acid (TFA), only 59% of symmetrical peaks were observed with RPLC
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PFP method, not much better than the RPLC C18 method in basic
conditions (57%). With mixed-mode HPLC method and bimodal
column, it was 64%. In this case, the mobile phase pH was rela-
tively high (buffer pH 7) to maintain the weak-cation exchanger
in anionic form. For the trimodal column (with both strong-cation
and weak-anion exchangers), we first tried to work with the same
acid additive (MSA) as in the RPLC C18 method, but the response
rate and proportion of symmetrical shapes were very low (unpub-
lished results) thus this particular mobile phase composition was
not retained. Surprisingly, for this trimodal column in the same
conditions as the bimodal column, we obtained only 31% of sym-
metrical peaks.

We can thus observe that the RPLC C18 method provided both
the highestresponse rate and the largest proportion of symmetrical
peaks. This was a satisfying result because this method was and
should remain the method of first choice. But a good alternative
methodisdesirable.

Secondly, the retention space covered by each method was
observed. In Fig. 2, the distribution of compounds in the retention
space is shown for each of the five methods with the normalized
values of Ce for all compounds detected. Comparing the retention of
compounds obtained with the C18 column and basic mobile
phase (Fig. 2b) with those obtained with the RPLC C18 reference
method (Fig. 2a), the distribution of compounds is rather similar
between the two RPLC C18 methods, although the average reten-
tion is slightly higher with the basic conditions than with the acidic
conditions. The selectivity, meaning the dispersion of Ce values
around the average Ce, is somewhat limited in the two methods
(standard deviation = 16.1% with the reference RPLC method
against 18.3% with the C18 phase in basic conditions).

With the RPLC PFP method (Fig. 2c), the average retention is
higher but it appears that this method offers rather limited selec-
tivity. Indeed, although the elution gradient was very large, the
retention space covered is small (standard deviation = 9.9%), with a
large retention space remaining unused at the beginning and end
of the gradient. In this situation, even though polar compounds
should be more retained than on the C18 phase, we may expect
the selectivity to be unsatisfying with several co-elutions existing
between API and impurities. The method could be further improved
with a narrower range of acetonitrile gradient (20-80% instead of
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0-100%, for instance). This RPLC PFP method was the subject of
an in-depth method development at Servier Research laboratories,
where several PFP stationary phases had been tested (unpublished
work) to achieve a method providing sufficient retention of polar
compounds. The conclusions drawn here remain valid only for this
stationary phase and these conditions of analysis and cannot be
generalized to all PFP phases. Indeed, Euerby et al. in HPLC [9]
and West et al. in supercritical fluid chromatography (SFC) [13]
showed that significant differences in selectivity and retention exist
between the different PFP phases from various manufacturers.

With the RP-WCX bimodal stationary phase, the distribution of
retention was very large (Fig. 2d), as almost 100% of the reten-
tion space was covered (standard deviation=30.1%). We can also
notice that some compounds were eluted with Ce higher than 100%,
which is theoretically impossible but results from Eq. (1) when
the compound elutes during column re-equilibration between
two successive injections. As observed from Fig. 1, the retention
space should be even larger as a significant number of compounds
remained non-eluted. This large retention space is encouraging in
terms of selectivity.

With the RP-SCX-WAX trimodal stationary phase (Fig. 2e), the
retention space covered was similar to that of the reference C18
method, with a majority of compounds eluted with Ce < 60%, but
again a significant number of compounds were missing thus a sec-
ond cluster of points should appear at higher Ce values.

3.2. Orthogonality evaluated with large set of drugs

Apart from chromatographic performance, a good alternative
method must fulfil several criteria. The first is to provide the widest
orthogonality with the RPLC C18 method to ensure that lack of
selectivity in the first method should be overcome in the second
method. The second is to provide increased retention for some
classes of compounds that are not sufficiently retained on C18 (polar
compounds, or sub-categories of polar neutral, polar acidic or polar
basic compounds). To compare these two criteria, the elution
composition (Ce) values were plotted for each alternative method
vs. the reference method with (i) all points considered to evaluate
orthogonality (Fig. 3) or (ii) sub-categories of neutral, acidic and
basic compounds to evaluate specific complementarity (Fig. 4).

We had previously observed [40] that, comparing the elution
composition (Ce) obtained for the set of 140 compounds with the
two RPLC C18methods (acidicand basic conditions), theretention

space covered by the combination of the two methods was not very
large and the orthogonality limited (Fig. 3a), with a determination
coefficient equal to 0.39. Quite logically, it is however observed
that (i) neutral compounds are mostly unaffected by the change of
conditions; (ii) acidic compounds are more retained in the acidic
conditions and (iii) basic compounds are more retained in the basic
conditions (Fig. 4a). Thus the C18 method with basic conditions may
be a suitable alternative for polar basic compounds that are not suf-
ficiently retained with the reference method. These observations
are also in accordance with previous works from Molina-Martin
etal. [41] and from Dong [8].

The comparison to the PFP method (Fig. 4b) is less favourable in
term of orthogonality as the correlation is rather high (R? = 0.61).
Both methods make use of acidic mobile phases thus the compar-
ison here is mostly that of different stationary phases. Because of
the narrow elution range on the PFP phase (as described above with
Fig. 2), the retention space covered when combining the two meth-
ods is rather small. The objective of orthogonality is not achieved
with the PFP phase. However, all compounds that were initially
not sufficiently retained on the C18 phase (Ce < 20% ACN), whether
they were neutral, acidic or basic, were now more retained, with an
increase of Ce value (32% < Ce <52%). These results are in accordance
with the works of Euerby et al. [9] for basic species, but in contra-
diction with their conclusions on neutral species as they observed
lower retention of neutral species. As pointed out in the previous
section, lack of selectivity may however be expected with this PFP
method.

In Figs. 3c and 4c, the reference RPLC method is compared to
the bimodal RP-WCX column. In that case, the mobile phase con-
ditions are also markedly different, as the reference method is in
acidic conditions and the mixed-mode method in neutral condi-
tions. In this configuration, the retention space covered by the two
methods was very large and the determination coefficient very low
(R%? =0.002). These methods were highly orthogonal. Similarly to
what was observed with the C18 column in basic conditions when
comparing classes of compounds, the basic compounds (Fig. 4c,
blue diamonds) that were initially not enough retained on the C18
phase (Ce <20% ACN) were now more retained [33]. Their elution
composition was comprised between 25% and 95%, thus the reten-
tion increase was more significant to some analytes (high Ce values)
and less significant to others (low Ce values). The compounds with
lowest retention on the bimodal column were mostly acids (Fig. 4c,
redtriangles). Theirlowretentionwasexpectedbecausethe mobile
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phase buffer pH was set at 7 to allow for full deprotonation of the
carboxylate groups from the stationary phase, therefore improv-
ing the retention of protonated basic compounds but decreasing
retention of deprotonated acidic compounds. However, mostacidic
compounds were sufficiently retained with the reference method,
so this class of compounds should rarely require an alternative
method. Some polar neutral compounds (Fig. 4c, black squares)
were insufficiently retained with both methods (RPLC C18 and
mixed-mode HPLC). As a result, the bimodal column could not be
used as an alternative method to improve the retention of such
compounds.

Expecting to retainalso acidic species, we also investigated a tri-
modal stationary phase with both strong cation-exchange (vs. weak
cation-exchange for the bimodal phase) and weak anion-exchange
groups. The retention space covered with the combination of ref-
erence RPLC method and the MM-HPLC trimodal column is not so
large as the one covered with bimodal phase (Fig. 2d), even if the
determination coefficient was low (R? = 0.14). Unfortunately, it did
not allow for combined improvement of the retention of bases and
acids: acids (Fig. 4d, red triangles) were indeed more retained than
on the C18 phase but bases (Fig. 4d, blue diamonds) were not
significantlymoreretained.

These observations on mixed-mode phases are in accordance
with previous reports or Périat et al. [22], who explored several
different chromatographic modes for the analysis of natural prod-
ucts. In their study, the mixed-mode stationary phases combining
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reversed-phase and ion-exchange mechanisms were also found to
provide interesting complementarity to RPLC systems, but the
versatility was also observed to be limited, judging from the low
proportion ofanalytes that could be suitably eluted.

To summarize these observations:

The only method providing an increase of retention for polar
neutral species (Fig. 4, black squares), was the PFP phase. However,
because of the very low selectivity provided with this phase, it may
notbe a good option when the reference method failed.

— For polar acidic species (Fig. 4, red triangles), an increase of
retention was provided by the trimodal phase, although the chro-
matographic performance was rather poor.

— For polar basic species (Fig. 4, blue diamonds), the bimodal phase
seemed to be the best alternative, as it provided both increased
retention and high orthogonality with the reference method.

3.3.
drugs

Capacity for impurity profiling evaluated with reduced set of

At this early stage of API development and in the research unit
where our methods should apply, impurity profiling methods must
furnish only limited information. Analytical chemists are usually
required to provide: (i) identity confirmation (based on MS infor-
mation, and NMR experiments not discussed here) and purity level
of the API (based on UV integrated chromatogram); (ii) proposed
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structure elucidation (based on MS information) of impurities with
estimated concentration above 1% (based on UV response); (iii)
indication of all impurities with estimated concentration above
0.04% (basedonUVresponse).

In a previous study, we had already compared four different
chromatographic systems (the two RPLC C18 methods presented
in this paper and two SFC systems), considering their ability for
impurity profiling [40]. From these studies, we had concluded that
the RPLC C18 method with acidic mobile phase (serving here as
reference method) appeared to be often the best. For the present
comparison, we used the same subset of 25 compounds. Each of
them was analyzed individually in the five different chromato-
graphic systems.

For each compound and chromatographic system, we com-
pared:

(i) thepurity of APl estimated with UVrelative peakarea
(ii) the number and relative concentrations of detected
impurities, identified with their molecular mass when UV-
estimated concentrationwasabove 1%;
(iii) the elution orders and retention patterns.

A summary of results can be found in Supplementary informa-
tion (Table S1).

Firstly, we compared the estimated purity of the API between
the five methods. In that case, the method with highest perfor-

mance should be able to separate a maximum of impurities from
the API. Consequently, the best method should provide the lowest
estimated purity for the API, i.e. the lowest peak area relative to
the total area of all integrated peaks on the chromatogram. In this
respect, we proceeded to rank the five methods.

In Fig. 5, the API relative purity between the reference method
and each of the other method is compared. The orange stars falling
below the first bisector indicate that the value for relative purity
was lower with the reference RPLC method, while orange stars
falling above the first bisector are related to cases when another
method brought an improvement. The reference RPLC method
appeared to be most often the best, or very near the best (less than
1% difference from the best) according to this criterion (48% cases).
However, each of the other four methods sometimes brought an
improvement for this criterion: the PFP method was the best with
37% cases (Fig. 5b); the C18 method in basic conditions brought an
improvement in 30% cases (Fig. 5a); the two mixed-mode methods
brought an improvement in about 20% cases (Fig. 5c and d).

Secondly, the number of impurities with estimated proportion
>1%, or comprised between 0.04 and 1% were counted. The best
method should be the one providing the largest number of sepa-
rated and detected impurities.

InFig.5,the number ofimpurities was also plotted. When purple
diamonds (representing the number of impurities with concentra-
tion >1%) and blue lines (number of impurities <1%) fall above the
first bisector, it indicates that the reference RPLC method yielded a
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largernumberofimpuritiesdetected, whilepointsfallingbelowthe
first bisector indicate that an alternative method permitted to
separate and detect more impurities. Considering the total
number of impurities detected, the reference RPLC C18 method
was most often superior to other methods (76% of cases). The
second best method was the C18 phase with basic conditions,
bringing an improvement in 24% cases. No other method
improved thiscriterion.

Considering both criteria, the reference C18 method was
clearly the best as it was most capable to separate and detect a
large number ofimpurities from the APL.

To get a better understanding of the reasons for such
superior behaviour of the reference method, we compared
signal-to-noise ratio (s/n) values measured in UV for the 25
compounds. It was observed that UV s/n was always the best
with the reference method, followed by the PFP method, and
the C18 phase in basic conditions. The mixed-mode methods
were both greatly inferior to the first three. These differences
must be essentially related to lower column efficiency causing
(i) lower resolution of impurities from API and (ii) lower
sensitivity, thus less impurities could be detected. First, the C18
column had the smallest particle size, which should provide the
best efficiency for both methods using this column. Also, as
mentioned in Section 3.1, the methanesulfonic acid and
trifluoroacetic acid in the reference method and the PFP
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method respectively should contribute to form ion pairs with basic
analytes, favoring their elution as narrow peaks, thereby improving
UV detection. On the contrary, with the mixed-mode methods, the
combination of retention mechanisms is causing less
favourable kinetics and much wider peaks were observed, thus
significantly lower UV responses. Baseline noise was also one
order of magnitude larger with ammonium acetate mobile
phases (mixed-mode methods) than with the other mobile
phases, further contributing to lower s/n values.

Consequently, the superior performance of the reference
method can be attributed for a large part to its better
capability to resolve (through better efficiency) and detect
(through better s/n values) small impurities.

The MS responses will not be compared, judging that
different MS instruments were used between the reference
method and the other four methods.

To exemplify this performance evaluation, three case studies
are presented, illustrating the three scenarios observed: (1) some
cases where the reference RPLC C18 method yielded a lower
estimated purity for the API than the three other cases (Table
1), (2) some cases where the opposite occurred (a lower
estimated purity for the APl obtained withatleastonealternative
method) (Table 2)and
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Table 1 Table 1 (Continued)
Comparison ofimpurity profiling methods (Case 1).

RPLC method (PFP phase, acidic conditions)

RPLC reference method (C18 phase, acidic conditions) RT (min) % MS ([M+H]+) MS ([M2+H2]+)
RT (min) % MS ([M+H]*) peak 1 MS ([M+H]") peak 2 API 14.44 90.23 280.7 560.2

API 2.46 81.03 560.3 Impurities >1%

Impurities >1% undetected
IMP1 241 8.81 556.2 undetected
IMP2 3.08 3.28 574.3 IMP3 14.07 3.10 271.5 542.1
IMP3 2.36 3.25 542.2 undetected
IMP4 3.26 1.12 548.4 undetected
undetected IMP6 14.36 1.82 286.7 572.1
undetected IMP7 15.17 3.19 323.4 645.2
undetected

Impurities <1%

Impurities <1% IMP A 13.50 0.44
IMP A 1.11 0.08 IMP B 13.90 0.61
IMP B 1.18 0.04 IMP C 14.75 0.60
IMP C 1.23 0.19 undetected
IMP D 1.93 0.04 undetected
IMP E 1.96 0.09 undetected
IMP F 2.00 0.08 undetected
IMP G 2.02 0.05 undetected
IMP H 2.07 0.40 undetected
IMP I 2.15 0.04 undetected
IMP ] 2.89 0.54 undetected
IMP K 3.06 0.12 undetected
IMP L 3.14 0.22 undetected
IMP M 3.20 0.06 undetected
IMP N 3.22 0.28 undetected
IMP O 3.28 0.28 undetected
undetected undetected
undetected undetected
undetected undetected
undetected

UVs/n 2.26E+03

UVs/n 4.85E+03

RPLC method (C18 phase, basic conditions) mixed-mode HPLC (bimodal phase, basic conditions)

RT (min) % MS ([M+H]") peak 1 MS ([M+H]") peak 2 RT (min) % MS ([M+H]*) peak 1 MS ([M+H]") peak 2

API 5.59 88.09 560.6 API 7.78 93.34 560.2

Impurities >1% Impurities >1%

IMP1 456 555  556.2 IMRihdetected 849 532 556.2
undetected IMERp3 6.83 115 5742 14.07 3.10
undetected undgigetedted
undetected undgtaetedted
IMP5 4.59 240 279.0 undgtpged 14.36 1.82
undetected undgtpcted 15.17 3.19
undetected undetected

Impurities <1%

Impurities <1% Impurivipsac1% 13.50 0.44
IMP A 1.48 0.16 IMEMp B 6.52 0.20 13.90 0.61
IMP B 1.55 0.08 undgtpcged 14.75 0.60
IMP C 3.64 0.09 undgigetedted
IMP D 4.13 0.16 undgigetedted
IMP E 4.23 0.34 undgigetedted
IMP F 434 0.52 undgigetedted
IMP G 4.85 0.39 undgigetedted
IMP H 5.01 0.11 undgigetedted
IMP 1 5.38 0.50 undgigetedted
IMP | 5.47 0.09 undgtaetedted
IMP K 5.76 0.19 undgtgetedted
IMP L 5.86 0.39 undgigetedted
IMP M 5.90 0.06 undgigetedted
IMP N 5.97 0.35 undgtgetedted
IMP O 6.02 0.10 undgigetedted
IMP P 6.09 0.11 undgigetedted
IMP Q 6.11 0.13 undgtaetedted
IMP R 6.15 0.06 undgigetedted
IMP S 6.26 0.12 undetected

UVs/n 2.26E+03

UVs/n 1.45E+04 UVs/n 1.37E+02

117



E. Lemasson et al. / ]. Chromatogr. A 1535 (2018) 101-113

Table 1 (Continued) Table 2 (Continued)

mixed-mode HPLC (trimodal phase, basic conditions)

RPLC method (C18 phase, basic conditions)

RT (min) % MS ([M+H]*) peak 1 MS ([M+H]*) peak 2 RT (min) % MS ([M+H]")
API 4.29 89.81 560.2 IMPE 9.11 0.31
Impurities >1% undetected
IMP1 4.07 7.41 556.2 undetected
IMP2 335 2.28 574.2 undetected
undetected undetected
undetected UVs/n 2.33E+03
undetected
ungetecteg RPLC method (PFP phase, acidic conditions)
undetecte
Impurities <1% RT (min) % Ms ([M+H]")
IMP A 5.24 0.49 API 14.44 93.16 344.2
detected
undetecte Impurities >1%
undetected IMP1 12.67 3.08 267.1
undetected IMP2 9.40 0.95 177.0
undetected IMP3 11.72 1.81 186.0
undetected undetected
undetected
undetected Impurities <1%
undetected IMP A 11.87 0.10
undetected IMPB 17.06 0.23
undetected IMPC 17.51 0.66
undetected undetected
undetected undetected
undetected undetected
undetected undetected
undetected undetected
undetected undetected
undetected
undetected UVs/n 4.42E+03
UVs/n 5.51E+02 mixed-mode HPLC (bimodal phase, basic conditions)
RT (min) % MS ([M+H]*) peak 1 MS ([M+H]") peak 2
Table2 API 12.41 90.01 3442
Comparison of impurity profiling methods (Case 2). RPLC
Impurities >1%
reference method (C18 phase, acidic conditions) IMP1 13.77 8.18 267.2 344.2
RT (mi ) MS ([M+HI* undetected
(min) % (IM+H]") undetected
API 2.40 95.03 344.2 undetected
Impurities >1% meMEAT Y 146 0.16
IMP1 1.56 3.08 267.3 IMP B 1.80 0.27
undetected IMP C 2.06 0.59
undetected IMP D 212 011
undetected undetected
Impurities <1% undetected
IMP A 1.46 0.06 undetected
IMP B 1.80 0.13 undetected
IMP C 2.06 0.05 undetected
IMP D 2.12 0.11
IMP E 2.36 0.40 UVs/n 6.38E+01
IMP F 2.67 0.05
IMP G 294 0.06 mixed-mode HPLC (trimodal phase, basic conditions)
IMP H g-‘;; g-zz RT (min) % MS ([M+H]") peak 1
IMP I . .
API 6.57 95.54 344.2
UVs/n 115E+04 Impurities >1%
IMP1 5.43 3.58 267.1
RPLC method (C18 phase, basic conditions) undetected
RT (min) % MS ([M+H]") undetected
undetected
API 6.77 93.68 344.3
Impurities <1%
Impurities >1% IMP A 314 0.88
IMP1 591 3.20 267.3 ’ :
undetected undetected
undetected undetected
IMP 4 2.65 1.68 228.0 undetected
undetected
Impurities <1% undetected
IMPA 2552 031 undetected
IMP B 461 0.09 undetected
IMP C 8.14 033 undetected
IMP D 8.32 0.40 UVs/n 7 20E+02
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Table 3
Comparison ofimpurity profiling methods (Case 3).

Reference method (C18 phase, acidic conditions)

RT (min) % MS ([M+H]*)
API 4.31 98.51 413.3
Impurities >1%
IMP 1 2.81 1.37 397.3
Impurities <1%
IMP A 5.67 0.05
IMP B 4.13 0.07
UVs/n 3.92E+04
RPLCmethod (C18phase, neutral conditions)
RT (min) % MS ([M+H]")
API 3.68 98.77 413.4
Impurities >1%
IMP1 7.12 1.23 unidentified
Impurities <1%
undetected
undetected
UVs/n 2.53E+03
RPLC method (PFP phase, acidic conditions)
RT (min) % MS ([M+H]")
API 15.50 99.01 413.1
Impurities >1%
IMP1 17.32 0.99 397.1
Impurities <1%
undetected
undetected
UVs/n 4.16E+03
MM-HPLC (bimodal phase, neutral conditions)
RT (min) % MS ([M+H]*)
API 4.35 98.44 413.3
Impurities >1%
IMP1 2.63 111 397.3
Impurities <1%
IMP A 5.87 0.05
IMP B 6.92 0.40
UVs/n 2.55E+04
MM-HPLC (bimodal phase, neutral conditions)
RT (min) % MS ([M+H]")
API 10.39 99.12 413.2
Impurities >1%
undetected
Impurities <1%
IMP A 1.33 0.88
undetected
UVs/n 8.60E+01

(3) close percentages for API and impurities between all methods
(Table 3).

As indicated above, the situation (1), when more impurities
were found with reference RPLC C18 method than with other
methods, was the most frequent case. In Table 1, the API and all
impurities with a concentration above 0.04% are listed for all four
methods. Impurities with estimated concentration above 1% are
aligned between the five methods according to m/z value. First, we
can notice that important differences in API’s purity existed:
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81.0% for reference RPLC C18 method against 88.1%, 90.2%, 93.3%
and 89.3% for RPLC C18 with basic conditions, RPLC PFP method and
mixed-mode HPLC methods with bimodal and trimodal columns
respectively. While an almost identical number of impurities with
estimated proportion >1% was found with all methods (between
2 and 4 depending of the methods), we can notice that several
impurities with lower proportions found in RPLC C18 method were
undetected with the other three methods. Again, this is proba-
bly related to the superior chromatographic performance of this
method (peak efficiency, peak symmetry, response rate), or because
some impurities were co-eluted with the API with other methods.

In case (2), the four alternative methods provided lower purity
than RPLC C18 method. However, the differences between purity
levels were not so strong and varied between 90% (with bimodal
phase) and 95% (with reference RPLC C18 method). In this exam-
ple, a larger number of impurities with concentration above 1% was
detected with three alternative methods (Table 2). Three impuri-
ties were detected with the RPLC PFP method, while two impurities
were detected with RPLC C18 method with basic conditions and
mixed-mode HPLC with the bimodal phase. On the contrary, only
one impurity was detected with the reference RPLC C18 method
and with the trimodal phase. This impurity (IMP 1 in Table 2)
was identified with all methods, with a concentration close to 3%
with all alternative methods (except with the bimodal phase, with
IMP = 8.2%, where some other impurities must have co-eluted).
Judging from the estimated purity of the API between reference
RPLC method (95%), RPLC PFP method and RPLC C18 method with
basic conditions (93.2% and 93.7% respectively), some impurities
probably co-eluted with the API in RPLC C18 method.

Finally, in case (3), all methods yielded highly similar results for
the API purity (about 99%) and impurities percentages (Table 3).
One major impurity was identified with the two alternative RPLC
methods and MM-HPLC with the bimodal phase, with very close
percentage.

Finally, in all cases we observed different elution orders and
selectivities for the API and impurities between the different meth-
ods. To illustrate this point, Fig. 6 is presenting a case where the
reference method failed (purity of the API was not the lowest)
because of low retention of the API and impurities, resulting in
poor selectivity. In the case of this basic compound, it can be
observed that the PFP phase (Fig. 6b), although retaining the ana-
lyte adequately, does not provide much selectivity (difference in the
location of the points following the horizontal (for PFP) and vertical
(for C18) axes). The RPLC C18 phase with basic conditions (Fig. 6a)
and the MM-HPLC method with the bimodal phase (Fig. 6c) both
better succeeded in separating the API and impurities, as expected
from Fig. 4 showing the higher retention of basic compounds with
this two methods. In this case, the MM-HPLC method with trimodal
phase was most unsuccessful as only a small number of impurities
could be detected. The chromatograms related to this case study
canbeobservedin Supplementary information (Fig.S1).

4. Conclusions

The objective of this work was to find an alternative analyt-
ical method for impurity profiling of drug candidates when the
first-place RPLC method with a C18 phase failed. This method was
compared with different chromatographic systems: RPLC with the
same C18 phase but with basic mobile phase composition, RPLC
with a PFP phase and acidic conditions, mixed-mode HPLC with a
bimodal and a trimodal phase. To compare these methods, different
parameters were evaluated like peak shapes, response rate, orthog-
onality and capability for impurity profiling. It was shown that the
reference C18-RPLC method with acidic conditions yielded largely
superior chromatographic quality and ability for impurity profiling
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Fig. 6. Comparison of the retention measured for API (red square) and impurities with UV-estimated concentration above 1% (blue circles indicate impurities identified in both
methods, grey triangles indicate impurities identified only with one method), between the reference RPLC method (C18 column with acidic conditions) and (a) RPLC C18
method with basic conditions, (b) HPLC PFP phase with acidic conditions, (c) MM-HPLC method with bimodal phase. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

thantheotherfourmethods. Thiswasapositive observationasthis
method was confirmed in its position as first-choice method.

Because different instruments are available in the target labo-
ratory, it was not our intention to find a single orthogonal method,
but rather to know which alternative method should be proposed
for any specific case depending on the attributes of the analyte.
After the analysis of all results, the strategy of analysis could be
this one. A first analysis must be performed with the reference
RPLC method. If the API was eluted with sufficient retention, the
impurity profiling can be performed. HRMS and NMR analysis will
confirm API and impurities identities.

On the other hand, if the API was not sufficiently retained with
the reference method to ensure that impurities would be adequately
separated, a second analysis must be performed with one
alternative method.

Although orthogonality with the reference RPLC method was
limited, the PFP phase should be the best option for polar neutral
species.

Contrary to our expectations regarding acidic compounds, the
mixed-mode method with trimodal column was unsatisfying, due to
inadequate retention (two-mode retention behaviour with low
retention for eluted compounds and a large portion of non-eluted
compounds) and poor chromatographic performance (large and
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asymmetric peaks). Therefore, this method will not be kept for
further experiments.

The C18 phase with basic conditions and the bimodal WCX-RP
phase both allowed a greater retention of polar basic compounds
which were poorly retained in RPLC on C18 column, with the
additional benefit of excellent orthogonality observed for the
mixed-mode column. In addition to its original selectivity, the
bimodal column had other significant advantages over HILIC meth-
ods: a short column equilibration time and no effect of the injection
solvent on retention and peak shape.
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Chapitre 2

VI. Conclusions

Dans ce chapitre, différentes méthodes HPLC ont été comparées a la méthode de
reférence RPLC C18 (en conditions acides) utilisée a I'Institut de Recherches Servier.
L’objectif des méthodes développées (RPLC sur phase C18 en conditions basiques,
RPLC sur phase PFP, HPLC sur phase mixed-mode bimodale et trimodale) est de fournir
une alternative lorsque la méthode de référence échoue a retenir le PA ou lorsque des

coélutions entre le PA et ses impuretés sont suspectées.

Un résumé des performances obtenues avec ces différentes méthodes est proposé

ci-dessous (Tableau 2.11I) :

Tableau 2.1l - Résumé des performances chromatographiques obtenues avec différentes méthodes HPLC

RPLC C18 RPLC C18 HPLC-MM
Méthode conditions conditions RPLC PFP colonne
acides basiques trimodale
Composes 98% 98% 98% 78%
élués
Pics 74% 57% 59% 31%
symétriques
Retennon\ par 2204 de Bases polaires Rétention 'des ) _
rapport ala . composés Rétention des
; COMposes peu un peu plus . .
méthode de neutres acides polaires
s retenus retenues .
référence polaires
Orthogonalité Moyenne Faible Forte
Tester d’autres
T . phases PFP Modifier le
Optimisation Achevée Modifier le gradient
gradient

Par rapport a la méthode de référence, il apparait que :

(i) [lutilisation de la méthode RPLC sur phase PFP permet une augmentation de la
rétention des especes polaires neutres, mais le manque de sélectivité obtenu

avec cette phase n’en fait pas une alternative intéressante ;

(i) la phase mixed-mode trimodale permet une augmentation de la rétention des
composés acides polaires, mais les performances chromatographiques
obtenues sont trés faibles, notamment en termes de symétrie de pics. Le
gradient appliqué pourrait étre modifié afin de retenir davantage I'ensemble des

composeés (une majorité des composes étant élués avec une Ce<60%) ;
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(iii) les méthodes RPLC C18 en conditions basiques et HPLC mixed-mode
bimodale permettent une rétention plus importante des espéces polaires
basiques. La phase bimodale semble cependant étre la meilleure alternative en

raison de la forte orthogonalité avec la méthode de référence.
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Chapitre 3
Développement de methodes SFC
pour le profilage d’impuretés
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Chapitre 3

l. Introduction

Ce chapitre concerne le développement de méthode en SFC pour le profilage

d’impuretés de candidats médicaments.

Dans ce chapitre, une premiére partie traite de I'optimisation de la composition de la
phase mobile. Les composés pharmaceutiques étudiés étant en majorité basiques,
I'utilisation d’additifs dans la phase mobile en SFC est souvent essentielle pour garantir
I'élution des composés avec une bonne symétrie [151], et peut également favoriser la
détection par un spectrométre de masse. A l'issue de cette premiére étape, des conditions

d’élution optimales ont donc été sélectionnées.

L’avantage de la SFC est de pouvoir utiliser 'ensemble des phases stationnaires
utilisées en HPLC (de type phase inverse, phase normale, HILIC, échange d’ions), sans
pour autant changer la nature de la phase mobile. En plus d’étre orthogonale a 'HPLC
[13], la SFC peut également étre orthogonale a elle-méme lorsque les phases
stationnaires sont correctement choisies. Une seconde partie de ce chapitre traite de la
sélection de phases stationnaires en SFC, afin de proposer une paire de colonnes
orthogonales. L’idée étant de se rapprocher des conditions de travail utilisées au
laboratoire Servier, ou deux méthodes RPLC complémentaires sont utilisées pour le
profilage d’'impuretés. A l'issue de ce travail, deux colonnes complémentaires ont donc été

sélectionnées.

Une fois les conditions de travail définies en SFC, la robustesse des méthodes
développées est vérifiée a l'aide d’'un second jeu de colonnes de phases stationnaires

identiques a celles sélectionnées a I'étape précédente, mais d’un batch différent.

Pour une analyse de pureté, la stratégie employée au laboratoire Servier repose sur
'emploi d’une analyse générique en mode gradient, souvent suivie d’'une analyse
isocratique ou d’un gradient focus, pour s’assurer que des impuretés ne coéluent pas avec
le PA lors du premier gradient. De la méme fagon, nous avons donc également étudié le
transfert de la méthode génériqgue SFC en mode gradient vers une méthode isocratique et
une méthode gradient focus. La comparaison de ces trois méthodes est faite sur une série

de produits sur la base des impuretés détectées selon chague méthode.
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Parfois, une seule phase stationnaire ne permet pas de résoudre totalement
certains échantillons complexes. Dans ce cas, le couplage en série de deux phases
stationnaires complémentaires peut apporter un gain de sélectivité. Pour vérifier cette
hypothése, le couplage des deux phases stationnaires précédemment sélectionnées a

également été étudié.

Enfin, dans la derniére partie de ce chapitre, une comparaison des méthodes RPLC
et SFC pour le profilage d’'impuretés de médicaments potentiels est présentée et les

performances des différentes méthodes sont comparées.

[I. Deéveloppement de méthodes SFC : optimisation de la composition
de la phase mobile

La composition de la phase mobile en SFC est un parametre important a prendre
en compte, en particulier lorsqu’on analyse des composés basiques. En effet, la phase
mobile contenant du dioxyde de carbone est naturellement acide, donc les composés
basiques peuvent y étre sous forme protonée. Cette forme cationique peut étre cause (i)
de solubilité limitée et (ii) d’interactions indésirables avec la phase stationnaire (par
exemple avec les silanols). Aujourd’hui, I'utilisation d’additifs dans la phase mobile en SFC
est courante. La nature et la concentration de I'additif dans le co-solvant varient selon les
analytes étudiés. Une base, un acide (ou un mélange de base et d’acide), un sel et méme
'eau peuvent étre ajoutés en faible quantité (généralement de 0.1% a 1% dans le co-
solvant). L’article suivant traite de I'optimisation de la phase mobile en SFC-UV-MS pour

I'analyse de composés pharmaceutiques.
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ARTICLE INFO ABSTRACT

Article history: Supercritical fluid chromatography (SFC) is a very useful tool in the purpose of impurity profiling of drug
Received 8 April 2015 candidates, as an adequate selection of stationary phases can provide orthogonal separations so as to
Received in revised form 3 July 2015 maximize the chances to see all impurities. The purpose of the present work is to develop a method for
ACC‘?pted Bju_ly 2015 chemical purity assessment. The first part, presented here, focuses on mobile phase selection to ensure
Available online 13 July 2015 adequate elution and detection of drug-like molecules, while the second part focuses on stationary phase
selection for optimal separation and orthogonality.

Key‘f'/?rds" The use of additives in the carbon dioxide - solvent mobile phase in SFC is now commonplace, and
Additives . . . .

. - . enables in particular to increase the number of eluted compounds and to improve peak shapes. The
Derringer desirability functions Mass N L R . . R
detection objective of this first part was to test different additives (acids, bases, salts and water) for their chro-

Mobile phase composition
Pharmaceutical ingredients
Supercritical fluid chromatography

matographic performance assessed in gradient elution with a diode-array detector, but also for the mass
responses obtained with a single-quadrupole mass detector, equipped with an electrospray ionization
source (Waters ACQUITY QDa).
In this project, we used a selection of one hundred and sixty compounds issued from Servier Research
Laboratories to screen a set of columns and additives in SFC with a Waters ACQUITY UPC? system. The
selected columns were all high-performance columns (1.7-1.8 um with totally porous particles or 2.6-2.7
um with superficially porous particles) with a variety of stationary phase chemistries.
Initially, eight additives dissolved in the methanol co-solvent were tested ona UPC? ACQUITY UPC? HSS C18 SB
column. A Derringer desirability function was used to classify the additives according to selected criteria:
elution capability, peak shapes, UV baseline drift, and UV and mass responses (signal-to-noise ratios).
Following these tests, the two best additives (ammonium acetate and ammonium hydroxide) were tested on a
larger number of columns (10) where the two additives appeared to provide very comparable overall scores.
However, ammonium acetate was selected for slightly better chromatographic quality.
In a second step, we investigated the effects of ammonium acetate concentration (between 0 and 25 mM in the
methanol co-solvent) on retention and peak efficiency. Two types of silica supports were tested by
working with ACQUITY UPC? HSS C18 SB and BEH columns. 20 mM ammonium acetate in methanol with 2%
water was finally selected as the best co-solvent composition.

© 2015 Elsevier B.V. All rights reserved.

* Corresponding author. Tel.: +33 238 49 47 78; fax: +33 238 41 72 81.

1. Introduction

Impurity profiling of organic products that are synthesized as
possible drug candidates is a significant concern. For this purpose, it
is necessary to have complementary high-performance analytical

E-mail address: caroline.west@univ-orleans.fr (C. West). methods to ensure that all impurities are identified. A general
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screening method for impurity profiling of drug candidates should
naturally allow the elution of a maximum of species with good
peak shapes. In addition, while detection is most often carried out
with a UV detector, mass spectrometric (MS) detection is desirable to
confirm peak identity and support peak purity. Some single-
quadrupole mass spectrometers with a small footprint are now
available at a rather low price. Some of these instruments allow for
“push-button” operating mode with most parameters having been
optimized to ensure reasonably good response to a large array of
analytes. Such apparatus are bound to expand the number of rou-
tine methods with MS detection, especially as limited expertise is
necessary to operate them.

SFC (usually expanded as Supercritical Fluid Chromatography,
although the fluid employed is now rarely in the supercritical state)
makes use of liquid mobile phases comprising a significant portion of
pressurized carbon dioxide mixed to another solvent (most often an
alcohol as methanol) [1]. The high-throughput capability and
economic benefits of the method, but also the “green” aspect of a
non-toxic solvent together render SFC very attractive for a wide
range of applications, whenever a replacement or complement to
HPLC is desired. Thus the recent introduction of improved analytical
SFC systems that take full advantage of all these features is currently
causing a revival of the technique.

It was shown in numerous occasions that SFC is an adequate

tool for small molecules of pharmaceutical interest: active phar-
maceutical ingredients, impurities or degradation products [2-6].
Additionally, it was proven already some 10 years ago that SFC-MS
could efficiently compete with LC-MS for the purpose of screening
libraries of pharmaceutical compounds[7].
Because active pharmaceutical ingredients are most often basic
molecules, and the carbon dioxide - methanol mixture is acidic,
adequate elution of such analytes is preferably achieved with an
adjusted mobile phase composition comprising a small percent-
age (typically 0.1-1% in the co-solvent) of a polar additive [8]. The
additive may be a base (like isopropylamine [9] or ammonium
hydroxide [10,11]), an acid (formic acid [10], ethanesulfonic acid
[12] or citric acid), a combination of an acid and a base [13,14], or a
salt (most often ammonium formate or ammonium acetate
[15,16]). Water is also increasingly cited as an additive to improve
elution of polar analytes [17]. While the effect of additive nature
and concentration in SFC was often discussed as regards
chromatographic features (retention or peak shapes) [15,18] and is
considered to cause most significant changes to SFC chromatograms
than usually observed in RPLC [6], the impact on MS detection was
rarely addressed [10,16,19].

The present study aims at developing a rapid screening method
for impurity profiling of drug candidates with SFC-ESI-MS. The first
part presented in this paper will focus on the selection of a ver-
satile mobile phase composition to ensure elution of the largest
proportion of drug-like compounds with good peak shape and the
best possible ESI-MS response. Several additives introduced in the
CO2-methanol mobile phase were thus tested with a wide range of
stationary phases to assess their capabilities for successful chro-
matography and MS detection. Because the method aims at direct
applicability in a pharmaceutical company, a large selection (160)
of drug candidates (further presented in Section 3.1) were evalu-
ated.

The second part, presented in a subsequent paper, will focus on
stationary phase selection to achieve orthogonal methods.

2. Materialandmethod
2.1. Chemicals, solvents and reagents

160 drug candidates were obtained from Servier Research Lab-
oratories (Suresnes, France) whose structures are confidential, but
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they are further described in Section 3.1. For the additives: ammo-
nium acetate, ammonium formate, diethylamine, diethanolamine
and isopropylamine were obtained from Sigma-Aldrich (Saint-
Quentin Fallavier, France); ammonium hydroxide solution was
provided by Fisher Scientific (Illkirch, France); ultra-pure water was
provided by an Elga UHQ system from Veolia (Wissous, France)
and trifluoroacetic acid was obtained from VWR (Fontenay-sous-
Bois, France). Solvents used were HPLC-grade methanol (MeOH)
and ethanol provided by VWR (Fontenay-sous-Bois, France). Formic
acid was obtained from VWR (Fontenay-sous-Bois, France). Carbon
dioxide of industrial grade 99.5% was provided by Messer (Puteaux,
France).

2.2. Stationary phases

For this study, eleven commercialized columns were com-
pared. The known features of the stationary phase chemistries
and dimensions are gathered in Table 1. The columns selected
were all high efficiency phases (1.7 or 1.8 um fully porous and
2.6 or 2.7 uym superficially porous particles) with a variety of
stationary phase chemistries. The columns were kindly provided by
Waters (Guyancourt, France), Phenomenex (Le Pecq, France),
Thermo Fisher Scientific (Villebon, France) and Macherey-Nagel
(Hoerdt, France).

2.3. Instrumentation

The supercritical fluid chromatography system was a Waters
Corporation (Millford, MA, USA) ACQUITY Ultra Performance Con-
vergence Chromatography™ (UPC2®). It was equipped with a binary
solvent delivery pump compatible with mobile phase flow rates up
to 4 mL/min and pressures up to 414 bar, an autosampler that
included partial loop volume injection system, a back pressure
regulator, 4-position column oven compatible with 150 mm length
columns and two detectors: a photodiode-array (PDA) detector and an
ACQUITY QDa® single-quadrupole mass detector with electrospray
ionization source. An isocratic solvent manager was used as a make-
up pump and was positioned before the mass detector. The main flow
stream was then splitted by the on-board flow-splitter assembly.
With this system, most of the column flow goes to the back-
pressure regulator and only an unknown portion goes to the MS.
MassLynx® software (V4.1) was used for system control and data
acquisition. Empower® 3 was used for integration of peaks for
column efficiency measurements. Waters Data Converter (V2.1) was
used to convert data from MassLynx to Empower.

2.4. Chromatographic conditions

The screening of the different additives with the selection of
stationary phases was performed in a gradient elution program in
the following conditions:

(1) For columns with 100 x 3.0 mm dimensions (1.7-1.8 um fully
porous particles), the mobile phase composition was COz with 5-
50% MeOH (+additive) in 10 min, flow rate was fixed at 1
mL/min, temperature was set at 25°C and the outlet pressure
was maintained at 150 bar. Inlet pressure at the beginning and
end of the gradient program varied from 215 to 330 bar
respectively.

(2) For columns with 150 x 4.6 mm dimensions (2.6 pm superfi-
cially porous particles), the mobile phase composition was CO2
with 5-50% MeOH (+additive) in 15 min, flow rate was fixed at
2.35 mL/min, temperature was set at 25 °C and the outlet pres-
sure was maintained at 150 bar. Inlet pressure at the beginning
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Table 1
11 columns used in this study.

Column name Manufacturer Support Bonded ligand Dimensions (mm) Particle size (um)

ACQUITY UPC? HSS C18 SB Waters Fully porous silica Octadecyl, nonendcapped 100%3.0 1.8

ACQUITY UPC? BEH Waters Fully porous hybrid silica - 100 x3.0 1.7

ACQUITY UPC? BEH 2-EP Waters Fully porous hybrid silica 2-Ethylpyridine 100 x3.0 1.7

ACQUITY UPC? Torus 1-AA Waters Fully porous hybrid silica 1-Amino-anthracene 100 x3.0 1.7

ACQUITY UPC? Torus 2-PIC Waters Fully porous hybrid silica 2-Picolyl-amine 100 x3.0 1.7

ACQUITY UPC? Torus DEA Waters Fully porous hybrid silica Diethylamine 100 x3.0 1.7

ACQUITY UPC? Torus DIOL Waters Fully porous hybrid silica Propanediol 100 x3.0 1.7

Kinetex HILIC Phenomenex Superficially poroussilica - 150 x4.6 2.6

Accucore HILIC Thermo Superficially porous silica — 150 x4.6 2.6

AccucorePhenyl-X Thermo Superficially porous silica Phenyl-alkyl 150 x4.6 2.6

Nucleoshell HILIC Macherey-Nagel Superficially poroussilica Sulfobetaine 150 x3.0 2.7

and end of the gradient program varied from 180 to 215 bar
respectively.

For the single column having different dimensions from the first
two groups (150 x 3.0 mm), Nucleoshell HILIC (2.7 pm superfi-
cially porous particles), the mobile phase composition was CO2
with 5-50% MeOH (+additive) in 15min, flow rate was fixed at
1 mL/min, temperature was set at 25 °C and the outlet pressure
was maintained at 150 bar. Inlet pressure at the beginning and
end of the gradient program varied from 190 to 270 bar
respectively.

3

=

Thus comparable linear velocity and gradient steepness were

used with all columns. Variations between the average column
pressure values was not compensated with outlet pressure, as we
aimed at a simple operating procedure. The differences resulting
from different column dimensions and particle type and size should
cause only limited differences in elution strength of the mobile
phase, because the outlet pressure and oven temperature condi-
tions selected resultin a fluid oflimited compressibility.
For salt-type additives with limited solubility in methanol, solutions
were first prepared at 1 M in water and then diluted down to 20mM
in MeOH. The final composition of mobile phase co-solvent thus
comprises 20 mM additive and 2% water. 16 mixtures com-
prising 10 compounds each, selected to avoid isobaric compounds
being present in the same mixture, were prepared at 1 mg/mL in
ethanol. 1 pL of each mixture was then injected with a 10 puL-loop
and MeOHwasused torinse the system. The extracted wavelength for
UV detection was fixed at 210 nm. Frequency was setat 20 pts/s and
resolution at 1.2nm.

The mass detector unit was pre-optimized by the manufac-
turer. The studied compounds were detected in positive and
negative electrospray ionization mode (m/z 150-750), scan rate
10 pts/s, capillary voltage 0.8 kV, cone voltage 15V, sampling fre-
quency 8 Hz, ion source temperature 150 ‘C and probe temperature
600 °C. Nitrogen was used as nebulizing gas. Make-up flow was
0.45 mL/min with 90% methanol-10% water comprising 1% formic
acid. As the pre-selected ionization parameters caused only little
fragmentation, only the precursor ions were considered ([M+H]" in

ESI* mode, [M-H] " in ESI").

3. Resultsand discussion

3.1. Description of the analyte set

(a) Theanalytesselected forthisstudywere extracted fromalibrary
of drug candidates from Servier Research Laboratories. In
designing this test set, the purpose was to have a set that
would be as representative as possible of the diversity of
chemical structures usually encountered in  this
pharmaceutical company. As a result, molecular weight
varies between 150 and 750 while log P values also vary in a
wide range, from -1.87 to 7.48 (Fig. 1). However,
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most analytes have positive log P values. A large portion of these
compounds (about 80%) were basic. A significant portion of the
analytes (about 60%) had acidic functions. Judging from the pKa
values, a large part of the basic analytes (Fig. 1a) are probably pro-
tonated in COz-methanol mobile phase, while only a small portion of
the acidic functions may be deprotonated (Fig. 1b). While the
structures of these analytes must remain confidential, the above
significant numbers should be sufficient to translate the applica-
bility of the present study to other compounds of pharmaceutical
interest.

Applicability of a “diverse” set of analytes to impurity profiling
may be questioned, because the structural diversity encounteredin a
synthetic mixture should be rather limited, with all compounds
sharing some common skeleton and differing only in minor fea-
tures. To verify this point, the set comprised families of compounds
with a significant portion of common structural elements.
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Fig. 1. Partition coefficient (log P) versus log of acid dissociation constant (aqueous
pK,) for (a) basic compounds and (b) acidic compounds.
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Fig. 2. Derringer desirability functions. (d1) Based on the number of eluted compounds, (d2) based on the number of symmetrical peaks, (d3) based on UV baseline drift caused
by the gradient elution, (d4) based on the average UV responses measured for eluted compounds, and (ds) based on the average mass responses measured for eluted compounds.

3.2. Definition of Derringer desirability functions

First of all, Derringer desirability functions [20] were defined
to rank the performance of the selected additives as regards their
benefits for chromatographic elution and detection. To implement
Derringer functions, the first step is to choose the criteria that influ-
ence the quality of results, so the classification of additives studied.
For the purpose of selecting the best mobile phase conditions, we
chose to consider the influence of five different criteria. We thus
created Derringer functions and calculated values of different Der-
ringer parameters (d;) for each additive (Fig. 2).

The first studied criterion was the number of eluted compounds.
We created a dj function as follows: 160 compounds were injected so
we expected the elution of 160 compounds at best. If the tested
additive allowed the elution of 160 compounds, we assigned a score of
1 to this additive. In other words, a score of 1 is the maximum
value for the dp coefficient, corresponding to a totally desirable
response. On the contrary, if no compounds should be eluted, a
value of 0 would be assigned to the additive. 0 is thus the mini-
mum value for d; coefficient, corresponding to a totally undesirable
response, a case that obviously never occurred. We counted the
number of eluted compounds for each additive and assigned a value of
d; between 0 and 1 according to the linear function that was
defined (Fig. 2).

The procedure was the same for the number of symmetrical
peaks and we can assign for each additive a value for the dz coef-
ficient between 0 and 1 (Fig. 2). Although it may be expected that
high d; values (large number of symmetrical peaks) can only be
obtained with high d1 values (large number of eluted peaks), it was
verified that no correlation existed between the dy1 and d> criteria.
Indeed, some of the additives selected appeared to ensure elution of
alarge portion of analytes but provided good peak shapes only for a
small portion of them, thus were not versatile enough for the large
setof compounds in this study.

The third studied criterion was the UV baseline drift measured
between the beginning and end of the gradient. The lowest base-
line drift expected is naturally zero, thus the d3 value should be 1
in such case. The worst additives employed in this study had a
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baseline drift above 10 absorbance units. As it is not known whether
other additives result in larger drifts, a d3 value of 0 was defined for
a baseline drift of 15. This d3 criterion is obviously unrelated to the
first two. However, because this criterion should have little
significance when MS detection is available, it was given twice less
weightthan the other criteria in the final Derringer ranking.

The fourth studied criterion was based on UV response (peak
height). The d4 value was obtained by averaging the UV signal- to-
noise ratio (s/n) values measured for all eluted compounds.
Background noise was always measured at the end of the gradient,
where its amplitude was the largest. An additive which provided the
highest average s/n (close to 30) received a score of 1 for the d4
coefficient, while a zero average s/n (never occurred in practice)
was given a score of O for the ds coefficient (Fig. 2). Good UV
response evaluated with peak height can be related to peak shapes
and efficiency, but the noise level can vary significantly between
additives in a manner that is unrelated to chromatographic perfor-
mance, especially at the end of the elution gradient when additive
concentration is the highest. Thus it was observed that the ds4 values
had a limited correlation with d; and d3 values.

The fifth and last studied criterion was the ESI-MS response
(peak height), by averaging s/n for the mass responses of 160 com-
pounds measured on the extracted ion chromatograms. An additive
which provided the highest average s/n (near 600) received a score of
1 for the ds coefficient, while a zero average s/n (never observed) was
given a ds score of 0 (Fig. 2). In calculating the average s/n, the
responses measured in positive and negative ionization mode were
considered together, because a large majority of analytes were
observed in positive mode. Indeed, the proportion of analytes that
provided better MS responses in the negative ionization mode was
typically less than 5% of the analytes observed with MS detection.
Also, it is worth mentioning that a very small portion of analytes
(less than 5%) was observed with UV detection but not with ESI-MS.
Because electrospray ionization involves specific effects that are totally
different from the chromatographic features, the ds values were
uncorrelated to those obtained with the other criteria. Mass
response is an important criterion because of the need to ensure
thatthe compound of interest is separated from its impurities.
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Regarding the two detection criteria (ds4 and ds), the question of
representativeness of the whole data by the average value may be
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Table 2
Ranking of additives on column ACQUITY UPC? HSS C18 SB (see text for details).

asked. Indeed, it may seem simplistic to translate the diversity of Additive Dvalue Rank
UV and MS responses into a single average value. This point will be NH,OH 0.818 1
further discussed in Section 3.4. AA 0.637 2
Once the coefficients di, d2, d3, ds4, ds were known for each IPA 0.605 3
additive, we calculated the value of total desirability, D. The total DEOA 0.410 4
desirability was defined as the geometrical mean of the different AF 0.405 5
functions (with less weight given to the d3 criterion, as indicated DEA 0.332 6
’ None 0.289 7
above): TFA 0,979 5
1/9 HO 0.224 9

D=(d1 *dq *d2 *d2 *d3 *d4 *d4 *ds *ds) (1)

An additive that gets a high D value will be at the top of the
ranking, conversely an additive that gets a low D value will be at
the bottom of the ranking. With a product function, an additive
that has a very low score for one criterion (close to zero) is strongly
penalized, it is considered totally undesirable and thus obtains a
bottom rank.

3.3. Preliminary study: screening of eight additives with one
column

We started this study with the screening of eight additives with
the ACQUITY UPC? HSS C18 SB column, which had in a preliminary
study proven very successful for the analysis of the compounds of
interest, with the analytical conditions described in Section 2.4. The
different additives tested were bases (ammonium hydroxide
(NH40H), diethylamine (DEA), diethanolamine (DEOA) and iso-
propylamine (IPA)), acids (trifluoroacetic acid (TFA) and water
(H20)) or salts (ammonium acetate (AA) and ammonium formate
(AF)). Pure methanol (no additive) was used as a reference. The
composition with water is also a reference for certain additives
because the salts (AA and AF) were first dissolved in water prior to
dilution with methanol. It may have been foreseen that some of the
selected additives were not going to provide uniformly good results
for the analytes selected. However, we were willing to explore a
variety of additives to possibly reveal particular behaviors toward
“difficult” analytes, thatshallbeaddressed in future works.

Once all data were acquired, Derringer desirability functions
were used to rank the additives according to the selected criteria:
number of eluted compounds (d1), number of symmetrical peaks
(d2), UV baseline drift (d3), UV response (d4) and mass response
(ds). We calculated the value of total desirability D for each additive
(Table 2).

Looking at each criterion one by one (Fig. 3), it appears that,
apart from water alone, any additive improves the number of ana-
lytes that were successfully eluted (d1), as compared to the mobile
phase comprising no additive. Ammonium hydroxide, ammonium
acetate, isopropylamine and trifluoroacetic acid provided the most
significant improvement in this respect with a respective increase in
the number of analytes eluted 0f 19, 18, 17 and 14%. Also, all additives,
including water, improved the number of symmetrical peaks (dz).
Ammonium hydroxide, ammonium acetate, diethanolamine and
isopropylamine were the most favorable to obtain symmetrical peaks
with a respective increase of 190, 175, 170 and 160% as compared
to the mobile phase composition comprising no additive. The UV
baseline drift (d3) was strongly dependent on mobile phase
composition. Water, isopropylamine and ammonium hydroxide
were the best, with no or minor changes as compared to the
mobile phase without an additive. Diethanolamine and the two
salts (ammonium formate and ammonium acetate) were the worst.
Detector response varied greatly with mobile phase composition:
average UV response (d4) was especially improved by the use of
basic additives and salts, probably because the peak shapes of bases
were improved; average MS response was particularly favored by
ammoniumhydroxideand ammoniumacetate.

Considering overall D values (Table 2), three groups of additives
could be defined: ammonium hydroxide, ammonium acetate and
isopropylamine ranked at the top; diethanolamine, ammonium for-
mate and diethylamine followed; the last three compositions, no
additive, trifluoroacetic acid or water were the worst.

Ammonium acetate and ammonium hydroxide were equally
good in terms of chromatographic performance. Ammonium
hydroxide provided better MS response and less UV baseline drift.
Diethanolamine and trifluoroacetic acid were penalized by low MS

md1 nd2 =d3 d4 d5

NH40H ‘_—‘
AA ‘__ |

IPA ‘_—‘
DEOA ‘_- |
AF ‘-- |
DEA -‘_ |
No additive -‘_ |

TFA ‘-_
H20 -1— ‘
0.0 1.0 20 3.0 40 5.0
d; values

Fig.3. Details of each criterion studied with Derringer’s desirability functions on HSS C18 SB column. (d1) Number of eluted compounds, (d2) number of symmetrical peaks, (d3) UV
baseline drift, (d4) average UV responses measured for eluted compounds, and (ds) the average mass responses measured for eluted compounds.
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Fig.4. Sample comparison of UV chromatograms for 20 compounds on ACQUITY UPC2 HSS C18 SB column: (a) without an additive in the mobile phase; (b) with 20mM ammonium

acetate in the methanol co-solvent (UV detection 210 nm).

response, which was not surprising as they have very poor volatility
and cause ion suppression respectively.

The bottom four mobile phase compositions were impaired both
by poor chromatographic performance (peak shapes represented
by dz) and poor detection (UV and MS s/n represented by ds and
ds).

From a general point of view, it was found that the use of
the additives that ranked the highest brought significant improve-
ments in the peak shapes of strong bases, as appears with larger d>
values at the top of the figure.

Itis worth noting that, in accordance with previous studies [15],
the compounds that exhibited satisfactory elution in the absence of
an additive were virtually unaffected by the presence of an additive.
However, such compounds were a large minority as they repre-
sented about 20% of the compounds eluted in the absence of an
additive. This point can be observed in Fig. 4, where the superim-
posed UV chromatograms of 20 individual analytes are compared
with and without an additive (ammonium acetate). It is visible that
the peaks that were already symmetrical without an additive are
unchanged in the presence of ammonium acetate.

The poor MS response obtained with ammonium formate came
as a surprise as it is a volatile salt and was often recommended in
SFC-MS studies [19]. However, we must point out that some
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difficulties were encountered with the MS system. With the
interface designed by the manufacturer, the portion of mobile
phase entering the MS decompresses in the capillary and /or in the ion
source. As this section is not heated up, plugging sometimes
occurred that may have been caused either by CO; ice particles, or
by salt additive precipitation, or by analyte precipitation, which are
not adequately re-dissolved by the make-up solvent. The latter is the
least likely as the observed plugging usually occurred upon re-
equilibration of the system, thus when no analyte should have
remained in this section and when the concentration of co-solvent in
the mobile phase was the lowest. The MS system used here has an
internal calibrant to control m/z values, but nothing indicates
whether the MS response is normal. As a result, it is possible
that partial plugging had occurred when the experiments with
ammonium formate had been carried out. Frequent cleaning of
the interface was thus considered necessary to ensure that the
MS response observed would remain adequate. Some more robust
interfacing is clearly necessary [21], which should be easily reached
with additional moderate heating of the SFC-MS interface and would
limitboth ice formation and salt precipitation.

Additionally, not only MS response but overall chromatographic
quality was limited with ammonium formate. This result differs
from another recent study in SFC-MS where ammonium formate
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Fig.5. Sample comparison of UV and MS responses for one compound (S) in a mixture of 10 on ACQUITY UPC? HSS C18 SB column. Left: UV chromatograms at 210 nm; right:
corresponding mass chromatograms (m/z 473, detection ESI*).

columns with stationary phases based on superficially porous silica
particles: Accucore HILIC and Accucore Phenyl-X, Nucleoshell HILIC,
and Kinetex HILIC. The analytical conditions were the same as before,
only the gradient and flow rate were adjusted to take account of
different column dimensions, as detailed in the experimental section.

was preferred over ammonium acetate as it provided slightly
improved peak shapes [19]. However, we may point out that
different concentrations of ammonium formate were employed in
this reference and the present work (10 mM versus 20 mM), while

additive concentration appeared as a significant parameter for
chromatographic performance as will be further discussed in the
following section. Also other operating conditions (flow rate,
temperature, make-up flow, analyte concentration), which were
different between the two studies, are bound to influence the con-
clusions on MS response.

Fig. 5 illustrates the comments expressed above. In this example, a
compound that was eluted (although demonstrating strong tailing)
without an additive was selected. The nature of the additive
influenced retention, but also impacted symmetry and efficiency as
seen in the UV chromatograms. It had also a very significant
impact on MS response. While the peaks observed in UV with the
basicand salts additives (NH40OH, AA, IPA, DEOA, AF and DEA) look very
similar, the MS chromatograms are significantly different with
ammonium hydroxide, ammonium acetate and isopropylamine
providing the best chromatograms. This is in agreement with the
respective values of ds criterion for these additives (Fig. 3).

3.4. Screening of the two best additives in a large set of columns

Because the next step of this method development, which will
be developed in a second paper, is to develop orthogonal SFC-MS
methods, thus making use of two or more columns, it was important to
verify that the conclusions drawn from the first series of exper-
iments were not dependent on a particular stationary phase but
could be extended to other columns. We thus selected the two best
additives from the previous step (ammonium acetate and ammo-
nium hydroxide), but also retained pure methanol as a reference.

We thus tested again the 160 analytes with a large selection of
columns having very different surface chemistries (Table 1): two
other columns of ACQUITY UPC? set (BEH and BEH 2-EP), the four
ACQUITY UPC? Torus columns (1-AA, 2-PIC, DEA, DIOL), and four
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The same Derringer desirability functions were used again to
rank the additives for each column.

The results are presented in Table 3. It can be seen that, in most
cases, the use of an additive improves the overall score. Ammonium
acetate and ammonium hydroxide result, on average, in comparable
improvements. However, the improvement in chromatographic
quality (number of analytes eluted with good peak shapes) was
generally better withammonium acetate.

Comparing only ds values related to MS responses, ammonium
acetate ranked first in 7 cases out of 11 and ammonium hydroxide
ranked first in 4 cases as well.

At this stage, we can get back to a question asked above,
regarding the adequacy of the average s/n value to represent the

Table 3

D scores obtained based on Derringer desirability classification with 5 criteria on the
11 columns with Table 1 and for three different mobile phase compositions (see text for
details).

Columnname No additive AA NH4OH
ACQUITY UPC? HSS C18 SB 0.289 0.637 0.818
ACQUITY UPC? BEH 0.536 0.820 0.564
ACQUITY UPC? BEH 2-EP 0.538 0.716 0.494
ACQUITY UPC? Torus 1-AA 0.455 0.600 0.561
ACQUITY UPC? Torus 2-PIC 0.490 0.637 0.648
ACQUITY UPC? Torus DEA 0.474 0.564 0.578
ACQUITY UPC? Torus DIOL 0.441 0.627 0.645
Kinetex HILIC 0.218 0.438 0.382
Accucore HILIC 0.259 0.547 0.429
Accucore phenyl-X 0.319 0.558 0.511
Nucleoshell HILIC 0.276 0.727 0.573
Average D score 0.390 0.625 0.564
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Fig. 6. Distribution of detector responses of all compounds eluted from the Kinetex
HILIC column with no additive or with three different mobile phase compositions
(pure methanol or 20 mM in methanol). (a) UV signal-to-noise at 210 nm (b) ESI-MS
signal-to-noise. (For interpretation of the references to color in the text, the reader is
referred to the web version of this article.)

distribution of detector responses. We thus examined the distribu-
tion of the UV and MS response values measured for all compounds
detected, on each column and with each mobile phase condition.
For example, the results obtained with Kinetex HILIC are repre-
sented in Fig. 6. This figure represents the number of compounds
observed in a given response range. For instance, in Fig. 6a, it
appears that, in the mobile phase with no additive, more than 40
analytes were detected in UV with the lowest response values (blue
diamond point at the bottom right of the figure). On the opposite,
the number of analytes with high UV response in the same condi-
tions were zero (blue diamond points on the upper part of the y
axis). Looking at the distribution of UV responses for the different
additives (Fig. 6a), we can see that ammonium acetate provided
somewhat higher response values as the red curve is above the
others for large response values: only a small portion of analytes
provided low response values (red square points at the bottom of
the figure), while high response values were often observed (red
square points in the upper section of the figure). This is in good
agreement with the ranking obtained by using Derringer desirability
function based on the average value of UV response data (ds
criterion). Secondly, looking at the distribution of MS responses
(Fig. 6b), the curve for ammonium acetate is above ammonium
hydroxide at large values of MS response (red square points in the
upper section of the figure are farther to the right as compared to
green triangles). They are both above the curve of pure methanol
(no additive, blue diamonds). On the opposite, the curve for the
“no additive” mobile phase is above all others at low MS responses
(blue diamonds at the bottom right of the figure), indicating that a
larger part of the analytes observed had only low MS response

when no additive was present in the mobile phase. Again, this is in
good agreement with the ranking obtained based on the average of
value of MS s/n data (ds criterion). These elements indicate that the
average value of detector response is an adequate criterion to
summarize the effects of an additive on detector response for all
compounds eluted.

We may conclude from the above observations that ammonium
acetate and ammonium hydroxide are nearly equivalent regarding
the improvement in chromatographic performance and detection.
Ammonium acetate was only slightly better. The latter conclusion is in
contrast with a recent SFC-MS study where ammonium hydroxide
was considered inferior to ammonium acetate and ammonium
formate [19], but this study had pointed out at the deficiencies
of ammonium hydroxide for negative ionization mode while the
present study comprised only a very small proportion of analytes
with ESI™ MS response.

Ammonium acetate was thus selected for further studies.

3.5. Effects of ammonium acetate concentration on retention and
peak shapes

As a starting point for the above comparisons, we had chosen to
use a concentration of 20 mM additive in the mobile phase. At this
stage, we were willing to verify whether this concentration was
adequate and see how low it could possibly be reduced without
degrading peak shape.

Two types of silica supports were tested, working with columns
ACQUITY UPC? HSS C18 SB and BEH. The first was chosen because it
had proven very successful in the preliminary study, and the second
because BEH silica serves as a basis for the preparation of all other
ACQUITY phases, which had also appeared as promising in
thepreliminarystudies.

We identified nineteen compounds that were very poorly eluted
(high retention and high asymmetry values) without any additive in
the mobile phase, in the analytical conditions described in section
2.4. Different concentrations of ammonium acetate were tested: 0,
1,2,3,4,5,10, 15, 20 and 25 mM in the methanol co-solvent.

The variation in retention time and peak width were plotted
for the nineteen compounds according to the concentration of
ammonium acetate. Because the analytes are eluted with a gra-
dient elution, the actual concentration of ammonium acetate may
differ from one analyte to the other, depending on the concentra-
tion of co-solvent required to elute them from the column. Thus
for each compound, the overall concentration in the mobile phase,
taking account of the elution time of each analyte, was considered.
On both columns, the trends observed were very similar. A rep-
resentative example with one analyte eluted from ACQUITY UPC?
BEH column is provided in Fig. 7. Both concentrations (in methanol
co-solvent and overall concentration in mobile phase) are repre-
sented in Fig. 7. As regards retention variation, a large majority of
compounds exhibited a strong retention decrease between 0 and 1
mM ammonium acetate in methanol, and then retention further
decreased with a lower slope until 15 mM in methanol. Between
15 and 25 mM, retention slightly increased again. This trend, rep-
resented in Fig. 7a, is in accordance with previously reported SFC
analyses in the presence of ammonium acetate [15].

For the analyte selected in this example, the elution compo-
sition was 34% methanol (retention time above 7 min) when no
additive was present, and about 18% methanol when ammonium
acetate was present (retention time below 4 min). It is interest-
ing to note that a total ammonium acetate concentration of only
0.2 mM was sufficient to divide retention time by a factor of 2.
The most likely explanations are (i) the formation of an ion pair
between acetate and the cationic analyte (protonated base), and/or
that the additive adsorbs at the surface of the stationary phase and
decreases analyte interactions, namely coulombic interactions
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between silanol groups and protonated bases [18]. Further increase
in additive concentration had a very small effect when compared to
the first 0.2 mM.

As regards peak width variations, the behaviors of the selected
analytes were less uniform than observed for retention variations,
but the general trend seemed to be as follows (Fig. 7b): very large
peaks were observed for the selected compounds without the use of
additive in the mobile phase, and then peak width decreased
gradually with the increase of ammonium acetate concentration
until it reached a plateau at about 20 mM.

On the chromatograms, we could see that with no additive in the
mobile phase, the peak shape is very bad (Fig. 8) and the retention
time is long (about 7 min). As soon as we added ammonium acetate in
the mobile phase, the retention time was shorter (3-4 min) and the
peak shape improved significantly. It is then visible that peak width
still improves with further addition of ammonium acetate in the
methanol co-solvent, while retention slightly increases again.

As a result, our initial choice of 20 mM ammonium acetate in
methanol was considered to be good, to ensure low retention and
good peak shapes in a robust manner, thus keeping the concentra-
tion in an area where these features do not vary much. An additional
benefit is that the preparation of mobile phase composition is par-
ticularly simple as a 1 M aqueous solution of ammonium acetate is
simply dissolved to 2% with methanol. Easiness of mobile phase

C =20 mMAA

‘»\,\_’/ s

C=5mMAA

0 5 10
retention time

Fig.8. Chromatograms obtained for one compound (S) on ACQUITY UPC? BEH column
with different concentrations of ammonium acetate in the mobile phase
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preparation is a significant point to ensure good routine use of a
method and was considered an extra advantage.

4. Conclusion

In the purpose of developing an analysis method for drug can-
didates, the optimization of mobile phase composition included
the study of different additives for their chromatographic perform-
ances but also for UV and MS responses. Some of them resulted in
poor results (like DEA, TFA, or water), while others presented signif-
icant advantages. This was the case for ammonium acetate which
was the best additive tested, both for chromatographic perform-
ances and detector responses. It was thus retained for all further
studies. Another additive provided significant improvement com-
pared to pure methanol: ammonium hydroxide. Although it was
rather inferior to ammonium acetate for chromatographic perfor-
mance, it provided good MS responses and low baseline drift with UV
detection.

The investigation of ammonium acetate concentration on reten-
tion and efficiency has shown that a concentration of 20 mM
ammonium acetate in the mobile phase is suitable for the devel-
opment of a screening method in SFC-ESI-MS, with the selection of
analytes that were employed here on a variety of stationary
phases. Please note that the mobile phase selected in the end was
not meant to be universal, and other analytes may yield other
conclusions.

Derringer functions proved to be useful in comparing notably
different criteria (quality of the chromatograms or detection
issues). The approach proposed here should be applicable to
develop methods with other types of analytes encountered in
differentapplicationareas.
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[11. Développement de méthodes SFC : choix de phases stationnaires

Ayant déterminé une composition de phase mobile qui permettra I'élution et la
détection satisfaisante d’'une majorité de nos analytes cibles, il nous faut maintenant
sélectionner une (ou des) phase(s) stationnaire(s) qui permette(nt) d’obtenir la rétention, la
sélectivité et I'efficacité adéquate pour le profilage d’impuretés. Le choix de la phase
stationnaire est en effet un critere essentiel lors du développement de méthodes en SFC
car elle impacte tres fortement la séparation. La recherche de phases stationnaires pour

'analyse de composés pharmaceutiques est reportée dans l'article suivant :

E. Lemasson, S. Bertin, P. Hennig, H. Boiteux, E. Lesellier, C. West

Development of an achiral supercritical fluid chromatography method with ultraviolet
absorbance and mass spectrometric detection for impurity profiling of drug candidates.

Part II: Selection of an orthogonal set of stationary phases

Journal of Chromatography A, Volume 1408, (2015), 227-235
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ABSTRACT

Impurity profiling of organic products that are synthesized as possible drug candidates requires
complementary analytical methods to ensure that all impurities are identified. Supercritical fluid chro-
matography (SFC) is a very useful tool to achieve this objective, as an adequate selection of stationary
phases can provide orthogonal separations so as to maximize the chances to see all impurities.

In this series of papers, we have developed a method for achiral SFC-MS profiling of drug candidates, based
on a selection of 160 analytes issued from Servier Research Laboratories.

In the first part of this study, focusing on mobile phase selection, a gradient elution with carbon dioxide and
methanol comprising 2% water and 20 mM ammonium acetate proved to be the best in terms of
chromatographic performance, while also providing good MS response [1].

The objective of this second part was the selection of an orthogonal set of ultra-high performance
stationary phases, that was carried out in two steps. Firstly, a reduced set of analytes (20) was used to
screen 23 columns. The columns selected were all 1.7-2.5 um fully porous or 2.6-2.7 um superficially
porous particles, with a variety of stationary phase chemistries. Derringer desirability functions were
used to rank the columns according to retention window, column efficiency evaluated with peak width of
selected analytes, and the proportion of analytes successfully eluted with good peak shapes. The columns
providing the worst performances were thus eliminated and a shorter selection of columns (11) was
obtained. Secondly, based on 160 tested analytes, the 11 columns were ranked again. The retention data
obtained on these columns were then compared to define a reduced set of the best columns providing the
greatest orthogonality, to maximize the chances to see all impurities within a limited number of runs. Two
high-performance columns were thus selected: ACQUITY UPC2 HSS C18 SBand Nucleoshell HILIC.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

fluid employed is now rarely in the supercritical state) is one such
method. SFC makes use of liquid mobile phases comprising a sig-

Impurity profiling of organic products that are synthesized as
possible drug candidates is a significant concern. For this purpose, it
is necessary to have complementary high-performance analytical
methods to ensure that all impurities are identified. SFC (usually
expanded as Supercritical Fluid Chromatography, although the

* Corresponding author. Tel.: +33 238 49 47 78; fax: +33 238 41 72 81.
E-mail addresses: caroline.west@univ-orleans.fr, west caroline@yahoo.fr (C.
West).

http://dx.doi.org/10.1016/j.chroma.2015.07.035
0021-9673/© 2015 Elsevier B.V. All rights reserved.
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nificant portion of carbon dioxide mixed to a co-solvent [2]. CO;
has major advantages over more conventional chromatographic
solvents, as it has a low viscosity allowing for high diffusivities of
the analytes (hence high efficiencies) and limited pressure drop
over packed columns. As a result, high flow rates can be used
without strongly affecting efficiency, and columns packed with sub-2
um particles can be employed with relatively low- pressure pumping
systems (400 bar) [3]. Consequently, the recent progresses in
stationary phase technology (small particles [4,5], but also
superficially porous particles [6]) has also benefited to SFC.
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Table 1
23 columns used in this study.
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Column Name Manufacturer Support Bonded ligand Dimensions Particle size
(mm) (um)
ACQUITY UPC? HSS C18 SB Waters Fully porous silica Octadecyl, nonendcapped 100x3.0 1.8
ACQUITY UPC? BEH Waters Fully porous hybrid silica — 100x3.0 1.7
ACQUITY UPLC BEH Shield RP18 Waters Fully porous hybrid silica Alkyl with embedded carbamate group 100x3.0 1.7
ACQUITY UPC? BEH 2-EP Waters Fully porous hybrid silica 2-ethylpyridine 100 x3.0 1.7
ACQUITY UPC? CSH Fluorophenyl Waters Fully porous hybrid silica Pentafluorophenyl 100%3.0 1.7
ACQUITY UPC? Torus 1-AA Waters Fully porous hybrid silica 1-Amino-anthracene 100 x3.0 1.7
ACQUITY UPC%Torus 2-PIC Waters Fully porous hybrid silica 2-Picolyl-amine 100x3.0 1.7
ACQUITY UPC? Torus DEA Waters Fully porous hybrid silica Diethylamine 100 x3.0 1.7
ACQUITY UPC? Torus DIOL Waters Fully porous hybrid silica Propanediol 100 x3.0 1.7
Synergi Polar RP Phenomenex Fully porous silica Phenyl-oxypropy! 100 x3.0 2.5
Kinetex HILIC Phenomenex Superficially porous silica - 150 x4.6 2.6
Kinetex PFP Phenomenex Superficially porous silica Pentafluorophenyl 150 x4.6 2.6
Kinetex Biphenyl Phenomenex Superficially porous silica Biphenyl 150 x4.6 2.6
Kinetex XB C18 Phenomenex Superficially porous silica Octadecyl, endcapped 150 x4.6 2.6
Accucore HILIC Thermo Superficially porous silica — 150 x4.6 2.6
AccucorePhenyl-X Thermo Superficially porous silica Phenyl-alkyl 150x4.6 2.6
Accucore Phenyl-hexyl Thermo Superficially porous silica Phenyl-hexyl 150 x4.6 2.6
AccucoreC18 Thermo Superficially porous silica Octadecyl 150 x4.6 2.6
Accucore PFP Thermo Superficially porous silica Pentafluorophenyl 150 x4.6 2.6
Ascentis Express OH5 Supelco Superficially porous silica Penta-hydroxyl 150 x4.6 2.7
Ascentis Express F5 Supelco Superficially porous silica Pentafluorophenyl 150 x4.6 2.7
Nucleoshell HILIC Macherey-Nagel Superficially porous silica Sulfobetaine 150 x3.0 2.7
Nucleoshell PFP Macherey-Nagel Superficially porous silica Pentafluorophenyl 150x%3.0 2.7

An interesting feature of SFC is that, in addition to possibly
providing an orthogonal method to a reversed-phase HPLC one
[5-10], it can also be orthogonal to itself, when stationary phases
are adequately selected [11]. Indeed, all columns that are marketed
for HPLC, whether for reversed-phase (RP), normal-phase (NP),
hydrophilic interaction (HILIC) or ion-exchange modes, can also be
used with mobile phases comprising carbon dioxide [12-16].
Chemical diversity of the available stationary phases is currently
significantly improving, with rising interest of the column manu-
facturers and research groups to produce original phases dedicated
to SFC use [17-19]. Moreover, while different operating modes in
HPLC require different mobile phase composition (for instance,
hydro-organic in RP, alkane-alcohol in NP), the same CO2z-co-
solvent mobile phase may be used with all of them. As a result, two
columns with different surface chemistry can be employed with
the same operating conditions and provide orthogonal selectivity
[4,20].

The present work aims at developing a rapid screening method
for impurity profiling of drug candidates with SFC-ESI-MS. The
first part presented in the previous paper focused on the
selection of a versatile mobile phase composition to ensure elution
of the largest proportion of drug-like compounds with good peak
shape and the best possible UV and ESI-MS responses. Several
additives introduced in the COz-methanol mobile phase were thus
tested with a wide range of stationary phases to assess their
capabilities for successful chromatography and MS detection.
Because the method aims at direct applicability in a pharmaceutical
company, a large selection (160) of drug candidates provided by
Servier Research Laboratories was evaluated. We finally settled our
choice on a gradient elution of methanol comprising 2% water and 20
mM ammonium acetate [1].

The second part, described in the present paper, will focus on
stationary phase selection to achieve orthogonal methods.

2. Material and methods
2.1. Chemicals, solvents and reagents

160 drug candidates were obtained from Servier Research Labo-
ratories (Suresnes, France) whose structures are confidential. More
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details about the compounds selected can be found in the first part
of this study. Ammonium acetate was obtained from Sigma-Aldrich
(Saint-Quentin Fallavier, France) and ultra-pure water was pro-
vided by an Elga UHQ system from Veolia (Wissous, France).
Solvents used were HPLC-grade methanol (MeOH) and ethanol
provided by VWR (Fontenay-sous-Bois, France). Formic acid was
obtained from VWR (Fontenay-sous-Bois, France). Carbon
dioxide of industrial grade 99.5% was provided by Messer
(Puteaux, France).

2.2. Stationary phases

For this study, 23 commercialized columns were compared.
The known features of the stationary phase chemistries and
dimensions are gathered in Table 1. The columns selected were
all high efficiency phases (1.7, 1.8 or 2.5 um fully porous and 2.6
or 2.7 um superficially porous particles) with a variety of
stationary phase chemistries. The columns were kindly provided
by Waters, Phenomenex, Thermo, Supelco and Macherey-Nagel.

2.3. Instrumentation

The supercritical fluid chromatography system was a
Waters Corporation (Millford, MA, USA) ACQUITY Ultra Performance
Convergence Chromatography™ (UPC?®). It was equipped with a
binary solvent delivery pump compatible with mobile phase flow
rates up to 4 mL/min and pressures up to 414 bar, an autosampler
that included partial loop volume injection system, a back-pressure
regulator, 4-position column oven compatible with 150 mm length
columns and two detectors: a photodiode-array (PDA) detector and
an ACQUITY QDa® single-quadrupole mass detector with electro-
spray ionization source. An isocratic solvent manager was used
as a make-up pump and was positioned before the mass
detector. The main flow stream was then splitted by the on-board
flow-splitter assembly. With this system, most of the column flow
goes to the back-pressure regulator and an unknown portion goes
to the MS. MassLynx® software (V4.1) was used for system control
and data acquisition. Empower® 3 was used for integration of
peaks for peak width measurements. Waters Data
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Converter (V2.1) was used to convert data from MassLynx to
Empower.

2.4. Chromatographic conditions

The screening of the different columns was performed in a gra-
dient elution program in the following conditions:

(1) For columns with 100 x 3.0 mm dimensions (1.7-2.5 um fully
porous particles), the mobile phase composition was COz with 5
to 50% MeOH (+ ammonium acetate) in 10 min, flow rate was
fixed at 1 mL/min, temperature was set at 25°C and the outlet
pressure was maintained at 150 bar. Inlet pressure at the
beginning and end of the gradient program varied from 180 to
215 bar respectively.

(2) For columns with 150 x 4.6 mm dimensions (2.6 pm superfi-
cially porous particles), the mobile phase composition was CO;
with 5 to 50% MeOH (+ ammonium acetate) in 15 min, flow rate
was fixed at 2.35 mL/min, temperature was set at 25 °C and the
outlet pressure was maintained at 150 bar. Inlet pressure at the
beginning and end of the gradient program varied from 190 to
270 bar respectively. Note that this flow rate is close to the
optimal point in van Deemter curves on this type of stationary
phases [21].

(3) For the two columns having different dimensions from the first
two groups (150 x 3.0 mm), Nucleoshell HILIC and PFP (2.7 pym
superficially porous particles), the mobile phase composition
was COz with 5 to 50% MeOH (+ ammonium acetate) in 15 min,
flow rate was fixed at 1 mL/min, temperature was set at 25 °C
and the outlet pressure was maintained at 150 bar. Inlet pres-
sure at the beginning and end of the gradient program varied
from 200 to 270 bar respectively.

(4) Thus comparable linear speed and gradient conditions were
used with all columns.

Ammonium acetate solution was first prepared at 1 M in water
to achieve good solubility and then diluted down to 20 mM in
MeOH. The final composition of mobile phase co-solvent thus com-
prises 20mM ammonium acetate and 2% water.

16 mixtures comprising 10 compounds each were prepared at 1
mg/mL in ethanol. 2 uL of each mixture was then injected. The
wavelength of UV detection was fixed at 210 nm. Frequency was
set at 20 pts/s and resolution at 1.2 nm.

The mass detector unit was pre-optimized by the manufac-
turer. The studied compounds were detected in positive and
negative electrospray ionization mode (m/z 150-750), scan rate
10 pts/s, capillary voltage 0.8 kV, cone voltage 15V, sampling fre-
quency 8 Hz, ion source temperature 150 °C and probe temperature
600 °C. Nitrogen was used as nebulizing gas. Make-up flow was
0.45 mL/min with 90% methanol-10% water comprising 1% formic
acid. As the pre-selected ionization parameters cause only little
fragmentation, the precursor ions only were considered ([M+H]" in
ESI* mode, [M-H] ™ in ESI7).

2.5. Data analysis

Hierarchical cluster analysis was carried out with XLStat
2014.3.02 software (Addinsoft, New York, NY). Ward’s method was
used to cluster the normalized data (retention data were centered
and reduced for each column), and the Euclidean distance defined
the distance between two clusters. Only the compounds that could be
eluted on all 11 columns retained at this stage were used in the
calculation (127 out of an initial set of 160).
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3. Resultsand discussion
3.1. Description of the analyte set

The analytes selected for this study were extracted from alibrary
of drug candidates from Servier Research Laboratories. In designing
this test set, the purpose was to have a set that would be as repre-
sentative as possible of the diversity of chemical structures usually
encountered in this pharmaceutical company [1]. The resulting
group of analytes comprises acids, bases and neutrals, with log P
values in the range [-2; 8.0]. For the first screening of 23 columns, a
short selection of 20 analytes was extracted so as to eliminate at an
early stage those columns that would provide inadequate retention
and peak shapes. In the short selection, log P values vary from -0.5 to
8.0, and acidic and basic pKa values are scattered in a comparable
manner to the pKa values of the larger set of analytes.

3.2. Description of the column set

Initially, alarge set of columns was selected (Table 1). Our inten-
tion was to try a large variety of stationary phase chemistries,
to increase the probability to identify excellent and orthogonal
columns. Different selectivities were expected based on previous
characterization achieved with linear solvation energy relation-
ships (LSER), resulting in a classification of columns, as appears in
Fig. 1 [20,22]. It must be pointed out that the present classification
has some significant differences from the analytes and operating
conditions evaluated here, because it does not include ionic interac-
tions (while the present set of analytes contains ionizable species)
and because the mobile phase employed to classify the columns
did not contain any ammonium acetate. We thus selected columns
with polar stationary phases (silica or polar ligands bonded on
silica, pink and red points respectively in Fig. 1), non-polar sta-
tionary phases (hydrophobic C18-bonded silica, dark blue points in
Fig. 1) and different stationary phases with intermediate polarity
(aromatic ligands, green points; fluoroaromatic ligands, purple
points; alkyl ligands with embedded polar functions or no end-
capping treatment, blue points in Fig. 1). Only columns with small
particles were selected, to ensure optimal efficiency. Some of the
most recently available columns are present in this set. It can be
seen on Fig. 1 that the 23 columns selected were well scattered in
theselectivity spacedefined by LSER classification.

3.3. Definition of Derringer desirability functions

First of all, Derringer desirability functions [23] were defined to
rank the performance of the selected columns as regards retention,
retention window and peak shapes. To implement Derringer func-
tions, the first step is to choose the criteria that influence the quality
of results, and will thus influence the ranking of the columns. For
the purpose of selecting the best column, we chose to consider the
influence of six different criteria. We thus created Derringer func-
tions and calculated values of different Derringer parameters (d;)
for each column (Fig. 2).

The first studied criterion studied was the number of eluted
compounds. We created a d; function as follows: 20 (first ranking) or
160 (second ranking) compounds were injected so we expected the
elution of 20 or 160 compounds at best. If the chosen gradient
composition allowed the elution of 20 or 160 compounds, we
assigned a score of 1 to this column. In other words, a score of 1 is
the maximum value for the di coefficient, corresponding to a
totally desirable response, and never occurred in practice. On the
contrary, if no compounds should be eluted, a value of 0 would be
assigned to the column. 0 is thus the minimum value for d; coeffi-
cient, corresponding to a totally undesirable response, a case that
naturally never occurred neither. Practically, based on UV and MS
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detections, we counted the number of eluted compounds for each
column and assigned a value of di between 0 and 1 according to
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1 ACQUITY UPC? BEH

2 Kinetex HILIC

3 Accucore HILIC

4 ACQUITY UPC? BEH 2EP

5 ACQUITY UPC? Torus Diol

6 ACQUITY UPC? Torus DEA

7 Ascentis Express OH5

8 Nucleoshell HILIC

9 ACQUITY UPC? Torus 2PIC
10 ACQUITY UPC? Torus 1AA
11 Synergi Polar RP

12 Kinetex Biphenyl

13 Accucore Phenyl-X

14 Accucore Phenyl-hexyl

15 ACQUITY UPC? CSH Fluorophenyl
16 Kinetex PFP

17 Accucore PFP

18 Ascentis Express F5

19 Nucleoshell PFP

20 ACQUITY UPC? HSS €18 SB
21 ACQUITY UPC? BEH RP18 Shield
22 Accucore C18

23 Kinetex XB C18
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Fig. 1. LSER classification of columns evidencing the 23 tested columns.

the defined linear function (Fig. 2).

The procedure was the same for the dz coefficient, but this time

each column a value for the dz coefficient between 0 and 1 (Fig. 2).
Although it was expected that high dz values (large number of sym-
metrical peaks) could only be obtained with high d; values (large

number of eluted peaks), it was verified that no correlation existed

counting the number of symmetrical peaks. We could thus assign to
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Fig.2. Derringer desirability functions based on (d1) the number of eluted compounds, (d2) the number of symmetrical peaks, (d3) peak width measured on 11 compounds, (d4)
retention range, (ds) average retention time, and (de) the average UV responses measured for eluted compounds.
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columns, the elution of a large portion of analytes was observed
but good peak shapes only for a small portion of them, as will be
further discussed later.

The third studied criterion studied was the efficiency, evaluated
with peak width of selected analytes. In the first ranking (20 ana-
lytes), only one compound that could be eluted on all columns with
reasonably good peak shape served to evaluate column efficiency. In
the second ranking (160 analytes), an average peak width value was
calculated for a set of eleven compounds that were eluted on all
columns with reasonably good peak shapes. We attributed to the
column which provided the lowest average peak width a score of 1
for the ds coefficient, and a score of near 0 for the column which
provided the largest average peak width (Fig. 2). It was found
important to select compounds with good peak shapes in this case,
otherwise we may penalize one column twice for the same defect
(redundancy with d; criterion). To confirm this, it was verified that
no correlation existed between d2 and ds. Itis thus believed that the
d2 and d3 criteria evaluate two different things: provided that the
mobile phase composition ensures good solubility of the analytes
(which should be the case, based on the mobile phase optimization
study [1]), non-symmetrical peaks (d2) may still exist when ana-
lytes interact with strong adsorption sites on the stationary phase,
while peak width measured on symmetrical peaks (d3) results of
many other factors as good column packing, particle size etc.

The fourth studied criterion was the retention range: we wanted
the retention range to be as large as possible on the total dura-
tion of the gradient. Indeed, a large retention window indicates
adequate selectivity towards this selection of compounds, thus a
better chance that the target compound will be separated from its
impurities. For each tested column, we calculated the difference
between the maximal retention time and minimal retention time
(Atr), obtained with the set of 20 or 160 compounds. This value
was simply divided by the gradient time (10 or 15min, depending on
column dimensions), to obtain a value between 0 and 1 (Fig. 2).

The fifth studied criterion is the median retention time. Ideally, it
should be superimposed with the middle of the gradient, thus at
about 5 or 7.5 min for a column length of 100 or 150 mm, with gra-
dient time of 10 and 15 min respectively. If a column had a median
retention time at 5 or 7.5 min, a value of 1 was assigned for ds. On
the contrary, if the median retention time was very large or very
low, the value of ds was equal to 0. Then, because some deviation
from this ideal position should not be a strong handicap, we pre-
ferred a parabolic function rather than two linear (increasing and
decreasing) functions (Fig. 2).

Median retention time is an interesting criterion because it
indicates the overall retentiveness of the column towards this
selection of analytes. When average retention is too low, it can-
not be expected that adequate selectivity will be obtained. When
retention is too high, there is a risk that some analytes may be
strongly retained in the column and would not elute during the
gradient time. It may however be argued that average retention
depends on the selected gradient conditions: some columns may
be less retentive than others and would reach a better score with
lower proportions of co-solvent. However, preliminary tests had
shown that, below 5% methanol in the mobile phase, poor solubility
observed for some analytes caused serious peak distortion. Con-
versely, highly retentive columns may require elution conditions
with higher elution strength. To be totally fair, the gradient features
could have been adapted to the stationary phase retentiveness, but
this seemed unrealistic to achieve fast column selection.

It was not expected that the retention criteria d4 and ds could be
correlated to the previous ones (d1, d2 and d3), and indeed nothing of
that sort was observed. However, some level of correlation, with a
logarithmic relationship, existed between d4 and ds. Our intention
with these two criteria was to differentiate the columns that would
provide a narrow elution window close to the dead volume
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(inadequate retention), and the columns that would provide a nar-
row elution window close to the end of the gradient (inadequate
retention), from the columns that would provide a narrow elution
window close to the middle of the gradient (adequate retention but
inadequate selectivity). In the latter case, the gradient slope could
be changed to enlarge the retention window. However, it appears
that in the selected set of columns, most columns providing small
retention window also provided low retention. We may also take it
as a proof that our compound set was adequately selected as it
reflected nicely the selectivity capabilities. The interest of main-
taining both d4 and ds criteria may then be questioned and will be
furtherdiscussedlater.

For the largest selection of compounds, a sixth and last criterion
was calculated based on UV response (signal-to-noise ratio). The de
value was obtained by averaging the UV response values (s/n)
measured for all compounds that were eluted from the column. The
column which provided the highest average UV response received a
score of 1 for the dg coefficient, and the column which provided the
lowest average UV response received a score of near 0 for the dg
coefficient (Fig. 2). As discussed in the first part of this study [1], good
UV response evaluated with peak height could be related to
chromatographic features (peak symmetry and peak width). It was
observed that the d¢ values were not correlated to d; and d3 values.
Once the coefficients dq, dg, d3, d4, ds and dg were known for each
column, we calculated the value of total desirability, D. The total
desirability was initially defined as the geometric mean of all six
different functions:

D =(dy *dz *d3 *d4 *ds xde) */® €))

3.4. Pre-selection of adequate columns based on 20 compounds

We started this study with the screening of the 23 columns in
Table 1 and a reduced set of 20 compounds, with the analytical
conditions described in section 2.4.

Once all data were acquired, Derringer desirability functions
were used to rank the columns according to the selected criteria:
number of eluted compounds (d1), number of symmetrical peaks
(d2), peak width (d3), retention range (d4) and median retention
time (ds). The values can be observed in Fig. 3.

It appeared that the first criterion, based on the number of eluted
compounds, brought very little discrimination between the different
columns. Indeed, in the worst case, 16 compounds out of 20 were
eluted, while 20 compounds were observed in the best case. This
is simply the result of a successful first-step optimization: because
we have previously selected the best mobile phase conditions [1],
ensuring good solubility for a majority of analytes, there remains
little variations between the columns. As a result, we decided not to
retain the d; value for the calculation of D.

The number of symmetrical peaks was much more
discriminating as it varied between 10 and 19 depending on the
column. The d; criterion was thus found to be a good selector.

Peak width measured on one analyte that was always eluted
with reasonably good peak shape also varied to a great extent, thus
the d3 criterion was maintained.

The retention range varied greatly between the columns. In the
worst case, less than 10% of the gradient time was covered, while
in the best case, more than 90% of the gradient time was covered.
We concluded that the d4 criterion was also highly selective.

Finally, the median retention time also varied greatly.
However, as indicated above, a significant logarithmic correlation
was observed between the ds4 and ds criteria. Consequently,
maintaining the two of them in the calculation of D made little sense.
It was observed that using the ds criterion or not had very little
effect on the ranking of the columns.
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Fig.3. Details of each criterion studied with Derringer’s desirability functions on 23 different columns, based on 20 analytes. (d1) Number of eluted compounds, (d2) number of
symmetrical peaks, (d3) peak width measured on 1 compound, (d4) retention range, (ds) median retention time.

Thus we proceeded to calculate the value of total desirability D
for each column using the following formula:

D(20 analytes) = (dz *d3 * ds)'/* 2)

The D values and resulting ranking can be seen in Table 2. Looking
at the top of the ranking (Fig. 3 and Table 2), we can see that there
are many different stationary phase chemistries with diverse particle
types. We can also note that, for columns at the top of the
ranking, all Derringer criteria were high. In other words, a good
column performs well for many reasons. On the opposite, at the
bottom of the ranking we found the less polar columns (Kinetex XB
C18, Accucore C18, Nucleoshell PFP, Accucore Phenyl- Hexyl, Kinetex
biphenyl and Kinetex PFP) whose D values were very low, while
individual d; values were not equally bad. The major

Table 2

Ranking of 23 columns based on 20 analytes and criteria dz, d3 and d4.

Column D value Rank
Nucleoshell HILIC 0.861 1
ACQUITY UPC? BEH 0.857 2
ACQUITY UPC? HSS C18 SB 0.850 3
ACQUITY UPC? Torus DIOL 0.832 4
Accucore HILIC 0.806 5
ACQUITY UPC? Torus 2-PIC 0.799 6
ACQUITY UPC? Torus DEA 0.789 7
Ascentis Express OH5 0.780 8
Kinetex HILIC 0.760 9
ACQUITY UPC?Torus 1-AA 0.723 10
ACQUITY UPC? BEH 2-EP 0.721 11
AccucorePhenyl-X 0.649 12
ACQUITY UPC? CSH FP 0.634 13
Synergi Polar RP 0.633 14
Accucore PFP 0.576 15
Ascentis Express F5 0.507 16
ACQUITY UPLC BEH Shield RP18 0.493 17
Kinetex PFP 0.459 18
Kinetex biphenyl 100A 0.336 19
Accucore Phenyl-Hexyl 0.301 20
Nucleoshell PFP 0.172 21
AccucoreC18 0.140 22
Kinetex XB C18 0.008 23
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reason for this low ranking was the low retentiveness observed for
our set of compounds with these columns, which were therefore
strongly penalized by the d4 criterion (retention range). However,
some of them provided thin peaks with satisfying peak shapes.
For such columns, we must admit that the gradient conditions we
had selected may have been responsible for the poor scores they
obtained, as they forbade them to demonstrate their full potential. A
lower gradient slope may have revealed them as better columns
than they appear here.

Considering overall D values (Table 2), we can separate the
columns into two distinct groups: the first 11 columns have high D
values (>0.7) and all Derringer criteria are high; from the 12th
column (Accucore Phenyl-X) D values decrease down toavalue thatis
very close to zero. We thus considered eliminating all the columns
that were judged inadequate in terms of retention window and
peak shapes.

Thus a selection of 11 columns was retained for further tests. It
is interesting to note that this set comprises a majority of columns
packed with sub-2 um fully porous particles (seven columns), which
were polar phases especially designed for SFC use, and a minority
of superficially porous particles (four of them), which were HPLC
columns designed for the HILIC mode (bare silica, diol and
sulfoalkylbetaine).

3.5. Refining the selection of columns based on 160 analytes on
the 11 best columns

The aim being to select an orthogonal set of stationary phases,
it was important to expand the tested set of compounds tested
in order to confirm the initial findings. We thus analyzed the 160
analytes with the best columns. The analytical conditions were the
same as before, as detailed section 2.4.

Once all data were acquired, Derringer desirability functions
were used to rank again the columns according to the selected
criteria: number of eluted compounds (d1), number of symmetrical
peaks (dz), peak width (d3), retention range (d4), median retention
time (ds) and average UV response (de). The results are presented
in Fig. 4.
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Fig.4. Details of each criterion studied with Derringer’s desirability functions on 11 different columns based on 160 analytes. (d1) Number of eluted compounds, (d2) number of
symmetrical peaks, (d3) peak width measured on 11 compounds, (d4) retention range, (ds) median retention time, (dg¢) average UV responses.

Again, d; provided little discrimination between the columns as
the number of compounds that were successfully eluted varied
between 143 and 152, out of 160 injected analytes. Incidentally,
it shows that an adequate mobile phase allowed the elution of
89-94% of analytes. This criterion was thus eliminated.

The number of symmetrical peaks (dz) is much more discrimi-
nating, varying between 62 and 106.

Average peak width (d3) was still a good selector, although the
worst columns had been eliminated atthe previous step.

Since only the best columns from the first ranking had been
retained, the discrimination provided by the retention window (d4)
was not as strong as described above: the worst column still cov-
ered more than 60% of the gradient time, while the best ones were
closeto 100%.

Again the median retention time (ds) was correlated with reten-
tion window (d4) and was thus not considered necessary in the final
ranking.

Finally, the average UV response (de) varied to a large extent
between the columns.

Then we calculated the value of total desirability D for each
column according to the following formula:
D(160 analytes) = (dz *d3 * ds *d6)'/* (3)

The final ranking is presented in Table 3 and Fig. 4. The classi-
fication somewhat differs from the previous one, thus the effect of
testing a very large group of analytes is significant.

It is interesting to note that the column with the highest D
value and therefore best rank is a non-endcapped C18-bonded sil-
ica stationary phase. The second one is a sulfobetaine-bonded silica
phase dedicated to HILIC. Thus two very different stationary phase
chemistries rank at the top of this classification. The following ones
are also very diverse, and it appears that fully porous sub-2 um
particles and superficially porous particlesare intermixed.

As a note of caution, we must point out that the columns
included in this second and final ranking all appeared to be good
columns (obviously, as they were the best selected ones from the
first ranking), but the purpose was to select the ones that would
behave the best towards our set of analytes. Other sets of analytes
may yield a somewhat different ranking.

3.6. Orthogonal selection of columns

The previous classification does not take into account the pos-
sible correlations between multiple columns. But many columns
provided similar results in terms of retention time and elution
order. To identify the most orthogonal columns we calculated
hierarchical cluster analyses based on normalized retention time.
Retention times were thus centered and reduced. Normalization
was necessary because column dimensions were different, result-
ingin different gradienttimes. Only the 127 compounds that could be
eluted on all eleven columns were retained for the calculation. Fig. 5
presents the classification obtained with hierarchical cluster
analysis.

The number of groups issuing from such a classification depends on
the position of the cutting line, as decided by the analyst, based on
experience and previous knowledge of the items classified. For
instance, the columns can be divided into four clusters:

Table 3
Ranking of 11 columns based on 160 analytes and criteria d», d3, d4 and de.

Column D value Rank

QESSJ;L.U:.CLZ.ESS cle e 8:;23 ; (i) The first cluster comprises 1-aminoanthracene and 2-
ACQUITY UPC? Torus 2-PIC 0.560 3 ethylpyridine phases.

Ascentis Express OH5 0.546 4 (ii) The second cluster comprises diol-type phases and the sole
ACQUITY UPC? BEH 2-EP 0.535 5 sulfobetaine phase.

AcQUITY UPCZZ Torus-AA 0509 6 (iii) The third cluster comprises diethylamine and 2-picolylamine
20QU|TYHLIJIF_>::C Torus DIOL g.igg ; phases.

Azgjfﬁfy UPC2 Torus DEA 0.416 9 (iv) Finally, the fourth cluster, which is most different from the
Kinetex HILIC 0.384 10 other three, comprises the three bare silica phases, and the
ACQUITY UPC? BEH 0.364 11 C18-bonded phase. This group may seem surprising, but we
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Fig. 5. Hierarchical cluster analysis based on the normalized retention times measured on the large set of analytes (127 compounds) on the 11 columns retained for the second

ranking (see text for details).

have had occasions in the past to point out the high polarity of the
HSS C18 SB phase, which is not endcapped [4].

The two top-ranked columns (Fig. 4) were ACQUITY UPC? HSS
C18 SB and Nucleoshell HILIC. In Fig. 5, they appear in two separate
clusters, with significant dissimilarity. To confirm that these
columns were orthogonal, we compared the retention times mea-
sured on the ACQUITY UPC? HSS C18 SB column with those measured
on the Nucleoshell HILIC column (Fig. 6). It is clear from this figure
that there is no correlation between them (determination
coefficient was R? = 0.41). For instance, it is visible that the
analytes eluted at the very end of the gradient on the C18 phase
are well scattered in the middle of the gradient on the sulfobetaine
phase. Conversely, the analytes that are eluted near dead volume
with the sulfobetaine phase are well separated with the C18 phase.
Additionally, it can be noted that the retention space is well cov-
ered by each of these columns with points being scattered in the
10 and 15 minutes gradient times. Although it cannot be seen on
this figure, we had also noted that those compounds that resulted in
poor peak shapes on the first column often eluted nicely on the
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Fig.6. Comparison between retentions times obtained with ACQUITY UPC? HSSC18 SB
and Nucleoshell HILIC columns.

second one, or vice-versa. These first two columns could thus be
selected to define a duet of orthogonal systems, to maximize the
chances to see all impurities within two runs.

Note that any other selection of columns from different clusters
defined in Fig. 5 would have yielded similar conclusions.

4. Conclusions

In the aim of providing an orthogonal set of stationary phases, a
selection of 11 efficient columns (out of an initial set of 23) with a
variety of stationary phase chemistries were first selected based on
the analysis of 20 analytes. Increasing the number of tested analytes
to 160 with a thorough evaluation of chromatographic results
permitted a ranking of the 11 best columns towards this particular
selection of analytes. These 11 columns essentially comprised polar
stationary phases and phases with mixed polarity (comprising both
polar and non-polar features). Finally, taking into account the
orthogonality of the columns in terms of retention times per-
mitted to refine the selection of columns and propose a simple duet:
ACQUITY UPC? HSS C18 SB (a non-endcapped C18-bonded phase) and
Nucleoshell HILIC (a sulfoalkylbetaine-bonded phase).

Further optimization of the proposed method should include
increasing gradient slope and, when the upper pressure limit of the
pumping system permits it, possibly increasing flow rate to achieve
faster methods.
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IV. Robustesse des méthodes SFC développées

Apres le développement de méthodes SFC réalisé précédemment ayant désigné
une composition de phase mobile et deux phases stationnaires préférentielles, on
souhaite s’assurer de la robustesse de ces méthodes. Pour cela, un second jeu de
colonnes est utilisé. Pour la colonne ACQUITY HSS C18 SB, une colonne de dimensions
identiques (100 x 3.0, 1.8 pym) provenant d’un lot différent a été achetée. Pour la colonne
Nucleoshell HILIC, une colonne de dimensions différentes a été achetée (100 x 3.0, 2.7
um). En effet, lorsque les premiéres expériences ont débuté, seule une colonne de 15 cm
était disponible au laboratoire et c’est avec cette colonne que nous avions commence les
tests de criblage. Lors du rachat d’'une seconde colonne pour les tests de robustesse, la
question de la dimension de colonne s’est posée. Le choix s’est alors porté sur une
colonne de 10 cm, afin de travailler avec des colonnes de dimensions identiques pour
notre paire de deux colonnes orthogonales en SFC. Ainsi, le temps de gradient passe de
15 a 10 min sur cette colonne, le reste des paramétres restant identique (débit, pression,
température). Dans la suite de ce travail et par soucis de simplicité, on parlera de la
colonne C18 pour la colonne ACQUITY HSS C18 SB et de la colonne HILIC pour la
Nucleoshell HILIC.

Nos précédents travaux (Chapitre 3, Il et Ill) nous ont amené a conclure que
I'utilisation d’acétate d’ammonium ou d’ammoniaque comme additif dans le co-solvant
permettait d’obtenir les meilleures performances chromatographiques et la meilleure
détection UV et MS. Bien gu’il ait fourni des performances supérieures a I'hydroxyde
d’ammonium lors de nos tests, I'acétate d’ammonium absorbe fortement en UV. Cela crée
une dérive importante de la ligne de base en gradient et peut géner pour le profilage
d'impuretés. Pour la suite des travaux, nous avons donc privilégié I'hydroxyde

d’ammonium, a une concentration de 20 mM dans le MeOH (et 2% H20).

Afin d’évaluer la robustesse des méthodes en SFC, le méme ensemble de 140
composés pharmaceutiques que précédemment a été utilisé. Ce jeu de composés a été
analysé sur les deux paires de colonnes. Pour simplifier, les premieres colonnes utilisées
seront notées n°l et les colonnes du second jeu (batch différent) seront notées n°2. Les
conditions d’analyses n’étant pas parfaitement identiques (un gradient de 15 min pour la
colonne Nucleoshell HILIC n°1 contre des gradients de 10 min pour chacune des colonnes
HSS C18 SB et pour la colonne Nucleoshell HILIC n°2), on transformera les tr obtenus en

composition a I'élution Ce (Eq. 5) pour la comparaison des deux jeux de colonnes.
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Cr— C;
Co= Gt T () =a.>
Ou Ce correspond au pourcentage de MeOH nécessaire a I'élution du PA ; Ci et Cs
correspondent aux compositions initiale et finale du gradient (5 et 50% respectivement) ; te
est le temps de gradient ; tr est le temps de rétention du composé et to est le délai de
gradient (0.46 min).

Sur la Figure 3.8a, on compare les Ce obtenues pour les 140 composés Servier
entre les deux colonnes HSS C18 SB. Les composés semblent étre davantage retenus
avec la colonne HSS C18 SB n°2. Il faut noter cependant que la colonne n°1 n’était pas
neuve au moment ou nous avions débuté les tests. Cependant, le coefficient de
détermination reste élevé (R2 = 0.951), indiquant une bonne corrélation des valeurs de Ce
entre les deux colonnes. Sur la Figure 3.8b, les Ce sont comparées entre les deux
colonnes Nucleoshell HILIC. Cette fois, la corrélation entre les points est encore meilleure
(R2 = 0.988) avec une droite de régression trés proche de la premiere bissectrice et trés

peu de points déviant significativement de la droite de régression.
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Figure 3.8 - Comparaison des Ce obtenues entre (a) les colonnes HSS C18 SB, (b) les colonnes Nucleoshell HILIC, set
de 140 composés pharmaceutiques, les courbes de l'intervalle de confiance a 95% sont représentées en bleu

Nous sommes donc confiants quant a la reproductibilité des méthodes SFC
développées d’'une colonne a une autre mais également d'une taille de colonne a une

autre (colonnes de 15 et 10 cm pour la Nucleoshell HILIC).

V. Developpement de méthodes isocratique et gradient focus

Aujourd’hui pour chaque composé de type S ou | analysé au laboratoire Servier,
une analyse en gradient est d’abord effectuée (méthode de premiére intention RPLC sur
phase C18 en conditions acide, cf. chapitre 11). A I'lnstitut de Recherches Servier, une

analyse en conditions isocratiques est systématiqguement réalisée a la suite de cette
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analyse en gradient. Dans un autre centre de Recherche Servier, c’est un gradient focus
(c’est-a-dire un gradient resserré autour de la Ce du PA) qui est privilégié. Dans les deux
cas, I'objectif principal de cette analyse supplémentaire est de déceler ou de dégager les
impuretés susceptibles d’étre coéluées sous le pic principal ou celles qui sont proches de

celui-ci, afin de pouvoir estimer la pureté relative aussi précisément que possible.

Le but de ce travail étant de développer des méthodes SFC pouvant étre
appliquées en routine au laboratoire, il nous paraissait essentiel de nous rapprocher le
plus possible des procédures employées au laboratoire Servier. C’est pourquoi, aprés
avoir développé des méthodes SFC en gradient, des méthodes SFC en mode isocratique

et gradient focus ont également été développées et comparées au gradient générique.

1) Conditions analytiques

Pour cette étude, les colonnes de 10 cm provenant du lot n°2 ont été utilisées. Pour
la méthode isocratique, on commence par calculer Ce, la composition a I'élution obtenue
en gradient (Eqg. 5). On applique ensuite la formule suivante (Eq. 6) pour déterminer Ciso,
la composition a appliquer en mode isocratique :

Ciso =2 45 Eq. 6

Ciso est la composition moyenne avec laquelle le composé a été élué (entre la
composition initiale du gradient (5%) et la composition au moment ou le composé a été

détecté (Ce)) pour chague composé.

Pour la méthode en gradient focus, on utilise les conditions suivantes (Tableau
3.1V):

Tableau 3.1V - Conditions analytiques du gradient focus

t (min) % co-solvant
0 5
1 Ce-5
11 Ce+5
11.01 50
13 50

Principalement utilisé pour le transfert de I'échelle analytique a I'échelle préparative,
I'utilisation d’'un gradient focus permet un meilleur isolement du principe actif ciblé [152].

L’'objectif est de séparer rapidement le composé d’intérét de ses impuretés les plus
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proches, avec une consommation moindre en solvant et un meilleur rendement de
purification [153—-155]. En effet, le gradient est ciblé autour de la composition a I'élution du

principe actif, et non autour de I'échantillon complet.

Dans notre cas, le gradient focus est ciblé autour de la composition a I'élution du
PA, plus ou moins 5%. Le gradient commence et se termine toujours a 5 et 50%, afin de

s’assurer que I'ensemble des impuretés est élué.

A I'échelle analytique, I'objectif visé par I'utilisation de ces deux méthodes reste de
s’assurer que I'ensemble des impuretés est identifié et qu’il n’y a pas de coélutions avec le
principe actif. Les autres parametres restent identigues a ceux utilisés pour le
gradient générique : débit de 1 mL/min, pression de sortie de 150 bar et température de
25°C. Le co-solvant utilisé est le méthanol en présence de 20 mM d’ammoniaque et 2%

H20.

2) Comparaison des méthodes gradient, gradient focus et isocratique

Afin de comparer les résultats obtenus avec les trois méthodes développées, on
utilise un sous-ensemble de 24 composés. Le jeu de composés a été sélectionné afin de
refléter la diversité des échantillons analysés quotidiennement au laboratoire, avec des
masses molaires comprises entre 200 et 700 et des log P compris entre O et 8. Il est
constitué de 14 composés basiques, 6 neutres, 2 acides et 2 zwitterions. Ce jeu de
composés est identique a celui utilisé pour la comparaison des méthodes HPLC pour le

profilage d’'impuretés dans le Chapitre 2., a I'exclusion d’'un composé jugé trop instable.

Notons que deux de ces produits contiennent une paire de diastéréoisomeéres, donc 26
pics majoritaires sont utilisés pour les mesures de pureté relative, mais 24 mélanges sont
utilisés pour le comptage des impuretés. Sur chacune des deux colonnes sélectionnées

en SFC et chaque composé analysé seul en solution, on compare :
0] la pureté relative du PA, donnée en pourcentage ;
(i) le nombre et la concentration relative des impuretés.

Avec la méthode de premiére intention sur phase C18 en SFC, tous les composeés
sont élués dans les trois conditions, et les paires de diastéréoisomeres sont séparées.
Pour la méthode SFC de seconde intention, sur la colonne Nucleoshell HILIC, deux
composés n’ont jamais été élués et une paire de diastéréoisomeéres n’est pas séparée.

L’ensemble des données est présenté en Annexe 1.

152



Chapitre 3

D’apres nos criteres, la meilleure méthode est celle qui permet la détection et la
séparation d’'un maximum d’'impuretés et qui donne la pureté relative du PA la plus basse.
Pour juger de l'intérét d’'une seconde méthode (gradient focus ou isocratique), on combine

les deux critéres. Pour chaque PA, on identifie :
@ la méthode qui donne la pureté relative la plus basse ;

(i) la méthode pour laquelle le nombre d’impuretés est le plus haut (toutes les
impuretés sont comptabilisées : impuretés >1% et impuretés comprises entre
0.04 et 1%).

On considere une méthode comme étant la meilleure uniquement si les deux
criteres sont remplis. Pour la méthode de premiere intention SFC sur colonne C18, la
méthode gradient générique (méthode de criblage de 5 a 50% de co-solvant) est la
meilleure dans 11 cas sur 24 et l'utilisation d’'une seconde méthode (gradient focus ou
isocratique) n’apporte pas d’information supplémentaire. L'’utilisation de la méthode
gradient focus présente un intérét par rapport a la méthode gradient dans 4 cas sur 24
(pureté relative du PA plus basse et nombre d'impuretés détectées plus élevé). Comparée
a la méthode gradient générique, la méthode isocratique se révele utile comme méthode
secondaire dans 7 cas sur 24. Dans les deux cas restants, les trois méthodes fournissent
les mémes informations en termes de pureté et de nombre d’'impuretés. Pour la méthode
de seconde intention SFC (colonne Nucleoshell HILIC), la méthode gradient générique est
la meilleure sur les critéres de pureté et de nombre d’impuretés dans 10 cas sur les 22
composeés élués dans ces conditions. Par rapport a cette méthode gradient, I'utilisation de
la méthode gradient focus est avantageuse dans 4 cas sur 22 et la méthode isocratique
dans 6 cas sur 22. Dans les deux cas restants, aucune méthode ne remplit les deux
criteres simultanément : la pureté relative du PA la plus basse est obtenue avec la
méthode gradient mais le nombre d’'impuretés détectées est plus haut avec la méthode

isocratique.

Dans le tableau ci-dessous, on calcule la moyenne des largeurs a mi-hauteur sur le

jeu de 24 composeés étudié (Tableau 3.V) :

Tableau 3.V - Largeur & mi-hauteur mesurée sur 25 composés

Colonne Gradient Gradient Isocratique
Focus
C18 6.82E-02 8.42E-02 2.08E-01

HILIC 7.66E-02 1.15E-01 1.15E-01
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La plus haute efficacité est obtenue avec la méthode gradient générique, sur les

deux colonnes. La méthode gradient focus est ensuite la plus efficace. Sans surprise,
avec la méthode isocratique on perd en efficacité, principalement car les pics sont moins

symétriques (de nombreux cas de tailing sont observés) et les pics élargis.

Parmi les deux méthodes secondaires développées (gradient focus et isocratique),
c’est la méthode gradient focus qui se révele étre la plus performante dans l'optique de
séparer d’éventuelles impuretés coéluées avec le PA. Cependant, c’est la méthode
isocratique qui permet, en moyenne, la détection du nombre d'impuretés le plus haut
(Figure 3.9, majorité de points situés en dessous de la premiere bissectrice), quand ce

nombre n’est pas équivalent ou trés proche entre les deux méthodes.
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Figure 3.9 - Nombre total d'impuretés détectées avec les méthodes gradient focus et isocratique (colonne C18)

La Figure 3.10 illustre ce point, avec un composé S analysé sur la colonne C18.
Dans cet exemple, on peut raisonnablement penser qu’une impureté co-€lue avec le PA
en gradient (Figure 3.10a, zoom sur le pic du PA, zone grise). Sur le chromatogramme
suivant, une impureté (tr = 4,12 min) est dégagée du PA en gradient focus (Figure 3.10b,
zoom sur le pic du PA, zone grise). Enfin, sur le chromatogramme obtenu en mode
isocratique, on observe une coélution entre le PA et au moins une impureté (tr = 5.75 min)

(Figure 3.10c, zoom sur le pic du PA, zone grise).
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Figure 3.10 - Exemples de chromatogrammes obtenus pour un composé S en gradient (a), gradient focus (b) et
isocratique (c) (colonne C18)

Sur cette figure, on peut également noter que Il'utilisation du gradient focus a permis
de séparer deux impuretés majoritaires, qui étaient identifiées comme une seule et méme
impureté avec le gradient générigue (Figure 3.10a, pic identifié en jaune). Dans le Tableau
3.VI, cette impureté est identifiée comme I'impureté majoritaire 6 (IMP 6), avec m/z de
555.3. En gradient générique, le pourcentage estimé de cette impureté est de 8.09%. En

isocratique I'lMP 6 est également identifiée, avec un pourcentage de 8.10%. En gradient
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focus, on retrouve cette IMP 6 mais avec un pourcentage de 4.14%. Une impureté
majoritaire supplémentaire est détectée (IMP 7) & 4.16%. Sur le chromatogramme du
gradient focus, ces deux impuretés sont séparées avec retour a la ligne de base (Figure
3.10b, pics jaunes). L'utilisation du gradient focus a donc permis de séparer et d’identifier
davantage d’'impuretés maijoritaires : 6 impuretés en gradient focus, contre seulement 3 en
gradient générique. En isocratique, 5 impuretés sont détectées dont les IMP 1 et 2, qui
sont identifiées seulement avec cette méthode. On peut néanmoins supposer que ces
impuretés sont en fait le résultat de co-élutions entre plusieurs impuretés minoritaires et
non de réelles impuretés majoritaires. En effet, on peut constater sur le chromatogramme
(Figure 3.10c) que les pics obtenus en isocratique sont larges et proches en rétention, ce

qui complique leur intégration.

Tableau 3.VI - Comparaison des profilages d'impuretés obtenus entre les différentes méthodes pour le méme composé
S (colonne C18)

(a) Gradient

(b) Gradient focus

(c) Isocratique

tg (Min) % MS ([M+H]") tg (Min) % MS ([M+H]") tr (min) % MS ((M+H]")
PA 5.91 83.11 541.33 PA 3.75 79.47 541.32 PA 5.87 82.34 541.37
Impuretés > 1% Impuretés > 1% Impuretés > 1%
non détectée non détectée IMP 1 1.10 1.00 242.26
non détectée non détectée IMP 2 2.06 1.85 242.26
non détectée IMP 3 2.30 1.63 530.30 non détectée
non détectée IMP 4 2.36 1.00 481.30 non détectée
IMP 5 4.10 1.82 556.36 non détectée IMP 5 2.17 1.20 556.39
IMP 6 5.02 8.09 555.29 IMP 6 2.87 4.14 555.31 IMP 6 3.64 8.10 555.33
non détectée IMP 7 2.99 4.16 542.31 non détectée
non détectée IMP 8 3.31 1.03 557.33 IMP 8 5.18 1.12 557.37
IMP 9 9.80 2.55 514.25 IMP 9 11.84 3.74 514.26 non détectée
Impuretés < 1% Impuretés < 1% Impuretés < 1%
IMP A 1.56 0.12 IMP A 1.32 0.07 IMP A 0.87 0.12
IMP B 2.49 0.05 IMP B 1.40 0.10 IMP B 1.03 0.14
IMP C 2.71 0.07 IMP C 1.62 0.28 IMP C 1.19 0.14
IMP D 2.89 0.07 IMP D 1.70 0.16 IMP D 1.33 0.11
IMP E 2.96 0.04 IMP E 1.79 0.16 IMP E 1.36 0.26
IMP F 3.10 0.66 IMP F 1.84 0.05 IMP F 1.49 0.10
IMP G 3.28 0.09 IMP G 1.88 0.87 IMP G 1.69 0.18
IMP H 3.48 0.12 IMP H 1.92 0.10 IMP H 1.87 0.05
IMP | 3.50 0.07 IMP | 1.97 0.05 IMP | 2.30 0.67
IMP J 4.36 0.42 IMP J 2.00 0.31 IMP J 2.82 0.06
IMP K 4.42 0.09 IMP K 2.03 0.06 IMP K 3.26 0.58
IMP L 4.49 0.26 IMP L 2.06 0.16 IMP L 3.49 0.22
IMP M 4.59 0.31 IMP M 2.16 0.12 IMP M 3.93 0.74
IMP N 4.86 0.13 IMP N 2.40 0.17 IMP N 4.14 0.09
IMP O 4.93 0.17 IMP O 2.50 0.51 IMP O 5.75 0.63
IMP P 5.19 0.08 IMP P 2.65 0.12 IMP P 9.27 0.30
IMP Q 5.29 0.19 IMP Q 3.52 0.51 non détectée
IMP R 5.36 0.11 IMP R 3.63 0.09 non détectée
IMP S 5.58 0.58 IMP S 4.12 0.27 non détectée
IMP T 5.69 0.33 IMP T 4.50 0.07 non détectée
IMP U 5.82 0.08 IMP U 4.75 0.41 non détectée
IMP V 6.76 0.40 IMP V 5.28 0.11 non détectée
non détectée IMP W 5.43 0.06 non détectée
UV s/n 7.00E+03 UV s/n 6.37E+03 UV s/n 2.33E+03
MS s/n 1.88E+02 MS s/n 2.27E+02 MS s/n 1.20E+02

La symétrie a été évaluée sur ce composé S, en se basant sur la mesure de

lasymétrie a 10% de la hauteur du pic (As). Les résultats sont identiques entre les
meéthodes gradient (As = 2.9) et gradient focus (As = 2.8) et indiquent une asymétrie du
pic de type tailing. Pour la méthode isocratique, le pic est davantage déformé (As = 4). De
plus, on mesure la largeur du pic & mi-hauteur (Wso), I'efficacité ne pouvant étre calculée

dans le cas de mesures en gradient. La encore, les valeurs obtenues sont équivalentes
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entre les méthodes gradient (Wso = 5.51E2 min) et gradient focus (Wso = 5.90E2 min).
Pour la méthode isocratique, on perd naturellement en efficacité (Wso = 1.50E* min).

En conclusion, I'utilisation d’'une seconde méthode gradient focus ou isocratique en
complément de la méthode gradient générique n’apporte que peu d’informations
supplémentaires. La méthode gradient générique fournit a la fois la pureté la plus basse et
le nombre d’'impuretés le plus haut dans une majorité de cas. Méme si I'objectif principal
d’'une analyse complémentaire en isocratique ou gradient focus n’est pas d’identifier et de
séparer I'ensemble des impuretés présentes dans I'échantillon mais de mettre en
évidence les impuretés ayant une Ce proche de celle du PA, cela semble difficilement
réalisable surtout a l'aide de la méthode isocratique, car les pics sont élargis et non
symétriques. Sur la Figure 3.10c, on voit que le pic du PA est large (As = 4), rendant la
détection d’'impuretés a proximité du PA compliquée. Si on souhaite s’assurer qu’il n’y a
pas de co-élutions entre le PA et des impuretés, l'utilisation d’'une méthode orthogonale
parait plus adaptée. On peut envisager de travailler avec la méthode de seconde intention
SFC sur la colonne HILIC en gradient. Puisque l'efficacité la plus haute est obtenue en
gradient, on peut également envisager de coupler en série les deux colonnes C18 et
HILIC afin d’augmenter davantage I'efficacité et le pouvoir de séparation. Ce point va étre

abordé dans le paragraphe suivant (Chapitre 3, VLI.).
VI. Couplage de phases stationnaires : intérét du couplage

Dans l'optique de séparer des mélanges complexes de composés pour lesquels
une phase stationnaire unique ne suffit pas a séparer le PA de ses impuretés, le couplage
de deux colonnes SFC (HILIC et C18) a été envisagé et sera développé dans l'article
suivant :
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