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Avant propos

Le Laboratoire de Chimie Analytique Pharmaceutique (LCAP, Université de Genéve) est spécialisé
dans l'analyse de composés pharmaceutiques dans les matrices biologiques par chromatographie
liquide (LC) et électrophorése capillaire (CE). Au laboratoire, la LC est utilisée en couplage avec
divers modes de détection tels l'ultra-violet (UV) ou le détecteur a barrettes de diodes (DAD), le
détecteur évaporatif a diffusion de la lumiere (ELSD) ou encore la spectrométrie de masse (MS).
Cette derniére est actuellement considérée comme étant la détection de choix pour l'analyse des
matrices biologiques. Cependant, la réponse obtenue pour les analytes peut étre altérée par la co-
élution de composés présents dans les matrices biologiques (effet matrice). L'analyse de composés
pharmaceutiques dans de telles matrices requiert donc une étape de préparation d’échantillon de
maniére a éliminer, partiellement du moins, ces composés interférents et par-la méme limiter les
effets matrice. Cette étape est souvent considérée comme le facteur limitant du processus analytique
en terme de temps. Des méthodes de préparation d’échantillon rapides sont donc apparues, telles
I'extraction en phase solide (SPE) sur des plagues multi-puits (i.e. 96, 384) ou encore I'utilisation de
supports d’extraction couplés en ligne avec la LC. Parmi ces supports, les phases a acces restreint
(RAM) ont été largement étudiées par le Docteur Didier Ortelli dans sa thése intitulée “Utilisation de la
chromatographie liquide couplée a la spectrométrie de masse pour I'analyse de médicaments dans
les fluides biologiques” (Université de Genéve, These n° 3296, 2001). Les deux autres types de
supports utilisés en ligne et commercialement disponibles sont les phases a larges particules (LPS)
et les phases monolithiques. lls ont fait I'objet d’une partie des travaux de thése du Docteur Sandrine
Souverain, intitulée “Extraction en ligne sur support solide pour l'analyse de composés
pharmaceutiques contenus dans des matrices biologiques par chromatographie liquide -
spectrométrie de masse” (Université de Genéve, These n°3520, 2004). Dans ses travaux, le Docteur
Souverain s’est également attaché a évaluer des autres types de traitement d’échantillon, a savoir
I'extraction liquide-liquide (LLE) et la précipitation de protéines (PP) particulierement adaptée aux
matrices sanguines (sang complet, plasma, sérum). Finalement, les avantages et inconvénients de
l'utilisation de deux sources d'ionisation a pression atmosphérique commercialement disponibles
dédiées au couplage LC-MS, a savoir I'électrospray (ESI) et lonisation chimique a pression
atmosphérique (APCI), ont été étudiés pour l'analyse de composés modéles dans des matrices

sanguines.

Les travaux faisant I'objet du présent manuscrit s'inscrivent dans la continuité des deux théses
précitées. L'objectif est d’investiguer les domaines encore inexplorés de la préparation d'échantillon
par SPE et d'étudier I'utilisation de la photo-ionisation a pression atmosphérique (APPI) pour le
couplage de la LC a la MS dans le cadre de I'analyse de composés pharmaceutiques dans les

matrices biologiques.




Structure de la thése

Le présent manuscrit se divise en trois chapitres. Le chapitre 1 décrit, aprés une courte introduction
théorique, le travail de thése via le résumé en francais des articles publiés, en cours de publication ou
soumis a publication constituant le corps du chapitre 2 . Pour terminer, le chapitre 3 comprend les

conclusions et perspectives.

Les principaux thémes abordés dans cette thése ainsi que les articles illustrant ce travail sont

reportés ci-apres :

Utilisation de la SPE en plagues multi-puits et en ligne pour la préparation d’échantillon dans

le cadre de I'analyse de composés pharmaceutiques d  ans les fluides biologiques

Dans ce travail de thése, divers aspects de la SPE, n'‘ayant pas encore été abordés dans le
laboratoire, ont été investigués. La SPE a tout d’abord été évaluée dans sa configuration en ligne en
mode commutation de colonnes. Le prétraitement d’échantillon par précipitation de protéines (PP) a
été comparé, en terme d’effets matrice générés, a une simple dilution (dilute and shoot) sur les trois
types de supports commercialement disponibles, a savoir les RAM, les LPS et les monolithes (article
II). Le développement de méthode en SPE pour I'analyse multi-analytes a ensuite été investigué,
notamment dans le cadre de la sélection de composés représentatifs pour I'optimisation des
conditions d’extraction (article 1ll). Finalement, une classification systématique et exhaustive des
effets matrice potentiellement rencontrés lors de I'analyse de matrices biologiques par SPE et LC-MS

a été proposeée (article IV ).

L’APPI pour le couplage de la LC a la MS

Le second objectif de ce travail de these a été d'apprécier les apports et inconvénients de l'utilisation
de la photo-ionisation a pression atmosphérique (APPI) dans le domaine de I'analyse de composés
pharmaceutiques dans les fluides biologiques. Dans cette optique, une recherche bibliographique
ayant fait I'objet d’'une publication (revue) a été menée (article | ). Ensuite, la susceptibilité de I'APPI
aux effets matrice suite a la préparation d’échantillons plasmatiques sur divers supports SPE en ligne
(article 11) a été évaluée et comparée a I'ESI et 'APCI. Pour terminer, I'aspect quantitatif a été étudié
via le développement et la validation d’'une méthode pour I'analyse de I'aprazolam, du flunitrazépam
et de leurs principaux métabolites dans le sang total par SPE et LC-APPI-MS (article V).




Communications scientifiqgues

Ce travail de thése a fait I'objet d'articles publiés dans des revues scientifiques a comité de lecture

ainsi que de présentations sous forme de communications orales et de posters, ceci dans le cadre de

congres nationaux et internationaux. A l'issue du congrés SBCA 2005, le poster intitulé * Traitement

et analyse d’échantillons plasmatiques en chromatographie liquide — spectrométrie de masse : étude

des effets de suppression de signal “ a recu le second prix du Jury. Au moment de l'impression de

cette these, 2 articles ont été publiés, 3 sont sous presse et 1 est en cours de rédaction et devrait

paraitre courant 2009.
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Abréviations

Les abréviations utilisées dans ce manuscrit sont répertoriées ci-dessous. Elles sont pour la grande

majorité reconnues par la communauté scientifique.

acronyme signification
AA anion attachment

ACN acetonitrile

ACT acetone

APCI atmospheric pressure chemical ionization
API atmospheric pressure ionization

APPI atmospheric pressure photoionization

BGE background electrolyte

CAL calibrator

CE capillary electrophoresis

CZE capillary zone electrophoresis

Cl chemical ionization

Cv coefficient de variation

CX charge exchange

DAD diode array detection

EA electronic affinity

EC electron capture

EDDP 2-ethylidene-1,5-dimethyl-1,3-diphenylpyrrolidine (methadone metabolite)
El electron ionization

ESI electrospray ionization

EtOH ethanol

FID flame ionization detector

FLX fluoxetine

FLZ flunitrazepam

HCA hierarchical cluster analysis

HLB hydrophilic-lipophilic balanced copolymer
HPLC high performance liquid chromatography
HT-UHPLC high temperature ultra high pressure liquid chromatography
ICH international conference on harmonization
IE ionization energy

IS internal standard

LC-MS liquid chromatography — mass spectrometry
LLE liquid-liquid extraction

LOD limit of detection

LOQ limit of quantification

LPS large particle size

MAX mixed-mode anion exchange

MCX mixed-mode cation exchange

MEEKC microemulsion electrokinetic chromatography
MEKC micellar electrokinetic chromatography




MeOH methanol

MIP molecularly imprinted polymer
MTD methadone

MTX metalaxyl

MS mass spectrometry

MS/MS tandem mass spectrometry

Mw molecular weight

m/z mass on charge ratio

NFLZ norflunitrazepam

NFLX norfluoxetine

PA protonic affinity

PAH polycyclic aromatic hydrocarbon
PCA principal component analysis

Pl photoionization

PID photoionization detector

PP protein precipitation

QcC quality control

RAM restricted access material

RSD relative standard deviation

SDS sodium dodecyl sulfate

SE solvation energy

SFSTP société francaise des sciences et techniques pharmaceutiques
SLE supported liquid extraction

SIM selected ion monitoring

S/N signal to noise

SPE solid phase extraction

SST system suitability test

TIC total ion current

UHPLC ultra high pressure liquid chromatography
uv ultraviolet

VD3 vitamin D3

VUV vacuum-ultraviolet

WAX mixed-mode weak anion exchange
WCX mixed-mode weak cation exchange

XiC extracted ion current
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PREFACE

Le développement d'un médicament est un processus long et colteux se divisant en une phase de
découverte suivie d’'une phase de développement. La découverte, ne faisant I'objet d’aucun test
humain, comprend l'identification de la cible thérapeutique et des composés chimiques prometteurs,
I'optimisation de ces derniers puis les essais précliniques chez I'animal. La phase de développement
est, quant a elle, constituée des tests cliniques de toxicité sur I'étre humain, relation dose-effet,

efficacité et finalement de pharmacovigilance lors de la commercialisation (Tableau 1).

Tableau 1 : de la découverte a la commercialisation du médicament, adapté de [1;2].

1. Découverte 2. Développement
3-10 ans 5-10 ans
Sélection de la  Identification des Optimisation Essais Essais Essais Essais Essais
cible composés des composés récliniaues clinigues  cliniques  clinigues  cliniques Phase
thérapeutique prometteurs prometteurs P q Phase | Phase Il Phase IlI \Y
(criblage des ngggﬁ_“pizsem (Le:it\slzolr;;/gaoezet (Tests (F;iljg?n (Tests (Commercialisation -
molecules) 9 - toxicité) efficacité) pharmacovigilance)
structuraux) I'animal) effet)
: 5-50'000 100 - 200 ~20 1-5 1-3 1-3 1-3
molécules molécules molécules molécules molécules molécules molécules
, . " X 100 - 200 100 -500 1'000 - 8'000 > 1'000'000
Pas d'essais sur 'étre humain volontaires  patients patients patients

sains

Lors des essais précliniques puis cliniques, les futurs médicaments sont respectivement testés in vivo
sur des animaux et des étres humains, requérant I'analyse des principes actifs dans des matrices

biologiques (le plus souvent dans le sang ou 'urine).

Dans un second temps, le médicament est commercialisé et utilisé pour le traitement de pathologies.
Des patients soumis a des doses identiques peuvent présenter des concentrations sanguines
variables du médicament et de ses métabolites. Par conséquent, si la concentration sanguine du
médicament se situe en dessous de la fenétre thérapeutique, le traitement est inefficace et a
contrario, pour des taux sanguins se situant dans la fenétre toxique, la santé du patient est mise en
danger. C’est pourquoi, dans le cas de la prise de médicaments présentant une fenétre thérapeutique
étroite et/ou une fenétre toxique large, le contréle des taux sanguin ou urinaire est nécessaire afin
d’ajuster la posologie, c’'est le therapeutic drug monitoring (TDM).

De plus, dans le cas d’abus de médicaments (toxicologie) ou dans le sport (dopage), des analyses de
composés pharmaceutiques dans des matrices biologiques sont également requises pour
l'identification et/ou la quantification de composés prohibés par I'agence mondiale anti-dopage

(www.wada-ama.org).
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Néanmoins, I'analyse de composés pharmaceutiques dans les matrices biologiques est un exercice
délicat étant donné la tres faible proportion d’analytes présents dans I'échantillon comparativement a
certains composés endogéenes. Dans le domaine de la bioanalyse, la LC-MS s’est donc révélée étre
une excellente technique d’'analyse puisqu’elle présente d’excellentes sélectivité et sensibilité.
Toutefois, la présence de composés endogéenes peut induire des complications, tant au niveau de la
séparation chromatographique que de la détection MS. Par conséquent, I'élimination ou la diminution
de la quantité de ces composés dans I'échantillon est un prérequis a I'analyse LC-MS. Pour ce faire,
'opérateur dispose d’'un éventail de techniques de préparation d’échantillon dont le choix est guidé
par divers critéres tels que la sélectivité, le temps, la possibilité d’automatisation ou encore le codt

engendré.

Dans la majorité des cas, la préparation d'échantillon est effectuée indépendamment et
préalablement a I'analyse. Les méthodes les plus couramment employées sont I'extraction en phase
solide (SPE), I'extraction liquide-liquide (LLE) ou encore la précipitation de protéines (PP). Or, depuis
l'avénement de techniques séparatives ultra-rapides telles que I'UHPLC et I'HT-UHPLC, les
méthodes de préparation d’échantillon sont devenues I'étape limitante du processus analytique en
terme de temps. Des méthodes rapides ont donc été développées, généralement par I'automatisation
du processus. Dans cette optique sont apparus des robots capables d'effectuer des extractions
simultanées de 96 voire 384 échantillons. De plus, la préparation de I'échantillon aprés son injection
dans le systéme LC-MS est également possible, moyennant son extraction sur un support SPE

couplé en ligne a la colonne chromatographique.

La préparation d’échantillon ne permettant généralement que de réduire le contenu en composés
interférents, leur présence doit étre évaluée en regard de l'interférence possible lors de I'ionisation en
MS (effets matrice). Ces derniers peuvent étre évalués par deux moyens couramment employés. Le
premier consiste en l'infusion post-colonne d’une solution d’analytes générant un signal constant dont
l'altération rend compte d’'un effet matrice. L'information apportée par l'infusion post-colonne étant
purement qualitative, le second moyen permet, lui, de renseigner sur l'aspect quantitatif via la
comparaison des réponses obtenues pour divers échantillons. Actuellement, trois sources sont
commercialisées pour le couplage de la LC a la MS et les effets matrice rencontrés difféerent pour
chacune d’elles. L’electrospray (ESI) est la plus couramment utilisée pour son rendement d’ionisation
élevé et sa compatibilité avec les molécules polaires représentant plus de 90% des composés
pharmaceutiques. L’ionisation chimique a pression atmosphérique (APCI) et la photoionisation a
pression atmosphérique (APPI) sont quant a elles moins employées dans le domaine
pharmaceutique, puisqu’a priori moins adaptées a l'ionisation de composés polaires. Cependant, il a
été constaté que, souvent, les effets matrices rencontrés en APCI et en APPI sont plus faibles que
ceux générés en ESI et que les réponses des analytes peuvent étre comparables voire supérieures a

celles obtenues avec cette derniére.
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La premiére partie de ce chapitre ne s’attachera a décrire que succinctement les méthodes de
préparation d’échantillon utilisées au cours de ce travail de theése, puisqu’une description compléte et
approfondie a déja été présentée dans les manuscrits de deux précédentes théses (voir avant-
propos). La seconde partie sera consacrée a la théorie de I'APPI et la troisieme partie résumera,

qguant a elle, les résultats obtenus lors de ce travail de thése.
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1. INTRODUCTION

1.1 Préparation d’échantillons biologiques par SPE

La préparation d’échantillon comprend un vaste ensemble de procédures compte tenu de I'extréme
diversité des matrices et des analytes. Les échantillons biologiques principalement utilisés sont I'urine
et les matrices sanguines (sang total, plasma et sérum), alors que I'analyse des cheveux/poils, du
liquide céphalorachidien (LCR), de I'humeur vitrée, de la salive, de la sueur, des sécrétions
gastrigues ou encore des feces est moins courante. Concernant I'extraction de composés
pharmaceutiques présents dans des échantillons urinaires et sanguins, les méthodes auxquelles ont
communément recours les laboratoires sont 1. la précipitation de protéines (PP) dans le cas des
matrices sanguines, 2. I'extraction liquide-liquide (LLE) et 3. I'extraction sur phase solide (SPE).
D’autres préparations telles I'ultrafiltration ou la dialyse sont quant a elles moins utilisées. Parmi les
trois principales méthodes citées, la PP est souvent utilisée pour sa rapidité de mise en ceuvre. En
revanche, elle est peu spécifique et son efficacité est relative puisque seule une partie des protéines
est précipitée, la proportion dépendant de I'agent précipitant employé [3]. La LLE est plus sélective,
permet une élimination efficace des composés endogénes, méne a de bons rendements d’extraction,
mais souffre d’'une mise en ceuvre assez longue. Des cartouches permettant la réalisation d’'une LLE
assistée sur support solide (SLE) ont récemment été mises sur le marché, proposant ainsi une
alternative aux principaux inconvénients de la méthode. Cependant, la littérature ne recense pour le
moment que peu d'applications dans ce domaine. Finalement, la SPE est une méthode trés sélective
puisque de nombreuses phases stationnaires sont commercialisées. De plus, sa mise en ceuvre sous
diverses formes telles que cartouches, plaques 96 puits et supports d’extraction couplés en ligne a la
LC rendent son utilisation adaptable a bon nombre d'applications telles que le suivi thérapeutique
(TDM), les études pharmacocinétiques (PK), la toxicologie ou encore la lutte anti-dopage, pour ne
citer que les plus courantes.

Le but de cette introduction est de présenter un résumé des aspects théoriques liés a la SPE,
puisque ceux-ci ont déja été largement décrits dans les theses des Docteurs Sandrine Souverain et
Didier Ortelli. Le lecteur intéressé a approfondir les notions présentées ici est invité a consulter leurs

manuscrits [4;5].

1.1.1 Principe

L'extraction sur phase solide est une méthode d’extraction apparentée a la LC, puisque les phases
stationnaires utilisées en SPE sont du méme type que celles utilisées en LC, ne différant parfois que
par le diamétre des particules et des pores. Les mémes mécanismes de rétention sont donc

rencontrés.
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Il existe des phases stationnaires polaires (phase normale), apolaires (phase inverse) ou de rétention
mixte, permettant des rétentions de type hydrophobe et ionique. L'utilisation des premiéres est
cependant peu courante dans le domaine de la bioanalyse, puisque les composés endogenes, en

grande majorité polaires, sont retenus sur ce type de supports.

Le déroulement d'une préparation d'échantillon par SPE comprend typiquement trois étapes.
L'échantillon est tout d’abord chargé sur le support, les analytes ainsi qu’une partie des interférents
étant retenus sur la phase stationnaire. S’ensuit un lavage visant a éluer les composés indésirables
et une élution sélective et totale des analytes. Dans le cas d’'un mécanisme de rétention mixte, deux
élutions peuvent étre effectuées pour récolter les analytes dans chacune des fractions, les rétentions
de type hydrophobe et ionique par exemple pouvant étre rompues séparément via I'adaptation du
solvant et de son pH. Ces supports de rétention mixte sont souvent bien adaptés a I'analyse de
composés pharmaceutiques, puisque ces derniers sont, dans une majorité des cas, des bases ou

des acides possédant une structure hydrophobe.

1.1.2 Types de phases

1.1.2.1 Phases a base de silice

A l'instar des phases stationnaires des colonnes chromatographiques, la silice est le matériau qui a
été le plus utilisé en SPE soit directement, soit via un greffage de groupements variés polaires ou
apolaires (cyanoalkyle, aminoalkyle ou diols par exemple). Dans le cas de rétention en phase
inverse, la silice est greffée avec des groupements hydrophobes tels des chaines alkyle (C,, C4, Ce,
Cs, Cig) ou des fonctions cyclohexyl (CH), phényl (PH) ou encore cyanopropyl (CNP) (Figure 1)

permettant des interactions importantes avec des cinétiques tres rapides (Van der Waals, ponts H).

% \\
*‘Slf *‘Slf *‘Slf *‘Si* *‘Si* *‘Si* *‘Si* ‘SI*
o] o ] [e] o] 0] o
Cis Ce C C, cC, CH PH  CNP

Figure 1 : structure des principaux greffages disponibles sur silice.
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Les phases a base de silice sont encore largement utilisées de nos jours mais présentent trois
inconvénients majeurs. D’'une part, la silice greffée n’est stable qu'a des pH compris entre 2 et 8 et
est donc inadaptée a I'extraction de composés nécessitant des phases mobiles d’élution basique.
D’autre part, ces phases ne doivent pas étre séchées entre chaque étape d’extraction, rendant la
manipulation plus délicate. Finalement, dans le cas de silice greffée avec des chaines alkyle, une
étape de déploiement de celles-ci, par percolation de MeOH, est nécessaire pour le conditionnement

du support.

1.1.2.2 Phases polymériques

Les phases polymériques sont apparues sur le marché il y a une douzaine d’années et possedent
certains avantages sur la silice. La nature du support polymérique (polystyréne-divinylbenzéne, N-
vinylpyrrolidone-divinylbenzéne, etc.) les rend naturellement hydrophobes (Figure 2) et
éventuellement polaires, comme dans le second cas ou des interactions de type polaire sont
directement réalisables via le N-vinylpyrrolidone. La modulation de la rétention est également
possible par le greffage de groupements polaires ou ioniques, le greffage anionique le plus courant

étant le groupement sulfonate (SO3, pKa < 1).

polystyréne-divinylbenzéne N-vinylpyrrolidone-divinylbenzéne

Figure 2 : structures des polymeéres polystyréne-divinylbenzéne et N-vinylpyrrolidone-
divinylbenzéne.

L'utilisation des phases polymérigues revét donc plusieurs avantages tels une stabilité étendue au pH
(1-12 voire 0-14 suivant les cas), la possibilité de sécher le support entre chaque étape d’extraction,
une bonne compatibilité avec les matrices biologiques et I'absence de conditionnement du support

avant I'extraction.

Lors de 'analyse d'un composé ou d’'une famille de composés de structures proches, la sélectivité de

I'extraction peut étre accrue, diminuant ainsi les risques de co-extraction de matériel interférent.
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L'amélioration de la sélectivité est rendue possible par le greffage d’'une molécule jouant le rble
d’anticorps, permettant des liaisons spécifiques de type antigéne-anticorps. Ces supports portent le
nom d’'immunosorbent. La réalisation de ce type de greffage est en revanche onéreuse et longue.

Pour pallier ces inconvénients, un autre type de support a été mis au point. Au sein méme de la
phase stationnaire, des sites de reconnaissance moléculaire permettant une extraction sélective de
'analyte sont créés. Ce type de support est nommé polymére a empreinte moléculaire (MIP). Le
principe de fabrication est basé sur la polymérisation du matériau (typiquement de Iacide
méthacrylique avec un solvant aprotique peu polaire ou apolaire) autour d’'une molécule modeéle
laissant une cavité imprimée dans la structure du support aprés élimination du composé modéle par
lavage. Les avantages de ce type de phase sont une stabilité thermique et chimique améliorées ainsi
gu'une fabrication rapide, simple et bon marché. En revanche, l'utilisation de phases a base de
méthacrylate nécessite le transfert de I'analyte, souvent par une LLE ou une SPE préalable, dans un

solvant compatible avec le support [6].

1.1.3 Automatisation

Outre la qualité de I'échantillon préparé par SPE, le second atout de la SPE est I'automatisation,
puisque la préparation d’échantillon en routine est souvent considérée comme |'étape limitante en
terme de temps et de variabilité. L’automatisation de la SPE peut se faire via I'utilisation de robots
gérant I'extraction sur cartouche ou plaque multi-puits. De plus, il existe des supports d’extraction

permettant I'extraction de I'échantillon aprés son injection dans le systéme analytique (c.f. § 1.1.3.2).

Lorsque I'extraction est effectuée de maniere indépendante et préalable a I'injection de I'échantillon,
on parle de processus off-line. Lorsque I'extraction est automatisée via I'utilisation d’un robot pour le
transfert automatisé de I'échantillon vers le systeme chromatographique, le processus est appelé at-
line, alors que la dénomination on-line est réservée a l'utilisation des supports d’extraction décrits au
§1.1.3.2.

1.1.3.1 Plaques multi-puits
Le principe sous-jacent a l'utilisation des plaques multi-puits (48, 96 ou 384) est I'extraction d'un
grand nombre d’'échantillons dans un court laps de temps, diminuant la durée de préparation par

échantillon. Ces plaques correspondent a des cartouches individuelles solidarisées les unes aux

autres (Figure 3).
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Figure 3 : exemple de plaque 96 puits (Waters).

Le format le plus courant est celui comprenant 96 puits (12 x 8). De paire avec l'utilisation de ce
format, des pipettes multi-canaux (8 ou 12) sont disponibles de maniére a traiter la plaque par
rangées complétes. Des robots sont également commercialisés pour permettre une automatisation
totale de I'extraction (dispensation des liquides, application de la pression/dépression, collecte des

fractions) sur ce type de format.

1.1.3.2 Supports d’extraction couplés a la chromato  graphie liquide

L'extraction de I'échantillon apres son injection dans le systeme LC est une alternative rendue
possible grace a l'utilisation de supports d’extraction prévus a cet effet. Ces derniers se présentent
sous la forme d'une colonne analytique de dimensions réduites. Comme en SPE classique,
I'échantillon est d’abord chargé, les interférents éliminés par lavage et les analytes finalement élués.
Trois types de support sont commercialement disponibles, suivant la nature de la phase stationnaire
les constituant et permettant l'injection directe de liquides biologiques. Ce paragraphe ne se veut
gu'un bref rappel des notions de base, une description détaillée de ce sujet étant disponible dans les

théses des Docteurs Sandrine Souverain et Didier Ortelli.

1.1.3.2.1 Phases a acces restreint

Le plus souvent a base de silice, les RAM permettent I'exclusion des macromolécules des sites
d’interaction via deux mécanismes, I'un physique et l'autre chimique. La barriere physique est
obtenue par des pores de petit diamétre empéchant la diffusion des macromolécules (Figure 4a).
L'exclusion chimique est quant a elle rendue possible par le greffage d’'une barriere hydrophile

constituée de polyméres ou de protéines a la surface de la particule (Figure 4b).
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Figure 4 : illustration des barrieres (a) physique et
(b) chimique [4].

Outre les deux types de barrieres rencontrées, la chimie de la surface de la particule peut étre
différente de celle présente a I'intérieur des pores. Les RAM sont donc classées en quatre familles
résumées dans le Tableau 2.

Tableau 2 : classification des familles de RAM.

barriére physique barriére chimique
chimie uniforme Type A Type C
chimie différente Type B Type D

Le diametre de particules des RAM est généralement de I'ordre de 25 pm.

1.1.3.2.2 Phases a larges particules

Le principe d’exclusion des macromolécules aux sites d’interaction des LPS est directement lié au
diameétre élevé des particules. En effet, ces derniéres sont du méme type que celles utilisées dans
les colonnes chromatographiques a polarité de phase inversée (cinétique d’interaction rapide), mais
different de celles-ci par leur taille. Le diamétre de particules des LPS est typiguement compris entre

25 um et 60 um, créant des interstices interparticulaires de grand volume (Figure 5).

2k -OF &
— QQ?O%OO@?O P

Figure 5 : élution des macromolécules a travers une phase LPS [5].
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Ces grosses particules permettent I'application de débits de phase mobile de chargement trés
importants (de I'ordre de 100 fois supérieur a ceux appliqués sur une colonne analytique de mémes
dimensions externes), puisque la perte de charge est fortement diminuée. La notion de flux turbulent
a été avancée pour expliquer le mode d’extraction. Cependant, la limite distinguant un flux laminaire

d’un flux turbulent dans un tube rempli n’est pas clairement déterminée.

1.1.3.2.3 Phases monolithiques

Tout d’abord prévus pour des séparations chromatographiques rapides, les caractéristiques des
monolithes permettent leur utilisation pour la préparation d’échantillon. Contrairement aux deux types
de supports décrits précédemment, ces phases ne sont pas constituées de particules. Ce sont des
barreaux d’'une seule piéce de grande perméabilité (comparable a celle de colonnes remplies de
particules de 11 um [7]) permettant I'application de hauts débits (5 a 10 fois supérieurs aux débits
conventionnels) tout en maintenant une contre-pression acceptable. Ces monolithes possedent une
structure bimodale du réseau poreux composé de macropores (typiguement 2 pum) et mésopores
(typiguement 13 nm) dont la taille peut étre indépendamment contr6lée lors de la fabrication (Figure
6).

Figure 6 : représentation de la structure (a) macroporeuse et (b) mésoporeuse d'un support
monolithique de type Chromolith (Merck).

Les phases stationnaires commercialisées sont de type polymérique ou a base de silice (les plus
utilisées dans le domaine pharmaceutique). Ces derniéres ont été développées par Tanaka et
Nakanishi en 1996 [8] mais présentent une faible résistance aux pH extrémes. Leur intérét est
également limité puisque le choix du diametre interne est restreint (4.6 mm, 3.0 mm ou 100 um) et
puisque seuls deux fabricants, Merck et Phenomenex, proposent de telles phases, sous les homs
respectifs de Chromolith et Onyx. L'utilisation de support monolithiques pour la préparation
d’échantillon présente I'avantage d’'une bonne compatibilité avec les matrices biologiques puisque,

contrairement aux phases particulaires, ils ne nécessitent pas de frittés aux extrémités de la colonne
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pour retenir la phase stationnaire, éliminant ainsi le principal site d'adsorption des composés

endogénes.

1.1.3.3 Modes de travail de la SPE

Il existe deux utilisations distinctes de ces supports d’extraction, le mode colonne simple et le mode

commutation de colonnes.

1.1.3.3.1 Mode colonne simple

Sur le méme et unique support se déroule la préparation de I'échantillon et la séparation des analytes
sur le support d’extraction. L'échantillon est tout d’abord chargé, lavé puis I'élution est réalisée avec
une composition de phase mobile permettant non pas une élution immédiate des analytes comme en
SPE classique, mais permettant une séparation chromatographique des analytes. Ce mode présente
l'avantage de ne nécessiter qu'une vanne 6 voies supplémentaire a un appareillage standard, pour
diriger les phases de chargement et de lavage vers la poubelle et d’élution vers le détecteur (Figure
7). En revanche, les faibles performances chromatographiques des supports d’extraction ne

permettent pas de réaliser des séparations complexes.

AN()

détecteur

poubelle

Figure 7 : schéma du montage en mode colonne simple [5].
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1.1.3.3.2 Mode commutation de colonnes

L’extraction en ligne par commutation de colonnes, a contrario du mode colonne simple, nécessite un
support d’extraction pour la préparation de I'échantillon et une colonne chromatographique pour la
séparation. La qualité de cette derniére est donc fortement améliorée par rapport au mode colonne
simple, mais I'appareillage requiert une pompe binaire supplémentaire pour I'alimentation en phase

mobile de la colonne chromatographique (Figure 8).

détecteur

poubelle £

Figure 8 : schéma du montage en mode commutation de colonnes [5].

L'échantillon est d’abord chargé puis le support lavé avant I'élution des composés vers la colonne
chromatographique. L’élution étant effectuée avec la phase mobile de séparation, le comportement
chromatographique des composés doit étre suffisamment différent sur chacun des supports pour
permettre une élution immédiate et totale de tous les analytes vers la colonne chromatographique.
Durant la séparation, le support d’extraction est quant a lui régénéré avec une phase mobile
contenant une importante proportion de solvant organique de maniere a éliminer les interférents
apolaires retenus lors du chargement de I'échantillon, du lavage puis de I'élution des analytes. La

derniére étape consiste a reconditionner le support avec la phase mobile de chargement.
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1.2 L’APPI en tant que source d’ionisation pour la LC-MS

Seul un résumé est proposé ici, le lecteur intéressé étant invité a se référer a l'article de revue
complet présenté dans le chapitre 2 (article I).

La spectrométrie de masse (MS) est de nos jours considérée comme le détecteur de choix pour le
couplage a la chromatographie liquide (LC), compte tenu de sa quasi-universalité, sa sélectivité et sa
sensibilité. Le premier couplage de ce type a vu le jour dans les années 1970, mais son utilisation ne
s'est répandue que lorsque les sources a pression atmosphérique (API) sont apparues au début des
années 90. L’electrospray (ESI) et I'ionisation chimique a pression atmosphérique (APCI) sont les
deux sources API les plus couramment utilisées. L’ESI est particulierement adaptée a I'analyse de
composés polaires, le processus d’ionisation se déroulant en phase liquide, alors que 'APCI permet
lionisation en phase gazeuse de composés moins polaires. La photo-ionisation a pression
atmosphérique (APPI) est la derniére-née parmi les sources API et permet l'ionisation de molécule
n'étant pas ou mal ionisées en ESI et APCI, comme les composés apolaires [9-11].

La photo-ionisation (PI) a été utilisée a pression réduite dés le milieu des années 1970 en
chromatographie gazeuse (GC-PID). Elle permet d’améliorer la sensibilité de composés apolaires
(benzéne) par rapport au détecteur a ionisation de flamme (FID) alors couramment utilisé et présente
une gamme dynamique supérieure a 10 [12-15]. De méme, les premiers essais de couplage de la
photo-ionisation (PI) a la LC voient le jour avec un montage similaire a celui utilisé en GC [16-18].
L'utilisation de I'APPI a été décrite pour la premiéere fois en 1983 par Baim et al. dans le couplage
avec la spectrométrie a mobilité d’ion (IMS) [19]. Divers exemples d'utilisation de ce type de couplage
ont été ensuite proposés [20-25]. C'est en 1991 que le premier couplage de I'APPI avec la MS
apparait [26]. Finalement, l'utilisation de I'’APPI pour le couplage de la LC a la MS a été publiée pour

la premiére fois en 2000 par Robb et al. [9] et Syage et al. [27] (Tableau 3).

Tableau 3 : résumé chronologique de I'utilisation de la PI.

sujet 1ére publication auteurs
GC-PID années 70 Driscoll et al.
LC-PID années 70 Schermund et al.

APPI-IMS 1983 Baim et al.

APPI-MS 1991 Revel'skii et al.
LC-APPI-MS 2000 Robb et al. & Syage et al.

Le nombre de publications faisant appel a la Pl a rapidement augmenté depuis son implémentation a
pression atmosphérique. En effet, I'utilisation de la Pl a pression réduite ne génére que peu d’ions
étant donné la faible densité d’échantillon dans la région de l'ionisation [28]. Deux sources APPI sont
actuellement commercialisées sous les noms de PhotoSpray et de PhotoMate. La premiére présente
une géométrie axiale basée sur le prototype utilisé par Robb et al. en 2000 [9] (Figure 9a) et équipe

les appareils Applied Biosystems et Sciex. La seconde, développée par Syage en collaboration avec
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Agilent, différe de sa consoeur par une géométrie orthogonale (Figure 9b) et équipe les MS Agilent et

Waters.

a.
sprayer uv

lamp
nebulizing gas
\ drying gas
hv
] Ty 0.0..' °
LC inlet — = 00 %%0 %2 %00 0 %o %02 %00,
] Cewes
capillary
b. LC inlet

nebulizing gas

N

—

sprayer

s

® 0% :.0.""#..42

—
|.

drying gas

o ® o
)
.

%%
UV lamp ]a\/\»"'..
L]

capillary

Figure 9 : schémas inspirés d’Agilent des sources a) PhotoSpray et b)

PhotoMate.

1.2.1 Théorie

Le principe de lionisation en APPI est basé sur I'absorption d'un photon par les composés se
trouvant sous forme gazeuse aprés nébulisation de la phase mobile. L'ionisation se déroule en

plusieurs étapes. Tout d’abord, I'absorption d'un photon d'une énergie hv par une molécule fait

passer celle-ci a un état excité :

M+ hy > M* 1)
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Si I'énergie d’ionisation (IE) de I'analyte M est plus basse que hv, la molécule éjecte un électron

menant a la formation d'un radical-cation :
M* > M™ +e )
Cependant, dans le cas ou I'lE de la molécule est plus élevée que hv, M* est sujet a diverses

réactions de désexcitation telles que la photo-dissociation (3), I'émission d’'un photon (4) ou encore le

qguenching collisionel avec une molécule non excitée C (5) :

M* > A +B ©)
M* > M + hy )
M* + C> M + C* (5)

Dans de tels cas, l'utilisation d’'une molécule s'ionisant facilement (dopant D) a été proposée de

maniére a favoriser I'ionisation de la molécule :
D+hv>D"+e (6)

Le dopant sert d’'intermédiaire entre le photon et I'analyte. Ses ions présentent une haute énergie de
recombinaison et / ou une faible affinité protonique (PA), favorisant un transfert de charge (7) ou de
proton (8) vers l'analyte. Le type de transfert dépend de I'affinité électronique (EA) et de la PA de

chacune des molécules [9].

D"+M->D+M" SIEAp>EA (7)
D™ + M > [D-H]' + [M+H]" si PA y > PA . (8)

L'utilisation d’'un dopant peut non seulement étre prévue pour forcer l'ionisation d’'un composé, mais
également pour améliorer le rendement d’ionisation d’'une molécule dont IE > hv. En effet, étant
donné la prédominance de molécules de solvant S, la probabilité de l'ionisation directe de I'analyte

est faible. Dans le cas d’'une séparation en LC, les molécules de solvant présentes réagissent selon :

D™ +nS = [D-H] + [Sp+H]" si PA s > PA p. (9)
[ShtH]" + M 2> nS + [M+H]" SiPAy>PAg (10)

La majeure partie des études publiées en APPI recourt a l'utilisation de lampes au krypton, puisque
les deux sources commerciales en sont équipées. Ce type de lampe produit des électrons d’'une
énergie de 10.03eV (A =123.6nm) et 10.64eV (A =116.5nm) dans un rapport 4:1 [29;30]. Le krypton
est préféré puisque la plupart des analytes (dans le cas de I'analyse de petites molécules) posséde
une |E plus basse que I'énergie des photons produits alors que les solvants communément utilisés et

les gaz présents dans la source (O,, N, etc.) présentent, eux, des valeurs supérieures (Tableau 4).
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Tableau 4 : IE et PA de divers composés couramment rencontrés en LC-MS

composé IE (eV) PA (kJ-mol™)
azote 15.6 493.8*
eau 12.6 691.0 *
acétonitrile 12.2 779.2°
oxygéne 12.1 421.0*
Ar:11.7
chloroforme 11.43 n.d.
méthanol 10.8 754.3°
acide acétique 1074 783.7*4
Kr:10.6
isopropanol 10.2 793.0*
hexane 10.1 n.d.
ammoniac 10.1* 853.64
Kr:10.0
heptane 9.9 n.d.
isooctane 9.8 n.d.
dimére de methanol 9.7° 899.1°2
acétone 9.7 812.0°
tetrahydrofurane 9.41 822.11
pyridine 9.2 930.0"
testostérone 9.23 880.0°
benzéne 9.2 750.4°
furane 8.8 803.41
toluéne 8.8 784.0
Xe:8.4
anisole 8.2° 839.6°
naphtaléne 8.1° 802.9°
anthracéne 8.1°% 877.3°%
acridine 7.8° 972.6°
triéthylamine 75 981.8*
radical benzyl 724 831.4*
" [31]
2[32]
°[33]
" [34]

n.d. : non disponible

Le xenon et l'argon ont aussi été utilisés, mais a moindre échelle. Le xenon produit des photons
moins énergétiques mais pénétrant mieux le mélange gazeux. L'argon, a contrario, produit des
photons plus énergétiques que le krypton (11.7eV), mais ceux-ci sont totalement absorbés par le
mélange gazeux aprés quelques millimétres seulement. Le krypton présente donc le meilleur

compromis aux vues des caractéristiques recherchées.
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1.2.2 Les solvants en APPI

Ce paragraphe est consacré a I'impact de l'utilisation sur I'APPI des modificateurs organiques les
plus couramment utilisés en chromatographie a polarité de phase inversée, a savoir le MeOH et
'ACN.

Globalement, I'utilisation du MeOH permet un meilleur transfert de charge que I'ACN, alors que le
transfert de proton n’est que peu ou pas affecté par la nature du solvant utilisé, ceci en absence de
dopant (en présence de dopant, voir § 1.2.4.2) [9;30]. Le MeOH joue un r6le d’intermédiaire lors de
lionisation par transfert de protons. En effet, des diméres de MeOH formés en phase gazeuse

[35;36] forment un ion de MeOH protoné par ionisation dissociative :

[CH5;0OH], + hv = [CH;OH," + e (11)

[CH30H]," = [CH3OH+H]" + CHZO (or CH,OH) (12)

L’ion de MeOH ainsi protoné effectue dans un deuxiéme temps un transfert de proton vers I'analyte

grace a une PA plus basse que celle de la plupart des analytes [30].

L'’ACN, a linstar du MeOH, participe a l'ionisation par transfert de proton. En dépit de son IE
supérieure a celle des photons produits par une lampe au krypton, Marotta et al. [28;37] ont montré
gu'une molécule d’ACN absorbant un photon s’isomérise en une structure stable (Figure 10)

protonée, capable de transfert de proton.

h
CH5CN — [CH:CN]* — [H:C=C=NH]*

lhv
+ + H,0 + + CH3CN
H,C=C=NH, «—— H,C=C=NH, <«—— [H,C=C=NH]"™

¢!
/ \
H H

Figure 10 : mécanisme réactionnel de production d’un cluster protoné d’ACN selon [28].
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Cependant, selon Short et al. [30], deux absorptions consécutives de photon semblent peu probables
et lionisation d’'une molécule d’ACN serait due au transfert d'un hydrogéne d’'une molécule d’ACN
neutre vers une molécule d’ACN excitée, qui suite a divers réarrangements, réalise un transfert de

proton vers I'analyte.

1.2.3 APPI assistée par dopant

Le principe de I'ajout d’'un composé favorisant I'ionisation n'est pas chose nouvelle. En effet, dés
1994, I'acétone puis le benzéne, le toluéne et le xyléne en 1997 ont été utilisés comme dopants pour
améliorer les réponses en PI-IMS. En LC-APPI-MS, l'acétone [38-61] et le toluéne [29;51;54;55;62-
105] ont été largement étudiés, alors que l'anisole [33;49;51;55;59;60;77;78;106], le benzéne
[66;107], 'hexafluorobenzéne [59;106] et le THF [53] I'ont moins été.

L'ionisation du benzéne est directement proportionnelle a sa pression partielle dans la source. A
basse pression, les ions [M]" sont formés et disparaissent a haute pression, formant six ions
différents. Parmi ceux-ci, deux sont responsables de l'ionisation ultérieure des analytes. Le radical
cation (m/z = 170, Figure 11) réalise les transferts de charge et sa forme protonée (m/z = 171)
permet les transferts de proton. Ces deux ions sont issus, selon Tubaro et al. [107], de la réaction
d’'un radical cation de phénol, produit dans la source par la réaction de benzene et d’'oxygéne, avec

une molécule de benzéne neutre.

OH™
0-0°
+e
+ 0, -0
(@) =& =
m/z =110 m/z =94
®) @ +
H
m/z =170 (@]
+

N /@S

m/z =171

O

Figure 11 : mécanismes de formation des espéeces réactionnelles de m/z = 170 et m/z = 171 a partir
du benzene.
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L'utilisation du toluéne comme dopant produit des ions analogues a ceux responsables de l'ionisation
dans le cas du benzene. Cependant, les divers ions produits lors de I'irradiation du toluéne sont plus
nombreux et de rapport masse sur charge plus élevé, rendant les mécanismes réactionnels du
toluéne pour l'ionisation des analytes encore inexpliqués a ce jour [107].

De plus, la quantité d'ions de toluéne produite est directement proportionnelle a la quantité de dopant
ajoutée (a concurrence de 10% de dopant), a la tension de la lampe appliquée (a concurrence de 0.8
mA appliqués) et inversement proportionnelle au débit de phase mobile [29;80].

Le toluéne et, dans une moindre mesure 'acétone, favorisent I'ionisation des analytes par transfert
de proton. Outre ce type de transfert, le toluéne permet également le transfert de charge, mais de

maniére moins efficace [9;10].

A l'instar de la situation sans dopant, le MeOH permet un meilleur rendement d’ionisation que I'’ACN,
aussi bien en présence d'acétone que de toluene [80]. Avec le toluéne, le transfert de proton est
favorisé entre son ion ([C;Hg] ™) et les clusters de MeOH et d’ACN formés dans la source car leurs PA
sont plus élevées que celle de [C;Hg]™". L'ionisation des analytes s’en voit donc améliorée, le transfert
de proton vers l'analyte étant effectué via ces clusters [34]. Les paramétres tels que la température
du nébuliseur et le débit de phase mobile sont prépondérants dans le rendement d’ionisation [34]. La
température du nébuliseur doit étre optimisée avec soin, sachant que la taille des clusters lui est
inversement proportionnelle. Le débit optimal de phase mobile se situe quant a lui typiquement entre
50 uL-min™* et 100 yL-min™* [11;82].

Des mélanges de dopants peuvent également étre utilisés, mais le gain n’est pas significatif dans les
conditions testées. Une premiere étude a conclu que le mélange optimal pour I'ionisation de PAH
comprend 0.5% d’anisole dans le toluene [60] alors que la seconde n'a pas trouvé de bénéfice a
I'ajout d’acétone dans le toluene pour l'ionisation de divers composés pharmaceutiques [52].

Enfin, l'utilisation d’un dopant n'est pas toujours bénéfique puisque, dans quelques rares cas, I'ajout

de dopant peut méme avoir un effet délétére sur I'ionisation [10;106].

Pour pallier la baisse d'ionisation en présence d’ACN dans la phase mobile, Kauppila et al. ont
proposé l'anisole comme dopant [33]. Ce dernier n'ionisant les analytes que par transfert de charge,
l'anisole est plus efficace que le toluéne pour les composés de faibles PA et El. En revanche, dans le
cas d'analytes présentant des |IE supérieures a celle de I'anisole, 'ionisation n'a pas lieu puisque le

transfert de charge est impossible [33].
L'utilisation du THF et de I'hexafluorobenzéne comme dopants n’est mentionnée dans la littérature

gu’'a titre anecdotique puisque seules deux études ne révélant aucun gain significatif sont parues sur
le sujet [106;108].
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1.2.4 APPI en mode négatif

L'ionisation en mode négatif se déroule selon trois mécanismes principaux [34], & savoir le transfert
de charge (CX, (13)), la capture d'électron (EC, (14)) et le transfert de proton (déprotonation de
'analyte, (15)) :

M+C >M+C (13)
M+e >M (14)
M+ C = [M-HJ + [C+H]" (15)

Afin d’expliquer l'ionisation de certaines molécules, Song et al. ont récemment proposé un quatrieme

mécanisme appelé attachement d’anion (AA) (16) [95] :

M+ A > [M+A] (16)

Lors de l'utilisation de la source PhotoMate, le mécanisme d’ionisation principal est la EC, puisqu’une
grande quantité d’électrons lents est générée par l'irradiation de la surface métallique a I'entrée de la
MS faisant face a la lampe [10;109]. L'oxygéne naturellement présent dans lair joue le rdle
d’intermédiaire dans les mécanismes d’ionisation en mode négatif puisqu’il capture les électrons lents
pour former O, [34;64]. Dans le cas le plus courant, O, ionise les analytes majoritairement par
oxydation en [M-H+Q]". En revanche, dans le cas de l'ionisation d'un acide, I'ionisation se produit par
capture d'un proton par O,", étant donné sa grande basicité en phase gazeuse [110]. De méme,
l'ajout d’'acide ou de base dans la phase mobile diminue la formation de M™ et des produits
d’'oxydation par la consommation des électrons lents [34;95;108]. En revanche, I'ajout d'un sel ne

diminue que la production de M"" sans entraver celle des produits d’oxydation [34;64].

1.2.5 L’APPI comparée a I'ESI et & 'APCI et source s mixtes

L’APPI apparait comme étant une bonne alternative a I'ESI et 'APCI pour le couplage de techniques
séparatives miniaturisées telles que la CE et la LC capillaire, puisque mieux adaptée aux bas débits.
En termes d'application, 'APPI semble étre plus complémentaire a 'ESI qu’a I'APCI étant donné sa
capacité a ioniser des molécules plus apolaires que cette derniére. La palette des polarités balayée
par 'ESI et I'APPI est donc plus vaste que dans le cas de I'ESI et de I'APCI. Au-dela de la
comparaison de ces sources, I'idée de conjuguer leur utilisation a donné naissance a des sources
mixtes permettant deux types d’ionisation au sein de la méme interface (ESI / APCI, ESI / APPI ou
APCI / APPI). Ces sources peuvent élargir le domaine d'ionisation durant une méme séparation,

abaisser les limites de sensibilité et améliorer la répétabilité [11].
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La principale différence entre I'APCI et 'APPI réside dans les rendements d’ionisation en fonction du
débit de phase mobile. En effet, TAPPI permet une ionisation optimale avec des débits de I'ordre de
50 & 100 pLmin™, alors que I'APCI nécessite des débits plus importants (>1 mLHin™). Cependant,
Kauppila et al. [82] ont constaté que lionisation en APPI de composés de hautes PA n’était
quasiment pas influencée par 'augmentation du débit de phase mobile, indiquant la plus grande
susceptibilité des mécanismes de transfert de charge au débit de phase mobile. D’'un point de vue
pratique, 'APPI est également mieux adaptée a I'utilisation de solvants inflammables et ne présente
pas les mémes problémes de baisse de signal au cours du temps dus au dépbt de carbone sur
l'aiguille corona de I'APCI et sur la surface du cone [56]. En revanche, la lampe présente une durée
de vie dépendante de la température opératoire déterminée comme étant supérieure a 500h a 300C

et supérieure a 2000h a température ambiante [69].

1.2.6 Effets matrice

Les effets d’altération du signal MS dus a la coélution de composés de la matrice n'ont été jusqu’'a
présent que peu approfondis en APPI. En effet, seules les deux études présentées ci-dessous ont

étudié le sujet, les autres études ne I'ayant qu’au mieux mentionné.

Etant donné les mécanismes réactionnels régissant I'ionisation en APPI, cette derniére ne devrait a
priori pas étre entachée d'effets matrice. Cependant, des effets de suppression de signal peuvent
survenir aprés lionisation des analytes, exactement de la méme maniére par laquelle ils ont été
ionisés, a savoir par transfert de charge ou de proton vers d’autres composés également présents
dans la source (solvants, composés endogénes etc.), I'analyte jouant ici le r6le d’intermédiaire pour

l'ionisation de tierces molécules [10] :

[M+H]" +S > M + [S+H]" (17

MI™* + S > [M-HT" + [S+H]' (18)

Dans certains cas, des augmentations de signal ont été observées lors de l'ionisation d’analytes en
présence de composés endogenes (voir article 11). L’hypothése proposée par les auteurs voudrait que
les composés endogénes jouent un réle de dopant, mais aucune confirmation n’a jusqu’a présent été

apportée.
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2. EVALUATION DES EFFETS MATRICE  PROVENANT
D’ECHANTILLONS PLASMATIQUES SUITE A  LEUR
EXTRACTION PAR SPE EN LIGNE

2.1 Introduction

Lors du développement de méthode, I'évaluation des effets matrice est nécessaire de maniére a
contréler la sélectivité de la méthode. Deux techniques sont souvent utilisées a cet effet. La premiére
est le principal moyen permettant I'évaluation des effets matrice lors de I'extraction en ligne. Le
principe consiste en linfusion post-colonne d'une solution de composés modeles (Figure 12)
produisant un signal constant non-nul a la détection. La seconde technique a quant a elle fait I'objet

d’une étude résumée au chapitre 4.

Colonne analytique
| - | -

Infusion de la solution
d’analytes

Figure 12 : schéma de l'infusion post-colonne.

Le principe consiste en l'extraction d'un échantillon de matrice blanche avec la méthode de
préparation d’échantillon évaluée. La séparation est réalisée dans les conditions réelles d’analyse,
permettant de localiser I'effet matrice sur le chromatogramme. Le signal constant généré par
l'infusion de la solution d’analyte(s) est altéré lors de I'élution de composés endogénes résiduels. La
caractérisation de cet effet est possible via trois paramétres, a savoir l'intensité (1), la durée (D) ainsi

gue la localisation sur le chromatogramme (L) (Figure 13).

signal‘:vv\/\/ e

»

tem pg

Figure 13 : exemple d’effet matrice négatif d'intensité I, de durée D et de localisation L.
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L'information apportée par ce type d'expérience est complémentaire a celle obtenue lors de
I'évaluation quantitative des effets matrice discutée au chapitre 4. En effet, la localisation permet de
déterminer si le composé élué présente une rétention correspondant a la fenétre de I'effet matrice. Le
cas échéant, une modification des conditions de séparation peut éventuellement permettre de sortir
le composé de la fenétre de I'effet matrice et ainsi de s’en affranchir sans pour autant redévelopper la

préparation d'échantillon.

2.2 Champs d’investigation

Le montage de l'infusion post-colonne a été employé dans le cadre de cette étude pour I'évaluation
de la qualité de la préparation d’échantillons plasmatiques par SPE-LC-API-MS avec I'ESI, I'APCI et
I’APPI comme sources d’ionisation. Les composés modeéles sélectionnés sont la méthadone (MTD),
le flunitrazepam (FLZ), la fluoxetine (FLX), leurs principaux métabolites respectivement le 2-
éthyldiene-1,5-diméthyl-1,3-diphénylpyrrolidine (EDDP), le norflunitrazepam (NFLZ), la norfluoxetine
(NFLX) ainsi que la vitamine D; (VD3) et un pesticide, le métalaxyl (MTX). Leur choix est basé sur les
composeés sélectionnés dans une précédente étude [111]. Quatre supports d’extraction ont quant a
eux été évalués, a savoir un RAM (LiChrospher RP-4 ADS 25 x 2.0 mm 1.D., d, 25 ym), deux LPS
(Oasis HLB 20 x 2.1 mm 1.D., d, 25 uym et Cyclone Turboflow HTLC 50 x 1.0 mm 1.D., d, 50 ym) et un
monolithe (Chromolith Flash 25 x 4.6 mm I.D.). Le RAM a été testé au débit de chargement préconisé
par le fabriquant (0.8 mL-min) ainsi qu’a un débit de 4.0 mL-min" comme pour les trois autres
supports, puisque le diameétre des particules (25 um) permet I'utilisation d’'un tel débit sans perte de
charge excessive [112]. Tous ces supports sont commercialisés pour l'injection directe d’échantillons
biologiques. Dans cette optique, une simple dilution est effectuée et I'échantillon injecté. En
revanche, la charge biologique étant importante, l'intérét d’'une PP préalable a linjection a été
également évaluée. Le choix de I'agent précipitant s’est porté sur ’'ACN pour sa compatibilité directe
avec le systeme d'analyse et pour son pouvoir précipitant (92% de protéines précipitées pour un
rapport volumique 2:1) plus important que celui offert par le MeOH (90% de précipitation) et 'EtOH
(88% de précipitation) dans les mémes proportions. La PP par ajout d’'acide ou de sel a été écartée
car moins efficace et celle par ajout d’'un ion métallique (typiguement du sulfate de zinc) pour des
raisons d'élimination des déchets engendrés, malgré une élimination de 99% de la charge protéique
[3]. Outre les échantillons plasmatiques dilués et précipités, un blanc (phase mobile) a également été

injecté.

2.3 Traitement des données

De facon a ne tenir compte que des altérations de signal dues a I'élution de composés endogénes et
a éliminer celles dues au montage (commutation de vanne, variation de phase mobile, etc.), le

chromatogramme du blanc a été soustrait a celui des échantillons plasmatiques dilués et précipités.
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L'effet matrice a été caractérisé pour chaque composé, chaque support d’extraction et chaque source
via son intensité (I) et sa durée (D) (Figure 13). Le nombre de données générées étant conséquent
(480), une analyse en composantes principales (PCA) a été menée de facon a mieux gérer
linformation obtenue et déterminer les relations entre les variables et les individus (supports
d’'extraction avec ou sans PP). Les groupes formés ont été confirmés par une classification

hiérarchique ascendante (HCA).

2.4 Résultats

La co-élution de matériel endogéne entraine une suppression du signal des analytes en ESI, alors
gu’une augmentation de signal est observée en APCI et APPI. Cet effet dépend du composé analysé.
Ainsi, la VD3 est I'analyte le plus sujet a ces effets alors que le MTX et le FLZ sont par exemple peu
influencés. De maniéere générale, le rendement d'ionisation et la susceptibilité aux effets matrice sont
décroissants dans I'ordre ESI - APCI - APPI. L'adaptation du choix de la source d'ionisation a une
situation donnée devra donc étre fait en considérant le meilleur compromis entre les deux facteurs
précités.

Concernant le prétraitement de I'échantillon, la dilution présente des effets matrice quelque soit le
support d’extraction, la source et le composé évalués. L’ESI est plus influencée, puisque des effets
matrice ont été observés dans tous les cas. De plus, le support d’extraction LiChrospher ADS induit
moins d'effets matrice aprés l'injection (& 0.8 mL-min™") de plasma dilué que les autres supports
testés a 4.0 mL-min™. L'utilisation de I'Oasis HLB a, quant a elle, entrainé une augmentation de la
perte de charge sur la colonne d'environ 1-2 bars par injection, probablement di au débit de
chargement trop faible par rapport aux dimensions de la colonne (20 x 2.1 mm 1.D.). En effet, un débit
de chargement de 16 mL-min™ aurait été probablement plus adapté a I'élimination des protéines,
mais ce débit était incompatible avec le systéme HPLC utilisé.

En revanche, lors d'une PP de I'échantillon préalable a l'injection, les effets matrice sont diminués
dans 70% des cas en ESI et dans 83% des cas en APCI, alors gu'ils sont totalement éliminés dans
100% des cas en APPI.

La Figure 14 représente la PCA menée sur la totalité des 480 valeurs correspondant a l'intensité ainsi
gu'a la durée des effets matrice rencontrés sur la totalité des composés modéles. Toutes les
variables sont bien représentées sur les deux premiers axes des composantes principales (PC)
expliquant plus de 80% de l'information totale. Les deux fleches ont été ajoutées de maniere a
clarifier la lecture du graphique et correspondent a des effets matrice croissants en termes d’intensité
et de durée. Deux groupes sont clairement distingués, correspondant au prétraitement de
I'échantillon. Le groupe de droite correspond aux injections de plasma dilué, alors que celui de
gauche comprend les supports ayant bénéficié de [linjection de plasma précipité, confirmant

I'observation faite précédemment concernant la diminution des effets matrice lors d’'une PP préalable
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a l'injection. De plus, la PP permet d’homogénéiser la qualité de I'échantillon préparé, quelque soit le

support utilisé.

6 . —_—
;7 °. durée
;" ADS slow . de leffet
4 7 \'\ matrice
MNL | ! \
2 ) l -|
N . .|
& 0 ADS slow Py h
o 4\__‘/' ADSAHESt . fast l
g Oasis ‘.\0 . ® ‘MNL
-2 . Oasis ./
.o o
Cyclone "=~ intensité de
-4 I'effet matrice
-6
-6 -4 -2 0 2 4 6

PC1 (62.5%)

Figure 14 : PCA globale. Pointillés : plasma dilué. Ligne continue : plasma précipité.

2.5 Conclusion

Les supports d’extraction testés ne sont que peu ou pas adaptés a l'injection directe de plasma,
démontrant dans la plupart des cas d’'importants effets matrice. En revanche, dés lors qu’'une PP est
effectuée préalablement a l'injection, les effets matrice sont drastiquement diminués voire totalement
éliminés dans le cas de [utilisation de I'APPI. Le choix du support d'extraction devient alors
secondaire puisque tous présentent des performances similaires en terme de propreté d'échantillon.
L’APPI est la source la moins affectée par les effets matrice, suivie de 'APCI et de I'ESI. Finalement,
notons qu’une séparation chromatographique permettant la séparation des analytes et des éventuels
composés endogénes résiduels est indispensable de maniére a éviter tout probléeme de

guantification.
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3. SELECTION DE COMPOSES REPRESENTATIFS DANS LA MIS E
AU POINT D’EXTRACTIONS SUR SUPPORT SOLIDE

3.1 Introduction

L'analyse d’'une grande quantité de substances dans les matrices biologiques est requise dans de
nombreux domaines tels que le therapeutic drug monitoring, la lutte anti-dopage, les sciences
forensiques, la toxicologie, etc. Lors des analyses de routine, I'utilisation d’'un nombre restreint de
méthodes, permettant la détermination d'un grand nombre de substances, est généralement
préférée. En LC-MS, I'étape de préparation d’échantillon est incoutournable lors de I'analyse de
matrices biologiques pour limiter le bouchage de la colonne et les effets d’altération du signal MS. Le
développement de la préparation d'échantillon est rendu plus fastidieux lorsque de nombreuses
substances sont impliquées. C’est pourquoi, l'article Ill résumé dans ce paragraphe propose une
solution pour réduire le temps et le nombre d’expériences requis pour le développement de méthode,
au moyen de substances représentatives sélectionnées sur la base de leurs propriétés physico-

chimiques déterminées pratiquement.

3.2 Choix du support d’extraction

La premiére étape a consisté a déterminer la phase SPE la mieux adaptée a la problématique parmi
un choix de cing supports présentant les principales chimies de phases disponibles. Une phase de
rétention hydrophile-hydrophobe (Oasis HLB), deux échangeurs de cations (Oasis MCX; Oasis WCX)
et deux échangeurs d’anions (Oasis MAX; Oasis WAX) ont ainsi été testés. Un mélange standard
des trente-quatre composés d’intérét a été extrait sur chaque support a I'aide une méthode générique
et le taux de récupération (recouvrement) pour chaque analyte dans chaque phase (chargement,
lavage, élution) a été déterminé. Le support le moins sélectif, a savoir I'Oasis HLB, n’a pas fourni de
résultats satisfaisants du fait de la perte des bases au chargement a pH acide et neutre et des acides
de faible polarité a pH basique. En revanche, I'Oasis MCX a présenté les meilleures rétentions au
chargement (pH acide), au lavage et une élution totale (Tableau 5) de la majorité des composés. Ce

support a donc été maintenu pour la suite de I'étude.
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Tableau 5 : recouvrements calculés pour chaque analyte extrait sur Oasis MCX avec chargement a

pH acide.

compound load wash elute 1 elute 2
acébutolol 0% 0% 0% 98%
acétazolamide 0% 0% 35% 0
adrafinil 0% 0% 99% 1%
aténolol 0% 0% 31% 69%
bendrofluméthiazide 0% 0% 42% 4%
benzoylecgonine 23% 0% 3% 74%
bethaméthasone 0% 0% 100% 0%
bumétanide 0% 0% 91% 2%
canrénone 0% 0% 100% 0%
cartéolol 0% 0% 0% 98%
celiprolol 0% 1% 0% 99%
chlorothiazide 0% 0% 95% 0%
chlortalidone 0% 0% 99% 1%
clopamide 0% 0% 94% 6%
dexaméthasone 0% 0% 100% 0%
dichlorphénamide 0% 0% 83% 1%
esmolol 0% 0% 0% 85%
acide éthacrynique 27% 0% 70% 2%
finastéride 0% 0% 97% 3%
furosémide 0% 0% 97% 3%
gestrinone 0% 0% 80% 2%
hydrochlorothiazide 0% 0% 90% 2%
indapamide 0% 0% 98% 2%
métipranolol 0% 0% 0% 100%
métolazone 0% 0% 91% 1%
métoprolol 0% 0% %0 100%
modafinil 4% 0% 70% 1%
nadolol 0% 0% 0% 100%
pirétanide 0% 0% 75% 0%
probénécide 0% 0% 88% 2%
sotalol 0% 0% 0% 100%
strychnine 0% 0% 1% 93%
torasémide 0% 0% 0% 100%
xipamide 0% 0% 97% 3%

Les résultats obtenus confirment que les composés acides et neutres sont retenus par un mécanisme
de type hydrophobe et élués en présence de MeOH. Les bases (protonées) sont quant a elles
retenues selon deux interactions, hydrophobe et ionique. Elles nécessitent du MeOH basique pour

leur élution.
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3.3 Sélections des substances représentatives

Le principe du développement de la méthode est basé sur l'utilisation d’'un nombre restreint de
composés pour l'optimisation des conditions de chacune des étapes de la SPE, diminuant ainsi le
nombre d’expériences et le temps nécessaire au traitement des données. Une attention toute
particuliére a été portée a la sélection de ces composés. L'utilisation d’'un petit nombre d’analytes ne
peut étre envisagée que si les composés sélectionnés sont représentatifs des autres molécules en
terme de comportement SPE. La solution consistant a sélectionner les composés dans des classes
pharmaceutiques n'est pas adéquate puisque diverses familles chimiques présentant des
comportements SPE variés peuvent étre représentées. Par ailleurs, les valeurs de pKa, logD et logP
des analytes ne sont pas toujours disponibles dans la littérature ou ne refletent pas la réalité (valeurs
calculées). En revanche, les informations apportées par I'évaluation pratique du comportement SPE
sont plus fiables. Les données obtenues pour le choix du support ont été utilisées pour la sélection
des composés représentatifs. Compte tenu du grand nombre de valeurs (544), une classification
ascendante hiérarchique (HCA) a été menée et a permis de dégager quatre groupes de composés
présentant des comportements SPE similaires, correspondant a diverses classes chimiques, a savoir
acides (7), acides faibles (10), neutres (6) et bases (11) (Figure 15).
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Figure 15 : dendrogramme de dissimilarité du comportement SPE des 34 composés. A = acide, B =
base, N = neutre, WA = acide faible, WB = base faible, 1 = diurétique, 2 = stimulant, 3 =
anabolisant, 4 = corticostéroide, 5 = B-bloquant, 6 = narcotique. Les composés
représentatifs sont surlignés.
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Les groupes formés comprennent des composés de classes pharmaceutiques différentes,
démontrant que celles-ci ne sont pas suffisantes pour la détermination du comportement SPE. Ainsi,
I'évaluation pratique du comportement SPE est nécessaire pour le choix des composés représentatifs
puisque, par exemple, la benzoylecgonine se comporte comme une base, information inaccessible

via la simple observation des valeurs physico-chimiques.

Parmi chacun des groupes, le choix des analytes représentatifs a été effectué en se basant sur les
valeurs de logP et logD. En effet, l'acide éthacrynique a par exemple été sélectionné comme
composé représentatif des acides pour ses valeurs moyennes de logP (3.38) et logD (2.9, -0.8 et -1.5
a pH1, pH7 et pH10, respectivement) (Tableau 6). La betaméthasone, la chlortalidone et le
métoprolol ont été choisis selon les mémes critéres pour les neutres, les acides faibles et les bases,

respectivement.

Tableau 6 : classes thérapeutiques et valeurs de pKa, logD et logP pour chaque composé (gras :
composés représentatifs). Les valeurs ont été calculées avec le programme Advanced
Chemistry Development (ACD/Labs) V8.14 pour Solaris (© 1994-2006 ACD/Labs)

classe

pKa

pKa

log D

compose thérapeutique acide basique pH1 pH7 pH10 logP
acébutolol B-bloguant 13.8 9.1 -0.5 0.5 2.5 2.6
acétazolamide diurétique 7.4 - -0.3 -0.4 -3.8 -0.2
adrafinil stimulant 8.2 - 1.0 1.0 -0.8 1.0
aténolol B-bloguant 13.9 9.2 -3.0 -2.0 0.0 0.1
bendrofluméthiazide  diurétique 8.6 - 2.0 2.0 -0.1 2.0
benzoylecgonine narcotique 3.5 10.8 -0.4 0.2 0.2 2.7
bethaméthasone corticostéroide 121 - 21 2.1 2.2 2.0
bumétanide diurétique 3.2 4.5 0.5 -0.3 -1.5 2.7
canrénone diurétique - - 3.0 3.0 3.0 2.9
cartéolol B-bloquant 13.8 9.1 -1.4 -0.4 1.6 1.6
celiprolol B-bloguant 13.8 9.1 -0.3 0.8 2.8 2.8
chlorothiazide diurétique 9.2 - -0.2 -0.2 -1.1 -0.1
chlortalidone diurétique 9.6 - -0.7 -0.7 -1.4 -0.7
clopamide diurétique 9.4 4.1 -1.2 1.6 0.9 15
dexaméthasone corticostéroide 121 - 19 19 19 1.8
dichlorphénamide diurétique 9.0 - 0.9 0.9 -0.9 0.9
esmolol B-bloguant 13.9 9.2 -1.2 -0.2 1.9 1.9
acide éthacrynique diurétique 2.8 - 3.4 -0.5 -0.7 3.3
finastéride diurétique - - 3.2 3.2 3.2 3.2
furosémide diurétique 3.0 - 2.9 -0.8 -1.5 2.9
gestrinone anabolisant - - 3.3 3.3 3.3 3.3
hydrochlorothiazide diurétique 9.0 - -0.1 -0.1 -1.8 -0.1
indapamide diurétique 9.4 - 2.1 2.1 1.2 2.1
métipranolol B-bloguant 13.9 9.2 -0.4 0.5 2.6 2.6
métolazone diurétique 10.0 - 3.2 3.2 2.9 3.1
métoprolol B-bloquant 13.9 9.2 -1.3 -0.3 17 1.7
modafinil stimulant - - 14 14 14 14
nadolol B-bloguant 13.9 9.2 -1.8 -0.8 1.2 1.2
pirétanide diurétique 10.2 4.3 -0.0 -1.2 2.4 1.8
probénécide diurétique 3.7 - 3.3 0.1 -0.8 3.3
sotalol B-bloguant 9.6 9.2 -2.8 -1.8 -0.3 0.3
strychnine stimulant - 8.3 -1.4 0.3 1.6 1.6
torasémide diurétique 3.1 4.8 0.7 0.5 -0.9 3.1
xipamide diurétique 5.1 - 4.0 2.1 0.5 4.0
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3.4 Optimisation de la méthode SPE

Chaque étape de I'extraction a ensuite été optimisée avec ces quatre analytes en termes de volume,
de composition et de pH de phase mobile. La méthode d’extraction optimisée nécessite le
chargement de 1.0 mL d’échantillon préalablement dilué 1:1 avec une solution de HCI 240 mM. Le
lavage est effectué avec 1.0 mL d’'un mélange HCI 120mM / MeOH 90:10, suivi d’'une élution avec
250 pL de MeOH. La seconde élution est réalisée avec le méme volume de MeOH + 5% NH;OH.
Une fois ces conditions de chargement, lavage et élution déterminées, la méthode a été évaluée en
triplicata par I'extraction d'un standard aqueux contant les trente-quatre composés (illustration 1,
Figure 16a). Les recouvrements ont été calculés en comparaison a un standard aqueux non extrait
(illustration 2, Figure 16a). lls étaient dans tous les cas compris entre 80% et 110% avec des CV

inférieurs a 10%, témoignant de la bonne représentativité des quatre composés sélectionnés.

a) 1 2 3 4
standard urine dopée urine dopée
standard aqueux avant apres
aqueux extraction extraction
extrait// /

standard aqueux urine

b)

3/2 = efficacité du processus

3/4 = effet matrice SPE 4/2 = effet matr ice LC-MS

Figure 16 : représentation des quatre expériences nécessaires a I'évaluation compléte des effets
matrice.
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3.5 Effets matrice

L'évaluation des effets matrice entreprise dans cette étude est basée sur la méthode proposée par
Matuszewski et al. [113] permettant de déterminer leur origine. L'efficacité du processus (somme de
tous les effets rencontrés lors de I'analyse compléte) est évaluée par la comparaison d’un échantillon
d’'urine dopée avant la préparation (illustration 3, Figure 16a) avec un standard aqueux (illustration 2,
Figure 16a). Les efficacités du processus étaient comprises entre 10% et 97% avec des CV < 27%

(Tableau 7), indiquant une interférence de la matrice lors du processus.

Tableau 7 : efficacité du processus, effet matrice sur la MS et effet de la matrice sur la SPE avec les
CV de répétabilité.

compound p;ﬁ'gg;‘}se (dC“V) MS (CV) SPE (CV)
acébutolol 59% (2%) 65% (3%) 90% (4%)
acétazolamide 26% (10%) 28% (6%) 92% (10%)
adrafinil 54% (3%) 55% (2%) 98% (6%)
aténolol 48% (6%) 53% (3%) 91% (7%)
bendroflumethiazide  69% (6%) 2% (2%) 96% (5%)
benzoylecgonine 46% (5%) 49% (8%) 91% (1%)
betaméthasone 77% (27%) 72% (33%) 106% (4%)
bumétanide 82% (1%) 86% (5%) 95% (7%)
canrénone 69% (11%) 71% (10%) 99% (5%)
cartéolol 64% (4%) 64% (9%) 100% (7%)
celiprolol 71% (3%) 79% (5%) 90% (4%)
chlorothiazide 24% (8%) 26% (5%) 91% (4%)
chlorthalidone 75% (2%) 65% (10%) 114% (10%)
clopamide 35% (2%) 38% (4%) 91% (3%)
dexaméthasone 79% (3%) 80% (1%) 98% (3%)
dichlorphénamide 86% (5%) 78% (4%) 109% (6%)
esmolol 10% (12%) 9% (4%) 109% (11%)
acide éthacrynique 52% (8%) 56% (6%) 93% (10%)
finastéride 73% (11%) 75% (12%) 94% (5%)
furosémide 83% (1%) 98% (4%) 85% (3%)
gestrinone 74% (10%) 74% (15%) 100% (5%)
hydrochlorothiazide 62% (2%) 55% (6%) 113% (4%)
indapamide 97% (16%) 94% (13%) 98% (7%)
meétipranolol 56% (16%) 61% (5%) 93% (12%)
métolazone 33% (20%) 26% (15%) 111% (10%)
métoprolol 27% (7%) 30% (3%) 89% (7%)
modafinil 96% (11%) 83% (10%) 107% (15%)
nadolol 54% (10%) 53% (2%) 97% (10%)
pirétanide 51% (25%) 46% (8%) 93% (9%)
probénécide 93% (3%) 100% (3%) 93% (10%)
sotalol 58% (15%) 51% (6%) 109% (9%)
strychnine 36% (6%) 39% (15%) 94% (9%)
torasémide 57% (8%) 66% (7%) 85% (5%)
xipamide 68% (5%) 67% (2%) 101% (7%)

42




De maniére a déterminer si le probléme identifié est di a un effet de la matrice sur I'extraction, un
échantillon de matrice dopé aprés extraction (illustration 4, Figure 16a) est comparé a I'échantillon
d'urine dopé avant extraction. L'effet matrice lors de l'analyse est mis en évidence par la

comparaison d'un échantillon de matrice dopé aprés extraction avec un standard agueux.

Etant donné qu’une faible efficacité du processus peut étre due a diverses combinaisons de I'effet de
la matrice sur la SPE et sur la MS, une classification des divers cas possibles a été proposée.
Sachant que l'effet de la matrice sur I'extraction ne peut étre que négatif (symbolisé par -1) ou nul
(symbolisé par 0) et négatif (-1), nul (0) ou positif (+1) sur I'analyse, seules huit combinaisons sont

alors envisageables (Tableau 8).

Tableau 8 : résumé des cas d’effets matrice possibles (effet négatif (-1), pas d’effet (0),
effet positif (+) ).

efficacité du processus -1 -1 -1 -1 0 0 1 1

LC-MS -1 -1]0 1 0 1 1
SPE -1 0 (-1(-1}10]-1]-1]0
cas 1 2 3 4 5 6 7 8

Le cas numéro 4 correspond par exemple a deux effets matrice combinés et de sens opposé, plus
intense sur la SPE (-1) que sur I'analyse (+1), entrainant une faible efficacité du processus (-1). Cette
classification a ensuite été utilisée pour déterminer a quel cas d’effet matrice appartenait chaque
composé. La limite déterminant un effet significatif (attribution de -1, 0 ou +1)a été fixée a + 10%. Les

résultats sont reportés dans le Tableau 9.
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Tableau 9 : cas de I'effet matrice pour chaque analyte (gras : composés représentatifs).

composé cas groupe (voir Figure 15)
acébutolol 1 B
acétazolamide 2 WA
adrafinil 2
aténolol 2 B
bendroflumethiazide 2 WA
benzoylecgonine 2 B
betaméthasone 2 N
bumétanide 2 A
canrénone 2 N
cartéolol 2 B
celiprolol 2 B
chlorothiazide 2 WA
chlorthalidone 2 WA
clopamide 2 WA
dexaméthasone 2 N
dichlorphénamide 2 WA
esmolol 2 B
acide éthacrynique 2 A
finastéride 2 N
furosémide 3 A
gestrinone 2 N
hydrochlorothiazide 2 WA
indapamide 5 WA
métipranolol 2 B
métolazone 2 WA
métoprolol 1 B
modafinil 5 N
nadolol 2 B
pirétanide 2 A
probénécide 5 A
sotalol 2 B
strychnine 2 B
torasémide 1 WA
xipamide 2 A

Les résultats présentés dans le Tableau 15 démontrent I'absence de corrélation entre la famille
chimique du composé et le type d'effet matrice subit, indiquant que l'utilisation des composés

représentatifs pour I'évaluation des effets matrice n’est pas possible.
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3.6 Conclusion

La méthode proposée dans cette étude a permis le développement pour I'extraction par SPE de
trente-quatre composés dans l'urine. La sélection des composés représentatifs a l'aide d'une
classification ascendante hiérarchique (HCA) est basée sur les données du choix du support. Elle a
permis de générer des groupes de molécules présentant des comportements SPE similaires. Pour
chaque groupe formé, un composé représentatif a été employé pour I'optimisation du protocole
d’extraction sur le support, permettant ainsi de diminuer le temps nécessaire aux manipulations et au
traitement de données. La procédure optimisée a l'aide de ces quatre composés est parfaitement
adaptée a l'extraction de la totalité des trente-quatre composés de I'étude, démontrant que la
méthode choisie permet effectivement I'optimisation du protocole avec un nombre restreint
d’analytes. En revanche, ces derniers ne sont pas représentatifs des effets matrice, nécessitant une

évaluation individuelle de chaque composé.
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4. CARACTERISATION ET CLASSIFICATION DES EFFETS
MATRICE LORS DE L'ANALYSE D'ECHANTILLONS
BIOLOGIQUES

4.1 Introduction

Durant le développement et la validation d’'une méthode analytique, la maitrise de la sélectivité est
essentielle, raison pour laquelle I'évaluation des effets matrices est nécessaire.

Parmi les principaux outils d’identification des effets matrice, deux ont été utilisés au cours de ce
travail de these. Le premier, dont I'utilisation a été exposée au chapitre 2, a été décrit dans une étude
présentée en 1999 par Bonfiglio et al. [114] et propose une évaluation des effets matrice par infusion
post-colonne, ne donnant qu’'une information qualitative. Le second outil a, quant a lui, fait I'objet
d’'une étude publiée en 2003 par Matuszewski et al. [113] introduisant I'examen quantitatif des effets
matrice via la comparaison des réponses obtenues pour les analytes dans divers échantillons. En
revanche, aucune étude n'a été menée a ce jour sur la classification rigoureuse de ces effets.
L'article IV résumé ici se propose donc de caractériser et répertorier ces effets de maniére exhaustive

en se basant sur les travaux de Matuszewski et al.

4.2 Evaluation quantitative des effets matrice

Le mode d’évaluation des effets matrice proposé par Matuszewski et al. fait intervenir trois notions.
En effet, I'efficacité du processus (PE) rend compte du recouvrement de l'analyte sur la méthode
compléte. Il correspond donc a la combinaison du recouvrement d’extraction (RE) de la préparation

d’échantillon en présence de la matrice et de I'effet matrice sur I'analyse (ME) (Figure 17).

%

100%

Y

3 +
0

recouvrement effet matrice efficacité du
d’extraction sur 'analyse processus

Figure 17 : décomposition schématisée de I'efficacité du processus.
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Le PE est évaluée via le recouvrement d'un échantillon de matrice dopée puis extraite (c, Figure 18)
rapporté a un standard aqueux (a, Figure 18). Le RE est quant a lui déterminé par le recouvrement
entre I'échantillon ¢ et un échantillon de matrice blanche dopée aprés extraction (b, Figure 18).

Finalement, le ME est mis en évidence par le recouvrement entre les échantillons a et b.
a) b) c) d)

=
4 s

%

standard aqueux matrice biologique

/ 6 = 1)
é
[+

@ = efficacité du processus (PE) = recouvrement d'extraction (RE)

@ = effet matrice (ME) = rendement d'extraction (EY)

Figure 18 : illustration des quatre échantillons nécessaires a l'identification d'un effet
matrice a) standard aqueux b) matrice blanche extraite puis dopée c¢)
extraction de matrice dopée et d) standard aqueux extrait.

Dans le cas de I'utilisation d’une préparation d’échantillon générique, le RE peut étre entaché par de
mauvaises performances de la préparation d'échantillon elle-méme. La notion de rendement
d’extraction (EY) a donc été introduite dans cette étude et estimée via le rapport des aires des
échantillons d et a.

4.3 Description des cas

Le PE peut étre inférieure, proche ou supérieure a 100%, symbolisé par -1, 0 et +1, respectivement,
puisqu’elle correspond a la combinaison du RE et du ME. En effet, le ME peut lui aussi étre inférieur,
proche ou supérieur a 100% puisqu’aussi bien des suppressions que des augmentations de signal

sont couramment rencontrées en MS. Les RE et EY ne peuvent quant a eux raisonnablement étre
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gu'inférieurs ou proches de 100%. Sur la base de ces considérations, les huit combinaisons

possibles sont résumées dans le Tableau 10.

Tableau 10 : résumé des cas possibles

PE -1 0 +1

ME -1 -1 0 +1 0 +1 +1 +1

RE -1 0 -1 -1 0 -1 -1 0
PE-. PE PE". PE".  PE% PE". PE". PE"

De maniére a simplifier la dénomination de chaque cas, la convention suivante a été proposée : le
signe en exposant indique le ME et le signe en indice correspond au RE.

Un PE inférieur a 100% peut étre di a diverses combinaisons ; un effet de la matrice sur I'une ou

l'autre des étapes (PE, and PE?) et un effet combiné de la matrice sur I'extraction et I'analyse ,
synergique (PE_) ou antagoniste (PE’). Un PE proche de 100% ne peut lui étre dii qu'a deux
combinaisons ; une absence d'effet matrice sur le RE et le ME (PEg) ou un effet antagoniste

d'intensité comparable (PE ). Finalement, un PE supérieur & 100% ne peut lui aussi &tre di qu'a
deux combinaisons; une augmentation de signal partiellement compensée ou non par un RE
inférieur & 100% (PE’ and PES, respectivement). Les cing cas présentant un RE inférieur & 100%

peuvent se diviser en deux modalités, a savoir un RE inférieur a 100% partiellement ou non dd a un

mauvais EY.

Une arborescence a également été mise en place pour simplifier I'attribution de la typologie de I'effet
matrice rencontré (Figure 19). L'identification de I'effet matrice est réalisée par simple cheminement
sur le tracé en choisissant 'embranchement correspondant au résultat obtenu pour la contribution en

guestion.
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@ = effet matrice (b/a)
@ = efficacité du processus (c/a): PE ::
= recouvrement d’extraction (c/b)

@ = rendement d’'extraction (d/a)

Figure 19 : schéma décisionnel permettant de déterminer le type d’effet matrice rencontré lors
de I'emploi d’'une méthode optimisée.

4.4 Application

De maniére a contrbler la validité de la classification proposée, 199 composés ont été analysés avec
trois procédures différentes utilisant trois supports d’extraction, deux matrice et trois appareils LC-
ESI-MS. Les PE, ME, RE et EY ont été calculés pour chaque composé. Une limite raisonnable de +

10% a été choisie pour distinguer les cas -1 et +1 de 0.

Tableau 11 : valeurs de PE, ME, RE et EY calculées pour chacun des 199 analytes.

composé matrice |appareillage PE ME RE EY
Alprazolam plasma LC-MS/MS 45% 49% 90% 82%
Amfepramone plasma LC-MS/MS 93% 92% | 103% | 101%
Amisulpride plasma LC-MS/MS 93% | 132% | 74% 91%
Amitriptyline plasma LC-MS/MS 54% 61% 91% | 100%
Amphetamine plasma LC-MS/MS 78% 91% 86% 89%
Aripirazole plasma LC-MS/MS 80% | 102% | 78% 99%
Atenolol plasma LC-MS/MS 44% 92% 48% 34%
Bisoprolol plasma LC-MS/MS 101% | 99% | 102% | 96%
Bromazepam plasma LC-MS/MS 79% 89% 91% 91%
Buprenorphine plasma LC-MS/MS 89% | 109% | 84% 96%
Bupropion plasma LC-MS/MS 109% | 134% | 83% 91%
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Chlordiazepoxide
Chloroquine
Chlorprothixéne
Citalopram

Clobazam

Clomipramine
Clonazepam

Clonidine

Clotiapine

Clozapine

Cocaine

Codéine

Cotinine

Cyclizine

Desipramine
Desmethyl-Chlordiazepoxide
Dextrometrophane
Dimetindéne
Diphenhydramine
Duloxetine

EDDP

Flumazenil
Flunitrazepam
Fluoxetine

Fluphenazine
Fluvoxamine
Haloperidol

Héroine
9-Hydroxy-Risperidone
Imipramime
Indométhacine
Lamotrigine
Levopromazine
Lidocaine

Loperamide

LSD

Maprotiline

MDMA (Extasy)
Methadone
Methaqualone
Metoclopramide
Metoprolol

Mianserine

Mirtazapine
Moclobémide
6-mono-acetyl-morphine
Morphine
N-Desmethyl-Citalopram
N-Desmethyl-Clomipramine
N-Desmethyl-Clozapine
N-Desmethyl-Mirtazapine
Nefazodone

Nicotine

Nitrazepam
Nordiazepam
Norfluoxétine
Nortriptyline

Noscapine
O-desmethyl-Venlafaxine
Olanzapine

plasma
plasma
plasma
plasma

plasma
plasma

plasma
plasma

plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma

plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma
plasma

LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS

LC-MS/MS
LC-MS/MS

LC-MS/MS
LC-MS/MS

LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS

LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS/MS

93%
107%
36%
90%
38%
62%
34%
95%
29%
92%
92%
85%
2%
95%
47%
3%
77%
46%
84%
29%
76%
88%
28%
53%
73%
74%
89%
107%
92%
36%
24%
89%
14%
93%
81%
55%
56%
89%
43%
37%
99%
84%
111%
80%
85%
103%
15%
86%
68%
100%
67%
70%
8%
62%
55%
34%
29%
96%
95%
106%

91%
129%
53%
109%
40%
95%
41%
128%
33%
104%
97%
105%
32%
109%
45%
7%
89%
65%
111%
42%
88%
110%
43%
63%
84%
103%
96%
248%
107%
73%
55%
116%
26%
114%
109%
67%
68%
121%
83%
48%
104%
106%
128%
102%
96%
102%
33%
114%
89%
121%
96%
92%
25%
73%
63%
57%
33%
115%
96%
110%

103%
84%
71%
82%
94%
65%
83%
76%
90%
89%
96%
81%
6%
88%
105%
47%
86%
71%
77%
75%
85%
81%
66%
85%
87%
72%
93%
44%
86%
50%
44%
77%
56%
83%
76%
82%
82%
74%
52%
80%
96%
79%
89%
79%
89%
103%
45%
78%
76%
82%
71%
76%
33%
86%
87%
59%
89%
84%
101%
100%

95%
88%
90%
94%
66%
101%
86%
100%

105%
82%
93%
16%
8%
94%
119%
7%
99%
109%
56%
71%
83%
93%
72%
58%
101%
98%
96%
93%
83%
104%
57%
102%
59%
84%
102%
90%
80%
95%
87%
94%
90%
94%
98%
99%
90%
89%
23%
97%
98%
93%
78%
86%
2%
89%
99%
91%
90%
90%
99%
88%
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Opipramol plasma LC-MS/MS 113% | 138% | 82% 83%
Orphenadrine plasma LC-MS/MS 71% 86% 82% | 104%
Oxazepam plasma LC-MS/MS 58% 82% 72% 81%
Papaverine plasma LC-MS/MS 101% | 123% | 83% 94%
Paroxetine plasma LC-MS/MS 79% | 102% | 79% 90%
Pentazocine plasma LC-MS/MS 95% 98% 98% 85%
Propanolol plasma LC-MS/MS 83% 92% 91% 86%
Propofol plasma LC-MS/MS 44% 62% 71% 82%
Protriptyline plasma LC-MS/MS 49% 74% 67% | 103%
Quinine plasma LC-MS/MS 32% 37% 88% | 118%
Quetiapine plasma LC-MS/MS 93% | 107% | 88% | 105%
Reboxetine plasma LC-MS/MS 97% | 108% | 90% 87%
Risperidone plasma LC-MS/MS 88% 96% 92% 90%
Sertindole plasma LC-MS/MS 99% | 122% | 82% | 103%
Sertraline plasma LC-MS/MS 49% 73% 68% 87%
Sotalol plasma LC-MS/MS 17% 98% 18% 60%
Tamoxifene plasma LC-MS/MS 58% | 102% | 57% 82%
Thioridazine plasma LC-MS/MS 95% 91% | 116% | 86%
Tramadol plasma LC-MS/MS 89% 98% 93% 96%
Triazolam plasma LC-MS/MS 78% 79% 99% 99%
Trimipramine plasma LC-MS/MS 32% 48% 68% 86%
Venlafaxine plasma LC-MS/MS 98% | 119% | 83% | 105%
Verapamil plasma LC-MS/MS 63% 75% 85% 97%
Zolpidem plasma LC-MS/MS 106% | 109% | 97% | 101%
Zopiclone plasma LC-MS/MS 80% | 102% | 81% 91%
Acetazolamide urine UPLC-MS 65% 57% | 115% | 108%
Amfepramone urine UPLC-MS 87% 95% 92% 90%
Amfetaminil urine UPLC-MS 47% 83% 57% 33%
Amiloride urine UPLC-MS 62% 59% | 106% | 83%
Anastrozole urine UPLC-MS 32% | 102% | 31% 1%

Anastrozole urine UPLC-MS 82% | 102% | 80% 98%
Atenolol urine UPLC-MS 62% 96% 65% 87%
Bendrofluméthiazide urine UPLC-MS 99% | 153% | 64% 90%
Benzoylecgonine urine UPLC-MS 111% | 100% | 111% | 87%
Bromantan urine UPLC-MS 100% | 349% | 29% 95%
Buprenorphine urine UPLC-MS 105% | 145% | 72% 47%
Bupropion urine UPLC-MS 120% | 108% | 111% | 114%
Caffeine urine UPLC-MS 77% | 124% | 63% | 100%
Cathine urine UPLC-MS 89% | 179% | 50% 80%
Celiprolol urine UPLC-MS 119% | 99% | 120% | 101%
Chlorothiazide urine UPLC-MS 46% 71% 64% 59%
Chlorphentermine urine UPLC-MS 91% | 106% | 85% | 119%
Chlorthalidone urine UPLC-MS 43% 41% | 105% | 92%
Clopamide urine UPLC-MS 81% 74% | 110% | 74%
Crothetamide urine UPLC-MS 47% | 218% | 22% | 115%
Dextromoramide urine UPLC-MS 97% | 121% | 80% 85%
Dichlorphenamide urine UPLC-MS 57% 48% | 118% | 87%
Dimetamphetamine urine UPLC-MS 94% | 108% | 87% | 101%
Ephedrine urine UPLC-MS 78% 72% | 108% | 73%
Etafedrine urine UPLC-MS 63% | 125% | 50% 76%
Ethacrynic acid urine UPLC-MS 68% 65% | 105% | 69%
Ethylamphetamine urine UPLC-MS 81% | 156% | 52% 71%
Etilefrine urine UPLC-MS 88% 77% | 115% | 108%
Fenfluramine urine UPLC-MS 113% | 160% | 71% | 113%
Fenproporex urine UPLC-MS 65% | 121% | 54% 83%
Fentanyl urine UPLC-MS 105% | 105% | 100% | 109%
Hydrochlorothiazide urine UPLC-MS 20% 31% 63% 66%
Indapamide urine UPLC-MS 7% 78% 99% | 108%
Isometheptene urine UPLC-MS 72% | 157% | 46% 83%
MDA urine UPLC-MS 56% | 105% | 54% 2%
MDMA urine UPLC-MS 97% | 153% | 63% | 107%




Mefenorex urine UPLC-MS 104% | 183% | 57% | 104%
Métamphetamine urine UPLC-MS 71% 93% 76% 67%
Méthadone urine UPLC-MS 61% 57% | 108% | 84%
Methylamphetamine urine UPLC-MS 81% 89% 91% 78%
Methylecgonine urine UPLC-MS 6% 83% 8% 15%
Méthylphénidate urine UPLC-MS 94% | 166% | 57% | 101%
Metipranolol urine UPLC-MS 100% | 114% | 87% | 114%
Metolazone urine UPLC-MS 46% | 229% | 20% 87%
Metoprolol urine UPLC-MS 101% | 86% | 117% | 97%
Nadolol urine UPLC-MS 100% | 92% | 109% | 106%
Nikéthamide urine UPLC-MS 62% 75% 83% 76%
Norbuprénorphine urine UPLC-MS 37% 70% 53% 46%
Norfentanyl urine UPLC-MS 105% | 219% | 48% | 119%
Oxilofrine urine UPLC-MS 81% 97% 84% | 102%
Pemoline urine UPLC-MS 81% | 100% | 81% 64%
Pentetrazol urine UPLC-MS 31% 47% 66% 75%
Phendimetrazine urine UPLC-MS 81% 95% 85% 90%
Phenpromethamine urine UPLC-MS 93% | 204% | 46% | 110%
Phentermine urine UPLC-MS 88% | 213% | 41% 96%
Phénylpropanolamine urine UPLC-MS 85% | 105% | 81% | 110%
Pholedrine urine UPLC-MS 78% 86% 91% 95%
Probenecide urine UPLC-MS 77% | 450% | 17% 93%
Prolintane urine UPLC-MS 105% | 183% | 57% 85%
Propylhexedrine urine UPLC-MS 77% | 152% | 51% 79%
Pseudoephedrine urine UPLC-MS 80% 75% | 107% | 89%
Ritalinic acid urine UPLC-MS 48% | 100% | 49% 90%
RSR 13 urine UPLC-MS 85% | 124% | 69% 73%
Salmeterol urine UPLC-MS 94% 99% 95% 78%
Sibutramine urine UPLC-MS 109% | 382% | 28% 87%
Strychnine urine UPLC-MS 55% 79% 70% 81%
Xipamide urine UPLC-MS 94% | 115% | 82% 91%
Acebutolol urine LC-MS 59% 65% 90% 93%
Acetazolamide urine LC-MS 26% 28% 92% 31%
Adrafinil urine LC-MS 54% 55% 98% 98%
Atenolol urine LC-MS 48% 53% 91% 86%
Bendroflumethiazide urine LC-MS 69% 2% 96% | 106%
Benzoylecgonine urine LC-MS 46% 49% 91% 92%
Bethamethasone urine LC-MS 7% 72% | 106% | 105%
Bumetanide urine LC-MS 82% 86% 95% 84%
Canrenone urine LC-MS 69% 71% 99% 89%
Carteolol urine LC-MS 64% 64% | 100% | 93%
Celiprolol urine LC-MS 71% 79% 90% 98%
Chlorothiazide urine LC-MS 24% 26% 91% 91%
Chlortalidone urine LC-MS 75% 65% | 114% | 86%
Clopamide urine LC-MS 35% 38% 91% 93%
Dexamethasone urine LC-MS 79% 80% 98% | 109%
Dichlorphenamide urine LC-MS 86% 78% | 109% | 107%
Esmolol urine LC-MS 10% 9% 109% | 95%
Ethacrinic acid urine LC-MS 52% 56% 93% 96%
Fentanyl urine LC-MS 91% 97% 94% 91%
Finasteride urine LC-MS 73% 75% 94% 95%
Furosemide urine LC-MS 83% 98% 85% 84%
Gestrinone urine LC-MS 74% 74% | 100% | 99%
Hydrochlorothiazide urine LC-MS 62% 55% | 113% | 106%
Indapamide urine LC-MS 97% 94% 98% | 103%
Methylphenidate urine LC-MS 78% 95% 83% 92%
Metipranolol urine LC-MS 56% 61% 93% 99%
Metolazone urine LC-MS 33% 26% | 111% | 98%
Metoprolol urine LC-MS 27% 30% 89% 94%
Modafinil urine LC-MS 96% 83% | 107% | 100%
Nadolol urine LC-MS 54% 53% 97% 94%
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Piretanide urine LC-MS 51% 46% 93% 108%

Probenecide urine LC-MS 93% | 100% | 93% 102%
Sotalol urine LC-MS 58% 51% 109% 97%
Strychnine urine LC-MS 36% 39% 94% 96%
Torasemide urine LC-MS 57% 66% 85% 87%
Xipamide urine LC-MS 68% 67% | 101% | 109%

L'attribution de l'effet matrice a été réalisée avec succés pour chaque composé. Dans certaines
situations, le PE, le ME, le RE ou le EY étaient proches mais au-dela de la limite fixée, engendrant

des cas inclassables. Dans ces situations, le cas de I'effet matrice le plus proche a été attribué.

De maniere générale, aucune influence de la matrice n'a été observée dans 17% des cas (Figure
20a).

augmentation
de signal bon ME

b)

suppression de signal

RE baS bon RE

c) .| ol

RE bas et EY bas

Figure 20 : a) distribution relative des ME et RE sur la totalité des données. PEg indique les

cas avec de bons ME et RE, PE fait référence aux cas présentant un ME bas ou
haut, PEreg correspond aux cas avec un RE bas et PEMERE relate les cas avec un
ME bas ou haut et un RE bas b) distribution relative des ME bas, bons et hauts c)
distribution relative des RE bas et bons.

39% des analytes n'ont été influencés que par un seul parametre, 16% di a des probléemes
d’extraction et le reste (23%) di a des altérations du signal MS. La moitié des composés environ
(44%) a souffert de la présence de matériel endogéne lors des deux étapes du processus analytique.

Concernant le ME, 67% des analytes ont subi une altération du signal parmi lesquels 45% étaient
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dus a une suppression de signal et 22% a une augmentation de celui-ci (Figure 20b). Enfin, la
distribution du RE était équilibrée puisque 60% des composés a présenté une RE bas équitablement
partagé entre un RE bas pur (30%) et un RE bas partiellement di a un EY bas (30%). Les 40%

restant n’ont pas subi de probleme significatif a I'extraction.

4.5 Actions correctives

Les effets matrices ne doivent pas étre éliminés dans tous les cas. En revanche, leur identification et
guantification sont, elles, nécessaires. Le rapport de la conférence de Washington en 2007 [115] fixe
une limite de variabilité a 15% de la réponse de I'analyte dans six lots indépendants de matrice. Au-
dela de cette limite, des mesures correctives doivent étre entreprises sur les étapes du processus
analytique concernées pour diminuer ou éliminer les effets matrice rencontrés. Un IS deutéré peut
étre utilisé pour compenser les variations de réponse en LC-MS. Les conditions chromatographiques
peuvent également étre améliorées de maniére a sortir 'analyte de la fenétre de I'effet matrice (voire
chapitre 2). La ré-optimisation de la préparation d’échantillon est également envisageable pour limiter
la quantité de composés endogenes. Finalement, l'utilisation d’'une autre source d’ionisation moins
sujette aux effets matrices, telle que I’APCI et I'APPI, est également une solution d'intérét puisqu’elle

permet de considérablement réduire les effets matrice en LC-MS de maniére relativement simple.

4.6 Conclusion

Une classification des effets matrice rencontrés lorsqu’'une préparation d’échantillon est réalisée
préalablement a l'analyse a été proposée. Huit combinaisons ont été distinguées. Sur la base de
cette classification, une arborescence a été élaborée pour l'attribution de la typologie de I'effet
matrice rencontré. La préparation de seuls quatre échantillons est requise, permettant le calcul du
PE, ME, RE et EY.de maniére a illustrer le modéle proposé, un total de 199 composés a été évalué
en regard des effets matrice générés avec l'utilisation de trois préparations d’échantillons et trois
appareillages LC-MS différents. Chaque analyte a pu étre classé parmi I'un des huit cas d'effet
matrice identifié. La majeure partie des composés (83%) a subi un effet matrice durant l'une et/ou

l'autre des étapes du processus analytique.
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5. VALIDATION D'UNE METHODE LC-APPI-MS POUR L’ANALY SE
DE L’ALPRAZOLAM ET DU FLUNITRAZEPAM DANS LE SANG
HEMOLYSE

5.1 Introduction

Dans ce chapitre, I'aspect quantitatif d'une méthode LC-APPI-MS est étudié via le développement et
la validation d’'une méthode pour I'analyse du flunitrazepam (FLZ), de l'alprazolam (ALZ) et de leurs
principaux meétabolites, I'a-hydroxyalprazolam (HALZ) et le 7-aminoflunitrazepam (AFLZ) dans le

sang hémolysé.

Les benzodiazépines étant aujourd’hui trés largement utilisées, leur analyse dans les fluides
biologiques est indispensable tant dans le domaine médical que dans le cadre médico-légal. Bon
nombre de publications sont déja parues sur le développement et la validation de méthodes pour leur
analyse dans ces matrices en LC-ESI-MS [116;117] et LC-APCI-MS [118;119], mais aucune étude
n'a pour l'instant été menée sur les gains de I'APPI pour le couplage de la LC a la MS dans ce
domaine.

Cette étude démontre que I'APPI peut non seulement étre utilisée pour l'ionisation de composés
apolaires mais également dans le cas de l'analyse de molécules assez polaires dans le sang
hémolysé, tout en maintenant une trés bonne sensibilité et en réduisant les effets matrice

couramment rencontrés en ESI et a moindre échelle en APCI.

5.2 Critéres de validation

Selon la norme ICH (International Conference on Harmonization), le but d'une procédure de
validation d’une méthode analytique est de démontrer qu’elle correspond a l'usage pour lequel elle
est prévue en donnant les garanties nécessaires au laboratoire ainsi qu'aux autorités quant a la
qualité des résultats obtenus. L'objectif de la méthode analytique est la quantification la plus exacte
et la plus précise possible de la quantité d’analyte dans un échantillon inconnu.

Les criteres de validation sélectionnés pour cette étude sont la sélectivité, la spécificité, la fonction

réponse, la justesse, la fidélité, I'exactitude, la linéarité et la limite de quantification (LOQ).
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5.3 Développement de méthode

Les BZD possédant de larges fenétres thérapeutiques et toxiques, la méthode d’analyse développée
doit permettre la quantification des composés dans une large gamme de concentrations (par
exemple, la limite thérapeutique inférieure de I'ALZ est de 0.005 pg-mL* et sa limite toxique

supérieure se situe a 0.4 pg-mL* [120]).

5.3.1 SPE

L'ALZ et le FLZ étant des bases faibles relativement hydrophobes, un support hydrophile-lipophile
(Oasis HLB) a donc été sélectionné pour cette étude. Chaque étape de I'extraction (chargement,
lavage et élution) a été optimisée sur standards aqueux en termes de pH, volume et nature du
solvant.

Les échantillons sanguins hémolysés ont été centrifugés et le surnageant simplement dilué avec de
'eau dans un rapport 2 :1. La présence d’éventuels effets matrice a été contr6lée en infusion post-
colonne. Puisque aucune altération de signal n'a été observée, la dilution du surnageant a été
retenue. L'extraction a été répétée trois fois et les recouvrements sur les élutions calculés pour
chacun des composés. Tous étaient compris entre 83% et 119% avec des CV inférieurs a 10%,

confirmant I'absence d’effet matrice observée lors de l'infusion post-colonne.

5.3.2 LC-APPI-MS

Malgré ['utilisation de la MS, une séparation chromatographique de résolution suffisante est
nécessaire puisque deux couples de composés isobares (FLZ / ALZ-Ds, m/z 314 et LRZ / FLZ-D-,
m/z 321) sont présents. Ainsi, trois supports chromatographiques ont été comparés (Waters XBridge
100 x 2.1 mm, 3.5 um, Waters XBridge Shield 100 x 2.1 mm, 3.5 um et Thermo Hypersil Gold 100 x
2.1 mm, 5 pm). La colonne permettant le meilleur compromis en termes de temps d’analyse et de
résolution chromatographique s’est avérée étre la XBridge Shield avec une phase mobile composée
de tampon acétate 20 mM & pH 5 / ACN 67:33 délivrée en mode isocratique & 200 pL-min™ (voir
article 1). Dans ces conditions, une séparation compléte (Rs > 1.5) des composés isobares en moins
de 10 minutes a été possible.

De plus, linfluence du solvant d'injection a été évaluée, I'élution des composés de I'Oasis HLB
requérant du MeOH pur. Aucune étape d’évaporation/reconstitution n'a été nécessaire puisque les
performances chromatographiques ne sont pas altérées par le MeOH pur (Figure 21), probablement

grace au faible volume d'injection (5 L) et aux facteurs de rétention compris entre 2 et 8.
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Figure 21 : Chromatogramme d’'un standard contenant les BZD testées a 250 ng-mL™" dans MeOH.

D’autre part, le rendement d'ionisation a été comparé en présence d'acétone, de toluene et sans
dopant. Les meilleurs résultats ont été obtenus avec l'acétone ajoutée en infusion post-colonne a

10% du débit de phase mobile. Ces conditions ont donc été maintenues pour la suite de I'étude.

5.4 Performances quantitatives de la méthode

L'étude quantitative a été menée sur deux des analytes du mélange et leurs métabolites, a savoir
'ALZ, 'HALZ, le FLZ et 'AFLZ. Des standards internes deutérés (ALZ-Ds et FLZ-D;) ont été choisis
de maniére a compenser les variations de la méthode (préparation d'échantillon, détection, etc.) et

les éventuels effets matrice.

54.1 Sélectivité

La sélectivité d’'une méthode d’analyse indique sa capacité a distinguer les composés d'intérét des
autres constituants de I'’échantillon (métabolites, matériel endogéne, co-médication, etc.). Comme
mentionné au 8 5.3.1, aucun effet matrice n'a été observé. La sélectivité de la méthode a également
été évaluée en regard de la matrice par la comparaison des chromatogrammes de sang hémolysé
blanc (CAL 00), de sang hémolysé blanc contenant les IS (CAL 0) et d'un standard d'étalonnage a la
LOQ (CAL LOQ). Comme illustré sur la Figure 22, aucune interférence n’'a été observée au temps de
rétention des analytes et de leurs IS, malgré I'utilisation de six sources indépendantes de sang

hémolysé.
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Figure 22 : évaluation de la sélectivité de la méthode pour les quatre composés validés.

5.

4.2 Procédure de validation

Les performances quantitatives ont été évaluées sur trois séries (j=3) en accord avec le protocole V5

modifié de la Société Francaise des Science et Techniques Pharmaceutiques (SFSTP) [121]. Cette

version recommande trois niveaux de concentration (k=3) avec deux répétitions (n=2) pour les

standards

d'étalonnage (CAL) et quatre niveaux de concentration (k=4) avec quatre répétitions (n=4)

pour les standards de validation (QC), tous préparés dans la matrice.

SST:

CAL 00 :
CALO:
CAL :

QC:

= 1xSST = 2xCAL 100%
= 1xCALOO = 4xQCLOQ
= 1xCALO = 4xQC4LOQ

= 2xCALLOQ
= 2xCAL 50%

4 x QC 50%
4 x QC 100%

system suitability test, échantillon reconstitué dans la matrice contenant I'alprazolam (ALZ), I'a-hydroxyalprazolam
(HALZ), l'alprazolam-Ds (ALZ-Ds), le flunitrazepam (FLZ), le 7-aminoflunitrazepam (AFLZ), le flunitrazepam-D;
(FLZ-Dy), le lorazepam (LRZ), le clonazepam (CLZ), le nitrazepam (NTZ) et 'oxazepam (OXZ).

échantillon de matrice blanche.

échantillon de matrice blanche dopée avec ALZ-Ds et FLZ-D;.

standard d’'étalonnage, échantillon reconstitué dans la matrice contenant ALZ, HALZ, ALZ-Ds, FLZ, AFLZ et FLZ-
D; permettant d’établir la droite d’étalonnage.

standard de validation, échantillon reconstitué dans la matrice contenant ALZ, HALZ, ALZ-Ds, FLZ, AFLZ et FLZ-
D; permettant d’évaluer la justesse de la méthode.
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Aprés la sélection de la meilleure fonction réponse, la justesse (exprimée en biais relatif) et la fidélité
(exprimée en coefficient de variation (CV) ) ont été déterminées pour chaque niveau de
concentration. Les variances de répétabilité et de fidélité intermédiaire ont été calculées sur les
concentrations recalculées. Les recommandations SFSTP 1997 [122] ont été suivies pour le calcul de
l'intervalle de confiance avec un nombre fixe de degrés de liberté (ddl = j-(n-1)) et un niveau unilatéral
de significativité de a=10%. Les intervalles de confiance (erreur totale de la méthode) ont servi a la

construction des profils d’exactitude de chaque composé.

5.4.3 Fonction réponse

La fonction réponse exprime, dans lintervalle de dosage, la nature de la relation liant la réponse
analytique mesurée avec la concentration de I'analyte dans I’échantillon. La fonction réponse linéaire
est couramment observée, mais d'autres relations sont rencontrées dans la pratique suivant le type
de détection utilisé et I'étendue de l'intervalle de dosage. Les modeles de régression évalués dans ce
travail sont : fonction linéaire, fonction linéaire forcée par I'origine, fonction linéaire a un point forcée
par l'origine (étalon externe), fonction linéaire pondérée (1/x et 1/x%), fonction linéaire aprés
transformation par racine carrée (sur x et y), fonction linéaire aprés transformation logarithmique
décimale (sur x et y). Le modéle choisi est celui permettant d'atteindre les meilleures performances
d’exactitude pour chaque composé sur toute la gamme de concentrations évaluée. La fonction
linéaire pondérée par 1/x* a permis d’obtenir les meilleurs résultats pour I'ALZ, 'HALZ et le FLZ alors

que le meilleur modele pour I'AFLZ est la transformation logarithmique décimale.

54.4 Linéarité

Souvent confondue avec la linéarité de la fonction-réponse, la linéarité de la méthode rend compte,
selon SFSTP 2003, de sa capacité a rendre des résultats directement proportionnels a la quantité de
lanalyte dans lintervalle de concentrations envisagé. Elle est estimée en recalculant les
concentrations des QC a partir de la courbe d'étalonnage et, a l'instar de I'exactitude, elle peut étre

représentée sous forme de profils (Figure 23).
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Figure 23 : Profils de linéarité pour I'ALZ, 'HALZ, le FLZ et 'AFLZ.

5.4.5 Limite de quantification

La LOQ définit la plus petite quantité d’analyte mesurable dans I'échantillon, avec une exactitude
déterminée. Dans cette étude, la LOQ de chaque composé correspond au niveau de concentration le
plus bas puisqu'il a été démontré que I'exactitude de la méthode est acceptable dans tout I'intervalle
de dosage pour les quatre composés. La LOQ est donc de 1 ng-mL’l, 13 ng-mL’l, 3 ng-mL'1 et 2
ng-mL'l pour 'ALZ, 'HALZ, le FLZ et 'AFLZ, respectivement.

5.4.6 Justesse

La justesse correspond a I'écart entre la valeur reconnue comme vraie et la concentration moyenne
recalculée du standard d'étalonnage. Cette valeur a été exprimée en biais relatif (%) pour chaque
niveau de concentration et chaque composé. La justesse était acceptable (limite fixée a £15%) car
inférieure & +12.8% dans tous les cas a I'exception du FLZ & 12 ng-mL* (-15.7%) (Tableau 12),

toutefois compensée par une bonne fidélité.
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Tableau 12 : justesse exprimée en terme de biais relatif pour chague composé et
chaque niveau de concentration.

Justesse ALZ Justesse HALZ
Biais relatif (%) Biais relatif (%)

1 (ng-mL™) 4.2 13 (ng-mL™) 2.9

4 (ng-mL™Y) 7.1 52 (ng-mL™) -12.8
500 (ng-mL™) 5.6 500 (ng-mL™) 3.6

1000 (ng-mL™Y) 0.1 1000 (ng-mL?) -0.2
Justesse FLZ Justesse AFLZ
Biais relatif (%) Biais relatif (%)

3 (ng-mL™) 4.1 2 (ng-mL™) 2.7

12 (ng-mLY) -15.7 8 (hg-mL™) 3.2

500 (ng-mL™) 1.4 500 (ng-mL™) -11.0
1000 (ng-mL™) 0.8 1000 (ng-mL™") 9.9

5.4.7 Fidélite

La fidélité rend compte des erreurs aléatoires via la dispersion des mesures de plusieurs prises
d'essai d'un méme échantillon homogéne. Elle est exprimée en CV et se décompose en trois
niveaux, a savoir la répétabilité, la fidélité intermédiaire et la reproductibilité.

La répétabilité correspond a la dispersion des résultats d'essais indépendants obtenus avec la méme
méthode, sur des individus identiques, dans le méme laboratoire, par le méme opérateur, sur le
méme instrument et dans un court intervalle de temps. Il s'agit d’un test intra-laboratoire et intra-jour.
La fidélité intermédiaire correspond a la dispersion des résultats d’essais indépendants obtenus avec
la méme méthode, sur des individus identiques, dans le méme laboratoire, par différents opérateurs,
sur des instruments différents et dans un intervalle de temps donné. Il s’agit d’un test intra-laboratoire
et inter-jour.

Enfin, la reproductibilité correspond a la dispersion des résultats d'essais obtenus avec la méme
méthode, sur des individus identiques, dans divers laboratoires, par différents opérateurs et sur des

instruments différents. Il s’agit d’'une estimation de la variabilité inter-laboratoire.

La fidélité a été évaluée dans cette étude grace a une analyse de variances (ANOVA) permettant de
déterminer la répétabilité et la fidélité intermédiaire exclusivement. Dans tous les cas, les résultats
ont été satisfaisants puisque les CV sont compris entre 3.3% et 10.1% pour la répétabilité et entre
3.3% et 14.3% pour la fidélité intermédiaire (Tableau 13).
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Tableau 13 : fidélité exprimée en terme de CV pour chaque composé et chaque niveau

de concentration.

Fidélité ALZ Fidélité HALZ
Répétabilité / Fidélité Répétabilité / Fidélité

intermédiaire (CV, %) intermédiaire (CV, %)

1 (ng-mLY) 9.4/13.2 13 (ng-mL™) 10.1/14.3
4 (ng-mL™") 4.8/12.0 52 (ng-mL™) 39/7.1
500 (ng-mLY) 8.3/8.8 500 (ng-mL™Y) 10.0/11.8
1000 (ng-mL™) 45/11.2 1000 (ng-mLY) 41/58
Fidélité FLZ Fidélité AFLZ
Répétabilité / Fidélité Répétabilité / Fidélité

intermédiaire (CV, %) intermédiaire (CV, %)

3 (ng-mL™) 5.8/8.2 2 (ng-mL™h) 10.0/10.4
12 (ng-mL™Y) 44159 8 (ng-mL™) 8.1/9.8
500 (ng-mLY) 71171 500 (ng-mL™Y) 7.418.7
1000 (ng-mL™) 3.3/3.3 1000 (ng-mLY) 49/6.8

5.4.8

Exactitude

L’exactitude correspond a I'erreur totale effectuée sur une mesure, tenant donc compte a la fois de la
justesse (erreurs systématiques) et de la fidélité (erreurs aléatoires). Elle est souvent représentée via
un profil d’exactitude permettant de visualiser la variabilité totale de la méthode en tenant compte des
limites d’acceptation (+30% en milieu biologique). Les profils d’exactitude pour I'ALZ, 'HALZ, le FLZ

et 'AFLZ sont représentés sur la Figure 24.
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Figure 24 : Profils d’exactitude pour A) I'alprazolam, B) le a-hydroxyalprazolam, C) le flunitrazepam




5.5 Dosage de cas reels

De maniére a illustrer I'applicabilité de la méthode a des cas réels, le dosage de I'ALZ, de 'HALZ, du
FLZ et de 'AFLZ a été effectué sur deux échantillons réels toxicologiques. Un criblage préalable a
permis de déterminer que chacun d’eux ne contenait que I'un des deux principes actifs et le dosage a
ensuite été effectué sur les deux échantillons (Figure 25).

A.  sample 18007 k//// ALz
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10000 / |
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Figure 25 : analyses des cas réels contenant A) de I'aprazolam et B) du flunitrazepam.

La concentration de chaque cas réel a été recalculée sur la base d’'une courbe d'étalonnage
exécutée le méme jour que le dosage et dans les mémes conditions que lors de la validation (k=3 et
n=2). L'analyse du cas réel contenant 'ALZ a été répétée trois fois et celle du FLZ deux fois, en
raison d’'une quantité d’échantillon insuffisante pour effectuer une troisieme mesure. La moyenne de

la concentration de chaque échantillon a été calculée selon la formule suivante :

ou X est la moyenne des concentration obtenues suite & N mesures, ty o est la constante de

Student, s° et 52g les variance de répétabilité et inter-jour, respectivement.
L'échantillon A contenait 64.6 ng-mL'l + 18.2 ng-mL'1 d’ALZ et 24.7 ng-mL'1 +35 ng-mL'1 d'HALZ.

L'échantillon B contenait quant a lui 7.6 ng-mL'1 +0.5 ng-mL’l de FLZ ainsi qu'une concentration de
27.5ng-mL" +9.6 ng-mL™" d’AFLZ.
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5.6 Conclusion

L'utilisation de I'APPI pour le couplage de la LC a la MS présente une excellente alternative aux
méthodes habituellement destinées a I'analyse de benzodiazépines dans les matrices biologiques.
En effet, 'APPI est compatible avec l'utilisation d’'une étape de préparation d’échantillon trés simple
et rapide par SPE ne nécessitant qu’'une simple dilution de I'échantillon préalablement a I'extraction
et ne requérant aucune étape d'évaporation / reconstitution avant I'analyse LC-MS. Malgré cette
extraction tres simple, aucun effet matrice n'a été rencontré et les performance quantitatives étaient
satisfaisantes puisque se conformant aux criteres d’acceptation (exactitude < £30%). Finalement, la

sensibilité de la méthode est équivalente a celle des méthodes couramment utilisées.
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ABSTRACT

This review presents the state-of-the-art techniques that couple liquid chromatography and mass
spectrometry via atmospheric pressure photoionization (APPI). The different ionization mechanisms
are discussed as well as the influence of the mobile phase composition, the nature of the dopant, etc.
A comparison with other ionization sources, such as electrospray ionization and atmospheric
pressure chemical ionization, is reported, and the combination of APPI with these sources is also
discussed. Several applications, covering the time period of 2005 - 2008, for the analysis of drugs,
lipids, natural compounds, pesticides, synthetic organics, petroleum derivatives, and other

substances are presented.

Keywords : atmospheric pressure photoionization ; APPI ; photoionization ; Pl
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atmospheric pressure photoionization
background electrolyte

capillary electrophoresis

chemical ionization

charge exchange

capillary zone electrophoresis
electronic affinity

electron capture

electron ionization

electrospray ionization

flame ionization detector

ionization energy

liquid chromatography

limit of detection

limit of quantification

micellar electrokinetic chromatography
microemulsion electrokinetic chromatography
mass spectrometry

proton affinity

polycyclic aromatic hydrocarbon
photoionization

photoionization detector

solvation energy

sodium dodecyl sulfate

signal to noise

vacuume-ultraviolet

74



1. Introduction

Due to its universality, selectivity and sensitivity, mass spectrometry (MS) is considered the
gold standard detector for liquid chromatography (LC). The first coupling of LC to MS was performed
in the 1970s but became widely used only with the appearance of atmospheric pressure ionization
(API) sources in the early 1990s. Among these interfaces, electrospray ionization (ESI) and
atmospheric pressure chemical ionization (APCI) are currently the most widely employed API
sources. ESl is particularly adapted to the analysis of polar molecules, and its ionization occurs in the
liquid phase, while APCI allows the ionization of less polar molecules in the gas phase. Atmospheric
pressure photoionization (APPI) is the last soft ionization technique able to ionize those molecules
that are poorly amenable to ESI and APCI [1-3].

Photoionization (PI) was already used at low pressure as a detection method (PID) in gas
chromatography (GC) in the mid-1970s. PID provided better sensitivity for apolar compounds
(benzene), than a flame ionization detector (FID), and a dynamic range greater than 10’ [4-7]. During
the same decade, Pl was also used as a detection method in LC, and the early studies in LC-PID [8]
presented a similar set-up to the one employed in GC-PID. However, only a few applications of these
techniques were published [9-11].

The use of PI at atmospheric pressure was first presented by Baim et al. in 1983 where it was
coupled with ion mobility spectrometry (IMS) [12]. It was implemented with the same vacuum-
ultraviolet (VUV) lamp used in GC [1]. Various examples of APPI coupled to IMS were proposed [12-
15], and other applications have been recently published [16-18]. Moreover, in 1991, one patent
reported the coupling of Pl at atmospheric pressure with MS [19]. This study demonstrated the
possibility of a direct infusion of analytes operating with helium as a carrier gas. Finally, the first
studies using APPI as an ionization source for coupling LC to MS were published in 2000 by Robb et
al. [1] and Syage et al. [20] (Table 1).Thanks to these results, two interfaces are currently

commercially available, namely, the PhotoSpray and the PhotoMate sources (see section 2.3).

Table 1 : Historical overview of PlI.

subject 1st publication authors
GC-PID middle 70’s Driscoll et al.
LC-PID middle 70’s Schermund et al.
APPI-IMS 1983 Baim et al.
APPI-MS 1991 Revel'skii et al.
LC-APPI-MS 2000 Robb et al. & Syage et al.

The number of publications related to the use of PI has rapidly grown since its
implementation at atmospheric pressure. Indeed, the use of Pl at reduced pressure yields only poor

ionization due to the low sample density in the ionizing region [21].
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The objective of this review is to present the state-of-the-art of APPI and its recent
developments. Indeed, only applications from papers published since 2005 are considered, as two
reviews on APPI concerning the time periods 2000-2002 [22] and 2003-2004 [23] were previously
published.

2. Theory

2.1 Reactional mechanisms

Pl is based on the interaction of a photon beam produced by a discharge lamp with the
vapors formed by the nebulization of a liquid solution. PI occurs in several steps. First, the absorption

of a photon (E = hv) by a molecule (M) leads to an electronically excited molecule :

M+ hy > M* 1)

If the ionization energy (IE) of the analyte is lower than hv, the molecule releases an
energetic electron (E.. (max) = hv - IEy) leading to the corresponding odd-electron cation (a
phenomenon typically occurring with molecules with conjugated double bonds, such as aromatic

compounds [24]) :

M* > M™ +e )

At atmospheric pressure, the ion’s free pathway is 65 nm [24]. Thus, molecular ions (M™)
with an unpaired electron show a tendency to react in collisional environments [2]. Moreover,
molecules with low IE and/or high gas phase basicity, called proton affinity (PA), tend to dominate the
positive ion spectra due to their high collision frequency [25].

However, when the IE > hv, M* may undergo a de-excitation process, such as
photodissociation (3), photon emission (4) or collisional quenching (5) with a non-excited molecule
©):

M* > A+ B A3)
M* > M + hv 4)
M* + C> M + C* (5)

In such cases, the use of a preferentially ionized substance, called a dopant (D), has been

proposed to promote the ionization of M :

D+hv->D" (6)
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The dopant is added in large quantities compared to the analytes, and it acts as an
intermediate between the photons and the analytes. The dopant must therefore produce photoions
with a high recombination energy and/or a low PA. The ionization mechanism depends on the PA
values of the involved molecules (dopant, solvent, analyte) and on their capacity to capture an
electron in the gas phase, called electron affinity (EA) [1]. Two mechanisms can occur, namely

charge transfer (7) and proton transfer (8) :

D"+M>D+M" if EAp > EA 7)
D" +M > [D-HJ + [M+H]" if PA y > PA . (8)

However, a dopant molecule can react only once. The dopant can also be used to improve
the ionization yield of the analyte (even if IE < hv) because photons cannot penetrate deeply into the
dense mixture of gases [26] (the photon beam produced by a krypton lamp loses 50% of its intensity
each 1.5 mm [18]). Therefore, the probability for direct ionization of analytes, present in small
proportion compared to solvent molecules, is very low.

Moreover, in the case of a chromatographic separation, solvent molecules are also present

and can react according to equations 9 and 10 :

D™ +nS = [D-H] + [Sp+H]" if PA s > PA o (9)
[Sh+H]" + M 2 nS + [M+H]" if PAy>PAs (10)

It has to be noted that APPI is operated in the gas-phase because the IE values are generally
lower in the liquid phase, making it impossible to discriminate between the analyte and solvent

molecules (i.e., 6.1eV in the liquid-phase vs. 12.6eV in the gas-phase for water [9]).

2.2 Light sources

The greater part of the studies conducted in APPI were performed with a krypton lamp, which
can produce photons of 10.03eV and 10.64eV in a 4:1 ratio [27;28]. Krypton was selected mainly
because most analytes have lower IE values than the photon’'s energy, while commonly used
solvents and gases present in the source (O,, N, etc.) have higher values. It should be noted that, in
general, the IE tends to decrease with the size of the organic molecules (see anthracene,
naphthalene and benzene series, Table 2) [3].

Besides krypton, xenon and argon were also used. Xenon was employed by Locke et al. in
the early years of Pl [11], and it presents the best penetration depth in the ionizing region but is less
adapted to efficient photoionization due to the low energy of produced photons. Argon produces more
energetic photons than krypton (11.7eV), which are absorbed by the solvent only after a few
millimeters. Thus, argon lamps give higher intensities (100 times) in the solvent ions and produce

more abundant molecular ions than krypton lamps [28]. Regarding the ionization efficiency of the
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analytes as a function of the flow rate, krypton lamps produce a better S/N ratio at a low solvent flow

rate, whereas argon lamps are better at higher solvent flow rates.

Table 2 : Gas-phase IE and PA values of commonly used solvents and compounds from [21].

compound IE (eV) PA (kJ-mol ™)
nitrogen 15.58 493.8*
water 12.62 691.0*
acetonitrile 12.20 779.2°3
oxygen 12.07 421.0*
Ar:11.7
chloroform 11.37° n.a.
methanol 10.84 754.33
acetic acid 10.65 * 783.7°
Kr:10.6
isopropanol 10.17 793.0"
hexane 10.13 n.a.
ammonia 10.07 * 853.6*
Kr:10.0
heptane 9.93 n.a.
isooctane 9.80 n.a.
methanol dimer 9.742 899.1°2
acetone 9.70 812.0°
tetrahydrofuran 941 822.1"
pyridine 9.26 930.0"
testosterone 923 880.0°3
benzene 9.24 750.4 3
furan 8.88 803.41
toluene 8.83 784.03
Xe: 8.4
anisole 8.2°% 839.6°
naphtalene 8.14°% 802.9°
anthracene 8.10° 877.33
acridine 783 972.6°
triethylamine 7.53 981.8*
benzyl radical 72° 831.4*

! http://webbook.nist.gov/chemistry/
2
[139]
> [24]
*[31]
n.a. : not available.

2.3 Commercially available sources

Only two APPI sources are commercially available. The first was based on the prototype

developed by Robb et al. in 2000 (Figure 1) and is available under the PhotoSpray trademark name.
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Figure 1 : Schematic representation of the APPI prototype source used by Robb et al. [1].

The second source is called PhotoMate and differs by its orthogonal geometry (Figure 2). Both

sources incorporate magnesium fluoride (MgF,) lamp windows to ensure the photon’s transmission
[1].

LC inlet
nebulizing gas l

N\

sprayer

i

/

0°0'® 0% ® %0 Po © <—

drying gas

o ® o
.'

UV lamp

=3
<

capillary

Figure 2 : Schematic representation of the PhotoMate source inspired from Agilent documents.

The main difference between both sources stands in the compulsory presence of a dopant for
the PhotoSpray source. With the latter, the offset potential (the electrical potential applied between
the lamp and the mounting bracket) has a tremendous effect on the method’s sensitivity because the
ion production is low (10 nA of ion current measured at the MS curtain plate versus 2.5 pA in APCI)
[1]. This phenomenon is not observed on the PhotoMate source since the lamp ignition is different.

Finally, the latter was also found to be able, under particular conditions, to ionize highly polar

compounds (see section 9).
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3. LC solvents in APPI

Solvents commonly used in reversed-phase liquid chromatography (RPLC) have been
studied regarding their influence on the ionization process. This section is dedicated to the most
commonly used solvents in RPLC, namely, methanol, acetonitrile and water. The influence of buffers

will be discussed in section 8.

3.1 Methanol

In spite of its low IE (see Table 2), the use of methanol in aqueous mobile phases provided a
2- or 3-fold increase in the production of molecular ions [M]™ of naphthalene and diphenyl sulfide in
comparison to water / acetonitrile mixtures, using the source developed by Robb et al. However,
almost no influence of solvent's nature was observed on protonated molecules [M+H]" of
carbamazepine and acridine [1]. This observation was recently confirmed with the PhotoMate
ionization of PAH, providing much higher sensitivities for the molecular ions in pure methanol than in
pure acetonitrile [28].

Furthermore, methanol was found to produce clusters in the gas phase [29;30], which
concentration was correlated to the production of protonated analytes. Indeed, the influence of
charged methanol clusters on the ionization of PAH was investigated [28]. Production of [PAH+H]"
was maximum in the 300-400 pL-min™ range, corresponding to the highest concentration of the
protonated methanol dimer. A proton transfer from the protonated methanol dimer to a PAH molecule
(due to the PA value of the protonated methanol dimer generally lower than that of PAH) was
suggested. This mechanism is similar to the signal enhancement obtained with a dopant [28].

A mathematical model was also proposed for calculating the proportion of methanol clusters
in the gas region. It was estimated that, at 50 uL-min'l, the vapor contained 99.98% of the methanol
monomer (IE = 10.84eV) and 0.02% of the dimer (IE = 9.74eV) [28]. When using a krypton lamp, only

the dimer could be ionized. This occurred through dissociative ionization :

[CH5;0H], + hv > [CH;0H]," + € (11)
[CH5;0H]," = [CH30H+H]" + CH30 (or CH,OH) (12)

The cluster size was found to depend on the applied cone voltage using the PhotoSpray. At
low values (< 10 V), the dimer and the trimer were dominant, whereas, at higher voltages, both
clusters were accelerated during their introduction in the low vacuum MS region, leading to their
fragmentation into protonated monomer and dimethyl ether ([CH3],OH") ions [31]. Besides, formation
of large protonated clusters was favored by the large binding energy between methanol and a
protonated cluster, CH;OH + [CH3;OH],H" (-33 kcal-mol* for n=1, -22 kcal-mol* for n=2 and -16
kcal-mol™ for n=3 [32]). In the presence of water in the mobile phase, clusters such as [CH3;0H],-H,O

were also formed, and their occurrence increased as the water/methanol ratio approached one.
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Enlargement of such clusters by the addition of a methanol molecule was thermodynamically favored
(-24.6 kcal-mol™) [33].

3.2 Acetonitrile

In comparison with methanol, acetonitrile ionization with the PhotoMate was found to be
lower, probably due to its higher IE value (12.2eV) [28]. Robb et al. also observed that proton transfer
was almost not affected by the solvent’s nature, but charge transfer was lowered by a factor of 2-3 in
acetonitrile [1]. In order to investigate ionization mechanisms in presence of acetonitrile, Marotta et al.
observed that the latter participated to the formation of the [M+H]" ions of furocumarins [21;34].
Indeed, in the presence of CD;CN, protonated molecules were replaced by [M+D]" ions, proving
unambiguously the role of acetonitrile in the proton transfer mechanism. An irradiated molecule of
acetonitrile gave various structures reported in Figure 3a [21;34]. For various reasons, structure 3
appeared to be the most stable isomer. With a calculated IE value of 9.5 eV, structure 3 could be
ionized to the corresponding odd-electron ion (Figure 3b), which might then sequentially react with
neutral acetonitrile and water. Finally, the charged cluster could ionize the analytes by proton transfer
(Figure 3c) [21;34].

a) [CHLCN] *
* H H*
hv \ /
CH,CN — [CH,CN]* —» c 1
/ \
HC=N
H *
I
c 2
/\
HC —N
H,C=C=NH* 3 IE = 9.5eV

H,C=C-NH,* 4

hv + CHCN + +H,0 +
b) [H,C=C=NH]* — [H,C=C=NH]* — H,C=C=NH, —> H2C=C=l\_lH2
o)
/ N\
/\ H H
+
c) H,C=C=NH, + A —> AH*
o
/\
H H

Figure 3 : a) acetonitrile photoisomerization followed by b) photoionization. c) ionization by proton
transfer from protonated acetonitrile to an analyte molecule.
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However, two consecutive bimolecular reactions with continuous and incoherent lights
sources (such as krypton or argon lamps) were deemed unlikely by Short et al. [28]. According to
their results, the [M]™ ions produced by direct ionization can abstract a hydrogen atom from
acetonitrile. This hypothesis relied on the higher production of protonated acetonitrile clusters with a
krypton lamp than with an argon lamp. Acetonitrile was also found in the source atmosphere in a
variety of forms, mainly the protonated monomer, dimer and propionitrile ions ( [CHsCH,CN]JH" ). The
cone voltage values seemed to have an influence on the cluster populations. Indeed, the dimer was
essentially found at low cone voltages (13), while the propionitrile ion was present at higher values
(14).

[CH5CN+H]" + CH3CN = [CH5CN],H" (13)
[CH3CN+H]" + CH3CN - [CH3CH,CN]H" + HCN (14)

In presence of water, acetonitrile formed homologous clusters to those observed with water /
methanol (see section 3.1). However, ionization of the analytes was higher in pure acetonitrile than in

water/acetonitrile mixtures, independently on the lamp (Xe, Kr, and Ar) [28].

3.3 Water

The influence of water on the photoionization was not widely investigated, and no
mechanistic studies are available. Nevertheless, Giuliani et al. studied the ionization of
hexamethonium bromide salt (a bisquaternary salt) in aqueous solutions. It appeared that only minor
in-source fragmentations occurred in the APPI conditions, namely, dequaternization (i.e., loss of a
single methyl group) and charge separation from the two major precursors (M2+ and [M+Br]".
Moreover, fragmentation was greatly enhanced in presence of a dopant (see section 4.2) [35]. Rauha
et al. investigated the effect of various solvents on the ionization of flavonoids by proton transfer with
the PhotoSpray and the highest responses were observed in pure water with toluene as a dopant
[36].

As a conclusion, it is recommended to utilize as far as possible methanol rather than
acetonitrile when compounds ionized via charge transfer are analyzed. However, in the case of
analytes ionized by proton transfer, the solvent has only a small influence and both acetonitrile and
methanol can be employed. Indeed, proton transfer is often attributable to the presence of protonated
clusters of solvent molecules which reactivity (related to their PA) seems to be comparable for both
solvents. Water favors proton transfer, probably due to its low PA (691 kJ-mol*, see Table 2), inferior
to anthracene (877.3 kJ-moI'l) and naphthalene (802.9 kJ-moI'l). However no information was

available for charge transfer.
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4. Dopant-assisted APPI

The use of a dopant was already applied in 1994 with acetone and in 1997 with benzene,
toluene and xylene for PI-IMS ionization enhancement. Benzene was also employed in 1991 as a
charge transfer media for improving the chemical ionization in APCI [37]. Regarding LC-APPI-MS,
acetone [38-61] and toluene [26;27;51;54;55;62-104] have been largely used, studied and compared,
whereas anisole [24;35;49;51;55;59;60;77;78], benzene [66;105], hexafluorobenzene [35;59] and
THF [53] have been employed to a lesser extent. The use of dopants in the negative mode is

presented in section 5.

4.1 Benzene

The use of benzene as dopant mainly leads to the formation of protonated analytes, while the
production of molecular ions is less efficient. In order to understand reactional mechanisms involved,
Tubaro et al. investigated the ionization of benzene and toluene with the PhotoMate source [105].
The formation of benzene [M]" ions was found to be related to its partial pressure in the source. At
low values, only molecular ions of benzene were formed, while, with increasing partial pressures, the
[M]™ ions almost disappeared, and six new ions emerged (m/z = 94, 156, 170, 171, 186, 187),
implicating oxygen present in the source (Figure 4a and b). The produced phenol radical cation
reacted with a neutral benzene molecule leading to the production of ions at m/z = 170 and m/z = 171
(Figure 4c). Analytes ionization was therefore attributed to a proton transfer from ion m/z = 171 and
possibly to a charge transfer from its radical cation (m/z = 170). As the phenol radical cation
participates to the reactional mechanisms, the addition of large quantities of phenol to benzene was
tested. It resulted that the phenol radical cation (m/z = 94) reacted with a neutral phenol molecule to
produce ions at m/z = 186 and m/z = 187 (Figure 4d), also able to transfer a charge (m/z = 186) or a

proton (m/z = 187). It seems therefore that phenol could also be used as a dopant.
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Figure 4 :
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Chemical reactions leading to the formation of the six ions detected at high partial
pressure of benzene. Formation of m/z = 156 (a), m/z = 94 (b), m/z = 186 & 187 (c) when
phenol is added in the source and m/z = 170 & 171 (d) with no phenol adjunction.

4.2 Acetone and toluene

In order to explain ionization of analytes assisted with acetone and toluene as dopants,

investigations of reactional pathways are divided into two sections. lonization mechanisms of both

dopants are first described in section 4.2.1 whereas section 4.2.2 is dedicated to the reactional

pathways between these dopant ions and the analytes.
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4.2.1 Dopant-only situation

Robb et al. already hypothesized in 2000 that dopant ionization may result in several
reactions. The predominant mechanism was identified as the reaction between dopant ions and
solvent molecules. The solvent, once charged, ionized in turn the analytes either by proton or charge
transfer (depending on the analytes’ PA and IE values). This early suggestion was partially confirmed
by Tubaro et al. [105] regarding the ionization mechanisms of toluene using the orthogonal
commercially available source (PhotoMate). Reactions similar to those presented in section 04.1 with
benzene were observed with toluene. The intermediate reactive ion (homologous to phenol with
benzene) was cresol, already observed in a previous study [31]. Nevertheless, more complex ions
were produced at higher m/z values with toluene than with benzene, which involved a large number
of reactional pathways, thereby complicating the elucidation of the reaction mechanisms.
Furthermore, Robb and Blades showed that the production of the toluene photoions using the
PhotoSpray source was directly proportional to the dopant flow and/or the lamp current [27;80]. From
0.2 mA to 2.0 mA, the signal intensity of the toluene ions was even found to increase by 300% [27].
However, the production of toluene ions was inversely proportional to the solvent flow rate, the key

factor for dopant ion production being the dopant/solvent ratio.

4.2.2 Analytes ionization

In the first study dedicated to LC-APPI-MS with the prototype linear source, Robb et al.
observed the influence of the dopant nature on the ionization of high PA (carbamazepine and
acridine) and low PA (naphthalene and diphenyl sulfide) compounds [1]. With toluene, proton transfer
leading to [M+H]" ions was the most efficient ionization mechanism [24;31]. Analytes with high PA
presented signals about 100 times higher than those obtained from the low PA molecules. Acetone
could ionize analytes only through proton transfer and was less efficient than toluene, regardless the
source [1;2].

lonization of naphthalenes with toluene was also studied by Kauppila et al. with the
PhotoSpray [31]. In presence of water, hexane or chloroform, toluene was ionized only in [C/Hg]™
because PA values of the solvents are sufficiently low (i.e., no proton transfer possible from the
dopant to the solvent). Therefore, abundant ionization of the analytes occurred by charge transfer
only with these solvents. Nevertheless, with acetonitrile or methanol, clusters of both solvents
possessing higher PA values than toluene were found to be protonated by [C;Hg]", leading to their
disappearance. As reported in section 3.2, methanol formed monomers, dimers and trimers also in
presence of toluene. The monomer formation was favored by increasing the vaporizer temperature
from 200 to 500C, indicating that the latter had an effect on the APPI process. Besides, it was
shown that both proton and charge transfer were not the unique ionization pathways with toluene.
Indeed, in the presence of chloroform as solvent, [CHCI,]" and [C;H,CHCI]" were formed, implicating

chloroform in the ionization mechanisms with toluene [31].
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Besides the influence of the vaporizer temperature, other factors such as the dopant
proportion, the lamp current and the solvent flow rate presented an incidence on the ionization
efficiency of the analytes. For example, with the PhotoSpray, signals reached a maximum at 10% of
added dopant. Regarding the lamp current, 0.8 mA was the value allowing the highest efficiency
whatever the source [2;80]. Considering the solvent flow, as in the dopant-only situation, the
ionization of acridine and 9-methylanthracene diminished with both sources as a function of the
solvent flow rate. lonization was higher between 50 uL'min™* and 100 pL-min™ [3;26]. Kauppila et al.
showed that sensitivity loss at high solvent flow rates was predominant for charge transfer, whatever
the source, but had also an deleterious effect on proton transfer [26]. This decrease in [M+H]" ions at
high solvent flow rate was attributed to in-source formation of solvent-solvent or dopant-solvent
clusters when using polar solvents such as methanol, acetonitrile or water (see also sections 3.1 and
3.2). Different sizes of clusters were observed, and the population of each cluster size was dependent
on the temperature of the vaporizer, on the strength of the solvent-dopant bonds and especially on
the solvent concentration, indicating that high solvent flow rates promoted the formation of large
clusters. The loss and the gain of solvent molecules in the clusters were found to be in equilibrium.
lonization of low PA analytes by proton transfer was not efficient since large, protonated clusters were
stabilized by a high solvation energy (SE). Proton transfer was therefore almost inefficient at high
solvent flow rates. These large, protonated clusters can undergo two neutralization mechanisms.
Moreover, the effect of the solvent flow rate on the ionization appeared to be compound dependent.
For example, acridine (relatively high PA and SE) possessed a minor loss in sensitivity with an
increase in the solvent flow rate compared with 9-methylanthracene (lower PA and SE) under the
same conditions [31].

Furthermore, Robb and Blades showed that DA-APPI could be used for the simultaneous
ionization of polar and non-polar compounds [104]. Indeed, by using toluene as a dopant and by
applying a low solvent flow rate, toluene photoions remained in the source and ionized the non-polar
compounds by charge transfer, while the polar molecules were preferentially ionized by the
protonated solvent molecules via proton transfer. For example, by decreasing the mobile phase
(water/methanol 1:1) flow rate from 200 pLmhin™ to 50 pLmin™, ionization by charge exchange
increased by a factor of ten [104].

However, the use of a dopant in APPI has also been shown to have, in some cases, a
deleterious effect on the ionization performance. Hanold et al. observed that, in the case of the
ionization of fat-soluble vitamins (A, D,, E and K;) with the PhotoMate source, toluene could enhance
the background noise, leading to a decrease of the S/N ratio. However, both the analyte signal and
the background noise were enhanced with acetone [2].

Finally, two studies compared the benefit obtained by either single dopants or mixtures of
dopants. Itoh et al. in 2006 [60] evaluated the use of acetone, toluene, anisole and six mixtures of
toluene and anisole on the ionization of PAH with an APPI-2010 source (Shimadzu) , and found that a
99.5:0.5 toluene/anisole mixture gave the best sensitivity (around 4 to 40 times greater that that found
using pure toluene). Himmelsbach et al. also investigated the efficiency of a 1:1 toluene/acetone

mixture for the ionization of various drugs [52]. This mixture did not increase signals compared to
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either toluene or acetone alone. The advantage of dopant mixtures largely depends on the analytes,

the dopant proportions and their natures.

4.3 Anisole

To overcome the problem of the sensitivity loss in presence of acetonitrile whatever the
dopant, Kauppila et al. proposed anisole as an efficient dopant for charge transfer using the
PhotoSpray source [24]. It was observed that anisole mostly promoted the formation of molecular
ions, whereas toluene generated several protonated molecules. The analytes’ ionization mechanisms
mainly depended on the nature of the molecules. Indeed, carbamazepine, previously used by Robb et
al. [1], exhibited both [M+H]" and [2M+H]" ions when infused in water/acetonitrile with toluene (in
agreement with the study presented in section 4.2 [21;34]). Similar observations were made with
luteolin and catechin using toluene, whereas [M+H]" and [2M+H]" ions were replaced by [M]" ions
with anisole.

Globally, intensities of the [M+H]" ions obtained with toluene were comparable to [M]™
intensities achieved with anisole. For compounds with low PA and IE that are still ionized with toluene
[1], such as 2-naphthol, anthracene and diphenyl sulfide, anisole appeared to be more efficient and
produced more intense signals (ca. 100 times) [24]. However, charge exchange became ineffective
for compounds with higher IE values than anisole. Testosterone was for example poorly ionized due

to its high IE value.

4.4 Tetrahydrofuran and hexafluorobenzene

Only two papers related to the use of other dopant molecules such as tetrahydrofuran [36]
and hexafluorobenzene [35]. However, no significant performance enhancement was observed. The
ionization of flavonoids with tetrahydrofuran decreased by a factor of two relative to the use of toluene
[36], and hexafluorobenzene was shown to provide similar signal intensities than both toluene and

anisole for the ionization of the hexamethonium bromide salt in aqueous solutions [35].

As a conclusion, toluene was found to be the most effective dopant for proton transfer while
charge transfer was less favored. In the latter case, anisole was the most helpful dopant and
therefore complementary to toluene. Other dopants were found to be less useful for various reasons.
Indeed, acetone promoted only proton transfer, but less efficiently than toluene. Benzene presented
performance similar to toluene, but due to health issues, its use is not recommended and, finally,

tetrahydrofuran and hexafluorobenzene did not present interesting properties.
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5. APPI in the negative mode

Only a small number of papers have investigated negative ionization in APPI
[2;31;36;64;94;106], where three major mechanisms [31], namely charge exchange (CX, (15)),

electron capture (EC, (16)) and proton transfer (analyte deprotonation, (17)) were evidenced :

M+C >M+C (15)
M+e > M (16)
M+ C > [M-H] + [C+H]" a7)

Recently, Song et al. discussed another ionization mechanism, anion attachment (AA), as a
potential chemical reaction for molecules not ionized by EC, CX or proton transfer. AA results in
hydrogen bonding, dipole attraction and polarization [94]. With the PhotoMate, Basso et al. showed in
2003 that negative ionization was mainly due to the generation of slow electrons produced by the
irradiated, stainless steel surface in front of the krypton lamp [106]. This mechanism was investigated
one year later by Hanold et al. [2]. The ionization almost disappeared when the metallic surface was
covered with a dielectric plate in order to avoid the production of slow electrons with an energy
around 3 eV (Ejamp (10.6 eV) - IEg. (7.7 ev) = 2.9 eV). This was confirmed with the replacement of the
dielectric surface by glass, thereby maintaining the electric fields in the source.

Negative APPI generated less background noise than the positive mode [36] and was found
to ionize a wider range of molecules than other negative API sources [94]. On the other hand,
Kauppila et al. observed the ionization of only 3 of 7 naphthalenes [31]. The addition of toluene as a
dopant produced a tremendous signal increase, indicating that the ionization was initiated by thermal
electrons originating from toluene ions [2;31].

Oxidation products were also observed to be in abundance, leading to the conclusion that
oxygen present in the source plays an important role. As an example, oxygen (O,), with an EA of
0.45eV, was ionized in O, by the capture of thermal electrons and subsequently ionized 1,4-
naphthoquinone (EA,1.8eV) via various reactions due to the difference in their EA values. These
oxidation products were more abundant than the expected [M]", particularly in presence of methanol.
For 2-naphthol ionization, [M-H] was probably formed via proton transfer from 2-naphthol
(possessing an acidic group) to O, (which is a strong base in the gas-phase [107]). These oxidation
products were not associated with the dopant proportion or the applied voltage between the source
block and the curtain plate, and they obviously originated from trace oxygen in the ionization source.
The latter was searched for, but neither oxygen dissolved in the solvents nor oxygen originating from
the solvent molecules breaking down in the source was responsible for the formation of the oxidation
products. The influence of the nebulizing gas was therefore evaluated, and the presence of a low
quantity of oxygen (1 ppm) could induce oxidation [31;64]. Kauppila et al. evaluated its influence by
the use of high purity nitrogen (99.999%) or by purified air as nebulizing gases with the PhotoSpray. It

was found that, with high quality nitrogen, [M]™ and [M-H+O] ions were in a relative abundance of
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100% and 81%, respectively, whereas with air, [M]" decreased to 48%, and [M-H+OJ increased to
100%.

The addition of an acid (acetic) or a base (ammonium hydroxide) to the mobile phase
hampered the formation of both 1,4-naphthoquinone and 2-naphthol [M]" ions; furthermore, it
decreased the abundance of the oxidation products, which was probably due to the consumption of
thermal electrons by H" to form H, and/or by NH," to form NH; and H, [31;36;94]. Nevertheless,
Rauha et al. observed higher signal intensities with ammonium hydroxide, in the analysis of
glycosides (flavonoids) [36]. The addition of a salt (ammonium acetate) inhibited the formation of [M]”
without influencing the oxidation products [31;36]. For compounds with gas-phase acidity higher than
0O, and lower than toluene, Song et al. showed that the presence of di-tert-butyl peroxide improved
analyte deprotonation via the formation of a basic anion generated from toluene, CsHsCH, [94]. Due
to the capture of thermal electrons, ionization was suppressed for naphthalenes with low, gas-phase
acidity by halogenated solvents (chloroform and TFA). For naphthalenes with high gas-phase acidity,

[M-H] ions were observed [64].

6. APPI vs ESI, APCI and dual sources

APPI appears to be a good alternative to ESI and APCI for the coupling of low flow rate
separation techniques (< 50 uLMin™, see section 06.3) such as CE and capillary LC, due to the lower
concentration of the solvent vapor in the ion source. Furthermore, APPI is generally considered to be
a compatible ionization technique for apolar compounds. In fact, APPI was found by various authors
to be more complementary to ESI than APCI, due to its ability to ionize molecules with lower polarity
than can be ionized in APCI.

While several authors have directly compared the performance of the various available API
sources on a variety of analytical compounds, others have tried to implement a dual source strategy.
The latter principle was first reported in 1996 [108] with the electron ionization / chemical ionization
(EI/CI) for GC-MS applications. Using a dual-source may expand the range of ionizable molecules
during a single chromatographic run. The dual mode generally gave lower sensitivities and better

repeatability than running each ionization mode separately [3].

6.1 APPI compared to ESI

APPI and ESI are relatively orthogonal ionization sources with regards to the range of tested
compounds [3]. Therefore, depending on the analytes and the separation conditions, APPI and ESI
can either be complementary or one can be more appropriate than the other. For example, APPI was
more efficient for olive oil identification in ionizing mono- and diacylglycerols while ESI was better for

triacylglycerols [93]. For the analysis of unconjugated hormones in river water, APP| showed a better
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sensitivity than ESI, but the opposite situation was encountered for conjugated hormones [86]. In
numerous cases, APPI was more sensitive than ESI, as in the analysis of aflatoxin M1 in milk [109],
trifluorobenzoic acid [2], lipids (with cleaner MS spectra) [110], amininitropyrene and dinitropyrene
[74] and estrone (steroid) [3]. In this case, the ionization intensity was more than one order of
magnitude higher in APPI. lonization performance was also compared via an analysis of 201 drugs
with a wide range of chemistry, and APPI ionized 98% of the compounds of the set whereas ESI only
produced ions in 91% of the cases [81]. APPI also provided a wider, linear dynamic range (3-4 orders
of magnitude versus 2-3 for ESI) [68]. Finally, ESI was more sensitive for the analysis of cyclosporin
A in rat plasma [73], anabolic steroids (even using a buffered mobile phase) [42], and flavonoids [36],
and it probably remains the most adaptable source for the ionization of charged compounds, such as
apomorphine, dobutamine, and entacapone phase Il thermolabile metabolites in biological samples.
Indeed, ESI allowed for the detection of 22 molecules, whereas APPI only helped to detect 14, which

was due to the lower probe temperatures applied in ESI [66].

6.2 ESI/APPI dual mode

Progesterone and testosterone were used to evaluate the ionization efficiency of the
ESI/APPI dual source [3]. In a single ESI, only low intensity signals of multiple ions were observed,
which disappeared in the dual mode, while abundant protonated molecules were formed in both the
single and the dual-mode APPI. The ESI/APPI combination was shown to be very efficient in the
simultaneous analysis of testosterone and horse myoglobin. ESI was more effective in protein
(myoglobin) ionization, whereas APPI was found to be particularly adapted for testosterone. Similar
results were described in the analysis of melittin and 2,7-dibromo-9,9-bis(2-ethylhexyl)fluorine [3].
Therefore, the dual ESI/APPI interface would be very useful, for example, in clinical diagnostics for
the concomitant determination of pharmaceutical molecules with various polarity and protein and
drug/macromolecule interactions. This concept was recently explored by Short and Syage [111], who
have published a study using an electrospray photo-ionization (ESPI) source for the simultaneous
analysis of low polarity (pharmaceutical, hormone or sterol) and polar compounds (cyclodextrin). The
ESPI source provided several advantages over the separate use of both modes, including better
performance at low flow-rates. Data acquisition was performed by alternating the ESI and APPI
modes. In comparison to electrospray chemical ionization (ESCI), ESPI possessed better S/N ratios
for all of the studied complexes of cyclodextrin (naproxen, flurbiprofen, nimesulide, progesterone and

cholesterol).

6.3 APPI compared to APCI

One important difference between APPI and APCI concerns their ionization efficiency versus

the mobile phase flow rate. APPI worked properly below 50 uLmhin™, while better results are obtained

90




with APCI for larger values (> 1 mLIin®, for mechanistic considerations, see sections 2 and 4).
Despite APPI is commonly considered as a mass flow sensitive detector, it behaves like a
concentration flow sensitive detector at flow rates below 50 uLHin™. The lower sensitivity of APPI at
high flow rates could not be compensated by an increase of either the dopant flow or the discharge
lamp current [80].

For values comprised between 50 pLIhin™ and 1 mLEin™, the APPI signal was found to be
directly proportional with the flow rate. The APPI ionization was, therefore, believed to be a first-order
process in the analyte mass (a mass-dependent process) and a zero-order process in the solvent
mass, suggesting that the methanol solvent was not involved in the photoionization process. On the
other hand, APCI was dependent on both the solvent and analyte density since a Cl process depends
on the presence of solvent for charge transfer, thus explaining the loss in sensitivity at low solvent
flow rates [2]. For high PA compounds, however, Kauppila et al. did not observe any significant
decrease in the ion production with both APPI sources (Sciex prototype or Agilent/Syagen
PhotoMate) [26], indicating that proton transfer is less dependent on the solvent flow rate compared
to charge transfer.

Generally, APPI ionized more compounds (98%) than APCI (91%) among the set of 201
molecules previously cited [81]. In the positive mode, the dynamic range measured for reserpine with
the PhotoMate source was about 1 pg to over 100 ng, comparable to APCI [2]. Signal stability was
excellent, with an RSD less than 3% for 600 injections over a 15h time span. With toluene as a
dopant and methanol as a chromatographic solvent, the [M+H]" ions of carbamazepine and acridine
were found to be about 8 times higher in APPI than in APCI, whereas no molecular ions were
observed in APCI. With toluene and acetonitrile, APPI was only slightly better than APCI for charge
transfer but was significantly better for proton transfer [1]. Estrone ionization was also about 5 times
higher in APPI than in APCI, and naphthalene photoionization was less sensitive to the solvent
conditions than was APCI [3]. Besides, Cai et al. observed in normal-phase LC that APPI provided
better repeatability and higher signal to noise ratios than APCI, which led to better sensitivities
depending on the analyte (a factor 3 to 530). As expected, APPI was found to be particularly suitable
when using a flammable solvent such as hexane and offered a decisive advantage compared to APCI
with regards to potential explosions. Besides, APCI generates a deposit of carbon on the corona
discharge needle and on the cone face, which can lead to instabilities and a decrease in signal over
time [56].

6.4 APCI/APPI dual mode

Syage et al. demonstrated that the dual mode can induce signals with intensities different
from the sum of both single modes [3]. This suggested that either positive or negative interferences
can occur when running both modes simultaneously. For example, the [M]"* naphthalene ions were
produced in a single APPI, whereas they disappeared when APCI was simultaneously operated. The

mechanism was not elucidated but certainly involved a large number of free electrons generated by
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the corona discharge needle, thereby neutralizing the positive charges. For injections of
hydrocortisone between 1 pg and 1 ng, the three modes (APCI, APPI and APCI/APPI) possessed a
similar, linear domain. The hydrocortisone signal was found to be slightly higher with APPI than with
APCI, whereas its ionization in the dual-mode produced more signal than the sum of independent

analyses.

7. Matrix effects

Due to the principle of APPI, photoionization should not be subject to interfering mechanisms
in the analytes’ ionization [2]. However, ion suppression could occur through proton transfer from the
ionized analyte to other molecules present in the source (such as the solvent, matrix and endogenous
compounds). Solvents with low IE values, such as DMSO, could transfer a charge from the ionized
analyte to the solvent molecule. Solvents with high PA values could operate the same way by proton

transfer through two possible mechanisms :

[M+H]" + S > M + [S+H]" (18)
M +S > [M-H]" + [S+H]" (19)

In 2004, Hanold et al. compared the effect of endogenous compounds from rat plasma on the
ionization of fluphenazine with ESI, APCI and APPI. ESI possessed more significant ionization
suppression in comparison to both APCI and APPI [2].

Another study compared ESI, APCI and APPI ionization sources with regards to matrix
effects arising from endogenous compounds in human plasma by using a dedicated set-up inspired
from Bonfiglio et al. [112]. The PhotoMate source was observed to be the least sensitive to matrix
effects on the analysis of basic analytes as model compounds. APPI provided ion enhancement,
indicating a possible dopant effect of the endogenous compounds [57]. The authors concluded that
the choice of ionization source should be made by evaluating the best compromise between the

achievable sensitivity and any encountered matrix effects.

8. CE-APPI/MS

The parameters influencing CE-APPI-MS were investigated by Schappler et al. with an
experimental design methodology using a sheath-liquid interface [113]. It was observed that with
sheath-liquid flow, the drying gas flow and the vaporizer temperature were the most important
parameters for the detection of amphetamines. Other experimental parameters, such as the nebulizer

pressure, capillary voltage and drying gas temperature, were not significant. When a dopant is
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necessary, it can be added to the sheath-liquid [43;45]. By adjusting the position of the nebulizer, a
10-fold increase in the signal intensity could be obtained [114]. As already mentioned in section 06.1,
the use of APPI in miniaturized techniques such as CE-MS is particularly interesting due its
compatibility with low flow rates and commonly used background electrolytes (BGE). Non-volatile
BGE did not induce any signal alterations in APPI, thereby resulting in a wider choice of CE buffers
when transferring analytical conditions from CE-UV to CE-MS [43;45;54;114;115]. For the analysis of
labetolol, salbutamol and terbutaline, both borate and phosphate BGE provided better signal/noise
(S/N) ratios in APPI than in ESI, as demonstrated by Hanold et al. [2]. Higher abundances and an
important reduction of the background noise were also observed, particularly with the phosphate
buffer, while the formation of borate clusters contributed to higher noise. The ammonium buffer was
shown by Nilsson et al. to have a deleterious effect on the toluene DA-APPI of naphthalenes, due to
the high PA of ammonium ions [114].

Sodium dodecyl sulfate (SDS) did not lead to signal alteration in APPI [43;45], which is
particularly important for coupling microemulsion electrokinetic chromatography (MEEKC) and
micellar electrokinetic chromatography (MEKC) with APPI-MS. The latter allowed the simultaneous
separation and detection of charged/polar and neutral/apolar compounds in a single run. This
approach could be very useful in sample profiling, where unknown analytes with various physico-
chemical properties are analyzed [45]. In the case of the analysis of drugs as standards,
Himmelsbach et al. presented in 2007 the on-line coupling of MEEKC-APPI-MS for the determination
of nine drugs in water [116]. The limits of detection (LOD) ranged between 0.5-5.0 ug-mL’l. The same
group also presented a MEEKC-APPI-MS/MS method for the analysis of eight moderately polar drugs
in water [52]. The LOD comprised between 3-41 ug-mL™ in a single MS and between 0.6-6.0 pg-mL™*
in MS? were achieved. Moreover, other MEEKC formulations were tested (oil-phase buffer systems
and other surfactants) without any interferences on the MS detection. On the other hand, Schappler
et al. found that the compatibility of SDS with APPI depended on the analytes and the selected
polarity. Indeed, MEEKC-APPI-MS used in the negative mode for the analysis of various diuretics
showed a 15 to 20-fold loss in sensitivity compared to CZE-ESI-MS, which can be mainly attributed to
the presence of [SDS-Na] adduct [117].

An interesting feature was observed with the PhotoMate source by Hommerson et al. [115].
Non-polar compounds with low PA were preferentially ionized by APPI or DA-APPI, whereas
guaternary ammonium compounds were found to generate higher sensitivities when the lamp was
switched off [115]. This phenomenon was attributed to an ESI-like liquid phase ionization, and it
existed only for very specific conditions, such as when the capillary voltage was set to a low value
(600V).The same authors compared ESI and APPI for the analysis of basic amines, quaternary
amines and steroids. A moderate ion suppression in the ESI with phosphate buffers was found, while
no signal alteration in the APPI was observed. Nevertheless, sensitivities achieved in ESI-MS for
basic amines were better than in APPI-MS by a factor of 2 to 5. Steroids presented similar signal

intensities with both sources.
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9. Applications

Articles appearing after the publications of the previous reviews [22;23] have been
considered, covering the time period from January 2005 to April 2008. Among the studies published
in this period, several classes of analytes emerged: drugs [44;51-53;61;73;78;86;98;116;118-120]
(Table 3), lipids [46;47;87;91;110;121;122] (Table 4), natural compounds [48;49;82;85;93;95;109;123-
125] (Table 5), pesticides [83;101] (Table 6), synthetic organics [58;92;97;100;103;126-131] (Table 7)
and petroleum derivatives [96;132;133] (Table 8).

9.1 Drugs

The majority of APPI applications were dedicated to the determination of drugs in biofluids,
such as serum [78;119] and plasma [53;61;73;98;120]. Serum was investigated by Lembcke et al.
[78], who proposed an LC-APPI-MS/MS method for the analysis of phytosterols in 15 min instead of
in GC-MS, which required about 3h. The LOD ranged between 0.25-0.68 ug-L™". Another LC-APPI-
MS/MS application was proposed by Martens-Lobenhoffer et al. [119] for the stereoselective
guantification of omeprazol and its two major metabolites (5-hydroxyomeprazole and omeprazole
sulfone) in serum. The analytical range was between 5-750 ng-mL'1 for both omeprazole and
omeprazole sulfone and was between 2.5-375.0 ng-mL'1 for the 5-hydroxy- metabolite.

Regarding the analysis of drugs in plasma, Wang et al. compared five reversed-phase and
normal-phase LC-MS methods using ESI, APCI and APPI sources for the analysis of cyclosporine A
in rat plasma [73]. Normal-phase LC-APPI-MS was very efficient in terms of ionization since solvents
used in the mobile phase (such as isooctane and ethanol) promoted the analytes’ ionization. Hsieh et
al. determined cladribine and clofarabine in plasma (mouse) [53]. Different fast separation
techniques, including UHPLC, coupled to various MS systems (linear ion trap and triple quadrupole
MS) equipped with APPI or APCl were evaluated. No significant matrix effects or ionization
differences were observed. APPI was used by Theron et al. to overcome large matrix effects in ESI
for the analysis of venlafaxin and its major metabolite (O-desmethylvenlafaxine) in human plasma
[98]. Indeed, the use of APPI resulted in negligible ion suppression. Validation of the method was
performed in the 2.4 - 605.0 ng-mL'1 range. Silva et al. presented a LC-APPI-MS/MS method for the
analysis of isosorbide-5-mononitrate in human plasma for a bioequivalence study of tablet
formulations [61]. The calibration curve was linear in the 20-2000 ng-mL™" domain. Repeatability was
7.9% at 60 ng-mL™", 5.2% at 300 ng-mL™" and 7.0% at 1800 ng-mL™, with a trueness of 94.6%, 94.1%
and 88.8%, respectively. Dos Santos Pereira et al. proposed a LC-APPI-MS/MS method for the
guantification of betamethasone in human plasma [120]. The calibration curve was linear in the 0.05-
50 ng-mL'1 domain, and the repeatability was lower than 12% for all tested concentration levels with a
relative bias lower than 10 %. Drugs have also been analyzed in food. Mohamed et al. validated a
LC-APPI-MS/MS method for the analysis of 16 antibiotics in honey, with a LOD in the 0.4-4.5 pg-Kg™

range for a targeted concentration of 50 pg-Kg™ [51].
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Turnipseed et al. compared ESI, APCI, APPI and APCI/APPI ionization methods for the
analysis of anthelmintics in cow milk [44]. As expected, the MS responses varied as a function of the
source and of the analytes. The best results were found when running the dual APCI/APPI source in

the APPI-only configuration.

Only two applications of APPI in the field of compounds naturally present in the human body,
such as hormones or neurotransmitters, have been published during the 2005-2008 period (see
Table 4). The first application was dedicated to human hormones present in water. Yamamoto et al.
compared ESI and APPI for the analysis of steroids in Osaka City rivers and estuaries [86]. ESI was
found to provide better sensitivities for conjugated steroids, whereas APPI was better in ionizing
unconjugated steroids. Estrone, estrone 3-sulfate and 4-androstene-3,17-dione were observed at
maximal concentrations of 51 ng-L'l, 5.1 ng-L'l and 6.4 ng-L'l, respectively. The LODs were in the
0.06-7.0 ng-L'1 range, depending on the analyte. The second paper presented a LC-APPI-MS method
for the quantitation of salsolinol and related catecholamines in rat brain tissue [118]. The calibration

curve presented an R” value above 0.96 for over two orders of magnitude.

Table 3 : Summary of APPI applications for the analysis of drugs.

analyte matrix source Sglljfg e dopant proportion polarity ref
stigmasterol human serum PS - toluene 15% P
B-sitosterol
campesterol
brassicasterol
cholesterol
cholesteryl stearate
omeprazole human serum PM - none - P 119
5-hydroxyomeprazole
omeprazole sulfone
isosorbide-5-mononitrate human plasma PS - acetone 5% N 61
betamethasone human plasma PS - toluene 3% N 120
venlafaxine human plasma PS - toluene 36% P 98
O-desmethylvenlafaxine
cladribine mouse plasma PS - none - P 53
clofarabine acetone 17%
ketoconazole toluene 17%

THF 17%
cyclosporin A rat plasma PS - toluene 2% P 73
ivermectin cow milk PM APCI/APPI acetone 5% P/N 44
doramectin
eprinomectin
milbemycin moxidectin
sulfanilamide honey PS - toluene 10% P 51

dapson
sulfapyridine
sulfadiazine
sulfamethoxazole
sulfathiazole
sulfamerazine
sulfamoxole
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sulfabenzamide
sulfisomidine
slfamethiazine
sulfamethoxypyridiazine
sulfameter
sulfachlorpyridiazine
sulfaquinoxaline
sulfadoxine
sulfadimethoxine
sulfasalazine

pentoxifylline standard PM
trimethoprim

phenacetin

metoprolol

carbazepine

trazodone

diltiazem

clomipramine

toluene

n.a.

52

pentoxifylline standard PM
phenacetin

4-dimethylaminobenzaldehyde

quinoline

isoquinoline

metoprolol

carbamazepine

3-methylquinoline

6-methylquinoline

acetone

5%

116

dopamine rat brain tissue PM
salsolinol

3,4-dihydroxybenzylamine

norsalsolinol

tetrahydropapaveroline

norepinephrine

epinephrine

acetone

7.5%

118

testosterone environmental PS
water

4-androstene-3,17-dione
androsterone

epiandrosterone
dehydroepiandrosterone (DHEA)
5a-dihydrotestosterone

estrone

17B-estradiol

estriol
dehydroepiandrosterone-3-sulfate
estrone-3-sulfate

17B-estradiol 3-sulfate

estriol 3-sulfate
estrone-3-B-D-glucuronide
17pB-estradiol 3-3-D-glucuronide
estriol 3-B-D-glucuronide
estrogen ethynylestradiol

toluene

25%

P/N

86

P
N :

positive polarity
negative polarity

P/N : positive and negative polarities
PS: PhotoSpray source
PM : PhotoMate source
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9.2 Lipids

This class of compounds was of particular interest for APPI due to their low polarity. Cai et al.
compared ESI, APCI and APPI for the normal-phase LC-MS analysis of free fatty acids in fish oil and
their esters, monoglyceride, diglyceride and triglyceridel, which are usually analysed by reversed-
phase chromatography [110]. APPI provided the lowest LOD and the highest S/N ratios. It was 2-4
times more sensitive than APCI or ESI. APPI's linear dynamic range was found to be 4-5 orders of
magnitude with an upper limit around 1250-2500 ng. This was confirmed in another study concerning
the analysis of fatty acids and acylglycol lipids [121]. APPI provided very clean MS spectra, which
were stable and repeatable. It also appeared that non-aqueous mobile phases provided better
sensitivities and peak shapes than aqueous mobile phases, which required higher vaporizer
temperatures for the analyte desolvation. Low vaporizer temperatures were found to significantly
reduce the analyte’'s thermal decomposition, and the signals were, therefore, improved. The cone
voltage was determined as a key parameter determining the sensitivity of this method. The on-column
LOD was estimated to 94 pg for an EPA methyl ester, 90 pg for monoarachidin and diarachidin and
24 pg for trielaidin. Roy et al. proposed a porous, graphitic carbon LC-APPI-MS/MS method for the
analysis of glycosphingolipids, thereby providing structural information on the fatty acid and sphingoid
base [47]. This set-up allowed for the efficient discrimination of isobaric compounds. In the paper of
Delobel et al.,, a LC-APPI-MS method was proposed for the analysis of globotriaosylceramides in
human urine, which are connected with Fabry disease [46]. Collision-induced dissociation (CID) in the
positive mode provided very useful information for the determination of alkyl chains structures.
Another concern about the use of APPI for the analysis of lipids was proposed by Miller et al. [87].
They suggested a (Ag+)-HPLC-APPI-MS/MS method for the analysis of conjugated linoleic acid’'s
elongation and B-oxidation products usually operated in GC-MS. The use of APPI provided a 40-fold
better sensitivity than APCI and allowed for the determination of the double bond positions, the
configurations and the chains lengths of the conjugated linoleic acids. Finally, a LC-APPI-MS/MS
method was proposed by Mufioz-Garcia et al. for the identification of sphingolipids mixtures in the
stratum corneum of house sparrows [91;122]. Seven families of cerebrosides (97 compounds) and
four families of ceramides (79 compounds) were brought out, for which fatty acids carbon chains

typically contained 40 carbons, longer than those generally reported for mammalian stratum corneum.



Table 4 : Summary of APPI applications for the analysis of lipids.

analyte matrix source dopant proportion polarity re f

eicosapentaenoic acid methyl ester  standard PM none - P/N 121

monoarachidin

diarachidin

docosahexaenoic acid

trielaidin

glucosylceramide standard PS acetone 25% P/N 47

galactosylceramide

lactosylceramide

globoside

globopentaosylceramide

globotriaosylceramide

eicosapentaenoic acid methyl ester  fish ol PM none - P/N 110

monoarachidin

diarachidin

trielaidin

globotriaosylceramides urine PS acetone 12.5 & 25% P/N 46

none -

conjugated linoleic acids human coronary artery smooth PS toluene 5% P 87
muscle cells

cholesterol house sparrows stratum PS toluene 1% P/N 91
corneum

free fatty acids

ceramides

cerebrosides

water Egtjns:u;parrows stratum PS toluene 1% P/N 122

sphingolipids

P/N : positive and negative polarities
PS : PhotoSpray source
PM : PhotoMate source

P :  positive polarity
N: negative polarity

9.3 Natural compounds

The use of APPI was also investigated for the analysis of natural, low polarity compounds.
For example, Gémez-Ariza et al. have published two studies on APPI performance, one for an olive
oil analysis and one for the classification of unknown wine samples [85]. In the case of olive oil
authentification, the authors first compared ESI and APPI for LC-MS analysis [93]. Both sources were
found to be complementary to one another, as APPI was more sensitive for the monoacyl- and
diacylglycerols and ESI for triacylglycerols. Flow injection analysis-APPI-MS, using a QqTOF
apparatus, was used in a complementary fingerprinting study. This method was able to discriminate
olive, extra-virgin olive, olive-pomace, hazelnut, sunflower, corn and several mixed oils in about one
minute per sample [82]. The same apparatus was also used for wine classification according to
anthocyanins profiles [85]. Performance of ESI and APPI sources was also compared by Cavaliere et
al. for the LC-MS/MS analysis of aflotoxins M1 and B1 in cow milk [109] and by Pardo et al. for the
LC-MS/MS analysis of domoic acid in shellfish [124], who included evaluation of APCI and
APCI/APPI sources. Both groups selected ESI either due to its lower LOD [124] or to its higher
robustness [109]. Ergosterol quantitation was operated by Varga et al. with an LC-APPI-MS method

to evaluate the fungal biomass in wheat [49]. The calibration curve was linear between 0.05-50 ng-uL
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! with a repeatability value between 2.1% and 5.2%. Concerning the elucidation of the straw lignin
molecular structure, Banoub et al. found the presence of 57 specific oligomers with an LC-APPI-
QqTOFMS apparatus [95]. The latter was demonstrated to be a powerful analytical tool for the
ionization of small and large lignin oligomers. The paper of Cao et al. compared ESI, APCI and APPI
sources for the rapid LC-MS analysis of melatonin, serotonin and auxin in plants [123]. The
performance was comparable, and a LOD was found to be 0.2 ng-mL'l for melatonin, 5 ng-mL'l for
serotonin and 0.7 ng-mL™ for auxin. The linear dynamic ranges were 0.02 ng-mL™ - 0.1 mg-mL™", 5
ng-mL'l -0.1 mg-mL'l and 0.7 ng-mL'1 -01 mg-mL’l, respectively. Tonidandel et al. classified various
samples of amber with the help of laser desorption ionization (LDI), APCI and APPI-ionization
techniques with multivariate data analysis [125]. APPI was the most suitable ionization mode for the
analysis of amber, as fossilization produced highly stable, insoluble polymers. Finally, Jean-Denis et
al. proposed a rapid screening of stilbenes in grapevine leaves infected by P. viticola by LC-APPI-
MS", which required only 1-2 mg of sample [48].

Table 5 : Summary of APPI applications for the analysis of natural compounds.

; dual . .

analyte matrix source source dopant proportion polarity ref
anthocyanins red wine PS - toluene 12.50% P 85
various olive oll PS - toluene 10% P 93
various olive oll PS - toluene 10% P 82
aflatoxin M1 cow milk PS - none - P 109
aflatoxin B1
ergosterol wheat PM - toluene 1% P 49
wheat straw lignin wheat PS - toluene n.a. P/N 95
polymer
trans-resveratrol grapevine PM - acetone n.a. N 48

leaves
trans-e-viniferin
a-viniferin
trans-8-viniferin
trans-pterostilbene
serotonin higher plants PM - none - P 123
melatonin
indole-3-acetic acid
domoic acid shellfish PM APCI/APPI none - P 124
amber amber 125

P/N : positive and negative polarities
PS: PhotoSpray source
PM : PhotoMate source

P:  positive polarity
N: negative polarity
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9.4 Pesticides

Within the selected time period, only two papers reported analyses of pesticides using APPI,
and both were applied to surface and ground water determinations of DDT [101] and metolachlor [83].
For the former, a linear dynamic range of the method was found between 20-1000 ng-mL'1 with a
LOD of 7 ng-mL’l, higher than the LOD achieved by conventional GC-MS. For metolachlor
diastereoisomers and s-metolachlor analysis, Kabler and Chen proposed an enantioselective LC-
APPI-MS/MS method with a LOD of 0.10 ppb, with a repeatability lower than 20% [83].

Table 6 : Summary of APPI applications for the analysis of pesticides.

analyte matrix source dopant proportion polarity re f
diastereoisomers of metolachlor Svr;\:g:)nmental PS toluene 1% P 83
p,p'-dichlorodiphenyltrichloroethane environmental PS toluene 5% PN 101
(DDT) water

P :  positive polarity
P/N : positive and negative polarities
PS: PhotoSpray source

9.5 Synthetic organics

Among the papers published for the analysis of organic compounds, four concerned the
determination of flame retardants [126;129-131]. In case of brominated substances, Riu et al.
proposed an LC-APPI-MS" as an alternative to the generally used GC-EI/MS method [126]. Br, loss
was the major ionization process for polybrominated flame retardants, and the ionization polarity
modes were found complementary with regards to the degree and position of bromination. The
positive mode favored the loss of Br, for the ortho-subsituted compounds and COBr" for the non
ortho-subsituted compounds, while the loss of both Br, and HBr was observed in the negative mode.
The second study presented the determination of decabromodiphenyl ether in rat tissue [131], which
allowed the identification of a very toxic derivative, namely, hydroxylated octa-decabromodiphenyl
ether, in liver. The third paper was dedicated to the analysis of tetrabromobisphenol A and
polybromodiphenylethers [130]. The former was well ionized in the negative mode without dopant,
while the positive mode was preferentially used for the mono- to penta-polybromodiphenylethers. For
higher bromo-substitutions, the negative mode provided [M-Br+O] ions, required toluene as dopant,
and was finally selected. To finish, Davis et al. proposed the identification of a-, B- and y-
hexabromocyclododecane metabolites in both wastewater sludge and freshwater [129].
Hexabromocyclododecane was found to be sequentially debrominated with the loss of 2 bromines at
each step, giving rise to tetrabromocyclododecane, dibromocyclododecane and cyclododecatriene.

Concerning the analysis of PAH, Zheng et al. proposed a CEC-APPI-MS method for the

analysis of the 12 monomethylated benzo[a]pyrene isomers [127]. APPI, which was compared to ESI
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and APCI, provided the highest signals. The method showed a linear domain of 2.5-50 pug-mL*, and
an LOD of 400 ng-mL™ for the 1-, 3-, and 11-methylbenzo[a]pyrene, which was 100 times lower than
the CEC-UV results. Ten carcinogenic PAH were analyzed in mainstream cigarette smoke by Ding et
al. who developed and validated the LC-APPI-MS/MS method with an LOD in the 11-166 pg range
[97]. The last investigation of PAH was run by Grosse et al. who proposed a pu-LC-MS method for the
determination of partially oxidized PAH [58]. ESI, APPI and/or APCI ionization techniques were
tested. No ionization for any compound was achieved with ESI. APPI produced mainly negative ions,
whereas APCI was found to be best adapted for the ionization of partially oxidized PAH since it
produced both positive and negative ions. The dual mode was found to be the best regarding cost,
time, the amount of sample required and structural information.

Other studies were dedicated to various compounds, such as alkanox P24 (a commercial
phosphite antioxidant), nitroaromatics, perfluorinated compounds, pentafluorobenzyl derivatives and
benzidine and related compounds. Alkanox P24 was analyzed by LC by Papanastasiou et al. to
assess its hydrolysis in water [92]. APPI and APCI were compared, and APPI was selected for further
investigations since it showed a lower LOD. In the positive mode, the [M+H]" ions were produced,
and in the negative mode, the [M-H] ions were predominant, and no protonated molecules were
detected. Alkanox P24 was exclusively hydrolyzed by scission of both P-Openar bonds, thereby
yielding 2,4-di-tert-butyl phenol. Crescenzi et al. also compared APCI and APPI for on-line-SPE-LC-
MS methods dedicated to the determination of nitroaromatics and related compounds at trace levels
in water [128]. APCI gave better ionization for the cyclic nitramines and nitrate esters. Song et al.
proposed a LC-APPI-MS method for the analysis of fullerenes, perfluorinated compounds and
pentafluorobenzyl derivatives, where an electron capture mechanism provided very good sensitivities
in the negative mode [100]. In the flow injection analysis, the LOD was 0.15 pg for fullerene and 1.5
pg for perfluoromethylcyclohexane. Finally, Bacaloni et al. proposed a normal-phase LC-APPI-
MS/MS method for the determination of benzidine, 3,3'-dichlorobenzidine, mono-, di-, and tri-

chloroanilines in water. LOQs were comprised in the 7-112 ng-L'1 range [103].

Table 7 : Summary of APPI applications for the analysis of synthetic organics.

: dual . .
analyte matrix source source dopant proportion polarity

ref

2,4-dibromodiphenylether standard PM - toluene 1% P/N
4,4'-dibromodiphenylether
2,2',4-tribromodiphenylether
2,2',4,4'-tetrabromodiphenylether
2,2',6,6'-tetrabromodiphenylether
3,3',4,4'-tetrabromodiphenylether
2,2',3,4,4'-pentabromodiphenylether
2,2',4,4' 5-pentabromodiphenylether
2,3',4,4',6-pentabromodiphenylether
3,3',4,4',5-pentabromodiphenylether
2,2',3,4,4' 5'-hexabromodiphenylether
2,2',4,4',6,6'-hexabromodiphenylether
2,2'3,4,4'5,6'-
heptabromodiphenylether
2,2'3,4,4'5',6-

101

126



heptabromodiphenylether
2,2'3,4,4'6,6'-
heptabromodiphenylether
2,3,3',4,4',5,6-heptabromodiphenylether
2,2'3,3,4,4'5,5'6,6"-
decabromodiphenylether

1-methylbenzo[a]pyrene standard PM
2-methylbenzo[a]pyrene
3-methylbenzo[a]pyrene
4-methylbenzo[a]pyrene
5methylbenzo[a]pyrene
6-methylbenzo[a]pyrene
7-methylbenzo[a]pyrene
8-methylbenzo[a]pyrene
9-methylbenzo[a]pyrene
10-methylbenzo[a]pyrene
11-methylbenzo[a]pyrene
12-methylbenzo[a]pyrene

none

127

bis(2, 4-di-tert-butyl)pentaerythritol

diphosphite (Alkanox P24) standard PS

toluene

10%

P/N

92

fullerene standard PS
perfluoropentane

perfluoromethylcyclohexane

perfluoroadamantane

hexafluorobenzene

octafluorotoluene

octafluoronaphthalene

perfluorotributylamine

pentafluorobenzyl

toluene

400%

100

tetrabromobisphenol A standard PM
octabromodiphenylether

decabromodiphenylether

monobromodiphenylether

toluene

2.5%

P/N

130

1-naphthoic acid standard PM
2-naphthoic acid

coumarine
4-oxa-benzo[def]chrysene-5-one
1-naphthol

2-naphthol
2-hydroxyphenanthrene
3-hydroxyphenanthrene
4-hydroxyphenanthrene
9-hydroxyphenanthrene
1-hydroxypyrene
1,5-dihydroxynaphthalene
2,7-dihydroxynaphthalene
cis-4,5-dihydro-dihydroxy-
benzo[a]pyrene

tertralone

fluoren-9-one

benzanthrone
1,4-naphthoquinone
9,10-phenanthrenequinone
1,4-anthraquinone
9,10-anthraquinone
1,4-chrysenequinone
benzo[a]pyrene-3,6-dione
benzo[a]pyrene-4,5-dione
benzo[a]pyrene-7,10-dione
5-hydronaphthoquinone
2-carboxy-9,10-anthraquinone
1-hydroxy-9,10-anthraquinone
2-hydroxy-9,10-anthraquinone

acetone

10%

P/IN
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1,8-dihydroxy-9,10-anthraquinone

benz[a]anthracene

5-methylchrysene
benzo[j]fluoranthene
benzo[b]fluoranthene
benzo[k]fluoranthene
benzo[a]pyrene
indeno[1,2,3-cd]pyrene
dibenz[a,h]anthracene
dibenzo[a,e]pyrene
dibenzol[a,i]pyrene

cigarette PS

smoke - toluene

60% & 75% P

97

hexabromocyclodecane

environmental PM - none
water

129

1,3,5-trinitrobenzene

tetryl-2,4,6,N-tetranitrotoluene
2,4,6-trinitrotoluene
1,2-dinitrobenzene
1,3-dinitrobenzene
1,4-dinitrobenzene
2-amino-4,6-dinitrotoluene
4-amino-2,6-dinitrotoluene
2,6-diamino-4-nitrotoluene
2,3-dinitrotoluene
2,4-dinitrotoluene
2,5-dinitrotoluene
2,6-dinitrotoluene
3,5-dinitrotoluene
1,3,5-trinitro-1,3,5-triazacyclohexane
1,3,5,7-tetranitro-1,3,5,7-
tetrazacyclooctane

pentaerythritol tetranitrate 1,3-bis-
nitrooxy-2,2-bis-nitrooxymethyl-
propane

environmental PM - none
water

PIN

128

benzidine

3,3'-dichlorobenzidine
2-chloroaniline
3-chloroaniline
4-chloroaniline
2,3-dichloroaniline
2,4-dichloroaniline
2,5-dichloroaniline
2,6-dichloroaniline
3,4-dichloroaniline
3,5-dichloroaniline
2,3,4-trichloroaniline
2,4,5-trichloroaniline
2,4,6-trichloroaniline

environmental

water PS .

toluene

15% P/IN

103

Decabromodiphenyl ether

rat tissues Riu APCI/APPI toluene

1% N

131

P :  positive polarity
N: negative polarity
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P/N : positive and negative polarities
PS: PhotoSpray source
PM : PhotoMate source




9.6 Petroleum derivatives

The analyses of petroleum derivatives were published by Purcell et al. with a FT-ICR-MS set-
up. For sulfur speciation in petroleum, ESI and APPI sources were compared [133]. APPI produced
more ions and was able to ionize samples without requiring chemical derivatization. The elemental
composition of the aromatic nitrogen model compounds and the petroleum samples [96] revealed that
nitrogen speciation could be obtained by APPI. In-source fragmentation phenomena were avoided by
adjusting the instrumental parameters. Finally, Purcell et al. observed [M+H]", [M-H] and protonated
molecules in the analysis of naphtho[2,3-a]pyrene and crude oil [132], and the latter complex mixture
generated more than 12’000 peaks. Contrary to ESI, APPI was able to ionize nonpolar compounds

and, therefore, led to nonpolar sulfur speciation in the petrochemical mixtures.

Table 8 : Summary of APPI applications for the analysis of synthetic organics.

analyte matrix source dopant proportion polarity re f
naphtho[2,3-a]pyrene standard PM toluene m.p. P/N 132
various crude oil

sulfur compounds petroleum PM none - P 133
nitrogen aromatics petroleum PM toluene m.p. P 96

p- ositive polarit P/N : positive and negative polarities
i P /e P Y PS : PhotoSpray source
N hegative polarity PM : PhotoMate source

10. Other applications

Low pressure photoionization (LPPI) is another type of source employing photoionization.
Because it operates at low pressure (< 1 torr), this technique limits the collisions between ions and
molecules that can lead to ionization competition phenomena. However, as mentioned in the
introduction, only poor ionization can be achieved at reduced pressure due to the low sample density
in the ionization region. The use of a dopant is therefore mandatory. LPPI is usually applied to gas or
liquid samples with volatile or semi-volatile analytes [20]. Direct photoionization in LPPI was found to
produce [M]" ions (eq 1, 2), followed by proton transfer from the solvent (eq 8 by replacing the
dopant with the solvent) to the analyte, thereby leading to the [M+H]" ions [134].

Pl was also implemented in atmospheric pressure laser ionization (APLI). For some nonpolar
or low polar compounds [135], APLI gave a lower LOD compared to APPI due to the higher photon
flux than could be obtained with conventional lamps. In fact, APLI photons are typically produced by a
KrF excimer laser emitting 5eV photons for efficiently ionizing nonpolar compounds [28]. The main
drawbacks to APLI are the large dimension of the source, the tedious maintenance associated with

the laser source, and the difficulty in changing the wavelength compared to APPI.
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As previously mentioned, APPI has been coupled to IMS [12-15]. Borsdorf et al. compared
APPI-IMS with APPI-DMS (differential mobility spectrometry) [16;17]. Both techniques provided the
same number of ions, indicating that the ionization mechanisms were similar. Besides, the ions’
behavior in a radiofrequency, asymmetric electric field was found to be dependent on the molecular
structure (the functional groups and the insaturations arrangement). As an example, significant
differences in the spectra of aromatic and cyclic hydrocarbons were observed.

Recently, APPI was implemented in miniaturized systems. Haapala et al. proposed a
microchip nebulizer made of two plates (silicon/glass or glass/glass) for combining APPI/MS with LC
or GC capillary [136]. It contained all the classical parts present in a conventional APPI source,
namely, a sample inlet channel, auxiliary gas and dopant inlets, vaporizer channels, nozzle and a
platinum heater. Luosujarvi et al. compared the performance achieved by APCI and APPI microchips
for the analysis of polychlorinated biphenyls in a negative-mode GC-API-MS [137]. APPI exhibited a
wider linear range and a better repeatability.

Furthermore, the use of an APPI source in GC-MS originally designed for LC-MS was
presented in 2007 by McEwen for the analysis of standards [138]. GC-APPI-MS was found to
produce similar odd-electron fragment ions as those observed in low energy GC-EI-MS, which are
useful for the identification of unknown molecules by comparison with the mass spectra in computer
libraries. lonization with APPI was initiated by the production of the [M]" ions, which were stable
enough to be detected. The [M]"* ions could capture a hydrogen atom from either water vapor, an
impurity or a neutral analyte, thereby leading to the [M+H]" ions. With a homemade lamp model
producing 9.8 eV photons, lower fragmentation and more selective ionization were achieved.

Finally, APPI was also used by Haapala et al. for the analysis of compounds of various
polarities after desorption from different surfaces [102]. With a similar principle to desorption
electrospray ionization (DESI), DAPPI required the use of a discharge lamp and a dopant. In this

case, the ionization mechanism was found to be a combination of thermal and chemical processes.

11. Conclusion

APPI is the most recent ionization source for the LC - MS coupling. It is a photoinduced
chemical ionization process with two major ionization mechanisms in the positive mode, namely,
proton and charge transfer. lonization can only occur for molecules that possess low IE values, while
for the other compounds, the use of a dopant is mandatory. The latter can also be employed to
enhance the ionization yield of compounds exhibiting low IE values. Acetone and toluene are the
most largely reported dopants, but benzene, anisole, hexafluorobenzene and THF have also been
used. Toluene was found to produce [M]" ions and favored the production of [M+H]" ions by proton
transfer. Besides, acetone formed exclusively [M+H]" ions, but a study of this ionization mechanism is
currently not available. In a few cases, the use of a dopant could present a deleterious effect on the

ionization. For reversed-phase chromatography and without any dopant, the production of [M]™ ions
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by charge transfer was dependent on the mobile phase composition. Methanol was particularly suited
with an APPI source. In negative APPI, ionization occurs via six major ionization mechanisms:
electron/analyte interaction, charge exchange (electron capture, EC), proton transfer (analyte
deprotonation), association/displacement reactions and the newly discovered anion attachment. It
generates less background noise than the positive mode and could ionize a broader range of
molecules than both negative APCI and ESI. The APPI ionization yield in the positive mode is
generally lower than both the ESI and the APCI ionization yields, but, since the solvents used in
reversed-phase LC possess IE values that are higher than photon energy, the generated background
noise is very low, and high S/N ratios can be obtained. APPI can also be used in combination with
other API sources. Because ESI is an orthogonal ionization technique, the dual source ESI/APPI is
particularly attractive for the detection of apolar and polar compounds within the same
chromatographic run. APPI proved to be an ionization method adapted to a wide panel of compounds
and was particularly tailored to separation techniques with low flow rates. Thus, APPI-MS was also
found to be particularly adapted to CE due to its high sensitivity at low flow rates and to its
compatibility with non volatile buffers. Regarding APPI applications, this ionization technique was
found to be particularly useful in the analysis of drugs, human endogenous compounds, lipids, natural
compounds, pesticides, synthetic organics and petroleum derivatives. The photoionization
mechanisms have been systematically studied and partially elucidated. Nevertheless, knowledge of
the APPI mechanisms can still be improved (i.e. negative ionization, matrix effects, dopant ionization),

and it is assured that future investigations will bring explanations in all of these domains.
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ABSTRACT

Matrix effects on mass spectrometry (MS) response were investigated with three atmospheric
pressure ionization (API) sources after on-line solid-phase extraction (SPE) of human plasma. On-line
SPE was evaluated with one restricted access material (RAM), two large particle supports (LPS), and
one monolith. A sample protein precipitation (PP) with acetonitrile (2:1) and a direct injection were
tested. Principal component analysis (PCA) was performed to simplify data presentation and
interpretation. Protein precipitation was found to be mandatory for reducing signal modification.
Regarding sensitivity towards matrix effects after PP, atmospheric pressure photo-ionization (APPI)
was globally the least sensitive ionization mode while electrospray ionization ESI was the most

sensitive.

Keywords : Matrix effects ; APPI ; human plasma ; on-line SPE ; post-column infusion
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1. Introduction

Over the past decade, atmospheric pressure ionization (API) sources have been widely used to
perform efficient mass spectrometry coupled to liquid chromatography (LC-MS). Electrospray
ionization (ESI) and atmospheric pressure chemical ionization (APCI) sources have become the
classical interfaces for hyphenating LC to MS in order to perform fast, selective and sensitive analysis
of pharmaceuticals in biological fluids [1-6]. Both sources are soft ionization techniques leading to
protonated or de-protonated species without important fragmentation and have found many
applications in the analysis of polar, moderately polar and low polarity analytes in solution.
Atmospheric pressure photoionization (APPI) is the latest source among API techniques which
extends the field of application of LC-MS to apolar molecules. The photoionization (PI) process was
already used about thirty years ago as a detection method (PID) in gas chromatography [7-12] and
coupling LC to Pl was performed by Locke [13], and later by Driscoll [14]. Moreover, the first
applications of Pl as an ionization process for MS analyses were performed in the 1980s by Revel’skii
et al. [15]. Finally, the use of APPI to carry out LC-MS analyses was described in 2000 [16;17], and
as already reported for ESI and APCI, the source design has a tremendous effect on the ionization
process [18].

In the literature, it has already been shown that complex biological matrices such as urine, saliva,
plasma, serum and whole blood could alter the response of an analyte when LC-MS analyses are
performed without adequate sample preparation and/or good chromatography. This phenomenon,
called the matrix effect, is due to co-elution of endogenous compounds such as proteins, lipids,
sugars or salts interfering with the analytes during the ionization process. Matrix effects have already
been widely reported, especially for ESI and APCI [18-34], while APPI has been investigated to a
lesser extent [35-41]. Different approaches are described to investigate matrix effects, and the most
currently implemented technique uses the continuous post-column infusion of an analyte solution
[19;21;22;26;27;31;32;34,;42-46]. In ESI, the suppression mechanism has been explained through
different models [23;47], but it is generally accepted that an ionization competition occurs within the
different eluted compounds. APCI and APPI are often reported to be less sensitive to such effects
than ESI, because the ionization process takes place in the gaseous phase [18;33;43;48].

In order to overcome signal modification when complex matrices are analyzed by LC-MS, sample
clean-up procedures must be operated to remove potential interfering substances. For that purpose,
off-line and on-line sample preparation techniques can be employed. The most commonly used
techniques among off-line procedures are liquid-liquid extraction (LLE), solid-phase extraction (SPE)
and protein precipitation (PP) [49;50]. They can be operated manually as well as automatically using
robots [51] as well as on cartridges and well-plate formats [52-54].

On-line sample preparation procedures coupled to LC-MS via a column-switching approach for the
analysis of drugs in biological matrices have already been widely described elsewhere [55;56]. More
particularly, one of the authors has studied matrix effects in LC-ESI/MS and LC-APCI/MS with off-line
and on-line extraction procedures [57]. With methadone selected as a model compound, APCI was

less susceptible to ion suppression regardless of the sample preparation procedure.
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The aim of this paper was to further extend the study of matrix effects with on-line SPE-LC-API/MS
with other compounds and to determine more particularly the protein precipitation impact applied
before on-line extraction. Thus, matrix effects were evaluated with ESI, APCI, and APPI sources
coupled to a single quadrupole mass spectrometer. Four commercially available extraction supports
(one restricted access material (RAM), two large particle supports (LPS) and one monolith (MNL))
were used in the column-switching configuration. Direct injection of plasma without (sample dilution)
and with a sample pre-treatment (protein precipitation with acetonitrile) were performed and
compared. Each extraction support was investigated with pharmaceutical compounds selected as
model compounds and their primary metabolites, namely methadone (MTD), 2-ethylidene-1,5-
dimethyl-1,3-diphenylpyrrolidine (EDDP), fluoxetine (FLX), norfluoxetine (NFLX), flunitrazepam (FLZ)
and norflunitrazepam (NFLZ), as well as vitamin D3 (VD3) and an apolar pesticide, metalaxyl (MTX)
(Figure 1).
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Figure 1 : Chemical structures of model compounds.
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2. Experimental
2.1 Chemicals

Methadone hydrochloride (MTD) was purchased from Sintetica (Mendrisio, Switzerland) and 2-
ethylidene-1,5-dimethyl-1,3-diphenylpyrrolidine perchlorate (EDDP) was from Cerilliant (Austin,
Texas, USA). Fluoxetine (FLX) was provided by Heumann Pharma (Nuremberg, Germany) and
norfluoxetine (NFLX) and perchloric acid were from Sigma (Steinheim, Switzerland). Flunitrazepam
(FLZ) was purchased from Hoffmann-La Roche Ltd. (Basel, Switzerland) and norflunitrazepam
(NFLZ) was kindly provided by Dr. C. Staub of the Institut Universitaire de Médecine Légale (Geneva,
Switzerland). Vitamin D3 (VD3) and acetone (ACT) were purchased from Fluka. Metalaxyl (MTX) was
kindly provided as a standard solution by the Service de Protection de la Consommation (Geneva,
Switzerland). Structures of the molecules are reported in Figure 1. Acetonitrile (ACN), methanol
(MeOH) and formic acid 98% were purchased from Panreac (Barcelona, Spain) and water was
provided by a Milli-Q Gradient A10 water purifier system from Millipore (Bedford, MA, USA). Human
blank plasma with sodium citrate was obtained from Laboratoire de Sérologie Transfusionnelle des
Hépitaux Universitaires de Genéve (Geneva, Switzerland). All chemicals were of the highest purity
grade commercially available and all reagents used were of HPLC grade.

Stock solutions of MTD, EDDP, FLX, NFLX, FLZ, NFLZ, and MTX were prepared in a mixture of
water/ACN (1:1, v/v) at a concentration of 1000 ug-mL’l, each. Stock solution of VD3 was prepared in
methanol at a concentration of 1000 ug-mL’l. For the optimization of the ion source parameters,
standard solutions at a concentration of 10 ug-mL™ were prepared by dilution of stock solutions in the
mobile phase. For post-column infusion, a solution containing the eight drugs at 2 pg-mL" was
prepared by dilution of stock solutions in the mobile phase. Blank plasma was stored at -227C and

then defrosted at room temperature for one hour.

2.2 Instrumentation

All experiments were performed on an Agilent Series 1100 LC system (Agilent Technologies,
Waldbronn, Germany) equipped with an autosampler, a binary pump and a six-port switching valve.
An additional Agilent Series 1100 LC isocratic pump was included in the system for the column-
switching configuration. The LC system was coupled to an Agilent Series 1100 UV-detector and an
Agilent Series 1100 MSD single quadrupole equipped with orthogonal ESI, APCI or APPI sources.
MS parameters were optimized for each ionization source and are reported in Table 1. Nitrogen was
used both as a nebulizing and a drying gas. MS detection of protonated FLX, NFLX, MTD, EDDP,
FLZ, NFLZ, MTX and VD3 was conducted with each source in the single ion monitoring mode (SIM)
at 310, 296, 310, 278, 314, 300, 280, and 385 Th, respectively with optimized skimmer voltages

(Table 1). The Chemstation software suite A.09.03 (Agilent Technologies) was used for instrument
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control, data acquisition and data handling. Post-column infusion was achieved by a Harvard 11 Plus
Single Syringe pump (South Natick, MA, USA).

Table 1 : Optimized parameters for ESI, APCI and APPI sources.

ESI parameters APCI parameters APPI parameters

nebulization pressure (psi) 25 10 35
drying gas flow rate (L min™) 11 5 7
drying gas temperature of (°C) 300 350 300
capillary voltage (V) 3000 3500 2000
vaporizer temperature (°C) - 350 250
corona discharge (uA) - 3 -
MTD, FLX skimmer voltages 100 100 100
EDDP skimmer voltages 140 140 140
NFLX skimmer voltages 80 80 80
FLZ skimmer voltages 150 150 150
NFLZ skimmer voltages 130 130 130
VD3 skimmer voltages 120 120 120
MTX skimmer voltages 100 100 100

2.3 Sample handling

2.3.1 Protein precipitation with acetonitrile [50]

500 pL of blank plasma was added to 1000 pL of acetonitrile, vortex mixed and centrifuged for 5

minutes at 6000 x g. The supernatant was collected and transferred into a vial.

2.3.2 Protein precipitation with perchloric acid / acetonitrile

500 uL of blank plasma was added to 1000 uL of a 12% perchloric acid / acetonitrile (60:40) mixture,
vortex mixed and centrifuged for 5 minutes at 6000 x g. The supernatant was collected and

transferred into a vial.

2.3.3 Dilution with water (direct injection)

750 uL of blank plasma was added to 750 pL of water, vortex mixed and centrifuged for 5 minutes at

6000 x g. The supernatant was collected and transferred into a vial.

2.4 On-line post-column infusion configuration

The on-line column-switching and post-column infusion setup is shown in Figure 2 as already
reported elsewhere [32]. A chromatographic Purospher STAR RP-18e column (55 x 2.0 mm 1.D., d, 3
pm) from Merck (Darmstad, Germany) was used for chromatographic separations. Selected

extraction supports, coupled on-line with the analytical column, were : an Oasis HLB (20 x 2.1 mm
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I.D., dy, 25 ym) from Waters Corporation (MA, USA), a LiChrospher RP-4 ADS (25 x 2.0 mm I.D., d,
25 ym) from Merck (Darmstadt, Germany), a Cyclone Turboflow HTLC (50 x 1.0 mm I.D., d, 50 ym)
from Cohesive Technologies (MA, USA) and a Chromolith Flash (25 x 4.6 mm 1.D.) from Merck.

extraction
support
analytical column

MS

syringe pump
infusing analytes
solution

------- Loading and reconditioning
steps

Pump 2
— Transfer step

Figure 2 : Column-switching configuration with post-column infusion system.

The mobile phase for performing the elution of extracted compounds in the back-flush mode was
constituted of 0.1% (v/v) formic acid in water:ACN (65:35) (v/v) for ESI and APCI (MP1), and 0.1%
(v/v) formic acid in water:ACN:acetone (65:35:10) (v/v/v) for APPI (MP2), both delivered at a flow rate
of 300 uL-min’l. A2 pg-mL’1 drug cocktail solution was post-column infused with the syringe pump at

a flow rate of 2 pL-min’l.

50 pL of mobile phase (MP1 or MP2), precipitated blank plasma, and diluted blank plasma were
injected into the extraction supports with a loading mobile phase (MP3) constituted of 0.1% (v/v)
formic acid in water:ACN (95:5) (v/v). The sample loading was performed in all cases at 4 mL-min™.
For the LiChrospher RP-4 ADS extraction support, samples were also loaded at 0.8 mL-min™. After
simulating the transfer step of the extracted compounds from the pre-column toward the analytical
column, the valve was set to its starting position for reconditioning the extraction support with a
mobile phase containing 0.1% (v/v) formic acid in water:ACN (20:80) (v/v) (MP4). Table 2 shows the

switching times for each extraction support.
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Table 2 : Switching times for every extraction support.

LiChrospher LiChrospher Oasis HLB Cyclone Chromolith
RP-4 ADS RP-4 ADS @ mL-min’l) Turboflow HTLC Flash
(0.8 mL-min") (4 mL-min®) (4 mL-min™) (4 mL-min™)
loading step (min) 0-4 0-1 0-1 0-1 0-1
transfer step (min) 4-8 1-3 1-3 1-3 1-3
reconditioning step (min) 8-10 3-10 3-10 3-10 3-10

2.5 Data handling software

Data handling (Principal Component Analysis and Hierarchical Cluster Analysis) was performed with
the XLStat 6.5 (AddinSoft, France) software package.

3. Results and discussion
3.1 Used strategy

Different samples were injected in all extraction supports in the column-switching configuration :
loading mobile phase, blank plasma diluted 1:1 with water (direct injection) and blank plasma
precipitated 2:1 with ACN. A blank plasma precipitated 2:1 with a 12% HCIO4,/ACN (60:40) mixture
was tested for protein precipitation but results were unsatisfactory in terms of sample stability
(turbidity of the solution increased as a function of time). Therefore, this procedure was not selected
in this study. Each plasma sample was injected in triplicate alternatively with a mobile phase injection
and LC-MS data were recorded with the three API sources. The loading and eluting mobile phase
composition and flow rate were chosen based on our previous work [32]. The loading flow rate was
fixed at 4.0 mL-min™ owing to experimental setup limits considered for LPS and monolith supports.
The LiChrospher RP-4 ADS extraction support was tested at conventional (0.8 mL-min'l) and rapid
flow rates (4.0 mL-min'l). Indeed, and as already reported in the literature [58], this material is made
of 25 ym diameter particles allowing the application of a relatively high flow rate without excessive
back-pressure.

Regarding MS conditions, parameters were optimized for each ion as a function of the source and the
best compromise was selected (see Table 1). Acetone was chosen as the APPI dopant for several
reasons. It presents superior solubility in aqueous phases, low toxicity versus toluene and is well
adapted to basic compounds [16]. In all experiments, the dopant was directly added to the eluting
mobile phase. For all samples injected in triplicate, the same profiles were obtained. Therefore, for
the sake of clarity, only the last profile was selected and used for further interpretation. An example of

the total ion current (TIC) profile with the Chromolith Flash extraction support is given in Figure 3.
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Figure 3 : TIC profiles of samples injections on the Chromolith Flash support.

To study the ionization modifications of each compound separately as a function of the sample pre-
treatment, the nature of the extraction support and the API source, extracted ion currents (XIC) were
used for the data treatment. Signal disturbances observed after injection of precipitated plasma and
the mobile phase were similar. They were mainly due to the column switching setup and the baseline
was rapidly stabilized. To obtain signals regarding matrix effects only, the mobile phase injection
signal was subtracted from the diluted and precipitated plasma injections. Therefore, the investigated
MS signal modifications were due solely to endogenous material without external effects due to the

column-switching setup.

Matrix effects were characterized in terms of signal alterations, namely the relative enhancement or
suppression signal intensity and the time window. The relative signal intensity of alteration (in %) was
calculated by the ratio between the maximal signal alteration value (X) and the baseline value (Y).
The signal alteration time window (Z) was measured until the signal recovered ninety percent (90%)

of its initial value (Figure 4).
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Figure 4 : Maximal signal alteration value (X), baseline value (Y) and matrix
effect time window (2).

3.2 Matrix effects

Table 3 presents the results (480 values) obtained for the eight substances as a function of the
sample pre-treatment with the three API sources. It is important to note that diluted plasma directly
injected in the extraction support led to an important signal alteration at the beginning of the analysis.
This is especially pronounced with the ESI source, where the signal alteration time window was about
4.5 min for the Chromolith Flash and the LiChrospher RP-4 ADS used at the conventional flow rate
(0.8 mL-min™), while for all other supports it was about 2 min. This larger alteration time window was
attributed to the geometry of the cartridge for the Chromolith Flash (25 x 4.6 mm 1.D.) and the low
flow rate applied with the LiChrospher RP-4 ADS. Matrix effect time windows with the Cyclone HTLC
support were between 2 and 3 minutes in ESI and about 6 minutes in APPI but lasted much longer in
APCI, without any increase in back-pressure.

No back-pressure increase was noticed with the LiChrospher RP-4 ADS extraction support at 0.8
mL-min™ or at 4 mL-min™ with injections of precipitated or diluted plasma. Thus, the LiChrospher RP-
4 ADS support can accept the direct injection of plasma at a low flow rate with less residual
endogenous substances than other supports. In comparison with previous results [32], dimensions of
the Oasis HLB cartridge were different, since a 20 x 2.1 mm 1.D. was used instead of a 50 x 1 mm
I.D. Thus, the applied loading flow rate (4 mL-min™) was probably not sufficient to assure eddy
strengths and the complete removal of large molecules as confirmed by the column pressure
increase between each analysis (about 1-2 bar per injection). As already recommended with the
Cyclone extraction support, the new design of the Oasis HLB cartridges requires a preliminary protein
precipitation or the application of a very large flow rate (ca. 16 mL-min'l), which cannot be achieved
with conventional HPLC instrumentation. Since the signal alteration was due to the presence of

interfering compounds (e.g. proteins) retained by the extraction support during the loading step,
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protein precipitation reduced drastically or suppressed the matrix effects for all tested compounds and

API sources, as presented in Table 3.

Table 3 : Results of matrix effect (X/Y) in percent and time window (Z) in minutes on each XIC
with each source and each extraction support (LiChrospher RP-4 ADS used at 0.8
mL-min™ (ADSs), LiChrospher RP-4 ADS used at 4.0 mL-min™ (ADSf), Chromolith
Flash (Flash), Cyclone Turboflow HTLC (Turbo) and Oasis HLB (HLB)).

diluted plasma precipitated plasma
ADSs  ADSf Flash Turbo HLB ADSs  ADSf Flash Turbo HLB

EsI ME -61%  -100% -68% -100%  -100% 0% 0% 0% 0% 0%

time window 4.6 2.2 4.9 2.7 3.2 0.0 0.0 0.0 0.0 0.0

o  apcl ME 48% 71% 120% 120% 114% 0% 0% 0% 3% -60%
[= time window 4.0 4.3 5.7 6.4 3.0 0.0 0.0 0.0 0.3 0.3
appl ME 21% 70% 154% 107% 146% 0% 0% 0% 0% 0%

time window 3.6 15 5.2 1.6 2.1 0.0 0.0 0.0 0.0 0.0

Esi ME -64%  -100% -58% -100%  -100% 0% 0% 0% 0% 0%

time window 4.4 2.3 4.5 2.7 3.1 0.0 0.0 0.0 0.0 0.0

o apcl ME 56% 74% 95% 107% 72% 0% 0% 0% 49% -79%
g time window 3.9 1.9 5.6 5.8 3.0 0.0 0.0 0.0 0.4 0.3
Appl ME 19% 68% 170% 86% 134% 0% 0% 0% 0% 0%

time window 2.0 15 5.5 1.9 2.9 0.0 0.0 0.0 0.0 0.0

Es| ME -64%  -100% -60% -100%  -100% 0% 0% 0% 0% 0%

time window 4.3 2.6 5.2 2.8 3.2 0.0 0.0 0.0 0.0 0.0

& apcl ME 35% 120% 153% 241% 155% -23% -36% 0% 27% -65%
a time window 3.9 3.4 5.7 6.0 2.9 4.1 0.5 0.0 0.6 0.3
Appl ME 0% 136% 391% 161% 338% 0% 0% 0% 0% 0%

time window 0.0 14 4.6 1.8 2.3 0.0 0.0 0.0 0.0 0.0

Es| ME -64%  -100% -58% -100%  -100% 0% 0% 0% 0% 0%

time window 4.4 2.3 4.5 2.7 3.1 0.0 0.0 0.0 0.0 0.0

< apcl  ME 56% 74% 95% 107% 72% 0% 0% 0% 49% -79%
T time window 3.9 1.9 5.6 5.8 3.0 0.0 0.0 0.0 0.4 0.3
appl ME 19% 68% 170% 86% 134% 0% 0% 0% 0% 0%

time window 2.0 15 5.5 1.9 2.9 0.0 0.0 0.0 0.0 0.0

Es| ME -64%  -100% -73% -100%  -100% 0% 0% 0% 0% 0%

time window 4.2 2.0 4.5 35 2.7 0.0 0.0 0.0 0.0 0.0

X apcl  ME 59% 120% 392% 380% 343% 0% 0% 0% 33% -56%
L time window 6.1 4.1 5.7 6.7 3.0 0.0 0.0 0.0 0.3 0.3
appl ME 29% 281% 754% 327% 643% 0% 0% 0% 0% 0%

time window 1.3 1.7 4.1 2.2 25 0.0 0.0 0.0 0.0 0.0

Es| ME -61%  -100% -93% -100%  -100% -15% -22% 0% 15% 17%

time window 4.2 1.7 4.2 1.9 2.3 1.1 1.0 0.0 0.5 0.4

E apcl  ME 43% 54% 75% 100% -73% 0% 0% 0% 29% -53%
time window 4.0 1.4 5.7 1.0 3.0 0.0 0.0 0.0 0.3 0.3

Appl  ME 0% 22% 56% 48% 36% 0% 0% 0% 0% 0%

time window 2.1 0.5 5.3 0.9 2.8 0.0 0.0 0.0 0.0 0.0

Es| ME -60%  -100% -85% -100%  -100% -10% -14% -12% 0% 0%

time window 4.2 1.4 4.5 2.1 2.8 1.1 0.9 1.8 0.0 0.0

N apc)  ME 7% 98% 611% 248% 342% 0% 0% 46% 65%  -100%
g time window 6.1 3.9 3.9 6.5 3.0 0.0 0.0 1.0 0.5 0.3
appl ME 0% 67% 196% 83% 128% 0% 0% 0% 0% 0%

time window 0.0 15 5.1 1.8 3.0 0.0 0.0 0.0 0.0 0.0

Esi ME -85% -95% -52% -89% -79% 25% 23% 0% 0% -12%

time window 4.0 2.1 3.3 2.0 5.0 4.0 2.2 0.0 0.0 1.0

«  apcl  ME 134% 484% 1833%  1474% 755% 0% 0% 0% -100% 0%
g time window 5.8 5.8 2.9 5.6 5.7 0.0 0.0 0.0 0.4 0.3
appl ME 64% 292% 1118% 850%  1349% 0% 0% 0% 0% 0%

time window 4.4 1.4 2.8 1.2 1.1 0.0 0.0 0.0 0.0 0.0

Esi ME -65%  -100% -100% -100%  -100% -37% -29% 0% 0% 0%

time window 5.1 2.6 4.6 2.1 2.8 4.2 1.2 0.0 0.0 0.0

<  apc) ME 46% 46% 68% 81% 75% 0% 0% 0% 0% 0%
5 time window 4.1 9.1 5.7 8.9 3.0 0.0 0.0 0.0 0.0 0.0
Appl ME 0% 24% 57% 20% 44% 0% 0% 0% 0% 0%

time window 0.0 1.4 4.2 1.1 1.2 0.0 0.0 0.0 0.0 0.0
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For a given sample pre-treatment (dilution or precipitation) and as a function of the extraction support,
a different signal alteration was recorded according to the API source. APCI and APPI produced
signal enhancements while ESI showed signal suppression when endogenous compounds were
eluted. This opposite behavior could be due to the ionization process taking place in the gaseous
phase in APCI and APPI whereas in ESI this occurs in the liquid phase. It can be noted that Wang et
al. [36] and Hsieh et al. [39;40] observed signal suppression with APCI and APPI sources but data
were acquired with different analytes and apparatus. With ESI, matrix effects were totally removed
(28 cases out of 40) or strongly reduced after protein precipitation. With APCI, matrix effects were
also totally removed or drastically diminished (33 of 40) after PP while 7 cases presented an
important remaining signal alteration. Finally, with APPI, protein precipitation allowed the total
removal of matrix effects in all cases. With precipitated plasma, it therefore appeared that APPI was
the least sensitive source to system and matrix effects while ESI was the most sensitive in this
regard. Sensitivity toward matrix effects was analyte dependent and the most affected signal was
attributed to VD3, while EDDP and NFLX presented an intermediate behavior according to the
extraction support and source combination. Moreover, MTX and FLZ exhibited the lowest sensitivity
towards matrix effects in APCI and APPI regardless of which extraction support was used.

Figure 5 presents the concentration measured based on a signal to noise ratio (S/N) of 10. Except for
VD3, ESI was the most sensitive ionization source for the selected analytes with a detected
concentration of about 1 ng/mL. APCI was about 4 times less sensitive, followed by APPI (ca. 10
times less sensitive). Therefore the choice of the ionization source must be made considering two

criteria : matrix effect influence and detection sensitivity.

25 -
ESI
O APCI
20 -
APPI
15 -
10 -

MTD EDDP FLX NFLX FLZ NFLZ MTX VD3

Figure 5 : Analytes sensitivity (S/N = 10) with the tested ionization sources.
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3.3 Multivariate analysis

For a simplified data representation, Principal Component Analysis (PCA) was chosen to summarize
the information obtained due to the numerous variables (i.e. relative signal intensity alteration and
time window) in a simple graphical display with minimal loss of information and to assess
relationships between variables and individuals (extraction support with and without precipitated
plasma). Because part of the information expressed in higher latent variables remained inaccessible,
hierarchical cluster analysis (HCA) based on the application of Ward linkage rules and Euclidian
distance calculations was used. HCA was performed on the principal coordinates corresponding to 95
% of the total variance to obtain tree diagrams (dendograms). The latter were reported on the PCA
representation to confirm the identification of groups of extraction supports and to combine the bi-

dimensional graphical visualization with the multi-dimensional clustering afforded by HCA (Figure 6).
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Figure 6 : Global Principal Components Analysis. Dot line : diluted plasma. Continuous line :
precipitated plasma.

All variables were well represented in the first two PC axes where important correlations were
observed. For the sake of clarity, an average vector was used to indicate the signal alteration and
time window, respectively. As presented in Figure 6, PCA demonstrated a good clusterisation of the
supports with about 80 % of the total information explained by the first two axes. Two groups were
clearly distinguished according to the sample pre-treatment. The first group of supports contained
extraction supports which received precipitated plasma while the second group received diluted

plasma. Because both signal alterations (intensity and duration) increased from left to right, it can be
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observed that protein precipitation drastically decreased the observed matrix effect for all extraction
supports. Furthermore, with diluted plasma, extraction support behaviors were more dispersed. As
presented in Figure 6, LiChrospher RP-4 ADS used at 0.8 mL-min™ (ADS Slow) exhibited a
significantly different behavior from other supports (lower but longer matrix effects) certainly due to
the low applied flow rate. After protein precipitation, this support was clusterized with large particle
supports and LiChrospher RP-4 ADS loaded at a high flow rate. Therefore, it can be concluded that
PP is very efficient in terms of decreasing matrix effects when used in combination with an on-line

extraction procedure.

These results show that the choice of the extraction support is not critical when a PP procedure is
achieved prior to the injection in the column-switching system. Because protein precipitation with
ACN combined with on-line extraction procedures provides cleaner samples, it will enhance the
analytical column lifetime due to the removal of more than 92% of the proteins present in human
plasma [50]. Furthermore, in order to avoid quantification problems in the case of real analysis, it is of
utmost importance to perform an appropriate chromatographic separation allowing the analytes to be
removed from the matrix effect window. When not possible, the use of deuterated internal standard

(IS) remains of primary importance to get rid of signal modification problems.

4. Conclusion

Matrix effects were compared with ESI, APCI and APPI ionization sources with eight compounds in
human plasma and with on-line extraction procedures. Two types of samples were tested : diluted
human plasma and precipitated human plasma with ACN. Extracted ion current (XIC) was used for
data analysis. The effects of the system were removed from the data to obtain only the matrix effect
and the latter was then characterized via its signal alteration intensity and time window as a function
of the source and extraction support. Based on the large number of results obtained, PCA was
performed. It emerged that direct injection of plasma after simple dilution generated matrix effects and
the selected supports exhibited different behaviors. Nevertheless, a PP step before sample injection
provided clean samples and minimized the differences among the behaviors of the supports.
Therefore the choice of the support is not of major importance once a PP step is performed before
sample injection. With a protein precipitation procedure prior to on-line SPE-LC-API/MS, APPI was
the least affected by matrix effects, followed by APCI and then by ESI. Finally, taking the analyte out

of the matrix effect time window with a good chromatography is strongly recommended.
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ABSTRACT

The development of a generic analytical method remains difficult when a high number of compounds
has to be simultaneously considered. This study proposes an innovative strategy for the development
of a solid phase extraction (SPE) procedure before liquid chromatography-mass spectrometry
analysis of 34 diuretics and beta-blockers in urine samples. These compounds have been selected
since they are often encountered in anti-doping control. The principle is based on the selection of
representative analytes during SPE protocol optimization, allowing a drastic reduction of generated
data and development time. To select the representative compounds, all substances were classified
based on their SPE behavior with a generic method and groups were formed with the help of a
chemometric tool, namely hierarchical cluster analysis (HCA). One representative analyte per group
was selected and used for subsequent SPE method development. Once the SPE method was
developed, compounds were analyzed by LC-MS and matrix effects were evaluated to determine the
influence of the matrix on the SPE process and MS signal alteration due to endogenous compounds.
As a result, matrix effects evaluation must be performed on all analytes ; representative compounds

previously selected for SPE development were unable to predict matrix effects.

Keywords : solid phase extraction, SPE, fast SPE development, representative compounds,

hierarchical cluster analysis, HCA
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1. Introduction

The analysis of a large number of compounds in biological matrices (e.g. urine, blood) is required in
various domains such as therapeutic drug monitoring (TDM), doping control, forensic sciences, and
toxicology. From a practical point of view, the use of a reduced number of generic methods, allowing
the simultaneous determination of different substances, is generally preferred in routine analyses.
When handling biological samples for liquid-chromatography (LC) which remains the method of
choice for this kind of application, a sample preparation is mandatory to limit column clogging,
presence of co-eluting substances as well as matrix effects frequently encountered with mass
spectrometric detection (MS) [1-4]. In this regard, solid phase extraction (SPE) is often chosen,
allowing good sample clean-up. The use of on-line SPE in the column-switching mode is particularly
adapted to TDM [5], but requires a dedicated instrument. On the other hand, the off-line SPE on
multi-well plates is qualified for multianalyte procedures. Since each sample is independently
extracted, this format is compatible with different separation techniques working with various
mechanisms (reversed or normal phase, ion exchange, etc), reduces contamination risk, which
presents a great advantage in analyses where a legal aspect has to be taken into account, and does
not require a particular technical skill [6].

The analysis of a large variety of substances can induce a tedious and time consuming method
development. To the best of our knowledge, only a small number of studies have reported solutions
for time reduction in the development of a generic sample preparation procedure. A solution was the
use of an apparatus capable of extracting a large number of samples (i.e. multi-well plates, on-line
extraction supports, etc.) [7]. In this approach, all analytes of interest are evaluated, inducing a
tedious task and generating large amounts of data. Additionally, the use of a chemometric tool was
proposed to determine the principal interaction effects of the extraction conditions, leading to a
reduced number of experiments for method development [8]. The last approach mentioned in the
literature was based on the reduction of used analytes, drastically lowering time and the number of
procedures [9]. However, no rigorous compound selection has been proposed, leading to a sample
preparation that is not necessarily focused on the full set of compounds.

Moreover, it is well known that the sample preparation must reduce matrix effects on subsequent LC-
MS analysis to obtain repeatable and reliable results. A characterization and reduction of these
effects must be operated as already described in several publications [10-19]. The method proposed
by Matuszewski et al. [18], to identify matrix effects was considered in this study to determine their
origin and overcome the problem by the use of an internal standard or a modification of the sample

preparation prior to validation.

The aim of this paper is to propose a simple and low-cost method to reduce the time required for
developing a sample preparation in the case of multianalyte analysis by an appropriate selection of
representative analytes. Moreover, matrix effects after the optimized sample preparation are
evaluated via a method analogous to the one previously mentioned [18], and a classification of the

different types of matrix effects is proposed.
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2. Experimental
2.1 Chemicals

Acebutolol, acetazolamide, atenolol, bendroflumethiazide, betamethasone, bumetanide,
chlorothiazide, chlorthalidone, clopamide, dexamethasone, ethacrynic acid, furosemide,
hydrochlorothiazide, indapamide, metolazone, metoprolol, nadolol, probenecid, sotalol, strychnine,
formic acid and 37% hydrochloric acid solutions were purchased from Sigma-Aldrich (Buchs,
Switzerland). Adrafinil, canrenone, celiprolol, dichlorphenamide, esmolol, gestrinone, piretanide,
torasemide and xipamide were kindly provided by the Laboratoire d’Analyse du Dopage (Epalinges,
Switzerland). Benzoylecgonine was purchased from Cerilliant (Austin, TX, USA), carteolol was
extracted from Arteoptic® tablets (Novopharma, Cham, Switzerland) and finasteride was obtained
from Propecia® tablets (MSD, Glattbrugg, Switzerland). Metipranolol was present in Betanol® eye-
drops (Europhta, Monaco), and modafinil was extracted from Modasomil® 100 tablets (Cephalon,
Martinsried, Germany). A list of pKa, logD and logP values for each compound is reported in Table 1.
Acetonitrile (ACN) and methanol (MeOH) were purchased from Panreac (Barcelona, Spain) and
water was provided by a Milli-Q Gradient A10 water purifier system from Millipore (Bedford, MA,
USA). The ammonia solution (25%) was purchased from Fluka (Buchs, Switzerland). All chemicals
were of the highest purity grade commercially available, and all reagents used were of HPLC grade.

Stock solutions of all compounds at 1000 pg-mL’l were individually prepared in a mixture of water -
ACN (50:50, v/v). Ammonium buffer (50 mM) was prepared every three days by diluting 3.9 mL of
ammonia solution (25%) in 500 mL of Milli-Q water. pH was adjusted to pH 10 with a Metrohm 691

pH-meter (Herisau, Switzerland) by adding formic acid drop-by-drop.
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Table 1 : List of therapeutic classes, pKa, logD and logP values for all compounds of the set. Values
were calculated using Advanced Chemistry Development (ACD/Labs) Software V8.14 for
Solaris (© 1994-2006 ACD/Labs)

acebutolol B-blocker 13.8 9.1 -0.5 0.5 2.5 2.6
acetazolamide diuretic 7.4 - -0.3 -0.4 -3.8 -0.2
adrafinil stimulant 8.2 - 1.0 1.0 -0.8 1.0
atenolol B-blocker 13.9 9.2 -3.0 -2.0 0.0 0.1
bendroflumethiazide diuretic 8.6 - 2.0 2.0 -0.1 2.0
benzoylecgonine narcotic 3.5 10.8 -0.4 0.2 0.2 2.7
betamethasone corticosteroid 12.1 - 21 21 2.2 2.0
bumetanide diuretic 3.2 4.5 0.5 -0.3 -1.5 2.7
canrenone diuretic - - 3.0 3.0 3.0 2.9
carteolol B-blocker 13.8 9.1 -1.4 -0.4 1.6 1.6
celiprolol 3-blocker 13.8 9.1 -0.3 0.8 2.8 2.8
chlorothiazide diuretic 9.2 - -0.2 -0.2 -1.1 -0.1
chlorthalidone diuretic 9.6 - -0.7 -0.7 -1.4 -0.7
clopamide diuretic 9.4 4.1 -1.2 1.6 0.9 15
dexamethasone corticosteroid 121 - 1.9 1.9 1.9 1.8
dichlorphenamide diuretic 9.0 - 0.9 0.9 -0.9 0.9
esmolol B-blocker 13.9 9.2 -1.2 -0.2 1.9 1.9
ethacrynic acid diuretic 2.8 - 34 -0.5 -0.7 3.3
finasteride diuretic - - 3.2 3.2 3.2 3.2
furosemide diuretic 3.0 - 2.9 -0.8 -1.5 2.9
gestrinone anabolic agent - - 3.3 3.3 3.3 3.3
hydrochlorothiazide  diuretic 9.0 - -0.1 -0.1 -1.8 -0.1
indapamide diuretic 9.4 - 2.1 2.1 12 21
metipranolol B-blocker 13.9 9.2 -0.4 0.5 2.6 2.6
metolazone diuretic 10.0 - 3.2 3.2 2.9 3.1
metoprolol B-blocker 13.9 9.2 -1.3 -0.3 1.7 1.7
modafinil stimulant - - 1.4 1.4 1.4 1.4
nadolol B-blocker 13.9 9.2 -1.8 -0.8 1.2 1.2
piretanide diuretic 10.2 4.3 -0.0 -1.2 -2.4 1.8
probenecid diuretic 3.7 - 3.3 0.1 -0.8 3.3
sotalol B-blocker 9.6 9.2 -2.8 -1.8 -0.3 0.3
strychnine stimulant - 8.3 -1.4 0.3 1.6 1.6
torasemide diuretic 31 4.8 0.7 0.5 -0.9 3.1
xipamide diuretic 5.1 - 4.0 2.1 0.5 4.0

2.2 SPE

2.2.1 Generic protocol

All sample extractions were performed on a 10 mg 2 mL Waters Oasis Sorbent Selection Plate
(comprising Oasis MCX, Oasis MAX, Oasis WCX and Oasis WAX sorbents [20]) and on an Oasis
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HLB 10 mg 2 mL plate using a Waters SPE manifold and a Gast DOA-P504-BN pump (Benton
Harbor, MI, USA) kindly loaned by Waters. The generic Oasis 2x4 Method was applied to extract
standard solutions with Oasis MCX, WAX, MAX, and WCX. Sorbents were conditioned with 500 pL of
MeOH and equilibrated with 500 pL of water. One thousand and five hundred microliters of sample
was loaded on each type of sorbent (MCX, MAX, WCX, and WAX). Washing was performed with 900
pL of 2% HCOOH for MCX, and WAX and 900 pL of NH,OH in water (5:95, v/v) for MAX and WCX.
The first elution was assessed with 900 uL of MeOH, and the second elution was performed with 900
puL of NH,OH in MeOH (5:95, v/v) for MCX and WAX and with 900 puL of HCOOH in MeOH (2:98, v/v)
for MAX and WCX. Extraction on Oasis HLB was evaluated with loading in acidic or neutral media.
When loading in acidic conditions, the sorbent was conditioned with 500 pL of MeOH and equilibrated
with 500 pL of HCI (120 mM). One thousand and five hundred microliters of acidified sample (120 mM
HCI) was loaded. Washing was performed with 900 puL of HCOOH in water (2:98, v/v) and elution with
900 pL of MeOH. When loading in neutral conditions, the sorbent was conditioned with 500 pL of
MeOH and equilibrated with 500 pL of water. A volume of 1500 pL of sample was loaded. Washing
was performed with 900 pL of water and elution with 900 uL of MeOH. All fractions were evaporated
to dryness from the 96-well collection plate using a Univapo 150 ECH (UniEquip, Martinsried,
Germany) vacuum concentrator centrifuges set at 40°C. Samples were reconstituted in 200 uL of

water. Collection plates were directly used as injection vials for the UPLC.

2.2.2 Optimized SPE protocol (Oasis MCX)

The sample (urine spiked with all tested substances at 100 ppb each) was first centrifuged at 10’000
g for 10 minutes, and 750 pL of HCI (240 mM) was added to 750 uL of the collected supernatant. The
sorbent was conditioned with 500 puL of MeOH and equilibrated with 500 pL of HCI (120 mM). A
volume of 1000 pL of the acidified sample was loaded and washed with a mixture of HCI (120 mM) -
MeOH (90:10, v/v). First elution was performed with 250 pL of MeOH and the second elution with the
same volume of NH,OH in MeOH (5:95, v/v). Both elutions were evaporated to dryness with the same
apparatus as used in paragraph 2.2.1 and reconstituted in 50 pL of a mixture of water - MeOH (50:50,

VIv).

2.3 Chromatographic separation

Chromatographic separation was optimized with Osiris (Datalys, Grenoble, France), a HPLC
modeling software.

Analyses were performed on a Waters Acquity UPLC system (Milford, MA, USA) equipped with a
binary solvent manager, an auto-sampler with a 2 pL injection loop and a stainless steel needle

(allowing for injections directly from 96-well plates capped with a silicon sealing cap), and a UV-Vis
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programmable detector, including a 500 nL flow cell. The Empower Software was used for instrument
control, data acquisition and data handling.

For all separations, a volume of 1 pL was injected on an Acquity BEH Shield RP18, 2.1 x 50 mm, 1.7
pm column used with a gradient of acetonitrile in a ammonium buffer (50 mM, pH 10) from 11.3% to
51.2% in 2.2 min delivered at 900 uL-min’l. UV detection was operated at 254 nm with a 25 ms time

constant and data sampling rate set at 80 Hz.

2.4 Matrix effect evaluation

All experiments for matrix effect evaluation were performed on an Agilent Series 1100 LC system
(Agilent Technologies, Waldbronn, Germany) equipped with an autosampler and a binary pump. 5 pL
of the sample was injected on a XBridge Shield 100 x 2.1 mm, 3.5 pm analytical column from Waters.
The mobile phase (acetate buffer 20 mM pH 5/ ACN 67/33 (v/v)) was delivered in the isocratic mode
at 300 pL-min'. The LC system was coupled to an Agilent Series 1100 MSD single quadrupole
equipped with an orthogonal ESI source. Nitrogen was used as both nebulizing (5 L-min™) and drying
gas (250C). Vaporizer temperature was set at 250C , nebulizer pressure at 45 psig and capillary
voltage at +2000 V. Detection of protonated analytes was always conducted in the selected ion
monitoring (SIM) mode. The Chemstation A.10.03 software (Agilent Technologies) was used for

instrument control, data acquisition and data handling.

2.4.1 Neat standards

Five microliters of each stock solution at 10.000 ug-mL™* was added to 1000 pL of water. Seven
hundred and fifty microliters of HCI (240 mM) was added to 750 pL of the neat standard and vortex
mixed. One thousand microliters was finally extracted with the optimized protocol described in section
2.2.2.

2.4.2 Pre-extraction spiked urine
One thousand microliters of blank urine was spiked with 5 pL of each stock solution at 10.000 ug-mL
! The sample was then centrifuged at 10°'000 g for 10 minutes. Seven hundred and fifty microliters of

HCI (240 mM) was added to 750 pL of the collected supernatant and vortex mixed. One thousand

microliters was finally extracted with the optimized protocol described in section 2.2.2.
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2.4.3 Post-extraction spiked urine

One thousand microliters of blank urine was centrifuged at 10’000 g for 10 minutes. Seven hundred
and fifty microliters of HCI (240 mM) was added to 750 pL of the collected supernatant and vortex
mixed. One thousand microliters was extracted with the optimized protocol described in section 2.2.2.
Finally, the resulting elutions were spiked with 5 pL of a standard solution at 200 pg-mL’1 of each

corresponding analyte.

2.5 Data handling software

Data analysis, including principal component analysis (PCA) and hierarchical cluster analysis (HCA),
was performed with the XLStat 7.5.3 (AddinSoft, France) software package. For HCA, a flexible

linkage (B =-0.1) aggregation based on Euclidean distance was selected.

3. Results and discussion
3.1 Compound descriptions

Clinical, forensic, and antidoping laboratories currently employ different screening methods for the
analysis of drug substances in urine. In this paper, the determination of a mixture of 34 molecules
was studied constituted by 18 diuretics (12 acids, 2 neutrals and 4 bases), 9 p-blockers (ampholytes),
2 corticosteroids (bases), 3 stimulants (1 acid, 1 neutral and 1 basic), 1 narcotic (ampholyte) and 1
anabolic agent (neutral). Thus, acidic compounds and ampholytes represent the majority of studied
analytes (Table 1). In regards to polarity, 27 molecules show high logP values (logP = 1) and 7 exhibit
intermediate polarities (-1.0 < logP < 1.0), whereas no highly polar molecules are present.

The study presented in this paper will focus on the compounds that must be extracted and analyzed

with a generic confirmatory analysis when a positive result is evidenced during the screening step.

3.2 Sorbent selection

Since the physico-chemical properties of the analytes are quite diverse, a stationary phase able to
provide hydrophobic and hydrophilic interactions was initially selected (HLB). Compounds were first
extracted using a generic protocol provided by the manufacturer. Each of the three SPE solutions
(loading, washing and elutions) was collected, analyzed, and recoveries (expressed in %) were

calculated for each compound (Table 2).
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Table 2 : Recovery values of all fractions with the HLB sorbent in three loading conditions (pH 2.5, 7

and 12)

HLB pH 2.5 HLB pH 7 HLB pH 12
compouind load wash elute load wash elute oad wash elute
acebutolol 12% 27% 61% 3% 2% 95% 0% 0% 99%
acetazolamide 0% 0% 62% 0% 0% 86% 51% 3% 0%
adrafinil 0% 0% 82% 0% 0% 86% 0% 0% 88%
atenolol 81% 8% 0% 79% 8% 13% 1% 1% 89%
bendroflumethiazide | 0% 0% 90% 0% 0% 100% | 35% 4% 61%
benzoylecgonine 14% 8% 71% 0% 0% 93% 0% 2% 4%
betamethasone 0% 0% 88% 0% 0% 99% 0% 0% 81%
bumetanide 0% 0% 93% 0% 0% 100% 3% 3% 93%
canrenone 0% 0% 85% 0% 0% 100% 0% 0% 100%
carteolol 45% 24% 26% 1% 0% 94% 0% 0% 90%
celiprolol 1% 6% 89% 0% 0% 97% 0% 0% 97%
chlorothiazide 2% 0% 79% 0% 0% 100% 0% 0% 45%
chlortalidone 0% 0% 100% 0% 0% 100% 66% 6% 20%
clopamide 4% 0% 94% 0% 0% 97% 33% 11% 56%
dexamethasone 0% 0% 100% 0% 0% 99% 0% 0% 62%
dichlorphenamide 0% 0% 86% 0% 0% 100% | 93% 0% 0%
esmolol 37% 2% 61% 0% 0% 98% 0% 0% 1%
ethacrynic acid 0% 0% 100% 0% 0% 100% 0% 14% 33%
finasteride 0% 0% 98% 0% 0% 100% 2% 0% 98%
furosemide 0% 0% 100% 0% 0% 93% 0% 0% 100%
gestrinone 0% 0% 95% 0% 0% 97% 0% 0% 83%
hydrochlorothiazide 0% 0% 68% 0% 0% 100% | 79% 0% 0%
indapamide 0% 0% 90% 0% 0% 97% 0% 0% 7%
metipranolol 20% 6% 62% 0% 0% 100% 0% 0% 10%
metolazone 0% 0% 93% 0% 0% 83% 0% 0% T77%
metoprolol 9% 20% 63% 6% 6% 88% 0% 0% 89%
modafinil 0% 0% 88% 55% 0% 45% 0% 0% 100%
nadolol 47% 22% 13% 29% 3% 68% 0% 0% 100%
piretanide 0% 0% 96% 0% 0% 98% 20% 14% 49%
probenecid 0% 0% 88% 0% 0% 99% 0% 0% 98%
sotalol 75% 14% 1% 67% 8% 25% 78% 12% 0%
strychnine 0% 0% 82% 0% 0% 99% 0% 0% 83%
torasemide 1% 0% 86% 0% 0% 96% 5% 1% 86%
xipamide 0% 0% 92% 0% 0% 98% 53% 0% 28%

To evaluate the best retention conditions for the loading step, various pH conditions were tested (pH
2.5, 7, and 12). At acidic and neutral pH, basic compounds were inadequately retained. At basic pH,
weak acids with low polarity were eluted during the loading step, as evidenced for chlorthalidone
(logD = -1.4) and hydrochlorothiazide (logD = -1.8). Oasis HLB was therefore not suitable for
guantitative extraction of this compound’s set.

In the second step, strong and weak cation exchangers (MCX and WCX, respectively), and strong

and weak anion exchangers (MAX and WAX, respectively) were tested. As expected, recoveries from
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the various fractions demonstrated that MAX and WAX sorbents were unable to retain basic
compounds, whereas the weak cation exchanger (WCX) was unable to keep acidic compounds
during the loading step. However, the Oasis MCX sorbent allowed good retention and elution of
almost all compounds, and was therefore selected as the sorbent of choice for the remainder of the
study (Table 3). This support probably presents the best compromise when a complex mixture of
analytes is considered, as demonstrated elsewhere [21]. An optimization of the generic extraction
protocol was achieved on the basis of this sorbent selection. In order to rapidly develop a generic

method, a restricted number of compounds was selected as representative substances.

Table 3 : Recovery values of all fractions with MCX, WAX, MAX and WCX sorbents.

MCX WCX
compouind load wash elute 1 elute 2 load wash elute 1 elute 2
acebutolol 0% 0% 0% 98% 0% 0% 16% 59%
acetazolamide 0% 0% 35% 0% 0% 53% 0% 0%
adrafinil 0% 0% 99% 1% 14% 61% 24% 1%
atenolol 0% 0% 31% 69% 0% 0% 64% 13%
bendroflumethiazide 0% 0% 42% 4% 0% 0% 100% 0%
benzoylecgonine 23% 0% 3% 74% 35% 9% 18% 0%
betamethasone 0% 0% 100% 0% 0% 0% 98% 2%
bumetanide 0% 0% 91% 2% 36% 41% 17% 5%
canrenone 0% 0% 100% 0% 0% 0% 100% 0%
carteolol 0% 0% 0% 98% 0% 0% 84% 2%
celiprolol 0% 1% 0% 99% 0% 0% 93% 1%
chlorothiazide 0% 0% 95% 0% 0% 100% 0% 0%
chlortalidone 0% 0% 99% 1% 10% 66% 22% 2%
clopamide 0% 0% 94% 6% 7% 91% 2% 0%
dexamethasone 0% 0% 100% 0% 0% 51% 48% 1%
dichlorphenamide 0% 0% 83% 1% 6% 72% 7% 3%
esmolol 0% 0% 0% 85% 0% 0% 58% 16%
ethacrynic acid 27% 0% 70% 2% 57% 18% 3% 1%
finasteride 0% 0% 97% 3% 0% 0% 97% 3%
furosemide 0% 0% 97% 3% 14% 59% 23% 4%
gestrinone 0% 0% 80% 2% 0% 92% 8% 0%
hydrochlorothiazide 0% 0% 90% 2% 27% 71% 2% 0%
indapamide 0% 0% 98% 2% 0% 24% 45% 1%
metipranolol 0% 0% 0% 100% 0% 0% 42% 58%
metolazone 0% 0% 91% 1% 0% 20% 49% 1%
metoprolol 0% 0% 0% 100% 0% 0% 1% 99%
modafinil 4% 0% 70% 1% 11% 0% 82% 2%
nadolol 0% 0% 0% 100% 0% 98% 0% 2%
piretanide 0% 0% 75% 0% 51% 44% 3% 1%
probenecid 0% 0% 88% 2% 0% 23% 25% 6%
sotalol 0% 0% 0% 100% 0% 95% 1% 4%
strychnine 0% 0% 1% 93% 0% 54% 26% 8%
torasemide 0% 0% 0% 100% 0% 41% 52% 4%
xipamide 0% 0% 97% 3% 10% 68% 14% 8%
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compound load wash W/::te 1 elute 2 load wash Eﬁe 1 elute 2
acebutolol 29% 24% 29% 1% T7% 0% 11% 0%
acetazolamide 0% 0% 44% 0% 0% 0% 0% 46%
adrafinil 0% 0% 13% 87% 0% 9% 0% 91%
atenolol 76% 0% 8% 0% 100% 0% 0% 0%
bendroflumethiazide 0% 0% 85% 0% 0% 0% 0% 100%
benzoylecgonine 62% 21% 18% 0% 71% 0% 13% 16%
betamethasone 0% 0% 100% 0% 0% 0% 100% 0%
bumetanide 0% 0% 15% 85% 0% 0% 0% 100%
canrenone 0% 0% 100% 0% 0% 0% 100% 0%
carteolol 44% 28% 16% 0% 94% 0% 5% 1%
celiprolol 36% 24% 33% 0% 78% 0% 14% 0%
chlorothiazide 0% 0% 76% 9% 0% 0% 0% 48%
chlortalidone 0% 0% 98% 2% 0% 0% 5% 87%
clopamide 23% 0% 73% 4% 18% 0% 2% 80%
dexamethasone 0% 0% 97% 0% 0% 0% 61% 18%
dichlorphenamide 0% 0% 79% 3% 0% 0% 0% 71%
esmolol 40% 28% 21% 0% 67% 0% 17% 0%
ethacrynic acid 0% 0% 0% 82% 0% 0% 0% 19%
finasteride 0% 0% 97% 3% 0% 0% 97% 3%
furosemide 0% 0% 13% 87% 0% 3% 0% 97%
gestrinone 0% 0% 75% 0% 0% 0% 80% 2%
hydrochlorothiazide 0% 0% 92% 2% 10% 0% 0% 90%
indapamide 0% 0% 90% 3% 0% 0% 0% 75%
metipranolol 0% 59% 39% 0% 0% 0% 45% 0%
metolazone 0% 0% 81% 1% 0% 0% 0% 71%
metoprolol 49% 21% 28% 2% 84% 0% 15% 1%
modafinil 14% 0% 13% 1% 10% 0% 85% 1%
nadolol 52% 0% 0% 0% 100% 0% 0% 0%
piretanide 0% 0% 9% 81% 0% 0% 0% 84%
probenecid 0% 0% 8% 82% 0% 0% 0% 78%
sotalol 62% 28% 10% 0% 94% 0% 0% 5%
strychnine 35% 27% 18% 0% 59% 0% 5% 0%
torasemide 0% 0% 80% 11% 0% 4% 0% 87%
xipamide 0% 0% 6% 94% 0% 0% 0% 100%

3.3 Selection of representative compounds

For subsequent SPE optimization, representative compounds were selected. To identify groups of
compounds presenting similar SPE behavior, it is possible to obtain from the literature physico-
chemical data (i.e. pKa, logD values) and cluster compounds with the help of chemometric tools as
already reported [22]. However, two major restrictions were identified. First, missing values were
generally observed and the reliability of data determined by mathematical algorithms could

significantly differ from the actual value or be uncertain in cases of particular chemical structures (e.g.
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cyclization). In this paper, group clustering was achieved owing to the analysis of recoveries for all
compounds in each fraction obtained during the sorbent selection step. Due to the large number of
values (544), multivariate analysis was achieved on the entire data set with a hierarchical cluster
analysis (HCA). Global variation is summarized on a dendrogram, where dissimilarity between scores
is indicated via the distance between the branches of the tree. The recovery values on all tested
sorbents were necessary to obtain better differentiation among compounds than that brought by
Oasis MCX only. For the purpose of clarity, compound names as well as therapeutic and chemical
families were identified (Figure 1). Four main groups clearly emerged, corresponding to main
chemical classes (7 acids, 10 weak acids, 6 neutrals and 11 bases) because these four chemical

classes presented different SPE behaviors leading to clear clustering.
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Acids and weak acids were evidenced by a different SPE behavior brought by extraction results from
WAX and MAX sorbents. The observed clustering confirmed that evaluation of fundamental physico-
chemical properties was the simplest method to determine classification in SPE. Therefore, screening
analyses should be preferentially operated by considering the chemical class rather than the
therapeutic one. Moreover, the presence of zwitterionic compounds, such as benzoylecgonine,
emphasized the importance of clustering compounds by their practical SPE behavior rather than on
values from the literature. Indeed, benzoylecgonine behaved like a base, whereas it presents both
acidic and basic functions (Figure 2).

CO,H

Figure 2 :Benzoylecgonine chemical structure.

Finally, one compound per group was selected for protocol optimization by taking into account logP
and logD values. Betamethasone, chlortalidone, ethacrynic acid, and metoprolol were chosen. For
instance, the choice of ethacrynic acid was made to characterize the group of acids because it
presents average logP (3.38) and logD values (2.9, -0.8, and -1.5, respectively at pH 1, 7, and 10,
see Table 1). Betamethasone, chlorthalidone and metoprolol were chosen following the same criteria.
Time required for the LC separation of all four representatives was also taken into account. Indeed,
optimizing a protocol is time-consuming and must be performed on a large number of compounds.
Therefore, representative analytes were chosen to be separated in a short time in the simple isocratic

mode.

3.4 Sample preparation optimization

3.4.1 SPE

Each step was optimized with the selected analytes taking into account pH, volume, nature, and
proportion of the solvent mixture. Regarding loading, a strong adjustment had to be planned, as urine
pH can vary from 4 to 9. Acidification was chosen in agreement with the retention principle of the
sorbent and as the most reported pre-treatment for extraction on MCX [23;24]. The sample was
therefore loaded after dilution (50:50, v/v) with HCI (240 mM) and several urines with various pH were

investigated. At these conditions, no compound loss was observed in the loading step (Table 4).
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Table 4 : recovery values in the loading step with four different urines at A) pH 5.3, B) pH 7.8, C) pH
6.8, and D) pH 6.3.

A B
recovery (%) mean RSD recovery (%) mean RSD
betamethasone | 3% 5% 6% 5% 0% betamethasone | 1% 4% 7% 4% 1%
chlortalidone 4% 5% 7% 5% 0% chlortalidone 6% 2% 3% 4% 1%
ethacrynicacid | 5% 9% 8% 7% 0% ethacrynicacid | 7% 9% 6% 7% 0%
metoprolol 0% 1% 0% 0% 2% metoprolol 0% 0% 0% 0% 0%

C. D
recovery (%) mean RSD recovery (%) mean RSD
betamethasone | 2% 7% 4% 4% 1% betamethasone | 4% 8% 1% 4% 1%
chlortalidone 1% 6% 3% 4% 0% chlortalidone 3% 1% 7% 4% 1%
ethacrynicacid | 8% 5% 6% 6% 0% ethacrynicacid | 9% 5% 8% 7% 0%
metoprolol 0% 0% 0% 0% 0% metoprolol 0% 0% 0% 0% 0%

The washing step was also optimized regarding pH and organic solvent content, and 10% of
methanol in washing solution was further used. Finally, both elutions were optimized regarding the
volumes used of methanol and basified methanol with 5% ammonia. Increasing volumes of methanol
(50 uL, 100 pL, 150 pL, 200 pL, 250 pL, 500 pL, 750 pL, 1000 uL) were tested. It appeared that, for
both elutions, a volume of 250 uL of solvent was the lower limit, allowing 100% recovery and this

volume was therefore considered optimal.

3.4.2 Reconstitution

Both elutions required a high amount of methanol, which can induce further chromatographic issues.
Therefore, the reduction of organic content in injection solvent was tested. As expected, dilution with
water while maintaining a constant injection volume was found to be fast and easy, but caused
sensitivity loss. Thus, evaporation to dryness was selected for sample concentration and a complete
plate required about 2.3 hours (mainly due to the abovementioned evaporation step), corresponding
to less than 2 minutes per sample. Reconstitution was evaluated with increasing volumes (25 pL, 50
pL, 100 pL, 150 pL, 200 pL, and 250 pL), and increasing proportions of MeOH (20%, 50% and 100%)

and the best compromise was found to be 50 puL of a mixture of water - MeOH (50:50, v/v) (Table 5).

Table 5 : reconstitution yield with 50uL of water/MeOH 50:50.

recovery (%) mean RSD
betamethasone | 105% 96% 99% | 100% 5%
chlortalidone 102% 95% 98% | 98% 4%
ethacrynic acid 98% 100% 99% | 99% 1%
metoprolol 96% 104% 98% | 99% 4%
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Finally, the optimized method required sample centrifugation at 10.000 g for 10 minutes. Seven
hundred and fifty microliters of HCI (240 mM) was added to 750 uL of the collected supernatant. The
sorbent was conditioned with 500 pL of MeOH and equilibrated with 500 pL of HCI (120 mM). One
thousand microliters of the acidified sample was loaded and washed with a mixture of HCI (120 mM) -
MeOH (90:10, v/v). First elution was operated with 250 pL of MeOH, and the second elution with the
same volume of 5% NH,OH in MeOH. Both elutions were evaporated to dryness with the same
apparatus used in paragraph 2.1 and reconstituted in 50 yL of a mixture of water - MeOH (50:50, v/v).
The optimized method was tested on the full set of compounds. Thus, a neat extraction standard of
the 34 analytes was extracted in triplicate following the optimized protocol (illustration 1 in Figure 3a).
Recoveries were calculated in comparison to a neat standard solution (illustration 2 in Figure 3a) and
were comprised in the 80-110% range with repeatabilty RSD < 10% for all compounds,

demonstrating a good method transfer from the four representatives to the full set of analytes.

a) 1 2 3 4
neat neat pre-extraction post-extraction
extraction standard spiked urine spiked urine
standard
%
6
.
Z
water standard ¥ urine

b)

3/2 = process efficiency

3/4 = matrix effect on SPE 4/2 = matrix effect on LC-MS

Figure 3 :Schematic illustration of experiments for matrix effects evaluation.

3.5 Matrix effects
Matrix effects were evaluated and their origin determined via a method based on Matuszewski et al.

[18]. First, the process efficiency was considered in urine samples. A urine sample spiked with all

analytes was extracted in triplicate (pre-extraction spiked urine, illustration 3 in Figure 3a) and
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compared to a neat standard solution (illustration 2 in Figure 3a). Process efficiencies were
determined by 3/2 ratios (Figure 3b) and ranged from 10% to 97% with RSD values < 27% (Table 6),

indicating an effect of the matrix on the extraction process and/or on MS ionization.

Table 6 : Process efficiency expressed as matrix effect on MS and on SPE with repeatability values
(RSD) for each evaluated compound.

process

compound efficiency MS (RSD) SPE (RSD)

(RSD)

acebutolol 59% (2%) 65% (3%) 90% (4%)
acetazolamide 26% (10%) 28% (6%) 92% (10%)
adrafinil 54% (3%) 55% (2%) 98% (6%)
atenolol 48% (6%) 53% (3%) 91% (7%)
bendroflumethiazide  69% (6%) 72% (2%) 96% (5%)
benzoylecgonine 46% (5%) 49% (8%) 91% (1%)
betamethasone 7% (27%) 72% (33%) 106% (4%)
bumetanide 82% (1%) 86% (5%) 95% (7%)
canrenone 69% (11%) 71% (10%) 99% (5%)
carteolol 64% (4%) 64% (9%) 100% (7%)
celiprolol 71% (3%) 79% (5%) 90% (4%)
chlorothiazide 24% (8%) 26% (5%) 91% (4%)
chlorthalidone 75% (2%) 65% (10%)  114% (10%)
clopamide 35% (2%) 38% (4%) 91% (3%)
dexamethasone 79% (3%) 80% (1%) 98% (3%)
dichlorphenamide 86% (5%) 78% (4%) 109% (6%)
esmolol 10% (12%) 9% (4%) 109% (11%)
ethacrynic acid 52% (8%) 56% (6%) 93% (10%)
finasteride 73% (11%) 75% (12%) 94% (5%)
furosemide 83% (1%) 98% (4%) 85% (3%)
gestrinone 74% (10%) 74% (15%) 100% (5%)
hydrochlorothiazide 62% (2%) 55% (6%) 113% (4%)
indapamide 97% (16%) 94% (13%) 98% (7%)
metipranolol 56% (16%) 61% (5%) 93% (12%)
metolazone 33% (20%) 26% (15%) 111% (10%)
metoprolol 27% (7%) 30% (3%) 89% (7%)
modafinil 96% (11%) 83% (10%)  107% (15%)
nadolol 54% (10%) 53% (2%) 97% (10%)
piretanide 51% (25%) 46% (8%) 93% (9%)
probenecid 93% (3%) 100% (3%) 93% (10%)
sotalol 58% (15%) 51% (6%) 109% (9%)
strychnine 36% (6%) 39% (15%) 94% (9%)
torasemide 57% (8%) 66% (7%) 85% (5%)
xipamide 68% (5%) 67% (2%) 101% (7%)

In order to determine the matrix effect origin for each compound, a blank urine sample was extracted

and spiked with the considered analytes (post-extraction spiked urine, illustration 4 in Figure 3a). The
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influence of the matrix on the SPE process was determined by 3/4 ratios, since in this case, matrix
effects on LC-MS were similar with both samples (all analytes were dissolved in extracted urine). In
this study, urine was not considered to affect the extraction process because values of the 3/4 ratio
were all comprised between 85% and 114% with repeatability RSD < 15%. Finally, matrix effects on
LC-MS were estimated through 4/2 ratios, as they compared the analytical response given by a neat
standard and the same solution added in extracted urine. The latter effects were found to contribute
the most to the low process efficiency values (Table 6).

However, other situations emerged, such as the case of furosemide, where matrix effects were
observed only during the SPE step. Metoprolol and torasemide presented matrix effects during both
SPE and analysis steps, while indapamide, modafinil and probenecid were not subjected to any
matrix effect. Since various combinations of matrix effects on SPE and on the analysis came out, a
classification of all possibilities encountered when a sample preparation is performed prior to the
analysis is proposed, still based on the protocol developed by Matuszewski et al. The effect of the
matrix on SPE can only be negative (-1) or null (0), since analytes can compete for access to
interaction sites. Matrix effect on ionization can be negative (-1), null (0), or positive (+), since signal
suppression, no signal alteration, or signal enhancement can occur with MS detection. These

different situations lead to eight possible cases, summarized in Table 7.

Table 7 : Summary of matrix effect cases (negative effect (-), no effect (0), positive effect (+) ).

process efficiency -1 -1 -1 -1f{0 01 1
MS -1(-1j0|1|l0|1]1|1
SPE -1/0(-1]-2]0]-1]-1]0
case 1 2 3 4 5 6 7 8

A negative process efficiency can be due to the combination of a negative effect of the matrix on SPE
and a signal suppression (case 1), only signal suppression (case 2), only negative effect of the matrix
on SPE (case 3) or a combination of a negative effect of the matrix on SPE heavier than signal
enhancement (case 4). By the thought process, a good process efficiency around 100% can reflect
an absence of matrix effect (case 5), but may also be due to a contribution of a negative effect on the
SPE balanced by a signal enhancement (case 6). Finally, a positive process efficiency should be
reasonably attributed to signal enhancement exceeding a negative effect on SPE (case 7) or to signal
enhancement only (case 8). Thus, process efficiencies, matrix effects on the SPE step, and signal

alterations were used to define the situation of each compound, summarized in Table 8.
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Table 8 : Matrix effect case reported for each analyte (bold : representative compound).

compound case group
acebutolol 1 B
acetazolamide 2 WA
adrafinil 2
atenolol 2
bendroflumethiazide 2 WA
benzoylecgonine 2 B
betamethasone 2 N
bumetanide 2 A
canrenone 2 N
carteolol 2 B
celiprolol 2 B
chlorothiazide 2 WA
chlortalidone 2 WA
clopamide 2 WA
dexamethasone 2 N
dichlorphenamide 2 WA
esmolol 2 B
ethacrynic acid 2 A
finasteride 2 N
furosemide 3 A
gestrinone 2 N
hydrochlorothiazide 2 WA
indapamide 5 WA
metipranolol 2 B
metolazone 2 WA
metoprolol 1 B
modafinil 5 N
nadolol 2 B
piretanide 2 A
probenecid 5 A
sotalol 2 B
strychnine 2 B
torasemide 1 WA
xipamide 2 A

A reasonable limit was set at +10% to determine if an effect was significant. It is revealed that there is
no correlation between matrix effects and the groups of compounds determined in paragraph 3.2.
Therefore, representative compounds cannot be used for matrix effect evaluation, the latter being
specific to each compound and needing to be estimated individually. Finally, it must be emphasized
that no compound presented signal enhancement, certainly due to the use of the ESI source, which is
more susceptible to signal suppression than signal enhancement, explaining the absence of cases 4,
6, 7 and 8.
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In conclusion, the extraction of urine samples was found to have only a low influence on the SPE
process (4 cases over 34), but endogenous compounds were not completely removed and produced
matrix effects during LC-MS analysis. Subsequent quantification would not be affected when
deuterated internal standards are used, at least for compounds subject to matrix effects (all
compounds except indapamide, modafinil and probenecid). If these standards are not available,
qguantification should absolutely be achieved within the matrix to prevent from the important matrix
effect. Finally, it has to be noted that the optimization of extraction could be rapidly achieved by the
help of representative analytes, whereas matrix effects must be evaluated for each analyte, as

physico-chemical properties do not allow a good prediction.

4. Conclusion

The main objective of this work was to propose the use of representative compounds to perform
easier and faster optimization of sample preparation in the case of multianalytes determination in a
complex matrix such as urine. All compounds were first extracted onto different sorbents. From this
data set, four main groups of compounds presenting similar SPE behaviors were brought out with the
help of a chemometric tool. For each group of analytes, one compound was chosen as representative
and used for subsequent protocol optimization. The optimized SPE protocol allows a complete
preparation of 96 samples in less than 2 minutes per sample.

The optimized protocol was tested on a neat standard solution of the 34 compounds and provided
excellent recovery and repeatability, proving good representation of the entire set by the four selected
compounds. Matrix effects were carefully evaluated, and it was determined that most of the
compounds were subject to signal suppression, indicating the difficulty in removing interferents when
a complex mixture of compounds with various properties has to be extracted. A classification of
probable matrix effects encountered during sample preparation prior to the analysis was then
proposed, including eight different cases. It emphasized that matrix effects should be evaluated for
each compound individually, since representative compounds were not adapted for matrix effect

determination.
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ABSTRACT

An exhaustive classification of matrix effects occurring when a sample preparation is performed prior
to LC-MS analyses was proposed. A total of eight different situations were identified allowing the
recognition of the matrix effect typology via the calculation of four recovery values. A set of a hundred
and ninety-nine compounds was used to evaluate matrix effect after solid-phase extraction (SPE)
from plasma or urine samples prior to LC-ESI-MS analysis. Matrix effect identification was achieved
for all compounds and classified through an organization chart. Only 17% of the tested compounds

did not present significant matrix effects.

Keywords : matrix effects, human plasma, urine, SPE, MS
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1. Introduction

Since the apparition of ionization sources working at atmospheric pressure, liquid-chromatography
coupled to mass spectrometry (LC-MS) has become the gold standard for the analysis of
pharmaceutical compounds in biological matrices such as blood, plasma, serum and urine [1-6]. As
extensively described in the literature, direct injection of such samples cannot be performed due to
the presence of endogenous compounds leading to column clogging and MS signal alterations [7-18].
The latter alterations are called matrix effects. Even if not well understood, they have been
recognized to happen when interfering substances such as proteins, lipids, sugars or salts co-elute
with analytes which could affect the ionization process [11;19;20]. A sample preparation is therefore
mandatory to selectively reduce the amount of these interferents. Various methods are available but
the most widely used are protein precipitation (PP), liquid-liquid extraction (LLE) and solid phase
extraction (SPE). These sample preparations remove the major part of the endogenous material, but
a small amount often remains in the treated sample, possibly inducing matrix effects [18;21]. The
latter must therefore be tested during method development to determine their presence and impact
on the quantification of analytes. Matrix effect evaluation can be achieved via two techniques
providing complementary information. First, qualitative results can be obtained with a post-column
infusion system as proposed in 1999 by Bonfiglio et al. [22]. The principle is based on the infusion of
a solution of analytes of interest between the column and the MS detector, leading to a constant
baseline. Blank samples, extracted with the tested sample preparation procedure, are injected in the
system. The presence of matrix effects is highlighted by baseline alteration in a time window. MS
responses of analytes eluting within this region will be altered (signal suppression or enhancement),
inducing irreproducible and non quantitative results. The second strategy for matrix effect evaluation
was proposed by Matuszewski et al. in 2003 [23] and leads to a quantitative information. This method
determines if the presence of matrix interferents causes a problem during the sample preparation
step and/or during the analysis, based on the comparison of three different samples: a neat standard,
a biological sample fortified prior the extraction and a biological sample fortified after the extraction.

Since matrix effects can occur during the sample preparation and/or the analysis, various situations
can arise. To the best of our knowledge, no exhaustive investigation of the various matrix effects was
published. The aim of this study was therefore to build an exhaustive classification of probable matrix
effects encountered when a sample preparation is performed prior to a LC-MS analysis and to test

the validity of the proposed model on a set of 199 compounds of pharmaceutical or doping interest.
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2. Experimental

The influence of the matrix on the SPE procedure and the LC-MS analysis was evaluated on a
hundred and ninety-nine compounds in urine and plasma samples. Three different SPE and LC-MS

procedures were used.
2.1 Chemicals

All standards came from various pharmaceutical companies and were of pharmaceutical purity. A
stock solution at 1 mg-mL™ was prepared for each substance in a mixture of water / ACN (1/1, v/v)
and stored at -20C. Working solutions were made fr om the stock solutions, each one containing from
two to six analytes at a concentration below the toxic level. Dilution of stock solution was operated
with ultra-pure water generated with a Milli-Q plus water purification system from Millipore (Bedford,
USA). Methanol Absolute HPLC-Supra gradient and acetonitrile HPLC-S gradient grade (Biosolve,
Valkenswaard, Netherlands), ammonia solution 25% puriss p.a., formic acid puriss p.a. and sodium
formate puriss p.a. for HPLC (Fluka, Buchs, Switzerland), and hydrochloric acid fuming 37% puriss
p.a. (Merck, Darmstadt, Germany) were used in all experiments. Human plasma and urine samples

were obtained from a total of six healthy non-drug-consuming volunteers.

2.2 SPE
2.2.1 Oasis HLB

Oasis HLB 30 mg cartridges with 30 um particles (Waters Corporation, Milford, MA, USA) were
employed to prepare plasma samples. An automated ASPEC GX-274 (Gilson, Middletown, USA)
system was employed to manage SPE cartridges. One millilitre of MeOH and 1 ml of HCI 6N 2% in
water was used for sorbent conditioning and equilibration. One millilitre of sample was loaded and
washing was performed with 1 ml of a mixture of HCI 120 mM / MeOH (90/10, v/v). Elution was finally

carried out with 500 pL of MeOH. Elution solutions were directly transferred to injection vials.

2.2.2 Oasis MAX

Oasis MAX 30 mg cartridges with 30 pm particles (Waters Corporation) were employed to extract
acidic compounds from urine samples. They were centrifuged at 2500 g for 5 min and 750pL of 5%
NH4OH was added to 750 pL of the supernatant. The sorbent was conditioned with 500 pL of MeOH
and equilibrated 500 pL of 5% NH,OH. One millilitre of the basified sample was loaded and washing
was carried out with 1 mL of 5% NH,OH and then with 250 puL of MeOH. Elution was performed with

250 pL of 2% HCOOH in MeOH. Elution solutions were directly transferred to injection vials.
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2.2.3 Oasis MCX

Oasis MCX 30 mg cartridges with 30 um particles (Waters Corporation) were used to extract basic
and neutral compounds from urine samples. They were centrifuged at 2500 g for 5 minutes and 750
pL of HCI 240 mM was added to 750 pL of the collected supernatant. The sorbent was conditioned
with 500 pL of MeOH and equilibrated with 500 pL of HCI 120 mM. One millilitre of the acidified
sample was loaded and washed with a mixture of HCI 120 mM / MeOH (90/10, v/v). First elution was
operated with 250 pL of MeOH and the second elution with the same volume of 5% NH,OH in MeOH.
Both elutions were evaporated to dryness and reconstituted in 50 uL of a mixture of water / MeOH

(50/50, viv) before the analysis.
2.3LC-MS
2.3.1LC-MS

Urine samples extracted on Oasis MCX were analyzed with an Agilent Series 1100 LC system
(Agilent Technologies) equipped with an autosampler and a binary pump. This system was coupled to
a 1100 MSD single quadrupole (Agilent Technologies) with an orthogonal ESI source.

Five microliters of the sample was injected on a XBridge Shield 100 x 2.1 mm, 3.5 pm column
(Waters Corporation) kept at 30C. The mobile phase was constituted of acetate buffer 20 MM pH 5/
ACN (67/33, v/v) and was delivered in the isocratic mode at 300 pL-min’l. Nitrogen was used as both
nebulizing (5 L-min™) and drying gas (250C). Vaporizer temperature was set at 250C, nebulizer
pressure at 45 psig and capillary voltage at +2 kV. Detection of protonated analytes was always
conducted in the selected ion monitoring (SIM) mode. The Chemstation A.10.03 software (Agilent

Technologies) was used for instrument control, data acquisition and data handling.

2.3.2 LC-MS/MS

Plasma samples extracted on Oasis HLB were analyzed with an Agilent Series 1200 LC system
(Agilent Technologies, Waldbronn, Germany) equipped with an autosampler, a binary pump and a
column heater. This system was coupled to a QTrap system (Applied Biosystems, Darmstadt,
Germany) with a TurbolonSpray source.

Ten microliters of the sample was injected on a Hypersil Gold 100mm x 2.1 mm, 1.9 pm column
(Thermo-Scientific, Waltham, MA, USA) kept at at 40C and equipped with a 2 um precolumn filter.
The mobile phase was delivered at 400 pL-min’1 in the gradient mode. It was constituted of (A) 0.1%
formic acid and sodium formate 1 uM / (B) ACN. An initial mobile phase composition of 5% A and
gradually increased to 70% in 12 min, then to 100% in 2 min and finally held at 100% for 1 min. A 5
minutes post-run equilibration time was applied after each analysis. Total eluent flow from the HPLC

was directed into the turbo ionspray source without any splitting device. MS detection was performed
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in the positive mode and the needle voltage was +5 kV. The collision cell gas (nitrogen) was set at 5
mTorr. The turbo ion spray heater was maintained at 420 with the nebulizer gas and heater gas set
at 35 and 65 psi, respectively. Data acquisition, data handling and instrument control were performed

with Analyst® version 1.4.

2.3.3 UPLC-MS

Urine samples extracted on Oasis MCX and MAX were analyzed with a Waters Aquity UPLC system
(Waters Corporation) equipped with a binary solvent manager, a cooled auto-sampler kept at 4<C.
This system was coupled to a Micromass-Q-Tof Premier® mass spectrometer (Waters Corporation)
with an electrospray ionization (ESI) source.

Ten microliters of the sample was injected on a Waters Acquity UPLC BEH C18 2.1 x 50 mm, 1.7 ym
column (Waters Corporation) kept at 30C. The mobil e phase was constituted of 0.1% formic acid in
water / 0.1% formic acid in ACN, linearly programmed from 5 to 95% B in 3 min, with 1.5 min
equilibration time and delivered at 400 puL-min™. A Waters Acquity Van Guard BEH C18 2.1 x 5 mm,
1.7 um precolumn (Waters Corporation) was placed in front of the analytical column. Samples
extracted on the MCX sorbent were monitored in the positive mode whereas those extracted on the
MAX were monitored in the negative mode. The desolvation gas was delivered at 800 L-h* and
300<C, capillary was set at +3 kV and -2.4 kV in th e positive and negative mode, respectively. The
micro-channel plates (MCP) were operated at +1.8 kV -1.7 kV in the positive and negative mode,
respectively. The source was adjusted at 100C, the cone voltage at 40 V and the cone gas flow at 10
L-h, the collision energy at 5 eV, and the collision gas flow at 0.32 mL-min™ in positive mode and
0.25 mL-min™ in the negative mode. Data acquisition, data handling and instrument control were

performed with MassLynx® Software (Waters Corporation).

3. Results and discussion

As stated in 2001 FDA Guidelines, “In the case of LC-MS/MS-based procedures, appropriate steps
should be taken to ensure the lack of matrix effects throughout the application of the method” [24].
For this purpose, several approaches for matrix effects evaluation were described and, among them,
Matuszewski et al. [23] proposed a procedure to quantitatively determine on which part of the
analytical process matrix effects take place. The quality of the whole analytical process (i.e. process
efficiency, PE) is related to alterations due to interferences during the sample preparation and
analysis (e.g. ionization, ion transmission, etc.). PE was estimated by Matuszewski et al. with the ratio
of peak areas from a matrix sample fortified prior the sample preparation (c, Figure 1) and a neat

standard (a, Figure 1).
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@ = matrix effect (ME) = extraction yield (EY)

Figure 1: representation of samples required for matrix effects evaluation and calculation of the
required ratios.

Residual compounds still present after sample preparation can interfere with the MS ionization
process, leading to the well-known signal suppression or enhancement situations. The influence of
endogenous compounds on the LC-MS (i.e. matrix effect, ME) is evaluated by the ratio of peak areas
from a matrix sample fortified after the sample preparation (b, Figure 1) and a neat standard a. This is
related to the concept of Matrix Factor (MF), defined as “a ratio of the analyte peak response in the
presence of matrix ions to the analyte peak response in the absence of matrix ions” in the 2007
Washington workshop/conference report [25].

As previously mentioned, interferents may also affect the sample preparation, leading mostly to a
decrease of the extraction yield when compared to standards. The quality of extraction in presence of
the matrix (i.e. extraction recovery, RE) should therefore be determined with the ratio of peak areas
from ¢ and b. However, this calculation does not allow differentiating a low extraction recovery due to
interfering compounds from a poor extraction yield due to the sample preparation itself (i.e. extraction
yield, EY). Since generic procedures are often used in multianalyte determination, a low extraction
yield could lead to a RE misevaluation. This modality was therefore included in this study and
required only one additional sample, namely a neat extraction standard (d, Figure 1). EY was
evaluated with the ratio of peak areas from d and a. Thus, a complete investigation of matrix effects
required only four samples and the calculation of four ratios. Since RE and ME might present various

combinations for a given PE, an exhaustive listing of possibilities is proposed in this work.
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3.1 Description

As presented in Table 1, PE might be low, good or high (symbolized by -1, 0 and +1, respectively), as
a combination of ME and RE. ME can also be divided into three modalities since signal diminution, no
alteration or signal enhancement (-1, 0 and +1, respectively), could be observed when endogenous
compounds coelute with the analytes. RE presents only two modalities since the sample preparation

can reasonably reduce or not influence the extraction recovery (-1 and 0, respectively).

Table 1: summary of cases (negative effect (-1), no effect (0), positive effect (+1) ).

PE -1 0 +1

ME -1 -1 0 +1 0 +1 +1 +1

RE -1 0 -1 -1 0 -1 -1 0
PE PE, PE® PE" PE®, PE" PE" PE"o

According to this, eight combinations could be obtained. For sake of clarity and to define the influence
of the matrix on PE, the exponent expresses ME while the suffix expressed RE. Therefore, a PE _

indicates that both matrix effect (signal suppression) and a low extraction recovery were observed.

As indicated in Table 1, a low PE can result from three situations:

1. Pure effect; a low ME (e.g. MS signal suppression) or a low RE (PE, and PE?, respectively).
2. Synergistic effect; a simultaneous low ME and RE (PE_) and 3. Antagonistic effect; a low RE

partially compensated by a high ME (e.g. MS signal enhancement) (PE ).

A good PE results from two different cases:

1. Absence of effect; no matrix influence on both ME and RE (PEg) and 2. Antagonistic effect; a low

RE compensated by a high ME (PE ).
Finally, a high PE always requires a high ME which can be partially compensated or not by a low RE
(PE’ and PE;, respectively).

These eight combinations could be determined thanks to the procedure proposed by Matuszewski et
al. However, the five cases presenting a low RE require the evaluation of EY to evidence a possible
low extraction yield as indicated in Figure 2. This general scheme was employed to guide the
estimation of the matrix influence and the attribution of cases to tested compounds. PE value is first
used. The left branch of the scheme corresponds to low PE indicating a significant influence of

endogenous compounds on the analytical process. The middle branch represents combinations
leading to a good PE but maybe hiding two compensating effects (PE ). Finally, the right branch

reveals, as well as for low PE, a significant influence of endogenous compounds on the analysis.

Then, the second row of the scheme allows refining the matrix effect typology, based on the same
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principle than discussed for PE. RE is finally used to define precisely the matrix effect typology.

Finally, in case of a low RE, EY should be determined.

(o]

PE, PE

+

PE_ PE, PE° PE’ * PE PE_

e @ = matrix effect (b/a)
@ = process efficiency (c/a) : PE__

E = extraction recovery (c/b)
@ = extraction yield (d/a)

Figure 2 : general scheme for matrix effects attribution.

3.2 Application

This approach was evaluated in regard to its ability to attribute the matrix effect typology to a set of a
hundred and ninety-nine analytes (N=199). Data was acquired and all ratios (PE, ME, RE and EY)
were determined using two matrices (plasma and urine) with various SPE protocols and LC-MS
apparatus. PE and, ME and RE were evaluated in triplicate for all compounds and completed with the
estimation of EY (Table 2). Since LC-MS variability was around 5%, a reasonable limit was set at a

value of + 10% to distinguish between low (+1) and high (-1) effects from good situations (0).

155




Table 2 :

list of the hundred and ninety-nine compounds with their respective PE, ME, RE and EY

values.
compound matrix |apparatus PE ME RE EY
Alprazolam plasma | LC-MS/MS | 45% 49% 90% 82%
Amfepramone plasma | LC-MS/MS | 93% 92% | 103% | 101%
Amisulpride plasma | LC-MS/MS | 93% | 132% | 74% 91%
Amitriptyline plasma | LC-MS/MS | 54% | 61% | 91% | 100%
Amphetamine plasma | LC-MS/MS | 78% 91% 86% 89%
Aripirazole plasma | LC-MS/MS | 80% | 102% | 78% 99%
Atenolol plasma | LC-MS/MS | 44% 92% 48% 34%
Bisoprolol plasma | LC-MS/MS | 101% | 99% | 102% | 96%
Bromazepam plasma | LC-MS/MS | 79% 89% 91% 91%
Buprenorphine plasma | LC-MS/MS | 89% | 109% | 84% 96%
Bupropion plasma | LC-MS/MS | 109% | 134% | 83% 91%
Chlordiazepoxide plasma | LC-MS/MS | 93% 91% | 103% | 95%
Chloroquine plasma | LC-MS/MS | 107% | 129% | 84% 88%
Chlorprothixéne plasma | LC-MS/MS | 36% 53% 71% 90%
Citalopram plasma | LC-MS/MS | 90% | 109% | 82% 94%
Clobazam plasma | LC-MS/MS | 38% 40% 94% 66%
Clomipramine plasma | LC-MS/MS | 62% 95% 65% | 101%
Clonazepam plasma | LC-MS/MS | 34% 41% 83% 86%
Clonidine plasma | LC-MS/MS | 95% | 128% | 76% | 100%
Clotiapine plasma | LC-MS/MS | 29% | 33% | 90% | 105%
Clozapine plasma | LC-MS/MS | 92% | 104% | 89% | 82%
Cocaine plasma | LC-MS/MS | 92% | 97% | 96% | 93%
Codéine plasma | LC-MS/MS | 85% | 105% | 81% | 16%
Cotinine plasma | LC-MS/MS 2% 32% 6% 8%
Cyclizine plasma | LC-MS/MS | 95% | 109% | 88% 94%
Desipramine plasma | LC-MS/MS | 47% 45% | 105% | 119%
Desmethyl-Chlordiazepoxide plasma | LC-MS/MS 3% 7% 47% 7%
Dextrometrophane plasma | LC-MS/MS | 77% 89% 86% 99%
Dimetindéne plasma | LC-MS/MS | 46% 65% 71% | 109%
Diphenhydramine plasma | LC-MS/MS | 84% | 111% | 77% 56%
Duloxetine plasma | LC-MS/MS | 29% 42% 75% 71%
EDDP plasma | LC-MS/MS | 76% | 88% | 85% | 83%
Flumazenil plasma | LC-MS/MS | 88% | 110% | 81% 93%
Flunitrazepam plasma | LC-MS/MS | 28% 43% 66% 72%
Fluoxetine plasma | LC-MS/MS | 53% 63% 85% 58%
Fluphenazine plasma | LC-MS/MS | 73% 84% 87% | 101%
Fluvoxamine plasma | LC-MS/MS | 74% | 103% | 72% 98%
Haloperidol plasma | LC-MS/MS | 89% 96% 93% 96%
Héroine plasma | LC-MS/MS | 107% | 248% | 44% 93%
9-Hydroxy-Risperidone plasma | LC-MS/MS | 92% | 107% | 86% 83%
Imipramime plasma | LC-MS/MS | 36% 73% 50% | 104%
Indométhacine plasma | LC-MS/MS | 24% 55% 44% 57%
Lamotrigine plasma | LC-MS/MS | 89% | 116% | 77% | 102%
Levopromazine plasma | LC-MS/MS 14% 26% 56% 59%
Lidocaine plasma | LC-MS/MS | 93% | 114% | 83% 84%
Loperamide plasma | LC-MS/MS | 81% | 109% | 76% | 102%
LSD plasma | LC-MS/MS | 55% 67% | 82% 90%
Maprotiline plasma | LC-MS/MS | 56% 68% 82% 80%
MDMA (Extasy) plasma | LC-MS/MS | 89% | 121% | 74% 95%
Methadone plasma | LC-MS/MS | 43% 83% 52% 87%
Methaqualone plasma | LC-MS/MS | 37% 48% 80% 94%
Metoclopramide plasma | LC-MS/MS | 99% | 104% | 96% 90%
Metoprolol plasma | LC-MS/MS | 84% | 106% | 79% 94%
Mianserine plasma | LC-MS/MS | 111% | 128% | 89% 98%
Mirtazapine plasma | LC-MS/MS | 80% | 102% | 79% 99%
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Moclobémide plasma | LC-MS/MS | 85% 96% 89% 90%
6-mono-acetyl-morphine plasma | LC-MS/MS | 103% | 102% | 103% | 89%
Morphine plasma | LC-MS/MS 15% 33% 45% 23%
N-Desmethyl-Citalopram plasma | LC-MS/MS | 86% | 114% | 78% 97%
N-Desmethyl-Clomipramine plasma | LC-MS/MS | 68% 89% 76% 98%
N-Desmethyl-Clozapine plasma | LC-MS/MS | 100% | 121% | 82% 93%
N-Desmethyl-Mirtazapine plasma | LC-MS/MS | 67% 96% 71% 78%
Nefazodone plasma | LC-MS/MS | 70% 92% 76% 86%
Nicotine plasma | LC-MS/MS 8% 25% 33% 2%
Nitrazepam plasma | LC-MS/MS | 62% 73% 86% 89%
Nordiazepam plasma | LC-MS/MS | 55% 63% 87% 99%
Norfluoxétine plasma | LC-MS/MS | 34% 57% 59% 91%
Nortriptyline plasma | LC-MS/MS | 29% 33% 89% 90%
Noscapine plasma | LC-MS/MS | 96% | 115% | 84% 90%
O-desmethyl-Venlafaxine plasma | LC-MS/MS | 95% 96% | 101% | 99%
Olanzapine plasma | LC-MS/MS | 106% | 110% | 100% | 88%
Opipramol plasma | LC-MS/MS | 113% | 138% | 82% 83%
Orphenadrine plasma | LC-MS/MS | 71% 86% 82% | 104%
Oxazepam plasma | LC-MS/MS | 58% 82% 72% 81%
Papaverine plasma | LC-MS/MS | 101% | 123% | 83% 94%
Paroxetine plasma | LC-MS/MS | 79% | 102% | 79% 90%
Pentazocine plasma | LC-MS/MS | 95% 98% 98% 85%
Propanolol plasma | LC-MS/MS | 83% 92% 91% 86%
Propofol plasma | LC-MS/MS | 44% 62% 71% 82%
Protriptyline plasma | LC-MS/MS | 49% 74% 67% | 103%
Quinine plasma | LC-MS/MS | 32% 37% 88% | 118%
Quetiapine plasma | LC-MS/MS | 93% | 107% | 88% | 105%
Reboxetine plasma | LC-MS/MS | 97% | 108% | 90% 87%
Risperidone plasma | LC-MS/MS | 88% 96% 92% 90%
Sertindole plasma | LC-MS/MS | 99% | 122% | 82% | 103%
Sertraline plasma | LC-MS/MS | 49% 73% 68% 87%
Sotalol plasma | LC-MS/MS 17% 98% 18% 60%
Tamoxifene plasma | LC-MS/MS | 58% | 102% | 57% 82%
Thioridazine plasma | LC-MS/MS | 95% 91% | 116% | 86%
Tramadol plasma | LC-MS/MS | 89% 98% 93% 96%
Triazolam plasma | LC-MS/MS | 78% 79% 99% 99%
Trimipramine plasma | LC-MS/MS | 32% 48% 68% 86%
Venlafaxine plasma | LC-MS/MS | 98% | 119% | 83% | 105%
Verapamil plasma | LC-MS/MS | 63% 75% 85% 97%
Zolpidem plasma | LC-MS/MS | 106% | 109% | 97% | 101%
Zopiclone plasma | LC-MS/MS | 80% | 102% | 81% 91%
Acetazolamide urine UPLC-MS 65% 57% | 115% | 108%
Amfepramone urine UPLC-MS 87% 95% 92% 90%
Amfetaminil urine UPLC-MS 47% 83% 57% 33%
Amiloride urine UPLC-MS 62% 59% | 106% | 83%
Anastrozole urine UPLC-MS 32% | 102% | 31% 1%
Anastrozole urine UPLC-MS 82% | 102% | 80% 98%
Atenolol urine UPLC-MS 62% 96% 65% 87%
Bendrofluméthiazide urine UPLC-MS 99% | 153% | 64% 90%
Benzoylecgonine urine UPLC-MS | 111% | 100% | 111% | 87%
Bromantan urine UPLC-MS | 100% | 349% | 29% 95%
Buprenorphine urine UPLC-MS | 105% | 145% | 72% 47%
Bupropion urine UPLC-MS | 120% | 108% | 111% | 114%
Caffeine urine UPLC-MS 77% | 124% | 63% | 100%
Cathine urine UPLC-MS 89% | 179% | 50% 80%
Celiprolol urine UPLC-MS | 119% | 99% | 120% | 101%
Chlorothiazide urine UPLC-MS 46% 71% 64% 59%
Chlorphentermine urine UPLC-MS 91% | 106% | 85% | 119%
Chlorthalidone urine UPLC-MS 43% 41% | 105% | 92%
Clopamide urine UPLC-MS 81% 74% | 110% | 74%
Crothetamide urine UPLC-MS 47% | 218% | 22% | 115%




Dextromoramide urine UPLC-MS 97% | 121% | 80% 85%
Dichlorphenamide urine UPLC-MS 57% 48% | 118% | 87%
Dimetamphetamine urine UPLC-MS 94% | 108% | 87% | 101%
Ephedrine urine UPLC-MS 78% 72% | 108% | 73%
Etafedrine urine UPLC-MS 63% | 125% | 50% 76%
Ethacrynic acid urine UPLC-MS 68% 65% | 105% | 69%
Ethylamphetamine urine UPLC-MS 81% | 156% | 52% 71%
Etilefrine urine UPLC-MS 88% 77% | 115% | 108%
Fenfluramine urine UPLC-MS 113% | 160% | 71% | 113%
Fenproporex urine UPLC-MS 65% | 121% | 54% 83%
Fentanyl urine UPLC-MS | 105% | 105% | 100% | 109%
Hydrochlorothiazide urine UPLC-MS 20% 31% 63% 66%
Indapamide urine UPLC-MS 77% 78% 99% | 108%
Isometheptene urine UPLC-MS 72% | 157% | 46% 83%
MDA urine UPLC-MS 56% | 105% | 54% 72%
MDMA urine UPLC-MS 97% | 153% | 63% | 107%
Mefenorex urine UPLC-MS 104% | 183% | 57% | 104%
Métamphetamine urine UPLC-MS 71% 93% 76% 67%
Méthadone urine UPLC-MS 61% 57% | 108% | 84%
Methylamphetamine urine UPLC-MS 81% 89% 91% 78%
Methylecgonine urine UPLC-MS 6% 83% 8% 15%
Méthylphénidate urine UPLC-MS 94% | 166% | 57% | 101%
Metipranolol urine UPLC-MS | 100% | 114% | 87% | 114%
Metolazone urine UPLC-MS 46% | 229% | 20% 87%
Metoprolol urine UPLC-MS | 101% | 86% | 117% | 97%
Nadolol urine UPLC-MS | 100% | 92% | 109% | 106%
Nikéthamide urine UPLC-MS 62% 75% 83% 76%
Norbuprénorphine urine UPLC-MS 37% 70% 53% 46%
Norfentanyl urine UPLC-MS | 105% | 219% | 48% | 119%
Oxilofrine urine UPLC-MS 81% 97% 84% | 102%
Pemoline urine UPLC-MS 81% | 100% | 81% 64%
Pentetrazol urine UPLC-MS 31% 47% 66% 75%
Phendimetrazine urine UPLC-MS 81% 95% 85% 90%
Phenpromethamine urine UPLC-MS 93% | 204% | 46% | 110%
Phentermine urine UPLC-MS 88% | 213% | 41% 96%
Phénylpropanolamine urine UPLC-MS 85% | 105% | 81% | 110%
Pholedrine urine UPLC-MS 78% 86% 91% 95%
Probenecide urine UPLC-MS 77% | 450% | 17% 93%
Prolintane urine UPLC-MS | 105% | 183% | 57% 85%
Propylhexedrine urine UPLC-MS 77% | 152% | 51% 79%
Pseudoephedrine urine UPLC-MS 80% 75% | 107% | 89%
Ritalinic acid urine UPLC-MS 48% | 100% | 49% 90%
RSR 13 urine UPLC-MS 85% | 124% | 69% 73%
Salmeterol urine UPLC-MS 94% 99% 95% 78%
Sibutramine urine UPLC-MS | 109% | 382% | 28% 87%
Strychnine urine UPLC-MS 55% 79% 70% 81%
Xipamide urine UPLC-MS 94% | 115% | 82% 91%
Acebutolol urine LC-MS 59% 65% 90% 93%
Acetazolamide urine LC-MS 26% 28% 92% 31%
Adrafinil urine LC-MS 54% 55% 98% 98%
Atenolol urine LC-MS 48% 53% 91% 86%
Bendroflumethiazide urine LC-MS 69% 72% 96% | 106%
Benzoylecgonine urine LC-MS 46% 49% 91% 92%
Bethamethasone urine LC-MS 77% 72% | 106% | 105%
Bumetanide urine LC-MS 82% 86% 95% 84%
Canrenone urine LC-MS 69% 71% 99% 89%
Carteolol urine LC-MS 64% 64% | 100% | 93%
Celiprolol urine LC-MS 71% 79% 90% 98%
Chlorothiazide urine LC-MS 24% 26% 91% 91%
Chlortalidone urine LC-MS 75% 65% | 114% | 86%
Clopamide urine LC-MS 35% 38% 91% 93%
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Influence of biological matrix was successfully attributed to each tested analyte according to Figure 2.
However, in few situations, PE, ME, RE or EY values were close but not into the acceptance limit,
involving unclassified cases. In such situations, the closer matrix effect case was therefore attributed.
For example, cyclizine presented good PE, ME and EY values, while RE was 2% lower than the limit

(i.e. 88%). This molecule was thus considered to present a good SPE recovery and was then

Dexamethasone urine LC-MS 79% 80% 98% | 109%
Dichlorphenamide urine LC-MS 86% 78% | 109% | 107%
Esmolol urine LC-MS 10% 9% 109% | 95%
Ethacrinic acid urine LC-MS 52% 56% 93% 96%
Fentanyl urine LC-MS 91% 97% 94% 91%
Finasteride urine LC-MS 73% 75% 94% 95%
Furosemide urine LC-MS 83% 98% 85% 84%
Gestrinone urine LC-MS 74% 74% | 100% | 99%
Hydrochlorothiazide urine LC-MS 62% 55% | 113% | 106%
Indapamide urine LC-MS 97% 94% 98% | 103%
Methylphenidate urine LC-MS 78% 95% 83% 92%
Metipranolol urine LC-MS 56% 61% 93% 99%
Metolazone urine LC-MS 33% 26% | 111% | 98%
Metoprolol urine LC-MS 27% 30% 89% 94%
Modafinil urine LC-MS 96% 83% | 107% | 100%
Nadolol urine LC-MS 54% 53% 97% 94%
Piretanide urine LC-MS 51% 46% 93% | 108%
Probenecide urine LC-MS 93% | 100% | 93% | 102%
Sotalol urine LC-MS 58% 51% | 109% | 97%
Strychnine urine LC-MS 36% 39% 94% 96%
Torasemide urine LC-MS 57% 66% 85% 87%
Xipamide urine LC-MS 68% 67% | 101% | 109%

attributed to PEg case.

In order to give a clear overview of the results, the number of analytes per case and their related
percentage were reported in Figure 3. About two third of the analytes (138 cases, 69%) presented a
low PE among which 17 compounds (9%) even revealed a PE lower than 30%, mainly due to the
combination of low RE and low ME. The remaining third (58 cases, 29%) showed a good PE almost

equally divided between good ME and good RE (34 cases, 17%) and low RE compensated by a high

ME (24 cases, 12%). Finally, only 3 cases (2%) presented a high PE.
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Figure 3: general distribution of matrix effects.

It is interesting to note that plasma samples were mainly found in PE _ and PE® situation, suggesting
a more complex extraction than urine (Figure 4). However, when plasma extraction is well achieved,
good ME are often encountered (PEg and PE?). On the other hand, urine samples dominate PE

cases, demonstrating that urine endogenous compounds lead to important signal suppressions in LC-
ESI-MS even after solid phase extraction. The remaining urine samples are equally distributed
between the remaining low and good PE cases. Finally, high PE cases were almost not represented
with this set of data, probably due to the use of ESI, known to mainly provide signal suppression

rather than signal enhancement.
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Figure 4 : matrix distribution among the eight cases.

In a general point of view (Figure 5a), no influence of the biological matrices was observed for only
17% (34) of the tested analytes. 39 % were influenced by only one parameter, 16% of the compounds
(31) due to extraction issues (i.e. SPE) and 23% (46) through detector signal alterations. Almost half
of the investigated set, 44% (88), suffered form the presence of endogenous compounds on both
SPE and LC-MS data, demonstrating the great impact of the biological matrix toward the analytical
process. Regarding ME (Figure 5b), about 67% of the compounds exhibited signal alterations (134
cases), 45% presenting signal suppression (91 cases) while the remaining 22% was concerned by
signal enhancement (43 cases). As previously mentioned, signal suppressions were expected to be
more abundant, since ESI was used. Finally, RE distribution (Figure 5¢) was quite equilibrated, since
119 cases (60%) showed a low RE equally divided into pure low RE (60 cases, 30%) and low RE
emphasized by a low M (59 cases, 30%). The remaining 40% (80 cases) did not present significant

extraction problems.
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Figure 5 : a) Relative distribution of ME and RE on the whole set of data. PEg indicates cases

with good ME and RE, PEVE is related to cases with low or high ME, PEge refers to
cases with low RE and PE" ¢ is related to cases with low or high ME and low RE. b)
relative distribution of low, good and high ME. c) relative distribution of low and good
RE.

3.3 Corrective actions

Matrix effects do not necessarily need to be lowered or eliminated, but identified and quantified.
Indeed, the 2007 Washington workshop/conference report fixes an acceptable limit for matrix effects
variability at 15% for six individual batches of the matrix [25]. When variability is higher than 15%,
modifications should be operated on the concerned step(s) to reduce the influence of the matrix.
Regarding signal alterations during the LC-MS analysis, the use of a deuterated internal standard (IS)
is recommended. Indeed, as stated in the 2007 Washington workshop/conference report: “Stable
isotope — labelled IS minimizes the influence of matrix effects most effectively since the matrix effects
observed for stable isotope - labeled IS are generally similar to those observed for the matching
analyte”. If a deuterated IS is not available, an “Analog IS may also compensate for matrix effects;
however, the stable isotope - labeled internal standards are most effective and should be used

whenever possible” [25].
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Chromatographic conditions can also be improved to bring the analyte out from the matrix effect
window using the procedure proposed by Bonfiglio et al. [22]. This method allows directly identifying
the chromatographic region experiencing matrix effects. When endogenous compounds prevent a
satisfying extraction of the analytes with the selected procedure, protocol (re-)optimization could be
reconsidered. In this regard, a sample pre-treatment (e.g. protein precipitation) can be of great help to

remove the major part of endogenous compounds prior to a dedicated extraction [18].

Finally, the use of an alternative ionization source can strongly reduce matrix effects problems.
Indeed, APCI and APPI have been shown to be less prone to signal alterations with MS detection
[11;13;19;26]. In spite of their lower ionization yield of polar compounds, background noise is less
intense, possibly leading to similar or higher signal to noise ratios. Finally, the use of direct-electron
ionization (direct-El) has also been recently proposed to overcome matrix effects encountered with
MS detection for the analysis of pharmaceutical compounds in biological and environmental samples
[27].

4. Conclusion

An overall classification of potential matrix effects was proposed in the case of a sample preparation
followed by a LC-MS analysis. A total of eight different cases were evidenced.

Based on this classification, a schema was suggested for the attribution of the matrix effect typology.
Only four samples (aqueous and matrix samples fortified prior or after sample preparation) were
required, allowing the calculation of four ratios, namely PE, ME, RE, and EY. In order to illustrate the
proposed method, a total of a hundred and ninety-nine analytes were used as model compounds to
evaluate three different SPE and LC-MS protocols. All compounds were attributed to one of the eight
possibilities. Eighty-three percent of the investigated molecules underwent matrix effects, the major

part suffering from the influence of endogenous compounds during both SPE and LC-MS steps.
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ABSTRACT

A LC-APPI-MS method was developed and validated for the detection of alprazolam, flunitrazepam
and their major metabolites in haemolysed blood. Samples were diluted with water (2:1) and
extracted with a hydrophobic-lipophilic balanced copolymer. The method was fully validated
according to ICH guidelines and SFSTP protocols. Deuterated internal standards of both parent drugs
were used and good quantitative performance was achieved in terms of trueness and precision
(repeatability and intermediate precision) since accuracy profiles were achieved within the
acceptance limits (x 30% for biological samples). The LC-APPI-MS method was linear over the
concentration range of 1-1000 and 3-1000 ng-mL™, for alprazolam and flunitrazepam, respectively.
Lower limits of quantification as low as 1 ng mL™ in haemolysed blood were reached and the method
was successfully applied to the quantification of alprazolam, flunitrazepam and their major

metabolites in real toxicological samples.

Keywords : alprazolam, flunitrazepam, benzodiazepines, haemolysed blood, SPE, APPI, LC-APPI-

MS, validation
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1. Introduction

Benzodiazepines (BZD) are molecules used as psychotherapeutics that have a potent central
nervous system effect. They are mainly used as tranquillizers, sedatives, anticonvulsants, and
hypnotics [1,2] for the treatment of anxiety, sleep disturbances, or epilepsy [3]. They are widely
consumed and their psychotropic effects often lead to behavioural disorders [4,5], dependence [6], or
death by asphyxia [7]. Numerous methods for the analysis of BZD in biological matrices have already
been described in the literature, mainly reporting the use of gas chromatography-mass spectrometry
(GC-MS) [8-10] and liquid chromatography-mass spectrometry (LC-MS) [11-14]. Other separation
techniques, such as capillary electrophoresis (CE) [15,16], micellar electrokinetic chromatography
(MEKC) [17,18] and capillary electrochromatography (CEC) [17], have also been reported.
Concerning LC-MS, most applications have been conducted with electrospray ionization (ESI)
[4,12,19], while atmospheric pressure chemical ionization (APCI) [20,21], fast atom bombardment
(FAB) [22], matrix-assisted laser desorption ionization (MALDI) [23], and atmospheric pressure
thermodesorption surface ionization (APTDSI) [24] techniques have been rarely used. To the best of
our knowledge, no LC-MS methods have been published with atmospheric pressure photoionization
(APPI) for BzZD analysis in biological samples. However, the APPI source presents various
advantages over ESI, such as a lower sensitivity to signal alterations with biological samples [25-30]
and a larger linear dynamic range [31,32]. The latter is particularly well adapted to BZD analysis
because of their wide therapeutic and toxicity windows [33,34]. Most studies have reported BZD
analysis in urine [35-38], but other body fluids have also been investigated, such as blood [10,39,40],
hair [11,41], and saliva [42]. Because direct injection of such samples in LC-MS systems presents
difficulties, a sample preparation is necessary. Among the available techniques, liquid-liquid
extraction (LLE) [10,43,44] and solid-phase extraction (SPE) [12,14,37] are the most employed,
whereas the use of solid-phase micro-extraction (SPME) [4,39] and supercritical fluid extraction (SFE)
[45] have been less reported. SPE presents the advantage of a fast procedure, solvents compatibility
with LC mobile phases and ease of automation over LLE.

The aim of this study was to develop and validate a method to quantify the commonly consumed BZD
alprazolam and flunitrazepam, as well as their respective major metabolite, namely a-
hydroxyalprazolam and 7-aminoflunitrazepam, in haemolysed blood samples, an important matrix for
toxicological or forensic issues. Method selectivity was evaluated with various other BZD to avoid co-
medication issues. A simple and fast SPE procedure was implemented, followed by a selective LC
separation in the isocratic mode coupled to a sensitive APPI-MS detector. Quantitative performance
was assessed according to the international conference on harmonization (ICH) guidelines as well as
recommendations from the “société francaise des sciences et techniques pharmaceutiques” (SFSTP)
[46-48] including the concept of total error. Various criteria, namely trueness, precision, accuracy and
limit of quantification (LOQ) were used to evaluate quantitative performance. Deuterated internal
standards (IS) were used to compensate for the overall method variability, including extraction and
ionization variations. The fully validated method was applied to the quantification of alprazolam and

flunitrazepam in toxicological cases.
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2. Experimental
2.1 Chemicals

Stock solutions at 1000 pg-mL’l in methanol (MeOH) of flunitrazepam (FLZ), flunitrazepam-D; (FLZ-
D) 100.00% isotopic purity, 7-aminoflunitrazepam (AFLZ), alprazolam (ALZ), alprazolam-Ds (ALZ-Ds)
99.91% isotopic purity, and a-hydroxyalprazolam (HALZ) were purchased from Cerilliant (Austin,
Texas, USA) and stock solutions at 1000 pg-mL™" in MeOH of lorazepam (LRZ), clonazepam (CLZ),
nitrazepam (NTZ), and oxazepam (OXZ) were provided by Lipomed (Arlesheim, Switzerland).
Chemical structures of the analytes are reported in Figure 1. Acetonitrile (ACN) and MeOH were
purchased from Panreac (Barcelona, Spain). Acetic acid 99.8%, ammonium hydroxide 25%, acetone,
and toluene were obtained from Fluka. Water was provided by a Milli-Q Gradient A10 water purifier
system from Millipore (Bedford, MA, USA). All chemicals were of the highest purity grade
commercially available and all reagents used were of HPLC grade. Human blank whole blood and
real cases were obtained from the Institut Universitaire de Médecine Légale (IUML, Geneva,
Switzerland). They were stored at -22C and defrosted at room temperature for 30 minutes before
use. Because freezing and thawing cause hemolysis of human erythrocytes [49], they were

considered as haemolysed blood samples.

o
&, N\ \)‘\#

N
N

ALZ

CLZ

Figure 1 : Chemical structures of investigated BZD.
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2.2 Sample preparation
2.2.1 SPE

Haemolysed blood samples were centrifuged at 8000 x g for 10 minutes and 1000 pL of water was
added to 500 pL of the supernatant. After vortex-mixing, the whole sample (1500 pL) was extracted
by SPE on an Oasis HLB 96-well plate (10 mg sorbent) from Waters (MA, USA). Each well was
conditioned with 500 pL of MeOH and equilibrated with 500 pL of water. One thousand five hundred
microliters of the sample was loaded and washed with a mixture of water-MeOH (70:30, v/v). Elution

was carried out with 250 uL of MeOH and the eluate was directly transferred into the injection vial.

2.2.2 Evaluation of process efficiency and matrix e ffect

Recoveries (i.e., process efficiency) were estimated according to the methodology developed by
Matuszewski et al. [50]. A first set of three standards was prepared using neat solutions of BZD in
MeOH at three concentrations, namely LOQ, 50% and 100% of the studied range (Table 1). The
samples were prepared by diluting appropriate volumes of each BZD stock solution with MeOH (total
volume of 250 pL). After mixing, the solutions were transferred into injection vials and directly injected
into the LC-APPI-MS system. A second set of three standards was prepared in haemolysed blood
originating from six different sources, pooled, and spiked before SPE. The samples were prepared by
diluting appropriate volumes of each BZD stock solution with haemolysed blood (total volume of 500
uL). After mixing, the solutions were subjected to the above-mentioned SPE procedure. Spiked
amounts were calculated to obtain the same concentrations of BZD after SPE than in samples from
the first set. The mean recovery, as well as associated RSD, were determined for each BZD at each
concentration by the ratio of peak areas obtained in the second set to those in the first set (Table 3).

Matrix effect on LC-APPI-MS was investigated using a post-column infusion system according to
Bonfiglio et al. [51]. 5 uL of mobile phase, water, and blank haemolysed blood extracted by the
above-mentioned SPE procedure was injected in the LC-APPI-MS system, while a solution containing
all BZD in the mobile phase at 10 ng mL™ was infused post column at a flow rate of 2 L min™ by a
Harvard 11 Plus Single Syringe pump (South Natick, MA, USA). Effects associated to the elution of
endogenous compounds on the analytes signal were assessed by comparing the MS response

obtained with the injection of extracted blank blood to that of the mobile phase.

2.2.3 Samples used for calibration
Calibration standards (CS) were prepared through an independent method from blank haemolysed

blood spiked with known concentrations of analytes and their respective deuterated IS at a fixed

concentration. Three concentration levels were selected (k=3), corresponding to low (estimated
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LOQ), medium (50%) and high (100%) concentrations. The investigated ranges of each BZD are

summarized in Table 1. The CS were replicated twice (n=2) on three different series (j=3).

Table 1 : Calibration standard (CS, k=3) and quality control (QC) sample (k=4) concentrations
(ng-mL'l) used for validation of alprazolam (ALZ), flunitrazepam (FLZ) and their respective
major metabolite, a-hydroxyalprazolam (HALZ) and 7-aminoflunitrazepam (AFLZ).

cs QC | ALZ HALZ FLZ AFLZ
LOQ  LOQ 1 13 3 2
40Q | 4 52 12 8

50%  50% | 500 500 500 500

100% 100% | 1000 1000 1000 1000

2.2.4 Samples used for validation

Validation standards or quality control samples (QC) were prepared through an independent method
from blank haemolysed blood spiked with known concentrations of analytes and their respective
deuterated IS at a fixed concentration. Concentrations of each analyte are summarized in Table 1.
Four concentration levels were selected (k=4) and QC were replicated four times (n=4) on three

different series (j=3).

2.2.5 Application to biological samples

Two frozen blood samples (011 987 and 180 07) were provided from the IUML (Geneva,
Switzerland). Sample 011 987 contained FLZ and sample 180 07 contained ALZ, both at
concentrations lower than 100 ng-mL'l. They were defrosted under agitation at room temperature for
30 minutes. Both samples were centrifuged at 8000 x g for 10 minutes. One thousand microliters of
an aqueous solution of FLZ-D; at 180 pg-mL™* was added to 500 pL of the supernatant of sample 011
987. One thousand microliters of an aqueous solution of ALZ-Ds at 110 pg-mL* was added to 500 pL
of the supernatant of sample 180 07. Each sample was then extracted by SPE as described in
paragraph 2.2.1. Based on the available volumes, sample 011 987 was extracted twice (N=2) and
sample 180 07 three times (N=3).

2.3 Instrumentation
All experiments were performed on an Agilent Series 1100 LC system (Agilent Technologies,
Waldbronn, Germany) equipped with an autosampler and a binary pump. Five microliters of the

sample was injected on n XBridge Shield 100 x 2.1 mm, 3.5 pm analytical column from Waters (MA,
USA). The mobile phase, acetate buffer 20 mM pH 5-ACN (67:33, v/v), was delivered in the isocratic
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mode at 200 uL-min™. The LC system was coupled to an Agilent Series 1100 MSD single quadrupole
equipped with an orthogonal APPI source (PhotoMate). Nitrogen was used as both the nebulizing (5
L-min'l) and drying gas (250C). The vaporizer temperature was set at 250C, nebulizer pressure at
45 psig and capillary voltage at +2000 V. Post-column infusion of acetone as a dopant was achieved
at 20 pL-min’1 by a Harvard 11 Plus Single Syringe pump (South Natick, MA, USA). Detection of
protonated FLZ, AFLZ, ALZ, HALZ, LRZ, CLZ, NTZ, and OXZ was conducted in the selected ion
monitoring (SIM) mode at m/z 314, 284, 309, 325, 321, 316, 282, and 287, respectively, with a dwell
time of 71 ms. The Chemstation A.10.03 software (Agilent Technologies) was used for instrument

control, data acquisition and data handling.

3. Results and discussion

The aim of this study was to develop and validate a LC-APPI-MS method for the analysis of two
broadly used BZD in haemolysed blood, namely alprazolam (ALZ) and flunitrazepam (FLZ), as well
as their major metabolites, a-hydroxyalprazolam (HALZ) and 7-aminoflunitrazepam (AFLZ).
Metabolites quantification was carried out to establish a BZD intake even in the case of an
undetectable amount of the substrate. Lorazepam (LRZ), clonazepam (CLZ), nitrazepam (NTZ), and
oxazepam (OXZ) were included in the evaluation of the method selectivity to avoid quantification
problems due to potential co-medication.

The set of compounds includes weak bases (ALZ, FLZ, and AFLZ, pK,<3.1), a weak acid (LRZ,
pK.>10.8) and ampholytes with both weak functions (CLZ, NTZ, OXZ and HALZ) (Table 2). Since
BZD possess broad therapeutic and toxicity windows (e.g., between 5 ng-mL'l and 400 ng-mL'1 for
ALZ [34]), the analytical procedure should therefore enable quantification over a wide concentration

range.

Table 2 : Studied BZD with their pKa, logD and typical blood concentrations (Hg-mL™).

compound pKa'® logD * concentration in blood (ug-mL™?) [34]
acidic  basic pH 2 pH 7 pH 10 therapeutic toxic lethal
alprazolam - 2.3 1.9 2.5 25 0.005 - 0.05 0.1-04 -
a-hydroxyalprazolam 131 1.2 1.6 1.7 1.7 -
clonazepam 11.2 1.5 2.2 2.3 2.3 0.01-0.08 0.1 -
flunitrazepam - 1.7 1.1 13 1.3 0.005 - 0.015 0.05 -
7-aminoflunitrazepam - 3.1 -0.6 0.6 0.6 -
lorazepam 10.8 - 25 25 24 0.08-0.25 0.3-05 -
nitrazepam 114 3.2 1.0 22 2.2 0.03-0.1 0.2-03 5
oxazepam 10.9 1.7 2.1 2.3 2.3 0.2-15 2 3-5

! pK, and log D values were calculated using Advanced Chemistry Development software version 8.14 for Solaris (ACD/Labs,
Toronto, Canada).
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3.1 Method development

3.1.1. SPE

A hydrophilic-lipophilic sorbent (Oasis HLB) was selected. In order to determine the most suitable
operating conditions, experiments were first performed on neat standard solutions spiked with all
compounds and then transferred to haemolysed blood samples.

Analyte retention on the sorbent during the loading step was compared in acidic and neutral media
(pH 2.5 and 7). As expected, the Oasis HLB was not able to fully retain analytes under acidic
conditions, due to the lower hydrophobicity of BZD (Table 2) than at neutral pH. However, the latter
allowed compound retention and was therefore selected. The washing step was then studied with
mixtures of water/MeOH between 0% and 100% of MeOH. The optimal amount of MeOH was 30%
for minimal compound loss at this stage. Finally, increasing volumes of MeOH (100 pL, 250 pL and
500 pL) for elution were evaluated and 250 pL was found to be optimal for a complete elution from a
10 mg sorbent cartridge.

This SPE procedure was implemented on haemolysed blood samples spiked with all analytes.
Potential interference of endogenous compounds during SPE and LC-MS analysis could thus be
emphasized. Haemolysed blood was first centrifuged and the supernatant diluted with two volumes of
water as a sample pretreatment before SPE. As already observed elsewhere [26], dilution prior to on-
line SPE removed matrix effects encountered with APPI for some analytes, whereas ESI was
subjected to such effects in all cases. In this study, as an off-line SPE was operated, qualitative
information on matrix effects resulting from a simple dilution of the sample prior to SPE was retrieved
from a post-column infusion set-up (2.2.2) [51]. As no interferences were observed (data not shown),
dilution was selected for its ease and to limit co-precipitation risks. Quantitative results on matrix
effects were obtained through the application of the method described by Matuszewski et al. [50].
Recoveries on elution were calculated at low and high concentration levels (estimated LOQ and
100%, respectively, see Table 1) by comparing results obtained with neat standards not extracted on
SPE (2.2.2). Mean recoveries were between 83% and 119% for all compounds and RSD values were
lower than 10% (Table 3), confirming no matrix effects. The simple dilution of the sample prior to SPE

was therefore considered as adapted to off-line SPE combined with APPI.
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Table 3 : SPE elution step: mean recovery of haemolysed blood samples spiked with the studied
BZD at each CS concentration level.

Mean recovery (%) RSD (%)
at LOQ at 100% at LOQ at 100%
alprazolam 102.9 116.0 3.2 9.6
a-hydroxyalprazolam 95.1 106.7 6.3 6.6
flunitrazepam 96.8 106.2 2.4 3.0
7-aminoflunitrazepam 107.7 119.2 6.0 6.0
lorazepam 99.9 113.8 6.2 7.6
clonazepam 86.4 96.0 3.3 2.7
nitrazepam 84.4 96.4 55 3.3
oxazepam 87.2 92.4 6.5 11

3.1.2. LC-APPI-MS

Since there were two pairs of isobaric compounds (e.g., FLZ/ALZ-Ds, m/z 314 and LRZ/FLZ-D, m/z
321), a chromatographic separation with sufficient resolution was necessary. Three columns were
compared (Waters XBridge 100 x 2.1 mm, 3.5 um, Waters XBridge Shield 100 x 2.1 mm, 3.5 pm and
Thermo Hypersil Gold 100 x 2.1 mm, 5 pm) and mobile phases at various pH and compositions were
tested. The optimal chromatographic conditions for BZD separation were found using HPLC modeling
software (Osiris 4.1.1.2, Datalys, Grenoble, France) according to a procedure described in the
literature [52]. The XBridge Shield presented the best compromise between resolution of both
isobaric couples and analysis time, with a mobile phase made of acetate buffer 20 mM pH 5-ACN
(67:33, v/v). The mobile phase was delivered at 200 pL-min™ to fulfill APPI requirements regarding
the maximal affordable flow rate [53]. Under these chromatographic conditions, complete separation
(Rs>1.5) of isobaric compounds was achieved, with a total analysis time of 10 minutes (Figure 2).
Isotopic abundance of %l /1% Cl occurred in most investigated BZD and accounted for small peaks
on relatively close (in term of m/z) extracted chromatograms. For instance, ALZ-Ds, (m/z 314)
presents a small m/z difference with CLZ (m/z 316). Therefore, a small peak corresponding to ALZ-Ds
was found on CLZ chromatogram around 5.5 min.

Since HLB elution required pure MeOH, chromatographic performance might be affected by the direct
injection of the organic fraction [54]. Hence, evaporation and reconstitution in water was considered.
The influence of the injection solvent on the chromatographic separation was evaluated by the
injection of standard solutions diluted in increasing proportions of MeOH. Pure MeOH did not alter the
resolution, probably due to the low injected volume (5 pL) and to the retention factors between 2 and
8.
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Figure 2 : Chromatograms obtained by the injection of studied BZD diluted in MeOH at 250 ng-mL™.

Source parameters were optimized with standard solutions and the best compromise for all
compounds was selected. It has to be noted that the selected capillary voltage in the APPI was quite
high (+ 2 kV) compared to standard settings. However, no ionization was observed by switching off
the lamp, indicating that ionization under these conditions was exclusively due to photoionization and
not ESI-like mechanisms. BZD photoionization was evaluated with and without dopant, since the
latter could significantly improve the ionization process [55-58]. The two most common dopants,
toluene and acetone [56], were investigated. Both were added at 10% of the mobile phase flow rate
(i.e., 20 pL-min'l) since ionization efficiency reaches a maximum at this proportion [55]. This was
done through post-column infusion with a tee placed between the column and the detector, to prevent
from chromatographic and/or solubility issues compared to direct addition in the mobile phase. The
use of toluene was deleterious compared to the no dopant situation, while acetone significantly
improved signals (factor 1.5 on ALZ, HALZ, FLZ and AFLZ, n=6) and was therefore selected (data not
shown). It has to be noted that the use of acetone as a dopant in APPI was generally found in the
literature to be less efficient than toluene regarding proton transfer. The latter was also proved to
promote charge transfer, a mechanism unachievable with acetone [57,59]. However, in the case
presented here, pseudo-molecular ions were mainly observed over molecular ions in all cases when
acetone was used rather than toluene, as already observed in a previous study [26].

Finally, sensitivity was compared in ESI and APPI with standard solutions of all used
benzodiazepines and was found better in APPI by a factor 3 with ALZ and a factor 2 with FLZ. The
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use of APCI could be a good alternative to APPI for the ionization of BZD with chromatography

performed at high flow rates (> 1 ml-min™) due to its ionization mechanism [55].

3.2 Quantitative performance

In order to compensate for the overall method variability, including extraction and ionization
variations, deuterated IS of ALZ and FLZ were employed. Quantitative determinations of ALZ, HALZ,
FLZ and AFLZ are presented.

3.2.1 Selectivity

Because endogenous compounds might still be present after solid phase extraction and induce
ionization alterations, potential matrix effects were evaluated, as mentioned in paragraph 3.1.1. Since
no interference was observed, method selectivity was further investigated by comparing
chromatograms obtained by the injection of blank haemolysed blood (CAL 00), blank haemolysed
blood spiked with IS (CAL 0, ALZ-Ds and FLZ-D- at 220 ng-mL™" and 360 ng-mL*, respectively), and a
CS at the estimated LOQ. As illustrated in Figure 3, no interferences were observed at retention times
corresponding to analytes of interest and IS, although six independent sources of haemolysed blood
were tested. It has to be noted that the peak appearing at eight minutes in Figures 3A and B
corresponded to FLZ, while the peak appearing at six minutes in Figures 3C corresponded to ALZ-Ds.
Both compounds are isobaric (m/z 314) and could not be resolved with a single quadrupole mass
spectrometer. Figures 3C and D also revealed another peak at seven minutes, attributable to LRZ
that presents the same m/z value (321) to that of FLZ-D;. A selective LC separation was thus

mandatory prior to MS detection with a single quadrupole analyzer to prevent from this issue.
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Figure 3 : A) Typical chromatograms of ALZ obtained by the injection of blank haemolysed blood

(CAL 00), blank haemolysed blood spiked with ALZ-Ds (CAL 0) at 220 ng-mL'l and a
calibration standard (CS) containing ALZ at 1 ng-mL’l, B) Typical chromatograms of
HALZ obtained by the injection of blank haemolysed blood (CAL 00), blank haemolysed
blood spiked with ALZ-Ds (CAL 0) at 220 ng-mL'l and a calibration standard (CS)
containing HALZ at 13 ng-mL’l, C) Typical chromatograms of FLZ obtained by the
injection of blank haemolysed blood (CAL 00), blank haemolysed blood spiked with FLZ-
D, (CAL 0) at 360 ng-mL™" and a calibration standard (CS) containing FLZ at 3 ng-mL™,
and D) Typical chromatograms of AFLZ obtained by the injection of blank haemolysed
blood (CAL 00), blank haemolysed blood spiked with FLZ-D; (CAL 0) at 360 ng-mL™" and
a calibration standard (CS) containing AFLZ at 2 ng-mL’l. XIC of ALZ (m/z=309), HALZ
(m/z=325), ALZ-Ds (m/z=314), FLZ (m/z=314), AFLZ (m/z=284), and FLZ-D; (m/z=321).

3.2.2 Validation

Quantitative performance was evaluated according to SFSTP validation guidelines on three separate
series (j=3). According to SFSTP 2003 recommendations [47], validation protocol V5 was followed.
The latter recommends three concentration levels (k=3) with two repetitions (n=2) for CS. To improve
accuracy profiles, four concentration levels (k=4) with four repetitions (n=4) for QC, both prepared in
the biological matrix, were selected. Trueness and precision were estimated for each concentration
level after the selection of the most suitable response function. Trueness corresponds to the
difference between the true value and the mean recalculated concentration of QC (experimental
value). Trueness was expressed in terms of relative bias (%) for each level of concentration and for
every compound. Precision corresponds to the dispersion level among a series of measurements
from multiple samplings. In this study, precision was estimated with variances of repeatability (s) and
intermediate precision (s°g), calculated on the estimated concentrations as described in [60] and

finally expressed as RSD. Accuracy corresponds to the total error including systematic (trueness) and
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random (precision) errors. For the construction of accuracy profiles used to evaluate the total error of
the method, SFSTP 1997 [46] recommendations were followed. Confidence intervals were calculated
for each compound with fixed degrees of freedom (df=j-(n-1)) at a unilateral level of risk a=10%.
These confidence intervals gave the lower and upper confidence limits associated to the experimental

value.

3.2.2.1 Regression model selection

Since the calibration curve affects validation results, various regression models were compared.
Ordinary least squares (OLS), OLS forced through zero, external standard at the highest CS level,
OLS after logarithmic transformation of both concentration (x) and response (y), OLS after square
root transformation of both concentration (x) and response (y) and weighted least squares (WLS) with
two weighting factors (1/x and 1/x2) were tested for each compound. QC concentrations were back
calculated via slope and intercept from each tested response function to determine the mean bias
and the confidence limits (lower and upper). The acceptance limit for accuracy profiles was fixed at
+30%, in accordance with the most recent regulatory recommendations [61]. These profiles were
used as a decision tool to estimate the method ability to quantify samples with an accepted risk
(a=10%). Figure 4 shows selected accuracy profiles for ALZ, HALZ, FLZ and AFLZ.

Relative Relative
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+40% 1

+20% 4

o

-20% A

- 40%

-60%

Relative Relative

o Bles C.FLZ +60% | Bias D. AFLZ
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Figure 4 : Accuracy profiles expressed as confidence intervals for A) ALZ, B) HALZ, C) FLZ, and D)
AFLZ.
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The developed method was considered accurate over the investigated concentration ranges for every

compound since the lower and upper confidence limits did not exceed the acceptance limits (£30%)

(Table 4). The most appropriate regression model covering the whole concentration range was then

selected. The most suitable calibration model was the WLS with 1/x* as a weighting factor for ALZ,

HALZ and FLZ, whereas for AFLZ the best model was the linear regression after logarithmic

transformation.

Table 4 : Validation results for A) ALZ, B) HALZ, C) FLZ, and D) AFLZ (j=3; k=4; n=4).

A)

Validation criterion  alprazolam
Trueness
Relative bias (%)
1 (ng-mL-1) 4.2
4 (ng-mL-1) -7.1
500 (ng-mL-1) 5.6
1000 (ng-mL-1) 0.1
Precision
Repeatability / Intermediate
precision (RSD, %)
1(ng-:mL-1)  9.4/13.2
4 (ng'mL-1) 4.8/12.0
500 (ng-mL-1) 8.3/8.8
1000 (ng-mL-1)  4.5/11.2
Accuracy
Lower / upper limits of the
total error (%)
1(ng-mL-1) -20.1/28.5
4 (ng-mL-1) -29.2/14.9
500 (ng-mL-1) -10.6/21.8
1000 (ng-mL-1) -20.5/20.7
Linearity
Range (ng-mL-1) [1;1000]
Slope 1.006
Intercept 4.8596
R2 0.9992
LLOQ (ng-mL-1) 1

B)

Validation cr  iterion a-hydroxyalprazolam
Trueness
Relative bias (%)
13 (hg-mL-1) 2.9
52 (ng-mL-1) -12.8
500 (ng-mL-1) 3.6
1000 (ng-mL-1) -0.2
Precision
Repeatability /
Intermediate precision
(RSD, %)
13 (ng-mL-1) 10.1/14.3
52 (ng-mL-1) 39/7.1
500 (ng-mL-1) 10.0/11.8
1000 (ng-mL-1) 41/5.8
Accuracy
Lower / upper limits of
the total error (%)
13 (ng-mL-1) -23.3/29.0
52 (ng-mL-1) -25.710.2
500 (ng-mL-1) -18.1/25.2
1000 (ng-mL-1) -10.7/10.4
Linearity
Range (ng-mL-1) [13;1000]
Slope 1.005
Intercept 0.585
R2 1.000
LLOQ (ng-mL-1) 13
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C) Validation criterion  flunitrazepam D)  Validation criterion  7-aminoflunitrazepam
Trueness Trueness
Relative bias (%) Relative bias (%)
3 (ng-mL-1) 4.1 2 (ng-mL-1) 2.7
12 (ng-mL-1) -15.7 8 (ng-mL-1) 3.2
500 (ng-mL-1) 14 500 (ng-mL-1) -11.0
1000 (ng-mL-1) 0.8 1000 (ng-mL-1) -9.9
Precision Precision
Repeatability_ /_ Intermediate R?fﬁg?;?:g:zé
precision (RSD, %) precision (RSD, %)
3 (ng-mL-1) 5.8/8.2 2 (ng-mL-1) 10.0/10.4
12 (ng-mL-1) 44159 8 (ng-mL-1) 8.1/9.8
500 (ng-mL-1) 71/7.1 500 (ng-mL-1) 7.418.7
1000 (ng-mL-1) 3.3/33 1000 (ng-mL-1) 49/6.8
Accuracy Accuracy
Lower / upper limits of the total Lower / upper limits
error (%) of the total error (%)
3(hg'mL-1)  -11.0/19.2 2 (ng-mL-1) -16.4/21.7
12 (ng-mL-1) -26.5/-4.9 8 (ng-mL-1) -14.7/21.1
500 (ng-mL-1) -11.6/14.4 500 (ng-mL-1) -26.8/4.9
1000 (ng-mL-1) -5.2/6.8 1000 (ng-mL-1) -22.3/26
Linearity Linearity
Range (ng-mL-1) [3;1000] Range (ng-mL-1) [2;1000]
Slope 1.010 Slope 0.900
Intercept -0.3241 Intercept -0.4183
R2 1.0000 R2 1.0000
LLOQ (ng-mL-1) 3 LLOQ (ng-mL-1) 2

3.2.2.2 Linearity

A linear method gives results directly proportional to the concentration of the analyte over the
investigated range. For each compound, a linear regression model was applied to the recalculated
QC concentrations vs. experimental concentrations. The slope, intercept and coefficient of
determination were calculated for each model. In all cases, slopes and intercepts were between
0.900 — 1.010 and -0.42 — 4.86, respectively. The R? values were higher than 0.9992, indicating that

the developed method was linear for the tested compounds.

3.2.2.3 Limit of quantification (LOQ)

The lower limit of quantification (LLOQ) defines the lowest amount of analyte that can be measured in
the matrix under the experimental conditions with a defined accuracy. Since the lowest concentration
levels for each compound were included in the acceptance limits, they were considered as the LLOQ
(1 ng-mL'l, 13 ng-mL’l, 3 ng-mL'1 and 2 ng-mL'1 for ALZ, HALZ, FLZ and AFLZ, respectively). In
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comparison with ESI and APCI, the LOQ achieved for ALZ and FLZ in APPI with our single
guadrupole MS was analogous to those obtained in the literature in ESI with triple quadrupole MS or
ion trap MS (in the 0.5t0 5.0 ng-mL'l range) [11;62-66] and in APCI with single quadrupole MS or ion
trap MS (in the 1.0to 5.0 ng-mL'1 range) [20,44,67,68].

3.2.2.4 Trueness and precision

Trueness was acceptable in each case (threshold of £15%) as the relative bias was lower than 12.8%
except for FLZ at 12 ng-mL™" (-15.7%) (Table 4). However, this higher value was compensated by
good precision, keeping the total error, expressed as the confidence interval, under +30%. Regarding
precision, RSD values were satisfactory, since they were all between 3.3% and 10.1% for
repeatability, and between 3.3% and 14.3% for intermediate precision. The best results were
obtained with FLZ (3.3% / 7.1% and 3.3% / 8.2% for repeatability and intermediate precision,

respectively).

3.2.3 Application to biological samples

The applicability of the developed method was illustrated with the analysis of two real haemolysed
blood samples (180 07 and 011 987). A preliminary LC-MS screening was first performed by the
Institut Universitaire de Médecine Légale which showed that sample 180 07 contained ALZ and
sample 011 987 contained AFLZ. The method was applied to both samples and quantification of each
compound was based on a calibration curve obtained on the same day. CS with the same
concentrations as those used during the validation process (k=3) were injected twice (n=2) and the
same data treatment was used (WLS with 1% as weighting factor for ALZ, HALZ and FLZ and OLS

after logarithmic transformation for AFLZ). The confidence interval was calculated with Formula 1.

X=ty , Wr+s 1)

where X is the mean result and N is the number of analyses. The ty « (Student constant depending
on the degrees of freedom (df) and on the level of significance @), s’ and 52g (intra and inter-series
variances) values were determined during validation via the regular ANOVA-based variance
decomposition. Since an important part of the overall variability was attributed to repeatability,
samples were analyzed twice (sample 011 987) and thrice (sample 180 07) to decrease the
confidence interval. In routine analysis, this can be carried out in a single measurement according to

the obtained validation results. Chromatograms of both samples are given in Figure 5.
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Figure 5 : Chromatograms obtained from the injection of toxicological samples. A) haemolysed blood
sample 180 07 spiked with ALZ-Ds at 220 ng-mL'1 and B) haemolysed blood sample 011
987 spiked with FLZ-D- at 360 ng-mL™.

A concentration of 7.6 ng-mL™" + 0.5 ng-mL™" of FLZ was found in sample 011 987, but the sample
also contained 27.5 ng-mL™" + 9.6 ng-mL™" of AFLZ, indicating that the majority of the FLZ was
metabolized (see Table 2). Concerning sample 180 07, it contained 64.6 ng-mL'1 + 18.2 ng-mL'1 of
ALZ and 24.7 ng-mL'1 +35 ng-mL'1 of HALZ, a concentration within the toxicity window considering
plasma values [34]. However, no data were found in the literature to evaluate these values in

haemolysed blood samples.

4. Conclusion

A method for determining alprazolam, flunitrazepam and their major metabolites in haemolysed blood
was developed. The sample preparation was achieved by a fast and easy SPE without evaporation or
reconstitution. A selective and sensitive LC-APPI-MS analysis was carried out in less than 10
minutes. The use of the APPI source was found to be an excellent alternative to ESI and APCI since
it lead to similar sensitivities without matrix effects. A validation strategy based on accuracy profiles
was applied on alprazolam, flunitrazepam and their major metabolites to demonstrate the methods
ability to quantify these compounds in haemolysed blood over a wide concentration range. Selectivity,
trueness, precision and the lower limit of quantification were calculated by applying an appropriate
regression model and good performance was achieved (accuracy was included in the acceptance
limit of +30%). The developed technique was finally applied to rapidly quantify alprazolam,

flunitrazepam and their metabolites in two toxicological samples.
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Conclusions et perspectives

Lors de ce travail de thése, divers aspects de I'analyse par LC-MS de composés pharmaceutiques
dans des matrices biologiques ont été étudiés.

Le développement de la préparation d’échantillon dans le cadre d'une analyse multi-analytes a été
investigué et une méthode a été proposée pour sa simplification. L'utilisation d'un nombre restreint de
composés représentatifs de la totalité des substances a permis de réduire le temps ainsi que le
nombre d’expériences nécessaires au développement, sans altérer la qualité de la méthode finale.
Cette derniere s’est en effet avérée adaptée a I'extraction de la totalité des substances représentées.
En revanche, l'utilisation des composés représentatifs ne convient pas a I'évaluation des effets

matrice.

Ces derniers ont fait I'objet d’'une étude en ESI, APCI et plus particulierement APPI, celle-ci étant
globalement moins encline aux effets matrice que ses deux consceurs. L'APPI a été présentée
comme une alternative trés intéressante a I'ESI pour lionisation de composés pharmaceutiques,
puisque pouvant permettre des sensibilités comparables tout en limitant les effets d’altération du

signal.

Les effets matrices ont également fait I'objet d'une seconde étude proposant une classification
exhaustive lors d’'une analyse d’échantillons d’urine et de plasma par SPE-LC-MS. Dix-huit cas ont
été distingués et classés dans un organigramme permettant 'identification de I'effet matrice rencontré
par simple cheminement sur I'arborescence. D’'un point de vue pratique, seules quatre expériences
sont requises pour l'attribution des effets matrice via cet organigramme, rendant l'identification

simple, rapide et peu onéreuse.

Lors de la préparation d’échantillons plasmatiques par SPE couplée en ligne a la LC, une
précipitation de protéines préalable a linjection de I'échantillon dans le systeme analytique est
nécessaire. Ce geste, aussi simple que la dilution largement utilisée, a permis de considérablement
allonger la durée de vie de la colonne analytique, de drastiguement diminuer — voire totalement
éliminer en APPI — les effets matrice et, finalement, de niveler la qualité de la préparation

d’échantillon.

L'utilisation de 'APPI comme alternative a I'ESI pour l'ionisation de benzodiazépines a ensuite été
illustrée par la validation d'une méthode SPE-LC-MS pour le dosage de [lalprazolam, du
flunitrazepam et de leurs principaux métabolites dans le sang hémolysé. La méthode développée a
permis d'atteindre des limites de sensibilité de I'ordre du nanogramme par millilitre avec le MS simple

quadripdle a disposition.

Le temps nécessaire au rendu des résultats étant le point clé dans de nombreux domaines

(développement du médicament, lutte contre le dopage, TDM, toxicologie, etc.), 'UHPLC est devenu
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un outil de choix. En revanche, cette technique requérant I'utilisation de supports a faible diamétre de
particules, la préparation d’échantillon devient une étape cruciale. De nombreuses applications ont
déja été publiées en UHPLC, mais aucune étude systématique sur I'adéquation de la préparation
d’échantillon avec ce type de méthode séparative n'est parue a ce jour. Il serait donc intéressant de
comparer les diverses procédures possibles pour la préparation déchantillon. Par ailleurs, cette
derniére devenant également I'étape limitante en terme de temps, il conviendrait d’'investiguer les

approches de préparation rapide de I'échantillon.

Dans cette optique, des méthodes de préparation d’échantillon automatisées sont disponibles, telles
que la LLE sur cartouche (SLE) ainsi que la PP sur cartouche. La SLE semble étre une voie
intéressante, alliant les avantages de la LLE (rendement d’extraction, propreté de I'échantillon) a une
automatisation augmentant considérablement la productivité. La PP automatisée permet quant a elle
d'associer I'élimination d'une grande partie du contenu protéique de I'échantillon a une productivité
accrue. |l serait également intéressant d'évaluer la combinaison de deux types de préparation
d’échantillon (PP + SPE off-line par exemple) pour une plus grande propreté de I'échantillon injecté
en vue de son analyse par UHPLC. Précisément, des supports d’extraction permettant d'effectuer
une PP préalablement a une extraction SPE sur la méme cartouche sont récemment apparus. Ces
supports, appelés HybridSPE, ont en outre I'avantage d’éliminer une forte proportion du contenu
phospholipidique de la matrice, reconnu pour participer, conjointement aux protéines, aux effets

d’altération du signal MS.

A ce titre, la présence d’interférents dans I'échantillon injecté est non seulement un sujet de premiére
importance concernant la séparation mais également en regard des effets matrice engendrés en MS.
Ces derniers étant partiellement liés a la partie séparative, il mériterait également d’en étudier la

portée dans le cadre d’analyses d’échantillons biologiques en UHPLC-MS.

Finalement, la sélectivité étant un sujet primordial lors du développement de méthode et de la
validation, un gain notable peut étre apporté par le recours a d'autres types d'analyseurs de masse,
tels que le triple quadripdle ou la trappe d'ion, par exemple. Il serait donc intéressant de d’évaluer les
tenants et les aboutissants de l'utilisation de ces outils pour I'analyse de composés pharmaceutiques
en UHPLC-MS.
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For several years, sport federations have decided to be very stringent against doping. Therefore,
athletes are tested for the presence of forbidden substances mainly in urine, but also increasingly in
blood, during competition and training periods (out-of-competition tests). Sample collection and
analysis are strictly regulated by the World Anti-Doping Agency (WADA) and are only performed by
accredited staff-members and laboratories. Today, it is estimated that there are more than 150’000
tested samples per year over the world, mainly in Europe and this number is doomed to rapidly
increase. The constraints on response time are becoming more difficult with results needed within 24
or 48 hours. Generally, the analysis of a sample occurs in two steps: a rapid screening is first
operated and in the case of a positive result, a confirmatory analysis, together with quantitative
measurements for some threshold substances, is performed. Therefore, particularly at the screening
level, powerful, rapid and simple analytical methods, as generic as possible, are absolutely necessary

to deal with the increasing number and complexity of controlled samples.

Analytical process

Due to the complexity of blood (i.e. plasma) and urine matrices and the low levels of screened
substances among a large amount of endogenous compounds, sample preparation is mandatory in
order to remove usual interferents (such as salts, proteins, fatty acids, etc) and to lower the limits of
detection. Thus, the analytical process is made up of four distinct steps, namely : sample preparation,
separation, detection and data analysis. Today, liquid chromatography coupled with mass
spectrometry (LC-MS) is considered as the gold standard for analyzing drug substances at low
concentration levels, even if other analytical techniques such as gas chromatography and capillary
electrophoresis coupled with different detectors as well as immunoassays remain of great interest.
However, analysis time is often a critical factor due to complicated and tedious sample preparation
steps and LC separations. These must be reduced in order to increase the throughput of these
assays.

The main objective of this paper is to describe a complete strategy for the rapid and selective analysis

of doping substances in biological matrices.

Sample preparation

With urine matrices, different sample preparation procedures can be used according to both screened
substances and selected analytical method. However, due to the low amount of investigated analytes
in biological samples, the “dilute and shoot” procedure [1], as well as the direct injection of filtered
urine is generally not recommended even with a powerful LC-MS/MS technique. Moreover,
automated sample preparation in LC-MS (e.g. column switching), which been successful in drug
analysis [2], can not be considered as a valuable strategy in doping control to avoid any carry over

risk and to ensure sample independence. Besides, an on-line solid phase extraction (SPE) procedure
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is adapted to a dedicated analysis (e.g. therapeutic drug monitoring, pharmacokinetic study) but not
to the analysis of a broad range of analytes present at very low concentrations. Furthermore, the
same sample could require the use of different and orthogonal analytical methods to unambiguously
prove the presence of a prohibited substance. Therefore, off-line sample preparation procedures,
such as liquid-liquid extraction (LLE) and off-line SPE, are preferred. The former has been largely
used and presents advantages in terms of efficiency, simplicity and cost. However, it suffers of some
drawbacks such as the long time required for performing a complete procedure and a lack of
possibilities for automation. For these reasons, SPE is considered as the method of choice.

With plasma samples, the same issues arise and, therefore, a simple protein precipitation (PP) prior
to analysis is often not sufficient. Different specific sorbents such as affinity columns and proteome
partitioning kits have recently been developed for the extraction of particular compounds such as
doping substances. As reported in the World Anti-Doping Agency (WADA) list available on the
internet [3], these compounds are of different nature and comprise various families such as
stimulants, anabolic steroids, diuretics, B-blockers, opiates, cannabinoids, glucocorticosteroids, [12-
agonists, proteins, anti-estrogens, hormones, etc. Thus, many of the latter possess hydrophobic
moieties as well as basic or acidic functions which can be extracted with hydrophobic or mixed mode
materials for gaining selectivity [4]. Furthermore, new extraction sorbents used in SPE are now
compatible with the direct injection of blood samples, since proteins are excluded when large loading
flow rates are applied [5].

In conclusion, off-line SPE is a generic approach which can be used for urine and blood samples. It is
versatile, easy to perform and can be compatible with several analytical methods. Furthermore, its
automation has already been described [6] and a large number of samples can be prepared using 96-
or 384-wells plates drastically reducing the average sample preparation time (e.g. 96 samples

extracted in less than three hours, all steps included).

LC-MS analysis

As mentioned above, LC-MS is presently considered as the gold standard for such analyses. For
performing rapid and efficient separations, different strategies have been implemented in the last five
years [7]. One attractive alternative is the use of sub-2um particles packed in short chromatographic
columns. With this material, it is possible to significantly reduce the analysis time, while maintaining
efficiency and sensitivity constant [8]. For example, using the appropriate fundamental equations of
chromatography [9], the analysis time can be reduced by a factor 10 to 20 maintaining a good
resolution [10] in comparison with conventional methods (Figure 1) for the analysis of a set of doping

substances.
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Figure 1 :UPLC-UV separation of 36 substances comprising stimulants, diuretics, and B-blockers.

It can be noted that due to the thinness of peaks, detectors (i.e. UV-Vis and MS) with high acquisition
rates (> 40Hz) are mandatory. However, these small particles induce a large back pressure and a
dedicated instrumentation compatible with very high pressures (i.e. 1000 bar) is required. Since 2004,
instruments which allow performing separations of complex mixtures within a couple of minutes

(Figure 2) were commercialized (e.g. Ultra Performance Liquid Chromatography (UPLC)).
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Figure 2 : Schematic representation of proposed solution for fast analysis.

Conclusion

For screening and confirmatory analysis of doping substances in biological matrices (i.e. urine and
plasma), a generic approach can be easily implemented to reduce the time response delivery while
maintaining high chromatographic performance. For this purpose, an off-line SPE performed
automatically in 96- or 384-well plate formats can be directly coupled to a UPLC-MS system as
shown in Figure 2. With this strategy, it is possible to analyze 100 samples per day (8 hours) per
instrument corresponding to a result each 5 minutes. Of course, this procedure could be implemented

in systems which permit the injection of prepared well-plates and be compatible with using columns
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packed with sub-2um particles (in terms of maximal reachable pressure and detection acquisition

rates).
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ABSTRACT

Over the past decade, electrospray ionization (ESI) and atmospheric pressure chemical ionization
(APCI) sources became the classical interfaces used for liquid chromatography hyphenated to mass
spectrometry (LC-MS) for performing fast, selective and sensitive analysis of pharmaceuticals in
biological fluids. Atmospheric pressure photoionization (APPI) is the latest source among API
techniques which allows to further extend the field of application of LC-MS to low polarity molecules.
When LC-MS analyses are performed on complex biological matrices, an alteration of the analytical
response can occur. This phenomenon called matrix effect is due to co-elution of endogenous
compounds such as proteins, lipids, sugars or salts interfering with the analytes during the ionization
process. These matrix effects have already been widely reported in the literature especially for ESI
and APCI but to the best of our knowledge, only a few studies have been published with APPI.

In order to overcome matrix effects, sample clean-up procedures must be operated to remove
potential interferents. They are divided in two main groups namely off-line and on-line sample
preparations. The latter performs the sample extraction directly in the LC system by the mean of
dedicated supports. Three kinds of on-line extraction supports such as restricted access material
(RAM), large particle support (LPS) and monoliths, respectively, allow direct injection of biological
samples. Furthermore, to increase extraction support and column lifetimes, a sample pre-treatment

could be assessed prior to the injection (i.e. protein precipitation).
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In this study, matrix effect was evaluated with a post-column infusion system with commercially
available ESI, APCI, and APPI sources coupled to a single quadrupole mass spectrometer. Four
commercially available extraction supports (one RAM, two LPS and one monolith) for on-line sample
preparation of human plasma were used in the column-switching configuration. Direct injection and
sample pre-treatment (protein precipitation with acetonitrile) were performed before the injection in
the LC-MS system. Each extraction support was investigated with three pharmaceutical compounds
and their primary metabolites : methadone (MTD), 2-ethyldiene-1,5dimethyl-1,3-diphenylpyrrolidine
(EDDP), fluoxetine (FLX), norfluoxetine (NFLX), flunitrazepam (FLZ) and norflunitrazepam (NFLZ),
one vitamin, vitamin D3 (VD3) and one pesticide, metalaxyl (MTX).

Results were analyzed with the help of principal component analysis (PCA) and demonstrated that
protein precipitation reduced drastically matrix effects in all cases. APPI exhibited in most of the
cases lower sensitivity to endogenous compounds than APCI and ESI. Considering most analytes

used, ESI is the most sensitive source but shows also the most sensitivity toward matrix effects.
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ABSTRACT

Analyses in anti-doping control occur in two steps. First, a generic fast screening analysis is used to
determine the presence of a large number of forbidden compounds in urine. Second, in the case of
positive result, a specific procedure (confirmatory analysis) has to be performed to quantify the
substance(s).

Screening method development is tedious and time consuming due to the necessity to optimize the
sample preparation of a large quantity of compounds. The use of chemometric tools is therefore
proposed to reduce the number of tested analytes in method development by choosing representative
compounds of the whole set.

In this study, a group of thirty-six doping agents consisting of diuretics and beta-blockers was used. A
standard solution containing all analytes was loaded, washed and eluted with four different SPE
sorbents. All fractions were collected and each compound was retrieved by LC-ESI-MS. In order to
bring out differences among compounds, a multivariate analysis approach was used. A small number
of groups emerged and subsequent method development was performed by selecting representative

compounds in the obtained clusterisation.

200




201




Abstracts de poster

Abstract |

Traitement et analyse d'échantillons plasmatiques e n
chromatographie liquide / spectrométrie de masse : étude des

effets de suppression de signal

Ivano MARCHI , Maurice SELMAN, Serge RUDAZ, Jean-Luc VEUTHEY

Laboratory of Analytical Pharmaceutical Chemistry, School of Pharmaceutical sciences

University of Geneva, University of Lausanne, Bd d'Yvoy 20, 1211 Geneva 4, Switzerland

ler Symposium de Biologie et Chime Analytiques - de la molécule au protéome (SCBA 2005),
26-29 septembre 2005, Montpellier (France).

2°™ PRIX DU JURY
ABSTRACT

Les effets de suppression de signal en spectrométrie de masse lors de l'analyse d'échantillons
biologiques peuvent étre dus a la présence de matériel endogéne divers tel que protéines, lipides,
sels, etc. Afin de limiter ces effets de suppression de signal sur la réponse analytique mesurée, une
étape de traitement d'échantillon est nécessaire. Dans le cas de la chromatographie en phase liquide
couplée a la spectrométrie de masse (LC-MS), cette étape peut étre effectuée en mode différé, avant
l'injection de I'échantillon dans le systéme analytique (off-line) ou en mode couplage par extraction en
phase solide (SPE on-line).

Ce travail porte sur I'évaluation de la qualité de diverses préparations d'échantillons (SPE on-line)

préalables a une analyse LC-MS 2

Deux sources d'ionisation a pression atmosphérique,
couramment utilisées en analyse pharmaceutique, I'electrospray (ESI) et lionisation chimique a
pression atmosphérique (APCI), ont été évaluées. La photo-ionisation a pression atmosphérique
(APPI), permettant d'élargir le domaine d'application de la LC-MS aux molécules peu voire non-

polaires, a également été étudiée.

[1] Souverain S., Rudaz, S., Veuthey J.-L. J. Chrom. A, 1058 (2004) 61-66
[2] Souverain S., Rudaz, S., Veuthey J.-L. J. Pharm. Biomed. Anal., 35 (2004) 913-920
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ABSTRACT

Matrix effect on mass spectrometry (MS) response was investigated with atmospheric pressure
ionization (API) sources after on-line solid-phase extraction (SPE) of human plasma. A post-column
infusion system was used to measure the MS signal alterations of eight analytes chosen as model
compounds. On-line SPE was evaluated with one restricted access material (RAM), two large particle
supports (LPS) and one monolith. A sample pre-treatment (protein precipitation (PP)) and a direct
injection (dilution) were tested. Principal component analysis (PCA) was performed to simplify data
presentation and interpretation. For all extraction materials and ionization sources, PP was found
mandatory for significantly reducing signal modification due to endogenous components eluted from
the extraction support. Regarding sensitivity towards matrix effects after PP, APPI was globally the

least sensitive ionization mode while ESI was the most sensitive.
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