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Avant propos

Lanalyse de médicaments produits en milieu hospitafievét un grand intérét du point de
vue qualité et sécurité des traitements médicamenteux non seulement gopatient mais
aussi pour les personnes manipulant ces médicaments. Au cours de cette difésentes
méthodes d’analyse ayant pour objectif la déterminatid® composés non-UV absorbants et
de substances cytotoxiques contenus dans des formulations produites exu rhidispitalier
ont été développées pour le contrdle qualité ket contrdle de Environnement. Plusieurs
techniques ont été étudiées:

- I'électrophorése capillairCE) couplée a des systémes de détection de type UV/Vis ou
conductimétrique sans contact avec le capillairéD)Ca permis de déterminer
plusieurs substances actives contendesis des formulations produites a I'hnépital

- la chromatographie liquide couplée a la spectrométrie de masse (LC-MS) a, quant a
elle, été employée pour déterminer la contamination par des cytotcesqusur

différentes surfaces de locaux de production de pharmacies hogpéali

Le travail a été effectué au sein du laboratoire de contréle qualité (dEQa pharmacie des
Hépitaux Universitaire de Genéve (HUG) sous la supervision du Docteur Sandrige Fleu
Souverain et la direction du Professeur Jean-Luc Veuthey et du Professeal Bannabry. I
s’agit dela premiere these effectuée au sein du LCQ. Entre autres, la thése préagrdémis

le développement de diffrentes applications dont une en particulier, a savoir I'analyse par
CE-¢D du suxaméthonium contenu dans des seringues prétes a I'emipdoiméthode a
contribué a une étude de stabilité figurant dans le travail de thesddateur Cyril Stucki
effectué au sein de la pharmacie des HUG sous la direction du Prafézascal Bonnabry
("Contribution a la sécurisation du processus de préparation des meédicaments en
anesthésiologie”thése del’'Université de Geneve, n° 4220). Pour les aspects fondamentaux
de l'analyse ce travail repose sur des théses effectuées sous la direction du Professeur Jean
Luc Veuthey, notamment les travaux du Docteur Julie Schappler saupdage de la CE a
différents systemes de détection, dont la CCD ("Analyse de composés pharmaes uisy
électrophorése capillaire couplée a des techniques de détection aliesst thése de
I'Université deGenéve n° 3937) et du Docteur Laurent Geiser sur les analyses rapides en CE

("Développement et validation de méthodes artajyes pour l'analyse de composeés
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pharmaceutiques par électrophorese capillaire couplée a un spectropigtre UV ou a un
spectrometre de masse", these di&niversité de Genéva® 3442). Pour la chromatographie
liquide couplée a la spectrométrie de masse, la these se base sur les travaDacteur
Sandrine Souveraif’Extraction en ligne sur support solide pour I'analyse de composés
pharmaceutiques contenus dans des matrices biologiques par chromatogréiphide —
spectrométrie de masse”, Université& denéve, These n° 3520) et du Docteur Didier Ortelli
("Utilisation de la chromatographie liquide couplée la spectromé&eanasse pour I'analyse

de médicaments dans les fluides biologiqiddniversité de Genéve, These n°3296).

Structure de la these:

La thése présentée se divise en quatre parties. La premi@bapitre 1) est constituée
d’'une bibliographie résumant I'importance de I'analyse de&dicaments produits en milieu
hospitalier, en discutant plus particulierement les aspects clesqet analytigues des
substances étudiées (composés cytotoxiques et non-UV absorbants). echsiques
analytiques utilisées (CZEBG MEKC-UV, MEEKC-UV, HPLC-MS/MS) et la validation sont
également présentées. La deuxieme parti€ljapitre 2) reprend les principaux résultats et
expériences effectuées au cours de cette thése ainsi que les résumeés eaidrdes articles
publiés. Le’Chapitre 3 regroupe les différents articles rédigés en anglais durant ce travail de
these, qui sont déja publiés, acceptés pour publication ou soumis acptibh. Pour

terminer, le” Chapitre 4 discute des perspectives et conclusions de ce travail de these.

Les principaux sujets ainsi que les articles illustrant ce travail sonttéspmn-dessous :

Controle qualité de médicaments produits en milieu hospitalier

Tout d’abord les intéréts de la CE dans le controle qualité en milieu hospitadigrprésentés
(article II), suivi de plusieurs applications. Le contrble qualité de préparationsidérées a
haut risque est illustré avec I'analyse des nutritions parentéragsgle 11l). Pour déterminer
les électrolytes contenus dans ces formulations’ (Mg C&", M), une méthode CED a
été développée et validéaufticle V). Pour le contrélequalité d’une production de série he
autre méthode CE?D permettant de quantifier le suxaméthonium dans une formulation
injectable a été mise au poinarticle V). Cette méthode est utilisée non seulement dans le

cadred’un test de stabilité pour développer une nouvelle formulation préieemploi (CIVAS)

-VIII-



mais aussi pour le controle qualité de la production de cette formutaéin routine &rticle
VI). Finalement le contrdle qualité de préparations a base de composés xigoes est
illustré a l'aide de I'analyse des complexes de platine par MBKEt MEEKC-U¥r{icle VI)

et par I'analyse de 10 autremmposés cytotoxiques par LC-MS/M8i¢le VII).

Toxicologie : analyse de cytotoxigues sur des surfaces

L’analyse desomposés anticancéreux introduite dGhapitre 1”, est tres importante pour le
contrble qualité de formulations produites en milieu hospitali@t, pour le contréle
environnemental drticle ). Pour ce dernier point, une méthode LC-MS/MS comprenant une
étape de prélevement de surface a été développée et validdtices Vet IX) pour la
détermination de 10 substances cytotoxiques. Finalement, cette méttoddé appliquée
avec succes pour mesurer la contamination de surfaceein de I'unité cytotoxique de la

pharmacie des HUGuticle IX).
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Communications scientifiques

Ce travail de these a fait I'objet d'articles publiés dans des revues sgeesifainsi que de

présentations sous forme de conférences oraled’affichesdans le cadre de congres.
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Abréviations

Les abréviations utilisées au cours de ce travail sont répertoriées ci-dedsoydupart

d’entre elles sont expriméeavec les acronymes anglais et traduites en francais.

ACN Acétonitrile

APCI lonisation chimique a pression atmosphérique
API lonisation a pression atmosphérique

APT Alimentation parentérale totale

BPF Bonne pratique de fabrication

BGE Solution électrolytique

CCD Conductimétrie sans contact

cD « Capacitively coupled contactless conductivity detection »
CD Conductimétrie

CE Electrophorese capillaire

Ccv Coefficient de variation

CZE Electrophorese capillaire de zone

DAD Diodes en réseau

EOF Flux électro-osmotique

ESI lonisation par électrospray

FIA « flow injection analysis»

5-FU 5-fluorouracile

FS Silice fondue

FT-IR Infrarouge par transformée de Fourier

HIBA Acide hydroxyisobutyrique

His Histidine

HUG Hoépitaux Universitaire de Geneve

GC Chromatographie gazeuse

IARC Centre international de recherche sur le cancer
ICH Conférence internationale sur 'harmonisation des méthodes
ICP lonisation par plasma inductif

ID Diametre interne
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LC
LCAP
LCQ
LIF
LOD
LOQ
m/z
ME
MEKC
MEEKC
MES
MS
MS/MS
NMR
NP

PD

PK

PPI

RF
SDS
SFSTP
SI

SIM
SMC
SRM
SUX
TDM
TRIS
UV/Vis
lapp
leff

leof

Chromatographie liquide

Laboratoire de chimie analytique pharmaceutique
Laboratoire contrdle qualité

Fluorescence induite par laser

Limite de détection

Limite de quantification
Rapport masse-sur-charge
Microémulsion

Chromatographie électrocinétique micellaire

Chromatographie électrocinétique en microémulsion
Acide 2-(N-morpholino)ethanesulfonique
Spectrométrie de masse

Spectrométrie de masse en mode tandem
Résonance magnétique nucléaire

Nutrition parentérale

Pharmacodynamie

Pharmacocinétique

Eau pour préparation injectable

Radiofréquences

Sodium dodécyl sulfate

Sociéteé francaise des sciences et techniques pharmaceutiques
Standard interne

« Selected ion monitoring »

Succinylmonocholine

« Selected reaction monitoring »

Suxameéthonium

Suivi thérapeutique (« Therapeutic drug monitoring »)
Tris(hydroxymethyl)aminomethane
Ultraviolet/Visible
Mobilité apparente
Mobilité électrophorétique

Mobilité du flux électro-osmotique
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Chapitre 1: Bibliographie

Préface: Intérét et réle du laboratoire de contrdle qualité de la
pharmacie des HUG

Ce travail de thése s’est déroulé au laboratoire de contr6le qualité (LE@)mharmacie des
HUG sur I'analyseedmédicaments produits en milieu hospitalier. Pour saisir le contexte et
I'objectif de cette these, il faut d’abord comprendre une des missidesla pharmacie
hospitaliere des HUG, a savoir la production de formulations pharmagcssti Ensuite, le réle

joué par le LCQ dans ce circuit des médicaments fabriqués en milipitiaies est exposé.

La plupart des médicaments utilisés en milieu hospitalier sont disfeengur le marché. Mais
pour répondre aux besoins cliniques d’une maniére optimale aineimpur améliorer la
sécurité des traitements médicamenteux, des préparations hospitalieres sont mises a
disposition par la pharmacie des HUG. Les raisons principales pour une pyoderctmilieu
hospitalier sont les suivantes:
- le médicament n’est pas dispible sur le marché;
- le médicament est disponible, mais pas sous une forme adaptée;
0 dosage non adapté, p.ex. a la pédiatrie ou a la gériatrie;
o risque d’erreur lors de la préparation (p.ex. nécessité de dilution, notamment
en situation d’urgence);
0 risque de contamination microbienne lors de la préparation, notammenir po
des voies d’administration a haut risque (intrathécal, intraophtalmique);
0 produit toxique, devant étre manipulé dans une enceinte protégée (ex.
cytostatiques).

- médicaments pour la recherchdans le cadre d’essais cliniques.

Pour diminuer le risque d'erreur lié a la dilution ou a une mauvaispagpation en situation
d'urgence, des médicaments préts a I'emploi sont mis a disposiian la pharmacie
hospitaliere Pour les voies d’administiah critiques (injectables), une contamination
microbienne peut étre évitée en préparant le médicament en milieu aseptayla pharmacie
en respectant les bonnes pratiques de fabrication (BPF) [1]. En cengeérne la préparation
des chimiothérapies aux HUG, cette derniére est centralisée a la pharmacigeaféduire

I'exposition du personnel soignant a ces substantast en confinant leur préparation dans

1
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des enceintes protégées et en confiant leur manipulation a dpérateurs formés et

expérimentés.

La fabrication des médicaments en pharmacie hospitaliere est régie gzarBPF de
médicaments en petites quantités de la Pharmacopée helvétique [1]. Lorsque leitprodu
présente un risque important, défini par une grille d’évaluation, ou querdalyction est
prévue pour d’autres hopitaup?, 3], ce sont les BPF industrielles qui prennent le relais. Selon
les BPF, toutes les formulations pharmaceutiques (injectables, solurales, suspensions,
collyres, émulsions, suppositoires, capsules...) fabegeé série, doivent étre soumises a un
contrdle qualité avant leur administration au patient. Pour les préparatisar prescription
magistrale, c'est-ahre fabriquées de maniéere individualisée, un contréle libératolestpas

requis selon la loi.

Les activités du LCQ de la pharmacie des HUG sont les suivantes:

- l'analysebasée principalement sur la mise en évidence de l'iderdiéé matieres
premieres utilisées pour la fabrication des formulations hospitalieres;

- lanalyse des produits fini;t l'aide @ tests physico-chimiques (comme le pH,
'osmolaité, le comptage de particuled,identification des principes actifs et des
excipients et la quantification du principe actif) et microbiologig|(ftest de stérilité et
détermination des endotoxines);

- le contrble des salles blanches utilisées pour la production des nméeita stériles
pour vérifier la qualitée I'environnement de travall

- la gestion des études de stabilité permettant la détermination desditmms de
stockage et la durée de validité de nouvelles formulations développées;

- le développement ddests d’'incompatibilités entre différents médicamersuvant
étre demandés par certaines unités de soins, pour établir des recomrtianda

d’utilisations de ces médicamés.

Ceci représente environ 23'000 analyses effectuées par année au LCQ. Tougrééssoont
pour objectifd’assurer la qualité es formulations produites par la pharmacie des HUG et de
garantir la sécurité du traitement médicamenteux pour le patient. Blusi méthodes

analytiques utilisant des techniques de séparation différentes et pdemele contrdle de
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formulations produites par la pharmacie des HUG ont été développées daadriede cette
these. En outre, ces dernieres années, le LCQ s’est engagé dans une padditipoaidation
des procédures de fabrication des chimiothérapies au sein de la pharmadiéif@sDans ce
contexte, le travail de thése présente également une méthode analytique vabioléedéfinir
'exposition des opérateurs aux substances cytotoxiques présemsur les surfaces de
production des chimiothérapies. L’objectif final est de pouvoir appligles mesures visant la
réduction d’'une contamination éventuelle (p.ex. modification des pdures de

décontaminations chimiques).
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1. Médicaments produits en milieu hospitalier : aspects cliniques et
analytiques

1.1 Introduction
Aujourd’hui, une grande variété de formulations pharmaceutiques est fabrigmésérie ou
sur prescription magistrale par la pharmacie des HUG, afin de fournir auxastgle
médicameant prét a I'emploi, autrement dit ne nécessitant aucune autre manipoiaavant
son administration. Les principales catégories de médicaments concernéssasnivantes:

e Nutrition parentérale (NP);

e Chimiothérapies anticancéreuses injectables;

e Seringues ou poches de solutions de médicaments dilués a la concensatibaitée,

gualifiées deprétes a I'emplai
e Autres préparations stériles comme les solutions intrathécales ou ophtaésjqu

e Préparations non stériles (capsules, sirops, suspensions, soldglaspommades...).

La Figure 1 illustre les différentes formulations produites a la pharmaseHiJG en 2010.
Deux catégories de préparations peuvent étre distinguées : les prodscplanifiables (en
grande majorité il s’agit des productions de sémt)les préparations non planifiables (les

préparations magistrales).

Parmi ces préparations, ce travail s’est focalisé sur I'analyse des NP, des drimpieth et
d'une seringue préte a I'emploi de suxaméthonium. Les composés analysés sodesoit
substances non-UV absorbantes, soit des composés cytotoxiques. Les aspapigsclet
analytiques de ces médicaments sont discutés dans ce premier chapitegir eéble aux HUG,

sera reporté au 2"° chapitre, avec les expériences réalisées.
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Suppositoires
Solutions
Produits stérilisés

Poudres

Pommades
Cytostatiques 14488

26500
Preparations aseptiques divers 13844

non planifiable

Capsules

Alimentations parentérales

Suppositoires 1730
Solutions 13737
Reconditionnement 21948
Produits reconditionnés et stérilisés 843
Poudres | 495
Pommades § 1609
Doses unitaires liquides

128316
Chaine de production stérile 924

planifiables

Blisérisation (comprimé, capsule)
Capsules
Seringues CIVAS
Aseptique

Ampoules

Figure 1:Formulations pharmaceutiques produites par la pharmacie des HU@020 par nombre d’unité
produites

1.2 Composés non-UV absorbants

Environ 80% des substances médicamenteuses possédent un groupement chromophore e
peuvent étre détectées par spectrophotométrie ultraviolet/visible (UV/Vis)urPtes
substances notV absorbantes, différentes stratégies peuvent étre utilisées comme I'UV
indirect ou un autre systeme de détection adapté comme la spectromégiendsse ou la
conductimétrie. Pour pouvoir discriminer les principes actifs, des ptodi@ dégradation ou

des excipients présents dans une formulation, il est important @atildes méthodes
séparatives. Le temps de rétention (en LC) ou le temps de migration (en CE) paunggnt
donner des indicatios sur l'identité de la substance détectée et confirmer la présence
d’autres composés présents dans I'échantillon. Dans ce travail de thesesdtiatii de la CE
couplée a un conductimetre était I'approche de choix pour la déteation de composeés

non-UV absorbants dans différentes formulations.
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1.2.1 Electrolytes: K, Na, Ca, Mg

Parmi les médicaments utilisés en milieu hospitalier, les solutionepant des électrolytes,
comme les solutions pour perfusion ou solutions nutritionnelles, sont essentipthes
'amélioration de I'état clinique du patient. L’apport de liquide &ilectrolytes est nécessaire
pour compenser les pertes via les urines, la peau et les selles. Le bhydiatation est de
maintenir un volume et une tonicité des fluides corporels et les édgdes sodium et
potassium sont fortement liés au bilan hydriquee potassium est |'électrolyte le plus
abondant dans le compartiment intracellulaire alors que le sodium egtiteipal ion positif
du compartiment extracellulaire. Un bon équilibre entre les dewsiest important pour
garantir une bonne répartition des volumes intra et extracellulaire. A part leur ritapoe
dans I'équilibre hydrique, ils sont importants pour la transmission’id8ux nerveux et la
contraction musculaire. Le magnésium agit comme stabilisateur des membranes celktdaires
influe sur l'irritabilité neuromusculaire et sur le systeme cardiowkse. Il intervient
également dans la régulation de I’homéostasie du calcium. Un apport adapté emtaiciu
phosphore est primordial pour contribuer a une bonne minéralisation cesdd-7]. Le
calcium est également nécessaire aux contractions musculaires, a la propagatiorflule

nerveux et a la coagulation du sang [8].

Les nutritions parentérales (NP) contiennent a part des électrolytes, dwsgyu des acides
aminés, des lipides, des vitamines et des oligoéléments, pour maintenir les fanctem
organes et la masse musculaire, traiter et prévenir une malnutrition et éviter les effets
secondaires d’'une dérrition. La voie parentérale est indiquée si le tube digestif est non
fonctionnel et quand aucune autre voie d’administration n’est possiBbur les adultes, des
solutions standardisées et fabriquées par I'industrie, sont en général utiliBées.lesenfants

et prématurés, une standardisation est plus difficile, car le besoin rarnel varie fortement
entre chaque enfant. Lorsque l'usage d'une formulation standard rpest possible, la
prescription se fait a la carte et les nutritions sont fabriquées tous les gla pharmacie de
'hépital, soit en mélangeant manuellement les différents composés, soittdisant un

systéme de mélange automatique, comme montré dans la Figure 2.
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Figure 2 :Préparation &ine nutrition parentérale par un mélangeur automatique BAXA MM12 (pharmase d
HUG)

Il s’agit de formulations a haut risque, car des erreurs, avec des conséquences gravies po
patient, peuvent survenir pendant toutes les étapes du processus (préearifabrication et
administration). Une contamination microbiologique peut avoir des consécgs mortelles
pour le patient, surtout s'il s'agit d’'un prématuré. Un tel incidentasg la mort de plusieurs
enfants sous NP en Allemagne en aolt 2010, car la solution contenant lesauidés était
contaminée [9]. De méme, les erreurs dans le dosage des électrolytes (surtouteour |
potassium et sodium) ou des confusions de solutions concentrées, peowtie la vie du
patient en danger. L'utilisation d’'un automate de remplissage permet diane¢lla sécurité
de préparation, mais des erreurs, par exemple des inversions de flacons, demeurehlgsossi
[10]. Pour sécuriser ce processus, un controle ultime de ces préparations avantsaction

au patient peut étre introduit. La situation et haise en place d’'un contréle qualité des NP aux

HUG sont décrites au chapitre 2.

La détermination des électrolytes (Na, K, Ca, Mg) dans les nutritions parentéaléserte
un défi, car la composition de ces solutions varie avec chaque prescrif@mmvent la
guantification des cations est faite par absorption atomique, comme par exeuighs les
denrées alimentaires [11]. Mais dans le cas des NP, d’autres composés présgnasaes
concentrations (acides aminés, glucose, vitamines) peuvent interéarec I'analyse des ions
et obstruer le systeme d’injection de I'instrumentation. Un lavage complatatie partie du
systeme est alors nécessaire apres quelques injections, méme si des formulatiées dont

analysées. En chimie clinique, la potentiométrie est fréquemment employde a
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détermination des électrolytes dans les échantillons biologiques [12, 18hrbanatographie
ionique avec une détection par conductimétrie a aussi été reportée dafittdrature [14].
Plusieurs méthodes basées sutilisation de la CE avec une détection UV indirecte ont été
développées pour I'analyse des cations inorganiguen solution aqueuse [15-21] et pour
déterminer les électrolytes (sodium, potassium, calcium et magnésium) dans désonst
parentérales [22, 23]En comparaison avec I'absorption atomique ou la chromatographie
ionique [15, 23], ces méthodes possedent des performances quantitativesfgihles en
termes de précision, mais peuvent étre considérées comme des alternatives acespiadbl
conductivité élevée des électrolytes permet aussi de coupler |laveE une détection par
conductimétrie [16-18, 24-37]. Dans la plupart des méthodes publiéesplldion tampon
("background electrolyte” ouBGE) utilisée est constituée de 2-(N-morpholino)ethane-
sulfonique acide et histidine (MES/His) pour séparer 'ammonium rdégux alcalins et
alcalino-terreux [16-18, 24-33, 37]. Pour améliorer la séparation des différeations ou
changer la sélectivité, des agents complexant faibles peuvent étre ajoutés darGSHe B

comme l'acide *hydroxyisobutyrique (HIBA) [18, 21, 30] ou des solvants organiques [33, 38].

1.2.2 Ammoniums quaternaires: suxaméthonium

Un autre composé non UV-absorbant couramment rencontré en milieu tadispiest le
suxaméthonium (ou succinylcholine, SUX), faisant partie du groupe desiseuats. Les
curarisants sont des agents pharmacologiques puissants, qui affectent lemfeneitales et
exigent pour leur utilisation clinique des précautions rigoureuses (coommmilieu logistique
protégé, des connaissances théoriques et une grande expérience clinique). dépisis plus

de 50 ans, le SUX est encore a ce jour un des seuls curarisants dépolarisanétgeddubée
d’action. Le mécanisme implique une dépolarisation persistante de la jonction
neuromusculaire presque immédiatement aprés son injection (30-45 sesdnll est indiqué
comme traitement adjuvant en anesthésie générale pour faciliter l'intubation eadbtale,

et pour aider la relaxation des muscles squelettiques pendant laurgie. Le SUX peut
provoquer une relaxation musculaire profonde, entrainant une dépressigpinaoire jusqu'a
l'apnée [39]. Imitant les effets de I'acétylcholine sur les récepteurs cholinergiques, des

bradyarythmies sont couramment observées chez le patient. Malgré ces effelsiraioles
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frequents, le SUX offre les avantages de procurer une myorelaxation d’'installatioie,rap
profonde et de breve durée, donc contrdlable, et optimale poue intubation [40].

Le SUX étant utilisé dans un contexteirgence, une mise a disposition immédiate du
médicament est nécessaire. Par précaution, le médicament est préparé avant &atplep
anesthésies générales et il doit souvent étre jeté, car non utilisé. geewire des pertes
inutiles en termes de tempst d’argent En plus, cette molécule est souvent citée dans la
littérature comme un des médicaments les plus impliqués dans les erreursangeiteuses

en anesthésig41], sujet étudié par Cyril Stucki, lors de sa thése intitulée “La sécurisaton
processus de préparation des médicaments en anesthésiologie” [42]. La miseositiisp

d’'une formulation préte a I'emploi aux HUG sera discutée au chapitartie 1.3.

0]
0 N+{CH N+(CH
(|'|3C)3N+/\\‘/ NO/A\/ ( 3)3 HO/«.\\Y/ ( 3)3
Suxamethonium (SUX) Choline
O o
o] HO
HO) N NOH NOH
o] 0]
Succinylmonocholine (SMC) Acide succinique

Figure 3:Structure du suxamethonium et de ses produits de dégradation

Le SUX possede deux groupements ammonium quaternaire qui contribusat polarité
élevée (Figure 3). En solution alcaline, il est rapidement hydrolysé paunefole
succinylmonocholine (SMC) et la choline. Le SMC a tendance a se dégratielima et acide
succinique [43]. Plusieurs méthodes analytiques ont été décrites jaodeétermination du
suxameéthonium [39, 43-47Mu qu’il ne posséde pas de groupement chromophore, une
détection par UV direct n'est pas possiblBes méthodes LC avec une détection

électrochimique [39, 44] ont été publiées, mais la séparation du SUdegtproduits de
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dégradation a souvent été insuffisante, et des temps d'analyse de gluddmin ont été
observés. Pour contrebalancer la faible résolution du SUX et de sestprdduilégradation
avec une séparation chromatographique, des détecteurs plus sélectifsneda MS [43, 45],

ou la résonance magnétique nucléaire (NMR) [48] peuvent étre utilisés. La QHeest
technique alternative pour analyser les petites molécules possédant un ammonium
quaternaire [49-52]. Une premiére approche pour déterminer le SU)XCRaa été réalisée en
couplant la CE avec un spectrophotometre infrarouge par transformée deeF0ET-IR) [47].
Finalement, le SUX posséde une conductivité élevée a cause de la présenceugemgris
ammonium quaternaire qui permettent de le quantifier par CE coupléen@ détection

conductimétrique [53].

10
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1.3 Substances cytotoxiques

L’intérét de I'analyse de ces substances et les méthodes publiées pour la détammuhaces
composeés sont discutés datiarticle I, qui propose une large revue de la littérature sur le

sujet. Ici, un résumé de cette revue est présenté en plus de quelquestasfiajues.

Introduction

Le cancer décrit un ensemble de maladies causées par une croissance celhdainala et

non controlée (tumeur) qui peut se disséminer dans d'autres orgaf@siant ce qu'on
appelle des métastases. Le cancer est une cause majeure de décés dans le monde, soit
7,6 millions de déces en 2008 (13% de la mortalité mondiale) [54]. Les traiepessibles
reposent sur la chirurgie, la chimiothérapie et la radiothérapie [%%. chimiothérapie
classique utilise des substances de petits poids moléculaires pour délauiremeur ou
réduire sa croissance (substancesytotoxiques). Ces médicaments n’agissent pas
sélectivement sur les cellules cancéreuses et les cellules saines sont soueamest
engendrant de nombreux effets secondaires (myélosuppression, nausée et vomissement,
mucites, alopécie, néphrotoxicite,.) et le développement de résistan¢®§]. L utilisation des
composés cytotoxiques a débuté en 1940 avec des agents alkylants (les moutarées eebt

les antimétabolites [55]. Depuis le succes de ces médicaments, de hombeelrstances

ont été développées, et font partie des traitements standards pounlzattre le cancer.

Les agents cytotoxiques peuvent étre classglen leur mode d’actiofb6]:

e Les_antimétabolitesnhibent la synthése et la transcription de 'ADN en bloquant des

enzymes essentielles pour la synthése des nucléotides (ex. méthotrexate) ou en

s’incorporant dans les acides nucléigueg. 5-fluorouracile) (Figure 4).

11
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Figure 4:Structures chimiques des antimétabolites

e Les @ents interagissant avec '’ADpvssedent différers mécanismes d’action (Figures
5-6):

- Agents alkylants (ex. dacarbazine, temozolomide)

- Agents se liant a 'ADN (“crelisking agent”) (ex. complexes de platines,
cyclophosphamide)

- Agents intercalants : qui se lient entre des paires de bases (ex. anthracylines)

- Inhibiteurs des topoisomérases, les enzymes qui contrélent la superstrudture
I’ADN (ex. irinotecan, étoposide)

- Agents scindant 'ADNse lie a I'AN et libére des radicaux libres qui vont couper

les brins d’ADN (ex. bléomycine)
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1. Médicaments produits en milieu hospitalier
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Figure 5 Structures chimiques des agents alkylants, agents se liant entrenssii&DN et agent scindant 'ADN
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doxorubicin epirubicin daunorubicin idarubicin aclarubicin

Anthracyclines

actinomycin-D mitoxantrone

QH

Other intercalating agents

amsacrine irinotecan topotecan

etoposide etoposide phosphate teniposide

CH,

Inhibiteurs de la topoisomérase

Figure 6 Structures chimiques des agents intercalants et inhibiteurs de la topoéisse
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e Les agents de type antitubulinkeloquent la polymeérisation (vinca-alcaloides) ou la
dépolymérisation (taxanes) de la tubuline (Figure 7). La tubuline polympase

former les microtubules, qui sont responsables du mouvement des chromosonses lor

de la mitose.
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©
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Figure 7:Structures chimiques des agents antitubulines

Les chimiothérapies classiques a base de substances cytotoxiques font tolgaiigsde la
plupart des protocoles. Les nouveaux traitements avec un mode d’action plus cibi¢eau
moléculaire, les agents biologiques (anticorps monoclonaux) ou enlesrevaccins sont
fréguemment testéslans des études cliniques et s’instaurent comme médicaments adjuvants

des chimiothérapies classiques.
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Avec le vieillissement de la population, la susceptibilité de développerancer augmente,

de sorte que lincidence du cancer est en croissance. Les prestations déssaadune
pharmacie d’hépital vont donc fortement augmemtpendant les prochaines années [57].
Etant donné la forte toxicité deshimiothérapies pour I'étre humain (paswdement pour le
patient, mais aussi pour les professionnels de la santé), le développement dedesth
analytiques pour déterminer ces substances est nécessaire dans plusieurs domainegsd.'anal
de cytotoxiques contenus dans des formulations pharmaceutiques, des tdldren
biologiques et environnementaux est de la plus haute importance et iféérehts types

d’analyse sont présentés-dessous.

Analyse de cytotoxiques dans des formulations pharmaceutiques
Des méthodes analytiques sont nécessaires pour le contréle qualité de mairerageres et
de formulations commercialisées (i), pour le contréle qualité de formulatidituées avant

administration au patient (ii), et pour des études de stabilité’@icompatibilité (iii).

Controle qualité de matiéres premieres et de formulations commercialisées :

Une méthode pour le contréle qualité de matiére premiere et de prapharmaceutiques,
doit étre en mesure de déterminer simultanément la molécule mere, ses impurdtés e
produits de dégradation, afin de vérifier la qualité de la forrtiala pharmaceutique et de
répondre aux normes en vigueur concernant les produits pharmameesi Dans la plupart
des cas, des techniques séparatives, comme la LC ou la CE sont utilisées, éfraratnae
sélectivité. Parmi les systemes de détection les plus couramment utilisddS|peut étre
considérée comme une technique de choix. Sa sélectivité et sa sengieiitéettent de
détecter de trés faibles concentrations d'impuretés ou de produits égradation. Par
exemple, Jerremalm et coll. ont étudié la stabilité de I'oxaliplatine eserée de chlorure et
ils ont identifié un nouveau produit de transformation (montmio, monooxalato complexe)
par LC-MS/MS [58]Toutefois, c’est trés souvent la spectrophotométrie g\ est couplée a
une technique de séparation. Dans ce cas, la sélectivité et la sensibilaéméthode peuvent
étre suffisantes pour étudier la dégradation ou établir un prdiinpureté. Mallikarjuna et

coll. ont développé une méthode LC-UV pour déterminer la stabilitélabétaxel dans des
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formulations pharmaceutiques [59Un autre exemple est I'étude de stabilité chimique du

teniposide [60] ou de I'étoposide [61] dans différentes formulas.

Controle qualité de chimiothérapies avant administration au patient :

Avant [|'administration de la chimiothérapie au patient, les proslutharmaceutiques
commercialisés sous forme de poudres lyophilisées ou de solutions a desnt@tions
élevées de cytotoxiques, sont dissous et/ou dilués avec du NaCl 0.9%gtucdse a 5% pour
obtenir la dose du médicament prescrite par le médecin a une concémratidéquate. La
stabilité de ces formulations diluées est souvent limitée (ou incehmt la préparation doit
étre faite juste avant administration. Méme si les réglementations pharmaceegique
requiérent pas de contréle final pour les préparations individualisée® analyse peut
assurer la bonne concentration et 'identité du médicament. Ainsirisques de morbidité et
de mortalité pour le patient liés a des erreurs de préparation sonuitéd[62]. Dans la
plupart des cas, les méthodes développées pour cette applicationesrages informations
approximatives sur la concentration et l'identification de la substactytotoxique contenues
dans la formulation. Etant donné le nombre important de préparationstoytques produites
par jour et la forte contrainte de temps de quelques heures entre lasgiption, la
préparation et l'administration, des techniques analytiques simples et rapides sont
nécessaires pour un contrdle qualité avant administration au patient.

Une premiére approche consiste a utiliser une analyse par « flow injectielAy gvec une
détection UV-DAD. Selon Delmas et coll., 80% des préparations cytotoxiquesgondant a
21 substances cytotoxiques) ont pu étre déterminées en moins de 3,%anis une unité de
préparation centralisée [62]. Compte tenu de l'absence de séparation daasétection, la
présence d'excipients dans la formulation peut interférer avec l'analyse FIA-U\¢DAE>
composés de structure similaire ne peuvent pas étre distingués.

Un contrble des chimiothérapies a €également été dévelop@écouplage d’'un spectrometre
infrarouge a transformée de fourrier (FTIR) avec un spectrophotométre §Y6¥% 64], ce qui
a permis d'augmenter la sélectivité par rapport a la spectrophotométrie UV/Vis seule.
L’identification et la détermination de la concentration du prircipctif, ainsi que les
excipients ont été réalisées dans un temps d'analyse court sans préparagioimadtillon.

Comme pour le FIA-UV/DAD, des additifs dans les formulations ou des custianms
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croisées dans le systeme d'analyse peuvent étre sources d’interférence. En plus, lessdonnée
sur les performances quantitatives pour le contrle qualité d'agents cymesi sont trés
rares avec cette méthode et aucune validation n’a@éliée a notre connaissance.

Une autre alternative plus sélective serait la spectrométrie Raman. C'est unedeétion-
invasive, non-destructive et rapide, permettant l'identification etjlentification de principes
actifs et d’excipients dans des formulations pharmaceutigé®s 66]. L'analyse est possible
sans échantillonnage avec une excellente protection des techniciens. Arlishss deux
précédentes stratégies, aucune information sur les performances quantitatiteesété
publiée.

En conclusion, lors de la mise en place d'un contréle qualité&kiesiothérapies en routine
guotidienne avant I'administration aux patients, des méthodes FIA-UV/BAIR-UV/DAD ou
spectrométrie Raman constituent des approches intéressantes en termes de temps et de
simplicité. Néanmoins, le manque de sélectivité et de données ga#imgs sont les points

faibles de ces techniques.

Etudes de stabilité et d'incompatibilité

La compatibilité des médicaments cytotoxiques avec les matériaux des embadlap&es
importante pour éviter une adsorption ou dégradation des principeffsaacce qui pourrait
avoir des conséquences graves pour le patient [67]. Des méthodes anafy/pgrmettant la
séparation de la substance active et de ses produits de dégradatimnngcessaires pour
réaliser des tests de stabilité et établir des recommandations concelaacnservation des
médicaments dans différents contenants. Dans les années 80, des e®rue stabilité
d’agentsanti-tumoraux contenus dans des emballages en verre et en plastique [6&nsu d
des systéemes de libération médicamenteux implantables [69] ont été établie$9€2 un
autre article sur les données de stabilité des agents cytotoxiquete gublié [70]. Dans la
revue de Benizri et coll., plusieurs publications sur desesude stabilité ont été discutées.
Des agents cytotoxiques avec une stabilité chimique et physique suffisaniongoie ont été
sélectionnés pour instaurer un traitement & domicile [71]. Dans toutesttudes, la LC-UV a

été la technique analytique la plus couramment utilisée.
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Analyse de cytotoxiques dans des échantillons biologiques

La plupart des méthodes sont destinées a la quantification des am@éicts cytotoxiques
dans des matrices biologiques dans le cadfétudes fondamentales de nouveaux
médicaments d’études pharmacocinétiques (PK) et pharmacodynamiques (PD), de suivi

thérapeutique (TDMgt de contréles de I'exposition professionnelle

Développement de nouveaux médicaments et formulations

Dans la découverte et le développemgrttarmaceutique, I'interactiorentre le médicament
et 'ADN est un des aspects les plus importants des études biologiquegelre sur les
différentes techniques utilisées pour étudier les interactions eiggeanticancéreuet 'ADN

a éeté publiée et mentionne les techniques suivantes: empreinte ADNR, MS, FT-IR et la
spectroscopie RAMAN, des techniques de modélisation moléculaire ef2LH fpproche
électrochimique peut donner des idées pour la conception ratele de médicaments et
permettrait une meilleure compréhension du mécanisme d'interactiorreefés médicaments
anticancéreux et I'ADN [72]. Des études PK et PD ont souvent mitévieloppement de
nouvelles méthodes analytiques afin de déterminer les agents cytotoxiques desis d
échantillons biologiques (urine, sérum, plasma, intracellulaire, tissus). Par ke
méthode LC-MS/MS pour déterminer le docétaxel dans du plasma puitiéée [73]. Cette
meéthode présente de meilleures performances que les anciennes méshed termes de
sensibilité et semble étre prometteuse pour une étude de pharmacoldigigee de grande

taille.

Suivi thérapeutique (ou TDM, " therapeutic drug monitoring”

Le suivi thérapeutique des agents anticancéreux est rarement utilisé emeoétiant donné

le manque de concentrations thérapeutiques recommandées. La mise en place de
concentrations cibles est difficile, car la relation concentraeffet dépend souvent des
traitements [74]. Cependant, le TDM a le potentiel de réduire quelques effets secosdaire
graves et d'améliorer ['utilisation clinique de certains médicamenthieniothérapie [75].

Par exemple, pour le méthotrexate, un suivi thérapeutique est régulieremeiiséég5-78].

Une revue sur le TDM des cytotoxiques a été publiée par Eksborg et EBrs4885 [79] et

par Guetens et coll. en 2002 [80, 81].
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Suivi biologique du personnel travaillant avec des cytotoxiques

Les substances cytotoxiques sont reconnues comme dangereuses pour les prafssian

la santé depuis 1970 [82-86]. Selon la classification du cantegmational de recherche sur le
cancer (IARC), les cytotoxiques sont considérés comme cancérogenes, mutagénes ou
tératogenes [87]. Cependant, la relation directe entre I'exposition a acoetamination
cytotoxique et les effets nocifs est difficile a établiraetune concentration maximatga pu

étre déterminéejusqu’'a aujourd’huiLe suivi biologique exige des méthodes trés sensibles et
sélectives pour analyser des traces de cytotoxiques dans les échantilloing @u de sang et

un manque de méthodes standardisées et validées a été constaté [8&:88¢ralement, des
méthodes par chromatographie gazeuse couplée a la spectrométrie de masseJGiL+MC-
MS ont été utilisées [90, 91], mais en fonction de l'analyteytdés techniques peuvent étre
intéressantes (par exemple ICP-MS ou voltamétrie pour les dérivés diefd@®n93]). Méme

si des recommandations pour manipuler des cytotoxiques sont appliqaésstraces de ces
substances sont trouvées dans les urines ou le sang des professionnelssdeté dans
plusieurs études [94-98]. Selon les principes de précaution, I'expositd étre maintenue

au niveau le plus bas possible [99] et un contrble environnealgrgut se révéler utile.

Analyse de cytotoxiques dans I'environnement
Deux types de contrélesenvironnementaux peuvent étre distingués: l'analyse de
contaminations cytotoxiques dans des locaux de production ou d’adtration de

chimiothérapies (surface, air) et dans les eaux usées (ex. a la sortiepitsikp

Contamination cytotoxique sur des surfaces et diais

Une revue compléte sur les méthodes d'analyse utilisées pour le suivi emeimamtal des
agents antinéoplasiques a été publiée en 2003 par Turci et 84]l. Des méthodes d'analyse
pour la quantification d'un (ou deux) agell$) cytotoxique(s), considéré(s) comme
marqueur(s) ou des méthodes génériques pour la détermination deeplissimédicaments
ont été déeveloppées. Lors de l'utilisation de marqueurs, les édi@rgiont été obtenus par
une procédure spécifique, suivie par une technique analytique adafgéela voltamétrie
pour les complexes de platine [100]). Ces méthodes ont montré de trasesgrerformances

quantitatives et de trés faibles limites de quantification (0.05 néficril est & noter que ces
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méthodes ne donnent qu’'une estimation d’'une potentielle contaminatipar d’autres
cytotoxiques [100-105]. En effet, dans les unités de cytotoxiques deisab®pune grande
variété de formulations de chimiothérapies avec différentes procéduresréapation sont
produites tous les jours. Pour obtenir un bon apercu des contanoingtides méthodes multi-
composeés sont nécessaires avec des procédures de prélévement génériques. Poumoletenir
sélectivité et une sensibilité suffisantes, des méthodes LC-MS/MS sont sauiisees [106-
110].

Eaux usées

Etant donné la toxicité de ces substances, il est pertinent dposer la question de leur

élimination aprés administrationet de leur impact sur I'environnement en tant que
micropolluants. Des médicaments cytotoxiques et leurs métabolites ondétigctés dans les

eaux usées, par exemple dans les effluents d’'un hopitall-113]. Diverses techniques
d'analyse peuvent étre utilisées: ICP-MS pour les composés de fatig CE-UV pour le 5-
fluorouracile [111], LC avec une détection par fluorescence psuaihthracyclines [113] et

LC-MS/MS pour des antimétabolites [114] et d'autres agents cytotosifjulb, 116].

Méthodes analytiques par composés cytotoxiques

L'article | donne unapercu des méthodes analytiques publiées jusqu’a aujourcdour les
différentes substances cytotoxiquekes composés sont regroupés selon leur mode d’action
(antimétabolites, agents interagissaavec I'’ADN, agents antitubuline) et pour chacun, une
bréve introduction reprenant les indications cliniques, suivieqes aspects techniques pour
lanalyse des différentes matrices est reportée (formulation pharmaceutigaebantillon

biologique, contamination de surface, eaux usées).

Conclusion

Au cours des trente derniéres années, de nombreuses meéthodes analytiques pour la
détermination de substances cytotoxiques dans des formulations pharmgoesti des
échantillons biologiques et environnementaux ont été publiées darigtérature. D'abord,

des méthodes LC-UV, ont perrdigtablir les bases pour l'utilisation de chimiothérapies pour
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traiter le cancer chez I'nomme, en se focalisant sur les interactions avec l'organésme,
développement de formulations pharmaceutiques et la toxicité de ces osggp Comme
pour toutes les substances pharmaceutiques, des études plus élaborées de HROMPDnt
ensuite été publiées grace a des techniques de détedtiaméficiant dune haute sélectivité

et sensibilité telles que la MS. Pendant les derniéres années, uemtiatt particuliere a été
portée sur la manipulation sécurisée des médicaments cytotoxiquesreasgorotection de
I'environnement. En effet, plusieurs études ont trouvé des cytotoxiques Ensaux usées,
sur des surfaces de travail et dans des échantillons biologiques desgpiarinels de la santé.
Aujourd’hui, avec les nouveaux traitements de chimiothérapie (anticorps nhommaex,
agents de ciblage moléculaire, vaccin..), le développement d'autres méthogespaiges

constitue la prochaine étape dans I'analyse des médicaments anticancéreux.

1.4 Discussion

Les composés étudiés durant ce travail de thése possédent des propriétés padgutiont
'analyse peut constituer un défi. Dans un premiemps, des composés non-UV absorbants
ont été analysés. Comme mentionné précédemment, la mise a disposition de méthodes
d’analyse capables de quantifier ces composés, que se soit les électrolytele ou
suxaméthonium, était incontournable étant donné leur importancaigle. Différentes
techniques analytiques étaient envisageables. Toutefois notre choix ©dsét sur la CE avec

un détecteur par conductimétrie étant donné que la CE-UV était déjeanmment utilisée au

LCQ pour les analyses de routingmplantation d’'un détecteur par conductimétrie a permis
d’élargir la gamme de composés analysés par CE (a c6té d’autres avantages présentés plus
loin).

Pour l'analyse des cytotoxiques, la propriété particuliére liée a leuicitéxet I'intérét
d’analyserces substances ont été largement décrits ci-dessus. De plus, différentesifioas
doivent étre prises lors de la manipulation de ces substances, afin denisen I'exposition de
l'analyste. La GBV et la LC-MS/MS apparaissent comme des outils intéressants, cae pour |
premier, la séparation se fait en systeme clos, ce qui est parfait pountedt® qualité. Pour

le 2™ les concentrations analysées sont de I'ordre des ng-manc la LC-MS/MS apparait

particulierement adaptée pour I'analyse dates.
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2. Principes fondamentaux des techniques analytiques utilisées

Dans cette partie, les différentes techniques analytiques utilisées duratracail de thése

sont brievement présentées. Il s'agit de I'électrophorése capillaire et darlamatograghie
liquide. Ce sont des techniques complémentaires basées sur des mécanismes de séparatio
complétement différents la CE se base sur une séparation de molécules en présence d'un
champ électrique en fonction de leur charge et de leur taille, tamlie la séparation des
composés en LC repose sur la distribution de ces derniers entre hase gnobile et une

phase stationnaire.

2.1 Electrophorése capillaire

La séparation électrophorétique s’effectue dans un capillaire, dest dxtrémités sont
immergées dans des récipients remplis de solutions riches en électrolytes (tamgon d
séparation, BGE). Le BGE doit également étre présent dans le capillaire ghrnadtr des
conditions constantes de force ionique et de pH durant la séparation. L’'éttbanest
introduit dans le capillaire par pression (hydrodynamique) ou par usmgh électrique
(électromigration). Le volume injecté est normalement compris entre 1 et 2%oldune total

du capillaire, correspondant a 5 - 50 nL. Une différence de potgmbi@vant dler jusqu’a 30

kV est appliguée au moyen de deux électrodes plongeant dans les récipe®SH (Figure

8).

Capillaire: (Déte%ifn)
uv, C4D
Diameétre interne: 10-100 um /

Longueur: 20-100 cm
Cathode

~ e PY)

5-150 mM

+30°000 V >

Figure 8:Schéma d’'un instrument CE
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Le couplage de la CE a difféerents détecteurs est possible, tels la spectrophotobiéfxiis,
I'électrochimie (conductimétrie, ampérométrie), la fluorescence induite par laser ou la
spectrométrie de masse. Le détecteur le plus courant est la spectrophotométrie dJy4Vi

permet la détection « in situ ».

Les principaux avantages de la CE sont une grande efficacité, un développenneéthdee
rapide, un codt d’analyse raisonnable et une grande versatiligxigite différents modes en
CE, permettant d’analyser une grande variété de composés (allant des petits ions
inorganiques aux protéines) et le principe de séparation est toujours fiasid différence de
migration des particules en fonction de leur rapport charge sutetaibus l'influence d'un
champ électrique. Les modes CE utilisés dans cette thése (CZE : élecseptapdlaire de
zone, MEKC: la chromatographie électrocinétique micellaire, et ME&EK@natographie
électrocinétique en microémulsion) sont expliqués ci-dessous. De Iplysgtit diamétre des
capillaires utilisés permatne faible consommation d’échantillon et de solvant, ce qui rend
cette méthode aussi attractive pour des raisons écologiques. Le petit diametreagékgires
peut par contre engendrer des problémes de sensibilité avec une détectionid)\¢ar la
réponse est directement proportionnelle a la longueur parcourue, donc améti@ du
capillaire.

Aujourd’hui la CE possede un large domaine d’applications, comme par exemple la pbarmac
la biologie et I'environnement. De plus, c’est une méthode de séparationogotiale
(principes de séparation des analytes différents) et complémentaire takniques

chromatographiques.

2.1.1 Electrophorese capillaire de zone (CZE)

Les premieres applications par CZE ont été effectuées par Jorgenson et LUR8&4 ¢h17-
120] permettant de séparer des composes ionisés ou ionisables selormbrgecet leur taille.
Le principe de base implique la migration d’'une particule chargée dans uneosolut
d’électrolytes, sous linfluence d’'un champ électrique. Les différentes vitetseasigration

des composés permettent de les séparer.
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La vitesse de migration (v ; cil)sl’un composé dépend de sa mobilité électrophorétique et

du champ électrique appliqué :
V= HyE [Equation 1]

avec lyp correspondant & la mobilité apparente (Bvis™) et E au champ électrique (Véin

qui dépend de la tension appliquée et de la longueur du eaglltilisé.

Les mobilités sont indépendantes de la tension et de la longueur du capiitdisé et sont
ainsi préférées a la vitesse pour comparer le comportement de diffémntgposés en CZE. La
mobilité apparente est la somme de la mobilité effectives(pet de la mobilité du flux

électroosmotique (Hop:
Happ=Hefr + Meor [Equation 2]

La [korest identique pour toutes les particules pour un capillaire eélattrolyte utilisés et le
principe de séparation repose donc su,gui est décrite par I'équation 3. Pour unetjpe
molécule, elle dépend de la charge effective (q) et du rayon hydrodynanijjae composé

ainsi que de la viscosité du milidd (

_ q
lJ'eff - 6.T[.n.r

uafiéq 3]

La mobilité du flux électroosmotigg correspond au mouvement de ['électrolyte sous
l'influence d’un champ électrique. En fonction du pH et de tadd@onique de I'électrolyte, les
groupements silanols présents sur les parois internes du capillaire, possedenharge plus
ou moins négative. Ainsi les cations présents dans le BGE sont attirés et farmsysteme
de double couche (couche liée et couche diffuse positive)satiace des parois internes du
capillaire. Avec le champ électrique, la couche diffuse migre vers la eatdio@éntraine

I'électrolyte, créant ainsi un écoulement a lintérieur du capillaireppelé flux

électroosmotique (EOF).
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Le pH et la force ioniqgue du BGE sont les principaux parametres influefi€@ft ¢t jouent
donc un réle central dans le développement de méthode par CZE. Vu quiifféeents
groupements silanols peuvent varier d'un capillaire a lautre, un conditionnenssht

préconisé avant utilisation d’'un capillaire neuf pour atténlesr variations d’'EOF [121].

L’ordre de migration en CZE en mode pbstt illustré dans la Figure 9. Les cations sont
attirés par la cathode (c6té du détecteur) et leur ordre de migration est qntapnel a leur

rapport charge sur taille. L'EOF généré se dirige aussi vers le détecteur, entrainantries neu

et les anions. Les espéces neutres ne sont pas séparées, mais les anions peuvent étre

détectés, si la gbrest supérieure a leurg

Injection Détection

+ N + + ++

EOF

Figure 9:0rdre de migration de particules chargées et neutres par CZE en mode positif

En conclusion, la CZE permet, en pnese d'un flux électraosmotique (EOF), I'analyse
simultanée de substances cationiques et anioniques. Les substances newgreatrdans le
flux mais ne sont pas séparées et une autre stratégie doit étre utilisée cqramexemple la
MEKC ou MEEKC.
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2.1.2 Chromatographie électrocinéetique micellaire (MEKC)

La MEKC est un autre mode de la CE, développé par Terabe et coll. [122] odr98duvoir
séparer des composés neutres. Des tensioactifs anioniques ou cationiques a une
concentration supérieure a la concentration micellaire critique sontté®wau tampon. Le
dodécylsulfate de sodium (SDS), utilisé dans ce travail de these pour I'anedyserdplexes

de platine, fait partie des tensioactifs les plus couramment utiliséss micelles sont
hydrophiles d’extérieur et hydrophobes a l'intérieur et peuvent migrer dans le méme sens ou
dans le sens inverse du EOF (phase pseudo-stationnaire). Les composés newtas §teel
retenus a l'intérieur de la micelle selon un mécanisme de partage et peuvensé@taeés en
fonction de l'interaction hydrophobe entre la micelle et le soluté’adlgit donc d’'un hybride
entre la CE et la chromatographie avec un mécanisme de séparation mixéeneobilité et
partage hydrophobe avec une phase pseudo-stationnaire. Les BGEs utilisés pitesenten
souvent une stabilité courte et doivent étre préparés extemporanément. Biéa Kkprigine

elle ait été développée pour la séparation d'especes -adoargées, la MEKC est aussi
largement utilisée pour I'analyse de composés ionisés.etla peut augmenter la solubilité

des analytes et séparer simultanément des composés neutres et chargés.

2.1.3 Chromatographie électrocinétique en microémulsion (MEEKC)

La MEEKC a également été développée par Terabe et coll. en 1992¢kx3]le méra
mécanisme de séparation que celui de la MEKC, sauf que la phase pseudatataion
consiste en une microémulsigME): le BGE est composé d’'une phase huileuseigne, ou
n-heptane), de tensioactif (SDS), de co-surfactant (butanol) et dedsepaqueuse (tampon
phosphate, borate...) dans des proportions bien définies. Avec une détddtidviis, ces
composeés présents dans le BGE peuvent diminuer la sensibilité de la méthodentSia
MEEKC est plus sélective que la MEKC et une bonne corrélation apepliditité (logP) du
composeé peut étre établie. A l'instar de la MEKC, la MEEKC permet I'analysengiende
composés neutres et chargés, et aide a solubiliser des composés hydrophobess,Ha plu
stabilité du BGE en MEEKC est souvent meilleuenduEKC.
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2.1.4 Détection conductimétrique

La détection conductimétrique (CD) est une technique de détection auaserselle pour
tous les composés chargés [32, 35] et elle est une alternative intéressantéegaromposés
non-chromogénes, pour lesquels une détection UVAHliscte n'est pas possibldea CD
consiste a mesurer la différence de conductivité entnealyte et les caons présents dans le
BGE. La réponse est d’autant plus grande et la détection plus sensible, silidemplitre la
conductivité de la zone de I'échantillon et celle du BGE est élevée. Autgisdtion de
tampons amphoteres permet d’obtenir un maximum de sensibilité, car ils pessathe
conductivité faible. En outre, ils peuvent étre utilisés a haumscentrations pour assurer

une bonne efficacité par effet « stacking » sans générer topadirant [25, 29, 124].

Les premiers développements de détecteurs CD pour la CE étaient en contact solatida
électrolytique[125, 126] ce qui a posé des problémes d’encrassement et d’interférences ent
le champ électrophorétique et la détection. En 1998, une nouvelle gépérai détecteurs
conductimétriques sans contact (CCD dD:CGCapacitively Coupled Contactless Conductivity
Detector ), introduit par le groupe de Zemann [25, 26, 127] et le gralgFracassi da Silva et
do Lago [36, 1284 permis d’augmenter l'atti@ivité de ce mode de détection grace a sa
simplicité au niveau manipulation et maintenance, la possibilitd'adiser pour différentes
tailles et naturesgde capillaires ainsi qu’au format miniaturise€, et son colt abord§dte 27,
29]. La détection T consiste en un couplage capacitif entre un champ électrique alterptatif
la solution électrolytique a l'intérieur du capillaire, a I'aide dexdélectrodes externes a la
solution, sans établir de contact direct avec elle [129]. Un schén@Diest montré dans la

Figure 10.

Cellule C 4D

Cage de Faraday

Electrode d'excitation Electrode de récupération

- - Efﬂuent CE q

Capillaire CE .30 mm 15 mm

Figure 10 Schéma de principe CEBJ130]
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Le détecteur est constitué de deux électrodes (en forme de tubes en amgydable
d’environ2 a 30 mm de longueur) placées autour du capillaire CE avec un écart dmta 5
Les électrodes sont séparées par une cage de Fareolastituée d’une feuille mince en
cuivre, pour éviter qu’un courant soit directement établi entre les deuktadeles et afin de
diminuer le bruit de fond [16]. Le montage peut étre schématisé cordeux condensateurs
en série (électrodes) séparés par une résistance (la solution d'électrolyteté&idim du
capillaire). Une tension oscillante est appliquée sur la premiere élettappelée électrode
d’excitation) et un courant capacitif est établi entre cette électrode et le ligual I'intérieur

du capillaire. Le courant esbnduit a travers la solution jusqu’a ce qu’il soit récupéré par la
seconde électrode (appelée électrode de récupération). Les modifications de atimiteu
dans lespace entre les deux électresl (a I'intérieur du capillaire) sont enregistrées, car un
changement de la conductivité est traduit par un courant récupéré difféfe6f 131]. Les
deux électrodes sont elles-mémes placées dans une cellule permettant un positiennem
stable et une distance répétable entre les électrodes. Cette cellule ptet placée a
n’importe quel endroit sur le capillaire, selon la résolution et le terdfanalys nécessaires et

on peut en méme temps ajouteralitres types de détection (ex. UV/Vis, Fluo, LIF).

Depuis quelques années, Ié0Cest devenu une alternative intéressante par rapport a des
détecteurs optiques, et a montré de nombreuses applications dans la déterarinde
produits pharmaceutiques [131, 132]. Introduit depuis 2007 a la phaedes HUG, la CE-
C'D est utilisée au quotidien pour la détermination des électrolytessdés nutritions
parentérales et pour l'analyse de quelques productions édegex. seringues prétes a
lemploi de suxamethonium, capsules dgluconate de calcium (0.5 mmol) et de

glycérophosphate de calcium (0.5 mmol)).
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2.2 Chromatographie en phase liquide - spectrométrie de masse (LC-MS/MS)

2.2.1 Principes fondamentaux de la LC

Un appareillage LC se compose d’'une colonne chromatographique, d’'un systeraetidiin;
d’'une pompe LC et d’'un systeme de détection. La colonne qui conéigrtase stationnaire
est le cceur de la séparation et doit étre choisie en fonctionadedytes. Les pompes a haute
pression permettent de percoler régulierement I'éluant a travers la colonneérBiffs
détecteurs peuvent étre utilisés, comme I'UV, la fluorescence, I'électroehoui la MS,
permettant d’atteindre de grandes sélectivité et s#nilité. De plus, le grand choix de phases
stationnaires commercialisées avec différents motifs greffés et la multitude dseshmobiles
possibles rendent cette technique particulierement sélective selemombreux mécanismes
de séparation.

Dans ce travail, seule la chromatographie de partage a polarité de phase inversée a ét
utilisée: le motif greffé est une chaine alkyle ou phényle possédacaractere hydrophobe.
Environ 80% des séparations chromatographiques en phases liquides sontiédtegiar
partage sur des phases inversées. Comme phase mobile, des mélanges hydro-organiques sont
appliqués: eau-méthanol ou eau-acétonitrile et éventuellement urnisiéone composé (p.ex.
un solvant, un tampon). La rétention des solutés apolaires est d'autast griande que la
proportion en eau est importante. Pour la séparation de composés posségasnstructures
proches, il est recommandé de travailler en mode gradiesui début, il n’'y a qu’un faible
pourcentage de solvant organique dans la phase mobile et en augmentantiieeptage du
solvant organique, les composés sont élués selon leur hydrophobicité. Pour avdiomme
séparation chromatographique entre les différents composeés, le gradierdcggheusement

étudié lors du développement de la méthode.

Le mécanisme de rétention se situe entre les deux hypothéses suivantes.
- La phase mobile imprégne les greffons et les solutés se partagent entre la phase
mobile et la phase stationnaire imprégnée.
- Le soluté est retenu par interaction hydrophobe sur les motifs grefféa phase

mobile les déplace continuellement par partage.
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2.2.2 Principes fondamentaux de la MS

La spectrométrie de masse (MS) est un outil puissant pour détecter uneasgbsaprés une
technique analytique séparative. Le détecteur MS ne nécessite aucune fopetibouliére

de la part de la substance a détecter, si ce n'est sa capacité a s'ioniser,czlegiq il est
qualifié de quasuniversel. Il permet d’effectuer une séparation en fonction du rapport masse
sur charge (m/z) de la substance, offrant ainsi une grande sélectivité. La sendilgilii mar

la MS dépend du composé (de son potentiel d’ionisation) et du typealyseur de masse
utilisé. De plus, la MS peut également apporter une information quaiéatur la substance.
Dans ce travail de these, une source d’ionisation €lectrospray et un analysdype triple

guadripbles ont été utilisés, et seront détaillés ci-dessous.

Source d'ionisation Electrospray (ESI)

Pour pouvoir coupler la chromatographie liquide a la Biérentes sources d’ionisation ont

été développées. Ces sources doivent pouvoir introduire le haut débit de digeid
provenance de la LC a pression atmosphérique dans le haut vide de la MS. Les sources sous
vide qui sont de moins en moins utiliséesaup’hui sont remplacées progressivement par

les sources a pression atmosphérique (API) plus performantes, robustes, et appliaai
nombreuses applications. Les sources APl les plus fréquemment rencontrées sont
I'électrospray (ESI) et lionisation chimique a pression atmosphérique (AP€Bgitl de
techniques d’ionisation douces qui permettent de former majoritairemeoinl’'moléculaire

protoné ou déprotoné en n’induisant qu’une fragmentation réduite. ukiiement, I'ESI
constitue le mode d’ionisation le plus utilisé. Les principaux yssurs de I'ESI sont Fenn

[133, 134] et Bruins et coll. [135] pour le développement de I'ESI assisééenatiquement.

Le role de I'électrospray est donc la formation d’ions en phase gazeuse a partoléeules
en solutions en provenance de la LC. Une tension comprise entre 2 exh &ppliquée sur le
capillaire métallique a l'intérieur duquel se trouve une phase liged provenance de la LC,
qui contient un solvant a caractere polaire et des électrolyteskdetu Sous I'action du haut
champ électrique généré a l'extrémité du capillaire, les électrolytes foti négatifs
s’orientent au sein du liquide de sorte que les charges positives sont entraieéete front
du liquide, tandis que les charges négatives se dirigent vers les parois tlaireapgmnode

positif). Lorsque les forces de répulsions électrostatiques entre les ionsfpesicédent la
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tension de surface du solvant, une dilatation de ce dernier surviemeemnet au liquide et

aux charges patsves de progresser vers I'extrémité du capillaire ou se forme un cone de
liquide (appelé céne de Taylor). Si le champ électriqgue est suffisammmgrurtant, des
gouttes chargées positivement sont produites et se dirigent vers I'entrée de la masse (|
contre électrode). Puis, ces gouttes diminuent progressivement en taille emampedes
molécules de solvant par des mécanismes de désolvatation et d’évaporation. En s’évaporant,
la densité de charges électriques des gouttelettes devient trop grande, ce qui génere

explosion coulombique et libére des ions en phase gazeuse [136, 137].

L’electrospray assistée pneumatiquement (ou ion spray) permet la formatioréblelisat par
'application d’'un gaz de nébulisation coaxial au flux de la pimsbile [135]. Ceci est
nécessaire pour pouvoir nébuliser de plus grandes quantités de liquide pérdenitemps,

donc en travaillant avec des débits plus élevés, & partir de 50 it.-min

La plupart des sources ESI commercialisées font intervenir les paramétres suivgais die
nébulisation, la tension appliquée, le gaz de séchage et la positicaplliaire dans la source.
Tous ces paramétres doivent étre étudiés pour chaque compose lors du dgeeiept d’une

méthode LC-ESI-MS.

Le gaz de nébulisation a pour formti d’assister la formation du nébulisat. Il s’agit
d’azote délivré a des pressions différentes et proportionnelles au débitadphase
mobile et dans la méme direction que le flux. Il permet également delifmr le
nuage de gouttes produit dans une zorestreinte de la source afin d’augmenter la

guantité d’ions pénétrant dans le MS.

La tension appliquée entre le capillaire métallique et I'entrée d8 B& concentre
principalement sur la charge portée par les gouttelettes. Elle permet également de
diriger les gouttelettes chargées et les ions émis vers I'entrée du MS. Les solvants avec
une haute tension de surface comme I'eau nécesgide hautes tensions pour étre
dispersés en gouttelettes, surtout en ESI pur (non assisté pneumatiquement). La

présence thcétonitrile peut donc favoriser I'ionisation des composés.
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Le gaz de séchage facilite la désolvatation des gouttes. Généralement il s’agié d’azot
chauffé introduit dans la chambre soit perpendiculairement, soib@tre-courant ou
concourant a la nébidation. Il permet également de limiter I'accés au MS des
molécules neutres et d’éviter une contamination de I'entrée du spectrométredpar

matériel non volatile.

La position du capillaire dans la source est aussi un parameétre impaltard le
processusd’ionisation. Un angle entre 30° a 90° avec l'entrée du MS permet
d’augmenter la stabilité du signal généré en réduisant I'accés au MS des gibestele
et des molécules neutres. Ceci est particulierement adapté a I'analyse d’'éacremtill
complexes qui cdirennent une multitude d’éléments susceptibles de contaminer la

chambre d’ionisation.

L’ESI est une technique d’ionisation douce parfaitement adaptée powlyse de molécules
polaires et ioniques de masses moléculaires comprises enfretll’ Dalton et se présente
donc tres favorablement pour I'analyse simultanée de différentes substanydesoxiques.
Elle engendre des molécules protonées [M+#1] déprotonées [M-H] parfois multichargées
[M+nH[". Bien que les ions cités précédemment soient majoritairement formés, destaddui
(M+NH]" ou des multiméres ([2M+Hpont parfois observés. En travaillant en mode positif,
I'ionisation des composés basiques est favorisée en utilisant une phasieeraoide qui aide a

la protonation des composés (ex. agifbrmique a 0.1% dans I'eau et acétonitrile).

L'intensité du signal E®IS peut étre affectée par la présence d’autres électrolytes en
provenance de différentes origines comme les additifs dans la phase mobitpudstés de

solvant, de co-analytes ou des interférents matriciels [138].
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Analyseur de masse : triple quadripdle [139, 140]

Les ions générés par la source d’ionisation pénetrent dans le haut videedtraspetre de
masse ou ils sont accélérés et focalisés jusqu’a I'analyseurpguie leur discrimination en
fonction de leur rapport m/zL’analyseur de masse de type triple quadripble est I'analyseur

hybride le plus utilisé dans I'analyse de molécules de faibles poitkcutaires.

Un quadripdle est constitué de quatre barreaux métalliques cylindriquesyperboliques

placés équidistants et paralleles qui servent d’électrodd2ar application d'une tension
alternative (dans le domaine de radiofréquences RF) et continue ezgrbdrres (DC), il y a
création a l'intérieur du quadripéle d'un champ quadripolaire enxddimensions (x, y). Pour
un rapport RF/DC donnéeguls les ions d’'unealeur m/z donnée pourront traverser le champ
quadripolaire et atteindre le détecteur. Pour cette raison on décrit le gpéte comme un

filtre de masse. Pour obtenir un spectre de magse&k 100 a m/z 1000) on varie l'intensité

de la tension alternative et continue en maintenant un rapport RF/DC anhét balayage).

Le triple quadrip6le consiste en un couplage de deux quadripblesega séparés par une
chambre de collision, comme représenté dans la Figure 11. Dans le preragipgle (Q1)
une séparation des ions est effectuée. Le second quadripble (Q2), ou chambodisieng
permet la transmission et la fragmentation des ions grace a I'introductiongiarde collision
(argon). Le troisieme quadripble (Q3) permet d’effectuer une seconde séparatitometion
du rapport m/z. Dans une configuration SRM (= selected reaction mamg)o@Q1 et Q3 sont a
une valeur m/z fixe et permettent donc la quantificati d’'un composé donné. Les rapports
m/z d’ion précurseur et d’'ion fragmenté sont étudiés lors du développemameaiméthode
en fonction de I'énergie de collision en Q2. Ceagtnération de fragments est spécifique a
chaque molécule et ainsi une double sélectivité en masse peut étre obtenomea tandem

(MS/MS).
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Détecteur:
Multiplicateur d’électrons

<«———Q3:ions fragmentés

HPLC — 3

Q1:ions précurseur Q2: fragmentation

Source d’ionisation: ESI Analyseur de masse: triple quadripdle

Figure 11 Schéma d'une L-ESI-MS/MS, en mode SRM utilisé lors de ce travail de thése (ThéBab#ccess
Manuelle)

La trés grande sélectivité et sensibilité des triples quadripbles ehlfanalyseur de choix
lorsque des limites de détection trés basses doivent étre obtenues, commele’eas pour

'analyse de traces de cytotoxiques dans I'environnement.
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3. Validation analytique

Toutes les méthodes développées dans ce travail de thése ont été validéedeavamise en

pratique dans le laboratoire. La stratégie de validation utiliséer pewcontrole qualité des
médicaments est basée sur le guide de la commission de la Société Francaise des Sciences et
Techniques Pharmaceutiques (SFSTP, 2003) [141]. Ce guide propose un congelesus su

différentes normes existantes en incorporant la terminologie 1SO.

3.1 Objectifs

Un résultat erroné pendant le contréle qualité d’'une préparation hiadigire peut avoir des
conséquences tres graves pour le patient. Aiilsfaut d’abord s’assurer que la méthode
utilisée permet de donner des résultats fiables en accord avec des limites acesptabl
demandées par l'usage du produit analysé. La validation d’'une méthode analgjue
requise pour passer de la phase de développement a cellautliesation en routine et elle
permet de fixer les spécifications de contrble pour un principe aatipour un produit fini.
L'objectif de la validation d’'une méthode analytique est de démontrer chexjge mesure
réalisée ultérieurement en routine sera suffisamment proche de la valeur viaigaos les
limites acceptables selon le besoin de l'analylses criteres de la validation sont fixés en

fonction de la finalité de la procédure analytique.

3.2 Criteres de validation

Les principaux critéeres de validation et termes utilisés sont brievement eggligi-dessous

avec des exemples concrets, rencontrés durant ce travail de these.

La_spécificitdd’'une méthode analytique est sa capacité a déterminer de maniére goe/da
substance a analyser en présence d’autres composdrds spécificité correspond a une
sélectivité maximale. Une méthode utilisée dans le cadre d'études de stabilité d'une
formulation doit posséder une sélectivité suffisante pour discriminer lacge actif des
impuretés, excipients et produits de dégradation, c'est-a-dire posséder unecbgéparation

électrophorétique ou chromatographique entre les différents casgs.
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La réponse considérée (signal) doit étre étudiée en fonction de leetcdration de I'analyte
dans un intervalle de dosages approprié. Une procédure est dite « semstileine faible
variation de la concentration ou de la quantité d’analyte entraine une vanatignificative

de la réponse. Lesourbes d’étalonnagesont construies a partir des rapports d'as des

analytes sur celles des standards internes pour la méthode LC. En CE, le rapporesl est
corrigé par le temps, car les temps de migrations peuvent bouger. Pour {Bleoqualité

d’'une formulation, lafonction réponseest étudiée dans un intervalle restreint autour de la

valeur cible (ex. 80% - 120%), tandis que pour un contréle environnamemt intervalle
beaucoup plus large est choisi, car on ne conmes la valeur réelle de I'échantillon.

L'intervalle _dedosage d'une méthode analytique est donc la région entre les niveaux

supérieur et inférieur (valeurs incluses) pour lesquels il a été démaue la méthode est
appropriée par rapport a son exactitude et sa linéarité.

La linéaritéd’une procédure d’analyse est sa capacité a l'intérieur d’'un certain interdall
dosagesd’obtenir des résultats directement proportionnels a la quantité (coriaion)

d’analyte dans I'échantillon.

La justesseexprime ['étroitesse de I'accord entre la valeur moyenne obteaugartir d’'une

série de résultats d'essais et une valeur qui est acceptée soit comme une valeur
conventionnellement vraie, soit comme une valeur de référence acceptée (sthndar
pharmacopée). La mesure de la justesse est généralement exprimée en termes de

recouvrement et de biais absolu ou relatif (erreur systématique). La précmiofidélité

fournit une indication sur les erreurs liées au hasard en exprimant Iicieat de variation
(CV) entre une série de mesures provenant de multiples prises d’'umemé&chantillon
homogéne (résultats d'essais indépendants) dans des conditions presdritegpétabilité
concerne les mesures effectuées dans des conditions opératoires idesatigonéme
opérateur, méme appareil,...) pendant un court intervalle de temps twmlie la_fidélité
intermédiaire concerneés mesures effectuées a l'intérieur d'un méme laboratoire, quand un
ou plusieurs facteurs sont changés (jour, opérateur, équipements...) penotaintervalle de

temps donné.
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Toutes les validations ont étéfettuees sur trois séries indépendantes (incluant I'arrét de
'appareillage, nouvelle préparation des solutions tampons et des standardsideatiah et

de validations,...). Pour une méthode de contrdle qualité (comme pour le suxaméthonium),
chaque série contenait 4 standards de validation, préparés a 3 niveaaartentration (80,

100 et 120%) qui permettait de calculer la justesse et la répétabilité gumsila fidélité
intermédiaire a chaque concentration. La justesse est exprimée comme le rappoetlan
concentration moyenne mesurée et la concentration théorique. La répéwteiit définie
comme le coefficient de variation du rapport de I'écart type des réslttans une méme
série sur la valeur théorique a chaque concentration. La fidéltegrmédiaire est exprimée
comme le coefficient de variation du rapport de I'écart type entre les différeséees sur la

valeur théorique a chaque concentration.

L'exactitude exprime I'étroitesse de l'accord entre la valeur trouvée et la valeur acceptée
comme référence. Elle est la somme des erreurs systématiques et aléateired’autres
termes l'erreur totale liée au résultat c’eatdire la somme de la justesse et de la fidélité.
Dans ce travail de these, l'erreur totale acceptée pour une méthode édiligour la
détermination du principe actif dans une formulation était 5 %,diarque pour I'analyse de
traces sur des prélévements de surface, une erreur totale jusqu’'a 30% était considérée
comme acceptable. En effet, si 2 ou 3 ng par substance cytotoxique stttéle sur une
surface de 100 cfn la différence n'est pas considérée comme trés importante et la
contamination reste faible.

Pour chaque niveau de concentratidigrreur totale est calculée, ce qui permet d'établir le

profil_d’exactitude [142]. Cet outil visuel de décision permet d’évaluer la capacité de la

méthode a donner des résultats dans les limites d’acceptation. DakRgylae 12, le profil
d’exactitude pour l'analyse du cyclophosphamide par une méthod®&MIS est donné

(article VI).
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3090 |-mmmmmmm

0% - 3

Biais relatif

T

0 50 100 150 200
Concentration [ng-mL 1]

Figure 12Profil d’exactitude du cyclophosphamide par-M&/MS (article VIII)

La_limite de détectioLOD) d’'une procédure d’analyserrespond a la plus petite quantité

d’analyte dans un échantillon pouvant étre détectée, mais non dfiéat La limite de
quantification (LOQ) est la plus petite quantité de I'analyte dans un échantitmvant étre
dosée dans les conditions expérimentales décrites avec une exactitude dBsiealeurs de
LOD et LOQ les plus basses possibles sont des critergeinshbles lorsque I'analyse de trés
faibles concentrations est envisagée, comme dans le cas de l'analyse de &aagssthnces

cytotoxigues dans I'environnement.

3.3 Conclusion

La validation d'une méthode analytique est indispensable avant de poliatiliser en
analyse de routine, caglle permet d’assurer que le résultat obtenu lors d'une analyse est
fiable et dans des limites acceptables. Ceci est trés important pour garantualgéqdu
produit fini, ainsi que le rejet d’un produit neconforme en ce qui concerne sa teneur. Les
différents criteres de validation sont étudiés en fonction de I'agtdilité de la méthodgles
exigences different pour une méthode destinée au contrle qualité d’pn&paration
pharmaceutique et pour une méthode utilisée pour la détermioatde la contamination de

surface d’'une substance cytotoxique. La finalité de la méthode doit doagése en compte

lors de la validation.
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article info abstract

Article history: In the last decades, the number of patients receiving chemotherapy has considerably increased. Given
Received 11 May 2011 the toxicity of cytotoxic agents to humans (not only for patients but also for healthcare professionals),
Received in revised form 15 August 2011 the development of reliable analytical methods to analyse these compounds became necessary. From
Accépted 16, August 2011 the discovery of new substances to patient administration, all pharmaceutical elds are concerned with
Available online 24 August 2011 X X - . . . .
the analysis of cytotoxic drugs. In this review, the use of methods to analyse cytotoxic agents in various

matrices, such as pharmaceutical formulations and biological and environmental samples, is discussed.

. ! Thus, an overview of reported analytical methods for the determination of the most commonly used
Anticancer drug analysis . L
Cytotoxic agent anticancer drugs is given.
Pharmaceutical formulation © 2011 Elsevier B.V. All rights reserved.
Biological sample
Environmental sample
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1. Introduction

Cancer is a disease in which the control of growth is lost in one
or more cells, leading either to a solid mass of cells known as a
tumour or to a liquid cancer (i.e. blood or bone marrow-related
cancer). It is one of the leading causes of death throughout the
world, in which the main treatments involve surgery, chemother-
apy, and/or radiotherapy [1]. Chemotherapy involves the use of
low-molecular-weight drugs to selectively destroy tumour cells
or at least limit their proliferation. Disadvantages of many cyto-
toxic agents include bone marrow suppression, gastrointestinal
tract lesions, hair loss, nausea, and the development of clinical resis-
tance. These side effects occur because cytotoxic agents act on both
tumour cells and healthy cells [2] . The use of chemotherapy began
in the 1940s with nitrogen mustards, which are extremely power-
ful alkylating agents, and antimetabolites. Since the early success
of these initial treatments, alarge number of additional anticancer
drugs have been developed [1].

Anticancer drugs can be classi ed according to their mechanism
of action, such as DNA-interactive agents, antimetabolites, anti-
tubulin agents, molecular targeting agents, hormones, monoclonal
antibodies and other biological agents [2]. In this review, the most
commonly used anticancer drugs (i.e. classical cytotoxic agents) are
discussed.

- Antimetabolites are one of the oldest families of anticancer drugs
whose mechanism of action is based on the interaction with
essential biosynthesis pathways. Structural analogues of pyrim-
idine or purine are incorporated into cell components to disrupt
the synthesis of nucleic acids. 5-Fluorouracil and mercaptopurine
are typical pyrimidine and purine analogues, respectively. Other
antimetabolites, such as methotrexate, interfere with essential
enzymatic processes of metabolism.

DNA interactive agents constitute one of the largest and most
important anticancer drug families, acting through a variety of
mechanisms:

Alkylating agents lead to the alkylation of DNA bases in either
the minor or major grooves. For example: dacarbazine, procar-
bazine and temozolomide.

Cross-linking agents function by binding to DNA resulting to
an intra-strand or inter-strand cross-linking of DNA. Platinum
complexes (e.g., cisplatin, carboplatin, oxaliplatin) and nitro-
gen mustards (e.g., cyclophosphamide, ifosfamide) are the two
main groups of this anticancer drug sub-family. Nitrosurea com-
pounds, busulfan and thiotepa are also cross-linking agents.
Intercalating agents act by binding between base pairs. The
family include anthracyclines (e.g., doxorubicin, epirubicin),
mitoxantrone and actinomycin-D.

Topoisomerase inhibitors include irinotecan and etoposide
compounds. These drugs inhibit the responsible enzymes for
the cleavage, annealing, and topological state of DNA.
DNA-cleaving agents such as bleomycin interact with DNA and
cause strand scission at the binding site.

Antitubulin agents interfere with microtubule dynamics (i.e.,
spindle formation or disassembly), block division of the nucleus
and lead to cell death. The main members of this family include
taxanes and vinca alkaloids [2].

Today, with the increase in cancer incidence, treatments con-
taining cytotoxic drugs are widely used. Due to the aging (and
increasingly cancer-susceptible) population and the arrival of new
treatments, the demand for pharmacy cancer services is expected
to more than double over the next 10 years [3] . Even if more selec-
tive therapies are developed (e.g.,antibodies or molecular targeting
agents), treatment schemes will continue to be associated with
classical cytotoxic agents.

Consequently, the need for analytical methods to determine
anticancer drugs is of outmost importance. The rst developed
methods for the analysis of cytotoxic compounds are based on
the use of liquid chromatography with UV detection (LC-UV).
These methods exhibited satisfactory quantitative performance for
the analysis of samples containing high concentrations of target
drugs (i.e. development of pharmaceutical formulations, stability
studies : ::). However, in the case of samples with low amount
of cytotoxics (i.e. biological or environmental analysis), a sample
preparation step allowing apre-concentration of target compounds
had to be applied before the LC-UV analysis. In the 1990s, the
high selectivity and sensitivity of mass spectrometry revolution-
ized the whole analytical procedure by simplifying and reducing
the sample preparation step. Today, LC-MS is undoubtedly one of
the techniques of choice for the analysis of anticancer drugs with
very attractive analytical performance. Limit of detection (LOD)
in the order of ngmL'?® are frequently obtained. Other detection
systems were coupled to LCsuch as uorimetry, evaporative light
scattering detector (ELSD)or electrochemical detection (ECD).Fur-
thermore, analytical techniques were also published to determine
anticancer drugs such as capillary electrophoresis coupled to UV-
detection (CE-UV), amperometric detection or to laser-induced
uorescence (CE-LIF), gas chromatography—mass spectrometry
(GC-MS), Raman spectroscopy, infrared spectrometry (IR).

In the rst part of this paper, the need for analytical meth-
ods allowing the determination of these cytotoxic drugs in various
media, such as pharmaceutical formulations, biological matrices
and environmental samples, is discussed. In the second part, an
overview of the different analytical methods is given according to
specic cytotoxic agents.

2. Analysis of cytotoxic drugs: generality
2.1. Analysis of cytotoxic agents in pharmaceutical formulations

From the production of cytotoxic bulk until chemotherapy in
a patient, analytical methods are necessary for (i) quality control
of bulk and commercialised formulations, (i) quality control of
diluted formulations before patient administration and (iii) studies
on formulations regarding compatibility and stability.

2.1.1. Quality control of bulk and formulations

For bulk and pharmaceutical formulations, a valuable method
for quality control should be able to simultaneously determine the
parent drug and its impurities and degradation products. Quality
control, valuable for all pharmaceuticals, must be in agreement
with pharmaceutical regulations. Usually, separation techniques
offering great selectivity, such as LC or CE, are used. Among the
most commonly used detection systems, MS can be considered
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the technique of choice. Its high selectivity and sensitivity allows
the detection of very low concentrations of impurities or degrada-
tion products. For example, Jerremalm et al. studied the stability
of oxaliplatin in the presence of chloride and identied a new
transformation  product (monochloro-monooxalato  complex) by
LC-MS/MS [4] . However, UV spectrophotometry coupled to asepa-
ration technique is used routinely, but the sensitivity of the method
must be sufcient for degradation or impurity prole studies. For
example, Mallikarjuna Rao et al. developed a stability-indicating
LC-UV method for determination of docetaxel in pharmaceutical
formulations [5] . LC-UV was also used in studies of the chemical
stability of teniposide [6] and etoposide [7] in different formula-
tions.

2.1.2. Quality control of prepared formulation before patient
administration

Before administration to the patient, commercialised formula-
tions in the form of freeze-dried powder or high concentrations
of drug, are dissolved and/or diluted with sodium chloride (NaCl,
0.9%) or glucose (5%)to obtain the nal individualised quantity of
drug prescribed by a physician in an appropriate concentration.
Stability of these diluted cytotoxic formulations is often limited (or
unknown), and they are most often prepared a short time before
patient administration by anurse in the care unit or in a specialised
unit at the hospital pharmacy. Even if pharmaceutical regulations
do not require a nal control of each individualised cytotoxic
preparation, analysis can be applied to ensure correct drug concen-
tration and to reduce medication errors and their consequences for
patients with increased risk of morbidity and mortality [8].

Different strategies, usually applied by the hospital pharmacy,
are used to control the prepared formulation before patient
administration. In most cases, these methods allow approximate
information on the concentration to be obtained and the cyto-
toxic substance contained in the reconstituted formulation to be
identied. Given the high number of cytotoxic preparations per
day and the very short time between prescription, preparation
and administration, simple and fast techniques are usually pre-
ferred to conventional methods, which are often more expensive
and less easy-to-handle. One approach consists of ow injection
analysis (FIA) with UV-diode array detection (DAD). As shown by
Delmas et al., 80% of cytotoxic preparations (corresponding to 21
different cytotoxic drugs) were successfully determined in a cen-
tralised preparation unit in less than 3.5min [8]. However, due to
the absence of separation before detection, the presence of excip-
ients in the formulation can interfere with FIA-UV/DAD analysis,
and compounds with similar structures cannot be distinguished.

Quality control of cytotoxic drugs was also performed by
coupling Fourier transform infrared (FTIR) spectroscopy and UV
spectrophotometry  [9,10] , which increased the selectivity of
the method in comparison to single UV. Identication of the
drug compound, excipients and drug concentration was thus
achieved in a short analysis time without sample preparation.
As for FIA-UV/DAD, additives in cytotoxic formulations or cross-
contamination in the analytical system can perturb analyses.
Moreover, to the author's knowledge, including quantitative per-
formance with complete validation for quality control of cytotoxic
agents has not yet been described with this approach.

Another, more selective technique for quality control of
cytotoxic formulations might be Raman spectroscopy. It is a non-
destructive and rapid method for identifying and quantifying
active drugs and excipients in pharmaceutical formulations [11,12] .
Additionally, this analysis is possible without sampling, providing
excellent protection for technicians. As for the FTIR and UV/DAD
techniques, to the author's knowledge, information on quantita-
tive performance for Raman in cytotoxic formulations has not yet
been reported in the literature.

In conclusion, when establishing quality control of cytotoxic
drugs in a daily routine before patient administration, generic
FIA-UV/DAD assays, FTIRand UV/DAD techniques or Raman spec-
trometry present interesting approaches in terms of time and
simplicity. Nevertheless, the lack of selectivity and quantitative
data are the main drawbacks of these techniques.

2.1.3. Formulation studies

Various studies have been performed on the attributes of cyto-
toxic drugs contained in formulations, including compatibility or
stability. The compatibility —of cytotoxic drugs with container mate-
rials is very important to avoid adsorption or degradation of the
active compound, which both have negative consequences for
patient treatment [13]. In the 1980s, stability data of antitumor
agents in glass and plastic containers [14] or in totally implanted
drug delivery systems [15] were established, and a review of sta-
bility data for cytotoxic agents was published in 1992 [16].In these
studies, LC-UV was the most commonly used analytical technique.

For new compounds and formulations, stability-indicating
methods allowing separation of active compounds and degradation
products are required to establish conservation guidelines for each
cytotoxic drug in different containers. In the review of Benizri et al.,
several stability studies were evaluated, antineoplastic agents with
suf cient chemical and physical stability were selected for home-
based therapy, and a standardisation of anticancer drug stability
data was proposed [17].

2.2. Analysis of cytotoxic agents in biological samples

Most of the reported methods were intended for cytotoxic drug
quanti cation in biological matrices, fundamental studies of new
drugs, pharmacokinetic (PK) and pharmacodynamic (PD) studies,
therapeutic drug monitoring (TDM) or biomonitoring for occupa-
tional exposure.

2.2.1. Development of new drugs and formulations

The interaction between drugs and DNA is among the most
important aspects of biological studies in drug discovery and
pharmaceutical development processes. A review on differ-
ent techniques used to study anticancer drug—DNA interaction
has been published and included the following techniques:
DNA-footprinting, nuclear magnetic resonance (NMR), MS, spec-
trophotometric methods, FTIRand Raman spectroscopy, molecular
modelling techniques, and CE[18]. Furthermore, electrochemical
approaches can provide new insight into rational drug design and
would lead to further understanding of the interaction mecha-
nism between anticancer drugs and DNA [18] . PK and PD studies
were frequently the reason for the development of new analyti-
cal methods to determine cytotoxic agents in biological samples
(e.g.,urine, serum, plasma, intracellular matrix, tissues). For exam-
ple, arecently reported LC-MS/MS method for docetaxel in plasma
was found to have better performance than previously reported
methods in terms of sensitivity, and it appeared to be a promising
method for alarge clinical pharmacology study [19].

2.2.2. Therapeutic drug monitoring

TDM for chemotherapy agents is not currently used routinely,
mainly due to the lack of established therapeutic concentra-
tion ranges. Combinations of different chemotherapies make
the identi cation of a target concentration difcult, as the
concentration—effect relationship depends on the different treat-
ments [20] . However, TDM has the potential to improve the
clinical use of some drugs and to reduce the severe side effects
of chemotherapy. For example, Rousseau et al. reported different
possibilities and requirements for TDM [21] . Most commonly, TDM
is performed for methotrexate [2]. Reviews on drug monitoring



2268 S.Nussbaumer et al. / Talanta 85 (2011) 2265+ 2289

were already published in 1985 by Eksborg and Ehrsson [22], and
hyphenated techniques in anticancer drug monitoring (e.g.,GC-MS,
LC-MSand CE-MS)were published by Guetens et al.in 2002 [23,24] .

2.2.3. Biomonitoring of exposed healthcare professionals

Cytotoxic drugs have been recognised as hazardous for health-
care professionals since the 1970s [25], and different studies have
shown how occupational exposure to antineoplastic drugs is asso-
ciated with a potential cancer risk [26-29] . However, a direct
relationship between exposure to cytotoxic contamination and
harmful effects is dif cult to establish, and no maximal acceptable
amount for these drugs has been set by regulation of ces until now.
Biomonitoring requires very sensitive and selective methods for
trace analysis of cytotoxic drugs in urine or blood samples. More-
over, validated and standardised methods are lacking for cytotoxic
agent monitoring in biological samples of healthcare professionals
[30,31] . The concentration of cytotoxic drugs in biological samples
from healthcare professionals, which are exposed to these com-
pounds, is usually lower than for biological samples from patients
receiving formulations with drug amount in the order of mg. Even
if drug levels are usually lower in urine than in blood samples, urine
samples are preferred for practical reasons. That is why methods
used for the analysis of cytotoxic drug in samples of healthcare
professionals have to exhibit a sufcient sensibility to allow reli-
able quantication of these compounds. GC-MS and LC-MS are
the most commonly used [32,33], but according to the analytes,
other techniques may also be interesting (for example, inductively
coupled plasma-mass spectrometry (ICP-MS) or voltammetry for
platinum compounds [34,35] ). Most reported studies have found
cytotoxic drugs in the urine or blood of healthcare professionals
despite safety standards for handling these compounds [36-39] .
According to precautionary principles, exposure should therefore
be kept to the lowest possible levels [40] .

2.3. Analysis of cytotoxic agents in environmental samples

2.3.1. Surfaceand air contamination

A complete review of analytical methods used for environmen-
tal monitoring of antineoplastic agents was published in 2003
by Turci et al. [36] . Analytical methods for the quanti cation
of one or two model cytotoxic agents and generic methods for
the determination of several drugs have been developed. When
using marker compounds, wipe samples have been obtained by
compound-specic  wiping procedures followed by adapted ana-
lytical techniques (e.g., voltammetry for platinum drugs [41]).
Such methods for marker compounds presented very good quan-
titative performance regarding detection limits and estimated
potential surface contamination [41-46] . However, a wide range
of chemotherapy formulations with different drugs and different
preparation procedures are usually produced in hospital units.
Therefore, to get an overview of several contaminants, multi-
compound methods are required with generic wiping procedures.
For suf cient selectivity and sensitivity, LC-MS/MS is one of the
analytical approaches of choice [47-53] .

2.3.2. Wastewater

After administration of anticancer drugs to patients, consider-
able amounts of cytotoxic agents are eliminated in the urine and
thereby reach the wastewater system. Due to their potential toxic-
ity to humans and the environment, analysis of cytotoxic drugs and
their metabolites is also needed in hospital efuents and wastew-
ater samples. Various analytical techniques can be used for this
purpose, including ICP-MSfor platinum compounds [54] ,CE-UV for
uorouracil [55] ,LCwith uorescence detection for anthracyclines

[56] and LC-MS/MS for antimetabolites
agents [58,59] .

[57] and other cytotoxic

3. Overview of analytical
drugs

methods for specic cytotoxic

In this Section, analytical methods for each cytotoxic drug are
discussed. Only the most commonly used cytotoxic agents, i.e.,
antimetabolites, DNA interactive agents and antitubulin agents, are
considered in this paper.

3.1. Antimetabolites

Analysis of pyrimidine analogues, purine analogues and other
antimetabolites are described in this section. The chemical struc-
tures of antimetabolites are shown in Fig. 1, and published
analytical methods for determination of these compounds in phar-
maceutical formulations, biological and environmental samples are
reported in Table 1.

3.1.1. Pyrimidine analogues

3.1.1.1. 5-Fluorouracil, tegafur, capecitabine. 5-Fluorouracil (5-FU)
is awidely used cytotoxic agent for the treatment of breast tumours
and cancers of the gastrointestinal tract, including advanced col-
orectal cancer. It is also effective for certain skin cancers by topical
administration. The main side effects include myelosuppression
and mucositis [2] . Tegafur and capecitabine are metabolised to 5-FU
and are given orally for metastatic colorectal cancer.

Few stability-indicating ~ LC-UV methods for stability studies of
5-FU in pharmaceutical dosage forms containing various additives
[60,61] and in rat caecal tissues [62] have been developed with
good quantitative performance in terms of accuracy and precision.
Simple sample preparation including centrifugation and dilution
was performed and an LOQ of 500 ngmL' ! was achieved for 5-
FU in rat caecal tissues [62] . However, 5-FU was observed to be
degraded under alkaline conditions, while only negligible degra-
dation was observed in acidic, neutral, oxidative and photolytic
conditions. Drug combinations of 5-FU and doxorubicin were also
successfully determined by LC-UV in injection solutions and bio-
logical samples [63] . A complete separation between doxorubicin
and methyl hydroxybenzoate, used asapreservative, was obtained.

Generally, published methods for the analysis of tegafur and
capecitabine allowed a simultaneous separation and quantica-
tion of 5-FU [64,65] . Zero-crossing rst-derivative  spectrometry
[64] and CE-UV with large-volume sample stacking (LVSS)were
successfully used for the determination of 5-FU and its prodrug
(tegafur) in pharmaceutical formulations [65] . This method is char-
acterised by a short analysis time (less than 3min) and high
selectivity and sensitivity. Without the LVSSprocedure, limits of
detection (LOD) were 600 ngmL' ! and 771 ngmL' ! for 5-FU and
tegafur in standard solutions, respectively. With the LVSS pro-
cedure, however, sensitivity was signi cantly improved (LODs of
5-FU and tegafur were decreased to 7.9ngmL'! and 6.5ngmL' 1,
respectively). Sensitised chemiluminescence based on potassium
permanganate oxidation in the presence of formaldehyde has also
been used for the determination of 5-FU in pharmaceuticals and
biological uids [66] and presented an LOD of 30.0ngmL'?! and a
calibration range from 100 ngmL'? to 80.0 mgmL'!. Serum sam-
ples were prepared by protein precipitation with trichloroacetic
acid and standard addition method was used to avoid matrix
effects. LC-UV methods have also been reported for impurity pro le
studies [67], and analysis of bulk products, pharmaceutical for-
mulations [68] and capsules [69] of capecitabine. For capecitabine
in standard solutions, these methods have shown LODs and LOQs
about 80.0 and 300 ng mL' 1, respectively.
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Table 1
Analytical methods for antimetabolites.
Compound Matrix Analytical technique References
Azacitidine Pharmaceutical formulation LC-UV, spectrophotometry [93,138-141]

Azathioprine

Capecitabine

Cladribine

Clofarabine

Cytarabine

Fludarabine

5-Fluorouracil

Gemcitabine

Hydroxycarbamide

Mercaptopurine

Biological samples
Biological samples

Pharmaceutical formulation
Pharmaceutical formulation
Bulk drug

Biological samples

Biological samples

Biological samples

Residues for cleaning validation
Chemical degradation
Environmental samples
Sewage Water

Pharmaceutical formulation
Biological samples
Biological samples
Biological samples
Biological samples
Biological samples

Biological samples
Biological samples
Biological samples

Biological samples

Pharmaceutical formulation
Pharmaceutical formulation
Pharmaceutical formulation
Biological samples
Biological samples
Biological samples
Biological samples
Biological samples
Biological samples
Biological samples

Wipe samples (surface contamination)
Wastewater

Pharmaceutical formulation
Biological samples

Pharmaceutical  formulation
Pharmaceutical formulation

Biological samples

Biological samples

Biological samples

Biological samples

Fundamental study

Wipe samples (surface contamination)
Wipe samples (surface contamination)
Wipe samples (surface contamination)
Waste water

Hospital ef uents

Pharmaceutical formulation
Pharmaceutical formulation
Pharmaceutical formulation
Pharmaceutical formulation
Biological samples
Biological samples
Biological samples
Biological samples
Fundamental study
Wastewater

Wipe samples (surface contamination)

Pharmaceutical formulation
Pharmaceutical formulation

Biological samples (plasma, peritoneal
Biological samples

Biological samples

Air samples

Pharmaceutical ~ formulation
Biological samples
Biological samples
Biological samples

uid)

LC-Uv
LC-MS/MS

1H NMR
CE-UV
UHPLC-UV
Second derivative spectra method
LC-uv
LC-MS/MS
LC-Uv
LC-uv
LC-uv
LC-MS/MS

LC-Uv
CE-UV
Review
LC-Uv
LC-MS
LC-MS/MS

Spectro uorimetry
LC-Uuv
LC-MS/MS

LC-MS/MS

FIA

LC-uv

LC-MS/MS

GC-MSor GCwith a nitrogen-sensitive  detector
LC-MS

LC-Uv

LCwith solid-phase scintillation detection
LC-MS/MS

Supercritical uid chromatography
CE-UV, MEKC-UV

LC-MS/MS

LC-MS/MS

FIA
LC-MS/MS

LC-uv
CE-UV
Review
LC-uv
LC-MS
CE-Uv
CE-UV
GC-MS
LC-uv
LC-MS/MS
LC-MS/MS
CE-Uv

CE-UV
LC-Uv
HPTLC
LC-MS/MS

Zero-and second order derivative spectrophotometry

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

Potentiometry, uorimetry
LC

LC-ECD

LC-uv

GC-MS

LC-uv

CZE-UV
Review
LC-Uv
LC-MS/MS

[142]
[137]

[144]
[145]
[143]
[465]
[149-152]
[148]
[155]
[154]
[156]

(58]

[67-69]
[79]
[24]
[80-82]
[83]
[84-88]

[466]
[157]
[158]

[158]

[8]
[63,90-93]
[51]

[94]

[467]
[63,95-99]
[100]
[101-105]
[106]
[107-109]
[51,52,89]
[57)

8]
[159]

[8,60,61,63,113]
[65]

[24]

[71]
[71,88,468,469]
[73-75,77-79]
[76]

[41]
[45,274,279)
[49,89]

[57]

[55]

[115]

[113] [8]

[114]

[51]

[135]
[63,116-125,135]
[126]
[53,127-132,134]
[133]

[57]

[51-53,136]

[192]
[193]
[195]
[194]
[196,197]
[198]

[145]
(23]
[149,151]
[148]
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Compound Matrix Analytical technique References
Wipe samples (surface contamination) LC-UVv [156]
Methotrexate Pharmaceutical formulation CE-UV [175]
Pharmaceutical formulation FIA [8,177]
Pharmaceutical formulation CD-MEKC [176]
Biological samples Review [160]
Biological samples LC-UV combined with pseudo template molecularly imprinted polymer [161]
Biological samples LC-UV- uorescence [162]
Biological samples LC-MS/MS [163]
Biological samples CE-UV [75,164-166,168-171]
Biological samples MEKC-UV [167]
Biological samples CE-LIF [172,174]
Biological samples MEKC-LIF [173]
Biomonitoring LC-MS/MS [27]
Wipe samples (surface contamination) LC-MS/MS [47,51,52,89]
Wastewater LC-MS/MS [58,179,180]
Fundamental study PACE(pressure assisted CE) [178]
Pemetrexed Pharmaceutical formulation LC-Uv [181-184]
Pharmaceutical formulation LC-ELSD [184]
Biological samples LC-UV [185,186]
Biological samples LC-MS [187]
Pentostatin Biological samples LC-MS [191]
Raltirexed Pharmaceutical formulation CD-MEKC [189]
Biological samples LC-MS [190]
Tegafur Pharmaceutical formulation CE-UV [65]
Pharmaceutical formulation Zero-crossing  rst derivative spectrometry [64]
Biological samples LC-Uv [470-472]
Biological samples GC-MS [472]
Biological samples LC-MS/MS [473]
Thioguanine Biological samples CE-UV [75]
Fundamental study LC-MS/MS [153]

Fig. 1. Chemical structures of antimetabolites.
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A large number of analytical methods for the determination of
5-FU, related prodrugs and their metabolites in biological matri-
ces have been developed in the last 30 years. These methods
include cell-based culture assays, LC-UV, LC- uorescence, GC-MS
and LC-MS/MS. Advantages and disadvantages of such methods
have already been discussed by Breda and Baratté in 2010 [70],
including biological sample analysis of tegafur. According to this
review, 5-FU monitoring has not yet been widely used, and recent
developments with LC-MS/MS and nanoparticle antibody-based
immunoassays may facilitate routine monitoring of 5-FU in daily
clinical practice. Recently, eight original 5-FU derivatives were syn-
thesized in order to identify new efcient prodrugs of 5-FU and
sensitive LC-UV and LC-MS methods were developed to simul-
taneously quantify 5-FU and its derivatives in human plasma.
Sample preparation by centrifugation, Itration and dilution was
performed, and MS detection was necessary for characterisation of
degradation products [71] .

CE methods were not recorded in the review of Breda and
Baratté [70] , but have also been used for biological samples: CEcou-
pled to amperometric detection for urine and serum samples [72]
and CE-UV for plasma [73,74] ,urine [75],or cell extracts [74,76—79]
have been reported. However, the sensitivity was not always
sufcient for simultaneous determination of 5-FU and its active
metabolites. Indeed, LODs superior to 1mgmL'?! were achieved
for 5-FU and its active metabolite 5- uoro-29-deoxyuridine-59-
monophosphate (FAUMP) and, thus, a preconcentration step (e.g.,
extraction) and/or the use of more sensitive detection techniques
should be investigated [74] . For the determination of capecitabine,
LC-UV [80-82] or LC-MS methods [83-88] have been published.
With simple protein precipitation followed by LC-MS/MS analysis,
very good selectivity and sensitivity values were obtained, with an
LOQof 10 ngmL' ! for capecitabine in human plasma allowing PK
studies [87] .

Analysis of 5-FU in environmental samples is particularly inter-
esting because it is one of the most used cytotoxic agents at high
doses and therefore an ideal marker compound for other poten-
tial contaminants. Surface contamination monitoring using GC-MS
[41] or LC[89] was successfully performed. However, due to the
high polarity of 5-FU, low retention times were recorded when
reversed phase LC columns were used, and separation from dif-
ferent antimetabolites was dif cult to obtain. For this reason, the
use of hydrophilic interaction liquid chromatography (HILIC) cou-
pled to MS/MS appears to be an attractive approach for the analysis
of antimetabolites in wastewater [57].In the described conditions,
baseline separation was obtained for 5-FU, cytarabine, gemcitabine
and their metabolites (uracil 1-b-d-arabinofuranoside and 2922
di uorodeoxyuridine)  with aresolution superior to 2.4 and an LOQ
of 5ngmL' 1 for 5-FU. In addition, CE-UV allowed the determina-
tion of 5-FU in hospital efuents after enrichment by solid-phase
extraction (SPE)(concentration factor 500), allowing good quanti-
tative performance with similar quanti cation limits with an LOQ
of 5ngmL' 1 [55].

3.1.1.2. Cytarabine. Cytarabine is still one of the most effective
single agents available for treating acute myeloblastic leukaemia,
although myelosuppression is a major side effect [2] . Stability and
compatibility data for cytarabine in different containers and admix-
tures were determined by LCin the 1980s [90-92] .LCmethods have
also been developed for the analysis of bulk drugs and pharmaceu-
tical formulations containing cytarabine and azacitidine [93]. For
biological sample analysis, GC-MS or GCwith a nitrogen-sensitive

detector was developed for determination of cytarabine in human
plasma in 1978 [94] . Different LC-UV methods have also been pub-
lished for plasma analysis and PK studies within a concentration

range in order of mgmL'?! [95-97] . More recently, LC-UV meth-
ods were developed and validated for the simultaneous detection

of cytarabine and etoposide in pharmaceutical preparations and
in spiked human plasma [63] ; cytarabine and doxorubicin for TDM
[98] ; and cytarabine, daunorubicin and etoposide in human plasma
for clinical studies [99]. The latter was preceded by SPEwith a
mixed-mode sorbent and presented LOQsin order of ngmL' 1 [99] .
Furthermore, tritium-labelled cytarabine was used to evaluate the
intracellular metabolism of cytarabine and was analysed simul-
taneously with its metabolites by ion-pair LC with solid-phase
scintillation detection [100] . Concerning the sample preparation,
the incubated cells were lysed by adding a solution containing
amphoteric tetrabutylammonium  phosphate at pH 3.0, vortexed,
centrifuged and ltered before analysis.

Over the last ve years, various LC-MS/MS methods for the
determination  of cytarabine in plasma samples [101-105] or
environmental samples [51,52,57] have been reported with good
quantitative performance in terms of selectivity and sensitivity.
Supercritical uid chromatography with a simple sample pre-
treatment procedure showed equivalent accuracy to the analytical
results obtained by LC-MS/MS from 50 to 10,000 ng mL' * of cytara-
bine in mouse plasma and have been proven to be reliable for in vivo
studies [106] . Several CE-UV or micellar electrokinetic chromatog-
raphy (MEKC)-UV methods also have been found to be suitable for
clinical samples and pharmacokinetic studies [107-109] . However,
LOQof cytarabine in human serum was superior by MEKC-UV [109]
(3000 ng mL' 1) than by the above mentioned LC-MS/MS methods
(i.e.10 ngmL' 1 in rat plasma [104] or 1.0ngmL' ! in aqueous solu-
tions [51]).

3.1.1.3. Gemcitabine. Gemcitabine is a more recently introduced

compound of the antimetabolites and is used intravenously in asso-
ciation with cisplatin for metastatic non-small cell lung, pancreatic,
and bladder cancers. It is generally well tolerated but can cause gas-
trointestinal  disturbances, renal impairment, pulmonary toxicity,

and in uenza-like symptoms [2].

The rst degradation studies were published in 1994 by Lilly
Research Laboratories using LC-UV, NMR and MS [110]. Later,
physical and chemical stability tests showed good stability for
reconstituted solutions up to 35 days at room temperature, but pre-
cipitation was observed when stored at 4 C[111] .Jansenet al. also
studied the degradation kinetics of gemcitabine by LC-UV, MS and
NMR in acidic solution and identied degradation products [112] .
For quality control, preparations of gemcitabine were controlled by
LC-UV[113], high performance thin layer chromatography (HPTLC)
[114] or LC-MS/MS [51] . A CE-UV method has also been developed
for gemcitabine determination in injectable solutions [115]. For
biological samples analysis, different LC methods have been pub-
lished for the determination of gemcitabine and its metabolites in
plasma, urine, tissue or cancer cells by LC-UV methods [116-125] ,
LC-MS[126] ,LC-MS/MS [127-134] and by zero-and second-order
derivative spectrophotometric methods [135] . The last method was
compared with an LC-UV method for determination of gemcitabine
in human plasma and no signi cant difference was obtained in term
of precision with an LOQof 200 ng mL' 1. Lower LOQswere obtained
by LC-MS (i.e. 0.5ngmL'? in human plasma [127]). LC-MS/MS
methods were also used for environmental analysis, including sur-
face contamination and wastewater analysis [51-53,57,136] with
LOQvalues in the order of ngmL' 1 [51,57] .

3.1.1.4. Azacitidine. 5-Azacytidine is used for the treatment of
myelodysplastic syndromes [137] . LCmethods were developed for
the determination of cytarabine and azacitidine for bulk drugs
and pharmaceutical formulations [93,138,139] . Spectrophotome-
try and LC-UV were used for degradation studies [140] and for the
development of encapsulated drug formulations containing azaciti-
dine [141] . LC-UV [142] and, later, LC-MS/MS [137] were reported
for azacitidine determination in plasma. The LC-MS/MS method



2272 S.Nussbaumer et al. / Talanta 85 (2011) 2265+ 2289

was found to be 50 times more sensitive with LOQ of 5ngmL'?!
than previously published assays (i.e. LOQ of 250 ngmL' 1 [142]),
and allowed PKand PD studies of azacitidine [137] .

3.1.2. Purine analogues

3.1.2.1. Azathioprine, mercaptopurine and thioguanine. Azathio-
prine, animmunosuppressant agent, is auseful antileukaemic drug
and is metabolised to 6-mercaptopurine. Mercaptopurine is also
directly used almost exclusively as maintenance therapy for acute
leukaemia. Thioguanine is used orally to induce remission in acute
myeloid leukaemia [2].

Avalidated ultra high performance liquid chromatography with
UV detection (UHPLC-UV) method was developed for determina-
tion of process-related impurities in azathioprine bulk drug. All
impurities were well resolved within 5min and presented LOQs
in the range of 490-740 ng mL' ! [143] . Quality control for azathio-
prine in tablets has been performed by 'H NMR spectroscopy [144]
and by a stability-indicating  CE-UV method, which performed well
at separating azathioprine, 6-mercaptopurine and other related
substances (including degradation and impurity products) [145] .
CE was also useful for determination of 6-thioguanine in urine
with an LOQ of 5300 ngmL' ! and a simple dilution of urine with
water 1:1 [75]. To assess adherence to azathioprine therapy and
to identify myelotoxicity and hepatotoxicity, thiopurine metabo-
lite monitoring can be performed by LC-UV[146,147] or LC-MS/MS
[147,148] . Additional LCmethods for biological samples [149-153] ,
chemical degradation studies [154] or residues after cleaning in
production areas [155,156] have been reported. With an LOQ
of 290 ngmL'?, the LC-UV method was considered as sensitive
enough for routine cleaning validation processes and for quanti-
tative determination of azathioprine in commercial samples [155] .

3.1.2.2. Cladribine, clofarabine, udarabine. Cladribine is given by
intravenous infusion for the rst-line treatment of hairy cell
leukaemia and the second-line treatment of chronic lymphocytic
leukaemia in patients who have failed on standard regimens of
alkylating agents. Fludarabine is also used for patients with chronic
lymphocytic leukaemia after failure of an initial treatment with an
alkylating agent. Usefulness is limited by myelosuppression. Clo-
farabine is approved for treating refractory acute lymphoblastic
leukaemia in children after failure of at least two other types of
treatment [2].

Yeung et al. developed an LC-UV method preceded by SPE
for determination of cladribine in plasma. The described method
presented adequate sensitivity and specicity with an LOQ of
50ngmL' ! to study PK of cladribine in rats [157] . Micro-column
LC-MS/MS and UHPLC-MS/MS methods were developed for the
simultaneous determination  of cladribine and clofarabine in
mouse plasma samples with a protein precipitation as sample
pretreatment [158] . The UHPLC-MS/MS method was sensitive,
cost-effective and reliable for high throughput PKscreening with a
2min run time and showed equivalent accuracy (less than 15%)to
the analytical results obtained using the micro-column LC-MS/MS
method with aone min run time [158] . Simultaneous determina-
tion of udarabine and cyclophosphamide in human plasma has
also been successfully performed by avalidated LC-MS/MS over a
range of 1to 100 ngmL' 1 [159] .

3.1.3. Other antimetabolites

Methotrexate  (MTX) is used as maintenance therapy for
childhood acute lymphoblastic leukaemia, in choriocarcinoma,
non-Hodgkin's lymphoma, and several solid tumours. It is also
administered for the treatment of autoimmune diseases like
psoriasis, rheumatoid arthritis, and lupus. Side effects include
myelosuppression, mucositis, and gastrointestinal ulceration with
potential damage to kidneys and liver that may require careful

monitoring. According to the review of Rubino [160] , more than 70
papers describing chromatographic assaysfor MTX and its metabo-
lites have been published in the literature between 1975 and
2000. A wide range of experimental conditions for sample prepa-
ration and analyte separation and detection have been employed.
Since 2001, LC-UV combined with pseudo template molecularly
imprinted polymer [161],LC-UV-uorimetry [162],and LC-MS/MS
[27,163] have been reported for biological samples. LOQ for MTX
in human serum was found to be at the level of 10.0 ng mL' ! with
LC-MS/MS preceded by acetonitrile protein precipitation and |-
tration [163] . Monitoring of MTX in urine [75,164,165] , in whole
blood [166,167] , plasma [168] , serum [169] and tumour samples
[170] was also successfully performed by CE-UV.In most of these
studies, complete validation for biological samples was achieved.
Several sample preparation techniques were used, including simple
dilution [75,165] , SPE[164,168] and on-line stacking CE[167,168] .
CEwith high sensitivity cells (Z-cell) showed good precision and
accuracy for quantitative analysis of MTX in biological media and
led to an approximately 10-fold improvement of the detection
limit compared to standard capillaries with LOD in water and
urine of 100 ng mL' 1[171] . Other improvements to sensitivity were
obtained using CE-LIFanalysis with detection in the ngmL' ! range
[172-174] .

Another validated CE method allowed chiral separation of
racemic MTX in pharmaceutical formulations with precision values
below 5%and baseline enantiomers separation within 6 min [175] .
Gotti et al. developed and validated (according to ICH guidelines)
a cyclodextrin-modi ed micellar electrokinetic chromatography
(CD-MEKC) method to analyse MTX and its most important impu-
rities [176] . Separation was improved by the addition of methanol
in the CD-MEKC system and adequate accuracy between 93 and
106% with RSDvalues lower than 8%was obtained. Additionally,
FIA was successfully used for the determination of methotrexate
in pharmaceutical formulations [8,177].The rst method used UV
detection and was applied for qualitative and quantitative con-
trol of cytotoxic preparations in a hospital preparation unit [8].
The second FIA method was coupled with uorescence detection
preceded by oxidation of MTX into a highly uorescence product
(2,4-diaminopteridine-6-carboxylic acid) with acidic potassium
permanganate [177]. Under these conditions, intra and interday
precision values (RSD) were inferior to 1%. Finally, fundamental
studies on the determination of pK values for MTX and other com-
pounds have been performed by pressure-assisted CE-UV [178] .

For environmental analysis, LC-MS/MS was employed for MTX
determination in water samples [58,179,180] and on several sur-
faces[47,51,52] . Awiping procedure coupled to LC-MS/MS allowed
determination  of surface concentration down to 0.1ngcm'? of
MTX and nine other cytotoxic drugs with completely evaluated
quantitative performance in terms of accuracy and precision [52] .

Pemetrexed is indicated for the treatment of pleural mesothe-
lioma aswell asnon-small cell lung cancer. Physical and chemical
stabilities were established by LC-UV for different pemetrexed for-
mulations (e.g.,in PVCbags or plastic syringes) by Zhang and Trissel
[181-183] . Recently, an ion-pairing reversed-phase LC method
using a double detection analysis (UV and evaporative light scat-
tering detection (ELSD))was employed to monitor the stability of
pemetrexed preparations [184] .UV detection was used to quantify
pemetrexed within a concentration range of 0.45 to 0.60 mg mL' 1
with atotal error inferior to 3%.l-Glutamic acid was identied and
quantied asapotential degradation product by ELSDwith an LOD
of 1800 ng mL' L.

A column-switching LCmethod for pemetrexed determination
in human plasma has been developed to support PK studies with
an LOQ of 10 ngmL' ! [185] . Other LC-UV [186] and LC-MS [187]
methods have also been reported for biological samples analysis.
Recently, anew ultrafast and high-throughput MS approach for the
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therapeutic drug monitoring of pemetrexed in plasma from lung
cancer patients was developed by matrix assisted laser desorp-
tion/ionisation  (MALDI)-MS/MS with an analysis time of only 10s
and good sensitivity and compliance with FDAregulations (within-

and between-run accuracy and precision inferior to 15%RSD)[188] .

Raltitrexed, a drug approved in Canada, is given intravenously
for palliation of advanced colorectal cancer in cases where 5-FU
cannot be used. It is generally well tolerated, but can cause myelo-
suppression and gastrointestinal toxicity [2].A rapid and effective
method was developed for the chiral separation of raltitrexed
enantiomers by CD-MEKC to determine the purity of real syn-
thetic drug samples [189] . The enantiomers of raltitrexed could
be separated within 13 min with satisfactory resolution and sensi-
tivity (LOD of 1000 ng mL' ! for both enantiomers). Determination
of raltitrexed in human plasma was successfully performed by
LC-MS and achieved good sensitivity and specicity with an LOQ
of 2ngmL' 1 [190] .

Administered intravenously, pentostatin is highly active in hairy
cell leukaemia and is able to induce prolonged remissions [2].
However, only a few analytical methods have been reported for
this therapy (e.g., determination of pentostatin in culture broth by
LC-MS[191] ).

Hydroxycarbamide, also called hydroxyurea, is an antineoplas-
tic drug used in myeloid leukaemia, often in combination with
other drugs. It can also be used for the treatment of melanoma
and to reduce the rate of painful attacks in sickle-cell disease
[2] . For quality control, potentiometry and uorimetry have been
described for the determination of hydroxyurea in capsules [192] ,
as well as LC-UV for pharmaceutical formulations and bulk prod-
ucts [193] . LC-UV [194] and LC-ECD[195] allowed quanti cation of
hydroxyurea in plasma and peritoneal uids. GC-MSmethods have
also been developed for the analysis of plasma samples containing
hydroxycarbamide [196,197] . Both methods were validated: the
LOD was 78 ngmL' ! and the LOQwas 313 ngmL' ! and intra-day
and inter-day variations inferior to 10%[196] . In addition, an LC-
UV method has been developed for environmental monitoring to
reduce exposure through inhalation of drug dusts or droplets by
workers involved in the manufacture of this compound [198] . The
reported method successfully detected hydroxyurea in the concen-
tration range of 0.001-0.08 mg m' 3.

3.2. DNAinteractive agents

Analysis of alkylating agents, cross-linking agents, intercalat-
ing agents, topoisomerase inhibitors and DNA-cleaving agents
are described in this section. The chemical structures of DNA-
interactive agents are shown in Figs.2-6 and the relevant analytical
methods for pharmaceutical formulations, biological and environ-
mental samples are reported in Table 2.

3.2.1. Alkylating agents (dacarbazine, temozolomide,
procarbazine, ecteinascidin-743)

Dacarbazine is employed as a single agent to treat metastatic
melanoma and in combination with other drugs for soft tissue
sarcomas. The predominant side effects are myelosuppression
and intense nausea and vomiting [2]. Stability and compatibility
assays of pharmaceutical formulations of dacarbazine by LC-UV
[13,14,199-201] and LC-MS [202] have been described. LC-UV
[203,204] and LC-MS/MS [205] methods have also been used for
the quanti cation of dacarbazine and its degradation products in
urine and plasma. Due to the extreme hydrophilic and unstable
character of dacarbazine and its terminal metabolite (5-amino-4-
imidazole-carboxamide),  HILIC-MS/MS method with a two-step
extraction process was considered asspecially adapted for the anal-
ysis of these compounds in human plasma [205] . The method was
validated and presented good quantitative performance in terms
of accuracy, precision and specicity with an LOQof 0.5ngmL'?
allowing PK studies. With LC-UV method preceded by simple
protein precipitation (methanol), PK studies were also possible,
however, LOQ in plasma samples of dacarbazine and its metabo-
lites were superior (about 30 ng mL' ! for dacarbazine) with a RSD
of 20%[204] .

Temozolomide is a more-recently introduced compound for
the second-line treatment of brain cancers. Structurally similar
to dacarbazine, its main advantage is its good oral bioavailabil-
ity and distribution properties with penetration into the central
nervous system [2]. LC-UV methods were used for the devel-
opment of new drug formulations containing temozolomide,
including a dry powder formulation for inhalation [206], lipo-
somes for nasal administration [207] or intravenous injection
with  solid lipid nanoparticles [208] . Andrasi et al. developed
MEKC-UV methods for stability studies of temozolomide and
its degradation products in water and serum with short analy-
sis times (1.2 min) [209] . Short analysis time is very important
due to the low stability of temozolomide in solution (half-lives
inferior to 10 min in physiological conditions). Furthermore, sev-
eral publications reported the use of LC-UV methods for the
quanti cation  of temozolomide and its metabolites in plasma
or urine [210-212] and LC-MS/MS [213] methods for 5-(3-N-
methyltriazen-1-yl)-imidazole-4-carboxamide), a bioconversion
product of temozolomide. In this study, samples were processed
and analysed one at atime with an analysis time of 4.5 min, in order
to compensate for the inherent instability of the analyte [213]. In
addition, an acidic pH (<5) was recommended throughout the col-
lection, sample preparation and analysis to preserve the integrity of
the drug [210,212] . Finally, several temozolomide PK studies have
been published [214-217] .

Procarbazine has signi cant activity in lymphomas and carcino-
mas of the bronchus and in brain tumours. Its toxic effects include
nausea, myelosuppression, and a hypersensitivity rash that pre-

Fig. 2. Chemical structures of DNA-interactive agents: alkylating agents.
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Biological samples LC- uorescence [395-402,413]
Biomonitoring LC- uorescence [412]
Biological samples LC-LIF-MS [403]
Biological samples UHPLC-MS [409]
Biological samples LC-MS/MS [32,262,263,404-408,411]
Biological samples Accelarator mass spectrometry [410]
Biological samples CZE-,MEKC-, MEEKC-UV [389]
Biological samples CE-UV [374,375]
Biological samples CE-LIF [376-383]
Biological samples MEKC-LIF [386—388]
Biological samples CD-MEKC-LIF [384]
Biological samples MALDI-TOF [383]
Biological samples CE-amperometry [390]
Fundamental study (pKa) CE-amperometry [391]
Fundamental study CE-absorption-based wave-mixing [392]
detector
Wipe samples (surface contamination) LC-UVv [45,274]
Hospital ef uents LC- uorescence [56]
Wipe samples (surface contamination) LC-MS/MS [49,51,52]
Wastewater LC-MS/MS [58]
Amsacrine Degradation study LC-UV [154]
Biological sample Review [369]
Bleomycin Pharmaceutical formulation LC-uv [439]
Pharmaceutical formulation LC-MS [441]
Pharmaceutical or biological samples DNA-based electrochemical strategy [440]
Busulfan Review Review [22-24]
Pharmaceutical formulation HPTLC [355]
Pharmaceutical formulation NIRS [356]
Pharmaceutical formulation LC-uv [351-353]
Pharmaceutical formulation LC-CD [354]
Biological samples LC-UVv [347-349]
Biological samples LC- uorescence [350]
Biological samples LC-MS [340]
Biological samples LC-MS/MS [341-346]
Camptothecin analogs (irinotecan, Review Review [423-427]
topotecan)
Pharmaceutical formulation FIA-UV [8]
Pharmaceutical formulation Spectro uorimetry [432,474]
Pharmaceutical formulation LC-Uv [429-431]
Pharmaceutical formulation LC-MS/MS [51]
Pharmaceutical formulation HPTLC [428]
Plant extracts MEKC-UV [433]
Biological samples LC- uorescence [475-480]
Biological samples Spectro uorimetry [474]
Biological samples LC-MS/MS [481]
Wipe samples (surface contamination) LC-MS/MS [51,52]
Chlorambucil Biological samples Review [22,24]
Biological samples LC-Uv [296,297]
Biological samples LC-MS/MS [298]
Biological samples (adducts) HPLC-MS(n) [299]
Chlormethine (or nitrogen mustards) Pharmaceutical formulation, aqueous HPLC-UV [283-286]
solution
Biological samples GC-MS [288]
Biological samples LC-UV [287]
Biomonitoring LC-MS/MS [292]
Soil samples GC-Ms [289,290]
Aqueous and decontamination LC-MS [291]
solutions
Cyclophosphamide, ifosfamide Review Review [23,24,255,256]
Fundamental study (chirality) Capillary  electrochromatography [282]
Pharmaceutical formulation HPTLC [269]
Pharmaceutical formulation LC-Uuv [8,268]
Pharmaceutical formulation LC-MS/MS [51]

Biological samples

LC-chemiluminescence

Table 2
Analytical methods for DNA interactive agents.
Compound Matrix Analytical technique References
Actinomycin-D Biological samples LC-MS/MS [417-421]
Anthracyclines (aclarubicin, daunorubicin, Review Review [366—369,423]
doxorubicin, idarubicin, epirubicin)
Chemical degradation LC-UVv [154]
Pharmaceutical formulation FIA; LC-UV/Vis [8,63,370-373]
Pharmaceutical formulation LC-MS/MS [51]
Biological samples LC-Uv [63,98,99,393,394]

[385]
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Compound

Matrix

Analytical technique

References

Dacarbazine

Ecteinascidin-743

Estramustine

Etoposide

Fotemustine

Melphalan

Mitomycin C

Mitoxantrone

Nitrosurea (lomustine, carmustine)

Platinum complexes

Biological samples

Biological samples

Biological samples

Biomonitoring

Wipe samples (surface contamination)
Wipe samples (surface contamination)
Wipe samples (surface contamination)
Wastewater, surface water

Pharmaceutical formulation
Pharmaceutical formulation
Pharmaceutical formulation
Biological samples
Biological samples

Biological samples
Biological samples
Biological samples

Biological samples
Biological samples

Review

Pharmaceutical formulation
Pharmaceutical formulation
Biological samples
Biological samples
Biological samples
Biological samples
Biological samples
Biological samples

Wipe samples (surface contamination)
Wastewater samples

Pharmaceutical formulation
Biological samples

Pharmaceutical formulation
Biological samples
Biological samples
Biological samples
Biological samples
Biological samples
Biological samples (adduct)
Biological samples (adduct)

Pharmaceutical formulation
Biological samples
Biological samples
Biomonitoring

Ambient air samples

Review

Biological samples

Biological samples

Aqueous and biological samples

Permeability and compatibility studies
Pharmaceutical formulation
Biological samples

Review

Pharmaceutical formulation
Pharmaceutical formulation
Pharmaceutical formulation

Biological samples

Biological samples

Biological samples

Biological samples

Biological samples

Biomonitoring

Biomonitoring

Fundamental study

Fundamental study

Air samples

Wipe samples (surface contamination)
Wipe samples (surface contamination)
Wastewater

LC-MS
UHPLC-QTOF
LC-MS/MS
LC-MS/MS
GC-MS
LC-UV
LC-MS/MS
LC-MS/MS

FIA-UV
LC-UV

LC-MS
LC-Uv
LC-MS/MS

LC-Uv
LC-MS
LC-MS/MS

LC- uorescence, GC-NPD,GC-MS
LC-MS/MS

Review

LC-UV
LC-MS/MS
LC-UV
LC-MS/MS
UHPLC-MS/MS
CE-UV

CE-LIF
MEKC-near-eld thermal lens
detection
LC-MS/MS
LC-MS/MS

LC-Uv
LC-Uv

LC-UvV

Review

LC-Uv

LC- uorescence
LC-ECD
LC-MS/MS
LC-MS/MS
LC-ICP-MS

LC-Uv
LC-Uv
LC-MS
LC-Uv
LC-UV

Review
LC-Uv
LC-MS/MS
CE-CL

LC-UV, LC-MS/MS, spectrophotometry
LC-Uv
LC-Uv

Review: CE

LC-UV, FIA
MEKC-UV, MEEKC-UV
LC-MS/MS

Atomic absorption spectra
LC-UvV

LC-MS/MS
LC-ICP-MS

MEKC, MEEKC
Voltammetry
ICP-MS

MEEKC-UV
MEEKC-ICP-MS
Voltammetry
Voltammetry

ICP-MS

ICP-MS

[258-260,467]

[267]

[159,257,261-265]
[27,32,38,41,53,270-273]
[41,278-280]

[45,274]

[47,49,51-53,136,272,273,275-277]

[57,58,179,180,281]

[8]
[13,14,199-201]
[202]

[203,204]

[205]

[224-226)
[226]
[226,227]

[294,295]
[293]

[369,423]
[7.8,63]
[51]
[63,99]
[434]
[435]
@71
[437]
[438]

[51,52]
[58]

[328]
[329]

[8,13,316-318]
[22-24]
[300-302]
[304-306]
[303]

[307,308]
[309-314]
[315]

[362,363]
[358-361]
[357]

[364,365]
[364,365]

[368,369]
[414,415]
[416]
[422]

[13,14,50,321-323]
[324]
[319,320,325-327]

[228,236-238]
[8,229]

[253,254]

[4]

[482]

[230]

[27,231,232]
[233,234]
[239-241,243-249]
[34,35]

[235]

[250,251]

[252]

[34,35]

[41]

[44]

[54,233]
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Table 2 (Continued)

Compound Matrix Analytical technique References
Procarbazine Pharmaceutical formulation LC-UVv [199,218,219] .
Pharmaceutical formulation GC-MS [199]
Biological samples LC-UVv [220]
Biological samples LC-amperometry [221]
Biological samples LC-MS [222,223]
Sewage water LC-MS/MS [58]
Temozolomide Pharmaceutical formulation LC-UV [206—208]
Pharmaceutical formulation MEKC-UV [209]
Biological samples LC-Uv [210-212]
Biological samples LC-MS/MS [213]
Teniposide Review Review [369]
Pharmaceutical formulation LC-UV [6]
Biological samples UHPLC-MS/MS [436]
Thiotepa Review Review [23,330]
Degradation studies LC-uv [154,333]
Pharmaceutical formulation LC-uv [334,335]
Biological samples GC-NPD [266,332]
Biological samples LC-MS/MS [264]
Biological samples UHPLC-QTOFMS [331]
Treosulfan Biological samples LC-refractometric detection [336-338]

vents further use of the drug [2]. Procarbazine was determined

together with other anticancer drugs in sewage water by selec-
tive SPEand UHPLC-MS/MS [58] . In addition, several destruction

procedures for toxic compounds including procarbazine were eval-
uated using LC-UV and GC-MS [199] . Other degradation studies
for procarbazine were performed by LC-UV and LC-MS [218,219] .
Determination of procarbazine and its metabolites in plasma or
urine was achieved by LC-UV [220] , LC coupled to amperometric

detection [221] and LC-MS [222,223] . With the electrochemical

detector, LOD of procarbazine in plasma were obtained in the order
of ngmL' 1, which was more sensitive than with atypical UV detec-
tor [221] . Good sensitivity was also achieved by MS detection with
LOQvalues of 0.5ng mL' 1 for procarbazine in human plasma [223]
and 30 ngmL'  for its nal metabolite (terephthalic acid isopropy-
lamide) in urine [222] .

Ecteinascidin-743 is a novel DNA-binding agent derived from
the marine tunicate Ecteinascidia turbinate .It has signi cant activity
in vitro against melanoma, breast, ovarian, colon, renal, and non-
small cell lung and prostate cell lines [2]. For pharmacokinetic or
stability studies, LC-UV [224-226] , LC-MS [226] and LC-MS/MS
[226,227] methods have all been published. Ecteinascidin-743 is
administered in mgm' 2 dosages, which demands high sensitive
analytical method supporting clinical PK studies. Using conven-
tional LC-UV with SPE,an LOQ of 1.0ngmL'? in plasma was
achieved [224], but with SPEfollowed by LC-MS/MS, an LOQ of
0.01ngmL'?! was obtained [227].LC-MS/MS was also especially
useful in the search for metabolites of ecteinasidin-743 [226] .

3.2.2. Cross-linking agents
3.2.2.1. Platinum complexes (cisplatin, carboplatin and oxaliplatin).
Platinum complexes belong to the most widely used class of drugs
in cancer treatment and possess a pronounced activity in differ-
ent cancer types. Cisplatin was the rst platinum complex used
with a pronounced activity in testicular and ovarian cancers. The
related analogues carboplatin and oxaliplatin were developed later
to reduce the problematic side effects of cisplatin (nephrotoxicity,
ototoxicity, and peripheral neuropathy, among others). Carboplatin
is used in the treatment of advanced ovarian cancer and lung can-
cer, while oxaliplatin is licensed for the treatment of metastatic
colorectal cancer in combination with uorouracil and folinic acid
[2].

Asreported by Espinosa Bosch et al. in 2010 [228] , various tech-
niques have been developed for the determination of cisplatin,

including derivative spectrophotometry, phosphorescence, atomic
absorption spectrometry, GC-MS,CEand LCcoupled with different
detectors (UV, electrochemical, inductively coupled plasma-atomic
emission spectrometry, ICP-MS or electrospray ionisation-mass
spectrometry (ESI-MS)). The determination of platinum complexes
in biological uids and tissues presents a particularly interesting
challenge because the damage produced in the affected organs is
probably due to the association of platinum or the parent drug
metabolites with important proteins of the impacted organ [228] .
Analytical methods already reported by Espinosa Bosch et al. [228]
are not discussed here. In addition, for carboplatin and oxali-
platin in pharmaceutical formulations or biological samples, LC-UV
[229,230] LC-MS/MS [4,231,232] and LC-ICP-MS [233,234] have
been published. In occupational exposure and environmental stud-
ies (air, surfaces, and wastewater), voltammetry [34,35,41] and
ICP-MS [44,54,233,235] have been successfully applied with LOD
in the order of 0.1ngmL' 1.

According to different authors, CEhas emerged asthe method
of choice for the separation of intact platinum metal complexes
and their metabolites due to its high ef ciency, versatility and gen-
tle separation conditions for metal complexes [236-238] . Because
platinum drugs are non-charged coordination complexes, MEKC
or microemulsion electrokinetic chromatography (MEEKC)is often
used. The main publications dedicated to the analysis of platinum
drugs with  MEKC or MEEKCwere developed for biological studies,
such asclinical sample analysis [239] , drug—protein [240-244] and
drug—DNA (or nucleotides) binding studies [245-249] and chemi-
cal studies [250,251] . Most commonly, UV spectrophotometry was
used for the detection of platinum drugs with MEKC or MEEKC,
despite ICP-MS also being reported to enhance their selectivity and
sensitivity [252] . The LOQs for oxaliplatin samples were slightly
lower when ICP-MS detection was used than UV/Vis detection
(0.3mgmL'? instead 0.5mg mL'1). Few methods of MEEKC and
MEKC were also developed for the quality control of diluted for-
mulations of cisplatin, carboplatin, and oxaliplatin [253,254] , and
the latter was completely validated and successfully applied for
cytotoxic preparations at a hospital pharmacy [254] .

3.2.2.2. Nitrogen mustards (cyclophosphamide, ifosfamide, melpha-
lan, chlorambucil, chlormethine, estramustine). Cyclophosphamide
has a broad spectrum of clinical activity in solid tumours (carcino-
mas of the bronchus, breast, ovary, and various sarcomas), chronic
lymphocytic leukaemia, and lymphomas. Ifosfamide is an analogue
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Fig. 3. Chemical structures of DNA-interactive agents: cross-linking agents.

of cyclophosphamide with asimilar activity spectrum. Activation of
the drugs is obtained after drug metabolism in the liver [2].Reviews
on anticancer drug monitoring, including cyclophosphamide and
ifosfamide, using GC-MS [23] and LC-MS [24] were published by
Guetens et al. in 2002. Other reviews of the analysis of oxaza-
phosphosphorines  (cyclophosphamide, ifosfamide, trofosfamide)
and their metabolites have given an excellent overview of sensi-
tive and selective analytical methods, but these were published ten
years ago [255,256] . GCwith nitrogen-phosphorus detection (GC-
NPD) was the most used determination technique with and without
derivatisation, allowing high selectivity and sensitivity. However,
GC-MS,LC-UV and LC-MSfor cyclophosphamide and related com-
pounds, and also several analyses of DNA-adducts, were discussed
in the review of Baumann and Preiss in 2001 [256] . Moreover,
oxazaphosphorines are chiral molecules, administered asaracemic
mixture of their two enantiomeric forms, and various assays have
been described for studying stereochemical effects [256-258] .
Since 2001, LC-MS [258-260] and LC-MS/MS
[159,257,261-266] have been characterised by good quanti-
tative performance in terms of sensitivity and selectivity for
cyclophosphamide and ifosfamide in biological samples. LOQ in
order of ngmL' ! were obtained and different sample preparation
techniques were used, allowing PK studies. For example, the use
of turbulent ow online sample extraction followed by LC-MS/MS

analysis decreased sample preparation time and simplied
the quantitation of cyclophosphamide and its metabolite car-
boxyethylphosphoramide  mustard (CEPM)in human plasma with
suf cient accuracy and precision values (RSD inferior to 3.0%) to
allow its application in clinical studies. LOQ of cyclophosphamide
and CEPM in human plasma were 500 ngmL'?! and 50 ngmL'1,
respectively [265] . In another study by LC-MS/MS, sample prepa-
ration consisted of dilution of urine with an aqueous solution of
the internal standard D4-CP and methanol, and centrifugation.
LOD of cyclophosphamide in urine was about S5ngmL'?, but
quanti cation range was adjusted to the expected concentrations
in 24-h urine collections of patients and the urinary concentra-
tion of cyclophosphamide was much higher, i.e. in the range of
3000-17,5000 ngmL'? due to the high administrated dosages
of this drug [261] . Metabolism proles of cyclophosphamide
and ifosfamide in mice were studied using UHPLC-MS/MS to
better understand the selective toxicity of these two compounds
[267] . Twenty three urinary metabolites, including ve novel drug
metabolites, were identied and structurally elucidated. Although
cyclophosphamide and ifosfamide went through similar metabolic
processes, the amount of metabolites in urine was signi cantly
different between these two drugs.

A stability-indicating ~ LC-UV method allowed the determina-
tion of cyclophosphamide in oral suspensions and was used



2278 S.Nussbaumer et al. / Talanta 85 (2011) 2265+ 2289

Fig. 4. Chemical structures of DNA-interactive agents: intercalating agents.

to set up storage conditions for simple syrup or suspen- analysed in urine samples of healthcare operators for biomoni-
sion [268] . HPTLC [269], LC-UV [8] and LC-MS/MS [51] have toring [27,32,38,41,53,270-273] , in wipe samples from cytotoxic
been reported for the quality control of hospital formula- preparation facilities [41,45,47,49,51-53,57,136,272-280] and in
tions. Cyclophosphamide and ifosfamide have also often been wastewater samples [58,179,180,281] . Cyclophosphamide and

Fig. 5. Chemical structures of DNA-interactive agents: topoisomerase inhibitors.



S.Nussbaumer et al. / Talanta 85 (2011) 2265+ 2289 2279

Fig. 6. Chemical structures of DNA-interactive agents: DNA-cleaving agent.

ifosfamide were often used to investigate environmental contam-
ination and LOQs in order of pg to ngmL'! were obtained by
LC-MS/MS analysis [51,58,179,180] . Furthermore, Li and Lloyd
developed aCEmethod using capillaries packed with aal-acid gly-
coprotein chiral stationary phase for the analysis of enantiomers of
cyclophosphamide and ifosfamide [282] .

Chlormethine (or mechlorethamine) is used for the treatment
of Hodgkin's disease. Due to its chemical reactivity, it must be
freshly prepared prior to administration and then delivered via
a fast-running intravenous infusion [2]. LC-UV methods, includ-
ing a pre-derivatisation of mechlorethamine, have been published
for the determination of mechlorethamine in aqueous solutions,
formulations [283-286] and in plasma [287] . GC-MS methods
(with pre-derivatisation) were developed for hydrolysis products
of nitrogen mustards in biological samples [288] and for precursors
of nitrogen mustards in environmental samples [289,290] .

Soil samples were prepared using an  on-matrix
derivatisation—extraction ~ technique and the method has shown
satisfying precision values inferior to 5%within a linearity range
from 1 to 12ngmL'?! [289] . Additionally, Chua et al. developed
a fast and efcient method of LC-MS for qualitative screening
of nitrogen mustards and their degradation products in water
and decontamination solutions [291] . Quanti cation of ultratrace
levels (inferior to 1ngmL'?1) of hydrolysis products of nitrogen
mustards in human urine was achieved by LC-MS/MS for exposure
assessment [292] .

Estramustine phosphate is a conjugate consisting of chlorme-
thine chemically linked to an oestrogen moiety. It is usually
orally administered to patients with metastatic prostate cancer
[2]. A sensitive and selective LC-MS/MS method was developed
and validated for the simultaneous determination of estramustine
phosphate and its four metabolites (estramustine, estromustine,
estrone and estradiol) in human plasma [293]. The assay pre-
sented accuracy and precision values inferior to 15% with an
LOQ of 10ngmL' 1, and was successfully used for routine anal-
ysis of human plasma samples collected in cancer patients with
estramustine phosphate treatment. Other studies have used LC
with  uorescence detection for estramustine phosphate deter-
mination and GC coupled to NPD or MS for metabolite analysis
[294,295] .

Chlorambucil is useful in the treatment of ovarian cancer,
Hodgkin's disease, non-Hodgkin's lymphomas, and chronic lym-
phocytic leukaemia. Its lower chemical reactivity allows oral dosing
[2] . Methods for monitoring anticancer drugs including chlorambu-
cil were published in 1985 by Eksborg and Ehrsson [22] and in 2002
by Guetens et al. [24] . In the last 10 years, LC-UV [296,297] and
LC-MS/MS [298] have been used to determine chlorambucil and
its metabolite in human serum and plasma. The latter has exhib-
ited specic and sensitive performance for both parent drug and
phenyl acetic acid mustard metabolite contained in human serum
and plasma with accuracy and precision values inferior to 15%.
Moreover, the applied automated SPEprocedure was signi cantly
faster than manual sample pre-treatment methods. With LC-UV
analysis preceded by acetonitrile protein precipitation, LOQof chlo-
rambucil in plasma was about 100 ng mL' 1 [296,297] . In addition,
Mohamed et al. reported an LC-MS method for the determination
of chlorambucil-DNA adducts [299] .

Melphalan is indicated for the treatment of myeloma, solid
tumours (e.g., breast and ovarian) and lymphomas [2]. Guetens
et al. published areview of hyphenated techniques for anticancer
drug monitoring, including GC-MS and LC-MS methods, for mel-
phalan in 2002 [23,24] . LC-UV [300-302] , LC-ECD [303] and LC
with uorescence detection [304-306] were also used for the
determination of melphalan in biological samples. More recently,
LC-MS/MS methods were developed for TDM and pharmacokinetic
studies on melphalan [307,308] . Mirkou et al. developed and vali-
dated two methods for quanti cation of melphalan by LC-MS/MS
[307] . The rst method was adequate for routine use and allowed
an accurate determination over a wide range of concentrations
(1-500 ng mL' 1) with asimple and rapid sample preparation (pro-
tein precipitation). The second method using a more selective
extraction (i.e. SPE)and HILIC approach allowed quantication
of melphalan and its hydrolysis products without matrix effects
present with the rst one. The hydrolysis products appear rapidly at
room temperature and are important to assessa failure during the
storage of samples. Several studies on melphalan DNA adducts were
published by Van den Driessche et al. [309-313] and Mohamed
and Linscheid [314] . Additionally, LC-ICP-MS[315] was also useful
for adduct analysis. Furthermore, LC-UV methods were described
for the simultaneous determination of melphalan and impurities in
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melphalan drug substance [316] , for the analysis of pharmaceutical

formulations [13,317] and for chemical degradation studies [318] .
Chromatographic conditions were able to separate and quantify

all impurities found in routine production batches of melphalan at
above 0.1%area/area and simple sample preparation by dilution in
methanol was used [316] .

3.2.2.3. Nitrosurea (lomustine, carmustine, fotemustine). Lomustine
is anitrosurea analogue with ahigh degree of lipophilicity. Admin-
istered orally, it is mainly prescribed for the treatment of certain
solid tumours and Hodgkin's disease. Carmustine has a similar
activity and toxicity prole to lomustine [2]. Since publications
of Hochberg et al. [319] and Yeager et al. [320] reporting LC-UV
methods for the analysis of carmustine in biological samples in the
1980s, no further signi cant developments for this compound have
been reported. However, afew papers have been published for the
determination of carmustine or lomustine in association with other
anticancer drugs. For example, permeability studies on anticancer
drugs with different glove materials [50,321,322] and compati-
bility studies with container materials [13,14,323] were achieved
using spectrophotometry, LC-UV and LC-MS/MS techniques. For
lomustine, a stability-indicating  LC-UV method was recently val-
idated for degradation studies and presented adequate accuracy
and precision values with aresolution between impurities and ana-
lyte superior to 2.0 [324] . In the case of biological sample analysis
and pharmacokinetic studies, few LC-UV methods for lomustine
have been developed since 1982 [325-327] . For example, an LC-
UV method with aone-step liquid-liquid extraction procedure was
used to detect and quantify lomustine and its two monohydroxy-
lated metabolites (trans- and cis-4 “hydroxylomustine) in canine
plasma with an LOD of 100 ngmL' ! for lomustine [325] . For fote-
mustine, a chlorethylnitrosourea, LC-UV has been used for both
stability [328] and PKstudies [329] . In these studies, quanti cation
was performed in the mgmL' ! concentration range.

3.2.2.4. Other cross-linking agents. Thiotepa, used as an effective
anticancer drug since the 1950s, appears to be one of the most
effective anticancer drugs when used in high dose regimens. Its
main indications are the treatment of bladder or ovarian can-
cers, breast cancer and malignant effusions [2]. A review of the
chemistry, pharmacology, clinical use, toxicity, pharmacokinetics

of thiotepa and analytical methods for its determination was pub-
lished by Maanen et al. in 2000 [330] . Given that its metabolism is
not clearly de ned, several studies using UHPLC-MS/MS [331] , GC-
NPD[266,332] and LC-MS/MS [264] were conducted in the past few
years. With the UHPLC-MS/MS method, nine metabolites in urine
and ve metabolites in serum, including two novel drug metabo-
lites, were elucidated [331] . The LC-MS/MS method was validated
for the simultaneous quanti cation of cyclophosphamide, thiotepa
and their respective metabolites in human plasma with an LOQ of
5ngmL' ! and was useful in routine TDM of cancer patients [264] .
LC-UV methods were also developed to quantify thiotepa in aque-
ous solutions [333] and formulations [334,335] .

Treosulfan, which is mainly used to treat ovarian cancer, has
similar major side effects to nitrogen mustards. LC with refrac-
tometric detection methods was developed for pharmacokinetic
studies of this compound [336-338] . Centrifugation and micro-
Itration  preceded LC analysis. With this technique, LOQs were
10.0mgmL' ! and 50.0 mgmL' ! in plasma and urine, respectively.
Since the concentration of treosulfan in plasma and urine after infu-
sion was high, the method was suitable for PK studies of the drug
in biological uids [337,339] .

Busulfan is used for the treatment of chronic myeloid leukaemia
and as part of conditioning regimens for patients undergoing
bone marrow transplantation. Unfortunately, it can cause excessive
myelosuppression, resulting in irreversible bone marrow apla-

sia, and requires careful monitoring [2]. Analytical methods have
already been reported in reviews on anticancer drug monitoring

in 1985 [22] and 2002 [23,24] and are not discussed in this paper.
More recently, the determination of busulfan in serum or plasma
was achieved by LC-MS[340] and LC-MS/MS [341-344] . Toreduce
manual sample preparation, an LC-MS/MS method coupled with
turbulent ow on-line sample cleaning technology offered reliable
busulfan quantication in serum or plasma and was fully vali-
dated for clinical use with an LOQ of 36 ngmL'! [345] . Because
of practical limitations in obtaining blood from children, saliva was
evaluated as an alternative matrix for therapeutic drug monitor-

ing of busulfan, with subsequent analyses by LC-MS/MS [346] .
An online extraction cartridge with column-switching technique
was used for sample preparation and LOQsin saliva and plasma
were about 10 ngmL' 1. In addition, LC-UV [347-349] and LCwith
uorescence detection [350] were also used for the determina-

tion of busulfan in biological samples. In these studies, precolumn

derivatisation was needed for sample preparation and LOQs in
plasma about 100 ng mL' ! were obtained. Stability studies of sev-
eral busulfan formulations were performed by LC-UV [351-353]

and amethod of stability-indicating  ion chromatography with con-
ductivity detection was published by Chow et al. [354] . For hospital
formulations, an HPTLC method [355] was compared with near
infrared spectroscopy [356] for the determination of busulfan in
capsules. Similar quantitative performance in terms of accuracy
and precision was obtained, but near infrared spectroscopy had the
advantage of being a non-invasive technique.

Mitomycin-C is a member of a group of naturally occur-
ring antitumor antibiotics produced by Streptomyces caespitosus
(griseovinaceseus) and was rst isolated in 1958. Intravenous mit-
omycin is used to treat upper gastrointestinal and breast cancers,
and administration by bladder instillation allows treating super -
cial bladder tumours. Adverse events include delayed bone marrow
toxicity. It can also be administered in ophthalmology as an
adjunctive therapy in trabeculectomy. A simple, fast and reliable
LC-MS method was developed for the determination of traces
of mitomycin-C in aqueous tumour samples and an LOQ infe-
rior to 0.1ngmL'® was obtained [357].LC-UV methods were also
reported for the determination of mitomycin C in human ocu-
lar tissues [358], in plasma [359-361] and for stability tests of
freshly prepared ophthalmic formulation [362] and intravesical
instillation solutions [363] . Exposure to mitomycin-C in the operat-
ing room during hyperthermic intraperitoneal chemotherapy was
monitored in ambient air and in plasma samples from the surgeon
by LC-UV [364] . The permeability of the gloves was also investi-
gated using in vitro techniques [365] .

3.2.3. Intercalating agents

3.2.3.1. Anthracyclines (doxorubicin,  epirubicin,  daunorubicin,
aclarubicin, idarubicin). Anthracyclines are a group of antitumor

antibiotics consisting of a planar anthraquinone nucleus attached
to an amino-containing  sugar. Doxorubicin, daunorubicin, and
aclarubicin are natural products extracted from Streptomyces
peucetiusor or Streptomyces galilaeus, while epirubicin and idaru-
bicin are semisynthetic analogues. Doxorubicin is widely used as
an anticancer drug because of its broad spectrum of activity (acute
leukaemia, lymphomas, and a variety of solid tumours). Adverse
events include nausea, vomiting, myelosuppression, mucositis,
alopecia and cardiotoxicity by dose accumulation. Daunorubicin

is an important agent in the treatment of acute lymphocytic and
myelocytic leukaemia, while aclarubicin is used as a second-line
treatment for acute nonlymphocytic leukaemia. Epirubicin, a
semisynthetic analogue of doxorubicin differing only by its stereo-
chemistry, is similar in terms of ef cacy for the treatment of breast
cancer. |darubicin is used in advanced breast cancer after failure of
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rst-line leukaemia
[2].

A review of the physicochemical and analytical properties of
anthracycline antitumour agents focused on protolytic equilib-
ria, partition coef cients, self-association, adsorptive properties,
metal complexation, spectroscopy and chromatography was pub-
lished in 1986 [366] . In 2001, various reviews reported analytical
methods for anthracyclines and their metabolites [367] or related
compounds [368,369] . Generally, separations of these anticancer
agents were achieved by LC coupled with various detection tech-
nigues including electrochemical or MS. Due to their colour and
native uorescence, UV-Vis or uorescence detection are particu-
larly adapted.

Quality control of hospital formulations was performed by FIA
and LC-UV [8]. Given the similar structure of anthracyclines, FIA-
DAD was not able to distinguish all compounds, and a separation
by LC was necessary. In addition, pharmaceutical preparations
containing a drug mixture of doxorubicin and vincristine [370] ,
doxorubicin and 5-FU [63], or several anthracyclines [371] were
successfully analysed by LC-UV. Jelinska and co-workers reported
stability studies in the solid state of doxorubicin and daunorubicin
[372] and epidoxorubicin  [373] by LC-UV.

Due to the cardiotoxicity of the accumulation of anthracy-
clines, monitoring of plasma or tissue concentrations is of utmost
importance. Several studies have reported anthracycline deter-
mination in biological samples (plasma, serum, cell extracts) by
CE-UV [374,375] and CE-LIF [376-383] . Sweeping preconcen-
tration and electrokinetic injection coupled to CE-UV analysis
provided LODsof 1 10'9mol L't ( 0.5ngmL'?) for doxorubicin
and daunorubicin in plasma samples allowing determination of
therapeutic concentrations [374] . LIF detection provided also an
extremely sensitive and selective technique for biological samples
with LODs in the range of ngmL' 1. For example Perez-Ruiz et al.
published a CE-LIF method with simple acetonitrile protein pre-
cipitation exhibiting LODs inferior to 1.0ngmL' ! for doxorubicin,
daunorubicin  and idarubicin in serum samples [376] . However,
electrophoretic  separation between doxorubicin and its metabo-
lite doxorubicinol, which is responsible for the cardiotoxicity, is
dif cult due to their similar structure and charge. The presence
of doxorubicinol was determined separately by matrix-assisted
laser desorption/ionisation time-of- ight mass spectrometry [383] .
Another approach to overcome this problem was the use of a chi-
ral method (i.e., CD-MEKC-LIF) with aresolution of 2.81 [384] or LC
with aphotosensitisation reaction followed by chemiluminescence
detection with complete baseline separation [385] .

Other methods for measurement of intracellular accumulation
of anthracyclines in cancer cells were reported, including MEKC-
LIF[386-388] with LOD values in order of ngmL' 1. MEEKC-UV has
also shown good potential for the analysis of anthracyclines in bio-
logical samples [389] . However, LOD and LOQ for doxorubicin in
plasma were 9.7mgmL'? and 32.5 mgmL' 1, respectivley; which
was not sufcient for the application of the method to real clin-
ical samples. Additionally, CE with amperometric detection was
used for the analysis of idarubicin in human urine with an LOD
of 80 10'8mol L'? ( 40ngmL'?1) [390] and for the determina-
tion of the dissociation constants of anthracyclines [391] . CEwith
an absorption-based wave-mixing detector method exhibited high
selectivity and sensitivity for anthracycline drugs similar to LIF
detection with an LOD of 9.9 10' 1% mol L' ! for daunorubicin (i.e.
inferior to 1ngmL'1)[392] .

Since 2001, several methods of LC-UV [63,98,393,394] and LC
with  uorimetric  detection have been reported for the deter-
mination of anthracyclines in biological samples [395-402] . For
example, Katzenmeyer et al. reported an LC-LIF-MS method to
determine in vitro metabolism of doxorubicin [403] . LC-LIF detec-
tion allowed quantication of the metabolic compounds while

chemotherapy and in acute nonlymphocytic

MS detection contributed to the metabolites identication. How-
ever, the best selectivities were obtained with LC-MS/MS methods
[262,263,404-408] with LOQs inferior or close to 1.0ngmL'?*.
Wang et al. used UHPLC-MS to prole urinary metabolites for
toxicity-related  processes and pathogenesis induced by doxoru-
bicin [409] . An accelerator mass spectrometry method allowed
cellular quanti cation of doxorubicin at femtomolar concentra-
tions with the best sensitivity but without discrimination between
parent drug and metabolites [410] .

Methods of LC-MS/MS [32,411] and LC- uorescence [412,413]
were used for monitoring anthracyclines in urine samples of
healthcare workers or employees of drug manufacturers. Envi-
ronmental monitoring of anthracyclines together with other
anticancer drugs has been achieved in wipe and air samples
[49,51,52] and in sewage water [58] using LC-MS/MS or LC
with uorescence detection [56].Before LC- uorescence analysis,
wastewater samples were pre-concentrated by SPE (concentra-
tion factor of 100). The method was reproducible and accurate
within a range of 0.1-5 ngmL'* for doxorubicin, epirubicin and
daunorubicin (recoveries >80%)and successfully applied for deter-
mination of these drugs in hospital efuents. Moreover, an LC-UV
method was also developed for surface contamination of 5-FU, ifos-
famide, cyclophosphamide, doxorubicin, and paclitaxel with LODs
of 500 ng mL' 1 [45,274] while LODsof 1.0ngmL' ! were obtained
by MS detection [51] .

3.2.3.2. Mitoxantrone and actinomycin-D. The indications  of
mitoxantrone are the treatment of metastatic breast cancer,
adult nonlymphocytic leukaemia and non-Hodgkin's lymphoma.

Actinomycin-D is mainly used to treat paediatric cancers, some
testicular sarcomas and AIDS-related Kaposi's sarcoma. The side
effects of mitoxantrone and actinomycin-D are similar to those
of doxorubicin except that the cardiac toxicity is less prominent.

However, cardiac examinations and monitoring are still recom-
mended when a certain cumulative dose has been reached [2].
Chen et al. [369] and Loadman and Calabrese [368] published
reviews reporting several LC methods for the determination of
mitoxantrone in 2001. Thanks to the presence of chromophores,

UV detection is frequently used for the analysis of mitoxantrone,

with LOD between 1 and 75 ng mL' 1. The sensitivity was improved
with  ECD with LOD of 0.1ngmL'?! [369] . Recently, other LC-UV
[414,415] and LC-MS/MS methods for mitoxantrone [416] and
actinomycin-D  [417-421] were developed for clinical samples
with good quantitative performance in terms of sensitivity and
selectivity. LOQs of mitoxantrone in plasma and tissues were in
the same concentration order than the above mentioned studies.
With simple protein precipitation followed by LC-MS/MS analysis,
LOQ of actinomycin-D in plasma was about 0.5ngmL'?® [421].
Finally, CE with chemiluminescence detection was reported for
mitoxantrone determination in commercial drugs and in spiked
biological samples [422] .

3.2.4. Topoisomerase inhibitors

3.2.4.1. Topoisomerase | inhibitors (irinotecan, topotecan). Their
lead structure is the natural product camptothecin, a cyto-
toxic quinoline-based alkaloid with a unique ve-ring system
extracted from the bark of the Chinese Camptotheca and the Asian
Nothapodytes trees. Clinical use of camptothecin is limited due
to poor water solubility and a number of serious side effects.
However, several derivatives of camptothecin with improved sol-
ubility are now used. Topotecan is administered intravenously
for the treatment of metastatic ovarian cancer when rst-line or
subsequent therapy fails. Irinotecan is licensed for metastatic col-
orectal cancer in combination with 5-FU and folinic acid or as
a monotherapy when 5-FU containing treatments have failed. In
addition to dose-limiting myelosuppression, side effects include
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gastrointestinal disturbances such as delayed diarrhoea, asthenia,
alopecia, and anorexia. The drug is hydrolysed in vivo to 7-ethyl-10-

hydroxycamptothecin  (SN-38), an active metabolite approximately

200-2000-fold more cytotoxic than irinotecan. However, despite
its intrinsic potential as an anticancer agent, its poor solubility in
most pharmaceutically acceptable solvents limits its clinical use
[2].

In 2001, a paper on traditional Chinese medicines and anti-
neoplastic compounds reviewed LC methods for camptothecin,
irinotecan, topotecan, and 9-aminocamptothecin in biological sam-
ples [423] .LCwith uorescence detection was the most commonly
used technique for determination of these compounds in biological
samples. Other reviews reporting methods for camptothecin and
related compound determination discussed separation ef ciency
and detection sensitivity and speci city [424-426] . The chemistry,
structure—activity  relationships and stability of camptothecin ana-
logues were reported with particular attention on the chemical
stability. Because the active lactone structure can undergo ring
opening under conditions of extraction, pre-treatment and analysis
should be studied carefully.

In 2010, a review of bioanalytical methods for irinotecan and
its active metabolite SN-38 provided an exhaustive compilation
of published assays, with details on validation parameters and
applicability [427] . Pharmacokinetic proling of irinotecan and
its metabolites was studied in various species, including cancer
patients, by means of LC-UV,LCwith uorescence detection, LC-MS
and LC-MS/MS. Concentrations of irinotecan and SN-38 in biolog-
ical samples in order of ngmL' ! were achieved by LC-MS/MS and
LCcoupled to uorescence detection analysis [427] . The developed
methods continue to nd usein the optimisation of newly designed
delivery systems with regard to pharmacokinetics for the safe and
effective use of irinotecan or SN-38. Studies already reported in
these reviews will not be further discussed in this paper and only
some references with analytical techniques other than LCor devel-
oped for special application areas will be discussed.

HPTLC [428] and LC-MS/MS [51] methods for camptothecin
derivatives were developed for quality control of hospital
formulations. LC-UV methods were validated for quantitative
determination  of irinotecan [429] and topotecan [430] in bulk
drug samples and formulations. In addition, an LC-UV method was
reported for the simultaneous determination of the carboxylate and
lactone forms of SN-38 in nanoparticles [431] . Laser-induced u-
orescence and photochemical derivatisation was also suitable for
irinotecan and topotecan trace analysis [432] . Another example is
the determination of camptothecins in extracts of Nothapodytes
foetida by MEKC-UV [433] . This method was found to be very
suitable for monitoring camptothecin concentrations during the
cultivation of the medicinal plant. For surface contamination in
cytotoxic preparation units, LC-MS/MS analysis allowed the deter-
mination of irinotecan and other cytotoxics with well studied
quantitative performance in terms of accuracy and precision. LOQ
of irinotecan in aqueous solutions was at 1.0 ng mL' ! correspond-
ing to a surface contamination of 0.1 ngcm' 2 [51,52] .
3.2.4.2. Topoisomerase Il  inhibitors (etoposide,  teniposide,
amsacrine). The lead structure of drugs that inhibit topoiso-
merase |l is podophyllotoxin, a plant alkaloid isolated from the
American mandrake rhizome. Etoposide is a semisynthetic gluco-
side of epipodophyllotoxin  and is one of the most effective agents
for treating small-cell bronchial carcinoma. It can also be used for
testicular cancer and some lymphomas. The toxic effects of this
drug include nausea and vomiting, myelosuppression, and alope-
cia. Teniposide is an etoposide analogue with a similarly broad
clinical activity. Amsacrine, another topoisomerase Il inhibitor, has
an acridine-based structure. Clinically, amsacrine has an activity
and toxicity prole similar to doxorubicin. It is administered

intravenously for the treatment of advanced ovarian carcinomas,
myelogenous leukaemia, and lymphomas. Its side effects include
myelosuppression and mucositis [2] .

Areview of LCmethods for the determination of topoisomerase
Il inhibitors was published by Chen et al. in 2001, including acom-
pilation of LC methods for the analysis of etoposide, teniposide,
and amsacrine, as well as anthracyclines, mitoxantrone and oth-
ers [369] . Methods based on LCcoupled to various detectors, such
as UV, uorescence, ECD,MS and ELISA,were reported for etopo-
side determination in physiological uids [369,423,434] . In 2010,
Sachin et al. developed an UHPLC-MS/MS method with SPEsam-
ple pretreatment for the simultaneous determination of etoposide
and a piperine analogue in plasma samples with atotal run time of
6 min [435] . LOQsfor etoposide and the piperine analogue were 2.0
and 1.0ng mL' 1, respectively. Teniposide has been analysed by LC-
UV and LC-ECD[369] , but recently an UHPLC-MS/MS method was
developed for the determination of teniposide in plasma samples
with asimple liquid-liquid extraction procedure and using etopo-
side as internal standard [436] . LOQ of 10ngmL' ! in rat plasma
and short analysis time (3.0 min) were obtained and were partic-
ularly adequate for a high sample throughout. The intraday and
interday precision values (RSD)were lessthan 15%and the method
was considered as suitable for preclinical pharmacokinetic studies
of teniposide in rats. Additionally, the chemical stability of teni-
poside [6] and etoposide [7] in lipid emulsion was monitored by
LC-UV. Separation of etoposide phosphate and methotrexate was
also achieved by CE-UV with a high-sensitivity cell in a concen-
tration range between 0.1 and 100.0 mgmL'?! [171] . CE-LIF [437]
and MEKCwith near-eld thermal lens detection [438] allowed the
simultaneous quanti cation of etoposide and etoposide phosphate
in human plasma with similar LODs in order of 100 ngmL'? for
etoposide phosphate and 170 ngmL' ! for etoposide. For environ-
mental monitoring, sensitive LC-MS/MS methods were reported
for etoposide determination in sewage water with LOD in order of
ng L' 1 [58] and for etoposide phosphate quanti cation on different
surfaces [51,52] .

3.2.5. DNA cleaving agents (bleomycin)

Bleomycin accumulates in squamous cells and is therefore suit-
able for the treatment of tumours of the head and neck, Hodgkin’s
disease and testicular carcinomas. Pharmaceutical preparations
containing bleomycin sulphate consist of a mixture of glycopep-
tide bases obtained from Streptomyces verticillus with individual
molecular weights in the region of 1300 Da. The analytical and
biological inequivalence of two commercial bleomycin formula-
tions was demonstrated using LC-UV [439] . Recently, Yin et al.
demonstrated that asensitive DNA-based electrochemical strategy
appeared to be a promising alternative for the determination of
trace amounts of bleomycin in pharmaceutical and clinical sam-
ples with LOD in the order of picomolar ( 0.1ngmL'?1) [440].
Furthermore, an LC-MS method was developed for pharmacoki-
netic studies of anew formulation of bleomycin in dog plasma after
intramuscular injection [441] .

3.3. Antitubulin agents

Analysis of taxanes, vinca alkaloids and ixabepilone are
described in this section. Chemical structures of antitubulin agents
are shown in Fig.7,and relevant analytical methods for pharmaceu-
tical, biological and environmental samples are reported in Table 3.

3.3.1. Taxanes(paclitaxel, docetaxel)

Paclitaxel is a highly complex tetracyclic diterpene found in the
needles and bark of Taxusbrevifolia ,the Pacic yew tree. Pure pacli-
taxel was isolated in 1966 and its structure published in 1971.
However, it did not appear in clinical practice until the 1990s.
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Table 3
Analytical methods for antitubulin agents.

Compound Matrix Analytical technique References

Docetaxel Review Review [423]
Pharmaceutical formulation LC-Uv [5,442-445]
Pharmaceutical formulation FIA [8]
Biological samples CZE,MEKC, MEEKC [389]
Biological samples LC-Uv [393]
Biological samples LC-MS [451]
Biological samples LC-MS/MS [19,452-454]
Review Review [423]
Pharmaceutical formulation FIA [8]
Pharmaceutical formulation LC-Uv [446-448]
Pharmaceutical formulation LC-MS [449]
Biological samples MEKC-UV [455]
Biological samples CZE,MEKC, MEEKC [389]
Biological samples LC-uv [229,393,450]
Biological samples LC-MS [451,483]
Wipe samples (surface contamination) LC-Uv [45,274]
Wipe samples (surface contamination) LC-MS/MS [49]

Vinca alkaloides (vincristine, vinblastine, vindesine, vinorelbine) Review Review [423]
Pharmaceutical formulation NACE-DAD [456]
Pharmaceutical formulation HPTLC [457]
Pharmaceutical formulation LC-Uuv [370]
Pharmaceutical formulation LC-MS/MS [51]
Plant extracts LC-UVv [458]
Plant extracts CE-MS [459]
Biological samples LC-MS/MS [417,418,460,461]
Wipe samples (surface contamination) LC-MS/MS [51,52]
Sewage water LC-MS/MS [58]

Ixabepilone Biological samples LC-MS/MS [462-464]

Docetaxel is a more recently introduced semisynthetic analogue
with similar therapeutic and toxicological properties. Paclitaxel has
relatively poor water solubility and lack of activity in some can-
cers with resistance, which has prompted ongoing research into
new analogues. Given by intravenous infusion, paclitaxel in com-
bination with cisplatin or carboplatin constitutes the treatment of
choice for ovarian cancer. Docetaxel is licensed for initial treat-
ment of advanced breast cancer in combination with doxorubicin or

alone when adjuvant cytotoxic chemotherapy has failed. The two
taxanes are also used for advanced or metastatic non-small-cell
lung cancer or for metastatic breast cancer in caseswhere rst-line
therapy has failed [2].

For stability testing or quality control of pharmaceutical formu-
lations of docetaxel [5,442-445] and paclitaxel [446-448] , LC-UV
methods have been developed. Musteata and Pavliszyn used LC-MS
for the determination of free concentration of paclitaxel in a

Fig. 7. Chemical structures of antitubulin agents.
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liposome formulation [449] . Additionally, control of chemother-
apy during preparation was performed by FIA-UV for docetaxel
and paclitaxel [8]. In 2001, several methods for the determina-
tion of paclitaxel in biological matrices using LC-UV, LC-MS and
immunoassays were reported [423] .

Since 2001, several LC-UV [229,393,450] , LC-MS [451] and
LC-MS/MS methods have been developed for taxanes determi-
nation in biological samples [19,452-454] . For example, Corona
et al. used on-line extraction procedure with LC-MS/MS for high-
throughput quanti cation  of docetaxel in plasma. The method
was validated and presented LOQof 0.15ngmL' 1 with good accu-
racy and precision performance and was successfully applied for
pharmacokinetics of docetaxel in cancer patients [19]. On-line
column-switching  was also applied by Bermingham et al. for deter-
mination of taxanes and anthracyclines by LC-UV, however the
method was not sensitive enough for TDM at low serum con-
centration because the LOQ was evaluated at 500 ngmL' 1 [393] .
Electrophoretic  separation techniques (e.g., CE, MEKC, MEEKC)
showed also good potential for taxanes analysis in biological
samples [389,455] . For example, a MEEKC-UV method was char-
acterised by a very short separation time and high efciency and
was proven to be exible for the separation of different combina-
tions of anthracyclines and taxanes [389] . This separation approach
could be highly bene cial for biological sample analysis if applied
with a sensitive detection system. With UV detection, LOQs were
in the order of 84,500 ngmL' ! for docetaxel [389] .

Contamination and exposure assessment of paclitaxel and other
cytotoxic drugs was performed by LC-UV [45,274] and LC-MS/MS
[49] . The LC-MS/MS method provided adequate sensitivity for
measuring ve antineoplastic drugs in air and wipe samples in
healthcare environment with LODof 0.7 ng mL' ! for paclitaxel [49] .

3.3.2. Vinca alkaloids (vincristine, vinblastine, vinorelbine,
vindesine)

The two alkaloids vinblastine and vincristine are constituents of
the Madagascar periwinkle (Vinca rosea). Isolation and structural
identi cation  were reported in the 1960s. Vinblastine synthesis
starting from catharanthine and vindoline units was reported in
1979. Because these alkaloids have proven efcacy in therapy to
treat certain solid tumours (mainly lung and breast), lymphomas,
and acute leukaemia, efforts have been made to design new ana-
logues with reduced toxicity, which resulted in the semisynthetic
analogues vindesine and vinorelbine. These agents are given by
intravenous administration, and their side effects include neuro-
toxicity, myelosuppression, and alopecia [2] .

A non-aqueous CE-UV method allowed the successful determi-
nation of vinorelbine in acommercial pharmaceutical formulation
[456] . For quality control of pharmaceutical formulations in hospi-
tals, HPTLC[457] , LC-UV [370] and LC-MS/MS [51] have all been
used. In 2005, Gupta et al. developed an LC-UV method for the
determination of vinca alkaloids in leaf extracts of Catharanthus
roseus[458] . CE-MSwas also successfully used for determination of
vinblastine and its precursors vindoline and catharantine in plant
samples [459] . As reported in the review on traditional Chinese
medicines, analyses of vinblastine, vincristine and vinorelbine in
biological samples were achieved by LC-UV, LCwith uorescence
detection and LC-ECD[423] . LOQ of these vinca alkaloids in plasma

or urine were in order of ngmL' 1 with LC- uorescence and LC-ECD.

LC-MS/MS methods for vinca alkaloids determination in human
plasma [417,418,460,461] and for drug residues in dog urine [262]
were also published. For example, Dennison et al. developed a
very sensitive LC-MS/MS method with an LOQof 0.012 ng mL' 1 for
vincristine and its major metabolite in human plasma [460] . For
environmental monitoring, an LC-MS/MS method was useful for
sewage water analysis [58] and for surface contamination [51,52] .

3.3.3. Other antitubulin agents (ixabepilone)

Ixabepilone is a semi-synthetic, microtubule  stabilising,
epothilone B analogue that displayed activity in taxane-resistant
breast cancer patients. A human mass balance study of the novel
anticancer agent ixabepilone was performed using accelerator
mass spectrometry to investigate elimination pathways [462] . In
addition, pharmacokinetics after intravenous and oral administra-
tion was established by sensitive and validated LC-MS/MS methods
[463,464] . Plasma samples were extracted by acetonitrile protein
precipitation and an LOQ of 2ngmL' ! of ixabepilone in human
plasma was obtained [464] .

4. Conclusion

Over the last thirty years, numerous analytical methods for
cytotoxic drug determination in pharmaceutical formulations, bio-
logical samples, and environmental samples have been reported
in the literature. The rst analytical methods, mainly using LC-
UV, allowed for the foundations of the use of cytotoxic drugs in
treating human cancers to be laid in terms of understanding drug
interactions with the organism, developing pharmaceutical formu-
lations and determining the toxicity of these compounds. As with
all pharmaceutical substances, more elaborate methods to sup-
port pharmacokinetics, pharmacodynamics and therapeutic drug
monitoring  of cytotoxic drugs have been published thanks to the
implementation  of detection systems with higher selectivity and
sensitivity, such as mass spectrometry. During the last ve years,
however, particular attention has been focused on the safe han-
dling of cytotoxic drugs and the protection of the environment.
Indeed, several papers reporting the analysis of cytotoxic drugs in
wastewater, in working environments and in biological samples of
healthcare professionals have been published.

Today, with the emergence of new chemotherapy treatments
(including biological agents, hormones and molecular targeting
agents), the development of useful methods is required for pre-
clinical and clinical studies, but also for the development of
formulations containing these compounds, and constitutes the next
challenge in the analysis of anticancer drugs.
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ABSTRACT

Study objectives: The aim of this paper is to share the experience of the Geneva University Hospitals’ pharmacy
regarding the establishment of capillary electrophoresis in the quality control laboratory.

Methods: Six capillary electrophoresis methods have been developed to quantify pharmaceuticals contained in more
than 20 different formulations produced by the hospital pharmacy.

Results: All developed capillary electrophoresis methods exhibited good performance with the following main advantages:
low organic solvent consumption, low cost (of capillary) and rapid development.

Conclusion: Capillary electrophoresis, a complementary technique to liquid chromatography, appears as a very attractive
alternative for quality control of formulation produced in hospital pharmacy.

KEYWORDS
Capillary electrophoresis, hospital pharmacy, quality control

INTRODUCTION topic solutions, suspensions, emulsions, and suppositories
With 2,000 beds and more than 50,000 hospitalisatios  produced in batches by a hospital pharmacy are submitted

each year, Geneva University Hospitals (HUG) are amg  to a quality control before administration to the patient. In
Switzerland’s larger hospitals. One of the main obgtives of  addition to physico-chemical tests, e.g. pH, osmolarity,

the HUG pharmacy is to supply medicines correspondig  particulate matter, identification of drug(s) and/or excipi-
to the clinical needs of all medical specialitiesMost drugs  ents, the quantification of the active ingredient(s) in the
used in HUG are commercially available on the pharateu-  formulation is an analysis of utmost importance. Generally,
tical market. However, in some situations, there ianinterest  liquid chromatography (LC) is used for this purpose and its
to produce suitable drugs in the hospital pharmacysuchas  supremacy in the pharmaceutical field is illustrated by the
when they are not available on the market, not comrarcial-  recommendations of international pharmacopoeias, such
ised in an appropriate form, e.g. paediatrics, or \Wwen the  as the European Pharmacopoeia

safety can be improved, e.g. ready-to-use syringes.
THE Use OF LiQuib CHROMATOGRAPHY

According to the Good Manufacturing Practice, all pharma-  Until 2005, LC-ultraviolet (UV) constituted the only
ceutical formulations such as injectable, ophthalmic, oral, Separative technique used in the quality control laboratory
of the HUG pharmacy for the quantification of drugs in
pharmaceutical formulations, see Figure 1. The mean
characteristics of a complete quantitative LC-UV analysis,
including column equilibration and washing, formulations
and standard sample preparations, separation and data
handling, are reported in Table 1. In summary, the use of
LC-UV represented a mean consumption of more than
four litres of organic solvents, 200 hours of work and
Euros 1,400 per year. The solvent consumption can be
doubled, and even tripled, if method development and
validation are considered.

CONTACT FOR CORRESPONDENCE
Sandrine Fleury-Souverain, PhD
!Pharmacy Department

Geneva University Hospitals (HUG)
4 Rue Gabrielle-Perret-Gentil
CH-1211 Geneva 4, Switzerland
Tel: +41 22 382 3978

Fax:+41 22 382 3970
sandrine.fleury.souverain@hcuge.ch

2School of Pharmaceutical Sciences (EPGL)

University of Geneva THE Use OF CAPILLARY ELECTROPHORESIS
University of Lausanne In 2004, the HUG pharmacy’s laboratory had the
20 Boulevard d’Yvoy opportunity to purchase new analytical instrumentation.

CH-1211 Geneva 4, Switzerland The acquisition of a complementary analytical technique



Figure 1: The proportion of analyses achieved by liquid

chromatography (LC; in grey) and Capillary Elec-
trophoresis (CE; in black)*

to LC, based on different mechanisms of separation,
appeared to be an attractive strategy. Therefore, capil-
lary electrophoresis (CE) was selected which possesses
several advantages such as high efficiency, low solvent
consumption, low cost and rapid method development.
It is noteworthy that one metre of fused silica capillary is
40-fold less expensive than a conventional reversed phase
LC column. Moreover, CE is a versatile analytical technique
which can be used for the analysis of a wide range of com-
pounds from small inorganic ions to large proteins. Indeed,
different separation modes with different selectivity can be
applied at low cost because selectivity mainly depends on
the nature and the pH of the background electrolyte, as
well as the presence of additives.

Figure 2 illustrates the main components of a typical
CE instrument. Like LC, CE can also be coupled to

Table 1: Mean characteristics of the quantitative analysis

of a pharmaceutical formulation batch produced
by the Geneva University Hospitals’ pharmacy

Research & Innovation

Figure 2: Main components of a typical capillary electro-

phoresis instrument
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UV or alternative detection techniques such as mass
spectrometry, laser-induced fluorescence or capacitively
coupled contactless conductivity detection (CD). It should
be noted that the lack of sensitivity of CE-UV, due to the
low amount of sample injection to the capillary and the
short detection pathway of the light, does not constitute a
limitation for the analysis of pharmaceutical formulations,
which generally possess active drug concentration(s) in the
order of magnitude of mg.mL:. Thus, CE-UV is particularly
adapted to the quality control of pharmaceuticals and is
in harmony with the environmental protection policies and
the budget limitation applied by the institution.

Since 2004, several CE-UV methods have been developed
and validated in the laboratory. Some of these methods

have substituted complex and relatively expensive LC-UV
methods, such as for the analysis of adrenaline and
isoprenaline (ion-pairing LC) or inorganic ions (ionic chro-
matography). CE-UV methods have also been developed
for the analysis of new pharmaceutical formulations
produced by the pharmacy and for the analysis of previous

formulations, for which a purification step was required due

to a lack of selectivity, for example: codeine syrup analysed
by single UV spectrophotometry [1]. Besides low cost and

increased selectivity, CE-UV features generic conditions.
For instance, only one method was developed and could

be used for the quantification of nine pharmaceutical com-

pounds while LC needed at least four different columns.

The different formulations analysed by the quality control
laboratory and the characteristics of CE-UV methods used

are reported elsewhere [1].

In order to analyse pharmaceutical compounds without
chromophore groups, such as suxamethonium [2] or
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Figure 3: Electropherogram of the analysis of a parenteral
nutrition by capillary electrophoresis-capacitively

coupled contactless conductivity detection

2
3 4
35 5
32
2 3 4
1: potassium; 2: sodium; 3: calcium; 4: magnesium; 5: lithium (internal standard). Based op
reference [3].

inorganic ions contained in parenteral nutrition (PN) [3], a
C*D was acquired in 2007 and was easily coupled to CE.
A typical electropherogram of the analysis of PN by CE-D

is reported in Figure 3.
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A simple method based on capillary electrophoresis with a capacitively coupled contactless conductivity
detector (CE-C D) was developed for the determination of potassium, sodium, calcium and magnesium

in parenteral nutrition formulations. A hydro-organic mixture, consisting of 100 mM Tris-acetate buffer

at pH 4.5 and acetonitrile (80:20, v/v), was selected as the background electrolyte. The applied voltage

was 30kV, and sample injection was performed in hydrodynamic mode. All analyses were carried out

in a fused silica capillary with an internal diameter of 50 mm and a total length of 64.5cm. Under these
conditions, complete separation between all cations was achieved in less than 4 min. The CE-C 4D method
was validated, and trueness values between 98.6% and 101.8% were obtained with repeatability and
intermediate precision values of 0.4-1.3% and 0.8-1.8%, respectively. Therefore, this method was found
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to be appropriate for controlling potassium, sodium, calcium and magnesium in parenteral nutrition
formulations and successfully applied in daily quality control at the Geneva University Hospitals.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Total parenteral nutrition (TPN) is the practice of feeding a per-
son intravenously using nutritional formulas containing essential
nutrients such as electrolytes, glucose, amino acids, trace elements
and vitamins (see Table 1). These nutritional solutions are pre-
pared daily at the pharmacy of the Geneva University Hospitals
(HUG) for paediatric patients. Errors in the concentrations of elec-
trolytes presentincreased risks for patients, especially for neonates.
Therefore, TPN preparations are submitted to quality control before
patient administration. Currently, sodium, potassium and calcium
are checked at the HUG pharmacy using ame photometry or
absorption spectrometry methods in control solutions without
amino acids or vitamins. The constituents of real TPN samples (with
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capacitively coupled contactless conductivity detector; EOF, electroosmotic ow;
HIBA, a-hydroxyisobutyric acid; His, Histidine; HUG, Geneva University Hospitals;
IS, internal standard; MES, 2-(N-morpholino)ethanesulfonic acid; SFSTP, Société
Frang aise des Sciences et Techniques Pharmaceutiques; TPN, total parenteral nutri-
tion; Tris, tris(hydroxymethyl)-aminoethane; VS, validation standard.
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increased concentrations of glucose, amino acids and vitamins) can
interfere with the analysis of ions and contaminate the analytical
system. Therefore, other analytical techniques are required.

Capillary electrophoresis (CE) coupled with indirect UV detec-
tion was developed for the analysis of inorganic cations [1-71,
particularly sodium, potassium, calcium and magnesium, in TPN
preparations [8,9] . These methods have been compared with ame
atomic spectrometry and ion chromatography [1,9] and were found
to be an acceptable alternative. However, UV-absorbing buffer
additives and more complex buffer systems were needed to facil-
itate indirect absorbance detection [10] , and weaker quantitative
performance was achieved [1,9]. During the past few years, con-
tactless conductivity detection has been recognized as an attractive
alternative to optical detection technigues in CE because of its low
cost, lack of maintenance requirements, easy handling and simple
method development. Among the developed capacitively coupled
contactless conductivity detectors (C  #D), we only consider in this
paper the instrument used by Zemann  [11,12] . The latter presents
two metal tube electrodes, placed around the capillary. An oscil-
lation frequency between 75 and 300 kHz is applied to one of the
electrodes, and a signal is produced when an analyte zone with a
different conductivity passes through the retention gap [2].

Numerous papers have described the analysis of inorganic
cations ( e.g., sodium, potassium, calcium, magnesium) by CE-C 4D
[2-4,10-23] . A buffer based on 2-(N-morpholino)ethanesulfonic
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Table 1
Composition of TPN at HUG.

131

Solution Composition

Manufacturer

NaCl 11.7%

Calcium gluco-bionate 10%
Phocytan ®

KCl 7.5%

MgSO,4 5%

Sodium acetate 16.4%

Sodium: 2mmolmL !
Calcium: 0.16 mmol mL
Phosphate: 0.33 mmol mL
Potassium: 1 mmolmL  *
Magnesium: 0.2mmolmL !
Acetate: 2mmolmL %
Sodium: 2mmolmL ~ *
Vitamin A: 0.4 mgmL

1, glucose: 0.33 mmol mL

Vitamins

1 lactobionate: 0.16 mmol mL

1,D31.1mgmL * E2.04mgmL % C25mgmL !, B10.7mgmL !, B2

Bichsel (Interlaken, CH)
Bichsel (Interlaken, CH)
Aguettant (Lyon, F)
Sintetica-Bioren (Couvet, CH)
Pharmacy HUG

Pharmacy HUG

1, glucobionate: 0.16 mmolmL !
1, sodium: 0.66 mmolmL !

Baxter (Volketswil, CH)

0.83mgmL !, B60.91mgmL !, B1212mgmL ! B9825mgmL ! B53.45mgmL !,B8

13.8mgmL ', PP9.2mgmL
Cernevit ®
Trace elements

Fe?:0.1mgmL !,Zn?*:0.16mgmL ', Mn2*:27.2mgmL %, Cu*:38mgmL %, Cr**:0.5mgmL 1,

BBraun (Sempach, CH)

Mo(VI): 0.5 mgmL %, Se(IV): 1mgmL %, F :285mgmL %, 1 :6.5mgmL ', Na*: 1.9 mmolmL 1, K*:

0.05mmolmL *, Cl :17 mmolmL 1!
Tracutil ® diluted
Heparin
Amino acids

50UIlmL !

Alanine: 6.3gL !, arginine: 4.1gL
7.1gL 1, glycine:2.1gL 1, histidine: 2.1gL
methionine: 1.3gL !, phenylalanine: 2.7gL
threonine: 3.6gL 1, tryptophan: 1.4 g, tyrosine: 0.5gL

Vaminolact ®

Glucosteril

Injection water

Glucose 70%
Water ppi

1, asparagine acid: 4.1gL
1, isoleucine: 3.1g, leucin: 7.0gL
1, proline: 5.6gL

Pharmacy HUG
Pharmacy HUG
1, cysteine: 1gL 1, glutamic acid: Fresenius Kabi (Stans, CH)
1 lysine:5.6gL 1,
1, serine: 3,8gL !, taurine0,3gL 1,
1, valine:3.6gL !

Fresenius (Stans, CH)
Bichsel (Interlaken, CH)

acid and histidine (MES/His) has been widely used for the deter-
mination of alkali and alkaline earth metals and ammonium ions
[2-4,11-20] . Other background electrolytes (BGE) composed of
citric, lactic or acetic acids and His or maleic acid/arginine have
also been successfully used for the separation of these cations
[15,20] .

Weak complexing agents have been added to the BGE to modify
the separation of inorganic cations, such as  a-hydroxyisobutyric
acid (HIBA) [4,7,17] . An organic solvent was added (10% methanol)
to modify the selectivity and to obtain a complete separation of
sodium, calcium and magnesium in blood samples [20] . However,
to our knowledge, a validated CE-C 4D for TPN has not yet been
reported.

In this study, a simple CE-C “D method was developed and vali-
dated to determine sodium, potassium, calcium and magnesium in
TPN and was applied to the quantitation of these cations in daily
quality control.

2. Experimental
2.1. Chemicals

Sodium chloride, potassium chloride, calcium chloride, mag-
nesium chloride, lithium chloride and tris(hydroxymethyl)-
aminoethane (Tris) were purchased from Fluka (Buchs, Switzer-
land). Water and NaCl (0.9%) used for pharmaceutical preparations
were obtained from Bichsel Laboratories (Interlaken, Switzerland).
Acetic acid (glacial, 100%), methanol and acetonitrile were obtained
from Merck (Darmstadt, Germany).

Parenteral nutrition solutions were prepared at the HUG phar-
macy using the automated compounding system BAXA MM12
(Baxa corporation, Englewood, CO, USA) with the following solu-
tions: Calcium glucobionate (10%) and NaCl (11.7%) obtained from
Bichsel Laboratories (Interlaken, Switzerland), KCI (7.5%) from
Sintetica-Bioren SA (Couvet, Switzerland), Phocytan from Aguet-
tant (Lyon, France), Aminosteril Hépa (8%), Glucosteril (70%), and
Vaminolact from Fresenius Kabi (Stans, Switzerland; Bad Homburg,
Germany). Tracutil was diluted in a 1:2 ratio (BBraun, Sempach,
Switzerland) and Cernevit was obtained from Baxter (Volketswil,
Switzerland). Sodium acetate (16.4%), heparin (50 Ul/mL) and mag-
nesium sulfate (5%) were produced by the HUG pharmacy.

2.2. BGE preparation

Different BGEs (phosphate pH 2 and 7, borate pH 9, MES/His pH
6.1, citrate pH 3.1 and pH 4.8, lactate and acetate/Tris pH 4.5) were
prepared for the method development. The nal BGE was composed
of a hydro-organic buffer corresponding to a mixture of an aqueous
BGE (100 mM Tris-acetate buffer at pH 4.5) and acetonitrile (80:20,
v/v). The aqueous BGE was prepared by an adequate dilution of the
concentrated acid solution, and a solution of Tris at 1 M was added
to adjust the solution to pH 4.5. The solution was then diluted to
the nal volume with distilled water. The BGE was degassed in an
ultrasonic bath for 10 min before use.

2.3. Instrumentation and capillaries

CE experiments were carried out with an HP  SPCE system
(Agilent Technologies, Waldbronn, Germany) equipped with an
autosampler and a power supply able to deliver up to 30 kV. HP SbCE
was coupled to a TraceDec detector (Innovative Sensor Technolo-
gies GmbH, Strasshof, Austria). The conductivity sensor consisted
of two electrodes separated by a detection gap of 1 mm, positioned
along the capillary by sliding it into the desired position (14.5cm
from the cathode). A CE ChemStation (Agilent) was used for CE
control and data handling, andaC  #D Tracemon (Innovative Sensor
Technologies, Austria) was used for conductivity detector control
and data acquisition. Analyses were performed in uncoated fused
silica capillaries from BGB Analytik AG (Bdckten, Switzerland) with

an internal diameter of 50 mm, an external diameter of 375 mm
and a total length of 64.5 cm (effective length of 50 cm). All exper-
iments were performed in the normal mode (cathode at the outlet
end of the capillary). The capillary was thermostated at 25 Cina

high velocity air stream, and a voltage of 30kV was applied. The
generated current was between 5 and 50 mA depending on the
buffer solution. Samples were kept at ambient temperature in the
autosampler and injected in the hydrodynamic mode to Il approx-
imately 1% of the effective capillary length (40 mbar for 10s). The

nal con guration of the C 4D was set at an output frequency of
150 kHz, an output voltage of 40 Vpp, 50% gain and an offset of 30.
The detector acquisition corresponded to the CE mode of 19.8 Hz.
Before rstuse, capillaries were sequentially rinsed with methanol,

0.1 M NaOH, water, methanol, 0.1 M HCI, water and BGE for 5 min.

A voltage of 30kV was then applied for 60 min with the BGE. The
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Table 2
Composition of the validation matrix.

Concentration Nutriment Composition

429/l Amino acid 160.8 mL of Vaminolact
218.8g/L Glucose 78.2mL of Glucosteril
500 U/L Heparin 2.5mL of Heparin

20 ml/L Oligoelement 5mL of diluted Tracutil

TraceDec was set to run for 1 h before the rst analysis in order to
obtain a constant signal. Prior to each sample injection, the capillary
was rinsed by pressure (940 mbar) for 1 min with fresh BGE. When
notin use, the capillary was rinsed with water and methanol. As the
electrophoresis process altered the running buffer pH by electroly-
sis and subsequently changed the migration times, the separation
buffer was refreshed every six runs.

2.4. Method validation

A validation was performed to estimate the quantitative param-
eters of the method for the analysis of potassium, sodium, calcium
and magnesium in parenteral nutritional formulations. The valida-
tion was based on ICH recommendations following the guidelines
of the Société Franc aise des Sciences et Techniques Pharmaceu-
tiques (SFSTP) [24] and carried out over three series. Each series
involved the injection of a freshly prepared BGE, two calibration
standards (CS) at 4mM for K *, Na* and 2mM for Ca 2+, Mg?2*, four
validation standards (VS)at1,2and4mMforK  *,Na*and 0.5, 1 and
2mM for Ca 2*, Mg?*, complete washing of the capillary with water
and methanol, and instrument shut-off. Lithium chloride was used
astheinternal standard (IS). The calculations were performed using
normalised area (area/migration time) ratios of the cations on the
IS.

2.5. Sample preparation

CS and VS were independently prepared. The IS stock solution
was prepared by dissolving lithium chloride in water at a concen-
tration of 50 mM.

2.5.1. Calibration standard

A standard stock solution was prepared by dissolving KCI, NaCl,
CaCh 2H,0 and MgCl, 6H,0 in water to obtain a concentration of
100mM for K * and Na*, and 50 mM for Ca 2* and Mg 2*, which were
storedat4 C until use. Sample solutions were stable for more than
1 week at 4 C, and no degradation was observed for the tested
analytes during analysis. One concentration level sample was pre-
pared by diluting the appropriate volume of standard stock solution
in distilled water at a nal concentration of 4 mM of K *and Na™* and
2mM of Ca 2* and Mg 2*. Lithium chloride was added as an internal
standard to obtain a nal concentration of 1.25 mM.

2.5.2. Validation standard

A TPN solution with 40mM of K * and Na* and 20 mM Ca 2* and
Mg?2* was prepared by diluting NaCl (11.7%), calcium glucobion-
ate (10%), KCI (7.5%) and magnesium sulfate (5%) in a condensed
TPN matrix consisting of glucose (Glucosteril, 70%), amino acids
(Vaminolact), heparin and trace elements (Tracutil) as shown in
Table 2. For VS, three concentration level samples were prepared
at 25%, 50% and 100% of the highest value (4mM K * and Na*, 2mM
Ca2* and Mg 2*) by diluting the appropriate volume of the TPN solu-
tion in water.

2.6. Application to TPN solutions

The four cations were determined in TPN solutions prepared at
the pharmacy of HUG. Therefore, the formulations were diluted in
distilled water to obtain a nal concentration between 1 and 4 mM
for K* and Na*, and 0.5 and 2mM for Ca 2* and Mg 2*. The quantita-
tive analysis was repeated twice (N =2) for each formulation.

3. Results and discussion

Paediatric TPN are produced daily in the HUG pharmacy and
submitted to a quality control before patient administration. A
CE-C'D method was developed and validated for determining
potassium, sodium, calcium and magnesium in these preparations.

3.1. Method development

3.1.1. Buffer selection

The selection of the BGE was based on conductivity detection
of the four cations and selectivity toward other compounds of
the TPN, such as amino acids, glucose or vitamins. In C 4D, the
response arises from the difference in conductivity between ana-
lytes and BGE co-ions. For obtaining the highest signal-to-noise
ratio, a large difference between the conductance of the analytes
and the electrolyte is needed. Moreover, CE requires BGEs with a
higher ionic strength compared to the sample zone to take advan-
tage of the stacking effect. The compromise consists of using an
amphoteric or low conductance buffer at high ionic strength [12] .
Among the different BGEs tested, a good separation of the four
cations was achieved as expected with the commonly used MES/His
BGE[2—-4,11-20] , but also with the acetate/Tris buffer system (pH
4.5). With both BGEs, the resolution between sodium, calcium and
magnesium had to be improved to determine magnesium and
calcium in presence of sodium at high concentration, as it is gen-
erally the case in TPN. The acetate/Tris BGE was chosen for further
development because it gave satisfactory results for the analysis of
suxamethonium by CE-C #D [25] and it possesses a low conductivity
and can be used at a concentration of 100 mM without generating
ahigh current (20 mA). Lithium chloride was chosen as IS because
it is not a constituent of TPN and it presents a much lower mobility
than the four cations tested.

3.1.2. Inuence of acetate concentration in the BGE

The rst analyses were performed with an acetate/Tris buffer
at 20mM to reduce the background conductivity. Nevertheless,
BGEs with different concentrations were tested (10, 20, 30, 50,

75 and 100 mM) to improve the resolution between sodium, cal-
cium and magnesium. As shown in the literature, interactions of

the analytes with BGE components could enhance selectivity in CE
[4,5,7,8,17,21,26] . In these studies, a weak complexing agent (for
example HIBA) was added to the BGE to modify the separation of the
cations. The mobility of Mg  2* and Ca?* was found to decrease due to
a stronger interaction with HIBA  [8] . In this work, acetate is a weak
complexing agent that can interact with the studied cations [5].
Indeed, calcium and magnesium have higher complexation con-
stants with acetate than potassium or sodium [27] . Increasing the
acetate concentration therefore changed the migration order to
potassium, sodium, calcium and magnesium (see Fig. 1). Further-
more, as expected, the electroosmotic ow (EOF) decreased with
increasing acetate concentration, resulting in a net increase of the
migration times of all cations.

The pH of the BGE modies the EOF and the proportion of
acetate, which can in uence the separation of the cations. There-
fore, acetate/Tris solutions with different pH were tested in the
buffer region. In this work, the migration order of the cations
changed with the pH value (pH 4.1: calcium—sodium—magnesium;
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Fig. 1. In uence of BGE concentration: electropherograms of a sample containing
sodium (1 mM), potassium (1 mM), calcium (0.5 mM), magnesium (0.5 mM), and
lithium (1.25 mM) in an aqueous solution. BGE: 20, 50 and 100 mM Tris-acetate at
pH 4.9. All other experimental conditions are described in Section 2.3.

pH 4.9: sodium—calcium—magnesium). This change of selectivity
can also be explained by interactions of the cations with acetate.
The best separation was obtained with a buffer pH of 4.9, but the
signal-to-noise ratio was lower due to the higher conductance of
the BGE (shown in Fig. 2).

Finally, a 100 mM Tris acetate buffer at pH 4.5 was selected since
the signal-to-noise ratio of the cations was signi cantly enhanced
compared to a BGE at pH 4.9 and the current generated was still
inferior to 30 mA. Under these conditions, the complete separation
of the four cations was achieved and the mobilities of the com-
pounds were in the following decreasing order: potassium, sodium,
calcium, magnesium and lithium.

3.1.3. Addition of an organic solvent

lon-pair formation can be favoured by non-aqueous solvents
due to their lower permittivity constant [28] . Organic solvents
change the solvation radii of ions, which contributes to a modi ca-
tion of their mobilities ~ [29-31] . They also alter the viscosity of BGE
and directly affect the mobility of the analytes. Therefore, resolu-
tion can be enhanced by the addition of organic solvents. Separation
of cations in purely non-aqueous buffers was achieved by Salimi-
Moosavi and Cassidy and the effect of acetonitrile in methanol was
demonstrated to be useful [31] . The addition of organic solvents

Fig. 2. Inuence of BGE pH on the conductivity detection: electropherograms of
a sample containing sodium (1 mM), potassium (1 mM), calcium (0.5 mM), mag-
nesium (0.5mM), and lithium (1.25mM) in an aqueous solution. BGE: 100 mM
Tris-acetate at pH 4.1, 4.5 and 4.9. All other experimental conditions are described
in Section 2.3.

Fig. 3. Electropherogram obtained for the CE-C  “D analysis of a sample contain-
ing sodium (1 mM), potassium (1 mM), calcium (0.5 mM), magnesium (0.5 mM) and
lithium (1.25 mM) in an aqueous solution. BGE: 100 mM Tris-acetate at pH 4.5, ace-
tonitrile (80:20, v/v). All other experimental conditions are described in Section

2.3.

to the electrophoretic medium can modify the selectivity through
changes in the solvent pH and analyte pK 5. The increase of the pK 4
values of aromatic acids with increasing concentration of acetoni-

trile was studied by Sarmini and Kenndler [32] . This is most easily
understood in terms of a solvent-induced change of the analyte
charge [33].

The addition of 10-30% methanol did not change the separa-
tion in the presented work, while it has been shown useful for
changing the selectivity in other studies [29] . However, the addi-
tion of acetonitrile enhanced the separation of sodium, calcium and
magnesium. Different concentrations of acetonitrile were added
to the BGE (data not shown). The addition of 20% acetonitrile to
the acetate/Tris BGE improved the separation signi cantly, without
modifying the migration order.

Therefore, 100mM acetate/Tris BGE, pH 4.5, 20% acetonitrile
(v/v) was selected for the separation of the four cations (Rs>1.5)
(see Fig. 3).

3.1.4. C'D parameters

Different oscillation voltages and oscillation frequencies of the
C*D were tested (data not shown). An oscillation voltage of 40 Vpp
and a frequency of 150 kHz gave the best results with the selected
BGE. The response of potassium, sodium, calcium and magnesium
and lithium as a function of the excitation frequency was studied by
Pavel and Hauser, where a maximal output voltage was observed at
afrequency of 250 or 400 kHz with a BGE of His and acetic acid at pH
2.75 [14] . The difference of BGE did not allow a direct comparison
of the optimal set-up parameters, but, in both cases, the detector
response was enhanced with increasing output frequency.

3.2. Method validation

TPN is produced daily on prescription and the concentration of
the different constituents varies in each case. The validation of the
method could not include all dilutions and compositions possible,
but was based on a worst case situation according to 4 years of TPN
prescription at the HUG (internal unpublished data). In general,
sodium is the most abundant cation in the TPN, while magnesium is
the less concentrated. Calcium and magnesium are present at much
lower concentrations than sodium or potassium and, therefore, the
CS of C&* and Mg 2* were chosen to be half of the concentration of
Na* and K*. First, the response function in the concentration range
of 0.2-4mM for Na * and K* and 0.1-2mM for Ca 2* and Mg 2* was
evaluated with ordinary linear regression using ve concentration
levels (5%, 10%, 25%, 50% and 100%). A linear response function
(r? >0.999) was achieved for all cations in the tested concentra-
tion range. Therefore, a 1-level calibration at 4 mM Na *andK* and
2mM Ca?* and Mg ?* (100%) was chosen for the validation in order
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to shorten the analysis sequence time. The LOD of the method was
estimated at 0.02mM for all cations, while lowest quanti cation
level obtained after dilution of the TPN was at 1 mM for Na *and K*
and 0.5mM for Ca 2* and Mg 2*.

For the VS, reconstituted dosage forms were obtained by a blank
matrix built of glucose, amino acids, heparin and trace elements
in the highest possible concentration, to mimic the highest con-
centrated samples, spiked with sodium, potassium, calcium and
magnesium at usual TPN concentrations. The blank matrix compo-
sition is shown in  Table 2.

The developed method was validated according to ICH guide-
lines following the SFSTP recommendations [24] . Quantitative

performance was estimated in three separate series ( j =3) with the
V1 protocol. This protocol involves one level ( k=1) at the upper
end of the investigated range with two repetitions ( n=2) for CS

and three concentration levels (
for the VS.

The concentrations of VS (25%, 50% and 100% of the target
value) were computed from the analytical response to obtain
trueness, repeatability and intermediate precision. Trueness was
expressed in percent as the ratio between the theoretical and aver-
age measured values at each concentration level. Repeatability and
intermediate precision were expressed as the coef cient of varia-
tion (CV %) of the ratio of the intra-day standard deviation ( s;) and
between-day standard deviation (  sR), respectively, on the theoret-
ical concentrations as described in  [34] . The s; and sy values were
obtained using ANOVA analysis. Asreportedin  Table 3, the trueness
and precision values were in accordance with regular recommen-
dations for the analysis of pharmaceutical formulations over the
tested concentration range. The CV (repeatability and intermedi-
ate precision) was lower than 2%, with trueness between 98.6 and
101.8% for all cations. To visualise the overall method variability,
the accuracy pro le of each cation was built combining trueness
and intermediate precision as the con dence interval [35] . As pre-
sented in Fig. 4, the total error did not exceed the acceptance limits
( 5% for all concentration levels. Consequently, the developed CE-

k =3) with four repetitions ( n=4)

Table 3

Validation results: trueness, repeatability and intermediate precision of the devel-
oped CE-C*D method for the determination of the four cations in a pharmaceutical
formulation.

Intermediate
precision (CV)

Trueness Repeatability (CV)

Theoretical concentration of potassium [mM]

1 100.6% 1.0% 1.3%

2 101.8% 1.2% 1.4%

4 101.6% 1.1% 1.1%
Theoretical concentration of sodium [mM]

1 100.9% 1.2% 1.5%

2 100.9% 1.1% 1.5%

4 99.7% 0.9% 1.2%
Theoretical concentration of calcium [mM]

0.5 100.5% 1.1% 1.1%

1 100.4% 1.3% 1.8%

2 99.0% 0.4% 1.1%
Theoretical concentration of magnesium [mM)]

0.5 99.1% 1.0% 1.2%

1 99.2% 0.8% 1.1%

2 98.6% 0.8% 0.8%

C*D method is validated for determining the four cations over the
tested concentration range.

3.3. Application in the quality control laboratory of the HUG
pharmacy

In order to demonstrate the applicability of the CE-C 4D method
to real samples with different concentrations, quantitation of the
four cations was achieved on several formulations prepared at the
pharmacy of HUG. The concentrations of sodium, potassium, cal-
cium and magnesium were calculated with reference to a central
point, which was replicated twice. All concentrations of the four
cations were found to be in the tolerated concentration of 15% of
the target value (internal xed limits) by CE-C 4D. The results for

Fig. 4. Accuracy pro le of the developed CE-C D method for the determination of sodium, potassium, calcium and magnesium in total parenteral nutrition. The dashed lines

represent the acceptance limits of 5%.



S. Nussbaumer et al. / Journal of Pharmaceutical and Biomedical Analysis 53 (2010) 130+136

Fig. 5. Comparison of the results obtained by the developed CE-C

sodium and potassium were con rmed by ame photometry (IL
243 ame photometer, Instrumentation Laboratory (ltaly)) used as
a reference method at the pharmacy of HUG. The results are shown
in Fig. 5. The two methods were compared with the
samples and were statistically identical for the determination of
sodium and potassium (data not shown).

4. Conclusions

A simple method was developed for the quantitative deter-
mination of potassium, sodium, calcium and magnesium in TPN

solutions by CE-C “D. Under these conditions, even if the tested

compounds did not possess chromophore groups, the developed
method exhibited very good quantitative performance in terms of
accuracy and precision with an analysis time of less than 4 min for
all cations. The results demonstrated that CE-C
useful for the determination of cations in parenteral nutrition for-
mulations and the method was successfully applied in daily quality
control.
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| formulations containing suxamethonium
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1. Introduction

Suxamethonium (SUX) chloride (also known as succinylcholine)
is a medication widely used in emergency medicine and anesthesia
to induce muscle relaxation. It is used to make endotracheal intu-
bation possible and acts as a depolarizing neuromuscular blo cker
[1] . SUX has two quaternary ammonium groups contributing to the
very high polarity of the compound ( Fig. 1). The chemical instabil-
ity of SUX is well known  [2]; it is rapidly hydrolyzed in aqueous
alkaline solution to succinylmonocholine (SMC) and choline, and
further hydrolyzed to choline and succinic acid. The chemic al struc-
tures of these compounds are shown in  Fig. 1. The adsorption on
different surfaces, as well as the stability of SUX and its maj or
hydrolysis product (SMC), was investigated by Tsutsumi et al. [2].An
adsorption of SUX to glassware (not to plasticware) occurre d, and
the suf cient stability of the samples was demonstrated in acidic
conditions and in distilled water.

Several analytical methods were previously reported for the
determination of suxamethonium [1-6] . The lack of a chro-
mophore required other detection techniques in place of direct UV
absorbance. Most of them used HPLC coupled with mass spectrom-
etry (MS) [2,4] or electrochemical detection  [1,3] . The separation of

Corresponding author. Tel.: +41 22 379 63 36; fax: +41 22 379 68 0 8.
E-mail address: jean-luc.veuthey@unige.ch (J.-L. Veuthey).

0731-7085/$ — see front matter © 2008 Elsevier B.V. All rights res erved.
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SUX and its degradation products by HPLC was often insuf cien t,
and analysis times of more than 20 min were needed. Because these
studies did not demonstrate a complete separation between SUX
and its degradation products, a highly selective detector | ike MS
was needed to counterbalance the low resolution of the analytical
separation. Capillary electrophoresis (CE) with indirect UV detec-
tion is an alternative to analyze quaternary ammonium compounds
[7-10] . SUX can be analyzed by CE, since itis a small molecule with a
high polarity. With the CE-indirect UV analysis, it is well known that
peak shapes and sensitivity depend on the relative mobilities of the
analyte and the background electrolyte (BGE) [10] . Thus, in order
to obtain a good detection signal, a BGE with mobility matchi ng
that of the counter-ions is required. The search for a suitable BGE in
indirect optical detection remains a compromise between matching
electrophoretic mobilities, concentrations, maximum absorption
wavelength, molar absorptivity, and charge of the analyte [11] . Gen-
erally, indirect UV can provide an acceptable means of detec tion,
however, with strongly reduced sensitivity [12] . Another approach
to determine SUX was achieved by CE coupled with attenuated
total internal re ectance infrared microspectroscopy (FT -IR) [6].
However, no simple method that suf ciently separated SUX and
its degradation products in a pharmaceutical formulation ha s been
described in the literature.

SUX possesses high conductivity due to the presence of qua-
ternary ammonium groups allowing a conductimetric detection.
During the past few years, contactless conductivity detect ion (CCD)
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Fig. 1. Structures of suxamethonium and degradation products.

has become a good alternative to optical detection techniques in
CE[12] , and a capacitively coupled contactless conductivity detec -
tor (C#D) was developed by Zemann [11,13] . The detector presents
two metal tube electrodes, placed around the capillary. An oscil-
lation frequency between 75 and 300kHz is applied to one of the
electrodes, and a signal is produced when an analyte zone with a dif-
ferent conductivity passes through the retention gap [14] . Inorganic
cations and anions have been successfully analyzed by CE-C 4D, but
the method is also suitable for organic ions such as alkylammo-
nium cations [15] . In comparison with MS, C “D can be considered
a simple and inexpensive detection technique for routine ana ly-
sis.

In this study, a CE-C 4D method was developed and validated
to determine suxamethonium in a formulation and was applied t o]
the quantitation of SUX in commercially available pharmace utical
products (Lysthenon and Succinolin).

2. Experimental
2.1. Chemicals

Succinylcholine chloride dihydrate, choline chloride, pot as-
sium chloride, and Tris(hydroxymethyl)—aminoethane (Tris) were
purchased from Fluka (Buchs, Switzerland). Succinic acid was
purchased from Sigma—Aldrich (Steinheim, Germany). Water and
NaCl (0.9%) used for pharmaceutical preparations were obtai ned
by Bichsel Laboratories (Interlaken, Switzerland). Acetic acid
(glacial, 100%), methanol and acetonitrile were obtained from
Merck (Darmstadt, Germany). Succinylmonocholine was obtain ed
by the degradation of a succinylcholine solution at 10 mgmL 1
in an alkaline solution [2]. Lysthenon (2% and 5%) was pur-
chased from Nycomed Pharma SA (Dibendorf, Germany) and
Succinolin was obtained from Amino AG (Neuenhof, Switzer-
land).

2.2. BGE preparation

Different BGEs (phosphate, citrate, 2-(N-morpholino)
ethanesulfonic acid/histidine, lactate, acetate, at several pH
and ionic strengths) were used for the development of the method.
The nal BGE was a hydro-organic buffer corresponding to a
mixture of an aqueous BGE (100 mM Tris—acetate buffer at pH 4.2)
and acetonitrile (90:10, v/v). The aqueous BGE was prepared by an
adequate dilution of the concentrated acid solution, and a solution
of Tris at 1M was added to adjust the solution to pH 4.2. The
solution was then diluted to the nal volume with distilled water.

The BGE was degassed in an ultrasonic bath for 10 min before
use.

2.3. Instrumentation and capillaries

CE experiments were carried out with an HP  3PCE system
(Agilent Technologies, Waldbronn, Germany) equipped with an
autosampler and a power supply able to deliver up to 30 kV. HP SPCE
was coupled to a TraceDec detector (Innovative Sensor Technolo-
gies GmbH, Strasshof, Austria). The conductivity sensor consisted
of two electrodes separated by a detection gap of 1 mm, positioned
along the capillary by sliding it into the desired position (14.5cm
from the cathode). A CE ChemsStation (Agilent) was used for CE
control and data handling, and a C D Tracemon (Innovative Sen-
sor Technologies) was used for conductivity detector control and
data acquisition. Analyses were performed in uncoated fused sil-
ica (FS) capillaries from BGB Analytik AG (Bockten, Switzerland)
with an internal diameter (i.d.) of 50 mm, an outside diameter
(0.d.) of 375 mm and a total length of 64.5cm (effective length of
50 cm). Capillaries coated with poly(vinyl alcohol) (PVA) from Agi-
lent (Waldbronn, Germany) with 50 mmi.d. and 32.5 cmtotal length
were also tested. All experiments were performed in the cathodic
mode. The capillary was thermostated at 25 C in a high velocity
air stream, and a voltage of 30kV was applied. The generated cur-
rent was between 5 and 50 mA depending on the buffer solution.
Samples were kept at ambient temperature in the autosampler and
injected in the hydrodynamic mode to Il approximately 1% of the
effective capillary length (40 mbar for 10 s). The nal con g uration
of the C*D was set at an output frequency of 75kHz, an output
voltage of 80 Vpp, 50% of gain and an offset of 50. The detector
acquisition corresponded to the CE mode of 19.8 Hz. Before rst
use, FS capillaries were sequentially rinsed with methanol, 0.1 M
NaOH, water, methanol, 0.1 M HCI, water and BGE for 5 min. A volt-
age of 30 kV was then applied for 60 min with the BGE. The TraceDec
was set to run for 1 h before the rst analysis in order to obtain a
constant signal. Prior to each sample injection, the capill ary was
rinsed by pressure (940 mbar) for 3 min with fresh BGE. When not
in use, the capillary was rinsed with water and methanol. As the
electrophoresis process altered the running buffer pH by electroly-
sis and subsequently changed the migration times, the separation
buffer was refreshed every six runs.

2.4. Method validation

A validation was performed to estimate the potential of the
method for the quantitative analysis of suxamethonium in a p har-
maceutical formulation. The validation was based on the guide lines
of the Société Frangaise des Sciences et Techniques Pharmaceu-
tiques (SFSTP) [16] and carried out over three series. Each series
involved the injection of a freshly prepared BGE, two calibration
standards (CS), four validation standards or quality contr ol (QC)
samples at 80%, 100% and 120% each, water and methanol rinsing of
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the capillary, and instrument shut-off. Potassium chlorid ewas used
as the internal standard (IS). The calculations were perform ed using
normalized area (area/migration time) ratios of suxamethonium on

the internal standard.

2.5. Sample preparation

A stock standard solution was prepared by dissolving suxam-
ethonium in water for CS and in 0.9% NacCl for QC in order to obtain
aconcentrationof 10mgmL 1, andwas storedat4 C until use. The
stock standard solution for QC corresponds to a commonly pre-
sented dilution of SUX in the hospital. The IS stock solution was
prepared by dissolving potassium chloride in water at a concen-
tration of 10 mM. For CS and QC, three concentration levels were
prepared at 80%, 100% and 120% of the target value by diluting the
appropriate volume of SUX stock solution in distilled water. Potas-
sium chloride was added as an internal standard to obtain a nal

concentration of 0.4 mM. Sample solutions were stable for mor e
than 2 daysat4 C, and no degradation was observed for the tested
analytes during analysis. To study the separation of SUX and its

degradation products, samples with 10 mg mL 1 of SUX, choline,

succinic acid and SMC were prepared in 0.9% NaCl.
2.6. Application to pharmaceutical products

Suxamethonium was determined in the commercially available
pharmaceutical products Lysthenon  ® (2% and 5%) from Nycomed
Pharma SA (Dibendorf, Germany) and Succinolin  ® (5%) from
Amino AG (Neuenhof, Switzerland). Therefore, the formulat ions
were diluted in distilled water to obtain a nal concentratio n of
0.4mgmL ! of SUX with 0.4mM of the IS corresponding to the
100% STD. The quantitative analysis was repeated ve times ( N=5)
for each formulation.

3. Results and discussion

SUX used in emergency medicine and anesthesia is adminis-
trated as an isotonic formulation. For determining this compo und,
a CE-C*D method was developed and validated.

3.1. Method development

3.11. Buffer selection

The selection of the BGE was based on conductivity detection
of suxamethonium and suf cient selectivity toward degradation
products and sodium. In C “D, the response arises from the differ-
ence in conductivity between the analytes and BGE co-ions. For

obtaining the highest signal-to-noise ratio, the largest po ssible dif-
ference of the conductance of the analyte and electrolyteisre quired.
Nevertheless, CE requires the use of electrolytes with a highe rionic

strength compared to the sample zone in order to take advantag e of
the stacking effect. The compromise consists of using an amp hoteric
or low conductance buffer at high ionic strength [13] . Furthermore,
the BGE requires a pH inferior to 7, in order to avoid the hydroly-
sis of suxamethonium during the analysis [2] . Among the different
tested BGEs, the Tris—acetate buffer presented the best comprom ise
for performing the complete separation of suxamethonium an dits
degradation products. This BGE possesses a low conductivity and
can be used at an ionic strength of 100 mM without generating a
high current (20 mA). The pH range of this system was between 4
and 5, where SUX was stable.

Potassium chloride was chosen as the internal standard becau se

it presents a much higher mobility than the other compounds ( SUX,
SMC, choline and sodium).
As expected with the Tris—acetate buffer, the effective mobi lities

of the compounds were in the following decreasing order: potas -

Fig. 2. Electropherogram obtained for the CE-C  *D analysis of a sample containing
SUX (0.2mgmL 1), choline (0.2mgmL ') and K* (0.4 mM) in an agqueous solution
(presence of Na * at 3mM). BGE: 100 mM Tris—acetate at pH 4.2, acetonitrile (90:10,
viv). All other experimental conditions are described in Sec tion 2.3.

sium, sodium, SUX, choline and SMC. Choline was detected close
to SUX and SMC migrated afterwards, at 6 min. In these conditions,
succinic acid did not interfere with the cation analysis. The other
compounds were detected in less than 4 min as presented in Fig. 2.
3.1.2. Inuence of pH

The BGE conductivity depends mainly on the pH of the solu-
tion. Initial experiments were performed at pH 4.8 in order t o]
work at the highest buffer capacity. However, the BGE conductivity
decreased at lower pH values, while the detection of suxametho-
nium was improved. Acetate/Tris buffer solutions with different pH
were tested in the buffer region, and pH 4.2 was selected since the
signal to noise ratio of SUX was signi cantly enhanced (data no t
shown).

3.1.3. In uence of the buffer concentration

The rst analyses were performed with a buffer concentration
of 20mM to reduce the background conductivity. Nevertheless,
to improve the resolution between sodium and suxamethonium ,
buffer solutions with higher molarities were tested. Investigations
of the effect of Tris—acetate ionic strength on the electroph oretic
mobilities of organic anions showed that ion association and/or

complexation equilibria could occur with this buffer system [17].
The electrophoretic mobility of ions was in uenced by interactions
with buffer components, which can enhance the selectivity in CE

[18,19] . Acetic acid is a weak complexing agent that could inter-
act with cations present in the system such as suxamethonium,
choline, sodium or potassium. In this work, the resolution be tween
sodium and SUX was improved by increasing the buffer concentra-
tion. Therefore, a 100 mM Tris acetate buffer at pH 4.2 was selecte d

and, under these conditions, the generated current was still accept-
able (inferior to 30 mA).
Different oscillation voltages and oscillation frequencie s of the

C*D were tested (data not shown). An oscillation voltage of 80 Vpp
and a frequency of 75kHz gave the best results with the selected
BGE.

The LOD of the method was estimated (  ca.10 mgmL 1) and was
much lower than the target value ( i.e. 200 mgmL 1) obtained after
dilution of the pharmaceutical formulation.

3.1.4. Adsorption on the capillary wall

Asdescribed in the literature, quaternary ammonium groups can
interact with the capillary walls [7,8,20] , and a signi cant adsorp-
tion of SUX to glassware has been reported  [2] .

With the 100mM Tris—acetate buffer at pH 4.2, deterioration
of the SUX peak shape occurred after several runs ( Fig. 3A). The
capillary was ushed with the buffer solution for 5 min, and th en
a voltage of 30kV was applied for 60 min before starting the
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Fig. 3. Electropherograms obtained for the CE-C  *D analysis of a sample containing
K* (0.4 mM) and SUX (0.2mgmL 1) inwater using the BGE (A) 100 mM Tris—acetate
at pH 4.2 and BGE (B) 100 mM Tris—acetate at pH 4.2, acetonitri le (90:10, v/v). All
other experimental conditions are described in Section 2.3.

analysis. This procedure contributed to a constant peak sha pe,
but a tailing was observed and the symmetry was insuf cient
(0.54).

To avoid the adsorption of the compound onto the capillary
wall, different strategies could be applied. The use of higher tem-
peratures or extreme pH values could help to decrease adsorption
[21] , but due to the low stability of suxamethonium, this approac h
was not investigated. In the literature, the use of organic modi ers
in the BGE is often recommended [7,8,20] since they change the
viscosity and the solvation ability of the carrier electrol yte, thus
inducing better peak shapes. As an example, methanol, acetonitrile
and tetrahydrofuran were tested as buffer additives in order to dis-
rupt micelle formation within the sample of cationic surfac tants
(quaternary ammoniums) and to reduce the ability of surfacta nts
to strongly adsorb onto the capillary walls [20] . In our case, the peak
shape of suxamethonium was not in uenced by methanol, intro-
duced in the BGE at 10% and 20% (data not shown). However, 10%
acetonitrile in the BGE gave a better peak shape (symmetry of 1.16),
compatible with a quantitative determination of suxametho nium.
Electropherograms with and without acetonitrile in the BGE are
shown in Fig. 3.

Another approach to reduce adsorption on the capillary wall
was the use of PVA-coated capillaries. These have been used
to overcome adsorption problems of proteins [21] and quater-
nary ammoniums [22] . The peak shape of SUX was improved by
using PVA capillaries and the aqueous acetate/Tris buffer (d ata
not shown). Nevertheless, PVA capillaries are more expensiv e
than ordinary uncoated capillaries. Therefore, the hydro- organic
solution was preferred for further routine analyses of suxameth o-
nium.

3.2. Method validation

The developed method was validated according to the SFSTP rec-
ommendations. Quantitative performance was estimated in thr ee
separate series (j=3) with the V2 protocol [16] . This protocol
involves three concentration levels ( k=3) with two repetitions
(n=2) for calibration standards and three concentration levels
(k =3) with four repetitions ( n =4) for validation or quality control
samples.

Table 1
Validation results: trueness, repeatability and intermediat e precision of the devel-
oped CE-C*D method for the analysis of suxamethonium in a pharmaceutic al
formulation.
Theoretical concentration Trueness Repeatability (CV) Intermediate
of suxamethonium precision (CV)
80% 98.8% 1.1% 1.2%
100% 100.2% 1.3% 1.3%
120% 101.1% 0.6% 1.6%
The calibration curve was obtained for each series with conv en-

tional least-squared linear regression using the three concentration
levels (80%, 100% and 120% of the target value). After establis h-
ing the calibration curves for each series, concentrations of the QC
were computed from the analytical response to obtain truenes S,
repeatability and intermediate precision. Trueness was expr essed
as the ratio between the theoretical and average measured values

at each concentration level. Repeatability and intermedia te pre-
cision were expressed as the coef cient of variation (CV%) of the
ratio of the intra-day standard deviation (s r) and between-day stan-
dard deviation (s R), respectively, on the theoretical concentrations

as described in [23] . The s; and sg values were obtained thanks to
ANOVA analysis. As reported in  Table 1, the trueness and precision
values were in accordance with regular recommendations for t he
analysis of pharmaceutical formulations over the tested con centra-
tion range. The CV (repeatability and intermediate precisio n) was
lower than 2%, with trueness between 98.8% and 101.1%. To visu-
alize the overall method variability, the accuracy pro le was built
combining trueness and intermediate precision as the con dence
interval [24] . Aspresentedin Fig. 4, thetotal error did not exceed the
acceptance limits ( 5%) for all concentration levels. Consequently,
the developed CE-C *D method could be considered accurate for SUX
over the tested range.

3.3. Application to pharmaceutical products

In order to demonstrate the applicability of the CE-C 4D method
toreal samples, quantitation of SUX was achieved on three comme r-
cially available pharmaceutical products: Lysthenon ® (2% and 5%)
from Nycomed Pharma SA (Dubendorf, Germany) and Succinolin ®
(5%) from Amino AG (Neuenhof, Switzerland). The concentration
of SUX was calculated with reference to a calibration curve con-
structed the same day. CS at three concentration levels were
replicated twice, and conventional least-squared linear regres-

Fig. 4. Accuracy pro le of the developed CE-C  “D method for the determination of
suxamethonium in a pharmaceutical formulation using a linear re gression model.
The dashed lines represent the acceptance limits of 95% and 10 ~ 5%.
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sion was applied. Since ve independent analyses ( N=5) were
performed on each pharmaceutical formulation, the result o f the
analysis could be expressed as
r—
cnf(x) DX tys. ing 1)
N

where N is the number of analyses performed during the rou-

tine analysis and X is the mean result. The ty; (student constant
depending on d.f. and set at 5%), s? and sé variance values were
determined during validation with the regular ANOVA-based vari-

ance decomposition [24] . The analysis repetition was useful to
obtain a smaller con dence interval, since most of the variab ility
came from repeatability ( srz). In Lysthenon (2%), a SUX concentration
of 20.2 0.2mgmL ! was determined. Lysthenon (5%) contained
50.0 0.5mgmL ! and Succinolin contained 51.3 0.5mgmL 1 of
SUX. The indicated concentrations of the pharmaceutical pr oducts
were con rmed to be in the authorized speci cations of 5% of the
target value (19-21mgmL ! and 47.5-52.5mgmL 1, respectively)
by the developed CE-C “D method.

4. Conclusions

A simple method was developed for the quantitative deter-
mination of suxamethonium in pharmaceutical formulations by
capillary electrophoresis with a capacitively coupled cont actless
conductivity detector. The developed method exhibited very good
quantitative performance in terms of accuracy and precision with
an analysis time of less than 4 min for SUX and its main degrada-
tion product (choline). The problem of adsorption onto the capillary
wall could be reduced by the addition of acetonitrile. The re sults
demonstrate thatthe CE-C 4D analysis is very useful for the determi-

nation of SUX in commercial products and can be used as a routin e
technique in quality control for compounds possessing quate rnary
ammonium groups.
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ABSTRACT

Study objectives:To increase safety in the use of succinylcholine chloride (SUtgdu
anesthesia, by providing a ready-to-use (RTU) intravenous syringe. This preparatitth sh

be developed and produced according to good manufacturing practices.

Methods: The chemical stability of SUC solution (10mg/mL) in 0.9% sodium chieaisle
determined at 4°C, 25°C, and 40°C by a capillary electrophoresis methatdphbnvisible
particulate matter were measured throughout the study. Sterility testirgjuding endotoxin

analysis was also performed.

Results:The solution stored at 40°C was stable during 40 days. The loss mcpatas less

than 10% after 9 months at 4°C and 25°C. At 9 months, a degradationcpr(mifoline)
appeared in the 25°C samples, and its concentration reached 8.6%.of @ideptak area.

After 1 year, losses in potency at 4°C, 25°C, and 40°C were 19%, 66%, and 79%, respectively.
During the study, the pH diminished from 4403 at the beginning to 3.6, 3.2, and 2.9 after 1

year at 4°C, 25°C, and 40°C, respectively. The sterility and endotoxin testaegate/e in

all cases an@harmacopeiariteria in terms of nonvisible particles were always fulfilled.

Conclusion'RTU syringes of SUC with a 9 month period can be manufactured. DudHto a p
decrease and the appearance of degradation products, we recommend the stordg€.at
However, periods of storage at 25°C can be supported without any reduct the expiry
date. This product will reduce the risk of dilution errors and leadignificant economical

advantages.
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INTRODUCTION

Succinylcholine chloride is an ultrashort acting depolarizing skeletuscle relaxant
indicated as an adjunct to general anesthesia, to facilitate endotrachedation, and to
provide skeletal muscle relaxation during surgery. Succinylcholinecisusésl as the sole
muscle relaxant during electroconvulsive therapy.

The mechanism of action of succinylcholine involves a "persistentbldepation of the
neuromuscular junction. This substance combines with the cholinaegeptors of the
motor end plate mimicking the effect of acetylcholine but withdaging rapidly hydrolyzed
by acetylcholinesterase. Binding to the nicotinic acetylcholine recegisults in opening of
the receptor's nicotinic sodium channel and leads to sodium movemerustive cell. This
results in a disorganized depolarization of the motor end plateciSyicholine causes
profound muscle relaxation resulting in respiratory depressiothéopoint of apnea.

The optimum dose varies among individuals ranging from 0.3 to 1.1 nmgylagl@lts. Onset
of flaccid paralysis is rapid (less than 1 minute after IV administration)),wath single
administration lasts approximately 4 to 6 minutes, a duration sufficiént allow
endotracheal intubation. However, very large doses may result in more getbhlockade.
Succinylcholine is a quaternary amine usually used in its bromide, chloridedide form.
The parenteral formulations are acidic (pH ! 3.5) and should not be mixiéd alkaline
solutions having a pH greater than 8.5.

In a retrospective survey of 896 incidents relating to drug error in anagstipractice
reported to the Australian Incident Monitoring Study, 50.4% were eslato the drug
preparation step [1]. The drugs most commonly involved were neuromuscubakibt
agents and among them succinylcholine was in the first position. &umibre, to be
prepared for the potential need of an emergency intubation, sudcholine is prepared
daily in our anaesthesiology department before each general anaesthesst.d¥ithe time,
this preparation is not used and is discarded implying a consequeamdial loss for the
hospital (approximately 60 syringes representing &ch day). These safety and economic
considerations have stimulated us to think of an improvement satutio

The aim of this study was to develop a ready-to-use (RTU) succimyécbgtinge for use in
general anaesthesia, with a long shelf life and prepared under aseptec good

manufacturing practice (GMP) conditions to improve the safe administratiahis drug.

150



Chapitre 3: Articles Article VI

MATERIAL AND METHODS

Material and chemical products

Polypropylene syringes: KlerpackTM BD/ 3325382 Ref KSY15010 (Shield Meditede, Uni
Kingdom) Tamper-evident caps: TEC 1000 (BBraun, Germany)

Succinylchloride chlorid€h. Eur. (Fagron, France)

Potassium chloride: Ph. Eur. (Hanseler, Switzerland)

Sodium chloride 0.9% solution : (Bichsel, Switzerland)

Tris (trishydroxymethylaminomethane): (Fluka AG, Switzerland)

Acetic acid concentrated: (Fluka AG, Switzerland)

Preparation of syringes for the stability study

An injection solution was prepared containing 0.9% sodium chlorigeatar and 10 mg/mL

of succinylcholine chloride. The solution was sterilized by fitmatMillipore® 20 Millipack
Gamma Gold 0.22n) and 10 mL was transferred into 10 mL polypropylene syringes under a
horizontal laminar-airflow hood in a GMP class B cleanroom. The sgnmgye closed using
tamper-evident caps and stored at either £2 C, 25 2 C, or 40 2 C. The solutions were
analyzed at 8 different time points: immediately after preparation (day 1), &ft&0, 40, 65,

180, 270, and 365 days.

Capillary electrophoresis (CE) analysis

CE instrumentation and conditions

We used a method developed in our laboratory; the article on this nethas been
previously published by Nussbaumer et al. [2]. The CE system was a CE appailns (
Waldbronn, Germany) equipped with a contactless conductivity detectoE-C4D)
(Innovative Sensor Technologies GmbH, Strasshof, Austria). A CE ChemStation (Agilent) was
used for CE control and data handling, and a C4DTracemon (Innovative Sensotolges)
was used for conductivity detector control and data acquisition.

Separations were performed in a fused silica capillary from BGB AnalytilB@u&ten,
Switzerland) with an inner diameter of 50 um and a total lendtb45 cm (distance to C4D
detector: 50 cm). Experiments were carried out in cationic mode (i.e.@abthe inlet and

cathode at the outlet) by applying a constant voltage of 30 kV waithinitial ramping of
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1 kV/s. The capillary was maintained at 25°C, samples were injected byrpré&8unbar
for 10 seconds)and conductivity detection was recordedhe background electrolyte
solution was a 100 mM Tris-acetate buffer set at pH 4.2 and acetor(®de.0, v/v). The
presence of acetonitrile in the background electrolyte (BGE) allowed dactien of
succinylcholine adsorption on the capillary wall. Before initiaé,uthe capillary was
sequentially washed with methanol, 0.1 M NaOH, water, methanol, 0.1 M HCI, water an
BGE for 5 minutes each. Between analyses, the capillary was flushed witbrBBGHiriutes.
Under these conditions, a complete separation between succinylcholinéJreoi@dns, and
the main degradation product (choline) was achieved in less than 4 minTites CE-D
method was validated, and trueness values between 98.8% and 101.1% wereedbiaih
repeatability and intermediate precision values of -l73% and 1.21.6%, respectively.
Therefore, this method was found appropriate for pharmaceuticainfidations containing

suxamethonium and degradation products.

Validation of the CE method
The CE method was validated according to the French Society of Pharmalc8aignice and
Technology (SFSTP) guidelines [3]. Details about the validation arsticsthinalysis were

described in the publication of Nussbaumer ef2).

Stability-indicating method

To study the separation of succinylcholine and its degradatiordymts, samples with
succinylcholine and the main degradation products (choline,isyleonocholine, succinic
acid) were prepared in NaCl 0.9%. With the used method, these compadiddsot

interfere with the succinylcholine analysis [2].

Sample preparation during the stability study

Stock solutions containing 10 mg/mL of succinylcholine hydrodeloand 10 mg/mL of
potassium chloride (internal standard (IS)) were prepared using distvater. Standard
samples were prepared by diluting the stock solutions in distilledewto obtain a
succinylcholine concentration ranging from 160 to 240 pg/amd a potassium chloride
concentration of 400 pg/mLThe 10 mg/mL succinylcholine hydrochloride assay solution

(syringe) was diluted in distilled water to obtain a final concemrabf 200 pug/mLAs with
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the calibration samples, potassium chloride was added to the assay solut@am iasernal

standard (final concentration of IS = 400 pg/mL).

Sterility testing

The tests were performed using a method developed and validated by alityqgontrol
laboratory [4]. Three syringes stored at each of the three temperatures4(iz2°C, 25 +
2°C, and 40 * 2°C) were tested for sterility on days 1, 4, 10, 40, 65, 180, 27@&%adaly3.

Endotoxin (LAL) detection
The tests were performed using the method provided in th& Pharmacopeir endotoxin
detection [5]. Three syringes at each of the three storage temperatures vested for

endotoxin content at the eight different time intervals (see Steriiggting).

pH determination
The pH of three syringes stored at each of the three differentgeratures was measured at
each time interval with a glass electrode pH meter (Metrohm model @9é&risau,

Switzerland). Before each measurement, the pH meter was calibrated at ptdd02.00.

Nonvisible particulate matter

A HIAC Royco counter (SKAN, Allschwil, Switzerland) with a HRLD-50nsahgler (serial
no. 95080045) was used for the particle count determination. Three were carried out,
and particle counts were performed at each time interval on 10 mL sanopiesned from
syringes maintained at the three storage temperatureS Pharmacopeiatandards on

particulate matter contamination were applied to assess tested samples [6].

RESULTS

Figure 1 depicts a typical electropherogram of RTU succinylcholiokdehsolution made of
10mg/mL in 0.9% NaCl after 12 months at 4°C with the three main peat@ngacholine

chloride, potassium chloride (IS), and natrium chloride.
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Figure 1.Typical electropherogram of succinylcholine chloride (succinylcholine chloride sdOtiagymL in
0.9% NacCl after 12 months at 4°C)

The solutions were considered stable if the drug levels remaindaehithan 90% of the
original concentration at the time of preparation. The solutioarstl at 40°C was stable for
40 days, whereas the concentration of those kept at 4°C and 25°C remainedl86\fer 9

months (Figure 2).
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Figure 2.Stability of succinylcholine chloride 10mg/mL in NaCl 0.9% in polypropylene syringgsefard of

12 months at three temperatures.

154



Chapitre 3: Articles Article VI

During the first 6 months, only the succinylcholine chlorigdelkpwas detectable on the
electropherograms of the syringes stored at 25°C and 4°C. At 9 months, a degrada
product (choline) appeared in the 25°C samples (Figure 3), and its coatemntreached
8.6% of the total peak area. After 1 year, losses in potency at 4°C, 25°@)°&dere 21%,
34%, and 81%, respectively.

mvV Na+
80

70 ]

60 ]

Succinylcholine

50 1]
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10
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Figure 3.Succinylcholine chloride electropherogram with degradation product Choline peak (sucdingicho

chloride solution 10mg/mL in 0.9% NacCl after 9 months at 25°C)

The pH diminished slightly during the study from-4.@3 at the beginning to 3.6, 3.2, and 2.9
after 1 year at 4°C, 25°C, and 40°C, respectively (Figure 4). The sterility and enthstsxi
were found to be negative in all cases. The admixture remained clear withisikile
particulate matter throughout the study period. Furthermore, all tested syrinfydfilled US

Pharmacopeiariteria in terms of nonvisible particles.
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Figure 2.pH of succinylcholine chloride 10mg/mL in NaCl 0.9% in polypropylene syringe®fimdagh 12

months at three temperatures

DISCUSSION

The objective in developing a RTU succinylcholine syringe was to ensubeghpossible
safety for the patient. As already emphasized in a previous article published RTU
ketamine syringes [7], the RTU succinylcholine syringe contributes to the saf®io ways.
Firstly, because of manufacturing in aseptic conditions accordingeocGhP, the risk of
microbiological contamination is reduced. Secondly, RTU succinylclsytimges prevent
dilution errors during preparation, which was our primary motivationdesigning this new
preparation. This is of significant importance, because the global err@ f@at drug
preparation in anaesthesiology was measured to be 5% [8].

Our development contributes to an improvement of patient safety by cauy errors in
succinylcholine preparation. This industrial production method hasven to be very safe
and no incidents have been declared after the use of nearly 72, 000 RTgkesyf@ontaining

atropine, phenylephrine, ephedrine, insuline, isoprenaline, ketamingamicomycine) over

the last 6 years in our hospitdturthermore, as RTU succinylcholine syringes are prepared

by the hospital pharmacy, this allows for the production of standad labels and

packaging. A standardized coloured labelling scheme (in agreemeht imtigrnational
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standards) and a standardized packaging of sealed boxes may both increaseetiieandf
quality of this drug.

As for other RTU injectable products, it is of interest to have thgdst possible shelf life,
especially for succinylcholine, to optimize the production, di&ribution, and the storage
processes. With this objective, we carried out a long-term stability studlytha results
showed that the succinylcholine chloride solution remainbdmically stable for 9 months,
under refrigerated conditions (4°C) and at ambient temperature (25°C). Teists
methylene blue were carried out on the syringes used in this study,tl@ results show
that these devices are totally impervious. This validates that the symlugage is not
influenced by water evaporation and thus the chemical analysis dtiieg year period are
accurate and exact.

Previously published stability studies involving succinylcholiteide in solution have been
carried out. For 20 and 50 mg/mL succinylcholine solutions at room temperad recent
study has found a stability duration of up to 8.3 and 4.8 monthspectively [910]. A
stability study of a 10mg/mL succinylcholine preparation compoundedvials with
preservative [9] showed a stability for up to 5 months at room temperature at least for 2
years at 4°C. In this study, succinylcholine solution protected fromhdiglxposure to light
had no significant differences in stability. SuccinylclolRTU solution prepared in this
hospital pharmacy is however protected from light in a sealed cardbloaxd

All these data are coherent with our results that bring new infororaton the stability of
this active ingredient in syringes at three different temperatures. Our ystpdovides
actualized data, using capillary electrophoresis, a method suitable to simplyragmdly
analyze pharmaceutical formulations in hospitals [11]. With this teghmithe analysis time
could be reduced by a factor of two to three in comparison weinventional techniques as
HPLC. Moreover, it could represent a significant improvement not fmrlyeconomical
reasons (expensive LC columns are substituted by cheaper fused-silica capilarialsp
for ecological reasons (low consumption of organic solvents).

According to the Boehm et al. study [12], the pH range at which anmmadgtability of
succinylcholine is obtained is between 3.75 and 4.5 for unbuffeaddtion. At this pH range,
succinylcholine degradation is independent of hydrolysis rate (zederdinetics). In our
study, the pH are maintained (Figure 4) in the range of-3l.Bup to 30 days at 25°C and

up to 9 months at 4°C. As a precaution, we recommend storing succihg&RrU at 4°C to
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minimize the degradation occurring during long-term storage of solutidhss decision is
reinforced by the appearance of a degradation product in significantusutsoat 9 months at
25°C. However, succinylcholine concentrations remained over 90% afteméhs at 25°C
and we concluded that short storage at ambient temperature during opematidl not
affect the shelf-life of the 9-month syringes. We recommend storingnatfa@ unused
syringes in the refrigerator.

From an economic standpoint, RTU succinylcholine syringes are profitablerée main
reasons. First, succinylcholine is always prepared before a general anaesttsstnof
the syringes are discarded at the end of the operation. Unused RTU synniipes ioriginal
unopened carton boxes can be returned to stock and made availabletier patients. This
reduces costs because of wastage and we estimated the saving to 20’000 sy2ages0 §

per year in our hospital.

Second, as RTU succinylcholine syringes decrease the risk of error, wéypatllesize
indirect savings consecutive to a reduction of mistakes. This may especiattpdntaint for
drugs similar to succinylcholine, because a potential overdose may stroaghess vital
organs, which would require expensive procedures, such as resuscitation ire@asive care
unit.

Third, it is obvious that the time the anaesthetist staff previgusgpends in succinylcholine
syringe preparation before anaesthesia can be saved for other activities allovdirgct

cost savings.

CONCLUSION

Ready-to-use succinylcholine 10 mg/mL syringes supplied by thetdlopparmacy and
stored in the anaesthesiology unit were found to be stable at&3i€ at room temperature
for 9 months with no significant loss in potency. Due to a moreketwmpH decrease in
solutions stored at higher temperature and the appearance of degradatroduygts, we
recommend by precaution to store the syringes at 4°C. However, periodtoge at
ambient temperature can be supported without any reduction of éxpiry date.

The long shelf life of these preparations are compatible with an effigeaduction of
batches and the availability of pre-filled syringes of highly adtipgetable drugs should be
encouraged in hospitals as part of a global strategy to improve tledysaf drugs use.

158



Chapitre 3: Articles Article VI

REFERENCES

1.

N

10.

11.

12.

Abeysekera, A., et aDyug error in anaesthetic practice: a review of 896 reports from
the Australian Incident Monitoring Study databagaaesthesia, 200%0(3): p. 220-

7.

Nussbaumer, S., et alDetermination of suxamethonium in a pharmaceutical
formulation by capillary electrophoresis with contactless cetigity detection (CE-
C(4)D)J Pharm Biomed Anal, 20@9(2): p. 333-7.

CAPORAL-GAUTIER J, etGalide to analytical validation. Report of an SFSTP
commission.ll. Examples of applicati®T.P pharma pratiques 192%4). p. 227-239.

Ing H, et all.e contrble de la stérilité d'une solution peut-il étre simple et peu colteux
?.Le Pharmacien Hospitalier 20@3: p. 155-160.

Pharmacopeia, U.SChapters <85> Bacterial endotoxins t&st).S.P.t.N. 27, Editor.
2009, United Book Press: Rockuville.

Pharmacopeia, U.SChapter <788> Particulate matter in injectioinsThe United
States Pharmacopeia 32th NF. 2D09, United Book Press: Rockville. p. 310-12.
Stucki, C., et alDevelopment of ready-to-use ketamine hydrochloride syringes for
safe use in post-operative pailBJHP Science, 2008(1): p. 14-18.

Garnerin P, et alMeasuring human-error probabilities in drug preparation: atpil
simulation studyEur J Clin Pharmacol, 2063(8): p. 769-76.

Schmutz, C.W. and S.F. Muhleb&thbility of succinylcholine chloride injectigim J
Hosp Pharm, 199438(3): p. 501-6.

Adnet, F., et alStability of succinylcholine solutions stored at room temperature
studied by nuclear magnetic resonance spectroscipyerg Med J, 20024(3): p.
168-9.

Fleury-Souverain, S., et alse of capillary electrophoresis coupled to UV detection
for a simple and rapid analysis of pharmaceutical formulationa quality control
laboratory in a hospital pharmac¥JHP Science, 20098(3 ): p. 53-60.

Boehm, J.J., D.M. Dutton, and R.l. Pdaisglf life of unrefrigerated succinylcholine
chloride injectionAm J Hosp Pharm, 1984L(2): p. 300-2.

159



Chapitre 3: Articles Article VI

160



Chapitre 3: Articles Article VII

Article VII

Quality control of pharmaceutical formulations containing
cisplatin, carboplatin, and oxaliplatin by micellar and
microemulsion electrokinetic chromatography (MEKC,
MEEKC)

Journal of Pharmaceutical and Biomedical Analysis 55 (2011)
253-258

161



Journal of Pharmaceutical and Biomedical Analysis 55 (2011) 253-258

Contents lists available at ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis

journal homepage:

www.elsevier.com/locate/jpba

Quality control of pharmaceutical formulations containing cisplatin, carboplatin,
and oxaliplatin by micellar and microemulsion electrokinetic chromatography

(MEKC, MEEKC)

Susanne Nussbaumer 2P, Sandrine Fleury-Souverain % |, Julie Schappler °, Serge Rudaz®,

Jean-Luc Veuthey P, Pascal Bonnabry %P

a Geneva University Hospitals (HUG), Pharmacy, Rue Gabrielle-Perret-Gentil 4, 1211 Geneva 14, Switzerland
b School of Pharmaceutical Sciences — EPGL, University of Geneva, University of Lausanne, 20 Bd d’Yvoy, 1211 Geneva 4, Switzerland

article info abstract

Article history:

Received 9 November 2010

Received in revised form 20 January 2011
Accepted 20 January 2011

Available online 28 January 2011

Keywords:

A micellar electrokinetic chromatography (MEKC) method was developed for the determination of cis-
platin, carboplatin, and oxaliplatin in pharmaceutical formulations. The background electrolyte consisted

of a phosphate buffer (pH 7.0; 25 mM) with sodium dodecyl! sulfate (80 mM). The applied voltage was
30kV and the sample injection was performed in the hydrodynamic mode. All analyses were carried out
in a fused silica capillary with an internal diameter of 50
target compounds was performed at 200 nm. Under these conditions, a complete separation of cisplatin,

mm and a total length of 64.5 cm. The detection of

Anticancer drugs

Capillary electrophoresis

Platinum drugs

Micellar electrokinetic chromatography
(MEKC)

carboplatin and oxaliplatin was achieved in less than 10 min. The MEKC-UV method was validated and
trueness values between 99.7% and 100.8% were obtained with repeatability and intermediate precision
values of 0.7-1.4% and 1.1-1.7%, respectively for the three drugs. This method was found appropriate
for controlling pharmaceutical formulations containing platinum complexes and successfully applied in
quality control at the Geneva University Hospitals.

Quality control
Validation

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Platinum complexes belong to the most widely used drugs in
cancer chemotherapy treatment and possess a pronounced activity
in different cancer types by binding to the DNA and modify-
ing its structure. Cisplatin, carboplatin, and oxaliplatin are the
most important worldwide clinically approved platinum com-
pounds ( Fig. 1). Cisplatin was the rst used platinum complex
with a pronounced activity in testicular and ovarian cancers. The
related analogs, carboplatin and oxaliplatin, were developed later
to reduce the problematic side effects of cisplatin (nephrotoxicity,
ototoxicity, peripheral neuropathy, etc.). Carboplatin is used in the
treatment of advanced ovarian cancer and lung cancer, while oxali-
platin is licensed for the treatment of metastatic colorectal cancer
in combination with uorouracil and folinic acid [1].

Despite the use of platinum compounds for several decades,
there are only few published analytical methods. As reported
in the review by Espinosa Bosch et al., different techniques
were developed for the determination of cisplatin, such as
derivative spectrophotometry, phosphorescence, atomic absorp-
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E-mail address: sandrine. eury.souverain@hcuge.ch  (S. Fleury-Souverain).
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tion spectrometry, gas chromatography, capillary electrophoresis
(CE) and high performance liquid chromatography (HPLC)
coupled with different detectors (UV-vis, electrochemical, induc-
tively coupled plasma—atomic emission spectrometry, inductively
coupled plasma—mass spectrometry (ICP—MS) or electrospray
ionization—mass spectrometry) [2] . Regarding carboplatin and
oxaliplatin, no speci c reviews about analytical methods have been
published to the author’s knowledge. Most common techniques for
these compounds are HPLC or CE coupled to UV-vis or MS detec-
tion. During the last years, ICP-MS has become very popular for the
determination of the three platinum compounds in environmental,
biological, and clinical samples  [2] .

According to Hartinger et al., CE has emerged as the method
of choice for the separation of intact platinum metal complexes
and their metabolites due to its high ef ciency, versatility and gen-
tle separation conditions for metal complexes [3-5] . Analysis of
anticancer drugs by CE appears to be very interesting due to the
toxicity of these compounds, because the separation is performed
in a closed system and the waste volume is on the mL range.

The three tested platinum drugs are non-charged coordination
complexes. Therefore, simple CZE is not adapted for resolving these
compounds and other separation techniques are necessary, such as
micellar electrokinetic chromatography (MEKC) or microemulsion
electrokinetic chromatography (MEEKC). In MEKC, an ionic surfac-
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tant, generally sodium dodecyl sulfate (SDS), is added to the BGE

at a higher concentration than its critical micelle concentration

and micelles act as pseudo-stationary phase allowing solute par-

tition simultaneously to electrophoretic process [6] . MEEKC has a
similar operating principle except that a microemulsion (ME) is

used. As reported in several studies, MEEKC may present advan-
tages over MEKC such as enhanced solubilization power and an
enlarged migration window  [7,8].

The main publications dedicated to the analysis of platinum
drugs with MEKC or MEEKC were developed for biological stud-
ies, such as clinical sample analysis [9], drug—protein [10-14] and
drug—DNA (or nucleotides) binding studies [15-19] or for chemical
studies [20,21] . Usually, UV spectrophotometry was used for the
detection of platinum drugs with MEKC or MEEKC even if ICP-MS
was also reported to enhance selectivity and sensitivity [22] .

For quality control of pharmaceutical formulations, UV detec-
tion was found suf cient in terms of sensitivity because the limit of
quanti cation of platinum compounds was inferior to their concen-
tration in drug products. To our knowledge, only one MEKC method
has been reported in the literature for quality control of platinum
formulations and no complete validation was performed [23].

Atthe pharmacy of the Geneva University Hospitals (HUG), more
than 20% of prepared chemotherapies are platinum formulations
(including cisplatin, carboplatin, and oxaliplatin). The role of the
hospital pharmacy is to dilute or dissolve commercially available
pharmaceutical formulations in appropriate conditions to ensure
the protection of nurses and the sterility of the injectable solution.
For the quality control of such reconstituted formulations, a method
for the determination of these compounds is necessary.

The objective of this study was to develop and validate a simple
MEEKC or MEKC-UV method to determine cisplatin, carboplatin,
and oxaliplatin in pharmaceutical formulations and to apply it in
quality control.

2. Experimental
2.1. Chemicals

The study was performed with the following commercially
available cytotoxic drugs (see  Fig. 1): Cisplatin Ebewe ® 1mgmL 1!
was purchased from Sandoz Pharmaceuticals SA (Steinhausen,
Switzerland) and Carboplatin Teva ® 10mgmL ! from Teva Pharma
AG (Aesch, Switzerland). Eloxatin  ® (containing oxaliplatin, 50 mg)
was obtained from Sano -Aventis (Meyrin, Switzerland) and
reconstituted with glucose 5% from Sintetica-Bioren SA (Couvet,
Switzerland) to obtain a nal concentration of 5mg mL 1

Caffeine citrate used as internal standard (IS) was purchased
from Fagron GmbH (Barsbdttel, Germany).

Concentrated phosphoric acid and NaOH 1M were obtained
from Merck (Darmstadt, Germany), sodium dodecyl sulfate (SDS)
from Fluka (Buchs, Switzerland) and ultra-pure water was supplied
by a Milli-Q Plus unit from Millipore (Bedford, MA, USA). n-heptane
was purchased from Merck (Darmstadt, Germany), n-octane and

Fig. 1. Structures of cisplatin, carboplatin and oxaliplatin.

n-butanol from Fluka (Buchs, Switzerland). Ceo x ® kit was from
Analis (Suarlée, Belgium).

Water for injection and NaCl 0.9% used in the preparation of
pharmaceutical formulations were obtained by Bichsel laboratories
(Interlaken, Switzerland) and glucose 5% was from Sintetica-Bioren

SA (Couvet, Switzerland).

2.2. BGE preparation

For MEEKC, different microemulsions (ME) were prepared from
a 20 mM phosphate buffer setat pH 2.0, 7.0 and 10 mM borate buffer
set at pH 9.0. Different ratios of SDS, n-butanol and n-octane or n-
heptane were tested: 6.6% (w/v) n-butanol, 3.3% (w/v) SDS, and
0.78% (w/v) n-heptane; 7.3% (w/v) n-butanol, 2.3% (w/v) SDS, and
0.82% (w/v) n-octane; 6.6% (w/v); n-butanol, 3.3% (w/v) SDS, and
0.78% (w/v) n-octane. SDS was partially dissolved in approximately
80% of the buffer before adding n-butanol and n-heptane. The mix-
ture was then carefully shaken until SDS was completely dissolved,
and the remaining buffer added. The solution was left to stand for
1h at room temperature. Before use, the ME was Itered through a
0.45 mm micro lter (BGB Analytik, Béckten, Switzerland). The ME
was stored at room temperature and remained stable for at least
one week.

For MEKC, different BGEs were tested: borate (pH 9.2; 50 mM)
with SDS (80 mM); acetate (pH 4.75; 50 mM) with SDS (80 mM),
phosphate (pH 7.0) with different buffer concentration (10, 25 and
50 mM) and SDS concentration (30, 60 and 80 mM). The nal com-
position consisted of 25 mM phosphate at pH 7.0 with 80 mM SDS.
The aqueous BGE was prepared by an adequate dilution of the con-
centrated acidic solution, and a volume of NaOH 1 M was added to
adjust the solution at pH 7.0. The solution was then diluted to the
nal volume with water and SDS dissolved to obtain a nal con-
centration of 80 mM. The BGE was degassed in an ultrasonic bath
for 10 min before use.

2.3. Instrumentation

CE experiments were carried out with an HP  SPCE system
(Agilent Technologies, Waldbronn, Germany) equipped with a
diode-array detector, an autosampler and a power supply able to
deliver up to 30kV. A CE ChemStation (Agilent) was used for CE
control, data acquisition and data handling.

Analyses were performed in uncoated fused silica (FS) capillar-
ies from BGB Analytik AG (Bockten, Switzerland) with an internal
diameter (i.d.) of 50 mm, an outside diameter (0.d.) of 375 mm and
a total length of 64.5 cm (effective length of 56.5 cm).

The capillary was thermostated at 25 C in a high velocity air
stream and a voltage of 30kV was applied in the positive mode.
The generated currentwas between20and 70 mA depending on the
BGE. Samples were kept atambient temperature in the autosampler
and injected in the hydrodynamic mode to Il approximately 1% of
the effective capillary length (40 mbar for 10s). The detection was
achieved at 200 nm with a band width of 10 nm and aresponse time
of 0.1s.

Before rst use, FS capillaries were sequentially rinsed with
methanol, 0.1 M NaOH, water, methanol, 0.1 M HCI, water and BGE
for 5min. Prior to each sample injection, the capillary was rinsed
by pressure (940 mbar) for 3min with fresh BGE ensuring good
repeatability of migration times. When not in use, the capillary was
washed with water and methanol. As the electrophoresis process
altered the running buffer pH by electrolysis, the separation buffer
was refreshed every six runs at the inlet and outlet vials.

For MEEKC performed at pH 2, the capillary was coated with
Ceo x ® according to the publication of Henchoz et al. [24] to ensure
a high EOF at low pH. Before an analytical series, several wash-
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Fig. 2. Electropherogram obtained for the MEEKC-UV analysis of standard samples containing cisplatin, carboplatin, and oxaliplatin at 0.5 mg mL

I20 min

1 in an aqueous solution.

BGE: 20 mM phosphate at pH 7.0 with 6.6% (w/v) n-butanol, 3.3% (w/v) SDS, and 0.78% (w/v) n-heptane. Voltage: 20 kV. All other experimental conditions are described in

Section 2.3.

ing steps (1 bar) were carried out: water (1 min), Ceo x ® jnitiator
(1min), Ceo x ® accelerator (1 min), BGE (5 min), and then the sep-
aration voltage (20 kV) was applied for 5 min. Prior to each sample
injection (preconditioning step), the capillary was rinsed (1 bar)

with BGE for 3 min. No postconditioning was performed.

2.4. Method validation

Avalidation was performed to estimate quantitative parameters
of the method for the analysis of cisplatin, carboplatin, and oxali-
platin in pharmaceutical formulations. The validation was based
on ICH guidelines following the recommendations of the Société
Frang aise des Sciences et Techniques Pharmaceutiques (SFSTP)
[25] . Quantitative performance was estimated in three separate
series (j=3) with the V2 protocol. This protocol involves three
concentration levels ( k=3) with two repetitions ( n=2) for cali-
bration standards (CS) and three concentration levels ( k =3) with
four repetitions ( n=4) for validation standards (VS). Each series
involved the injection of a freshly prepared BGE, complete wash-
ing of the capillary with water and methanol, and instrument
shut-off. Caffeine citrate was used as internal standard (IS). Cal-
culations were performed using normalized area (area/migration
time) ratios of the three platinum drugs on the internal stan-
dard.

2.5. Sample preparation

All solutions were prepared in appropriate conditions for han-
dling hazardous compounds as cytotoxic agents. Moreover, the
development of the method was performed with drug specialities
to avoid direct contact of the operator to cytotoxic powder and
to minimize contamination risk by preparing working solutions.
For the validation, standard solutions of cisplatin and oxaliplatin
were compared with pharmacopeia reference standards and no
difference between the electropherograms was observed (data not
shown). Therefore, the validation was also performed with drug
specialities.

CS and VS were independently prepared for each platinum com-
pound. For stability reasons and to avoid drug interactions, the
three platinum complexes were separately analysed. Cisplatin was
preparedin NaCl 0.9% to avoid hydrolysis, while carboplatin is mod-

i ed to cisplatin in presence of chloride. The IS stock solution was
prepared by dissolving caffeine citrate in ultra-pure water at a con-
centration of .0mgmL 1. CS and VS were stable for at least three
days at25 C and no degradation was observed during the analysis.

2.5.1. Calibration standard

For CS, three concentration levels at 0.05, 0.5, and 1 mgmL 1

of cisplatin, carboplatin, and oxaliplatin were prepared by diluting
the appropriate volume of drug specialities in water. 50 mL of caf-

feine citrate at ImgmL ! (IS) was added to 500 mL of the prepared

solutions.

2.5.2. Validation standard
For VS, three concentration levels at 0.05, 0.5, and 1 mgmL
of cisplatin, carboplatin, and oxaliplatin were prepared by diluting
the appropriate volume of drug specialities in NaCl 0.9% for cisplatin
and glucose 5% for carboplatin and oxaliplatin. 50 mL of caffeine cit-
rateatImgmL ! (IS) was added to 500 mL of the prepared sample.

1

2.6. Application to pharmaceutical formulations

Cisplatin, carboplatin, and oxaliplatin were determined in phar-
maceutical formulations prepared by the HUG pharmacy. The
formulations were diluted in distilled water to obtain a nal con-
centration between 0.05and 1 mg mL 1 of the platinum compound.
Quantitative analyses were repeated in duplicate for each formu-
lation.

3. Results and discussion
3.1. Method development

3.1.1. Microemulsion electrokinetic chromatography (MEEKC)

To ensure the identity of the platinum compound in formula-
tions, separation of the three drugs was mandatory. Different MEs
were tested: 20 mM phosphate at pH 2.0 and pH 7.0, 20 mM borate
at pH 9.0, with different ratios of SDS, n-butanol, n-octane and n-
heptane, respectively. Among the tested experimental conditions,
best separation of the three platinum compounds was obtained
with a phosphate ME at 20mM and pH 7.0, 6.6% (w/v) n-butanol,
3.3% (w/v) SDS, and 0.78% (w/v) n-heptane and an applied voltage
of 20kV ( Fig. 2). Analysis time was long (20 min), but high resolu-
tion between the three compounds (>7) and good ef ciency was
obtained ( N >70,000). With the phosphate ME at pH 2.0, resolution
between cisplatin and carboplatin was lower (Rs 2) and analysis
time was inferior to 10 min for all compounds due to Ceo x ® coat-
ing. Similar ef ciency was obtained for all compounds ( N>70,000).
With the borate ME at pH 9.0, also good separation was obtained,
but a better stability of platinum complexes was observed at lower
pH [4] . The tested ratios of SDS, n-heptane, n-octane and n-butanol
did not in uence the separation signi cantly (data not shown).

For oxaliplatin, two peaks were observed in all selected con-
ditions. The experiments were performed with the commercially
available Eloxatin and the second peak was supposed to be an addi-
tive or impurity present in the formulation. Therefore, the analysis
was repeated with a Pharmacopeia Reference Standard of oxali-
platin and with the Pharmacopeia Impurities A, B, C and D. The
same electropherogram was obtained with the Reference Standard
as with Eloxatin. Impurity A was not detected in the separation
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Fig. 3. Electropherograms obtained for the MEKC-UV analysis of a standard sample containing cisplatin, carboplatin, and oxaliplatin at 0.5 mg mL

1 with caffeine (IS) at

0.1mgmL ! in an aqueous solution. BGE: 25 mM phosphate at pH 7.0 with SDS 80 mM. All other experimental conditions are described in Section 2.3.

window. Impurities B and C were completely separated from oxali-
platin and did not migrate with the unknown peak. No resolution
between oxaliplatin and the Impurity D, corresponding to the S-S
enantiomer, was observed (data not shown). Thus, these experi-
ments demonstrated that the second peak observed for oxaliplatin
was not due to impurities or additives present in the formulation.

To exclude a degradation of oxaliplatin due to the separation
conditions (20kV, 25 C), instrument parameters were modi ed
and different conditions of voltage (15kV and 30kV) and temper-
ature (15 C and 35 C) were applied. However, no difference was
obtained for the second peak of oxaliplatin (data not shown). MEs
were also prepared with solvents from different origins, to exclude
a reaction between oxaliplatin and an impurity in the BGE system.
With all tested MEs, both peaks for oxaliplatin were observed.

Some hypotheses found in the literature could explain this
behavior. Oxaliplatin possesses a 1,2-diaminocyclohexane (DACH)
carrier ligand and according to Tyagi et al. [26] , several con-
formers coexist at room temperature, which might explain the
presence of a second peak for oxaliplatin with MEEKC. Another
study reported intramolecular transformations of platinum com-
plexes with aminoalcohol ligand and the possibility of separating
singly ring-opened and doubly ring-opened species. This appar-
ently takes place due to the shifting of the equilibrium toward the
ring-opened species induced by adduct formation between SDS and
the platinum complex [27] . But to our knowledge, this behavior
has never been reported for oxaliplatin. Moreover, in the following
experiments with MEKC, only one peak was observed for oxali-
platin.

Another problem of the MEEKC method might be the quanti -
cation of platinum drugs in very low concentrated formulations,
especially for preparations containing cisplatin, because of insuf -
cient sensitivity. Given the presence of two peaks for the analysis
of oxaliplatin and the limited sensitivity, an alternative strategy
based on MEKC was investigated to perform the quality control of
platinum drugs in hospital formulations.

3.1.2. Micellar electrokinetic chromatography (MEKC)

Different BGEs were tested including borate, phosphate and
acetate buffer at different concentrations, pH and SDS concen-
trations. At increased pH value, platinum complexes can be
hydrolyzed [4] and therefore, the borate BGE (pH 9.2) was excluded.
However, with acetate BGE (pH 4.5) cisplatin was co-migrating
with the EOF. Finally, a phosphate buffer (pH 7.0) was chosen as
compromise and no degradation was observed during the analysis.

The rstanalyses were performed with a buffer concentration of
10 mM. Nevertheless, to improve the resolution between cisplatin,
carboplatin, oxaliplatin and EOF, buffer solutions with different

molarities (25, 50 mM) and different SDS concentrations (30, 60,
80 mM) were studied. Among the tested BGES, best separation was
obtained with 25 mM phosphate and 80 mM SDS. Analysis time was
inferior to 10 min and acceptable resolution (Rs >4) and ef ciency
(N 70,000) was obtained for all compounds. Under these condi-
tions the generated current was still acceptable ( 50 mA). With
higher SDS amount, the generated current was too high and capil-
lary breakdown was observed.

The separation between the three platinum drugs was also stud-
ied in presence of 5, 10 and 20% of acetonitrile. As reported, solvent
modi ed MEKC could sometimes achieve better separation condi-
tions [28,29] . For oxaliplatin, the migration time decreased with
increased ACN concentration. But the resolution between cisplatin
and carboplatin was also lowered with ACN (data not shown).
Therefore, a purely aqueous phosphate BGE (pH 7.0; 25 mM) con-
taining 80 mM of SDS was selected ( Fig. 3).

Comparing to MEEKC, the selected MEKC method presented
similar ef ciency and shorter analysis time. Moreover, better sen-
sitivity allowed the analysis of low concentrated formulations.
Therefore, the MEKC method was selected for quality control of
pharmaceutical formulation and a complete validation was per-
formed.

3.2. Method validation

The concentrations of the prescribed platinum drugs at HUG
were considered for the determination of the concentration range
used in the validation. For cisplatin, concentrations between
0.05 and 0.4mgmL ! (median: 0.16 mgmL 1), for carboplatin 0.1
and 2.5mgmL ! (median: 1.4mgmL 1) and for oxaliplatin 0.1
and 1.0mgmL ! (median: 0.4mgmL 1) were prescribed in 2009.
In order to decrease the number of manipulations with toxic
compounds, formulations were injected with simple or without
dilution. Therefore, the concentration range was xed from 0.05
to 1mgmL 1 for all three compounds. Caffeine citrate chosen as IS
was detected between carboplatin and oxaliplatin.

The calibration curve was obtained for each series with conven-
tional least-squared linear regression using the three concentration
levels (0.05mgmL 1, 05mgmL ! and 1.0mgmL 1). After estab-
lishing the calibration curves for each series, concentrations of VS
were computed from the analytical response to obtain trueness,
repeatability and intermediate precision. Trueness was expressed
(in percentage) as the ratio between theoretical and average
measured values at each concentration level. Repeatability and
intermediate precision were expressed as the relative standard
deviation (RSD%), i.e., the ratio of the intra-day standard devia-
tion ('s;) and between-day standard deviation ( sgr), respectively,
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Table 1

Validation results: trueness, repeatability and intermediate precision of the devel-
oped MEKC-UV method for the analysis of cisplatin, carboplatin and oxaliplatin in
pharmaceutical formulations.

Theoretical concentration Trueness Repeatability Intermediate
[mgmL 1] (RSD) precision (RSD)
Cisplatin

0.05 100.6% 1.0% 1.7%

0.5 100.1% 0.7% 1.4%

1 100.8% 1.1% 1.1%
Carboplatin

0.05 100.7% 0.8% 1.6%

0.5 100.0% 0.7% 1.4%

1 99.7% 0.7% 1.3%
Oxaliplatin

0.05 100.2% 1.4% 1.4%

0.5 99.9% 0.9% 1.3%

1 100.3% 1.3% 1.4%

on the theoretical concentrations [30] . The s and sr values were
obtained using ANOVA analysis. As reported in
and precision values were in accordance with recommendations

for the analysis of pharmaceutical formulations over the tested
concentration range. The RDS (repeatability and intermediate pre-
cision) was lower than 2%, with trueness values between 99.7 and
100.8%. To visualize the overall method variability, the accuracy
pro le was built combining trueness and intermediate precision

as the condence interval  [31]. As presented in Fig. 4, the total
error did not exceed acceptance limits ( 5%) for all concentration
levels. Consequently, the developed MEKC-UV method could be
considered accurate for the three platinum drugs over the tested
range.

3.3. Application to pharmaceutical formulations

In order to demonstrate the applicability of the MEKC-UV
method to real samples, determination of the three platinum drugs
was achieved in pharmaceutical formulations for quality control.
The concentrations of the cytotoxic agents were calculated with
reference to a calibration curve constructed the same day. CS at
three concentration levels were replicated twice, and conventional
least-squared linear regression was applied. Since two independent
analyses (N =2) were performed on each pharmaceutical formula-
tion, the result of the analysis could be expressed as:

r

enf() DX tya ing (1)

N

where N is the number of analyses performed and X is the mean
result. The ty , (Student’s constant depending on df and
5%),s? and sé variance values were determined during the valida-
tion step with the regular ANOVA-based variance decomposition
[31] . The analysis repetition was useful to obtain a smaller con -
dence interval, since most of the variability came from repeatability
(s?). As shownin Table 2, prescribed concentrations of pharmaceu-
tical formulations were con rmed to be in the range of

Table 2
Analysis of the three cytotoxic drugs by MEKC-UV in pharmaceutical formulations
prepared at the HUG pharmacy.

Table 1, trueness

a set at

10% of the

Batch number Concentration

CYT/10-123162 104 mg cisplatin in 604 mL NaCl 0.9% 107.0 2.8%
CYT/10-122999 140 mg cisplatin in 640 mL NaCl 0.9% 100.8 2.8%
CYT/10-121694 40 mg cisplatin in 540 mL NaCl 0.9% 106.9 2.8%
CYT/10-122599 529 mg carboplatin in 303 mL glucose 5% 96.8 2.8%
CYT/10-122482 260 mg oxaliplatin in 302 mL glucose 5% 95.0 2.0%
CYT/10-122846 114 mg oxaliplatin in 273 mL glucose 5% 94.3 2.0%
CYT/10-123120 120 mg oxaliplatin in 274 mL glucose 5% 97.1 2.0%
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Fig. 4. Accuracy pro les of the developed MEKC-UV method for the determination
of cisplatin, carboplatin, and oxaliplatin in a pharmaceutical formulation using a
linear regression model. The dashed lines represent the acceptance limits of 5%.

target value by the MEKC-UV method, which corresponds to the
acceptance limits for these formulations at the HUG pharmacy.

4. Conclusions

Different methods based on MEKC and MEEKC were devel-
oped for the quantitative determination of cisplatin, carboplatin,
and oxaliplatin in pharmaceutical formulations. The MEKC method
exhibited very good quantitative performance in terms of accuracy
and precision with an analysis time of less than 10 min for the three
platinum compounds. The manipulation steps, including the han-
dling of cytotoxic agents, are reduced to dilution and addition of
the IS to the pharmaceutical formulation. Therefore, the presented
MEKC-UV method can be used as a very simple technique in qual-
ity control and was successfully applied in routine analysis at HUG
pharmacy.
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Abstract A liquid chromatography separation with electro-applied for the quality control of pharmaceutical formula-
spray ionisation and tandem mass spectrometry detectiions and for analyses of spiked samples on potentially
method was developed for the simultaneous quantificatiocontaminated surfaces.

of ten commonly handled cytotoxic drugs in a hospital

pharmacy. These cytotoxic drugs are cytarabine, gemcitkeywords Cytotoxic- Antineoplastic drugsLCtMS/MS-

bine, methotrexate, etoposide phosphate, cyclophosph@harmaceutical formulatie®RM - Validation

mide, ifosfamide, irinotecan, doxorubicin, epirubicin and

vincristine. The chromatographic separation was carried out

by RPLC in less than 21 min, applying a gradient elution ofntroduction

water and acetonitrile in the presence of 0.1% formic acid.

MS/MS was performed on a triple quadrupole in selecte®uring the last decades, the number of patients receiving
reaction monitoring mode. The analytical method wasnticancer chemotherapy treatments based on cytotoxic
validated to determine the limit of quantification (LOQ)drugs has steadily increased. Simple analytical methods are
and quantitative performance: lowest LOQs were betweehus required in different pharmaceutical fields, such as
0.25 and 2 ng ml' for the ten investigated cytotoxic quality control or environmental monitoring. Different
drugs; trueness values (i.e. recovery) were between 85f&tethods have already been published such as simple flow
and 110%, and relative standard deviations for botimjection analysis and high-performance liquid chromatog-
repeatability and intermediate precision were always infeaphy (HPLC)-UV/Vis assays for cytotoxic drugs by
rior to 15%. The multi-compound method was successfull{pelmas et al. for quality control of cytotoxic preparations
in a centralised parenteral preparation ufjitgr simulta-
neous determination of three anthracycline drugs (doxoru-
bicin, daunorubicin and idarubicin) in serum samples by

g- gussbsumefs- Fleury-SouverainF. Sadeghipour capillary electrophoresis (CE) with laser-induced fluores-
. Bonnabry . . L
Pharmacy, Geneva University Hospitals (HUG), cence by P rez Rw_z _et al. for there_lpeutlc drug_monltorl_ng
1211 Geneva, Switzerland [2]. Due to their toxicity, the analysis of cytotoxic drugs is

. . ) also useful for environmental monitoring and control of
S. r’]\‘USISbfaUL“erD- F. HPCfI‘Stf’?‘SSﬁ"P- Bonnabry J-'f'—- Veuthey cytotoxic traces in wastewater. As an example, a CE-DAD
School of Pharmaceutical Sciences, University of Geneva, method for the quantification of 5-fluorouracil in wastewa-
University of Lausanne, . ) .
1211 Geneva 4, Switzerland ter of hospital effluents was published by Mahnik et3l. [

. . ) ) Despite safety standards for handling cytotoxic agents, it
f- gU_SSbatur;‘e’P- Antinori- D. F. Hochstrasser.-L. Veuthey has been shown that health care professionals are still exposed

. eiser . . .

Swiss Centre for Applied Human Toxicology (SCAHT), to these toxic compoundg. Eor instance, several studies
1211 Geneva, Switzerland reported low-level contamination of these compounds on
e-mail: Laurent.Geiser@unige.ch workbenches, floors, vials, gloves and isolatots1p].
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Moreover, cytotoxic traces have been found in urine of healtas well as GEMS methods for the quantification of
care professionalslP+15. Rapid, reliable and validated cyclophosphamide, ifosfamide and fluorouracil, was devel-
analytical methods are thus needed for the safety of theped by Schmaus et al. for environmental and biological
operator handling these hazardous drugs and to reduce thenitoring [L8. These methods presented very good
exposure at the lowest possible leveb|[ A review about quantitative performance and detection limits (i.e. 0.1 to
analytical methods used for biological and environmentdl pg per sample) and are thus ideal for establishing target
monitoring of hospital personnel exposed to antineoplastiguideline values for cytotoxic contamination or for selecting
agents was published by Turci et all7]. Different a single compound as a model marker for potential
instrumental techniques were used depending on the studieohtaminations. On the other hand, such methods are time
analyte. Most of the presented studies used a specific methoohsuming and not very cost-effective to get an overview of
for the determination of a single cytotoxic drug. Forseveral cytotoxic contaminations. For the latter, multi-
example, a very sensitive voltammetry for platinum drugs;ompound methods are required. Different approaches have

cytarabine gemcitabine cyclophosphamide ifosfamide
methotrexate etoposide phosphate irinotecan
doxorubicin epirubicin vincristine

Fig. 1 Chemical structure of the ten studied cytotoxic drugs
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Simultaneous quantification of ten cytotoxic drugs 3035
Table 1 Preparation of cytotoxic stock solutions
Brand name Manufacturer Drug Drug concentration ~ S1 (20+g mL™?Y) (in
(mg mLY) 100 mL H,0)
Vincristine Teval Teva (Aesch, Switzerland) Vincristine 1 2.000 mL
Doxorubicin Ebewe! Ebewe Pharma Schweiz (Cham, Doxorubicin 2 1.000 mL
Switzerland)
Epirubicin Actavis Actavis (Regensdorf, Switzerland) Epirubicin 2 1.000 mL
Solution!
Methotrexate Farmos!  Orion Pharma (Zug, Switzerland) Methotrexate 25 0.800 mL
Endoxan! Baxter AG (Volketswil, Cyclophosphamide 20 0.100 mL
Switzerland)
Cytosar! Pfizer AG (Z"rich, Switzerland) Cytarabine 20 0.100 mL
Etopophos! Bristol-Myers Squibb SA (Baar, Etoposide 20 0.100 mL
Switzerland) phosphate
Gemcitabine Teva! Teva (Aesch, Switzerland) Gemcitabine 20 0.100 mL
Campto! Pfizer AG (Z"rich, Switzerland) Irinotecan 20 0.100 mL
Holoxan! Baxter AG (Volketswil, Ifosfamide 40 0.050 mL

Switzerland)

been developed using liquid chromatogragéaydem mass Experimental
spectrometry (LEMS/MS) for the simultaneous determination
of gemcitabine, taxol, cyclophosphamide and ifosfamide bZhemicals and reagents
Sottani et al.]9 and for cyclophosphamide, methotrexate and
5-fluorouracil for surface contamination by Sabatini gtld].  The study was performed with the following commercially
However, to our knowledge, there is still a lack of simpleavailable cytotoxic drugs (see Fifor their structure and
validated methods for the simultaneous determination dfable1): Campto! (irinotecan, 20 mg ml*) and Cytosar!
different cytotoxic agents. For drug treatment monitoring ofcytarabine, 20 mg nil}) were purchased from Pfizer AG
quality control of pharmaceutical formulations, single<{Z"rich, Switzerland), gemcitabine Teva! (gemcitabine
compound strategies are often sufficient, but generieconstituted in water at 20 mg i) and vincristine
multi-compound methods allow simplifying the control. InTeva! (vincristine 1 mg mCY) from Teva Pharm AG
addition, multi-compound methods are mandatory fofAesch, Switzerland), Holoxan! (ifosfamide reconstituted
environmental analyses. The aim of this work was tdan water at 40 mg ml*) and Endoxan! (cyclophosphamide
develop and validate a simple and sensitivetMMS/MS  reconstituted in glucose 5% at 20 mg TLfrom Baxter
method for the simultaneous quantitative determination dAG (Volketswil, Switzerland), methotrexate Farmos!
ten cytotoxic drugs contained in aqueous samples. (methotrexate 2.5 mg mt) from Orion Pharma (Zug,
Switzerland), Etopophos! (etoposide phosphate reconsti-
tuted in water at 20 mg nit) from Bristol-Myers Squibb
SA (Baar, Switzerland), Doxorubine Ebewe! (doxorubicin
2 mg mL'Y) from Ebewe Pharma (Cham, Switzerland) and

Table 2 Gradient elution programme

Time [min]  Solvent A (%)  Solvent B (%)  Solvent C [%] g0 hicin Actavis Solution! (epirubicin 2 mg mit) from

0 88 2 10 Actavis (Regensdorf, Switzerland).

20 88 2 10 The reconstitution of Etopophos, Gemcitabine Teva and

25 69 21 10 Holoxan was done with water for injectables, obtained from

10 69 21 10 Bichsel Laboratories (Interlaken, Switzerland); glu&8seor

13 60 30 10 the reconstitution of Endoxan was from Sintetica-Bioren SA
. : 2

135 40 50 10 (Couvet, Switzerland). The internal standard (183,[%Ha]-

155 40 50 10 methotrexate was purchased from Alsachim (lllkirch, FEanc

16 88 2 10 Equi ‘

21 88 2 10 quipmen

Analyses were carried out with a high-performance liquid
chromatography system Accela from Thermo Fisher Scien-

Mobile phaseA water,B acetonitrile,C formic acid 1%
Flow rate of 200 L min"*
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3036 S. Nussbaumer et al.

Table 3 Instrument method for the L#MS/MS analysis for ten cytotoxic drugs witlf€, 2Hs]-methotrexate as internal standard

Time segment (min) Scan event Drug Paremg)( Product (/2) CE (eV) Mean RT (min)
0+2.2 1 Cytarabine 244.0 112.3 15 1.9
2.244 2 Gemcitabine 264.7 112.3 20 2.6
4+7 3 Methotrexate 455.2 308.0 20 6.0
4 [*°C, ?H3] methotrexate 459.2 312.2 20 6.0
7+10 5 Etoposide phosphate 691.0 691.0 15 7.5
10£13 6 Ifosfamide 261.1 92.3, 140.2 20 11.4
154.1, 232.9
Cyclophosphamide 261.1 92.3; 140.2 20 12.2
154.1, 232.9
13+14 7 Irinotecan 587.9 587.3 20 13.7
14421 8 Doxorubicin 544.6 379.2, 397.1 15 14.8
Epirubicin 544.6 379.2, 397.1 15 15.3
9 Vincristine 413.3 353.2 30 15.2

tific Inc. (Waltham, MA) consisting of a quaternary pumpSolutions

equipped with an online degasser, an auto-sampler and a

solvent platform. The chromatographic system was coupledobile-phase solutions

to a triple quadrupole Quantum Discovery MS from

Thermo Fisher Scientific equipped with an ion maxChromatography was performed using Lichrosolv! HPLC-

electrospray ionisation (ESI) interface and operated withrade acetonitrile (ACN) and ultrapure water from Merck

Xcalibur software (Thermo Fisher Scientific). (Darmstadt, Germany) and formic acid (FA) 99% from
Separations were done on a ZORBAX SB-C18 RR 2.1#Biosolve (Valkenswaard, the Netherlands). The mobile

100 mm 3.5*m column from Agilent Technologies phase constituted of three solutions: ultrapure water

(Waldbronn, Germany). (solution A), ACN (solution B) and FA 1% (solution C).
Fig. 2 Overview of the 20 most Fludarabine |
prepared cytotoxic drugs at the Bortezomib |
pharmacy of Geneva University o
Hospitals in 2009Black back- vinerisine - —
groundsrepresent the selected Azacitidine | Selected drugs
compounds lfosfamide | o —
Mitomycine | Not analyzed
Docetaxel 1
Oxaliplatine A
Methotrexate ._
Paclitaxel |
Epirubicin |
Cytarabine
Doxorubicin
Irinotecan
Carboplatine |
Gemcitabine |
Etoposide phosphate
Cyclophosphamide
Cisplatine |
Fluorouracil |

200 400 600 800 1000 1200 1400
Number of preparation per year

o
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Fig. 3 LCtMS/MS chromato- 100 - 1.97
gram of a sample containing 50 , NL: 5.16E5
ten cytotoxic drugs and the 0 Cytarabine 244.000+ [112.200-112.400]
internal standard at 50 ng L 0 ' 4 ! 8 " 12 ' 16 ' 20
Column: ZORBAX SB-C18 RR 100 2.62
2.1#100 mm 3.5 m; flow rate o NL: 1.54E4
e, . + 50 Gemcitabine S
200« L min**; gradient condi- 0 264.700 »  [112.200-112.400]
tions and scan events are 0 4 8 12 16 20
reported in Tableg and 3, 100 6.00
respectively | [1°C, 2H] NL: 7.86E5
50 Methotrexate (IS) 459.200 > [312.100-312.300]
0 . r : . . ; . r : r
0 4 6.02 8 12 16 20
100
] NL: 1.18E6
50 Methotrexate h 455200+ [307.900-308.100]
[} 0 T T T T T T T T T T
e 0 4 8 12 16 20
a 7.49
T 100
3 504 Etoposide NL: 2.75E4
< 691.000 +  [690.900-691.100]
g 0 4 8 12 16 20
kS| NL: 1.22E5
& 1004 _ 11.35 261100 +  [92.200-92.400;
Ifosfamide ) 12.18 140.100-140.300; 154.000-154.200;
50 - Cyclophosphamide 232.800-233.000]
0 ; r . r r ¢ : . r .
0 4 8 12 16 20
13.66
100
50 Irinotecan NL: 9.49ES
0 587.900  [587.200-587.400]
0 4 8 12 16 20
100 1481 1533 r;i:lléggm
o Eo_xog{b_lcm [379.100-379.300;
o pirubicin 397.000-397.200]
0 4 8 12 16 20
15.26
100 7 o NL: 6.21E4
50 - Vincristine 413.300
0 [353.100-353.300]
0 4 8 12 16 20
Time (min)

New solvents were prepared for each series of analysisamediately stored at 15 $C in the LC auto-sampler and

Washing of the needle and the injection loop was performeahalysed within the day.

with 5% ACN in water after each injection. Aliquots of the 1S, °C, 2Hs]-methotrexate, were
prepared with a mixture of ACN and water (75:25 at

Cytotoxic stock solutions, calibration standards, validatior250+ g mL"* and stored at22$C for 6 months. No sample

standards and internal standard degradation could be observed. Stock solutions of IS were
regularly diluted at 1eg mL* in water, and they were

The operator prepared all solutions (i.e. drug reconstitutiorstable for at least 2 weeks at®$C.

and sample dilution) in appropriate conditions for handling

hazardous compounds as cytotoxic agents. Moreover, th€+MS/MS conditions

development of the method was performed with drug

specialities to avoid direct contact of the operator tdhe mobile-phase flow rate was set at 200min°* using

cytotoxic powder and to minimise contamination risk bythe gradient elution programme described in Tabl&he

preparing working solutions. thermostated auto-sampler was maintained at 15 $C, and

A main stock solution (S1) containing the ten cytotoxicthe injection volume was 26L.

drugs was prepared by diluting each compound in water at a Positive ESI conditions were capillary temperature set at

concentration of 20g mL"* (see Tabld). This solution was 325 $C, spray voltage at 4 kV and sheath and auxiliary gas

further diluted to obtain two independent intermediate stocfnitrogen) flow rate at 45 and 2 psi, respectively. MS/MS

solutions: S2 at 2g mL"* and S3 at 200 ng mit in FA  was acquired in selected reaction monitoring (SRM) mode

0.1%. The calibration standards and validation standardls Q1 and Q3. The Q2 collision gas (argon) pressure was

were prepared by diluting S2 and S3 to 12 concentratioset at 1.5 mTorr. Determination of Q2 potential settings and

levels in FA 0.1% (0.2800 ng mLY). All samples were MS/MS transitions (Q1 and Q3) was carried out by direct
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methotrexate, etoposide phosphate, cyclophosphamide, ifagas used as IS as it exhibited high B85/MS response
famide, irinotecan, doxorubicin, epirubicin and vincristineand was eluted in the middle retention time window of the
These ten compounds were selected among the 20 mash investigated cytotoxic drugs.
prepared cytotoxic drugs at the pharmacy of the Geneva
University Hospitals (Fig2). The selection was a compro- Optimisation of LGESEMS/MS conditions
mise between the most prescribed drugs and their toxicity
and analytical considerations. For example, 5-fluorouracilthe described method enables the quantification of ten
which is the most prepared chemotherapy drug in 2008, waytotoxic compounds with a mobile-phase composition of
not included because it is not classified as a carcinogen farater, acetonitrile and 0.1% formic acid. With the selected
humans 20], and a contamination of this compound is lesggradient (Table?), vincristine and epirubicin were the only
hazardous for exposed personal. Furthermore, 5-fluorouraacitresolved cytotoxic drugs but presented different scan events
is a very polar compound poorly retained in our analyticain SRM mode. All other compounds were separated in less
conditions. Three platinum compounds (i.e., cisplatinthan 16 min (21 min including the column reconditioning). A
carboplatin and oxaliplatin) presented a high percentage tyfpical chromatogram, obtained from the analysis of a
prescribed chemotherapies and belong to the most toximlibration sample with 50 ng mt of each analyte and
compounds, but they need other detection techniques such3sng mL* of IS in FA 0.1%, is shown in Fig3.
ICP+MS or voltammetry 17, 18, 21, 22] and were thus not ESEMS/MS conditions were optimised for each analyte,
included in this study. Finally, the ten selected drugs belongnd the best compromise for all compounds was chosen.
to different cytotoxic families with different toxicities, giving All drugs were analysed in positive mode. Different values
an excellent overview of possible contamination. for capillary temperature, spray voltage, sheath and auxil-
In order to exclude a cross contamination of the IS, &ry gas were tested (data not shown). Response signals of
deuterated compound was chosénC[ °Hs]-methotrexate compounds increased with capillary temperature, but

Fig. 4 Accuracy profile for the
quantification of ten cytotoxic
drugs by L&GMS/MS in the
concentration range from 1 to 0%
200 ng mL*%, calculated from

the trueness and intermediate 30%]
precision reported in Tablg
dashed linesepresent the ac-
ceptance limits of &30%

gemcitabine

30%
0% %EE

30%

30%

Biais

0%

Concentration [n g'mL™]
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Doxorubicin  Epirubicin  Vincristipe

Irinotecan

Ifosfamide  Cyclophosphamide

Etoposide
phosphate

Methotrexate

Gemcitabine

Cytarabine

Table 5 Analysis of the ten cytotoxic drugs by HRIS/MS in quality control samples and on a spiked surface

@ Springer

Quality control of drug formulations

97&2%

CYT/10-115058 gemcitabine 1,800 mg in 340 mLe

NaCl 0.9%
CYT/10-114026 methotrexate 30 mg in 62 mL

97&2%

glucose 5%
CYT/10-113521 ifosfamide 2,316 mg in 1,080 mL*

97&2%

glucose 5%
CYT/10-116360 cyclophosphamide 860 mg in

100&2%

293 mL glucose 5%
CYT/10-116778 doxorubicin 44 mg in 72 mL

106&4%

NaCl 0.9%
CYT/10-115322 epirubicin 190 mg in 145 mL

98&4%

NaCl 0.9%
CYT/10-116578 vincristine 1 mg in 51 mL in

93&2%

glucose 5%
Environmental applications

18&[12%

29&10%

33&10%

49&12%

84&8%

84&4%

85&2%

82&2%

91&10%

Wiping sample 1:250 ng of the 10 drugs spiked or04&10%

a polypropylene infusion bag (NaCl 0.9% 50 mL)
Wiping sample 2:250 ng of the 10 drugs spiked or89&10%

25&8% 23&12% 20&14%

34&18%

74&12% 86&12% 85&10%

67&8%

89&10%

a stainless steel surface (100%km

doxorubicin and epirubicin were degraded at temperatures
above 325 $C. Final optimised conditions were obtained
with a spray voltage of 4 kV, a capillary temperature at
325%C, sheath gas at 45 psi and auxiliary gas at 2 psi. The
m/z transitions and collision energy for each analyte were
successfully determined and reported in Table

Triple quadrupole instruments provide excellent sensi-
tivity and selectivity in SRM. Additionally, the MS/MS
method can be segmented into various time windows
containing different SRM events to increase the signal-to-
noise ratio. Thus, seven time segments with nine scan
events of data acquisition were used during the entire
analytical run. This approach is particularly useful in
environmental monitoring because of the relatively low
concentration of each individual analyte. With the presented
method, cytarabine, gemcitabine, etoposide phosphate and
irinotecan were detected in their own time segment with a
specific scan event. Doxorubicin and epirubicin, as cyclo-
phosphamide and ifosfamide, were analysed with the same
scan event in the same segment, but they were well
separated by LC. Vincristine was detected in the same
segment as doxorubicin and epirubicin, but with another
scan event. Therefore, all cytotoxic drugs could be
quantified in satisfied analytical conditions.

Method validation

The method was validated with calibration and validation
samples in 0.1% formic acid. Quantitative performance was
estimated in three separate series at 12 concentration levels,
with three repetitions for calibration standard and three
repetitions for validation standard. As a result, 72 injections
were carried out per series, for a total of 216 analyses.

Calibration model and concentration range

From all calibration standards, different regression models
were tested to determine the best response function for the
ten cytotoxic drugs: a weighted linear regression model
with a weight equal to %/ gave the best quantitative
performance in the studied concentration range with a
determination coefficient?) of about 0.999 and superior to
0.996 for all tested compounds (Tal)e

The limit of detection was set at a signal-to-noise ratio of
3:1. LODs were significantly below 1 ng iLfor all cytotoxic
drugs (Tablef). The lowest limit of quantification (LOQ) was
determined to ensure relative standard deviation (RSD)
inferior to 15%. Lowest LOQs were determined between
0.25 and 2 ng mL* for all cytotoxic drugs (Tabld). The
upper LOQ was set at 200 ng fiLfor all cytotoxic drugs.
Higher LOQ values could theoretically be used, but in order
to avoid unnecessary exposure of the operator to the dgtotox
agents, concentrations above 200 ng twkere not analysed.
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Due to practical considerations, the concentration ramge! f The method was also successfully applied to environ-
cytotoxic drugs was limited from 1 to 200 ng ML mental samples. The recovery rate was determined for each

cytotoxic compound according to the surface type (see
Accuracy, trueness and precision Tableb).

Concentrations of validation standards were calculated from
the calibration model. Trueness was expressed in percent@snclusions
the ratio between theoretical and average measured values
at each concentration level. Trueness values were betwegrsimple LGEESEMS/MS method was successfully devel-
85% and 110%, as reported in Taldle oped for the simultaneous quantification of ten cytotoxic
Repeatability and intermediate precision were expressellugs (cytarabine, gemcitabine, methotrexate, etoposide
as RSD of the ratio of the intra-day standard deviation (sphosphate, cyclophosphamide, ifosfamide, irinotecan,
and between-day standard deviation (sR), respectively. Tld@xorubicin, epirubicin and vincristine) in 21 min, gradient
sr and sR values were obtained using ANOVA analysegquilibration time included. This method was validated and
RSD values below 15% were obtained for each compounekhibited satisfactory quantitative performance in terms of
(Table4). limit of quantification, domain range, trueness and preci-
To visualise the overall method variability, the accuracyion: the accuracy profile showed total errors inferior to
profile of each cytotoxic drug was built from 1 to &30% for all compounds in their quantification domain
200 ng ml%, combining trueness and intermediate precirange, from 1 or 2 ng mil up to 200 ng mt!, and total
sion as the confidence intervald. As presented in Figl,  errors inferior to &5% at 200 ng L Therefore, the
the total error did not exceed &30% for all compounds imethod can be used for different applications, as shown by
their quantification concentration range. Only doxorubicirits successful utilisation for quality control of pharmaceu-
and epirubicin presented a superior limit at 1 ng” L tical formulations and environmental monitoring.
outside the tolerance of 30%, further justifying the selected

LOQ of 2 ng mL: * for t_hese two compound3(alibration Acknowledgements We kindly thank the Proteomics Core Facility
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Abstract A simple wipe sampling procedure was devel-always inferior to 20%. As recovery was dependent on the
oped for the surface contamination determination of tetested surface for each drug, a correction factor was
cytotoxic drugs: cytarabine, gemcitabine, methotrexateletermined and applied for real samples. The method was
etoposide phosphate, cyclophosphamide, ifosfamide, irindhen successfully applied at the cytotoxic production unit of
tecan, doxorubicin, epirubicin and vincristine. Wiping washe Geneva University Hospitals pharmacy.

performed using Whatman filter paper on different surfaces

such as stainless steel, polypropylene, polystyrol, glasKeywords Cytotoxic- Antineoplastic drugsSurface

latex gloves, computer mouse and coated paperboarcbntaminationEnvironmental monitoringC+tMS/MS-

Wiping and desorption procedures were investigated: Thé&/ipe sampling

same solution containing 20% acetonitrile and 0.1% formic

acid in water gave the best results. After ultrasonic

desorption and then centrifugation, samples were analyséadroduction

by a validated liquid chromatography coupled to tandem

mass spectrometry (I#MS/MS) in selected reaction Cytotoxic drugs are widely used in cancer therapy, and
monitoring mode. The whole analytical strategy from wipean increasing number of patients receiving chemotherapy
sampling to L&MS/MS analysis was evaluated to deter-have been observed during the last decades. These drugs
mine quantitative performance. The lowest limit of quanhave been recognized as hazardous for healthcare
tification of 10 ng per wiping sample (i.e. 0.1 ng"é@was  professionals such as oncology nurses or pharmacists
determined for the ten investigated cytotoxic drugsand technicians 1]. Despite the existence of safety
Relative standard deviation for intermediate precision wastandards for handling cytotoxic drugs, several studies
report low-level contamination of these compounds on
workbenches, floors, vials, gloves and storage shef#es [
10]. Traces of cytotoxic agents have also been found in
urine [11+17] and blood of healthcare professionalS][
indicating that this working population is at risk. Never-

Published in the special issA@alytical Sciences in Switzerlamgth
guest editors P. Dittrich, D. G nther, G. Hopfgartner, and R. Zenobi.
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Pharmacy, Geneva University Hospitals (HUG), theless, a direct relationship between exposure to cytotox
1211 Geneva 14, Switzerland contamination and harmful effects has not been estab-
e-mail: sandrine.fleury.souverain@hcuge.ch lished yet, and no maximal acceptable amount of surface
S. NussbaumerD. HochstrasserP. Bonnabr);J.-L. \euthey Contaminatio_n for these drugs h_as been set_ up by
School of Pharmaceutical Sciences, University of Geneva, regulatory offices until now. According to precautionary
University of Lausanne, principles, exposure should nevertheless be kept at the
1211 Geneva 4, Switzerland lowest possible levellP]. Monitoring of contamination is

S. NussbaumerL. Geiser. D. Hochstrasserd -L. \euthey gssential to gscertain.t_he contamingtion risk .in order to
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In Germany, threshold guidance values for platinum an@ mg mL"*) from Ebewe Pharma (Cham, Switzerland); and
5-fluorouracil have been set on the basis of data from Bpirubicin Actavis Solution” (epirubicin, 2 mg mt) from
large multicenter study including 102 pharmaci®y P1].  Actavis (Regensdorf, Switzerland).

Wiping samples have been obtained by compound-specific The reconstitution of Etopophos, Gemcitabine Teva and
wiping procedures and analysed by voltammetry foHoloxan was performed with water for injection, obtained
platinum drugs and by GC-MS for fluorouracil. This from Bichsel Laboratories (Interlaken, Switzerland). Glucose
approach presented very good quantitative performan&Ss for the reconstitution of Endoxan was from Sintetica-
and detection limits (i.e., 01 pg per sample) and Bioren SA (Couvet, Switzerland). The internal standard (IS)
estimated potential surface contamination using platinuft®C, 2Hg]-methotrexate was purchased from Alsachim
drugs or 5-FU as model markers. However, a wide range @filkirch, France).

chemotherapy formulations with different drugs and with

different preparation procedures are produced daily iiping and desorption material

hospital cytotoxic units. To get an overview of several

contaminations, multi-compound methods are required. Tbhe evaluated materials for wipe sampling were filter paper
the authots knowledge, only few generic wiping proce- (Protein SavéM 903 Card) from Whatman (Dassel,
dures have been developed, for example a wipe samplifi@ermany), filter card DMPK-300 from Ahlstrom (Helsinki,
procedure coupled to liquid chromatogratiapdem mass Finland) and blend wipers TX 612 from Texwipe (Cabuyao,
spectrometry (LEMS/MS) for the simultaneous determi- Philippines).

nation of gemcitabine, paclitaxel, cyclophosphamide and Desorption was performed in 1.5-mL polyethylene (PE)
ifosfamide P2] or for methotrexate, 5-fluorouracil and safe-lock tubes from Eppendorf AG (Hamburg, Germany).
cyclophosphamide9]. Other toxic compounds, such as

irinotecan, anthracyclines or vincalcaloldes, which are aldbquipment

largely used in chemotherapies, have rarely been included

in surface contamination studies. Analyses were carried out with the liquid chromatography

Recently, we developed and validated azMS/MS  system Accela from Thermo Fisher Scientific Inc. (Waltham,
method for the simultaneous quantification of ten cytotoxidMA, USA) consisting of a quaternary pump equipped with an
drugs R3]. In the continuity of this method, we present theonline degasser, an autosampler and a solvent platform. The
development of a wiping and extraction procedure of thehromatographic system was coupled to a triple quadrupole
same ten cytotoxic drugs on different surfaces and theffSQ) Quantum Discovery MS from Thermo Fisher Scien-
quantitative analysis by the E®IS/MS method. This wipe tific equipped with an lon Max electrospray ionization (ESI)
sampling procedure was then applied to evaluate thaterface and operated with Xcalibur software (Thermo Fisher
surface contamination in the cytotoxic production unit aScientific). Separations were done on a ZORBAX SB-C18
the pharmacy of Geneva University Hospital (HUG). RR 2.1#100-mm, 3.5-m column from Agilent Technologies

(Waldbronn, Germany).

Experimental Solutions
Chemicals and reagents Mobile phase solutions

The study was performed with the following commerciallyChromatography was performed using Lichrosolv" HPLC-
available cytotoxic drugs: Campto" (irinotecan, 20 mg'ML  grade acetonitrile (ACN) and ultrapure water from Merck
and Cytosar" (cytarabine, 20 mg rif) were purchased (Darmstadt, Germany) and formic acid (FA) from Biosolve
from Pfizer AG (Zrich, Switzerland); Gemcitabin Teva" (Malkenswaard, the Netherlands). The mobile phase used for
(gemcitabine reconstituted in water at 20 mg Hiland  chromatography was constituted of three solutions: ultra-
Vincristin Teva" (vincristine, 1 mg mlY) from Teva Pharma pure water (solution A), ACN (solution B) and FA 1%
AG (Aesch, Switzerland); Holoxan (ifosfamid reconstitutedsolution C). Washing of the needle and the injection loop
in water at 40 mg ml%) and Endoxan" (cyclophosphamide was performed with 5% ACN in water after each injection.
reconstituted in glucose 5% at 20 mg MiLfrom Baxter

AG (Wlketswil, Switzerland); Methotrexat Farmos" Cytotoxic stock solutions, calibration standard, internal
(methotrexate, 2.5 mg mt) from Orion Pharma (Zug, standard, desorption and wiping samples

Switzerland); Etopophos" (etoposide phosphate reconsti-

tuted in water at 20 mg mt) from Bristol-Myers Squibb  All solutions (i.e. drug reconstitutions and sample dilution)
SA (Baar, Switzerland); Doxorubine Ebewe" (doxorubicin,were prepared in appropriate conditions for handling
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hazardous compounds as cytotoxic agents. Moreover, t200 « L min"* using the following gradient elution

development of the wiping procedure was performed witlprogramme with a constant concentration of 0.1% FA during
brand drugs to avoid direct contact of the operator to ththe entire run: 2% of ACN at#2 min, 21% of ACN at 2.5
cytotoxic powder and to minimize contamination risk whenl0 min, 30% of ACN at 13 min, 50% of ACN from 13.5 to
preparing the working solutions. 15.5 min and a re-equilibration step to the initial solvent
Aliquots of the IS were prepared with a mixture of ACNfrom 16 up to 21 min. The thermostated autosampler was
and water (75:254Vv) at 2500 g mL"* and stored at22$$C  maintained at 15$C and the injection volume was R5
for 12 months. No sample degradation was observed. Sto€lositive ESI conditions were: capillary temperature set at
solutions of IS were regularly diluted at 50 ng thlin ~ 325%%C, spray voltage at 4 k\ and sheath and auxiliary gas
ACN 20% with FA 0.1%, and they were stable for at leas(nitrogen) flow rates at 45 and 2 psi, respectively. MS/MS
2 weeks at 28$3$C. was acquired in selected reaction monitoring mode in Q1
A main stock solution containing the ten cytotoxic drugsand Q3. The Q2 collision gas (argon) pressure was set at
was prepared by diluting each compound in water at 4.5 mTorr. Chromatographic data acquisition, peak integra-
concentration of 20 g mL"*. This solution was further tion and quantification were performed using the Xcalibur
diluted to obtain five independent stock solutions at 20, 4Gsoftware (ThermoQuest, San Jose, CA, USA). Different time
200, 1,000 and 4,000 ng ritin ACN 20% with FA 0.1%. segments were used as reported in Table
For calibration standards (CS), these solutions were diluted
by the IS solution at 50 ng mt to obtain five CS at 1, 2, Desorption step development
10, 50 and 200 ng miL. For desorption samples, the
cytotoxic stock solutions were spiked on a wiping papeStandard solution of the ten cytotoxic drugs at 1,000 ng'mL
and desorbed with 1 mL of the IS solution at 50 ng’faL and the IS at 1,000 ng mt were spotted on wiping papers
For wiping samples, 50L of cytotoxic stock solutions was to obtain a final amount of 50 ng per sample for each
spread over the studied surface (10#10 cm) by anompound. Then, desorption was performed with different
adjustable volume micropipette, followed by wiping anddesorption solutions (FA 0.1%, 20% ACN with 0.1% FA)
desorption with 1 mL of the IS solution at 50 ng MLThe  and desorption procedures (gentle mixture, ultrasonication
final concentrations of the ten cytotoxic compounds were dor 5 and 20 min). Before LEMS/MS analysis, a
10, 50 and 200 ng nil* for desorption and wiping samples. centrifugation step at 2,880 RCF for 5 min was performed
All samples were immediately stored at 15$3$C in the L@ obtain samples without particulate matter such as fibres

autosampler and analysed within the day. from the filter paper. Each desorption procedure was
repeated in triplicateN=3).

Analytical conditions The best desorption procedure was then evaluated with
three series at three concentrations (10, 50 and 200 iy, mL

LC+MS/MS method with four repetitions each. Cytotoxic solutions at 200,

1,000, 4,000 ng ml* were spiked on the filter paper to
The LCtMS/MS conditions have been described elsewherebtain 10, 50 and 200 ng per sample, put in a PE tube, and
[23]. Briefly, the mobile phase flow rate was set atl mL of the desorption solution (20% ACN with 0.1% FA)

Table 1 Instrument method for

the LGtMS/MS analysis of the ~ 1ime segment  Drug Parent  Product Collision energy ~ Mean RT
ten cytotoxic drugs with'fC, (min) (m2) (m2) (eV) (min)
2H]-methotrexate as internal
standard: time segment 0+4 Cytarabine 244.0 112.3 15 1.6
description Gemcitabine 264.7 112.3 20 1.6
4+7 Methotrexate 455.2 308.0 20 6.0
[*3C 2H3] methotrexate 459.2 312.2 20 6.0
7+10 Etoposide phosphate 691.0 691.0 15 7.5
10+13 Ifosfamide 261.1 92.3; 140.2 20 11.4
154.1, 232.9
Cyclophosphamide 261.1 92.3; 140.2 20 12.2
154.1, 232.9
13+14 Irinotecan 587.9 587.3 20 13.7
14+21 Doxorubicin 544.6 379.2, 397.1 15 14.8
Epirubicin 544.6 379.2, 397.1 15 15.3
Vincristine 413.3 353.2 30 15.2
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containing the IS at 50 ng mt was added. Desorption papers were previously wetted with different wiping sol-
was performed by ultrasonication for 20 min followed byutions (water, NaOH 0.01 M, FA 0.1%, ACN 20% with 0.1%
centrifugation at 2,880 RCF for 5 min. Finally, 0.5 mL of FA, ACN 50% with 0.1% FA, ACN with 0.1% FA and
the clear solution was placed in a vial andHMS/MS  isopropyl alcohol 70%) and the tested surface wiped using

analysis was performed. tweezers. Each wiping procedure was followed by the
desorption procedure, and HaS/MS analysis was repeated
Wiping step development in triplicate (N=3).

Standard solutions of the ten cytotoxic drugs at 1,000 rig mL Quantitative performance of the method applied to different
in water were spread over a stainless steel plate (10#10 csyrfaces

with an adjustable volume micropipette to obtain a final

concentration of 0.5 ng ¢rhfor each drug. After solvent Quantitative performance was evaluated with the best
evaporation, wiping was performed with three differentviping and desorption conditions for different surface
wiping papers (Whatman, Ahlstrom and Texwipe). Filtettypes, i.e. stainless steel, polypropylene infusion bags,

100 1.60
50 ] . NL: 5.16E5
N h Cytarabine 244.000 — [112.200-112.400]
A T T T T T T T T T T
0 4 8 12 16 20
100 1.62
50 Gemcitabine NL: 1.54E4
o 264.700 = [112.200-112.400]
T T T T T T T T T T
0 4 8 12 16 20
100 6:00
o [13C, 2H,] NL: 7.86E5
N Methotrexate (IS) 459.200 » [312.100-312.300]
O T T T T T T T T T T
0 4 6.02 8 12 16 20
100
_ NL: 1.18E6
50 Methotrexate L 455.200 — [307.900-308.100]
) 0 T T T T T T T T T T
8 0 4 8 12 16 20
] 7.49
T 100
>
9 50 Etoposide phosphate NL: 2.75E4
< p phosp J\ 691.000 — [690.900-691.100]
> 0 T T T T T T T T T T
E 0 4 8 12 16 20
2 1135 NL: 1.22E5
100 ) : 261.100 — [92.200-92.400;
50 Ifosfamide . 12.18 140.100-140.300; 154.000-154.200;
N Cyclophosphamide 232.800-233.000]
0 T I T T Ll T T T T T
0 4 8 12 16 20
100 13.66
50 . NL: 9.49E5
rinotecan 587.900 = [587.200-587.400]
0 T I T T Ll T ) T T T
0 4 8 12 16 20
100 14.81 15.33 NL: 1.00E4
] Doxorubicin [379 102431%%050;
50 - . . . - . ’
Epirubicin 397.000-397.200]
0 T T T T T T T T T T
0 4 8 12 16 20
15.26
100+ o NL: 6.21E4
50 Vincristine 413.300 —
0 [353.100-353.300]
T T T T T T T T T T
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Time (min)

Fig. 1 LC+MS/MS chromatogram of a calibration sample containingl00 mm, 3.5+ m; flow rate, 200+ L min'%; gradient conditions are
the ten cytotoxic drugs and the internal standard at 50 ng'inL  reported irfExperiment&l and scan events are shown in Table
ACN 20% with 0.1% FA. Column: ZORBAX SB-C18 RR 2.1 #
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Fig 2 Desorption step development with Whatman papers: recovenyith ultrasonication for 20 min, and 20% ACN, FA 0.1% with
of cytotoxic drugs as function of different procedures: FA 0.1% withultrasonication for 20 min
gentle mixing, FA 0.1% with ultrasonication for 5 min, FA 0.1%

polystyrol bags, glass, latex gloves, computer mouse argtepared calibration, wiping samples (corresponding to the
coated paperboard. Solutions containing the ten cytotoxighole procedure: to spread cytotoxic stock solutions on
drugs at 200, 1,000 and 4,000 ng Tiwere spiked on a surfaces, evaporation and dried surface wiping) and
stainless steel or polypropylene surface to obtain a finaolvents (LC, desorption and wiping solvents); (2) washing

surface concentration of 0.1, 0.5 and 2 ng Tnfror the
other surfaces, only one concentration (0.5 ng%was

of the column and LC system; (3) LC shut off; (4) cleaning
the capillary and cone of the MS with water and methanol;

studied. After solvent evaporation for at least 1 h, wipingand (5) tuning/calibration of the MS system.

with Whatman filter paper wetted with 0.1 mL of ACN

Concentrations of the cytotoxic agents were calculated

20% with 0.1% FAwas performed. Desorption was carrieavith reference to a calibration curve constructed the same
out with 1 mL of ACN 20% with 0.1% FA containing the day with five levels of CS containing the ten drugs (1, 2,
IS at 50 ng mL* by ultrasonication for 20 min and then 10, 50 and 200 ng miL* in ACN 20% with 0.1% FA) and
centrifugation at 2,880 RCF for 5 min. Finally, 0.5 mL of weighted linear regression ¥}/for each compound.
the clear solution was placed in a vial, which was followedCalculations were performed using peak area ratios of the
by LCtMS/MS analysis. ten cytotoxic drugs versus the IS.
Evaluation of quantification performance was performed

over three independent series with three repetitions for ea&tability of cytotoxic drugs on wiping papers
surface and concentration. Each series involved (1) freshly

The stability of the cytotoxic drugs on the filter paper was
Table 2 Quantitative performance for the desorption of the tensu'Idled over 3 mf)mhs' A solution cor?talnlng the ten
cytotoxic drugs on Whatman filter paper (50 ng per sample) wittffOmpounds was spiked on the Whatman filter paper and the
1 mL of ACN 20% with FA 0.1% papers kept at 25, at 4 and&2$C. Desorption and S/
MS analyses were performed in triplicate on day 0, week 1, and
months 2 and 3. Concentrations of the cytotoxic agents were
calculated with reference to a calibration curve constiutbe

Recovery (%) Intermediate precision (%)

Cytarabine 102 5.7

Gemcitabine 99 52 same day with five levels of CS (1, 2, 10, 50 and 200 ng’'mL
Methotrexate 99 16 in ACN 20% with 0.1% FA containing the ten drugs) and
Etoposide phosphate 05 1.9 weighted linear regression X)Lfor each compound.

Ifosfamide 102 7.6

Cyclophosphamide 100 4.9 Application to surface contamination at the cytotoxic
Irinotecan 102 3.7 production unit of HUG pharmacy

Doxorubicin 93 3.9 .
Epirubicin 04 36 For the proof of concept, the developed method was applied to
Vincristine 98 6.4 the measurement of cytotoxic contamination at HUG phar-

macy. Several surfaces of 10#10 cm were tested in the
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Fig 3 Recovery of ten cytotoxic drugs from a stainless steel surface obtained with different wiping papers (Ahlstrom, Texwipe, Whatman)
previously wetted by water during wiping step development

cytotoxic unit, in the preparation and the logistic areassurface to the filter paper; (2) desorption of drugs from the
However, for some special wiping places such as the dofitter paper to the solution; and (3) HWS/MS analysis.
handle and phone, the wiping surface was reduced fdrhen, quantitative performance of the whole procedure was
practical reasons. Concentrations of the cytotoxic drugs wedetermined for different surfaces and the stability of the
calculated with reference to a calibration curve constructed tlogtotoxic drugs on the wiping papers was studied. The
same day with five levels of CS (1, 2, 10, 50 and 200 ng'mL method was finally applied for surface contamination deter-
in ACN 20% with 0.1% FA containing the ten drugs) andmination at the cytotoxic unit of HUG pharmacy.
weighted linear regression XL/for each compound. A
correcting factor for each surface and compound was applie€C+xMS/MS method
to calculate the surface concentration (3€eiantitative
performance of the method applied to different surfaces Development and validation of the HIS/MS method for
the determination of ten cytotoxic drugs has been reported
elsewhereZ3]. The compounds have been selected among
Results and discussion the 20 most prepared cytotoxic drugs at the HUG pharmacy
according to toxicity and analytical considerations. These
Three steps can be distinguished during the wipe samplimpmpounds are cytarabine, gemcitabine, methotrexate,
procedure: (1) wiping of cytotoxic drugs from the investigateatoposide phosphate, cyclophosphamide, ifosfamide, irino-

NaOH 0.01M H20 0.1% FA 20% ACN, 0.1% FA 50% ACN, 0.1% FA ACN, 0.1% FA
150%
125%
2 100%
(]
>
8 75%
2
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Fig 4 Wiping step development: recovery of cytotoxic drugs as0.1% FA). Wiping was performed with Whatman filter paper on
function of different wiping solvents (water, FA 0.1%, NaOH 0.01 M, stainless steel surface as describetEixperimentl
20% ACN with 0.1% FA, 50% ACN with 0.1% FA and ACN with
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tecan, doxorubicin, epirubicin and vincristine. It can behe four other compounds, ultrasonication for 20 min
noted that with 20% of ACN in the wiping samples,improved the desorption rate. In addition, it decreased their
cytarabine and gemcitabine were not separated by chron@enfidence interval (inferior to 10%) compared with
tography. The presence of ACN is discussed below, andesorption by gentle mixing and ultrasonication for 5 min.
time segments had to be modified accordingly (Tdble FA 0.1% was first tested to be fully compatible with the
Calibration samples were also prepared in 20% ACN withC+tMS/MS method 23], but recoveries of only 5¥0%

FA 0.1%, instead of FA 0.1%. A typical chromatogram,were obtained for irinotecan, doxorubicin, epirubicin and
obtained from the analysis of a calibration sample witlvincristine. In order to increase the recovery of these
50 ng mL* of each analyte and 50 ng fiiLof the IS in  hydrophobic tested substances, 20% ACN was added.

20% ACN with FA 0.1%, is shown in FidL. Hence, recoveries were close to 100% for all compounds
(Fig. 2).
Desorption step development The desorption procedure with 20% ACN, FA 0.1% and

ultrasonication for 20 min was evaluated with three series at
Desorption of cytotoxic drugs from the filter paper wasthree concentrations (10, 50 and 200 ng thLwith four
performed in PE tubes using 1 mL of the desorptiorrepetitions each. Concentrations of the desorption samples
solution. This small volume allowed obtaining a smallwere calculated from a calibration model constructed the
quantity of cytotoxic waste and satisfying quantificationsame day. Recovery was expressed in per cent as the ratio
limits (BQuantitative performance of the method applied tdetween the theoretical and average measured values at each
different surfaceéy. concentration level. Intermediate precisions were expressed

Several desorption procedures, including gentle mixings relative standard deviation (RSD) of the ratio of the

and ultrasonication for 5 and 20 min, were compared usingetween-day standard deviation (sR). The sR values were
FA 0.1% as the desorption solution. Recovery values angbtained using ANOVA. Recovery values were between 93%
confidence interval were calculated for each assay. Asnd 102% and intermediate precision inferior to 8% at 10, 50
shown in Fig.2, cytarabine, gemcitabine, methotrexateand 200 ng mL* for all compounds (Tabl€). Therefore,
etoposide phosphate, ifosfamide and cyclophosphamidbe chosen procedure allowed desorption of the ten
were not affected by the desorption procedure and exhibitexytotoxic drugs from filter paper with satisfying quantita
recoveries close to 100% in all the tested conditions. Fdive performance in the studied concentration range.

Table 3 Quantitative performances of the wiping method for the ten cytotoxic drugs on different surfaces at 0.5 ng cm

Surface material Stainless Polypropylene  Polystyrol  Glass Latex Computer Paperboard
steel gloves mouse
Cytarabine Recovery (%) 81 79 76 74 58 69 5
Intermediate precision (%) 8.3 7.8 5.8 7.3 18.0 8.8 2.9
Gemcitabine Recovery (%) 82 79 76 74 59 81 5
Intermediate precision (%) 9.5 8.8 6.0 7.7 15.2 6.4 25
Methotrexate Recovery (%) 63 85 75 72 50 64 5
Intermediate precision (%) 9.8 5.1 5.2 6.5 12.8 9.8 3.2
Etoposide phosphate  Recovery (%) 45 82 73 68 58 81 5
Intermediate precision (%) 7.8 8.2 10.4 11.7 11.0 22.6 1.9
Ifosfamide Recovery (%) 82 91 79 85 65 98 7
Intermediate precision (%) 10.4 8.2 11.2 11.7 17.0 24.8 25
Cyclophosphamide Recovery (%) 86 94 71 80 57 77 5
Intermediate precision (%) 10.8 4.8 10.0 15.3 11.4 20.4 25
Irinotecan Recovery (%) 57 84 67 65 27 45 15
Intermediate precision (%) 11.8 11.9 145 7.7 11.8 12.0 5.3
Doxorubicin Recovery (%) 46 54 47 53 20 35 9
Intermediate precision (%) 5.1 6.1 10.2 10.6 6.8 12.2 3.7
Epirubicin Recovery (%) 46 58 45 55 16 19 13
Intermediate precision (%) 5.2 6.2 6.0 7.6 5.0 1.1 10.6
Vincristine Recovery (%) 50 55 35 56 27 22 13
Intermediate precision (%) 12.0 11.9 13.3 7.6 13.0 12.3 7.1
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Wiping step development ACN with 0.1% FA, 50% ACN with 0.1% FA, ACN with
0.1% FA and isopropyl alcohol 70%. As shown in Hg.

Several wiping procedures were evaluated, includinglaOH 0.01 M was discarded because etoposide phosphate
different wiping papers and wiping solvents. Wipe samplingvas not detected in wiping samples, probably due to its
was performed on stainless steel surfaces (10#10 cm) tiegradation in basic conditions. Moreover, recovery values
compare the different procedures in the same conditionsferior to 20% were obtained for doxorubicin, epirubicin
Recovery values and confidence interval were calculatemhd vincristine. Addition of FA 0.1% to water increased the
for each wiping procedure. recovery values for gemcitabine, etoposide phosphate,

The tested wiping papers were filter paper from Whatmarrinotecan and vincristine; better precision values were
which have already been successfully used for the desorptiaiso obtained for most cytotoxic drugs. Therefore, an
of dried blood spots4, 29); filter paper from Ahlstrom; and acidic wiping solution was selected and different
wipers from Texwipe. The papers were wetted with wateamounts of ACN (20%, 50% and 100%) were tested.
before wiping. As shown in Fi@, the best recovery values The addition of an organic solvent was used to reduce
with confidence intervals inferior to 20% were achieved withthe adsorption of more hydrophobic compounds onto the
filter papers from Whatman. Wipers from Texwipe possessesurface. However, with amounts of ACN superior to
slightly inferior recovery values with similar precision than20%, the papers were not easy to handle anymore,
Whatman papers, but they were not easy to handle foesulting in an increased confidence interval. The same
wiping. Filter papers from Ahlstrom gave much lowerphenomenon was also observed with isopropyl alcohol
recovery values with higher variability than the other two70% as the wiping solution. The presence of 20% ACN
papers. Therefore, further experiments were performed withcreased the recovery values, and better precision values
Whatman filter papers. (confidence interval inferior to 20%) were achieved.

Filter papers were wetted with 0.1 mL of different To improve the recovery rate, a second wiping with a
wiping solutions, i.e. water, NaOH 0.01 M, FA 0.1%, 20%new filter paper and a separated desorption procedure was

Fig 5 Stability data of the ten 25IC
cytotoxic drugs on wiping papers
stored a# 22, 4 and 25%C for 3 120%
months 100%
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Epirubicin

performed on the same surface. Recovery values between 10%
and 15% of the initial spiked amount were found. In addition
with the amount found by the first wiping, the total recovery
values were still inferior to 75% for methotrexate, etoposide
phosphate, irinotecan, doxorubicin, epirubicin and vincristine.
This loss of cytotoxicity might be due to adsorption or
degradation issues. Only cytarabine, gemcitabine, ifosfamide
and cyclophosphamide presented total recovery values be-
tween 90% and 100%. Given the low improvement of
recovery values with a second wiping, only one wipe was
performed in the final procedure and a correcting factor per
compound and surface was determined (see below).

Quantitative performance of the method applied to different
surfaces

Quantitative performance was studied with three indepen-
dent series at three concentrations with three repetitions for
the stainless steel plate and polypropylene infusion bag.
Among the investigated surfaces, these two areas were most
commonly in contact with cytotoxic drugs during the daily
preparation of drug formulations. Concentrations of wiping
samples were calculated from the calibration model
constructed the same day. Recovery was expressed in per
cent as the ratio between the theoretical and average
measured values at each concentration level. Intermediate
precision was expressed as the RSD of the ratio of the
between-day standard deviation (sR). The sR values were
obtained using ANOVA. Surface-dependent correctings,
factors for each compound were determined according t@
the recovery value. This factor was used to calculate th%
surface contamination for real wiping samples. o
Constant recovery values were found for 0.1, 0.5 and
2 ng cm? (corresponding to 10, 50 and 200 ng TLfor all ~Is
compounds (data not shown). Therefore, the recovery valug
could be considered as independent of the concentratiof
between 0.1 and 2 ng éf The quantitative performance of 5
the other surfaces (polystyrol, glass, latex gloves, computei
mouse and coated paperboard) were determined at only ome
concentration, i.e. 0.5 ng ¢M(50 ng mL"%). Awide range of
recoveries (E98%) were obtained according to the investi-
gated surface and compound (TaBleln general, wiping of
smooth surfaces, such as stainless steel, polypropyleng,
polystyrol and glass, presented higher recovery and smalle®
RSD values than irregular surfaces such as latex gloves d&
computer mouse. Wiping of coated paperboard was no@
successful (recovery values between 5% and 15%), probab%
due to the absorption of drugs inside the coated paperboard
For the other surfaces, most recovery values were superior @
50% and RSD for intermediate precision inferior to 20%. Asg\
expected, some compounds (irinotecan, doxorubicin, epirus
bicin and vincristine) presented lower recovery valuesg

probably due to adsorption or degradation issues. <

nation at th

Cytotoxic contamination (nanograms per wiping sample)

Sampled surface

Doxorubicin  VMincristine

Methotrexate  Etoposide phosphate Ifosfamide  Cyclophosphamide Irinotecan

Gemcitabine

Cytarabine

ND ND

ND

<LOQ

38

70

<LOQ <LOQ ND

ND

Middle of bench flow

ND
ND

<LOQ
ND

ND
ND

94
<LOQ

28
24

>200

85

62
ND

<LOQ
<LOQ

24

<LOQ

10
ND

Sleeves inside isolator

Balance

<LOQ
<LOQ

ND
ND

ND
ND

98 28
ND <LOQ

>200
ND

20
42

<LOQ
ND

65
ND

<LOQ

ND

Door handle inside isolator
Floor in front of isolator

ND
ND

ND

ND
ND

<LOQ
ND
<LOQ

<LOQ
<LOQ

<LOQ
27

ND 10

<LOQ
>200

ND

<LOQ
<LOQ

ND

Product storage box at 4$C

ND

ND

<LOQ
ND

Product storage box at 25$C

Phone

ND

ND

ND

ND

ND

ND

ND not detected
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Limits of quantification (LOQs) were based on thecleaning procedure with the use of different cleaning
validation of the L@&MS/MS [23] method and the solvents or enhanced cleaning frequency.
determined correction factor for the wiping procedure.
LOQs for all cytotoxic drugs were set at 10 ng per wiping
sample, or 0.1 ng ch. Conclusions

Stability of cytotoxic drugs on wiping papers A wipe sampling procedure coupled to tMIS/MS was
developed for the determination of ten cytotoxic drugs on
According to the number of wipe samples, the wipddifferent surfaces. To the autferknowledge, this work
location and the reduced availability of the #MS/MS  describes the first wiping method allowing the simultaneous
instrumentation, storage of filter papers might be verguantification of ten cytotoxic drugs from different therapeu-
interesting. Therefore, the stability of cytotoxic drugs ortic families, with well-established quantitative performance in
the filter paper was studied over 3 months at three storagerms of recovery and precision. Seven surfaces, the most
temperaturess @2, 4 and 25%C) in a light-protected areacommonly encountered in hospital production units, were
(Fig. 5). At 25%C, only ifosfamide was stable for 3 months,nvestigated, and the recovery values were clearly defined
whilst all other drugs presented recoveries inferior to 80%ccording to surfaces and compounds. Therefore, this
after 2 months. Concentrations of etoposide phosphatapproach is particularly suitable for environmental monitoring
doxorubicin, epirubicin and vincristine were already deand can be used to identify exposure of hospital staff who
creased to 20% after 1 week. At 4$C, the wiping sampldsandles cytotoxic drugs and to validate decontamination
were stable for 1 week, with at least 80% of the initialprocedures. Finally, the method was successfully applied for
concentration found for all drugs. After 2 months, thethe determination of surface contamination at the cytotoxic
concentrations of doxorubicin, epirubicin and vincristineproduction unit of HUG pharmacy.
were inferior to 50% of the initial amount, and at 3 months,
50% of etoposide phosphate was lost. The other conficknowledgements The authors kindly thank the Proteomics Core

cility at the Faculty of Medicine, University of Geneva (Switzerland)
pounds were stable for 3 months at 43C. However, the b(JT:So? the loan of the LEMS/MS instrument and the Unit of Toxicology,

storage conditions for all drugs were obtainedZ2$C: Al ynjversity Center of Legal Medicine, Geneva (Switzerland) for the
cytotoxic drugs presented acceptable recoveries betwewiping papers.

90% and 110% after 2 months. After 3 months, values

above 50% were obtained. Therefore, wiping samples could

be kept at 22$C for 2 months until desorption procedureReferences

and LCGEMS/MS analysis.
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Chapitre 4: Conclusions et perspectives

Ce travail de thése a permile démontrer I'mportancede I'analyse de médicamenpsoduits

en milieu hospitalier, d’uapart pour assurer la qualité du produit fabriqué et de I'autre pour
sécuriser des processus de travail pour le personnel qui les manipule. Ceci st alec
différentes applications concernant la détermination de composés-dV absorbants et

cytotoxiques contenus dans des formulations pharmaceutiques hogpéali

Dans un premier temps, I'intérét de la CE pour le contréle qudkténédicaments en milieu
hospitalier a été mis en évidence par les bonnes performances quantitdévgain de temps,
d'argent,et par le respect de I'environnemeribeux méthodes CE'T ont été développées et
validées pour I'analyse de composés fAdW absorbants. La premiere méthode a permis la
détermination des électrolytes dans les BFla mise en place d’'un contrdle qualfgéotidien

de ces formulations a haut risque avant administration au patient. dér@e qualité est
pratiqué aujourd’huiavec succes en routine et a permis la détection de NP non-conformes.
Ainsi, il contribuea 'amélioration de la sécurité du processus des NP a I'hépitaleldeme
méthode a permis la détermination du suxaméthonium dans des spécialisggsploeutiques
ainsi que la mes en ceuvre dine étude de stabilité concernant une nouvelle formulation
préte a 'emploi.Cette seringue est maintenant a disposition des anesthésistes et présente
une stabilité suffisante pour pouvoir répondre de maniére optimale a leesoins, tout en
garantissant une production efficiente par lots de grande taille. Pogotardle qualité de
formulations cytotoxiques, la Cfest montrée particulierement adaptée, car la quantité de
déchets contaminés est trés faible et la séparation est réalisée en systémeAuisg des
meéthodes basées sur la MEKC-UV et MEEKC-UV ont été développées pour landtiterohe
cisplatine, carboplatine et oxaliplatine dans des préparation<hieniothérapie. Une autre
approche intéressante pouranalyse descytotoxiques est la LC-MS/MS, dont la sensibilité
permet de détecter de trés faibles concentrations lgdre du ng-mL*. Ainsi, un échantillon
de seulement quelques pL est nécessadtel'exposition durant I'analyse est limitéd.a
méthode développée dans ce travail a pu étre utilisée pour la détermimaiimultanée de 10
cytotoxiques, ce qui a facilitth mise en place d’'un contréle dmes formulations (avec une

seule colonne, les mémes solvants, pas de changement de méthode).
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Parmi les préparations hospitalieres étudiées dans ce tralamlalyse d’une production de
série, comme le suxaméthonium dans les seringues prétes a I'emploi, est obligatoire. Par
contre, les nutritions parentérales et les chimiothérapiésrsqu’ellessont fabriquées sur
prescription magistrale, ne requiérent aucune analyse quantitative. Toigtgbour sécuriser
ces traitements médicamenteux a haut risque pour le patient et/ou le pemloswmignant, des
analyses peuvent se révéler utiles. En outre, pour sécuriser le procesposresimplifier la
mise a disposition des nutritions parentérales, des formules standardsténiéeloppées
pour la néonatologie par une autre doctorante de la pharmacie (IBeoiehoud). Un contréle
gualité de ces préparations fabriquées en petites séries devient aloigatdire du point de
vue réglementaire. Pour les chimiothérapiese situation similaire pourrait exister, puisqu’il
est envisagé d’introduirde concept du“dose-banding”, qui standardise les doses des
cytotoxiques par paliers, afin de rationaliser la fabrication de traiteimele chimiothérapie.
Une fabrication en petite série permettraitaugmenter la sécurit@vec des préparations
libérées par un contréle qualité et d’économiser du temps et de 'argent e service qui
prépare les chimiothérapies. Une production de chimiothérapies stalisizes, nécessiterait
aussi des méthodes indicatrices de stabilité, afin de déterminer la durée d'ampiret la
conservation de ces préparationlslanalyse des préparations cytotoxiques pour le contréle
qualité présentera donc aussi dans le futur une grande importancepermettant une

fabrication sdre et rationnelle.

Dans la 2™ partie du travail, la problématique dé&xposition du personnel manipulant les
cytotoxiques a été abordée avec la détermination de la contaminationrdee$ de ces
médicaments sur les surfaces. Une procédure de prélévement de surface couplée a un
méthode LC-MS/MS validée a été développée pour la détermination sinédt de 10
substances cytotoxiques. Les performances quantitatives ont été claireméinia$s en
termes de rendement et précision en fonction du composé et de la surfadeéetes
Finalement, cette procédure a permis de déterminer le degré dearomiation au sein de
'unité cytotoxiquede la pharmacie des HUG et a montré une importante contamination a
l'intérieur des isolateurs osont préparées les chimiothérapies, mais au contraire peu de

traces dans la zone logistique. Ainsi, différentes actions pourrontegtneprises :
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La réévaluation de la procédure de décontamination et de nettoyage desesodat
Des prélevements avanet aprés nettoyage n’ont pas montré des différences
significatives et le nettoyage n’étgas efficace du point de vue chimique. Différentes
solutions de nettoyage peuvent étre comparées via la méthode développéalafi
déterminer le nettoyage chimique le plus efficace. Ce travail est reprisThomas

Queruau Lamerigjoctorant a I'Université de Lille stagiaire au LCQ.

La comparaison des taux de contamination entre les différents hopitau Suisse,
reposant sur le projet intitulé "Evaluation de la contamination chusidors de la
préparation des chimiothérapies: suivi de la contamination de surfacaretiaion a

l'aide d'un marqueur non toxique" sélectionné par la GSASA, commerajat de
recherche sur la " Qualité et sécurité d'utilisation des médicaments a ldbphvec
'obtention de cefonds de recherche, un pharmacien (Marc Mattiuzzo) a pu étre
engagé durant une année pour mener ce projet et faire des prélevements dans les
différents hopitaux en Suisse. Ce projet permettra de comparer les taux de
contamination des différents sites, de les mettre en relation avec les infrastascet

les modes d’organisation exista#, etd’apporter d’éventuelles actionsorrectives

visant a sécuriser la manipulation de ces substances toxiques.

La mesure des contaminations sur les flacons cytotoxiques en provenance de
lindustrie sera également effectuée a l'aide de la méthode de prélévement
développée. Un premier essai, a montré des contaminations sur certains flacons, et
une étude plus large, permettant de comparer les différents fabricantsug qualité

d’emballage est en cours.

La méthode développée nous amene donc a poursuivre les travaux avec des étades vis

améliorer et sécuriser la manipulation des cytotoxiques. Lorsque la mise en placendsles

recommandations sera effectug¢al’autres prélevementgpourront étre effectués, afin de

vérifier I'impact de ces mesures et d’avoir un suivi de la contaminakionseulement au sein

de la pharmacie des HUG mais également au sein des différents sites hospitaliers ayant

participé a cette étude.
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