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Chapitre I. Introduction

1. Etat de lieu

Le trafic des médicaments de qualité inférieurelase dans toutes les régions du
globe [1,2]. L'Organisation Mondiale de la Santé®) estime que 10% du marché mondial
des médicaments est contrefait [3-7]. Ce problemeahté publique est plus inquiétant dans
les pays en voie de développement ou la contrefaputhe particulierement des
médicaments de premiere nécessité tels que lekiditfues, les antipaludéens, les anti-
inflammatoires non stéroidiens, les antirétrovirg8sd2]. Des nombreuses études montrent
gue plus de 25% des médicaments seraient consrefaitde qualité inférieure en Afrique
centrale et jusqu’a 80% dans certaines régionsmutnt en République Démocratique du
Congo (RDC) [13]. Malheureusement dans ce pays, itdgrmations relatives a la
problématique de la circulation des médicamentsqdalité inférieure sont tres souvent
indisponibles a cause de linsuffisance d’étudealisées a grande échelle. Cependant,
guelques cas des médicaments contrefaits ont gné@lés par le Ministere Congolais de la
Santé Publiqgue en 2009 et en 2012, notamment deluia quinine goutte orale et de
I'amoxicilline suspension. L'action menée par INTEEBL en République du Congo du 04 au
05 juin 2013 et en RDC du 10 au 11 juin 2013 apaitmis de retirer du marché plus de 70

tonnes des médicaments contrefaits [14].

1.1. Catégorie des médicaments de qualité infériear

Selon Paul Newton la terminologie « médicaments gqualité inférieure » est
considérée comme un ensemble de trois grandesocia®ge produits comme illustré dans la
figure 1 [15]. Lors de la 63°assemblée générale de 'OMS tenue au mois delenannée
2010, la terminologie « produits meédicaux hors resfaltérés/falsifies/faussement
etiquetés/contrefaits » (en Anglais SSFFC pour bsfundard/Spurious/Falselly-
Labelled/Falsified/Counterfeit ») fut adoptée pansemble des membres participants dont la
Belgique et la RDC [16]. D’autres chercheurs pmtfiérutiliser la terminologie «la
criminalité pharmaceutique » qui englobe les prisdwontrefaits, les malfagcons (sous-
standards) et autres produits de santé illiciteg 18]. De maniére générale, les trois
terminologies mentionnées ci-dessus convergentleemnémes catégories des médicaments.
Dans le cadre de notre travail, nous ferons altuaita terminologi€ médicaments de qualité
inférieure” qui est trés utilisée dans plusieurs publicatisrientifiques et apparait simple ou
moins lourde par rapport a celle adoptée par lgs pembres de 'OMS [19-27].
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Chapitre I. Introduction

Dégradés

Fig. 1. Catégories des médicaments de qualité infériealom $aul Newton

Pour bien comprendre les points communs et leérdiftes entre ces trois groupes

des médicaments de qualité inférieure, il nous $enide de définir les différents termes.
1.1.1. Médicaments contrefaits et/ou falsifiés

L’OMS définit un médicament contrefait comme étaatui qui est délibérément et
frauduleusement muni d’une étiquette n’indiquarg gan identité et/ou sa source véritable. Il
peut s’agir d'une spécialité ou d’'un produit géged. Parmi les produits contrefaits, il y a
ceux qui contiennent les bons excipients ou de miauexcipients. D’autres ne contiennent
pas de principe actif ou en contiennent mais enntifgainsuffisante et d’autres sont

caractérisés par un conditionnement falsifié [1B,28

Nous pouvons distinguer deux types de contrefagelie portant atteinte au brevet et
dont les produits présentent une conformité acbéptaotamment la présence de principes
actifs. Ce sont des produits fabriqués par desrdabioes souvent localisés dans des pays en
voie de développement comme la Chine, I'ilnde, leid®an, le Brésil, le Mexique, le Nigéria,
la Tanzanie, le Kenya [29]. L’'autre contrefacon @sé totale. Dans ce cas le produit ne
contient pas le principe actif. L'objectif du cosftacteur est de tromper I'acheteur par le fait
d’'imiter le produit original. D’ailleurs le sens mé& du mot « contrefacon » du latin

« contrefacere» signifie imiter.
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Il est important de mentionner que la définitionmdédicaments contrefaits telle que
donnée par 'OMS ne prend pas en compte les nodméda tracabilité que doivent respecter
les produits pharmaceutiques [18]. C’est ainsi goer mettre en évidence les dangers
sanitaires des faux médicaments, la directive E2gope de 2011 a défini un médicament
falsifie comme étant tout médicament comportant fausse présentation a trois niveaux,
d’abord () au niveau de son identité c’est-a-dire de sonadladpe et de son étiquetage, de sa
dénomination ou de sa composition s’agissant dmpdoite lequel de ses composants, y
compris les excipients et du dosage de ces comigosansuitei{) au niveau de sa source, de
son pays de fabrication, de son pays d’originewtitdlaire de son autorisation de mise sur le
marché ; et enfinii{) au niveau de son histoire, y compris des enmegmnts et des
documents relatifs aux circuits de distributionisgis [30].

1.1.2. Médicaments sous-standards

Ce sont des médicaments qui ne sont pas conforaxesames et aux spécifications
de la qualité suite a des conditions inadéquatefaloiécation ou a un certain laxisme qui
affecte la qualité du produit fini. La négligencand la fabrication peut étre intentionnelle
mais tres souvent non car certains fabricants neas conscients de la mauvaise qualité de
leur produit [15]. Ce genre de situation est pauplupart des cas rencontrée dans les pays en
voie de développement ou les capacités de régnladi® 'assurance et de contrble qualité
sont faibles. Les médicaments sous-standard soitigoaréparés sans respecter les principes
des Bonnes Pratiques de Fabrication comme par deelapfait de travailler dans un
environnement de préparation inadéquat, avec depedgents de fabrication mal nettoyés ou
non qualifiés, avec des méthodes de fabrication vadidées, avec une main d’ceuvre peu

habilitée et des sources de matiere premiere resquoalifiées.

Dans cette catégorie on peut retrouver les impsirétgiduelles provenant de la chaine
de fabrication ou consécutives a une purificatimsuffisante des matieres premieres
(principes actifs et excipients). Les impuretésduslles comprennent les traces de métaux
lourds, les catalyseurs et les solvants résidumsepant des processus de synthése des
principes actifs, des excipients et des produitsplaceutiques eux-mémes. En fonction de la

teneur ces impuretés modifient la qualité des naédents.
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1.1.3. Médicaments dégradés

La dégradation des médicaments est tres souwmer#écutive aux conditions de
conservation inappropriées, situation particuliegamcritigue sous les climats tropicaux
notammen en RDC [15]. Dans ce contexte, les médintandégradés contiennent le bon

principe actif ainsi que les impuretés de dégradadi des teneurs dépassant les limites [15].

Tenant compte de toutes ces définitions, notretabest que la présence du principe
actif demeure le point commun a ces trois catégatee médicaments de qualité inférieure.
Par ailleurs, un médicament contrefait pourraispnéer de bons principes actifs et de bons
excipients. De ce fait, il peut étre déclaré den@oqualité et sortir du cercle des médicaments
de qualité inférieure proposé par P. Newton [15¢s Gonsidérations nous permettent
d’apporter une modification au diagramme initial gevient comme présenté a la figure 2
avec une zone d’intersection entre les trois caiéget une zone de médicament contrefait de

bonne qualité (figure 2).

.—r-'-F’{-

. A Sous-
Dégradés | standards

Fig. 2. Nouvelle représentation du diagramme de Paul Newto

1.2. Conséquences de la commercialisation des médients de qualité inférieure
Le trafic des médicaments de qualité inférieuresgmée des conséquences néfastes a

plusieurs niveaux. Au niveau de la santé publignepeut observer notamment les échecs

thérapeutiques qui peuvent étre mortels, I'apparitde résistances aux traitements par

exemple avec les antibiotiques, les antipaludéeteseantirétroviraux, la crise de confiance
10
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entre les prestataires des soins de santé et dejadh croissance de la mortalité et de la
morbidité. Au niveau socio-économique nous pouvamentionner la baisse de chiffre
d’'affaire des industries pharmaceutiques pouvaldr gisqu’a une perte totale de leur
credibilité, 'aggravation de la pauvreté de la plagion a cause de la déperdition financiere
socio-familiale et la germination des conflits saot en référence a la sorcellerie ou aux

mauvais esprits ou encore au mauvais sort en gasdé’ces provoqué par ces médicaments.

1.3. Présentation générale de la République Démodigue du Congo (RDC)
1.3.1. Apercu géographique et climatique

La RDC est le deuxieme pays le plus vaste d’Afrigpees I'Algérie et le premier en
Afrique centrale avec une superficie de 2.345.40¢ [81,32]. Signalons que ses frontiéres
sont parmi les plus longues du continent avec wiendation au Nord par la République
Centrafricaine et le Sud Soudan; a I'Est par I'éndp, le Rwanda, le Burundi et la
Tanzanie ; au Sud par la Zambie et 'Angola et @uést par la République du Congo,
'enclave de Cabinda et 'Océan Atlantique [31,32lisqu’en 2014 la RDC comptait 11
provinces, 45 districts et 225 territoires admuaits. La nouvelle loi sur la réorganisation
territoriale et administrative promulguée le 2 makl5 prévoit la mise en place de 26
provinces telles qu'illustrées dans la figure 3.

Centrafrique

Zambie

Fig. 3. Carte administrative des 26 provinces de la RD&yes par la loi sur la réorganisation territorigtle

administrative de 2015
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Etant située de part et d’autre de I'équateur, XCRconnait toute la gamme des
climats caractéristiques de la zone tropicale hemiais aussi celui des montagnes a I'Est du
pays. La température varie de 15 a 40 °C suivast daisons et les localisations
géographiques. On note parfois des températures epittémes. Il existe une saison seche
caractérisée par les faibles températures avepréegitations quasiment nulle et une saison
humide caractérisée par des hautes températuids teés fortes précipitations. L’humidité
atmosphérique est constamment élevée (70 a 85% clmiaines provinces comme par
exemple la province de 'Equateur et la provinceefiale [32]. La température et I'humidité
relative constituent des facteurs importants aesllev mais surtout a tenir compte dans le
circuit de distribution des médicaments car ell@# & la base de la dégradation de plusieurs

médicaments.
1.3.2. Apercu démographique

La RDC est le pays le plus peuplé de I'Afrique calist En 2007, I'Institut National
de la Statistique de la RDC a estimé la populatmmgolaise a 65,8 millions d’habitants dont
prés de 7,9 millions vivait dans la seule ville Kieshasa qui est la capitale du pays [31].
Actuellement, on estime cette population a plus7@emillions d’habitants [33], avec une
jeunesse de moins de 15 ans comptant pour 48%mtgoldation et les adultes de plus 60 ans
pour 4% [31].

L’enquéte démographique et de santé de 2007 revesajg’en 1984, 70% de la
population vivait en milieu rural contre pres de¥@@ans les villes. Avec les multiples
mouvements de population occasionnés par I'exodgermais surtout par les conflits armés
de ces derniéres décennies, la proportion de lalgign vivant en milieu urbain s’est vue
augmentée a 43% [31]. Ce dernier chiffre fait laibjl’'une doit actuellement étre revu a la

hausse pour les mémes raisons d’exode rurale forcée
1.3.3. Le secteur Pharmaceutique

Le secteur pharmaceutique en RDC est sous le ¢tendd Ministere de la Santé
Publique. Pour améliorer la politique sanitaire deenier avait élaboré et adopté en 1997 la
politique pharmaceutique nationale (PPN) qui ét@isée en 2005. La mission essentielle

assignée a cette politique était de définir, dictkee, d’encadrer et de coordonner toutes les

12
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activités pharmaceutiques de la production a iasilon des médicaments, en passant par
limportation, la distribution, la dispensation let prescription, afin de rendre disponibles
partout et accessibles les médicaments essenteldodne qualité, efficaces, tout en
favorisant leur usage rationnel [34].

En plus de cette politique pharmaceutique natigniaéxiste au sein du Ministére de
la Santé Publique la Direction de la Pharmacie, ibéddents et Plantes Médicinale (DPM)
créée par l'ordonnance 82-027 du 19 mars 1982.eCditection est l'autorité de
reglementation pharmaceutique. La DPM a comme délecoordonner et de contrdler le
secteur pharmaceutique national afin de présetverdribuer a I'amélioration de la santé de
la population en veillant a la qualité et a la disipilité des produits pharmaceutiques,
parapharmaceutiques et vétérinaires [31]. La DPMpend 6 divisions subdivisées en 16

bureaux représentés dans la figure 4.

Fig. 4. Organigramme de la Direction de la Pharmacie, M#dents et Plantes Médicinales [31]

13



Chapitre I. Introduction

La Division 5 qui s’occupe de l'assurance et cdetrqualité des médicaments
commercialisés en RDC nous intéresse dans le cidoe travail. Sa mission principale est
de protéger la population Congolaise en veillantagualité des médicaments. Cependant, la
complexité du circuit d’approvisionnement des madients est I'un des facteurs qui ne
permet pas a cette direction de mettre en place tiagabilité correcte et un suivi du
médicament de I'étape d’'importation ou de productocelle d'utilisation par le patient. En
2002, le Ministére de la Santé Publique a crééytefne National d’Approvisionnement en
Médicaments Essentiels (SNAME) grace a I'appuibesenaires en vue de mettre en ceuvre
les stratégies de la PPN [30]. Ce systeme est oonpn&d par le Programme National
d’Approvisionnement en Médicaments Essentiels (PNAMI, en théorie, est soumis au
contrdle de la DPM.

La coexistence de plusieurs systemes d’approvisiment des médicaments et autres
produits de santé a c6té du Systeme National d@ppionnement en Médicaments
Essentiels et Génériques rend complexe le circafplovisionnement des médicaments. Une
étude réalisée par 'OMS en 2009 a mis a jour ustesye d’approvisionnement et de
distribution des médicaments en RDC extrémementptomm avec plusieurs agences
d’approvisionnement et des circuits de distributies médicaments.

Signalons qu'a co6té de SNAME, il existe le sectguivé constitué par les
importateurs et grossistes répartiteurs, lesdahts et les détaillants qui se caractérisent par
la prolifération des établissements pharmaceutigqugavers tout le pays. Pour se faire une
idée, la ville de Kinshasa compte a elle seule geuS000 pharmacies ouvertes au public pour
la plupart sans autorisation du Ministére de la&&ublique. A c6té de ces officines, il existe

le marché illicite des médicaments qui freine leall@ppement socio-économique du pays.

La complexité des systemes d’approvisionnementpdeduits pharmaceutiques telle
gu’illustrée dans la figure 5 ne favorise pas leeli@dopement contrélé de I'ensemble du

secteur pharmaceutique.
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Fig. 5. Systeme d’approvisionnement des produits pharntigees en RDC publié en mai 2009 [31]

D’'une maniére globale, I'état de lieu du secteumarptaceutique en RDC est

chaotique. On peut en extraire les difficultés mege suivantes :
- la faible capacité institutionnelle et gestiomaale la DPM et du PNAM ;

- I'absence d'une loi pharmaceutique et des réghtatiens adaptées, efficaces et bien

appliquées ;

- la couverture insuffisante des formations sar@taen médicaments et autres consommables

essentiels;
- la mauvaise gestion des médicaments dans ledigies sanitaires et pharmaceutiques ;

- la vente des médicaments dans des endroits iopigs et insalubres;
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- l'absence d'un cadre de concertation, de cootidinaet de suivi des projets de

coopération en matiére de santé;
- le faible financement des médicaments par I'Etat
- la corruption et les conflits d’intéréts ;

- le mauvais état des routes et des voies de comatiom pour la distribution des

médicaments ;

- le colt élevé des médicaments ainsi que l'absehee politique de tarification des

produits pharmaceutiques ;

- I'ouverture anarchique et exagérée des établissenpharmaceutiques et leur répartition

inéquitable sur le territoire national ;
- l'insuffisance du personnel en qualité et en djt&an
- la complexité et I'existence des systemes pesld’ approvisionnement en médicament ;

- I'insuffisance du systeme d’assurance de quéithnes Pratiques de Fabrication, Bonnes
Pratiques de Distribution et Bonnes Pratiques @ffies) et du systeme OMS de certification

de la qualité des produits entrant dans le commietemational ;

- 'absence d’un laboratoire national de controte qlalité des médicaments bien équipé
[32,34].

Toutes ces faiblesses auxquelles s’ajoute la hitité des frontiéres partagées avec
les 9 pays voisins favorisent la circulation dedite@ments de qualité inférieure y compris
limportation non contrélée des médicaments quitvem retrouver dans le marché illicite.
Celui-ci sera amplifié a cause des ruptures frémsede stock de médicament au niveau du
marché légal. Il faut également signaler que lésutaements des dons humanitaires sont
parmi les sources d’approvisionnement des medicEmgsurtout des spécialités
pharmaceutiques) dans le marché illicite qui vaeméer les avantages de disponibilité et de

faible colt afin de concurrencer le marché légal.
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1.4. Lutte contre la commercialisation des médicanmes de qualité inférieure en
RDC

Conscient du phénomene de la circulation des médints de qualité inférieure dans
son territoire, le Ministere de la Santé Publiqgeelal RDC multiplie des efforts en vue de
chercher les voies et les moyens pour combattfeae. Mentionnons le cas du 3V Salon
International de la Pharmacie du Congo (SIPHACQ)agété organisé a Kinshasa du 18 au
20 décembre 2013 autour du theme «Tous contreif@nalité pharmaceutique » [14]. La

stratégie proposeée s’articule autour de plusieonstp a savoir :

- 'éducation de masse et la sensibilisation quveltt revétir d’'une importance particuliere
car la population n’est pas suffisamment informae le phénoméne de la circulation des
médicaments de qualité inférieure. Cette actiort pae réalisée grace a des campagnes de
lutte contre les faux médicaments en se servansug@sorts de communication comme des

messages audio-vidéo et a travers la vulgarisd#ésirésultats de recherches scientifiques.

- La mise en place des mécanismes efficaces deéraiam et de collaboration au niveau
national, régional plus spécialement aux frontieagec les pays voisins de la RDC et
international, notamment en renforcant les réseuxeglementation et en encourageant les

échanges d’'informations.

- La mise en place d’une structure nationale de kntre la contrefagon qui doit élaborer les
stratégies et travailler en franche collaborativacale Ministére de la Justice et des Droits
Humains, celui de I'Intérieur et Sécurité (Policeg|ui de la Santé Publique (DPM), celui de
'Economie et du Commerce (Douane), celui de la @omication et des Médias (Radio et
Télévision). Sur le plan judiciaire, il a été prgpod’introduire la pénalisation du délit de

contrefacon des médicaments.

- Le renforcement des capacités du personnel gugli dans I'assurance qualité des
médicaments pour une bonne tracabilité des médimasnide la production ou importation a

la dispensation au malade).

- La stratégie analytique qui consiste au renfoex@ des laboratoires de contréle de qualité
en équipements modernes et renforcer les capatitgsersonnel commis au contréle de

gualité. Ce dernier aspect constitue un point ppag avec notre thése.
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1.5. Stratégie analytique en RDC
La grande majorité des laboratoires de controlequidité en RDC ne dispose pas

d’équipement utilisant les techniques analytiques pbinte comme la chromatographie
liquide, I'électrophorese capillaire largementiséis en Europe et en Amérique du Nord. Tres
souvent ces laboratoires recourent aux réactionsoéution et a la chromatographie sur
couche mince (CCM) en vue d’'identifier les prindpgans les médicaments tandis que la
titrimétrie a l'aide d’'une burette est utilisée pde dosage de ces principes actifs. Depuis
moins de deux ans, la plupart des laboratoiresodér@e de qualité ce sont vu équipés des
spectrophotometres Ultraviolet-Visible pour le dgsades principes actifs dans des

échantillons médicamenteux suivant une prise ergehanalytique présentée a la figure 6.

Fig. 6. Logigramme de la stratégie analytique utiliséesdan laboratoires de contr6le de qualité en
RDC

Les méthodes analytiques utilisées avec les teohsigrécitées (titrimétrie, CCM,
spectrophotometrie UV-Vis) sont souvent adaptéesiegpirant des méthodes pharmacopées
destinées a l'analyse des matieres premieres. pitesentent les avantages d'étre simples,
rapides et moins codteuses. La titrimétrie par gem’exige pas d’étalonnage au préalable
car une seule manipulation est suffisante pourrdeseroduit. Par contre, elles présentent

plusieurs faiblesses telles qu’énumérées ci-apres.
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a) Interférences dans le milieu complexe du médicaant

A titre d’exemple, lorsqu’une suspension orale ousurop renferme un excipient ou
un adjuvant contenant I'azote (base faible) commue gxemple I'aspartame, ce dernier va
interférer lors du dosage du principe actif a dara@c basique faible (par exemple la
luméfantrine) par l'acide perchlorique en protongéegn milieu non aqueux. De ce fait, le
résultat de dosage obtenu sera assorti d’'une esystgmatique importante mais non attribuée

a la méthode.
b) Probleme de quantification dans les associatioqharmaceutiques

Dans le cas des associations pharmaceutiquesnt’pga la possibilité de déterminer
la teneur de plusieurs principes actifs en mélategelaboratoires de contrdle de qualité se
limitent & quantifier uniquement le produit majanie ou facile & quantifier afin de décider de
la qualité du produit. Cette situation favorisecleculation des médicaments sous-standard

commercialisés en association.
c) Probléme de quantification des impuretés de dégdation dans les produits finis

A titre d’exemple, I'acide salicylique et le 4-amphénol qui sont des impuretés de
dégradation respectivement de l'acide acétylsadjugl et du paracétamol ne peuvent étre
analysés en présence de leur produits parents, @l@r cela constitue un requis compte tenu
des conditions climatiques de la RDC mais aussirdgsies néfastes sur les patients ou les

consommateurs (cas d’hépato-toxicité avec le 4-aphiénol).
d) Probléme de choix de spécifications pour le testle dosage des principes actifs

Chaque laboratoire de contrdle de qualité chosisf@écifications parfois en fonction
des résultats obtenus pour décider de la confowmtoiggroduit. Cette pratique de juge et partie

est source de risque de circulation des médicanhenssspécifications.
e) Probleme de validation des méthodes

Les méthodes titrimétriques utilisées par la plupkes laboratoires de contréle de
gualité ne sont pas validées par manque de formatiod’information des analystes sur cette

thématique. L’application de méthodes analytiquas validées augmente le risque au niveau
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du producteur que des consommateurs (patientde Siaiation favoriserait la circulation des

médicaments sous-standards en RDC.

2. Validation de méthodes analytiques
La mise en ceuvre d’'une méthode analytique se démsengn quatre grandes phases

successives telles qu'illustrées dans la figur@s. [

1. Séléction |

e i s

Fig. 7. Cycle de vie d’'une méthode analytique

Comme point de départ d’'une méthode analytiquesélaction permet d’en définir
clairement les objectifs pour proposer des solgtiappropriées, matérialisées en termes de
conditions opératoires initiales. Les objectifsldanéthode étant clairs, il est indispensable
d’effectuer des expériences complémentaires (ptas#géveloppement) en vue de s’'assurer
de la capacité de la mise en ceuvre de la méthadegzort a I'usage requis.

Le développement de la méthode peut se faire auemayu non dun plan
d’expériences selon la problématique définie lagslal phase de la sélection. Il consiste a
optimiser les parametres instrumentaux et les tiondi opératoires.

Apres la phase de développement, il devient de @luplus évident et essentiel de
démontrer au moyen de la validation qu’une méthaatamisée correspond a l'usage attendu
tout en fournissant par ailleurs des résultatddmb

Une fois, la méthode est validée, elle peut étrdigyée en routine avec confiance.
Cette phase inclus le plus souvent une validatioroatine et parfois une validation partielle.

La validation d’'une méthode analytique constitégape la plus importante d’'un cycle
de vie d'une méthode car elle permet de donner labgratoires ainsi qu’'aux autorités

compétentes les garanties que chague mesure quiésdisée ultérieurement en routine, sera
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suffisamment proche de la « vraie valeur » inconteid’échantillon ou du moins comprise

dans la limite acceptable, en fonction de la figadie la procédure [36-42].

La stratégie de I'erreur totale qui utilise le prafexactitude comme outil de décision
est trés utilisée pour valider une méthode d'amalj@s-42]. Le profil d’exactitude tel
gu'illustré dans la figure 8 est construit & patis intervalles de tolérance d’espérafick
mesures attendues a chaque niveau de concentiaeghintégré dans la limite d’acceptation
(xA) pour permettre a I'analyste de prendre des écdasees sur I'objectif de la méthode
analytique. Généralement, la limite d’acceptatiat @e 1% a 3 % pour le dosage des
principes actifs dans une matiere premiere, de &@%0% pour les formes pharmaceutiques
et de 15 % ou 20% pour les analyses dans les estbiwlogiques ou environnementales
[42,43].

Le profil d’exactitude tient compte du risque aséacrla méthode. Il permet en outre
d’accepter ou de rejeter une méthode analytiqueastil’'usage attendu. Une méthode est
valide si les intervalles de tolérances d’espéraficesont compris dans les limites

d’acceptation fixées.

Biais (%)
A | | H |
" M~ I H 1
+3, . . . .
1 1 i 1
] | 1 I
i | ; |
e ---i_ - >

i /\i\ i Concentration
| |
| 1 I
I ] I
_;. L 5 i
C1: P Ce C?: C'*i

Lal INTERVALLE Qs
DE DOSAGE

Fig. 8.lllustration de profil d’exactitudd.QI : limite de quantification inférieure. LQS niite de quantification

supérieure. C : concentratidn: limite d’acceptation

La zone grise montre l'intervalle de dosage dagsdkla procédure est capable de quantifier

avec une exactitude connue et un risque fixé paalyste.
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Chapitre II. Obijectifs du travail

Un médicament est défini comme étant toute substac composition présentée
comme possédant des propriétés curatives ou preeerdt I'égard des maladies humaines ou
animales, ainsi que toute substance ou composifionvant étre utilisée chez I'homme ou
chez I'animal ou pouvant étre administrée en vélblir un diagnostic meédical, de restaurer,
corriger ou modifier une fonction physiologique exercant une action pharmacologique,
immunologique ou métabolique. A partir du momentilogst de qualité inférieure, il y a un

risque que le médicament ne réponde pas a ce aqttend de lui, par conséquent sa
présentation ou son utilisation constitue un prol@énajeur de Santé Publique.

En RDC, les antipaludéens, les antibiotiques eafgisinflammatoires non stéroidiens
(AINS) font partie des classes pharmacologiqueles visées par le probleme de qualité
inférieure en raison de leur forte prescriptiordetleur large utilisation. Pour faire face a ce
probleme, le Ministére de la Santé Publigieela DPM a mis en place une série de stratégies
parmi lesquelles l'assurance qualité et le contrdée qualité au moyen de méthodes
analytiques robustes et fiables. Celles-ci devpmrimettre la prise de décisions rapides et
scientifiquement appuyées en vue de préserver Hitgudes médicaments et aussi de

sécuriser les patients et les consommateurs.

Dans ce contexte, I'objectif principal de ce trawst de répondre a la préoccupation
des autorités du Ministere Congolais de la Santdlidue par la mise a disposition d’outils
analytiques adéquats dans le but de contribueerdfoncement de la stratégie analytique. Les
trois classes pharmacologiques citées ci-hautidbgtipartie du «package médical » en RDC

feront I'objet de notre étude.

La premiére partie de notre travail sera consaartéeléveloppement des méthodes
géneériques en utilisant la technique séparativia @aromatographie liquide. Il sera question
de tracer simultanément plusieurs principes ad@fiss un premier temps dans le but de les
détecter et ainsi de mettre en évidence des fasifins ou des contrefagons et dans un second
temps de quantifier les principes actifs qui aurétét détectés. La technique séparative sera
particulierement utile dans le cas de la stratégialytigue pour examiner la qualité des

médicaments en associations (polythérapie).
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Chapitre II. Obijectifs du travail

La deuxiéme partie de notre travail se focaliserales développement des méthodes
simples et rapides en utilisant les techniques s&paratives qui conviennent pour I'analyse
des produits présentés en monothérapgdous nous intéresserons dabord a la
spectrophotométrie UV-Visible compte tenu de laspnEe croissante ces deux dernieres
annees des spectrophotometres UV-Visible danseaulissiaboratoires de contréle qualité en
RDC. Ensuite, nous porterons un intérét particudida spectroscopie vibrationnelle Raman
mais surtout a celle de Proche Infrarouge (PIR)t&tanné la récente acquisitioia le projet
interuniversitaire ciblé (PIC) d'un tout premieresfrophotometre PIR & Kinshasa au
Laboratoire d’Analyse des Médicaments de I'Univérsie Kinshasa. Les avantages en
termes de simplicité, de rapidité et surtout deda ou peu d'utilisation de solvant organique

ne pourront que renforcer davantage et de man&enpe la stratégie analytique.

Dans les deux cas (techniques séparatives et tpemnon séparatives) et avant toute
application en routine, nous éprouverons les me&thadéveloppées en se servant de la
stratégie de validation basée sur I'erreur totaieutjlise le profil d’exactitude comme outil

de décision.
Enfin, en considérant les résultats qui serontraistdgout au long du cycle de vie de

chaque méthode, nous nous efforcerons de proposestratégie analytigue sous forme de

logigramme qui sera présenté aux autorités du kirésCongolais de la Santé Publique.
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Chapitre Ill. Technique séparative

Dans ce chapitre, nous avons choisi la chromatbggaliguide comme technique
séparative afin de réaliser un criblage permettadétection rapide et simultanée de plusieurs
molécules actives appartenant a une méme classmat@ogique. Les classes mentionnées
dans les objectifs de ce travail seront étudiééantEdonné l'importance du nombre des
principes actifs a détecter et pour bien circomscie développement des méthodes, nous
avons opté pour la stratégie basée sur la platiditaxpérimentale par approche multivariée
et en utilisant 'espace de conception en angldi®sign Space. Cette stratégie sera d’'une
grande utilité pour permettre de repérer des zoomsespondant a des conditions

chromatographiques idéales en vue de séparer uimumaxde COmMposeEs.

Mentionnons que dans ce genre de stratégie, lesédsnanalytiques obtenues au
cours d’'une planification expérimentale offrentpassibilité de développer des méthodes
pour [l'analyse des associations pharmaceutiquesuas et des impuretés de dégradation
ciblées dans des temps d’analyse plus réduitss Flegmettent également de développer
d’autres méthodes en cas de substitution ou ddotbon d’'une nouvelle molécule active
dans le groupe de molécules initiales. Enfin, lesnges analytiques sont d’une grande utilité
en cas de transfert géométrique vers des technign@ytiques plus rapides telle que la

chromatographie liquide ultra haute performance.

Lorsque I'on débute un développement de méthodenwdiographique, une étape
importante est la construction d’un espace de quime Ce dernier peut étre défini comme
la combinaison multidimensionnelle ou l'interactides variables d'entrée et les parametres
du procédé ayant permis de donner I'assurance dedité. En d’autres termes, I'espace de
conception est un sous-espace du domaine expéah@etiintérieur duquel les objectifs ont

éte atteints en considérant I'incertitude des piés&oncernés.

De ce fait, la premiere étape consistera a sélewioles facteurs ou parametres
chromatographiques tels que le pH, le débit de hase mobile, le pourcentage du
modificateur organique et le temps de gradientatérasés par un effet marqué sur la réponse
qui sera modélisée. Afin de maximiser les chancetemtifier une séparation optimale
observée entre les pics chromatographiques, le idereapérimental sera élargi au maximum
tout en tenant compte des contraintes liées auytasapar exemple leur instabilité a des pH

35



Chapitre Ill. Technique séparative

extrémes et a des températures variées. Concereaggrnier parametre analytique, il sera
utile d’évaluer son effet sur les réponses a telgerobustesse de la méthode étant donné que
celle-ci est destinée a étre utilisée dans dega#fices ou le contrdle de la température n’est
pas tres aisé compte tenu des conditions climai¢ces de la RDC souligné dans I'état de

lieu).

La deuxieme étape concernera I'exécution des expegs suivant un plan qui sera
sélectionné selon I'objectif poursuivi. En effety plan factoriel complet permet d’étudier les
effets des différents facteurs avec comme conséguem nombre tres élevé d’expériences a
réaliser tandis que les plans pour surface de s&p¢plan composite centré, D-optimal,...)

permettent d’optimiser un procédé ou une méthaalen nombre d’expériences limité.

Dans la troisieme étape, les temps de rétentiatehut, a I'apex et a la fin de chaque
pic de molécules étudiées seront sélectionnés compomses a modéliser et conservés dans
une base de données analytiques. Pour une pdiguerde pics donnée, la séparation « S »
utilisée comme attribut critique de qualité (CQAJ k& différence entre le temps de rétention
au début du second pic et le temps de rétentiarfia tu premier pic. L’erreur obtenue sur la
prédiction des temps de rétention est propagée@A. Ensuite, les simulations de Monte-
Carlo sont utilisées pour obtenir la distributioesdS a partir de la prédiction jointe de la
distribution des temps de rétention d'une pairetique, pour une condition
chromatographique expérimentale donnée. Considéadhstribution de S et des temps de
rétention, la probabilité que S soit supérieure sefa utilisée afin de définir I'espace de
conceptionlIn fine I'espace de conception définissant la zone duailmenexpérimentale ou
la probabilité prédite que S > 0 est supérieura aiveau de qualité prédéfini sera le critére
visuel et statistique qui nous servira pour la d@a des conditions chromatographiques

optimales.
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Section Ill. 1.

Développement de méthodes d’analyse des anti-Inflanatoires non
stéroidiens par chromatographie liquide

Cette section se réfere a l'articl&pplication of an innovative design space optimizabn
strategy to the development of liquid chromatograpic methods to combat potentially
counterfeit nonsteroidal anti-inflammatory drugs» publié dans le Journal of
Chromatography A 1263 (2012) 113-124.



38



Section Ill.1. Technique séparative — AINS

Contexte

Les anti-inflammatoires non stéroidiens (AINS) fopartie des groupesles
médicamentsayant des propriétéanalgésiques, antipyrétiques et anti-inflammatoires
Certains possedent également des propriétés argmges. lls font partie des médicaments
les plus consommés en RDC et se retrouvent aussi dians des établissements
pharmaceutiques autorisés c'est-a-dire dans leuitiridgal que dans ceux ouverts
anarchiguement ou circuit illicite. lls sont vendamt en monothérapie soit en association
pharmaceutique. Cependant, la perméabilité du ititégal du médicament, la liberté du
choix du site d'achat avec ou sans ordonnancansuffisance du contréle de qualité des
médicaments sont des facteurs favorisant la citionl@e faux médicaments dont les AINS et
par conséquent exposent le malade a des risque®laeés relatifs a leur consommation.
D’autre part, pour favoriser la production pharmaicgie locale, le Ministere Congolais de la
Santé Publigue avait publié en date du 06 décer2bi®d I'Arrété N°1250/CAB/MIN/
SP/069/CJ/OMK/2010 interdisant I'importation derb&dicaments les plus consommes entre
autre le paracétamoC’est ainsi que dans un souci de préserver latgudés soins par la
mise a disposition de médicaments de bonne qualigs avons ciblé dans notre travail ce
premier groupe de médicaments.

Grace a la stratégie d’optimisation basée sur mabteaison du plan composite centré
et 'espace de conception, nous avons dévelopjg rréthodes analytiques génériques pour
détecter 27 molécules d'intérét. La base des denramlytiques obtenues lors des
expériences a permis de développer deux méthoddgtignes de courte durée en vue de
guantifier les associations pharmaceutiques reispenent dans les formes solides et dans les
formes liquides. Pour s’affranchir de la fiabild& ces méthodes, nous avons validé l'une
d’entre elles notamment celle dédiée au dosageadac@tamol, de I'ibuproféne et de la
caféine en association dans des gélules. Signgotasnotre meilleure connaissance, cette
association ne se retrouve qu'en RDC. De plus,olané pharmaceutique gélule étant
particulierement facile a trafiquer, il nous estyanportant de connaitre la teneur de ces trois
principes actifs dans plusieurs échantillons ctdie@ Kinshasa d’'une maniéere aléatoire. Les

résultats sont tres interpellants.
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Summary
In the context of the battle against counterfeitimi@es, an innovative methodology has been

used to develop rapid and specific high performaligpeid chromatographic methods to
detect and determine 18 non-steroidal anti-inflatenya drugs, 5 pharmaceutical
conservatives, paracetamol, chlorzoxazone, caffaeme salicylic acid. These molecules are
commonly encountered alone or in combination on rtteeket. Regrettably, a significant
proportion of these consumed medicines are cowitenf substandard, with a strong negative
impact in countries of Central Africa. In this cert, an innovative design space optimization
strategy was successfully applied to the developraEhC screening methods allowing the
detection of substandard or counterfeit medicikkssng the results of a unique experimental
design, the design spaces of 5 potentially relet#itC methods have been developed, and
transferred to an ultra high performance liquid ochatographic system to evaluate the
robustness of the predicted DS while providing dapiethods of analysis. Moreover, one of
the methods has been fully validated using theracguprofile as decision tool, and was then
used for the quantitative determination of thre@vacingredients and one impurity in a
common and widely used pharmaceutical formulatidhe method was applied to 5
pharmaceuticals sold in the Democratic Republi€ohgo. None of these pharmaceuticals

was found compliant to the European Medicines Agepecifications.
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1. Introduction
Non-steroidal anti-inflammatory drugs (NSAIDs) ameed against pain, fevers of

various origins and inflammation [1-3]. Althoughethare widely prescribed throughout the
world, many of them are associated with side efteChese drugs are often used in self-
medication, as their purchase is also unrestriotest the Internet. The risk of administration

of uncontrolled medicines is thus naturally greater

Furthermore, NSAIDs are often subject to the pcactif counterfeit medicines, which
IS gaining increasing momentum in the world andipalarly in low-income populations.
This has adverse consequences for public healthfg World Health organization (WHO)
reported 6% of drugs worldwide are counterfeit Hr@lFood and Drug Administration (FDA,
USA) estimated this proportion to be 10% [5]. Thi®portion varies from one country to
another. In some African countries, Marini et atirmated that up to 80% of medical products
are counterfeit [6,7]. To ensure the quality ofgfand to help battle counterfeit medicines,
the development of screening methods that can tamedusly trace many of the most
commonly used molecules is an important efforthis context, separative techniques are the
usual option when planning to explore a substantimhber of molecules. Conversely, while
techniques such as near infrared or Raman specppsoe simpler and quicker procedures
and require no sample preparation [8], their paaéstill remains limited when dealing with
the sample analysis of complex mixtures of activgredients or their impurities at low

concentration levels [9].

Several liquid chromatographic (LC) methods arecdeed in the literature for
analyzing NSAIDs [9-20]. However, none of theseludes an exhaustive list of the
molecules present in NSAIDs. Thus they are of kaehiuse in the context of complex or
unknown mixtures screening. For instance, lulidraleoptimized a LC method for separating
only seven NSAIDs regardless of major pharmacestiggoducts such as naproxen,
diclofenac, etc., or other major molecules oftesoamted to NSAIDs such as paracetamol,

caffeine, etc. [21].
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In the present study, several HPLC separation tiondi were optimized for targeted
subsets of 27 molecules used alone or in combmatfibe first objective was the optimization
of the separation conditions for these 27 molecatesng which were 18 NSAIDs: ibuprofen
(IBU), diclofenac (DIC), mefenamic acid (MA), ketapen (KTO), nimesulide (NIM),
dextropropoxyphene (DEX), niflumic acid (NA), tencam (TE), piroxicam (PI), sulindac
(SUL), phenylbutazone (PHE), flurbiprofen (FU), sofen (SUF), naproxen (NAP),
tiaprofenic acid (TA), phenoprofen (i.e. fenoprafeRF), indomethacin (IDO) and
acetylsalicylic acid (AA). Molecules often assoertwith NSAIDs were added to the list:
chlorzoxazone (CHL), caffeine (CAF), paracetama.(acetaminophen, PAR) and salicylic
acid (SAL), a degradation product of AA. Finallwd pharmaceutical conservatives found in
Syrups or suspensions were concurrently analyztdtine rest: nipagine (i.e. methylparaben,
NIP), nipasol (i.e. propylparaben, NIS), butylatégydroxyanisole (BHA), butylated
hydroxytoluene (BHT) and sodium benzoate (BEN).

To achieve this objective, design of experimentsEPwas utilized to establish a
design space (DS) [22], based on a predictivessitzdl model of the retention times. DoE
with predictive probability is a very innovativeamework to simultaneously optimize the

separation and estimate the method robustnesgtmexperimental domain.

According to ICH Q8 (R2) [23], the DS is “the mditnensional combination and
interaction of input variables (e.g. material tites) and process parameters that have been
demonstrated to provide assurance of quality”. TthesDS is a subspace of the experimental
domain where assurance of quality has been prdughe present study, the DS will define
the combinations of HPLC parameter ranges in sughyaas to yield maximum robustness of
the chromatographic separation [24]. The analytR8l is also called “method operable
design region” (MODR; [25-28]) in order to distingh it from the process DS. The minimal
expected robustness is described by acceptaneeixrfh) that apply on some performance
attributes defined in the analytical target profij&TP) of the method [25-28]. The ATP
defines the intended purpose of the analytical otetin particular, the ATP will be a set of
values or indices that provides some indicationsutithe overall achievement of the
analytical method as well as their correspondingeptance criteria. These performance

indices can be called critical quality attribut€3QA) of the analytical method to keep a
42



Section Ill.1. Technique séparative — AINS

nomenclature close to the one used in pharmacéytroaesses development [25-29]. In
chromatographic terms, CQAs may be the resolutRy.i) or the separation () of a
critical pair of peaks, and the run time of the moek (t,;), while the acceptance critethamay
be Siit > 0 and ¢ < 45 min considered concurrently.

In this context, a result given as a predictivebatlity that the CQAs will fall within
acceptance criteria allows the quantification @ thliability of the method robustness. This
leads to a risk-based definition of the DS that fagxpressed as

DS ={x, O x: P(CQASIA/x,,data) > 77}

In other words, the DS is a region of an experimledbmainy (often called knowledge
space) where the posterior probability that the G(#e within acceptance criterfg is
higher than a specified quality level conditionally on the available data. By the u§¢he
posterior predictive distribution of the CQAS, tipesterior probability accounts for the
parameter uncertainties and interactions estimaydtie statistical model, as well as residual
variability [30].

Note that if a large and high quality DS is idaetif within the experimental HPLC
parameter ranges, the corresponding optimized rdetinay be considered robust, as
deliberate changes in the operating conditiondyded in the defined DS) will not negatively

impact the quality of the output.

In order to provide faster analysis, a transferuttva high performance liquid
chromatography (UHPLC) was the second part of thered study. This leads to a shortened
run time and reduced solvent consumption, whichltesn reduced time and cost to identify
substandard or counterfeit medicines in laborasoviere UHPLC systems are available
[31]. For that purpose, the robustness of the nusthostly developed with conventional
HPLC system was found mandatory to permit the g&aentransfer. Indeed, the induced
variability when changing from one LC system to theo may lead to small changes in the
retention times of the analytes. Logically, thisweence could be more pronounced when
moving from a conventional LC system to a UHPLCteysand even more if this latter one
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may suffer from a small loss in peak efficiency doghe drastic reduction of the analysis
time. Consequently, the objective in this conteaswvalso to demonstrate that the knowledge
coming from the built DS (i.e. robustness area)l¢dacilitate the geometric transfer even if
these facts might potentially impact on the sepamatjuality of the transferred analytical
methods.

The third objective was to validate one of the deyed HPLC methods, using the
accuracy profile as decision tool for the deterrioraof four compounds [32,33]. A common
NSAIDs combination marketed in some African cowgrivas used. It consisted of capsules
containing paracetamol, ibuprofen, caffeine andepially 4-aminophenol, a well-known

impurity of paracetamol allowing to obtain inforrwat on the storage conditions.

Finally, the quantitative method was applied tolyre five drugs marketed in the

Democratic Republic of Congo (DRC).

2. Experimental
2.1. Materials

Ketopofen (99.7%), diclofenac (99.7%), naproxen 8349, piroxicam (>99%),
nimesulide (100.0%), sulindac (98%), suprofen (99,1sodium benzoate (99.9%), 4-
aminophenol (98%), flurbiprofen (batch F8514-5G)epoprofen (batch 029K1043),
tenoxicam (batch T0909-5G) and mefenamic acid tb&8H0945) were purchased from
Sigma—Aldrich (Antwerp, Belgium). Caffeine (100.1%)aracetamol (99.5%), ibuprofen
(99.6%), indomethacin (99.2%), nipagin (100.1%jpasol (101.9%), chlorzoxazon (99.1%),
acetylsalicylic acid (batch 08G31-B28-232951), sdic acid (batch 06K14-B09-216351),
and butylated hydroxytoluene (batch 05E31-B05) werechased from Fagron N.V.
(Waregem, Belgium). Dextropropoxyphen (batch 20310Benylbutazone (batch 00951QA)
and butylated hydroxyanisole (batch 511527) werechmsed from Federa (Brussels,
Belgium). Tiaprofenic acid was purchased from E3fa (Brussels, Belgium). Niflumic acid
(batch 0411545-2) was purchased from Cayman Chér@Gicmpany (Lansing, Michigan,
USA). Lactose (batch 70756355176) was purchased DMV Fronterra Excipients (Goch,
Germany). Methanol (HPLC gradient grade), hydrogblacid (37%), ammonium hydroxide
(32%) and ammonium hydrogen carbonate (99%) werehpsed from Merck (Darmstadt,
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Germany). Ammonium formate (99%) was provided byaAhesar (Karlsruhe, Germany).
Trifluoroacetic acid (batch 1001007) was purchésaah Fisher Scientific Bioblock (Tournai,
Belgium). Ultrapure water was obtained from a M@liPlus 185 water purification system
(Millipore, Billerica, MA, USA). For the preparatio of validation standards, a matrix
formulation of capsules containing 200 mg of parat®l, 400 mg of ibuprofen, 40 mg of
caffeine and 10 mg of lactose was used.

The 27 materials were divided into 5 groups asemeesl in Table 1. These groups
were based on the pharmaceutical form of the NSAIBd were intended to expedite the

determination of the method DS.
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Table 1 Groups of compounds studied in this work. (Bold)mixture used for the validation experiments

Groups Subgroup Molecules

Group 1

(Compounds often presented in PAR, AA, IBU, DIC, CHL, DEX, NIM, KTO, MA, SAL andCAF

combination in tablet or capsule)

Group 2

(Compounds presented in combination |in PAR, 1BU, NIM, MA, NIP, NIS, BEN, BHA and BHT

syrup and suspension)

Group 3
IDO, TE, PI, FU, TA, NAP, SUF, PHE, PF and NA
(NSAIDs found alone in tablet or capsule)

1 PAR, AA and CAF

2 PAR and IBU
Group 4 3 PAR and DIC
(Pharmaceutical combinations presented in 4 PAR, DIC and CHL
tablet or capsule) 5 PAR, IBU and CAF

6 PAR and MA

7 PAR and DEX

8 PAR, DEX and CAF

PAR, NIP, NIS, BEN, BHA and BHT

Group 5
. 2 PAR, IBU, NIP, NIS, BEN, BHA and BHT
(Compounds presented in syrup and
suspension) 3 IBU, NIP, NIS, BEN, BHA and BHT
4 NIM, NIP, NIS, BEN, BHA and BHT
5 MA, NIP, NIS, BEN, BHA and BHT

2.2. Standard sample preparation
2.2.1. Mixture preparation groups

1 mg/mL stock solutions of each of the 27 studiedtamals were prepared in
methanol. Mixture solutions were obtained by diigtistock solutions in methanol-water
(50:50, v/v) in such a way as to obtain a workimmmpeentration of 50 pg/mL for HPLC
analyses. Solutions injected into the UHPLC wereugmL for each material. Aliquots of
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these solutions were filtered with 0.20 um PTFEinge filtration disks into vials for
injection in the HPLC and UHPLC systems.

2.2.2. Solution used for calibration and validation

A stock solution of PAR, IBU, CAF and 4-aminophenas prepared by dissolving
100 mg of each material in 100 mL methanol. A steokution of lactose was prepared by
dissolving 100 mg of lactose in 100 mL of waten{@/mL). Heating and ultrasonic bath were

necessary to ensure a complete dissolution.

For the calibration standards (CS), dilutions weerformed in methanol-water
(50:50, v/v) in order to obtain solutions at corteaton levels of 200 pg/mL, 400 pg/mL and
600 pug/mL, except for 4-aminophenol where a diluticas made to obtain a concentration of
0.5 pg/mL (i.e. 0.1% of 500 ug/mL of paracetamdaing the reference concentration of
100%). For PAR, IBU and CAF, three concentratiowele were sufficient to generate
different regression models for the calibration, ilevhfor 4-aminophenol, a one-level
calibration was made as advised in the Europeamitt@poeia monograph of paracetamol

for the determination of impurities [34].

For validation standards (VS), independent stodiktiems of PAR, IBU, CAF, 4-
aminophenol were prepared in the same way as Besddor the CS. For the matrix, the same
lactose solution was added into each working smhuto obtain an amount of lactose of 4%
relative to the amount of IBU. Subsequent dilutionsmethanol-water (50:50, v/v) were
carried out in order to obtain 5 solutions at ad#fg concentration levels (200 pg/mL, 300
pg/mL, 400 pg/mL, 500 pg/mL and 600 pg/mL) of PABU and CAF. For the 4-
aminophenol, only one concentration level of 0.3migwas tested as described previously.
The VS were independently prepared in the matimukating as much as possible the

formulation and its future routine analysis.

2.3. Instrumentation and chromatographic conditions
The optimization, validation and routine analysisrgvperformed on a HPLC system
comprised of a Waters 2695 separation module cdupla Waters selector valve 7678 and a

Waters 996 Photodiode array (PDA) detector (Wateésghborn, Germany). The analytical
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column was an XBridge C18 (250 mm x 4.6 mm i.drtipi@ size 5 um), preceded by a guard
column XBridge guard C18 (20 mm x 4.6 mm i.d., jgéetsize 5 um), both from Waters. The
HPLC method was transferred to a UHPLC system Agquitra performance liquid
chromatography (UPLCTM) system from Waters, congatief a binary solvent manager, an
autosampler with a 10 pL loop, operating in thetiphfoop with needle overfill injection
mode, and a PDA detector. The UHPLC system wasppqdi with an Acquity BEH C18
column (50 mm x 2.1 mm i.d., particle size 1.7 frain Waters. XBridge and Acquity BEH
columns are made with same stationary phase chgmisbviding an equivalent selectivity
allowing for a geometrical transfer. The analytesevmonitored photometrically at 220 nm
while chromatographic data were recorded from 218900 nm for all the studied conditions.
For the HPLC system, the injection volume was 10and the mobile phase flow rate was 1
mL/min. For the UHPLC system, the injection voluared the mobile phase flow rate were
reduced geometrically to 2 pL and 613 pL/min, retipely. After each injection, the HPLC
system was reconditioned for 30 min and the UHPY<Eesn for 2 min.

The buffer solutions consisted of 20 mM ammoniummiate, except for pH higher
than 5 for which 20 mM ammonium hydrogen carbomae used. The pH was adjusted with
hydrochloric acid and ammonium hydroxide exceptgét 1.85 where a solution of 0.1%
trifluoroacetic acid was used.

2.4, Software
Empower 2.0 for Windows was used to control the BRind the Acquity UPLE
systems, and to record and interpret the chromaragr

An algorithm was set up to model and to computel¥Be The algorithm was written

in R 2.13, which is available as free-ware for nogstrating systems [35].
HPLC calculator v3.0 was used to carry out the s&aey computations to identify the

UHPLC conditions from the HPLC conditions usingdjesat geometric transfer methodology
[36,37].
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The accuracy profiles as well as the statisticdutations including the validation
results and uncertainty estimates were obtainedgustnoval® V3.0 software (Arlenda,

Belgium).

3. Results and discussions
3.1. Design of experiments

For the optimization of HPLC conditions, an augneeintentral composite design was
generated using the following factors: the Ph ef élgueous part of mobile phase (pH), the
gradient time needed to linearly modify the promortof methanol from 15% to 95% of
methanol (TG), and the column temperature (TemppeEment at the center of the
experimental domain (i.e. at pH = 4.43, TG = 40 amd Temp = 27.8C) was repeated trice,
including the preparation of new buffer solutioRactors values are presented in Table 2. The
data augmentation consisted of the addition of fBoes of the cuboid domain and of 4 x 2
intermediate support points to obtain better esesaf the pH effect (red) at the central

levels of TG (green) and Temp (blue), leading te8@erimental conditions.

An isocratic elution step with 95% methanol forrhth was applied after the gradient
to ensure the elution of all the tested molecUtes.each experimental run, the three retention
times of each peak (apex, begin and end) were dedoiWhen coelutions prevented the data
treatment to be carried out properly, an independemponent analysis (ICA) was used to
accurately determine the retention times of codlyteaks [38]. Furthermore, individual
injections were made when strong coelutions of n@mpounds with too similar UV spectra

did not allow peak identification and tracking.

Table 2 Factors and corresponding levels of the augmeseatial composite design.

Factors Levels

pH 185 | 242|314 (442 |5.71 (642 |7
Gradient time (TG, min) - 20 |245 |40 |55 |60 |-
Temperature (Temp, °C) - |20 21.7 [27.5 |33.3 |35 -
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3.2. Model

The retention times at the beginnirtg d), at the apextgp) and at the endg,) of
every pth peakp(= 1,. . .P) result in 3 vectors ofN data for theN chromatograms resulting
from the designed experiment. Next, the logaritlwindefined normalized retention times are

taken as modeled responses:

t, -t t, -t . -t
K., :Iog( B’F’t Oj, K., :Iog[ R‘F’t Oj' Ke.. :IOQ(—E’Pt OJ
0 0 0

where § is the dead time of the LC system.
This definesY = (kg 1, kKr.1, Ke1,- - -Ks p, Krp K P), the (N X 3P) matrix containing the

responses that are modeled jointly using a mult@regression model:

Y=XB+E

where the vectog,, thenth line of E is assumed independent and identically distrib@igd
multivariate Normal, i.ee, ~ N(0.2), n = 1,. . N. X is the N x F) centered and reduced
design matrix containing the effects to be included in the model (see lated)Bus the (N x
3P) matrix containing th& parameters for each of th® 8esponses. The modeled effects in
X are then similar for every response and shoulcchesen according to the particular
experimental designX is the covariance matrix of the residuals. Respsnsom the

experimental data were modeled using the follomngtivariate linear model
Y =XB+E,

Yi=foj +B1ipH + fo.pH + Bai.pH + fy.pH' + B5. TG + fes TG + 5. Temp +fg.Temg +
Poj-PH.TG +p10;.pH.TEeMpP 4611 Temp. TG 4f12.pH. Temp. TG +;

wherey; is thej™ column ofY (j = 1,...., ). As commonly practiced, quantitative factors

were centered and scaled to [-1, 1] before beidgded inX.
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Observed vs. Predicted, Residuals

Predicted (min)
20 30 40 50 60
| | | |

10

Residuals (min)
-15 1.0 -05 00 05 1.0 15

10 20 50 60

30 40
Observed (min)
Fig. 1. Modeling results: (top) observed vs. predictegpoases and (bottom) residuals

3.3. Model quality

Goodness of fit is evidenced by the relationshipivben observed and predicted
responses, and the corresponding residuals inIFids seen on the graph (bottom), the
majority of the residuals are distributed in thd,[4] min interval and the p-values of the
Shapiro—Wilk normality test of residuals are alloa® 0.05 except for the responses of
Phenylbutazone. Given the satisfactory fit of thedel, it can be used to predict the
chromatographic behavior of each compound andgote DS.

3.4. Design space

The optimization process was repeated for eaclheffive groups of materials. For
each group, the model was simplified in order tooaat only for the included materials, with
the effect of reducing the size of the responserimat [39]. The computed Monte-Carlo
probability surfaces foP(S.it > 0) for groups 1-3 are presented in Figs. 2-ghaetively. In
Fig. 5 showing each subgroup of group 4, the DSistsin the intersection of the individual

DSs with the acceptance criteRéS;; t> 0, to; < 25). Thus a unique optimal condition can be
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identified for all the subgroups. Similar computativas depicted in Fig. 6 (group 5) using
the joint probabilityP(Syit > 0, t < 40 min) for optimization.

The DS shapes depicted in Figs. 2—6 show broadnegvith respect to variations in
TG ([40, 60] min for group 1 and 2, [57, 60] mirr fgroup 3, [20, 30] min for group 4 and
[34, 36] for group 5), in Temp ([20, 35C for group 1, 2 and 4, [20, 27€ for group 3 and
from [23, 30]-C for group 5) and pH (from [3.90, 4.30] for groR@nd [1.83, 3.5] for group
4). These broad regions are key results as theggept robustness w.r.t. changes of the
operating conditions if quality level is high. Rabuess across a wide range of temperature is
particularly important in the case of using thessthuds in laboratories where the control of
temperature is difficult. This can be the casestame developing countries. Conversely, three
of the developed methods are far less robust vesipect to pH ([2.80, 3.10] for group 1,
[6.90, 7.00] for group 3 and [6.05, 6.20] for graaip Fortunately, the relatively poor method
robustness with respect to pH should not be pro#iensince this is easier to control, and
care can be taken during the buffer preparationsabdequent pH measurements.

The results of optimal conditions and operatinggemnare summarized in Table 3 for
each of the 5 groups. For the three factors, tlezating range is obtained as the interval in
which the probability to achieve a satisfactorylguas higher than the specified quality level
1. 1 is selected for each method in order to allowideatification of a risk-based DS. Except
for groups 3, this quality level is generally highdicating guarantees of quality for future use

of the methods.

To support the ability of the DS to predict analgti conditions that permit
chromatographic separation for the 5 groups, tHierdnt optimal conditions were tested
twice (involving the preparation of new buffer siddns) to assess repeatability. Results are
presented in Figs. 7-11.

Figs. 7 and 9 illustrate the quality of the preelitbptimal condition for the screening
methods of groups 1 and 3, respectively. By theesaay, Fig. 10 illustrates the prediction
guality of a uniqgue method to identify and quangight combinations of NSAIDs in tablet.

Fig. 11 shows the results of a unique method ttyaedive NSAIDs in suspension or syrup,
52



Section Ill.1. Technique séparative — AINS

in the presence of several adjuvants. As can be sed-igs. 7-11, the chromatograms
generated from materials tested under optimal ¢@mdi (bottom) are in close agreement
with the corresponding predicted chromatograms) (sdpce the chromatographic peaks are

accurately predicted by the uncertainty distribuitio

TG @ 54.67 Temp @ 20 pH @ 5.10

Fig. 2. Probability surfaces P{%> 0) for group 1. The DS is located in the whigion with minimum quality
level of 1 = 63%. The different colors are related to thebphility to reach a separation of 0 min as showthén
legend on right panel. The green color represéetsvbrst design region: the probability to obtaseparation
of the critical pair of at least 0 min is the sreatl The white color depicts the best design regibere the

probability to obtain a separation of the critipalr of at least 0 min is the highest.

53



Section Ill.1. Technique séparative — AINS

TG @ 53.14 Temp @ 23 pH @ 4.05

0. 939
34 0.949 I\3

Temp

40 50 60
TG

Fig. 3. Probability surfaces P{%> 0) for group 2. The DS is located in the whigion with minimum quality
level of 1 = 95%. The different colors are related to thebphility to reach a separation of 0 min as showthén
legend on right panel. The green color represéetsvbrst design region: the probability to obtaseparation
of the critical pair of at least 0 min is the sreatl The white color depicts the best design regibere the

probability to obtain a separation of the critipalr of at least 0 min is the highest.

TG @ 60 Temp @ 21.7 pH@7

) 1

32 ‘

~ 0.20

—~ 0.15

Temp

2 3 4 5 6 7 2 3 4 5 6 7 20 30 40 50 60
pH pH TG

Fig. 4. Probability surfaces P{% > 0) for group 3. The DS is located in the whigion with minimum quality
level of 1 = 22%. The different colors are related to thebptility to reach a separation of 0 min as showthén
legend on right panel. The green color represéetsvbrst design region: the probability to obtaseparation
of the critical pair of at least 0 min is the sreatl The white color depicts the best design regibere the

probability to obtain a separation of the critipalr of at least 0 min is the highest.
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TG @ 20 Temp @ 27.5 pH @ 3.036

0.8

0.6

0.4

0.0

30 40 50 60
TG

Fig. 5. Design space identification (> 0, Ty,; < 25) for group 4. The DS (located in the whitgioa, 1 =
95%) consists in the intersection of the DS forgweibmixture. The different colors are relatedh®
probability to simultaneously reach a separatiof ofin and maximum run time of 25 min as showrhmn t
legend on right panel. The green color represéetsvbrst design region: the probability to obtaseparation
of the critical pair of at least 0 min and to havmaximum run time of 25 min is the smallest. THnitevcolor
depicts the best design region where the probglbdibbtain a separation of the critical pair ofestst 0 min and

to have a maximum run time of 25 min is the highest

Temp @ 29.375 pH @ 6.138

0.8

0.6

0.4

0.2

0.0

Fig. 6. Design space identification R{S> 0, T, < 45) for group 5. The DS (located in the whitgioa, 1 =
95%) consists in the intersection of the DS forgweibmixture. The different colors are relatedh®
probability to simultaneously reach a separatiofi ofin and maximum run time of 25 min as showrhin t
legend on right panel. The green color represéetsvbrst design region: the probability to obtaseparation
of the critical pair of at least 0 min and to hamaximum run time of 25 min is the smallest.
The white color depicts the best design region willee probability to obtain a separation of thécal pair of

at least 0 min and to have a maximum run time aibis the highest.
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Table 3Optimal conditions and operating range within D6tfee separation of the 5 groups of tested molscule

Optimal Optimal P(S>0) | 11 pH Gradient time Temperature (° C)
conditions
(min)

Group 1 67.0% 0.63 3.02.80-3.10) 49.30(40.00-60.00) 34.5(20.0-35.0)
Group 2 ~100.0% 0.95 4.@5.90-4.30) 53.14(40.00-60.00) 23.0(20.0-35.0)
Group 3 23.0% 0.20 7.06.90-7.00) 60.00(57.00-60.00) 21.7(20.0-27.0)
Group 4 ~100.0% 0.95 3.00.83-3.50) 20.00(20.00-30.00) 27.0(20.0-35.0)
Group 5 ~100.0% 0.95 6.18.05-6.20) 35.00(34.00-36.00) 29.4(23.0-30.0)

These results are corroborated in Table 4. Therdifice between the predicted and
the observed critical separation was always ndiég{less than 1 min). Notably, this is
consistent with the pattern of residuals (Fig. 1).

4-Aminophenol was not part of the experimental pliaralways elutes close to the
column dead time. However, it was tested under itiond of optimal separation for all
groups containing paracetamol, and was well sepdréiom other compounds in every
mixture and submixture. For instance, its retentiore was 3.4 min at the optimal condition

of group 4.
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Group 1
Predicted
A | A Ll_
MA
HPLC
DI
PR sm GHL NIAMKTO |BU
o 10 2 30 20 50
Time (m|n.)

Fig. 7. Optimal condition for group 1: (top) predictedaimatogram and (bottom) observed chromatogram
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Group 2
Predicted
MA
HPLC
PAR BEI NI 1B BHT
o 10 20 0 o 50 60
Time (min.)
UHPLC ‘
4 3 ] ;
Time (min.)

Fig. 8. Optimal condition for group 2: (top) predictedamatogram, (middle) observed chromatogram (HPLC)
and (bottom) observed chromatogram resulting ofrdmesfer to UHPLC.

Group 3

SUL DO
Pl
TE PHE NA
P nsw: A F
L L R R AL A LI L T
20 30 40
Time (min.)

Fig. 9. Optimal condition for group 3: (top) predicted ehmatogram and (bottom) observed chromatogram.
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Subgroup 1 Subgroup 2

L |

PAR 1BU
PA A l
[ T r T T
0 10 0 10 20
Subgroup 3 Subgroup 4
DIC DIC
PAR l PAR l CHLl
r T T r T T
0 10 20 0 10 20
Subgroup 5 Subgroup 6
CAF IBU MA
F'ARl PAR l
r T T [ T T
0 10 20 0 10 20
Subgroup 7 Subgroup 8
CAF| PAR
PAR
l DEX| DEXA
T T T T T T
0 10 20 0 10 20

Fig. 10.Optimal condition for the height submixtures obgp 4. For each subfigure: (top) predicted
chromatogram and (bottom) observed chromatogram.
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Subgroup 1
- A A\ A
PAR \NIP IS BHA |
T T T T T
0 10 20 30 40
Subgroup 2
- A Ak A A
AR NIP ,\N_f'{kéHA frT
N
T T T T T
0 10 20 30 40
Subgroup 3
- A A A A A
IBU
If NNIP NJ§ BHA BT
T T T T T
0 10 20 30 40
Subgroup 4
EN A A
ﬁ NP ANIMﬁt Is fBHA fHT
T T T T T
0 10 20 30 40
Subgroup 5
A A A AA A
REN ANIP erA.BHA RHT
T T T T T
0 10 20 30 40

Fig. 11.Optimal condition for the five submixtures of gpo&. For each subfigure: (top) predicted

chromatogram and (bottom) observed chromatogram.
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Table 4 Predicted and observed critical chromatographesgions.

Predicted Observed Error
Groups Subgroup Separations Separations (min)
(min) (min)

1 - 0.259 0.516 -0.257
2 - 0.894 0.317 0.577
3 - 0.115 0.016 0.099
1 1.946 2.034 -0.088
2 15.193 15.827 -0.634
3 14.636 14.475 0.161
4 9.168 9.175 -0.007
4 5 1.946 2.041 -0.095
6 16.350 15.975 0.375
7 1.946 2.033 -0.087
8 10.186 10.483 -0.297
1 0.616 0.225 0.391
2 0.616 0.267 0.349
S 3 0.597 1.000 -0.403
4 1.558 1.734 -0.176
5 0.923 0.675 0.248

3.5. Transfer

One of the other objectives of the present study tha reduction of analysis time.
This has important implications in the identificatiof substandard or counterfeit medicines
since rapid analytical results provide fast decisiabout suspected medicines. For this reason
the screening method using HPLC (Fig. 8(b)) wasstierred to UHPLC (Fig. 8(c)) following
geometric transfer methodology [36, 37].

Analytical conditions were similar on HPLC and UHPLexcept those described in

Section 3.3 and the gradient time, which was s&.52 min. As illustrated in Fig. 8, the
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methods yielded very similar optimal separationisTik associated with a 15-fold reduction
in analysis time from screening method, with 25etsniess consumption of mobile phase.
Because the UHPLC column geometry has been choseastimize the reduction of analysis
time, a slight loss in peak capacity was obsengegdradicted by the chromatographic theory.
When transferring from HPLC to UHPLC, peak capao#yuced by a factor of 0.62, 0.68 and
0.87 for group 1, group 2 and group 3, respectivélye peak capacity for group 3 is
overestimated due to the coelution of NAP and Taédieg to an underestimation of peaks
width. Detailed results are presented in Table Blafe retention times were used to
compare elution performance of the two LC systeitss was achieved by dividing every
retention time by ;. Relative predicted and observed retention timesewclose. The

difference obtained between the HPLC relative tedentimes and the UHPLC ones never
exceeded 0.01 (Table 5). Similar results were aobthifor the other groups of molecules,
confirming the adequate geometric transfer of tle¢hods from HPLC to UHPLC. Moreover,

these latter results clearly show that the varigbihduce by the transfer has not overly
degraded the chromatographic separation. Thudsat @ermitted the demonstration of the
high robustness of the developed methods by meénkeoproposed DS optimization

strategy.
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Table 5Results of the transfer from HPLC to UHPLC. (Cohg2-5) predicted retention times (Pred Rt),
predictive intervals (Pred Int) and observed (Obgntion times for HPLC experiments. (Columns &efgtive
(rel) predicted and observed retention times froflL8 experiments. (Columns 10-11) observed andvelat

observed retention times for UHPLC experiments.ldBoomparison of relative retention times.

Compound |Pred RfLower |[Upper [Obs Rt [Pred RtlLower |Upper |Obs Rt [Obs Rt [Obs Rt [Obs Rt
Pred |Pred (rel)  |Pred Int [Pred Int |(rel) UPLC [UPLC  ((rel)
Int Int (rel) (rel) (rel) Error

PAR 7.79 7.67 7.91 8.01 0.141| 0.135 0.139 | 0.146| 0.54 | 0.150 | -0.004

BEN 20.36| 17.91 23.01 22.2 0.369| 0.318 0.410 | 0.406| 1.42 | 0.396 | 0.010

NIP 24.61| 24.26| 24.98 24.5 0.446| 0.434 0.447 | 0.447| 157 | 0.438 | 0.009

NIS 36.39| 36.06/ 36.71 36.3 0.659| 0.649 0.661 | 0.662| 2.35 | 0.657 | 0.005

NIM 37.67 | 37.15| 38.21 37.4y 0.682| 0.668 0.687 | 0.682| 2.43 | 0.680 | 0.002

BHA 41.34| 40.98| 41.7Q 41.2] 0.749| 0.737 0.751 | 0.750 | 2.66 | 0.743 | 0.007

IBU 46.95| 45.74| 48.13 46.9] 0.850| 0.824 0.867 | 0.854 | 3.04 | 0.849 | 0.006

MA 49.90 | 48.51| 51.11 49.9¢{ 0.904| 0.876 0.923 | 0.910| 3.25 | 0.908 | 0.002

BHT 55.21| 54.76| 55.64 54.9] 1.000| 0.988 1.004 | 1.000| 3.58 | 1.000 | 0.000

3.6. Method validation

After the optimization process, it is necessargi@monstrate that an analytical method
provides accurate quantification results. Thisasried out through a method validation. In
this study, a quantitative method for capsulesaiairig PAR, IBU and CAF (HPLC method
for group 4, subgroup 5) was validated by applyimg concept of total error represented by
an accuracy profile [40, 41]. As the capsules donBAR, a quantitative method for 4-
aminophenol impurity was developed concurrentlycéding to the European Medicines
Agency, a formulation is declared compliant if &stive molecules are within 5% of the
nominal content [42]. The accuracy profiles wereduto assess the ability of the analytical
methods to accurately quantify these three actigeedients, with acceptance limits that were
set at 5% of the targeted concentration of theydéesli.e. 5% relative total error is tolerated).
The objective is thus to establish the dosing rangehich the method is providing accurate
results. To adequately estimate the total errahefquantitative methods under investigation
and to mimic routine use of the method, three iedeent replicates were made for each
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concentration level. The process was also repesteéependently during three days to

estimate intermediate precision.

When a method is validated using the total err@ragch, and following the accuracy
profile methodology, the validation parameters giesied in ICH Q2 (precision, accuracy,
and linearity) are simultaneously combined to definconcentration range over which there
is high probability to obtain future analytical v#s within the predefined acceptance limits
[43—45]. Accuracy profiles are presented in Fig. B@ PAR, IBU and CAF, a simple linear
regression model was determined to be suitabledbbration. For 4-aminophenol, a one-
level calibration was found appropriate. Individuallidation parameters are presented in
Table 6.
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Table 6 Summary of the validation criteria for PAR, IBUAE and 4-aminophenol.

Conc.

Validation criteria (ug/mL) PAR IBU CAF 4-aminophenol
Trueness: 0.5C <0.01 (0.21
Absolute bias (g/mL) 20C 1.72 (0.86 2.06 (1.03 | -0.71-0.36
(Relative bias (%)) 30C 1.30 (0.44 | -0.29-0.09 | -3.01 -1.01
40C -0.71 +0.18 -1.15+-0.29 -3.64 -0.91
50C 3.10 (0.62 1.46 (0.29 -0.44 +0.09,
60C 1.27 (0.21 -1.32 +0.22, -3.65 +0.61
Precision: 0.5C 1.19/1.3
Repeatability (%) / 20C 0.20/0.3 0.1870.6 0.36/0.5
Intermediate precision (%) 30C 0.16 /0.3 0.35/0.3! 0.75/0.7
40C 0.17 /0.4 0.38/0.5! 1.08/1.0
50C 0.16 /0.5 0.32/0.6: 1.21/1.2:
60C 0.26 /0.4 0.50/0.5 1.16 /1.1
Accuracy 0.5C 0.47-0.51
95% g-expect. tol. int (-3.34-3.75)
(Mg/mL
ﬁReI. 9596 p-expect. tol. int 20C 198.:-203.2 195.(-207.! 194..-202.:
%)) (-0.37-2.09) | (-2.02-4.09) | (-2.32-1.62)
300 296.2-303.4 | 295.7-300.8 | 290.0-301.0
(-0.77-1.64) | (-0.95-0.76) | (-2.84-0.83)
40C 391.2-403.¢ 390.1-403.¢ 383.¢-404.¢
(-1.72-1.37) | (-1.98-1.40) | (-3.55-1.72)
50C 488.4-512.¢ 487.2-510.% 482.4-511.¢
(-1.83-3.08) | (-2.07-2.65) | (-3.04-2.87)
600 587.9-608.7 | 587.1-604.3 | 576.4-610.3
(-1.53-1.95) | (-1.66-1.22) | (-3.45-2.22)
Linearity : Slope 1.007 1.007 1.00Z
Intercep 0.97¢ -1.55¢ -4.071
Rz 0.999¢ 0.999° 0.99¢
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3.6.1. Trueness

Trueness is reported as the mean bias observecdretihe series of measurements
and the targeted concentrations. Using the -caltracurve of each molecule, the
concentrations of the VS were back-calculated axpressed in terms of absolute bias
(ug/mL) and relative bias (%) [32,45]. The truenexfsthe developed methods was
satisfactory, while the relative biases were clos@ and were less than or equal to 1.03%.

3.6.2. Precision

Precision refers to the ability of the method toyide proximate results from multiple
measurements of the same samples, under the saahgicah conditions. Precision is
expressed as relative standard deviation (RSD%], ianreported for repeatability and
intermediate precision at each targeted conceoiraths shown in Table 6, precision was

acceptable. The RSD% values never exceeded 1.21%.

3.6.3. Accuracy

Accuracy was assessed using the 95%xpectation tolerance interval in order to
analyze the closeness of agreement of individuase@ments, and the assumed true value
of the associated measurement [45]. This combimesimcertainties associated with trueness
and precision and is expressed as measured vahtksasaa percentage of the targeted
concentration (Table 6). The methods was founddwige accurate results, as the lower and
upper tolerance bounds are included within the @ecee limits for all the targeted
concentration levels (Fig. 12), thus assuring thath future result will fall within the
acceptance range with a probability of at least 93%]. Moreover, the relative 95%-

expectation tolerance intervals are generally withrange of [-3, +3]%.
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Accuracy profiles
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Fig. 12.Accuracy profiles for quantitative methods validat(PAR = paracetamol, IBU = ibuprofen and CAF =
caffeine). Continuous line (red) bias (%). Dotteet$ (black) acceptance limits (£5%). Dashed lifidise) 95%
B-expectation tolerance intervals. Dots (green)viddial measures. For the 4-aminophenol, a one-level

calibration is used.

3.6.4. Linearity
The linearity of the results expresses the abiitythe methods to produce results
directly proportional to the concentrations. A siepegression model was adjusted to the

observed vs. targeted concentration results to umedise linearity of the results.

The coefficient of determination fRobtained for the three compounds were all higher
than 0.999 thus supporting the adequacy of thalinedel adjusted. In addition, the linearity
of the results was illustrated by the slopes ok¢heegression models that are close to 1,

ranging from 1.001 to 1.002 for all three compoundss demonstrates the linearity of the
67



Section Ill.1. Technique séparative — AINS

results for the developed method. Finally, for eashcentration level of the VS, the 95%
expectation tolerance intervals were all within % ®f the targeted concentration of the

analytes studied.

3.7. Application

The validated method was applied to the identiicatand assay of the three active
ingredients (PAR, IBU, and CAF). As an examplegfuifferent brands of pharmaceutical
drugs coded A, B, C, D and E were tested. These merchased in capsule form in the DRC
and are mainly of Indian origin. Dilutions of theugs were adapted so that the concentrations

fell within the assay ranges.

The five drugs contained the three active ingredient, as shown in Table 7, most of
the products were in one way or another non-complikor example, product A had a
declared nominal amount of caffeine equal to 30 wigje only 90% of this amount was
measured. For product B, the measured amount &icafwas about 95% of the claimed
nominal amount of 40 mg. From the low number ofegkpents carried out, this product is
however considered non compliant. Finally, prod@t® and E were not compliant since the

contents of the 3 active ingredients were belowatteeptance criteria.

The determination of the impurity of PAR (i.e. 4iaophenol) was also established
because of its potential toxicity. The EuropeanrRlagopoeia places a limit of no more than
0.005% of 4-aminophenol in 100% paracetamol rawenmdt [34]. With pharmaceutical
formulations, slightly higher concentrations midie tolerated due to the possible natural
degradation of PAR during the manufacturing proceé$swever, to our knowledge, no
precise specification exists. The method for 4-apirenol was determined to be valid to
guantify as low as 0.1% of 4-aminophenol (0.5 pug/nm_100% paracetamol (500 pg/mL);
however further experiments have shown that thet loh detection for 4-aminophenol is
about 0.1 pg/mL. This would represent 0.02% of 4napphenol in 100% paracetamol,

equivalent to four times the acceptance criteribiine Eur. Pharm.

The presence of 4-aminophenol was investigatetierfive tested drugs and was not

detected. Therefore, this latter observation se@mshow that the low levels of active
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ingredients are linked to an insufficient dosingtieése medicines rather than poor storage

conditions.

Table 7

Assay results of five pharmaceuticals marketed RCD Results consist in the mean percentage of ethim

nominal content and the standard deviation compate® independent samples. Specifications areos@b+

Section Ill.1. Technique séparative — AINS

105% of the claimed nominal content (mg). (Boldh+smmmpliant results for the tested tablets.

Drug PAR CAF IBU
Content Content Content

A 325 mg 30 mg 200 mg
98.4+0.41% 90.7+1.49% 103.7+0.74 %

B 325 mg 40 mg 200 mg
100.0 £ 0.35 % 94.7 £ 0.63 % 103.0 £ 0.58 %

C 200 mg 40 mg 400 mg
90.4+0.22% 85.2+0.79% 91.1+£0.73 %

D 325 mg 40 mg 400 mg
78.2+0.39% 745+£0.44 % 779+0.15%

E 325 mg 40 mg 400 mg
78.9+0.28 % 75.9+0.31 % 80.6 £ 0.35 %

4. Conclusions
The main objective of this work was to develop genmethods able to trace, screen
and determine multiple non-steroidal anti-inflamamgtmolecules and common associated

molecules, in order to help detect the potentiainterfeiting of these drugs.

Using an experimental design based on three aaalyfactors (temperature, pH and
gradient time), HPLC methods for five groups of NB& and molecules of interest were
developed in an innovative predictive risk-basedniework. As an outcome of this original
methodology, DSs were identified. This approach paxved to be very helpful to optimize

the separations of the tested molecules, alloworgnstance, their further quantification.
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The experiments showed that only the pH and gradiee had significant effects on
peak separations within the explored experimentahan. The effect of temperature on
guality was assessed and found to be limited. Ty be due to the narrow range of
temperatures investigated, but may suggest thafjulsese methods in laboratories with no or

insufficient temperature control is acceptable.

In order to concurrently support the robustnessatatnated using the computed DS
and to provide faster analytical methods with lsslvent consumption, geometric transfer
was used to adapt the optimized HPLC method to #WI8Hsystem. Faster methods are
critical for laboratories involved in the contrdi drugs and counterfeits due to the increasing
demands of analysis by legal authorities.

As an example of validation and application of these in routine testing, a selected
method was used for the determination of paracdtamgrofen, caffeine and one impurity
of paracetamol (4-aminophenol). The method wasesstually validated using the total error
approach and accuracy profile methodology. Findhg, method was effectively applied to
analyze 5 brands pharmaceuticals marketed in theobeatic Republic of Congo. On the
basis of the dramatic results obtained, it was iomefd that substandard and counterfeit

medicines remain a crucial problem on public he@tow-income countries.
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Section Ill. 2

Développement de méthodes de criblage des antibipdies par
chromatographie liquide

Cette section se rapporte a larticleApplication of an innovative design space
optimization strategy to the development of LC methds for the simultaneous screening
of antibiotics to combat poor quality medicines publié dans le Journal of Pharmaceutical
and Biomedical Analysis 85 (2013) 83-92.
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Contexte
Les antibiotiques sont des médicaments utilisésr potier contre les infections

bactériennes. Ces derniéres sont au cceur de la sardont parmi les causes les plus
importantes de mortalité en RDC. Les antibiotigsest des médicaments vitaux et sont en
téte de liste des médicaments essentiels. Par quoarse le Ministere de la Santé Publique
devrait favoriser I'acces a ces produits et ce dante I'étendue du pays. Signalons que dans
les faits ce n’est pas souvent le cas. La diffewbir I'impossibilité d’acces, le colt éleve et
le manque d'ordre dans le secteur pharmaceutique générale sont a la base
d’automédication. A cela s’ajoutent la prescriptinédicale par des personnels non formés ou
peu formés et la commercialisation des antibiosquee qualité inférieure. Ces
dysfonctionnements amoindrissent davantage le sud@tibiothérapie tout en favorisant
'émergence des souches résistantes. Les antibégtionotamment I'amoxicilline sont
également concernés par I'’Arrété Ministériel memi® dans la section Il.1.

Il est des lors important d’appuyer les autordésrégulation du Ministére Congolais
de la Santé Publique dans leur mission de garémtgualité des médicaments. Dans ce
contexte, une méthode analytique générique a pudéveloppée dans cette partie de notre
travail pour détecter 19 molécules d’intérét. Lahnde a été optimisée au moyen du plan D-
optimal associé a un espace de conception. La nm@étbode a permis d’analyser 7
associations pharmaceutiqgues d’antibiotiques comiales®es en RDC. La méthode de
dosage de l'association céftriaxone et sulbactaoudge pour injection) a été validée et
ensuite appliquée pour connaitre la teneur de cescoRcules dans 3 médicaments
commercialisés a Kinshasa. Comme pour les anasmfhatoires non stéroidiens, les résultats

de dosage sont trés interpellants.
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Summary

The poor quality of medicines is a crucial problehpublic health. Therefore, it is important
to have analytical tools to attend decisions of ldgmgal authorities while combating this
offense. In this context, the main objective ostkiudy was to develop generic methods able
to trace, screen and determine several antibiandscommon associated molecules by mean
of liquid chromatographic techniques. For that pggy an innovative Design Space
optimization strategy was applied, targeting 16hantics and 3 beta-lactamase inhibitors.
The robustness of the developed method allowedgugshuse in an environment where
operational factors such as temperature are ngtteasontrol and eased its transfer to Ultra
High Performance Liquid Chromatography. To dematstits ability to quantify the targeted
molecules, the developed and transferred method fwkyg validated for two active
ingredients commonly used in association, sulbacéaeh ceftriaxone, using the accuracy
profile as decision tool. Based on this successfep, the method was then used for the
guantitative determination of these two active @ajents in three pharmaceutical brands
marketed in the Democratic Republic of Congo. Twoaf the three pharmaceutical products

did not comply with the specifications.

78



Section I11.2. Technique séparative - Antibiotiques

1. Introduction

The manufacture and the sale of poor quality medgiincrease worldwide, causing
serious consequences to the public health andet®dhio-economy. Although, precise and
detailed data on such medicines is not easy targhiae can find information of their trade
that is ranging from 1% in the developed counttesver 10% in the developing countries,
depending on the geographical area and on thedoefisurvey [1,2]. Poor quality medicines
can be classified into three main categories: artgit (falsifying with an intention to avoid
the right of intellectual property), substandardqpquality control during manufacture due
mainly to neglecting without any intention) and deted (chemical and biological

instabilities especially in tropical climates) [3].

Counterfeiters are very active in developing caestwhere medicines are largely
used such as antibiotics and antiparasitics [4fLofding to the literature, a wide range of
antibacterial agents have been found to be subetdrmat counterfeit [4]. Although nopart of
the world is exempted, Southeast Asia and Africas¢o be particularly plagued by poor

quality antibacterial agents [4-12].

Some causes of the large diffusion of pharmacduticanterfeiting in developing
countries are lack of controls at importation anduificient quality control of medicinal
products at different levels of the distributiorachincluding import, wholesalers, official and
informal vendors [1]. To ensure the quality of nudaes and contribute in fighting against
poor quality medicines, the development of scregnamalytical methods that can
simultaneously trace several of the most commogeBdumolecules is an essential analytical
strategy [13]. In this context, the separative téghe stays as one of the best options to
analyze simultaneously several molecules. Over thet decade, several liquid
chromatographic (LC) methods were developed antighdal for the concurrent screening of
potentially counterfeit medicines [1,13—-17]. Howeweone of these includes an exhaustive
list of the antibiotics molecules, limiting theis& when screening complex or unknown
mixture of this pharmacological group. For instarideC. Gaudiano et al. (2008), optimized a
LC method for the separation of six antibioticsareliess the major pharmaceutical products

such as ceftriaxone, ciprofloxacin, etc., or othmeain molecules often associated to
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betalactams such as sulbactam, tazobactam, etdn[itje present study, we focused on LC
techniques targeting a subset of 19 molecules @hatmarketed as single or combined
antibiotics. Thus, our objective was to optimize theparation conditions for 19 of these
molecules among which 16 are antibiotics: amoxic(ARMO), ampicillin (AMP), cefadroxil
(CFA), cefotaxime(CFO), ceftriaxone (CFT), chlordrmepicol (CHL), ciprofloxacin(CIP),
clindamycin (CLI), doxycycline (DOX), levofloxacin(LEV),metronidazole (MET),
norfloxacin  (NOR), phenoxymethylpenicillium (PENILV sulfamethoxazole (SLF),
tetracycline (TET) andtrimethoprim (TRI). The remag molecules, clavulanic acid(CLA),
sulbactam (SUL) and tazobactam (TAZ) are beta4aat® inhibitors, often associated with

B-lactams antibiotics.

Nowadays, LC method development can be achievedywsfferent methodologies.
In this study, a distinct and innovative methodglagmbining design of experiments (DoE)
and design space (DS) as suggested in ICH Q8(R)9lwas exploited to simultaneously
optimize the separation and evaluate the methodstabss over the examined experimental

domain (i.e. the knowledge space).

As a second objective, the HPLC method developesl tnamsferred to Ultra High
Performance Liquid Chromatography (UHPLC) by meaiha geometric transfer in order to
verify that the DoE-DS strategy can ease the dewedmt of robust fast analytical methods.

The third objective was to validate the transfertd#dPLC method using the accuracy
profile as decision tool for the determination bk ttested compounds [20,21]. For that
purpose, an antibiotic association containing @eftme and sulbactam powders for injection

(intramuscular and intravenous) and marketed ines@frican countries was used.

Finally, the validated method was used to analyaeemal drugs often targeted by

counterfeit marketed in the Democratic Republi€ofigo (DRC).
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2. Experimental
2.1. Materials

Cefotaxime (94.3%), ceftriaxone (93.9%), clavulamicid (43.3%, a mixture of
potassium clavulanate and microcrystalline celleloss excipient (1:1)), levofloxacin
(99.0%), norfloxacin (99.1%), sulbactam (91.5%) aadobactam (99.2%) were purchased
from Molekula Limited (Dorset, UK). Amoxiciline @1%), ciprofloxacin (>98%),
clindamycine (95.8%), doxycycline (97.6%), metrazrdle (99.9%), penicillin-V (100.2%),
sulfamethoxazole (99.9%), tetracycline (96.6%) &mmdethoprime (99.2%) were purchased
from Fagron N.V. (Waregem, Belgium). Ammonium atetg@8.0%), ammonium hydroxide
(32%), hydrochloric acid (37%), methanol (HPLC gesmd grade) and sodium chloride
(>99.5%) were purchased from Merck (Darmstadt, Geryjp Ammonium formate (98.1%)
and ammonium hydrogen carbonate (97.5%) were psech&rom BDH Prolabo (Almere,
The Netherlands). Ampicillin  (98.0%) was purchas&@@m Applichem Biochemica
(Darmstadt, Germany). Cefadroxil (97.0%) was pusedafrom DR. Ehrenstorfer Gmbh
(Augsbourg, Germany). Chloramphenicol (99.2%) wascipased from N.V LEPETIT
BELGILA S.A (Brussels, Belgium). Ultrapure water svabtained from a Milli-Q Plus 185
water purification system (Millipore, Billerica, MAUSA). For the preparation of validation
standards validations tandards, a matrix formutatib powder for injection containing 1000
mg of ceftriaxone, 500 mg of sulbactam and 170 fngpdium chloride was provided by an

Indian manufacturing laboratory legally authorizedhe DRC.

2.2. Standard sample preparation
2.2.1. Mixture preparation groups

Different mixtures of antibiotics were prepared fakowing: Group 1 (see section
3.1): In a first step, 10 mg of AMO, CFT,MET, SLRRI, PENI-V and LEV, 40 mg of CIP,
CHL and DOX, 30 mg of SUL and AMP, were dissolvadi10.0 mL volumetric flask with
methanol. This solution was annotated S1. In argkstep, 70 mg of CLI were dissolved in a
10.0 mL volumetric flask with 1 mL of solution Shd with methanol that was used to
complete to volume. This last antibiotic was useldigher concentration level due to its weak
absorptivity in the UV range. The final solutiontained was diluted twice (2.5 mL/5.0 mL)

in a mixture of water and methanol (92%/8%, viippto injection at the HPLC system, and
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was diluted tenth (1.0 mL/10.0 mL) in the same @bty prior to injection at the UHPLC
system. Before analysis, an aliquot of each satutvas filtered with 0.20 um PTFE syringe

filtration disks into a vial for injection in theL.C and UHPLC systems.

Group 2 (see section 3.1): In a first step, 10 mgAZ, CFT, MET,CFO, NOR, TET,
PENI-V and LEV, 40 mg of CHL and DOX, 30 mg of Sldhd AMP, were dissolved in a
10.0 mL volumetric flask with methanol. This sotutiwas annotated S2. In the second step,
70 mg of CLI and 40 mg of CLA were dissolved inGALmL volumetric flask with 1 mL of
solution S2 and completed to volume with metha®uwlor to their use to the HPLC and
UHPLC systems, the finals solutions were prepasefbiagroup 1, dilution twice and dilution
tenth, respectively, followed by filtration withZD um PTFE syringe filtration disks

Group 3 (see section 3.1) was prepared as groupedlacing amoxicillin by
cefadroxil.
All these solutions were prepared sheltered fraghtlto avoid degradation of light-

sensitive antibiotics. The ultrasonic bath was ssaey to ensure a complete dissolution.

2.2.2. Solution used for calibration and validation
A stock solution containing CFT and SUL was pregdrg dissolving 100 mg and 50
mg, respectively, in 100 mL water. Another stockiBon was prepared by dissolving 100 mg

of sodium chloride in 100 mL of water.

For the calibration standards (CS), dilutions wpesformed in water in order to
obtain solutions at three concentration levels @ ug/mL, 320 pg/mL and 480 pug/mL for
CFT and the corresponding concentration levelsOgfi§/mL, 160 pg/mL and 240 pug/mL for
SUL.

For validation standards (VS), independent stodktems of CFT and SUL were
prepared in the same way as described for the @SthE matrix, the same sodium chloride
solution was added into each working solution tawban amount of sodium chloride of 17%
relative to the amount of CFT. Subsequent dilutionsvater were carried out in order to
obtain solutions at five different concentrationdls namely 160 pg/mL, 240 pg/mL, 320

pg/mL, 400 pg/mL and 480 pg/mL of CFT, and 80 pg/h20 pug/mL,160 pg/mL, 200
82



Section I11.2. Technique séparative - Antibiotiques

pag/mL and 240 pg/mL of SUL. The VS were indepenigegmtepared in the matrix, in such a
way to simulate as much as possible the correspgrattibiotic formulation and its routine

analysis.

2.3. Instrumentation and chromatographic conditions

The optimization was performed on a HPLC system presad of a Waters 2695
separation module coupled to a Waters selectorevé@b/78 and a Waters 996 Photodiode
array (PDA) detector (Waters, Eschborn, Germaniie @nalytical column was an XBridge
C18 (250 mm x 4.6 mm i.d., particle size 5 um)cpded by a guard column XBridge guard
C18 (20 mm x 4.6 mm i.d., particle size 5 pm), bivttm Waters. The transfer of HPLC
method, validation and routine analysis were penéd on an UHPLC system Acquity ultra
performance liquid chromatograptfy(UPLC™) system from Waters, comprised of a binary
solvent manager, an autosampler with a 10 pL Iqmgraiing in the partial loop with needle
overfill injection mode, and a PDA detector. The RIEC system was equipped with an
Acquity BEH C18 column (50 mm x 2.1 mm i.d., pddisize 1.7 um) from Waters. XBridge
and Acquity BEH columns are made with the sameastaty phase chemistry, providing an

identical selectivity and allowing the geometriartsfer of method.

The analytes were monitored photometrically at avelength of 220 nm while
chromatographic data were recorded from 210 to d@Ofor all the studied experimental
conditions. For the HPLC system, the injection waduwas 10 pL and the mobile phase flow
rate was 1 mL/min. For the UHPLC system, theseauns¢ntation parameters were reduced
geometrically to 2 pL and 613 pL/min, respectivéjter each injection, the HPLC system
was reconditioned for 30 min and the UHPLC systen2fmin. HPLC column dead time was

estimated at 3.05 min.

Measurements of pH were performed with a SevenEa@dypHmeter (Mettler Toledo,
Columbus, OH, USA). The tested buffer solutiongh&f mobile phase consisted of 10 mM
ammonium formate (pKa 3.8), 10 mM ammonium acefpka 4.8) or 10 mM ammonium
hydrogen carbonate (pKa 6.4), according to pH vatube buffer. The pH was adjusted with
hydrochloric acid or ammonium hydroxide dependinglee targeted value.
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2.4. Software
Empower 2.0 for Windows was used to control the BRind the Acquity UPLE

systems, to record the signals from the detectdirerpret the generated chromatograms.

An algorithm was set up to develop a Bayesian maddlto compute the DS using
Monte-Carlo simulations. The algorithm was writi@nR 2.13, which is available as free-
ware for most operating systems [22].

HPLC calculator v3.0 (University of Geneva, Switaad) was used to carry out the
necessary computations to identify the UHPLC coomwlst from the HPLC conditions using
geometric transfer methodology [23,24].

The accuracy profiles as well as the statisticdutations including the validation
results and uncertainty estimates were obtainedgusinoval®V3.0 software (Arlenda,
Belgium).

3. Results and discussions
3.1. Design of experiments

The experimental conditions for modeling each pealomatographic behavior were
set up by a D-optimal design comprising three fiactpH of the aqueous part of the mobile
phase, gradient timegft(to linearly modify the methanol proportion iretinobile phase from
8% to 95%) and the temperature of chromatograptiicen (T°). To ensure that all the tested
molecules will be eluted after an experimental ran, isocratic elution step with 95%
methanol and 5% of aqueous buffer solution was iegphfter the gradient for 10 min.
Considering the levels of these factors presemtélhble 1, 19 experimental conditions were
generated in order to simultaneously optimize thethod, estimate its robustness and
evaluate the adequacy between theoretical predattemmatographic results and the obtained
mathematical model. To identify an optimal separatzone of the chromatographic peak
analytes, the gradient time was tested over a tange range where as the temperature of the
column was varied only between 23°C and 30°C aadth values only between 2.7 and 7.0
due to the instability of certain antibiotics agihtemperature and basic pH value.
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Table laFactors and corresponding levels of D-optimal glesi

Factors Levels

pH 27 | 38 | 46 | 49 | 59 | 70
Gradient time g, min) 20 40 60
Temperature (T°, °C) 23.0 26.5 30.0

3.2. Modeling and optimization methodology

For each experimental run or experimental condjttbhe three retention times (apex,
begin and end at baseline) of each peak were redorfihe logarithms of normalized
retention time termed k (i.e. logik) with ke= (tr— to)/to, whereto is the column dead time)
were used as modeled responses. For the first ilralpdesign generated, the responses from

the experimental data were modeled by the followmugtivariate multiple linear model,

Y=o +1pH + fo.pH + Ba.pH® + fatc + fstc” + fe.T° + f2.T% + fepHig + fo.pHT® +
ProT°te + 1. pHT g+ E

Y=XB +E (1)

with g,, the nth line oE, assumed to follow a multivariate Normal distribat e,~ N(O, X),
n=1,...N, with Nthe number of experimentX. is then theN x F) centered and reduced
design matrix an® is the £xM) matrix containing th& effects for each of thiel responses.
Regressions with stepwise selection of model patermenave been useful to identify a
multivariate model that has the best fitting proiesr for every response, jointhg is the
covariance matrix of the residuals. For the sedoraptimal design generated, the responses
from the experimental data were modeled by the sanigvariate multiple linear model used
in the case of the first D-optimal but without tteem pH. These models were estimated in
the Bayesian framework using a slightly informatpor distribution for the covariance of
responses belonging to the same peak [19]. As cartynpoacticed, quantitative factors were
centered and scaled to [-1, 1] before being induitkethe model. The goodness of fit is
evidenced by the relationship between observedpagadicted responses, and corresponding
residuals as shown in Fig. 1. In addition, all nisdeere significant (p-value < 0.05) and the
adjusted Rvalues were higher than 0.98, thus confirmingatiequacy of fit of the models.

As seen on the graph (bottom), the majority ofdesis are distributed in [-5,5] min interval
which will influence the uncertainty over the pretthn of the modeled responses. The

residuals also show no systematic trend that aosfihe absence of bias of the models fitted
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to each response and hence there adequate fite Thees a good relationship between the
predicted retention times and those obtained, talidating the multivariate multiple linear
regression model. Given the satisfactory fitnesshef model, it can be used to predict the

chromatographic behavior of each compound and tpate DS.

The separation between the peaks of the critical s been chosen as a critical
quality attribute (CQA) for the evaluation of quglchromatogram [13]. Lebrun et al. [13,25]
proposed to use the separation criterion (S) défasethe difference between the beginning of
the second eluting peak and the end of the fitdgireg peak of the critical pair. The separation
criterion (Sit) is clearly easy to compute and to interpret. {50, the critical peaks pair is
baseline-resolved. The probability for S to be bigthan a selected specificatibrwas used
to determine the DS [13,25]. According to ICH Q&]Rthe DS is “the multidimensional
combination and interaction of input variables (ergaterial attributes) and process
parameters that have been demonstrated to proveseiraace of quality” [18]. In
mathematical terms, the DS can be defined by Bq. (2

DS ={x, 0 x: P[CQA> A/ x,,data) > 71}, (2)

where % is a point of the experimental domaink is set to 0 minj is the quality level and
CQA are some critical quality attributes whichimited in our case to the separation criterion
Scrit Solely. The quality levet has to be understood as the minimum required pilityathat

the Syt is at least 0 min for all compounds simultaneouslyis probability depends on the
data obtained as well as on the uncertainty ofés&luals and of the estimated parameters of

the models.

Over the experimental domain, the probability odlpseparation as given by Design
Space remains low, only 10%, due to the very smulaomatographic behavior of some
molecules in the tested experimental domain, wigichnot allow the separation of all 19
molecules. This was the case of AMO, CFA and TAZclhed us to split each of them in a

separate group, as shown in Table 2.
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Focusing on the area of DS corresponding to tBé ffbbability, an alternative DoE
was generated to maximize the possibility of opting the separation conditions of the three
groups of compounds and estimate the method robsstnThe new design with the
corresponding factors levels that targeted a ratlacea of the levels to be tested (pH: 5-7,
te: 40-60 min and": 25-30C) are presented in Table 3.

Table 1b Experimental matrix of D-optimal design for theréstigation of pHig andT respectively

Trial Experimental Design Experimental set up
X1 Xz X3 pH s T°
1 -0.5 0 1 3.6 4C 30.C
2 0 0 0 4.€ 4C 26.t
3 1 -1 1 7.C 2C 30.C
4 1 -1 -1 7.C 2C 23.C
5 0.E 1 -1 5. 6C 23.C
6 -1 -1 -1 2.7 2C 23.C
7 -1 0 0 2.7 4C 26.C
8 1 1 0 7.C 6C 26.C
9 1 1 1 7.C 6C 30.C
1C 0.t 0 1 5. 4C 30.C
11 -1 -1 1 2.1 2C 30.C
12 -1 1 -1 2.1 6C 23.C
13 1 0 -1 7.C 4C 23.C
14 0.12;54355 -1 -1 4.6 20 23.0
15 -0.5 1 0 3.6 6C 26.t
16 0.t -1 0 5.¢ 2C 26.t
17 0 0 0 4.C 4C 26.t
18 -1 1 1 2.1 6C 30.C
19 0 0 0 4.C 4C 23.C
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Observed vs. Predicted, Residuals
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Fig. 1. Modeling results: observed vs predicted respo(Bag) and residuals (Bottom). A = Clavulanic adid,
= Amoxicillin, C = Ampicillin, D = Cefadroxil,E = €fotaxime, F = Ceftriaxone, G = Chloramphenicok H

Ciprofloxacin, | = Clindamycin, J = Doxycycline, K Levofloxacin, L = Metronidazole, M = Norfloxacii =
Tetracycline,O = Phenoxymethylpenicillium, P = Sadlam, Q = Sulfamethoxazole, R = Tetracycline, S =

Tozobactam, T = Trimethoprim.

Table 2 Groups of compounds studied in this work

Groups | Molecules
Group 1 | AMO, AMP, CFT, CHL, CIP , CLI, DOX, LEV, MET, PENV, SLF, SUL and TRI
Group 2 | ce1 CFO, CHL, CLA, CLI, DOX, LEV, MET, NOR, PENI-VSUL, TAZ and TET
Group 3| AMP, CFA, CFT, CHL, CIP, CLI, DOX, LEV, MET, PENW SLF, SUL and TRI
Table 3aFactors and corresponding levels of the new Dragitdesign
Factors Levels
pH 5.0 6.0 7.0
Gradient timetg, min) 40.0 50.0| 53.2 60.0
TemperatureT?, °C) 25 27.5 30
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Table 3b Experimental matrix of the new D-optimal designtlee investigation of pHg andT respectively

Trial Experimental Design Experimental set up
X3 Xz X3 pH te T®

1 1 1 -1 7.C 6C 25.C
2 -1 0 -1 5.C 5C 25.C
3 0 -1 0 6.C 4C 27.5
4 0 0 0 6.C 5C 27.t
5 -1 1 -1 5.C 6C 25.C
6 0 0 0 6.C 5C 27.F
7 1 0 1 7.C 5C 30.C
8 0 0 0 6.C 5C 27.F
9 0 0.2 1 6.C 53.2 30.C
10 -1 1 1 5.C 6C 30.C
11 1 -1 1 7.C 4C 30.C

pospar0 - TG @40 [ — ‘ siaega=0: pHE1

AN e

(1] 55 an on

o
=

Fig. 2. Probability surfaces P {&> 0) or group 1 and 3. The DS is located in theteviegion with minimum
quality level ofr = 95%.
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pisepas0 - TG @ 40 pisepasd - Temp @ 25 pisepa>0 ; pH & 6.0

Fig. 3. Probability surfaces P {&> 0) for group 2. The DS is located in the whitgio& with minimum quality
level of 1 = 4%.
3.3. Design Space
The computed Monte-Carlo predictive probability fage for P(Si> 0| data) for
groups 1 and 3 are presented in Fig. 2. Fig. 3 shtbes probability results for the group 2, at

the same optimal conditions obtained for groupad. &

The high quality DS shape depicted in Fig. 2 shéwnsad regions with respect to
variations intg [40,56] min, inT [25,28]C and pH [5.90, 6.10], while the DS shown in Fig.
3, provides no greater region for these three factbhe white color depicts the best design
region where the probability to obtain a separawbrihe critical pair of at least 0 min is
maximum and the green color represents the wosguleegion with a low probability of
separation. Broad white regions are key resulthe represent robustness area with regards
to deliberate modifications of the operating coiodis. In these white regions, the predicted
quality level is high, and hence the modificatiofishe operational parameters inside them do
not influence the responses. These white regionsvishn Fig. 2 are the DS and imply
robustness of the method. A large temperature tobss area is important for using methods
in laboratories without an efficient temperaturentcol, especially in developing countries.
The optimal conditions for groups 1 and 3 have gality level {{ = 95%) guaranteeing the
reliable future use of the method in routine aredysGroup 2 was also tested in the same
optimal conditions; however, the predicted qualigyel was low f = 4%), due to the
impossibility to found operational conditions tgpaeate CFT and MET. The final optimal
conditions are defined by the operating conditiamisere the probability of having a
separation of O min is maximum. They are: pH @0 min andl" 25C.
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To support the ability of DS to accurately predaetalytical conditions that permit
chromatographic separation for the analytes ofthinee groups, the optimal conditions were
tested twice, involving the preparation of new buffolutions. The results presented in Figs.
4-6, illustrate the quality of the predicted optincanditions for the screening methods of

groups 1, 2 and 3, respectively.

Indeed, the retention times of the majority of fheak analytes estimated in the
predicted chromatograms were obtained under thmaptonditions in practice. On the other
hand, the peak elution order was also as predi&sdobserved in Fig. 3, the DS area of
group 2 was narrower compared to that in Fig. 2dga@ups 1 and 3, confirming the low
probability for separation of the molecules of tigabup, under the optimal conditions. In
addition, negative value was reported for the n@adicted separation (see Table 4) mainly

due to no separation of CFT and MET (see the predlichromatogram in Fig. 5).

Nonetheless as mentioned before, the experimemtah@togram of group 2 obtained
under the optimal conditions of groups 1 and 3 giaeceptable separation value with
observed separation=50 (see Table 5), allowing to screen the compowidgoup 2. Even
the critical peak pair (CFT and MET) which were nsg¢parated in the predicted
chromatogram of group 2 are found to be separatéuki predicted chromatograms of groups
1 and 3 under the same optimal conditions. Thisbeaexplained by the relatively large range
of the graph of residuals (see Section 3.2, Figtha} influences the uncertainty of the
separation prediction. Other aspects (e.g. chemtoatture) may also contribute to influence
the uncertainty of the separation prediction, sashchromatographic behavior of specific
molecules such as CFT that has several pKa vaBies3.2; 4.1). Indeed, CFT was not well

predicted as visualized in Fig. 1.

Table 4 Predicted and observed critical chromatographpesgions in optimal conditions

Groups Predicted Observed Error
Critical Separations
Separations (min.) (min.)
(min.)
1 0.320 0.009 0.311
2 -0.686 0.033 -0.719
3 0.070 0.008 0.062
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Fig. 4. Optimal conditions for group 1 with predicted cimatogram (Top) and observed chromatogram
(Bottom).
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Group 2
[+
(=]
-
2 z
b
. S S
Predicted & g
o > g
=EINE
[
il |
HPLC

Ly

R L B B B T ) | oo
0 5 10 15 20 25 30 35 40 45

Time (min)

Fig. 5. Optimal conditions for group 2 with predicted cmatogram (Top) and observed chromatogram
(Bottom).
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Group 3
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Fig. 6. Optimal conditions for group 3 with predicted cmatogram (Top) and observed chromatogram
(Bottom).

Table 5UHPLC gradient conditions

Time (min) Flow rate (ml/min) Methanol (%) Buffer pH6.00 (%)
0.00 0.613 8 92
2.63 0.613 95 5
2.97 0.613 95 5
3.04 0.613 8 92
4.74 0.613 8 92

Finally a single method for screening the 19 aatibs and associated compounds
split in three groups was developed. One can rethatkthe negative prediction of separation
for group 2 does not prevent the use of this metbhpdcreening of antibiotics.

The method not only allows the simultaneous scregaf the studied antibiotics but it offers
the possibility to analyze seven most used assutiahtibiotics marketed in the emerging

countries. These associations and the corresponaitantions times of their molecules
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(HPLC) are: amoxicillin (6.04 min) —clavulanic ac{d3.73 min), sulbactam (5.18 min) —
ampicillin (14.64 min), tazobactam (6.27 min) —tdakone (7.99 min), sul-bactam (5.18
min) — ceftriaxone (7.99 min), sulbactam (5.18 minrgtefotaxime (12.47 min),
sulfamethoxazole (13.34 min) — trimethoprim (16r@6) and metronidazole (9.61 min) —
norfloxacin (15.39 min). Beside the possibilityarfalyzing several molecules in association,
another advantage of the developed method is taBvedy short analysis time, useful in the
context of drug quality control laboratories esp#githose dealing with various imported or
exported pharmaceutical products. However, the Idped method does not separate pair
products such as trimethoprim (16.26 min) — tetthog (16.39 min) and cefadroxil (6.02
min) —amoxicillin (6.04 min), but they are not mat&d in association.This does not prevent
the use of the developed generic analytical metimzhuse even if the retention times are
close, the UVspectra of these pair of productsdiiferent enough to perform qualitative

analysis.

3.4. Geometrical transfer of the optimized method

In case of custom seizures, the deadline for aorespis only three days. To reduce
the analysis time and solvent consumption, requfoeda rapid decision making on the
analyzed samples, a geometric transfer to UHPLC apgdied. Such a method transfer is
often accompanied by a slight loss of peak efficyerwhich will also challenge the HPLC
method robustness [23,24]. In this study, we maieththe same analytical conditions for
HPLC and UHPLC, except those described in SectiBnad the gradient time, which was
set to 2.63 min (Table 5). Hence, Figs. 7-9 yieldey similar optimal separations.

Detailed results of the transfer are presentedablél 6. The relative retention times
(i.e. retention time/retention time of the last lpeduted) were used to assess the method
transfer success. Relative predicted and obsestedtion times were very close, confirming
the adequacy of the geometric transfer from HPLORLC.
Moreover the method transfer did not affect theootatographic selectivity and separation of
peaks. The transfer permitted to further confirm lbigh robustness of the developed method

by means of DS optimization strategy.
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Fig. 7. Observed chromatogram with HPLC equipment (Topl) @vserved chromatogram resulting of the
transfer to UHPLC (Bottom) for Group 1.
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Fig. 8. Observed chromatogram with HPLC equipment (Topl) @mserved chromatogram resulting of the
transfer to UHPLC (Bottom) for Group 2.
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Group 3

HPLC

T T T
0 5 10 15 20 25 30 35 40 45

l

TRI

UHPLC

SLF

SUL
CFA
AMP

CFT
MET
LEV
PENI-V
CLI

DOX

CHL

Time {min}

Fig. 9.Observed chromatogram with HPLC equipment (Top)@ekrved chromatogram resulting of the
transfer to UHPLC (Bottom) for Group 3.
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Table 6 Results of the transfer from HPLC to UHPLC. Théuoms 2 and 3 are the predicted retention times
(Pred Rt) and the observed (Obs Rt) retention tiimeslPLC experiments. The columns 4 and 5 argdlaive
(rel) predicted retention times and the observésht®n times from HPLC experiments. The colummné 7

are the observed (obs) and the relative obsertedtien times for UHPLC experiments.

HPLC UHPLC
Compound | Pred Rt Obs Rt Pred Rt (rel) |Obs Rt (rel) Obs Rt Obs Rt (rel)
AMO 6.20 6.04 0.133 0.130 0.46 0.146
AMP 16.66 14.64 0.316 0.315 1.04 0.332
CHL 46.45 46.45 1.000 1.000 3.13 1.000
CFT 8.05 7.99 0.173 0.172 0.62 0.199
CFO 12.58 12.47 0.271 0.268 0.93 0.297
CHL 46.45 46.45 1.000 1.000 3.13 1.000
CIP 15.77 15.76 0.340 0.339 1.10 0.353
CLA 13.77 13.73 0.296 0.296 1.00 0.319
CLI 35.83 35.84 0.771 0.772 2.39 0.765
DOX 22.43 22.41 0.483 0.483 1.53 0.487
LEV 18.91 18.90 0.407 0.407 131 0.420
MET 9.62 9.61 0.207 0.207 0.69 0.222
NOR 15.94 15.39 0.343 0.331 1.10 0.351
PENI-V 24.05 24.04 0.518 0.518 1.64 0.523
SLF 13.36 13.34 0.288 0.287 0.95 0.302
SUL 5.19 5.18 0.112 0.111 0.37 0.118
TAZ 6.04 6.27 0.130 0.135 0.47 0.150
TET 20.42 16.39 0.440 0.353 1.32 0.422
TRI 16.26 16.26 0.350 0.350 1.16 0.369
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3.5. Method validation
After the optimization process, it was necessarydemonstrate the ability of

developed method to be used for its intended perpm®ugh the process of the validation.
The UHPLC conditions given in Table 5 were validati this study, a quantitative method
applied to powder for injection containing SUL a@8T was validated using the total error
strategy, represented by an accuracy profile [36,Pf7e acceptance limits were set at £5%
according to European Medicines Agency (EMA) forrketed pharmaceuticals brands [28].
The accuracy profile methodology is fully compligmthe ICH Q2 requirements [29,30].

Validation of the developed method was carried duting three days with three
replicates for each concentration level. The setectlibration model is a linear regression.
The concentration results were backcalculated using calibration curves. These
concentrations were used to determine the reldtigs, the repeatability, the intermediate

precision, thg-expectation tolerance intervals at 95% probabiétsel, and the linearity.

The accuracy profiles for both compounds are giwverrig. 10 and the validation

criteria are listed in Table 7.

As shown in Table 7, the relative standard deuwa{lRSD %) values of repeatability
and intermediate precision were below 0.75 and,Ox&3pectively. This indicates a good
precision of the method. The trueness of the d@esglanethod is also good with the relative
and absolute biases less than 2.39% and 9.62 pgkspectively. The relative 95%-
expectation tolerance intervals are generally withrange of [-4.81, +3.03]% indicating the
ability of the method to provide accurate results the lower and upper tolerance bounds are
included within the acceptance limits for all tlegeted concentration levels (Fig. 10), one
can ensure that each future result will fall witkile acceptance range with a probability of at
least 95% [27,28]. In addition, the very good lingeof the results is illustrated by the slopes
close to 1 of the regression models obtained betvibe reference concentration of the
validation standards of each active substance hadrésults obtained by the analytical

procedure.
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Since thef-expectation tolerance intervals are included wittie acceptance limits,

one can conclude that the method is suitable $aquantification purpose.

Table 7 Summary of the validation criteria for CFT and SUL

L o Conc. Conc.
Validation criteria CFT SUL
(ng/mL) (ng/mL)
Trueness: 160 -1.38 (-085) 80 0.61 (076)
Absolute bias (ug/mL) 240 -0.25 (-0.10) 120 1.93 (1.61)
(Relative bias (%))
320 -2.30 (-0.71) 160 1.82 (1.14)
400 -9.61(-2.38) 200 1.75 (0.87)
480 -4.06 (-0.84) 240 1.03 (0.43)
Precision: 160 0.41/0.87 80 0.19/0.27
Repeatability (%) /Intermediate 240 0.48/0.54 120 0.52/0.52
precision (%) 320 0.75/0.77 160 0.68/0.74
400 0.44/0.73 200 0.14/0.14
480 0.26 /0.56 480 0.24/0.32
160 154.6-165.3 80 80.0-81.3
(-4.17-2.46) (-0.05-1.58)
240 238.3-245.2 120 120.4-123.5
95% [1-expect. tol. int. (ug/mL) 320 314.2-326.5 160 158.8-164.8
(Rel. 95%l(1-expect. tol. int (%)) (-2.62-1.20) (-0.75-3.03)
400 384.0-403.5 200 199.5-204.0
(-4.81-0.04) (-0.25-1.99)
480 469.7-490.3 240 238.8-243.3
(-2.97-1.29) (-0.50-1.36)
Linearity : Slope 0.982 Slope 1.002
Intercept 2.371 Intercept 1.161
R2 0.999 R2 0.999
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Fig. 10.Accuracy profiles for quantitative methods validatfor ceftriaxone and sulbactam. Legend: CFT =
Ceftriaxone, SUL = Sulbactam; Red = bias (%). Bladcceptance limit at £5%. Blue = 954expectation

tolerance interval. Green = individual measurements

3.6. Application

The developed and validated method was appliedetadentification and assay of the
two active ingredients (CFT and SUL) in powder fojection. For that purpose, three
different brands of pharmaceutical drugs manufactun India were tested as a real case.
They were purchased from different retail pharmadre Kinshasa (DRC). The three drugs
contained the two active ingredients, but as shawrable 8, two products were non-
compliant to the specifications of EMA (95.0-105)08]. They were overdosed in CFT,
and drug overdosing is harmful for the public Heal$ it can lead to serious poisoning of vital
organs [31].
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Table 8 Assay results of three pharmaceutical medicindgdd\, B and C, marketed in DRC. Results consist in
the mean percentage of claimed nominal contentlaid 95% confidence interval computed on 3 indejeen
samples. Specifications are set to 95-105% ofldimed nominal content (mg). Non-compliant restdtsthe

tested powder for injection are in bold.

Drug CFT SUL

Content Content

A 1000 m 500 m(¢
96.7 £0.89 ¢ 97.2+1.329

B 1000 m(¢ 500 m(¢
105.0+£2.73 9 98.0 +2.06 9

C 1000 m 500 m¢
1151+£1.76 9 99.2 £1.819

4. Conclusion
The main objective of this work was to develop genmethods able to trace, screen
and determine various antibiotic molecules and commssociated molecules, in order to

help detecting the potential poor quality medicines

To achieve this objective, Design Space strategy suacessfully applied to optimize
simultaneously three selected factors, the temperathe gradient time and the pH. This led

to the development of HPLC method able to screeant®iotics and associated compounds.

The Design Space strategy enabled to develop astraibethod, confirmed by a
successful method transfer from HPLC to UHPLC. Atfand low solvent consumption

method is a real advantage to perform efficienty@main quality control laboratories.

The method was successfully validated using thal &tror approach and accuracy
profile methodology for the determination of cefione and sulbactam. Finally, the method
was effectively applied to analysis of three brahdrmaceuticals marketed in the Democratic

Republic of Congo for which results led to two ofispecifications results.
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Section Ill. 3.

Méthodes génériques par CLHP pour I'analyse de deusombinaisons fixes
sous forme de comprimé recommandées par L’'OMS: Déiappement,
transfert et validation

Cette section se réfere alarticlamighting Poor Quality Medicines: Development,
Transfer and Validation of Generic HPLC Methods for Analyzing two WHO
Recommended Antimalarial Tablets> publi€é dans American Journal of Analytical
Chemistry 6 (2015) 127-144.
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Contexte
Le paludisme est un probléme majeur de santé puekdune des causes de mortalité

infantile en RDC mais aussi dans d’autres paysaa de développement. Déja en 2012 la
RDC faisait partir des 6 pays les plus touchésadetpion africaine de 'OMS a c6té du
Nigéria, de la Tanzanie, de I'Ouganda, du Mozambigude la c6te d’'lvoire. La RDC et le
Nigeria représentent a eux seuls plus de 40% durmaindial des déces dus au paludisme. La
thérapeutique de la forme simple du paludisme epmsncipalement sur l'usage des
antipaludéens classiques et ce sous diverses asosi dans le but de remédier a la
résistance de plus en plus observée avec la teérago-médicamenteuse. Pour répondre a
la préoccupation de la population Congolaise etptestataires de santé dans la thérapeutique
antipaludéenne, plusieurs ateliers ont été orgaraskinshasa en 2012 et en 2013, sous la
coordination du Programme National de Lutte coldgraludisme en RDC en présence des
experts internationaux, nationaux et des autodéésanté. En matiére de traitement contre le
paludisme, les associations Luméfantrine-Artémethet Amodiaquine-Artésunate
recommandées par 'OMS ont été retenues pour kedgahe simple et la quinine pour le

paludisme compliqué.

Dans ce contexte, il nous est paru pertinent deldpper des méthodes analytiques
pour contréler la qualité de ces associations ettrituer au rehaussement du succes
thérapeutique. Lors de nos études en rapport age section, nous avons optimisé une
méthode analytique pour détecter 8 molécules sduketnouvées dans les associations
antipaludéennes. A cet effet, nous nous sommesssdiun plan d’expériences factoriel
complet et d’'un espace de conception. En utilis@tdonnées analytiques obtenues lors de
ces expériences, nous avons affiné la méthodalmitiour aboutir a une seule méthode plus
courte et dédiée aux deux associations antipalmgserecommandées par 'OMS. A l'issue
de la validation, la méthode a été appliquée poaluér la qualité ses échantillons provenant
de Kinshasa mais aussi du Bénin et du Rwanda. cadorte aussi I'intérét d'un transfert

géographique Nord-Sud de la méthode.
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Summary

As serious but neglected public health problemsyr puality medicines, i.e. for
antimalarial medicines, urged to be fought. Onéehefapproaches is to consider the analytical
chemistry and separative techniques. In this stadyeneric liquid chromatographic method
was firstly developed for the purpose of screer@ngntimalarial active ingredients, namely
amodiaquine (AQ), piperaquine (PPQ), sulfalene (Slyyimethamine (PM), lumefantrine
(LF), artesunate (AS), artemether (AM) and dihydieaisinine (DHA) by applying DoE/DS
optimization strategy. Since the method was natlfpsatisfying in terms of peak separation,
further experiments were undergone applying theesdavelopment strategy while splitting
the 8 ingredients into five groups. Excellent peéidn was observed prior to correlation
between retention times of predicted and obserepdrstion conditions. Then, a successful
geometric transfer was realized to reduce the aisallyme focusing on the simultaneous
guantification of two WHOQO's recommended ACTs in andlarial fixed-dose combination
(AM-LF and AS-AQ) in tablets. The optimal separatizvas achieved using an isocratic
elution of methanol-ammonium formate buffer (pH;28mM) (82.5: 17.5, v/v) at 0.6ml/min
through a C18 column (100mmx3.5mm, 3u%) thermostated at 25°C. After a successful
validation stage based on the total error approtighmethod was applied to determine the
content of AM/LF or AS/AQ in seven brands of antiaral tablets currently marketed in
West, Central and East Africa. Satisfying resulesravobtained compared to the claimed

contents.
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1. Introduction

Poor quality medicines are serious but neglectddipbealth problems. Anti-infective
medicines are particularly afflicted [1]. Poor-gtiahntimalarials that contain sub-therapeutic
amounts of active ingredient increase the risk afama drug resistance, thus undoing the
significant gains in malaria control seen in thet ldecade [2]. In 2012, WHO estimated 207
million malaria cases worldwide [2]. The successfuhtrol of this disease depends mainly on
treatment with efficacious anti-malarial drugs. Mad the countries do have a National
Malaria Treatment Policy that specifies medicinesstfeatment of both uncomplicated and
severe malaria as well as malaria in case of pregnand in case of first line treatment fails.
As resistance develops to known medicines, it esgary to commercialize new ones or to
use the existing medicines in combination for exi@rip case of malaria infection with
Plasmodium falciparum Indeed, the use of two or more drugs with différection
mechanism is now recommended to provide adequagerate and delay any development of
resistance [3]. WHO recommends that all personallcdiges in all epidemiological settings
with suspected malaria should receive a parasitdbgonfirmation of diagnosis by either
microscopy or rapid diagnostic test (RDT), and timatomplicatedPlasmodium falciparum
malaria should be treated with an artemisinin-basedbination therapy (ACT) [2].

Fast acting artemisinin-based compounds are combinth a drug from a different
class. Companion drugs include lumefantrine, meilog, amodiaquine, sulfadoxine /
pyrimethamine, piperaquine and chlorproguanil /sdeye. The artemisinin derivatives usually
used include dihydroartemisinin, artesunate ancenagther. Implementation of the
recommendation to use ACTs is limited by the smafthber of available and affordable co-
formulated anti-malarial drugs, but most countree® now starting to implement this
regimen. A co-formulated drug is one in which twiffeslent drugs are combined in one

tablet; this is important to ensure both drugsuesed.

Artemether/lumefantrine was the first fixed-doseemuisinin-based combination
therapy recommended and pre-qualified by WHO fertteatment of uncomplicated malaria
caused by. falciparum. It has been shown to be effectivehbotsub-Saharan Africa and in
areas with multi-drug resistaRt falciparum in Southeast Asia. It is currentlyaeunended
as first-line treatment for uncomplicated malanaseveral countries. However, its complex

treatment regimen of two doses daily for three degsld affect patient adherence to
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treatment. A fixed-dose combination of amodiaquanesunate was launched in February
2007 [3]. The benefits of ACTs are their high edfiy, fast action and the reduced likelihood
of resistance developing. In order to make bestofiskem, it is critical to address issues of

quality.

According to WHO 200,000 deaths over one millioattbccur from malaria annually
would be avoidable if the available medicines weftective, of good quality and used
correctly [4]. A recent study published in “The lcat’ concluded that up to 40% of
artesunate products (the best medicine to comisadtaet malaria today) contain no active
ingredients and therefore have no therapeutic ienét best, the regular use of substandard
or counterfeit medicines leads to therapeutic failor drug resistance; in many cases it can
lead to death [4].

In this context, analytical chemistry and espegiallparative screening methods such
as liquid chromatography (LC) methods are suitéblbaelp fighting against such medicines

and therefore can be used [5-7].

Recently, Debruset al. published interesting work on an innovative HPL@thod
development for the screening of 19 antimalariaigdrbased on a generic approach, using
design of experiments, independent component arady&l design space. That method was

found somewhat time consuming due to the gradiertten}8].

In the present study, several HPLC separationsiderisg isocratic mode (short run
time) were optimized for targeted subsets of 8naalrial active ingredients (AAl) used

alone or in combination.

The first objective was the optimization of the aepion conditions (screening
method) for these 8 AAI among which were 4 compandrugs (amodiaquine (AQ),
piperaquine (PPQ), sulfalene (SL), pyrimethaminkl\Rumefantrine (LF)) and Artemisinin
derivatives include dihydroartemisinin (DHA), adeste (AS) and artemether (AM). Their

chemical structures are presented in Figure 1.

The second objective was the simultaneous detetimimaf artemether, lumefantrine,
artesunate, amodiaquine in fixed dose combinatibletsa as recommended by WHO. As

suggested in ICH Q8 (R2) and previously successfidsted by Debrugt al [8, 9], a
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combining design of experiments (DoE) and Desigrac8p (DS) was exploited to
simultaneously optimize the separation based ordigiree modeling technique using
retention time-based responses [10]. Thereaftgeametric transfer was performed for the
HPLC developed methods in order to evaluate thestoiess and improved gain of analysis

time that is a challenge in the framework of fightagainst counterfeit medicines.

The third objective was to validate the transfemegthod using the accuracy profile as
decision tool for the simultaneous quantitatioradémether and lumefantrine; artesunate and

amodiaquine in fixed dose combination (FDC) tablets.

Finally, the validated method was used to analgeal antimalarial drugs marketed
in Benin (West Africa), DRC (Central Africa) and Bada (East Africa).

Amodiaquine Artemether Artesunate Dihydroartemisinine

O PN 3

= RSN N\) k/N X

N { = | =
5 h i\k % é)\l H,N |N\/)N\NH2
Cl Cl

Cl

Lumefantrine Piperaquine Pyrimethamine

Sulfalene

Figure 1. Chemical structures of the 8 studied antimalahiabs.

115



Section I11.3. Technique séparative — Antipaludéens

2. Experimental

2.1. Chemical and reagents

Methanol (HPLC gradient grade), formic acid (98%®%) and orthophosphoric acid

Eur Ph. grade (85%) were purchased from Merck (Btadi, Germany). Ammonium formate
(99%) was provided by BDH Prolabo (Almere, Netheds). Ultrapure water was obtained
from a Milli-Q Plus 185 water purification systermom Millipore (Billerica, MA, USA).
Artesunate (99.8%) and dihydroartemisinin alpha bath (100.0%) were purchased from
Apoteket AB (Stockholm, Sweden). Lumefantrine (98)4and artemether (99.5%) were
kindly donated by Fourrts laboratories (Chennadlidih and Meridian Pharmacare Pvt Ltd
(Bangalore, Inde). Amodiaquine hydrochloride (99)0%iperaquine tetraphosphate (99.2%)
and Pyrimethamine (99.0%) were purchased from Sididaich (St. Louis, MO, USA).
Sulfalene (100.0%) was purchased from Fagron N\(AWAregem, Belgium).

For the preparation of validation standards, a im&rmulation of tablets containing
20 mg of AM and 120 mg of LF was provided by Foaitetboratories (Kanchipuram, Inde).
Mefanther® 20/120 mg tablet were kindly donatedthg same laboratories. Antimalarial
drugs containing AS and AQ 50/150 were purchasettugstore located in DRC (Kinshasa).
Antimalarial drugs containing AM (20, 40 or 80 mand LF (120, 240 or 480 mg) were

purchased in drugstore located in Benin (CotonD®C (Kinshasa) and Rwanda.
2.2. Sample preparation

2.2.1 Mixture preparation groups

Individual stock solutions of AM, AS and DHA at 5ing and of AQ, PPQ, PM
1mg/ml were prepared in methanol. A stock solubriLF at 100 pg/mL was prepared in
methanol acidified by phosphoric acid (0.1% aciedgghoric in methanol (w/v)). Mixture
solutions were prepared by diluting stock solutionsethanol-water (50:50, v/v) to achieve
the following concentrations: 2.5 mg/ml for AM, ARHA; 50ug/ml for LF, SL and
25ug/mL for PPQ, PM and AQ.

2.2.1 Solutions used for calibration and validation

A stock solution of calibration standards (CS) d¥1A240 pg/ml) and LF (1440
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pg/ml) was prepared in methanol acidified by adith@phosphoric. A stock solution of AS
(240pg/mL) and AQ (720ug/mL) was prepared in medhaBilutions were performed in

methanol-water (50:50) in order to obtain solutiah8 different concentration levels:
Level 1(40%): 80 pug/ml (AM) — 480 pg/ml (LF) and 80 pg/ml (AS240 pg/ml (AQ);
Level 3 (80%): 160 pg/ml (AM) - 960 pg/ml (LF) and 160 pg/ml (AS380 pg/ml (AQ);
Level 5 (120%):240 pg/ml (AM) - 1440 pg/ml (LF) and 240 pg/ml (AS720 pg/ml (AQ).

The levels of the concentration were chosen inrai@eallow construction of different
regression models that will determine back-caledatoncentrations of validation standards.

For each concentration level three replicationsewan for three days corresponding to three

series (p=3).

The validation standards were prepared in matribese tablets, obtained by the
manufacturers of the corresponding medicines ineroreb better simulate the sample
preparation in routine analysis. Stock solutionsemebtained as in the case of calibration
standards to which is added a corresponding anwfuhe matrix. Dilutions were performed
in methanol-water (50:50) in the same way as desdrior the CS in order to obtain solutions

at 5 different concentration levels

Level 1 (40%): 80 pg/ml (AM) - 480 pg/mL (LF) and 80 pg/ml (AS240 pug/mL (AQ)
Level 2 (60%): 120 pg/ml (AM) - 720 pg/mL (LF) and 120 pg/ml (AS360 pug/mL (AQ)
Level 3 (80%): 160 pg/ml (AM) - 960 pg/mL (LF) and 160 pg/ml (AS380 ug/mL (AQ)
Level 4 (100%):200 pg/ml (AM) - 1200 pg/mL (LF) and 200 pg/ml (AS00 pg/mL (AQ)

Level 5 (120%): 240 pg/ml (AM) - 1440 pg/mL (LF) and 240 pg/ml (AS720 pg/mL
(AQ).

Three independent preparations (n=3) were carrigdper each of the five concentration
levels (m=5). All these preparations were repe&edhree days corresponding also to three

series (p=3).

117



Section I11.3. Technique séparative — Antipaludéens

For routines analyses, the concentrations of reterestandards were 200 pg/mL of
AM and 1200ug/mL of LF in a mixture, 200 pg/mL of AS and 6(g/mL of AQ in another
mixture. For the sample tablets, powdered portisese taken and treated in the same way as
reference solutions to give final expected conegioins of 200 pg/ml (AM) - 120Qg/mL
(LF) for AM-LF combination and 200 pg/mL (AS) - 6@mL (AQ) for AS-AQ
combination. The solutions were freshly preparedi @iotected from light. They were filtered
through 0.45 pm PTFE syringe filtration disks prir their analysis onto the liquid

chromatographic system.

2.3. Instrumentation and Chromatographic conditions

The experiments for optimization of the LC condisofor the validation work and for
the routine analysis were carried out on a LC system Waters 2695 (Waters, Milford,
USA) composed of a Waters selector 7678, autosampitodiode array detector (PDA)
Waters 2996 and Empower 2.0 software. The analyticlumn for optimization was an
XBridge C18 (250 x 4.6 mm i.d.; 5 um particle sipe¢ceded by a guard column XBridge
guard C18 (20 x 4.6mm i.d.; 5 um particle sizehdodbm Waters. The optimized conditions
were transferred to an XBridge C18 (100 x 4.6 mdy; i3.5 um particle size), 4 ul for
injection volume. Peak analytes were monitored3@t2n during optimization and at 210 nm
during validation and routine application. Howevtre UV spectra were recorded online
from 210 nm to 400 nm to allow the peak identificatat all the experiments. The injection
volume was 10ul for all tested experimental condsi The buffer solution of the isocratic
mobile phase consisted of 10 mM ammonium formak& (p 3.8) adjusted to pH of 2.8 with

formic acid.

2.4. Design of Experiments

Design of experiments (DoE) was used to definedsign of Space (DS). Flow of
mobile phase (F), column temperature (T°C) and @ragn of methanol in the mobile phase
(%0OM) were selected as the factors to investigs¢e (Table 1a). As those HPLC methods
were developed for their suitability for routineeus resource-restraint environments, the
choice of the methanol as organic modifier wasifjest by its low cost compare to

acetonitrile.

Because of the temperature control problem thahtrbg encountered in that kind of
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environment we decided to include that factor & $kudy and to extend the range for test. A
total of 29 experimental conditions were definedslswn in Table 1b. In the present case, a
full factorial design was used to allow simultaneayptimization of the method, estimate its

robustness and evaluate the adequacy between dogragzhic behaviors as predicted by the

liquid chromatography theory and those obtainethibymathematical models.

2.5. Software

Empower 2.0 for Windows was used to control the BRInd to record the signals
from the detector and interpret the chromatografwms.algorithm was set up to develop a

Bayesian model and to compute the DS.

The algorithm was written in R2.13, which is avhi& as free-ware from:

http://www.rproject.com.

HPLC calculator V 3.0 (University of Geneva, Switaed) was used to carry out the

necessary computations for the geometric transéhaoadology.

The accuracy profiles as well as the statisticdutations including the validation
results and uncertainty estimates were obtainedgustnoval® V3.0 software (Arlenda,
Belgium).

3. Results and Discussion

3.1. Modeling and Optimization methodologies
3.1.1. Influence of the Factors on the Peak Separans

Due to acidic and alkaline comportments of the Ad\test, and considering literature
data we choose to perform the experiments in aodidia. Preliminary tests allowed setting
the pH to 2.8 as well as setting up the range hedetvels of each factor (see Table 1a). They
indicated that the retention time of AM was tooddr60 min) with 75% of methanol in the
mobile phase, pH 2.5. To prevent a possible thedegtadation of the different analytes, the
maximum temperature for the column oven was limited35°C while the minimum
temperature to 25°C, the average ambient temperatutropical countries where further

analyses are intended to be pursued.
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The influence of the critical factors on the separeof the chromatographic peaks was
then assessed by means of full factorial desigrcafssbe noticed in Figure 2, the flow rate and
the percentage of organic modifier considerablyuarice somehow the retention times of
AAl: the increase of the mobile phase flow rate addsthe organic modifier percentage
significantly decreases the retention times ofraalarial drugs, but often at the expense of
peak separation. There were also peak coelutioosrtdin antimalarial compounds and even a
reversal of the peak elution order for some othidmyever, by decreasing the level of these
two factors, an increase of the retention timeshef tested compounds was observed with
improved peak separations. Based on this observadhe ideal would be to work at low level
of the flow rate and low percentage of methanadbieve separation of these antimalarials in

this experimental domain.

3.1.2. Modeling
For better reliable prediction of the chromatogregonditions of each AAI, modeling
was performed using the retention time of eachiegira part of the chromatographic peak, i.e.

the beginning, the apex and the end [10-13].

Table 1. (a)Factors and corresponding levels selected fofulhéactorial design; (b) Experimental matrix of

full factorial design for the investigation of orga modifier, flow rate and temperature

(@)

Factors Levels

Organic modifier (%) 80 85 90
Flow rate (mL/min) 0.3 0.5 0.7
Temperature of the column oven (°C) 25.0 30.0 35.0
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(b)
. Experimental Design Experimental set up
Trial X1 X2 X3 Organic modifier (%) Flow rate (mL/min) Temperature (°C)

1 -1 -1 0 80 0.3 30
2 1 0 1 90 0.5 35
3 0 0 0 85 0.5 30
4 1 -1 1 90 0.3 35
5 0 -1 1 85 0.3 35
6 -1 1 1 80 0.7 35
7 -1 1 -1 80 0.7 25
8 1 -1 0 90 0.3 30
9 0 0 0 85 0.5 30
10 0 0 0 85 0.5 30
11 -1 -1 -1 80 0.3 25
12 1 1 -1 90 0.7 25
13 -1 1 0 80 0.7 30
14 -1 0 1 80 0.5 35
15 1 0 -1 90 0.5 25
16 0 0 -1 85 0.5 25
17 0 0 1 85 0.5 35
18 0 -1 1 85 0.3 35
19 0 -1 -1 85 0.3 25
20 0 1 1 85 0.7 35
21 -1 0 0 80 0.5 30
22 1 0 0 90 0.5 30
23 1 1 1 90 0.7 35
24 0 -1 0 85 0.3 30
25 1 -1 -1 90 0.3 25
26 0 1 0 80 0.7 30
27 -1 -1 1 85 0.3 35
28 1 1 0 90 0.7 30
29 -1 0 -1 80 0.5 25
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The quality of the obtained linear regressions assessed by the adjusted coefficient

of determination (Rajusted), the graph residues and the adequacyéetthe retention times

predicted by the model and those observed. As shovwagure 3a, an excellent relationship

was observed between the predicted versus theimaeal values of the retention times’ (R

ajusted values close to 1). In addition, most efrésiduals (Figure 3b) were located within the

[-1.5 min, +1.5 min] interval, confirming the fiteg of the model and its suitability for the

optimization of the separation.
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® AQ
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Figure 2. Predicted retention times (min) of different compdsi versus to flow rate (F) (a), to organic modifie
(OM) (b) and to temperature (T) (c).
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Figure 3. Modelling results (a) Predicted versus experimearahies for retention times; (b) Corresponding

residuals plots.
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3.1.3. Prediction of Optimal Separations

The good relationship between the predicted reirriimes and those obtained allowed
validating the linear regression model and optingzselected criteria. The separation between
the peaks of the critical pair has been chosen astieal quality attribute (CQA) for the
evaluation of quality chromatogram [8]. As proposgdLebrunet al.[8, 10] we used in this
work the separation criterio®)(defined as the difference between the beginnfrigeosecond
eluting peak @g) and the end of the first eluting peagjtof the critical peak pair.

Over the experimental domain, as shown on Figuréhd, probability of peak separation
P(S>0) was low: 0.4%. Due to the very similar chrongasphic behavior of some AAl, the
tested experimental domain (F= 0.3mL/min, T= 27,5% OM = 80%) did not allow a

simultaneous separation of all AAl peaks. This Wmscase of AQ, SL PM, DHA, AS, PPQ as

shown in Figure 5.

This low probability of peak separation led us talitsmolecules with similar
chromatographic behavior in 4 separated groupsl€éTZbwhile the group 5 was constituted
by WHO's recommended ACTs drugs marketed in Africa

These five groups were experimented with the saesegd tested before applying the
same corresponding factors levels as mentionedabieTl. The optimal conditions for each
group and quality level are given in Table 3 inahgdthe quite large operating range within
DS that indicates the robustness of the methoddoh group.

0.3 04 0.5 06 07 B0 82 84 8 88 80 80 82 84 86 83 90
F % OM % OM
(a) (b) (<)

Figure 4. Probability surfaces to reach>®. (a) Temperature ("C) versus Flow rate (ml/mfn);Flow rate

(ml/min) versus Organic modifier (%); (c) Temperat(’'C) versus organic modifier (%6).
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Figure 5. Predicted chromatogram at optimal conditions fan8malarials.

Table 2. Groups of compounds studied in this work.

Groups Subgroups Molecules
Group 1

; AM, LF, DHA-1, DHA-2 and PPQ
Group 2 - AM, LF, AS and AQ
Group 3 - AM, LF, DHA-1, DHA-2 and PM
Group 4 : AM, LF, AS and SL

1 AM and LF
Group 5

2 AS and AQ

Legend: AM = Artemether, LF = Lumefantrine, DHA #ipdroartemisinin, PPQ = Piperaquine, AS =
Artesunate, AQ = Amodiaquine, PM = Pyrimethamine =SSulfalene.
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Table 3.Optimal conditions and operating range within DSthe separation of the 5 groups of antimalarial.

Optimal condition by group
Optimal conditions :
Optimal Flow rate Organic modifier Temperature Final optimal
o o
Groups | Subgroups P (S>0) (F in mL/min) (OMiin %) (Tin°C) conditions
0.45 81.3 25.0
1 - 68.0%
(0.45-0.61) (80.0-82.1) (25.0-35.0)
0.70 80.0 325
2 - 99.5% OM: 80.0%
(0.55-0.70) (80.0-81.8) (25.0-34.5)
F: 0.5mL/min
0.45 81.3 25.0
3 - 73.0% T: 25°C
(0.41-6.50) (81.0-82.1) (25.0-27.0)
0.65 80.0 325
4 - 92.9%
(0.48-7.00) (80.0-81.5) (25.0-35.0)
OM: 82.5%
0.70 81.3 26.3
5 1 98.5% F: 0.6mL/min
(0.61-0.70) (80.5-82.0) (25.0-35.0)
T: 25°C

One can say that a large temperature robust rd&?&j€ (to 35°C, except for group 3
(25°C to 27°C)) is important for applying easilyetmethods in the laboratories without an

efficient temperature control system that is oftegt in resource-restraint environments.

In order to facilitate the screening of AAl in gpsul to 4, a single method was
generated by computing DS obtained only for theseigs. One single method was also
generated for groups 5.1 and 5.2. The optimal ¢mmdi are given in Table 3.

To support the abilty of DS to predict analyticalonditions that permit
chromatographic separation for the AAl in the Sup® we tested the mixture of these AAI in
each optimal condition using an XBridge C18 (256r4m i.d.; 5um particle size), preceded
by a guard column XBridge guard C18 (20x4.6mm bdmn patrticle size).

The experimental and the predicted chromatogramgjigen in the figures 6-11 where

it can be noticed a close agreement between theretit predicted chromatograms and the
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corresponded experimental ones.

The correlation between the predicted retentionesimand observed for the
chromatograms recorded at the optimal conditionweag good. Indeed, in all cases, the linear
correlation coefficient was very close to the umdjidating the accuracy of the prediction.
Concerning the two WHO's recommended ACTSs, theidigoghromatography method
developed for the simultaneous quantification @ffethe advantage of being used in isocratic
mode, unlike the methods of the American pharmae@pand international pharmacopoeia
offering the gradient mode and are time consumildg 15].

In order to reduce the analysis time and thus ¢@heeat consumption, the geometric
transfer was performed for each developed methlbolhimg geometric transfer methodology
while checking their robustness [16]. The corresjiog analytical conditions were: 4ul for
injection volume, 0.6mL/min for the flow rate, 82& for the organic modifier, 17.5% for the
buffer. The buffer solution of the isocratic mobjase consisted of 10 mM ammonium
formate (pKa 3.8) adjusted at pH of 2.8 with forra@d and 25°C for the oven temperature of

the column whose characteristics are describegctiba 3.2.

The chromatograms in Figures 6-11 and the result§able 4 demonstrated the
adequate geometric transfer. Indeed, both relgtigdicted retention times and observed ones
were closer for AM, LF, AS, AQ applying the sepamatconditions before and after geometric
transfer. The transferred methods were reducebaitahalf the run time and obviously a half

reduction of the solvent consumption.

It was found important to highlight that the sanmimal condition can be used to
analyze dihydroartemisinin-piperaquine becausehefutery good separation observed (data
not shown). By cons, the optimized method cannaidesl to analyze the associations such as
sulfalene-pyrimethamine-dihydroartemisinin and sutete-sulfalene-pyrimethamine, due to
the co-elution of the chromatographic peaks comedmg to sulfalene and pyrimethamine.

These associations of antimalarial drugs are atstxeted in certain African countries.
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Figure 6. Optimal condition for Group 1: (top) predicted ahmatogram, Grey: simulations showing the
uncertainty of prediction; (middle) observed chrémgaam and (bottom) observed chromatogram resuilting

the transfer.
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Figure 7. Optimal condition for Group 2: (top) predicted ahmatogram, Grey: simulations showing the
uncertainty of prediction; (middle) observed chremgaam and (bottom) observed chromatogram resutting

the transfer.
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Figure 8. Optimal condition for Group 3: (top) predicted ahmatogram, Grey: simulations showing the
uncertainty of prediction; (middle) observed chrémgaam and (bottom) observed chromatogram resuilting

the transfer.
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Figure 9. Optimal condition for Group 4: (top) predicted ahmatogram, Grey: simulations showing the
uncertainty of prediction; (middle) observed chremgaam and (bottom) observed chromatogram resutting

the transfer.
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Figure 10.Optimal condition for Group 5.1: (top) predictddr@matogram, Grey: simulations showing the
uncertainty of prediction; (middle) observed chrémgaam and (bottom) observed chromatogram resuilting

the transfer.
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Figure 11.Optimal condition for Group 5.2: (top) predictddr@matogram, Grey: simulations showing the
uncertainty of prediction; (middle) observed chrémgaam and (bottom) observed chromatogram resuidting

the transfer.

Table 4.Results of the method geometric transfer.

HPLC optimal HPLC Transfer
Relative observe(
Compounds Predlgted Obseryed Relgtlve Relative olserved Observed Relative retention times
retention retention predicted S S observed Error
. . o retention times | retention times o
times times retention times retention times
AM 21.529 20.335 0.791 0.746 8.572 0.572 0.184
AQ 5.505 5.270 0.202 0.193 2.297 0.153 0.040
AS 10.142 9.731 0.373 0.357 4.006 0.268 0.089
DHA-1 11.016 10.032 0.405 0.368 4.100 0.274 0.094
DHA-2 13.946 12.662 0.513 0.464 5.226 0.349 0.115
LF 27.195 27.274 1.000 1.000 14.976 1.000 0.000
PM 6.724 6.087 0.247 0.223 2.621 0.175 0.048
PPQ 6.486 5.680 0.238 0.208 2.461 0.164 0.044
SL 5.966 5.686 0.219 0.208 2.159 0.144 0.064
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3.2. Method Validation

In current practice, after the optimization stéhecomes increasingly obvious and
essential to demonstrate through a method validatimt optimized method provides
reliable results. In this work, the transferred noet was also validated using the accuracy
profile as decision tool and for the simultaneousaritation of the couples
artemether/lumefantrine and artesunate/amodiaquinéxed dose combination (FDC)
tablets [17, 18].

We considered the validation criteria commonly usednalytical procedures set
out in document Q2A of the International Confererm® Harmonization (ICH) [19]
namely: selectivity/ specificity, trueness, preorsi (repeatability and intermediate

precision), accuracy, linearity, limit of detectinOD) and limit of quantitation (LOQ).

An analytical method is specific if it guaranteéstt the measured signal is only
related to the substance intended to be analyzwdefed compound) and if it allows
guantitation of a physicochemical parameter or @mubal group from a single or several
substance(s) in the sample [20]. The non-interfegeaf the ingredients present in the
matrix was assessed by injecting matrix solutioriseach formulation provided by
manufacturer and solution containing mixture ofgeed compound (AM, LF, AS, AQ).

Absence of any interference was noted.

Secondly, we investigated the response functiorthef method. It is the existing
relationship between the response (signal) ancctimeentration (quantity) of the analyte
sample within the range of concentrations testede €alibration curve was the most
appropriate response function. Table 5 presentarbst appropriate selected regression

models that have been sorted according to the acgundex.

The selected calibration model is linear regressioe to his high level of accuracy
index. The concentrations results were back-caledlasing the calibration curves. These
concentrations were used to determine the reldiias, the precision (repeatability and
intermediate precision), the 3-expectation toleeamtervals at 95% probability level, and
the linearity. The accuracy profiles for the fowmgpounds are given in Figure 12 while

the validation criteria are summarized in Table 6.
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The acceptance limits have been set at +10% acgprdd the International
Pharmacopeia and the intended use of the analytiogedure [15].

Trueness refers to the closeness of agreement eetaeconventionally accepted
value or reference value and a mean experimentl lbrgives information on systematic
error. As shown in Table 6, trueness was expregsterms of absolute bias (in pg/mL) or
relative bias (%) at each concentration level efvhlidation standards. The trueness of the
developed method is good with the absolutes biasdselative biases less than 6% (Table
6).

Precision is the closeness of agreement among mezasnts from multiple
sampling of a homogeneous sample under the recodwdenonditions. It gives some
information on random errors and it can be evahlliae two levels: repeatability and
intermediate precision. As can be seen in Tablerécision was expressed in terms of
relative standard deviation values for repeatabdnd for intermediate precision that were

below 3.3%. This indicates a good precision ofdbeeloped method.
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Table 5. Evaluation of quality of fit for the selected regsion model for artemether, lumefantrine, artetguna

and amodiaquine.

. Indexes for:
Active Model Dosi
ingredient Precision Trueness 0sing Accuracy
range
Linear regression through O fitted using the ~ 0.830 0.746 0.414 0.635
highest level only
Linear regression through O fitted using the ~ 0.662 0.866 0.569 0.688
Artemether level 1.0 only
. . . 0.461 0.970 1.000 0.765
Weighted (1/X) linear regression
. . 0.485 0.962 0.982 0.771
Linear regression
Linear regression through O fitted using the ~ 0.763 0.864 0.498 0.690
highest level only.
) Linear regression through 0 fitted using the ~ 0.657 0.845 1.000 0.828
Lumefantrine level 1.0 only
. . . 0.674 0.868 0.645 0.723
Weighted (1/X) linear regression
. . 0.648 0.864 1.000 0.824
Linear regression
Linear regression through O fitted using the ~ 0.725 0.957 0.944 0.869
highest level only.
Linear regression through O fitted using the ~ 0.713 0.952 0.999 0.878
Artesunate level 1.0 only
0.689 0.974 0.997 0.874
Weighted (1/X) linear regression
. . 0.713 0.952 1.000 0.877
Linear regression
Linear regression through 0 fitted using the ~ 0.884 0.001 0.521 0.001
highest level only.
Linear regression through 0 fitted using the ~ 0.931 0.001 0.157 0.001
Amodiaquine level 1.0 only
. . . 0.662 0.996 1.000 0.870
Weighted (1/X) linear regression
. . 0.660 0.996 1.000 0.870
Linear regression
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Table 6. Summary of the validation criteria for artemethemefantrine, artesunate and amodiaquine.

Artemether-Lumefantrine

Artesunate-Amodiaquine

Validation criteria Level
Artemether Lumefantrine Artesunate Amodiaquine
Trueness: 1 1.76 (2.20) -9.83 (-2.05) 1.40 (1.74) 0.79 (0.33)
Absolute bias (ug/mL)
(Relative bias (%) 2 0.83 (0.69) -42.54 (-5.91) -0.97 (-0.81) 0.399).
3 -4.34 (-2.71) 36.58 (3.81) -0.04 (-0.03) 3.799).
4 -4.34 (-2.17) 25.12 (2.09) -4.76 (-2.38) -2.711.45)
5 3.22 (1.34) -44.56 (-3.18) 1.77 (0.74) 8.2133).
Precision: 1 3.28/3.28 0.56/0.77 3.29/3.29 3.24/3.24
Repeatability (RSD in %) /
Intermediate precision 2 2.04/2.37 0.44/0.67 0.80/0.80 1.28/1.26
(RSD in %) 3 2187218 2117211 0.53/0.53 1.01/1.01
4 1.2411.24 1.81/1.81 119/1.24 1.08/1.08
5 1.63/1.89 0.97/0.99 1.03/1.41 1.13/1.33
Accuracy: 1 75.33-88.19 459.30-481.10 74.96-87.85 221.808259,
B-expectation tolerance
interval (in pg/mL) 2 113.30-128.40 662.20-692.70  116.70-121.40  349.10-371.50
(Relativep-expectation
tolerance interval (in %) 3 147.10-164.2 947.00-1046.00  157.90-162.00 47498060
4 189.60-201.70 1172.00-1278.00  189.00-201.40  581.40-613.10
5 231.2-255.2 1321.00-1390.00  231.00-251.30 708.30-748.20
Uncertainty : 1 6.92 1.69 6.94 6.83
2 5.12 1.49 1.68 2.69
Relative expanded 3 160 445 113 513
uncertainty (%) ) ) ) )
4 2.61 3.81 2.64 2.28
5 4.09 2.10 3.10 2.39
Linearity : Slope 0.994 1.002 0.992 1.010
Intercept 0.329 -8.938 0.703 -2.659
R? 0.994 0.988 0.997 0.998
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Figure 12. Accuracy profiles for quantitative methods validatof artemether (AM) and lumefantrine (LF) in
tablet and of artesunate (AS) and amodiaquine (A@blet. The plain red line represents the redaliias, the
dashed lines the 95@sexpectation tolerance limits and the dotted lithes10% acceptance limits. The dots

express the relative error of the backcalculategtentrations plotted with respect to their targeted

The linearity of an analytical method is the aliltithin a definitive range to obtain
results directly proportional to the concentrat{gmnantity) of the analyte in the sample. A
linear regression model is fitted on the back-calimd concentrations as a function of the
introduced concentrations. The good linearity & tasults was illustrated (Table 6) by the
slopes close to 1 of the regression models obtadetdeen the introduced and the back-

calculated concentrations.

Accuracy refers to the closeness of agreement leetlee test result and the accepted
reference value, namely the conventionally truai@allhe accuracy takes into account the

total error, i.e. systematic and random errorsgtesl to the test result. It is assessed from
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the accuracy profile illustrated in Figure 12. Agcaracy profile is obtained by linking on
one hand the lower bounds and on the other handgper bounds of the 3- expectation
tolerance intervals calculated at each concentrddeel. As shown in Table 6, the relative
3- expectation tolerance intervals are generalbhiwia range of [-0.73, 9.81 %] excepted
level 1 for AM. As the lower and upper toleranceubds are included within the
acceptance limits for all the targeted concentratavels (excepted level 1 for AM), one
can ensure that each future result will fall witlive acceptance range with a probability of
at least 95% [21, 22].

The limit of detection (LOD) is the smallest quantof the targeted substance that
can be detected, but not accurately quantifiechensdample. Reported values were: 24.05,
75.17, 3.285 and 11.47 pg/ml for AM, LF, AS and A€spectively.

The lower limit of quantification (LOQ) is the snhedt quantity of the targeted
substance in the sample that can be assayed umgeriraental conditions with well
defined accuracy. The definition can also be applie to the upper limit of quantitation
which is the highest quantity of the targeted sams¢ in the sample that can be assayed
under experimental conditions with well defined @acy. The limits of quantitation were
obtained by calculating the smallest and highesteatrations beyond which the accuracy
limits or 3-expectation limits go outside the adesepge limits. The dosing range is the
interval between the lower and the upper limits sehthe procedure achieves adequate
accuracy. Dosing ranges were 82.90 to 240 pug/mlAMr 480 to 1440 pug/mL for LF, 80
to 240 pg/mL for AS and 240 to 720 pg/mL for AQspectively.

The uncertainty is a parameter associated withrédsalt of a measurement that
characterizes the dispersion of the values thalidc@asonably be attributed to measurand.

As shown in Table 6, relative expanded uncertaf#y have been found less than 7 %.
3.3. Method Application

The validated method was then used to determinecadnéent of the four targeted
compounds found in two sets of tablets samples fM#dd dosage combinations. The first set
consisted to five different brands coded Al, A2, A3, A5, respectively, and claimed to

contain artemether and lumefantrine while the sdcset coded B1, B2 was claimed to

138



Section 111.3. Technique séparative — Antipaludéens

contain artesunate and amodiaquine. The resul&ngat for the analyses are presented in
Table 7. They consisted in the mean percentagé&amhed nominal content and the standard
deviation computed on 3 independent samples. Sgatiins were set to 90.0%-110.0% of

the claimed nominal content (mg). All the batchesspnted artemether and lumefantrine or
artesunate and amodiaquine contents very closehdolabeled amount and within the

specifications. The artemether contents in theetaddmples were within 99.1% to 100.6%,

while those of lumefantrine within 94.6% to 99.9%he artesunate contents in the tablet
samples were within 99.3% to 100.7% and those afdiaquine within 93.4% to 104.4%.

Table 7.Content of seven samples marketed in DRC, Rwandd@eanin

Artemether (AM) - Lumefantrine (LF) Artesunate(AS)—Amodiaquine (AM) Country of
Drug sampling
Artemether Lumefantrine Artesunate Amodiaquine
20 mg 120 mg
Al Benin
1006 £1.8% 99.9+0.6 %
20 mg 120 mg
Benin
A2 100.1+£0.9 % 98.0+0.4 %
20 mg 120 mg
Benin
A3 100.2+12% 98.2+0.8%
20 mg 120 mg
Rwanda
A4 99.1+15% 94.8+0.9 %
80 mg 480 mg
DRC
A5 100.5+0.5% 94.6 +0.3%
50 mg 153 mg
DRC
B2 100.7 £0.7% 93.4+02%
100 mg 270 mg
DRC
B3 99.3+0.3% 104.4+0.5%
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4. Conclusion

In the perspective of fighting against poor quahtytimalarials, we undertake the
development and validation of one generic procedfirdosage (HPLC-UV/ Isocratic mode)
for the simultaneous quantification of two WHO'samenended ACTs in anti-malarial fixed-
dose combination (artemether-lumefantrine and anegge-amodiaquine) tablets by using the

DoE/DS optimization strategy.

Three Analytical factors were selected for the expental design namely: Flow rate of
mobile phase (F), column temperature (T°C) and gntag of methanol in the mobile phase
(%OM). The experiments showed that only the Flote i mobile phase (F) and proportion
of methanol in the mobile phase (%OM) had signifteaffects on peak separations within the
explored experimental domain. Design space strdeebto the development of one fast HPLC
method able to screen 9 AAI and one for the simelbais quantitation of two WHO's
recommended ACTs in anti-malarial FDC (AM-LF and-AQ) tablets.

The LC method developed for the simultaneous gtadiain offers the advantage of
being used in isocratic mode, unlike the methodsthed American and international
pharmacopoeias offering the gradient mode andiare ¢consuming. This method was then
successfully validated prior to selectivity, linggr accuracy, trueness and precision, for
simultaneous quantitation of AM, LF, AS and AQ wsthe approach based on total error and

accuracy profile as decision tool.

This method can be applied in the routine regwatprality control off-artemether
and lumefantrine, artesunate and amodiaquine con¢gpFDC drug products. Application to 7
commercial antimalarial formulations marketed imBe(West Africa), DRC (Central Africa)
Rwanda (East Africa) and containing AM/LF or AS/Af@r tablet gave a content in good
agreement with the declared content.

This study was the first report of simultaneous edatnation of artemether

lumefantrine artesunate and amodiaquine in fixeskadmmbination tablets.
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Chapitre V

Techniques non séparatives
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Chapitre IV. Techniques non séparatives

Les techniqgues non séparatives de spectroscopmito@mt un outil précieux dans
I'identification et le dosage des molécules actisege a leur simplicité, a la rapidité de leur
mise en ceuvre et a leur codt relativement faiblenparativement aux méthodes
chromatographiques. Le domaine de la spectroscapitend sur tout le spectre
électromagnétique. Les ondes électromagnétiquaavitditet - Visibles ont une gamme de
longueurs d’onde qui s’étendent de 200 a 780 nrdisague les ondes Proche Infarouge
s’étendent de 780 a 2500 nm.

Par rapport a la chromatographie liquide, ces tegcies présentent cependant
'inconvénient de ne pas s’appréter a I'analyseabesposés a I'état de trace et des impuretés.
En effet, 'abscence de préparation d’échantill@nngettant une concentration de I'analyte
limite l'analyse a des échantillons ayant une cotretion suffisante (supérieure au
pourcentage dans le cas de la spectroscopie PIR)ddveloppement de méthode en
spectrophotométrie Ultraviolet-Visible consisteigef certains facteurs comme la longeur
d’onde d’absorption, le milieu de dissolution et leveaux de concentration.

La spectroscopie vibrationnelle (Proche Infraroegé&kaman) se présente de plus en
plus comme technique de choix pour le contrble aequalité des médicaments. Cet
enthousiasme résulte des avantages mentionnésstsdfés a leur utilisation. De plus, elle
s’inscrit parfaitement dans le concept de “Chimierte” par la non utilisation des solvants
organiques réduisant la pollution associée. Lesx dwchniques vibrationnelles sont
complémentaires. Dans la spectroscopie Procherinfge, I'absorption est fonction de la
modification de moment dip6laire de la moléculediamque dans la spectroscopie Raman elle
est fonction de changement de polarisabilité deddéécule suite au champ électrique de la
lumiere excitante. Des lors, une molécule activemactroscopie PIR aura une faible activité

Raman et inversément.

Le développement de méthodes d’analyse en speapieseibrationnelle est long et
complexe tant au niveau de I'échantillonnage quadlection du modele en fonction de la

région spectrale traitée, du prétraitement mathiéumatet de I'outil chimiométrique retenu.
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Chapitre IV. Techniques non séparatives

Cependant, une fois développé et validé, le mooéle étre utilisé en routine permettant une

analyse rapide des échantillons.

Plusieurs outils statistiques sont utilisés a lileeactuelle pour améliorer I'extraction
des informations obtenues a partir des donnéeytanas (Spectres Proche Infrarouge ou
Raman). Parmi ces outils I'on peut citer I'analys® composante principale (ACP) et la
régression des moindres carrés partiels (PLS). PA®nsiste a transformer des variables
lies entre elles (dites "corrélées”) en nouveli@sables indépendantes les unes des autres
"non corréelées” de telle sorte qu'elles expliqguEntmaximum de variabilité des données
(approche qualitative). La régression des moindeggés partiels (PLS) quant a elle, permet
d’établi un modele linéaire en construisant de etles variables maximisant la covariance
entre une variable a prédire (variable dépendaeitéds données spectrales recueillies dans

une matrice (variable indépendante) (approche gatne).

L’évaluation des modeéles se fait en pratique s eombinaison des indicateurs. Le
meilleur modele sera celui présentant a la foisples faibles erreurs d’étalonnage et de
prédiction, le plus petit nombre de facteurs eplias faible somme du carré des résidus.
Cependant, I'approche de l'erreur totale est nédessafin d’attester de la validité des

modeles développés.

En rapport avec notre travail, ce chapitre sersaom a la spectroscopie Ultraviolet-
Visible pour le contréle qualité des antibiotigeas d’amoxicilline et du métronidazole) et
des antipaludéens (cas de la quinine), ensuite spémtroscopie vibrationnelle (Proche
Infrarouge ou Raman) pour le contréle des antipgdud (cas de la quinine a nouveau) et le
contrble qualité des antiinflammatoires non stéewisl (cas du paracétamol). Ceci permettra
de prendre également en compte les techniquesapamagives étudiées dans ce chapitre pour

contrdler la qualité du « package médical » en RDC.
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Section IV.1.

Application de la stratégie de I'erreur totale pourla validation des
méthodes spectroscopiques Uv-Visible

Cette section se rapporte a l'articlapplication of Total Error Strategy in Validation o f
Affordable and Accessible UV-Visible Spectrophotonteic Methods for Quality Control

of Poor Medicines> publié dans American Journal of Analytical Changi$ (2015) 106-
117.
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Contexte

L’amoxicilline poudre en capsule, le métronidazetesuspension orale et la quinine
en comprimé et comme goutte orale sont parmi ledicagments trés utilisés pour soigner
respectivement les infections bactériennes et lnmaaaigue, qui pour rappel, sont des
pathologies mortelles. En RDC, ils sont vendus das<sircuits pharmaceutiques formels et
informels, avec ou sans ordonnance médicale. s Susceptible d’étre contrefaits vue leur
forte utilisation, leur prix assez élevé et surtdat facilité de manipuler les formes
pharmaceutiques concernées.

Ainsi, pour appuyer les laboratoires locaux de et de qualité, nous avons
développé et validé quatre méthodes spectroscapiglieaviolet-Visible en vue d’analyser
les médicaments précités. Signalons que ce travadté réalisé au sein du laboratoire
d’analyse des médicaments de l'université de Kisal@nstituant ainsi un premier transfert
de compétence analytiqgue dans le domaine de ldataih de méthodes par application de la
stratégie de I'erreur totale.

Les quatre méthodes ont été appliguées avec sypmésle dosage de plusieurs

échantillons prélevés a Kinshasa.
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Summary
In the framework of fighting against the poor gtyainhedicines sold in developing countries

using classical analytical methods easily accessibl those countries, four UV-Visible
spectrophotometric methods for one antimalariainjge) and two antibiotics (amoxicillin
and metronidazole) have been developed and validateording to the total error strategy
using the accuracy profiles as a decision tool. dd&ng range was 2 - 1@/mL (for quinine
sulfate in tablet), 4 - 1®&/mL (for quinine bichlorhydrate in oral drop-metidazole
benzaote in oral suspension) and 15 u8bBnL (for amoxicillin trinydrate in capsule). The
validated methods were then applied in determitiv@gcontent of some analogous medicines
sold in the Democratic Republic of Congo. Thus, tipgoposed UV-Visible
spectrophotometric methods are simple and suitablguantify quinine, amoxicillin and

metronidazole in different pharmaceutical forms.
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1. Introduction
Nowadays, malaria remains the most dramatic tropiaaasitic disease in the world. It
is responsible of more than one million deaths atipuNearly 60% of the world population

lives in areas at risk, namely in Africa, Asia, @ahAmerica and South America [1].

Used a longtime ago in the treatment of uncommitanalaria, monotherapy drug
treatment have shown increasing cases of resistaag®dy of Plasmodium falciparum [2]. To
avoid this phenomenon towards recent antimalariahsl World Health Organization (WHO)
recommended the use of combination therapies ssidtheaArtemisinin-based combination
[3]-[6]. Hence, quinine is still recommended alanghe treatment of severe malaria attacks

as well as for chloroquine-resistant falciparumamal|[7].

Malaria disease is often accompanied with symptemeh as fever, diarrhea, vomiting
and some infections, which justifies the medicaspription of other drugs that can relieve
these symptoms and treat these infections besidastinalarial medicine. Amoxicillin and
metronidazole are among the most used antibiotidsaatiparasitic to treat certain infections.
These kinds of medicines are very often bought ali-raedication in many developing

countries.

Besides the high risk of failure treatment duelssmodial resistance to monotherapy,
the spread of illicit distribution and the marketiof poor quality medicines worldwide and
particularly in developing countries are serioualfecting the success of this treatment.
Several other consequences towards the public hhealh be noticed such as adverse
reactions, increase of morbidity and of mortalisy well as loss of public confidence and
waste of scarce resources, etc. [8]. Poor qualigiones can be classified into three main
categories: Counterfeit, substandard and degradeticmes [9]. WHO reported that 6% of
drugs worldwide are counterfeit while Food and DAdministration (FDA, USA) estimated
this proportion to 10% [10]. In fact, the true pooflon cannot be estimated since values vary
from one region to another and are related to &iceperiod. In 2003, P.Newton et al.

published the results of a survey conducted in I8zt Asia on the medicines containing
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artesunate that is used against malaria chemdamesith 40% of cases, these medicines were
found to be falsified [11].

Therefore, to guarantee an access of populatiosafeoand sure medicines, it is important to
set up appropriate measures that will allow evalgaand preserving the quality of those
medicines, for example: having appropriate anadytinethod, strong quality assurance and

regulatory, etc.

However, several laboratories in the developingntdes do not yet dispose new
analytical technology capable of satisfying to thesquirements (HPLC, GC etc.). They still
apply the classic methods such as titration ordhdsscribed in pharmacopoeia for raw
material analysis that they adapt and the UV-Vesibpectrophotometric methods. Hence,
these methods are affordable, available and tealyieasible. Therefore, it is mandatory to
verify if this adaptation fits well with the new gaose namely the assay of the active
ingredient in new pharmaceutical formulations ulyualot described qualitatively of

guantitatively.

In this study, we were interested to verify by nmeeanh validation four UV-Visible
spectrophotometric methods currently used in séggraity control laboratories in Kinshasa
in Democratic Republic of Congo (DRC): method fbe tdetermination of quinine 20% in
oral drops and of quinine tablets 500 mg, method th® determination of amoxicillin
trinydrate (3HO) 500 mg in capsule and method for the deternonadf metronidazole 125
mg/5mL in oral suspension. The validation of anefiitmethods is an obligation concept that
is relatively recent in main sub-Saharan counthieaever that is increasing in requirement
by legal health authorities. For the preparation vafidation standards, four matrix
formulations were provided by the Indian manufaoifaboratories legally authorized in the
DRC. Finally, the validated method was used to yasaldrugs marketed in DRC. The
chemical structures of the concerned active ingragdiare shown in Figure 1.
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Figure 1. The chemical structures of quinine, amoxicillirdanetronidazole.

2. Method Validation Strategy

Validation of an assay is a set of operations edrout to demonstrate that a procedure
is sufficiently accurate and reliable to have cdefice in the results provided for the intended
use (of the assay) [12]-[16]. Several strategie® lieeen developed for this purpose [12] [17]-
[22]. From a statistical point of view, they hawvertain insufficiency including the lack of
consideration of decision making based on acceptamsts defined a priori, lack of use of
the risk related to the future use of the methodnedv validation strategy based on the
accuracy profile was described [23] [24]. It isparfect agreement with the objective of an
analytical method, namely its ability to quantifg accurately as possible each of the
unknown quantities a laboratory will determine me tfuture [24]. This new validation
strategy combines two basic and fundamental citéias and precision to the final result of
a measurement, and therefore reflect the total umeaent error, systematic error and
random error, respectively [23]. The principle bistvalidation strategy can be translated by
Equation (1) which states that the difference betwa value of measurement (x) and its true
value (1) must be less than an acceptance liwjit (

<X —p <A [X—p|<h 1)
From Equation (1), one can notice that the conatder of acceptance limits

introduces a first concept for the analyst to taleeisions based on the objective of the
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analytical method and the limitation or control efror propagation. Commonly, the
acceptance limit is fixed at 1% or at 2% for theagsof active ingredients in a raw material,
at 5% for dosage forms [23] [24]. In other refer@ntit is set at 10% for pharmaceutical
dosage forms [25]. Always from the Equation (1)goran notice a second concept the
accuracy profile that is constructed from estimatethe tolerance interval gf-expectation
measurements at each concentration level. Anotigortant concept derived from that
Equation (1) is the set of “good analytical proaedwith a known risk which may result in

the following equation:

Prixi=> ] <P (2
With B the proportion of measurements within the limifsaoceptance, ané the

guantity defining the acceptance limits fixed aogriaccording to the constraints of the
industry. The risk of a procedure is evaluated hxy proportion of measurements (Pr) that
could be out of the acceptance limits [23] [26]u$hthe accuracy profile can be considered
as a decision tool based on the risk associatddtinvit method. The concept of risk is related
to the guarantee for the future analysis of unkn@amples while applying the validated
method. As a decision tool, the accuracy profile ba used to accept or reject an analytical
method according to the expected usage. Thus dedisol can be exploited as a diagnostic
tool, for example, to select the most suitableesgion model for calibration, to determine the

limits of upper and lower quantification that wdkefine the dosing interval [27].

3. Experimentation
3.1. Chemical and Reagents

Amoxicillin trihnydrate (99.1%) and metronidazolenzeate (99.9%) were purchased
from Fagron N. V. (Waregem, Belgium), quinine stdfg96.9%) from Sigma Aldrich
(Antwerp, Belgium) and quinine bichlorhydrate (18%) from Molekula Limited (Dorset,
UK). Sodium hydroxide was supplied from Merck (Datadt, Germany) while the following
excipients aerosil, avicel, benzoic acid, geldantose, magnesium stearate, propylene glycol,
talc, starch, sodium benzoate, sorbitol, sodiuntlsain, sodium carboxymethyl cellulose
(CMC), tween 80, xanthine gum were obtained at Ne@samex Laboratory (Kinshasa,
DRC).
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3.2. Materials

The spectrophotometer used was brand HP/Agilen8 &4fh Chemstation software
from Agilent Technologies (Gyeonggi-do, South Kgraad an electronic analytical balance
SHIMADZU AUW 220 D (Kyoto, Japan). Prior to theise, the material were qualified
according to an internal qualification proceduréeTwavelengths used were 229 nm for
amoxicillin, 235 nm for quinine and for metronidézoUltrapure water was obtained from
Aqua MaxTM—Basic 360 series, purification systeranir YL Instruments (Gyeonggi-do,
South Korea). For statistical data treatment, wadilah treatment and graph drawing, the

Enoval® software v3.0 (Arlenda, Liege, Belgium) wesd.

3.3. Standard Sample Preparations

Four different dissolutions solvent were used fbe tdissolution of the active
ingredients: ultra pure water for quinine dihydrochde, methanol for quinine sulfate and
metronidazole benzoate, 0.1 N sodium hydroxideafooxicillin trihydrate. The same solvent
was used as blank. The stock solutions were preépayedissolving 10mg of each of the

active ingredients in 100 mL of solvent correspogdi dissolution media.

For the calibration standards (CS), dilutions weeeformed in different dissolutions
solvent in order to obtain solutions at three cotregion levels (m = 3), as mentioned in
Table 1.

For validation standards (VS), independent stodktems of the active ingredients
were prepared in the same way as described for GBe The excipients of each
pharmaceutical formulation were added in stocktsmig. Subsequent dilutions were carried
out in dissolutions solvent to obtain solution$ia different concentration levels (m = 5), as

mentioned in Table 2.

The VS were independently prepared in the matnixsuch a way to simulate as much
as possible the corresponding formulation and atgime analysis. For each concentration
level and each standard, three independent repegtifn = 3) were performed daily for three
days (p = 3).
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Table 1.Content of each targeted active ingredient forctlération standards and the validation standards

according to pharmaceutical formulations.

Quinine sulfate in Quinine bichlorhydrate | Metronidazole benzoate | Amoxicillin trihydrate
tablet in oral drop in in
oral suspensiol capsule
Level of | Concentratio | Level of | Concentratio | Level of | Concentratio | Level of | Concentratio
content content content
content
1 2ug/mL 1 4ug/mlL 1 4pg/mlL 1 15pug/mlL
2 4ug/mL 2 6pg/mL 2 6pg/mL 2 20pg/ml
3 6pg/mL 3 8pg/mL 3 8ug/mL 3 25pug/mL
4 8ug/mL 4 10pg/mL 4 10pg/mL 4 30pg/mlL
5 10pg/mL 5 12pug/ml 5 12pg/mL 5 35ug/mlL
Total =15 samples/d: Total =15 samples/d: Total =15 samples/d: Total =15 samples/d:

Table 2. Qualitative and quantitative composition of thifetent matrices.

Drug 1 : Tablet of quinine sulfate (500 mg)
Starch andaerosil Avicel Gelatin Talc Mggnesmm
tearate
0.125 mg and 0.125mg 60mg 1mg 25mg 30mg
Drug 2 : Oral drop of quinine bichlorhydrate (3g/15mL)
propylene glycol Benzoic acid
0.22g 0.01g
Drug 3 : Capsule of amoxicillin trihnydrate (500 mg)
Talc Magnesium stearate
90 mg 55 mg
Drug 4 : Suspension of metronidazol benzoate (2.3@0mL)
Sugar propylene glycol Na-CMC and Sorbitol Sodium
tween 80 benzoate
4.79 2.59 312.5 mg and 3.125¢g 93.8 mg
250 mg
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4. Results and Discussion
4.1. Validation
4.1.1. Consideration of Different Limits

As a first step in the validation of the four UVsibhle spectrophotometric methods
evaluated in this study, the acceptance limit veaesl at 10% that corresponds to the assay
specification of 90.0% - 110.0% for the pharmaaaitiformulations concerned. Unless
specified, we have considered a risk of 5%, meatinag the assay method should give

guarantee of having 95% of future measurementamiitie 10% acceptance limits.

4.1.2. Evaluation of Quality of Results

After having run the practical experiences of vatlion according to the experimental
design, several tools were used to evaluate thdityyud the results collected for each
analytical method.

At first, by means of calibration standards dataess® regression models were
computed and used to evaluate the fitting of thikdaon standards. For each regression
model, several indexes were computed, namely, theigion, the trueness and the dosing
range. An index value closer to 1 indicated a geoitiability of the validation parameters,
e.g., good precision, good trueness accordingdd @ acceptance limits, whereas a dosing
range index closer to 1 relates to the abilityhaf assay method to cover the maximum of the
tested range for quantification. In Table 3 we régbonly the most adequate and appropriate
regression models to easy use in routine. The acgundex values were also computed as
the geometric mean of the three other indexes. a&s lie seen, the accuracy indexes for
quinine sulfate in tablet, quinine bichlorhydratearal drop, metronidazole benzoate in oral
suspension and amoxicillin trinydrate in capsuleenvall above 0.82 indicating very good
method accuracy with the ability to quantifiy qunei sulfate, quinine bichlorhydrate,
metronidazole benzoate and amoxicillin trihydrdteoaer the tested dosing range (index of
1).

4.2. Validation Parameters
The following models were selected to evaluatectiier validation parameters: linear

regression for quinine bichlorhydrate in oral drapd for metronidazole benzoate in oral
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suspension, linear regression through O fittedgusine highest concentration level only for
quinine sulfate in tablet and for amoxicillin tridinate in suspension. The risks were set at 5%

in all cases.

Table 3. Evaluation of quality of fit for the selected regsion model for quinine sulfate, Quinine

bichlorhydrate, amoxicillin trihydrate, and metrdakzole benzoate.

Active ingredient Regression models — Indexes for.
Precision Trueness | Dosing range Accurac
Linear Regression Through |0
Fitted using the highest level 0.704 0.993 1.000 0.888
only.
Linear regression through |0
Quinine sulfate in | fitted usinggthe level 1.0 or?ly 0.669 0.998 1.000 0.874
tablet
Weighted  (1/X) Linea 0.688 0.998 1.000 0.882
Regression
Linear regression 0.702 0.996 1.000 0.888
Linear Regression Through |0
Fitted using the highest level 0.632 0.954 1.000 0.832
only.
Quinine Linear regression through |0 0.584 0.988 1.000 0.845
bichlorhydrate in | fitted using the level 1.0 only
oral drop Weighted (2/X) Linea  0.693 0.993 1.000 0.883
Regression
Linear regression 0.702 0.993 1.000 0.887
Linear Regression Through |0
Fitted using the highest level 0.738 0.998 1.000 0.903
only.
Amoxicillin Linear regression through [0 0.719 0.995 1.000 0.895
trihydrate in fitted using the level 1.0 only
capsule Weighted (2/X) Linean 0.653 0.991 1.000 0.865
Regression
Linear regression 0.662 0.990 1.000 0.869
Linear Regression Through |0
Fitted usin% the highest CT]evel 0.641 0.901 1.000 0.822
only.
Metronidazole Linear regression through [0 0.653 0.953 1.000 0.871
benzoate in fitted using the level 1.0 only
suspension Weighted (2/X) Linea 0.697 0.994 1.000 0.879
Regression
Linear regression 0.703 0.993 1.000 0.887
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4.2.1. Method Selectivity

As a next step, the selectivity criteria was evidafor each UV-Visible
spectrophotometric method using the matrix blankt@aing only the excipients of drug as
mentioned in Table 2 with the compound not targdtgdhe method. No interference was

observed as analytical response.

4.2.2. Trueness

The results of trueness illustrate the mean of bisserved between the series of
measurements and the reference concentrationsg Wsencalibration curve of each analyte
and the concentrations of the validation stand@@ was back-calculated and expressed in
terms of absolute biagg/mL) and relative bias (%). As shown in Tablehg trueness of the

developed methods was found acceptable since lditevechiases were below 2.78%.

4.2.3. Precision

Precision refers to the ability of the methods tovple proximate results obtained from

multiple measurements of the same samples, undesaime conditions. It was expressed in
terms of relative standard deviation (RSD, %) fepeaatability (intraday variations) and

intermediate precision (inter-day variations) atteaoncentration level. As shown in Table 4,
precision was found acceptable, as the RSD valoesrdpeatability and intermediate

precision were below 2.37% and 2.62%, respectively.

161



Section IV.1. Spectrophotométrie UV-Visible — antitiques - antipaludéen

Table 4. Summary of the validation criteria for quininefs®, quinine bichlorhydrate, amoxicillin trihydeat

and metronidazole benzoate

Quinine
level Quinine sulfate bichlorhydrate | Amoxicillin Metronidazole
Validation criteria of the oral |3H,0 benzoate
of the tablet .
drop of the capsule of the suspension
1 0.01 (0.26) -0.11 (-2.77) 0.04 (0.24) 0.01 (-9.15
Trueness: _ 2 0.06 (1.58) -0.05 (-0.87) 0.04 (0.18) 0.11 (1.81)
ab;r)#f_t)e biag™3 0.02 (0.36) 0.02 (0.29) 0.15 (0.59) -0.01 (-0.11
(Relative bias (%)) 4 0.06 (0.75) -0.20 (-1.97) 0.20 (0.66) 0.02 (0.15)
5 0.03 (0.33) -0.11 (0.88) 0.02 (0.06) -0.01 (39.3
1 1.41/1.41 1.22/1.63 1.23/1.23 1.63/1.63
Precision: 2 1.11/1.42 2.2212.22 1.23/1.23 0.79/1.10
Repeatability (%) /
Intermediate precision 3 0.99/1.07 1.09/1.09 1.01/1.01 1.19/1.24
(%)
4 0.73/0.73 1.48/1.54 0.68/0.68 0.77/0.79
5 0.53/0.83 2.36/1.62 0.74/1.14 1.29/1.29
1 1.94-2.07 3.69-4.09 14.58-15.49 3.83-4.15
(-3.20/3.71) | (-7.68/-2.14) | (-2.77/3.24) (-4.14/3.84)
Accuracy:
S-expectation 2 3.89-4.23 5.62-6.27 19.43-20.64 5.91-6.31
tolerance interval. (-2.69/5.84) (-6.31/4.56) (-2.83/3.19) (-1.47/5.09)
(hg/mL) 3 5.86-6.18 781-824 | 24.53-25.77 7.74-8.24
-2.34/3.07 -2.38/2.96 -1.87/3.06 -3.20/2.98
(Relatives- ( ) ( ) ( ) ( )
expectation tolerance 4 7.92-8.20 9.42-10.19 29.70-30.70 9.82-10.21
interval (%)) (-1.03/2.53) (-5.79/1.86) (-1.02/2.33) (-1.82/2.11)
5 9.76-10.30 11.29-12.92 33.75-36.29 11.62-12.37
(-2.37/3.04) (-5.89/7.64) (-3.57/3.69) (-3.18/3.14)
Uncertainty : 1 2.78 3.60 2.60 3.44
Relative expanded 2 3.12 4.68 2.60 2.42
uncertainty (%) 3 2.28 2.30 2.13 2.63
4 1.54 3.26 1.44 1.68
5 1.86 5.63 2.53 2.72
Linearity : Slope 1.003 1.014 1.003 0996
Intercept 0.017 -0.161 0.020 0.056
R2 0.999 0.996 0.999 0.999

4.2.4. Accuracy

The accuracy was determined by the 9%%xpectation tolerance interval in order to
observe the closeness of agreement of every somgleentration measured by the method,
and the assumed true value of this concentrati@anhbines the uncertainties of trueness and
precision and is expressed as actual values aadoascentage of the targeted concentration
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(Table 4). As shown in Figure 2, all methods weoend accurate all over the tested
concentration levels since the lower and upperdalee intervals were included within the
10% acceptance limits, guaranteeing that 95% offtiere quantification results will be
accurate in the dosing ranges evaluated. Howeflier,fdur methods are able to quantify
largely the corresponding analytes at the targetewotration 100.0% that correspond to 8
ug/mL of quinine sulfate for tablet, 18g/mL of quinine bichlorhydrate for oral drop and
metronidazole benzoate for oral suspension andotagdnL of amoxicillin trinydrate for
capsule.

In addition, the four methods are also able to tfyamargely the corresponding
analytes at £10.0% of the claimed content that easure the control during the release of
batch production as well quantification of low aglin content.
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Figure 2. Accuracy profiles for quantitative methods validatof quinine sulfate in tablet, quinine

bichlorhydrate in oral drop, metronidazole benzaateuspension and amoxicillin trinydrate in capsul

4.2.5. Linearity
The linearity of results was also evaluated forfthe tested methods. It expresses the

ability of the methods to give results directly poational to the concentrations. Indication

about linearity is given by the parameters of thedrity equation, namely the coefficient of

determination (R2), the slope and the y-intercAgtcan be seen in Table 4, the relationship

was assumed linear for the four methods as theaR2s and the slope were close to one with

acceptable intercepts fairly near to zero. Figush@ws that, for each concentration level, the

absolute 95%p-expectation tolerance limits were all within thésalute acceptance,

confirming the linearity of these four UV-Visibl@actrophotometric methods.
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Figure 3. Linearity graph for quantitative methods validatiof quinine sulfate in tablet, quinine bichloringte

in oral drop, metronidazole benzoate in suspersi@hamoxicillin trihydrate in capsule.

4.2.6. Limits of Quantification (LOQ)

As the smallest quantity of the targeted substamdbe sample that can be assayed
under experimental conditions with a well-definectwracy, the LOQ was evaluated by
calculating the smallest concentration beyond whtloh accuracy limits op-expectation
tolerance limits go outside the acceptance limitsthe accuracy profile was included inside
the acceptance limits (Figure 2), the first conitdn level was considered as the lower
LOQ for all molecules studied (2g/mL for quinine sulfate in tablet, dg/mL for quinine
bichlorhydrate in oral drop and for metronidazoénboate in oral suspension andptmL
for amoxicillin trinydrate in capsule). On the otheand, the upper LOQ was evaluated as the

highest quantity of the targeted substance in tampge that can be assayed under
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experimental conditions with a well-defined accyralt was estimated by calculating the
highest concentration above which the accuracytdirar f-expectation tolerance limits go
outside the acceptance limits. For all the foutetgsnethods, the upper LOQ were the highest
concentration levels, namely 1@/mL for quinine sulfate in tablet, 129/mL for quinine
bichlorhydrate in oral drop and for metronidazoénboate in oral suspension and@BmL

for amoxicillin trihydrate in capsule.

4.3. Other Parameters
4.3.1. Risk Profile

In this study, the risk profile was used to invgate the risk of having future
measurements falling outside of the 10% acceptlmas for each concentration level taking
into account each analyte with its matrix and tekeced regression model. Figure 4 shows
that the risks of having future measurements oetslie 10% acceptance limits were

practically below 1.3% at all over the tested conicgion range.

When analyzing of these products in routine, orbpwt 98.7 times out of 100 the

future measurements will be included in the 10%eptance limits.
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Figure 4. Graph of the risk profiles with a risk level sgbréori at 10%.

4.3.2. Uncertainty of Measurements

The uncertainty corresponds to the dispersion efvildlues that could reasonably be
attributed to the measurand. The uncertainty waseatefrom the variance used to build the
[-expectation tolerance limits at each concentratievel tested, prior to intermediate
precision, between and within-series variances.[27]
As shown in Table 4, uncertainties of measuremehthe developed methods were found
acceptable since the relative expanded uncertaiatg below 5.64%, confirming that all the

results are within the 10% acceptance limit.
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4.4. Application

The validated methods were applied for the deteatiun of the four active
ingredients (quinine sulfate, quinine bichlorhydratamoxicillin, and metronidazole) in
several brand pharmaceutical products coded A, ,BD,Cand purchased in the DRC. The
samples were obtained in non legal Pharmacy logatedburban areas. As it can be noticed
in Table 5, all the targeted and claimed activeredgents were quantified and only three
products (code C001 and C002 suspension contam@ignidazole benzoate and code D001
capsule containing amoxicillin trinydrate) were rcmmpliant with the assay specification
90.0% - 110.0% for the analyzed compound [25].
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Table 5. Assay results of fifteen pharmaceuticals markéteBRC. Results consist in the mean percentage of

claimed nominal content and the standard deviat@mputed on 3 independent samples. Specificatimmset

to 90% - 110% of the claimed nominal content (50Q for Quinine sulfate, 3 g/15mL for quinine

bichlorhydrate, 125 mg/5mL for metronidazole benea@and 500 mg for amoxicicilline 3H20).

Drug Quinine sulfate Quinine Metronidazole Amoxicillin trinydrate
Content bichlorhydrate benzoate Content
Content Content
A 001 500 mg
Tablet 97.3+x0.71% . -
A 002 500 mg -
Tablet 102.0£0.52 % )
B 003 - 3 g/15mL -
Oral drop 101.0 £ 0.95
B 004 - 3 g/15mL -
Oral drop 99.7 £+ 0.62
B 005 - 3 g/15mL -
Oral drop 102.9£0.71
B 006 -
Oral drop 3 g/15mL -
95.7 +0.93
Olraalogzop - 3 g/15mL )
96.9 £ 0.87
B 008 -
Oral drop 3.9/15mL -
104.1 £0.97
C 001 125 mg/5mL -
Suspension ) -
87.2+£111%
C 002 125 mg/5mL -
Suspension - ;
95.7+£0.97 %
C 003 125 mg/5mL -
Suspension i 88.2+1.10 %
D 001 500mg
Capsule i i i 111.1+0.91 %
D 002 500mg
Capsule ) ) )
97.7+1.03 %
D 003 500mg
Capsule
91.3+0.57 %
D 004 500mg
Capsule i i i 96.8 £0.91 %
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5. Conclusion

In the framework of fighting against the phenomewbmpoor quality medecines that
affects mostly developing countries and ensuretti@tssay tests results are reliable for UV-
Visible spectrophotometric methods, it was necgsavalidate these methods and use them
for routine analysis in the future.

In order to fight this problem, easily accessiblassical analytical methods were
developed. Four methods were concerned and weigkated for the quantitative analysis of
active substances present in pharmaceutical fotrootasuspected to be of poor quality.

For these UV-Visible spectrophotometric methods #ssay method of quinine
sulfate in tablets was validated in the dosing ean§ 2 ug/mL to 10 ug/mL, the assay
methods for quinine bichlorhydrate in oral drop antktronidazole benzoate in oral
suspension were validated in the range af4nL to 12ug/mL and amoxicillin trinydrate in
capsule was validated in the range ofytdmL to 35ug/mL. The strategy of the total error
has been used to validate these methods that pradesntages of being also simple, rapid
and affordable.

Finally, the methods have been successfully apgbethe determination of quinine,
amoxicillin and metronidazole in fifteen pharmadeais marketed in DRC.
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Section IV.2.

La Spectroscopie Proche Infrarouge, une technigueon destructive dans la
lutte contre la contrefacon des médicaments

Cette section se rapporte a larticleNear infrared spectroscopy, a non-destructive

technique to fight against counterfeit medicine» publié dans le Journal Spectra

ANALYSE 298 (2014) 46-49.
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Contexte

Le paracétamol sirop est un meédicament tres largemglisé en RDC dans le
traitement de la fievre chez I'enfant. Comme ndagidns déja épinglé au point 1.3, il fait
partie des 15 médicaments interdits d'importation RDC. Rappelons que le sirop de
paracétamol préparé avec du diéthylene glycol, nmalyt toxique substitué a la place du
propyléne glycol avait provoqué le déces de 89gmarss en Haiti en 1995, de 30 nourrissons
en Inde en 1998 et de 100 bébés au Nigéria en 2008.

Dans le souci de prévenir I'occurrence de cettgatiin malheureuse et tragique, de
protéger la production pharmaceutique locale eppliger les autorités Congolaises de la
Santé Publique, nous avons voulu démontrer la dép@de la spectroscopie Proche Infrarouge
a discriminer rapidement le vrai médicament deg fagdicaments tant au niveau quantitatif
gue qualitatif de la formulation pharmaceutiqueoirmais aussi d’autres formulations
pharmaceutiques similaires commercialisées en rhérapie. La méthode développée a
permis de discriminer avec succes le sirop de ptaawl de référence des échantillons

contrefaits et sous-standards.
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Résumé

La spectroscopie proche infrarouge est une méthddmalyse en plein
développement. Force est de constater qu’elle estlus en plus utilisée dans le secteur
pharmaceutique pour le controle de qualité desyiadEn effet, la spectroscopie proche
infrarouge permet l'analyse rapide, non destructipelyvalente des échantillons et ne
nécessite par d'étape de préparation de ces deriempte tenu de ces avantages, elle se
présente de plus en plus comme I'une des méthaaesethiere ligne dans la lutte contre la

contrefacon des médicaments.
Summary

Near infrared spectroscopy is a ver y promising @xuanding analytical technique. It
has to be noted that this technique is becomingmeed in the pharmaceutical feld for the
quality control of products. Indeed near infrargeectroscopy allows to perform fast, non-
destructive, versatile analysis of the sample anoimization of the sample preparation.
Based on those advantages, this spectroscopic chéthone of the frst reliable analytical
techniques for fghting against counterfeit medisine
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1. Introduction

Selon une estimation de I’Administration Américaoes Denrées Alimentaires et des
Médicaments (FDA), si la part des médicaments efaits ou falsifiées représente plus de
10% du marché mondial des médicaments, elle s’giesepr’'a 80% dans les pays en voie de
développement [1]. Ce phénomene touche aussi k®rpdys industrialisés que les pays
émergents et s'Taccompagne de risques importanssldatomaine de la santé publique. Face
a cette problématique, le développement de méthdeedttection rapide et spécifique des

contrefagcons pharmaceutiques est indispensable.

Dans ce contexte, la spectroscopie proche infr&raey présente de plus en plus
comme une méthode de choix pour résoudre rapideleeproblemes d’analyse, de contrble
de la qualité des produits intervenant dans leqsses de fabrication, finis ou contrefaits [2-
6]. Cet engouement résulte des avantages liés #lisition de cette technique
spectroscopique a savoir : I'acquisition rapiden destructive, polyvalente, peu codteuse de
spectres sans préparation de I'échantillon. Ceieleéément est I'un des atouts majeurs de la
spectroscopie proche infrarouge car il permet dairé drastiquement la durée de I'analyse et
de supprimer [l'utilisation de solvants organiquespkyés lors de la préparation et du
contrble des échantillons [7]. Il a également pertaidéveloppement de spectrophotometres
portables autorisant I'analyse sur le terrain pardutorités locales. De par son caractére non-
destructif, I'utilisation de techniques analytiquesnplémentaires sera possible.

La spectroscopie proche infrarouge est une tecknanalytique appartenant a la
spectroscopie vibrationnelle et dont le princip@pose sur I'absorption du rayonnement
proche infrarouge par les différents constituamts'échantillon [8]. Ce rayonnement couvre
la partie du spectre électromagnétique compriseeeh2500 et 4000 Crn Les bandes
d’absorption relativement larges dans cette régont principalement dues aux vibrations
harmoniques et de combinaisons des liaisons at@wige type X-H ou X représente les
atomes de carbone (C), d'oxygene (O), d'azote (NJle soufre (S) et H représente I'atome
d’hydrogene (H) des molécules. En effet, les liassd’'une molécule peuvent étre assimilées
a des ressort vibrant a certaines longueurs d'snde a I'absorption d’'une parte de I'énergie

du rayonnement incident.
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L’interprétation et I'exploitation des spectres domaine proche infrarouge sont
relativement difficiles compte tenu de la largeuesdbandes d’absorption, de leur
chevauchement, mais également de l'influence desaistiques physiques de I'échantillon.
Cette superposition des informations liees auxoté@rastiques chimiques et physique rend
indispensable le recours a des outils chimiométriqprétraitement des multivariée

exploratoires, prédictives,...) pour extraire I'infcation considéré comme pertinente [9].

L'utilisation de la spectroscopie proche infrarouwdgns la détection de médicaments
contrefaits sera illustrée au travers de l'analgame formulation pharmaceutique (sirop
faiblement dosé) contenant du paracétamol.

2. Matériel et méthodes
1. La spectroscopie proche infrarouge

Les échantillons ont été analysés a I'aide d'urcspphotometre proche infrarouge a
transformée de Fourier « MPA » (Bruker Optics, iEggen, Allemagne) équipé d’'un détecteur
semi-conducteur constitué de sulfure de plong (R3)}Rt d’'une sonde a transmission pour
les liquides avec un trajet optique de 2 mm. Le=cigps ont été collectés avec le logiciel
Opus 6.5 (Brukers Optics). Chaque spectre étaitdgenne de 32 scans avec une résolution
spectrale de 8 cthsur une gamme allant de 12500 & 4000.cm

2. Echantillons

La formulation pharmaceutique analysée était uapsonstitué principalement de
paracétamol (substance active) a une concentrati®n2% (m/v), de glycérol, deau,
d’éthanol, de sirop simple et d’agents conservatdbes échantillons sous-dosés (80% de la
teneur nominale en paracétamol), sur-dosés (120%a teneur nominale en paracétamol),
placebos et dans lesquels le glycérol a été re@placdu diéthyléne glycol ont été également

produits afin de tester la méthode d’identificata@veloppée.
3. Analyse des données spectrales

L’analyse des données spectrales a été réaliséada de la PLS Toolbox 7.0.3
(Eigenvector research, Wenatch®eA, USA) pour Matlab R2013a (The Mathworks, Nhtic

MA, USA). Les spectres ont été analysés par anatyseomposantes principales (ACP).

180



Section IV.2. Spectroscopie Proche Infrarouge — Pacétamol

Cette méthode exploratoire ne nécessite pas deassance a priori et permet de réduire le
nombre de variables (nombre d’'onde) en créant desinaisons linéaires de celle-ci. Ces
combinaisons, appelées « composantes principdléPR); sont définies de sorte a représenter

le maximum de variabilité des données originalaesé&te orthogonales entre-elle.

3. Résultats
La figure 1 présente les spectres proches infr@®uly principe actif (paracétamol),

d’'un échantillon constitué uniquement des excigi€ptacebo) et d’'un échantillon. L’analyse
de ces différents spectres a permis de sélectianmmegamme spectrale comprise entre 5400
et 9000 crit dans laquelle le principe actif et les excipieabsorbent modérément. Par
ailleurs, le choix de cette derniére permettraatdarcer le caractére discriminant de 'ACP

compte tenu de I'étendue des nombre d’onde couverts

— Paracétamal
\
Placcho “

Echantillon

Ahsorhance

T12IHH (L [ LU SiHMI MMl TNk R SiHMI
Nombres d'onde (eni” )

Figure 1. Spectres en proche infrarouge du paracétamol)(&wn placébo (vert) et d'un échantillon de
références de sirop de paracétamol (rouge).

La construction du modele ACP a été realisée armhune collection d’échantillons
de référence provenant de lots différents afin degre en compte la variabilité liée aux
matiéres premiéres (lot, fournisseur) et au procdeéfabrication. La dispersion de ces

échantillons permet de définir une ellipse, représ® la valeur T de Hotelling pour un
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niveau de confiance donné, en dehors de laquellie éohantillon est considéré comme

atypique.

Afin de tester le modéle ACP et de démontrer sarnvpio discriminant, plusieurs cas
de figure ont été investigués : (i) échantillonsréi&rence indépendants, (ii) des échantillons
avec une concentration inadéquate en principe @fifou 120% de la teneur nominale en
paracétamol), (iii) des échantillons sans prineipif et (iiii) des échantillons dans lesquels le

glycérol (excipient) a été remplacé par du diéthglglycol qui est toxique.

10 ?
ast
3
25
* Echantillon (100%: en paracétamol)
antillon (100%: en paracétamol)
2 . -
et * Contrefagon (120% en paracétamol)
Contrefacon (1% en paracetamol)
15 © Contrefacon (di¢thyléne glveol)
T Contrefacon (80% en paracetamol)
]
=5} Niveau de confiance de 95%,
|
0.5 .
o "
L] L ':-' %
: %
0.5 b osas
L3 ‘A -
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-4 -2 0 2 4 L 8
>, 3
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Figure 2. Graphique des scores ACP de I'analyse des speamtrpsoche infrarouge d’échantillons originaux et
contrefaits : les losanges rouges représentesclesntillons de référence utilisés pour constrignmodele. Les
carrés verts représentent les échantillons deeriéérindépendants utilisés pour tester le modéds.ttiangles
bleus représentent les échantillons sous-dosés (B9% teneur nominale en paracétamol). Les romas v
représentent les échantillons sur-dosés (120% tméaur nominale en paracétamol). Les trianglesrgés cyan
représentent les échantillons ne contenant pasdedgtamol. Les étoiles oranges représentent lemtitons
renfermant 100% de la teneur nominale en princigi# mais dans lesquels le glycérol a été remplzaeédu
diéthylene glycol.

Comme le montre la figure 2, le modele ACP dévetopprmet de discriminer sans
equivoque les échantillons de référence de ceuxrefaiis. En effet, les échantillons de
référence indépendants se situent bien a l'intéziele I'ellipse pour un niveau de confiance
fixé a 95% tandis que tous les autres échantilkmmsrefaits tombent en dehors de cette zone

méme si une faible différence au niveau de la teneminale en principe actif existe. Par
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ailleurs les échantillons qui contiennent une terexu paracétamol adéquate mais un autre

excipient (diéthyléne glycol) sont également reancomme atypiques.

4. Conclusion

L’exemple présenté dans cet article démontre leentig et I'intérét de la
spectrophotométrie proche infrarouge dans la détecapide de médicaments contrefaits. En
effet, I'analyse des données spectrales a laidmutds chimiométrigues a permis de
discriminer avec succes les échantillons de rébéreges échantillons contrefaits tant au
niveau de la teneur en principe actif que de lapmsition de la formulation pharmaceutique.
Le développement de systemes portables devran@rfsa position au niveau des méthodes
de premiére ligne dans la lutte contre la contafades médicaments.

Bibliographie
[1] http://www.fda.gov/oc/initiatives/counterfedéfaut.htm

[2] LUYPEART J. etal., Near-infrared spectroscopy applications in phaeuétcal
analysis, Talanta, 2007, 72, 865-883

[8] JAMROGIEWICZ M, Application of near-infraredosctroscopy in the pharmaceutical
technologyJournal of Pharmaceutical and Biomedical Analy2812, 66, 6-10

[4] MANTANUS J. etal., Building the quality into pellet manufacturinghvéronment-
Feasibility study and validation of an in-line qtitative near infrared (NIR) method,
Talantg 2010, 83, 305-311

[5] MANTANUS J. etal., Near infrared and Raman spectroscopy as Proteslytical
Technology tool for the manufacturing of siliconaskd drug reservoirdAnalytica
Chimica Acta2011, 699, 96-106

[6] BEEN F. etal., Profiling of counterfeit medicines by vibratidrspectroscopy-orensis
Science Internationak011, 211, 83-100

[7] MOROS J. etal., Vibrational spectroscopy provides a green toolrhulti-component
analysistrends in Analytical Chemistr2010, 29, 578-591

[8] BURNS D.A., CIURZACZAK E., Handbook of nearfrared Analysis, 3rd ed, CRC
Press, New York, 2008

[9] ROGGO Y. etal., A review of near infrared spectroscopy and chaetoics in
pharmaceutical technologiedpurnal of Pharmaceutical and Biomedical Analysis
2007, 44, 683 -700

183



184



Section IV.3.

Développement, validation et comparaison des méthed Spectroscopiques
Proche Infrarouge et Raman pour l'identification etle dosage de la quinine
goutte orale

Cette section se réfere a l'articl®evelopment, validation and comparison of NIR and

Raman methods for the identification and assay of gor-quality oral quinine drops»
publié dans le Journal of Pharmaceutical and Biocaédnalysis 111 (2015) 21-27.
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Contexte

Comme nous l'avions déja évoqué au point 1ll.3pddudisme demeure une maladie
trés préoccupante en RDC qui mobilise I'attentienlal population mais aussi des décideurs
politiques, tout comme des charlatans malheureusen®&on influence augmente avec
I'apparition rapide de la résistance du parasaedmetteur (Iplasmodium falciparujnaux
différents antipaludéens. Cette résistance repose autre sur 'automeédication parfois non
justifiee mais surtout sur la mauvaise qualité piesluits antipaludéens. Si la quinine n’est
pas préconisée en premiéere intention dans le rmaité contre le paludisme, elle est en
revanche réservée comme médicament de derniéreogoki de dernier ressort en cas de
paludisme sévére chez I'enfant. De ce fait, lemfdations gouttes orales pédiatriques a 20%
de quinine sont appropriées pour préserver la slegéenfants de 0 a 5 ans trés vulnérables.
Ces formulations sont fabriquées par les labordopharmaceutiques locaux en RDC en
réponse a I'appel du gouvernement de favoriserr¢ayzction locale. Mentionnons que la
quinine fait partie des 15 médicaments interditsmdortation (voir section |IIl.1).
Malheureusement a cause de la contrefacon, lesebae promotion des producteurs locaux
sont minées tout comme le traitement du paludisme.

C’est dans ce contexte que nous nous sommes aitaeléstre au point deux méthodes
d’analyse de la quinine respectivement en speapisdroche Infrarouge et en spectroscopie
Raman. Notre souhait était d’arriver a différenaans un temps court les vraies quinines
gouttes orales des fausses.

Les résultats des analyses obtenus en appliquamé¢odes préalablement validées

ont révélé des situations de non-conformités.
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Summary

Poor quality antimalarial drugs are one of the mimajor health problems in Africa. The
depth of this problem may be explained in parthmy flack of effective enforcement and the
lack of efficient local drug analysis laboratorieso tackle part of this issue, two
spectroscopic methods with the ability to deted #m quantify quinine dihydrochloride in
children’s oral drops formulations were developed a&alidated. Raman and near infrared
(NIR) spectroscopy were selected for the drug amalgue to their low cost, non-destructive
and rapid characteristics. Both of the methods logeel were successfully validated using
the total error approach in the range of 50-150%bhef target concentration (20% W/V)
within the 10% acceptance limits. Samples collectedhe Congolese pharmaceutical market
were analyzed by both techniques to detect potgnsiabstandard drugs. After a comparison
of the analytical performance of both methodsas$ been decided to implement the method
based on NIR spectroscopy to perform the routiradyars of quinine oral drop samples in the
Quality Control Laboratory of Drugs at the Univéyf Kinshasa (DRC).
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1. Introduction

Malaria remains one of the most rampant illnesseddwide and is one of the main
causes of child mortality in developing countrids2]. The treatment of uncomplicated
malaria is based on conventional antimalarial di@gs. chloroquine, artemisinin derivatives,
atovaquone, etc.). These drugs are essentially asedombinations due to the growing
resistance observed with single-drug therapy [3)weler, quinine is still recommended
alone in the treatment of severe and/or cerebrdmaaattacks as well as for chloroquine-
resistant falciparum malaria [4]. Four quinine lhsgosage forms are found on the
pharmaceutical market in DRC: tablets (250 and ®@), ampuls (250 and 500 mg/2mL),
syrup (100 mg /mL) and oral drops (200 mg /mL). T three dosage forms are the most
used with 0-5 year old children. In 2009, the Healtinistry of the DRC warned citizens
against quinine oral drops “Quinizen 20%” that wévand to have been counterfeit and
substandard [5].

Poor quality (substandard, counterfeit and degradesgubstandard/spurious/falsely-
labelled/falsified/counterfeit anti-malarial drug®nstitute a major public health concern
especially in developing countries where the phasutaical market is poorly regulated and
controlled [6].1t has been estimated that at least a third ofdtihgs sold in Africa are fake.

The use such drugs may lead to therapeutic faitleath and reinforce drug resistance [7, 8].

Vibrational spectroscopic techniques, such as nefrared (NIR) and Raman
spectroscopies are frequently used techniqueseifigld of quantitative drug analysis [9-11]
and in the fight against counterfeit drugs [12-IBjese techniques have the advantages of
being non-destructive, fast, requiring little or sample preparation, as well as being
environmental friendly [16]. The foremost advantafge drug analysis in developing

countries however is their low cost in routine e and the absence of consumables.

The aim of the present research was to developadtRRaman methods able to detect
and to quantify quinine in 20% (W/V) oral drops wains from a Congolese drug-
manufacturing laboratory (manufacturer A). These¢hods were fully validated by the “total
error” approach [17], compared by mean of a Blamdi Altman analysis [18] and then tested

on samples from several manufacturers.
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2. Material and methods
2.1. Reagents

Ammonium formate (98.1%), hydrochloric acid (37%M)d methanol (HPLC gradient
grade) were purchased from Merck (Darmstadt, Geyin&enzoic acid and propylene glycol
were purchased from Sigma-Aldrich (Saint-Louis, M@GA). The reference standard of
quinine dihydrochloride (100.8%) for the HPLC arsadywas purchased from Molekula Ltd
(Dorset, UK). Ultrapure water was obtained from aliND Plus 185 water purification
system (Millipore, Billerica, MA, USA).

2.2. NIR equipment

The oral drop samples were analyzed with a multipse analyzer Fourier Transform
Near Infrared Spectrometer (MPA, Bruker Optics,likgen, Germany) equipped with a
semiconductor room temperature sulfide lead (RT}RIgBector. A transmittance probe for
liquids with a fixed optical path length of 2 mm svased to collect the NIR spectra. A
background spectrum with the empty probe was aeduiefore each series of measurements.
Between each measurement, the probe was cleanedmaier. The spectra were collected
with the Opus Software 6.5 (Bruker Optics). Eacbcsum was the average of 32 scans and
the resolution was 8 chin the range of 12500-4000 ¢m

2.3. Raman equipment

Raman measurements were performed with a dispespi@etrometer RamanStation
400F (Perkin Elmer, MA, USA) equipped with a twardinsional CCD detector (1024 x 256
pixel sensor). The laser excitation wavelength usad 785 nm with a power of 100 mW.
Raman spectra were collected with a Raman refleetgmrobe for solids and liquids
interfaced with Spectrum Software 6.3.2.0151 (Reikimer). The spectral coverage was
3620-90 crit with a spectral resolution equal to 2 tnEach Raman spectrum resulted from
the accumulation of six spectra with a 5.0 s expodime. NIR and Raman spectra were
acquired on the same day and prior to the anabysidPLC-UV allowing the determination

of the concentration of quinine dihydrochlorideresponding to each sample.
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2.4. Reference method

The HPLC experiments were performed on an Alliap885 HPLC system (Waters,
Milford, USA) coupled to a 2996 PDA detector (WaleiData acquisition and treatment were
performed with the Empower®2software (Waters). The analysis was performed \aith
XBridge™C18 (250 mm x 4.6 mm, 5um particle size) columrceded by an XBridd&'C18
(20 mm x 4.6 mm, 5 um particle size) guard colunaptkat 30°C. The mobile phase
consisted of a mixture (45:55, V/V) of methanol amd 0 mM ammonium formate buffer
adjusted to pH 3.0 with 6N HCI. The HPLC system wasrated in isocratic mode with a
flow rate of 1.0 mL mirt and an injected volume of 10 pL. UV detection wasied out at
235 nm.

2.5. Test samples

Six samples of quinine dihydrochloride 20% (W/V)alodrop solutions from four
manufacturers (A, B, C and D) were collected atltiwal Congolese pharmaceutical market.
The calibration samples used to build the PLS nwodetre prepared on basis of the
gualitative and quantitative compositions of manotdeer A. Samples from other
manufacturers had different qualitative and quatitié compositions regarding the
pharmaceutical formulation and the origin of thetiv&c ingredient. Samples from
manufacturers C and D were green-coloured whehese tfrom manufacturers A and B were
yellow-coloured. To test the ability of the deveddpmodels to detect and quantify quinine in
oral drops, seven simulated substandards have pegrared with 2% and 40% (W/V)

quinine dihydrochloride (corresponding to 10% af8%, respectively, of the target value).

2.6. Sample preparation
2.6.1. Preparation of samples for reference method validan

Calibration samples for HPLC method validation werepared from a stock solution
of quinine dihydrochloride at a concentration ofny mL* in ultrapure water. The stock
solution was diluted to obtain solutions of 50, E0@ 150 ug mt. The calibration standard
solution was composed of three series of threecadpk per concentration level (27 samples
in total). Validation samples for HPLC method validn were prepared from a stock solution
composed of 20% (W/V) quinine dihydrochloride, dised in an excipient solution

composed of propylene glycol and benzoic acid traplre water. The stock solution was
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diluted to obtain solutions of 50, 75, 100, 125 d%® pg mC’. The validation standard
solution was composed of three series of threecadpk per concentration level (45 samples
in total).

2.6.2. Preparation of solutions for HPLC analysis of sampés

Two independent standard solutions were prepared digsolving quinine
dihydrochloride in ultrapure water to achieve aafirconcentration of 100 ug riL
Calibration, validation and test samples were ddutn ultrapure water to obtain a final

concentration of 100 pg miL

2.6.3. Preparation of calibration and validation samples ér NIR and Raman

The target (100%) sample composition is 20% (W/\dinope dihydrochloride
dissolved in an excipient solution composed of glepe glycol and benzoic acid in ultrapure
water. Calibration and validation standards werepared by dissolving the appropriate
amount of quinine dihydrochloride in the excipieatdution to achieve concentrations of 50,
75, 100, 125 and 150% of the target amount. Thedessof both calibration (C1, C2, C3) and
validation (V1, V2, V3) samples were prepared vilthree replicates for each concentration
level. C1, C2, V2 and V3 series were prepared usiagnine dihydrochloride from
Pharmakina (Bukavu, DRC). While C3 and V1 seriesrewg@repared using quinine
dihydrochloride from A.V. Pharma (Kinshasa, DRC).

2.7. Multivariate data analysis

Partial least squares (PLS) regression models weaite with NIR and Raman data
using HPLC assay values as reference. Several Ridelmmwere built using different pre-
processing methods. Best models were selected lmasdéoeir Root Mean Square Error of

Prediction (RMSEP) computed as follows:

RMSE= \/M (1)

n

wherey. is the reference value determined by HPLY,is the predicted value given by the

PLS model ana: is the total number of samples. All data were mesamtred and the number

of latent variables of each PLS models was selebtesd on the RMSECV versus latent
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variables plot. Cross validation consisted of randsubsets with ten data splits and ten
iterations. First and second derivatives were cdetgpusing the Savitsky-Golay algorithm
[19] with a polynomial order of 2 and 15 smoothipgints. Asymmetric least squares have
been used for baseline correction of Raman spe&tialue of 10 and a value of 10°
were used. PLS models were built using PLS_Tooh6&3 (Wenatchee, WA, USA) running
on Matlalf’ R2013a (The Mathworks, Natick, MA, USA).

The validation of a multivariate calibration modeloften performed by checking at
theR2and RMSEP values. However, as described in DeeBétyal [20], these performance
parameters are not sufficient to ensure that thveldped method will provide reliable results
over the complete dosing range. Therefore, both Bl Raman predictive models were
validated through the “total error” approach. Afllidation calculations were performed with

e-novaf’ version 3.0 (Arlenda S.A., Liége, Belgium).

3. Results and discussion
3.1. Validation of the reference method

The method was successfully validated using th&l&rror” approach in the range of
50 pg mL* to 150 pg mr* with acceptance limits set at 10% according to W&P for
quinine sulphate tablet assay [21]. Trueness, et (repeatability and intermediate
precision), accuracy and linearity of the methodenfeund to be acceptable (see also Table
1).
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Table 1ICH Q2 (R1) validation criteria of the referencPEC, NIR and Raman methods.

concentration
level HPLC NIR Raman
Trueness
50 3.98 -0.19 2.44
75 2.09 0.05 -0.95
Relative bias (%) 100 -0.18 1.63 -0.31
125 0.76 0.37 0.65
150 2.13 -0.98 -1.35
Intra-assay precision
50 0.78 1.12 1.40
75 0.32 0.63 0.53
Repeatability (RSD%) 100 0.44 1.24 1.17
125 0.21 0.29 0.53
150 0.37 0.79 1.23
Between-assay precision
50 0.78 1.36 1.40
75 0.62 0.76 0.97
Intermediate precision (RSD%) 100 0.62 1.24 1.41
125 0.63 1.33 1.02
150 0.62 0.82 1.23
Accuracy
50 [2.08 ; 5.88] [-3.90 ; 3.51] [-1.00 ; 5.87
75 [-0.16 ; 4.35] [-2.02;2.12] [-4.38 ; 2.49
Relativep-expectation
tolerance limits (%) 100 [-2.07;1.71 [-1.41 68] [-4.42 ; 3.80]
125 [-1.97 ; 3.48] [-5.84; 6.57] [-3.16 ; 4.44
150 [0.00; 4.27] [-3.01; 1.06] [-4.36 ; 1.67
Uncertainty
50 1.64 2.95 2.96
75 1.39 1.65 2.18
Relative expanded
uncertainty (%) 100 1.38 2.62 3.09
125 1.44 3.06 2.32
150 1.40 1.74 2.60

[ g w—

—
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3.2. Quantitative NIR study

Quantifying an APl in an aqueous matrix may be #icdit task with NIR
spectroscopy. Indeed, the matrix absorbance specshiows that the multiple absorption
maxima characteristic of water and detector satmratccurs between 5250 and 5050'tm
Therefore, the spectral range was selected bet@@&n and 7278, 6318 and 5396 and 4733-
4428 cm' to build PLS models (see Fig. 1a). By doing saiysbations due to matrix
absorptions were avoided while keeping the inforomatlealing with the API. Table 2 shows
the different pre-treatments tested as well asfigpgres of merit for the corresponding
models. As one can see, both models gave similaesaf RMSEP that were inferior to 2%.
However, the different models have varying compiexvith a number of latent variables
(LV) ranging from 2 to 4. The simplest model wadanfeed by applying a standard normal

variate (SNV) normalization computed as follows:

X snv = a ; 2 (2)

where X; gy is the transformed portion of the original elementX is the mean value of

the spectruml and s is the standard deviation of the spectrumThis choice was driven by

the fact that it is one of the simplest models Yd&LVs) which limits the risk of over fitting.
This model should, therefore, be more robust forfature analysis of unknown samples. As
can be determined from the accuracy profile (Fi), thef-expectation tolerance intervals of
each concentration level are inside the limits afeptation set at 10%. This indicates that
95% of future measurements will lie within thesaits. The largesf-expectation tolerance

intervals have relative values of -5.84% and 6.33é& Table 1).
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Table 2 Figure of merits of the different tested PLS madel

NIR RMSEC (%) RMSECV (%) RMSEP (%) LV
MC 0.86 0.96 1.59 4
1D-MC 0.81 0.95 1.69 3
2D-MC 1.00 1.09 1.46 2
SNV-MC 0.90 1.03 1.42 3

Raman RMSEC (%) RMSECV (%) RMSEP (%) LV
MC 1.04 1.27 1.81 3
AsLS-MC 1.11 1.75 1.88 2
2D-MC 0.45 1.41 2.01 4
SNV-MC 3.27 4.69 7.27 4

RMSE: root mean square error; C: calibration; CYoss-validation; P: prediction; LV: number of laten
variables considered; MC: mean center; 1D: Saviishtgty’'s first derivative; 2D: SavitskyGolay's secbn

derivative; SNV: standard normal variate; AsLS:ramyetric least squares.
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Fig.1. (a) Selected spectral ranges of SNV pre-process@atation NIR spectra. (b) Selected spectral earaf
asymmetric least squares baseline corrected cidibrRaman spectra.

3.3. Quantitative Raman study
Compared to NIR spectroscopy, the main advantagdkahan spectroscopy in

guantifying an API in an agueous matrix is dueh® weak Raman scattering effect of water.
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Raman spectroscopy, however is often limited tormlaaeutical applications due to the
fluorescence of samples. The spectral range wastsdlto be 1720-306 ¢hto build PLS

models. The selected model was the one obtainecdmpyying baseline correction by
asymmetric least squares (AsLS) with a RMSEP o8%.&nd two latent variables (see Fig.
1b). As can be seen in Fig. 2a, the selected Rajmantitative model was also validated with

the acceptance limits fixed at 10%.
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differences.
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3.4. Comparison of methods

The analytical performances of both NIR and Ramawlets were compared using a
Bland and Altman analysis [18] (see results in FAg). The plot represents the relative
difference between the Raman and NIR methods dg#iesaverage relative content of
qguinine at each concentration level. As shown is figure, 95% of the agreement limits with
values of [- 4.20%; 4.26%] are inside the accemdimgits [-14.14 %; 14.14 %] that were set
based on the maximum acceptable error of 10% fdn e@ethod. These results guarantee that
each future difference between the result obtaimgidg the Raman method and the one
obtained with the NIR method has a probability &0of falling within the acceptance limits.
Thus both methods agree sufficiently to quantifynqe in the oral drops allowing the
analyst to select the method according to the adgas and drawbacks of each method.

3.5. Analysis of test samples

The two methods developed were applied to six sesngl quinine dihydrochloride 20
% (WI/V) oral drops solutions as mentioned in Secth5 and on seven reconstituted
substandard solutions. Samples from manufacturevete considered as being genuine
samples since they had the same qualitative andtitatave composition as the calibration
samples used to build the PLS models. Neither Ni&soscopy nor Raman spectroscopy
could qualitatively discriminate between samplesnahufacturers A, B, C and D. This is not
surprising since these samples are constitutedlynairguinine dihydrochloride 20% (W/V)
and water 79% (W/V), whereas the excipients aretlean 1% (W/V). The spectral variations
due to differences in qualitative composition wdrelow the detection limits of both
techniques thus did not allow a distinction betwdenmanufacturers. Test samples were then
analyzed with the two developed PLS models. As shaw Table 3, the two methods
generally predicted each sample correctly. In @alditthe samples from each of the
manufacturers are predicted correctly, thus demainsg that the developed NIR and Raman

methods could be applied to the detection of placeisub-dosed samples.

A principal component analysis (PCA) was perfornoedthe different test samples
and the prepared substandard samples. This modgl budt using the 100% target
concentration calibration and validation sampldse Tain goal was to check whether it was
possible to quickly discriminate substandard samplghout building and validating a PLS
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model. As can be seen in Fig. 3, the scores of &@2NIR spectroscopy) and PC1 (for
Raman spectroscopy) allowed for the discriminatddrgenuine and substandard samples.
Moreover, the third sample of manufacturer A igtdliy outside the 95%2 Hotelling’'s
confidence level for the PCA based on Raman speapy. This is in accordance with the
guantitative results obtained (89 % of the targaiue predicted by PLS). These results
indicate that it is possible to use PCA as a disicrating method to detect substandard

samples.

Table 3 Results of quantification of 6 samples with NIRdaRaman PLS models. Results are presented as
predicted content (%) of the active ingredient aeldtive expanded uncertainty (Ux). Results obthingth
HPLC consist in the mean percentage of claimed nalrgontent and the standard deviation compute@ on

independent samples.

NIR Raman HPLC Relative Error (%)
Drug (%) £+ Ux (%) + Ux n=3, % + SD NIR/HPLC Raman/HPLC
Al 98.3+2.6 96.2+3.1 96.7+0.1 1.68 -0.47
A2 98.6 2.6 101.4+3.1 100.7 £ 0.1 -2.12 0.68
A3 90.8+2.6 89.0+3.1 91.1+0.1 -0.33 -2.33
B 97.8+2.6 929+3.1 95.7+0.1 2.22 -2.92
C 106.6 + 2.6 100.6 + 3.1 1026 £0.1 3.86 -1.99
D 99.5+2.6 98.8+3.1 99.5+0.1 0.54 0.68
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Fig.3. (a) PC2 scores of eight samples of oral quinirm dmd seven substandard quinine drops based ion the
NIR spectra. (b) PC1 scores of eight samples dfqurimine drop and seven substandard quinine doaged on

their Raman spectra.

4. Conclusion
The main objective of this study was to develop aalidate efficient, rapid and cost-

effective analytical methods for the analysis ahqme dihydrochloride 20% (W/V) presented
as an oral drop formulation manufactured and madket the DRC.

To meet these requirements, NIR and Raman specpiasmethods were successfully
developed and validated using the total error aggravith acceptance limits fixed at 10% in
the range of 50-150% of the target concentratiomofaparison of the two methods showed
that they provided comparable results. Six samgpddiected in the Congolese pharmaceutical
market were analyzed by both techniques. All samplere conform since their quinine

content was within in + 10% of the theoretical w&alu

The NIR spectroscopy qualitative model developell saon implemented for routine
analysis in the Quality Control Laboratory of Drugsthe University of Kinshasa (D.R.
Congo) to replace the existing HPLC method. Thiglgtand its implementation are part of
the fight against the traffic of poor quality medes that endanger the public health and

socio-economic aspects of developing countries.
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V.1. Conclusion

La problématique des médicaments de qualité infégielans les pays en voie de
développement nous a amené a réflechir sur latquddis médicaments commercialisés en
RDC mais surtout a poser des actes contributifsiaau du volet analytique. Ainsi I'objectif
principal de notre travail a été de développerrdéthodes fiables pour le contréle de qualité
des médicaments en vue d’appuyer le Ministere Caigde la Santé Publique dans la lutte

contre la prolifération des médicaments de qualit&rieure.

Trois classes pharmacologiques ont été choisigaisan de leur large utilisation. I
s’agit des anti-inflammatoires non stéroidiens (8)Ndes antibiotiques et des antipaludéens.

Dans un premier volet, nous nous sommes focaliséhapitre Il sur la technique
séparative de la chromatographie liquide coupléedétecteur Ultraviolet en vue de
développer des méthodes génériques. Rappelonsitéya que présente cette technique de
faire un criblage permettant de détecter simultamnplusieurs molécules actives d’'une
méme classe pharmacologique mais aussi d’analgseprioduits de dégradation dans un

médicament.

Il est intéressant de signaler que les 4 phasegde de vie d’'une méthode analytique
telles que nous les avons présentées dans lirttiotuau chapitre | ont été suivies lors de
I'utilisation de la technique de chromatographiguide (CL) pour analyser les 3 classes
pharmacologiques citées ci-haut. D’abord &pHase de ce cycle nous avons pu sélectionner
les facteurs analytiques qui ont montré une infbeesur la réponse analytique a savoir la
séparation entre les paires de pics critiques.iAlagempérature de thermostatisation de la
colonne, le pH de la partie aqueuse de la phasaleneble temps de gradient ont été
sélectionnés comme facteurs pour optimiser la aéipardes AINS et des antibiotiques en
mode gradient tandis que le débit de la phase mobel pourcentage de modificateur
organique et a nouveau la température de thernmsadtah de la colonne ont été sélectionnés
dans le cas des antipaludéens en mode isocrafimseite en 2phase du cycle, nous avons
développé 7 méthodes analytiques suivant la steab&gée sur la planification expérimentale
et I'espace de conceptionDesign Space pour optimiser simultanément les facteurs

analytiques sélectionnés lors de la phase préagdéne seule colonne chromatographique a
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servi lors de la planification expérimentale, dgit d’'une XBridge C18, 250 x 4,6 mm, (5 um
dp) précédée d'une colonne de garde XBridge C@8x 2,6 mm. Cette colonne présente
'avantage de supporter des valeurs de pH allaidt&@éd?2 et permet également de remédier au
phénomene de tailing des pics observés surtougums travaille avec les composés a
caractére basique par exemple I'halofantrine, laméiantrine etc, qui ont une affinité
importante pour les groupements silanols libresgnts a la surface de la silice greffée. Etant
donné que nous nous sommes retrouvé en présentendrbre important de composés a
séparer (54 molécules pour les trois classes pltatogques), nous avons opté pour une
colonne de 250 mm de longueur afin d’offrir un nmaxn de chance de la séparation des pics.
Par ailleurs, seul le méthanol a été utilisé conmmeelificateur organique dans notre travail,
compte tenu de son co(t abordable comparé a l'aitéim Mentionnons en passant que les
meéthodes optimisées ont éte transférées géométranieen utilisant des colonnes de courtes
dimensions notamment Acquity BEH C18, 50 x 2,1 r{iti/ um dp) en UPLC pour séparer
les AINS et les antibiotiques et XBridge C18, 10@,8 mm (3,5 um dp) en HPLC pour
séparer les antipaludéens. Le transfert géométaquermis de réduire le temps d’analyse et
la consommation de solvant organique, avantag&plarer dans un contexte de réduction du
colt des analysekes longueurs d’onde de détection ont été fixé2a0anm pour les AINS et
les antibiotiques et a 230 nm pour les antipalugiééa stratégie de l'erreur totale a été
utilisée pour valider les méthodes développées lmmse 3 du cycle de vie avant leur
application en routine en phase 4.

Nous nous sommes tout d’abord intéressés danstiarséll.1 au développement de
méthodes d’analyse des AINS. Le plan compositeréemtété appliqué pour optimiser le
criblage de 27 molécules actives dont 18 AINS, énégyconservateurs et 4 produits associés.
Le domaine expérimental des facteurs sélectiontaés: @H (1,85 a 7,00), température (20 a
35°C) et le temps de gradient nécessaire pour pasdairement de 15% a 95 % en méthanol
(20 a 60 minutes). Grace a cette planification,snauons pu développer trois méthodes
génériques dont les conditions optimales sontuasstes :

+« Tamponformiate d’'ammonium 20 mM ajusté a pH 3,05 — tempgradient de 49,30
minutes — température de 34,5°C

% Tamponformiate d’ammonium 20 mM ajusté a pH 4,05 — tem@gradient de 53,14
minutes — température de 23,0°C
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« Tampon hydrogénocarbonante d’ammonium 20 mM ajasfgH 7,00 — temps de
gradient de 60,00 minutes — température de 21,7°C.

Nous avons ensuite considéré la situation des iasiems des AINS commercialisées en RDC
sous formes solides et liquides. Dans ce contextes sommes parvenus a développer une
seule méthode pour analyser 8 associations des AtBEntées sous formes solides dont la
condition optimale est la suivante: tamgormiate d’ammonium 20 mM ajusté a pH 3,00 —
temps de gradient de 20,00 minutes — températur@7¢@°C. Nous sommes également
parvenus a développer une autre méthode pour @nalysassociations des formes
liquides dont la condition optimale suivante: tamgrydrogénocarbonante d’ammonium 20
mM ajusté a pH 6,14 — temps de gradient de 35,0Qite$ — température de 29,4°C.

Ensuite au cours de la section Ill.2, nous aviunsde le développement de méthodes
pour l'analyse des antibiotiques. A cet effet larplD-optimal a été mis en ceuvre pour
optimiser le criblage de 19 molécules actives ddhtantibiotiques et 3 inhibiteurs de béta-
lactamase. Le domaine expérimental des facteursstésait : pH (2,70 a 7,00), température
(23,0 a 30,0°C) et le temps de gradient nécespalie passer linéairement de 8% a 95 % en
méthanol (20,00 a 60,00 minutes). Suite a cetteifdation, nous avons abouti a une seule
méthode générique dont la condition optimale estuigante : tamporacétate d’ammonium
10 mM ajusté a 6,00 — temps de gradient 40,00 méndttempérature de 25,0°C. Cette méme
condition optimale a été trouvé également susdeptlanalyser 7 associations a base des

antibiotiques commercialisés en RDC.

Enfin, au cours de la section 1ll.3, nous nous sesfocalisés sur le développement
de méthodes d’analyse des antipaludéens. Nous anihisé le plan factoriel complet pour
optimiser le criblage de 8 antipaludéens commesésl en association. Le domaine
expérimental des facteurs testés était . débitadphase mobile (0,3 a 0,7 mL/minute),
température (25,0 a 35,0°C) et pourcentage de mdthatilisé comme modificateur
organique (80,0 a 90,0 %). Le pH de la phase mahdé fixé a 2,80 (10 mM de tampon
formiate d’ammonium). Cette planification nous armpis d’affiner une seule méthode
générique dont la condition optimale est la suigartébit de la phase mobile 0,5 mL/minute
— 80,0% de méthanol — température de 25,0°C. Ersiderant la recommandation
thérapeutique antipaludéenne de 'OMS, nous avondgvelopper une autre méthode pour
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analyser 2 associations pharmaceutiques dont lditcmm optimale est la suivante : débit de

la phase mobile 0,6 mL/minute — 82,5% de méthariempérature de 25,0°C.

Dans le deuxieme volet détaillé au chapitre IV,s1auons épinglé le développement
des méthodes en utilisant les techniques non-g@mmaCelles-ci sont connues pour étre
moins favorables a la quantification des produésddgradation dans un produit fini ou pour
la polythérapie mais par contre elles présentenalantages d'étre rapides, simples et faciles
a mettre en ceuvre. Dans ce contexte, nous nous e®ndiabord focalisé sur la
spectrophotométrie UV-visible a la section IV.1-aiwis d’'un antipaludéen et de deux
antibiotiques. Nous avons développé une méthododage pour la quinine sulfate dans les
comprimés de 500 mg, une méthode de dosage pquirieme bichlorhydrate dans les gouttes
orales a 20 %, une méthode de dosage du benzoatétdmidazole dans la suspension orale

a 125mg/smL et une méthode de dosage d'amoxictliimgdrate dans les capsules a 500mg.

Ensuite, nous avons démontré a la section IVi2 les tests effectués sur le
paracétamol sirop a 2%, le potentiel et I'intérétla Spectrophotométrie Proche Infrarouge
(SPIR) dans la détection rapide des médicamentsetaits et sous-standards. Rappelons que
c’est une technique non destructive par rappora &pdectrophotométrie Ultraviolet et la
chromatographie. La méthode développée pour I'seatle paracétamol sirop a permis de
distinguer le vrai sirop de paracétamol et le pataool sirop de qualité inférieure. Au cours
de la section V.3, deux méthodes ont pu étre d¢@pdes en Spectroscopie Infrarouge et
Raman pour analyser la quinine goutte orale a 20l#$ée comme traitement de choix dans
le cas du paludisme sévére chez I'enfant. Ellegperis de distinguer rapidement les vraies
et les fausses quinines gouttes sans traitemehéatantillon ni consommation de solvant

organique.

Dans la phase finale de routine de leur cycle @ mous avons pu appliquer avec
succes toutes les méthodes développées et vatidéede cadre de notre travail. Au total 32
echantillons comprenant des AINS, des antibiotiqetedes antipaludéens commercialisés a
Kinshasa ont pu étre analysés. Les résultats globaprésentés dans le tableau 1 ont revélé
des non-conformités par rapport aux spécificatibaopéennes (EMAEuropean Medicines
Agency) et Américaines (USRJnited State Pharmacopoeia). Cette situation eporamavec
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la circulation des médicaments sous-standards.

Tableau 1.Les Résultats globaux de dosage des échantiltmsercialisés a Kinshasa

Normes 95,0 — 105,0% 90,0 - 110,0% et 90,0 — 120,0%*
(EMA) (USP)

Décision Non-conforme Conforme Non-conforme Conforme

AINS 5/5 0/5 3/5 2/5

Antibiotiques 6/10 4/10 3/10 7/10

Antipaludéens 4/17 13/17 1/17 16/17

Total 15/32 (46,9%) 17/32 (53,1% 7132 (21,9%) 25(83,1%)

Ces résultats globaux confirment le phénomene a@edalation des médicaments de qualité

* Spécifications pour les antibiotiques.

inférieure en RDC en tant que probléme réel deé€Sanblique.

Au terme de notre travail, nous livrons notre inggren d’'une grande satisfaction
puisque d’'une part, nous avons développé, validésté en routine en Belgique toutes ces
méthodes analytiques, et d’autre part ces méthsdessen voie d’étre transférées en RDC
particulierement a I'Université de Kinshasa poupwaer le Ministére de la Santé Publique
dans le contrdle local des médicaments du « paakeigkcal » en RDC. Ainsi pour faire face

efficacement au fléau des médicaments sous-stasmdar®DC, nous proposons une stratégie

analytique simple, rapide et moins couteuse schigéeatlans le logigramme suivant :
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Fig. 1. Logigramme de la stratégie analytique a proposeiaboratoires de controle qualité via le Ministéie
la Santé Publiqgue en RDC

Quelque soit I'échantillon pour étre analysé auotatpire de contréle qualité a
I'Université de Kinshasa, I'inspection visuelle demballages primaire et secondaire, de
I'étiquettage et du médicament constituera le peeteist a réaliser. Ensuite, selon la demande
du client les tests physico-chimiques (uniformit@ dnasse, détermination du pH,
identification et dosage etc.), les tests micral@ues (essai de sterilité) et les tests
pharmacotechniques (désintégration, friabilitésalistion, etc.) seront envisagés.

Concernant lidentification et le dosage du priecipctif par les tests physico-

chimiques, nous proposons quatre orientations deloas qui sera présenté :

< 1% cas : lorsque nous disposons d'informations stghlantillon et que le modeéle de
guantification en Spectroscopie Proche Infra-Ra8fIR) est disponible, le contrdle se fera
d’abord par cette technique qui ne nécessite pasodsommables. Si l'identification est
positive alors suivra le dosage par la méme tecienpur libérer le produit. Si par contre
I'identification en SPIR est négative nous propoasren accord avec le client I'utilisation de
la techniqgue de chromatographie: la Chromatograhie Couche Mince (CCM) pour
l'identification ou bien la chromatographie liqui¢€L) pour I'identification et le dosage si

cette derniére technique a permis l'identificatthncomposé recherché. Cette technique sera
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préférée également dans le cas de polythérapiecddae la spectrophotométrie Ultraviolet-
Visible sera préférée pour I'analyse des produitmmenothérapie.

< 2™ cas : lorsque nous disposons d'informations stehiantillon mais pas le modéle
de quantification en SPIR, I'idenfication se fefalwrd par comparaison spectrale en SPIR.
Si le résultat d’identification est positif, aloks dosage sera réalisé soit par CL soit par
spectrophotométrie Ultraviolet-visible. Par la suitne méthode de quantification en SPIR
sera dévéloppée pour des analyses ultérieuresarScgntre l'identification en SPIR est
négative, le deuxiéme volet dff tas sera exploité c’est-a-dire I'utilisation deadahnique de
chromatographie en accord avec le client.

< 3*™ cas: lorsque nous disposons d'informations séchiantillon et le modéle de
quantification en SPIR est disponible ou non, endmrecherche d'impuretés de dégradation
dans le produit fini, nous proposerons l'utilisatide la CL.

% 4°™ cas: lorsque nous ne disposons pas d'informatisus I'échantillon, une
recherche sur la nature du produit sera envisagg@eSPIR sera d’abord utilisée pour
comparer le spectre du produit inconnu a la bandgiedonnées spectrales. Ensuite le
spectrophotometre Ultraviolet-Visible sera utilidans la méme optique. Quelques tests
physico-chimiques comme le poids moyen et le pKisert d’'orientation pour renforcer la
recherche sur la nature du produit. Si le doutdes®t, nous proposerons ['utilisation de la
chromatographie (CCM ou CL) pour 'identificatiohle dosage. Par contre si I'identification
au moyen de techniques ci-présentées est négativs, proposerons une consultation des
partenaires Nord pour des recherches plus pousséayant recourt a la chromatographie

liquide couplée au spectrométre de masse et adarfdéce Magnétique Nucléaire.

Dans tous les cas, les méthodes appliquées polysan&es produits finis en utilisant

toutes ces techniques analytiques seront soierféieences soit validées.
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V.2. Perspectives

Notre travail s’étant essentiellement focalisélsuléveloppement et la validation des
meéthodes analytiques avec des applications, nonsops qu’il serait intéressant de le
poursuivre au travers des pistes suivantes :
- Transférer les méthodes qui ont été développealidées en Belgique pour I'application a
grande échelle en RDC.
- Contréler la qualité des médicaments commer@salgans les zones péri-urbaines des villes
de la RDC pour s’assurer de leur qualité.
Pour ces deux perspectives, nous comptons traveillétroite collaboration avec la Division
5 de la Direction de la Pharmacie, Médicamentslantes Médicinale du Ministere de la
Santé Publique.
- Evaluer les impuretés résiduelles contenues Enmédicaments commercialisés en RDC
pour protéger la population. Le plomb par exempsponsable du saturnisme et provenant
des matériaux ainsi que de I'eau pour la fabricaties médicaments peut étre analysé par
spectrophotométrie d’absorption atomique.
- Considérer la situation des médicaments tradigtsaméliorés fabriqués en RDC et dont
on ne dispose pas encore de méthodes analytiqsdfisuite a leur composition complexe.
Iy a moyen d’analyser ces médicaments traditimneméliorés au moyen de la

chromatographie liquide en utilisant un marqueueme.
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Le présent travail de thése s’inscrit dans le cdtree collaboration entre l'université
de Liége et l'université de Kinshasa dans le doendes Sciences Pharmaceutiques. Il vise la
mise au point des méthodes fiables pour le contdde qualité des médicaments
commercialisés dans le but d’appuyer le Ministeomd@dlais de la Santé Publique dans la

lutte contre la prolifération des médicaments dalitpiinférieure.

Dans un premier temps, trois classes pharmacolegigeés médicaments largement
utilisés et susceptible d’étre contrefaits en RD@ été sélectionnées a savoir les anti-

inflammatoires non stéroidiens, les antibiotiqguds®antipaludéens.

Par la suite, pour analyser les molécules cibléemsdces trois classes
pharmacologiques deux techniques différentes @ntlaisies a savoir la technique séparative
de chromatographie liquide et les techniques nqarafives (spectroscopie UV-Visible,

spectroscopie NIR et spectroscopie Raman) afinetérerau point des méthodes analytiques.

Ainsi au travers trois sections se rapportant atdehnique séparative de la
chromatographique liquide, huit méthodes analysogenériques ont été développées afin de
tracer simultanément plusieurs molécules dans tedbues détecter, de mettre en évidence
des falsifications ou des contrefacons, et danseaond temps de quantifier ces molécules.
La stratégie de la planification expérimentale’etdace de conception a été appliquée a cet
effet.

D’autre part, au travers trois sections se rappbrdax techniques non séparatives,
sept méthodes analytiques ont été mises au pajobtre méthodes en spectroscopie
Ultraviolet-Visible pour analyser respectivementdainine bichlorhydrate goutte orale a
20%, la quinine sulfate comprimé a 500mg, 'amdki@ trihydrate capsule a 500mg et le
métronidazole benzoate suspension orale a 125mg/amé méthode en spectroscopie
Proche Infrarouge pour analyser le paracétamab sird% et deux méthodes en spectroscopie
vibrationnelle Proche Infrarouge et Raman pour y&®al la quinine bichlorhydrate goutte

orale a 20%.
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Toutes ces méthodes développées ont été ensudéeasbkelon 'approche de I'erreur
totale utilisant le profil d’exactitude comme oudié décision. Ces différents profils obtenus
ont permis de visualiser les performances analgsqie différentes méthodes concernées et
de garantir qu'au moins 95% des futurs résultataieset compris a l'intérieur des limites

d’acceptation fixées.

Ensuite, les méthodes développées et validées et & connaitre la teneur des
principes actifs dans les médicaments commercgabisKinshasa. Les résultats des analyses
obtenus ont confirmés que le trafic de la commébsaon de médicaments de qualité

inférieure est un probleme réel de la santé publepuRDC qu’il faut combattre.
Ainsi, les méthodes analytiques développées etdéedi dans le présent travail

constituent des outils analytiques pertinents patier contre le phénomene de la circulation

de médicaments de qualité inférieure en RDC.
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Thesis summary

The present thesis work is part of a collaboralietween the University of Liege and
the University of Kinshasa in the field of Pharmatoeal Sciences. It aims to develop reliable
methods for quality control of marketed drugs idesrto support the Congolese Ministry of

Health in the fight against the proliferation ofop@uality medicines.

Initially, three pharmacological classes of medesinwidely used and likely to be
counterfeit in the DRC were selected namely nomssgtal anti -inflammatories, antibiotics

and antimalarials.

Subsequently, to analyze target molecules in these pharmacological classes two
different techniques were chosen namely the saparegchniques of liquid chromatography
and non-separative techniques (UV- Visible spectipg, NIR spectroscopy and Raman
spectroscopy) in order to develop analytical meshod

Subsequently, we developed analytical methods usirgseparative techniques of
liquid chromatography and non-separation techniqe¥-visible spectroscopy, NIR
spectroscopy and Raman spectroscopy) for to andahgenolecules selects in these three

pharmacological classes.

Thus, through three sections related to the saparatechniques of liquid
chromatography, eight generic analytical methodgehaeen developed to simultaneously
trace several molecules to detect them, highliglsiffcations or counterfeits, and in a second
time to quantify these molecules. The strategyhef éxperimental design and of the design

space has been applied for this purpose.

On the other hand, through three sections relatetbh-separative techniques, seven
analytical methods have been developed: four methodiltraviolet visible spectroscopy to
analyze quinine dihydrochloride oral drop at 20U4inme sulfate tablet at 500mg, capsule of
amoxicillin trinydrate at 500mg and metronidazoénboate oral suspension at 125mg/5mL,

respectively, one method in NIR spectroscopy tdyaeaparacetamol at 2% in syrup and two

221



Chapitre VI. Résumé de la these

methods in vibrational spectroscopy Near Infraredd aRaman to analyze quinine

dihydrochloride oral drop at 20%.

All these methods have been developed then vatidayethe total error approach
using the accuracy profile as a decision tool. €hdsdferent obtained profiles allowed
visualizing the analytical performances of diffar@oncerned methods and ensure that at
least 95% of future results would be included witthie acceptance limits.

Then, the developed and validated methods were taskdow the content of active
ingredients in medicines marketed in Kinshasa. diedysis results obtained have confirmed
that trafficking of marketing poor quality medicses a real problem of public health in the
DRC that must be fought.

Thus, the analytical methods developed and validate this work are relevant

analytical tools to fight against the phenomenomhef circulation of poor quality medicines
in the DRC.
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