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INTRODUCTION GENERALE







Introduction

Dans le domaine pharmaceutique, en complément des médicaments se trouvent les
dispositifs médicaux (DM). Le nombre de DM commercialisés dans le monde est estimé a
environ 20 millions de références réparties dans plus de 22 000 groupes différents [1]. Les
DM implantables (DMI) représentent une part non négligeable des DM délivrés. En 2016 en

France, on dénombre plus de 17 000 DM stériles a visée implantable sur le marché [2].

Le probléme de biocompatibilité de ces dispositifs représente un challenge important
a relever. Des solutions ont été envisagées et commercialisées, notamment avec la création de
DMI pouvant délivrer des principes actifs ou ayant une activité au sens large (délivrance
d’impulsions électriques, stimulateurs ...) formant ainsi la classe des DMI actifs (DMIA). Le
nombre de DMIA commercialisés en France est estimé a plus de 1000 toutes applications
confondues [2]. Il existe une réelle innovation dans ce domaine avec une augmentation de la
commercialisation de ces DMIA, 65 % d’entre eux ayant ¢té¢ mis sur le marché aprés 2010.
Dans leur design, les chercheurs se tournent de plus en plus vers des technologies faisant
appel a la science des polymeres ou celles des nanoparticules. En effet, une modification de
surface par I’un ou/et I’autre apporte des propriétés nouvelles a un objet, propriétés pouvant
étre exploitées pour améliorer, modifier ou moduler le comportement d’un DM vis-a-vis de

son environnement biologique.

Dans ce travail, nous nous focalisons sur le domaine cardiovasculaire dans lequel les
DMI sont associés sur le long terme a un risque €levé d’effets indésirables graves avec une
mise en jeu du pronostic vital du patient. Le monoxyde d’azote (NO), un gazotransmetteur
physiologique, joue un rdle clé dans I’homéostasie vasculaire. Le développement de DMI le
libérant selon un profil physiologique sur une longue période améliore leur tolérance. Malgré
une preuve de concept validée par la littérature [3], le profil de libération de NO reste un
point critique a améliorer. Pour atteindre un temps de libération adapté, un réservoir de

principe actif d’une capacité suffisante est nécessaire. La solution peut étre apportée par

10



Introduction

I’utilisation de nanoparticules incorporées dans une matrice. En effet, celles-ci peuvent étre

fonctionnalisées avec des rendements importants [4], permettant une charge utile importante.

Le but de cette thése consiste a développer un matériau capable de libérer du NO.
Pour cela, des films composés de différentes couches de polyélectrolytes alternativement
cationiques et anioniques dans lesquels sont immobilisées des nanoparticules d’or (AuNP)
seront construits et caractérisés. Les films ainsi créés devront répondre a terme a un cahier
des charges strict : étre le plus biocompatibles possible, étre capables de libérer du NO avec

un profil adapté et posséder une stabilité importante (pas de dissémination des AuNP in vivo).

Ce manuscrit est organisé en trois chapitres. Le premier chapitre présente une revue
de la littérature se focalisant sur I’association entre les nanotechnologies et les DM pour en
améliorer leurs qualités intrinseques, diminuer leurs effets secondaires et leur conférer de
nouvelles propriétés. Cet aspect fait 1’objet d’une revue générale qui sera soumise

prochainement (article 1).

Le second chapitre est consacré au contrdle analytique essentiel au développement de
DMI nanostructurés par des AuNP. Dans un premier temps, nous avons optimisé une
méthode pour quantifier ’or (a état ionique et nanoparticulaire) dans des milieux aqueux, la
méthode est adaptée de celle décrite par Tournebize et al. [5]. Son optimisation ainsi que sa
validation ont fait 1’objet d’un article soumis dans Talanta (article 2). Dans un second temps,
afin de considérer les AuNP comme une mati¢re premiere pharmaceutique, nous avons
développé une méthodologie capable de les caractériser en fonction de leur diameétre
hydrodynamique, charge et composition. Cette méthode est basée sur 1’électrophorese
capillaire de zone (ECZ) et est complémentaire aux méthodes de caractérisation classique des
nanoparticules (spectrophotométrie UV-Vis., diffusion dynamique de la lumicre couplée ou
non a de I’électrophorése...). Cette méthode a été publiée en 2016 dans Journal of

Chromatography A (article 3, Pallotta A. et al., J. Chrom. A, 2016 (1461), 179-184). Enfin,
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Introduction

la fonctionnalisation d’une macromolécule par des S-nitrosothiols (RSNO) et notamment par
le S-nitrosoglutathion a été étudiée comme modele des AuNP. Dans cette partie, le transfert
de NO par transnitrosation est montré comme une étape nécessaire a 1’obtention de
nanoparticules capables de libérer du NO. Ces travaux ont été publiés en 2016 dans Drug
Delivery and Industrial Pharmacy (article 4, Luo et al., Drug Dev. Ind. Pharm., 2016 (16),

1-13).

Le troisiéme chapitre est consacré a la formation et a 1’é¢tude des films de
polyélectrolytes nanostructurés par les AuNP. Leur stabilité et des preuves préliminaires de
biocompatibilité ont été mises en évidence. Ces travaux ont été publiés en 2017 dans Particle
and Particle Systems Characterization (article 5 : Pallotta et al., Part. Part. Syst. Charact.,
2017 (34), 1600184). Dans un deuxiéme temps, nous nous sommes employés a enrichir les
films en AuNP. Ces films ont été étudiés et caractérisés grace a différentes techniques : ECZ,
microbalance a cristal de quartz (quartz crystal microbalance, QCM) ... Les résultats font

partie d’une publication en préparation et qui sera prochainement soumise (article 6).

Ce mémoire se termine par une discussion et une conclusion générale résumant les
faits marquant des travaux réalisés. Les points clés de ce travail peuvent étre résumés en deux
points : développement d’un controle des AuNP et la création d’une couverture innovante,
facile a manipuler et extrémement stable intégrant des AuNP. Enfin nous développerons les
principales perspectives a court et long termes ainsi que les verrous qui devront étre levés

pour poursuivre le développement de la fonctionnalisation de surface.
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Chapitre 1
1. Monoxyde d’azote et physiologie cardiovasculaire

1.1. Pathologies cardio-vasculaires

Selon 1’Organisation Mondiale de la Sant¢ (OMS), les maladies cardio-vasculaires
représentent la premiére cause de mortalité dans le monde (Figure 1) [6]. En France, malgré
quatre décennies de baisse de morbi-mortalité grice a la prévention et aux progres
thérapeutiques, les maladies cardio-vasculaires restent a 1’origine d’environ 140 000 morts
par an. Elles sont aussi I'une des principales causes de morbidité avec 3.5 millions de

personnes traitées en 2012.

Les 10 principales causes de mortalité dans
le monde (2015)

Cardiopathie
ischémigue

AVC

Infection
voies respiral...

BPFCO

Cancer pou...

Diabéte sucré

Cause de mortalité

iiiili“ii

Démence

Diarrhée

Tuberculose

Accidents
route

10

=
ma
e
=]
=]

Millions de décés

Figure 1 : Les 10 principales causes de déces dans le monde en 2015 selon ’OMS [6].

Les pathologies les plus communes sont I’angor, I’infarctus du myocarde,
I’insuffisance cardiaque, les thromboses veineuses et les accidents vasculaires cérébraux

(AVC). Elles représentent un colt humain et financier non négligeable. Aux Etats-Unis,
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I’Amercian Heart Association prévoit d’ici 2030 une augmentation de la prévalence des
maladies cardio-vasculaires d’au moins 10 % [7]. Cette augmentation est liée a plusieurs
facteurs comme [’allongement de la durée de vie, mais aussi 1’augmentation des cas
d’obésités concomitante a une élévation de la pression artérielle moyenne (+8 % dans les 10
années a venir) ainsi qu’a I’apparition des cas de diabéte (+100 % dans les 30 ans a venir) [8,

91.

Les facteurs de risques favorisant 1’apparition de ces maladies sont bien connus. Il y a
d’une part les facteurs acquis comme le sexe, I’age, 1’ethnie, les antécédents (personnels ou
familiaux) et d’autre part les facteurs modulables (hypertension artérielle,
hypercholestérolémie, alcoolisme, tabagisme ...). Tous ces facteurs peuvent mener vers une

dysfonction endothéliale et participent ainsi au développement de I’athérosclérose.

L’athérosclérose est une maladie vasculaire chronique de la paroi artérielle conduisant
a Dobstruction progressive des vaisseaux. Différents acteurs sont impliqués: cellules
endothéliales, cellules spumeuses, métalloprotéines ... dont les actions et implications sont de
mieux en mieux décrites [10, 11]. Parmi tous ces différents parametres, les cellules

endothéliales jouent un réle clé.

1.2. Endothélium vasculaire

La monocouche cellulaire qui constitue 1’endothélium occupe une place primordiale a
I’interface entre le sang et les tissus environnants (Figure 2). Il joue un réle majeur dans le

maintien de I’homéostasie vasculaire.
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Intima
endothélium

membrane basale

limitante élastique interne

Media
muscle lisse

limitante élastique interne

Advantice
tunique externe

Figure 2 : Représentation schématique des différentes tuniques d’une artére de gros ou
moyen calibre (selon la Fédération Francgaise de Cardiologie)

Les cellules endothéliales sont constamment exposées a des stimuli chimiques
(hormones, neurotransmetteurs ...) et mécaniques (contrainte de cisaillement). En réponse a
ces stimuli, elles sécreétent des substances modulant la vasomotricité, 1’angiogenese, la
perméabilité vasculaire, I’hémostase et l’inflammation. En condition physiologique, la
libération de facteurs de relaxation des cellules musculaires lisses (via le monoxyde d’azote,
NO) prédomine sur celle des facteurs de contraction. Cependant, un déséquilibre dans la
synthése de ces facteurs peut rapidement amener le vaisseau vers une vasoconstriction ou

relaxation trop importante.
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1.3. Le monoxyde d’azote

Le NO est une espece radicalaire, gazeuse et soluble possédant une tres faible demi-
vie [12]. Il est produit en continu au niveau des cellules endothéliales par une enzyme, la
nitric oxide synthase (NOS) a partir de la L-arginine. Cette enzyme est active de fagon
constitutive mais peut étre stimulée par différents agonistes comme par exemple la thrombine
[13], ’adénosine 5’-diphosphate (ADP) [14] ou les kinines [15]. Néanmoins, le principal
stimulus de la production basale de NO semble étre la contrainte de cisaillement exercée par
le flux sanguin [16-18]. Hecker et al. ont observé une diminution du taux basal de NO

lorsque des cellules endothéliales sont cultivées ex vivo sans contrainte mécanique [19].

Le monoxyde d’azote exerce de multiples effets au niveau vasculaire (Figure 3).

00 Adhésion et agrégation Migration et adhésion des
c plaquettaire "\\ Pl monocytes
A O © &
L] =
(7, - B .

" % D 2. >no ”;:::-Q ------------ » NADPHox

v = l

- Perméabilité Ly

3 (o] endothéliale 2
N -

O3
c
()}

Contraction \ N % 4 Migration

Synthése matrice 5" A Prolifération

extracellulaire

Cellules
musculaires lisses :

Figure 3 : Représentation des différents effets du monoxyde d’azote sur les éléments du sang
et sur la paroi vasculaire (selon [20]). NADPHox : NADPH oxydase, O, : anion superoxyde.
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Comme évoqué précédemment, NO intervient dans le maintien du tonus basal en
relaxant les cellules musculaires lisses vasculaires [21]. Il posséde, de plus, des propriétés
anti-athérogéniques : il agit par exemple sur les plaquettes, non seulement en inhibant
I’adhésion, 1’activation, la sécrétion du contenu des granules et I’agrégation des plaquettes,
mais également en facilitant leur désagrégation [22]. NO prévient aussi le chimiotactisme des
monocytes [23], inhibe ’adhésion des leucocytes a 1’endothélium [24] ainsi que la migration
[25] et la prolifération [26] des cellules musculaires lisses. Ceci limite la prolifération
néointimale survenant aprés un traumatisme vasculaire. Combiné a son effet stimulant sur la
migration et la prolifération des cellules endothéliales [27], ceci suggere un role de NO dans
la réparation des vaisseaux. Par ailleurs, ce radical, a concentration physiologique (de 1’ordre
du nanomolaire), présente des propriétés anti-inflammatoires, notamment en diminuant la
perméabilité vasculaire [28], en inhibant la dégranulation des neutrophiles [29] et des
mastocytes [30], ou encore en inhibant la production de cytokines immuno-modulatrices

(interleukines IL-12 et IL-1) par les macrophages [31].

Il existe 3 isoformes de NOS qui sont nommeées en fonction de leur localisation ou de
leur principale caractéristique : la NOS neuronale (nNOS), la NOS inductible (iNOS) et la
NOS endothéliale (eNOS). La eNOS et la nNOS produisent de faibles quantités de NO (de
I’ordre du nanomolaire) alors que la iNOS, elle, est généralement induite suite a une réaction
allergique ou inflammatoire et produit de fortes quantités de NO (de 1’ordre du
micromolaire). La production massive de NO au niveau des macrophages permet la
génération d’especes réactives de 1’oxygene et de I’azote (peroxynitrite) qui conduisent a la

destruction de 1’agent responsable de la réaction.
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1.3.1. Implications physiopathologiques

Les iNOS sont activées et produisent du NO de fagons massive et continue. Ceci
entraine la formation d’un grand nombre d’espéces réactives (de I’oxygene ou de 1’azote) qui
permettent la destruction des agents pathogénes. Un déséquilibre de ce systeme (NOS

constitutives Vs inductible) entraine donc des situations pathologiques variées (Figure 4).

Maladies neurologiques
Syndrome d’ischémie-reperfusion
Maladie inflammatoires chroniques
Sepsis
Diabete
Migraine

2ANO Maladies cardiovasyclaires:
- Hypertension
- Athérosclérose

- Resténose (aprés angioplastie)
Trouble de I'érection

N NO

Figure 4 : Principales conséquences de la diminution ou de I’augmentation de la
biodisponibilité¢ de NO

1.3.1.1. NO et systeme nerveux central

Les NOS du cerveau sont principalement situées dans les neurones de la couche
granuleuse du cerebellum et dans les bulbes olfactifs accessoires [32]. Il a été suggéré que
NO pouvait intervenir également dans la plasticité synaptique et influencer certains
phénoménes neurophysiologiques de mémorisation, comme la potentialisation ou la

dépression a long terme [33].

Par ailleurs, NO est un médiateur de la destruction neuronale lors de 1’ischémie-
reperfusion. En effet, les modeles expérimentaux de neurotoxicité suggerent une libération

massive de glutamate aprés ischémie-reperfusion entrainant une stimulation intense des
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récepteurs au N-méthyl-D-aspartate (NMDA), une augmentation du calcium intracellulaire et
une libération prolongée de NO [34]. L’administration d’antagonistes des récepteurs NMDA

ou d’inhibiteurs de NOS réduit la destruction neuronale observée dans ces modeles [35].

1.3.1.2. NO et systéme vasculaire

L’endothélium vasculaire est la couche cellulaire qui compose la paroi interne des
vaisseaux. Il agit de fagon indépendante pour permettre une vasorelaxation constante des
vaisseaux et ainsi assurer le flux sanguin. Il empéche aussi I’adhésion des plaquettes et des
leucocytes. L homéostasie vasculaire est assurée par différents acteurs, comme le NO, la
prostaglandine 12, le thromboxane A2 ... chacun ayant une action vasorelaxante ou

constrictrice.

Les effets vasculaires du NO sont la relaxation du muscle lisse, 1’inhibition de
I’adhésion et de I’agrégation des plaquettes [36, 37] et des leucocytes [24], ’inhibition de la
génération d’endothéline (un facteur vasoconstricteur) [38] ainsi que I’inhibition de la
prolifération des cellules musculaires lisses (CML) [39]. De plus, NO agit au niveau du rein
et a une action sur ’homéostasie du volume sanguin intravasculaire et donc la pression

sanguine [40].

Les défauts de régulation des effets vasculaires de NO peuvent donc contribuer au
développement de diverses pathologies : hypertension artérielle, dysfonction endothéliale
induite par I’hypercholestérolémie et 1’hypertension artérielle pulmonaire chronique. Il faut
aussi préciser que les produits de glycosylation avancés [41] et les lipoprotéines oxydées
[42], qui réduisent également la biodisponibilit¢ de NO, contribuent donc a une
vasorelaxation défectueuse, retrouvée notamment chez les patients présentant un diabéte ou

de D’athérosclérose. Enfin, une production massive de NO en réponse a des stimuli
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inflammatoires (stimulation des iNOS des cellules endothéliales et CML par les
lipopolysaccharides ou certaines cytokines) entraine une hypotension massive lors d’un choc

septique [43].

1.4. Les maladies occlusives artérielles

1.4.1. Définition

Les maladies occlusives artérielles se définissent comme un blocage partiel ou total
d'une artére causé par une accumulation de lipides dans la paroi vasculaire (aux niveaux des
artéres coronaires, des membres supérieurs et inférieurs ainsi que celles du cerveau...). Le
blocage d'une artére entrainera une diminution de la circulation du sang vers les organes et les

muscles en périphérie, diminuant ainsi I'apport en nutriments et en oxygene.

Les principales conséquences sont la survenue d’infarctus ou bien d’AVC, mais il faut
aussi mentionner les risques d’amputation (atteinte périphérique) ou d’infarctus
mésentériques ou rénaux. Toutes ces pathologies sont d’urgence vitale en engagent dans 90

% des cas la survie du patient.

1.4.2. Survenue de l'ischémie

L’ischémie, aussi appelée sténose vasculaire, est un phénoméne multifactoriel se
développant sur le long terme. Comme expliqué précédemment, le développement des
plaques d’athérosclérose, favoris¢ par des facteurs précédemment cités, entraine une

diminution de la lumigre vasculaire et donc une perturbation du flux sanguin (Figure 5).
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Figure 5 : Conséquence du développement d’une plaque d’athérome sur le flux sanguin

Le risque principal engendré par la présence d’une telle plaque est sa rupture. En effet,
en se rompant, la plaque d’athérome entraine la formation de caillots qui peuvent bloquer les
vaisseaux (artéres de plus petits calibres). La plupart du temps, ce blocage intervient au
niveau des artéres coronaires (infarctus) ou de la circulation cérébrale (AVC). Ils peuvent
aussi venir se loger dans les artéres pulmonaires (embolie pulmonaire), au niveau rénal

(infarctus rénal) ou digestif (infarctus mésentérique).

1.4.3. Traitements

Parmi les solutions proposées pour traiter les maladies artérielles occlusives, on trouve
en prévention primaire une prise en charge préventive des facteurs de risque (reégles hygiéno-
diététiques), puis un traitement médicamenteux associés ou non a des traitements

chirurgicaux dits invasifs ou mini-invasifs.
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1.4.3.1. Prophylaxie et recommandations

Selon la Haute Autorit¢ de Santé, il est recommandé¢ en prévention primaire
d’appliquer des modifications du mode de vie, quel que soit le risque cardio-vasculaire du
patient [44]. Une prise en charge diététique individualisée, associée a la pratique d’une
activit¢ physique réguliere, permet de renforcer D’efficacité d’un éventuel traitement
médicamenteux. Les conseils sur I’hygi¢ne de vie sont d’autant plus importants que le risque
cardio-vasculaire est élevé. Il est bien évidement indispensable d’arréter de fumer ainsi que
de limiter la consommation d’alcool. Dans le cas ou une chirurgie est nécessaire, des séances
de kinésithérapie de réadaptation a I’effort sont prescrites pour encadrer le patient dans sa

reprise d’une activité physique.

1.4.3.1. Traitements médicamenteux préventifs et complémentaires

Lorsque les regles hygiéno-diététiques ne sont plus suffisantes ou apres une chirurgie,
un traitement médicamenteux est mis en place. Il a pour but de réguler les principaux

phénoménes responsables de I’apparition des maladies cardiovasculaires.

Parmi les spécialités médicales prescrites on retrouve I’aspirine ou les antiagrégants
plaquettaires (clopidogrel, ticagrelor ...). Inhiber I’agrégation des plaquettes permet de

limiter la formation de caillots et donc le risque de développer un accident ischémique.

Le deuxieme facteur cible des traitements sont les hyperlipidémies. Réduire le taux de
lipides circulant revient a diminuer 1’accroissement de plaques d’athérome. Les statines sont
la classe thérapeutique la plus utilisée (simvastatine, atorvastatine ...). Ce sont des inhibiteurs
de I’hydroxyméthylglutaryl-CoA réductase, une enzyme clé dans la synthése du cholestérol

endogene.
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Enfin, I’hypertension artérielle étant un facteur de risque majeur de I’apparition des
maladies cardiovasculaires, la mise en place d’un traitement régulateur de la tension artérielle
est nécessaire. Pour cela plusieurs classes thérapeutiques sont disponibles, mais les
recommandations préconisent 1’utilisation d’inhibiteurs de I’enzyme de conversion (IEC) de
I’angiotensine (énalapril, captopril ...). Les IEC sont préférés aux autres antihypertenseurs

grace a leur action néphroprotectrice.

Il est & noter que dans certains cas spécifiques (infarctus mésentériques) un traitement
antibiotique (métronidazole + gentamicine) est mis en place pour éviter ’apparition d’une
septicémie a la suite de 1’opération. Il est aussi courant d’y associer une héparinothérapie a la

place des traitements antiplaquettaires.

1.4.3.2. Chirurgie invasive

Lorsque plusieurs arteres (notamment coronaires) sont touchées par des probléemes

d’athérosclérose, il devient nécessaire d’effectuer un geste chirurgical appelé « pontage ».

Le principe est de dériver le sang provenant de I’aorte ou d’une de ses branches pour
contourner la partie sténosée d’une artere coronaire (Figure 6). Pour créer cette dérivation, on

utilise un pontage (ou greffon), qui peut étre :

- Une artére ou une veine du patient (autogreffe), quasiment toujours utilisées.
- Un tube prothétique en dacron (fibres textiles de polyester), actuellement en cours

d’études pré-cliniques.
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ARTERE SOUS-
CLAVIERE GAUCHE

DERIVATION
DE L'ARTERE
MAMMAIRE
GAUCHE

PONTAGE
VEINEUX

Figure 6 : Exemple de pontage coronarien.

Selon le nombre de sténoses, un ou plusieurs pontages peuvent étre effectués, on parle

alors de double, triple, quadruple voire méme quintuple pontage.
11 existe deux types principaux de pontage :

- A laide des artéres mammaires internes : moins de risques de thrombose mais
opération plus compliquée et longueur limitée.
- A l’aide des veines saphenes : prélévement facile (face interne de la jambe), mais

non utilisable en cas de varices ou fibrose et taux de thromboses plus important.

1.4.3.3. Chirurgie mini-invasive

Si la sténose est trop importante pour étre traitée seulement par des médicaments et
qu’elle ne touche qu’une ou deux artéres simultanément, le traitement par angioplastie

percutanée est mis en place.
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Ce traitement est réalisé par les cardiologues ou les chirurgiens vasculaires, sous
anesthésie locale et consiste a dilater la partie sténosée de 1’artére coronaire. On introduit au
niveau d’une artére du bras (radiale) un cathéter sur le bout duquel est placé un ballonnet. Ce
dernier est remonté jusqu’au rétrécissement de la coronaire grace a un contrdle radiologique
(coronarographie), puis dilaté. Ceci va écraser la plaque d’athérome et reformer le vaisseau.
Le cathéter avec le ballonnet est ensuite retiré. L’angioplastie est actuellement trés souvent
associée a la mise en place d’une endoprothése ou stent. C’est une sorte de petit ressort
entourant le ballonnet et restant en place a I’intérieur du vaisseau quand on dilate le ballonnet.
Cette technique
(Figure 7) améliore le résultat initial et diminue le risque de resténose (reformation de la

sténose).

STENOSE |

ANGIOPLASTIE
BALLON

ANGIOPLASTIE [ =

=

STENTING :

STENT |

Figure 7 : Etape d'une angioplastie avec pose de stent.

Les stents nus

Les premiers modeles implantés chez I’Homme étaient initialement constitués d’acier

ou de Nitinol®, un alliage nickel/titane, le titane pur présentant une trop faible résistance
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mécanique. Le Nitinol® se comporte a la fois comme un matériau & mémoire de forme et un
alliage super-¢lastique. Cette derniére caractéristique lui permet d’avoir une excellente
résistance a la fatigue ainsi qu’une grand déformabilité, ce qui en fait le matériau de choix
pour la fabrication de stents auto-expansibles [45]. Cependant, il est relativement peu efficace

sur des 1ésions trés calcifiées (donc trés rigides).

L’acier 316LM, lui, comprend des taux de Chrome, Nickel et Molybdéne plus élevé
qu’un acier normal. Ce métal posséde des qualités remarquables en termes de résistance
mécanique et de biocompatibilité. Cependant, ses propriétés ferromagnétiques le rendent
incompatible avec I’imagerie par résonnance magnétique (IRM). De plus, sa capacité
¢lastique étant limitée, 1’acier 316LM n’est plus le matériau de choix pour la fabrication de

stents.

Enfin, on trouve actuellement des stents en alliages Cobalt/Chrome. Ces alliages sont
largement utilisés dans le domaine biomédical. Concernant les performances mécaniques et
¢lastiques, ils sont supérieurs aux aciers. Ces stents ont une densité supérieure a 1’acier, ce qui
les rend radio-opaques. De plus, étant amagnétiques, ils n’interférent pas avec les acquisitions

en IRM.

Depuis quelques années, I’amélioration des techniques de fabrication des stents
(rugosité diminuée, découpe laser plus précise ...) ont permis d’améliorer la biocompatibilité

de ces derniers sans distinction de 1’alliage utilisé.

Les stents actifs

Aussi qualifiés de « stent a élution de médicaments », les premiers stents actifs étaient

recouverts d’un polymere libérant de I’héparine [46].
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Aujourd’hui, on implante ces stents actifs dans 70 % des cas [47]. IIs sont dans la
grande majorité des cas recouverts d’une matrice polymérique biodégradable (acide
poly(lactique) [48], acide poly(vynilique) [49], phosphorylcholine [50]...) ou non (polyvinyle
pyrolidone [51], polyéthyléne téréphtalate (PET) [52]...) capable de libérer des principes
actifs. Récemment, le stent ADSORB (AbbottVascular, Santa Clara, CA, USA) a vu le jour.
Il est constitué d’un support non métallique en polymére résorbable (acides poly(L-lactique)
et poly(D,L-lactique)) permettant 1’élution dans le temps de médicaments et aboutit a sa
dégradation [53]. Cependant, le corps médical reste encore divisé sur la nécessité ou non

d’avoir un support rigide a long terme pour favoriser la cicatrisation du vaisseau.

Parmi les principes actifs libérés, la majorité sont des drogues anti-tumorales agissant
a différents niveaux du cycle cellulaire. On peut citer : le paclitaxel, le sirolimus, tacrolimus

(et autres macrolides du genre « -limus ») ou la cytochalasine D.

Malgré ces évolutions, le colt des stents a libération de molécules thérapeutiques
semble ¢levé par rapport aux services rendus au patient [54]. L’incidence des thromboses
tardives, ou resténoses, induites par les dispositifs actuels, a 1’origine d’une morbi-mortalité
importante, rentre également dans le débat sur la 1égitimité de leur utilisation. La fréquence
d’apparition de resténose est supérieure a celle constatée pour les stents nus. On estime entre
0,6 et 1,8 % son incidence et tous les stents actifs ne semblent pas égaux face a cette

complication [55-58].

1.5. NO et resténose

La resténose est définie comme la perte d’au moins 50 % du diamétre de la lumicre
artérielle par rapport au diameétre artériel post-pose du stent [59]. Contrairement a la

thrombose qui est un phénomene de survenue brutale, la resténose est un phénoméne
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d’apparition plus progressive. Elle débute des I’agression mécanique de la paroi artérielle et
se prolonge pendant plusieurs semaines [60]. Le diagnostic est posé suite a une exploration
par angiographie. Il s’agit d’un phénoméne multifactoriel (Figure 8) dont les principales

¢tapes sont décrites ci-dessous par ordre chronologique [61, 62] :

Monocytes Cellules musculaires lisses Plaguettes
Adhésion/Infiltration Migration/prolifération  Activation/Thrombus
Erythrocyte Plaquette Fibrine

Media

Intima Cellule endothéliale

Lumen

Amas lipidique

Monocyte Macrophage

Figure 8 : Schématisation des différentes étapes conduisant a la resténose.

- A court terme :

o Dommages au niveau de I’endothélium : inévitablement 1ié a 1’acte chirurgical
et garant de sa bonne qualité. Mais celui-ci entraine une détérioration des trois
couches du vaisseau (intima, media et adventice).

o Formation d’un thrombus :

= En raison des dommages occasionnés sur I’endothélium, des protéines
plasmatiques (dont le facteur von Willebrand et le fibrinogene)
adherent sur la media. De plus, le sous-endothélium est directement
mis en contact avec le sang exposant différentes protéines (dont la
fibronectine et la laminine) provoquant activation, adhésion et

agrégation plaquettaire.
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= En parallele I’endothélium endommagé, les plaquettes et le stent
recrutent et activent les polynucléaires neutrophiles, monocytes et
macrophages.

= Le thrombus apparait rapidement aprés la pose d’un stent et il va agir
comme une matrice qui sécreéte des facteurs visant a recruter les CML
issues de la media, entrainant ainsi la formation d’une hyperplasie

néointimale.

A moyen et long termes

o Activation des CML en réponse aux facteurs de croissance et cytokines

produits par les plaquettes, les cellules endothéliales, les
monocytes/macrophages ainsi que par les polynucléaires neutrophiles.
Formation néo-intimale : en paralléle d’une migration et d’une prolifération
incontrolée, les CML recrutées vont, a leur tour, synthétiser une matrice et du
collagene.

Remodelage : la formation néo-intimale croit pendant les trois premiers mois
suivants la pose du stent puis elle se stabilise et une réduction de cette
structure est observée aprés 6 mois.

Résolution de I’inflammation : elle est retrouvée a toutes les étapes du
processus en raison du traumatisme causé et de la présence d’un corps
¢tranger. Il en résulte la mise en place d’une fibrose cicatricielle au niveau de

la media et de I’adventice.

Dans cette pathologie, I'utilisation de principes actifs en administration systémique a

conduit a des échecs en raison de I'insuffisance de ciblage de la zone lésée et 1’induction

d’effets secondaires [63]. Comme mentionné précédemment, les premieres endoprotheses

vasculaires développées étaient constituées d’alliages a base de titane ou d’acier inoxydable.
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Des stents capables de libérer des principes actifs ont été développés dans le but de limiter la
prolifération des CML. Cependant, ils sont sans effet, a long terme, sur la diminution du
nombre de déces ou des infarctus du myocarde d’aprés la Haute Autorité de Santé [47]. En
effet, ils sont associés a un risque augmenté de thrombose tardive notamment lorsque le
traitement antiagrégant plaquettaire est arrété. Cette complication serait en relation avec une
cicatrisation incompléte ou retardée de la paroi artérielle et également avec une réaction
d’hypersensibilité induite par le(s) polymere(s) (copolyméres d’acide lactique et glycolique,
poly-g-caprolactone et polyéthyléne glycol) [64]. Partant de ce constat, un cahier des charges

du principe actif le plus adapté a été établi et ses propriétés sont les suivantes [61] :

- Lipophilie de la molécule avec une bonne rétention tissulaire.
- Elution « douce » mais prolongée a partir du stent.
- Propriétés spécifiques de ce principe actif évitant les risques de thrombose et de
resténose :
o Effet antiprolifératif vis-a-vis des CML (sans induction de la mort cellulaire).
o Effet de recrutement des cellules endothéliales afin de reformer 1’endothélium.
o Effet anti-inflammatoire.

o Effet antiagrégant plaquettaire.

Ainsi le NO, possede des propriétés similaires, qui, a la concentration de 1’ordre du
nanomolaire, concordent avec le cahier des charges défini. Des donneurs de NO, les RSNO,
dont certains naturellement présents dans 1’organisme, ont déja été utilisés sur des stents [3,
65, 66]. Dans ces études, I’incorporation du RSNO a été réalisée dans un systéme
monolithique : la matrice de polymere contenant le principe actif étant solidifiée autour du
dispositif. Un maximum de 28 j de libération a été obtenu [65]. Des propriétés anti-
thrombogéniques ainsi que de non adhésion/non activation plaquettaires ont aussi été mises

en évidence [3, 65, 66].
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Ceci prouve I'intérét des RSNO dans cette indication méme si la période couverte par
la libération de NO reste toutefois insuffisante pour favoriser la ré-endothélialisation de la
zone lésée (> 6 semaines) et limiter le risque de resténose [3, 67]. Cela signifie qu’il faut une
formulation adaptée a un réservoir de RSNO capable d’étre libéré sur de plus longues

périodes.
Pour réussir ce défi, deux points cruciaux ont été¢ mis en évidence :

1) L’obtention d’un profil de libération adapté a la pathologie : contr6lé en termes de
concentrations (i.e. nanomolaire) et de durée d’au moins 6 semaines. Pour cela, des
films multicouches de polyélectrolytes dit « layer-by-layer » (LbL) seront développés.

2) La nécessité d’avoir un réservoir de donneurs de NO suffisant pour couvrir les
besoins de la libération : ceci sera achevé par une nanostructuration des films via
I’utilisation de nanoparticules d’or pouvant étre fonctionnalisées facilement par des
principes actifs avec un rendement de greffage important comme 1’ont prouvé des
travaux précédents dans 1’équipe [4]. Les différents donneurs de NO seront comparés

dans le chapitre 2.

2. Nanostructuration de surface

2.1. Dispositifs médicaux et législation

Les DM sont définis par la Directive Européenne ; directive 93/42/CEE [68] comme
¢tant « tout instrument, appareil, équipement, logiciel, matiére ou autre article, utilisé seul ou
en association, y compris le logiciel destiné par le fabriquant a étre utilisé¢ spécifiquement a
des fins diagnostique et /ou thérapeutique, et nécessaire au bon fonctionnement de celui-ci.

Le dispositif médical est destiné par le fabriquant a étre utilisé chez I’Homme a des fins de :
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- Diagnostic, prévention contrdle, traitement ou atténuation d’une maladie,

- Diagnostic, controle, traitement d’atténuation ou de compensation d’une blessure ou
d’un handicap,

- D’¢tude ou de remplacement ou modification de 1’anatomie ou d’un processus
physiologique,

- Maitrise de la conception,

- Et dont I’action principale voulue dans ou sur le corps humain n’est pas obtenue par
des moyens pharmacologiques ou immunologiques ni par métabolisme, mais dont la

fonction peut €tre assistée par de tels moyens. » [68, 69].

Ils sont classés en quatre catégories selon leur niveau de risque potentiel pour la

santé :

- Classe I (risque le plus faible) : lunettes, véhicules pour personnes handicapées. ..

- Classe Ila (risque potentiel modéré) : lentilles de contact, appareils d’échographie...

- Classe IIb (risque potentiel élevé) : préservatifs, produits désinfectants. ..

- Classe III (risque élevé) : prothéses mammaires, endoprothéses vasculaires ou stents,

protheses de hanche...

2.2. Fonctionnalisation de surface

La fonctionnalisation de surface est un domaine promettant un large champ
d’applications. Les matériaux dont la surface a ét¢ modifiée sont utilisés dans beaucoup de
domaines : électronique, ¢€nergie, industrie textile,... En ce qui concerne le domaine
biomédical, ils sont utilisés comme biocapteurs, réservoirs de principes actifs ainsi que sur
des dispositifs médicaux [70], implantables ou non. Il existe différents moyens pour

introduire des modifications en surface. Par exemple, la fabrication de films multicouches,
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décrite par Decher [71], consiste en un dépot alternatif de polyélectrolytes de charges
opposées a la surface d’un matériau. Cette adsorption successive de polycations/polyanions
sur un matériau entraine 1’apparition d’une nouvelle surface, possédant une charge
(théoriquement correspondante au dernier polyélectrolyte déposé) due a une surcompensation
des charges de surface. (Figure 9). Ce changement confére de nouvelles propriétés a la
surface traitée [70]. Les matériaux les plus utilisés pour la construction des films

multicouches sont principalement des polymeéres synthétiques cationiques ou anioniques.
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Figure 9 : Schématisation de la méthode de fabrication d'un film multicouche (selon [71]).

Un des avantages des films LbL est le large choix de matériaux sur lesquels peuvent
étre déposés ces films (verre, céramique, polymeéres, métaux, ...). Un deuxiéme avantage
repose sur la possibilité de piéger au sein des couches de polymeéres des principes actifs (PA)
[72] qui pourront étre libérés de maniére contrdlée et prolongée dans le temps soit par
diffusion du principe actif hors de la matrice soit par destruction du film (Figure 10). Ainsi,
une libération controlée sur cing semaines a été obtenue a partir de films multicouches
piégeant des molécules modeles (kétoprofene et cytochalasine D) [73]. Cependant, la couche

la plus externe composée de polymeres cationiques peut présenter un inconvénient non
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négligeable car peu biocompatible en raison d’une éventuelle interaction €lectrostatique entre

les charges positives du polymeére et les membranes cellulaires majoritairement négatives

[74].
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Figure 10 : Schéma de la libération d'un principe actif piégé dans un film multicouche. (selon
[72]). Les points noirs représentent ici des molécules de PA libérées

L’article suivant propose une revue de la littérature concernant les DM intégrant des

nanotechnologies. Le but est de mettre en évidence I’intérét croissant de ces dernicres pour le

développement de nouvelles solutions. Nous nous sommes uniquement focalisés sur les

nanotechnologies immobilisées (surfaces nanostructurées, nanoparticules immobilisées,

surfaces nanoporeuses

...) et n’avons pas pris en considération [’utilisation des

nanoparticules colloidales comme principe actif car elles font déja 1’objet de nombreuses

revues dans la littérature [75-80].
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2.3. Article 1 : Are nanotechnologies the future of medical devices
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Abstract

Numerous medical devices (implantable or not) are including nanomaterials either by nano-
objects decorating their surface or by a surface nanostructuration. This paper gives an
overview of the products currently on the market in various health domains (wound healing.
infectious diseases (prevention or treatment), cardio-vascular diseases, organ or joint
replacement, or as a mean to administer drugs). Then, the main parameters for
physicochemical characterization are described. Keys to understand their possible interaction
with the organism (positive or negative vig toxicity) are given. As a conclusion, a discussion
emphasizes on their quality control as well as on the regulatory issues especially because of a

lack of specificity towards nanomaterial combining medical devices.

Key-words: surface nanostructuration; nano-objects; nanoparticles; pharmacokinetics;

implants; quality control; regulatory issues.
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1. Introduction

Pharmaceutical companies register two main kinds of products: medicines and medical
devices (MD). Today, there are an estimated 2 million different kinds of medical devices on
the world market. categorized into more than 22 000 generic devices groups [1] (see Box 1
for the definition and classification of MD). They are classified in a wide range of references
from the simplest (bandage. wheelchair...) to the more hyphenated that can be sterile and/or

implantable such as needles. surgery cements. bone implants....

Up to now, new technologies are devoted to MD in order for example to get more
personalized, less invasive, miniaturized devices sometimes with a pharmacological effect
through drug elution [2-4]. Some of them have already reached the market. Nanotechnologies
(definitions of the International Standard of Harmonization are given in Box 2) are nowadays
more and more included into the development of MD. Under the prefix “nano-", in 2014
around 230 products were registered: 165 medicines and 65 MD [5]. As illustrated in Figure
1A. there is a growing interest in the field for both the scientific academic community and the
industrial companies. Nanomaterial combining products are applied to MD as well as
implantable MD (IMD) (Figure 1B). Surface of medical devices are including nanoparticles
or nanoerystals with or without a matrix, or the surface it-self is nanostructured (Figure 1B).
A quick look of the marketed devices (Table 1) indicates that inorganic particles or materials
are the most studied. They are mainly based on silver, zirconium. steel, magnesium, silicium.
titanium, hydroxyapatite and its derivatives, iron and iridium. These innovative designs are

developed to achieve for example:

e Lighter materials but also reinforced from a mechanical point-of-view (by the

inclusion of carbon nanotubes [6])
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e Materials able to mimic biological systems so as to increase the biocompatibility [ 7-
10]

¢ Materials being bio-resorbable [11, 12]

e Materials able to have an intrinsic pharmacological activity (inclusion of silver

nanoparticles [13]) or to release an active drug [14].

Some of nanostructured MD or nanoparticle included MD are applied for patient care. The
use of such devices, parallel to the actual debate on nanoparticle toxicity especially the

inorganic ones [ 15]. raises questions about the benefit/risk balance.

This review deals with MD (implantable or not) including nanoparticles or that are
nanostructured and will emphasize on the advantages and drawbacks of these nanomaterials.
A report [16] was published few years ago but since then no up to date was performed on the
subject which is the purpose of the present article. Indeed. this review will not focus on
colloidal nanoparticles used as drugs or drug candidates (in cancer for example) which was
already extensively reviewed in the literature [17-22]. In the same way. even if the inclusion
of nanoparticles into the development of diagnostic devices was crucial (gene bio-array or
lab-on-a-chip characterized by a nearly molecular precision [23]. nanostructured surfaces or
miniaturized valves [24] or nanosensors [25]). this is not the topic of the present paper.
Herein, afier an overview of the devices already on the market or under clinical trials, the
physicochemical characterization of the materials will be described. Then. the
biocompatibility in relationship to the surface phenomena that are closely linked to the
nanoscale will be detailed. The possible toxicity induced by the nanoparticles entrapped into
a nanostructured material or a nanomaterial will be described. As a conclusion, the article

will give outlooks on the requirement of a pharmaceutical quality control and on regulatory
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issues. Thus, the existing obstacles to ease new nanostructured MD or nanoparticles included

into MD to reach bedside will be deeply discussed.

2. Nanostructured devices and their evolution

2.1. Marketed nanostructured devices

Nanotechnologies either as nanoparticles entrapped into a MD or as a nanostructured material
are used in a wide range of clinical applications (Tables 1 and 2, and Figure 1B). Included
into non-implantable or implantable MD, they are applied into wound healing, infectious
diseases (prevention and treatment). cardio-vascular diseases. organ or joint replacement. or

as a drug administration tool.

211 Non implantable medical devices

Nanostructuration is already used into needles, bandages, catheters, scalpels and diagnostic
devices (Table 1 and Figure 1B). Since the Antiquity, silver. as a nitrate salt or under its
colloidal form. is used in bandages for its antimicrobial properties thanks to its broad
spectrum activity. If mechanisms of action remain unclear, hypotheses rely on a synergistic
action of both nanoparticles (through catalytic and Fenton-like reactions) and silver ions.
They result from nano-objects dissolution/corrosion due to a contact between extracellular
water and patient exudates [26-28]. The colloidal form allows a prolonged and enhanced
effect compared to the salt [29, 30]. This strategy is used both in surgical masks to prevent
infections and in catheters coating to prevent nosocomial infections [31]. Further work on
catheters tries to include a polymeric matrix made of clay or ceramic nanoparticles or even
carbon nanotubes in order to reinforce the conventional material and to improve its

mechanical and physical properties [32].
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Scalpels are also nanostructured by a diamond nanometric coating allowing a more precise
and tinier incision and a less invasive surgery thanks to a low friction coefficient [33]. The
developed coating also decreases tissue adhesion on the scalpel surface and ease its

penetration.,

2.1.2. Implantable medical devices

Among implantable MD. synthetic grafls, stents. implants for various organs as well as

artificial organs that contain NP are currently developed (Table 1 and Figure 1B).

Synthetic grafis are mainly applied to vessel replacement in order to develop in silico organs.
In this way, nanofibers are created for example by electrospinning [34. 35]. These nanofibers
are tunable in terms of form (by the support and template), density and fiber size (as a
function of the polymer used). Their major parameters are able to create extracellular

matrices very similar to the biological environment.

Coronary failure due to vessel stenosis is treated by angioplasty usually followed by stent
implantation, These medical devices are generally composed by a metallic (stainless steel,
titanium, chromium/cobalt or nickel/titanium alloys) or a polymeric (polylactic acid)
structure. Some of them can release drugs such as immunosuppressive or antiproliferative
agents. However, intra-stent restenosis which is a common side effect can occur, implying a
new surgery. As aresult, nanometric coatings made of nanoporous ceramic or polymers were
applied to stent surface. For example, Polyzene-F® (a polyphosphazene derivative) as a stent
coating proved a satisfving hemocompatibility. a fast and complete vessel healing thanks to
an antiplatelet effect at the site of implantation [36. 37]. However, after clinical evaluation,
the benefit/risk balance of such coating was not sufficient face to similar devices (drug

eluting stent).
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Apart from the vascular domain, a wide range of implants are on the market to be applied to
bones, joints, teeth, and eyes. These implants are placed for a long time (10 to 15 years [9])
and the chosen metallic alloys are characterized by good mechanical properties and a good
resistance versus corrosion. Implant surface nanostructuration as well as the nano-object
nature (e.g. hydroxyapatite or calcium phosphate for bone) enhance cell adhesion and

differentiation improving the long-term biocompatibility [38].

Nanoparticles offer innovation into artificial organ: heart. kidney. and retina. The first totally
artificial heart (Carmat Company) was implanted in 2013. Up to now, six patients benefited
from this innovative heart. In this technology, the internal surfaces which are in contact with
the bloodstream are coated by synthetic or biological hydrophobic biomaterials (near valves
in order to avoid any coagulation and blood cell adhesion) or nanoporous surfaces (at the
interface of veins and arteries) in addition to other miniaturized captors for the heart
adaptation to physical activity. Artificial kidneys were also developed. They are composed of
thousands of nanoporous structures able to selectively adsorb toxins [39]. The principle relies
on a combination between an ultrafiltration membrane and a bioreactor made of human
kidney tubule cells to reproduce the metabolic, endocrine and immunological functions of the
organ. Cells are cultivated on a nanoporous silicon film [40, 41] in order to mimic renal
activity avoiding protein deposition and limiting a loss of blood proteins. Three artificial
retinas using nano-electrodes able to transmit information recorded by a camera to the optical
nerve are currently marketed or under evaluation. These implants (3 = 3 mm) are composed

by up to 1500 miniaturized electrodes.

2.2, Nanostructured medical devices at early stages

Although a lot of marketed MD are including nanoparticles or are nanostructured. an

intensive research focuses on this axis. Thus, some projects study implantable active MD at
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the nanometric size: e.g. ultra-sensitive captor [42], molecular computers [43]. The
components are described as biocompatible and bioresorbable [44]. According to the studies.
these nanorobots could in a future be able to specifically diagnose one cell for a disease and
kill it, preserving the healthy ones. Translating to the nanoscopic scale can widen the range
towards new surgery perspectives by the development of nano-electromechanic systems
assisted by a computer. These technologies could supply biological data while performing

less invasive surgeries such as “nano-manipulation™ controlled by the surgeon [45].

3. Nanomaterials physicochemical characterization

Physicochemical characterization of nanomaterials is essential to define the material and to
predict the behavior in an organism. The unique knowledge of the nanoparticle size or
chemical composition is needed but not sufficient. Nowadays. a thorough overview of the
literature highlights the measurement of 8 fundamental physicochemical parameters which
are considered as relevant for the biological evaluation. These parameters are the size and the
size distribution, the form. the possible aggregation and agglomeration. the specific surface.
the composition, the surface charge and the surface chemistry. Physical parameters (size and
size distribution, form, aggregation/agglomeration linked to a thermodynamical instability
and specific surface) are usually measured by microscopic (transmission/scanning electron
microscopies, atomic force microscopy) and/or spectroscopic (light scattering) techniques
and physisorption (Brunauer, Emmett and Teller (BET) method). These characteristics
greatly impact the potential stability and reactivity of the surface. Chemical parameters
(composition, surface charge and surface chemistry) are explored by various complementary
techniques (e.g. spectroscopies (Xray diffraction, NMR, infrared...[46]). thermal analysis.

spectrometries (Mass, elemental analysis...[46, 47] and electrophoresis [47, 48]). The
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chemical composition should quantify active substances (if relevant) as well as impurities
(see dedicated paragraph) which are called related substances when referred to
pharmaceutical products. While the levels are well-deflined for a drug by Pharmacopoeias, it
is not the case for nanomaterials at the moment as no monographs exist. However it seems to
be of main importance when nanomaterials are combined to MD since the impurities can
come from degradation products, synthesis intermediates, solvents, catalyzers... Surface
chemistry and surface charge are key points since they govern the direct interactions between
a nanomaterial and its biological environment through catalytic properties, molecule

adsorption/desorption [49, 50] or diffusion [51].

4. Nanostructured devices and their interaction with the organism

It is obvious that nanostructured devices develop an important contact surface interacting
with the organism. This can lead to increased surface effects with either beneficial events or

toxicological issues.

4.1. Biocompatibility tests

Biocompatibility is defined by ISO 10-993 as the ability of a material to perform an
appropriate host response in a specific situation [52]. Biocompatibility is therefore different
from inertness since it suggests a beneficial interaction. as examples: the depot of a
hydroxyapatite film on the implant surface improves its affinity towards osteoblasts [53] and
the implant microstructuration of titanium surface modifies its interaction with blood proteins
and favors cell adhesion [54]. The tests employed to demonstrate it are described in a general
manner into this standard. As a function of medical device classification (1, Tla, ITb and III,

Box 1), the tests are different. They are organized into:

10
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o Primary tests: in vitro assays of cytotoxicity, genotoxicity, and hemolysis and in vive
assays of cancerogenicity, reproduction, and systemic toxicity;

e Secondary tests: mucosal or cutaneous irritation test, sensitization, and implantation;

e Test on animals according to the future use of the medical device;

e Clinical trials.

4. 2. Importance of surface effects

Biocompatibility depends not only on the material nature but also on its interaction with the
organism 7.e. at the material/tissue interface: its superficial composition and organization are
key factors influencing it. Due to their specific properties (chemical, physical, magnetic,
electric, optic, mechanic...), nanotechnology can improve or at least modify the MD
properties. However, the main cause of interaction with the organism is based on the increase
of surface over volume ratio. As an example, if one considers a microcrystal of iron (1 um of
diameter) less than 1% of its atoms are localized at the surface; on the contrary, 90% of the
atoms are present at the surface of a nanocrystal (1 nm of diameter) [55]. As a consequence,
the specific surface (external surface over mass ratio) which is the exchange surface is a lot

more important at the nano-scale compared to the micro- one.

4.3. Consideration on beneficial aspects and possible toxicity

4.3.1. Interaction with proteins

4.3.1. 1. Kinetic considerations
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When a nanomaterial is exposed into a biological environment, it is covered very rapidly by a
protein layer in a dynamic equilibrium creating a corona. The affinity of a protein towards a
material surface highly depends on its state, bulk or nanometric, in relationship to its
structuration, specific surface. surface reactivity... Moreover. the “material/protein™ complex
evolves as a function of the time, The phenomenon, called the Vroman'’s effect [56], explains
a biphasic kinetic: firstly the proteins present at a high concentration adsorb and are
progressively replaced by other proteins characterized both by a higher affinity and a lower
concentration (Figure 2). Thus. albumin (40 g/L) is usually the first interacting element
before other such as fibrinogen (2-3 g/L), complement protein (C3 (1.6g/L [57]). C4, and
C5). immunoglobulins (IgA 2.5 g/L, 1gG 11.0 g/L., 1gM 1.3 g/L. [58]). Protein adsorption
tends to increase with a positive surface charge (this is explained by the isoelectric point
value of blood proteins which confers to them a global negative charge at the physiological
pH) and with a hydrophobic surface [59]. Even though surface properties of a material are of
main importance in this phenomenon, its composition may influence protein adsorption.
Indeed, when core/corona nanoparticles are included into a material, a re-organization may be
described and the core components may migrate at the surface, implying a modification of
the reactivity [60]. On the contrary. protein adsorption can be limited by a direct grafting of
polymers such as N, N-dimethylacrylamide (PDMA) [61]. polyethylene oxide (PEO)

nanobrushes or even using poly(lactic-co-glycolic) acid (PLGA) grafted by PEO [62].

4.3.1.2. Consequences of this phenomenon

Protein adsorption at the surface of nanomaterials implies either negative or beneficial
consequences. As example, as a function of the polymeric brush grafting density on a

nanomaterial, a modulation of hemostasis is observed. Thus, a poor PDMA density of

12
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grafting implies an initiation of the coagulation whereas a high density of grafting inhibits
platelet aggregation [61. 63]. Moreover, nanostructured materials using
poly(alkylcyanoacrylate) (PACA) nanoparticles can induce a different immunologic response
as a function of the geometry (brush or loop) of the polymers grafied onto the nanoparticles
|64]. For nanostructured materials, the quantity and the nature of adsorbed proteins are
essential to modulate adhesion, migration, and cell differentiation. Yang er al.. showed that a
titanium nanostructured surface adsorbed in a more specific pathway fibronectin compared to
albumin [65]. As a consequence. osteoblasts adhesion and in parallel osteointegration is

easier, helping tissue reparation.

4.3.2. Pharmacokinetic aspects of potential degradation products

The pharmacokinetic aspects described in this part concerns the degradation products coming
from the nanomaterial combining MD (Figure 3). The pharmacokinetic profile of colloidal
nanoparticles (administered per se) will not be described and can be found in other papers

|66, 67). Degradation products from these materials can be:

e Colloidal nanoparticles included or not into the matrix which entrapped them;

e Aggregated or agglomerated nanoparticles included or not into the matrix:

e Nanoparticle fragments;

¢ Metallic ions coming from the nanoparticle dissolution [26, 28] or from the metallic

device surface corrosion [68]

Based on this, all the pharmacokinetic steps will be further detailed.

Absorption

13

51



Chapitre 1

With the use of nanomaterial combining MD, degradations products can be absorbed by

various pathways whose cutaneous route, and oral/respiratory routes.

Topical medical devices such as silver nanoparticles entrapped into bandages imply an
important exposure to these particles or degradation product originating from them. Healthy
skin represents an efficient physical barrier against environment attacks and its physiological
organization prevents the absorption of chemical products which is also the case for silver
nanoparticles [69]. However, in the case of a damaged skin, a nanoparticle penetration from
bandage was possible and quite important: high serum silver concentrations were quantified
in patients suffering from severe burns. Concentrations returned close to 0 only 3 months

after treatment end [69)].

Nanostructured dental products (such as some prostheses) and nanostructured MD applied to
the upper aero-digestive pathways can provide degradation products that penetrate the body
through the digestive tract. As an example, one study proved that nanoparticle fragments
derivate from dental prosthesis were absorbed by the intestine and led to side effects: fever,
liver and spleen inflammation, acute renal failure... All these symptoms were observed one
year after dental prosthesis implantation. At the implant withdrawal, all the symptomatology

disappeared [70].

Distribution and metabolism

Afier being in the blood stream, degradation products can be opsonized by opsonins
(components of the complement system such as C3, C4, and C5) and other proteins (laminin,
fibronectin, C-reactive protein, type I collagen and many others) in order to be easily

recognized by the reticuloendothelial system and phagocyte by monocytes and macrophages

14
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such as what can be observed with colloidal nanoparticles [66]. They are then orientated to
the spleen, liver and kidneys where they can undergo metabolism and/or accumulate [71].
They are potentially detectable in the long term in the heart, the lungs, the bone marrow and a

migration into the central nervous system can also be envisaged.

Excretion

Degradation product elimination is not well-desceribed. It mainly depends on the exposure
pathway and on the physicochemical of the considered fragment. The ones present in the
digestive tract may be eliminated by feces. The ones that are inhaled may be absorbed into
the blood stream or eliminated by the muco-ciliary system. When they are present into the
blood, degradation products can either be filtered by the kidney to be excreted into the urine
or be excreted by the biliary after liver metabolism [72]. This last pathway is classically
described for drugs but remain to be confirmed for nanoparticles or degradation products

coming from nanomaterial combining MD.

Toxicity

The possible persistence of products of degradation coming from nanostructured MD in the
human body may induce acute, chronic toxicities and even the development of tumorous

Processes.

The wear of MD leads to the formation of fragments which is particularly the case for joint
prostheses due to friction forces between articular surfaces, bone interaction, corrosion
phenomenon... Metallic fragments generate particles (ca. 10" particles/year) with a size of
ca. 50 nm [73]. However, it is possible that particles characterized by a diameter of less than
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50 nm can be underestimated due to the limitation imposed by the detection techniques in a
biological medium. Generated fragments can be endocyted by macrophages before being
transported to the lymph nodes for excretion [74]. Macrophages can be locally retained
implying a tissue inflammation. That explains why an inflammatory response can often be

observed but degradation fragments can also induce immunity disturbance [75].

The antimicrobial properties of silver nanoparticles are due not only to their inherent
properties but also to their dissolution into ions (Ag') via a corrosion phenomenon [26, 28,
76-78]. These agents can be absorbed by the cutaneous route because of a damaged skin as
previously explained. A hepatotoxicity. appearing one week afier the beginning of the
treatment, was described in a patient presenting burns and treated by silver nanoparticles
containing bandage. A total regression of the symptoms was observed when the bandages
were taken off [79]. When these particles are associated to catheters, the antimicrobial
properties were maintained but an initiation of the coagulation was noticed with a possible
associated risk of thrombosis [80]. In parallel, the clinical trials AVERT which tested the
efficiency of heart valves containing silver nanoparticles was prematurely stopped because in
particular of side effects appearance such as thrombosis. The coating made of nano-objects
was called into question even though the collected data were not significant from a statistical

point of view [81, 82].

Conclusion and outlook

As a conclusion, nanomalerials used into MD and implantable MD are already on the market
and they proved numerous beneficial aspects and further research on this axis may open new
perspectives in therapy or diagnostic or even theranostic. This wide pharmaceutical domain is

indeed characterized by an important dynamism in terms of innovation (Figure 1 A).
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However, in spite of the great potential offered by the domain, it seems that there is a lack of
dedicated pharmaceutical quality control and regulatory issues are not totally well addressed.
In the literature, even though eight criteria are usually used to describe nanomaterials
combining products, there remain not sufficient to define them from a pharmaceutical point
of view. It is obvious that the quality control of such product is much more complicated than
the one of bulk materials. There is, indeed. a wide variety of products that are nanostructured
or that include nano-objects (Figure 1B) and maybe new properties have to be taken into
consideration in a case-by-case approach. This suggests the development or at least the
transposition of analytical methods that may provide information in a complementary
manner. This really represents a new multidisciplinary challenge not only for analysts but
also for scientists of other disciplines. At that time, in the regulatory texts, there are no
standard guidelines for nano-product manufacturing and their control, so they must follow the
current Good Manufacturing Practices (cGMP). Moreover, there is no monograph on any
nanomaterial in the Pharmacopoeias (US or European). This situation is the same than the
one observed few years ago for raw materials coming from medicinal plants and vegetal
drugs. A lot of impurities can be generated from nanomaterials combining products from
which a potential toxicity may originate: impurities coming from the synthesis and the
storage or even the degradation products (as cited above and illustrated into Figure 3). These
elements must be defined and their amount should be normalized into assay values and
corresponding calculated standard deviations. It is obvious that a better characterization and
quality control of such products would lead to better understanding of potential interaction

with biological elements as well as possible related toxicity and the way to avoid it.

Even though there is an international definition of nanomaterials given by the ISO (Box 2),
the regulatory Authorities of countries possess their own definition which was recently

highlighted in a review [83]. This induces an important lack of clarity. In parallel, the
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classification of a product as either a drug or a MD may be different as a function of the
concerned regulatory Authorities from one country to another. Altogether, these Agencies
started to discuss about nanomedicine as an example. there was a first joint workshop
between the Food and Drug Administration (FDA) and the European Medicines Agency

(EMA) in 2010[5]. This may help for further normalization of regulatory issues.

Moreover, as nanomaterials can easily be functionalized by drugs with high vyields, one can
easily imagine new devices combining three pariners: a device, nano-objects or a
nanostructuration and an active molecule. Some lab works [84-87] are currently developing
such products showing an important axis of innovation and dynamism in the design. the
architecture and in the adopted medical strategy. This idea can lead to a new family of
combination compound. This class of medicine already combines two or three single-
regulated entities: drug, biological and/or medical device (with as examples transdermal
patches or drug-eluting stents [2]). This definition may need to be broadened in order to
include product containing drug(s). MD and nanomaterials. These hyphenated technologies
might also trigger new regulatory aspects. According to the FDA definition of the MD (Box
1) and of the drug, the difference is set as “if the primary intended use of the product is
achieved through chemical action or by being metabolized by the body, the product is usually
adrug”. Although this statement clearly separates MD from drug. the approval of such drug
and nanomaterial combining products ought to be more defined by new regulatory issues. To
go further. with the development of such products. the regulatory barriers between drug,

nanomaterials and MD may fade away.
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Box 1. Definition of a medical device according to a Food and Drug Administration.

Extracted form www.fda.gov (MD: Medical Device, IMD: Implantable Medical Device)

A medical device is “A device is an instrument, apparatus, implement, machine, contrivance,
implant, in vifro reagent, or other similar or related article, including a component part, or
accessory which is:

e Recognized in the official National Formulary, or the United States Pharmacopoeia,
or any supplement to them,

e Intended for use in the diagnosis of disease or other conditions, or in the cure,
mitigation, treatment, or prevention of disease, in man or other animals, or

¢ Intended to affect the structure or any function of the body of man or other animals,
and which does not achieve its primary intended purposes through chemical action
within or on the body of man or other animals and which is not dependent upon being
metabolized for the achievement of any of its primary intended purposes.”

“This definition provides a clear distinction between a medical device and other FDA
regulated products such as drugs. If the primary intended use of the product is achieved
through chemical action or by being metabolized by the body, the product is usually a drug.”

“Medical implants are devices or tissues that are placed inside or on the surface of the body.
Many implants are prosthetics, intended to replace missing body parts. Other implants deliver
medication, monitor body functions, or provide support to organs and tissues.” Some
implants are made from skin, bone or other body tissues. Others are made from metal,
plastic, ceramic or other
materials.

MD | IMD Risk Class

Implants can be placed
permanently or they can be
removed once they are no
longer needed. For example,
stents or hip implants are
intended to be permanent. But
chemotherapy ports or screws
to repair broken bones can be
removed when they no longer
needed.”
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Box 2. ISO definition of words containing *nano-*.

The International Organization for Standardization (ISO) has defined “nanomaterial” as a
“material with any external dimension in the nanoscale or having internal structure or surface
structure in the nanoscale™ [52] and “nanoparticle” as a “nano-object with all three external
dimensions in the nanoscale® where nanoscale is defined as the size range from
approximately 1-100 nm [88].

The ISO defines the relevant terms as follows[88-90]:
Nanoscale (or nano range): Size
range from approximately 1 nm to
100 nm.

Nanomaterial: Material with any .
external  dimension in  the Nanostructured materials

nanoscale  (nano-objects)  or

having internal structure or surface v

structure  in  the  nanoscale i é

(nanostructured In'.l.terials}. . Tuu W~

Nano-object: Matena.] mnf?ned in 3 % JL Nano-objects
one, two, or three dimensions at 5 5

the nanoscale. This includes <| 2 gﬁopar&%
nanoparticles (all three § QI *
dimensions in the nanoscale),

nanofibres (two dimensions in the | M

nanoscale) and nanoplates (one
dimension in the nanoscale).
Nanofibres are further divided into
nanotubes  (hollow nanofibre),
nanorods (solid nanofibre) and @ @ e
nanowire (electrically conducting or semiconducting nanofibre).
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Figure 1. Overview of the marketed nanostructured medical devices: A infatuation of the
community extracted from Web of Sciences website with keywords nanoparticles,
nanotechnologies, nanomaterials combined with medical device (academic publications in
solid line; patents in dash line) and B classical medical devices (MD) and implanted medical
devices (IMD) and their microscopic organization.
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Table 1: List of the marketed devices which is either nanostructured or which includes nanotechnologies. The medical indication of the

device 1s indicated. The size of the nanotechnology 1s indicated when the information 1s available.

Chapitre 1

Organ Medical device Name of the marketed | Nanotechnology Name of the compagny (Country)
device
Skin Bandage Acticoat® Silver NP (= 15 nm) Sileryst™ SMITH & NEPHEW (United
Kingdom)
Adhesive system Adper™ Scotchbond™ | Silanized zirconium NP 3M ESPE (USA)
SE
Antimicrobial textile Mipan® Magie Silver Silver NP HYOSUNG (Corea)
Nano
Suture needle Sandvik Bioline Steel nanocrystals (1-10 nm) AB SANDVIK MATERIALS
1RK91™ TECHNOLOGY (Sweden)
Eve Retinal implant Argus™ Nano-electronic component SECOND SIGHT MEDICAL
PRODUCTS (USA)
Mouth Surgieal mask NanoMask® Magnesium oxide NP EMERGENCY FILTRATION
PRODUCTS (USA)
24
Surgical mask filtering NanoFenseTM Silver NP APPLIED NANOSCIENCES
influenza virus
Tooth Dental restoration Acrosil® Silicium oxide NP (7-40nm) DEGUSSA (Germany)
composite Ketac™ N100 Nano-ionomer 3M ESPE (USA)
Grandio® Hybrid nanocomposite VOCO (Germany)
Photopolymerisable Filtek™ Supreme Silicium NP 3M ESPE (USA)
dental restoration Optiglaze Silicium NP GC CORPORATION (Japan)
composite
Dental restoration Kappalux Nano Silicium dioxide and zirconium PRODUITS DENTAIRES
product based on oxide NP (10-100 nm) PIERRE ROLLAND (France)
synthetie resin
Metallic dental implant NanoImplant® Nanostructured titanium TIMPLANT (Czech republic)
Bone Product for injectable Nanogel® Hydroxyapatite NP (100-200 nm) TEENIMED (France)
bone filling NanostimTM / Ostim® | Hydroxyapatite NP AAP BIOMATIERALS
{Germany) / MEDTRONIC
(France)
25
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PerOssal® Hydroxyapatite NP AAP BIOMATERIALS
(Germany)
FortrOss® Hydroxyapatite NP (NanOss®) PIONEER SURGICAL

combined to osteoconductive E-

Matrix

TECHNOLOGY (USA)

Vitoss® Scaffold

Nanoporous calcium phosphate

ORTHOVITA (USA)

Nanostructured metallic | Puretex® Nanostruetured titanium surface SYBRON IMPLANT
orthopedic implant SOLUTIONS (USA)
Bone/joint | Orthopedic or joint Nanos™ Microporous coating (Bonit®) with | SMITH&NEPHEW (United
prosthesis Symax™ hydroxyapatite nanoerystals ( made | Kingdom)
by DOT (Allemagne)) STRYKER (France)
Orthopedic or teeth NanoTite™ Caleium phosphate nanoerystals (20- | BIOMET 3i
prosthesis 100 nm) deposited on a surface
External knee prosthesis | Rheo Knee Iron NP (100 nm) QOSSUR (Iceland)
Surgical device Mako Nanosensors ORTHOSENSOR. (USA)
delivering data on custom
orthopedic knee
implantation
Vessel Stent coating Debiostent™ Ceramic (T10,. Zr0Os. Si10;. IrO,, DEBIOTECH (Switzerland)
Al>O3, CaP) nanostructured coating
(thikness from 100 nm to 10 pm)
Naked coronary stent Catania™ Polyzene®-F coating (thickness of CELONOVA BIOSCIENCES
40-50 nm) (Canada)
Drug-cluting stent VestaSyne™ Nanoporous hydroxyapatite coating | MIV THERAPEUTICS (Canada)
(100 nm)
Vascular graft Nanocages of UCL-NanoBio™ Rovyal Free Hospital of London
(United Kingdom)
Catheter for anesthesia ON-Q® SilverSoaker™ | Coating including silver NP ( I-FLOW CORP. (USA)
SilvaGard™ made by ACRYMED
(USA))
Abdomen | Ventral Hernia Mesh NovaMesh™ Nanofiber integrated into a tissue NICAST (Isracl)
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Table 2. List of the nanostructured devices currently under clinical trial evaluation.
Extracted from https://clinicaltrials.gov/ (keywords: nanoparticles. nanotechnologies and

nanomaterials)

Study name Medical
Official title device Status Purpose
ClinicalTrials.gov Identifier: nanoparticles
IABN Effect of Antibacterial
Clinical Study: the Antibacterial Nanoparticles,
Effect of Insoluble Antibacterial Incorporated in root canal
Nanoparticles (IABN) sealer material and in
Incorporated in Dental Materials provisional restoration
for Root Canal Treatment
NCTO1167985

Dental
Clinical Study: the Effect of restoration Effect of Antibacterial
Addition of Insoluble Nanoparticles,

Unknown

Antibacterial Polyethylenei Incorporated in cement, on
Nanoparticles(IABN) in Resin mine S. mutans in the margins
Base Provisional Cement nanoparticles of provisional restorations

NCT00502606

Clinical Evaluation of Esthetic
Restorations Placed in Primary
Molars With Composite Resin
Enriched With Insoluble Anti

Bacterial Nano-Particles

Effect of Antibacterial

Nanoparticles
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(IABN)
NCT00389714
Clinical Study of Antibacterial | Alkylated Resin composites
Nanoparticles Incorporated in polyethyleni withholding antibacterial
Completed
Composite Restorations mine properties useful in
NCT00299598 nanoparticles preventing recurrent caries
Difference in joint range
of motion of a new
flexible hydrogel
Hydrogel
Altrazeal Range of Motion Terminated | nanoparticle wound
bandage
Study Comparing With Typical dueto a dressing compared to
Carboxymethyl (ROM) lack of typical sodium
Nanoflex®
NCT01062191 enrollment | carboxyvmethylcellulose
NP
dressing Aquacel AG for
treatment of partial
thickness burns
Electronic Evaluate the diagnostic
nose (E-nose) performance of a novel
SNOOPY?2 Exhaled Breath
electronic nose ( E-nose)
Olfactory Signature of
Gold- Currently for the detection of
Pulmonary Arterial
nanoparticles | recruiting Pulmonary Arterial

Hypertension

NCTO02782026

coated with
organic

ligands

Hypertension (PAH)

Wear Characteristics of Denture

Denture teeth

Terminated

To evaluate the wear
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Teeth

NCTO1188226

Nano hybrid

composite

characteristics of new resin
denture teeth (nano
particles - hybrid
composite) made by an

injection technique

30
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Ainsi qu’il a été précédemment décrit, de plus en plus de nanoparticules sont intégrées
dans des DM dans le but d’obtenir des surfaces nanostructurées. Les nanoparticules sont
utilisées directement comme principe actif (nanoparticules d’argent et propriétés
antibactériennes [81]) ou pour améliorer la biocompatibilit¢ des DM (nanoparticules de titane
[82] ou d’hydroxyapatite [83]). Dans ces travaux de recherche, nous nous sommes focalisés
sur les AuNP qui serviront de réservoir de principe actif. La facilité¢ de fonctionnalisation des
AuNP avec des rendements importants [4] en font des candidats médicament de premier

choix pour le développement de nouveaux DM.

2.4. Nanoparticules d’or

L’or (élément Au, numéro atomique Z = 79) fait partie du groupe 11 de Ia
classification périodique des éléments. Sa couleur, son aspect brillant, son caractere
inaltérable et inoxydable, (d’ou le qualificatif de métal noble) ont fait de I’or un métal source
de fascination et convoitise au cours des siecles. Au cours des ages, il a été utilisé
principalement comme monnaie d’échange, pour la fabrication de bijoux et la réalisation

d’ceuvres d’art.

De nos jours, sans prendre en compte la valeur spéculative de ce métal, I’or est
principalement utilisé dans la microélectronique (fabrication de connecteurs) mais aussi dans
le domaine de la santé. Sa premiere application a été dans la fabrication de protheses en
odontologie, mais il aussi été utilis¢ sous forme de complexe organométallique dans le
traitement des polyarthrites rhumatoides sous forme de comprimés (Ridauran®, retiré du
marché en 2009) ou injectable (Miocrisin®, retiré du marché en 2012). Aujourd’hui, la
recherche se tourne vers la fabrication et I’utilisation de 1’or sous forme nanoparticulaire pour

leurs propriétés physiques, optiques, chimiques et leur capacit¢ de modification (taille,
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charge, chimie de surface ...) [5, 75, 84-87]. Les AuNP trouvent leurs applications dans de
nombreux domaines. En physique, la capacité des AuNP a absorber 1’énergie provenant de
sources lumineuses ou radioactives (Rayons X) puis a restituer cette énergie sous forme de
chaleur et de la transmettre au milieu dans lequel elles se trouvent, permet la création de
nano-émetteurs thermiques. Cette propriété peut donner lieu a des applications, notamment
dans le domaine de la biologie. Toujours en physique, les propriétés de résonnance
plasmonique de ’or (oscillation collective et en phase des ¢€lectrons de surface d’une NP)
permettraient, lors de I’excitation par une onde électromagnétique, de transmettre des
informations de proche en proche aux autres particules disposées sur une surface. Dans ce
cas, les AuNP joueraient le réle de nano-émetteurs électromagnétiques, ce qui aboutirait a la
formation de nouveaux types d’ordinateurs capables de transmettre des informations a trés

grande vitesse.

En biologie, les applications potentielles des AuNP reposent principalement sur trois
points : leur capacité a étre fonctionnalisé€es, leur biocompatibilité et leur faible toxicité, la
présence de la bande plasmon (pour certaines NP). Les AuNP sont principalement utilisées
pour le diagnostic et I’imagerie notamment dans le domaine de la cancérologie. Une des
techniques de détection des cellules cancéreuses consiste a greffer des AuNP avec des
anticorps spécifiques aux marqueurs de ces cellules [88]. Si I’injection de ces AuNP est en
plus couplée a de la radiothérapie, comme indiqué précédemment, 1’énergie incidente est
retransmise rapidement dans 1’environnement sous forme de chaleur. Cette €lévation locale
de température permet une destruction quasi spécifique des cellules ayant interagi avec les
AuNP. Les particules se comportent donc comme des outils non plus de diagnostic, mais de
théranostique [89]. Enfin, les AuNP peuvent aussi €tre utilisées comme agent de vectorisation
et fonctionnalisées avec des principes actifs avec des rendements €levés conférant une charge

utile importante de la particule en principe actif [90]. Ces AuNP sont capables de délivrer des
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molécules actives dans une zone d’intérét (tumeur, infection profonde, ADN ...). L’adressage
spécifique d’un médicament permet de diminuer les doses nécessaires a son action et ainsi de

diminuer les effets secondaires potentiels.

Toutes ces propriétés font des AuNP d’excellentes candidates pour le développement
de thérapies innovantes. A 1’heure actuelle, I’utilisation d’AuNP comme agents
thérapeutiques a entrainé la mise en place de six essais cliniques aux champs d’applications

variés : athérosclérose [91], diabéte, hypertension pulmonaire, cancer... (Tableau 1).
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Tableau 1 : Essais cliniques utilisant des AuNP (a partir de clinicaltrials.gov)

Nom de Pétude
Titre officiel Type d’AuNP Pathologie Statut But
Identifiant ClinicalTrials.gov :
—EIANOM I;(}jll toth 1 and Ste Améliorer le pronostic de patients atteints de plaques
C aﬁrfll,znic © fo Atirr?a ? rosi m Arrétée d’athéromes. Injection intra plaque d’ AuNP
Verus g tilrjlzir(l)g CTOSCICTOSIS combinée a de la thérapie photodynamique + pose de
NCTO01436123 AuNP a ceeur fer-silice Athérosclérose stent.
NANOM-FIM Améliorer le pronostic de patients atteints de plaques
Plasmonic Nanophotothermal Terminge d’athéromes. Injection intra plaque d’ AuNP
Therapy of Atherosclerosis combinée a de la thérapie photodynamique Vs pose de
NCT01270139 stent.
—gf};;igdlE ‘dermal Anticen Diabéte Phase 1 : évaluer la toxicité AuNP injectées par voie
Soecific Im 111)1 unothera lgrial 1 AuNP (type 1) Recrutement sous cutanée (hypersensibilité, suivi sanguin et
pecttie otherapy yp lymphatique ...).
NCT02837094
_NU-QIZ9 . : . ., Phase 0 : évaluation des effets secondaires,
Treating Patients With Recurrent AuNP fonctionnalisées par . e .
. . . . Glioblastome / biodistribution dans les tumeurs, concentration
Glioblastoma or Gliosarcoma des acides nucléiques . Recrutement )
. L Gliosarcome sanguine ...
Undergoing Surgery sphériques Cible - BCL2
NCT03020017 )
SNOOPY2 . . , . .
Exhaled Breath Olfactory Signature = AuNP fonctionnalisées par Hypgrtensmn Conc,eptlon d’un nez eI’e ctromque (E-no§e) capable
! ) . . artérielle Recrutement de détecter les composés volatiles exhalés lors de
of Pulmonary Arterial Hypertension des ligands organiques pulmonaire I’hypertension artérielle pulmonaire
NCT02782026 )
Diagnosis of Gastric Lesions With  AuNP fonctionnalisées par Conception d’un nez électronique (Na-nose) capable
Na-nose des ligands organiques Ulceres / gastrite Recrutement de détecter les composés volatiles exhalés lors de

NCT01420588

Nanotubes de carbone

Iésions gastriques
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3. Objectif du travail de doctorat

Le projet vise a obtenir une libération prolongée de NO a une concentration de 1’ordre

du nanomolaire a partir d’un stent. Différents points sont a analyser pour mener a bien ce

projet : le type de donneur de NO, le moyen de constituer un réservoir du principe actif et

d’obtenir un profil de libération prolongée dans le temps ainsi que la création d’un

revétement stable qui n’entraine pas de dissémination d’AuNP in vivo.

Concernant le type de donneur de NO, comme mentionné précédemment, le radical

doit étre apporté par une pro-drogue. Il en existe différentes classes :

Les nitrates organiques, dont certaines molécules sont commercialisées tels
que la trinitrine (ou nitroglycérine) ou le dinitrate d’isosorbide, libérent NO
aprés des réactions enzymatiques impliquant une déplétion des réserves redox
intracellulaires.

Les diazeniumdiolates (ou NONOates) qui ont la capacité de se décomposer
en NO sans subir de biotransformation mais qui ont I’inconvénient d’épuiser a
terme le stock de thiols endogénes.

Les RSNO qui sont, pour certains, des composés endogenes
(S-nitrosoglutathion, S-nitrosocystéine, S-nitrosoalbumine, ...) et qui sont
caractérisés par une faible demi-vie (45 min [92]). Ils peuvent se décomposer
pour libérer NO grace a I’action d’enzymes (par exemple la thiorédoxine) ou
par I’action de thiols de faible masse moléculaire ou de cations divalents
(Cu®") (limitant ainsi le risque de déplétion des réserves redox des cellules).

Les RSNO seront les pro-drogues choisies dans le présent travail.

Dans ce projet, en raison des propriétés intéressantes des AuNP exposées

précédemment, et comme elles ont fait I’objet de nombreux travaux au sein de ’EA 3452
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CITHEFOR [4, 5, 84, 93], elles seront fonctionnalisées en surface par une grande quantité de

RSNO afin de constituer un réservoir suffisant de principe actif.

Afin d’obtenir une libération prolongée de principe actif a partir de ces AuNP
(caractérisées par une charge de surface négative), celles-ci seront piégées entre des couches
de polyélectrolytes au sein d’un film multicouche (Figure 11). Cette approche a déja fait ses
preuves dans la littérature pour charger de grandes quantités de principes actifs ainsi que pour

les libérer a une concentration choisie sur une période prolongée dans le temps.

2 o ~
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Figure 11 : Schéma représentatif de la composition de films LbL nanostructurés par des
AuNP fonctionnalisées par des RSNO.

Ici, la diffusion d’especes dénitrosantes (cations divalents, ...) a travers les différentes
couches entrainera la libération de NO par clivage de la liaison soufre-azote des RSNO.
Enfin, afin d’éviter le relargage des AuNP dans la circulation sanguine, réduisant d’autant le
réservoir en NO et pouvant entrainer des effets non désirés, des polyélectrolytes

biocompatibles mais non biodégradables seront choisis.

De ce fait, ce projet propose une approche originale constituée par des dépots

multicouches de polymeres successivement chargés négativement et positivement permettant
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une libération prolongée, par diffusion passive de NO a partir d’un réservoir (AuNP

fonctionnalisées).

Le prochain chapitre fera 1’objet du développement des méthodes et techniques

essentielles au bon développement des AuNP ainsi qu’a leur controle.
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Avec le développement de nouveaux dispositifs médicaux nanostructurés, le statut
méme des nanoparticules est en train de changer. Doivent-elles étre considérées comme des
maticres premieres pharmaceutiques ? Si c’est le cas, des moyens analytiques permettant leur
contréle qualité, 1’évaluation de leur stabilité ainsi que de leur profil de dégradation sont
nécessaires. En ce qui concerne les AuNP, il n’en existe pas, a I’heure actuelle, de qualité
pharmaceutique. Les bulletins analytiques des AuNP commerciales ne donnent pas

d’informations précises quant a leur pureté, dispersité de population ou stabilité.

Dans ce chapitre, nous proposons deux méthodologies complémentaires permettant de
contrdler la qualité d’AuNP synthétisées. La premicre consiste a doser 1’or est capable de
dissocier la part ionique (impureté provenant de la synthése, ou de leur dégradation par
dissolution) de la part nanoparticulaire (calcul de la teneur). Elle sera, par la suite appliquée
pour évaluer 1’absence de dissémination ou la potentielle biodistribution des AuNP aprés
implantation du DM in vivo. La deuxiéme méthode repose sur 1’utilisation de 1’électrophorése
capillaire de zone (ECZ). Elle permettra de déterminer les teneurs et les profils d’impuretés

de chaque lot synthétisé ainsi que d’effectuer un suivi de leur stabilité.

1. Dosage d’or

1.1. Introduction

Comme mentionné précédemment, 1’utilisation d’AuNP pour des applications
biomédicales est de plus en plus plébiscitée dans la littérature. Leur synthése aisée, leur
capacité a €tre fonctionnalisées ainsi que leurs applications multiples en font des candidats de
choix. Cependant, malgré la relative absence de toxicit¢ de 1’or massique, il n’y a,
actuellement, pas de consensus sur celle de 1’or nanoparticulaire notamment dans les

applications in vivo (cf. article 1). Méme si les AuNP utilisées au cours de ce travail seront
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immobilisées au sein de films multicouches (décris dans le chapitre 3), ils ne doivent pas
libérer d’AuNP aprés leur implantation intravasculaire. La méthode de dosage de I'or
développée au laboratoire [93] est simple a mettre en place, sans appareillage sophistiqué et
repose sur la formation d’une paire d’ion entre un sel d’or (AuCly) et la Rhodamine B. Son
principal point faible se trouve dans sa limite de détection (90,0 uM) beaucoup trop élevée
par rapport aux concentrations d’or attendues dans les tissus ou les cellules (de 1’ordre de 1,0
uM [94, 95]). 1l a donc été nécessaire d’optimiser la méthode pour atteindre 1’objectif de

quantification.

Les améliorations se sont principalement axées sur la miniaturisation de la méthode,
’utilisation d’une chaine de chromatographie liquide haute performance (HPLC) ainsi que
sur 1’optimisation des paramétres expérimentaux (longueur d’onde de détection, chauffage,
agitation, extraction ...). Aprés optimisation de la méthode, celle-ci a été validée selon les
criteres classiques ICH et FDA [96, 97] pour le dosage de I’or sous sa forme ionique et/ou
nanoparticulaire (Article 2, soumis dans Talanta). L’optimisation a permis de contréler la
qualité de la synthése des AuNP via la quantification de 1’or restant sous forme ionique apres
synthese (rendement de réaction). L’absence de relargage de nanoparticules a partir d’un film
de polyélectrolytes sous un flux aqueux dynamique est également prouvée. Des pistes seront

aussi envisagées pour étudier la biodistribution d’ AuNP in vivo.

1.2. Article 2 : High sensitive ion-pairing chromatography with visible

detection to easily quantify gold nanoparticles in aqueous media
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Graphical abstract

Aqueous Phase Organic Phase
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Highlights

* A simple optimized chromatographic method based on ion pairing extraction

¢ Quantification of gold under tetrachloroaurate or colloidal forms after oxidation
¢ Application to nanoparticle quality control

¢ Application to nanostructured film stability under shear stress
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Abstract

A simple isocratic HPLC method using visible detection was developed and validated for the
quantification of gold in nanoparticles (AuNP). After a first step of oxidation of
nanoparticles, an ion-pair between tetraurochlorate anion and the cationic dye Rhodamine B
was formed and extracted from the aqueous media with the help of an organic solvent. The
Rhodamine B extracted was finally quantified by reversed phase liquid chromatography
using a Nucleosil C18 (150mm * 4.6mm, 3pm) column and with a mobile phase containing
acetonitrile and 0.1% trifluoroacetic acid aqueous solution (25/75, V/V) at 1.0mL.min "and at
a wavelength of 555nm. The method was validated using methodology described by the
International Conference on Harmonization and was shown to be specific. precise (RSD <
11%). accurate and linear in the range of 0.1 — 30.0uM with a lower limit of quantification
(LLOQ) of 0.1uM. This method was in a first time applied to AuNP quality control after their
synthesis. In a second time, the absence of gold leakage (either as AuNP or gold salt form)

from nanostructured multilayered polyelectrolyte films under shear stress was assessed.
Kevwords

Gold nanoparticles; lon-pairing extraction; Rhodamine B:; HPLC: Quality control:

Polyelectrolytes layer-by-layer films

1. Introduction
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Gold properties. under its metallic state (Au redox state: 0). are known since the Antiquity. Its
low reactivity with oxygen, sulfur or concentrated bases or acids allows its usage in human
health such as prostheses and dental implants [ 1. 2]. On the contrary, gold reacts easily with
halogens and dissolves in highly acid solutions (agua regia) containing chloride ions to form
tetrachloroauric acid (HAuCly. Au redox state: I11). This specific reactivity leads to
biologically active gold solutions. Those preparations have been used in the treatment of
rheumatoid arthritis or various cancers [3]. Furthermore, HAuCly, when put in presence of a
strong reducer (as sodium borohydride, NaBH,) and a stabilizer (as sodium citrate), has the
ability to form nanoparticles (AuNP, Au redox state: 0) [4]. Syntheses create well-defined
mono-dispersed particles that can strongly bind several drugs or sensitive molecules thanks to
their surface reactivity [5]. This high affinity makes them ideal candidates for biomedical
purposes such as biosensors [6], diagnostic agents [7] and even drug carriers [8]. The use of
AuNP as therapeutic agents led to seven clinical trials in different fields of application as
atherosclerosis (NANOM FIM [9]), diabetes, pulmonary hypertension, cancer or stomach
diseases (clinicaltrial.gov). AuNP can also be immobilized on surfaces (e.g. silica, quartz,
glass ...) to act as electrochemical catalysts [10] or diagnostic tools |7]. Recently, AuNP were
entrapped inside multilayered polyelectrolyte films as nanostructurating agents [11]. After
their functionalization with a therapeutic agent, AuNP will act as drug reservoirs able to
mduce a local pharmacologic effect vig the drug release. These new uses of AuNP raise
practical concerns about the health effects of long-term exposure on humans. Despite being
promising, AuNP utilization in therapeutic can still lead to possible toxic effects [12]. Few
studies take their biodistribution into consideration [13]. Their wide size range (from 2 to
100nm of Au core diameter) and surface functionalization (either via weak energy or
covalent bonds) induce multiple possibilities of interaction with a variety of proteins, cells

and organs.

Different methods exist to quantify gold (under its ionic or NP forms): from the most easy-to-
use spectrophotometry method to the ultra-specific mass spectrometry one. Visible
spectrophotometry is one of the easiest method to quantify gold [14]. Its principle is based on
the measurement of a tetraurochlorate-Rhodamine B ion-pair extracted by a liquid/liquid
process. The main drawback lays in its low sensitivity (LOD = 90.0uM of gold salt) which is

not compatible with gold quantity usually found in cells (less than 1.0uM of gold salt). Other

2

86



Chapitre 2

methods used to detect and quantify gold are very sensitive and specific (Table 1) but
required hyphenated dedicated apparatus such as: Inductively Coupled Plasma — Mass
Spectrometry (ICP-MS)., Atomic Absorption Spectrometry (AAS) or Atomic Emission
Spectrometry (AES). To quantify gold concentration below the pM range, ICP-MS is the
gold standard (from 0.1 to 1.0x107 uM). Despite being the reference method, it shows a lot of
drawbacks such as a lack of reproducibility of results obtained in biological media, the
necessity to have the dedicated platform and operator and a consequent sample preparation
time. Furthermore, ICP-MS is usually coupled with different separative treatment methods
such as Liquid Chromatography (LC-1CP-MS) [15] or Capillary Electrophoresis (CE-1CP-
MS) [16].

Direct or indirect determinations of gold by most of these methods may lead to analytical
issues due to the interferences between the matrix components of real sample and the method
sensitivity. Therefore, pretreatment steps parallel to the analyte concentration in the sample
are required to ensure the repeatability. reproducibility of results, and to reach the needed
limit of quantification. But to the best of our knowledge. there is no easy-to-use method that

ensures enough sensitivity to quantify gold in different aqueous matrices.

In this paper, we optimized a method based on the ion-paired tetraurochlorate -Rhodamine B
detection [14]. Rhodamine B is commonly used to quantify gold either by visible or
fluorescent detection [14, 17]. On the one hand, Tournebize er al. [15] were using a visible
detection (56 5nm) with a spectrophotometer to quantify gold salt and AuNP. This method is
simple but lacks of sensitivity. On the other hand. Liu ef @/ [17] used fluorescence to measure
the decrease of Rhodamine B signal in presence of Au(IIT). This technique had a low limit of
detection (LOD) (1.52%10”uM), but required the synthesis of Rhodamine B coupled to
chitosan nanoparticles and appears to be unsuitable for the quantification of AuNP. The
optimization (incubation times. agitation, evaporation ...) described in the present paper.
consists mainly in miniaturizing the method to achieve the best LOD. This method was
applied to quality control of AuNP synthesis and their immobilization on multilayered
polyelectrolyte films [11]. We quantified gold deposition and the resulting possible leakage

either as AuNP or as gold salt from films undergoing shear stress conditions.

2. Experimental
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2.1 Reagents and standards

Ammonium chloride was purchased from VWR Chemicals. Acetonitrile (99.8%) was
purchased from Biosolve Chimie, poly(allylamine hydrochloride) powder (PAH) and
poly(acrylic acid, sodium salt) (PAA) solution 35% wt in water with average molecular
masses of 15,000 were purchased from Sigma Aldrich. Phosphate-buffered saline (PBS)
solution was prepared as follow: [Na,HPO4] = 648 = 10°M, [KH,PO4] = 1.47 = 10~°M.,
[NaCl] = 138 # 10°M and [KCI] = 2.68 = 10~°M, final pH was adjusted to 7.4. All other
reagents were supplied by Sigma Aldrich and were of analytical grade. Ultrapure deionized

water (>18.2MCQ.cm ) was used for the preparation of all solutions.
2.2 HPLC analysis

HPLC analyses were carried out on a SpectraSystem system constituted by the following
modules: vacuum degasser (SCM1000), quaternary pump (P1000XP), autosampler (AS300)
and UV-Visible detector (U'V2000). The column (Nucleosil ® C18, 150 mm = 4.6 mm, 3 pm
particles size and 100A porosity) was thermostated at 40°C using a Croco-cil (1267) oven.
Data acquisition and injection control were performed by the Azur software (version 5.0,
Datalys®). The mobile phase consisted on a mixture of acetonitrile and 0.1% trifluoroactic
acid aqueous solution (25/75, V/V). The injection volume was 20uL. The detector was set at

555nm and the pump at a flow rate of 1.0mL.min"".

2.3 AuNP synthesis

Citrate stabilized gold nanoparticles were synthesized in the lab according to [4]. Brielly. a
gold salt solution (AuCly) was added into 90mL of ultrapure water to a final concentration of
270uM and 2mL of sodium citrate (55mM) was added under inert atmosphere. The solution
was stirred for 1min then ImL of NaBH, (19.5mM) was added and the solution was stirred
for 5min. The final AuNP concentration was 90nM according to the spectrophotometric
method [13]. The resulting suspension was immediately stored in the dark at 4°C during 20
days [23]. AuNP obtained were completely described in [11, 14] and their gold core diameter

was measured at 5.3+1, Inm.

All concentrations reported in this paper will be expressed as gold salt concentrations.

88



Chapitre 2

2.4 AuNP sample preparation

Samples preparation was adapted from [14]. Briefly. AuNP suspension (400uL) was mixed
with an HCI-NaCl-Br, solution (400ul. 1.0M-0.3M-0.025M respectively) for 20min
protected from light in LoBind Eppendorf microtubes (1.5mL). The mixture was then
partially evaporated using a Turbovap (Biotage) at 40°C under inert gas (N, 4psi) for 20min.
200pl. of NH4Cl solution (30% m/V), 100ul. of 6M HCI and 100ul. of Rhodamine B
solution (0.084uM) were then added. To extract the ion-pair formed between tetraurochlorate
anion and Rhodamine B, 200uL of diisopropyl ether was finally added. Tubes were agitated
on a Vibramax 100 (Heidolf Instruments) for 3min at 1500rpm, then centrifuged (Mini Spin
Plus, Eppendorf) 3min at 12100xg. 150ul. of the supernatant (organic phase) were
withdrawn, completely evaporated (Turbovap. Smin. N> 3psi) and the dried residue was

dissolved in mobile phase (150ulL) before injection into the HPLC system.
2.5 Method validation

The method was validated according to the ICH guidelines [25] and FDA recommendations

[26].
2.6 Nanoparticle immobilization on glass and shear stress experiments

Layer-by-layer polyelectrolyte films were built as described elsewhere in details [11].
Briefly, cover glasses (75%38mm. Menzel-Glaser), were totally immersed in different
solutions: PAH (0.1M in PBS), citrate stabilized AuNP suspension and PAA (0.1M in PBS),

for 10min each. This cycle was repeated 3 times.

For shear stress experiments, parallel-plate culture flow chambers, designated 2D chambers,

were used as illustrated in Figure 1.

Experimentations were carried out at 37°C on an incubator for 48h. The PBS flow rate
applied to the glasses was measured at 16mL.min”'. Gold released from the film was
quantified in the media after 12, 24 and 48h with and without HCI-NaCl-Br, treatment. A fter
48h of incubation glasses were crushed, rinsed in 1.0mL of HCI-NaCl-Br; solution, and

stirred during 20min (600rpm) to evaluate the total gold content.

3. Results and discussion
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3.1 Method development

The initial parameters of the extraction method were based on that previously developed with
colorimetric detection [14]. The direct use of this method with AuNP leads to recoveries of
around 65% which were not adequate to achieve the targeted sensitivity (0.1uM). Thus, an

important optimization step was required.

First. we sought to miniaturize the method (used volume) to allow better sensitivity by
significantly increasing the ratio of sample volume versus organic solvent one. Very similar
results were obtained but residues appeared when Eppendorf tubes were used. The
replacement by Lobind tubes eliminated this problem and achieved a significant increase of
20% in the signal-to-noise (S/N) ratio. However. the increase in the proportion of the sample
volume (initially 2.5% of total volume against 50.0% after miniaturization) caused a problem
due to the high oxidizing power of Bra. Its action on Rhodamine B caused a notable loss of its
effectiveness in forming the ion pair with the gold salt (which is essential to its proper
extraction). Since the boiling temperature of Br: is relatively low (59°C). the solution
consisted in evaporating the Br, by simple heating to 60°C. The first tests were not very
conclusive, even after 48h of heating; therefore, an evaporation of Br, under nitrogen flow at
40°C was envisaged. In the laboratory, we previously used this type of evaporation for a
fragile peptide [27] and we observed a notable improvement using partial and not total
evaporation in a highly aqueous sample. The results showed that a partial evaporation
(20min, 4psi, 40°C) led to a S/N ratio 4 times higher than the one obtained with total
evaporation (1h, 4psi, 40°C). Finally, it is perfectly described in the literature that agitation
time is a key point in a liquid-liquid extraction process [21]. Then. different stirring times
(0.5 to Smin) were tested and the results are illustrated in Figure 2. An extraction rate close to
100% was measured when stirring is performed for Smin. However, long agitation led to an
increased difficulty of separation of the diphasic system parallel to S/N ratio decrease. An
additional step of centrifugation (3min at 12100+=g) solved this problem by obtaining the

maximum extraction rate as well as the best sensitivity.

These various optimizations allowed us to reach the target quantification limit (0.1uM).
examples of chromatograms resulting from the final method (fully described in part 2.4) are

given as in Figure 3.

6
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3.2 Quality control of synthesized AuNP

Optimized method was first used to control the quality of AuNP synthesized in the
laboratory. To ensure the complete conversion of gold salt into AuNP, a suspension of freshly
made AuNP was analyzed with (quantification of AuNP and gold salt) or without
(quantification of gold salt only) the Br; oxidation step. Reaction vield was calculated as
99.6+0.4% of gold salt converted into AuNP. To confirm this result, when a fresh AuNP
suspension was centrifuged at 620,000+g for 20min and total gold was quantified into the
supernatant, only 0.2+0.1% of gold under its salt form was found. The developed method was

demonstrated to be specific of gold either as a salt or under its colloidal state.

3.3 Method validation

3.3.1 Linearity and limit of quantification

Linearity was evaluated for calibration curves using gold salt solutions and AuNP
suspensions. Both were diluted in the range of 0.1 — 30.0uM using PBS. The Lower Limit of
Quantification (LLOQ) was mathematically determined through the lowest concentration
point with a relative standard deviation (RSD) inferior to 20% according to the FDA
recommendations [26], and it was determined equal to 0.1uM in accordance with the targeted
value. Results are summarized in Table 2 and indicate a good linearity for both gold states (R
> 0.997). Slopes and intercepts were demonstrated statistically identical (at risk a = 5%)

leading to the simple use of a gold salt standard solution to quantify AuNP after oxidation.
332 Accuracy

The recovery percentage of the method was measured through analyzing a standard solution
(in triplicate) at three different concentrations (quality control samples at 0.2, 10.0 and
30.0uM). As described in Table 3, the accuracy remained satisfactory in the whole domain of

linearity.
3.3.3 Precision

Repeatability (intra-day) and intermediate precision (inter-day) were determined through
analysis (triplicate) of the sample (either gold salt or AuNP) at three different concentrations

(0.2, 10.0 and 30.0uM). The RSD of each point was determined. The intermediate precision

7
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was determined over a period of 3 days with 3 injections per day. Results are illustrated in
Table 3 and it can be noticed a good precision of the method even at the lower concentration

of 0.2uM (RSD < 11%).
3.4 Nanostructured film stability

Nanoparticles were immobilized into polymeric layer-by-layer films which were reported as
interesting candidates for medical device coatings [11]. However. to complete the obtained
data on their cyto/hemocompatibility, the proof of neither AuNP leakage from the coating nor
the AuNP dissolution (resulting in gold salt) should be brought. As a direct application of the
validated method, film stability was assessed under shear stress conditions. Shear stress
(1.5Pa) was chosen to mimic forces applied on a medical device implanted inside an artery.
This value (between 1 and 2Pa) corresponds to the physiological value of shear stress in
vessels having a diameter of 6mm (small arteries such as coronaries) [28]. During
experiments, gold released in medium was quantified, with or without Br, oxidation. at 12, 24
and 48h of exposure. The quantity found was below the LLOQ (0.1uM) in each case (Table
4). According to our calculation, this value corresponded to a loss of gold of 0.5% of the total
AuNP present inside films. The quantity of immobilized AuNP on films was also evaluated
after 48h of shear stress condition. No significant modification was observed confirming the

capacity of the film to strongly anchor AuNP.

4. Conclusion
In summary. this study showed that AuNP under colloidal state or gold salt can be quantified
by a simple, sensitive (0.1uM) and robust liquid chromatographic method coupled with
visible detection and using ion-pairing extraction. Its application was successfully used to
evaluate the gold content of citrate stabilized AuNP (quality control) and the stability of a
layer-by-layer device coating incorporating AuNP. Further work will try to extend this
method to other AuNP capped with various organic compounds and to gold measurement in
biological materials and matrices: cells and tissues. This could help to go insight into the

understanding of the possible AuNP biodistribution.
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Table 1: Overview of different gold quantification methods and their applications.

Method LOD (uM) Applications/media Ref
Spectrophotometry 90.00 AuNP in aqueous medium [11]
Fluorescence 1.52x107 Gold salt in tap or lake water [14]
LA-ICP-MS 0.14 [15]
AuNP in cells
LC-ICP-MS 2.60=107 [12]
CE-1CP-MS 5.00%10” AuNP in human serum [13]
HDC-1ICP-MS 1.10x107 AuNP in agueous medium [16]
AAS 0.61 [17]
FAAS 9.20%107 [18]
S Gold salt in water and soils
ETAAS 4.30%10° [19]
ETV-ICP-AES 3.80107 [20]

AAS: atomic ahsorplion spectrometry, AES: atomic emission spectrometry, CE: capillary electrophoresis, ETAAS: electrothermal atomic
absorption  spectrometry, ETV: electrothermal vaporization. FAAS: flame atomic ahsorption spectrometry, HDC:  hydrodynamic
chromatography, ICP: inductively coupled plasma, LA laser ablation, LC: liguid chromatography, LOD: Limit of detection, MS: mass

speciromeiry.
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Table 2: Statistical evaluation of linearity for AuCly and AuNP (0.1 — 30.0uM. 10

concentrations on three days) with a linear regression model.

Linear Model Theoretical value AuCly AuNP
Range [0.1-30.0uM]
Slope 744 722
Standard deviation on slope 10 8
Intercept -64 =76
Standard deviation on intercept 125 101
Correlation coeff. R 0.997 0.998
F regression F-value 0.01 7.636 5066.358 7377.724
F Lack of fit F-value 0.05 2.447 1.073 2.311
Intercept comparison t-value 0.05 2.003 1.632
Slope comparison t-value 0.05 2.003 0.072
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Table 3: Evaluation of precision (3 injections for repeatability per day and 9 injections on 3
days for intermediate precision inter-days) and accuracy (3 concentrations in triplicate per

day on 3 days covering the entire linearity range ) given as mean with « = 0,05,

RSD run-to-run (%) RSD day-to-day (%) Accuracy (%)
30.0nM 1.24 6.81 98.65+6.71
10.0uM 3.24 10.37 108.28+11.19
0.2uM 10.91 8.54 81.57+5.42
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Table 4: Quantification of gold in the circulating medium and into films during 48h of shear

stress. (N.D.: not determined)

Time (h) Gold in medium (uM) Gold on films (x 10" AuNP/em?)

] <0.1 0.4+2.2
12 <0.1 N.D.
24 <0.1 N.D.
48 <0.1 0.843.1

15
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Figure Captions

Figure 1: Schematic representation of the shear stress cell for film stability evaluation.
Figure 2: Signal-to-noise ratio ([J) and recoveries (™) obtained for High Quality Control

(30.0uM) under different extraction conditions.

Figure 3: Typical chromatograms of AuNP (corresponding to AuCly” 5.0uM) (A), AuCly at
5.0uM (B), 0.1uM (C) and blank in PBS (D).
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1.3. Conclusion

Le travail réalis¢ dans 1’article nous a permis d’optimiser et de valider, selon des
critéres internationaux [96, 97], une méthode de dosage d’or précédemment initiée au
laboratoire [93]. La validation a été effectuée en milieu modéele, prérequis obligatoire au
dosage dans des matrices complexes telles que des milieux biologiques, cellulaires ou
tissulaires en ajoutant une étape supplémentaire de prétraitement des échantillons (digestion
et lyse des cellules et/ou tissus). Les résultats préliminaires obtenus apres traitement des
¢chantillons et application de la méthode décrite précédemment, sur cellules (lignée cellulaire
U87 issues d’un glioblastomes et fournie par le laboratoire CRAN UMR 7039 (Centre de
Recherche Automatique de Nancy)) et sur tissus (foies de rats Wistar) montrent cependant la
présence d’un effet de matrice important (Figure 12). L’effet de matrice se caractérise par une
réponse différente de I’analyte en fonction du milieu ou la mesure est effectuée. Il est évalué
par le rapport signal sur bruit (S/B) et est directement dépendant du milieu ou est effectuée la
mesure. En milieu aqueux, une concentration de 5 uM d’or améne un S/B égal a 400. La
méme concentration d’or mise en présence de cellules ou de tissus entraine une diminution du
S/B a 53 et 30 respectivement, soit une diminution de plus de 86 % du rapport S/B pour une

matrice composée uniquement de cellules et de 92 % lorsqu’il s’agit de tissu.
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Figure 12 : Evolution du signal correspondant a 5 uM d’or (barres jaunes) ou 0 uM (barres
bleues) en fonction des différentes matrices selon la méthode décrite précédemment. Avant
quantification de I’or contenu dans 10" cellules ou 10 mg de tissus humides selon la méthode
décrite dans I’article 2, une étape de digestion (HC1 6 M, 60 °C, 30 min) a été appliquée.

La premiere estimation des limites de détection de cette méthode dans les cellules et
les tissus est respectivement de 0,5 uM et 1,7 uM. Ces valeurs, bien supérieures aux limites
validées en milieu aqueux (0,1 uM), restent cependant dans les concentrations classiquement
retrouvées dans la littérature lorsque des AuNP colloidales sont utilisées comme vecteurs de
médicaments [94, 95]. La prochaine étape est donc de valider la méthode dans les différents

milieux biologiques d’intérét selon les référentiels précédents.

Enfin, des études préliminaires de biodistribution d’AuNP ont été réalisées chez la
souris en collaboration avec I’Institut Lumic¢re Matiere, UMR 5306 de Grenoble. 100 pL
d’ AuNP couplées a I’acide lipoiques (AuNP@LA, diamétre hydrodynamique de 9 = 1 nm et
potentiel zéta -36 = 6 mV) ont ét¢ injectés chez trois souris par voie intraveineuse. Pendant

I’injection et immédiatement aprés, aucune réaction inflammatoire locale ou générale n’a été
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mise en évidence. Aprés la mise a mort, différents organes ont été prélevés (foie, poumons,
rate). La présence d’or sous forme de sel (AuCly’) ou de nanoparticules a ensuite été étudiée
grace a la technique du laser induced breakdown spectroscopy (LIBS). Le LIBS consiste a
balayer la surface d’un échantillon avec un laser d’intensité modérée pour générer un plasma
lumineux a sa surface. La lumicre émise par le plasma est ensuite analysée pour en
déterminer la composition chimique. Il s’agit d’une méthode trés sensible car 1’or est
généralement absent des milieux biologiques (limite de détection de 1’ordre du ug d’or par g
de tissus). L’analyse des différents organes prélevés n’a révélé aucune accumulation d’or (sel
ou nanoparticules) a 3, 6 et 24 h aprés ’injection (valeurs inférieures aux limites de
détection). L hypothése avancée est que ces AuNP sont rapidement éliminées par le rein ou le
foie. Ceci est probable compte tenu des travaux précédents de I’équipe qui ont montré leur
inertie vis-a-vis de protéines (absence d’adsorption) de cellules immunitaires (absence
d’initiation d’une réaction immunitaire) grace a leur couronne d’acide lipoique. L hypothese,
sera confirmée par 1’utilisation d’une cage métabolique et 1’analyse des urines et des féces.
Cependant, I’absence d’accumulation in vivo de ces AuNP est une premiére preuve
importante de la biocompatibilit¢ des AuNP utilisées. Il faudra également s’assurer que ces

résultats ne sont pas fonction de la couronne (AuNP@LA-GSH).

2. Controle qualité des AuNP

La méthode développée précédemment est spécifique de I’or, mais n’indique en rien
la qualité des AuNP utilisées (indice de polydispersité, taille, charge, fonctionnalisation...).
Peu d’études s’intéressent a la mise en place d’un controle qualité (CQ) rigoureux des
nanoparticules lors de leur synthése [98] et aucune quant a celle des AuNP. De plus, les

méthodologies classiquement utilisées dans la caractérisation des nanoparticules
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(spectrophotométric UV-Vis., diffusion dynamique de la lumiére (dynamic light scattering,
DLS), microscopie électronique a transmission (MET), microscopie électronique a balayage
(MEB) ...) ne montrent qu’une estimation globale de la population et ne prennent pas en
compte la présence ou non de substances apparentées (intermédiaires de synthése ou produits
de dégradation). Enfin, la grande variabilité de greffage possible a la surface des AuNP rend

leur caractérisation compliquée.

Les nanoparticules utilisées comme matiére premiére pharmaceutique ne sont
habituellement pas analysées en termes de stabilité a court ou long terme. Dans 1’article
suivant (Article 3 paru dans Journal of Chromatography A) nous proposons une méthode

d’analyse et de caractérisation basée sur I’ECZ.

2.1. L’électrophorese capillaire de zone

L’ECZ constitue le mode de séparation le plus simple a mettre en ceuvre et le plus
utilisé parmi les techniques d’¢électrophorése capillaire. La séparation des espéces est réalisée
dans un capillaire rempli par un tampon de pH et de force ionique constants. Les différentes
especes injectées migrent a des vitesses différentes selon leur charge apparente et leur rayon
hydrodynamique. Dans la littérature, seules quelques études se sont concentrées sur la

séparation de nanoparticules en fonction de leur taille et de leur charge de surface [99, 100].

La vitesse de migration ou vitesse apparente (papp) est constituée de la somme
algébrique de la vitesse électrophorétique (ugp) et de la vitesse du flux électroosmotique
(Kreo)- Le flux électroosmotique (FEO) est dépendant de ’état de charge surface du capillaire
(Figure 13). Au pH de travail (7,4), un capillaire en silice non recouverte est chargé
négativement par la présence de groupement silanoate a sa surface. Cette charge de surface

va permettre de faire bouger les cations contenus dans le tampon de migration. Ces cations
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forment une couche attirée vers la cathode et entrainent la formation du FEO par un

phénomene d’électro-osmose.

OO0 00

o —

Figure 13 : Schématisation du flux électroosmotique.

Plus la surface du capillaire est chargée, plus le FEO qui en découle sera important

(sans prendre en compte le sens de déplacement).

La vitesse (ou mobilité¢) €lectrophorétique est directement liée a un composé donné
(rapport taille sur charge). La mobilité apparente de chaque espece peut €tre calculée selon
I’équation 1:

L xl

lJ-app = |J-ep + UrEo = Ty XV

(1

avec : Wapp, Mep €t HEeo les mobilités apparente, électrophorétique et le flux électro-
osmotique respectivement (cm2.V™'s™), L et | les longueurs totales et effectives du capillaire

(cm), Ty, le temps de migration de I’espece considérée (s) et V le voltage appliqué (V).

Ainsi, les especes cationiques seront accélérées et a contrario les especes anioniques
seront freinées. Les especes neutres, quant a elles, ne seront ni attirées par I’anode ni par la

cathode et migreront donc a la méme vitesse que le FEO Selon le méme principe, deux
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populations différentes (tailles et/ou charges) d’AuNP auront donc un temps de migration

différent (Figure 14).

Figure 14 : Principe de séparation d’espéces chargées et neutres en ECZ.

Cette méthode séparative, nous a permis d’analyser différents lots d’AuNP et de
confronter les résultats a ceux obtenus par les méthodes classiques. Le point principal mis en
avant est la complémentarité des résultats obtenus par les différentes méthodes qui s’intégrent
dans la mise en place d’un CQ des AuNP qui serait potentiellement applicable a d’autres

types de NP.

2.2. Article 3: Characterization and stability of gold nanoparticles
depending on their surface chemistry : Contribution of capillary

zone electrophoresis to a quality control.
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Four kinds of gold nanoparticles{ AuNP)quite similarinterms of gold coresize{ ca 5nm) and shape( spher-
ical) but differing by their surface chemistry (either negatively, or positively charged, or neutral) were
synthesized. They were analyzed using both the classical physicochemical approach (spectrophotome-
try, dynamic light scattering coupled or not to electrophoresis and transmission electron microscopy)
and capillary zone electrophoresis equipped with photodiode array detection. The results obtained by
bothmethodologies( related to Surface Plasmon Band -maximal absorbance wavelength-, and zeta poten-
tial and electrophoretic mabilities) were well correlated. Moreover, taking advantage of the separation
method, the sample heterogeneity wasevaluated and an impurity profile was extracted. This allowed set-
ting some specifications which were then applied on the one hand to a batch-to-batch survey to declare
NP as conform or not after production and on the other hand to a stability study.

© 2016 Elsevier BV, All rights reserved.

1. Introduction

Nanoparticle development is an extensively growing research
field es pecially for cancer diagnosis and treatment and among them
gold nanoparticles { AuNP) are widely studied [1]. Indeed, they are
characterized by several properties that have led two products
to enter clinical trials (CYT-6091 [2] and Auroshell (ClinicalTn-
als.gov identifier: NCTD1679470)). They are hiocompatible, easily
synthesized and can be functionalized by a wide range of active
pharmaceutical ingredients, and their specific optical properties
(Surface Plasmon Band) confer an interesting capacity to behave
as biosensors or diagnostic agents [1,3].

However, now that they are translated from bench to bedside
and in order to ensure patient safety, a rigorous quality control
to frame minimal batch-to-batch variation should be defined. A
physicochemical characterization is always performed using clas-
sical methodologies to define the nano-objects in terms of size,
shape (light scattering, electron or atomic force microscopies, .. .)
and chemical composition (atomic spectroscopies, electroanalyti-
cal techniques, ...), but this approach does not take into account

% Selected paper from 14th International Symposium on Hyphenated Tech-
niques in Chromatograp hy and Separation Technology, 27-29 January 2016, Ghent,
Belgium.
* Corresponding author,
E-mail address: igor.clarot@univ-lorrainefr (1. Clarot).

http:/{dx.doiorg/ 101016/ j.chroma2016.07.031
0021-9673/0 2016 Elsevier BV, All rights reserved.

the profile of impurities and population polydispersity and still
suffers from some limitations [4]. As a result, various separative
methods have already been applied to NP analyzes: size exclusion
chromatography | 5], high performance liquid chromatography [6],
flow field fractionation [7], and gel electrophoresis [8]. Capillary
electrophoresisis also suitable for nanoparticle analyzes |9]. Focus-
ing on AulNP, they were separated according to their size [10-12]
and shape [13] with a high performance level obtained in separa-
tion resolution as well as in number of theoretical plates [14]. This
method wasalsoused toinvestigate their surface chemistry [10,15]
and as a tool to monitor the nano-object stability (flocculation or
aggregation) | 16]. Therefore, capillary zone electrophoresis (CGZE)
has already been suggested as an approprate method devoted to
the quality control [9,13] of inorganic nanoparticles.

In this study, four kinds of AuNP were synthesized varying
their surface chemistry in terms of charge (negatively charged
using citrate ions, AuNP-Cit, neutral using a triblock copolymer
polyethylene oxide-b-polypropylene oxide-b-polyethylene oxide,
AuNP-COP, and positively charged using cetyltrimethylammo-
nium, AuNP-CTA), as well as in terms of ligand binding energy
(low energy with the previous cited ones vs covalent binding
using dihydrolipoic acid AuNP@DHLA). These AuNP were quite
similar in terms of size (ca. 5nm for the gold core) and shape
(spherical). The aim of this work was to establish a quality contral
devoted to batch-to-batch NP production and to study their stabil-
ity using the classical physicochemical approach usually applied
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to nanomedicines (ie. UV-vis spectral properties, dynamic light
scattering (DLS) coupled or not to electrophoresis (zeta potential,
{), and transmission electron microscopy (TEM)) in parallel to CZE
equipped with adiode array detection (DAD). As these nano-objects
represent the mostly AuNP used in the literature, this work is the
first, to the best of our knowledge, to evaluate a wide panel of quite
similar AuNP only differing by their surface charge, and using the
same methodology.

2. Materials and methods
2.1. Chemicals

All reagents and solvents were of analytical grade and
used without further purification. Sodium borohydride, sodium
citrate, a-dihydmolipoic acid, tetrachloroauric acid trihydrate
{(HAuCly-3H; 0), Pluronic F-127, HCl 1M and NaOH 1M were sup-
plied by Sigma Aldrich; boric acid and NaOH were purchased from
Riedel-de-Haén and cetyltrimethylammonium bromide (CTAB)
came from Prolabo. Phosphate-buffered saline (PBS) was prepared
as follows: [NazHPO4]=6.48 x 1073 M, [KH2PO4]=1.47 = 10~ M,
[NaCl]=137.93 x 10~* M, and [KCl]=2.68 x 10~? M, final pH was
adjusted to 7.4. Ultrapure water (>18.2mS2cm) was used for the
preparation of all solutions.

2.2, Gold nanoparticle synthesis and suiface chemistry
modification

Citrate stabilized AuNP ( AuNP-Cit) and a-dihydrolipoic acid
capped AuNP (AuNP@DHLA) were synthetized in aqueous solution
according to previous works [17-19]. Briefly, 1 mL of AuCl, ~ solu-
tion (10 mg/mL) was added into 90 mL of water and 2 mL of sodium
citrate 55 mM was added. The solution was stirred for 1 min then
1 mL of NaBH,4 19.5 mM was added and the solution was stirred for
5 min under nitrogen. The resulting suspension was immediately
storedin the dark at 4°C. Based on AuNP-Cit, three kindsof NP were
prepared varying their surface chemistry.

Alpha-dihydrolipoic acid capped AuNP [20](AuNP@DHLA) were
prepared using 600 p.mol of a-dihydrolipoic acid in 10mL of 0.5M
NaOH solution added to 25 miL of freshly prepared AuNP-Cit. The
reaction mixture was stirred under inert atmosphere for 24h at
room temperature (20-23 “C). Adialysis against PBS for 48 h using a
bag(regenerated cellulose with a cut-off of 6-8 kDa (Roth® France))
was performed.Thedialysis medium was changed to fresh PBS after
24 h.

Pluronic F-127 stabilized AuNP (AuNP-COP) were prepared by
mixing 5 mL of 90 nM AuNP-Cit with 5 mL0.4 p.M Pluronic F-127 in
water. The reaction mixture was stirred under inert atmosphere at
room temperature for 4 h to perform the ligand exchange.

Cetyltrimethylammonium stabilized AuNP (AuNP-CTA) were
prepared by mixing 5 mL of 90 nM AuNP-Cit with 5mL 10 mM CTAB
in water. The reaction mixture was stirred under inert atmosphere
at room temperature for 4h.

The final concentration reaches 90 nM for each kind of AuNP
obtained and they were stored in the dark at 4°C.

2.3. AuNP characterization

A UV-vis spectrophotometer (UV-1800 Shimadzu) was used for
spectra recordings and absorbance measurements. The hydrody-
namic diameter (Dh) and { of AuNP were measured at 204+1°C
using a Zetasizer Nano ZS (Malvern Instruments, UK. All Dh values
are volume averaged, based on three independent measurements
realized on at least three AuNP batches. Zeta potential measure-
ments were carried out in ultrapure water (implying preliminary
dialysis of AuUNP@DHLA for 4 h). All surface charges are mean values

based on three independent measurements realized on three AuNP
batches. Transmission electron microscopy images were recorded
using a Philips CM 200 instrument with a LaB6 cathode operating at
200 kV. Gold NP suspensions were deposited onto a 400 mesh car-
bon film copper grids. The average diameter of the gold core (Dc)
was calculated for each AuNP sample by counting ca. 200 individual
particles from the TEM images.

24. Capillary zone electrophoresis

Capillary Zone Electrophoresis measurements were carried out
using a P/ACE MDQ CE system (Beckman Coulter) equipped with a
diode array detector (DAD, A from 200 to 600 nm). Measure ments
were performed at 25+1°C using a 40cm bare silica capillary
(effective length: 34cm). For anionic and neutral AuNP species,
the background electrolyte (BGE) was a 25 mM boric acid/sodium
borate buffer pH 8.5 adjusted with 40% (m/V) NaOH. AuNP
detection was performed under 12 kV (normal polarity, cathodic
electroosmotic flow, EOF). For the cationic AuNP-CTA, a reverse
polarity method was used (—12 kV).the BGE was changed to 25mM
sodium borate buffer pH 8.5 containing 0.5 mM of CTAB ( below crit-
ical micellar concentration (CMC) i.e. 1.0mM). 90nM of AuNP were
injected hydrodynamically (20 mbar for 20s). The capillary was
rinsed with NaOH 1.0 M (2 min), ultrapure water (2min) and BGE
(2 min) before each injection. The EOF was determined using the
neutral marker, benzyl alcohol, (migration time= 2.06 £0.03 min,
EOF=9.14+0.1=10"%ecm? V-'s~! (n=5)). AuNP@DHLA suspen-
sions were dialyzed against water for 4 h before injection.

Each injection was made in triplicate and the obtained peaks
were identified by their relative migration time (RMT):

RMT = Tmﬁmneutlr.dmr.ukg'l

in which Ty, is the migration time of the peak of interest and
Trneutralmarker 15 the migration time of the neutral species.

3. Results and discussion
3.1. Gold nanoparticle characterization

3.1.1. Classical approach

Results of AuNP characterization performed by the classical
physicochemical approach as well as by CZE are presented in
Table 1, Figs. 1 and 2. Visible spectra of AuNP (Fig. 1 and Table 1)
highlighted the Surface Plasmon Band (Amax) which is specific of
these nano-objects. Surface Plasmon Band of AuNP is due to “the
collective oscillation of the cond ucting electrons of metal NP when
their frequency matches that of the incident electro-magnetic radi-
ations” [21]. It mainly depends on NP size and aggregation, shape,
core/corona composition and suspension medium (interparticle
distance, dielectric constant) [21]. After ligand exchange or graft-
ing from AuNP-Cit to prepare to other kinds of particles, a red
shift was observed (increase of Amay), which reflected the sur-
face chemistry modification. The images obtained by TEM (Fig 1)
showed well-individualized AuNP whatever the considered surface
chemistry without the presence of any aggregate. The values of Dc
(corresponding to the gold core) for AuNP-Cit, AUNP@DHLA, AuNP-
COP and AuNP-CTA were similar (5.0+08, 49+0.7, 5.2+0.7 and
6.4+ 1.2nm, respectively). The values of Dh (including gold core,
surface chemistry and some hydration layers ) were larger than Dc
(Table 1), as expected. The overall results (A yax, Dh and Dc) were
in accordance with previously reported studies [18,22 23 . Surface
potential values of prepared AuNP corres ponded well to the charge
conferred by capping of citrate anions or cetyltrimethylammonium
cations or neutral copolymer or by grafting of dihydrolipoate anion
(Table 1). Concerning AuNP-CTA, ligand exchange may not be fully
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Table 1

Physicochemical characterization of AuNP usingt he classical approach and CZE after sy nt hesis (DO and 20 days of storage (D20). Results are expressed as mean +standard
deviation of at least three independent batches. DO values are used as specifications to compare with D20. Values out of specifications after 20 days are marked in grey.
Physicochemical characterization of AUNP using the o assical approach and CZE after synthesis (D0) and 20 days of storage (D20). Results are expressed as mean + standard
deviation ofat least three independent batches. DO values are used as specifications to comparewith D20, Values out of specifications afrer 20 days are marked in grey.

AuNP Classical approach ZE

Batch M (0T Dh (nm) { potential (mV) Hgp (x 104 em?V-15-1) A (M) Assay (%)
[ 1]1]
Cit 51441 6.5+0.9 -3264+£07 -1.75+0.44 52143 BRTL25
DH LA 52141 9.0+03 -36.8+£37 -2834+0.30 518 L3 824450
COP 51943 6.2+0.8 -26+2.0 —0.27+0.10 521 +8 100.0+ 0.0
CTA 52241 162+£1.2 454 £2.9 1477 £1.70 521 £9 1000+ 0.0
D20 )
cit 1 517 6.6 298 -501 525 822

2 515 6.5 ~160 ~4.88 528 63.7

3 518 7.9 -136 ~158 520 100.0
DHLA 1 521 8.8 -37.4 -3.14 522 933

2 521 37 ] —-40.3 471 514 892

3 521 8.7 -38.9 -31% 516 765

completed with some remaining citrate ions even if the global
charge of the prepared AuNP shifted from negative to positive.

3.1.2. Capillary zone electrophoresis

Electrophoregrams of synthesized AuNP are presented in Fig |
and Table 1. Detection was performed from 200 to 600 nm in order
to monitor in the same experiment AuNP migration (Surface Plas-
mon Band, ca. 520 nm) and impurity profile (214nm). The Surface
Plasmon Band was determined on each major peak and assessed
the presence of AuNP. Their elect rophoretic mobilities ( pgp ) were in
accordance with their surface chemistry: negative values for AuNP-
Citiinrelationof previously reportedvalues [ 11]) and AuNP@DHLA,
value near zero for AuNP-COP and positive value for AuNP-CTA.
These results were well correlated to the ones found by the clas-
sical physicochemical approach (on the one hand values of A yax
collected by UV-vis spectrophotometer and DAD, and on the other
hand { and electrophoretic mobilities) as illustrated in Fig 2.

From electrophoregrams obtained at day 0, as far as AuNP-Cit,
AUNP@DHLA are concerned, an impurity profile was collected. As
no certified standard with known purityexists, in a first approxima-
tion and to compare the different batches, the assay corresponding
to the main product percentage was determined by a classical nor-
malization process (comrected area of the main peak versus the total
corrected area). From these data, the main product assay was cal-
culated; a minimum of 80% was obtained for each kind of AuNP
(Table 1). According to ICH Q2(R1) recommendations |24], the
limit of detection was calculated as a Signal on Noise Ration equal
to 3. This value represents 2.6 £0.5% of the product main peak.
Some impurities, which may origin from either the raw materials
andfordegradation products, were pointed out: uncoupled ligands,
AUNP-Cit (they were the first step of the other AuNP synthesis),
uncapped or ungrafted gold core leading to AuNP aggregation, and
heterogeneous surface coating. The latter case represents the most
problematic one since their physicochemical properties depend on
time storage (size and charge related to gold atom number and loss
of surface functionalization, and molar absorbance coefficient). As
an example, in the case of AuNP-Cit, only neutral impurities were
detected representing 11.3 + 2.5% of the sample (mean of the three
batches recorded at DO in Table 2).

However, CZE was not suitable for AuNP-COP and AuMP-CTA
analyzes. Concerning AuNP-COP, as their surface charge is neutral,
they migrate only with the EOF and at the same RMT than the one
corresponding to all neutral species (even neutral impurities). For
the cationic AuNP-CTA, the methodology previously described was
not well-adapted as the main peak obtained corresponded to an
anionic one (migration after neutral species) indicating the loss

Table 2
Impurity profile of AuNP-Cit by (ZE analyzes after synthesis (DO} and after 20 days
of storage (D20)recorded at 214 nm.

AuMNP-Cit Barch# 1 2 3
Do
Main RMT 1.194+0.08 1.24 £0.05 1.06+0.03
peak CA 14730 +£1855 14710£2354 9300+ 2892
CA% 91.6+22 872410 B7.3125
Meutral RAAT 1.00 1.00 1.00
Spedes Ch 1354 £ 210 2167 + 248 1357 £123
CA% B4+22 128+1.0 127425
D20
Main RMT 1.38+£007 1.37 £0.02 1.00
peak CA 31152+ 4142 16328+ 1948 94147 £ 19916
CA% 22411 63.7 100.0
Neutral RIT 1.00 1.00
Species CA 625+ 180 207 +43
CAY 1.6+0.3 0.8+0.1
Impurity A RIT 1.52+ 0004 1.52 +003 WD
CA 1062 £149 1222 4108 MND
CA% 28401 4.8+04 ND
Impurity B RMT MND 1.56 + 002 ND
CA ND TA57 + 338 ND
CA% ND 307 +£1.6 WD
Impurity C RMT 1.80+0.09 WD MND
CA 5062 £192 ND WD
CA% 13.4+£1.3 ND ND

CA: Corrected Area; CA%: Corrected Area (%); ND: Not Detected.

of CTA capping. So, the migration was performed in presence of
CTAB in BGE (concentration under the surfactant CMC) in order
to annihilate EOF and to maintain the gold core functionalization.
A positive electrophoretic mobility was indeed measured but this
modification limited the possibility to screen the whole profile of
impurities.

From this characterization study, specifications { Table 1) were
set in order to establish the conformity or the rejection of each
newly synthesized AuNP batch (Table 3), as well as to monitor their
stability (Tables 1 and 2).

3.2. Batch-to-batch survey

The analysis of each newly synthesized batch was performed
both by the classical physicochemical approach and by CZE. Results
are presented in Table 3. For some batches, values out of specifica-
tions were obtained by both the classical physicochemical approach
and CZE (batch # 6 for AuNP-Cit, AuNP-COP and AuNP-CTA). How-
ever, as far as AuNP@DHLA is concemed, only CZE rejected batch
# 4 proving that this methodology may be complementary to the
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Fig. 1. Physicochemical characterization of AUNP by spectrophotometry(A), dynamic light scattering(B), CZE( C: performed on AuNP@DHLA) and TEM analyzes on AuNP-Gt

(D), AuNP@DHLA (E), AuNP-COP (F) and AuNP-CTA (G).

physicochemical approach to survey the NP production. We can
conclude that the use of a separation method which focuses on the
major population (main peak) is more discriminant than the classi-
cal global approach. This conclusion shows the complementarity of
thetwo methodologiesusedin thiswork and demonstrates the use-
fulness of capillary electrophoresis in the field of pharmaceutical
quality process.

3.3. Stability study

A stability study was conducted between day 0 and day 20,
AuNP being stored at 4°C, in the dark. Day 20 was chosen as it
corresponded to half the time of the reported AuNP@DHLA sta-
bility (monitored by the classical physicochemical approach) [18].
In our study, these NP should be the most stable ones due to the

covalent bonds between the gold core and the sulfur atoms of
DHILA. After this storage period, AuNP-Cit (Tables 1 and 2), AuNP-
COP and AuNP-CTA were not stable (data not shown), being out
of specifications determined by both the classical physicochemi-
cal approach and CZE. Moreover, if one focus on AuNP-Cit batch
# 3, it was excluded by the value of the assay (100.0%) measured
by CZE, since its related impurity profile was not in accordance
with the one recorded at day 0: the main peak overlaid the one
of the neutral species (Table 2). Therefore, hypothesis concerning
the batch #3 in Table 2 could be a neutralization of AuNP (loss of
functionalization), or a possible aggregation leading to an increase
of the particle size. Such particles migrate too fast (anionic species
with a higher size) with our method which is not dedicated to this
size range (migration time similar than neutral species). This fact
proved that a good agreement exists between the two method-
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Table 3
Batch-to-batch survey of thet hree kinds of AuMP (for each batch the obtained result and t he criterion of conformity (C) or rejection (R) is indicated).
Classical approach (ZE
Max (N Dh inm) ¢ potential { mv) pep (x10-4ecmiV-1s-1) Mpas (nM) Assay (%)

AuMNP-Cit
SpEEiﬁEatiDrls 51441 6.5+09 -32.6+0.7 —1.75+0.44 52143 =86.0
Batch # 4 314 (C) 6.8 (C) -32.3(C) -2.19(C) 524 (C) Mme (0
Batch # 5 515(0) 71(0) -32.1{0) ~1.39(C) 520(0) 872(C)
Batch # 6 518(R) 721(0) ~13.3(R) ~1.23(R) 526 (R) 873 (C)
AuNPE@DHLA
Specifications 52141 90+03 -36.8+37 —-2.83+0.30 518+3 >770
Batch # 4 521(C) 9.3 (0) ~33.4(C) _2.48(R) 522 (R) 78.0 (C)
Batch #5 520(C) 88 (C) —40.5(C) ~3.00 (C) 516(C) 814 (C)
Batch # 6 521(C) 9.1 (0) ~364(0) ~3.00(C) 516(C) 878 (C)
AuNP-COP
Specifications 519+3 62+08 26+ 20 -027 £0.10 521+8 MA
Batch # 4 516(C) 67 (C) —14(C) —0.23(C) 520(C) =
Batch # 5 520(C) 67 (C) —46(C) —0.20(C) 514(C) -
Batch # 6 522(C) 53 (R) —~10.6(R) —0.38(R) 530(R) -
AuMP-CTA
Spedfications 522+1 162+12 454429 14.737+1.70 21+9 WA
Batch 4 4 522(C) 168(C) 435 (0) 1321(C) 512(C)
Batch # 5 522(0) 16.9(C) 433 (0) 14.51(C) 530(C)
Batch # 6 522(C) 14.9 (R} 44.0 (C) 1659 (R) 520(C)

MA: Mat Applicable.

ologies. As far as AuNP@DHLA are concerned, only one batch (# AuNP@DHLA are the moststable ones, as expected, since the ligand
2} was rejected by both approaches after 20 days in accordance is linked to the gold core through covalent bonds, on the contrary
with previously reported results [ 18]. This highlighted the fact that to low energy bonds for three other ligands [ 16,25]. However, the
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two other batches were out of specifications only according to CZE
analysis because of either Az or assay deviations emphasizing the
complementarity aspect of this technique compared to theclassical
approach.

4. Conclusion

In this study, four kinds of AuNP only differing by their sur-
face chemistry were analyzed by the dassical physicochemical
approach and CZE. The results obtained by both methodologies
proving a good agreement and some advantages and drawbacks
can be cited:

* Classical physicochemical approach:

1 Advantages: evaluation of an average population and possibility
to reuse the samples.

2 Drawbacks: at least two different devices used with a large vol-
ume of sample (1 mL which corresponds to 4000.10% AuNP).

s CZE:

1 Advantages: population heterogeneity spotting and assay deter-
mination in a smallvolume of sample (150 nL which corresponds
to 0.6.10° AuNP).

2 Drawbacks: DAD specific to NP possessing optical properties (or
maodification of detection mode ) with no possibility to reuse sam-
ples.

Asa conclusion, this work demonstrates that CZE is an efficient
tool to frame batch-to-batch variations in order toseta quality con-
trol as well as to evaluate NP stability in a complementary manner
to the classical approach.
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Chapitre 2
2.2.1. Conclusion

Dans D’article 3, la complémentarité entre les méthodes classiquement utilisées
pour I’é¢tude des nanoparticules et 1’¢lectrophorese capillaire de zone a été¢ démontrée.
Avant le développement du contrdle en ECZ, la stabilité des lots était évaluée par un
contrble de la bande plasmon de résonnance, une mesure du diamétre
hydrodynamique et du potentiel zéta. Lorsqu’une valeur sortait des spécifications (i.e.
514+ 1 nm, 6 = 1 nm et -36 + 4 mV pour les AuNP stabilisées par des ions citrate), le
lot était considéré comme non conforme. Avec les méthodes classiques, la stabilité
des AuNP ¢était évaluée a environ 40 jours. L’ECZ a mis en évidence qu’un lot
présentant une bande plasmon spécifique dans I’intervalle défini pouvait présenter des
non-conformités en termes de dispersité de population ou de charge de surface. A titre
d’exemple, au bout de 20 jours, 61 % des lots synthétisés était déclarés conformes par
les méthodes classiques et seulement 28 % par I’ECZ (sur 18 lots indépendants). Ces
résultats ont eu pour principale conséquence d’améliorer I’appréciation de la stabilité

des lots grace a la méthode développée.

3. Fonctionnalisation et nitrosation des AuNP

3.1. Introduction

La fonctionnalisation des nanoparticules peut étre envisagée selon deux principales

stratégies : directe ou indirecte (Figure 15).
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Fonctionnalisation directe

A A
A
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—
A A
... @ A A P
Fonctionnalisation indirecte &

Figure 15 : Les deux voies de fonctionnalisation principale d une nanoparticule.
A : principe actif d’intérét. ® : bras d’ancrage.

La premicre stratégie consiste a fonctionnaliser directement la particule avec le
principe actif d’intérét (A). La fonctionnalisation directe est simple car elle ne requiert
qu’une seule étape. La principale limite de cette méthode peut étre I’incompatibilité entre le
groupement fonctionnel du principe actif et la méthode de couplage. Dans notre cas, la
fonctionnalisation directe par du S-nitrosoglutathion (GSNO) (Figure 16) entrainerait le
clivage de la liaison S-NO [101] et donc une perte de la fonction d’intérét. La
fonctionnalisation directe par du glutathion (GSH) suivie de sa nitrosation n’est également

pas envisageable [4].
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Figure 16 : Fonctionnalisation directe d’une AuNP par une molécule de GSNO.

La solution repose sur la fonctionnalisation indirecte. Elle nécessite une étape de
greffage supplémentaire au cours de laquelle un bras d’ancrage (un spacer, o) est greffé a la
surface de la nanoparticule avant d’y ajouter le principe actif d’intérét. Le spacer utilisé dans
notre protocole est I’acide lipoique (LA) dont la fonction acide carboxylique pourra étre
couplée pour former une liaison amide avec le GSH (Figure 17) [5]. Ceci a déja été réalisé au
laboratoire lors de travaux précédents et a montré la possibilité de greffer 7500 + 2500

molécules de GSH par AuNP avec une fonction -SH préservée (AuNP@LA-GSH) [4].
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Figure 17 : Fonctionnalisation indirecte d’'une AuNP par du GSH via un greffage a ’acide
lipoique.

Cependant, la fonctionnalisation des AuNP@LA-GSH par NO, selon le protocole
classiquement utilis¢é au laboratoire, nécessite des conditions incompatibles avec les
particules (1 h a 4 °C dans HCI 0,5 M). En effet, la modification de pH, de force ionique,
ainsi que la dilution des AuNP entraine systématiquement leur précipitation. Il n’est donc pas

possible de nitroser directement des AuNP fonctionnalisées par GSH.

Pour pallier a ce probléme, le phénomeéne de transnitrosation a été étudié. La
transnitrosation est une réaction chimique spécifique entre un thiol (R-SH) et un RSNO qui

consiste en 1’échange d’un groupement NO d’un donneur vers un receveur (Figure 18).

1 o 3 2 0o
- 0)%(\3- B
H NH, H 'NH,
N J\(\ /VL N
2 o NH: 1 o
/\0 s N=0 /\OJ}(\S'
H 'NH, H NH2

Figure 18 : Réaction de transnitrosation entre une (1) cystéine ester et une (2) S-
nitrosocystéine ester, et (3) I’intermédiaire réactionnel selon [102].
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Pour mimer le transfert d’un groupement NO d’un RSNO vers une AuNP@LA-GSH,
I’albumine sérique de beeuf a été utilisée. L’albumine est une protéine majoritairement
présente dans la circulation sanguine (40 g/L). Son diamétre hydrodynamique (7 nm) proche
de celui des AuNP synthétisées et son groupement thiol disponible (résidu cystéine 34) en
font un modele simple pour étudier les phénomenes de transitrosation entre un RSNO et une
NP. Les conditions de transnitrosation sont celles du plasma (pH, force ionique et
température physiologiques) ce qui est parfaitement toléré par les AuNP [84], Enfin, les
différences de masse molaire entre un RSNO de faible masse molaire (le donneur de NO) et
I’albumine (I’entité receveuse) sont intéressantes pour permettre leur séparation et la
purification de I’albumine nitrosée en fin de réaction. Ces €léments sont explorés dans
I’article suivant. Le taux de nitrosation de 1’albumine sera évalué¢ en fonction de 1’espece
utilisée pour la nitrosation. Trois familles différentes seront testées : le nitrite de sodium en
milieu acide comme substance de référence, trois RSNO (GSNO, S-nitrosocystéine et

S,S-dinitrosobucillamine) et enfin du dié¢thylamine NONOate (donneur de nitrate organiques).

3.2. Article 4: Albumin as a carrier for NO delivery preparation
physicochemical characterization and interaction with gold

nanoparticles
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ABSTRACT

Background: Nitric oxide (NO) is a gaseous transmitter playing numerous physiological roles and character-
ized by a short half-life. Its binding to endogenous thiols increases its stability, facilitating its storage and
transport. The purpose of this study was to investigate the nitrosated serum albumin (SA-SNO) and to pro-
vide a reference for its easy preparation for further use in in vitro studies,

Methods: Serum albumin (SA) was 5-nitrosated by reacting with (i) NaNO; in acidic medium; (i) different
low-molecular weight S-nitrosothiols (RSNO) (S-nitrosocysteine (CysMO), S-nitrosoglutathione (GSMNO), and
5,5 dinitrosobucillamine (Buc(NQ)2)); and (i) diethylamine NONOate (DEA/NO). SA-SNO was purified by size
exclusion chromatography and the S-nitrosation site and the rate were studied by mass spectrometry and
Griess—Saville assay, respectively. Then, SA-SNO was characterized by spectrofluorimetry, dynamic light scat-
tering, and circular dichroism. Finally, SA-SNO reactivity with citrate stabilized gold nanoparticles {AUNP-cit-
rate) was investigated via determination of NO release,

Results: S-nitrosation rates of SA were 90.1+33, 768427, 803+32 B84.8+50 and 154+1.9% (n=75),
when 5A was reacted with acidified NaNO,, CysNO, GSNO, Buc(NO),, and DEA/NO, respectively. The physi-
cochemical characterization indicated that the resulting product corresponded to a mono-5-nitrosothiol (on
cysteine-34), and the conformational construction remained unchanged. Stability studies showed that the
NO content was preserved over 1 week AuNP-citrate reacted with SA-SNO with increase of its hydro-
dynamic diameter but preservation of SNO bond.

Conclusions: SA-SNO prepared and stored under the reported conditions affords a well-defined reference
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suitable for in vitro studies,

Introduction

Serum albumin (SA) occupies a pivotal position as it is the most
abundant circulatory protein in mammals. It displays an extraordin-
ary affinity for a wide range of ligands, plays key physiological
roles in transport, distribution, and metabolism of many endogen-
ous and exogenous compounds’. As a versatile protein carrier, SA
is biocompatible and biodegradable, non-toxic as well as non-
immunogenic, which makes it an ideal material for drug delivery®.
Over the last decades, SA derivatives have emerged as functional
carriers available on the market, mainly for diagnosing and treating
cancer, rheumatoid arthritis, diabetes, and infectious diseases
among others’,

Nitric oxide (NO), first known as the endothelium-derived relax-
ing factor, is biosynthesized from r-arginine, dioxygen, and NADPH
by catalysis of three NO synthase isoforms®, In mammals, NO is an
important cellular signaling molecule involved in many physio-
logical and pathological processes, especially in the cardiovascular
system. They include wvascular smooth muscle cell relaxation,
antiplatelet effect, immune and blood pressure regulation®, S-
nitrosation of the free thiol groups found in endogenous com-
pounds including proteins and low-molecular weight compounds
leads to S-nitrosothiols (RSNO), the most important ones in the
body being S-nitrosoglutathione (GSNO) and S-nitrosated serum
albumin (SA-SNO), The latter corresponds to the storage and trans-
port of NO, exhibiting a long half-life in the range of several hours

compared with a few seconds for the gaseous radical NO. Thus
SA-SNO plays an important role in maintaining NO pool, especially
in pathological states.

S-nitrosation of SA operated in vitro has been widely investi-
gated but so far very few works regard the preservation of its
native form during the process. Indeed, SA is frequently denatu-
rated before S-nitrosation to increase the number of available
reactive thiol groups by reducing disulffide bonds. At the
same time, an additional chemical reaction with Traut's reagent (2-
iminothiolane) was often operated to increase more considerably
this number. A codification of the various SA-SNO forms resulting
from those different approaches has been published®, and we
have summarized here the different pathways used in the litera-
ture to S-nitrosate native SA (bovine (BSA) as well as human (HSA)
SA) (Table 1).

Based on the literature overview of S-nitrosation processes, the
most frequently methods used to S-nitrosate native SA are the
reaction with either NO gas or NaNO, in acidic medium (nitrous
acid), or S-transnitrosation by reacting with low-molecular weight
RSNO or with 1-substituted diazen-1-ium-1,2-diolates, also called
MONOQates. From a physicochemical point-of-view, there is a need
to easily and quickly obtain native SA-SNO as a well-defined prod-
uct for wvarious biochemical, pharmacological, and bioanalytical
assays included in preclinical studies, In the present work, three
kinds of processes to obtain 5A-SNO were compared: (i) reaction

CONTACT Pierre Leroy @ pierreleroy@univ-lorraine.fr e Université de Lorraine — CITHEFOR EA 3452, BP 80403, Nancy Cedex 54001, France

i 2016 Informa UK Limited, trading as Taylor & Frands Group
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Table 1. Literature overview of methods for S-nitrosation of native serum albumin.
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Nitrosation reagents and

SA type molar equivalent (eq.) Purification method Quantification method S-nitrosation rate Ref.
BSA 200, 500, and 1000 eq. Ultrafiltration Saville-Griess assay 73965 8% i
NaN,/HCl
BSA 1 eq. NaNG./HC None Saville-Griess assay 085 SA-SNO/BSA® .
BSA, HSA NaNO,/HC| Nore UV-vis at 345 and 545 nm Not indicated ?
BSA 1 eq. NaNO,,H,50, None UV-vis at 334nm and 100%° 1
Saville-Griess assay
BSA NG gas in anaerahic None Ellman's assay No SA-SNO obtained Ak,
conditions
HSA in human Butylnitrite Centrifugation and chroma- GCMS vig Saville-Griess 90.9%" 2
plasma tography (HiTrapBlue assay
Sepharose affinity
column)
BSA 3 eq, GSNO SEC (PD10 column) Saville-Griess assay 035 SA-SNO/BSA® 1
BSA 10, and 40 eq. low None Ellman's assay Mot indicated 14
molecular weight RSNO®
BSA 20 eq. CysNO SEC (Sephadex G-25) NO electrode Not indicated &
BSA SNO-4B° Gravity precipitation Saville-Griess assay No SA-SNO obtained 18

“S-nitresation rate based on thiol content within SA.
b nitrosation rate based on SA.

“Low molecular weight S-nitrosated thiol (i-cysteine ethyl ester, dimethylaminoethanethiol, :-cysteine, GSH, mercaptoethylamine, 2-mercaptoethanol).

“¢ nitraso-glutathionyl-sepharose 48 beads,

with NaNO; in acidic medium by initially mixing the same molar
equivalent of nitrite ions and free thiol; (ii) S-transnitrosation by
reacting with an excess of low molecular weight RSNO at pH 7.4,
and (iii) reaction with diethylamine NONOCate (DEA/MNO) at pH 7.4
(Figure 1). The S-nitrosation site was studied by mass spectrometry
(MS) and the S-nitrosation rates were measured by Saville-Griess
assay. The possible conformational changes were investigated by
different physicochemical methods. Stability studies of purified SA-
SMO were performed to define optimal storage conditions, Lastly,
the prepared SA-SNO, used as a model of endogenous RSNO, was
incubated with citrate stabilized gold nanoparticles (AuNP—citrate)
to study their reactivity and to estimate further biocompatibility of
AuMP-citrate in blood.

Materials and methods
Chemicals and reagents

All chemicals and solvents were of analytical reagent grade and
used without further purification. All solutions and experiments
were prepared in deionized ultrapure water (>18.2 ML cm). SA
(BSA Cohn fraction V, powder), DEA/NO, iodoacetic acid (IAA),
N-ethylmaleimide (MEM), ascorbic acid, and trichloroacetic acid
(TCA) were purchased from Sigma-Aldrch (St. Louis, MQ), and
Sephadex® G-25 (Fine) was provided by GE Healthcare Company
(Chicago, IL). Bucillamine (2-[(2-methyl-2-sulfanylpropanoyllamino]-
3-sulfanylpropanoic acid; Buc) was purchased from Fine Chemicals
Discovery (San Diego, CA). Phosphate buffer saline solution (PBS
pH 7.4, 0.148 M) was prepared as follows: 8g NaCl, 0.2g KCl, 0.2¢g
KH,PO, 0.92 g Na;HPO, were dissolved in 1L of water.

S-nitrosoglutathione and  5,5-dinitrosobucillamine
were synthesized and quantified as previously described
S-nitrosocysteine (CysNQO) was obtained according to the same
protocol. Briefly, 9ml of reduced glutathione (GSH), cysteine, or
Buc solution prepared at a free thiol concentration of 20mM in 0.5
M HCl were added to 1ml of 200mM MNaMO, solution. After 1h
incubation at 4°C in the dark, the reaction was stopped by neutral-
ization with 0.5ml of a 40% (w/v) NaOH solution and the volume
was finally completed to 20.0ml with 0.5 M phosphate buffer pH
74. The concentration of prepared low molecular weight RSNO
solutions was assayed by measuring absorbance at 334nm and

(Buc(NOJ,)

17,18,
¥

0.5 M HCI

4°C, indark, 1 h Cala il

(i), SA-SH +

PBS pH = 7.4
rt,indark 1h
PBS pH = 7.4
r.t,indark, 1 h

[ii). SASH + 10eq.RSNO SA-SNO + RSSR

SA-SH + 5 eq. Buc(NO), SA-S5MO  + Buch,

PBS pH=7.4

(i) SA-SH + 67 eq. DEA/NO SA-SMO + HN(C;H:),

r.t., indark, 1 h

Figure 1. Reaction scheme of the three pathways used for mono-S-nitrosated
serum albumin (SA-SNO) synthesis: (i) reaction with nitrite jons in acidic medium;
(i) Stransnitrosation with low-molecular weight S-hitrosothicls (CysNO, GSNO or
Buc(NO),); BucS; is BB-dimethyl-6-ox0-1,2,5-dithiazocane-4-carboxylic acid; (iii) reac-
tion with NO released from diethylamine NONOate (DEA/NO).

using their molar absorbance: e =922 M~ cm " for GSNO, & = 900
M~ cm™" for CysNO, and £=1720 M~" cm™" for Buc(NO), (UV-vis
spectrophotometer model UV-1800, Shimadzu Corporation, Kyoto,
Japan). As an example, residual amount of nitrite ions in GSNO
was 057% (w/w). All low molecular weight RSNO solutions were
stored at 4°C before further use. A Clark electrode (Hansatech,
Hansatech Instruments Ltd., King's Lynn, UK) was used to measure
the O, concentration in the reaction medium. Calibration was oper-
ated with deionized water oxygenated by exposing to air with
intense magnetic stiming (100% O,, 260 nmol/ml) and an addition
of sodium dithionite (0% O.).

Ellman’s assay

The free thiol content in SA was determined by using Ellman's
assay. Briefly, 5,5'dithiobis-(2-nitrobenzoic acid) at 1mM was
reacted with SA in 0.1 M phosphate buffer pH 7.4 at room tem-
perature (rt) in the dark for 10min. The absorbance of the released
5-thio-2-nitrobenzoic acid was measured at 412nm and a calibra-
tion curve built with GSH as the standard in the range 3-30 uM.

Serum albumin 5-nitrosation and reaction with N-ethylmaleimide

Serum albumin (final protein concentration: 176 uM, thiol concen-
tration measured by Ellman’s assay: 100 pM) was S-nitrosated by
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three different synthetic pathways (excess of S-nitrosation reagents
were based on thiol concentration), as follows:

(i) S-nitrosation of SA with nitrous acid was realized as previ-
ously reported®. A 10mM MNaMNO, solution was prepared in
degassed water, and SA {(116.5mg) was dissolved in ca. 3.5ml of
water in a 10.0ml volumetric flask. Then, 5ml of 1 M HCl and 1 ml
of 1TmM MNaNO: solution were added, and the volume was filled
up to 100ml with water. The resulting mixture was sealed and
kept in the dark at 4°C for 1h. At last, 0.5ml of 40% (w/v) NaOH
solution was added and the volume was completed to 200 ml
with 0.5 M phosphate buffer pH 7.4,

(i) S-transnitrosation was operated by mixing SA and a 10-fold
molar excess of GSNO, CysMNO or a five-fold molar excess of
Buc(NO): in PBS, and incubating in a sealed 10.0ml volumetric
flask in the dark at rt for 1h.

(i) S-nitrosation by NO released from DEA/MNO was acted by
mixing SA and a 6.7-fold molar excess of DEA/NO in PBS and incu-
bating in a sealed 10.0 ml volumetric flask in the dark at rt for 1h.

Each protocol was performed on 5 independent replicates and
on two different SA batches. In some experiments, thiol function of
SA was blocked using N-ethylmaleimide (NEM). A 10-fold excess of
MEM (a final concentration of 1.76 mM) was reacted on SA (a final
concentration of 0.176 mM) in PBS pH 7.4, 0.148 M. Then, SA-NEM
was purified using the size exclusion chromatography described
below. After purification, according to Ellman’s assay, no thiol con-
tent in SA-NEM (a protein content of 65 puM) was measured (below
the limit of quantification which is equal to 3 pM).

Griess and Saville-Griess assays

Mitrite ion and RSNO concentrations were determined by using
Griess and Saville-Griess assays, respectively, as previously
described’, Briefly, samples were diluted with 1.75 M acetoacetic
buffer pH 2.5, in order to obtain a final volume of 200pl
Calibration curves were performed in the range 1.0-10.0 pM, using
MaMO, and GSNO (exact concentration determined using molar
absorbance at 334nm) as the standards for Griess and
Saville-Griess assays, respectively, As concemed the Griess assay,
40 pl of sulfanilamide solution (0.6% (w/iv) prepared in 0.4 M HCI)
were added to the previously diluted sample. After a 3 min incuba-
tion in the dark at rt, 10 pl of N-1-(naphthyl)ethylenediamine solu-
tion (0.6% (w/v) prepared in 0.4 M HC) were added and another
5min incubation period at rt was acted before the measurement.
The same operating conditions were used for the Saville-Griess
method, but the sulfanilamide solution was added with HgCl,
(02% w/v). The quantification of RSNO was performed using
Saville-Griess result compensated by Griess result in parallel. The
absorbance was measured by using a 96-well microplate reader
equipped with a 570nm filter (Bio-TEK Instrument, INC® Winooski,
VT). The methods were validated according to Food and Drug
Administration guidelines®. The linearity for Griess and
Saville-Griess methods was checked in the range 1.0-10.0 uM, with
corresponding equations of the regression lines: A (absorbance at
570nm) = 0.0161 x [NO; ] (+0.0010) +0.0384 (+0.0037);
coefficient of determination, r? =0995 (6 points, n=5) and
A=10.0180 = [GSNO] (+£0.0017)+0.0367 (+0.0063); r*=0.995 (6
points, n=25) for Griess and Saville-Griess assays, respectively.
Limits of detection and quantification were calculated based on
blank deviation and the values were found to be 0.2 and 0.7 pM
and 0.2 and 0.8 uM for Griess and Saville-Griess assays, respect-
ively. Finally, repeatability, intermediate precision, and accuracy
were evaluated. The relative standard deviations for Griess and
Saville-Griess assays, respectively, were equal to 3.0 and 1.4% for
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Figure 2. Experimental procedures of matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF/TOF-MS) for determination of SA
S-nitrosation site.

repeatability (six determinations at 100% of the test concentration,
5uM) and 4.1 and 2.2% for intermediate precision (five determina-
tions on 5d). Accuracy was evaluated at 101.7+144 and
104.3 +8.9% for Griess and Saville-Griess assays, respectively (five
points, n = 5).

Purification by size exclusion chromatography

S-nitrosated SA was separated from other components of the reac-
tion medium by size exclusion chromatography (SEC) with PBS as
the eluent. A polypropylene column (20 x 1.5cm) was filled up
with Sephadex® G-25 (10ml) and eluted with PBS at a flow rate of
250 min~ ", The column was equilibrated with the eluent for
10min and 0.5 ml of the reaction medium resulting from different
S-nitrosation processes was deposited at the top of the column;
the eluate was collected (0.5 ml fractions). The absorbance of elu-
ate fractions was measured at 278 nm for protein content (linear
range: 1-10 pM), and by Griess and Saville-Griess assays for nitrite
and SA-MNO content, respectively. The S-nitrosation rate of SA was
calculated using the following equation:

Nga —SNO

(SA — SNOJmate = ————— =1
{ Jeate nsa > thiol content *

(1

where ne, o is the quantity measured by Saville-Griess assay, ney
is the quantity of protein, and thiol content is determined by
Ellman's assay.

Spectroscopic analyses

Mass spectrometry

The procedure is summarized in Figure 2. A 1pl aliquot of SA or
SA-SNO at 60 uM was reacted with 40mM MEM in sodium dodecy!
sulfate (SDS) solution for 30 min to block free thiols. Then the sam-
ples were purified by a SDS polyacrylamide gel electrophoresis
(SD5-PAGE) to remove the NEM excess. The gels were then stained
with Coomassie blue and visible bands were cut and reduced for
15min by a 40 mM ascorbic acid solution, and the resulting free
thiols were alkylated by the addition of a 40 mM IAA solution. Gel
bands were destained through two successive cycles of washes in
100 ul of 50 mM ammonium bicarbonate and 25mM ammonium
bicarbonate, 50% acetonitrile (ACN). Proteins were digested in 25 pl
of 25mM ammonium bicarbonate, containing 1ng trypsin
(Promeqga, Fitchburg, W, sequencing grade), at 37°C overnight.
Peptides were extracted twice by sonication in a water bath soni-
cator in 25l 80% ACN, 1% trifluoroacetic acid (TFA). Extracts were
dried, resuspended in 2% ACN, 0.1% TFA, and fractionated/ana-
lyzed based on Riffault et al.”’. Fractionation was performed by
nanoHPLC (Ultimate3000 system) on a pepMap 100 C18 desalting
precolumn and a 15cm pepMap RSLC C18 fractionation column
(all from Dionex, Sunnyvale, CA). Five pl were injected using the
plpickup mode and eluted by a 2-45% ACN gradient over 30min
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at a flow rate of 300 nl min~". The resulting fractions were col-
lected on a ProteineerFcll (Bruker, Billerica, MA) and were directly
mixed on MTP-1536 TF target (Bruker, Billerica, MA) spots with -
cyano-4-hydroxycinnamic acid (Bruker). Matrix-Assisted Laser
Desorption/lonisation coupled with time-of-flight (MALDI-TOF/TOF)
MS runs were processed according to Ref. [21].

Spectrofluorimetry

The fluorescence spectra were recorded on a spectrofluorimeter
(JASCO FP-8300iRM, JASCO Incorporated, Portland, OR) with a
1.0 cm quartz cuvette in the range of 200-500 nm for emission and
excitation wavelengths (bandwidth =5nm; sensitivity: medium);
the samples were prepared in PBS at a final protein concentration
of 0.7 uM.

Dynamic light scattering

The hydrodynamic diameters (Dh) of SA and SA-SNO were meas-
ured by dynamic light scattering (DLS) using a Zetasizer Nano ZS
(Malvern Instruments, Malvern, UK) at 25°C with an angle detec-
tion of 173" backscatter (NIBS default). All Dh values reported were
volume average values, based on three independent measure-
ments of three SA and SA-SNO batches.

Circufar dichroism

The circular dichroism (CD) spectra were recorded on a
Chirascan™ CD spectrometer (Applied Photophysics  Ltd,
Leatherhead, UK) with a 0.1 mm guartz cuvette in the range of
180-260 nm for far-UV and with 1.0cm quartz cuvette in the range
of 260-320nm for near-UV. The samples were prepared and
diluted in chloride-free solvents to keep the final protein concen-
tration at 12 uM for far-UV recording, and the initial concentration
(60 uM) was used for near-UV recording. The data were collected
with an interval of 1nm and with a scan speed of 100 nm min~'
at 25°C. PBS was used for baseline correction.

Stability studies

The purified SA-SNO was stored in PBS in the dark at 37, 4, —20,
and —80°C at a concentration of 60puM (vials were completely
filled with the solution). The remaining SA-SNO concentration was
measured by Saville-Griess assay every day during the first week
and every week till 1 month.

Interaction of S-nitrosated serum albumin with citrate-stabilized
gold nanoparticles

Citrate-stabilized gold nanoparticles were prepared and character-
ized as previously reported”™ by using spectrophotometry and
transmission electronic microscopy (Philips CM20 instrument with a
LaB6 cathode operating at 200 kV, Philips Inc, Amsterdam, UK). The
AuNP-citrate suspension (550 ul) at a final concentration of 10, 20,
40 and 60nM were added to either SA-SNO or GSMO solution
(60 ul) in PBS at a final concentration of 5pM (comesponding to
SNO concentration). The resulting samples were incubated at rt for
2h, and centrifuged at 42,000 = g for 10min at 4°C. Then 100 pl of
10% (v/v) TCA solution were mixed with 550 pl of supernatant and
centrifuged at 42,000 x g for 10 min at 4°C. For the measurement
of NO release, 600l of each diluted supernatant {1-10 times) in
PBS were mixed with 60pl of 105uM 2 3-diaminonaphthalene
(DAN) prepared in 0.6 M HCl; the resulting mixture was incubated
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for 10min at 37°C followed by the addition of 40ul of 24 M
MaOH. Fluorescence intensity was read by using a spectrofluorime-
ter at haee = 375nm and Ao = 415 nm. Concentrations of NO were
calculated by using a calibration curve of NaNO, in the range of
005-0.50 uM. Besides, AuNP-citrate suspension (1100 pl) at a final
concentration of 60 nM were incubated with GSH, GSNO, SA, and
SA-SNO (120pl) in PBS at a final concentration of 5pM (corre-
sponding to SNO concentration) in the dark at rt for 2 h. Then their
visible spectra were recorded, and the Dh values were measured
by DLS. Controls (AuNP concentration of 60nM) were performed
with SA-NEM (5 uM) using DLS and visible spectrophotometry char-
acterization and NaMNO; (5 pM) using DAN method quantification.

Statistical analysis

Where appropriate, results are shown as mean =+ standard deviation
(SD). Statistical significance between groups was determined by a
one-way analysis of variance. All statistical analyses were done
using GraphPad Prism® (GraphPad Inc, San Diego, CA) version 5.0.
In all cases, p < 005 denoted significance.

Results and discussion
S-Nitrosation of serum albumin and product purification

Bovine SA which is 88% homologous with HSA is constituted by a
single chain of 583 amino acid residues which contains 35 cysteine
residues forming 17 disulfide bridges; the free cysteine residue is
located at position 34 (Cys-34). The asymmetrically assembled sec-
ondary structure results in the package of Cys-34 residue, which is
located in a sterically hindered anionic and hydrophobic crevice,
resulting in limited access to the solvent®. In agreement with this
opinion, a commercial mature BSA, which is derived from cow
plasma proteins purified by Edwin Cohn's methodology with
retained biological activity, used in the present study possessed
only 56.8+13% (n=23) of free thiol content determined by
Ellman’s assay.

After realizing S-nitrosation of SA with different nitrosating
reagents (reagent equivalents are defined according to the meas-
ured thiol content), the excess of chemical reagents and their pos-
sible decomposition compounds were removed by SEC. SA-SNO
and unreacted SA were eluted under the same peak, due to their
similar physicochemical properties (Figure 3). However, using a
well-defined mixture of SA-SNO and SA in preclinical studies and
further dlinical investigation is convenient because SA-SNO and SA
naturally co-exist in the blood. In chromatogram ii, SA-SNO was
separated from low molecular weight RSNO with an acceptable
baseline-resolution (Rs) between peaks (R; = 18), measured accord-
ing to European Pharmmacopeia. However, another impurity (3-nitro-
tyrosin-SA*) may occur in all the S-nitrosation protocols as
previously described with the use of nitite ions in acidic
medium™?® as well as with transnitrosation processes”’.

Then, the nitrosated site was checked by using LC-MALDI-TOF/
TOF MS analysis. The reference commonly used in M5 studies is a
BSA precursor which contains 607 amino acids, while the mature
protein contains 583 amino acids. Thus, the mature BSA starts
from amino acid residue 25-607, and as a result, the free cysteine
residue is located at position 58 instead of 34. When examining
peptide fragments ranging from amino acids 45-65 and according
to our sample preparation (Table 2), only N-ethylmaleimide cou-
pling was observed for native SA on cysteine 58 (indicated Cg; in
Table 2). On the contrary, both carbamidomethylation and N-ethyl-
maleimide addition were observed at this site for SA-SNO.
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Figure 3. (A) Typical chromatograms corresponding to blank (left) and the purfication of SASSNO (right) by SEC: (i) S-nitrosation with NaNO; in acidic medium,
(i) S-transnitrosation with low-molecular weight RSNO (GSNO in this graph), and (iii) S-nitrosation by NO released from DEA/NO. The SA content in collected fractions was
monitored by absorbance measurement at 278nm, the NO,  and RSNO were measured by Griess and Saville-Griess assay, respectively. (B) Typical W-visible spectra

obtained on SA-SNO after S-nitrosation process.

Table 2. Determination of 5nitrosation site by LC-MALDI-TOR/TOF analyses of SA-SNO fragment peptides (mass of N-ethylmaleimide and

carboxymethy| fragments are 126 and 59 a.mu, respectively).

Peptide sequence (letter codified amino acids

Sample name SA content Rt (min} Obtained m/z ratio (molecular peak) with sequence number underscript)
Theoretical sequence:

Native SA SA-SH 2 Expected value: 2434 K.G s LVLIAFSQYLOOC PFDEHVE, ;L

Native SA SA-SH 423 2560.282 K.G s LVLIAFSQYLOOC, PFDEHVK, ; L
N-ethylmaleimide

S-nitrosated-5A SA-SNO 409 2492.248 K Gas LVLIAFSQYLOQQCPFDEHV K s L
S<carboxymethyl

SA-5H 423 2560.282 K GasLVLIAFSQYLOQQCPFDEHVKs s L

I
Ne-ethylmal eimide

This analysis proved that the Snitrosated site was located on the
free cysteine residue, as expected, and that SA-SNO contains also a
non-5-nitrosated fraction, as previously explained.

Based on various S-nitrosation pathways, different 5-nitrosation
rates were obtained (Table 3). The use of nitrite ions in acidic
medium afforded the highest yield of SA-SNO (90%, expressed ver-
sus the free content of thiol in SA determined by Ellman’s assay),
followed by transnitrosation with low molecular weight RSNO
which vielded lower S-nitrosation rates (85-76%) in the following

order: Buc(NQ); = GSNO = CysNO, while DEA/NO produced low
yield of SA-SNO (15%). The S-nitrosation yield was also confirmed
by UV-visible spectrophotometry at 334nm (typical UV-visible
spectrum is shown in Figure 3). Indeed, taking into account (i) the
additivity of Beer Lambert's law, (ii) molar absorbances at this
wavelength of SA (606+7 M ', cm ') and GSNO (922 M ',
em )7, and (iii) 56.8% of free thiol in SA, the theoretical molar
absorbance value of SA-SNO is 1067 versus 1130 M~ " cm ™" calcu-
lated or measured in our study.
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Table 3. Rates of albumin S-nitrosation (%) obtained by the three pathways.

S-nitrosation pathway MaMO; in acidic medium Stransnitrosation DEA/NO
CysNO GSNO Buc(NO),
S-nitrosation rate (%) 90,1+ 3.0 762 +49° 78.8+1.6" 848+ 65" 154195

Percentages of RSNO obtained (mean +50; n=5) are expressed versus free thiol content measured by Ellman's assay.

"p < 0,05 versus DEA/NO,
B < 0,05 versus CysNO.
“p < 0.05 versus GSNO.

Table 4. Nitrosation rate of SA by acidified NaNQ, under different oxygenation conditions.

Oxygenation condition [05]* (nmal/ml) Nitrosation rate (%)
Degassing in an ultrasonic bath for 3 min 260 894427
Exposing the reaction medium to air with intense magnetic stirring 260 91.7 £ 26"
Bubbling with nitrogen for 3 min 0 846+39°

“Measured with Clark electrode.

bpﬁﬁ.DS versus our operating conditions (NaNO, in acidic medium).

S-Nitrosation by acidified NaNO; involves several mechanisms:
resulting nitrous acid efficiently reacts with thiol groups either dir-
ectly or by the way of tightly related oxidized derivatives such as
M20s or NsO4 and this phenomenon may be catalyzed by CINO®.
The influence of dissolved O: in the medium on synthesis yield
was studied (Table 4). Whatever the tested condition (degassing
with ultrasonic bath or M, bubbling or saturated 0, using intense
stiming), no difference in term of S-nitrosation rate was observed.
Moreover, the excess of nitrite ions in acidic medium can oxidize
the free thiol of SA, but can also react with the indole nitrogen
atom of a tryptophan residue, inducing polynitrosation® and a
lower S-nitrosation conversion. For example, 200 and 1000 equiva-
lents of NO,~ yield 71 and 60% of SA-SNO, respectively’. As a con-
sequence, it is of main importance to operate with exactly the
same equivalent amounts of NO;  and SA (considering its thiol
content). In our operating conditions, NO;~ is fully consumed, as
demonstrated by no NO, detection after reaction (see chromato-
gram i of Figure 3). Two batches of SA were tested in the present
study and both give rise to the same S-nitrosation rate (ca. 90%)
when considering their initial amount of free thiol measured by
Ellman's assay (data not shown). At the same time, S-nitrosated
HSA was prepared with a yield of 79.7%, based on 14.6% thiol con-
tent, by using acidified NaNO..

S-transnitrosation should appear as a softer process than direct
S-nitrosation, because it is operated at physiological pH. The NO
exchange between low molecular weight RSNO and SA thiol group
occurs mainly via nitrosonium ion (NO™) and thiolate form™® which
is more abundant at physiological pH. SA-SNO obtained by transni-
trosation presents a molar absorbance at 334 nm equal to 947 + 21
M~" cm~"(n=3), which is in accordance with the calculated nitro-
sation rate.

A factor which may also promote the formation of SA-SNO is
the stability of low molecular weight RSNO or the NO™ releasing
rate. In our study, three RSNO with different half-lives (Buc(NO), =
GSNO = CysMNO) were tested: resulting S-nitrosation rates increased
with their stability. The dinitrosothiol, Buc(NO), appears as the
most interesting S-transnitrosation reagent when compared to
GSNO and CysMNO. A 10-fold excess of low molecular weight RSNO
was presently used, according to previous literature reports™,
Accordingly, a nine-fold ratio of GSNO peak area to SA-SNO peak
area was obtained by using Excel® calculation (chromatogram ii in
Figure 3). Increasing this excess (up to 20 and 50 equivalents of
low molecular weight RSNO for one thiol equivalent of SA) or
extending reaction time (2 and 4h), or even using inert atmos-
phere did not yield significantly higher S-nitrosation rates (data not
shown). As a consequence, whatever the considered RSNO, SA was

not totally transnitrosated. This may be due to the formation of
an intermolecular disulfide derivative (RS-5A) which can be a
by-product of this reaction®®,

At rt and pH 7.4, one mole of DEA/NO releases 1.5 mole of NO
and its congeneric nitroxyl from every parent compound. The
protonation of [NN{OJMO]™ functional group releases NO*% which
can attack Cys-34 in water, thus forming an N-centered radical,
e.g., RSN'OH. This radical mutually combines and leads to disul-
fide®" but not to RSNQ formation. In our case, the O, level
(260 mmol/ml) produced the oxidized derivatives and it resulted in
low SA-SNO amounts (15%).

Influence of S-nitrosation on conformational and structural
changes

Serum albumin may undergo reversible conformational transitions
in its three-dimensional structure at different pH values and under
drug binding', S-nitrosation of SA on Cys-34 was hypothesized to
induce secondary reactions leading to C-, N-, and O-nitrosoalbu-
min'?, which in tum may cause conformational changes altering
original biological activities of SA. Several physicochemical techni-
ques were used to investigate this possibility: spectrofluorimetry,
DLS, and CD.

Serum albumin possesses intrinsic fluorescence due to aromatic
amino acid residues, Compared with tyrosine and phenylalanine
residues, tryptophan residues play the main role as fluorescence
probes in optical studies of proteins to monitor conformational
changes™. In this study, the excitation spectra of SA-SNO prepared
by different S-nitrosation processes, standard SA, and positive con-
trol (SA treated with NaCl in 0.5 M HCI| solution but without NO:
at rt for 1h followed with SEC purification) exhibited similar max-
imum emission wavelength located at 284nm and fluorescence
intensity. The excitation spectra of all samples were also located at
340 nm with almost the same intensity (Figure 4A). No change was
observed in the fluorescence of aromatic amino acid residues,
which means that their environment was not affected by the dif-
ferent S-nitrosation processes.

Dynamic light scattering is a tool to determine size distribution,
polydispersity, and aggregation phenomena in solution. The
change of SA size demonstrates the thermal denaturation of SA. As
shown in Figure 4(B), the Dh values of SA-SNO (whatever the pro-
cess), SA standard, and SA treated in HCl-NaCl were centered at
7nm, these results being consistent with literature data®,
Furthermore, it illustrated the absence of aggregates.

Circular dichroism is interesting to investigate protein structure,
especially for analysis of conformational changes. SA-SNO, SA
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Figure 4. Physicochemical charactedzation of SA-SNO as a function of the three S-nitrosation processes studied by (A) fluorescence, (B} DLS, and (C) far UV (1) and near

Uv (Il CD.

standard, and positive control were monitored by CD in the far
and near UV for getting secondary and tertiary structure informa-
tion. For the far UV CD analysis (Figure 4(C), (i), the shape of
curves, in the entire window 180-260 nm, is identical whatever the
treatment, which revealed that the helical structure of SA remained
unchanged after the different S-nitrosation processes. SA kept
most part of its peptide bonds and secondary structure under all
S-nitrosation modes. The literature reported that the ellipticities of
SA* at 220nm decreased markedly with pH drop from 5 to 2, SA
nitrosated by acidified NaNO, underwent the conformational
changes but its ellipticity recovered its original level with pH
readjustment, mainly due to the reversible conformational transi-
tions, The near UV spectrum of a protein is related to a specific sig-
nature, Moreover, small perturbations in the tertiary structure can
be observed in this range. The near UV data (Figure 4(C), (ii)
showed that there was no significant difference between SA-SNO
obtained by the different processes and SA standard. As the sig-
nals recorded in the range 260-320nm are related to the aromatic
amino acids environment, the obtained near UV data confirmed
the fluorescence results.

Based on the results obtained with the various physicochemical
methods reported above, the conclusion can be drawn that no
conformational changes in SA occur as a function of 5-nitrosation
methods used, even when using very low pH values (direct S-nitro-
sation) or excess of low molecular weight RSNO  (5-
transnitrosation).

Storage conditions

The in vitro stability of purified 5A-SNO in PBS was studied by stor-
ing at 37°C, 4°C, —20°C, and —B0°C (vials were completely filled
with the solution to match more closely to usual experimental con-
ditions) in the dark, and monitored by Saville-Griess assay. Table 5
revealed that ca. 5% of SA-SNO obtained by different S-nitrosation
methods was lost when kept at different temperatures after 1
week. The purified SA-SNO degraded when the storage time
increased in all temperatures, indicating that conservation of the

Table 5. The residual percentages of S-nitrosated albumin stored in PBS at differ-
ent temperatures, Data shown are mean 50 (n= 3).

Days
0 1 2 3 4 7 30
4°C 1W0+0 99+2 982 97+2 9743 95+3 B6+6
37°C 100+£0 981 971 9%6+£3 953 93+3 833
—20°C 100+0 98+3 98+3 96x4 9%Bx2  93%] 853
—80°C 1000 981 97+4 963  94%5 92+4  85%3

SA-SNO did not rely on the temperature, but probably on other
storage conditions, as superoxide anion and metallic ions pres-
ence™, Besides, metal ion chelators, e.g, ethylene diamino tetra-
acetic acid and diethylene triamine pentaacetic acid, can stabilize
RSNO but they were not used during synthesis and purification to
avoid any disagreement in further biological experiments.

Interaction of S-nitrosated serum albumin with citrate-stabilized
gold nanoparticles

Gold nanoparticles (AuNP) have drawn extensive attention owver
the last decade for their potential applications in biclogy, diagnos-
tics, and medicine®, However, due to their small size and high
reactivity, they can interact with biological components causing
serious adverse effects, predominantly via induction of an oxidative
stress (defined as an imbalance between protective antioxidants
and damaging oxidants such as reactive oxygen and nitrogen spe-
cies)®’. The endogenous antioxidants (e.g., thiols and related RSNO)
are considered to be the first line against AuNP®’, thus the reactiv-
ity between these antioxidants and AuMNP in cellfree conditions
should be studied for predicting the fate of AuNP in the human
body and for the stability of SA-SNO when reacted with highly
active particles. Very few interaction studies between RSNO and
AuUNP were already reported in the literature: Jia et al”™ and
Tournebize et al” observed that AuNP-<citrate catalyzes the
decomposition of endogenous low molecular weight RSNO, by the
formation of Au-thiolate on the surface of AuNP, inducing a linear
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Figure 5. Citrate-stabilized gold nanoparticles (AuMP-citrate) interaction between SA-SMO and GSNO: (A} transmission electronic microscopy picture of AuNP-citrate, and
(B) concentration of nitric oxide (NO) released from SA-SNO and GSMO (50 uM) when incubating with different concentrations of AuNP-citrate in PBS at room temperature
for 2h. Data shown correspond to the mean+5D {n= 3} (C) visible spectrum of AuNP-<citrate when incubated with PBS, SA, GSNO and SA-SNO; (D) hydrodynamic
diameter of SA-SNC, AuNP-citrate, and AuNP-citrate incubated with SA, GSNO, and SA-SNO.

dose-dependent NO release, At that time, the reactivity between
AuNP-citrate, the most commonly used AuNP in the literature, and
SA-SNO has not yet been tested in vitro. Herein, AuNP-citrate
(53+1.0nm and 55+1.1nm for core diameters (Dc) and Dh,
respectively and 512 nm for maximum absorbance wavelength; see
Figure 5) was incubated with either SA-SNO or GSNO. Due to spec-
troscopic interferences in the visible range, a spectrofluorimetric
method (based on DAN assay) was used instead of the classical
spectrophotometric Griess assay, and protein and AuNP were pre-
cipitated before measurement. The results demonstrated that the
high molecular weight RSNO (i.e., SA-SNO) was much less reactive
than the low molecular weight one (i.e, GSNQ). Indeed, a very low
level of released NO was monitored when incubating with SA-SNO,
while a linear profile of NO release was observed in the case of
GSMNO. A control incubating nitrite ions with the particles showed a
total recovery of this species (4.96+ 0.26 uM parallel to a NP pre-
cipitation; maximal wavelength = 550nm and Dh = 254+ 36 nm).
Moreover, after SA-SNO incubation, AuNP showed modified physi-
cochemical properties (Dh of 11.4+0.2 and 10.7 +0.4nm and max-
imal wavelengths of 522 and 521 nm for SA-SNO and SA incubated
with AuNP, respectively). Their incubation with SA-NEM demon-
strated similar results: Dh = 9.5+ 1.2nm and maximal wavelength
= 521 nm. On the contrary, particles incubated with GSNO were
not deeply different from native objects (Dh of 62+09 and
55+01nm and maximal wavelengths of 513 and 512nm for
GSNO incubated with AuNP and native particles, respectively).
These modifications were mainly attributed to the interaction
between AuNP and serum albumin, which would result in a protein
corona™” and an enhanced electron density on the particle surface
(modified surface plasmon resonance band)®. Moreover, this study
highlighted, for the first time, that serum albumin/AuNP interaction
was not driven through gold-sulfur binding because of steric

hindrance between AuNP and SA which may limit the access to
the packed SNO group (but through hydrogen and electrostatic
bond as previously reported™). It can be concluded that AuNP-cit-
rate does not modify NO pool stored by albumin,

Conclusion

To our knowledge, this study is the first comprehensive description
about SA S-pitrosation and related physicochemical characteriza-
tion. It leads to a well-defined reference for further biological inves-
tigation and predinical studies of SA-SNO, such as application as a
NO donor. Meanwhile, the described S-nitrosation methods provide
a referable template for applying to other macromolecules possess-
ing free thiols.
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Chapitre 2
3.3. Conclusion

Le modele d’albumine utilis¢€ comme accepteur de NO valide I’hypothése qu’une
transnitrosation entre un RSNO en solution et une particule colloidale est possible.
L’obtention d’AuNP pouvant libérer du NO et d’un réservoir conséquent est donc

envisageable en ayant recours a cette technique.

Nous avons développé des méthodes permettant une évaluation stricte des AuNP
(synthése, caractérisation, stabilité), leur fonctionnalisation ainsi que leur nitrosation. La
prochaine étape comprend leur inclusion dans des films multicouches afin de former la
couverture de DM recherché. Le chapitre suivant décrit I’immobilisation des AuNP modeles

au sein de films multicouches de polyélectrolytes.
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CHAPITRE III : FILMS POLYMERIQUES
MULTICOUCHES FONCTIONNALISES PAR DES
NANOPARTICULES D’OR
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Dans la littérature, les films nanostructurés sont, la plupart du temps, constitués par
deux partenaires : un polyélectrolyte et des nanoparticules de charge opposée [103]. Dans
notre étude, un systéme a trois partenaires est étudié, constitué par un polycation, des AuNP
et un polyanion. En effet, alors que les AuNP sont chargées négativement, I’ajout d’un
polyanion pourrait sembler superflu ; cependant, ce dernier peut contribuer a 1’inertie des
films créés. 11 est possible que les AuNP ne recouvrent pas complétement le polycation, ce
qui serait a 1’origine d’interactions électrostatiques voire de réactions (dont des réactions
redox) avec différentes protéines. De plus, les AuNP (colloidales ou immobilisées) présentent
une réactivité importante vis-a-vis d’une grande majorité des molécules biologiques (en
raison, par exemple, de la présence de fonctions thiols). Ceci pourrait étre défavorable a la
bonne tolérance d’un DM recouvert et conduire a d’éventuels effets secondaires comme une
initiation de la coagulation. De plus, 1’ajout du polyanion favorisera le confinement des
AuNP au sein de films multicouches de polyélectrolytes stables et non biodégradables et
permettrait ainsi d’annuler ou de réduire leur réactivité. Ce systeme tripartite a été¢ développé,
d’une part, pour diminuer la réactivit¢ des AuNP et empécher leur dissémination et d’autre
part pour améliorer la biocompatibilit¢ du film créé. Ce montage constitue une approche

originale par rapport a la littérature.

Pour étudier et évaluer la construction de tels films, des « prototypes » sont utilisés.
Ces films multicouches, composés de couches de polyé€lectrolytes alternativement cationiques
et anioniques entre lesquelles sont enchassées des AuNP modeles (AuNP non

fonctionnalisées), ont été déposés sur plusieurs types de supports.

Le premier support, constitué d’une lamelle de verre, permettra d’évaluer la faisabilité
de la méthode et de caractériser les films dans des conditions statiques. Ce systéme offre

I’avantage d’un montage simple (méthode de trempage [104]) et permet de réaliser
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Chapitre 3

rapidement la caractérisation du film. Un modele de contraintes de cisaillement, sur des
lames de verre, mimant les forces présentes dans les vaisseaux sanguins a aussi été utilisé
pour vérifier la résistance des films face a flux. Le deuxiéme mod¢le fait intervenir I’ECZ.
Les films seront déposés sur la paroi interne d’un capillaire en verre. Ceci méne a la
formation de films soumis a des flux et mime donc plus précisément les différents
mécanismes influant sur leur stabilité. Le dernier fait appel a la microbalance a cristal de
quartz (QCM) qui permet de visualiser en temps réel le dépdt des différentes couches ainsi

que les quantités (notamment d’ AuNP) déposées.

1. Biocompatibilité des films

1.1. Introduction

Les polymeres retenus dans un premier temps pour la construction des films sont le
chlorhydrate de polyallylamine (PAH) comme polymere cationique et 1’acide polyacrylique

(PAA) comme polymére anionique (Figure 19).

NH5*
Cl

Figure 19 : Formules chimiques (A) du polyacrylate de sodium (PAA) et (B) du chlorhydrate
de polyallylamine (PAH)
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Ce choix est motivé par I'utilisation de polymeéres simples (une seule charge par
monomeére, pas de chaine alkyl longue), classiquement utilisés dans la construction de LbL et
aussi parce que ’utilisation humaine du PAA et du PAH ont déja été validées par la FDA
[105, 106]. Les nanoparticules sont des AuNP stabilisées par des ions citrate utilisées comme
modeles préliminaires a I’obtention d’AuNP fonctionnalisées par des RSNO. Ces AuNP sont
trés réactives, ce qui les rend « défavorables » a une application biologique en cas de

mauvaise inclusion au sein du film.

Dans un premier temps, aprés formation des films, ceux-ci ont été caractérisés grace a
différentes méthodes telles que la spectrophotométrie UV-Vis., la MEB et MET, I’ECZ et la
microscopie a force atomique (AFM) ... L’ECZ permet de suivre la formation des films
multicouches. Comme décrit dans le chapitre 2, le FEO est dépendant de la charge de surface
du capillaire. Le dépdt des différentes couches des films entraine une modification de cette
charge et donc du FEO. Une molécule neutre ne présentant aucune charge, sa mobilité
¢lectrophorétique sera nulle et son temps de migration dépendra uniquement de 1’état de
charge de surface du capillaire. L’injection d’une molécule neutre est donc un moyen
d’évaluer I’¢tat de surface d’un capillaire notamment dans le cadre du dépdt de films

polymériques (Figure 20).
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Figure 20 : Evolution du FEO dans un capillaire nu (A) puis lors de I’ajout du polymere
cationique (B), des AuNP (C) et du polymére anionique (D).

Au pH de travail (7,4), un capillaire nu est chargé négativement par la présence de
groupement silanoate a sa surface. Cette charge de surface va permettre aux cations contenus
dans le tampon de migration de se déplacer vers la cathode et ainsi créer le FEO (Figure 20

A). Aprés le dépdt de la premicre couche de polymeére (cationique), la surface devient
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cationique et le flux inversé se dirige donc vers I’anode (Figure 20 B). L’ajout d’une couche
nanoparticulaire chargée négativement permet a nouveau de renverser le flux vers la cathode.
Cependant, si toutes les charges positives n’ont pas été compensées, il sera moins important
que la valeur initiale du flux (Figure 20 C). Enfin, 1’ajout d’une derniére couche
polyanionique permet de retrouver un flux normalisé par 1’apport d’un grand nombre de
charges négatives (Figure 20 D). La mesure des valeurs de mobilité¢ du FEO en fonction de la
couche déposée permettent d’évaluer la construction du film ainsi que sa charge de surface

globale.

Enfin, leur inertie a été évaluée. La charge de surface influe sur la réactivité et la
biocompatibilit¢é d’un objet. Pour trouver le meilleur candidat, des films dont la dernicre
couche variait (polycation ou AuNP ou polyanion) ont été fabriqués. Ils ont ensuite été placés
en présence de diverses molécules biologiques (protéines, antioxydants ...), puis de cellules
(monocytes) pour étre finalement mis en contact de sang total. Tous ces résultats ont fait

I’objet d’un article paru dans Particle & Particle Systems Characterization (Article 5).

1.2. Article 5: Blood compatibility of multilayered polyelectrolyte

films containing immobilized gold nanoparticles

Graphical abstract:
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Blood Compatibility of Multilayered Polyelectrolyte Films
Containing Immobilized Gold Nanoparticles

Arnaud Pallotta, Marianne Parent, Igor Clarot, Ming Luo, Vincent Borr, Pan Dan,
Véronique Decot, Patrick Menu, Ramia Safar, Olivier Joubert, Pierre Leroy,

and Ariane Boudier*

Surface material functionalization including layer-by-layer (LbL) polyelec-
trolyte films with incorporated nanoparticles is a growing field with a wide
range of biomedical applications: drug reservoirs, medical devices, or tissue
engineering. In parallel, gold nanoparticles (AuNPs) can be grafted by drugs
ard sensitive molecules using simple protocols. This study shows that AuNP
behavior is modified when they are entrapped into three partner LbL films in
comparison to the colloidal solution. A polyc ationic (polyallylamine hydro-
chloride {(PAH)) and a polyanionic (polyacrylic acid (PAA)) polymer is used

to build films based on three cycles ((PAH/AuNP/PAA),). To investigate the
interaction with biomolecules and cells, three different films are developed
changing the outer layer (either PAH or AuNP or PAA) with the same number
of AuNP deposit. The best biocompatibility is observed with a polyacrylic acid
outer layer. Due to the high capacity of drug grafting on gold nanoparticles,

well as for tissue engineering.! 1 These
last years, micro- or nanoparticles were
included into LbL assemblies for surface
modification to afford high drug loading,
stabilization of sensitive molecules (pro-
teins, peptides, or nucleic acids), and
also the ability to trigger drug release in
response to stmuli (pH, temperature,
ionic strength, and light).**% Among all
the existing nanoparticles, a lot of them
have already been incorporated into LbL
films including polymeric as well as inor-
ganic nanoparticles. "

Gold nanoparticles (AuNP) are one of
the most studied nano-objects and some
of them are currently evaluated through

the results seem promising for the development of nanostructured biomed-

ical devices.

1. Introduction

Surface material functionalization is a growing field with a
wide range of possible applications. It is usually achieved using
various techniques including layer-by-layer (LbL) assemblies. "
This means of deposition has attracted an increasing interest
since it is a low-cost method able to produce reproducible sur-
faces through simple protocols in order to confer new properties
to the material 'l Thin films based on LbL assemblies find new
applications in electronics, energy, photonics, textile, and paper
industry.”! In the biomedical domain, they are used as biosen-
sors, drug reservoirs, implantable or not biomedical devices, as
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clinical trials. They possess the advantages
of an easy synthesis, creating well-defined
mono-dispersed partides. They can also be
grafted by drugs and sensitive molecules
using simple protocols.”l As a result, they
can be considered as ideal candidates to functionalize material
surface for biomedical purposes. Only few reports related to the
development of bioreactive supports focus on their entrapment
into LbL films 'Y However, to the best of our knowledge, no
report has been published yet on the biocompatibility of assem-
blies entrapping AuNP for a future application as a dmg reser
voir inside medical devices. Herein, LbL assemblies including
AuNP were prepared and characterized, and their stability
and behavior after incubation with biomolecules, plasma-like
media, immunocompetent cells, and whole blood were studied.
Citrate-capped AuNPs were chosen to be entrapped since they
are the most frequently used particles, as they often represent
a first step of synthesis before being grafted.'Y Moreover, they
are interesting in the present study as their gold core is charac-
terized by a residual catalytic activity which induces a poor bie-
and cytocompatibility!'>'% Thus, after a physicochemical char-
acterization of the prepared LbL films based on polyelectrolytes
containing three layers of AuNP, the last component deposited
at the surface was varied and the effect of such films on the bio-
logical materials was evaluated.

2. Results and Discussion

The LbL films, based on polyacrylic acid (PAA), a weak acid
(pKa =4.3) and polyallylamine (PAH), a weak base (pKa = 10.0),
were prepared using the classical dipping protocol.'71#
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Glassware (cover glasses) were successively put into the poly
cation solution, then into the AuNP suspension (as they present
a negative zeta potential value),' and finally into the polyanion
solution. This cycle was repeated three times. On the contrary
to other published works (usually a polyelectrolyte and oppo-
sitely charged AuNP),'%3 herein, films based on three part-
ners (PAH/AuNP/PAA), were developed: indeed, PAA was
added in order to improve the biocompatibility of the film, as it
will be later explained. Phosphate buffer solution (PBS) (at the
physiological pH and ionic strength) was chosen to solubilize
the polyelectrolytes. Its pH allowed the polymers to be mostly
under their ionized form. This should create a film character-
ized by a dense electrostatic binding network ! able to anchor
the nano-object and to avoid any release of particles into the
external medium (that might induce toxicity).'"" Moreover, for
a biomedical application, an inert surface is required; therefore,
we hypothesized that a last negatively charged laver ((PAHY
AuNP/PAA);), would be less reactive toward biological envi-
ronment than both AuNP ((PAH/AuNP/PAA),-PAH/AUNP) or
positively charged ({PAH/AuNP/PAA);-PAH) layers.

2.1. Film Characterization and Stability

After one cycle deposited, a red shift of the plasmon band of
AuNP was observed between the colloidal solution and the film
(509 £ 1 to 544 £ 3 nm, respectively) (Figure 1A).

This phenomenon was already observed and is attributed to
differences between nanoparticle environments. Indeed, this is
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due to medification into the dielectric environment as well as
the decrease of interparticle distance in the film compared o
the colloidal solution '3 However, no significant difference in
plasmon band values with the increasing number of cycles was
observed. As the absorbance of the nanostructured films was
increasing according to a linear profile (Figure 1B), the amount
of adsorbed AuNP was proportional to the gold layer number.
After gold quantification, the amount of gold after three cycles
was equal to 2.7 £ 0.5 x 10'* AuNP cm? which was compa-
rable to other published work ' Then, transmission electron
microscopy (TEM) images (Figure 1C,D) were recorded to com-
pare object size and dispersity of colloidal solution and films.
The repartiion of the parficles on the films obtained by TEM
pictures (based on a three cycle film, ie., (PAH/AuUNP/PAA),)
showed alow density of coverage. This can be explained because
of the choice of PAH which presents one basic group per
monomer in comparison to previous results reported with poly-
ethylenimine (four basic groups per unit).''l However, the parti-
cles looked well-individualized in the films with core diameters
of 5.2+ 0.9 nm (vs 5.3 £ 1.1 nm for the colloidal solution). There-
fore, the nanoparticles did not aggregate during film formation.

The stability of the films (PAH/AuNP/PAA); was studied
under various conditions. A long-term study was led: the films
were stored either dried at 4 °C or immersed in PBS at 37 °C.
In both situations, even after one year, neither modification in
maximal wavelength nor in absorbance was observed showing
an important stability. On the contrary, the colloidal solution
was less stable: at 37 °C, particle aggregation was noticed after
one month for the pure suspension and only after 1 h when

Figure 1. A) Visible spectra of the colloidal solution and the films and B) variation of maximal absorbance of the plasmon band plotted as a function
of the number of coating cycles (n= 9, for each condition). TEM pictures of C) AuNP suspension and D) AuNP entrapped films (PAH/AUNP/PAA) ;.
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diluted in PBS. Although the enhanced stability brought by the
polyelectrolyte film was already published,!"” for the first time,
a long-term storage of such nanostructured films was studied
either dried at 4 °C or under physiological-like conditions
which is of particular importance for a future biomedical appli-
cation. Moreover, degrading conditions (i.e., pH =1 and 12 or
4 um NaCl) were also tested. Whatever the tested condition, no
significant spectral modification was observed (e.g., maximal
wavelength 548 + 2, 546 + 2, and 546 £ 3 nm for the acidie,
basic, and salt conditions, respectively). This result high-
lighted again an enhanced stability of the nanestructured films
compared to the colloidal solution (for which each condition
induced a precipitation of the objects), which may be explained
by a tightly interconnected network between the three partners.
At last, the stability of the films was tested after being exposed
to a shear stress during 2 and 6 h mimicking blood fow
(1.5 Pa). This value (between 1 and 2 Pa) corresponds to the
physiological value of shear stress in vessels having a diameter of
6 mm (small arteries such as coronaries).P™ In our experiment,
no significant modification in AuNP spectral properties as well
as in deposited nanoparticle quantity was observed (Figure 2).

2.2, Biocompatibility of Nanostructured Films

In order to evaluate the biocompatibility of the AuNP-structured
films, the last deposited layer (either polycation or AuNP or
polyanion) was varied to study its influence on biological mate-
rials. Thus, (PAH/AuUNP/PAA)PAH, (PAH/AuNP/PAA), and
(PAH/AuNP /PAA);-PAH/AuUNP films were studied according
to their surface topography and charge surface using atomic
force microscopy (AFM) and capillary zone electrophoresis
(CZE), respectively. Analyses in AFM (Figure 3A-C) revealed
that no significant difference in film thickness was noticed
whatever the outer layer: 284, 244, and 275 nm for (PAH/
AuNP/PAA);PAH, (PAH/AuNP/PAA);, and (PAH/AuNP/
PAA),-PAH/AuNP, respectively.

However, the roughness was more important than previ-
ously reported resulls obtained without AuNP?! (few nano-
meters compared to 39 and 31 nm for (PAH/AuUNP/PAA);-PAH
and (PAH/AuNP/PAA),). Finally, when the outer layer was
AuNP, an important roughness (65 nm) was measured and
no nanoparticle was observed at the surface of the film even at
higher magnification (Figure 3C) but rather, a rugged surface
was obtained. This fact can be explained by the tight electro-
static interactions developed between PAH and AuNP. Then,
CZE which is an interesting separation tool (charged or neutral
species migrate inside a fused silica capillary under an applied
electric field) was used to assess the surface charge modification
of (PAH/AUNP/PAA);-PAH, (PAH/AuNP/PAA);, and (PAH/
AuNP/PAA),-PAH/AuNP films. In CZE, the apparent mobili-
ties rely on both charge/mass ratio of the species under inves-
tigation and the electroosmotic flow (EOF) resulting from the
capillary inner wall charge surface (negatively charged surface
due to the ionized silanol groups). For a neutral compound,
i.e., benzyl alccheal, the observed migration time comes only
from the EOF and therefore it is directly in relation to charges
of the silica capillary wall surface (sign and magnitude). As an
example, a typical electrophoregram is shown in Figure 4A.

Part. Part, Syst. Charact. 2017, 34, 1600184

@ 2006 WILEY-VCH Verlag GmbH & Co. KGah, Weinheim

& Particle Systems Characterization

www. particlej ournal.com

5550 -

550,0

5450 -

Amax (nim)

540,0 |

5250 -

530,0

o200 | B

0,150

0,050 |

Number of AuMPfem?® (x 1012)

(1] 2h 6h

Figure Z Behavior of ilms (PAH/AuNP/PAA), after 2 or 6 h exposure to
shear stress. The stability was monitored by the spectral properties of the
entrapped AuNP [A) plasmon band value and B) absorbance] as well as
their C) quantification (n = 3). Statistical analyses were performed with
the Tukey-Kramer test.

The neutral marker migration time (NMT) as a function of
the last deposited layer inside the capillary is monitored. After
one PAH layer (layer 1), the NMT drastically increased (from
5 to 24 min) due to positive charges of polycation in tight inter-
action with bare silica leading to EOF neutralization. Then, the
AuNP layer induced a small decrease in NMT (layer 2: NMT =
16 min) due to negative charge deposition. At last, the PAA layer
brought an NMT close to bare silica (layer 3: NMT = 9 min)
indicating an important anionic surface. The first cycle (PAH/
AuNP/PAA) was then repeated twice and EOF obtained for each
laver is described in Figure 4B. Similar results were measured
for each cycdle demonstrating the predominant role of the last
layer coating. These results showed that (PAH/AUNP/PAA);-
PAH, (PAH/AuNP/PAA);, and (PAH/AuNP/PAA),-PAH/AuNP
films in which the outer layer was varied were different in
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Figure 3. AFM analyses and surface topography of A) (PAH/AUNP /PAA) PAH, B) (PAH/AUNP/PAA);, and C) (PAH/AUNP/PAA);-PAH/AUNP films

shown in 2D (left) or 3D (right).

terms of surface roughness and charge which may impact the
interaction with biological materials.

In parallel to these physicochemical results, three main
biological key points were assessed: biomolecule and protein
adsorption, monocyte activation, and using rat blood: plasma
protein interaction and hemolysis of whole blood. First,
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nanostructured film interaction with biomolecules and pro-
teins is considered as a pivotal parameter that will assess its
compatibility.?!! Therefore, a redox molecule and two proteins
presently used at their plasmatic concentrations were selected:
reduced glutathione (GSH; 10 x 10°° M) as it easily reacts with
AuNP,I albumin since it is quantitatively the most important
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Figure 4. A) Electrophoregrams obtained by CZE for the deposition of the first cyde and B) the calculated EOF as a function of the layer number.
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110 § 5 For all biomolecules, no significant
adsorption was noticed after incubation with
E 00+ % the films whatever the last layer. However, a
2 a0 $ 70% decrease of initial concentration of GSH
E = was measured after incubation with colloidal
2 80 — AuNP. This highlighted the low AuNP reac-
= tivity when immobilized into the films.
é 10 Second, monecyte activation was studied
= 60 after a 48 h incubation of the films with
'E = THP-1 cells. Indeed, monocytes are immu-
o 50 nocompetent cells able to initiate immune
T = responses as a function of their activa-
] 40 4 * — ion level. Based on two different tests (i.e.,
‘s 30 4 . — 3 membrane permeation by trypan blue
R Control  Colloidal AUNP  PAH PAA AuNP md mitochondial metabolc. activly by
4-[3- (4-iodophenyl)- 2-(4-nitrophenyl )-2H-5-
tetrazolio}1,3-benzene disulfonate (WST-1)),
£ 104 + B no toxicity was found (viability superior to
% 102 . 80%). Then, real-time quantitative reverse
E transcription-polymerase  chain  reaction
e 100 —r— [QRT-PCR) analysis was performed to eval-
= uate NCF1 (neutrophil cytosolic factor 1)
£ g8 - = $iit and IL-15 (interleukine-15) expression levels.
? Those genes are considered as classical
.5 96 = marker genes of monocyte activation.”?! Our
E —— results (Figure 6A,B) showed that the mono-
g 944 ——— cyte phenotype was not orientated toward
I 92 = activation since NCF1 and IL-18 expression
g was not modified, whatever the last layer,
£ 90 = which proved a great cytocompatibility.
Boktiel PAH PAA AUNP Third, rat plasma was injected into the

CZE system with LbL-coated capillaries, and
after rinsing, the NMT was monitored as a
104 function of the outer deposited layer (PAH

c or AuNP or PAA) (Figure 6C,D). When com-

102 paring the effect of plasma on a bare silica
100 - T ; capillary, a protein adsorption inducing a
neutralization of the charge surface was

9g | noticed; this implied a modification in NMT

(10 vs 5 min when comparing Figures 6C
and 4A) and a decrease in EOF. After PAH
and PAH/AuNP coating (Figure 6D}, the
94 - results proved an important surface neu-
tralization (no EOF in normal and reverse

medium
w
(=]

% of fibrinogen remaining in the

92 4 — polarity) and a lack of stability of the created
films {multiple peaks detected), respectively,

90 — 1 T L ! which may not match the biocompatibility
Control PAH PAA AuNP criteria. Using PAA as the outer layer showed

Figure 5. Biological tests realized onto AuNP either colloidal (5 » 10" AuNP corresponding the presence of a unique NM peak, revealing
to the amount of immobilized NP on the [PAH/AuNP/PAA]; ilm) or entrapped polyelectro- @ stabilization of the previous layers (PAHY/
lytes films as a function of the outer layer either ((PAH/AUNP/PAA)-PAH) or (PAH/AUNPf  AuNP) (Figure 6C). Nevertheless, PAH/
F’AA); or AuNP I[I{pAHfAUNPfPMh-PAHfAUNP] noted in the ﬁgure PAH, PAA, and AUMNP, A.UNPJ'IPAA flms Pr[wf_td 1 maore inlpgnant

respectively, or using colloidal AuNP {n = 3). Biomolecule adsorption was realized using protein adsorption than PAH/PAA (NMT of
A) reduced glutathione, B) bovine serum albumin, and €) fibrinogen. Controls correspond to =15 vs 6 min, respectively)
the same concentration of glutathione or proteins incubated without film. Statistical analyses .AL. last fil:n:qp ;a'.?cre- }'Lr-lcubated o

were performed with the Tukey—Kramer test (* p < 0.0001 vs contral). whole blood | P :
wle blood to evaluate their capacity to

protein in human blood (38-48 g L) and fibrinogen (24 g L™} induce hemolysis. In this experiment (Figure GE), the outer
which plays a critical role in platelet adhesion and activation  layer affected the obtained results. Indeed, only in the case of
(Figure 5A-C) !l PAA, the hemocompatibility was proven. The other kinds of
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Figure 6. Biological tests realized onto AuNP either colloidal (5% 10" AuNP corresponding to the amount of immobilized NP on the [PAH [AuNP/
PAA] 4 film) or entrapped polyeledralyte films as a function of the outer layer either ((PAH/AUNP/PAA)-PAH) or (PAH/AUNP/PAM); or AUNP ({PAH/
AuNP/PAA),-PAH [AUNP) noted in the figure PAH, PAA, and AuNP, respectively, or using colloidal AuNP (n = 3). Monocyte activation (control —
10 mL of cell suspension; contral +: 10 ng mL™ of pharbel 12-myristate 13-acetate added to cells) was checked using real-time qRT-PCR through gene
expression rise of A) NCF-1 and B) IL-153. C,D) Rat plasma interaction with pre-coated capillary was studied after 5 min injection into CZE monitoring
the NMT. E} Percentage of hemolysis of rat whole blood following the absorbance of hemoglobin after covered slide incubation {contral + 10 mL of
water + 0.2 mL of diluted Hood; contral — 10m L of NaCl+ 0.2 mL of diluted blood). Statistical analyses were performed with the Tukey—Kramer test

{* p < 0.0001 vs control — and + p < 0.0002 vs control —).

films ((PAH/AuNP/PAA),-PAH or (PAH/AuNP/PAA),-PAH/
AuNP) showed a significant hemelysis. In order to investigate
the effect of AuNP, some films based on one layer of PAH,
or (PAH/PAA), and (PAH/PAA); were tested according to the
same protocol. The results showed no significant hemolysis
(2.5 £ 0.3%, 0.5 £ 0.2%, and 1.2 * 0.3%, respectively) when
PAA was placed on the outer layer, emphasizing the best
hemocompatibility of films terminated by PAA. Such results
were in accordance with the ones obtained on rat plasma. Col-
loidal AuNP incubated with blood induced a residual hemolysis
(4.1 £ 1.1%4) which was, however, not significant.

Taken together, these results highlighted main points. The
nature of the outer layer influenced the biocompatibility of the
prepared LbL films: when using a polyanion, PAA, better results
were obtained with overall good biocompatibility. Indeed, a

wileyonlinelibrary.com
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polycation such as PAH easily interacts with biological mate-
rials through electrostatic interactions and AuNP through redox
activity or gold—sulfur bond.l>15:%65] Herein, the outer PAA ani-
onic layer was essential to improve the inertness of the devel-
oped three partner-based “sandwich system.”

3. Conclusion

In summary, this study showed that AuNP can be entrapped
into such three parmers LbL films. No medification of these
entrapped particles was highlighted from a physicochemical
point of view. Partides also showed an improved stability after
long-term storage and also under degrading conditions com-
pared to the colloidal sclution. The interaction with biological

Part. Fart. Syst. Charact. 2017, 34, 1600154

142



ADVANCED

Chapitre 3

Particle

SCIENCE NEWS

www.advancedsciencenews.com

materials was studied as a function of the outer deposited
layer (either PAA or PAH or AuNP). The better cyto/ hemo-
compatibility was obtained using the polyanion as the last
depot. This report is the first one to show the behavior and
inertness of AuNP immebilized films under biological con-
ditions compared to the colloidal state and the possibility to
use them for further biomedical applications. Indeed, these
particles can be easily grafied by drugs or biomolecules and
then being entrapped into LbL films to act as smart medical
devices.

4. Experimental Section

Materials: PAH powder and PAA sodium salt solution in 35% wt in
water with average molecular masses of 15000, penicillin, streptomydn,
amphotericin B, and trypan blue solution were purchased from Sigma
Aldrich. Solutions of 1 m HCl from Fluka were used for pH adjustments.
RPMI medium was purchased from GIBCO (In wvitrogen). Dodecyl
sulfate sodium salt (SDS) and fetal bovine serum were supplied
by Eurobio. WST-1 was purchased from Roche Applied Sciences.
PBS solution was prepared as follows: [Na;HPOy] = 6.48 = 107 m,
[KHaPO. = 1.47 > 107 w1, [NaCl] = 138 x 107 w, and [KCI] = 2.68
1073 m, final pH was adjusted to 7.4. All other reagents were supplied by
Sigma Aldrich and were of analytical grade. Ultrapure deionized water
{(=18.2 MC2 cm) was used for the preparation of all solutions. Citrate
capped gold nanoparticles were synthesized according to ref. [15].

Animals and Blood Sampling Protocol All experiments were performed
in accordance with the European Community guidelines (2010/63/ EL)
for the use of experimental animals. Male Wistar rats between 280 and
350g (Charles River, France) were used in this study. To obtain arterial blood
samples, rats were anesthetized (starting 15 min before sample time) with
isoflurane (496 in aggen 2 L min). After anticcagulation (500 U1 of heparin
sodium, intravenous administration), a laparotomy was perfarmed in order
to access the abdominal artery Blood was obtained directly from the artery
through a short PTFE catheter {Intraflon 2, Vygon, France) and collected in
Vacutainer (Becton Dickinson, USA) tubes containing heparin lithium.

Plasma was obtained after centrifugation {10000 x g, 15 min, 4 °C)
and keep at —20 °C.

Film Preparation: The gass substrates used for the deposition
{24 % 36 x 0.145 mm, Menzel-Glaser) were cleaned with SDS 0.1 m at
100 °C for 15 min, followed by extensive rinsing with water. They were
then immersed in HCl 0.1 w at 100 °C for 15 min, extensively rinsed and
finally dried.

Polyelectrolyte solutions (0.1 w according to monomers maolecular
masses) were prepared freshly before each experiment in PBS. Addition
of 1w HCl in the PAA solution was required to adjust pH to 7.4. The
fabrication of AulNPs/ poly mer multilayer film was carried out as follows.
A pre-treated glass slide was dipped in the solution of PAH for 10 min,
and then rinsed with two successive baths of PBS (2 and 1 min,
respectively). Subsequently, the slide was immersed in the AuNPs
suspension for 10 min, then rinsed as previously described, and finally
dipped in the PAA solution for 10 min, rinsed and at the end dried.
The AuNPs-incorporating polymer multilayer film was obtained by the
repetition of this simple three-step process in a gyclic fashion leading to
(PAH (AUNP [PAA) 4. In some experiments, the last bath was either PAH
((PAH/AUNP/ PAA);-PAH) or AUNP ({PAH/AUNPY PAA),-PAH/AUNP).

Film Charactenzation: Absorbance spectra [400-700 nm) of the
coated slides (vs an uncoated pre-cleaned slide) were recorded on a
LV-1800 apparatus (Shimadzu). For stability studies slides were kept
dried at 4 + 4 °C or in an incubator at 37 £1 °Cin 10 mL of PBS filtered
on 0.22 um. At predetermined time, absorbance spectrum of each slide
was recorded. As controls, 10 mL of AuNP (pure and diluted 1/3 in PBS)
were kept in the same conditions and their spectra recorded against
PBS. Experiments were run in triplicate.
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Additional stability studies were performed on slides versus pH 1 and
12 (using 1 m HCl, 1 m NaOH, and 4 m NaCl). Slides were dipped in the
solution for 15 min and an absorbance spectrum was recorded.

For TEM, the fims were deposited on carbon covered copper grids
{Agar) using the previous protocol but decreasing the incubation time
from 10 to 3 min and a last washing of 1 min in water. Then, images
were recorded using a Philips CM20 instrument with a LaB6 cathode
operating at 200 kV. The average diameter of the gold core was
calculated for each AuNP sample by counting =200 individual particles
from the TEM images. For AFM, films were prepared on glassware slides
and immersed into PBS for analysis using a MFP3D-BIO instrument
{Asylum Research Technology, Atomic Force F & E GmbH, Mannheim,
Germany). Gold quantification was performed according to ref. [24] with
some slight modifications. Three slides were crushed with a glass rod
and carefully transferred into a vial and 1 mL of an oxidant solution
(1 m HCl, 2.6 m NaCl, and 0.035 m Bry) was added. After an incubation
of 20 min under stirring at 20 *C and 1 h at 60 °C, gold was quantified
using the protocol of Tournebize et al.?9

For shear stress experiments, a parallel-chamber flow system
(Masterflex, USA) was used. Briefly, shear stress experiments were
carried out at 37 °Cin a 5%6 CO, incubator, 7.5 » 3.8 cm glass coverslips
coated with (PAH/AuNP/PAA); were placed on the top of the flow
chamber allowing fluid flux to pass though the coated surface. The shear
stress was gradually increased to 1.5 Pa and lasted for 2 or 6 h/#I Class
coverslips were then disassembled for the stability test.

Capillary Zone Electrophoresis: All experiments were performed on a
Bedcman PJACE 5500 model (Beckman, Fullerton, USA) equipped with a
W detector set at 4 =200 nm in normal polarity mode, anodic injection
(negative times indicate a reverse polarity). Capillary temperature was
controlled by coolant at 25.0 *C. An untreated fused-silica capillary,
50 pm internal diameter with a total length of 37 cm (effective length:
30 cm) was employed. The neutral marker benzyl alcohal (0.1 mg mL™
in background electrolyte, BGE) was injected in the hydrodynamic mode
(10 s under pressure) at 10 kV. The experimental setup, data acquisition,
and processing were governed using Beckman PJACE Station software.
The BGE was tenfold diluted PBS. For the first experiment, the capillary
was rinsed with 1.0 m sodium hydroxide (20 min) and ultrapure water
{20 min). Each injection was realized in triplicate, results were indicated
as amean and residual standard deviations were always lower than 3.0%.
Folye lectrolyte solutions used to coat the capillary were those described
in the film preparation section. Rapidly, for each layer, the capillary was
first filled with the coating solution (PAH or AuNP or PARA) at 20 psi
for 3 min and rinsed with the same solution at 0.5 psi (low pressure
maode) for 30 min. Between each layer, benzyl alcohol was injected three
times and before each injection, the apillary was successively rinsed
with ultrapure water (2 min) and BGE (3 min). The EQF mobility was
determined using the migration time {NMT) of the EOF marker and
Equation (1)

Lx!
EOF = R v M
where L and | are the total and the apparent lengths of the capillary
{length to detection) and V the applied voltage.

In a second set of experiments, plasma samples were diluted in 209
BGE and injected during 5 min under a pressure of 20 psi. Then, BGE
was used to rinse the capillary and the surface charge was evaluated by
three NM injections. The capillary was rinsed with 1.0 m NaOH (20 min)
and H,©O {20 min) to recover the initial silanol surface.

Reactivity with Reduced Glutathione: In a water bath at 37 £ 1 °C,
slides were equilibrated for 1 h in PBS and then incubated for 2 h in
10 mL of 10 107° m GSH in PBS. The remaining GSH concentration
in the dipping solution was determined using Ellman’'s method. Briefly,
200 pL of §,5'dithio-bis{2-nitrobenzoic) acid solution {1 3 1073 m in
1.0 m Na;HPO, and 2 =% 107 m EDTA buffer, pH 7.5) were added to
1 mL of sample. The resulting mixture was incubated for 10 min at room
temperature protected from light, before its absorbance was measured
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at412 nm. Calibration curve was obtained with a standard GSH solution
{3.25 % 107" m in 1.0 m HCl) diluted in NaHPO/EDTA buffer, in the
range of 3.25-32.5 = 10°® m. As a control, colloidal AUNPs were diluted
in PBS to obtain a final amount of 5 x 10'* NP and the resulting
suspension was centrifuged at 40000 = g at 4 £ 1 °C for 30 min before
performing Ellman's reaction.

Reactivity with Proteins: To evaluate the adsorption of proteins, slides
were equilibrated for 1 h at 37 £ 1 °C in PBS, then incubated for 2hin a
solution of bovine serum albumin (BSA, 40 g L' in PBS) or fibrinogen
(2 g L' in PBS). After experiment, slides were rinsed carefully with
PBS and dried. Remaining BSA and fibrinogen in the dipping solution
were evaluated by spectrofluorimetry (278/340 nm, excitation and
emission bandwidth 5 nm, response 0.5 s, sensitivity low, linearity range
50-1000 ug mL~", spectroflucrimeter FP-8300, Jasco).

Interaction with Monocytes: Each experiment was done  with
three independent biclogical replicates. Human THP-1 monocytes
(ATCC TIB-202, Manassas, VA, LISA) were grown according to ATCC
recommendations in order to obtain three independent cultures.
10 mL of cell suspension were put into polypropylene tubes at
150 3 10° cells mL™". After 1 d, slides were soaked in the tubes. A
negative control (10 mL of cell suspension) was realized. As a positive
control, cells were exposed to 10 ng mL' of phorbal 12-myristate
13-acetate. Cell viability was assessed after 24 and 48 h exposure
performing trypan blue and WS5T-1 methods. Variation of expression of
NCF1 and IL-1 3 was followed. After 24 h of exposure, cells were washed
twice with sterile PBS and total RNA was extracted by TRizol reagent
{Invitrogen, La Jolla, CA) following manufacturer's protocol. Real-time
quantitative reverse transcription-polymerase chain reaction analyses
were performed according to the conditions of a previous work.**!

Interaction with Blood: Hemolysis ratio (HR) of the coated cover
glasses was measured using a method described previously with slight
modifications.™! Briefly, the cover glasses were pre-incubated for 1 h in
10 mL of sterile NaCl 0.9%¢ (B-Braun) into flat-bottom bottles kept at
37 £ 1 °C in a shaking water bath. Whole arterial blood from a male
Wistar rat was diluted (2 mL of blood for 2.5 mL of MaCl 0.9%) (n= 3).
Immediately, 0.2 mL of diluted blood was added into each bottle
containing 10 mL of sterile MaCl 0.9% or water for the positive control.
Cover glasses were soaked in the blood solution for another 1 h. Finally,
solutions were centrifuged at 1000 = g for 5 min and absorbance of the
supernatant was measured at 576 nm. Colloidal AuNPs were diluted
into blood to obtain a final amount of 5 % 10" NP, and the resulting
suspension was centrifuged at 40 000 x g at 4 + 1 °C for 30 min before
absorbance measurements. HR was obtained by Equation (2)

[ AS— AN

HR=100><m (2)

where AS is the absorbance of sample supernatant, AP and AN are
the absorbance of positive (10 mL of water + 0.2 mL of diluted blood)
and negative controls (10 mL of NaCl + 0.2 mL of diluted blood),
respectively.
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Chapitre 3

1.3. Conclusion

Nos films ont montré la capacité a piéger des AuNP en grande quantité et possedent
aussi une bonne biocompatibilité. Ils ont également démontré une trés bonne stabilité dans

différentes conditions (a sec ou en solution, a 4 °C ou 37 °C, en milieu acide ou basique ...)

Les films ont été déposés a la surface des stents (en alliage Nickel-Titane, NiTinol®,
achetés auprés de Nimesys) selon la méthode de trempage décrite dans I’article 5. Vingt
cycles ont été réalisés sur chaque stent. Le dosage de I’or déposé ainsi que des observations

en AFM et MEB (Figure 21) ont été réalisés.

\‘\\\\

Figure 21 : Observations réalisées en MEB et AFM d’un stent nu et puis d’un stent recouvert
de 20 cycles de polymeéres et AuNP.

Le dosage d’or montre un nombre d’AuNP égal 4 2,3 + 1,1 x 10" NP/cm?/cycle (n =
3). Ce nombre est cohérent avec le résultat déterminé sur les films composés de 3 cycles et
déposés sur les lamelles (moyenne a 6,3 + 2,3 x 10" NP/cm¥cycle). La méthode utilisée pour

le dépot des films est donc reproductible et répétable sur différentes surfaces.
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L’épaisseur des films déposés sur stent est de 296 £+ 49 nm pour une rugosité de 65 +
21 nm (n = 3). Ces mesures, issues des observations en AFM, ont été réalisées a sec dans le
cas des stents ce qui explique la faible différence d’épaisseur avec les films déposés sur des
lames. Les observations sur ces derniers avaient été réalisées dans du PBS ce qui peut induire
un gonflement du film sous I’effet de 1’écrantage des charges entre les polyélectrolytes par les
ions en solution. Dans notre étude, les quantités trés importantes d’AuNP incorporées dans
les films ainsi que la possibilité pour chaque particule d’étre fonctionnalisée avec de forts
rendements, permettront de constituer par la suite le réservoir délivrant NO. Les observations
réalisées en MEB montrent un dépot des films en forme d’ilots (Figure 21). Ce phénomene
peut étre expliqué par un nombre de cycles insuffisant déposé a la surface du stent. Il est
probablement nécessaire d’augmenter le nombre de cycles pour aboutir & un revétement

homogene, plus adapté a une implantation in vivo.

2. Optimisation de la capacité du réservoir

Les résultats précédents démontrent bien la preuve de concept de la fabrication de
telles décorations de surfaces pour des DM. Maintenant, en prenant en compte les données
préliminaires sur la fonctionnalisation des AuNP (7500 molécules de GSH par AuNP) ainsi
que le nombre d’AuNP immobilisées dans les films a chaque cycle (10'%); le nombre de
cycles nécessaire pour atteindre la taille de réservoir visée serait d’environ 1500. Un tel
nombre successif de cycles n’est pas envisageable et une optimisation du taux de chargement
en AuNP doit étre effectuée. Pour cela, la littérature montre que les conditions de formation
du film sont des parametres a optimiser. Dans notre étude, le PAH a été comparé a deux
autres polycations aux propriétés différentes (constante d’ionisation (pKa), hydrophilie,

nombre de charges par monomeére ...) lors de la construction des films. Puis, deux tampons
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différents ont été¢ étudiés: le PBS (référence) et une solution de Tris (méme pH et
concentration). Enfin, des surcharges d’AuNP ont été réalisées sur des films composés de 3
cycles, pour optimiser leur chargement. Les modéles précédemment cités (lamelle de verre,
capillaire de ’ECZ, cristal de la QCM) ont été utilisés pour étudier la construction des
différents films. Le principe de la QCM repose sur I'utilisation de matériaux piézoélectriques
(i.e. le quartz). Lorsque celui-ci est soumis a un courant électrique, il vibre a une fréquence
déterminée par sa taille et son épaisseur (Figure 22 A). Si la surface du cristal est modifiée

(i.e. dépot d’une couche de polymere), la fréquence de vibration est modifiée (Figure 22 B).

Cristal de quartz

Polymére

Cristal de quartz

Figure 22 : Schéma de fonctionnement d’une QCM (A) avant modification de la surface du
cristal et (B) apres dépdt d’une couche polymérique.

En mesurant la différence des fréquences du cristal, on peut déterminer 1’épaisseur

ainsi que la masse de la couche déposée. Ce principe est classiquement utilisé pour visualiser
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le dépot des différentes couches des films. La quantit¢ d’AuNP immobilisées au sein de
chaque film a également été quantifiée grace a la méthode HPLC-visible décrite dans I’article

2. Les résultats font I’objet d’une publication qui sera prochainement soumise (Article 6).

2.1. Article 6: Some Kkeys to enrich layer-by-layer films with

nanoparticles
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Abstract:

The design of laver-by-layer (LbL) polvelectrolvte films including nanoparticles is a growing
field of innovation in a wide range of biomedical applications. Gold nanoparticles (AuNP)
are very altractive in this view. The nanostructuration of LbL films using such metallic
species depends on the conditions of construction i.e. polymer nature and dissolution buffer.
Tripartite LbL films (polycation. AuNP. polyanion) were evaluated using 3 different
polycationic polymers (poly(allylamine hydrochloride) (PAH). poly(ethylene imine) (PEI)
and poly(methacrylate ester) (PMAE)) and also two media (phosphate buffered saline (PBS)
and Tris). The AuNP incorporation and film stability were analyzed by visible
spectrophotometry, capillary zone electrophoresis, quartz crystal microbalance, and high
performance liquid chromatography. The optimized AuNP enrichment conditions were
obtained using PAH. best compromise between AuNP loading and film stability properties.
Tris buffer allows to increase 1.7 times more AuNP than PBS in the films. As a conclusion,
this work laid the bases of further development of LbL films enriched with drug

functionalized AuNP for biomedical device coating.

Keywords: Polyelectrolyte films, gold. stability. nanoparticle loading. dynamic models,

physicochemical evaluation
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Introduction

Polyelectrolyte layer-by-layer (LbL) films are promising coatings for applications in the field
of medical device. They are composed by the self-assembly of different polyvmers through
electrostatic bonds between polyelectrolytes of opposite charge. They can include drug to
induce specific therapeutic effect as well, but these films show some limitations for long term

drug release . To overcome this problem, two methods can be applied. The first one

2.3

corresponds to hierarchically assembled films ~: stratified films with barrier lavers in
between will lead them to gradually release the drug depending on external conditions such
as pH. temperature or salt concentration... The second one deals with a mechanical increase
of the reservoir capacity by its enrichment with nanoparticles (NP) that directly interact with

polymers. In this case. the selected coating conditions (polyelectrolytes and media) appeared

to play a major role in the film construction and stability **.

Beside prolonged drug release, nanoparticle inclusion into LbL films was described to confer
specific properties to the coating as antibacterial activity by the addition of silver NP *¥,
theranostic platforms using ferrous magnetic NP °, or even sensors vig inclusion of gold

nanoparticles (AuNp) "',

Recently, AuNP were entrapped inside multilayered
polyelectrolyte films for the development of a biocompatible material '>. These particles were
chosen for their high capacity of active pharmaceutical ingredient grafting '3 which allowed

the formation of a huge drug reservoir. But for the best of our knowledge no study took

interest in maximizing the embedment of AuNP inside films.

The aim of this paper relied on the investigation of the optimization in the design of
nanoparticle enriched LbL films. Based on a tripartite system (polycation + negatively-
charged AuNP + polyanion), two main points were addressed: influence of the polycation and

the dissolution buffer. As a hypothesis, the number of charges on the polvcationic specie
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should be a key parameter in the amount of immobilized AuNP loaded inside films. Herein,
we tested 3 different polycations (Figure 1): two hydrophilic polymers (poly(allylamine)
hydrochloride (PAH) and poly(ethylene imine) (PEI)) and one hydrophobic
(poly(methacrylate ester) (PMAE)). Recent papers pointed out the important role of
phosphate fons in the LbL disorganization . Two different buffers were evaluated in this
work: phosphate-buflered saline (PBS) as the reference one v Tris buffer (using the same pH
and salt concentration for both). To evaluate their formation, films were built under different
techniques: a static one with cover glasses using a classical dip-coating method '* and two
dynamic models using capillary zone electrophoresis (CZE) and quartz crystal microbalance
(QCM). The requirements to define the best conditions relied on the compromise between
nanoparticle entrapment and film stability. Indeed. for future biomedical applications and
taking into account mechanical constraints (blood flow, muscle contractions ...) encountered
by medical devices. the design of nanostructured films should lead to stable coating without

any nanoparticle/film leakage.
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Figure 1: Chemical structures of (A) PEL (B) PMAE and (C) PAH.

Experimental
1.1. Reagents

Poly(allylamine hydrochloride) powder (PAH). poly(acrylate, sodium salt) (PAA) solution 35
% wt in water with average molecular masses of 15.000 and branched poly(ethylene imine)
(PEI) solution 50 % wt in water with average molecular masse of 800,000 were purchased
from Sigma Aldrich. Poly(methacrylate ester) powder (PMAE) was purchased from Evonick
Industries (EudragitR RL). Solutions of HCl 1.0 M from Fluka were used for pH
adjustments. Sodium dodecyl sulfate (SDS) was supplied by Eurobio. Phosphate-buffered
saline (PBS 148 mM) solution was prepared as follows: [Na;HPOy] = 6.48 mM, [KH,PO4] =
1.47 mM, [NaCl] = 138 mM and [KCI] = 2.68 mM. final pH was adjusted to 7.4. Tris
solution (148 mM) was prepared from Trizma® base (Sigma Aldrich) and final pH was
adjusted to 7.4. All other reagents were supplied by Sigma Aldrich and were of analytical

grade. Ultrapure deionized water (=>18.2 M£2.em) was used for the preparation of all solutions

1.2. AuNP synthesis

Citrate stabilized AuNP were synthetized according to previous works "7, Briefly, 1 mL of
AuCly aqueous solution (10 mg/mL) was added into 90 mL of water containing 2 mL of 35
mM sodium citrate. The solution was stirred for 1 min (500 rpm) then 1 mL of NaBHy 19.5
mM was added and the solution was stirred for 5 min under nitrogen. 5 £ 1 nm (gold core

diameter) AuNP with a 514 £ 1 nm specific Plasmon band and a negative zeta potential of -

L
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- * . 5 * +
36 £ 4 mV were obtained in accordance to previous results ™ 'S The resulting suspension

was immediately stored in the dark at 4 °C for maximum 20 days.

1.3. Film tabrication

1.3.1. Cover glasses

The glass substrates used for the deposition (24 = 36 = 0.145 mm, Menzel-Glaser) were used
after a strict cleaning procedure: SDS 0.1 M at 100 °C for 15 min. followed by extensive
rinsing with water. They were then immersed in HCI1 0.1 M at 100 °C for 15 min, extensively

rinsed and finally dried.

Polyelectrolyte solutions (0.1 M either in PBS or in Tris, according to monomer molecular
masses) were prepared freshly before each experiment. Addition of HCI 1.0 M in the PAA
solution was required to adjust pH to 7.4. The fabrication of AuNPs/polymer LbL film was
carried out as follows. A pre-treated cover glass was dipped in the solution of polycation for
10 min, and then rinsed with two successive baths of PBS (2 min and 1 min, respectively).
Subsequently, the slide was immersed in the AuNP suspension for 10 min. then rinsed as
previously described, and finally dipped in the PAA solution for 10 min and rinsed. The
AuNP-incorporating polymer multilaver film was obtained by the repetition of this simple
three-step process in a cyclic repetition. 3 different polycations were tested to build films:
PAH. PEI or PMAE. For films prepared in Tris. polycation and polyanion solutions (0.1 M)
and rinsing baths were realized with Tris buffer. Films constructed in PBS are defined as P-

Films and in Tris as T-Films.
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Absorbance spectra (400-700 nm) of the coated slides (vs. an uncoated pre-cleaned slide)
were recorded on a UV-1800 apparatus (Shimadzu). All cover glasses presented the specific

Plasmon band (7. = 535 £ 5 nm) of AuNP,

1.3.2. Capillary zone electrophoresis

All experiments were performed on a Beckman P/ACE 5500 model (Beckman, Fullerton,
USA) equipped with a UV detector set at x = 214 nm in normal polarity mode (anodic
injection). Mobility negatives values indicate a reverse polarity mode. Capillary temperature
was controlled by coolant at 25.0 °C. Untreated fused-silica capillaries, 75 pum internal
diameter with a total length of 37 cm (effective length: 30 ecm) were emploved. The neutral
marker benzyl alcohol solution (0.5 mg.mL™" in background electrolyte, BGE) was injected in
the hydrodynamic mode (3 s under pressure. 0.5 psi). The experimental set-up. data
acquisition, and processing were governed using Beckman P/ACE Station software. The
BGE used to evaluate migration times was ten-fold diluted PBS (15 mM). For first
experiments, the new capillary was rinsed with 1.0 M sodium hydroxide (20 min) and
ultrapure water (20 min). Each injection was realized in triplicate. results were indicated as a
mean and a residual standard deviation which was always lower than 3.0 %. Polyelectrolyte
solutions (either in PBS or Tris) used to coat the capillary were those described in the cover
glasses section. Deposition method was adapted from '*. Briefly, for each layer, the capillary
was first filled with the coating solution (polymers or AuNP) at 20 psi for 10 min and rinsed
with nitrogen and ultrapure water after 1 h of deposition time. Between each laver, benzyl
alcohol was injected three times and before each injection, the capillary was successively

rinsed with ultrapure water (2 min) and BGE (3 min). The EOF mobility (ugop) was
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determined using the migration time (NMT) of the EOF marker and with the help of Equation

1:

L xl

HEOF = Sorr v (Equation 1)

Where L and | are the total and the apparent lengths of the capillary (length to detection) and

V the applied voltage.
1.3.3. Quartz crystal microbalance

QCM measurements were conducted with an E1 QUM-D at 21 °C employing SiO;-coated
(50 nm) quartz crystals (5 MHz) from Q-Sense. Initially, crystals were cleaned using a
plasma cleaner (PDC-32G-2 Harris Plasma®) for 15 min. Then, LbL films were assembled
inside the QCM chamber. For each layer deposition, 500 uL. of polycations (either PAH or
PEI or PMAE). AuNP or PAA were allowed to flow in the chamber (flow rate of 400
uL.min™) for 5 to 10 min until stable values of the frequency were attained. Every deposited

layer was then rinsed with the appropriate buffer (PBS or Tris).

The deposited mass of AuNP at the surface of the crysial was calculated according io the

Sauerbrey equation ' (Equation 2):

Am = & (Equation 2)
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where, Am is the mass change, and C a constant characteristic of the quartz used (-17.7

ng.cm™ Hz " for our crystal).

1.4. Gold guantification

Gold quantification was described elsewhere i Briefly, cover glasses were crushed with a
glass rod. transferred into a LoBind Eppendorf® tube and mixed with an oxidant solution
(400 pL of HCI-NaCl-Br: solution 1.0 M-0.3 M-0.025 M respectively) for 20 min. The
mixture was then partially evaporated using a Turbovap (Biotage) at 40°C under inert gas
(N5, 4 psi) for 20 min. 200 plL of NH4CI solution (30 % m/V), 100 puL. of 6 M HCI and 100
pl of Rhodamine B solution (0.084 uM) were then added. The ion-pair formed between
tetraurochlorate anion and Rhodamine B was extracted by 200 pL of diisopropyl ether. Tubes
were agitated on a Vibramax 100 (Heidolf Instruments) for 3 min at 1500 rpm, then
centrifuged (Mini Spin Plus, Eppendorf) 3 min at 12100 = g. 150 pl of the supernatant
(organic phase) were withdrawn, completely evaporated (Turbovap. 5 min, N». 3 psi) and the
dried residue was dissolved in mobile phase (150 pl.) before injection into the HPLC system.
HPLC analyses were carried out on a SpectraSystem system constituted by a vacuum
degasser (SCM1000), a quaternary pump (P1000XP). an autosampler (AS300) and a UV-
Visible detector (UV2000). The column (Nucleosil ® C18, 150 mm = 4.6 mm, 3 pm paricles
size and 100 A porosity) was thermostated at 40°C using a Croco-cil (1267) oven. Data
acquisition and injection control were performed by the Azur software (version 5.0,
Datalys®), The mobile phase consisted on a mixture of acetonitrile and water (25/75, V/V)
containing 0. 1% trifluoroacetic acid. The injection volume was 20 pL. The detector was set at

555 nm and the pump at a flow rate of 1.0 mL.min"".
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Results and discussion
1.1. Influence of the cationic polymer on film formation

The three tested polymers (PAH, PEI and PMAE) were chosen for their ability to carry
positive charges through primary (PEI and PAH) or quaternary amines (PMAE) and to make
electrostatic bonds with negatively charged AuNP. PAH was our reference polymer since it
was characterized in our previous study 12 Tts primary amine presents an ionization constant
(pKa) of 8.7. PEL, with 4 pKa (3.3, 6.7. 9.2 and 9.9 2“} is more basic than PAH and more
charged at physiological pH (ie. 7.4) than PAH. With more cationic charges than PAH at
physiological pH, it is hypothesized to develop greater interactions with AuNP. PAH and PEI]
are both water soluble and commonly used in the literature to construct LbL films. PMAE is
a well-known polymer in pharmaceutical industry (used as: enteric coating, taste masking,
sustain release... 2') and is more hydrophobic than the two previous polymers. PMAE was

always positively charged in studied conditions (Figure 1).

For all polycations under study. the LbL films were prepared using the classical dipping
protocol i Depositions cveles ([polycation/AuNP/PAA]) were repeated from 3 to 5 times.
PBS (at the physiological pH and ionic strength) was chosen to solubilize PAH, PEI and PAA
while PMAE was dissolved into methanol due its hydrophobic characteristics. This last
candidate was discarded because of its inability to form LbL films. Indeed. right after PMAE
deposition on cover glasses, the layer was desorbed during the rinsing siep. The alkyl chains
of PMAE not soluble in water may have formed a hydrophobic layer that was unable to
interact with neither AuNP nor PAA. The two remaining polymers (PAH and PEI) were
successfully deposited on cover glasses and film formation were monitored using UV-Vis

spectrophotometry (Figure 2)
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Figure 2: Variation of maximal absorbance of the Plasmon band plotted as a function of the
number of coating cycles in PAH (discontinued) or PEI (dotted). 1 cycle corresponds to

[polycation/AuNP/polyanion] (n = 3).

Film absorbance was directly linked to the number of AuNP embedded and. as illustrated in
Figure 2, it increased linearly for both PAH and PEI films after 5 cycles (R* > 0.99 for both
polymers). PEI films absorbance appeared to be more important than PAH films, certainly
due to the 3 cationic groups per monomer (Figure 1). It gave the opportunity to trap more
AuNP as it was already reported for previous studies with other gold particles 2 AuNP
quantification realized via a rhodamine B ion-pairing (electrostatic interaction between
anionic gold AuCly" and cationic rhodamine B) and a HPLC system using UV-Vis detection
(Table 1) confirmed that PEI films embedded more AuNP per em? Spectrophotometry and

AuNP quantification inside PAH films gave similar results than those previously obtained .
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Table 1: Number of AuNP/cm? deposited per cycle and maximal absorbance afier 3 cycles of

films built under different conditions (n = 3).

PAH PEI
AuNP/em?/eycele (<10 08+0.5 12.1+0.7
Amax 0,177+ 0012 0213 +0.018

Thanks to the higher number of cationic charges of PEI at pH 7.4, PEI films were able to
include 1.2 times more AuNP than PAH films. This confirmed that PEl appeared to be a
better candidate than PAH to optimize the use of the film as a AuNP reservoir. Then, film
constructions and stability was assessed using CZE. CZE is an interesting separation tool and
can be used to evaluate the global surface charge in accordance with the last deposited layer.
In CZE, the mobility of a neutral compound relies only on the electro-osmotic flow (EOF)
resulting from the capillary inner wall charge surface state. EOF is monitored as a function of
the last deposited layer inside the capillary wall (Table 2). CZE also can provide interesting

information on film stability as they are submitted to a hydrodynamic flow.

Table 2: Evolution of the electroosmotic flow mobility in accordance to the last layer

deposited inside the capillary (n= 3).

ugor (107 em*/V/s)

Nude capillary 528+ 1.5
Deposited layer PAH PEI
Polycation 21 5L T 274+ 1.6
Cycle 1 AuNP 9612 344 £3.2
PAA 31.1+5.6 36.5+0.4
Polycation =201 +2.3 -22.6+0.6
Cycle 2 AuNP 11.8+0.8 294 0.9
PAA 364+ 1.4 N.D.
Polycation -17.8+£4.0 N.D.
Cycle 3 AuNP 279402 N.D.
PAA 389+ 1.0 N.D.

MN.D.: Not determined
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The EOF mobility determined at the first step for bare capillary corresponded to negatively
charged silanoate groups composing the silica material. When the polycation layer was
deposited. a shift in the EOF was observed (-7.5 + 2.7<10™ em*V/s for PAH and -27.4 +
1.6x107 cm?V/s for PEI). These negative mobilities indicated a reversed FOF caused by
cationic charges deposited on the inner capillary wall. The difference between pgor values
showed that PEI deposition created a more positively charged capillary than PAH deposition
as expected by their chemical groups. Then, the AuNP layer deposition led to a positive value
of EOF as cationic charges were compensated by the addition of negatively charged AuNP.
However, ppor values showed that more AuNP were embedded inside PEI films (9.6 +
1.2x107 em¥V/s for PAH vs 34.4 + 3.2x107 em¥V/s for PEI). Finally. the last deposition
layer (PAA) increased drastically the ppor due to the addition of corresponding anionic

charges.

Even if PEI emerged as the better candidate in terms of AuNP inclusion, PEI-built films
showed an evident lack of stability highlighted by the trend to collapse inside the capillary
after the first cycle deposition; this led to the definitive obstruction capillaries (as observed
for 10 independent experiments). Only one cycle and a half can eventually be achieved with
this technic of deposition. On the contrary, PAH-built films never clogged the capillary. This
film desorption was explained by the conformation taken by the PEI in presence of high
concentrated phosphate solution. Phosphate ions can diffuse inside films and interact with

3

primary amines to destabilize the films. In this sense. Gu ef al. > already showed in their
work that LbL films made of PEI/PAA gradually lose mass in QCM in presence of PBS
buffer. In their study, this mass loss was linked to a desorption/dissolution of the film and

was not observed with the other tested solutions (Tris or NaCl).

Despite being promising in terms of AuNP inclusion, PEI-based films appeared to lack of

stability under dynamic conditions. As the final purpose of those films is to be placed on
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medical devices, stability is one of the major specifications that have to be reached. From the
three starting polymer candidates, only PAH-built films proved to have enough stability to be
used in our targeted applications. To maximize AuNP inclusion and obtain the best drug
reservoir, some papers suggest that film deposition can be improved by a dissolution buffer

modification **.

1.2. Influence of the dissolution buffer on film formation

The second specification for LbL concerns the biological compatibility of the dissolution
medium to avoid any side effect caused by the remaining buffer. Organic solvents or acetate
buffers were voluntary avoided and experiments first focused on classical PBS buffer with
physiological pH and salt concentration (7.4 and 0.148 M). To improve AuNP incorporation
inside films, PBS buffer (pKa = 2.1, 7.2 and 12.3) was replaced by Tris buffer (pKa = 8.3)
with same pH and concentration. As PAH was previously designated as the best candidate, it
remained the reference for the evaluation of PBS films (P-films) and Tris films (T-films).
Their behavior was first evaluated using CZE (Figure 3 A) with three cycles of deposition as

described in the previous part.

A B
= o8
1 eyele 2 cycles 3 cydes =
A pan y=00661x+ 0.0503
% w04 Eos B = 04870
: £
4 oao
; B
,,E " 2o
2 £
= ® 020
g™ £
G § 015 &
-] 8 e
E s £ o Lt y = 0062 1x- 0.0071
¥ ] e ._._—’ RF=0.9252
§ §oo
00 =
x oo
] 1 i i i 5 ]
- Humber of oycles

Figure 3: (A): Graphical representation of the variation of the electro-osmotic flux in

accordance to the last layer deposited. (B): Variation of maximal absorbance of the Plasmon
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band plotted as a function of the number of coating cycles. Films were built with either Tris

buffer (plain line) or PBS (discontinuous line) (n = 3).

Values of EOF were very similar for both T-films and P-films and reproducible from one
cycle to another. During construction, no collapse occurred for both conditions, on the
contrary of PEI films. Though no influence of buffer can be highlighted here, CZE showed
that P-films and T-films were at least equivalent in terms of stability. The comparison was
also performed on films deposited on cover glasses (Figure 3B) with the dipping protocol. As
explained previously, film absorbance is directly related to the number of AuNP embedded.
Maximal absorbance of T-films appeared to be 1.4 times higher than P-films. This result was
confirmed by the quantification of AuNP entrapped in P-films entrapped (9.8 + 0.5x10"
AuNP/cm?cycle) compared to T-films (14.3 + 0.8%10"" AuNP/em?/cycle which represented

1.5 times more).

For further investigation, films were built on SiO; coated quartz crystals in QCM. Crystal
frequencies were monitored as a function of the deposition of the different layers. For P-
films, the obtained patterns illustrated in Figure 4A were unusual. After PAH injection, the
frequency decreased. showing the deposition of the polymer on the crystal. However. when
rinsing with PBS, important decrease in frequency values was also observed (from -30 to -
210 Hz for the first eycle). This may indicate water diffusion in the deposited layer leading to
a swelling. Then, AuNP deposition led to a frequency decrease and PBS rinsing to a slight
increase. This should indicate that AuNP have been deposited on the surface of the crystal
and all elements interacting weakly with the surface have been removed during the rinsing
phase. Finally, after the following PAA layer deposition show a huge increase of frequency

values (respectively from -500 to -300 Hz). The obtained film after 3 cvcles was 100 nm
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thick. On the contrary, the profile obtained with T-films corresponds to a classical one
expected during a LbL fabrication process (Figure 4 B). Each polymer or AuNP deposition
led to a decrease of frequency and thus corresponds to a deposition of mass on the surface.
Rinsing phases with buffer led to a small increase in frequency indicating that few weakly
attached polymeric chains or AuNP desorbs from the surface. The overall building of the film
followed the same pattern for cach deposited layer. T-film was 70 nm thick. The very high
resistance values (2.1 and 1.4 MPa) were explained by the incorporation of AuNP inside
films (usually around 100 kPa for similar LbL films ****). Those metallic elements greatly
increased film resistance and viscosity. Altogether. those results highlighted that phosphate
ions can induce film disorganization. Due to their small size and their two anionic charges,
phosphate anions can easily diffuse through the different film layers, strongly interact with
cationic charges, and prevent the polyanion binding. This led to an increase in film thickness
(70 nm for T-films vs 100 nm for P-films) in relationship with the massive desorption noticed

in P-films. This phenomenon was not observed with Tris.
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Figure 4: QCM curves of frequencies obtained by the deposition of (A) PBS-built films and

(B) Tris buffer-built films.

1.3. Optimization of AuNP reservoir

The last part of this work was devoted to improve the capacity of the reservoir (film
enrichment) to embed AuNP. Two strategies could be employed: more deposited cycles or
more AuNP embedded on one polycation layer. The less time-consuming was preferred i.e.
the second one. Films were constructed with the pattern: [PAH/AuNP/PAA],-[PAH/AuNP],

and then AuNP were added several times. Nanoparticle deposition was monitored using
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QCM and CZE (Figure 5), for both P-films and T-films. QCM curves (Figure 5A and B)
showed surprisingly that AuNP can be charged without adding new cycles. After each AuNP
deposition, an internal reorganization occurred and a plateau was observed. We hypothesized
that it was due to a saturation of the film outer layers. A rinsing phase was required before
adding more AuNP. Final thicknesses of 135 nm and 90 nm were obtained for P-film and T-
film, respectively, with resistance values close to those previously measured. Densities of
deposited AuNP calculated from QCM results are shown in Figure 5C and indicated that T-
films embedded 1.7 times more AuNP than P-films (10.3 + 2.9x10"" AuNP/cm#cycle vs 5.9
+ 0.6 10" AuNP/em?/cycle). Such caleulated ratio was similar to the ones determined by
UWV-Vis absorption and HPLC gold guantification. Finally, CZE (Figure 51)) showed that the
overloading reached a plateau afler the fifth AuNP deposition for both films. The ratio

between T-films and P-films EOF was 1.3 which confirmed all collected data.
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Figure 5: (A and B): QCM curves of frequencies obtained by the deposition of films in PBS

(discontinuous line) and Tris buffer (plain lineg). (C): Number of AuNP per cm? embedded

inside films in PBS (open bars) and Tris buffer (plain bars). (D) Graphical representation of

the variation of the electro-osmotic flux after overloading of AuNP of films in PBS

(discontinuous line) and Tris buffer (plain line).

Conclusion

This study demonstrated that two key parameters for the construction of AuNP LbL film are

concerned. The nature of the polycation was important to obtain stable films with high

incorporation rates of AuNP. But in our case, it appeared that PAH was the best compromise
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in terms of both AuNP inclusion and film stability. The nature of the buffer also played an
important role as phosphate ions (in PBS) were demonstrated to negatively impact the film
formation. These anions prevented the inclusion of AuNP by their electrostatic interaction
with polymer cationic functional groups and at the end creating less organized films. Tris

ions were demonstrated to allow a greater drug reservoir for biomedical application.
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2.2. Conclusion

Si la nature du polymeére cationique utilis¢ influe grandement sur la stabilité des films,
I’utilisation d’un tampon de dissolution sans ions phosphate permet d’obtenir un chargement
en AuNP plus important. Nous avons montré que ces anions divalents déstabilisaient le film.
En prenant en compte toutes les optimisations (tampon tris + surcharge), nous pourrions
réduire le nombre de couches nécessaires a environ 350 (contre 1500 au départ) soit une
diminution de plus de 4 fois. Si le dépot reste relativement important, la construction devient

envisageable et compatible avec une automatisation ainsi qu’une fabrication en série.
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Durant ce travail de doctorat, nous avons développé des films multicouches formés de
polyélectrolytes et capables d’immobiliser des AuNP. Ces films ont montré une inertie
intéressante vis-a-vis des protéines et de diverses molécules physiologiques. Leur capacité a
intégrer des AuNP est importante et a encore pu étre améliorée par changement du milieu de
dissolution des polyméres (prés de 10'* AuNP/cm?/cycle). L’objectif du projet est d’obtenir
un réservoir capable de libérer un principe actif (NO) de maniére contrélée dans le temps. Les
trois points principaux développés au cours du doctorat ont été: le développement de
méthodologies dédiées au controle des AuNP pour pouvoir produire des lots de qualité
pharmaceutique, I’optimisation de leur chargement dans des films LbL et 1’évaluation de la
biocompatibilité de ces derniers. La prochaine étape a développer reste la nitrosation et la

libération de NO par les films. Enfin quelques perspectives seront développées

Les AuNP comme matiéres premiéres pharmaceutiques.

Les AuNP sont controlées par mesure de leurs différents parametres physico-
chimiques (diametre hydrodynamique, potentiel zéta, profil €électrophorétique ...). La mise en
place de ce contrdle qualité est nécessaire car les AuNP sont considérées dans notre montage
comme des matieres premicéres pharmaceutiques. La plus-value de I’¢électrophorese capillaire
repose sur la détermination de la pureté de la population nanoparticulaire et I’obtention d’un
profil d’impuretés. De plus, une méthode de dosage spécifique de 1’or a été¢ développée et
permet a la fois d’évaluer le rendement de syntheése (discrimination de I’or sous forme

ionique et nanoparticulaire) et de quantifier la quantit¢ d’AuNP contenue dans les films.

La prochaine étape du controle qualité des AuNP requiert le couplage de ’ECZ avec

un spectrometre de masse, permettant 1’identification des impuretés organiques (inhérentes a

174



Discussion et perspectives

la synthése) mais aussi leur quantification pour le suivi de stabilité des lots produits. Cette

étape est nécessaire pour 1’utilisation d’AuNP comme maticre premiére pharmaceutique.

Biocompatibilité des films.

Parmi les points a développer, la biocompatibilité des films est cruciale. Le principal
point faible reproché a la construction, lors de différents dépots du projet, est ’absence du
contréle de 1’adhésion protéique sur le film. Méme si les expérimentations ont montré une
adsorption limitée a la surface du film, a long terme il n’est pas exclu d’observer une
adsorption protéique massive (en particulier les protéines de la coagulation) en surface des
films [107]. Un tel dépot aurait deux conséquences principales : une baisse d’activité par la
présence d’une gangue de fibrine [108], mais surtout 1’induction de caillots sanguins et/ou la
mise en place d’un phénomene de resténose [61, 109]. L’ajout d’une couche polymérique
composée de PAA greffé avec du poly(éthylene glycol) (PEG) (sous forme de copolymere a
blocs ou en forme de peigne) pourrait empécher 1’apparition de ces effets secondaires. Une
surface recouverte de PEG entrainera une plus grande inertie du DM par une non-adsorption
des protéines [110, 111]. Cela diminuera par la méme occasion I’inflammation locale [112],

aboutissant a une meilleure tolérance du DM.

Concernant les méthodes analytiques, 1’amélioration des limites de détection et la
validation de la méthode de quantification de I’or dans les milieux cellulaires/tissulaires
restent nécessaires pour envisager une ¢tude de biodistribution compléte. Méme si I’absence
de dissémination des AuNP a été prouvée par les expérimentations en ECZ, QCM et
contraintes de cisaillements, des études devront étre menées, grace entre autre a cette

méthode. Il sera alors possible d’évaluer I’accumulation de ces AuNP au niveau d’organes
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clés dans le métabolisme et 1’¢élimination tels que le foie, la rate, les reins ou les poumons

[113].

Films libérant du NO.

A T’heure actuelle, le principal point bloquant reste 1’obtention de films libérant du
NO de fagon controlée dans le temps. La fonctionnalisation des AuNP par des RSNO est
réalisable avec une charge importante en NO par AuNP, mais actuellement leur incorporation
au sein de films multicouches n’a pas été réalisée. De plus, pour aboutir a la durée de
libération souhaitée, 1’augmentation du réservoir est la deuxiéme étape. Des changements
dans la construction du film sont aussi possibles avec I’introduction de couches dites
« barriéres » qui limiteraient la diffusion du NO [114]. Ces couches permettraient de limiter
I’apparition d’une phase de « burst » (court laps de temps aprés implantation dans lequel il y
aurait une libération massive de principe actif) observée dans les modeles de libération de NO
[3]. Des solutions sont actuellement en cours de développement au laboratoire et sont sous

étude de brevetabilité.

Perspectives et aspect clinique.

Un autre probléme peut étre soulevé : les films déposés a la surface des stents sont-ils
compatibles avec les contraintes mécaniques de ces derniers ? Le film peut altérer les
propriétés mécaniques du stent (modification de 1’¢lasticité) et ainsi géner voire empécher
son expansion une fois placé dans le vaisseau. Les études réalisées en QCM ont montré que
les films déposés avaient une élasticité et une viscosité égale a celle de ’acier (certainement
due a la présence d’AuNP a I’intérieur du film, article 6). C’est cette résistance importante

qui pourrait venir bloquer le déploiement correct du stent. A I’inverse, le déploiement du
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stent peut endommager le film. En effet, lorsque le stent est déposé dans le vaisseau, les fils
qui le composent (pour les stents tressés) subissent des déformations et des frottements [115],
notamment dans les segments mobiles des artéres (fosses iliaques) [116]. Ces phénomenes
pourraient entrainer un décollement partiel ou total du film entrainant une perte de son action
et une éventuelle toxicité par la libération de débris (polymeéres et/ou AuNP) dans le systéme
circulatoire. De plus, méme si les nouveaux alliages développés pour les stents ainsi que
I’amélioration des techniques de fabrication (découpe laser, surface plus lisse ...) les rendent
de plus en plus biocompatibles, 1’apport de NO a dose physiologique par un stent actif
permettrait de limiter les phénoménes responsables de la resténose ainsi que le stress

engendré par la pose d’un tel dispositif [59, 61, 62].

Un des points fort du systeme développé reste sa modularité. Les films peuvent étre
adaptés a d’autres dispositifs médicaux ainsi qu’a d’autres pathologies en modifiant le
principe actif ou les NP utilisées. Il serait tout a fait envisageable d’y intégrer des
nanoparticules d’argent pour une action antibactérienne du dispositif. En clinique, les DMI
(toutes classes confondues) sont soumis a deux limitations majeures. Premierement, les
maladies nosocomiales [117] qui sont un risque majeur pour la survie du patient, notamment
avec les DMI a visée cardiovasculaire. L’action antibactérienne du NO (ou d’un autre PA)
aurait deux actions bénéfiques : limiter I’apparition des infections nosocomiales d’une part,
mais aussi réduire I’apparition de bactéries multi-résistantes. Deuxieémement, dans de
nombreux cas, les patients recevant un DMI sont fragiles, poly-pathologiques (60 a 80 % des
patients atteints de diabete présentent une hypertension artérielle [118] ...) ce qui entraine
une baisse de I'immunité couplée a un retard de cicatrisation. Ces facteurs entretiennent le
cycle de I'inflammation et favorisent I’apparition d’effets secondaires comme la resténose.

Une action anti-inflammatoire, via I’apport d’un PA (ou plusieurs ayant une complémentarité
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d’action), par le DMI permettrait d’agir localement sur les facteurs favorisant I’inflammation

et de faciliter la cicatrisation.

Enfin, I’'impression 3D, particuliérement adaptable aux polymeres [119], est une voie
envisagée. Les DMI créés par cette technique seraient personnalisés en fonction de chaque
patient et/ou pathologie. Cependant, le colt de la technologie reste relativement élevé et
relativement peu répandu dans les hopitaux a I’heure actuelle. Enfin, les températures
nécessaires a la formation d’une impression 3D seraient incompatibles avec 1’utilisation de

NO.
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Conclusion

Le but principal de ce travail de doctorat a été de poser les bases d’un nouveau type de
DM faisant appel aux nanotechnologies et a la science des polymeéres. Un des premiers
problémes soulevés a été 1’absence de caractérisation suffisante des AuNP pour une
utilisation pharmaceutique. Des solutions ont été¢ proposées pour faciliter leur caractérisation
et des pistes sont actuellement a 1’étude pour obtenir des AuNP parfaitement définies. Dans
un deuxiéme temps, le revétement de surface développé s’est avéré stable et relativement
inerte laissant présager de sa biocompatibilité. Malgré cela, des évolutions restent nécessaires
pour aboutir a une version définitive capable de libérer des principes actifs sur de longues
périodes. Parmi les moyens mis en ceuvre, certains se sont avérés réalisables (optimisation
des conditions de construction, surcharge en AuNP) et d’autres font actuellement 1’objet
d’une procédure de brevetabilité et n’ont pas été développés dans ce manuscrit. Toutes ces
expérimentations ont permis d’obtenir des films de mieux en mieux caractérisés et de
comprendre leur interaction avec des objets nanoparticulaires. Ils devront par la suite étre
testés sur des lignées cellulaires pour évaluer leur cytocompatibilité, puis in vivo pour

s’assurer de leur action bénéfique.

Pour conclure ce travail de these, les films multicouches nanostructurés pour le
développement de stents innovant représentent un pas en avant vers la création d’un nouveau

type de décorations de surface appliquées au domaine biomédical.
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Films polymériques pour le développement de stents innovants

La prise en charge d’urgence des pathologies ischémiques repose dans un premier temps sur la thrombolyse
et/ou 1’angioplastie puis dans un second temps sur des mesures hygiéno-diététiques. L’angioplastie consiste en la
destruction de D’obstruction située dans I’artére et est souvent suivie (dans 70 % des cas) par la pose d’une
endoprothese également appelée stent. Malgré des innovations thérapeutiques importantes (stents libérant des
principes actifs), des problemes de thrombose et de resténose au niveau du site 1ésé sont observés. Or, le monoxyde
d’azote, NO, un gazotransmetteur de l’organisme, posséde des propriétés intéressantes pour lutter contre ce
phénomene, a concentration physiologique.

Dans ce travail, nous avons développé un film nanostructuré permettant de recouvrir un stent, avec pour
objectif final une délivrance contrélée de NO. Cette couverture incorpore des nanoparticules d’or (AuNP), choisies
pour leur importante capacité de greffage avec des donneurs de NO. Celles-ci sont piégées au sein des couches d’un
film constitué de polyélectrolytes : le polycation, les AuNP et le polyanion interagissant ensemble par des interactions
¢lectrostatiques.

Le chapitre 1 propose une revue de la littérature sur 1’utilisation croissante des nanotechnologies dans le
domaine des dispositifs médicaux. Dans ce contexte biomédical spécifique, les AuNP doivent étre considérées comme
des matiéres premicres pharmaceutiques. Le chapitre 2 présente les méthodologies analytiques développées en ce
sens. Ces méthodes, en complément des techniques physicochimiques plus classiquement utilisées, seront appliquées a
I’ensemble des lots de nanoparticules produits. Des premiers essais de greffage de NO ont été menés a 1’aide d’une
macromolécule modele. Le chapitre 3 se concentre sur la formation et I’optimisation des films nanostructurés. Les
AuNP ont été incorporées dans des films multicouches qui démontrent une stabilité importante (> 1 an) et sont
capables d’en immobiliser un grand nombre (jusqu’a 10" AuNP/cm%cycle). Pour augmenter leur taux de chargement
au sein des films, une étude d’optimisation a été réalisée. Un enrichissement des films en AuNP est possible en
modifiant les conditions de préparation. Enfin, ces films présentent une inertie face a des protéines, des cellules
immunocompétentes et du sang total.

L’ensemble de ces résultats permet de poser des bases solides pour le développement de stents innovants a
couverture active.

Mots clés : Nanoparticules d’or, controle qualité, films polymériques multicouches, stent, resténose.
Polymeric films for innovative stent development

Emergency management of ischemic pathologies is initially based on thrombolysis and/or angioplasty and
secondly on hygiene-dietetic measures. Angioplasty consists of the destruction of the obstacle located in the artery and
is often followed (in 70% of cases) by stent implantation. Despite therapeutic innovations (drug eluting stents),
problems of thrombosis and restenosis in the injured site are observed. Yet, nitric oxide, NO, a gaseous transmitter is
characterized by interesting properties against this phenomenon at the physiological concentration.

In this work, we developed a nanostructured film that would be able to deliver NO in order to cover a stent.
This coating entraped gold nanoparticles (AuNP) characterized by a high capacity of NO donor grafting. They were
incorporated into layers of a polyelectrolyte film: polycation, AuNP and polyanion interacting by electrostatic bounds.

The first chapter stands a literature review on the increased use of nanotechnologies in the medical device
field. In this specific biomedical context, AuNP must be considered as pharmaceutical raw material. Chapter 2
presents analytical methods developed in this way. These methodologies, completed by more classical
physicochemical technics, will be applied to all the synthetized batches. First NO grafting tests were performed using
a model macromolecule. Chapter 3 concentrates on nanostructured film formation and optimization. AuNP were
incorporated into films and they presented an important stability (> 1 year) and films were able to immobilize a large
number of AuNP (up to 10'> AuNP/cm?/cycle). To increase their inclusion rate an optimization step was realized. The
film enrichment with AuNP was possible by the modification of the preparation conditions. Lastly, the films were
inert towards proteins, immunocompetent cells and whole blood.

These results allow lying solid bases for the future development of innovative stents with active coating.

Key-words: Gold nanoparticles, quality control, layer-by-layer polymeric films, stent, restenosis
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