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Introduction générale

Depuis le début des années 1980 I'emploi des nanotechnologies dans une approche
thérapeutique a pris un essor important et les domaines d’application sont aujourd’hui multiples,
allant de l'imagerie médicale au transport de médicaments et a leur ciblage. Selon la norme ISO
TS/27687 de 2008, les nanoparticules (NP) sont définies comme étant des particules ayant au moins
une dimension inférieure a 100 nm. Néanmoins, cette définition est encore discutée et de nombreux
auteurs décrivent des NP comme étant des particules colloidales ayant une taille comprise entre 10
et 1000 nm (Prabhet al, 2002, Gargouret al., 2009, Muthu et al., 2009, Eieli al., 2010).

Il existe une grande variété de NP de composition organique (polyméres, dendriméres,...) ou
inorganique (métaux, oxydes métalliques, silicium, carbone,...) (Tetoal., 2011). Parmi ces
dernieres, les NP d’or sont les plus anciennes, elles sont utilisées depuis longtemps avant méme la
définition du terme nanotechnologie. Un exemple célébre est la coupe de Lycurgue d’époque
romaine, qui possede des propriétés optiques particulieres (éclairée de l'intérieur, elle apparait
verte ; éclairée de I'extérieur, elle apparait rouge) dues a la présence de NP d’or dans le verre. Les
NP d'or offrent un intérét tres important aujourd’hui et elles représentent une grande partie des
travaux rapportés dans la littérature, notamment dans le domaine biomédical (Daniel et Astruc,
2004, Huanget al., 2008, Boisselier et Astruc, 2009, Dreaden et al., 2012, Jans et Huo, 2012,
Llevot et Astruc, 2012). Dans ce domaine, les NP d’or représentent en effet des outils parfaitement
adaptés non seulement par leur synthese aisée mais aussi par leurs grandes capacités de
fonctionnalisation (voire de multifonctionnalisation) en surface, par greffage soit de molécules
soufrées, soit de molécules biologiques qui s’adsorbent spontanément sur les NP d’or (Lubitz et
Kotlyar, 2011, Xu et al., 2011).

L'utilisation des NP dans le domaine biomédical exige notamment une solubilité élevée en
solution agueuse et une excellente stabilité en conditions physiologiques. Cependant les NP d’or en
solution ont tendance a s’agréger et a précipiter, du fait des interactions de type Van der Waals qui
existent entre elles. Différentes stratégies ont été employées ces dernieres années afin d’améliorer
leur stabilité en solution aqueuse. Parmi celles-ci, figure la formation de liaisons covalentes entre
les atomes d’or et des composés porteurs d’une ou plusieurs fonctions sulfhydryles ou thiols (citons
par exemple le glutathion comme monothiol (Zhang et al., 2010), I'acide dihydrolipoique (DHLA)
comme dithiol (Rouxet al., 2005), des especes trithiols @tial., 2002), et des cyclodextrines
présentant plusieurs fonctions thiols (Liu et al., 2000)). L'utilisation de multithiols semble accroitre

la stabilité des NP d’or par rapport a 'emploi d’'un monothiol.
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Dans ce contexte, nous avons cherché a travers nos travaux de these, a mieux comprendre
I'origine de la meilleure stabilisation des NP d’or par I'emploi d’'un dithiol, plus précisément le
DHLA. Pour ce faire, nous avons tout d’'abord synthétisé les NP d'or en milieu aqueux par la
méthode de Turkevicltet al.,, (1951), en employant un exces de DHLA (4 concentrations
différentes) par rapport a la concentration en Au présent en surface des.NIFHLA/AUsyrtace =
x 28, x 56, x 140, x 222). Les NP obtenues différemment recouvertes en DHLA nous ont permis
d’évaluer I'impact de la densité de couverture sur leur stabilité.

Les NP dor, du fait de leur nombre fini d’'atomes, présentent des propriétés physiques,
chimiques et optiques difféerentes de celles de I'or massif et leurs propriétés dépendent fortement de
la taille de la particule, de sa forme, de la distance inter-particulaire et de la nature du métal (Daniel
et Astruc, 2004, Duncan et al., 2010). En outre, I'or devient extrémement réactif a I'échelle
nanomeétrique et il est susceptible dengendrer une certaine toxicité. Actuellement, les
connaissances sur la toxicité des NP d’or demeurent assez limitées du fait du faible nombre
d’études toxicologiques et des résultats souvent contradictoires qu’elles exposent. Récemment, il a
été démontré que la cytotoxicité des NP d’or peut étre liée a lI'induction d’'un stress oxydant (Jia
al., 2009, Gao et al., 2011, J# al., 2011, Zhao et al., 2011). C’est pourquoi il est indispensable
d’étudier, en parallele a I'aspect fondamental et appligué des NP d’or, I'impact de ces nouveaux

objets sur le statut redox des organismes.

Nos travaux de thése ont nécessité une approche multidisciplinaire associant la physico-
chimie et la biologie cellulaire. Aprés 'optimisation de la synthése de NP d’or présentant une forte
stabilité, celles-ci ont été évaludasvitro dans une lignée cellulaire de type macrophage, en axant

I'étude sur des parameétres reliés au statut redox de ces cellules en culture.
Notre manuscrit est organisé en quatre chapitres.

Le premier chapitre présente une synthese bibliographique des propriétés générales de I'or
massif et de ses nouvelles propriétés a I'échelle nanométrique ainsi que des méthodes pour évaluer
impact des NP d’or sur la régulation redox. Ce dernier aspect fait I'objet d’'une revue générale en

préparation pour soumettre a Talardati€le 1).

Le second chapitre est consacré a la synthése de NP d’or fonctionnalisées soit par les ions
citrate, soit par un composé dithiol, le DHLA, ainsi qu’a leur caractérisation physico-chimique

approfondie.
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Dans un premier temps, nous avons étudié l'impact de la densité de couverture sur la
stabilité des NP d’or, en variant le rapport [DHLA]/[Au] lors de la synthése. De plus, I'effet du
rapport [DHLA]/[Au] sur la réactivité des NP vis-a-vis de biomolécules a été évalué. Ces études ont
permis de parfaitement définir une plateforme fonctionnalisée en surface et stable en fonction du
temps qui fait 'objet d’'un manuscrit en préparation pour soumettlacGomoleculegqarticle 2).

Enfin, nous avons développé une méthode de dosage spectrophotocolorimétrique de I'or contenu
dans les NP, ce qui permet de calculer le rendement de synthese, la concentration et I'absorbance
molaires des NPafticle 3, Tournebize et al., Talanta, 2011 (83); 1780-1783).

Dans un second temps, nous avons optimisé une méthode chromatographique sensible et
sélective pour évaluer le pouvoir antiradicalaire de matrices complexes d’origine végétale ainsi que
de NP (diamant, or). Cette étude correspond a un manuscrit accepté le 30 octobre 2011 dans
Analytica Chimica Actdarticle 4, Boudier A., Tournebize &t al.,Anal. Chim. Acta, 2012 (711);
97-106).

Le troisieme chapitre est consacre a l'effet de la fonctionnalisation de la surface des NP d’or
sur ’'homéostasie redox. Des résultats récents de la littérature suggerent que les NP dor sont
capables d’éliminer les especes réactives de I'aretet{ve nitrogen specieRNS) produites par
les macrophages (Met al., 2010). Néanmoins, ces résultats nous ont paru incomplets, en raison
d’'un manque d’informations sur les caractéristiques des NP d’or, ce qui nous a conduit a écrire une
lettre a I'éditeur drticle 5, Leroy et al., Letter to the Editor, Nitric Oxide-Biol Chim., 2011 (25);
54-56). Nous avons évalué le rble de la fonctionnalisation de surface des NP d’or sur l'interaction
avec des composés constituant des biomarqueurs de la régulation de I’'homéostasie redox cellulaire.
Pour ce faire, nous avons développé des méthodes en absence de cellules pour étudier l'interaction
des NP d’or avec des protéines, le glutathion réduit (GSH) et un donneur de monoxyde d’azote
(NO).

Du fait de la quasi inexistence de données de la littérature concernant la réponse précoce des
macrophages a une exposition a de faibles concentrations en NP d’or, nous nous sommes égalemen
intéressés a I'exposition des macrophages a des doses non toxiques de NP d’or sur des temps courts
en examinant certaines modifications du statut redox. Ces résultats font I'objet d’'un manuscrit
soumis le 04 Mai dankternational Journal of Pharmaceutidarticle 6). Des NP polymériques
(Eudragi® RS) ont été utilisées comme contréle positif lors de la mesure des concentrations
intracellulaires en GSH et en espéeces réactives de I'oxygeaetife oxygen specieROS) selon
les conditions décrites dans un article dont nous sommes co-aaticle (7, Eidi et al., Int. J.
Pharmaceut., 2012 (422); 495-503).
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Ce mémoire se termine par une discussion et aorelusion générale {4° chapitre)

résumant les faits marquants de nos travaux et développant les perspectives de nos recherches
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Etude bibliographique
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Chapitre |

.1 L’or : du métal aux nanoparticules

L'or est le deuxieme élément métalligue que 'homme a découvert apres le cuivre, et il a
suivi I'évolution des civilisations, depuis I'’Antiquité jusqu’a nos jours (Jansen, 2008). Son intérét
du Moyen Age a aujourd’hui se traduit par de nombreuses applications (figure 1) : il a été beaucoup
utilisé comme monnaie, dans la bijouterie, dans la décoration et dans I'art (broderie sur soie, reliure,
céramique ; comme colorant pour le verre (coupe de Lycurgﬁ’%?:ﬂécle apres J.C.)) ainsi qu’en
médecine et en thérapeutique (élixir de jeunesse, traitement contre la syphilis, etc...). Plus
récemment, l'or est conservé en lingots pour la spéculation; il est également utilisé en
microélectronique mais aussi dans le traitement de différentes formes d’arthrite sous forme de
complexes organométalliques (RidadtaMyochrysin&, etc...). Enfin, lintérét grandissant des
recherches sur les nanotechnologies de ces dernieres années a révélé I'emploi de I'or, a une échelle
nanométrique, dans des applications trés diverses allant de lI'ingénierie a la médicine @Patiotti
2004, Loo et al., 2005, Josht al., 2006, Pissuwan et al., 2006, Resil., 2006, Baptistat al.,

2008, Ghosh et al., 2008, Sperliapal., 2008, Boisselier et Astruc, 2009, Libttial., 2010, Alan,
2011, Pissuwan et al., 2011).

- Monnaie-Bijouterie .... - Médicine et thérapeutique ...

Complexes organomeétalliques a base d’or

_:,,% :

SC “m

¥ >
MEDICAMENTS

Traitement contre la tuberculose Ridauran®, Myochrisine®...
(1920)

Nanoparticules d’or

~
plis.
TR

L

Thérapie génique Transport
des médicaments

Diagnostic et thérapie

J - (Théranostique)
Coupe de Lycurgus
(Ivéme sigcle aprés J.C.) Reliure <, v

British Museum \,\\\”\;}X . Y
|
Thérapie
photothermique Ciblage

Figure 1. Différentes utilisations de I'or du Moyen Age a nos jours.
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Dans les prochaines sections, nous décrirons les propriétés générales de I'or métallique ainsi

gue leurs nouvelles propriétés liées a une échelle nanométrique.

[.1.1 Propriétés atomiques et chimiques de I'or

L’élément or (symbole : Au) appartient a la colonne 11 et & la période 6 du tableau de la
classification périodique. La masse atomique de I'or est de 196,96 'gansh masse volumique
est de 19,3 g.ctha 20°C. Le numéro atomique de I'or est 79, ce qui signifie qu'il posséde 79
protons dans son noyau. L'or posséde donc 79 électrons répartis autour du noyau et sa configuration
électronique se décline ainsi : [Xe]'46d"° 65" De plus, I'atome Au est le premier élément du
tableau a posséder 5 couches électroniques saturées.

Du point de vue chimique, I'or présente des propriétés exceptionnelles. L’or est un métal de
transition qui est susceptible de former plusieurs composés dans lesquels son nhombre d’oxydation
peut varier de (-I) a (+VII); Au (+1) et Au (+lIl) sont majoritaires et Au (-1), Au (+11), Au (+V) et

Au (+VII) sont les états d’oxydation moins communs (tableau 1).

Tableau 1. Différents nombres d’oxydation de I'élément or (Au)

Aut (ds) [Au(NH3)n]"

Aue (0 sh Nanoparticules d’or

Au' (d) Au,S, [Au(CN)] et d’autres complexes

Au" (d® Rare, quelques complexes sont connus
Au" (P) Au,0s,  Au(OH), (ag), AuCk (aq),

AuCl3 (OH) (aq), AuSs , AuFs, AuxClg,
AuBr3, complexes

AuY (d°) AuFs

Au"" (0% AuF,

De plus, l'or est le métal le plus électronégatif ; il offre donc une grande résistance a
'oxydation. Par contre, il est sensible a I'attaque des halogenes ou a des solutions aqueuses les
produisant comme I'eau régale (HMECI) ; dans ce dernier cas, le produit obtenu est I'acide
chloroaurique. L'ion Au (+1) présente la particularité d’interagir avec lui-méme pour former des
complexes comme [Au(CM), par lintermédiaire d’interactions’t— d'°, appelées interactions
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aurophiliques (Schmidbaur et Schier, 2012). De plus, les composés d’Au (+1l) sont généralement
diamagnétiques et peuvent former un complexe remarquable avec le gaz noble xénon, ce qui
correspond a une propriété inattendue et spectaculaire de I'or (Jansen, 2008). Cette propriété est

mise a profit dans le domaine de la microélectronique pour la préparation de supraconducteurs.

[.1.2 Propriétés physiques de l'or

L'or est tres ductile et malléable, et il posseéde un grand pouvoir réflecteur. Les atomes d'or
cristallisent dans un systeme cubique a faces centrées (CFC), ce qui permet sa déformation

meécanique (figure 2).

i

Figure 2. Les atomes d’or sont empilés selon une structure cubique a faces centrées.

a (paramétre de maille théorique) = 0,408 nm
L'or est trés malléable. En effet, il est possible d'obtenir une feuille dé @pmaisseur

réduite a ~ 0,2 um) avec environ 28 g de ce métal. L'or métallique se déforme facilement a froid,
par martelage ou par étirement (tréfilage, laminage) et il se ciséle facilement.

22



Chapitre |

1.1.3 Lor métallique versukes nanoparticules d’or : nouvelles propriétés

Les NP d'or sont produites artificiellement par 'Homme & partir de I'association de plusieurs
dizaines et milliers d'atomes d'or.

Ces dernieres années, le développement de NP d’or a permis de potentialiser les propriétés
de I'or métallique mais surtout d’en révéler de nouvelles, telles que des propriétés catalytiques
induites par des effets de surface et des propriétés optiques uniques, élargissant les domaines
d’application.

La premiere suspension colloidale d’or scientifiquement documentée a été préparée en 1857
par Michaél Faraday par réduction du chlorure d’or au moyen de phosphore blanc (Faraday, 1857).

Les méthodes de synthése des nanoparticules d’or les plus couramment utilisées aujourd’hui

sont décrites par la suite.

1.1.3.1 Méthodes de synthese des nanoparticules d’or

De nouvelles méthodes de synthése des NP d’or ont été récemment introduites &lana
2001, Guo et Wang, 2007, Grzelczak et al., 2008, Alkilany et Murphy, 2009, Sakamoto et al., 2009,
Ackerson et al., 2010, Nguyen et al., 2011). Selon la méthode de synthese utilisée, nous pouvons
obtenir des NP d’or avec des tailles variant du nanometre a quelques dizaines de nanometres. De
plus, les NP d’or peuvent étre sous forme de sphéres (Goodman et al., 2004, €@ind005,
Shuklaet al., 2005), de nano-tiges (Perez-Jestal., 2005), de nano-cages (Skrabalak et al., 2008),
ou de nano-batonnets (Murpbyal., 2005, Alkilany et Murphy, 2009).

Les méthodes de synthése peuvent étre divisées en deux approches principales : la synthese
par voie physique ou chimique (Nguyen et al., 2011).

La voie physiquale préparation dite « top-down » consiste a fragmenter I'or massif a I'aide
de techniques mécaniques. Citons par exemple, I'ablation laser (2a@das2009) et l'irradiation
ionique (Belloniet al., 1998) qui permettent d’élaborer une large gamme de NP. Néanmoins,
'approche «top-down » présente quelques inconvénients: 1°) la distribution de la taille est
relativement large, et 2°) I'absence de contréle de la composition chimique des clusters (Breaden

al., 2012). Dans la suite, nous n’aborderons pas ces méthodes.

La voie chimigued’association dénommée « bottom-up » est la fabrication de NRvid'or

l'assemblage d’atomes. Cette méthode consiste a la réduction d’'un précurseur dor par des
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techniques de chimie douce comme la réduction chimique, sonochimique et électrochimique. Parmi
ces dernieres, la réduction chimique est de loin la méthode la plus utilisée pour la synthese de NP
d'or. Elle permet un meilleur contrble des caractéristiques des NP, telles que leur taille, leur

morphologie et leur distribution de taille (Nguyen et al., 2011).

Le principe général de la voie chimique consiste en la réduction d’'un sel d’or de degré
d’oxydation +lIl en or métallique (degré d’oxydation 0) dans un milieu aqueux ou biphasique en
présence d’'un agent stabilisant. De plus, cette synthése subit deux étapes successives de nucléatio
et de croissance. La nucléation est la collision en solution avec des ions, atomes ou clusters afin de
former un noyau tandis que la croissance correspond a l'ajout progressif d’atomes ou de groupes
d’atomes sur le noyau déja existant, donnant ainsi naissance a des agrégats de quelques nanometre
avec des formes sphériques (croissance isotrope) ou non sphériques (croissance anisotrope)
(figure 3).

De nombreuses méthodes ont été développées et se différencient par la nature du réducteur
et/ou de l'agent stabilisant. Par la suite, seules les méthodes par réduction chimique les plus
couramment utilisées seront abordées et divisées en deux groupes : la synthése de NP d’or en milieu

agueux et la synthese de NP d’or dans un solvant organique.
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Autd Reducing agent
l Reduction

“ Au atom

l Au atom
Nucleation by collision

'l' /—“_‘\ between ions, atoms
“ Au cluster

b' and clusters
DAu atom

@ Au nucleus

!
i 1

Size-controlled growth Shape-controlled growth

= & 4

Manorod Hollow particle Triangular particle

Faceted particle MNanocube MNanocage

= -

MNanobelt Branched particle Manokite

Successive
controlled
growth

A=Q o~ W —
‘ I

Trgom
D —

=V Oo""TO0W=3Dp

Trz0n®@

Figure 3. Préparation par réduction chimique de nanoparticules d’or avec obtention de différentes

tailles et formes (Nguyeet al., 2011).

Synthese de nanoparticules d’or en solution aqueuse

La méthode de Faraday (1857) est encore couramment utilisée aujourd’hui, ameéliorée par
les travaux de Turkevicét al. (1951) et de Frens (1973). Ces travaux consistent en la réduction par
les ions citrate d’'un sel d’or pour former des NP d'or de taille comprise entre 10 et 20 nm. L’ion
citrate agit a la fois comme réducteur et agent stabilisant des particules formées, en s’adsorbant a la
surface des NP pour créer une couche chargée négativement. Ceci va introduire une répulsion
électrostatique entre les particules empéchant leur agrégation et donc permettant leur stabilisation ;
cette méthode ne demande recours a aucun autre stabilisant. L'ion citrate a donc une grande
importance dans la formation de NP d’or, sa concentration et sa vitesse d’addition étant les
parametres clés de la synthese (Turkevich et al., 1951, Kireial, 2006).
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De nos jours, plusieurs compagnies (SPI, Sigma-Aldrich, Meliorum Technologies, BB
International, Ted Pella, etc...) commercialisent des NP d’or stabilisées par les ions citrate et
présentant différentes tailles.

Plus récemment, une évolution de cette méthode proposée par Brown et al. (1999) a permis
d’obtenir des NP d'or plus petites, de l'ordre de 5 nm ; la réduction d’HAs€lfait par
I'intermédiaire de tétraborohydrure de sodium (NaBldn présence de citrate de sodium.

Les NP d'or peuvent également étre synthétisées dans un milieu aqueux par la réduction
d'un sel d'or en présence d’autres molécules telles que la diméthylaminopyridine (Griffin et
Fitzmaurice, 2007), l'acide mercaptosucciniqgue (MSA) (Chen et Kimura, 1999), des méthoxy-
polyéthylene glycols (PEG) porteurs de groupements fonctionnels thiol (Setkata 2005), des
peptides (Slocik et al., 2005), des dendrimeres (Zltrad., 2002), pour ne citer que quelques uns.
Toutes ces molécules présentent un groupement chimique qui est capable de se lier a la surface
métallique des NP ainsi que de ralentir et de contréler leur croissance. Contrairement aux NP d’or
stabilisées par des ions citrate, les NP d’or stabilisées par ces molécules ont une gamme de taille
trés étroite et leur taille dépend directement de la molécule utilisée.

Synthese de nanoparticules d’or en milieu organique

En 1994, Brust et Schiffrin ont mis au point une méthode de synthése des NP d’or non plus
en solution aqueuse mais en milieu organique a base de toluenegBalist1994). La méthode
consiste a nouveau a réduire un sel d’'or mais de tres vite empécher I'agrégation des nanocristaux
par des ligands formant une liaison covalente avec I'or. Cette méthode repose sur le transfert d’'un
sel d’'or (dissous dans une solution aqueuse) vers une solution organique au moyen d’'un agent de
transfert de phase tel que le bromure de tétraoctylammonium (TOAB). Puis, un agent réducteur
puissant doit alors étre ajouté, comme le NaBidur provoquer la formation du cceur métallique
d’'or. Le TOAB sert d’agent stabilisant et de catalyseur entre les deux phases lors de la réaction. Du
fait de la faible interaction entre le TOAB et les NP, ces derniéres peuvent étre stabilisées en
greffant a leur surface, par liaisons covalentes, de longues chaines alkyles portant au moins un
groupement thiol. Il est possible d’obtenir des NP d’or de taille comprise entre 1,5 et 5,2 nm. De
plus, la quantité de thiol en exces, la température et la vaidageelle la réaction se produit, sont
des parameétres clés de cette synthese.

La stabilisation des NP d’or peut également étre assurée par l'utilisation d’amines a longue
chaine alkyle (Chen et al., 2000, Jana et Peng, 2003) qui se lient néanmoins moins fortement a la

surface des NP que les thiols (Leff al., 1996). D’autres molécules telles que le bromure de
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cétyltriméthylammonium (CTAB) (Fan et Jiang, 1997), les micelles de copolymere a blocs (Youk
et al., 2002, Zhenget al., 2006b), les thioéthers (lat al., 2001, Peterleet al., 2008), les
polyéthylénes glycols (PEG) (Wuelfirg al., 1998) et d’autres polyméres (Hussain et al., 2005a)
ont également éte utilisés.

Contrairement a la synthése en milieu aqueux, la synthése en milieu organique n’est pas
limitée par la concentration d’or en solution et elle permet la synthese de NP a I'échelle du gramme
(Jana et Peng, 2003, Hiramatsu et Osterloh, 2004). Par contre, cette technique est beaucoup moins
adaptée aux applications biomédicales. En effet, la bioconjugaison n’est pas possible en milieu
organique et elle requiert donc le transfert de phase de NP du milieu organique vers le milieu
aqueux. Le transfert de phase est notamment discuté dans la référence suivante : Rao et al. (2004).

Une description plus détaillée des méthodes de synthése, des techniques de caractérisation
physico-chimique et des applications des NP d’or peut étre trouvée dans un grand nombre de revues
(Daniel et Astruc, 2004, Ghosh et al., 2008, Murghal., 2008, Nguyeet al., 2011, Dreaden et
al., 2012).

1.1.3.2. Nouvelles propriétés : catalytiques et optiques

L’or a longtemps été considéré comme catalytiquement inactif par les chimistes du fait de
son caractere inerte. Cependant, cet élément devient extrémement réactif a I'échelle nanométrique
de par la trés grande surface des NP d’or et aussi les différentes configurations que peuvent adopter
les atomes de surface d’'une NP.

En 1973, Bondet al. ont montré que sous forme nanométrique, I'or semblait avoir des
propriétés catalytiques pour des réactions d’hydrogénation (Bond et al., 1973). Néanmoins, c’est
seulement en 1987 que les remarquables propriétés catalytiques de I'or ont été découvertes : Haruta
et al. ont révélé la capacité de NP d’or déposées sur un substrat poreux d’oxyde de titane a catalyser
la réaction d’oxydation du monoxyde de carbone en dioxyde de carbone et ce, méme a température
ambiante ainsi qu’a trés basses températures (entre 25°C et -70°C), réaction qu’aucun autre métal
n'était capable de catalyser a de telles températures (Harata 1987). Depuis, les NP d’or sont
apparues dans de nombreuses publications démontrant des propriétés catalytiques dans diverse:
réactions telles que I'hydrogénation sélective des liaisons C-C et N-O, la formation de peroxyde
d’hydrogéne ainsi que I'oxydation des alcools en acides ou en aldéhydes (eealir2004, Bond
et Thompson 2006, Corma et Garcia 2008).

De la méme facon, les propriétés optiques de I'or a I'état massif ne sont pas les mémes que

celles a I'échelle nanométrique. Les NP d’or possedent des propriétés optiques nouvelles et
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extrémement intéressantes parmi lesquelles une grande capacité a absorber et a diffuser la lumiére
incidente.

L’origine physique de ces propriétés est liée aux interactions entre la lumiere et les électrons
libres, proches de la surface du métal. Quand les NP d’or sont exposées a une source de lumiére, le
champ électrique de la lumiére induit une oscillation cohérente des électrons de la bande de
conduction des NP d’or qui donne lieu a un phénomene qui s’appelle la résonnance plasmonique de
surface gurface plasmon resonanc®PR) (Mie, 1908).

La position spectrale et la largeur de la bande a laguelle la SPR survient dépend de la taille,
de la forme (El-Sayed, 2001, Kelgt al., 2003), des interactions interparticulaires (Su et al., 2003),
ainsi que du milieu environnant dans lequel se trouvent les NP (Daniel et Astruc, 2004,eHuang
al., 2007). Cette propriété a permis I'utilisation des NP d’or pour la détection et pour le suivi dans
'organisme de biomolécules (Alivisatos, 2004, Haesl., 2004, Rosi et Mirkin, 2005) ainsi que
pour l'imagerie (Sokolov et al., 2003, El-Sayed et al., 2005) et la thérapie photothermique
(Pissuwan et al., 2006), offrant la possibilit¢é de remplacer les chromophores et fluorophores
classiques.

Une description plus détaillée a propos de la SPR des NP métalliques peut étre trouvée dans
un grand nombre de revues (El-Sayed, 2001, Link et EI-Sayed, 2003, etuang007, Jaiet al.,

2007).

I.1.4 Stabilisation des nanoparticules d’or contre I'agrégation

L'utilisation des NP d'or dans le domaine médical (en diagnostique et en thérapeutique)
requiert une grande stabilité de la structure nanoparticulaire.

Le terme « stabilité » peut avoir plusieurs connotations selon les applications. Par exemple,
un médicament stable peut étre défini comme son aptitude a conserver ses propriétés physico-
chimiques, microbiologiques et biologiques. Quand il est appliqué aux NP d’or, ces derniéres
correspondent a des particules résistant a I'agrégation et, de ce fait, possédant une longue stabilité.
Le terme « agrégation » est utilisé dans ce manuscrit au sens large pour caractériser I'union de
particules en suspension pour en former de plus grosses.

De nombreuses stratégies pour limiter I'agrégation des NP en solution apres leur formation
ont été étudiées. Pour cela, la présence d’'un agent stabilisant a la surface métallique est nécessaire
Comme cela a déja été évoqué dans le paragraphe décrivant les méthodes de synthése des NP d'o
le stabilisant permet d’'une part de contrdler la taille, la forme, la composition de surface et d’autre

part d’éviter I'agrégation des NP lors de leur préparation et a long terme.
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Cependant, aucune tendance générale ne se dégage sur le choix de I'agent stabilisant, qui
doit donc étre adapté a Il'application. Par exemple, pour des applications biomédicales a visée
thérapeutique, il est nécessaire d'utiliser un agent stabilisant qui permette a la fois de préparer des
NP dispersibles dans l'eau et de réduire la réactivité de la surface métallique vis-a-vis de
biomolécules. Ainsi pour remplir ce cahier des charges, I'agent destiné a stabiliser les NP sera
choisi en fonction de son mécanisme de stabilisation et de son interaction avec la surface métallique
de la NP. Dans les prochains paragraphes, nous allons décrire brievement et indépendemment ces

deux objectifen les illustrant par des exemples.

|.1.4.1 Mécanismes de stabilisation

L’action stabilisante de l'agent stabilisant utilisé pour les NP dor présente le méme
mécanisme que pour toutes les suspensions colloidales. Dans la littérature, trois modeéles de
stabilisation sont proposés pour expliquer cette action : (i) la stabilisation électrostatique par des
molécules chargées adsorbées a la surface, (ii) la stabilisation stérique par de larges molécules
encombrées, et (iii) la stabilisation « électrostérique » (la somme des deux mécanismes précédents)
(figure 4).

(a) (b)
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Figure 4. Représentation schématique de la stabilisation (a) électrostatique, (b) stérique et (c)

« électrostérique » des nanoparticules d’or.

Stabilisation électrostatique

Les mécanismes généraux de la stabilisation électrostatique des colloides sont donnés par la
théorie de Derjaguin, Landau, Verwey, Overbeek (DLVO). Elle suggére que la stabilité d’'une
particule dans une solution correspond a I'équilibre entre deux types de forces d’interaction inter-
particulaire, les forces attractives de Van der Waals et les forces répulsives électrostatiques

(Derjaguin et Landau, 1941, Verwey et Overbeek, 1948). En effet, les NP d’or s’agregent pour
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donner le métal massif en I'absence de ces forces répulsives opposées aux forces de Van der Waal:
(Zhou et al., 2009). Ainsi la stabilisation électrostatique est basée sur le principe de la répulsion
entre deux NP portant des charges de surface identiques. Cette stratégie de stabilisation est le

résultat de :

0] 'adsorption d’entités chargées a la surface des NP d’or, ce qui entraine une répulsion
entre les NP d’or de méme charge, comme c’est le cas de I'adsorption de I'hydrazine et
des ions citrate, a la surface de NP d’or qui vont s’ioniser au contact de I'eau (Zhu et al.,
2003, Balasubramanian et al., 2010a, Tatarchuk et al., 2011).

(i) l'ionisation de groupements chimiques de certaines espéces, présents a la surface des NP
d’or, par modification du pH (Selvakannan et al., 2003). En effet, nous pouvons prendre
'exemple des NP d’or stabilisées par la lysine qui sont dispersibles dans I'eau a pH 3 car
la fonction amine primaire libre est sous forme d’ammonium, ce qui empéche
'agrégation des NP par répulsion électrostatique ; elles précipitent a pH 10 car les
groupements carboxylate formés sont en interaction (liaisons hydrogéne électrostatiques)

avec les groupements amine de la molécule de lysine voisine (figure 5).
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Figure 5. Représentation schématique des nanopatrticules d’or stabilisées par la lysine dispersibles

dans I'eau a pH 3 et précipitant a pH 10 (Selvakannan et al., 2003).

Stabilisation stérique

Le second moyen de protéger les NP d’or contre I'agrégation est la répulsion stérique. Il
s’agit de diminuer la réactivité de surface des NP d'or soit par des ligands organiques soit par

I'adsorption de macromolécules qui forment une couche protectrice en surface.

De plus, la stabilisation stérique est efficace en milieux organique et aqueux, contrairement a
la stabilisation électrostatique qui n’est efficace qu’en milieu aqueux. Ce type de stabilisation est
aussi beaucoup moins sensible a la présence d'électrolytes en solution comparativement a la
stabilisation électrostatique. Par ailleurs elle offre la possibilité d’ajouter certaines fonctions a la

surface des NP, ce qui la rend particulierement attrayante pour les applications biologiques.
Les ligands couramment employés pour la stabilisation stérique sont les suivants :

0] des polymeres, des copolymeres (Sakai et Alexandridis, 2004, Alexandridis et Tsianou,
2011) et des dendrimeres (Eswrhal., 2004, Pengt al., 2011) ;
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(i) des ligands contenant du soufre, tels que des xanthates (Tzhayik et al., 2002), des
disulfures (Porteet al., 1998, Yonezawet al., 2001), des mono- (Zhaeg al., 2010),
di- (Rouxet al., 2005), tri- (Gargt al., 2010), et tétrathiols (Felid} al., 2003).

Stabilisation « électrostérique »

La combinaison des deux précédentes approches de stabilisation, électrostatique et stérique,
est appelée répulsion « électrostérique ». En général, ce mécanisme de stabilisation est obtenu ave
un composeé organique chargé qui se lie a la surface de la NP, celle-ci bénéficiant a la fois de I'effet
de cette charge et de I'effet d’'encombrement stérique (Chapel et Berret, 2012). Les molécules les
plus décrites dans la littérature sont :

0] des polymeres chargés tel que les polyacrylates (Nzteal.,, 2005) et la
polyéthyléneimine (Kinet al., 2011) ;

(i) des tensioactifs, comme le Plurdhi¢copolymére tribloc : poly(oxyde d'éthyléne-
poly(oxyde de propyléne)-poly(oxyde d’éthyléne) (Alexandridis et Tsianou, 2011) et le
CTAB (Sobhan et al., 2010).

Ces molécules possédent un groupement polaire générant un effet électrostatique et une

longue chaine latérale lipophile créant un effet stérique.

Parmi ces trois approches, la stabilisation stérique ou « électrostérique » sont les
mécanismes de stabilisation les plus utilisés pour assurer la stabilité des NP d’or a long terme ainsi
gue dans des milieux complexes (citons le milieu de culture cellulaire). Ces stratégies sont
faiblement sensibles a la nature des espéces présentes dans le milieu, alors que dans le cas de |
stabilisation électrostatique, la double couche ionique est facilement altérable.

[.1.4.2 Interactions entre la surface d’une nanoparticule et I'agent stabilisant
La force des interactions entre I'agent stabilisant et la surface métallique des NP d’or joue

un réle important dans la stabilité de la suspension obtenue (Sperling et Parak, 2010). Celles-ci sont

décrites brievement ci-dessous.
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Interactions avec un niveau d’énergie faible

Ce type d’interactions englobe les agents stabilisants portant des groupements amine,
hydroxyle et acide carboxylique en bout de chaine capables d’interagir avec I'or par des interactions
électrostatiques (Zhargt al., 2012). Une stratégie consiste a adsorber physiquement les polymeres
(par exemple, les polyélectrolytes) ou encore a encapsuler des NP dans des objets formés par les
polyméres (par exemple des dendrimeres). Parmi ces derniéres, la stabilisation électrostatique par
les ions citrate est la plus couramment utilisée pour I'élaboration de NP d’or.

Ces stratégies laissent la surface accessible et/ou facilement fonctionnalisable, ce qui peut
étre un avantage pour des applications en catalyse (Bistwak, 2012). Cependant, pour des
applications biomédicales, une interaction plus forte avec la surface métallique est une stratégie plus

intéressante.

Interactions avec un niveau d’énergie forte

Les dérivés de thiols sont décrits dans la littérature comme étant capables d’établir de fortes
interactions avec les NP d’azg. 50 kcal/mol) (Loveet al., 2005). Cette liaison est souvent décrite
comme étant une liaison covalente. Cependant, la nature microscopique et le mécanisme exact de
cette interaction chimique font encore l'objet de discussions (latval., 2005). En outre, de
nombreux dérivés de thiols possédant un groupement hydrophile en bout de chaine ont été utilisés
pour la stabilisation de NP d’or, particulierement sur les NP a visée thérapeutique (figure 6). Ces
ligands thiols peuvent s’écrire sous la forme X-R-SH: le groupement thiol forme une liaison
covalente avec la surface de la NP et la fonction X (X = -COOH, -OHy)-piétmet I'interaction
avec le milieu agueux. Des acides aminés tels que la cystéine, et des peptides tels que le glutathion,
qui portent un groupement thiol, sont frequemment utilisés pour stabiliser les NP d’or. De plus, le
groupement amine de ces ligands permet la fonctionnalisation ultérieure avec des molécules
pharmacologiquement actives (Zhagteal., 2012).

D’une fagon générale, plus un ligand assurera une forte interaction avec la surface d’'une NP
et plus les NP seront stables au cours du temps (Sperling et Parak, 2010). Ainsi, certains auteurs ont
utilisé un ligand polydenté pour assurer une plus forte interaction de I'agent stabilisant avec le
centre métallique. Citons par exemple les ligands dithiolés (Getreilh, 2005, Rowet al., 2005).

De plus cette stratégie présente I'avantage supplémentaire de réduire la réactivité de la surface de la
NP avec le milieu environnant, ce qui peut étre un avantage pour des applications dans le domaine

biomédical.
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Figure 6. Représentation d’'une nanoparticule d’or avec différents ligands décrits dans la littérature
comme stabilisants en milieu aqueux. La particule est idéalisée comme une sphere lisse, les
molécules et la particule ne sont pas a la méme échelle. De gauche a droite : I'acide
mercaptoacétique, l'acide mercaptopropionique, Il'acide mercaptoundécanoique, [I'acide
mercaptosuccinique, I'acide dihydrolipoique, la bis-sulfonate triphénylphosphine, lessSIPEG
MPEGs-SH (2000 g/mol), et un petit peptide (Sperling et Parak, 2010).

1.1.4.3 Stratégies pour étudier la stabilité des nanoparticules d’or

Comme mentionnée précédemment, la stabilité des NP dor est fortement liée au(x)
mécanisme(s) de stabilisation mis en jeu ainsi qu’a la force de l'interaction entre I'agent stabilisant
et la surface métallique. Ainsi différentes stratégies expérimentales ont été développées pour
prévoir la stabilité des NP d’or en fonction du temps sous l'effet de divers paramétres. Ce sont : (i)

I'échange de ligands avec les ligands pré-greffés, (ii) la température, (iii) la concentration en ions de
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la solution, (iv) le changement du pH.

Dans ces études, il est nécessaire

d’évaluer plusieurs caractéristiques physico-chimiques

telles que la taille, le potentiel zéla)., I'absorbance a, la concentration en NP ainsi que I'état

de la surface (présence et densité de ligands en surface). Les différentes techniques utilisées pour

déterminer ces parametres sont résumees dans le tableau 2.

Tableau 2. Différentes techniques de caractérisation des nanoparticules d’or

Technique Propriétés caractérisées

Intéréts et limites de la mesure

- Rayon hydrodynamique

Diffusion dynamique - Distribution de la taille

- Mesure non destructive qui permet d’accéder a la taille de NP
en suspension dans un liquide ;

- Donne des informations relatives a la stabilité des NP en
fonction du temps ; NP dans différents milieux (PBS, milieu de

de la lumiere - Etat d’agrégation culture,...) ;
- Fournit la taille hydrodynamique des NP (diamétre du cceur
métallique + I'épaisseur de la couronne).
- Taille géométrique
- Distribution de taille et forme - Technique destructive qui permet la mesure directe des
Microscopie - Etat d’agrégation propriétés morphologiques et structurales des NP, y compris la

électronique a
transmission

- Composition élémentaire de
I'échantillon (TEM couplé
avec spectrométrie de rayons
X)

composition élémentaire ;
- Impose des techniques de préparation particuliéres ;
- Analyse réalisée sous vide.

Taille et distribution de la taille

Microscopie a force - Morphologie, texture de la

- Visualisation en trois dimensions de la surface analysée ;
- Permet d’obtenir des informations sur les propriétés physiques

atomique surface et rugosité et les forces d'interaction des NP d’or ;
- Etat d’agrégation - La mesure peut se faire sans vide.
Spectrophotométrie . - Le suivi dans le temps g, et de I'absorbanceXqx
) . - Taille ) . . X S
d’absorption UV- P permet de donner des informations relatives a la stabilité des
e - Etat d’agrégation .
Visible NP d'or.

Spectrométrie de
masse a source
plasma a couplage
inductif

- Composition élémentaire de
I'échantillon

- Dosage de I'or et d’autres éléments contenus dans les NP
dor;

- Mesure rapide ;

- Sensibilité élevée ;

- Technique codteuse et peu disponible dans la majorité des
laboratoires.

Spectrophotocolori- - Dosage de l'or
métrie

- Dosage de I'or contenu dans les NP d’or ;

- Permet de calculer le rendement de synthése ;

- Concentration et absorbance molaires des NP d’or (en utilisant
le diametre obtenu par TEM) ;

- Sensibilité moins élevée que par ICP-MS ;

- Mesure rapide.

- Taille

Electrophorése - Charge des particules

capillaire

- Détermination de la taille ainsi que de la charge des NP
(potentiel zéta) ;

- Utilisation de volumes d’échantillons réduits ;

- Mesure rapide et a bas codts.

Spectrométrie de
photoélectrons
induits par rayons X

- Etat de la surface

- Identification et quantification des éléments présents a la
surface des NP d'or ;

- Informations sur I'environnement chimique de I'élément
détecté tel que le type de liaisons, I'état d’oxydation, la fonction
chimique, etc... ;

- Technique colteuse et peu disponible dans la majorité des
laboratoires.
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Les réactions d’échanges de ligands avec les ligands pré-greffés

Afin de prévoir la stabilité de NP d’or en fonction du temps, une méthode employée par de
nombreux auteurs consiste a ajouter un ligand (citons le GSH, le DHLA, la cystéine et le
dithiothréitol (DTT)) a la solution contenant les NP stabilisées par d’autres ligandsetKam
2005, Rouxet al., 2005, Chompooset al., 2008, Zhangt al., 2009).

Le ligand greffé est difficlement échangeable s'il se lie fortement a la surface métallique.
Comme évoqué précédemment, les ions citrate sont liés a la surface métallique par des interactions
électrostatiques. Ainsi, ces ions peuvent étre facilement échangeables en solution par le DTT
(Zhanget al., 2009). Contrairement aux NP stabilisées par les ions citrate, les NP stabilisées par des
ligands de type thiol (forte interaction avec la surface métallique) conduisent & un taux d’échange
de ligand tres faible voire nul (Zhaegal., 2009).

La réactivité chimique des NP d’or vis-a-vis d’autres molécules est également liée a leur
charge en solution. Des études réalisées par Chompetoslo(2008) ont montré que les dérivés de
monothiols chargés positivement sont plus facilement échangeables avec des molécules chargées
négativement (comme le GSH, le DHLA et la cystéine) que les monothiols chargés négativement.
En effet, ces dernieres molécules présentent une forte répulsion électrostatique avec les thiols

étudiés (figure 7).

Ligand exchange
A

Attraction\

Figure 7. Effet de la charge des nanoparticules d’or sur leur réactivité vis-a-vis des molécules

chargées négativement (Chompoaosioal., 2008).

36



Chapitre |

Les méthodes d’accélération pour la prédiction de la stabilité des nanoparticules d’or

La stabilité des NP d’or peut étre étudiée par modification de la température, du pH ou de la
force ionique par ajout d’'un sel neutre.

Parmi les méthodes d’accélération, les méthodes thermiques sont souvent employées et
consistent a augmenter la température afin d’accélérer la déstabilisation. En effet, les NP d'or
stabilisées par de faibles interactions sont fortement sensibles a la hausse de la température. Pal
exemple, des NP d'or stabilisées par les ions citrate sont stables (pas de modification du rayon
hydrodynamique) pendant 21 jours a 4°C et deviennent instables (augmentation du rayon
hydrodynamique) a partir du sixiéme jour a 23°C (Balasubramanian et al., 2010a). En revanche, des
NP d’or stabilisées par des polymeres monothiols (HS-PEG) sont stables de 4°C a 70°C (pas de
modification de Max et de I'absorbance &3y (Zhanget al., 2007).

La plupart des agents stabilisants actuellement utilisés pour limiter I'agrégation des NP d’or
possedent un groupement hydrophile en bout de chaine (par exemple: -COOH, -QH, -NH
Cependant, ces ligands sont tres sensibles aux variations de pH. Par exemple, les NP d’or
fonctionnalisées par le DHLA ne sont pas chargées en surface pour des valeurs<deKaH
(-COOH) = 4,85, et de ce fait s'agregent (Real., 2005).

La stabilité des NP d’or peut aussi étre évaluée par la modification d’autres facteurs, comme
la force ionique de la solution. Comme pour la température, les NP d'or établissant de faibles
interactions avec I'agent stabilisant sont plus sensibles a la présence de sels dans la solution que les

NP d’or fortement liées a I'agent stabilisant (Zhabgl., 2007).

|.2 Risques potentiels des nanoparticules d’or sur la santé

Si la stabilité des suspensions de NP d'or est une condgitienqua nora leur utilisation
dans le domaine médical, la connaissance des conséquences pour I'organisme exposé a ce type d
particules est primordiale. Cette problématique est commune a toutes les particules auxquelles un
organisme peut étre exposé. En effet, la présence des NP dans les produits de notre quotidien est
aujourd’hui un fait de plus en plus courant. A I'heure actuelle, selon la base de données Nanowerk,
plus de 2834 produits contenant des NP sont déja commercialisés. Cependant, peut-étre en
conséquence des expériences du passé dans d’'autres domaines industriels néfastes pour ’'Homme, |
existe une incertitude et une crainte réelle quant a leurs risques pour la santé. La législation
européenne vise a réglementer et a contrbler Il'utilisation et I'exposition aux nanomatériaux
(European commission, 2012). En France, & comptef'gantier 2013 (décret n° 2012-233 du 17
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février 2012), tout fabricant, importateur et distributeur de substances contenant des NP au dela de
100 g/an, sera tenu de déclarer au Ministére de I'Environnement les quantités et les types de NP
utilisées; toutefois, cette déclaration ne mentionnera pas leurs conséquences éventuelles pour la
santé. De plus, il n'existe, pour l'instant, ni protocole standard, ni NP de référence adaptées aux

études toxicologiques.

Malheureusement, une tres faible proportion des recherches sur les NP s’intéresse a leurs
risques, ce qui retarde la mise en place de leurs regles d'utilisation par les autorités compétentes.
Cette tache s’avere tres lourde et complexe en raison du grand nombre de NP existantes, mais
surtout en raison du grand nombre de caractéristigues physico-chimiques (taille, forme, état de
surface, fonctionnalisation,...) qui peuvent influencer leurs effets biologiques. De plus, les tests
biologiques classiquement utilisés et congus pour évaluer la toxicité de substances chimiques se
révelent parfois non adaptés aux NP et trompeurs, ceci en raison d’'interférences découlant de leurs
propriétés nouvelles et pour certaines de leur insolubilité dans I'eau éralll, 2009, Dhawan et
Sharma, 2010, Krokt al., 2011, Krolket al., 2012).

Dans les prochains paragraphes, nous allons tout d’abord décrire les principaux effets
biologiques connus des NP et plus particulierement des NP d’or. De plus, de nombreux travaux ont
souligné l'implication du stress oxydant dans la toxicité des NP inorganiques observée sur les
cellules. Ainsi les techniques couramment utilisées pour évaluer l'induction du stress oxydant par
les NP, les éventuelles difficultés rencontrées lors de leur application et l'influence des
caractéristiques physico-chimiques des NP sur ces tests seront ensuite détaillées et discutées dan

une revue en préparation pour soumission a Talanta.

1.2.1 Effets biologiques des nanoparticules d’or a I'’échelle cellulaire et moléculaire

Comme souligné plus haut, différents types des NP sont déja mis sur le marché et leurs
effets sur la santé dépendent de leurs caractéristiques (taille, potentiel zéta, etc...). Ainsi pour
évaluer leurs effets biologiques, les étuntesitro semblent étre une premiere étape indispensable
car elles sont particulierement adaptées aux tests d’'un trés grand nombre de conditions et de
variables. De plus, ces études livrent une grande quantité d’informations sur la toxicité aigué (a
court terme) des NP ainsi que sur leur mécanisme de toxicité au niveau cellulaire et moléculaire (a
plus long terme).

Les études de toxicii@ vitro sont généralement conduites sur des cellules en culture issues

des différents organes du corps. Les cellules épithéliales et les macrophages, par exemple, sont
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couramment utilisés comme modeiewitro car ils reproduisent respectivement les caractéristiques
des barrieres présentes dans le corps et propres au systeme immunitaire.

Afin de connaitre linteraction des NP d'or avec les cellules et donc de prévoir et
comprendre leur mécanisme d’action, I'internalisation et la localisation intracellulaire des NP d’or
sont souvent étudiées (tableau 3). L'internalisation des NP dor par les cellules dépend
principalement de la nature de I'agent stabilisant utilisé, se trouvant en surface (Goodman et al.,
2004, Hutteret al., 2010). Cependant, quel que soit le type de NP d'or testé, ces derniéres sont
localisées dans des vésicules qui sont probablement des vésicules d’endocytosee{ahuRI205,

Arnida et Ghandehari, 2010, Brandenbergerl., 2010). Dans ces différentes études, aucune NP
d’or n’a été retrouvée libre dans le cytoplasme, dans les organites ou dans le noyau.
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Tableau 3. Différentes études de I'internalisation des nanoparticules d’or décrites dans la littérature

Cellule Résultats Références
Agent stabilisant Propriétés Modele cellulaire Incubation Internalisation Méthodes
9 Size (nm) {(mV) Dose Temps
50 uM 24 h AFM
. Shuklaet al.
Lysine 3-8 ND Macrophages 50 uM 24 h . CFLSM (2005)
(RAW 264.7) Oui TEM _
PEG 50 (sph) -27 ' 10 6h TEM Arnidaet al.
10x45 (r) +1 H9 ICP-MS (2011)
o Non
Quantité de S
Citrate 12 -36 Macrophages murins de NP d'or qui O;JI érceigi:e&tgur Bastuset al
Cys SAP 12 2 m(?ellegosseuse transporte 6h Ou? (récgpteur TEM (2009a) '
Cys AGIP 17 -7 10° M du spécifique)
peptide peciiiq
Co-culture de cellules :
. o ” [Au] = 200- : Brandenberger
Citrate 15 ND épithéliales, dendrmques et 2000 pM 4et24h Oui TEM et al. (2010)
macrophages primaires.
23 22 Non Microscope a fond
77 -9 s Oui o
PEG 12 -23 . . [NP] = 10- Non . Hutteret al.
CTAB 53 142 Cellules microgliales (N9) 104 NP/mL 24 h oui TPI__“|En|:Aages (2010)
77 +39 Oui ICM-AES
12 +46 Oui
AVA 35 Oui TEM
L-DOPA 35-45 ND Macrophages 10 mM 0,5h Non* Microscopie Krpetic et al.
Mélatonine 35-45 phag (6 h*) oui b (2010)
X . . confocale
Sérotonine ND Oui
CTAB +90
HS-PEO-OH -4.6 Monocytes humains et oui
HS-PEO-COOH -20.2 macrophages TEM Bartnecket al.
HS-PEO-NH 1550 (1) +21.3 <1DO 1h ICP-MS (2010)
Cellules épithéliales o
CTAB +90 humaines (Hela) Oui (1 %)
Citrate g Oui .
Cellules épithéliales 2h . TEM Nativo et al.
Cﬁégi\‘ 16 ND humaines (HeLa) 5nM 24 h* ,fl)c‘;r'] AES (2008)

PEG - polyéthylene glycol, sph- sphérique, r - bax®,- non déterminé, AFM - microscope a force atomicatertiic force microscopyCFL-SM - microscope confocal a balayage lasenfocal-laser scanning microscgpff EM- microscope électronique a
transmissiont(ansmission electron microscgpyCP-MS - spectrométrie de masse a source plasma a couplage inddatifi¢ely coupled plasma mass spectromefy) — densité optique, SAP- sweet arrow peptide, AGIP- peptide inhibiteur de la croissance
amyloide &myloid growth inhibitory peptideCTAB- bromure de cétyltriméthylammoniuoetyl trimethylammonium bromifleTPL- Luminescence par deux photoms/¢-Photon LuminescenceéCP-AES- spectroscopie d’émission atomique avec plasma a
couplage inductiflifductively coupled plasma- atomic emission spectpy), AVA - acide 5-aminovalérique, PEO - oxyde de pdiyé&ne, CALNN - ligand du type pentapeptide (Cys-Ala-Leu-Asn-Asn), AES - spectroscopie d'émission atévaigue (
Emission Spectroscopy
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Les effets des NP d’or sur la viabilité cellulaire ont été décrits dans plusieurs études. Un
effet cytotoxique a parfois été constaté. L'intensité de ces effets dépend de plusieurs paramétres
comme le modele cellulaire (Pagaal., 2007), la nature du stabilisant utilisé (Huéeal., 2010),
leur taille (Pan et al., 2009), leur dose (Goodman et al., 2004, &a#aia, 2007) ou encore leur
potentiel de surface (Goodman et al., 2004). Un des principaux effets notés suite a une exposition
aux NP d’or est l'activation de facteurs proinflammatoires comme les cytokines (Basals
2009a, Hutteret al., 2010). Ce sont des facteurs qui favorisent I'inflammation c’est-a-dire la
réponse immunitaire. Ainsi ces NP ne sont pas inertes pour I'organisme. Cependant, certaines
études ne montrent pas de réponse proinflammatoire (Sétugda 2005).

En raison de leur activité catalytique reconnue (Esamal., 2003), I'hypothése de la
génération d’'especes réactives de I'oxygene (ROS) a été vérifiée par différents auteurs. Cette
production de ROS a été corrélée a des dommages membranaires et a des dommages oxydatifs d
I’ADN et donc elle pourrait expliquer I'origine des autres dommages a 'ADN constatés comme les
micronoyaux (Liet al.,, 2010). Cependant, il faut noter qu’il n’y a pas toujours de dommages a
'’ADN (Alkilany et Murphy, 2010). Le tableau 4 résume les principaux résultats des études citées.
Les mécanismes d’action et les conséquences aux échelles cellulaire et moléculaire d'une
exposition a des NP d’or semblent donc dépendre de beaucoup de parametres et demandent a étr
éclaircis.

Cependant, le panel de techniques a disposition pour étudier le stress oxydant occasionné
par I'exposition a des NP d’or, et plus généralement a des particules inorganiques, se heurte a des
difficultés d’ordre analytigue menant parfois a des résultats contradictoires tel que cela est constaté
dans la littérature. La revue présentée ci-dessous tente de répertorier ces technigues mais auss

d’alerter et de donner des solutions aux expérimentateurs pour suppléer ces difficultés.

[.2.2 Article 1. Tournebize JSapin-Minet A., Boudier A., Bartosz G. and Leroy P. Pitfalls of assays
devoted to evaluation of oxidative stress induced by inorganic nanoparticles. En préparation pour
soumettre a Talanta.
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Tableau 4. Effets biologiques des nanoparticules d’or décrits dans des études in vitro

Propriétés Cellule
Agent P . Incubation Statut redox fex
-~ . Modéle . L Références
stabilisant  Taille ¢ . RNS/ : Expression de Toxicité
Forme cellulaire Dose Temps GSH Cytokines .
(nm) (mV) ROS genes
Citrate 5 -50 - Macrophages _ RNS = (-) o Leroyet al.
DHLA .40 Sphérique (NR8383) [NP]=10nM 24h ND ND ND >80 % (2011)
i L GM-CSF (+) . 0
23 22 Sphérique IL-10 (non) TLR-2 (non) 80 %
. GM-CSF (+)
PEG 77 -9 Oursin Cellules [NP] = 10-10" IL-Ta (+) TLR-2 (+) 100 % Hutteret al
) microgliales NP d’or/mL 24h RNS = (-) ND GM-CSF (+) ) o ’
12 23 Barre (N9) IL-1a (non) TLR-2 (+) 100 % (2010)
23 +42  Sphérique ND ND 0%
CTAB 77 +39 Oursin IL-1a (+) TLR-2 (-) 100 %
12 +46 Barre ND ND > 90 %
) 12-72 _ 30 % 0
Citrate 8  ND  sphérique H(erLa;%?)es INP]=5-50nM h  ROS=() 7o ND ND 40% Gé%itl";‘"
37 ND ND > 85 %
Citrate 12 -36 Non
Cys SAP o .
(petit 12 +2 Macrophages Qu%'?(t)'rte Sle NP TNF-a (+) B?;(t)%sge;)al.
peptide) Sphérigue  murins de ol qorte 6h ND ND ND IL-1R (+) > 90 % Basticot nl
Cys AGIP moelle osseuse 10° M dup eptide IL-6 (+) (2009b) '
(peptide 17 -7 pep NOS2 (+)
long)
Cellules
rerrlnales de 72h 100 %
amster
(BHK21)
. - Carcinome de [NP]=10- Patraet al.
Citrate 33 ND Sphérique foie humain 120 nM 72 h ND ND ND ND 100 % (2007)
(Hep2G)
Carcinome de
foie humain 36 h 50 %
(A549)
Surexpression de
Sérum de - Fibroblastes _ différents génes Li et al.
veau feetal 35 -1l Sphérique pulmonaires [NP]=1nM 72h ND ND ND impliqués dans le ND (2010)

stress oxydant
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Tableau 4. Suite

Propriétés Cellule
Agent P Modéle Incubation Statut redox Références
stabilisant  Taille g . RNS/ . Expression de Toxicité
(m)  (mv) Forme cellulaire Dose Temps ROS GSH Cytokines génes
Co-culture de Non
) Non (IL-1, IL-

ecﬁﬂi'ﬁfies [Au] = 200 — 2,1L-4, 1L-6, (TNiil-gle-& Brandenber-

Citrate 15 ND Sphérique d pithe ’ N 4et6h ND ND IL-8, IL-10, ’ ND geret al.

endritiques et 2000 pMm HO-1,
GM-CSF, (2010)
macrophages TNF-a, INF-y) SOD-2)
primaires. ’ i
Cellules
. - épithéliales [NP]=0,2 - B N o Khanet al.
Citrate 18 ND Sphérique humaines 2 M 3-6h ND ND ND Non (puces a genes) 100 % (2007)
(HelLa)
_ 24h RNS (-) TNF-a (non) ) > 90 %
Lysine 37 ND  Sphérique ?IA??\;\(I) ggjg%s [Alugo— 1,\(3'_ 48h RNS () ND IL-8 (non) TNFo (no) >90 % Shéjzk(l)%%t) al.
' H 72h ND ND ND 85 %
Pourcentage (%) déterminé & la dose maximale en NPNbor;- pas d'induction ; (-) - diminution; (+) - augmtation;ND - non déterminé; SAPsweet arrow peptideAGIP - peptide inhibiteur de la croissance amyloi®yloid growth inhibitory

peptidg; PEG - poly (éthyléne glycol); CTAB - bromure de cétyltriméthylammonium.
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Abstract

During the last years, there has been a remarkable increase in the use of inorganic nanoparticles
(NP) in different applications, including consumer and medical products. Despite these exciting
applications, the extremely small size of NP allows them to penetrate cells and can interact with
cellular structures causing serious side effects. A number of studies showed that NP predominantly
causes adverse effects via induction of oxidative stress — an imbalance between damaging oxidants
and protective antioxidants — resulting in inflammation, immune response, cell damage,
genotoxicity, etc... Most of then vitro methods used for measurement of oxidative stress
biomarkers were designed and standardized for conventional organic, inorganic and biochemical
compounds. More recently, these methods have been adapted to studies related to various
nanomaterials. Thus, this review is an attempt to highlight some current methods employed in and

to provide a critical analysis of the major challenges and issues faced in this emerging field.
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1. Introduction

In recent years, an increasing number of nanomaterials have entered the market of products
directly related to human use. For instance, NP are frequently used in products which range from
cosmetics (TiQ FeO3) to wound dressing (AgNP). Nanoparticles also offer an extraordinary
opportunity for applications in medicine [1]. Today, more that 25 nanomedicines have already been
approved for human use, such as AmBisBrreanoformulated Amphotericin B) and Feridex®IV
(FeO NP as a magnetic imaging contrast media). These applications were mentioned in recent
papers and will not be discussed in this review [2-3]. These NP carry out the drug, offer drug
protection or the ability of drug sustained release. Advanced FDA-approved use of NP includes also
guantum dots (QDs) in living cell imaging, and zirconium oxides in bone replacement and
prosthetic devices.

Based on their composition, NP can be grouped into the following categories: (i) organic NP
(polymers, dendrimers...); and (ii) inorganic NP (Ag, Au, Fe, Pt,,Ti@Ds, silica NP, carbon
nanotube,...) [3]. The surface of NP can be modified by multiple ligands such as target molecules,
polyethyleneglycols, thiols, leading to the increase of NP stability and the decrease of their surface
reactivity toward molecules and cell components (Fig. 1 A).

Comparing to the large number of studies interested in NP in the literature, the biological
effects of NP have received little attention, where the focus seems to be mainly synthesis and
characterization of new nanomaterials. However, there are several recent reports in which oxidative
stress has been identified as an important mechanism for toxicity of all types of NP [4-6].
Furthermore, the evaluation of oxidative stress biomarkers may be a useful way to identify which
physico-chemical properties of NP are associated with the biological insults, to permit targeted
screening and allow materials scientists to generate new and safer NP with this structure-toxicity
information in mind.

Oxidative stress describes various deleterious processes resulting from an imbalance
between protective antioxidants and damaging oxidants, reactive oxygen and nitrogen species (ROS
and RNS, respectively). High levels of ROS or RNS are deleterious to all classes of cell
components: lipids, proteins, nucleic acids, and other macromolecules (Fig. 1B). However, these
species are also formed in normal physiology reacting with cellular components, leading to the
activation of intracellular signaling pathways, nuclear transcription factors, inducing gene
expression and cell responses such as repair, adaptation or transformation; this process is known as
redox signaling. Excellent descriptions of the individual molecules and their scavengers can be

found in a number of reviews [7-9] and in a book [10].
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(A)

(B)

Fig. 1. Interaction of nanoparticles (NP) with cells. (A) Schematic representation of NP types and
structures; (B) Interaction of NP with cellular constituents: interaction with mitochondria (i),
generation of ROS/RNS by NP due to their surface reactivity (ii), interaction with antioxidants (iii),

and NADPH oxidase (NOX) protein family (iv) are shown. Transcription factor activation (v) and
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oxidative stress have been carried out by classical oxidative stress assays. However, these
techniques designed for testing established drugs and chemicals are not always adapted to evaluate
NP impact. Indeed, some NP can interfere with assay components and readout systems, leading to

conflicting reports and the generation of unreliable data, due to their unsual physicochemical

Currently, most of the methods proposed in the literature to evaluate if NP can induce
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properties, including: (i) high surface area, leading to increased adsorption capacity; (ii) different
optical properties that interfere with fluorescence or visible light absorption detection systems; (iii)
increased catalytic activity due to enhanced surface energy; and (iv) magnetic properties that make
them redox active and thus interfere with methods based on redox reactions [6, 11-20].

On the basis of literature, the potentially most relevant mechanisms of inorganic NP for the
protection or for the induction of oxidative stresssitro are presently reviewed. Then, this review
is limited to explain then vitro methods used to evaluate these interactions and in particular, the
interferences of NP with classic oxidative stress assays.

Among the different types of NP, in this review we chose to study only the inorganic NP
which, due to their high surface reactivity, are more likely to have interferences with classical
oxidative stress methods, leading to confuse results.

2. How nanoparticles induce and/or prevent oxidative stress

The following sections provide a brief overview of the possible targets of NP in cells and
explain the ability of some inorganic NP — due their surface reactivity — to decrease or increase the
levels of ROS/RNS.

2.1. Interaction of nanoparticles with cells: target structures

As shown in Fig. 1B, NP may interact with different cell structures and species in cells,
including: plasma membrane, mitochondria, endoplasmatic reticulum, antioxidant compounds,
proteins and nucleus. These interactions can lead to changes in cellular redox potential that could
lead to benefit or adverse effects [21].

Nanoparticles interfere with plasma membrane in different manners. Transmembrane
proteins, such as NOX enzymes, can be activated by NP, thus inducing the activation of
intracellular signaling pathways [22-24]. Nanoparticles can also be internalized by different
mechanisms depending on the physico-chemical properties of NP and the exposed cell type
(phagocytesversusother cell types). These possible pathways have already been reviewed [25]
which provide an extensive overview of these mechanisms and will not be presently discussed.

Once the NP are internalized into the cell, it interact with organedlgs, mitochondria
(source of @, H,O,, C&") and endoplasmatic reticulum (source of Gacan lead to further ROS
and RNS production. The enhanced generation of ROS, the presence of MPcéfilon black,

fullerol, and polystyrene) inside mitochondria of exposed cells as well as their consequent damage
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has been reported [4]. The interaction of NP with mitochondria and/or endoplasmic reticulum may
also cause the dysregulation of “Céevels following the NOX activation and resultiiyO
production, which, at high concentrations, induces peroxynitrite (ON@@mation in presence of

0"

Due to their high surface reactivity, citrate-stabilized AuNP interact directly with
antioxidantsg.g. reduced glutathione (most abundant antioxidant inside cells), present as well as in
cell-free conditions [26]as in cells [5], resulting in deregulation of the redox balance and
overproduction of ROS/RNS.

Depending on the level of ROS/RNS induced by NP outside or inside the cells, NP can lead
to the activation of intracellular signaling pathwagsy( MAPK), nuclear transcription factors.g.

AP-1, NF-kB or Nrf2), and altered gene expression following the induction of adaptive responses
including release of inflammation mediators, antioxidant defence activation, and cell phenotype
modification [21]. The oxidative stress resulting from an excess of ROS/RNS overwhelms the
antioxidant capacities of the cells and could lead to injuries of cell comporesgtslipid

peroxidation, oxidation of protein and DNA damages, following cell death by apoptosis or necrosis.

2.2. Surface reactivity of nanoparticles
Due their high surface reactivity, some N&g( fullerenes, Ce@ AuNP,...) could act as
scavenger and/or generator of ROS/RNS in cell-free conditions and/or in living organisms [26-27].
As shown in Fig. 2, the reactivity of NP with ROS and RNS species depends on: (i) the
catalytic potency of NP surface; (ii) partial dissolution of NP and resulting release of metallic ions,

and (iii) adsorption of molecules onto their surface.
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Fig. 2. Surface reactivity of nanoparticles. Electronic and/or ionic transfer occurring during the

catalytic, dissolution and redox reactions of nanoparticles in cell-free conditions or during cell

exposure

2.2.1 Nanoparticles as radical scavengers

Free radicals can be scavenged by NP after catalytic reaction on their surface. For instance,
AgNP coated with green componenesg( aqueous extract of orange peel) have shown anti-
microbial and free radical scavenging properties [28]. It was showed that bimetallic NP consisting
of Au and Pt [29] and metal oxide NP, such as £&0,0s, Y03 [30], exhibit scavenging ROS
activity through catalytic reaction.

Some publications have shown the antioxidant effect of AUNP stabilized by chitosan [31-32]
and dendrimers [33]. Indeed, these NP were capable of scavefihgRecently, it has been
demonstrated that the antioxidant activity of G&P’ is pH-dependent and these latter NP do not
present any antioxidant properties at acidic pH [27]. Among the metallic and oxide NP, inorganic
carbon nanotubes (CNT) [34] and fullerene derivatives [35] exhibit a remarkable radical scavenging
capacity in agueous solution aimed at"@nd’OH.

Nanoparticles can also act as antioxidant delivery systems improving the scavenging
properties of the antioxidant alone. For instance, metallic and metal oxide NP have been studied as
potential antioxidant delivery systems. Inded, AuNP enhance the antioxidant activity of®Trolox
(soluble form of vitamin E) [36] and FeO NP may encapsulated antioxidant enzymes and protect
cells against kD, induced death [37].
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2.2.2 Nanoparticles as radical generators

Redox reactions following the dissolution of NP and the resulting release of ions catalyse
Fenton-type reaction. In this context, two kinds of metallic NP can be distinguished: (i) fully or
partially oxidized NP with a redox potential (Eh) higher that the Eh of most biological redox
couples, including Cef) Mn3;0O, and CgO4 NP [30, 38-39], and (ii) fully or partially reduced NP
characterized by an Eh lower that the Eh of most biological redox couples, including Fe°- and the
Fe;0s-based NP [40]. As shown in Fig. 3, NP with Eh close to Eh of biological redox couples are
chemically stable, whereas NP with higher or lower Eh are able to be oxidized, reduced or dissolved

inducing cell damages.
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Fig. 3. Plot of the Eh values of various biological redox couples compared to the Eh characteristics
of metallic nanoparticles. This figure shows the correlation between the ability of
metallicnanoparticles to generate a potential toxicity when they are oxidized, reduced or dissolved

in biological in vitro conditions (reproduced from [30]).
In another way, radicals can be generated by NP. For example, fullerenes catalyse the

production of'O, (in a non-polar environment) and,Qin polar solvents) upon photoexcitation

with visible light [41]. Furthermore, AuNP act as a catalyst, causing the productidiOdfrom
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endogenousS-nitrosothiols in blood serum and this process is ascribed to the formation of the

corresponding covalent Au-thiolate on the surface of AUNP [26, 42].

3. Strategies to investigate oxidative stress: interference of inorganic nanoparticles

The oxidative stress research community has provided a large number of commercial kits
and standardiseid vitro tests especially developed for molecular drugs and chemicals. These same
methods have been applied to evaluate NP-induced oxidative stress. However, in many instances
these assays are not suitable for investigation of NP, without prior adaptation, since NP can
interfere with assay reagents released cellular markers or detection systems thereby generating false
positive or negative results [6, 12, 15-16, 43]. In figure 4, we summarize the most common
mechanism of NP interferences mentioned below with few examples.

This review part is specifically directed at identifying the problems (due to NP interferences)
that researchers can encounter when assessing the NP-oxidative stress impact by the classical

assays. In addition, the possible strategies to avoid them are also mentioned.
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(e.g. QDs — multiple

fluorescence assays)  Adsorption s

(e.g. MWCNT — ELISA assay
for cytokines, comet assay)

« Catalytic properties oo
(e.g. carbon NP — DCF assay)

/ « Magnetic properties

- Optical properties (e.g. FeO NP — DCF assay)
(e.g. AuNP, — DPPH-", MTT, TBA assays)

Fig. 4. Nanoparticles specific properties responsible for false-positive and false-negative results
with some commonly used oxidative stress assays.

Examples are given as type of nanoparticle — assay in which they cause interference.
Abbreviations: QDs, quantum dots; NP, nanoparticles; DPPH1-diphenyl-2-picrylhydrazyl
radical;, MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromid&éuNP, gold
nanoparticle;, MWCNT, multiwall carbon nanotubes; DCF, dichlorofluorescein; FeO NP, iron

oxide nanoparticles.

3.1 Assays to evaluate the reactivity between inorganic nanoparticles and radicals under cell-free
conditions

Numerous chemical assays have been reported to evaluate the capacity of antioxidants to
scavenge free radicals; the most commonly used methods are based on the monitoring of blenching
rate of coloured radicals: 2,2-azinobis(3-ethyl-benzothiazoline-6-sulfonic acid) (ABagd 1,1-
diphenyl-2-picrylhydrazyl radical (DPP) These assays have also been transferred to the

evaluation of NP ability to either scavenge or produce radicals.
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3.1.1 Methods to evaluate scavenging of radicals by nanoparticles

The radical scavenging capacities of NP have been evaluated by treating them with coloured
radicals or OH or &,* previously produced by other sources. As far as coloured radicals are
concerned, several authors used the stable DFP8] 36, 44-45], though the ABTSwas also
used by Fan@t al. [46]. DPPH is a free radical that is acquired directly without any preparation
but is poorly water soluble, while ABTS must be previously generated,g. by potassium
persulfate oxidation [46] but it is soluble in both agueous and organic media. As’ RBRIdnly
be dissolved in organic (especially alcoholic) media, it is an important limitation when interpreting
the role of hydrophilic antioxidants. In all cases, the simplest method to estimate antioxidant
activity is to measure spectrophotometrically the loss of the radical color due to its reaction with an
antioxidant.

A common problem in the spectrophotometric DPRidsay is the interference caused by
the optical properties of NP. For example, AUNP and AgNP absorb light at the same wavelength as
the DPPH assay i(e. 515 nm). Therefore, separation NP from the solution by including
centrifugation [28, 47] or by filtration [48] before measuring DPRidsorbance, have been
proposed to avoid this interference. In addition, electron spin resonance (ESR) has been described
as an alternative technique to measure the antioxidant properties of AuNP functionalized with
Trolox® and reacting with DPPH36]. DPPH assay can also be performed by HPLC, and may be
considered as an alternative approach to determine the antioxidant properties of NP (such as
diamond and AuNP) as well as to investigate the mechanisms occurring with the free radical [49].

Others methods have been show to provide accurate evaluation of NP scavenging radical
activity. For example, the radical scavenging activity of NP has been estimated by monitoring the
elimination of OH and Q°* in presence of NP. Hydroxyl radicals can be generated,@y/tV
light process [34] or Fenton reaction [31, 33-35] and their consumption by NP can be monitored by
using spin trapping techniques in which the probe 5,5-dimethyl-1-pyrridlioeide (DMPO) reacts
with OH® to form a stable adduct monitored by ESR. A competitive reaction occurs between
DMPO and the NP to scavenge OH

This spin trapping technique was also described to evaluate the consumption by multiwall
carbon nanotubes (MWCNT) and fullerenes @t @roduced by xanthine/xanthine oxidase system
[34-35]. Fenoglicet al. evaluated the reactivity of MWCNT with,©by monitoring the reduction
of cytochrome c (spectrophotocolorimetry Xat 550 nm). However, due to the high electron
affinity and hydrophobic surface, MWCNT may react directly with cytochrome c as well as adsorb
and inactivate both cytochrome c or xanthine oxidase. Thus, to exclude these hypotheses, others

assays need to be performed [34].
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3.1.2 Methods to evaluate the generation of radicals by nanopatrticles

The generation of radicals by NP has been studied by different methods depending of the
studied radical type.

Hydroxyl radicals (OF can be generated by the reaction between NP a@ ldr
deoxyribose and monitored by spin-trapping technique and thiobarbituric assay (TBA),
respectively; NP, such as carbon NP and,T#htack deoxyribose to form Otkhat, upon heating
with TBA at low pH, yield a pink colour (absorbance recorded at 532 nm) [34, 47]. In these studies,
the samples were centrifuged to remove NP, avoiding their optical interference.

Indeed, others methods can be used to evaluate the generation of radicals without
interferences. For exemple, ABTS assay has also been reported to estimate the generatlon of OH
by NP [50]. Cerium oxide NP in presence ofd4 and ABTS catalysed the formation of ABTS
The production of ABTS was measured at 420 nm with no interference of Q¢®

Superoxide anion (£) generated by the reaction between AgNP ap@,hvas monitored
by using: indirect method, measuring theOw concentrations, with AmpléxRed reagent (10-
acetyl-3,7-dihydroxyphenoxazine) (react withQd4 to produce highly fluorescent resorufin) [51]
and direct method, measuring’@oncentration, with chemiluminescence-based Meflygridina
luciferin (2-methyl-6-phenyl-3,7-dihydroimidazo[1,2-a]pyrazin-3-one) analogue [51].

The reaction between NP aitdlO donors (for exampl8-nitrosothiols (RSNO) [26, 42] has
been used to estimate the generation of the radical nitric oN@8.(In this case, &ANO selective

carbon fiber electrode was used and no interference of AUNP was mentioned.

3.1.3 Interaction of inorganic nanoparticles with molecules involved in redox homeostasis
Understanding the reactivity between molecules implied in redox homeostasis and NP is
crucial to predict the NP fate in the human body. The reactivity of NP with proteins and reduced
glutathione (GSH) has been often studied.
When enter in the body, NP immediately become coated in biological molecules, including
proteins. The most commonly tested proteins are the albumin, ingtdgjiobulin, fibrinogen and
other proteins present in human serum. Under cell-free conditions, the interaction of NP with theses
proteins have been evaluated by different assays, including: measuring protein concentration by
using bicinchinoninic acid assay [52], monitoring protein conformational change by: one and two
dimensional gel electrophoresis [53], by measuring the fluorescence quenching [54-55], by circular
dichromism techniques [55], and by monitoring the physico-chemical characteristics of NP by using
dynamic light scattering [54, 56], transmission electronic microscopy or isothermal titration
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calorimetry measurements (enthalpy and entropy analysis) [56]. In this studies no interference of

NP was mentioned.

The interaction of NP with GSH under cell-free conditions has been investigated by using
fluorogenic reagents, such as rhodamine-based organoselenium probes [5], and by determination of
change on physico-chemical properties of NP by using resonance elastic light scattering — sensitive
technique to monitor bioinorganic complexes — and UV-vis spectrophotometer [57-58].

However, the fluorescence intensity of probes can be significantly decreased by the presence
of metallic NP, such as AuNP, giving the false impression of a diminution of GSH content caused
by the NP. For example, our group showed that citrate-stabilized AuNP displayed interference with
the fluorescence emission of the naphthalene-2,3-dicarboxyaldehyde (NDA)-GSH adducts (Fig. 5).
Since both the excitation and the emission wavelengths of the NDA-GSH adduct (472 nm and 528
nm, respectively) lie within the spectrum of visible light, AUNP may absorb not only the emitted
GSH-NDA fluorescence but also the excitation energy, thereby preventing excitation of the
fluorophore. Thus, potential interferences with NP need to be considered if the investigators whish
to reliably use the assays in a quantitative manner. To minimize particle interference, this assay was
modified and NP were removed by precipiting the AuNP with acid solution (HCI 0.6 M) following
centrifugation step and then the fluorescence intensity of the GSH-NDA adduct was measured, and
an increase of GSH-NDA fluorescencee( concentration remaining on GSH) was observed,

showing the interference of AUNP with readout system.
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Fig. 5. Interaction in cell-free conditions between reduced glutathione (GSH) (6 uM) and citrate-

stabilized gold nanoparticles (AuNP) (10 and 30 nM): interference of AuNP in fluorescence read
out systems.

A solution of citrate-stabilized AuNP (550 pL) at a final concentration of 10 and 30 nM were mixed

with 50 pL of GSH (72 uM). Samples were kept at room temperature (20 — 23°C) for 5 min. The NP
were removed or no by precipitation (50 pL of HCI (0.6 M) were added to samples, and the
resulting mixture was centrifuged at 42,000 x g for 20 min at 4°C). Then, the samples or the

supernatant (600 pL) was mixed with 50 pL of NaOH (1 M), 140 ul of borate buffer (1 M, pH 9.2),

and 10 puL of NDA (5.4 mM) prepared in ethanol and the mixture was incubated for an additional

10-min period at 4°C. Fluorescence intensity was reatd,@t 472 nm andiem, = 528 nm by using

a spectrofluorimeter (Hitachi F-2000, France). Concentrations of GSH were calculated using a

calibration curve in the range 1.5 — 7.5 uM.
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3.2 Assays to evaluate the reactivity between inorganic nanoparticles and cells

The presence of oxidative stress in cells may be evaluated by the direct measurement of
different radicals, by the detection of antioxidant levels and gene expression and by the
measurement of the resulting damage to cell components. Directly measuring radical species might
seem the preferred method, but many ROS/RNS are extremely unstable and difficult to measure
directly. Because of this, many scientists prefer to measure the levels of antioxidant enzymes and
other redox molecules which serve to counteract radical species generated in the cell. Several genes
that are induced during oxidative stress have been also analyzed. Another approach is to measure
the damage on proteins, DNA, RNA, lipids, or other biomolecules. While this is an indirect
approach, many markers of damage are extremely stable and therefore provide a more reliable
method to measure oxidative stress. Timevitro assays used to evaluate these markers are

discussed in the following sections.

3.2.1 Methods for measurement of ROS/RNS radicals produced by cells

The induction of oxidative stress by NP in cells may be evaluated by the measurement of
radicals (ROS/RNS). As far as ROS are concerned, several fluorescent probes are frequently
employed, including: 2'7’-dichlorodihydrofluorescein diacetate@F-DA) [4, 47, 59-66], 5-
(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate, acetyl ester (IMGH-DA)

[67-68], bisp-methylbenzenesulfonate) dichlorofluorescein [5], hydroethidine [64] and
dihydrorhodamine-1,2,3 [69]. In all assays, the simplest method is the incubation of NP treated cells
with fluorogenic probes, which are taken up by cultured cells, and become fluorescent upon
intracellular oxidation. Then the fluorescence intensity can be estimated by flow cytometry [47], by
confocal microscopy [14], or by conventional spectrofluorometry [62].

A consideration when using fluorimetric dyes for quantifying inorganic NP induced
oxidative stress is the possiblity of their direct interaction with the probe. For example, AUNP have
been shown to quench DCF fluorescence upon NP-induced oxidative stress [70]etDalak
showed, in a cell-free system, that dextran-coated FeO NP interfere with the fluorescence emission
of DCF, depending on the oxidation state of the iron (the interference was more pronounced with
Fe;04 than FeO3; NP) [14]. They suggested that adsorption could be a reason for the quenching of
the fluorescence response [14]. Some studies noted fluorescence quenching by carbon black NP
while detecting ROS generatiafia DCF assay [6, 71]. Carbon black NP can also react directly
with H,DCF-DA due their catalytic activity. This phenomenon have been observed to be
incubation-time dependent. In cell-free systems, after 1h incubation of carbon black NP with the

substrate EDCF-DA, DCF fluorescence was not detectable. However, after 4h of incubation of NP
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with H.DCF-DA, carbon black had produced significant amounts of fluorescent DCF @ralll,
2012).

To minimize particle interference, the classical DCF assay has been modified and NP
dispersions have been removed by washing the NP-treated cells prior to the incubation with DCF
[6, 43]. In addition, given the fact that the interference of NP is concentration dependent and that all
NP cannot be removed entirely from the solution by separation techniques, NP dispersions applied
should also be limited to concentrations that do not interfere with the measurement of DCF signals.

As far as RNS are concerned, the levels of nitrite in culture media are frequently used as an
index of 'NO production. The most frequently applied method to nitrite measurement consists in
Griess colorimetric technique [59, 72-73]. Since nitrite is present in supernatant of cells, NP cannot
be removed by washing prior to the measurement. Thus, limiting NP concentrations to a maximum

that does not interfere with colorimetric assays is of particular importance to evade false results.

3.2.2 Methods for measurement of antioxidants in cells

Endogenous antioxidants such as GSH, are considered to be the first line of cellular defence
against ROS. In recent studies, variations of GSH levels after exposure to NP have been
investigated using either the colorimetric Ellman’s reagent (5,5'-dithio-bis-2-nitrobenzoic acid,
DTNB) [65, 68, 74-75], or fluorogenic reagents, such as rhodamine-based organoselenium
fluorescent probe [5] and orthophthaldialdehyde (OPA) [62].

Depletion of GSH has been observed in cells exposed to®IIRE [65], AGNP [74], CuNP
[68, 75]. Due to their optical properties, in these studies a separation step by centrifugation was
performed to avoid the optical interference of NP. In others studies, depletion of GSH by NP was
evaluated by using fluorescence-based assays, limiting the optical interference of AuNP [5] and
silica NP [62].

3.2.3 Methods for measurement of oxidation products in cells

The generation of ROS, depletion of antioxidants and decrease of antioxidant enzymes
activity is inevitably linked to increased risk of oxidative damages to molecules such as lipids and
DNA, and this can be evaluated by using in vitro cell assays.

The lipid peroxidation products, such as malonyldialdehyde (MDA), can be measured by
using the TBA assay [68, 74, 76] and western blot analysis [77], whereas DNA damage can be

assessed by a number of different assays, such as by 8-hydroxy-2-deoxyguanosine (8-OH-dG)
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detection, by comet assay [47, 78-79], and by fluorescenséu hybridization assay based on
peptide nucleic acid probes [79].

Some studies have showed the interference of inorganic NP such as carbon blaakdTiO
MWCNT with the comet assay [80-81]. This assay relies on a fluorescent microscopy read-out and
agglomerates of these NP used clearly either quench or enhance fluorescence intensity. In
conclusion critical concentrations above which NP massively agglomerate, should not be exceeded.
Furthermore, alternative methods are needed to circumvent these problems.

In order to exclude NP that interfere with the oxidative stress assays, cell-free controls were
assayed for each concentration of NP, and the corresponding absorbance was subtracted from the

absorbance of cell groups [76].

3.2.4 Nanoparticles perturb multiple signal transduction pathways

The impact of NP on gene expression of transcription factors (mainkBN\#athways) has
been studied by qualitative methods (electrophoretic mobility shift assay (EMSA) [63],
semiquantitative [59] or quantitative real time reverse transcriptase-polymerase chain reaction (RT-
PCR) analysis [77, 82].

Enzyme-liked immunosorbent technique (ELISA) was used to quantify inflammatory
markers in cell culture supernatants after exposure to various inorganic NP including, AgNP [61],
AuNP [59], SiQ NP [63], carbon black [6, 83-84] and quantum dots [82].

Many studies have reported that inorganic NP, due to their high adsorptive capacities, have
the potential to adsorb cytokines released from cells leading to false-negative results. For example,
metal oxide NP such as Ti@nd SiQ have found to cause artefacts in immunoassays by adsorbing
the proinflammatory cytokine IL-6 (Veranth et al., 2007), and carbon black was found to bind
several different cytokines, for example, GM-CSF, TGF-3, TNF:-6 and IL-8 (Monteiro-

Riviere and Inman, 2006, Kocbach et al., 2008, Brawmal., 2010). Recently, it was reported that
the presence of serum proteins could reduce cytokine binding to metal oxide and carbon black NP
(Kroll et al., 2012). Moreover, limiting NP concentrations to a maximum that does not display

cytokine binding is of particular importance to avoid misinterpretation (ktal., 2012).

3.2.5 Methods for cell viability evaluation

A classic approach to assess acute cytotoxicity of NP involves the use of tetrazolium salts,
such as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MZ;Br-bis-(2-methoxy-
4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide  (XTT)  and2-(4-iodo-phenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H tetrazolium, monosodium salt (Vs That are cleaved in
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the mitochondria of metabolically active cells to form colored water insoluble (MTT) and soluble
(XTT and WST-1) formazan salts (which are proportional to the number of living cells) [5, 12, 47,
59-63, 65, 68, 74, 76]

However, NP may interact with the formazan salts, causing an under-estimation of the
number of viable cells. For exemple, single-walled carbon nanotubes (SWCNTSs) can adsorb MTT-
formazan crystals and stabilize their chemical structure, and, as a consequence, these crystals canno
be solubilised in organic solvents (SDS, acetone,...), mimicking a cytotoxic effect [12, 18, 85-86].

In addition, it appears that the insolubility of the MTT-formazan is crucial for attachment to the
carbon NP and disturbance of the test. Indeed, no interference was observed with water-soluble
formazan salts, such as WST-1 or XTT [12].

Since tetrazolium-based assays are based on colorimetric dyes, quantified by light
absorption measurement, NP have a potential wavelength-dependent absorbance artefacts, leading
the false impression of an improved number of viable cells caused by the NP [16, 87]. For example,
our group showed that citrate-stabilized AuNP interfere with light absorption of MTT assay (Fig.
6A). To confirm this artefact, the data were validated by traditional trypan blue exclusion assay. In
comparison to trypan blue manual counting, the MTT assay appeared to have consistently
overestimatedp < 0.024) when high concentrations of AUNP were used (> 20 nM). Thus, we
showed that the decreased formation of formazan (due to reduced cell metabolism) was masked by
the strong absorption of AUNP near 520 nm (Fig. 6B), providing a false impression of lack of
toxicity. This interference with formazan assays is not confined to AuNP alone; it has also been
reported for others metallic (AgNP) and metal oxide (AgQOLeCeQ, TiO, and CoO) NP, which
also absorb at the wavelengths used in these tests: 340, 380, 405, 440, 540 or 550 nm [14, 76, 88-

89], providing a false result of lack of toxicity.
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Fig. 6. Interference of citrate-stabilized gold nanoparticles (AuNP) with MTT assay. (A) Viability
studies of rat alveolar macrophages (NR8383) (at 1"xcHIl/mL) after 24-h exposure with citrate-
stabilized gold nanoparticles (citrate-stabilized AuNP) by using MTT assay (¢) (96-well plates)
(MTT-formazan production measured spectrophotometricall) at 540 nm) and Trypan Blue
assay §) (24-well plates) (observation by optical microsgpgontrol cells (unexposed cells with
NP) were taken as 100% viability (0% cytotoxicity). Data are expressed as mean and standard error
of n> 3 replicates in » 3 separate experiments.(n = 1). The non-parametric Mann and Whitney
randomised test was performed for statistical calculations. (B) Normalized UV-vis absorption
spectra of citrate-stabilized AuNP (band plasmon band at 520 nm).

Some strategies to avoid these interferences are: (i) development of assays using
wavelengths of 700 — 800 nm, (ii) remove NP from the cell monolayer prior to the incubation with
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formazan salts [6], (iii) use alternative methods that are not based on optical readpuiksw(
cytometry, trypan blue assay, clonogenic assay,...) [88, 90].

Another common cell viability assay is the lactate dehydrogenase (LDH). In this assay, the
level of extracellular LDH released from damaged cells is measured using a colorimetric test based
on the convertion of pyruvic acid to lactic acid [6]. Lactate dehydrogenase catalyses the NAD
dependent reaction from lactate to pyruvate. In a second step, the enzyme diaphorase trafisfers H/H
from NADH/H® to the vyellow tetrazolium salt (2-[4-iodophenyl]-3-[4-nitrophenyl]-5-
phenyltetrazolium chloride) (INT), which is reduced to formazan (red) and can be measured by
spectrophotometry at 492 nm.

The reliability of this assay, when used for measuring NP toxicity, could be influenced by
several factors: (i) NPe(g.ZnO NP) could cause a decrease in LDH activity by metal-catalyzed
oxidation of LDH [6], (iii) NP €.9.TiO2, AgNP, CuNP) could be a target on which LDH molecules
are adsorbed [91], (iv) certain NP (like AUNP and PtNP) could catalyse NADH oxidation [22, 24],
(v) INH salts also absorbs in the spectrum of visible light, the mechanisms underlying this
interference might be similar to those discussed above for the NP-increased formazan salts light
absorption.

Since LDH is present in supernatant of cells, NP cannot be removed by washing prior to the
measurement. In addition, removal of NP by centrifugation depends highly on the NP type and
might only be applicable when individual particles are tested [91].

4. Conclusions

In the last years, pre-existing oxidative stress methods, currently used to evaluate the
potential of drugs to induce an oxidative stress, have also been used to evaluate inorganic NP safety.
However, many studies showed that because of the unique properties of inorganic NP, traditional
oxidative stress assays should be used with caution, adapted and sometimes can not be usec
otherwise.

The NP interference in oxidative stress assays depends on the type of NP (due to the
spectific NP properties related below) and the suitability of the assay for assessing NP impact
should be examined case by case to avoid false results. Some strategies to avoid this interference
when traditional oxidative stress are used, such as: (i) introduction of a separation step to reduce the
amount of NP, (ii) restriction of NP amount below interfering levels if NP cannot be entirely
removed, and (iii) use of assays not based in optical detection.

With this review, we aimed to adapt these methods underlying possible artefacts due to

nanomaterials, to generate new and safer NP.
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[1.1 Introduction

Les objectifs du présent chapitre sont les suivants : (i) synthétiser en phase aqueuse des NP
d’'or stabilisées par un dithiol, (i) améliorer leur stabilité, et (iii) développer des techniques de
routine qui permettent de les caractériser.

Pour ce faire, nous avons choisi de travailler avec des NP d’or stabilisées par l'acide
dihydrolipoique (DHLA) et nous avons essayé de comprendre l'origine de la meilleure stabilisation
des NP d’or par ce ligand. Le DHLA a été choisi pour deux raisons principales :

- il s’agit tout d’abord d’'un composé non toxique. Le DHLA est notamment un puissant

antioxydant endogene et peut piéger les radicaux libres, chélater les métaux et régénérer
d’autres antioxydants (Goraeaal, 2011).

- le DHLA présente une grande affinité pour la surface des NP d’or grace a ses deux

groupements fonctionnels thiols.

Des NP dor fonctionnalisées par le DHLA (NP Au@DHLA) ont été synthétisées
auparavant par Rouat al. (2005) en phase organique, en se basant sur la synthese det Blust
(1994). L'inconvénient de cette méthode est I'utilisation d’'un solvant organique (méthanol ou
toluéne) difficile & éliminer par la suite pour une utilisation dans des milieux biologiques. Dans ce
contexte, nous avons cherché a développer de nouvelles stratégies de stabilisation des NP
Au@DHLA en l'absence de solvant organique. Pour ce faire, une premiére étape de synthese
consiste a synthétiser des NP d’or stabilisées par les ions citrate selon la méthode de Tatrkevich
al. (1951). Lors d’'une seconde étape de synthése, les NP d’or stabilisées par les ions citrate ont été
fonctionalisées par le DHLA par échange de ligands.

Afin de prouver la fonctionnalisation de surface par le DHLA, les propriétés physico-
chimiques des NP d’or (taille, charge, rapport [S]/[Au],...) ont été évaluées. De plus, afin de mieux
appréhender l'effet du rapport [DHLA]/[Au] sur la stabilité des NP, nous avons procédé de la facon
suivante : nous avons utilisé quatre concentrations différentes de DHLA, toutes en exces par rapport
a la concentration en Au présent en surfage 28, x56, x140 et x222) lors de [&'2étape de
synthése et nous avons suivi la stabilité des NP d’or en fonction du temps (durée de 50 j) par
spectroscopie UV-visible et par diffusion dynamique de la lumBLS( dynamic light scattering).

Nous avons également examiné I'évolution des spectres d’absorption, apres ajout d’'un sel a forte
concentration (NaCl 1 M) et d'un autre dithiok. le dithiotréitol (DTT), pendant 2 h. Nous avons

aussi étudié I'impact de la densité de couverture des NP d’or sur leur interaction avec des composés
choisis pour représenter une possible bioréactivité. Notre hypothése de travail a été la suivante : les
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NP d’or sont d’autant plus réactives vis-a-vis des molécules qu’elles sont faiblement stabilisées par
le ligand greffé. Différentes molécules ont été choisies pour vérifier cette hypothése :
I'albumine de sérum bovin (BSAovine serum albumin), protéine majoritaire du sang : la
BSA peut se lier a la surface métallique des NP d’or soit par adsorption soit par formation
de liaisons covalentesié le résidu cysteine).

- le sel dammonium de lacide 2’,2’-azinobis(3-éthylbenzothiazoline)-6-sulfonique
(ABTS™), modéle de radical libre couramment utilisé pour évaluer le pouvoir radicalaire des
antioxidants. Parmi dautres types de radicaux libres, (tel que le 1,1-diphényl-2-
picrylnydrazyle (DPPP)), I'ABTS™ a été choisi en raison de sa solubilit¢ en milieu
biphasique et de son absorption dans le visible (maximum d’absorbance a 734 nm), ce qui
permet d'évaluer le pouvoir réducteur des NP d'or solubles dans l'eau par spectrophotométrie
visible sans interférence de la SPR. L'ABT®eut interagir avec les NP d’or soit par
adsorption soit par interaction entre son électron non apparié et les électrons de conduction

de l'or.

Cette étude a permis de parfaitement définir une plateforme nanoparticulaire fonctionnalisée
en surface et stable en fonction du temps, et elle fait 'objet d’'un manuscrit en préparation pour
soumettre aMacromoleculeqarticle 2). Brievement, parmi les différents rapports [DHLA]/[Au]
utilisés lors de la 9™ étape de synthése, seules les valeurs x140 et x222 conduisent & des NP
(Au@DHLA;40 etAUu@DHLA,;)) stables pendant 50 j dans un milieu physiologique PBS ainsi que
dans une solution de NaCl 1 M pendant 2 h. En effet, aucune variation a été observée, ni sur le
rayon hydrodynamique, ni sur la valeurXgx Nous avons également démontré que toutes les NP
Au@DHLA préparées par échange de ligand sont insensibles a une réaction d’échange avec un
autre dithiol, 1eDTT.

De plus, ces NP présentent une plus faible réactivité vis-a-vis de la BSA et de I'espece
radicalaire ABTS, en comparaison avec les NP moins couvertes par le DHLA (x28 et x56) ainsi
gu’'avec les NP d’or stabilisées par les ions citrate.

Ces NP dor, stables dans les milieux testés et peu réactives, présentent donc un fort
potentiel pour des applications biologiques futures (pour par exemple véhiculer un principe actif
greffé en surface).

La caractérisation physico-chimique des NP d’or est nécessaire pour valider le mode de
synthése des NP d'or et mieux prévoir les effets biologiques et les applications a venir. Parmi les
techniques couramment utilisées et citées dans le chapitre |, il est crucial de disposer de techniques

de quantification de I'or contenu dans ces NP afin de déterminer la concentration de ces entités. La
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spectrométrie de masse et la spectrométrie d’émission optique avec source plasma a couplage
inductif sont les outils le plus utilisés pour mesurer la teneur en or dans les NP (Alketbakhi

2009, Scheffeet al., 2008, Yu et Andriola, 2010). Malgré leur limite de détection trés basse (de
I'ordre de 0,01 uM pour l'or), ces techniques sont colteuses et peu disponibles dans la majorité des
laboratoires. Pour cette raison, nous nous sommes intéressés au développement d’'une méthode
spectrophotocolorimétrique de I'or simple qui permet de calculer la concentration des NP d'or.
Cette étude originale a fait I'objet d’'un manuscrit accepté le 5 décembre 201Dattams (article

3). Cette méthode comprend deux étapes : (i) I'or des NP est oxydé epn paCiemploi d’'une

solution de dibrome 7 x M dans HCI 5 x 18 M ; (ii) la concentration en AuGlest déterminée

par formation d’une paire d’ions entre I'anion AyGit le cation coloré Rhodamin€.BLa paire

d’ions est extraite dans un solvant organique et I'absorbance lue est proportionnelle a la quantité
initiale d’or contenue dans les NP.

La méthode a été appliquée a I'ensemble des NP d’or mais seules les NP d’or stabilisées par
les ions citrate et les NP Au@DHLA ont été décrites dans I'articBe Nous avons déterminé la
teneur en or des NP ainsi que la concentration en NP en utilisant le diameétre obtenu par microscopie
électronique a transmission.

Pour compléter leur caractérisation, un deuxieme test permettant d’apprécier le pouvoir
antiradicalaire des NP d’or a été réalisé. Son utilisation et I'optimisation de la méthode a fait I'objet
d’'un article publié dangnal. Chim. Acta en 2012; il repose sur la réaction entre les NP et le 1,1-
diphényl-2-picrylhydrazyle (DPPH. Le DPPH est un radical stable avec un atome d'azote
central; il présente une bande d’absorption=2515 nm ¢ = 12,5 mM ™ cm™) (couleur violet). Ce
radical est couramment utilisé pour évaluer la capacité de piégeage des radicaux libres par des
antioxidants synthétiques et naturels. Cependant, ce test peut poser des difficultés d’interprétation
lorsque les composés testés possedent une bande d’absorption intense dans le visible, vers 515 nn
(tel est le cas des NP), interférant avec celle du DPPdur cette raison, nous nous sommes
intéressés au développement d’'une meéthode CLHP permettant de suivre simultanément la
consommation du DPPHet la formation du composé réduit correspondant, le DPPH-H. Cette
méthode analytique a permis d'étudier sans interférence le mécanisme de la réaction entre le
DPPH et différents types d’antioxydants ainsi que d’évaluer le pouvoir antiradicalaire de matrices

complexes et de nanomatériaux (NP de diamant et d'or).
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Abstract

Five-nanometer sized gold nanoparticles (AuNP) stabilized with citrate ions have been reacted with
various excess (x 28, x 56, x 140, x 222) of dihydrolipoic acid (DHLA). Ligand exchange between
citrate and the dithiol resulted in DHLA capped AuNP which degree of inertia was found to be in
relationship with the density of capping. Indeed, the results revealed the importance of DHLA
density to enhance the colloidal stability and modulate the reactivity towards free radicals and
proteins of biological relevance. Thus, AUNP capped with the highest amount of DHLA were found

to be the ones, first, the most resistant to environmental changes, then, characterized by the lowest
residual catalytic reactivity of their metallic core and finally the lowest interacting with proteins
through non-specific adsorption. The physico-chemical properties conferred to AUNP prepared with
the x 222 excess were therefore very interesting for further pharmaceutical development of

nanoparticle platforms.

Keywords:Gold nanoparticles; Dihydrolipoic acid; Capping density; Stability; Reactivity; Bovine

serum albumin; Free radical.
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1. Introduction

Functionalized noble metal nanoparticles (NP), which specifically interact with cellular targets,
are of great interest in biotechnology and mediéihiémong these metal NP and due to their
inertia as well as weakly toxic nature, controllable size and ease of functionalization with various
ligands, gold NP (AuNP) have been intensively studied over the last years for diagnostic,
including tomography and magnetic resonance im&gisgwell as for drug delivefy? However,
the essential parameters affecting the successful use of AuNP for biological purposes are their
stability in physiological conditions as well as their surface reactivity towards molecules
encountered in living organisms.

The stability of AUNP suspension strongly depends on nano-object surface charge as well as pH
and ionic strength of the medium. Because of these concerns, extensive research is focusing on the
improvement of the AuNP stability and the development of methods to evaluate the stability of
AuNP prior to their biological use (Table 1). The most common strategy to disperse AuNP in
agueous medium and to get access to NP valuable for bio-applications is the use of a protective
agent, which not only prevents the NP against aggregation, but also leads to functionalized
objects™® So far, thiol-containing compounds have been widely used as protective agents for
obtaining stable monolayer-protected AuNP, due to the strong affinity of sulfur td*doldnany
cases, the AuNP are synthesized using the Turkevich’s nfétlwwd modifications of this
method®*** and functionalizedvia a two-step approach, referred to cap-exchange (or ligand
exchange). This involves replacing the native citrate cap with bifunctional hydrophilic ligands that
contain a thiol group for anchoring the ligand to the nanocrystal surface and a second module that
not only promotes aqueous dispersibifit}f but also can ease the grafting of a dvisgcarboxylic
acid groups for exampl€. Regardless of the cap-exchange method used, small hydrodynamic
diameters (< 25 nm) and good colloidal stability are prerequisite for developing AUNP with great
potential utility in biological applications. The success of these applications largely depends on the
ligand used to cap the nanocrystal surface.

Indeed, depending on the targeted application, the ligand type and the density of capping should
differ. Thus, as far as catalysis domain is concerned, it was previously shown that whatever the
selected ligand, the capping limits AuNP catalytic activity. Moreover, increasing the capping
density was related to a decrease of the catalytic effici€n®n the contrary, for biological
purposes, a total inertia is required to ensure biocompatibility; therefore an absence of any residual

catalytic activity parallel to an optimized capping density is needed.
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Among the various ligand used, dihydrolipoic acid (DHLA), the reduced forsripbic acid (LA)
(Scheme 1), and the poly(ethylene glycol)esters of DHLA are known to afford NP, like quantum
dots, higher colloidal stability than monothiol ligands because of the higher affinity of the dithiol

function towards metal atoms present at the nanocrystal surface (Tabfg1).

O O
(W\)LOH (W\)LOH
5-8 5 s

I H H I[

Scheme 1. Molecular structures ofipoic acid (1) and dihydrolipoic acid (11).
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Table 1. Stability studies of citrate- and thiol-capped AuNP, reported in the literature, as a function of time and various environmental parameters.

Storage

Modified factor to Parameter or method use%ain conclusions

Ligand or stabilizing agent conditions trigger aggregation to monitor stability Ref
Dy d”
. Synthesis benzyl mercaptan Zeta potentid Fast aggregation of the AuNP upon bm ;.53
 Citrate : Color "
medium (bm) . addition.
Maximum absorbance and
wavelength
A standard deviation > 2.8 nm from the
. Citrate 4 and 23°C, in Dy::  initial  standard average size was notified as instability. 24
the dark deviation (£ 2.8 nm) Stable during 21 days at 4°C or stable
for less than 6 days at 23 °C.
 1-pentanethiol tetraethylene
glycol (MT")
 1-pentanethiol trimethyl
ammonium terminated tetra lutathi
ethylene glycol (MT) glutathione . L
.1 tanethiol boxvlate-Dry powders DHLA Fluorescence intenstt Stability towards thiol is governed by s
“pentanethio carboxylate-Lry p Y the surface charge of AuUNP.
terminated tetraethylene glycol Cysteine
(MT")
 1-pentanethiol fluorescein
isothiocyanate-terminated
tetraethylene glycol (M%)
Temperature
» Hexa-(ethyleneglycol)- from 5 to 70°C — NaCl Maximum absorbance andAuNP were stable during the analyses 2
i : NaCl0to 1.0 M temperature . o
terminated thiol (MT) wavelength into all the conditions.
pH from 1.3 to pH
12.4
 Citrate D|aIyS|§ against pH Maximum absorbance andLess instability for 2-mercaptosuccinic = 7
water just before wavelength

« 2-mercaptosuccinic acid (M)l the analysis

. . . acid NP than for the citrate ones.
cyanide dissolution Resonance angle

« Cystamine

« 2-mercaptoethanesulfonic  aci
MT?) %vater

« 3-mercaptopropionic acid (MJ

Optimisation of the gold salt/stabilizer
Density of the D! .2 ratio is important for the stability. 28
capping was varied " Satisfying stability for 2-

mercaptoethanesulfonic acid.

: water
. 'Fr)gg-pol\l/ly_lgthylene glycols (HS- PBS (pH = 7.4)
) (MT) Serum

Better stability with high molecular
- Maximum absorbanée weight (>2000 Da).
Stable for at least 3 weeks in all media.

29

* mercapto alkane bearing
polyethylene oxide moieties: NaClOto 2 M

NaCl
Density of the
capping was varied

Better stability for alkane derivatives
than citrate AuNP. 16
Best stability with HS-(CH),;-PEQ;-

Dy, Zeta potentid]
Maximum absorbanée
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((HS-(CH,),-PEQ-X withn =5 COOH derivatives.
to 11, m=0to 6 and X =-OH or
—COOH) (MT)
NaOH adjusted
to the . desired Maximum absorbance andInstability under acidic pH but 2 weeks
value with HCI wavelength i
. . pH - of stability at pH 10.
« Mercaptoundecanoic acid (MT or  buffer at Color and precipitate Less stability against DTT in the case
L] 7 =
DHLA (DT) pH=8.2 NaCl DTT at 40 °C ocg:urzrence of the monothiol as compared to
0.01 M Dy d. DHLA
Room Zeta potentidl :
temperature
DHLA-PEG AuNP were more stable
Dithiothreitol than PEG AuNP after the use of DTT
. Citrate PBS, under inert (DTT) Maximum absorbance and(no stability for citrate-stabilized
« HS-PEG (MT) atmosphere, wavelength AUNP). %
« DHLA-PEG (DT 40°C 10% Fetal calf D.: 9 Hypothesis on the capping density to
: (DT) PBS ser:m 37°C h explain the lower stability of the 80-nm

AuUNP as compared to the 20- or 40-nm
ones.

Methods used for the measurement of parameters weré (Rlr$ydrodynamic diameters,, ) TEM? (for core diameters ] laser-doppler evaluatidnUV-visible spectra set
on the7surface plasmon resonance absorbancé, lsamthce plasmon resonance spectrostapectrofluorimetér The ligands were classified as MT for monothiols and DT for
dithiol".
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DHLA, its derivatives and other multiple thiol-anchor ligands have also proved to be valuable
ligands for stabilizing and inhibiting aggregation of AuNP in aqueous softtiBarthermore,
DHLA is a physiological compound, with antioxidant activity, already administered to hdfhans.
As a consequence, this molecule is of high potential as AUNP ligand.

Although DHLA-capped AuNP are a substantial improvement in term of stability and also
biocompatibility>®> compared to monothiol-stabilized ones, no systematic study devoted to the
influence of the [DHLA]/[Au] molar ratio during the cap-exchange on the properties of produced
AuNP has been undertaken. In fact, high molar excess of DHLA or its derivatives are generally
used to saturate NP surfaces. In this work, cap-exchange reactions of physisorbed bound citrate ions
present at the surface of small-sized.(5 nm in diameter) AuUNP preparet the Turkevich’s
method by using DHLA were investigated. The influence of the molar ratio of DHLA to Au on the
aggregation behaviour of AUNP in phosphate buffer solution and in presence of salt excess was
studied. Next, we investigated the role of DHLA capping density on the reactivity with various
molecules, a dithiol, a free radical and a protein of biological relevance: albumin. This work
highlights how important is the packing density to build a stable and inert platform for the design of

drug delivery systems.

2. Experimental section

2.1. Chemicals.All reagents and solvents were of analytic grade and used without further
purification. Tetrachloroauric acid trihydrate (HAu€3H,O) anda-lipoic acid were purchased

from Sigma-Aldrich (France). Phosphate-buffered saline (PBS) solution was prepared as follows:
[NazHPQy] = 4 x 10° M, [KH.PQy] = 4 x 10° M, and [NaCl] = 1 x 18 M, final pH was adjusted

to 7.4. Ultrapure deionized water (>18.20Mtm) was used to prepare all solutions. Before
synthesis, all glassware was thoroughly usemgua regia (3:1 HCI/HN@ and rinsed with

ultrapure water prior to use.

2.2. Preparation of citrate-stabilized gold sols.Gold colloids were prepared at room
temperature by sodium borohydride reduction of HAeRH,O in the presence of sodium citrate

as described by Brown and co-work&tBriefly, at room temperature, 1 mL of a 1 % (w/v)
HAuCl4+3H,0 solution in water was added to 90 mL of water. After 1 min of stirring, 2.0 mL of a
38.8 mM sodium citrate solution in water were added. One minute later, 1.0 mL of a freshly
prepared 0.075 % (w/v) NaBHsolutionin a 38.8 mM sodium citrate solution was quickly

injected in the reaction flask. The reaction medium was stirred for an additional 5-min period and
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the resulting deep red colloidal solution immediately stored in the dark at 4 °C for a maximum

period of 2 months in polypropylene tube.

2.3. Synthesis and purification of DHLA-capped gold nanoparticles (Au@DHLA).
Au@DHLA2s, AU@DHLAss, AU@DHLA140 and Au@DHLA2, NP were prepared by adding
respectively 90, 150, 375 and 600 umol dipwic acid, solubilized in respectively 1.5, 2%and

10 mL of 0.5 M aqueous NaOH solution, to 25 mL of freshly prepared citrate-capped AuNP. The
reaction mixture was stirred for 24 h at 20-23 °C before dialysis. The non-realjpedc acid
remaining in the solution after the cap-exchange was removed by dialysis against PBS for 48 h
using a dialysis bag (regenerated cellulose with a molecular weight cut-off of 10 kD&, (Roth
France)). The dialysis medium was changed once to fresh PBS after 24 h. The resulting
Au@DHLA NP suspension was stored in the dark at 4 °C for a maximum period of 2 months in

polypropylene tube.

2.4. Characterization of gold nanoparticles.A double-beam UV-visible spectrophotometer
(model Uvikon 932, Kontron) was used for spectra recordings and absorbance measurements. All
measurements were performed at 20-23 °C using quartz cuvettes of 1-cm path length. The scanning
wavelength range was from 200 to 900 nm with 0.4 nm interval. Molar absorbance values of AUNP
were calculated as previously publisféd@he results are the followings: 1,20 + 0,10 X, 1043 +

0,10 x 16, 0,43 + 0,10 x 10 0,42 + 0,10 x 18 0,50 + 0,20 x 1OM™cm™, for citrate-stabilized

AuUNP, Au@DHLAvs, AU@DHLAss Au@DHLA140, and Au@DHLA2, NP, respectively.

Transmission electronic microscopy (TEM) images were recorded using a Philips CM20
instrument with a LaBcathode operating at 200 kV. AuNP solutions were deposited onto a 400
mesh carbon film copper grids. The average diameter of the gold core was calculated for each
AuNP sample by countinga. 200 individual particles from TEM images. From these
observations, the number of Au surface atomg (¥ a single AuNP was calculated using:
_ANRG

MR o

The hydrodynamic diameter {Pand surface charge of AUNP were measured using a Zetasizer

S

, where Rp is the radius obtained by TEM anddz = 0.137 nn¥.

Nano ZS (Malvern Instruments, UK). These measurements were performed at 20 °C using low
volume polystyrene and disposable capillary cells, respectivdlyDy, reported are volume
average values, based on three independent measurements of two AuNP batches. Prior to zeta
potential measurements, AU@DHLA NP were dialysed against ultra pure water for 24 h. All

surface charges reported are averages based on three measurements of one batch of AuNP.
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X-ray photoelectron spectroscop¥PS) measurements were performed at a residual pressure
of 10° mbar, using a Kratos Axis Ultra electron energy analyzer (Kratos Analytical, UK)
operating with a monochromatic Alksource.

2.5. Gold and sulfur content. Gold content of the various kinds of gold nanoparticles was
determined using the previously reported methodofé@ulfur content of the various batches
was determined by Inductively Coupled Plasma-Optical Emission Spectrof@RROES A
VARIAN 720-ES).

2.6. Stability studies.Effects of [DHLA] / [Au] ratio on stability of AUNP were evaluated based on
changes in thex of the surface plasmon resonance (SPR) band anof BuNP which were

stored at 4 °C in physiological medium PBS (150 mM) and in polypropylene tubes for 50 days. The
AuNP were wrapped with aluminium foil and stored in the dark throughout the measurement
period. The effects of dithiothreitol (DTT) and high concentration of salt on the stability of the
various [DHLA] / [Au] ratio were also evaluated. Briefly, DTT and NaCl were added to each
preparation of AuNP to a final concentration of 0.1 M and 1 M, respectively. The solution was
incubated at 40 °C for 1 min and stored in the dark at room temperature (20 — 23 °C) in low volume
polystyrene cuvettes for 100 min. For all stability studies, citrate-capped AuUNP were used as control
sample.

2.7. Interaction of gold nanoparticles with 2,2’-azino-di(3-ethylbenzothiazoline-6-
sulphonate) and bovine serum albumin.2,2’-azino-di(3-ethylbenzthiazoline-6-sulphonate),
ABTS"®", stock solution was prepared mixing 5.4 mM ABTS with 1.7 mM potassium persulfate in
PBS and placed in the dark at room temperature for 16 h to give a dark blue solution. Molar
concentrations of ABTS were calculated using molar absorbance value previously reported
(i.e. €73anm = 1.5 x 16 M'em™.* The interaction between ABTSand AuNP was studied as
follows: 1125 pL of Au@DHLA NP and citrate-stabilized AuNP were reacted with 375 pL of
200 uM ABTS" solution in PBS. After 2-h incubation at 20 — 23°C, the absorbance of reaction
medium was measured at 734 nm.

Aliquots (500 pL) of a 1.6 uM BSA solution prepared in PBS were mixed with AUNP in PBS
(500 pL); the resulting mixtures were incubated at 37°C for 1 h. The interaction between BSA
and AuNP was monitored measuring the intrinsic tryptophan fluorescence oABSA 280 nm,

Aem = 355 nmj’ with a spectrofluorimeter (Hitachi 2000, France). Fluorescence intensities with

and without AuNP I(andI°®) were measured and Stern-Volmer equation was used to calculate the
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related constant: 1°/l = 1 + 4¢ [Q] where Ky is Stern-Volmer constant and [Q] the AuNP
concentration which is the quencher.

2.8.. Statistical analysesOne-way analysis of variance (SigmaStat® 3.1) was used for statistical
analyses. For each sample group the equal variance (Levene median) and normality (Kolmogorov—

Smirnov) tests were performed.

3. Results and discussion

3.1. Proof of the variation of the surface packing densityCitrate-stabilized AuNP were first
synthesized by reduction of HAuQlising sodium borohydride at room temperature. Using TEM,

the average diameter of these NP was found to be 5.3 £ 1.1 nm (Figure 1), which is consistent with
the synthetic method employ&d.
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Figure 1. Characteristics of citrate-stabilized AuNP (a) TEM image (scale bar is 20 nm), (b) the

corresponding size distribution (n > 200) and (c) their UV-vis absorption spectrum.

84



Chapitre I

The UVwis absorption spectrum of the citrate-stabilized AuNP shows a narrow plasmon
bandwidth, centered at 517 nm, confirming the small diameter and the weak polydispersity
observed by TEM (Figure 1). Using a molar absorbanoel.2 x 16 M™cm™ for theseca. 5 nm-
sized AUNP** the concentration of the citrate-stabilized AuNP solution was found to be
5.89 x 18° NP per liter. An average diameter of 5.3 nm represents about 1147 cubic face-centered
structural units in each nanocrystal (using a theoretical lattice paraanet€r.408 nm), and 4588
Au atoms per nanocrystal. The number of Au surface atoms on a single AUNP was estimated to be
1104.

The citrate ions were next displaced by incubation for one day with LA in aqueous medium. The
process used was different from Roux et’atho prepared Au@DHLA NP in a one-step reaction
directly with DHLA in organic solvent, which may not allow a good compatibility for further
pharmaceutical application. After reaction, the dispersion color changed from pink-red to purple red
during the reaction of AUNP with LA. The 5-membered heterocycle of LA containing the dithiolane
ring exhibits a strong absorption at 334 nm. This absorption decreases after treatment with AuNP.
Because dialkylsulfide absorption on gold yields unstable compfésesleavage of the S-S bond
of LA by using NaBH remaining in the reaction medium is more likely, as already suggested by
Roux et al’ Using this synthetic protocol, four samples were prepared with different theoretical
[DHLA] / [surface Au atoms] molar ratios (28/1, 56/1, 140/1 and 222/1) to evaluate the influence of
the ligand coverage on the properties of AuNP. These samples are noted Au@DHLA
Au@DHLAzs AU@DHLA 40, and Au@DHLA,, respectively.

After reaction between NP and LA, unbound LA was removed by dialysis against PBS buffer.
Upon dialysis, the complete disappearance of the dithiolane ring absorption at 334 nm was
observed. Figure 2 depicts results obtained for Au@DHLNP.
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Figure 2. Evolution of the UV-vis spectra of Au@DHLA NP as a function of dialysis time: NP
in reaction medium and after 24-h and 48-h dialysis. Inset: magnification of the AuNP surface

plasmon resonance band.

Removal of LA excess was in all cases accompanied by a small bathochromic shift of the surface
plasmon resonance (SPR) band depending on the NP ligand coverage. UV-vis absorption spectra
showed that after dialysis, except Au@DHIAIP, all NP exhibit an absorption peak near 520 nm,

which is characteristic of the SPR band of AUNP with an average diameter of 4-5 nm (Figure 3).
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Figure 3. Normalized UV-vis absorption spectra for the several [DHLA]/[Au] molar ratios used

during the cap-exchange reaction.

Compared to the SPR band of citrate-stabilized AulNRx(= 517 nm), ligand-exchanged
AUu@DHLA 140 and Au@DHLA:, NP exhibit only a slight red shifAf = 2-3 nm) originating from
the NP surface modification (changes in the surface dielectric constant of the NP associated with
the adsorption of the thiol functions of DHLA). This weak red shift also demonstrates that there is
no significant particle aggregation during the cap exchange process. Some degree of aggregation
was observed for Au@DHL#L NP with a red shift of 8 nm. With the lowest [DHLA]/[Au] ratio
used (Au@DHLAg NP), a more pronounced red shift was observed< 13 nm) indicating a
more marked increase of the NP diameters during the cap exchange.

X-ray photoelectron spectroscopyPS) was first used to confirm the chemical bonding between
AuNP and DHLA. High-resolution spectra collected for Au 4f, S 2p and C 1s are given in Figure 4.
The Au, S and C signals were compared, and they were found to be similar in shape and position
for the four materials prepared by capping exchange. The C 1s peak can be deconvoluted into 3
peaks associated with C-C bonds (at 284.6 eV), carbon bound to sulphur (285.5 eV), and carbon
bound to two oxygen atoms (COOH function at 287.6 eV). The presence of these signals
corresponds with those expected to be observed after covalent anchorage of DHLA at the surface of
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AuNP. The Au 4f region shows a pair of peaks at 83.25 eV and 87.6 eV assigned to theahd 4f

Au 4fs, peaks, respectively, that are originating from the metal gold cores. The peaks;pB8d®2p

S 2pj; originating from S atoms bound to AuNP are observed at 162.3 eV (the signal of S 2p was
not deconvoluted), confirming that the S element is linked to the Au surface as thiolate ‘¥p&cies.

peak centred ata. 167.8 eV assigned to oxidized forms of sulfur could also be observed on XPS
spectra. This oxidation probably originates from air-drying of the NP for XPS analyses. Another
element detected on the XPS survey scan was O. Gold, C, S, and O are consistent with the exclusive

structure of the Au@DHLA NP proposed.
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Figure 4. XPS binding energy spectra of Au@DHLA (a) C 1s, (b) Au 4f and (c) S 2p.

The [S]/[Au] ratio was determined for each AU@DHLA NP using ICP-OES for S and a
spectrophotometric assay based on the reaction of ,Aw@h the cationic form of a probe
(Rhodamine B) to give a coloured ion pair comptesespectively. The results presented in Table 2
showed that more DHLA was added, more the Au@DHLA NP were capped, as expected.
Transmission electron microscopy (TEM), DLS and zeta potential measurements were further used
to determine the physicochemical properties of DHLA-functionalized AuNP. TEM micrographs
(Figure 5) show that spherical shapes dominate in dispersions of Au@4gHLA@ DHLA; 40, and
Au@DHLA2,;NP and that these NP are monodisperse and unaggregated (Figure 5).
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Figure 5. TEM images of (a) Au@DHLAs, (b) Au@DHLAss, (C) Au@DHLA4 and (d)
Au@DHLA2,,NP. All scale bars are 20 nm.

The average diameters extracted from the TEM images (n > 200) are listed in Table 2.
Higher inhomogeneities in nanoparticles shape and size dispersion can be observed for
Au@DHLA2s NP dispersions (Figure 5) than for Au@DH{sAAU@DHLA 40, and Au@DHLA:»,

NP, respectively, which confirmed the results observed by UV-vis absorption. For that small ligand
coverage, TEM studies indicate that the inter-particle distance is reduced and that NP start to
coalesce and aggregate, with the extent of aggregation increasing as a function of storagietime (
infra). Moreover, we also noticed that solutions of Au@DH4$ NP turned to a dark-gray color

after a few days of storage, indicating particle irreversible aggredation.
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Table 2. Characterization of synthesized gold nanoparticlegvalues are expressed as mean *
standard deviation of n independent measurements).
[S)/[Au] d.2(nm) (n >200) D,°(nm) (n=3) £°(mV) (n=23)

Citrate- - 53+1.1 6.5+0.5 -51+3
stabilized AuNP

Au@DHLA s 0.26 6.5+£35 15.0+0.7 44 +1
Au@DHLAse 0.29 40+1.0 7.7+04 -56+0
Au@DHLA;4 0.33 39+1.0 7.7+0.1 -66 £ 5
Au@DHLA, 0.41 35+£1.3 7.2+0.8 -64 +4

2d.: average core diameter determined by TEND;, = hydrodynamic diameter determined by DESlI ¢ potential

measurements were conducted at pH = 7.4;

Hydrodynamic diameters of citrate-stabilized and DHLA-functionalized AuNP obtained one day
after the ligand exchange were also determined (Table 2). All AuNP exhibit appropyiataith
were larger than the metallic core (due to drying process before TEM observations and solvatation
layers in aqueous medium). The derived DLS size distributions (data not shown) were found to be
monomodal with a relatively narrow distribution, confirming the absence of aggregation after the
capping exchange and subsequent purification step of all AUNP. Hydrodynamic diameters measured
for AU@DHLA NP were however found not to be uniform and to strongly depend on the
[DHLA]J/[Au] ratio used for the ligand exchange. Au@DHRANP exhibit a [} of about 15 nm,
which is approximately 2.3 times larger than the native citrate-stabilized AuNP (6.5 nm). A strong
decrease of Pwas observed when the [DHLA]/[Au] ratio increased. Au@DH§Au@DHLA;40
and Au@DHLA», NP have [ close to that of the starting citrate-stabilized AuNP, indicating that
the ligand exchange was homogeneous onto these AuNP and the lack of AUNP coalescence during
the capping exchange reaction.

The electric potential, referred to as zeta potenfjalwhich controls the colloidal stability and
interparticle interactions, was also determined for the 5 sets of AUNP (TaBjlead)es obtained
confirmed the presence of negative charges on the surfaces of the AuNP, due to the carboxylate
groups of the citrate or DHLA ligands. After dialysis and at pH = 7.4, citrate-stabilized AUNP have
a high negative charge of -51 mV. At the same pH value( thetential values measured for
Au@DHLAzs, AU@DHLAss, AU@DHLA; 40, and AU@DHLA,, NP are -44, -56, -66 and -64 mV,
respectively. These values confirmed, as well, the increase of capping density by the DHLA ligand
when increasing the [DHLA]/[Au] ratio during the ligand exchange reaction.
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3.2. Colloidal stability of Au@DHLA NP. Two kinds of experimentations were led in order to
assess the colloidal stability of Au@DHLA NP either in their final medium of synthesi$?BS)

or in presence of a factor able to trigger aggregation (Table 1) such as salt (NaCl) and another
dithiol (dithiothreitol).

Firstly, for AUNP coated by a layer of thioacid like DHLA, strong electrostatic forces should
prevent the particles from contacting and aggregation above pH = 4.8. These electrostatic forces are
however sensitive to salts present in the medium, which can cause bridging between NP, thus
leading to aggregation. Evaluation of stability of Au@DHLA NP in an electrolytic environme
like PBS (pH = 7.4, ionic strength = 150 mM) should not only provide information on how AuNP
potentially behave in biological media, but also allow to assess the ligand binding affinity to the
nanocrystals.

DLS and UV-vis spectroscopy were first used to monitor the stability of AUNP over a period of
50 days in PBS at 4°C (Figure 6).

Starting citrate-stabilized AUNP were found to be highly sensitive to saline media and precipitated
completely in 24 h when added to PBS. The density of the capping layer was found to have marked
effects on the stability of Au@DHLA NP in PBS. The measurgdfAu@DHLA,sNP was found

to increase with storage time in PBS and reached about 150 nm after 50 days, indicating a clear
aggregation of the native material (Figure 6). This result is supported by the red-shift of the SPR
band to 547 nm (Figure 6) and confirms TEM data recorded for these NP just after the purification
step. Moreover, dispersions of these NP became progressively unstable with time and changed color

to dark-purple. Macroscopic precipitation was also observed after few days of storage at 4 °C.
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Figure 6. Stability studies of the different AUNP (Au@DHLA23m), Au@DHLAS6 (),
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Degree of aggregation was also found to be marked for Au@DRENIA Although a marked red
shift from 522 at day 0 to more than 540 nm at day 45 was observed by UV-vis spectroscopy
(Figure 6), the increase of,0s significantly less pronounced than that observed for Au@ DiglLA
NP (D, = 30 nm idem after 50 days storage) (Figure 6). Neith bathochromic shift of the SPR
band maximum nor an increase of thevizere observed for Au@DHLA, and Au@DHLA2, NP,
which were essentially unaffected in PBS medium over 50 days storage and exhibit the best
colloidal stability.

Secondly, we explored the effects of adding an excess of NaCl on the colloidal stability of
Au@DHLA NP prepared using the various [DHLA] / [Au] described above. Figushows
evolution of the SPR band upon addition of AU@DHLA NP in a 1 M NaCl solution (citrate-

stabilized AUNP were used as control sample).
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The citrate-stabilized AuNP changed color from red to violet immediately upon mixing with the
salt solution and precipitated within 30 min. As shown in Figurhie addition of 1 M NaCl caused
a gradual shift of Au@DHLA and Au@DHLA NP SPR band frorna. 530 nm to 600 nm over
100 min. In comparison, suspensions of Au@DHligfand Au@DHLA», NP were found to be
more stable. The bathochromic shifts of the SPR band maxima were found to be less pronounced
(from 532 nm to 583 and 547 nm for Au@DHLA and Au@DHLA,, NP, respectively) and
Au@DHLA,,> NP remained dispersed and aggregate-free in 1 M NaCl solution at least for 24 h.

At last, we evaluated the formation of AUNP aggregates in presence of a 0.1 M 1,4-dimercapto-
2,3-butanediol (also called dithiothreitol, DTT) solution. Since DTT has a great affinity for AUNP,
DHLA displacement by DTT should alter the photophysical properties of the AuNP, including a
red-shift and a decrease of the SPR band and a change in the NP dispersiti{“deorcitrate-
stabilized AuNP, the SPR band maximum is red-shifted in 10 min from 522 to 570 nm (Figure 7).
A Amax Value of 595 nm was attained after 100 min, which suggests formation of aggregates. Under
the same experimental conditions, no color change and no sign of aggregation were observed for all
Au@DHLA NP, indicating a higher colloidal stability. More interestingly, a gradual shift of the
SPR band maximum was observed for all NP frean 530 to 525 nm after treatment with DTT
(Figure 7). These data clearly show that DHLA is not displaced from the periphery of AUNP upon
mixing with the 0.1 M DTT solution and that the surface of AU@DHLA NP can probably
accommodate the DTT ligand, which further behaves as a protective agent of the Au core.

Results obtained after these three stability tests demonstrate firstly that due its two anchoring
groups to the Au metallic surface, DHLA provides enhanced stability to AUNP in aqueous solution
as compared to single thiol ligands-capped AuNP, which are far less stable in electrolytic
environments> ***° Secondly, the surface packing density of DHLA is a crucial parameter to
enhance the stability of Au@DHLA NP in aqueous solution, a high surface coverage affording NP

with the best colloidal stability.

3.3. Surface packing density of DHLA controls NP reactivity with a free radical and bovine

serum albumin. Understanding the reactivity between molecules of biological relevance and AuNP

is crucial to predict the AuNP fate in human body. Because of the rising interest of AuNP for
biomedical applications, research is investigating the detailed interactions between AuUNP and some
molecules and their precise mechanisms. Two kinds of molecules were presently tested: a free
radical, 2,2’-azino-di(3-ethylbenzthiazoline-6-sulphonate, ABTS) to check the residual catalytic
activity of AUNP and a protein of biological relevance, bovine serum albumin (BSA). Again, the

influence of the surface packing density of Au@DHLA NP on the behavior of nano-object towards
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the molecules was evaluated. In all of these assays, Au@RHA#As not tested due to its low
stability highlighted in the stability tests.

Previous works have already reported that gold and other noble metal NP can react directly with
free radicals for example 1,1-diphenyl-2-picrylhydrazyl (DPBE*® Nevertheless, the reaction
with this radical is usually followed at a wavelength of 515 nm which interact with the the SPR
band maxima. Novel methods were therefore devoted to limit this phenomientdRLC analysis

for instance’®

In this study, a hydrogen atom transfer between the probe and AuNP was proven.
Although DPPH reaction requires an organic medium, the other radical, AB&aBo widely used

to evaluate the radical scavenging properties of antioxidants, can react in aqueous solution, which
mimics more accurately the physiological environment. Thereforeintitu generated radical was
chosen to evaluate the residual AUNP metallic core reactivity. In this study, the surface capping
density of AUNP is hypothesized to minimize the interaction of free radicals with AuNP stirface.

To support this hypothesis, AuNP at different concentrations (10 — 90 nM) were reacted iiif ABTS
solution. As shown in Figure 8, the initial concentration of AB8dually decreased when AuNP

concentration increased for all types of particles.
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Figure 8. Reactivity between gold nanoparticles (citrate-capped AulRa{d Au@DHLA NP:
Au@DHLAss (®), Au@DHLA140 (%), Au@DHLAy, (¥)) and (a) 2,2-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) radical ABTSind (b) bovine serum albumin (BSA).

Fluorescence intensities of the protein were recorded in absence (I°) and in presence (I) of AUNP.

The half-maximum values (EC50) of the concentration—response curves were calculated and the
results were as follow: 11 + 1,19+ 1, 24 + 1, 26 + 1 nM for citrate-stabilized AUNP, Au@BEBHLA
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Au@DHLA14 and Au@DHLA,, NP, respectively. The obtained values of citrate-stabilized
AuNP, Au@DHLAss were significantly different of what was calculated for Au@DHkgand
Au@DHLA22, (p < 0.05). Moreover, no statistically difference was highlighted between the two
last cited AuNP. Therefore, DHLA capping seems to bring a better inertia towards highly reactive
molecules. Moreover, the surface capping density is a key to control the reaction between AuNP
and free radicals.

The interaction of particles with albumin is usually the first step to predict the object becoming in
blood stream since it is quantitatively the most important circulating protein (38 to 48 g/L) with a
fundamental role into oncotic pressure, transport of molecules and antioxidant ptdpertyis
work, we evaluated how AuNP surface packing density influences the reactivity towards bovine
serum albumin (BSA) which possesses 76 % homology as compared to the humarpBSain.
fluorescence quenching as a function of AuNP concentration for each type of nano-object was
studied (Figure 8). The results showed that whatever the AuNP, they all interact with BSA.
Nevertheless, the Stern-Volmer constant after linear regression were calculated as: 0.091 + 0.003,
0.068 + 0.002, 0.056 + 0.003 and 0.047 + 0.003'rfvt citrate-stabilized AUNP, Au@DHLg,
Au@DHLA;40 and Au@DHLA:, NP, respectively. Stern-Volmer constant obtained in the case of
the densest surface packing (Au@DHkA was significantly differentg( < 0.001) as compared to
all other cappings. It is well-known that the quenching between BSA and AuNP ataLeg
interaction with tryptophan located at 212 position, in a hydrophobic domain, which changes its
fluorescence after modification of its molecular environmémfwo mechanisms are nowadays
highlighted to understand how AuNP can bind BSA and as a consequence, quenches the amino acid
fluorescencé’

» First, the electrostatic binding, which is based on the fact that even though BSA is globally
negatively charged at physiological pH, 60 positively charged lysine residues are located on
the protein surface able to interact with oppositely charged groups through electrostatic
interactions;

* Second, the displacement mechanism, in which AuNP capping ligand is displaced after
adsorption of BSA onto the gold core.

As regards citrate-stabilized AuNP, the interaction occurs mainly through the first mechanism but
the second one is not exclud&df DHLA capping is now considered, capping ligand displacement
may not occur because of the presence of two sulfur atoms that covalently binds AuNP core.
Therefore, this gives superiority to DHLA over citrate as capping ligand, especially if the packing
density of Au@DHLA;; is taken into consideration. Moreover, even if AU@DHLA NP binds

BSA, the most important capping was able to limit this interaction in some extent. These
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experimentations are of main importance to test these nanoparticle platforms as future drug delivery
systems, since it is now well-described that protein binding on nano-objects induces fast
internalization by cells through multiple receptor uptékimdeed, this phenomenon helps antigen-
presenting cells recognition, (macrophages, B cells and dendritic cells which are efficient in non-
self internalization), and finally, induces fast clearance from blood sttedimerefore, protein
binding on nanoparticle surface will directly influence the pharmacokinetic behavior of a nano-
object (half-life and distribution to the targeted site for instance). But, thanks to the presence of the
carboxylic acid groups of DHLA on AuNP surface, these particles offer the possibility to be further
functionalized by the grafting of a drug of therapeutic relevance and also polyethylene glycol
(PEG). Indeed, this polymer is usually used to create a steric barrier to avoid protein adsorption on
NP in order to improve the object half-life in blood streims a consequence, Au@DHLbLA will

be chosen and chemically modified to finally investigate the impact on macrophage physiology of
this platform, offering both, a pharmaceutical application and stealthiness towards the antigen-

presenting cells.

4. Conclusions

Citrate-capped AuNP with an average diametarao5 nm were coated with DHLA using a cap-
exchange method. The influence of the molar ratio of DHLA to Au on the properties and on the
stability of Au@DHLA NP produced was investigated. Among the four sets of AUNP prepared
(Au@DHLAs, AU@DHLAss, AU@DHLA14,, and Au@DHLA3), Au@DHLA NP with the
highest ligand surface density exhibit the best colloidal stability umdesitro physiological
conditions. The superior stability of Au@DHLA and Au@DHLA,, NP in saline medium results
from the combined effects of) (the tight binding offered by the bidentate dithiol group of DHLA
on AuNP surfaces, andi) the more homogeneous surface coverage of AuNP provided by high
[DHLA]/[Au] ratios. Finally, Au@DHLA,,, showed the best inertia towards a free radical and

albumin, thus it becomes an ideal candidate for further biomedical application.
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A simple spectrophotocolorimetric method devoted to the measurement of gold content in nanoparticles
(NPs] was developed. It includes two steps: (i) metal gold NPs (Au NPs) are oxidized into the AuCly
anion usinga 5 = 10-2 M HO-1.5 » 10-* M NaCi-7 « 10-* M Br; solution, next (ii) AuCls~ concentration
is measured using a spectrophotometric assay based on the reaction of AuCl,~ with the cationic form
of Rhodamine B to give a violet ion pair complex. This latter is extracted with diisopropyl ether and the
absorbance of the organic complex is measured at 565 nm, The method is linear in the range 6-29 uM of
AuCly~ with a limit of detection of 4.5 uM.

The analytical method was optimized with respect of bromine excess to obtain complete Au NPs oxi-
dation. The method was applied to two types of Au NPFs currently under investigation: citrate-stabilized
Au NPs and Au NPs capped with dihydrolipoic acid (Au@DHLA). Both the gold content of Au NPs and
the concentration of NPs (using NP diameter measured by transmission electron microscopy) have been

calculated.

2010 Elsevier B.V. All nights reserved.

1. Introduction

Bulk gold is one of the most noble of all the metals, being
unreactive to oxygen, sulphur, concentrated acids or bases even at
elevated temperatures. However, gold reacts readily with halogens
and dissolves in solutions containing or generating chlorine such
as agua regia to form tetrachloroauric acid (HAuCL ). The prepara-
tion of biologically active gold (oxidation states: +1 and +1II) species
for the treatment of diseases including rheumatoid arthritis and
various cancers has been reported earlier [1]. Mild reduction of
AuCls~ solutions by various reducing agents such as sodium citrate
or sodium borohydride gives hizhly coloured solutions containing
gold NPs (Au NPs) [2]. The ease of synthesizing Au NPs and their
affinity for binding many compounds make them attractive can-
didates as carriers for the delivery of various biologically active
maolecules such as proteins, DNA, RNA, drugs and antioxidants, Gold
NPs became the most intensively studied nanosized materials and
their potential for application in a wide spectrum of areas that
include biology and medicine has been reviewed [2-8].

Among the numerous parameters needed for the full char-
acterization of Au NPs (physical and hydrodynamic diameter,

* Corresponding author. Tel : +33 3 83 68 23 67; fax: 33 38368 2301,
E-mail address; pierre leroy@pharma.uhp-nancy fr (P. Leroy).

0029-9140¢3 - see front matter © 2010 Elsevier B V. All rights reserved,
doiz 10.1016/j talanta 20101 2.005

morphology, surface functionalization, zeta potential, .. .), deter-
mination of their gold content is of main importance [9]. However,
there is a lack of simple assays easily available in most laboratories
working within this nanotechnological area. The most frequently
reported method for the measurement of gold content in NPs
needs a hyphenated and expensive technique: inductively cou-
pled plasma associated or not with mass spectrometry or optical
emission spectroscopy (ICP, ICP-MS, ICP-0DES ) [9-11]. The present
report concerns the development of a simple and low-cost assay
coupling chemical oxidation of gold in NPs and spectrophotocolori-
metric measurement of gold; this alternative method was applied
to two common kinds of Au MPs-stabilized either with citrate or
dihydrolipoic acid.

2. Experimental
2.1. Chemicals

All solvents were of analytic grade and used without further
purification. Sedium citrate tribasic dihydrate, tetrachloroauric
acid trihydrate (HAuCls-3H;0), sodium borohydride, c-lipoic acid,
Rhodamine B, and bromine were purchased from Sigma-Aldrich
(France), diisopropyl ether was obtained from Carlo Erba Reactifs-
SDS (France). Phosphate-buffered saline (PBS) solution was pre-
pared as follows: [NagHPO4]=4 % 1072 M, [KHzP04] -4« 1073 M,
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Fig. 1. Schematic representation of synthesis of gold nanoparticles stabilized with citrate (1st step) and capped with dihydrolipoic acid (DHLA) (2nd step).

and [NaCl]=1x10-' M, final pH was adjusted to 7.4. Ultrapure
deionized water (>18.2MS cm ') was used for all solution prepa-
rations. All glassware was cleaned with 37% HCI (w/v) and rinsed
thoroughly with ultrapure deionized water prior to use. All han-
dling condilions required W prevent any risk ol toxicily dud injury
during NPs synthesis and oxidation (use of gloves, glasses, fume
hood) were taken into consideration.

2.2. Synthesis of citrate-stabilized gold nanoparticles

Gold NPs were prepared as previously reported [12]. Briefly, at
room temperature, to 90 mL of H> 0, 1 mL of 1% (w/v} HAuCl4-3H;0
in H;O was added. After 1 min of stirring, 2.0 mL of a 38.8mM
sodium citrate solution was added. One minute later, 1.0 mL of
freshly prepared 0.075% (w/v) NaBH; in 38.8 mM sodium citrate
solution was added. The reaction medium was stirred for an addi-
tional 5min period and the resulting deep red colloidal solution
was stored in the dark at 4°C for a maximum period of 2 months.

2.3. Synthesis of gold nanoparticles capped with dihydrolipoic
acid (Au@DHLA NPs)

A 600-pmol portion of ae-lipoic acid in 10mL of NaOH 0.5M
solution was added to 25 mL of freshly prepared citrate-capped Au
NPs under stirring at room temperature (20-23“C). After 24 h, Au
NPs capped with dihydrolipoic acid (DHLA), obtained from o-lipoic
acid reduction, were dialyzed against PBS for 48 h using a 10kDa
cut-off dialysis bag (Interchim®, France). The dialysis medium was

changed once to fresh PBS after 24 h. The resulting Au@DHLA NPs
solution was stored in the dark at 4°C for a maximum period of 2
months.

24. Instrumentation

An UV-visible spectrophotometer (model Uvikon 932, Kontron)
was used for spectra recordings and absorbance measure-
ments. The transmission electron microscopic (TEM) images were
recorded using a Philips CM20 instrument with a LaBg cathode
operating at 200 kV. Gold NP solutions were deposited onto a 400-
mesh carbon film copper grids. The average of gold core diameter
was calculated for each Au NPs sample by counting 200 particles
from the TEM images.

2.5. Determination of gold content in nanoparticles

One millilitre of Au NPs was mixed with 1TmLof 5 x 10-2 M HC
and 1.5 x 10-2 M NaCl solutions containing Br» at a concentration
ranging from 1 to 7 x 10~#M to ensure that the Au NPs oxidation
was complete. The mixture was incubated for 20 min at room tem-
perature, next it was placed at 60-C for 30min to remove any
remaining bromine. Then the colorimetric assay was performed
as previously described [13]: 0.5 mL of the solution resulting from
the oxidation process, 0.5 mL of water (blank), or 0.5 mL of a stan-
dard solution were mixed with 9.5mL of water, 2.5mL of 20%
{w/v) HCl solution, 5 mL of 30% (w/v) NH4Cl solution, and 2.5 mL of
0.84 x 10~* M Rhodamine B solution prepared in water. The result-
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Fig. 2. Variation of A, (A) and molar absorbance (B} of citrate-stabilized gold nanoparticles as a function of diameter according to data literature [14,18-21].
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ing mixture was shaken for 30 s with 5 mL of diisopropyl ether. The
organic phase was separated and its absorbance was measured at
565 nm using 1-cm path glass cuvettes.

Calibration curve was operated using a series of dilutions of the
HAuCls-3H,0 stock solution (1 mgmL-'; 3 mM) prepared in water,
in the range 60-290 p.M.

2.6. Calculation

The number of gold atoms per AuNP (naom) Was determined
using the average size of the particle determined by TEM. Assum-
ing a spherical shape and a face-centered cubic AUNP structure (fcc)
[11,14,15], Narom for each type of Au NPs was calculated using Eq.
(1), where N is the Avogadro number (6.022 x 1023 ), p is the den-
sity for fco gold (19.3 gcm—3), D is the diameter of the Au NPs in cm,
and M stands for atomic mass of gold (197 gmol-!):

3
Matom = 20 (1)

The number of NPs per liter (nAuNPs) was calculated according
to Eq. (2}, where CAuCl, ~ corresponds to the result of colorimetric
determination:

CAUCI x N

Natom

NAUNPSs = (2)

This concentration was then divided by Avogadro number to get
the final molar concentration of Au NPs, i.e. CAuNPs.

The molar absorbance ¢ of each type of Au NPs was determined
according to Lambert-Beerlaw (Eq. (3)) where A is the Au NPs max-
imum absorbance at Amax, [ is the path length, and CAuNPs is the
Au NPs concentration (M):

A= e x1 x CAUNPs (3)
3. Results and discussion

Citrate-stabilized Au NPs were prapared by reduction of AuCly
using sodium borohydride in the presence of citrate ions [12,16].
The citrate-capped Au NPs were further functionalized with dihy-
drolipoic acid (DHLA), obtained from w-lipoic acid reduction, using
a [DHLA]/[Au] ratio of 222/1 to yield water soluble Au NPs capped
with DHLA (Au@DHLA) (Fig. 1). The NPs stabilized by DHLA offer
better stability than citrate-stabilized Au NPs and can be coupled
to biomolecules to obtain new delivery platforms [17].

Accurate determination of the concentration of NPs is essential
to fully characterize the prepared solutions. Besides, quantifying
the amount of gold reduced during the synthesis of Au NPs is also
important to evaluate the stability of these materials [11]. Since Au
NPs have strong plasmon absorption bands in the visible domain,
the use of their molar absorbances should be the easiest way to esti-
mate Au NPs concentrations. Several authors estimated the size and
concentration of AuNPs by their UV-vis absorbance spectra, mainly
focusing on the position of the An,3; and molar absorbance, respec-
tively (Fig.2A and B) [14,18-21]. Although increase of core diameter
of Au NPs introduces continuous increase of molar absorbance
(Fig. 2B), the estimation of the diameter using Amax is imprecise.
When the Au NPs diameter increases from ca. 5 to 50 nm, a narrow
and imprecise bathochromic shift of Amax fromca. 517 to 534 nm is
observed [14,19,20]. The position of kmax cannot therefore be used
as a conclusive and accurate diagnostic for determining the diame-
ter and the concentration of NPs (Fig. 2A). Thus, in most cases, this
approach gives unreliable results because the position of the plas-
mon resonance is affected by multiple factors, like environment
dielectric properties, physical or chemical interactions on particles
surface, surface charge, interparticle distance, and aggregation [2].

The accurate and simple quantification of gold contained into
Au NPs is still a challenge. In the present work, a spectrophotocol-
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Fig. 3. Effect of bromine concentration on conversion of gold nanoparticles into
the anionic species AuCly- {each point is the mean 4 standard deviation of three
independent measurements).

orimetric assay is reported as an interesting low-cost alternative to
more hyphenated techniques [9-11]. It permits calculation of gold
content in Au NPs, yield of NPs obtained after each synthesis step,
and accurate concentration of NPs (using NP diameter measured by
TEM).

3.1. Optimization of bromine oxidation

A HCl-NaCl-Br; solution, which proved to be more efficient than
other solutions such as HNO3-HCI, NaCl-Bra, HCl-NaCl or HCI-Brz
solutions [21-25], was selected to oxidize gold NPs into AuCl, .
Further studies were carried in order tooptimize the concentration
of Bra required for complete conversion (Fig. 3). Using citrate-
capped Au NPs, a plateau was obtained at concentrations higher
than 6 x 10~* M and the retained Br; concentrationwas7 = 10~ M.
The complete dissolution of Au NPs was also verified by the full dis-
appearance of surface plasmon resonance peak observed at around
520nm (Fig. 4). Similar data were obtained using Au@DHLA NPs
(data not shown). Full recovery of an AuCl;— solution treated with
bromine solution was observed (1054 5%, n=6), confirming the
accuracy of the present assay.
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Fig. 4. UV-visible spectra of citrate-stabilized gold nanoparticies before (A) and
after (B) oxidative treatment using the optimized bromine/chloride solution
(5% 10-* M HCI-1.5 % 10-* M NaCl-7 = 10-% M Brz).
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Table 1
Different characteristics of synthetized gold nanoparticles (values are expressed as
mean + standard deviation of n independent measurements)

Citrate- Au@DHLA
stabilized Au
NPs
Diameter (nm} 83+11 35+1.0
(n=200)
CAuCly- (pM)(n=3) 30413 1167
Yield (%) (n=3) 104+5 56+3

Number of NPs per liter
(NAUNPs) (n=3)

CAUNPs (nM) (n=3)

e(M-'cm-1)(n=3)

(40+£0.2) < 10" (5.0+£0.3) = 10'®

6643
(12£0.1) « 107

8545
(0.5+02) x 107

3.2. Method validation

Operating conditions previously reported [13,21], especially
HCl concentration on which the intensity of the ion-pair
colour is very dependent, were strictly observed. The lin-
earity of the method was checked in the 6-29puM (con-
centrations expressed in organic layer where absorbance is
read) range and the corresponding equation of the regres-
sion line was: Asgs nm = 0.0569 [AuCls~]+0.0017-0.2085 £ 0.0439;
coefficient of determination, r2=0.9992 (6 points, n=4). The
inter-assay precision was determined using six different citrate-
stabilized Au NPs batches: the value obtained was equal to
301 £7 pM.

The limit of detection (LOD) was calculated as follows
[11]z

LOD=3 sal (sa0: standard deviation of blank solution})
(Aplank=0.041+0.016, n=6, inter-day measurements). The value
found for LOD was 4.5 M, providing enough sensitivity for mea-
suring gold conftent in different syntrhesized hatches of An NPs.
LOD of the present assay at the micromolar level is 10,000-fold
higher than LOD value obtained when using ICP-MS [10]. The main
advantage of ICP-MS remains very low sample volume. Nonethe-
less, the present method represents an easy to use alternative that
can become a routine protocol in a laboratory.

Otherwise, cetyltrimethylammonium bromide (CTAB) is fre-
quently used as capping reagent of Au NPs [26] and its potential
interference was presently tested with the colorimetric method.
This hydrophobic cationic species could interfere during ion-
pairing formation between AuCly~ and the cationic form of
Rhodamine B. We added CTAB in the protocol at two concentra-
tion levels, 200 and 1000 pM, corresponding to a [CTAB]/[AuCly ]
ratio of 1= and 5x, and we observed no interference.

3.3. Quantification of Au NPs

It is generally assumed that the reduction of AuCls— by NaBHa
in the presence of citrate ions is complete [11,14,19]. As can be
seen in Table 1, the gold concentration in citrate-stabilized Au
NPs is 304+ 13 M, and it is consistent with the initial gold con-
centration used in the synthesis (292 pM), thus confirming the
accuracy of this method. Indeed, the measured concentration of
citrate-stabilized Au NPs is in line with what has been reported by
others authors [12,14,20]. For example, the molar absorbance value

for 5.3 nm diameter citrate-stabilized NPs obtained in this study is
1.2 x 107 M~' cm~!, and similar NPs (diameter=5.0 nm) described
by Pellegrino et al. is 1 x 107 M~!cm~! [20].

From Table 1, another important result to notice is that
the increase in core diameter of Au NPs introduces decrease
of Au NPs concentration and increase in the molar absorbance
of Au NPs, the same tendencies were previously observed
[7.14].

4. Conclusion

In the routine laboratory practice, it would be desirable to have
a simple, fast, and low-cost method for rapid monitoring of the
NPs concentration during all preparative stages. The present spec-
trophotocolorimetric assay meets these goals and could be easily
applied to all types of Au NPs varying by capping ligands or active
molecules attached to their surface.
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11.1.2.1 Résultats complémentaires de la publication n°3

La méthode analytique utilisée pour le dosage de I'or contenu dans les NP et présentée dans
l'article “Simple spectrophotocolorimetric method for quantitative determination of gold in
nanoparticles” est simple, reproductible, peu colteuse et rapide; elle permet de calculer le
rendement de la synthése des NP d’or, leur concentration et absorbance molaires. Néanmoins, la
meéthode que nous avons développée ici nest pas une méthode de référence ou usuelle pour ce type
d’application. C’est pourquoi nous avons cherché a comparer les résultats obtenus par cette
méthode avec ceux résultant de la technique la plus utilisée pour le dosage des éléments métalliques
(incluant I'or), i.e. la spectrométrie de masse a source plasma a couplage ir{thdtittively coupled
plasma mass spectrometryCP-MS). Cependant, il est important de souligner que cette technique
est trés complexe a mettre en ceuvre notamment en termes de préparation de I'échantillon et
d’équipement (I'appareillage ICP-MS n’est pas disponible dans tous les laboratoires et la sous-
traitance par un laboratoire qui en est doté est freguemment nécessaire), le colt de la mesure est
donc important. De ce fait, une fois démontrée I'équivalence des résultats obtenus par les deux
techniques, ICP-MS (méthode de référence) et spectrophotocolorimétrie (méthode optimisée décrite
dans l'article 3), le calcul de la concentration et de I'absorbance molaires des NP d’or sera réalisé en

routine par cette derniére méthode, plus facile a mettre en ceuvre.

[1.1.2.1.1 Conditions opératoires

Les particules testées correspondent aux NP stabilisées par les ions citrate et les NP
recouvertes de DHLA (Au@DHLA,), synthétisées de la méme maniere que celle décrites
préedédemment. Pour l'analyse par ICP-MS, les échantillons ont été dilués dans l'eau régale
(mélange HCI + HN@3 :1, V/V) et analysés au moyen d’un appareil ICP-MS Agilent série 7500cx
(De Duve Institute; Catholic University of Leuven, Belgium). La droite d’étalonnage réalisée avec
des étalons d’un sel d’or (HAug IMerck) est comprise entre 0,05 et 25 uM. La limite de détection
de la méthode est de 0,015 puM.

[1.1.2.1.2 Résultats et discussion

Comme le montre le tableau 5, la concentration de I'or dans les NP d’or stabilisées par les
ions citrate et les NP Au@DHLAe déterminée par la technique ICP-MS est cohérente avec la
concentration de l'or obtenue par la méthode colorimétrique, confirmant ainsi I'exactitude de cette

derniere technique et son utilisation possible en routine.
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Tableau 5. Détermination de la concentration molaire de I'or dans les NP d’or stabilisées par des

ions citrate et les NP Au@DHLAp par colorimétrie et par ICP-MS.

Méthode
Types de nanoparticules spectrophotocolorimétrique  ICP-MS (n =1)
(n=3)
[AuCly] pour les NP dor46+3 42
stabilisées par des ions citrate (LM)
[AuCl,] pour les NP Au@DHLAg, 132 14

(LM)

Nous avons ainsi appliqué la technique colorimétrique pour mesurer la concentration ainsi
gue I'absorbance molaire de I'ensemble des NP dlerNP d’or stabilisées par des ions citrate,
Au@DHLA2s AU@DHLAss, AU@DHLA 140 et AU@DHLA,)) juste aprés leur synthese<(j5).

Comme le montre le tableau 6, la fonctionnalisation des NP d’or par le DHLA réduit de trois fois
'absorbance molaire des NP d’or. De plus, nous avons montré que la densité de couverture par le
DHLA améliore le rendement de la synthése et augmente la reproductibilité de la synthése. En effet,
les NP Au@DHLAg ont un rendement de synthese faible et trés varié (53 % * 29), en comparaison
avec les NP plus couvertes par le DHLA& NP Au@DHLAss = 78 % + 19 ; AU@DHLAyw =77

% +15; AU@DHLA,,=82% +19)

Tableau 6.Détermination par la méthode spectrophotocolorimétrique, aprés syntkeSg (e la
concentration molaire de lI'or (uM) dans les NP d’or stabilisées par les ions citrate et par I'acide

dihydrolipoique (DHLA) et de leur absorbance molaire*@ii?) (n expériences indépendantes).

Méthode spectrophotocolorimétrique

Type de nanoparticules [AuCl ] Absorbance molaire
(n=5) (M) (n=5) (M".cm?)
NP d'or stabilisée par345 +47 (1,20 +0,10) x 10
des ions citrate
AU@DHLA s NP 206 + 68 (0,43 +0,10) x 10"
Au@DHLAss NP 236 + 46 (0,43 £ 0,10) x 10
AU@DHLA140 NP 220 £ 40 (0,42 £ 0,10) x 10
Au@DHLA, NP 202 +33 (0,40 + 0,20) x 10
"(n=3)
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1,1-Diphenyl-2-picrylhydrazyl (DPPH* ) is a stable nitrogen centred radical widely used to evaluate direct
radical scavenging properties of various synthetic or natural antioxidants (AOs). The bleaching rate of
DPPH* absorbance at 515 nm is usually monitored for this purpose. In order to avoid the interference of
complex coloured natural products used as antioxidant supplements or cosmetics, HPLC systems have
been reported as alternative techniques to spectrophotometry. They also rely upon measurement of
DPPH* quenching rate and none of them permits to identify and measure 1,1-diphenyl-2-picryl-hydrazine
X 3 (DPPH-H), the reduced product of DPPH* resulting from hydrogen atom transfer (HAT), which is the main
1.1-Diphenyl-2-picrylhydrazyl 5 ;
1.1-Diphenyl-2-picrylhydrazine mechanlsm of the reaction between DPPH* and AOs. We presently report an HPLC method devoted to the
HPLC simultaneous measurement of DPPH* and DPPH-H. Both were fully separated on a C18 column eluted
with acetonitrile-10 mM ammonium citrate buffer pH 6.8 (70:30, v/v) and detected at 330 nm. Adsorption
process of DPPH* onto materials of the HPLC system was pointed out. Consequently, the linearity range
observed for DPPH* was restricted, thus a much lower limit of detection was obtained for DPPH-H than for
DPPH* using standards (0.02 and 14 M, respectively). The method was applied to three commonly used
AOs, i.e. Trolox®, ascorbic acid and GSH, and compared with spectrophotometry. Further application to
complex matrices (cell culture media, vegetal extracts) and nanomaterials demonstrated (i) its usefulness
because of higher selectivity than colorimetry, and (ii) its help to investigate the mechanisms occurring
with the free radical.
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© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Antioxidant supplementation through the use of nutraceuticals
has been stimulated over the last two decades, by observations that
free radicals are involved in many pathophysiological conditions
[1]. Numerous chemical assays have been reported to estimate
antioxidant capacities of pure chemicals and natural products,
including 2,2-azinobis(3-ethyl-benzothiazoline-6-sulfonic acid)
(ABTS), 1,1-diphenyl-2-picrylhydrazyl radical (DPPH*) decoloriza-
tion assay, ferric reducing antioxidant power (FRAP), and oxygen
radical absorption capacity (ORAC) [2-5]. DPPH* has been exten-
sively used for this purpose. It is a stable nitrogen centred radical
(Fig. 1) discovered by Goldsmith and Renn in 1922 [G], and

* Corresponding author. Tel.: +33 3 B3 68 23 77 fax: +33 3 83 68 23 01.
E-mail address: pierre.leroy@pharma.uhp-nancy.fr (P. Leroy).
! Guest Professor at Nancy-University.

0003-2670/% - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2011.10.063

later introduced to evaluate direct radical scavenging properties
of antioxidants (AOs) [7]. DPPH* exhibits an absorption band at
515nm(e=12.5mM ' cm~1)and its bleaching rate is monitored in
the presence of various synthetic or natural AOs. The results may
be expressed either as the percentage of remaining DPPH* or as
Trolox® Equivalent Antioxidant Capacity [8].

From the mechanistic point of view, AOs can quench DPPH*
by: hydrogen atom transfer (HAT) (Eq. (1)), single electron trans-
fer (SET) (Eq. (2)) [8], or sequential proton loss electron transfer
(SPLET) [9,10] (Eq. (3)), as follows:

DPPH* + AH — DPPH — H+ A* (Eq. (1)) (HAT)
DPPH* + AH — DPPH™ + AH™* (Eq. (2.1))
AH'* — AH® +H* (Eq. (2.2)) (SET)
DPPH +H' — DPPH - H (Eq. (2.3))
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O,N NO,

NO,

Fig. 1. Structure of 1, 1-diphenyl-2-picrylhydrazyl radical (DPPH®).

AH — AH™ +H* (Eq. (3.1))
AH™ + DPPH* — AH* + DPPH™ (Eq. (3.2)) (SPLET)
DPPH +H™ — DPPH—H (Eq. (3.3))

As already noted [11], different mechanisms occur according
to structura of reagent and reaction medium. In non-aqueous
medium, the SET and SPLET mechanisms are predominant due to
the capacity of organic solvents to form strong hydrogen bonds with
AOs [9.10,12]. However, in aqueous medium, the HAT mechanism
prevails. As a conclusion, the net result of all mechanisms is the
same, i.e. formation of 1,1-diphenyl-2-picrylthydrazine (DPPH-H).

Similar mechanisms are observed in oxidation pathways in
which AOs can play a preventive rele by scavenging reactive
species, thus counteracting oxidative stress. The first is HAT, illus-
trated in the case of lipid peroxidation invelving radical generation
and hydroperoxide formation. Another possible mechanism by
which AOs can deactivate a free radical is electron transfer, in which
the radical cation 1s first formed followed by rapid and reversible
deprotonation in solution.

A wide variety of AOs has been tested by using DPPH": hydrox-
ylated aromatic compounds like polyphenols [8], flavonoids [13],
aniline derivatives [14], indolic compounds [15], thiols [11], and
reactive oxygen species [16]. More recently, nanostructures were
also evaluated for their potential antioxidant properties by using
DPPH* assay: platinum nanoparticles (NPs) [17], Au/Ti0; NPs [18],
silver NPs [19], and gold NPs functionalized with Trolox® [20].

A common problem in the spectrophotometric DPPH® assay is
the interference by coloured compounds used as AQ supplements
or cosmetics, therefore HPLC and electron spin resonance (ESR) sys-
tems have been proposed as alternative techniques to the classical
colorimetric assay [21-26].

Previously reported DPPH* assays using HPLC rely upon: (i) the
measurement of remaining DPPH" in a reversed phase HPLC sys-
tem after off-line reaction of AQs with the probe [27]; it is claimed
that this assay suppresses interferences linked to colours of natural
extracts tested [21], (ii) on-line post-column addition of DPPH* in
order to separate and identify which fractions or pure compounds
in complex extracts exhibit antioxidant activity [25.26,28,29]. This
later approach frequently uses another detection mode, such as
diode array detection [27] or mass spectrometry [26], in order to
identify in complex matrices, the compounds offering a high reac-
tivity for DPPH® [27).

Controversies appeared in literature about the stability of DPPH®
|30], the precision of methods based on its quenching rate and
problems with the linearity of the HPLC detection of the radical.
The corresponding reduced product DPPH-H is more stable than
DPPH*, thus the availability of a method relying upon DPPH-H mea-
surement rather than disappearance monitoring of DPPH* would
present a major advantage for the accuracy of the DPPH® assay.

In this paper, a simple and rapid HPLC method for the simul-
taneous measurement of DPPH* and DPPH-H was developed and
validated. This method was first applied to the monitoring of HAT
mechanism between DPPH* and three commonly used AOs, Le.
Trolox® {the water-soluble form of vitamin E), ascorbic acid and
reduced glutathione { GSH), and resulting data were compared with
those obtained using the classical spectrophotometric method.
Then, reactivity of complex matrices (cell culture media, vegetal
extracts, i.e. marine alga extracts and fruit juice) was studied by
using the present method. Finally, the capacities for nanomaterials
to scavenge free radicals were investigated.

2. Experimental
2.1. Chemicals

Allsolvents, standards and reagents were of analytical grade and
used without further purification. 1,1-Diphenyl-2-picrylhydrazyl
(DPPH*), 1,1-diphenyl-2-picrylhydrazine (DPPH-H), Trolox® (6-
hydroxy-2,5,7 8-tetramethylchroman-2-carboxylic acid), ascorbic
acid, reduced glutathione (GSH), citric acid monohydrate, gallic
acid, acetonitrile, Dulbecco’s modified Eagle medium (DMEM),
phenol red, sodium citrate tribasic dihydrate, tetrachloroau-
ric acid trihydrate (HAuCl;-3H,0), sodium borohydride, dia-
mond nanopowder and other chemicals were purchased from
Sigma-Aldrich (France). Methanol was purchased from Carlo Erba
(France). Folin-Ciocalteu's phenol reagent was provided by Merck
Chemicals [France). Ultrapure deionized water {>18.2 M£2cm) was
used for all solutions.

2.2, Instrumentation

A double beam UV-visible spectrophotometer { model UV-1700,
Shimadzu France) was used for spectra recordings and absorbance
measurements. 1he HPLL equipment consisted of 2 Hitachi model
L6000 pump, a Rheodyne® model 7125 injector equipped with
a 50-pL loop, a Croco-Cil® column oven, and a LKB model 2151
spectrophotometric UvV-visible detector. Separations were isocrat-
ically performed by using either a LiChrospher™ RP 18e (particle
size: 5 um; 250 mm =« 4mm; Merck Darmstadt, Germany) or an
Interchrom C18 Nucleosil (particle size: 3 pm; 150mm « 4 mmn;
Interchim, France) column, eluted with a mixture of acetonitrile
and 10 mM ammonium citrate buffer pH 6.8 (70:30, vfv) at a flow
rate of 0.8 mLmin~'. The temperature of the column was 40°C
and the resulting back-pressure were ca. 110 bar for LiChrospher®
RP 18e and 180bar for Interchrom C18 Nucleosil. The spec-
trophotometric detection was operated at either 330 or 515 nm.
Alternatively, a photodiode array detector (Beckman model 168
associated wirh Beckman System Gold® software) was used to
obtain on-linespectra. The wash out step was realized using a mix-
ture acetonitrile—water (70:30, v/v) at a flow rate of 0.8 mLmin !
for 15 min.

2.3. Reactivity studies between reference antioxidants and DPPH*
monitored by HPLC and spectrophotometry

Trolox® (57 M), ascorbicacid (57 pM),and GSH(114 M) stock

solutions were daily prepared in methanol-10 mM ammonium cit-
rate buffer pH 7.4 (60:40, v/v). One milliliter of each antioxidant
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solution was mixed with 1mL of a DPPH* stock solution freshly
prepared at a concentration of 142 M in methanol-10 mM ammo-
nium citrate buffer pH 7.4 (60:40, v/v), using vortex for 20s, then
the resulting mixture was kept in the dark at room temperature
(20-23°C) for 10 min. The reaction was also performed in Dul-
becco’s modified Eagle medium (DPMEM) added or not with phenol
red as pH indicator (0.016gL~") as follows: 500 pL of Trolox® at
a concentration of 40 pM in methanol was mixed with 400 pL of
medium. Then, the resulting solutions were mixed with 100 pL of
DPPH* solution prepared in methanol at a concentration of 710 iM,
and kept in the same reaction conditions as above. The reaction
is completed at this time, and the absorbance was measured at
515nm and HPLC analysis was performed in parallel (n=3].

DPPH* calibration curve was realized in the range 27-71 uM
using a series of dilutions of the 142 p.M DPPH* daily prepared stock
solution. The highest concentration of the calibration curve was
injected 5-fold before injecting other standard solutions and sam-
ples. DPPH-H calibration curve was realized in the range 7-71 pM
using either the commercially available standard or a series of dilu-
tions of the DPPH* stock solution reacted with a 5-fold excess of
either GSH or Trolox™, for 10 min. The relative standard deviation
of peak area corresponding to the highest concentration of the cali-
bration curve for each analyte, was less than 1.5% (n - 3; considered
as the suitability test of the assay).

2.4, Marine algae collection and treatment

The studied algae, i.e. Ulva loctuca and Gracilaria multipartita,
were collected on the coastal region of Rabat within North latitude
of 34°03' and a west longitude of 6°46' with an altitude of 79 m. The
beach of Rabat is located 35 km away from Kenitra city, on the left
bank of the mouth of Bouregreg river. It is bordered by the Atlantic
Ocean to the west. The algae were stripped of their epiphytes and
debris adhering to their fronds, rinsed on site with seawater and
then placed in plastic bags. Upon arrival at the laboratory, algae
were again rinsed with distilled water and dried in the open air, in
adirect contact with the sun to ensure a complete dehydration. The
dried seaweed was then crushed to reduce their size, and obtain a
very fine powder which served for the remainder of our study.

2.5. Reactivity studies between marine algae extract or fruit juice,
and DPPH"

One gram of the powder resulting from preparation of the algae
was extracted with 50mL of methanol-ammeonium citrate buffer
pH 7.4 (60:40, v/v), using magnetic stirring at 500rpm, in the
dark, at room temperature (20-23°C) and for 4h. The resulting
suspension was filtered using a 0.45 m membrane (Durapore®,
Millipore). A commercially available fruit juice (specific gravity
1.06 kg L-')made of apples, grapes, blackcurrants, blackberries and
cranberries was also analysed. The filtrate or the fruit juice was
diluted using methanol-ammonium citrate buffer pH 7.4 (60:40,
v/v) to obtain the appropriate concentration and the DPPH® assay
was applied as follows: equal volumes of the diluted solution result-
ing from algae extracts or fruit juice and DPPH* solution prepared
in methanol-ammonium citrate buffer pH 7.4(60:40, viv)at a con-
centration of 142 uM, were mixed and kept in the dark, at room
temperature (20-23 °C), for 2 h. The reaction medium was next ana-
lysed either by spectrophotometry orinjected into the HPLC system
(m=3).

2.6. Determination of total phenol content
Total phenol content in natural products presently studied

was evaluated by using Folin's method described by the Interna-
tional Organization for Standardization (150) 14502-1 [31] using

gallic acid as the standard. Briefly, 1 mL of the diluted alga extracts
in methanol-ammeonium citrate buffer pH 7.4 (60:40, vfv) or
fruit juice {in water) was mixed with 5mL of a 1/10 dilution
Folin-Ciocalteu's phenol reagent in water. Then 4 mL of a sodium
carbonate solution (7.5%, w/v) was added. After shaking and incu-
bating for 60min in the dark at room temperature (20-23°C),
the absorbance was read at 765 nm. A calibration curve was built
with gallic acid solutions with concentrations ranging from 10 to
100 pgmL-! either diluted in water {in the case of fruit juice) or
in methanol-ammonium citrate buffer pH 7.4 (60:40, vjv) (in the
case of alga extracts), in order to avoid any matrix interference.
The total phenol content was expressed as gallic acid equivalents
ingioog.

2.7. Reactivity studies between nanoparticles and DPFFH*

Citrate-capped gold NPs were prepared as previously reported
[32] by the reduction of a gold salt using citrate ions and
MaBHs. Then, the as-synthesized gold NPs were dialyzed against
methanol-10 mM ammonium citrate buffer pH 7.4 (60:40, v/v) for
3h using a 10kDa cut-off dialysis bag (Interchim®, France). The
gold content of NPs was measured using the previously reported
method [32]. The interaction with DPPH* was studied as follows:
900 pLof gold NPs were reacted with 100 L of 710 o.M DPPH® solu-
tion in methanol. After 10 min incubation, the reaction medium was
analysed by spectrophotometry and HPLC (n=3).

Ten mg of a diamond NPs powder was suspended with 1 mL of
methanol-ammonium citrate buffer pH 7.4 (60:40, v/v) applying
ultrasonic bath for 5min. The reaction between DPPH" and dia-
mond NPs, with final concentrations of respectively 71 pM and
1mgmL~', was performed for 1 h at room temperature (20-23°C).
The medium was then centrifuged at 42,000 « g for 20 min (Biofuge
Stratos Heraeus, Thermo Scientific). The supernatants were ana-
lysed using spectrophotometry and HPLC (n=-3).

2.8. Software and statistical analyses

ChemDraw Ultra 8.0 soft was used to estimate the parti-
tion coefficient of the compounds. One-way analysis of variance
(Sigmastat 3.1) was used to compare the half-maximum values
(ECsp) of the concentration-response curves and for each sam-
ple group; the egual variance (Levene median) and normality
(Kolmogorov-Smirnov) tests were performed.

3. Results and discussion

3.1. Selection of reaction conditions between antioxidants and
DPPH*

The choice of reaction medium was performed with the follow-
ing criteria: DPPH* assay has been mainly realized in pure methanol
because standard AOs and extracts from natural products usu-
ally tested are poorly water soluble. The compounds responsible
of DPPH* reduction frequently correspond to hydroxylated aro-
matic structures, e.g. pelyphenolic compounds [33]. Recent studies
have revisited this assay by using mixtures of methanol and ague-
ous buffers [34]. This approach permits to take into account the
pH influence during the reaction between the radical and the
AOs, especially according to their ionization constant. A pH value
close to 7 is frequently selected to mimic physiological conditions.
Among different salts present in buffer composition, ammonium
citrate was claimed to give rise to the highest difference between
spectral properties of the two components of the redox couple
DPPH*/DPPH-H [25]. However, the reagent DPFH* presents a high
hydrophobicity ( log P= 4.52), making the presence of an organic
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and (b2} recorded, respectively at 5.3 min and 44 min), (c) reaction between DPPH= (71 pM) and Trolox® (29M), and (d) Trolox® (18 pM ). Detection was set at 330 nm
wsing Interchrom C18 (3 pm] column,
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solvent necessary: at least 60% of methanol is required to pre-
vent any precipitation. In our case, we selected a mixture of
methanol-10mM ammonium citrate buffer pH 7.4 for all experi-
ments involving standard AOs, natural products and nanomaterials.
For experiments with cell culture media, ammonium citrate buffer
was changed to DMEM.

DPPH® assay was run in order to reach a plateau of DPPH* con-
sumption and DPPH-H production { 10 min for standard AOs or gold
NPs, 1h for diamond NPs, and 2 h for extracts of natural products).

Selected AOs in our study present various structures resulting
in awide range of polarity and pK; values (Table 1). They were also
selected by considering their pivotal role in cellular redox control
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Table 1
Characteristics of reference antioxidants reacting with DPPH®,
Structure of AD {reduced form) pE cLog P* Redox couple E=Boyy [ECsn)* (pM) Stoichiometry of the
reaction DPPH"AD
- - 45 DPPHTIPPH-H +1.54 - -
Ascorbic acid 32 4+ 2448
Ho 478 34 DHA*/HASC 1028 12
18 + 1=#
22 1 JE
21 & 144
+0,19
367 30 Qr10H; 135] 112
e o]
(o] OH
18 + 2=
22 &+ 24
Reduced 47 + 744
glutathione = B.7® -32 G5 /GSH -024 111
o & +]
M H\/!\
N
WG Y N o4
3 H
i, 34 4+ 4o
I8 = 40
? Calculated vsing Chem Draw soft.
b s, staradard hydrogen electrode.
© Efficient concentration 50 ( after reaction with 71 pM DPPFH® ),
4 Determined by colorimetry.
= Determined by HFLC measuring DPPH.
T Determined by HFLC measuring DPPH-H.
# pK of the -COOH group for ascorbic acid and Trolox® and the —5H group for redoced glutathione,
#+.1 Half-maximum values { ECsp ) were not significantly different (p> 0051
Table 2
Characteristics of the twa analyte peaks in the HPLC system | calculated according to the European Pharmacopoeia),
Retention factor (£, evaluated by disturbance baseling) Mumber of theoretical plates Asymmetry factor Resolution
DPPH" 337 16,000 1.39 595
DPPH-H 258 11,000 133 d
Table 3
(a) Calibration curves of colerimetric and HPLC methods and (b} validation parameters for DPPH® and DPPH-H measurement by using HPLC method.
a)
Analyte Method Concentration range (M) Slope +507 Intercept +50.° Determination coefficient {2}
DPPH" Colorimetry at 515 nm 27-1 00115 + 0.0010 00015 & 00005 0,999
HPLCat 330 nm 27-71 0+4 -380 =70 0998
DFPFH-H HPLC at 330 nm 7-71 29+32 40 = 20 0.909
(@)
Analyte Repeatability (RSDF of 6 Intermediate precision Accuracy (3 LOGF {pM) LOD (M)
determinations at 44 ) [RS.D." of 3 injections at CONCEntrations,
44 pM on two days) n=5]
DPFH" 1.0% 2.5% 102.1 + 3.8% 27 4
DPPH-H 1.8% 05% 003 + 3.3% 020 D.02

 Standard deviation,

b Relative standard deviation.

¢ Limit of guantification was determined experimentally based on a signal-to-noise ratio,
4 Limit of detection was determined experimentally based on a signal-to-noise ratio,
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and their efficiency to fight oxidative stress: (i) ascorbic acid or
vitamin C; (ii) Trolox™ a water soluble form of «-tocopherol, vita-
min E [35]; (iii] reduced glutathione (GSH). A redox cycle between
tocopherol located in the plasma membrane and ascorbic acid in
the cytoplasm or outside the cell permits oxidized a-tocopherol to
be regenerated to its reduced form by reacting with ascorbic acid.
Glutathione is the main low molecular weight thiol in the cell and
is believed to act as the main intracellular redox buffer aside other
numerous actions [36]. These three AOs are the reduced forms of
the following redox couples: Dha®/HAsc—, Q*/QHz, and GS*/GSH,
reacting with DPPH* to produce DPPH-H. Their redox potential
values vary with pH and their corresponding apparent redox poten-
tial values (%) at pH 7.4 (this value was chosen for the present
experiments inorder to obtain the ionization state of the AOs corre-
sponding to that under physiological conditions) are lower than =
of the redox couple DPFPH* DPPH-H, which is ca. 0.54V vs. standard
hydrogen electrode, according to recent electrochemical studies
[37].

3.2, Developrent und validutivn of the DPPH-HFLC metiud

Initial conditions reported in the literature for the elution of
DPPH®* in a reversed phase system were methanol-water (70:30,
viv) [21] or (BC:20, viv) [24]. Presently, the components of mobile
phase were selzcted to be close to the reaction medium in order to
minimize the disturbance in the reaction equilibrium during chro-
matographic process. Two modifications between reaction medium
and mobile phase were introduced: (i) pH value of the citrate buffer
was lowered from pH 7.4 to 6.8 to increase lifetime of the reversed
phase column [in our hands, more than 300 injections were per-
formed without any performance loss}); (ii) methanol (an 80% in the
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maobile phase was necessary to obtain elution of both analytes, i.e
DPPH® and DPFH-H, in a 10 min range) was substituted for another
organic solvent, i.e. acetonitrile (70%). No variation of retention
time was observed following these two modifications. Acetonitrile
is routinely preferred because it generates lower back-pressure on
column than methanol. Two different kinds of C18 stationary phase,
LiChrospher® RP 18e (5 jum) and Interchrom C18 Mucleosil (3 jum),
were tested with the same mobile phase. Both gave rise to base-
line separation between the two considered analytes with similar
retention factors and other chromatographic parameters (Fig.2 and
Table 2).

Diode array detector (DAD) gives on-line spectra of the two
studied analytes (Fig. 2, insert graph b1 and b2), providing iden-
tification of both the reagent (DPPH*) and the product (DPPH-H) of
the reaction. The wavelength of 330 nm was selected, permitting to

simultaneously detect DPPH* and DPPH-H with similar response
factor {molar absorbance: 19 and 12mM-!cm-! for DPPH* and

DPPH-H. respectively), and toobtain full selectivity when analyz-
ing standard ADs (Fig. 2) and diluted extracts of natural products
(Fig. 3). All previous HPLC studies realized on complex natural
antioxidant products only detect DPPH* in the visible range (ca.
A=515nm)[24,25]. We can conclude that shifting detection wave-
length from visible to UV range should permit to measure DPPH*
and DPPH-H on the same chromatogram without affecting selec-
tivity.

When investigating validation parameters of the HPLC methed,
several problems arose. First, one with non-reproducibility
obtained with the DPPH* peak area. All previously reported HPLC
methods devoted to DPPH* assay do not measure its concentra-
tion by using a calibration curve built with DPPH® standard, but
with one of the tested ADs, thus no data exist concerning DPPH*
linearity range and corresponding precision.

DPPH* needs four successive injections of a standard solution
at a high concentration level (71 M) to reach a constant value of
its peak area (Fig. 4a). Such phenomenon was not observed with

Fig.4. (2) Dependence of the peak area of DPPH* (W) and DPPH-H [ 4 ) on the number
of successive imjections of the DPPH» and DPPH-H standard solutions (71 .M}, Each
point corresponds to the mean+ SD of 4 consecutive processes Consisting in re-
starting the HPLC system (a washing step was operated at the end of each process).
b} Linearity studies of DPPH" (W) and DPPH-H (4} in the HPLC system.

DPPH-H. This is probably due to an adsorption process of DPFH®
onto metallic parts of the HPLC system and silica particles of the
stationary phase not fully capped with alkyl groups. Adding EDTA
(0.5 mM) to the mobile phase did not correct this process (data not
shown). Consequently, the observed linearity range for DPPH-H is
broader than for DPPH* (Fig. 4b and Table 3a) and the detection limit
obtaired with standards is 700-fold lower {15-fold lower than in
the colorimetric assay — limit of detection of 0.3 uM - performed
in batch) (Table 3b).

We observed consistently the reduced form DPPH-H (identified
with DAD] in all chromatograms corresponding to DPPH* stan-
dards, at a constant ratio between the oxidized and reduced forms
{Fig. 2a). The exact reason for this phenomenon is still unknown but
can be linked to the lack of high purity of the purchased reagent,
as already mentioned in the literature [30]. Three different batches
of DPPH* were tested and the same ratio between the two peaks
was observed. Thus, the peak area corresponding to this residual
DPFH-H content was subtracted in all calculations.

Main validation parameters are summarized in Table 3b. A lower
LOQ was obtained for DPPH-H (0.20 pM) than for DPPH® (27 M.
As already mentioned, this may be due to the reactivity of the DPFH*
radical with the stationary phase and metallic parts of the HPLC
system, precluding measurements of low concentrations of DPPH*.
A hizgh repeatability was obtained and the inter-day precision was
associated with acceptable RSD: less than 2 and 3% for DPPH-H and
DPPH*, respectively.

All AOs tested gave rise to the same product as the commer-
cially available standard DPPH-H and the stoichiometric ratio of the
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Fig. 5. DPPH* and DPPH-H concentrations (mean + 50 of three independent injections) evalvaled by spectirophotome

{0} and HPLC {concentrations of DPPH® (M) and

DPPH-H (a)) measured after reaction with (a) fruit juice, (b} U dactuca and (c} G multpartii algae extracts. Values indicated by 5 are approximate data (between LOQ and

LOD of the method |

reaction with DPPH" was confirmed; 1:1 (GSH), and 1:2
(ascorbic acid and Trolox®) [8,1134] {Table 1). Mo signifi-
cant difference between half-maximum values {ECsa) of the
concentration-response curves were observed when measur-
ing DPPH* consumption by using either spectrophotometry
or HPLC, and DPPH-H production by HPLC, which fully val-
idates the usefulness of the present assay for all types
of AOs (Table 1) The HPLC method was then tested into
complex matrices (cell culiure media. natural products) and

nanomaterials, in order to explore the new possibilities given by
this method.

Firstly, the exact contribution of an AQ, ie. Trolox®, added to
a cell cultwre media (Dulbecco’s modified Eagle medium (DMEM),
containing or not phenol red as pH indicator), was evaluated by
using both spectrophotometry and HPLC. Because of DMEM com-
ponents [amino acids, vitamins, inorganic salts, phenol red, etc.),
this matrix strongly interferes in colorimetric assay. As a mat-
ter of fact, the blanks corresponding to DMEM and DMEM with
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Table 4

105

DPPH® and DPPH-H concentrations measured by colorimetry and HPLC after reaction between DPFPH® (71 M) and nanoparticles.

MNanoparticles Colorimetry

DPPH" remaining (M}

57 +1
Not determinable

Diamond (1 mgmL—")
Gold, citrate-capped (gold content: 0.07 mgmL-1)

HPLC

DPPH-H production [ph) DPFPH* remaiming { W)
2043 43+ 1

11+1 GO=2

phenol red (DPPH® omitted) represented 25% and 44%, respectively,
of DPPH* absorbance at ECsq value calculated for Trolox®™ (20 pM ).
Mo interference was noted by using HPLC and the measured ECsq
value corresponds to the expected one.

Secondly, as far as natural products are concerned (ie. algae
and fruit juice), their reaction with DPPH* (Fig. 5) gave ECsp
values, not significantly different (p>0.05), of 28405, 22204
and 2.5+ 0.2 mg gallic acid equivalents 1! for U lactuca extract,
11.1+1.0,99+ 2.1 and 12.0 + 1.4 mg gallic acid equivalents L' for
G. multipartita, and eventually 3.7+ 1.8, 24+ 0.8 and 2.7 £ 0.3 mg
gallicacid equivalents L~! for fruit juice, using colorimetric method
and HPLC monitoring DPPH® and DPPH-H, respectively. Using the
Folin-Ciocalteau's method, U. lactuca and G. Multipartita algae, and
the juice were characterised by 188 + 4mg of gallic acid equiv-
alents100g !, 170+ 3 mg of gallic acid equivalents 100g !, and
236+9mg gallic acid equivalents 100 g, respectively. As far as
U. lactuca extract is concerned, the ratio ECsp (given by DPPH assay
whatever the test considered) over the total phenol content, was
in accordance with previously reported results on natural antioxi-
dants [38].

Lastly, the presently developed HPLC method was applied to
nanomaterials. Indeed, there is an increasing interest in NPs and
their involvement in redox reactions [39.40]. For this purpose,
the colorimetric DPPH* assay is frequently used [17-19]. In our
study, the radical scavenging capacities of two different kinds of
NPs were evaluated. Such NPs exhibited the following physico-
chemical properties: a diameter of 5.3 nm for gold NPs and surface
plasmon resonance band centred at 517 nm [32] and a diameter of
10nm for diamond NPs {as given by the supplier). Nevertheless, a
complete physico-chemical characterisation of the NPs in the reac-
tion medium is currently under investigation. Indeed, this medium
(methanol-10mM ammonium citrate buffer pH 7.4 (60:40, vfv))
with a 4-fold lower content of citrate ions as compared to the syn-
thesis medium, may affect these citrate capped gold NPs properties.
The results of the reaction between DPPH* and NPs are presented
in Table 4. As far as gold NPs are concerned, their reaction with
DFPH* could only be analysed using the HPLC method due to the
high interference of gold NPs because of the surface plasmon reso-
nance band which represented 229% of DPPH* absorbance at ECsp,.
Nevertheless, via the HPLC analyses, a good correlation between
DPPH* consumption and DPPH-H production (respectively 60 M
and 11 pM for an initial concentration of 71 wM) was observed
and a HAT mechanism was suggested. As a contrast, the inter-
action between diamond NPs did not lead to a correspondence
between DPPH* consumption and DPPH-H production. These inter-
esting results may suggest that other mechanisms can occur such
as adsorption of the free radical onto the nanomaterial as it was
previously highlighted in the literature with other NPs [39.41].
The adsorption process onto the diamond NPs surface is currently
under further investigation. As a conclusion of this part, the HPLC
method represents a powerful tool to investigate various mech-
anisms occurring during DPPH® reaction via the assessment of a
balance between DPPH* and DPPH-H.

4. Conclusion

To the best of our knowledge, it is the first report of a HPLC
method devoted to DPPH-H measurement. It appears as a simple,

fast, and reliable tool to study HAT mechanism during reaction
between DPPH*® and various classes of AOs. The reaction product
is measured with a broader linearity range and lower quantifica-
tion limit than the reagent consumption could be. Moreover, the
method was highlighted as a powerful tool to investigate interac-
tion between the free radical probe and nanomaterials.
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[1.1.3.1 Résultats complémentaires de la publication n°4

Les résultats présentés dans l'article “High-performance liquid chromatographic method to
evaluate the hydrogen atom transfer during reaction between 1,1-diphenyl-2-picryl-hydrazyl radical
and antioxidants” montrent un test fiable pour évaluer le pouvoir antiradicalaire de matrices
complexes i(e. milieu culture cellulaire et extrait d’algues) ainsi que celui de NP d'or et de
diamant. De plus, cette méthode CLHP est plus sélective que la spectrocopie UV-visible et
intéressante pour évaluer le mécanisme de la réaction entre le*DEtPHifférents types
d’antioxydants.

Apres avoir précisé un point concernant les propriétés physico-chimiques des NP d’or
stabilisées par des ions citrate, d’autres expériences non décrites dans cet article sont présentées ci
apres. En effet, nous avons optimisé une méthode CLHP pour évaluer sans interférence par le test
DPPH le pouvoir réducteur des NP dor cependant lors de ces expériences un probléme
d’instabilité des NP d’or en milieu organique a été constaté ce qui confirme que cette méthode n’est

pas réellement adaptée a celles-ci.

Caracteéristiques physico-chimiques des nanoparticules d’or dans le milieu réactionnel

Les NP d’or stabilisées par les ions citrate, apres dialyse contre le tampon méthanol-citrate
(60:40; VIV) pendant 2 h, sont caractérisées par spectrophotométrigsiblé et par diffusion
dynamique de la lumiére. Comme nous pouvions nous y attendre d’aprés certaines étudext (Zhang
al., 2007, Kimet al., 2008, Balasubramaniat al., 2010a), I'étape de dialyse a provoqué une
augmentation du rayon hydrodynamique (34 fois) et un déplacement bathochramlgué&33 —

517 = 16 nm), indiquant I'existence probable d’une forte agrégation des NP d’or stabilisées par les

ions citrate (tableau 7).

Tableau 7. Modifications des caractéristiques physico-chimiques des nanoparticules d’or induites
par la dialyse lors du test au DPPH

NP d’or stabilisées par les ions citrate

Aprés synthése  Apreés dialyse contre
méthanol-citrate (60:40; V/V)

Rayon hydrodynamique (nm) 6,5 223
Amax (NM) 517 533
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Cette agrégation est provoquée par la faible force ionique du milieu utilisé. Ainsi, ce test
n'est pas adapté et pose des difficultés pour I'analyse des NP stables en milieu aqueux que nous
utilisons, car le DPPHN’est soluble qu’en présence d’au moins 60 % d’'méthanol. Ces conditions
entrainent une agrégation de nos NP. Ainsi, le test ABTd&crit précédemment dans l'article 2,
est plus adapté pour I'étude des substances hydrophiles car le radical cationiqdé ésBE8luble
en milieux organique et aqueux. De plus, 'ABT$résente un spectre d’absorption dans le visible
avec trois maxima a 645, 734 et 815 nm permettant ainsi, contrairement au, bER&luer le

pouvoir réducteur des NP d’or par spectrophotométrie visible sans interférence (figure 8).

— ABTS (50 pM}
—— NP d'or stabilisées par les ions citrate (30 nM)

Absorbance (a.u.)

0,0 T T I T | . | e =
500 600 700 800 900

Longueur d'onde (nm)

Figure 8. Spectres d’absorption UV-visible du DPPfdans PBS), de l'ion radicalaire ABTS

(dans PBS), et des NP d’or stabilisées par les ions citrate (dans I'eau).

Les résultats du pouvoir antiradicalaire des NP vis-a-vis de I'ABTi§urent dans l'article
n° 2. Dans cet article, nous avons démontré que les NP d’or stabilisées par de faibles interactions
avec le ligand sont capables d’interagir plus fortement avec 'ABTBn effet, les NP d’or
stabilisées par les ions citrate ont une surface plus accessible et elles réagissent plus facilement avec
FABTS®*" que les NP Au@DHLA. De plus, nous avons remarqué que le test "ARES plus
adapté pour évaluer la bioréactivité de composés hydrophiles tels que les NP d’or et présente moins

d'interférences spectrales par rapport a 'emploi de DPPH
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Chapitre lll.

Effet de la fonctionnalisation de surface
des nanoparticules d’or sur ’lhoméostasie
redox cellulaire
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Chapitre 111

[11.1 Introduction

Dans nos travaux de synthese et de caractérisation des NP d’or (chapitre Il), nous avons
montré que leur densité de couverture par le DHLA améliore leur stabilité et diminue leur réactivité
vis-a-vis de la BSA et d’une espece radicalaire modéle. Parmi les différents rapports [DHLA]/[Au]
etudiés, les NP Au@DHLA, et Au@DHLA,,, sont les plus stables en fonction du temps et en
solution de force ionique élevée (NaCl 1 M) et moins réactives vis-a-vis de la BSA et de VABTS

Toutefois, la possibilité d'utiliser des NP d’or dans des applications biologiques, nécessite
I'absence de cytotoxicité. Dans ce chapitre, nous nous sommes intéressés a I'impact biologique des
NP Au@DHLAy,, (notées dans ce chapitre de fagon simplifiée : NP Au@DHLA) ainsi que celui
des NP d’or stabilisées par les ions citrate.

Comme évoqué précédemment, la plupart des travaux disponibles dans la littérature
s'intéresse a la toxicité aigué des NP d'or, et, en outre, ces travaux apparaissent contradictoires
(Shuklaet al., 2005, Jiat al., 2009, Pan et al., 2009, Maal., 2010, Liet al., 2010, Gao et al.,

2011, Zhao et al., 2011). D’apres certains auteurs, les NP d’or seraient toxiques pour certaines
cellules mais pas pour d’autres (Conmatral., 2005, Unfriecet al., 2007, Alkilany et Murphy,

2010, Soenen et al., 2011). De plus, de nombreuses caractéristiques influencent les risques de
toxicité induite par les NP d’or, telles que la taille (Pan et al., 2007), la forme (ldtiér 2010),

la charge (Goodmaet al., 2004), la fonctionnalisation de surface (Goodman et al., 2004, Stukla

al., 2005, Takahashet al., 2005, Hauck et al., 2008). Par contre, certaines études (Studla

2005, Maet al., 2010) ont conclu a la biocompatibilité des NP d’or, celles-ci ne provoquant pas
d’altération du systeme immunitaire (Shukltaal., 2005). Récemment, M al. (2010pnt observé

gue l'exposition des macrophages a des NP d’or entraine une diminution et une inhibition de la
production déNO induite par LPS.

Ces résultats émanant de la littérature sont discutables et difficlement comparables en
raison d’'un manque d’informations sur les caractéristigues des NP d’or, ce qui nous a conduit a
ecrire une lettre a I'éditeyarticle 5, Leroy et al., Letter to the Editor, Nitric Oxide-Biol Chem.,

2011 (25); 54-56)pour alerter et mettre en garde contre toute conclusion hative qui attribuerait aux
NP d’or un comportement général au contact des cellules. En effet, contrairement aux résultats de la
littérature, nous avons montré que lors d’une exposition pendant 24 h des macrophages aux NP d’or
utilisées dans nos études (stabilisées par des ions citrate ou stabilisées par le DHLA), il n'y a ni
diminution, ni inhibition de la production d’oxyde nitriqu&lQ) induite par le LPS. Ces résultats
restent cependant propres aux NP de notre étude, et dans chaque type d’étude, une bonne
connaissance des NP utilisées par le biais d’une caractérisation détaillée est donc nécessaire.
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Au vu de ces résultats, deux questions se posent : les NP d’or sont-elles vraiment capables
de perturber directement ou indirectement I'équilibre redox cellulaire? La fonctionnalisation de
surface joue-t-elle un réle?

Pour répondre a ces questions, nous avons évalué lI'impact de ces NP sur 'homéostasie
redox soit en absence de cellules, soit en présence de cellules. Ces résultats originaux font I'objet
d’'un manuscrit soumis damsternational Journal of Pharmaceutidslai 2012(article 6). Dans un
premier temps, en absence de cellules, nous avons développé différents tests pour évaluer
l'interaction de NP d’or avec le GSH, la BSA et le GSNO. Ces molécules ont été choisies en raison
de leur role important dans la régulation de 'hnoméostasie redox. Le GSH est un tripeptide considéré
comme le thiol principal maintenant le potentiel redox cellulaire et capable d’éliminer les ROS et de
se conjuguer avec les xénobiotiques électrophiles (Sies, 1999). Le groupement thiol du GSH peut
étre nitrosé, conduisant a la formation du GSNO, qui est une molécule endogéne impliquée dans le
stockage et dans le transport 8D (Al-Sa’Doni et Ferro, 2000). L'albumine, comme mentionné
précédement, est la protéine majoritaire dans le sang ; elle intervient dans le transport de multiples
substances et dans le maintien du potentiel redox dans les fluides extracellulaie¢g(E1H95).

Nos résultats montrent que l'interaction entre les NP d’or et ces molécules dépend des
caractéristiques physico-chimiques des NP, notamment de leur fonctionnalisation de surface. Les
NP Au@DHLA ne réagissent pas avec le GSH et le GSNO, méme a une concentration de 30 nM, la
valeur la plus élevée testée, tandis que les NP d’or stabilisées par les ions citrate interagissent avec
les deux types de molécules, par échange de ligands et par libératd@ departir du GSNO. De
méme, les NP d’or stabilisées par les ions citrate sont deux fois plus réactives vis-a-vis de la BSA
que les NP Au@DHLA.

Dans un second temps, nous avons étudié I'interaction entre les NP d’or et les cellules, en
considérant plus particulierement I'influence de la fonctionnalisation de surface des NP sur leur
internalisation ainsi que sur leur impact dans I'homéostasie redox des macrophages. Les
macrophages sont considérés comme un modele cellulaire de choix pour I'évaluation préliminaire
des risques des NP (Soenen et al., 2011). Les macrophages sont dérivés de la cellule souche
hématopoiétique et ils jouent un role essentiel dans I'immunité innée. lls constituent donc la
premiere ligne de défense de l'organisme. Toute particule (microorganismes, particules
inorganiques ou polymériques, ...) entrant dans I'organisme (par n’'importe quelle voie) est prise en
charge par ces cellules circulantes ou présentes dans les tissus. Dans cette étude, nous avons voul
comprendre la réponse précoce des macrophages a une exposition a une faible concentration en NF

d’or, i.e. 10 nM, valeur correspondant a une viabilité cellulaire de 80 % . Cette valeur est également
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plus représentative d’une dose susceptible d’étre utilisée ultérieurement en thérapeutique. Nous
avons étudié la localisation cellulaire des NP d’or et nous avons déterminé la quantité de NP d’or
internalisées par les macrophages afin de connaitre leur interaction avec ce type de cellules et donc
de prévoir et comprendre leur mécanisme d’action. Quel que soit le type de ligand, les NP d’or sont
localisées dans des vésicules qui sont probablement des vésicules d’endocytose. Nos résultats
montrent que les NP d’or stabilisées par les ions citrate sont internalisées deux fois plus que les NP
Au@DHLA, confirmant la faible réactivité mentionnée dans le chapitre Il.

Ensuite nous avons évalué le statut redox cellulaire suite a I'exposition de macrophages a
des NP d’or par le suivi de biomarqueurs qui sont les plus a méme de donner une réponse précoce &
une modification de I'état redox. Les effets pro-oxydants des NP d’or ont été mis en évidence par le
dosage intracellulaire du GSH et des ROS. En outre, les effets des NP sur I'expression des genes
liés a la réponse inflammatoirfx) et au stress oxydamdafl) ont été aussi évalués. Plutbt que les
LPS, nous avons tenu a utiliser un contréle positif nanoparticulaire (de caractéristiques physico-
chimiques néanmoins différentes des NP d'or) : des NP d’Eulif@itarticle 7, Eidi et al., Int.

J. Pharmaceut. 2012 (422); 495-503)

Aucune modification du contenu intracellulaire en GSH n’a été observée aprés exposition
aux NP Au@DHLA. En revanche, lorsque les cellules sont exposées aux NP d’or stabilisées par les
ions citrate, une diminution de 20% du contenu cellulaire en GSH est observée. Du fait de cette
diminution de GSH, on peut s’attendre a une production de ROS accrue. Curieusement, aucune
augmentation de génération de ROS en GSH n’a été mise en évidence dans notre étude ; au
contraire, une diminution de 28% du contenu cellulaire en ROS a été observée. De plus, nous avons
constaté la méme diminution avec les cellules exposées aux NP Au@DHLA.

Comme décrit précédemment dans le chapitre Il, de nombreuses études suggérent que les
NP d’or présentent une trés forte réactivité avec les radicaux libres, ce qui pourrait expliquer la
diminution du contenu cellulaire en ROS (Eswhal., 2004, Isono et al., 2005).

Au niveau transcriptionnel, nous n’avons pas mis en évidence de relation entre la diminution
du GSH intracellulaire et I'activation des genes impliqués dans la réponse inflammatoire et dans le
stress oxydant. En revanche, nous avons observé que les NP Au@DHLA entrainent une sous-
régulation de l'activité du facteur de transcription iE--Dans la littérature, I'or a I'état métallique
est réputé pour réduire I'expression du facteur de transcriptioRBN#-en conséquence pour
diminuer l'activité des nombreux géenes impliqués dans la production de RNS et ROS (Jeon et al.
2000). Les mémes meécanismes de sous-régulation pouraient étre déclenchés par les NP
Au@DHLA.
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Ainsi, les NP Au@DHLA pourraient présenter un effet antiradicalaire par une action
indirecte (sous-régulation duafskb2 par les cellules, donc sous-expression des cascades de
production de RNS et ROS) et par une action directe de piégeur de radicaux (démontrée en absence
de cellules par I'utilisation de 'ABTS).

Ce travail démontre l'influence de I'état de surface des NP d’or sur leur comportement en
présence de composeés biologiques et de cellules. La faible réactivité des NP d'or présentant du
DHLA en surface est vérifiée dans ces conditions expérimentales particuliéres, laissant envisager
des applications médicales pour cette plateforme nanoparticulaire. Cette étude ne démontre pas pour
autant une toxicité importante des particules stabilisées par les ions citrate, particules trés souvent
décrites dans la littérature. Enfin, la difficulté a mettre en évidence une modulation du statut redox,

en dehors d’un stress oxydant, est clairement démontrée dans ce travail.

[11.1.1 Article 5. Leroy P., Sapin-Minet A., Pitarch-Sierra A., Boudier A., Tournebizeadd
Schneider R. Interactions between gold nanoparticles and macrophages : activation or inhibition ?
Letter to the Editor. Nitric Oxide-Biol. Chem. 25 (1): 54 -56 (2011).

[11.1.2 Article 6. Tournebize JBoudier A., Joubert O., Eidi H., Bartosz G., Leroy P., Sapin-Minet A.
Impact of gold nanoparticle coating on redox homeostasis. Soumidrdangational Journal of
PharmaceuticsMai 2012.

[11.1.3 Article 7. Eidi H., Joubert O., Némos C., Grandemange S., Mograbi B., Foliguet B.,
Tournebize J.Maincent P., LeFaou A., Aboukhamis I., and Rihn B.H. Drug delivery by polymeric
nanoparticles induces autophagy in macrophdgesl. Pharmaceut. 422: 495-503 (2012).
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Letter to the Editor

Interactions between gold nanoparticles and macrophages:
Activation or inhibition?

We read with great interest the study of interactions between
gold nanoparticles (GNP} and macrophages recently published by
Ma et al. [1]. They observed inhibition of NO-macrophage
production after successive exposure of cultured cells to lipopoly-
saccharides (LPSs) and GNP. Variations of other biomarkers of
inflammation have confirmed their observation. This work is ques-
tionable because of a lack of information on GNP characteristics. The
use of polyethylene glycol (PEG)-coated GNP (diameter: 10-15 nm)
is indicated in abstract and the reference “[17]" mentioned in
experimental section does not describe any PEG-coated GNP but
GNP stabilized with citrate. Main GNP properties that play a role
in cell interactions are size, shape, surface charge (zeta potential),
solubility, and surface layer. This latter mostly influences the imme-
diate protein coating of GNP upon contact with biological matrices.
This process leads to a protein corona, creating a “molecular signa-
ture”, which is recognized by immune cells and determines the
route of particle internalization. PEG-coated GNP have low interac-
tion with proteins in comparison with citrate-stabilized GNP, thus a
limited uptake by cells of the reticuloendothelial system is usually
observed [2].

Several recent reports in the literature describe interactions
between different kinds of GNP and macrophage cell lines, using
various operating conditions, expressing nanoparticle concentra-
tions in different ways and selecting concentrations with or with-
out indicating their relationship with cell-viability (Table 1). Even
marked differences appear between these studies, most of them
have concluded to an activation process.

We have tested two kinds of GNP, quite similar related to their
shape (spherical), hydrodynamic diameter (6-8 nm), but different
with their surface chemistry, and consequently their zeta potential
({): (i) citrate ions which are most frequently used to stabilize the
metallic core ({=-50mV), and (ii) dihydrolipoic acid (DHLA)
which leads to a high capping density and stability of the corre-
sponding GNP (covalent bond between DHLA and gold atoms of
the core) ({ = —40 mV). These GNP were synthesized using a previ-
ously reported method [3] with some modifications [4], and were
fully characterized [4]. The two sorts of GNP were exposed to mac-
rophages at a concentration of 10 nM, which corresponds to a high-
er viability than 80%. These values were obtained using Trypan Blue
assay (MTT assay could not be applied because of high absorbance
of GNP in visible range interfering with probe measurement). Peri-
ods of contact for “inhibition” experiments were similar to previous
ones [1].

Resulting data (Fig. 1) demonstrate neither significant activa-
tion, nor significant inhibition for both tested GNP, confirming
previous studies [7].

1089-8603/% - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.niox.2011.04.012

In conclusion, the debate “Do GNP activate or inhibit NO-
production in macrophages?” is still opened and it will need
further experiments with closer and better described operating
conditions than actual ones reported in the literature. There is a
need to evaluate the real opportunity to use GNP as “safe” delivery
platforms for diagnostic reagents and drugs.
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Table 1

Literature data concerning interactions between various kinds of gold nanoparticles and cultured macrophage-cell types.

Particles Cells Results References
Surface Properties Cell type Incubation Toxicity Internalization Macrophages Inhibition of
ligand Size Zeta Shape Feriase Dose Time Asuvazion. LPS. y
; activation
(nm) potential {nm) (h)
(mV})
Citrate 10-15 ND Spherical ND  Murine macrophages [Au] = 10-40 22 40% ND ND Yes (dose [1]
(PEG?) (RAW264.7) pg/mL [GNP] = 80 pgfmL dependent
manner)
Citrate 12 -36 Spherical 518 Murine bone marrow Quantity of particles 6 <10% No No proliferation ND [5.6]
macrophages delivering 10 °M of Mo secretion of pro-
peptide inflammatory
cytokines
Cys SAP 12 +2 Spherical 528 <10% Yes (specific Decrease of ND
(short receptor) proliferation
peptide) Secretion of pro-
inflammatory
cytokines
Cys AGIP 17 -7 Spherical 526 <10% Yes (specific Decrease of ND
(long receptor) proliferation
peptide) Secretion of pro-
inflammatory
cytokines
Citrate 15 ND Spherical ND  Human triple cell co-culture [Au]=200-2000 uM 4 ND Yes (20%) No secretion of pro- Mo inhibition  [7]
(epithelial cells A549/ and inflammatory
primary macrophages/ 24 cytokines
primary dendritic cells)
PEG 23 -22 Spherical 524 Microglia cells (N9) [GNP] = 10°-10" GNP} 24 20% ([GNP] = 10° GNP/mL)  No Secretion of pro- ND [8]
77 -9 Urchin 610 mL 0% Yes inflammatory
12 -23 Rod 514 0% No cytokines
CTAB 23 +42 Spherical 522 >90% [GNP] = 10° GNP/mL  Yes No production of
77 +39 Urchin 618 20% [GNP] = 10" GNP/mL  Yes Nitric oxide
12 +46 Rod 512 0% Yes

ND: Mot determined.

SAP: sweet arrow peptide (prolin rich cell penetrating peptide); AGIP: amyloid growth inhibitory peptide; PEG: poly(ethylene glycol); CTAB: cetyltrimethylammonium bromide.

9S-FS (110) SZ apXQ LN [401p3 241 01 1an1a]
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Fig. 1. Activation (A) and inhibition (B) studies of rat alveolar macrophages (NR8383 ) incubated with gold nanoparticles stabilized with citrate ions (Au-citrate) and capped
with dihydrolipoic acid (Au@DHLA) at a concentration of 10 nM. Cells were exposed to GNP: for a 24-h period (A); successively to GNP (4 h) and LPS (18 h) (B). Nitric oxide
concentrations in culture medium were measured by using conventional Griess colorimetric method. Values correspond to mean # standard deviation of 3 independent
experiments. p <0.05 in relation to the control (without LPS and GNP) * (A) and to LPS-treated cells but not exposed to GNP + (B) when all the experiments were compared
and the non-parametric Mann and Whitney randomised test were performed for calculations.
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To the Editor-in-Chief of International Journal of Pharmaceutics,
Sir,

Please find enclosed a manuscript by J. Tournebize et al. entitled “Impact of gold
nanoparticle coating on redox homeostasis™ for submission to your journal.

Gold nanoparticles are widely described for therapeutic carrier potentialities. The manuscript
deals with the impact of gold nanoparticles (AuNP) onto intracellular redox homeostasis.
Despite the number studies available on acute cytotoxicity of gold nanoparticles (AuNP), to
our knowledge, there is a concern about the potential impact of AuNP, used in sub-lethal
concentrations exposure, on the early events of cellular cytotoxicity. Based on the above facts,
in this original manuscript we evaluated how AuNP coating influences cells uptake and redox
status. To that end, we have prepared two kinds of AuNP previously described in the
literature, with different surface coating, either stabilized with citrate or functionalized with
dihydrolipoic acid. Our results revealed the importance of AuNP coating to modulate the
uptake by macrophages and reactivity towards redox-regulating molecules, two crucial
parameters for drug delivery carrier development.

All authors have read the present manuscript and approved its submission to International
Journal of Pharmaceutics; the manuscript, or part of it, has neither been published nor is
currently under consideration for publication by any other journal.

Waiting for the reviewers’ comments
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Anne Sapin-Minet
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Abstract

Gold nanoparticles (AuNP) hold great potential for biomedical applications. This study was
aimed at examination of the effect of AUNP coating on the redox status of their environment.
Two kinds of AUNP were tested, similar by shape and size, but with different surface coating:
either stabilized with citrate or functionalized with dihydrolipoic acid (Au@DHLA NP).
Interestingly, whereas citrate-stabilized AuNP interactvitro with reduced glutathione
(GSH) andSnitrosoglutathione, Au@DHLA NP do not interfere with both biomolecules.
Albumin exhibits higher affinity toward citrate-stabilized AuNP than Au@DHLA NP,
increasing their hydrodynamic diameter (8.0-and 1.3-fold, respectively). Furthermore, the
AuUNP coating affects also their internalization by macrophages (which was two fold higher
for citrate-stabilized AuNP), following an exposure to a subtoxic NP concentration (10 nM,
80 % viability). Citrate-stabilized AuNP were found to decrease the intracellular GSH level
(ca. 20 %), with no increase in reactive oxygen species production. Furthermore, these AUNP
did not induce apoptosis (as shown by caspase-3 activitpfab@transcription factor), and

also did not activate gene expression related to oxidative stieBly @nd inflammatory
responsetffa). The present data highlight that the functionaiora of AUNP with DHLA
decreases their reactivity with biomolecules and cells, resulting in a promising medical

platform.

Keywords:gold nanopatrticles; redox status; reduced glutathi®aatrosoglutathione;

macrophages; cell uptake.
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Abbreviations: AUNP, gold nanopatrticles; citrate-stabilized AuNP, gold nanoparticles
stabilized with citrate ions; DHLA, dihydrolipoic acid; Au@DHLA NP, gold nanoparticles
capped with dihydrolipoic acid; GSH, reduced glutathione; GSRN@jtrosoglutathione;
BSA, bovine serum albumin; ROS, reactive oxygen species; NDA, naphthalene-2,3-
dicarboxyaldehyde; DAN, 2,3-diaminonaphthalene; DgBA, 2’,7’-dichlorofluorescin
diacetate; DCF, dichlorofluorescein; TEM, transmission electronic microscopy; D
hydrodynamic diameter; PBS, phosphate-buffered salg, fluorescence quenching
constants; DMEM, dulbecco’s modified Eagle’s medium; FCS, fetal calf serum; ICP-MS,
inductively coupled plasma mass spectroscopy; qRT-PCR, reverse transcription quantitative
real time PCR; DLS, dynamic light scattering; RNS, reactive nitrogen species; ABTS, 2,2'-
azino-di(3-ethylbenzthiazoline-6-sulphonate; ANOVA, one-way analysis of variaifide?,
nuclear factor-kappa B transcription factacfl, neutrophil cytosolic factor Infa, tumor

necrosis factor-alpha.
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1. Introduction

Gold nanoparticles (AuNP) are some of the most widely used nanomaterials due to their
unique physico-chemical properties such as excellent absorbance and scattering of light,
simple synthesis methods and ease of surface modification with many bioactive molecules
(Paciotti et al., 2004). Gold NP are widely utilized for analytical purposes and are expected to
be employed in therapy. They have been useayl,for sensitive detection of reactive oxygen
species (ROS) (Lee et al., 2009), cysteine (Li and Li, 2009}’ (Cae et al., 2010) and Pb
(Chai et al., 2010), for monitoring of nuclease (Zhao et al., 2008) and hyaluronidase activity
(Lee et al., 2008), and lastly for labeling of proteins and cells (Lin et al., 2009). Gold NP have
been proposed for cancer imaging and death induction of cancer cells (Loo et al., 2005), for
intracellular gene regulation (Rosi et al., 2006) but also as a vehicle for Tdekvery to
tumor cells (Paciotti et al., 2004). A phase | clinical trial showed that high doses of TNF-
linked to AuNP could be safely given to 30 patients with various advanced solid tumors
(Libutti et al., 2010). Recently, Swiss Regulatory Agency approved a phase | clinical trial

study with insulin-coated AuNP for oral administration to healthy volunteers (Alan, 2011).

Despite the potential use of AUNP in therapy, recent literature contains conflicting data
regarding AUNP cytotoxicity and disturbances of redox status. Size (Pan et al., 2007), surface
functionalization or coating (Goodman et al., 2004; Hauck et al., 2008; Shukla et al., 2005;
Takahashi et al., 2005), shape (Hutter et al.,, 2010) are some of decisive parameters that
possibly induce cell damages (Alkilany and Murphy, 2010; Soenen et al., 2011; Unfried et al.,
2007). Related to AUNP concentration used, studies suggested the oxidative stress as a key
mechanism leading to toxicity (Gao et al., 2011; Jia et al., 2009; Karakoti et al., 2010; Pan et
al., 2009; Zhao et al., 2011). Looking over the cytotoxicity assays commonly used, the studies

cited above determined membrane damages or metabolic irregularities of cells after exposure
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to high (and often unrealistic for a therapeutic approach) concentrations of AUNP. Therefore,
deleterious effects following one or repetitive exposure to low amounts of AUNP are difficult
to reveal and the use of early-warning signals becomes mandatory. In particular, redox
homeostasis alterations and beginnings of oxidative stress are likely early events that can be
observed at sub-lethal concentrations and under short exposure to AuNP.

To the best of our knowledge, there is no systematic study of the impact of AUNP on
redox homeostasis using sub-lethal concentrations. Based on the above facts, we proposed to
study two kinds of AuNP with considerable interest for biological applications and able to
carry a pharmaceutical molecule. They differ in surface coating, being either stabilized with
citrate (citrate-stabilized AuNP) or functionalized with a dithiog. dihydrolipoic acid
(Au@DHLA NP). In a previous study, we observed that a concentration of 10 nM of either
citrate-stabilized AuNP or Au@DHLA NP, which corresponds to 80 % of viability, did not
activate nor inhibit NO-production by macrophages (Leroy et al., 2011). The aim of this study
was to refine these preliminary observations, studying consequences of the exposure to AUNP
with different coatings and at sub-lethal concentrations, onto redox homeostasis. To identify
early-warning signals of an oxidative stress, an integrative approach was lead. First, effects of
AuNP coating on redox-regulating molecules interactions, including: reduced glutathione
(GSH), S-nitrosoglutathione (GSNO) and bovine serum albumin (BSA) were studied in cell-
free conditions. Secondly, the effect of AuNP coating on macrophage uptake, and
modifications of redox status biomarkers such as reactive oxygen species (ROS), GSH, and
MRNA expression related to apoptosigxb2), oxidative stressncfl) and inflammatory

responset(ifa) in the cells were measured.
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2. Materials and methods

2.1. Reagents and standards

All reagents and solvents were of analytic grade and used without further purification.
Tetrachloroauric acid trihydrate (HAweBH,O), a-lipoic acid, bovine serum albumin
(BSA, fraction V), reduced glutathione (GSH), naphthalene-2,3-dicarboxyaldehyde (NDA),
S-nitrosoglutathione (GSNO), 2,3-diaminonaphthalene (DAN), 2’,7’-dichlorofluorescin
diacetate (DCFHDA), dichlorofluorescein (DCF), and 2,2’-azino-di(3-
ethylbenzthiazoline-6-sulphonate (ABTS) were purchased from Sigma-Aldrich (France).
Phosphate-buffered saline (PBS) solution was prepared as followstF8g = 4 x 10°M,
[KH,PQy] = 4 x 10° M, and [NaCl] = 1 x 18 M, final pH was adjusted to 7.4. Ultrapure

deionized water (> 18.2 .cm) was used for the preparation of all solutions.

2.2. Synthesis of gold nanoparticles (Citrate-stabilized AUNP and Au@DHLA NP)

Before synthesis, all the glassware was thoroughly washed agim regia
(3:1 HCI/HNGs) and rinsed with ultrapure deionized water prior to use. Citrate-stabilized
AuNP were prepared as previously reported (Brown et al., 1999). Briefly, at room
temperature, 1 mL of 1 % (w/v) HAug&BH,O in water was added to 90 mL of water. After
1 min of stirring, 2.0 mL of a 38.8 mM sodium citrate solution in water were added. One
minute later, 1.0 mL of a freshly 0.075 % (w/v) NapBsblution in a 38.8 mM sodium
citrate solution was quickly injected into the reaction flask. The reaction medium was
stirred for an additional 5-min period and the resulting deep red colloidal solution was

immediately stored in the dark at 4°C.
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Gold nanoparticles capped with dihydrolipoic acid (Au@DHLA NP) were prepared as
follows: a 600 pmoles od-lipoic acid in 10 mL of 0.5 M aqueous NaOH solutivas
added to 25 mL of freshly prepared citrate-stabilized AuNP. The reaction mixture was
stirred for 24 h at room temperature (20-23°C) before dialysis. The non-realipedc
acid remaining in the solution after the cap-exchange was removed by dialysis against PBS
for 48 h using a dialysis bag made of regenerated cellulose with a molecular weight cut-off
of 10 kDa (Rotff, France). The dialysis medium was changed once to fresh PBS after 24 h.

The resulting Au@DHLA NP solution was stored in the dark at 4°C.

2.3. Physico-chemical characterisation of gold nanopatrticles

A double-beam UV-visible spectrophotometer (model Uvikon 932, Kontron) was used
for spectra recordings and absorbance measurements. Molar concentrations of AUNP were
calculated using molar absorbance values previously reporteei{h@.stabilized Aaun/= 1.2 %

10" M emi?, eav@onia ne = 0.5 x10° M*em™) (Tournebize et al., 2011).

Transmission electronic microscopy (TEM) images were recorded using a Philips
CM20 instrument with a Lafcathode operating at 200 kV. Gold NP solutions were
deposited onto a 400 mesh carbon film copper grids. The average diameter of the gold core
was calculated for each AuUNP sample by countiag 200 individual particles from the
TEM images.

The hydrodynamic diameter {pand zeta potential of AUNP were measured using a
Zetasizer Nano ZS (Malvern Instruments, UK) and these measurements were performed at
20°C using low volume polystyrene and disposable capillary cells, respectMeldy
reported are volume averages values, based on three independent measurements of two AUNP

batches. Zeta potential measurements were carried out in ultrapure water (implying
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preliminary dialysis of Au@DHLA NP for 24 h). All surface charges reported are averages

based on three measurements of one batch of AUNP.

2.4. Interaction of gold nanoparticles with reduced glutathione and S-nitrosoglutathione

Aliquots of either GSH or GSNO solutions at a concentration of 72 uM were prepared
in PBS and ultrapure deionized water, respectively. Then, 550 pL of AuNP solution at a
final concentration of 5, 10, 20, and 30 nM were mixed with 50 pL of 72 uM of GSH or
GSNO. Samples were kept at room temperature (20 — 23°C) for 5 min.

For the measurement of the remaining GSH, 50 uL of HCI (0.6 M) were added to
samples previously described, and the resulting mixture was centrifuged at 42000
20 min at 4°C. The supernatant (600 pL) was mixed with 50 pL of NaOH (1 M), 140 pL of
borate buffer (1 M, pH 9.2), and 10 pL of NDA (5.4 mM) prepared in ethanol and the
mixture was incubated for an additional 10-min period at 4°C. Fluorescence intensity was
read atAexc = 472 nm and\em = 528 nm (Lewicki et al., 2006) in a spectrofluorimeter
(Hitachi 2000, France). Concentrations of GSH were calculated using a calibration curve
in the range of 1.5 - 7.5 puM.

For the measurement of the nitric oxidBlQ) released from GSNO, 60 uL of DAN
(105 uM) prepared in HCI (0.6 M) were added to each diluted sample (2 — 10 times) and the
resulting mixture was centrifuged at 42,009 for 20 min at 4°C. The supernatant (600 uL)
was mixed with 40 uL of NaOH (1 M). Fluorescence intensity was reagkat 375 nm
and Aem = 415 nm (Cook et al., 1996) in a spectrofluorimeter (HitacBRDBO, France).
Concentrations ofNO were calculated by using a calibration curve of nitrite in the range of

0.05— 0.5 uM.
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2.5. Protein binding assay

Aliquots (500 pL) of a BSA solution prepared in PBS at a concentration of 106'mg.L
were mixed with AUNP prepared in PBS (500 uL); the resulting mixtures were kept at 37°C
for 1 h. The interaction between BSA and AuNP was monitored by measuring the intrinsic
tryptophan fluorescence of BSAg: = 280 nm,Aem, = 355 nm) (Pramanik et al., 2008).
Stern-Volmer equationlql = 1 + Kg, [AUNP]) was applied to calculate the fluorescence
guenching constant&y,) of the different kinds of AUNP. I° and | represent the fluorescence
intensity in the absence and presence of AuNP, respectively. Hydrodynamic diameters of

AuNP (10 nM) incubated with or without BSA were measured in purified water.

2.6. Reactivity studies between gold nanoparticles and 2,2’-azf{Beettiylbenzthiazoling-

sulphonatg (ABTS)

An ABTS®" stock solution was prepared by mixing 5.4 mM ABTS with 1.7 mM
potassium persulfate in PBS, which was placed in the dark at room temperature for 16 h to
give a dark blue solution. Molar concentrations of ABT®ere calculated using molar
absorbance value reported previouslg. €7asnm = 1.5 x 10° M cm ™) (Re et al., 1999)The
interaction between ABTS and AuNP was studied as follows: 1125 puL of AU@DHLA NP
(in PBS) and citrate-stabilized AuNP (in water) were reacted with 375 pL of 200 uM°ABTS
solution in PBS. After 2-h incubation at room temperature (20 — 23°C), the reaction medium

was analysed by spectrophotocolorimetry at 734 nm.
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2.7. Interaction of gold nanoparticles with cells

2.7.1. Cell culture

The NR8383 rat alveolar macrophage cell line was purchased from the American Type
Culture Collection (CRL-2192, ATCC, Manassas, VA). Cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM: GIBCO, Invitrog&nFrance) supplemented with 15 %
(v/v) decomplemented fetal calf serum (FCS, Eurobio, Les Ullis, France) and a mixture of
antibiotics/antimycotic compounds (0.2%g.mL* of amphotericin B, 100 U.mt of
penicillin and 100 g.mL™* of streptomycin) in humidified atmosphere of 5 %,G@d 95 %

air at 37°C and split every 3 or 4 days.

2.7.2. Intracellular distribution of gold nanoparticles under transmission electron

microscopy

Cells were dispensed (1 x °l@ells/well) into a 24-well microplate and grown
overnight. Next, the tested AUNP suspensions at a concentration of 10 nM were added into
the wells. After 24-h incubation, cells were washed three times with PBS solution (pH 7.4)
and fixed with 0.1% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4), then rinsed
for 3 h in sodium cacodylate buffer and incubated for 30 min in 1 % osmium tetroxide in
sodium cacodylate buffer, rinsed and dehydrated through a series of ethanol concentrations
(50, 70, 80, 90 %), for 5 min at each step, then in 100 % ethanol for 3 x 20 min. The cells
were then embedded in the epoxy resin. Cell monolayers on plastic wells were treated twice
with 100% xylene and semi thin (1.5 mm) or ultra thin sections (70-90 nm) were performed.

Cell sections were deposited onto a 400-mesh carbon film copper grid.
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2.7.3. Uptake study of gold nanoparticles using inductively coupled plasma mass

spectroscopy

To measure the intracellular concentration of AuNP, cells were dispensed (1 x 10
cells/well) into a 24-well microplate and grown overnight. Next, the cells were incubated
with the tested AuNP suspensions at a concentration of 10 nM for different time periods
(0.2, 0.5, 2, 6 and 24 h). After incubation, the cells were washed three times with PBS
solution (pH 7.4), resuspended in 0.5 mL of ultrapure water and subsequently lysed by two
cycles of freezing for 10 s in liquid nitrogen and then thawing in a 37°C water bath for 60 s.
The lysates were digested wilgua regia(3:1 HCI/HNG;) prior to measurement of gold
content by inductively coupled plasma mass spectroscopy (ICP-MS) (Agilent 7500cx
instrument, Belgium). Gold concentration in the sample was converted to the number of
AuUNP per liter by using the following equation 1, where CAgi@orresponds to the value
resulting from ICP-MS analysis which is divided by atomic mass of gold (197 3.zl
Natom COrrespond to the number of gold atoms per AuNP (4595 and 1369 for citrate-
stabilized AUNP and Au@DHLA NP, respectively) (Tournebize et al., 2011). Results were

calculated as number of AUNP pag of protein.

NAUNPs = (CAUCl; X Na)/ Natom (Eq. 1)

2.7.4. Intracellular reduced glutathione measurement

Reduced glutathione measurements were performed as previously described (Lewicki

et al., 2006), with some modifications. Briefly, cells were dispensed (5 sell6/well) into

a 6-well microplate and grown overnight. Gold nanoparticles were added at a concentration
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253 of 10 nM per well. After 24-h incubation, cells were washed three times with cold PBS
254  solution (pH 7.4), resuspended in 1 mL of cold lysis solution (3.3 % perchloric acid, 0.1 M
255 HCl and 2 mM EDTA) and then broken by vigorous vortexing for 2 min. Cells lysates were
256 centrifuged at 10,000 g at 4°C for 15 min and the pellet, containing proteins, was
257 resuspended in 500 puL of 0.1 M NaOH. One hundred pL of supernatant, 400 pL of 0.1 M
258 HCl and 2 mM EDTA, and 10 pL of NaOH 40 % (w/v) were mixed. Then, 60 uL of this
259 mixture, 120 pL of borate buffer (0.4 M, pH 9.2) and 20 puL of NDA solution in ethanol
260 were mixed in a 96-black well microplate and incubated in the dark at 4°C for 25 min.
261 Fluorescence intensity was then measured at 485-nm excitation and 528-nm emission using
262 a microplate reader (Biotek Synergy, USA). Concentrations of GSH were calculated using a
263 calibration curve in the range of 0.7 — 3.2 uM. Results were calculated as nmol @feGSH
264 mg of protein. Total protein amount in 0.1 M NaOH solutwas determined by Lowry

265 method (Lowry et al., 1951) using BSA as standard for calibration curve. Results are
266 expressed as comparison to untreated cells (negative control) or cells exposed to polymer
267 NP (Eidi et al., 2012) as positive control (EudragiS, concentration equal to 100 pg:mL

268 corresponding to 60% viability).

269

270  2.7.5. Intracellular ROS measurement

271

272 The production of intracellular ROS was measured using 2’,7’-dichlorofluorescin
273 diacetate (DCFLDA). Briefly, cells were dispensed (5 x °1@ells/well) into 6-well

274 microplates, grown overnight and AuNP were added (10 nM). Negative and positive
275 controls corresponded to untreated cells and polymer NP, respectively. After 24-h
276 incubation, the cells were washed three times with 1 mL PBS solution (pH 7.4),

277 resuspended in 1 mL of 4 uM DCEBA solution, and incubated for 40 min at 37°C.

142



Chapitre 111

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

Then, the cells were pelleted by centrifugation (300 x g for 5 min at 20°C) and lysed using a
lysis buffer (0.5 M Tris in HCI, 1.5 M NaCl, 0.1% SDS, 1% Triton X-100 and 1 x protease
inhibitor cocktail). The conversion of DCEHo the fluorescent product (DCF) was
measured using a microplate reader (Biotek Synergy, France), with 485-nm excitation and

528-nm emission, and a calibration curve of DCF in the range of 7.5 — 112 nM.

2.7.6. Detection of caspase-3 activity

Detection of caspase-3 activity in NR8383 macrophages was performed using the
EnzChek Caspase-3 Assay kit #1 (Molecular Probes, Netherlands). Briefly, cells were
dispensed (4 x focells/well) and grown overnight into 6-well microplates. After 24-h
incubation with the various AuNP (10 nM), the cells were washed three times in 1 mL PBS
(pH 7.4), resuspended in 50 pL of lysis-buffer (200 mM Tris, pH 7.5, 2 M NaCl, 20 mM
EDTA, 0.2 % Triton X-100), incubated on ice for 30 min, and centrifuged at 600 x g for 5
min at 4°C. Then 50 uL of Z-DEVD-AMC substrate was added and incubated for 30 min.
Fluorescence was measured using a microplate reader (Biotek Synergy, France) with 340-
nm excitation and 528-nm emission. Cells treated withuMOof camptothecin for 24 h
served as the positive control. An Ac-DEVD-CHO inhibitor was used to confirm that the
observed fluorescence signal in both induced and control cells populations is due to the

activity of caspase-3-like proteases.
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2.7.7. Total RNA extraction, RNA reverse transcription and quantitative RT-PCR (qRT-

PCR)

Cells were dispensed (5 x *16ells/well) into 6-well microplates and grown overnight.
After 24-h incubation with AUNP (10 nM), the total RNA from cells was isolated using Trizol
(Invitroger?’, France) according to established protocols. RNA purity and concentration were
determined spectrophotometrically using a BioSpec-nano (Shimadzu, France). Total RNA
(1 ng) from control or treated cell samples were reverse-transcribed with 50 nmol of oligo
(dT) using M-MLYV reverse transcriptase (RT) (EC 2.7.7.4.49, Invitrogen, France) following
manufacturer’'s protocol. gRT-PCR was performed with a Stratagene Mx3000p system and
Mesa Green qPCR MasterMix Plus for SYBERT-SY2X-03-WOULR, Eurogentec, USA).
Briefly, 100 ng of reverse-transcripted RNA from each sample were mixed with appropriate
concentrations of tested gene primers (Table 1) and the Mesa Green gPCR Master Mix.
MRPSI8a (s18was used as internal control gene. PCR amplifications were carried out as
follows: 5 min at 95°C; 45 cycles (15 s at®540 s at 6 and 40 s at 72). A standard
curve was made for each gene and the subsequent slope was used to calculate the PCR
reaction efficiency (E=13"°P9). For each sample, the gene expression level was calculated
from the threshold cycleX), which is the number of cycles necessary for the first detection

of a PCR product.

2.8. Statistical analysis

Data were compared biyStudent test, one-way analysis of variance (ANOVA) and

Tukey HSD post-hoc test or Mann-Whitney U test. For each sample group, the homogeneity

of variance was calculated using the Levene’s test. All statistical analyses were performed
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323 with the SigmaStat 3.11 software package (Sistat Inc., USA). A valye <0f0.05 was

324 considered as statistically significant.
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3. Results and discussion

The use of AuNP in biomedical fields requires stability in physiological media and no
adverse effect toward living organisms. Several recent reports in the literature have shown
that the safety of AUNP depends on their physico-chemical characteristics (Goodman et al.,
2004; Hauck et al., 2008; Pan et al., 2009; Pan et al., 2007; Takahashi et al., 2005). Stability
and understanding of interactions with cell compounds and compartments are crucial
parameters to propose a platform for drug delivery.

Among different types of AuNP, citrate-stabilized AuNP are largely described as
potential drug delivery systems (Paciotti et al., 2004; Zhao et al., 2008). Nevertheless, due to
the strong reactivity of free electrons present on their surface, citrate-stabilized AuNP are
sensitive to environmental factors (such as<Hbl, high electrolytes levels, organic solvent)
having the tendency to easily aggregate when used in these conditions. To solve this issue,
AuNP can be stabilized by a large variety of natural and synthetic surface groups (cysteine,
glucose, biotin, dendrimers, cetyltrimethylammonium bromide,...) and the most efficient
capping agents are thiol-modified ligandsg( dithiol (Roux et al., 2005), trithiol species (Li
et al., 2002) or multithiolated &5 S andy — cyclodextrin (2 — 7 nm) (Liu et al., 2000)), which
renders the AuNP effectively more stable due to the simultaneous anchorage onto AuNP
surface of most of the sulfur ends of the molecules.

Dihydrolipoic acid (DHLA) is a dithiol obtained by the reduction of lipoic acid; DHLA is
an endogenous thiol with a major antioxidant role (Goraca et al., 2011). It also appears very
attractive to limit the aggregation and helps to overcome the lack of stability of AuNP
colloids. Gold NP stabilized with DHLA (Au@DHLA NP) have already been reported (Roux
et al., 2005). However, to the best of our knowledge, there is no report in the literature about

the impact that Au@DHLA NP might have on cell constituents. In the present study, we
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employed two types of AuNP (citrate-stabilized AuNP and Au@DHLA NP) with the same
core particle size to examine whether the surface coating could influence the redox
homeostasis and modulate the AuNP interactions with low-molecular redox active

compounds, i.e. GSH and GSNO, with proteins and with cells.

3.1. Synthesis and physico-chemical characterization of gold nanopatrticles

Citrate-stabilized AuNP were first synthesized by reduction of HAwSIng sodium
borohydride in the presence of citrate ions. Next, the as-synthesized AuNP were
functionalized with DHLA from thein situ reduction of lipoic acid. An aqueous NP
suspension was directly obtained.

The size of the obtained particles was determined by a combination of TEM and dynamic
light scattering (DLS) experiments. Using TEM, the core diameter of citrate-stabilized AUNP
and Au@DHLA NP was found to be equal to 5.3 nm and 3.5 nm, respectively. A spherical
shape, monodisperse and unaggregated distribution dominated in both NP types (Fig. 1). Gold
NP exhibit hydrodynamic diameters{3- 6.5 nm and 7.2 nm for citrate-stabilized AUNP and
Au@DHLA NP, respectively — which were larger than the metallic core diameter. This can be
explained by the thiol ligands outspread in aqueous solution while they are highly contractive
after drying on TEM copper grids but also by the solvatation layer around the AuNP in
aqueous medialThe derived DLS size distributions were found to be monomodal with a
relative narrow distribution, confirming the absence of aggregation after the capping
exchange (Fig. 1).

The surface charge assessed by zeta potential measuref)emtich controls the
colloidal stability and inter-particle interactions, confirms the presence of negative charges on

the AuNP surfaces. A significant (p < 0.05) decreasé mftential values was observed for
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Au@DHLA NP (-64 £ 4 mV) as compared to citrate-stabilized AuNP (-51 £ 3 mV), due to
the displacement of citrate ions by DHLA, confirming the functionalization of AUNP by this
ligand. Carboxylate groups on the DHLA and citrate structures confer negative charge on
AuNP.

Similar results were obtained by Rowt al. (2005), mentioning a hydrodynamic
diameter of 5 — 8 nm and a negative charge (-35 mV). The different value of zeta potential
could be due to the different ratio [DHLA]/[Au] surface used during synthesis (ratio equal to

9 instead of 222 in our study after optimisation).

3.2. Interactions between AuUNP and biomolecules implied on redox status in cell-free

conditions

Understanding the reactivity between biomolecules and AuNP in cell-free conditions is a
first investigation to predict the AuNP fate in the human body. In this work, AuNP
interactions with reduced glutathione (GSB)nitrosoglutathione (GSNO) and bovine serum
albumin (BSA) were explored, because of their involvement in maintaining the redox

homeostasis.

Glutathione is the most effective agent used by cells for the detoxification of ROS and
electrophilic xenobiotics (Sies, 1999s thiol group can be nitrosylated, leading@8NO, a
major endogenous molecule involved in storage and transp&OofAl-Sa’Doni and Ferro,
2000). As shown in Fig. 2a, a lineaf & 0.9974) dose-response relationship was observed
after interaction of citrate-stabilized AUNP and GSH, and a decrease of 70 % of GSH initial
concentration was observed at a concentration of 30 nM. In contrast, AuU@DHLA NP did not

react with GSH, even at 30 nM. Gold NP core affinity for the thiol group of GSH has already

148



Chapitre 111

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

been described in the literature and ligand exchange between GSH and citrate-stabilized
AuNP are facilitated by the weak electrostatic binding between citrate and AuNP core (Zhao
et al., 2011). On the contrary, DHLA established covalent bonds with gold atoms at the NP
surface, involving its two thiol groups, and, as a consequence, further ligand exchange will
not easily occur. Furthermore, this interaction is also limited by electrostatic repulsion
between the carboxyl groups of GSH and DHLA.

As the affinity of AUNP to thiol groups is known, the propensity to attach the GSH
moiety of GSNO through cleavage of S-N bond a4@ release is expected. As shown in
Fig. 2b, a linear r= 0.9909) dose-response relationship was observed after interaction of
citrate-stabilized AuNP with GSNO, and it was found that the higher concentration of citrate-
stabilized AuNP is, the higher concentration' O is released. The same phenomenon was
observed by Jiat al. (2009): a release GfiO from GSNO was observed in a lesser extent
when interacting with GSH functionalized AuNP in comparison with citrate-stabilized AuNP.
Interestingly, citrate-stabilized AuNP were found to exhibit higher (two times) reactivity with
GSH when compared to GSNO. This can be explained by the fact that the cleavage of
nitrogen-sulfur bond in GSNO s restricted by bond-dissociation er{begween 22 and 32
kcal/mol) (Baciu and Gauld, 2003). Our experiments implying GSH and GSNO demonstrated
considerable higher resistance to redox molecule exchange of Au@DHLA NP compared to
citrate-stabilized AuNP.

During last decade, albumin (Bovine Serum Albumin) has been the most widely used
protein model to evaluate protein-NP interactions (Pramanik et al., 2008). Albumin, the main
extracellular protein in the blood, participates in the maintenance of a constant redox potential
in the extracellular fluids having certain redox buffer capacity (Era et al., 1995). Indeed,
albumin exerts a redox buffering action in plasma, by a variety of thiol-exchange reactions

(Summa et al., 2007). Albumin reactions rely on a conserved reactive cysteine-34 that has an
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unusually low pK value, equal to 5-7 (Summa et al., 2007). The interaction between AuNP
and BSA in PBS medium (pH 7.4) was explored by means of fluorescence and DLS
techniques. Bovine serum albumin has an intrinsic fluorescence mainly originating from its
tryptophan residues. The resulting fluorescence was quenched with addition of AuNP.
Moreover, the fluorescence intensity decreased gradually when AuNP concentration increased
(Fig.2c). The Stern-Volmer constaris() for citrate-stabilized AuUNP and Au@DHLA NP

was found to be 0.091 + 0.003 i\and 0.047 + 0.003 nMrespectively, showing that BSA
exhibits higher (2 times) affinity toward citrate-stabilized AuNP when compared to
Au@DHLA NP. These observations were confirmed by measuring thef DAUNP in
presence of BSA after incubation at 37°C for 1 h in PBS. First, we explored the effects of
incubation at 37°C for 1 h on the colloidal stability of AUNP. As shown in Fig. 2d, e D
citrate-stabilized AUNP changed from 6 to 1180 nm. Under the same experimental conditions,
no increase of Pand no sign of aggregation were observed for Au@DHLA, indicating again
higher colloidal stability. Second, we evaluated the effects of BSA on ghef B.NP.
Interestingly, the addition of BSA caused a smaller increase of citrate-stabilized AUNP D
from 6 to 40 nm, than Au@DHLA NP, where a increase of 7 to 10 nm was observed. These
results demonstrate that due to its two anchoring groups to the Au metallic surface, DHLA
provides enhanced stability to AUNP in PBS medium when compared to citrate-stabilized
AuNP. Moreover, these data showed that the capping by DHLA decreased the interaction with
BSA. Albumin acts in plasma by oxidation and thiol exchange: this reactivity could explain
interactions with the citrate-stabilized AuNP core establishing covalent link with cysteine
residue. For Au@DHLA NP and BSA interactions, possibilities of BSA thiol anchorage are

limited by DHLA, but protein adsorption is nevertheless conceivable.
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3.3. Impact of AUNP coating on the intracellular redox homeostasis

Change in redox status has been proposed to play an important role in the mechanism of
toxicity of a number of NP. For example, depletion of GSH and production of ROS have been
observed in cells exposed to NiBPeNP (Ahamed et al., 2011), AgNP (Carlson et al., 2008),
CuNP (Valodkar et al., 2011), AuNP (Gao et al., 2011; Zhao et al.,, 2011) and polymeric
(Eudragif RS) NP (Eidi et al., 2012). Interactions between AuNP and different structures in
cells (including plasma membrane, mitochondria, endoplasmic reticulum, proteins and
antioxidants) are today highlighted and they can lead to changes in cellular redox potential
that could lead to adverse effects (Unfried et al., 2007).

Nanoparticles can interfere with plasma membrane via different ways including
transmembrane enzyme activation (such as NADPH oxidase enzymes) and internalization
(Unfried et al., 2007). When AuNP enters intracellular compartment, their interaction with
organellesg.g. mitochondria (source of,Q H,0,, C&*) and endoplasmic reticulum (source
of C&™), can lead to further ROS and reactive nitrogen species (RIS3tion.Indeed due
to the high surface reactivity, AUNP can also interact directly with antioxidants in cells (Gao
et al., 2011)e.g. GSH, resulting in disorder of the redox balance and production of ROS and
RNS. These disturbances can lead to the activation of intracellular signaling patbways (
MAPK), nuclear transcription factore.g. AP-1, NF«B or Nrf2), and altered gene expression
following the induction of adaptive responses including release of inflammation mediators,
antioxidant defence activation, and cell phenotype modification (Unfried et al., 2007). The
oxidative stress resulting from an excess of ROS and RNS overwhelms the antioxidant
capacities of the cells and can lead to injuries of cell componestdjpid peroxidation,
oxidation of protein and DNA damages, followed by cell death by necrosis or apoptosis. The

extent of disturbances depends different factors, mainly NP concentration and their
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physico-chemical properties. Studies cited above have been focused to assess the effect of the
acute toxicity of AUNP in cells by using high NP concentration.

In the present study, we propose to evaluate the potential early-warning signals of redox
balance impairment in macrophages in contact with citrate-stabilized AUNP and Au@DHLA
NP. The tested AuNP concentration is equal to 10 nM, and it corresponds to a sub-toxic
concentration (corresponding to 80 % of viability measured by Trypan Blue assay (Leroy et
al., 2011)) which is far away from a potential therapeutic approach. As a matter of fact, the
high possible rate of drug anchoring on AuNP surface should limit NP administration to very

low doses (Soenen et al., 2011).

3.4. Dihydrolipoic acid coating decreases nanoparticle uptake by macrophages

Interactions of AUNP with cells were investigated on NR8383 rat alveolar macrophages.
Macrophages correspond to a hematopoietic cell line that plays an essential role in innate
immunity. This cell type is considered as a convenient cell model to analyze and verify
whether NP can potentially cause adverse effects (Soenen et al., 2011). Nanoparticle uptake
by macrophages may occur through various pathways (Alkilany and Murphy, 2010; Chithrani
and Chan, 2007; Unfried et al., 2007), and physicochemical properties of NP (such as size,
surface charge, shape and surface coating) influence particle internalization by macrophages
(Boudier et al., 2011; Goodman et al., 2004; Hauck et al., 2008; Hutter et al., 2010; Pan et al.,
2007; Shukla et al., 2005; Takahashi et al., 2005).

Transmission electronic microscopy studies were performed for probing AuNP
internalization and they highlighted the impact of the AuUNP coating on macrophage uptake.
Macrophages treated with AuNP were morphologically similar to those untreated, what

means that the presence of AUNP had no apparent adverse impact (Fig. 3).
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Aggregates of citrate-stabilized AUNP were observed in intracellular compartment since
few Au@DHLA NP were noticed (Fig. 3b-e). After 24-h exposure, AuNP are localized in
endosomal compartments and they did not enter the nucleus, which correlates with previous
findings and the extensive literature on this issue (Chithrani and Chan, 2007; Shukla et al.,
2005).

To quantify the AuNP internalization, the amount of gold inside cells was determined by
using ICP-MS. Macrophages were cultured for different time periods (15 min, 30 min, 2 h,
6 h, and 24 h) with both AuNP types. As shown in Figure 3f, the uptake of AUNP by
macrophages was time dependent. On the one hand, low amounts of AUNP per cell were
observed after 15 min, 30 min, 2 h and 6 h and no significant difference between citrate-
stabilized AuNP and Au@DHLA NP was noticed. On the other hand, macrophages
internalized two times less Au@DHLA than citrate-stabilized AUNP after 24-h exposure.

The surface coating mostly influences the immediate protein corona of AUNP formed
upon contact with biological matrices. This phenomenon creates a “molecular signature”,
which is recognized by immune cells and determines the route of particle internalization
(Aggarwal et al., 2009). In this study, we suggest that Au@DHLA NP have low interaction
rate with proteins in comparison with citrate-stabilized AuNP, thus a limited uptake by
macrophages was observed. Chithrani and Chan proposed that serum proteins adsorb onto the
AuNP surface and mediate their uptake (Chithrani and Chan, 2007). This hypothesis
correlates with observations described above in cell-free conditions with GSH, GSNO and
albumin (Fig 2): DHLA covalently linked to AuNP did not allow easily ligand exchange or
adsorption. We also showed the influence of serum constituents on AuNP uptake by
macrophages (data not shown). Uptake of AUNP decreased in the absence of serum in cell

culture medium.
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3.5. Dihydrolipoic acid coated nanoparticles do not disturb intracellular redox homeostasis

As internalization of citrate-stabilized AuNP and Au@DHLA NP by macrophages
reached different levels, consequences in redox balance are not absolutely identical for both
AuUNP types.

We studied the redox status of macrophages after exposure to sub-toxic concentrations of
AuUNP by using biomarkers, such as GSH level, ROS production, and mRNA expression
related to oxidative stresadfl) and inflammatory respondef). Results are compared with
those obtained with untreated cells (negative control) and with cells exposed to unloaded
Eudragif RS NP as a positive control (Eidi et al., 2012).

We have demonstrated above that the DHLA coating of AUNP preserves from the ligand
exchanges with GSH under cell-free conditions (Fig. 2). When macrophages are exposed to
AuUNP, the citrate-stabilized AuNP significantly reduced the intracellular level of GSH (by 20
%; p < 0.05), whereas Au@DHLA NP did not deplete the GSH pool (Fig. 4a). Interestingly,
GSH depletion in macrophages exposed to citrate-stabilized NP was not implied with ROS
generation (Fig. 5a). Dichlorofluorescein (DCF) concentration (an indicator of intracellular
ROS level) slightly decreased (by 28 pox 0.05) after exposure to a 10 nM concentration of
citrate-stabilized AuNP. The same decrease of ROS levels was observed with Au@DHLA NP
(Fig. 5a).

The radical scavenging capacities of AUNP have been reported in previous works under
cell- free conditions (Esumi et al., 2004; Isono et al., 2005) and cell assays (Ma et al., 2010;
Shukla et al., 2005). It is not known, for instance, how AuNP deplete ROS levels, whether
they bind directly free radicals (adsorption on the AuNP surface or on the possibility of
exchange interaction between the unpaired electrons of the free radicals and the conduction-

band electrons of the metal) or induce indirectly the ROS scavenging by direct down-
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regulation of transcription factors (such as AP-1 andkB}4involved in ROS production

(Jeon et al., 2000). To support the hypothesis of the direct scavenging of free radicals by
AuNP, we added citrate-stabilized AUNP and Au@DHLA NP at different concentrations (5 —
40 nM) to a 50 uM ABTS solution, a free radical widely used to evaluate direct radical
scavenging properties of various antioxidants (Re et al., 1999; Tirzitis and Bartosz, 2010). As
showed in figure 5b, a dose-response relationship was observed after interaction of citrate-
stabilized AUNP and Au@DHLA NP with ABTS and no significant difference between
citrate-stabilized AuNP and Au@DHLA NP was noticed within the NP concentration range of
5 - 20 nM. However, when higher concentrations (30 — 40 nM) were used, A&Ffbits

higher affinity toward citrate-stabilized AuNP than toward Au@DHLA NP. This study proves
that AUNP can scavenge directly free radicals. However, further experiments need to be

carried out to show the exact mechanism of ABE8nsumption by AuNP.

To refine redox balance impairment and to identify activated redox signaling pathway by
both AuNP types, mRNA level of the gene encoding Nuclear factor-kB transcription factor
(nfkb2) and mRNA levels of genes related to ROS production through the NADPH oxidase
complex (neutrophil cytosolic factor 1 refl) and inflammation process (tumor necrosis
factor-alpha -tnfa) was monitored by using gRT-PCR assays. It is lg@amitted in the
literature that genes which show more than a 2-fold or less than 0.5- fold expression level as
compared to control, were considered as up- or down-regulated, respectively (Lin et al.,
2003).

Nuclear factoB transcription factor plays a central role as a mediator of activation
(Baek et al., 2009) and inflammatory responses (Lee and Kim, 2007), as well as in the control
of cell proliferation or apoptosis (Quentmeier et al., 2001; Woods et al., 2007) in immune

cells. In essence, this transcription factor is considered as “instigator” of many cell signaling
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pathways following stress exposure and translating redox balance disruption (Allen and
Tresini, 2000). Interestingly, we observed a down-regulationf«id2 gene (Fig. 6a) in the
Au@DHLA NP treated macrophages. Gold compounds (for instance, sodium aurothiomalate
and sodium aurothioglucose) have been shown to block the activation of AP-1 a8l NF-
transcription factors, affecting the expression of many pro-inflammatory genes involved on
the production of RNS and ROS (Jeon et al.,, 2000 ). The similar mechanism of down-
regulation of genes implied in ROS generation might also be involved in AuU@DHLA NP.
Hence, AU@DHLA NP could exert, indirectly (down-regulation rokb2; Fig. 6a) and
directly (consumption of ABTS; Fig. 5b) antioxidants effects on macrophages.

As expected, citrate-stabilized AUNP and Au@DHLA NP treated macrophages did not
activate thencfl gene which encodes a subunit of NADPH oxidase, as shown in Figure 6b
(Dika Nguea et al.,, 2008). NADPH oxidase is a transmembrane protein, which can be
activated by NP to produce superoxide (Nel et al., 2009). This explanation could corroborate
the fact that no significant ROS production was observed after citrate-stabilized AuNP and
Au@DHLA NP exposure. However, in spite of the GSH scavenging after citrate-stabilized
AuNP treatment, we have not highlighted apoptosis or inflammation induction in
macrophages (as already reported in our previous study (Leroy et al., 2011). In this study,
citrate-stabilized NP and Au@DHLA NP were unable to activafe gene (Fig. 6¢) and
caspase-3 (Fig. 6d). Cell signaling consequences that we explored did not reveal deleterious
effect of AUNP following a unique exposure. Other signaling pathways could be turned on
such as autophagy, a catabolic process involving the degradation of a cell's own components

through the lysosomal machinery (Ma et al., 2011).
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4. Conclusion

Despite the studies available on acute cytotoxicity of AuNP, to our knowledge, the
present study is one of the few focusing on the early events of cellular cytotoxicity and
accompanying redox status alterations caused by AUNP exposure.

In the present study, we used AuNP with similar morphology and diameter but different
surface coating. Both of them are currently planed as drug delivery systems. Contrary to
citrate-stabilized AuNP, Au@DHLA NP are stable and offer multiple possibilities of
functionalization (Roux et al., 2005). These studies pointed out that changing the coating of
AuNP from a low-molecular weight molecule (citrate) to a bidentate ligand (DHLA), the
uptake by macrophages and reactivity towards redox signaling molecules are decreased, two
essential parameters to preserve cellular integrity and body safety, and to assure

pharmaceutical platform function.

Acknowledgements

Authors gratefully acknowledger Lavinia BALAN (IS2M, LRC 7228, Université de Haute
Alsace, Mulhouse, France) for realizing AUNP TEM measurements; Pr Bernard FOLIGUET
and Mme CHANEL (Department of electron microscopy, Faculty of Medicine, Nancy,
Université de Lorraine, France) for cell TEM images; Pr. Jean-Frangois COLLET (Université
Catholigue de Louvain, Bruxelles, Belgiqgue) and Pr. Vincent HAUFROID (Université
Catholique de Louvain, Bruxelles, Belgique) for ICP-MS analysis. Authors would also like to

acknowledge Miss Debora GGIK and Mr Kevin DALLEAU for their technical support

157



Chapitre 111

619 References

620
621 Aggarwal, P., Hall, J.B., McLeland, C.B., Dobrovolskaia, M.A., McNeil, S.E., 2009.

622 Nanoparticle interaction with plasma proteins as it relates to particle biodistribution,
623 biocompatibility and therapeutic efficacy. Adv. Drug Deliv. Rev. 61, 428-437.

624
625 Ahamed, M., Akhtar, J.M., Siddiqui, M.A., Ahamad, J., Musarrat, J., Al-Khedhairy, A.A.,

626 Alsalhi, M.S., Alrokayan, S.A., 2011. Oxidative stress mediated apoptosis induced by nickel
627 ferrite nanoparticles in cultured a549 cells. Toxicology 283, 101-108.

628
629 Al-Sa’Doni, H., Ferro, A., 2000. S-nitrosothiols: A class of nitric oxide-donor drugs. Clin.

630 Sci. 98, 507-520.

631
632 Alan, 2011. Trial of insulin-coated gold nanoparticles approved, Science Business.

633 http://sciencebusiness.technewslit.com/?p=6957

634
635 Alkilany, A.M., Murphy, C.J., 2010. Toxicity and cellular uptake of gold nanoparticles: What

636 we have learned so far? J. Nanopart. Res. 12, 2313-2333.

637
638 Allen, R.G., Tresini, M., 2000. Oxidative stress and gene regulation. Free Radical Biol. Med.

639 28, 463-499.

640
641 Baciu, C., Gauld, J.W., 2003. An assessment of theoretical methods for the calculation of

642 accurate structures and s-n bond dissociation energies of s-nitrosothiols (RSNOs). J. Phys.
643 Chem. A 107, 9946-9952.

644
645 Baek, Y.-S., Haas, S., Hackstein, H., Bein, G., Hernandez-Santana, M., Lehrach, H., Sauer,

646 S., Seitz, H., 2009. Identification of novel transcriptional regulators involved in macrophage

647 differentiation and activation in U937 cells. BMC Immunology 10, 18.

158



Chapitre 11l

648

649

650

651
652

653

654
655

656

657

658
659

660

661
662

663

664
665

666

667

668
669

670

671

672
673

674

675

676

Boudier, A., Castagnos, P., Soussan, E., Beaune, G., Belkhelfa, H., Ménager, C., Cabuil, V.,
Haddioui, L., Roques, C., Rico-Lattes, I., Blanzat, M., 2011. Polyvalent catanionic vesicles:

Exploring the drug delivery mechanisms. Int. J. Pharmaceut. 403, 230-236.

Brown, K.R., Walter, D.G., Natan, M.J., 1999. Seeding of colloidal au nanopatrticle solutions.

2. Improved control of particle size and shape. Chem. Mater. 12, 306-313.

Carlson, C., Hussain, S.M., Schrand, A.M., Braydich-Stolle, L.K., Hess, K.L., Jones, R.L.,
Schlager, J.J., 2008. Unique cellular interaction of silver nanoparticles: Size-dependent

generation of reactive oxygen species. J. Phys. Chem. B 112, 13608-13619.

Chai, F., Wang, C., Wang, T., Li, L., Su, Z., 2010. Colorimetric detection &f #ing

glutathione functionalized gold nanopatrticles. ACS Appl. Mater. Inter. 2, 1466-1470.

Chithrani, B.D., Chan, W.C., 2007. Elucidating the mechanism of cellular uptake and removal

of protein-coated gold nanoparticles of different sizes and shapes. Nano Lett. 7, 1542-1550.

Cook, J.A., Kim, S.Y., Teague, D., Krishna, M.C., Pacelli, R., Mitchell, J.B., Vodovotz, Y.,
Nims, R.W., Christodoulou, D., Miles, A.M., Grisham, M.B., Wink, D.A., 1996. Convenient

colorimetric and fluorometric assays for S-nitrosothiols. Anal. Biochem. 238, 150-158.

Dika Nguea, H., De Reydellet, A., Lehuédé, P., De Meringo, A., Le Faou, A., Marcocci, L.,
Rihn, B.H., 2008. Gene expression profile in monocyte during in vitro mineral fiber

degradation. Arch. Toxicol. 82, 355-362.

Eidi, H., Joubert, O., Némos, C., Grandemange, S., Mograbi, B., Foliguet, B., Tournebize, J.,
Maincent, P., Le Faou, A., Aboukhamis, I., Rihn, B.H., 2012. Drug delivery by polymeric

nanoparticles induced autophagy in macrophages. Int. J. Pharmaceut. 422, 495-503.

159



Chapitre 111

677

678

679

680
681

682

683
684

685

686

687
688

689

690

691
692

693

694
695

696

697
698

699

700

701

702

703
704

705

Era, S., Kazuo, K., Imai, H., Nakamura, K., Hayashi, T., Sogami, M., 1995. Age-related
change in redox state of human serum albumin. Biochim. Biophys. Acta Protein Struct. Mol.

Enzymol. 1247, 12-16.

Esumi, K., Houdatsu, H., Yoshimura, T., 2004. Antioxidant action by gold-pamam dendrimer

nanocomposites. Langmuir 20, 2536-2538.

Gao, W., Xu, K., Ji, L., Tang, B., 2011. Effect of gold nanopatrticles on glutathione depletion-
induced hydrogen peroxide generation and apoptosis in HL7702 cells. Toxicol. Lett. 205, 86-

95.

Goodman, C.M., McCusker, C.D., Yilmaz, T., Rotello, V.M., 2004. Toxicity of gold
nanoparticles functionalized with cationic and anionic side chains. Bioconjugate Chem. 15,

897-900.

Goraca, A., Huk-Kolega, H., Piechota, A., Kleniewska, P., Ciejka, E., Skibska, B., 2011.

Lipoic acid - biological activity and therapeutic potential. Pharm. Reports 63, 849-858.

Hauck, T.S., Ghazani, A.A., Chan, W.C.W., 2008. Assessing the effect of surface chemistry

on gold nanorod uptake, toxicity, and gene expression in mammalian cells. Small 4, 153-159.

Hutter, E., Boridy, S., Labrecque, S., Lalancette-Hébert, M., Kriz, J., Winnik, F.M.,

Maysinger, D., 2010. Microglial response to gold nanoparticles. ACS Nano 4, 2595-2606.

Isono, R., Yoshimura, T., Esumi, K., 2005. Preparation of Au/Ti@ocomposites and their

catalytic activity for DPPH radical scavenging reaction. J. Colloid Interf. Sci. 288, 177-183.

Jeon, K.-l., Jeong, J.-Y., Jue, D.-M., 2000. Thiol-reactive metal compounds inhilB NF-

activation by blockingdB kinase. J. Immunol. 164, 5981-5989.

160



Chapitre 111

706

707

708

709
710

711

712
713

714

715
716

717

718

719
720

721

122

723
724

725

726
727

728

729

730
731

732

733

734

Jia, H.Y., Liu, Y., Zhang, X.J., Han, L., Du, L.B., Tian, Q., Xu, Y.C., 2009. Potential
oxidative stress of gold nanopatrticles by induced-NO releasing in serum. J. Am. Chem. Soc.

131, 40-41.

Karakoti, A., Singh, S., Dowding, J.M., Seal, S., Self, W.T., 2010. Redox-active radical

scavenging nanomaterials. Chem. Soc. Rev. 39, 4422-4432.

Lee, H., Lee, K., Kim, |.-K., Park, T.G., 2009. Fluorescent gold nanoprobe sensitive to

intracellular reactive oxygen species. Adv. Funct. Mater. 19, 1884-1890.

Lee, H., Lee, K., Kim, I.-K., Park, T.G., 2010. Bodipy-functionalized gold nanoparticles as a
selective fluoro-chromogenic chemosensor for imaging* @u living cells. Analyst 135,

2022-2027.

Lee, H., Lee, K., Kim, LK., Park, T.G., 2008. Synthesis, characterization, and in vivo
diagnostic applications of hyaluronic acid immobilized gold nanoprobes. Biomaterials 29,

4709-4718.

Lee, M.S., Kim, Y.J., 2007. Signaling pathways downstream of pattern-recognition receptors

and their cross talk. Annu. Rev. Biochem. 76, 447-480.

Leroy, P., Sapin-Minet, A., Pitarch-Sierra, A., Boudier, A., Tournebize, J., Schneider, R.,
2011. Interactions between gold nanoparticles and macrophages : Activation or inhibition ?

Letter to the Editor, Nitric Oxide-Biol. Chem. 25, 54 -56.

Lewicki, K., Marchand, S., Matoub, L., Lulek, J., Coulon, J., Leroy, P., 2006. Development
of a fluorescence-based microtiter plate method for the measurement of glutathione in yeast.

Talanta 70, 876—882.

161



Chapitre 11l

735

736

737
738

739

740
741

742

743

744

745
746

747

748

749

750
751

752

753

754
755

756

757
758

759

760
761

762

763

Li, L., Li, B., 2009. Sensitive and selective detection of cysteine using gold nanopatrticles as

colorimetric probes. Analyst 134, 1361-1365.

Li, Z., Jin, R., Mirkin, C.A., Letsinger, R.L., 2002. Multiple thiol-anchor capped DNA-gold

nanoparticle conjugates. Nucleic Acids Res. 30, 1558-1562.

Libutti, S.K., Paciotti, G.F., Byrnes, A.A., Alexander, H.R., Gannon, W.E., Walker, M.,
Seidel, G.D., Yuldasheva, N., Tamarkin, L., 2010. Phase | and pharmacokinetic studies of
cyt-6091, a novel pegylated colloidal gold-rh TNF nanomedicine. Clin. Cancer Res. 16, 6139-

6149.

Lin, C.-A.J., Yang, T.-Y., Lee, C.-H., Huang, S.H., Sperling, R.A., Zanella, M., Li, J.K,,
Shen, J.-L.,, Wang, H.-H., Yeh, H.-l., Parak, W.J., Chang, W.H., 2009. Synthesis,
characterization, and bioconjugation of fluorescent gold nanoclusters toward biological

labeling applications. ACS Nano 3, 395-401.

Lin, Z., Fillmore, G.C., Um, T.H., Elenitoba-Johnson, K.S.J., Lim, M.S., 2003. Comparative
microarray analysis of gene expression during activation of human peripheral blood T cells

and leukemic jurkat T cells. Lab. Invest. 83, 765-776.

Liu, J., Ong, W., Roman, E., Lynn, M.J., Kaifer, A.E., 2000. Cyclodextrin-modified gold

nanospheres. Langmuir 16, 3000-3002.

Loo, C., Lowery, A., Halas, N., West, J., Drezek, R., 2005. Immunotargeted nanoshells for

integrated cancer imaging and therapy. Nano Lett. 5, 709-711.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein measurement with the

folin-phenol reagents. J. Biol. Chem. 193, 265-275.

162



Chapitre 11l

764

765

766

767

768
769

770

771

772
773

774

775

776
777

778

779

780
781

782

783

784
785

786

787

788
789

790

791

Ma, J.S., Kim, W.J., Kim, J.J., Kim, T.J., Ye, S.K., Song, M.D., Kang, H., Kim, D.W., Moon,
W.K., Lee, K.H., 2010. Gold nanopatrticles attenuate Ips-induced no production through the
inhibition of NFxB and IFNS/STAT1 pathways in RAW264.7 cells. Nitric Oxide-Biol

Chim. 23, 214-2109.

Ma, X., Wu, Y., Jin, S., Tian, Y., Zhang, X., Zhao, Y., Yu, L., Liang, X.-J., 2011. Gold
nanoparticles induce autophagosome accumulation through size-dependent nanoparticle

uptake and lysosome impairment. ACS Nano 5, 8629-8639.

Nel, A.E., Madler, L., Velegol, D., Xia, T., Hoek, E.M.V., Somasundaran, P., Klaessig, F.,
Castranova, V., Thompson, M., 2009. Understanding biophysicochemical interactions at the

nano-bio interface. Nat. Mater. 8, 543-557.

Paciotti, G.F., Myer, L., Weinreich, D., Goia, D., Pavel, N., McLaughlin, R.E., Tamarkin, L.,
2004. Colloidal gold: A novel nanoparticle vector for tumor directed drug delivery. Drug

Deliv. 11, 169-183.

Pan, Y., Leifert, A., Ruau, D., Neuss, S., Bornemann, J., Schmid, G., Wolfgang, B., Ulrich,
S., Willi, J.-D., 2009. Gold nanopatrticles of diameter 1.4 nm trigger necrosis by oxidative

stress and mitochondrial damage. Small 5, 2067-2076.

Pan, Y., Neuss, S., Leifert, A., Fischler, M., Wen, F., Simon, U., Schmid, G., Brandau, W.,
Jahnen-Dechent, W., 2007. Size-dependent cytotoxicity of gold nanoparticles. Small 3, 1941-

1949.

Pramanik, S., Banerjee, P., Sarkar, A., Bhattacharya, S.C., 2008. Size-dependent interaction

of gold nanopatrticles with transport protein. J. Lumin. 128, 1969-1974.

163



Chapitre 11l

792

793

794

795
796

797

798

799
800

801

802

803
804

805

806

807

808
809

810

811

812
813

814

815
816

817

818

819

Quentmeier, H., Drexler, H.G., Fleckenstein, D., Zaborski, M., Armstrong, A., Sims, J.E.,
Lyman, S.D., 2001. Cloning of human thymic stromal lymphopoietin (tslp) and signaling

mechanisms leading to proliferation. Leukemia 15, 1286-1292.

Re, R., Pellegrini, N., Proteggente, A., Pannala, A., Yang, M., Rice-Evans, C., 1999.
Antioxidant activity applying an improved ABTS radical cation decolorization assay. Free

Radical Bio. Med. 26, 1231-1237.

Rosi, N.L., Giljohann, D.A., Thaxton, C.S., Lytton-Jean, A.K., Han, M.S., Mirkin, C.A.,
2006. Oligonucleotide-modified gold nanoparticles for intracellular gene regulation. Science

312, 1027-1030.

Roux, S., Garcia, B., Bridot, J.-L., Salomé, M., Marquette, C., Lemelle, L., Gillet, P., Blum,
L., Perriat, P., Tillement, O., 2005. Synthesis, characterization of dihydrolipoic acid capped
gold nanoparticles, and functionalization by the electroluminescent luminol. Langmuir 21,

2526-2536.

Shukla, R., Bansal, V., Chaudhary, M., Basu, A., Bhonde, R.R., Sastry, M., 2005.
Biocompatibility of gold nanoparticles and their endocytotic fate inside the cellular

compartment: A microscopic overview. Langmuir 23, 10644-10654.

Sies, H., 1999. Glutathione and its role in cellular functions. Free Radical Bio. Med. 27, 916-

921.

Soenen, S.J., Rivera-Gil, P., Montenegro, J.-M., Parak, W.J., Smedt, S.C.D., 2011. Cellular
toxicity of inorganic nanoparticles: Common aspects and guidelines for improved

nanotoxicity evaluation. Nanotoday 6, 446-465.

164



Chapitre 111

820 Summa, D., Spiga, O., Bernini, A., Venditti, V., Priora, R., Frosali, S., Margaritis, A.,
821 Giuseppe, D.D., Niccolai, N., Simplicio, P.D., 2007. Protein—thiol substitution or protein
822 dethiolation by thiol/disulfide exchange reactions: The albumin model. Proteins 69, 369-378.

823
824 Takahashi, H., Niidome, Y., Niidome, T., Kaneko, K., Kawasaki, H., Yamada, S., 2005.

825 Modification of gold nanorods using phosphatidylcholine to reduce cytotoxicity. Langmuir
826 22, 2-5.

827
828 Tirzitis, G., Bartosz, G., 2010. Determination of antiradical and antioxidant activity: Basic

829 principles and new insights. Acta Biochim. Pol. 57, 139-142.

830
831 Tournebize, J., Sapin-Minet, A., Schneider, R., Boudier, A., Maincent, P., Leroy, P., 2011.

832 Simple spectrophotocolorimetric method for quantitative determination of gold in
833 nanoparticles. Talanta 83, 1780-1783.

834
835 Unfried, K., Albrecht, C., Klotz, L.-O., Von Mikecz, A., Grether-Beck, S., Schins, R.P.F.,

836 2007. Cellular responses to nanopatrticles: Target structures and mechanisms. Nanotoxicology
837 1,52-71.

838
839 Valodkar, M., Rathore, P.S., Jadeja, R.N., Thounaojam, M., Devkar, R.V., Thakore, S., 2011.

840 Cytotoxicity evaluation and antimicrobial studies of starch capped water soluble copper
841 nanoparticles. J. Hazard Mater. 201-202, 244-249.

842
843 Woods, C.G., Burns, A.M., Bradford, B.U., Ross, P.K., Kosyk, O., Swenberg, J.A,

844  Cunningham, M.L., Rusyn, 1., 2007. Wy-14,643—induced cell proliferation and oxidative
845 stress in mouse liver are independent of NADPH oxidase. Toxicol. Sci. 98, 366-374.

846

165



Chapitre 111

847

848

849

850
851

852

853

Zhao, W., Lam, J.C.F., Chiuman, W., Brook, M.A., Li, Y., 2008. Enzymatic cleavage of
nucleic acids on gold nanoparticles: A generic platform for facile colorimetric biosensors.

Small 4, 810-816.

Zhao, Y., Gu, X., Ma, H., He, X., Liu, M., Ding, Y., 2011. Association of glutathione level
and cytotoxicity of gold nanoparticles in lung cancer cells. J. Phys. Chem. C 115, 12797-

12802.

166



Chapitre 111

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

Figure captions:

Fig. 1. Synthesis and physico-chemical properties of AuNl®p) schematic representation

of synthesis of AuNP stabilized with citrate (citrate-stabilized AuNP) (1st step) and
functionalized with dihydrolipoic acid (Au@DHLA NP) (2nd step). (Bottom) Hydrodynamic

and geometric diameters, and zeta potential measurements of AuNP. Values correspond to
mean + standard deviation of three independent experiments.

*, p < 0.05 in relation to citrate-stabilized AuNP when all experiments were compared and the

t-student test were performed for calculations.

Fig. 2. Interactions in cell-free conditions between AuNP and molecules implied on redox
status: (a) concentration of GSH remaining, (b) concentratioN®@freleased from GSNO

and (c) fluorescence quenching of bovine serum albumin after exposure to citrate-stabilized
AuNP and Au@DHLA NP at different concentrations (5—-30 nM), (d) hydrodynamic size of
AuNP at 10 nM before and after interaction with BSA. Values correspond to mean + standard
deviation of three independent experiments.

*, p < 0.05 in relation to citrate-stabilized AuNP when all experiments were compared and the

t-student test were performed for all calculations.

Fig. 3. Evaluation of AUNP uptake by NR8383 macrophages after exposure to 10 nM of
citrate-stabilized AuNP and Au@DHLA NP by using transmission electron microscopy
(TEM) images and inductively coupled argon plasma mass spectrometry (ICP-MS)
measurements. Representative images taken from (a) not treated macrophages (negative
control) (b-c) and macrophages treated for 24 h with citrate-stabilized AuNP (d-e) and
Au@DHLA NP; arrow indicates internalized nanoparticles, (f) kinetics of cellular uptake of

citrate-stabilized AuNP and Au@DHLA NP as a function of incubation time.
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Values correspond to mean + standard deviation of three independent expefinpent8.05
in relation to citrate-stabilized AuNP, when the experiments were compared and the non-

parametric Mann and Whitney randomised test were performed for calculations.

Fig. 4. Intracellular reduced glutathione level in NR8383 macrophage after treatment with
citrate-stabilized AUNP and Au@DHLA NP. Eudr&gRS NP (100 pg.mt) was used as the
positive control.

Values correspond to mean + standard deviation of three independent experiments.

* p < 0.05 in relation to control, when the experiments were compared and the non-

parametric Mann and Whitney randomised test were performed for calculations.

Fig. 5. Reactivity of AUNP with radicals; (a) ROS production in NR8383 macrophage after
treatment with citrate-stabilized AuNP and Au@DHLA NP at a concentration of 10 nM.
Eudragi® RS NP (100 pg.mt) was used as the positive control; (b) ABT&oncentration
(initial concentration: 50 puM) after reaction with AUNP (5 — 40 nM).

Values correspond to mean + standard deviation of three independent experiments.

In cells experiments;, p < 0.05 in relation to control -, when the experiments were compared
and the non-parametric Mann and Whitney randomised test were performed for calculations.
In ABTS™ experiments,*, p < 0.05 in relation to citrate-stabilized AuNP when all

experiments were compared and tlstudent test were performed for all calculations.
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Fig. 6. Expression levels of (@fxb2, (b)ncfl and (cknfa genes estimated with gRT-PCR

and (d) detection of caspase-3 activity after treatment of NR8383 macrophages with citrate-
stabilized AuNP and Au@DHLA NP. In gqRT-PCR measurements, the expression levels were
normalizedto s18 levels. Genes which showed more than 2.0-fold or less than 0.5-fold
intensity as compared to control, were considered as up- or down-regulated. In caspase-3
protein activity experiments, camptothecin (10 uM) was used as a caspase-3 inducer and Ac-
DEVD-CHO inhibitor was used to confirm that the observed fluorescence signal in both
induced and control cells populations is due to the activity of caspase-3-like proteases. Values
correspond to mean + standard deviation of three independent measurémert.05 in

relation to control, when the experiments were compared and the non-parametric Mann and

Whitney randomised test were performed for calculations.
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1 Table 1. Primer sequences (Forward / Reverse) used for gqRT-PCR experiments

2
Primers  Forward primer Reverse primer
nfkb2 5’-TTCGGAACTGGGCAAATGTT-3’ 5-ACACGTAGCGGAATCGAAAT-3"
tnfo 5'-TAGCCCACGTCGTAGCAAAC-3’ 5-TGGTATGAAATGGCAAATCG-3’
nefl 5’-TTCACAACTACGCAGGTGAA-3’ 5-TTATCTCCTCCCCAGCCTTC-3"
518 5'-CGCCGCTAGACGTAGAATTCT-3' 5-CATTCTTGGCAAATGCTTITGC-3’
4
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Figure 1
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Figure 2
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Figure 4
(1) control -
20 (2) control +
(3) citrate-stabilized AUNP
(4) Au@DHLA NP

*

Y
(4]

GSH (nmol/mg of protein)
o =

174



Chapitre 111

Figure 5
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Figure 6
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Drug delivery nanosystems are currently used in human therapy. In preliminary studies we have observed
that Eudragit® RS nanoparticles, prepared by nanoprecipitation or double emulsion techniques, are
cytotoxic for NR8383 rat macrophages. In this study, we expand our previous analysis and suggest
that unloaded Eudragit® RS nanoparticles prepared by nanoprecipitation (NP/ERS) may induce impor-
tant morphological and biochemical cellular modifications leading to cellular death. In NR8383 rat
macrophages cell line exposed to doses varying from 15 to 100 pg/mL, NP/ERS nanoparticles are internal-

g?::;:i;des ized inside the cells, reach the mitochondria and alter the structure of these organelles. In addition, the
Drug delivery exposure to nanoparticles induces cellular autophagy as demonstrated by electron microscopy analysis,
Autophagy microchip array, qRT-PCR and Western blot assays. Although toxicity of nanoparticles has already been
Apoptosis evidenced, it is the first time that results show clearly that the toxicity of polymeric nanovectors may be
Microarray related to an activation of autophagy.

Mitochondria © 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nano-drug delivery systems (NDDS) based on polymeric bio-
materials have received considerable interest as drug delivery
vehicles, and as nonviral gene delivery systems (Unger et al,
2007). Nanoparticles used as drug delivery vehicles are gener-
ally <500 nm in at least one dimension, and consist of different
biodegradable or non biodegradable materials such as natural or
synthetic polymers, lipids or metals (Hoffart et al.,, 2006; Suri
et al., 2007). Despite their wide use, their toxicity is seldom eval-
uated and the studies are limited, in most cases, to the effect of
loaded nanoparticles. On the contrary, the toxicity of the unloaded

Abbreviations: CHL, chloroquine; DCFH,-DA, 2',7'-dichlorofluorescin diacetate;
DE, double emulsion; DE/ERS, Eudragit® RS empty nanoparticles prepared by dou-
ble emulsion technique; ERS, Eudragit® RS PO; GO, gene ontology terms; LPS,
lipopolysaccharide; LMWH, low molecular weight heparin; NDA, naphthalene-
2,3 dicarboxyaldehyde; NDDS, nano drug delivery systems; NP, nanoprecipitation;
NP/ERS, Eudragit™ RS PO empty nanoparticles prepared by nanoprecipitation tech-
nique; SWCNTSs, single-walled carbon nanotubes; SDS, sodium dodecyl sulfate; SEM,
scanning electron microscopy; TEM, transmission electronic microscopy.

* Corresponding author at: Faculté de Pharmacie, 5 rue Albert Lebrun, BP 80403,
54001 Nancy Cedex, France. Tel.: +33 0383 682 355; fax: +33 0383 682 301.

E-mail addresses: bertrand.rihn@pharma.uhp-nancy.fr, housam.eidi®@gmail.com

(B.H.Rihn).

0378-5173/% - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2011.11.020

nanoparticles is not investigated and the mechanisms through
which they might interfere with the cellular metabolism are largely
unknown, Among the numerous available nanoparticles, those pre-
pared from Eudragit® RS (ERS), a non-biodegradable positively
charged copolymer, licensed for clinical use by the major health
authorities of Europe, Japan and USA (Hoffart et al., 2006), are
efficient NDDS. ERS nanoparticles prepared by nanoprecipitation
(NP) or by double emulsion (DE) techniques containing ibupro-
fen (Pignatello et al., 2002), cyclosporin (Pignatello et al., 2002),
indomethacin (Bhardwayj et al., 2010), melatonin (Schaffazick et al.,
2008), DNA plasmid (Gargouri et al,, 2009) and low molecular
weight heparin (Jiao et al., 2002) (LMWH) have been obtained
and suggested to be used for the treatment of different patholog-
ical conditions. A previous work from our laboratory has already
shown, by using MTT and Trypan blue exclusion tests, that unloaded
NP/ERS nanoparticles, at a final concentrations ranging from 25 to
400 pg/mL, have cytotoxic effects on the rat macrophage cell line
NR8383 (Eidi et al., 2010). Additionally, other studies performed on
ERS nanoparticles toxicity are scarce and often they are limited to
cell survival (Gargouri et al., 2009; Lamprecht et al., 2006). Taking
into consideration that (i) 44% of the total nanoparticles present in
a formulation is empty (Eidi et al., 2010); (ii) as demonstrated in
rabbits, nanoparticles reach the blood stream after oral administra-
tion (Hoffart et al., 2006) and that (iii) macrophages are among the
first cells they interact with, we extended our study on the effect of
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NP/ERS on NR8383 rat macrophages, which evolve in fully activated
macrophages (Nguea et al., 2008), with the aim to better elucidate
the molecular mechanisms that may be responsible of the observed
cytotoxicity and so to further address the safety issues surrounding
nanoparticles use.

2. Materials and methods
2.1, Materials

Eudragit® RS PO (ERS; MW= 150,000 Da) was a gift of Evonik
polymers (Darmstadt, Germany). CAS number: 33434-24-1, chem-
ical/IUPAC name: poly(ethyl acrylate-co-methyl methacrylate-co
trimethylammonioethyl methacrylate chloride) 1:2:0.1. INCI
name: AcrylatesfAmmonium Methacrylate Copolymer, molecular
weight: 32 g/mol. Eudragit® RS PO was described in the following
monographs: (i) European pharmacopoeia: Ammonio Methacry-
late Copolymer, Type B; (ii) USA pharmacopoeia: Ammonio
Methacrylate Copolymer, Type B - NF; (iii) Japanese phar-
macopoeia: Aminoalkyl Methacrylate Copolymer RS. Pluronic®
F68 [CAS number: 11104-97-5] (Saint-Quentin Fallavier, France)
was used as surfactant for particle preparations. Reduced
glutathione (GSH), naphthalene-2,3- dicarboxyaldehyde (NDA),
2',7'-dichlorofluorescin diacetate (DCFH;-DA) and dichlorofluores-
cein (DCF) were purchased from Sigma-Aldrich (France).

2.2, Methods

2.2.1. Nanoparticle preparation

Nanoparticles were prepared by nanoprecipitation as previ-
ously described (Bodmeier et al., 1991; Fessi and Puisieux, 1989).
Briefly, 300 mg of polymer were dissolved in 15mL of acetone
(organic phase). The solution was poured in a glass syringe, and
flowed slowly under stirring, in 40 mL of a Pluronic® F68 (0.5%, wiv)
aqueous solution. The solvent was removed by rotary evaporation
under vacuum at 40°C (Heidolph, Schwabach, Germany) and the
solution concentrated to 15 mL.

2.2.2. Particle size measurement

Particle sizes were estimated by photon correlation spec-
troscopy (PCS) using a Zetasizer™ (Malvern Instruments Worces-
tersher, UK). Each sample was diluted with filtrated bidistilled
water until the appropriate concentration of particles was achieved
to avoid multiscattering events. Using cumulative analysis soft-
ware and exponential sampling method, particle size (z-average)
and polydispersity index of equivalent hydrodynamic spheres were
determined using the results of three determinations.

2.2.3. Zeta potential measurement

Particle electrophoretic mobility was determined three times
for each sample by laser Doppler anemometry in a microelec-
trophoresis cell of Zetasizer™.

2.2.4. Scanning electron microscopy (SEM)

Briefly, nanoparticles deposited on a plastic coverslip (Ther-
manox, 174950, Merck Eurolab, Strasbourg, France) were dehy-
drated by increased ethanol concentrations (25°, 50, 70°, 90°,
and 100°) and treated with hexamethyldisilazane for 10 min at
room temperature. The coverslips were coated with gold. Prepa-
rations were observed under SEM (Stereoscan 240 S/N, Léo,
Rueil-Malmaison, France) at less than 20kV.

2.2.5. Cells and cell culture
The NR8383 rat alveolar macrophage cell line was purchased
from the American Type Culture Collection (CRL-2192, ATCC,

Manassas, VA). Cells were grown as 50% adherent and 50% float-
ing cells in Dulbecco's modified Eagle's medium (DMEM: GIBCO
Invitrogen, Cergy Pontoise, France) supplemented with 15% fetal
calf serum (FCS, Eurobio, Les Ullis, France), 200 mM r-glutamine
(G7513, Sigma-Aldrich, Saint Quentin Fallavier, France) and antibi-
otic(A5955, Sigma-Aldrich, Saint Quentin Fallavier, France) at 37 °C
under 5% CO,. Cells were treated with nanoparticles using this cul-
ture medium in all the following experiments.

2.2.6. Transmission electron microscopy (TEM)

Briefly, NR8383 cells were treated with 15 and 25 pg/mL of
NP/ERS for 2 h, then they were immediately fixed with ice-cold 3%
glutaraldehyde for 3 h. Cells were then post-fixed in 1% 0sOy4 for
1h at 4°C, progressively dehydrated by increasing concentrations
of ethanol and finally treated with propylene oxide and included in
resin semi-fine (1.5 wm) and ultra-fine sections (70-90nm) were
prepared with an ultra-microtome (Reichert-Yung) and examined
with the electron microscope Philips CM12 (FEI Electron Optics,
Eindhoven, The Netherlands).

2.2.7. Total RNA extraction

Total RNA was extracted from cells, treated with 15 and
100 pg/mL of NPJ/ERS for 24 h, using RNeasy Mini Kit (QIAGEN,
Courtaboeuf, France) following manufacturer instructions. RNA
purity and concentration were determined spectrophotometrically
using a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington,
DE).

2.2.8. Microarray

Microarray experiments were performed following the MIAME
(Minimal Information About a Microarray Experiment) criteria
(Brazma et al,, 2001). Briefly, RNA samples were extracted from
NR8383 cells and melted at 65 “C. cDNA was then synthesized using
M-MLV reverse transcriptase (RT) (EC 2.7.7.6.9, Invitrogen, Cergy
Pontoise, France). The cDNA was transcripted to cRNA using T7
RNA polymerase and labeled with fluorescent Cyanine 3-CTP. The
c¢RNA (350ng) was amplified and labeled using One-Color Gene
Amp Labeling Kit (Agilent Technologies, Massy, France) follow-
ing manufacturer’s instructions, then purified using RNeasy Mini
Kit (QIAGEN, Courtaboeuf, France) and quantified spectrophoto-
metrically using a NanoDrop ND-1000 (NanoDrop Technologies,
Wilmington, DE). The One-Color Spike-In Kit (Agilent Technolo-
gies, Massy, France) was used to provide positive controls. Before
the hybridization step, 1.65 g of cRNA was fragmented using the
Gene Expression Hybridization Kit (Agilent Technologies, Massy,
France) by incubation with fragmentation buffer and 10x blocking
agent for 30 min at 60 °C. Fragmented cRNA was hybridized to Agi-
lent 4x 44 K Whole Rat Genome Microarray (Agilent Technologies,
Massy, France) using hybridization chambers (Agilent Technolo-
gies, Massy, France) and hybridization oven (Agilent Technologies,
Massy, France) for 20 h at 65 °C. One-minute wash was performed
twice using wash solution 1 and 2, respectively (Agilent Tech-
nologies, Massy, France). Microarrays were stabilized and dried by
acetonitrile (Sigma-Aldrich, Saint Quentin Fallavier, France). The
slides were scanned with the Agilent Microarray Scanner {Agilent
technologies, Palo Alto, CA, USA) and the scanned images were
extracted using Feature Extraction Software version 9.5.3 (Agilent).
Analysis was performed with Genespring GX10 (Agilent Technolo-
gies, Palo Alto, CA, USA).

2.2.9. RNA reverse transcription and quantitative RT-PCR
(qRT-PCR)

Total RNA (1g) from control or treated cell samples were
reverse-transcripted with 50nmol of oligo (dT) using M-MLV
reverse transcriptase (RT) [EC 2.7.7.4.49, Invitrogen, Cergy Pon-
toise, France] following manufacturer’s protocol. qRT-PCR was
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Table 1
Primers sequences used in qRT-PCR experiments.

Primers Sens Anti sens

518 5'-CGCCGCTAGACGTAGAATTCT-3'  5'CATTCTTCGCAAATGCTTTGC-3'
nfkb2  5-TTCGGAACTGGGCAAATGTT-3'  5'-ACACGTAGCGGAATCCGAAAT-3'
opal 5 -TCCTGTGCATTCAAGATGGA-3 5-GAGCTTTCATTGGGAAGAGC-3
inf 5-TAGCCCACGTCGTAGCAAAC-3"  5-TGGTATGAAATGGCAAATCG-3'
5
5

bel2i13 5-TGGGATGCCTTTGTGGAACTAT-3" 5'-GGTCTGCTGACCTCACTTGT-3
casp8 "-GGTTTCTGCCTACAGGCGTTA-3'  5'-TCGTAATCGTCGATCCTTCC-3
pdcd4  5'-GGTGTGCCCGTGTTGGCAGT-3' 5'-GGCCCACCAATCGTGGTGCT-3
ncfl 5'-TTCACAACTACGCAGGTGAA-3  5'-TTATCTCCTCCCCAGCCTTC-3
atg16ll 5-CTTGTAATTCCCGCATTGCT-3' 5'-GCCTCGTATGTCTTTGATGC-3"

performed with a Stratagene Mx3000p system and Mesa Green
qPCR MasterMix Plus for SYBR® (RT-SY2X-03-WOQULR, Eurogen-
tec, Belgium). Briefly, 100 ng of reverse-transcripted RNA from each
sample were mixed with appropriate concentrations of tested gene
primers (Table 1) and the Mesa Green qPCR MasterMix. MRPSISA
(s18) was used as internal control gene. PCR amplifications were
carried out as follows: 5min at 95 °C; 45 cycles (155at95°C, 40s at
60°C and 40s at 72°C). A standard curve was made for each gene
and the subsequent slope was used to calculate the PCR reaction
efficiency (E=10(-1/51°Pe)), For each sample, the gene expression
level was calculated from the threshold cycle (C;), which is the
number of cycles necessary for the first detection of a PCR product.

2.2.10. Western blot

Total proteins (25 pg) from NR8383 cells either exposed (25
and 100 pg/mL of NP/ERS for 4, 10, 24, 36, 48 and 72h) or not
to nanoparticles were run on SDS-polyacrylamide gels (10%) as
previously described (Corcelle et al., 2006; Laemmli, 1970) and
transferred onto a PVDF membrane, followed by immunoblot anal-
ysis using monoclonal antibodies directed against anti-cleaved
PARP (cat #552596, BD Biosciences Pharmingen, France), anti-p65
(cat #sc7178, Santa Cruz Biotechnology, France), mouse anti-OPA1
(cat #612606, BD Transduction Laboratories, France), anti LC3-II
(clone 5F10; Nanotools, France), anti-actin (cat #C-11, Santa Cruz
Biotechnology, France) or anti-tubulin (Santa Cruz Biotechnology,
France) at the optimized dilutions. Bands were detected using an
IgG polyclonal anti-mouse antibody conjugated to peroxidase (EC
1.11.1.7; Sigma) after addition of a chemiluminescent substrate
(Roche).

2.2.11. Immunofluorescence

Cells were treated with either NP/ERS (0, 25, 50 and 100 pg/mL
for 4h) or chloroquine (CHL) CAs # [58175-87-4] as a positive
control of autophagy (30 uM, 4h). Cells deposited on a glass cov-
erslip were fixed for 15min in 4% paraformaldehyde in PBS at
4°C and washed in PBS. Nonspecific binding was blocked with 1%
bovine serum albumin-PBS for 15 min. Anti-LC3 antibody (1/100)
was applied overnight at 4°C. After two washes with PBS, sec-
tions were incubated with FITC-conjugated anti-mouse secondary
antibody for 1 hatroom temperature, The preparations were exam-
ined under a confocal laser-scanning microscope (Zeiss LSM510
Meta™) fitted with a 405 and 488 krypton/argon laser for simul-
taneous detection of DAPI and FITC fluorescence.

2.2.12. Intracellular reduced glutathione (GSH) measurement
Reduced glutathione measurements were performed as previ-
ously described (Lewicki et al., 2006), with some modifications.
Briefly, cells were dispensed (5 x 10° cells/well) into a G-well
microplate. Cells were incubated with 25 and 100 p.g/mL of NP/ERS
for 24 h. Then, cells were washed three times with PBS solution
(pH 7.4), and 1 mL of lysis solution [0.5 M perchloric acid, 0.1 M HCl
and 2mM EDTA] was added to cells. In order to remove the pre-
cipitated protein, cell lysates were centrifuged at 10,000 x gat4-C

Fig. 1. SEM observation of NP/ERS nanoparticles.

for 15min. 60 L of supernatant, 120 pL of borate buffer (0.4 M,
pH 9.2) and 20 L of naphthalene-2,3- dicarboxyaldehyde (NDA)
solution in ethanol were mixed in a 96-black well microplate and
incubated in the dark at 4 °C for 25 min. Fluorescence intensity was
then measured at 485-nm excitation and 528-nm emission using
a microplate reader (Biotek Synergy). Results were expressed as
nmol of GSH per mg of protein. Total protein quantity in cell lysate
was determined by the Lowry method (Lowry et al., 1951).

2.2.13. Intracellular ROS measurement

The production of intracellular reactive oxygen species (ROS)
was measured using an oxidation-sensitive fluorescent probe, 2',7'-
dichlorofluorescin diacetate (DCFH;-DA) (Wang and Joseph, 1999).
DCFH»-DA passively enters the cell where it reacts with ROS to
form a highly fluorescent compound, namely the dichlorofluores-
cein (DCF). Briefly, cells were dispensed (5 = 10° cellsfwell) into a
6-well microplate. Cells were exposed to 25 and 100 pg/mL for 24 h
of NP/ERS. Lipopolysaccharide (LPS) was used as a positive con-
trol of ROS production (1 pg/mL for 24 h). Cells were washed three
times with PBS solution (pH 7.4), resuspended in 1mL of 4 pM
DCFH5-DA solution and incubated for 40 min at 37 °C. Cells were
lysed using a lysis buffer (0.5 M Tris—HCl, 1.5 M NacCl, 3.5 mM SDS,
16 mM Triton X-100 and 1x protease inhibitor cocktail). The con-
version of DCFH to the fluorescent product (DCF) was measured
using a microplate reader (Biotek Synergy) with 485-nm excitation
and 528-nm emission. ROS production was quantified from a DCF
standard curve and results were expressed as DCF concentration
(nM).

2.2.14. Statistical and data analysis

Microarray data and statistics were analyzed using GeneSpring
GX10 software. Regarding qRT-PCR and array results, genes which
showed more than a 2-fold or less than 0.5-fold intensity as
compared to control, were considered respectively as up- or down-
regulated (Lin et al., 2003). In our study, the differences between
the control and the experimental group were evaluated with the
one-paired t-test. p-Values <0.01 were considered as significant.

3. Results
3.1. Nanoparticle characterization

NP/ERS nanoparticles were positively charged (+40.6 +5mV)
owing to the quaternary ammonium groups of the polycationic
ERS polymer. In addition, these nanoparticles had a mean nomi-
nal diameter value of 54.2 + 6 nm and a weak polydispersity index
(0.5 +0.04). Particle size results obtained by Zetasizer™ were com-
parable to those measured by SEM analysis (Fig. 1).
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Endocytosis

Fig. 2. Nanoparticle uptake by NR8383 macrophages. Macrophages exposed for 2 h to nanoparticles at a final concentration of 25 pg/mL (a) and 15 wg/mL (b and c). Arrows

indicate internalized nanoparticles (a).

Mitochondria

100 pg/mL of NP/ERS

0 24 3% 48 72 ()

Loading control

—— lfﬁ N

e NFkB (P65)
ug/mL of NP/ERS /24 h
0 2% 100
P65

Loading control

Fig. 3. Mitochondria are the intracellular target of NP/ERS nanoparticles. (a) Macrophages exposed to 15 pg/mL of nanoparticles for 1h. Arrows indicate internalized
nanoparticles into the cells and present on the border or inside the mitochondria. (b and ¢} Particle in an endosome and disorganization of cristae structure of mitochondria,
cells were treated with 15 and 50 pg/mL of NF/ERS for 1 and 6 h, respectively. (d) and (e) Western blotting: (d) time-dependent down regulation of OPA1, (e) effect of
nanoparticle concentration on the down regulation of NfkB (loading control is stained with Red Ponceau).
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Autophagy

100 pg/mL of NP/ERS"

b c DNA LC3-11

0 4 10 (h)

LC3-I

Fig. 4. Autophagy induced by NP/ERS particles. (a) Cells exposed to 50 pg/mL of nanoparticles for 6 h. Arrows indicate accumulation of double- and multi-membrane
phagophores as well as lamellar autophagosomes. Note the dense aspect of mitochondria. (b) LC3-1I protein levels obtained by Western blotting. No LC3-I1 protein was
evidenced in control cells. Cells were exposed to 100 pg/mL of nanoparticles for 4 and 10 h, respectively. a-Tubulin was used as loading control. (¢} In vitro accumulation
of LC3-positive vesicles in NR8383 cells treated with NP/ERS observed by confocal fluorescence microscopy. Arrows indicate LC3-positive vesicles (green fluorescence). The
blue fluorescence corresponds to DNA (stained with DAPL). (For interpretation of the references to color in the figure caption, the reader is referred to the web version of the

article.)

3.2. TEM observations

Uptake of particles occurred in NR8383 macrophages upon incu-
bation for 2 h with nanoparticles at a final concentration of 15 and
25 pg/mL. The particles were inside endosomes, free in the cyto-
plasm (Fig. 2a-c) or in contact with mitochondria. Some particles
were inside those organelles, associated to their inner membrane
(Fig. 3a). Alteration in the structure of mitochondria and disorgani-
zation of the cristae were also noted (Fig. 3b and ¢). When exposed
to higher doses, namely 50 p.g/mL for 6 h, cells displayed additional

Table 2

modifications characteristic of autophagy such as phagophore and
autophagosome formation (Fig. 4a).

3.3. Microarray result analysis

Cells exposed to 25 p.g/mL or 100 pg/mL nanoparticles had 56
and 427 transcripts significantly and differentially expressed as
compared to unexposed cells. Several down or up regulated genes
were associated with autophagy, G-protein signaling pathway, apo-
ptosis and oxidative stress (Table 2). The effect was dose dependent

Incidence of nanoparticles on gene expression as measured by microarray analysis. Only genes showing a significant up or down regulation are noted (p =0.01).

Approved gene symbol

Fold change in gene expression + 5D HUGO approved gene name

25 pgfmL 100 pg/mL
G0?:0006915, apoptosis pdcd4 -2.46+0.08 ~4.16 4+ 0.09 Programmed cell death 4 (neoplastic
transformation inhibitor)
bel2i13 - —2.18 & 0.05 BCL2-like 13 (apoptosis facilitator)
bfar - -2.13 £ 0.04 Bifunctional apoptosis regulator
casp8 = -2.00 + 0.03 Caspase 8
rtkn - +2.08 £ 0.07 Rhotekin
opal - —-2.23 4+ 0.03 Optic atrophy 1 (autosomal dominant})
mfrsfs - +2.26 £ 0.09 Tumor necrosis factor receptor
superfamily, member 5
tnf - ~2.53 + 0.06 Tumor necrosis factor (tnf superfamily,
member 2)
GO:0007165, signal transduction arhgap22 - +2.07 £ 08 Rho GTPase activating protein 22
rhov - +2.17 £ 0.05 ras homolog gene family, member V
G0:0003824, catalytic activity atg1611 - +2.30 + 0.03 atg16 autophagy related 16-like 1
G0:0001664, G-protein coupled receptor binding apln - +2.20 + 0.09 Apelin
G0:0003700, transcription factor activity nfichZ - -2.61 + 0.04 MNuclear factor of kappa light
polypeptide gene enhancer in B-cells 2
(p49/p100)
GO: response to oxidative stress gele - +2.53 £ 0.04 Rattus norvegicus glutamate-cysteine

ligase, catalytic subunit

4 Gene ontology terms.
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Incidence of nanoparticles on gene expression as measured by RT-gPCR (p = 0.01).

Approved gene symbol

Fold change +5D

NP/ERS (25 pug/mL)

NPJERS (100 pg/mL)

pded4 1.22 + 0.07 210 + 0.08
bel2 1.29 + 0.06 -2.00 £ 0.05
casp8 —0.85 £ 0.04 —-1.90 + 0,03
opal —1.35 £ 0.05 —2.45 + 0.04
tnf —1.00 £ 0.02 —-1.80 + 0.08
nfkh2 1.76 + 0.07 2.28 + 0.05
atglsh +19.20 + 0.92 +17.45 £ 0.68
nef1 +4.78 + 0.14 +9.82 & 0.29

—and + indicate under- and up-expression, respectively as compared to untreated
cells.

and more pronounced in 100 pg/mL treated cells. The exposure of
cells to nanoparticles at a concentration of 100 pwg/mL resulted in
the down regulation of the opal gene, of the two anti-apoptotic
genes bcl2113 and nficb2 and of the bifunctional apoptosis regula-
tor (bfar) as well as of the pro-apototic genes casp8 and pdcd4. On
the contrary, the tnfrsfs genes (TNF receptor superfamily member
5 and cd40), the anti-apoptotic genes [rhov and arhgap22 (a rho
GTPase activating protein), rtkn (the rho effector rhotekin) and apin
(apelin related to G-proteins)] as well as atg16!1 a pro-autophagic
gene encoding for a protein belonging to a large protein complex
necessary for autophagy (Saitoh et al., 2008), were up regulated.
The gene of the glutamate-cysteine ligase (a key gene in the glu-
tathione homeostasis) catalytic subunit (gclc) was also up regulated
in cells treated with 100 pug/mL NP/ERS (Table 2).

3.4. gRT-PCR

qRT-PCR confirmed the microarray data indicating a down-
expression ofopal, bcl2113, pdcd4, casp8, tnfand nfkb2 in 100 pug/mL
particle-treated cells (Table 3). Our results showed also a significant
up regulation of atgi6I1 in cells treated with 25 and 100 wg/mL of
NP/ERS (Table 3). Additionally, a dose-dependent up regulation of
ncf1 (neutrophil cytosolic factor 1), an 0,* generating enzyme,
was evidenced (Table 3)

3.5. Western blot

Western blot showed a time- and dose-dependent decrease of
OPA1 and NFkB protein content in cells exposed to 100 p.g/mL NP
(Fig. 3d and e). In agreement with up regulation of the autophagy
atgl6ll gene, above reported, the conversion of microtubule-
associated protein 1 light chain 3 (LC3) into the LC3-ll isoform,
a common autophagy marker (Asanuma et al., 2003), was also
detected in nanoparticle exposed cells (Fig. 4b). Additionally, no
poly(ADP-ribose) polymerase (PARP) protein fragmentation was
detected in the NP/ERS-treated cells whatever the nanoparticle
concentration (data not shown).

3.6. Immunofluorescence assay

Treatment of NR8383 with NP/ERS at a final concentration of 25,
50 and 100 pg/mL for 4 h induced a dose-dependent accumulation
of LC3-positive vesicles (Fig. 4c).

3.7. Intracellular GSH

QOur data showed a significant decrease of intracellular reduced
GSH (~52%) in cells treated with the higher concentration of
NP/ERS, 100 p.g/mL for 24 h, as compared to control (Fig. 5).

20
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Fig. 5. The decrease of intracellular reduced GSH level in NR8383 cells exposed to
25 and 100 pg/mL of NP/ERS for 24 h. Data were expressed as nmol of GSH per mg
of protein. Dagger indicates a significant difference at p = 0.01.
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Fig. 6. Intracellular ROS level increase in NR8383 cells after a 24h exposure to
NP/ERS. LPS (1 pg/mL) is used as a ROS inducer. Dagger indicates a significant dif-
ference at p <0.01.

3.8. ROS production

A significant increase of ROS production ratio, expressed by DCF
concentration (nM), was evidenced in cells incubated with 25 (~1.9
times) and 100 pg/mL (~2.1 times) of NP/ERS for 24 h as compared
to unexposed cells (Fig. 6).

4. Discussion

4.1. NP/ERS uptake by NR8383 macrophages and mitochondria
targeting

It has been reported that endocytosis pathway plays a funda-
mental role in a wide range of cellular function; in particular it
affects the functions of mitochondria (Polo and Di Fiore, 2006).
Uptake of particles by endocytosis depends primarily on their size
and ionic charge (Xia et al., 2006). It has been documented that
cationic and small diameter nanoparticles, such as 60nm NHz-
labeled nanospheres, are internalized into the cells and gain access
to cellular organelles and may damage mitochondria. On the con-
trary, anionic and larger nanoparticles of 200 nm diameter do not
(Xia etal., 2006, 2008). In addition, it has been reported that single-
walled carbon nanotubes (SWCNTs), which are known to induce
cytotoxicity, target the mitochondria (Yang et al., 2010). In line with
these evidences, in our study we observed numerous NP/ERS in the
vicinity of the inner mitochondria membrane, Among the genes
responsible of mitochondria functions, opa1 gene plays a major role
in the maintenance of the mitochondrial network morphology and
dynamics and in the regulation of the signal pathways of cellular
death (Chen et al., 2003). In fact, opal was reported to play this
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role along with mfn1 and mfn2 genes, of which respective products
mitofusinl and 2, are mediators of mitochondrial fusion. In reti-
nal ganglial cells, a down regulation of apal has been reported to
promote the aggregation of the mitochondrial network and to alter
the structure of the mitochondrial inner membrane (Kamei et al.,
2005). In particular the disorganization of the cristae, the release
of cytochrome ¢ and the induction of intrinsic apoptosis has been
observed (Arnoult et al., 2005; Olichon et al., 2003). In our study,
opal down regulation as well as electron microscopy observations
suggest that NP/ERS cytotoxicity in macrophages is triggered by
their effect on mitochondria. However, it is difficult to determine
whether nanoparticles induce the mitochondrial decay by altering
gene expression or by a mechanical impairment, e.g. by abolishing
transmembrane proton gradient.

4.2. Oxidative stress induction by ERS nanoparticles

Damage to the mitochondrial inner membrane, caused by opal
down expression, increases ROS production that causes further
lysosomal disruption (Arnoult et al., 2005). This disruption could
liberate nanoparticles enclosed in endocytic vesicles which even-
tually reach their target, namely the mitochondria and penetrate
them triggering the autophagy process. These data suggest that
crosstalk between the lysosome and mitachondria could play an
important role in determining cell death type. Intracellular reac-
tive oxygen species (ROS) production as well as oxidative stress
occurs in NP/ERS-treated cells. In fact, by using qRT-PCR assays we
observed the over expression of both ncfl, a gene encoding a sub-
unit of NADPH oxidase (Dika Nguea et al., 2008), and of gclc, one
of the key genes responsible for GSH homeostasis (Dickinson et al.,
2004). In agreement with these data, in NP/ERS-treated cells we
evidenced a significant decrease of the cellular concentration of
reduced glutathione (GSH) and an increase of ROS production.

4.3. Apoptosis inhibition by NP/ERS

Treatment of NR8383 cells with NP/ERS nanoparticles does not
induce apoptotic cellular death. In our previous work, we have
shown the absence of apoptotic processes that was ascertained
by the facts that neither the poly(ADP-ribose) polymerase (PARP)
fragmentation nor the formation of DNA laddering was observed.
However, histochemical assays indicate the activation of caspase
3 and caspase 7 (Eidi et al., 2010). Although many reports indi-
cate that tnf expression was elevated by nanoparticle treatment
(Chen et al., 2006; Minematsu et al., 2007), there are contradic-
tory data on its expression due to the use of different experimental
cell models (Niu et al., 2007). TNF receptor superfamily member 5
(tnfrsf5), known as a potent inhibitor of nfkb2 gene expression in
dendritic cells (Mann et al., 2002) affecting the extrinsic apoptosis
pathway (Wallachetal., 1997), was up regulated in our experiment.
It has been proved also that tnf is able to induce extrinsic apopto-
sis through the casp8 activation pathway that was under expressed
in our study (Bhattacharyya et al., 2010), Evidence of suppression
of the cellular signaling pathway leading to extrinsic apoptosis was
obtained in our study by the down regulation of proapoptotic genes,
e.g. pdcd4 (Vikhreva et al., 2010), casp8 and bcl2L13 (Talotta et al.,
2009). Furthermore, genes involved in extrinsic apoptosis inhibi-
tion were up regulated like rhov, arhgap22, rtkn and apin. Those
data are not in favor of an underlying extrinsic apoptosis process
triggered by nanoparticles and we explored further the intrinsic
apoptosis. In fact, a possible activation of intrinsic apoptosis is sup-
ported by microarray and qRT-PCR assays which show the down
regulation of opal, nfikb2, bcl2. Indeed, some reports have indi-
cated that nfich2 induced bcl2 expression and promoted cell survival
(Oberdorster et al., 2005; Viatour et al., 2003). Furthermore, the
bifunctional apoptosis regulator (bfar), an inhibitor of BAX-induced

apoptosis (Zhang et al., 2000), was down-regulated in our exper-
iment. Interestingly, our data showed that neither extrinsic nor
intrinsic apoptotic cell death pathways are activated in NR/ERS-
treated cells. Instead NR/ERS seem to lead the cells toward the
autophagic cell death.

4.4. ERS nanoparticles induce autophagy

An inverse relationship between the activation of the genes
involved in the apoptosis and those involved in the autophagy,
which may corresponds to a switch from apoptosis to autophagy,
has been described {(Luo and Rubinsztein, 2007; Shimizu et al.,
2004). In particular a decrease in the expression of the apoptotic
bel family genes and the activation of the autophagic atg family
genes has been reported. In our system we observe a decreased
expression of bcl2, an efficient autophagy inhibitor (Sasi et al.,
2009) and an over expression of atgl6l1 as well as the conver-
sion of the microtubule-associated protein 1 light chain 3 (LC3)
into the LC3-1l isoform, a common marker of autophagy (Asanuma
et al., 2003). Moreover, we report the down regulation of proau-
tophagic gene, namely casp8 that was reported to induce autophagy
cell death in U937 macrophages (Yu et al., 2004). Furthermore,
we observed cellular alterations characteristic of autophagic cell
death: phagophores, autophagosomes and “mitophagy”. Such mor-
phological modifications have been described recently in cells
treated with gold nanoparticles (Li et al., 2010), soluble fullerenes
(Yamawaki and lwai, 2006), viruses (Sir and Ou, 2008), quantum
dots (Seleverstov et al., 2006) and SWCNTs (Yang et al., 2010).
Through autophagy, cells not only recycle intracellular components
and compensate for nutrient deprivation but also they elimi-
nate selectively damaged organelles/proteins and maintain cellular
homeostasis. Non-selective autophagy degrades all organelles and
long-lived proteins to provide the energy required for cell survival.
By contrast, mitophagy selectively eliminates mitochondria to reg-
ulate their number as well as to remove specifically the damaged
ones (Youle and Narendra, 2011). Our results demonstrate that
NP/ERS-mediated cell toxicity occurs via organelle, notably mito-
chondrion, autophagy which amplifies a physiological process.In a
future work, it would be interesting to study the cytotoxicity and
cell morphological modifications occurring after longer exposure
of macrophages with lower doses.

5. Conclusion

Nanotechnology has attracted increasing interest among almost
all fields of research. Notable improvements in our knowledge
about metallic nano-objects or carbon nanotubes toxicity and
their influence on the expression of genes and the impairment
of the oxidant/antioxidant cellular balance have been obtained.
Nevertheless, data on the toxicity of drug delivery nanoparticles
remain extremely scarce. To the best of our knowledge, this arti-
cle is the first to report that polymeric nanoparticles designed for
drug delivery, upon their enclosure into macrophages by endocy-
tosis, are able to cross the mitochondrial membranes and enter
inside these organelles. This process induces a cascade of events
such as the unbalance of the oxidant/antioxidant homeostasis and
the modification of the expression of genes and proteins, espe-
cially those implied in macrophages activation and autophagy. As
a consequence, a mitochondrial decay through phagophore and
autophagosome formation and eventually mitophagy occurs. How
immune cells deal with nanoparticles is an interesting issue as
this process presents some analogy with viral infections. Further-
more, the identification of the early cellular markers described and
discussed in this article may serve as a conceptual scaffold for
designing experiments for a better understanding of the cellular
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toxicity of loaded and unloaded nanoparticles. The evaluation of
cytotoxic effects in term of autophagy is a rather new concept but
it should be investigated for every type of carrier to be used for
drug delivery. As we have used a model of rat macrophages, human
derived cell lines as well as in vivo models should be also tested to
confirm these results.
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Chapitre IV

Dans ce dernier chapitre, nous discuterons successivement du choix du systéeme
nanoparticulaire, de la difficulté pour caractériser les NP d’or rencontrée dans les laboratoires de
recherche, de la stratégie adoptée pour les stabiliser dans des conditions physiologiques, et de leurs
effets biologiques sur une lignée cellulaire immunitaire ; nous terminerons cette discussion par une

réflexion sur le rapport bénéfices/risques lié a I'utilisation potentielle de ces NP en thérapeutique.

IV.1 Choix des nanoparticules

L'objectif de cette étude consiste en I'élaboration d'une plateforme nanoparticulaire stable et
de taille la plus petite possible pour faciliter la diffusion dans les fluides biologiques et au travers
des barriéres physiologiques (nasale, intestinale, membrane cellulaire,...). De plus, cette plateforme
doit étre capable de véhiculer un agent thérapeutique pour traiter diverses pathologies telles que les
maladies cardiovasculaires et le cancer. Afin d’assurer ces attentes et ce rble de plateforme
thérapeutique, les NP doivent répondre a un certain nombre de critéres : i) présenter une taille
inférieure a 100 nm; ii) étre non cytotoxiques et biocompatibles; iii) étre stables (pas d'agrégation)
au contact des fluides corporels; iv) étre « furtives » vis-a-vis du systéme des phagocytes
mononucléés (SPM) pour prolonger leur temps de circulation dans le sang; v) étre non
immunogéniques, etc...

Parmi les différents types de NP utilisées pour le transport des médicaments, notre choix
s’est porté sur les NP d'or. En effet, les NP d’or connaisent un grand essor en particulier dans le
domaine de la santé en tant que vecteur de petites molécules, de protéines, de peptides et d’acide:
nucléiques pour le traitement de pathologies diverses. Par exemple, les NP d'or ont été utilisées en
tant que véhicule pour améliorer la perméabilité de principes actifs (tels que linsuline, le
méthotrexate, le paclitaxel, la streptomycine et la kanamycine) a travers les barriéres physiologiques
(Joshiet al., 2006, Cheet al., 2007, Gibsoet al., 2007, Ghosht al., 2008, Burygiret al., 2009).

De plus, les NP d'or ont été proposées comme vehicule pour transporter tevERE-tes cellules
cancéreuses. Des essais cliniques en phase | ont montré que des doses élevéesi,de TNF-
administrées par voie intraveineuse a 30 patients portant différentes tumeurs en stade avancé,
n'entrainaient pas d'effets secondaires et présentaient une action ciblée lorsque deéfiehtF-
greffé sur des NP d’or (Libutti et al., 2010). Récemment, un essai clinique de phase | a été approuvé
par 'agence de réglementation suisse pour évaluer le potentiel des NP d’or en tant que veéhicule

pour I'administration par voie orale de l'insuline chez 'Homme (Alan, 2011).
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La dimension nanométrique des NP dor (souvent autour de 5 nm, inférieure a 20 nm)
facilite leur passage a travers des barrieres physiologiques, mais surtout évite aux NP d’or d'étre
éliminées rapidement par les systemes de défense de lI'organisme, ce qui permet d’augmenter leur
temps de résidence dans le sang. Cette dimension représente donc un avantage pour leur fonction de

vecteur. Néanmoins, des efforts doivent étre menés, notamment sur la fonctionnalisation de surface

de la NP, pour répondre aussi aux criteres de stabilitle_biocompatibilitéLa réactivité de la

surface métallique des NP d'or vis-a-vis de molécules présentes dans le corps doit étre réduite par
des agents stabilisants. Il est indispensable que les NP d'or (coeur métallique et agent stabilisant) ne

présentent aucun dangeour le patient. De plus, les NP d'or doivent pouvoir venir se concentrer

dans l'organe ou le tissu cible (par exemple la tumeur) et non pas s’accumuler dans les organes

purificateurs comme le foie et les reins.

Pour répondre a ces critéres, les objectifs de notre étude étaient les suivants :

+ la synthese de NP d'or (d'une taille de l'ordre de 5 nm) et I'optimisation de la densité de leur
couverture afin d'augmenter leur stabilité ainsi que de réduire leur réactivité de surface non
spécifique vis-a-vis de molécules présentes dans I'organisme;

« la présence a la surface extréme des NP de groupements organiques fonctionnels libres en
nombre suffisant pour permettre le greffage ultérieur de molécules d'intérét
pharmacologique;

« le développement et l'optimisation de méthodes de routine pour mieux caractériser ces entités
d'un point de vue physico-chimique;

« I'évaluation des effets biologiques des NP d'or et linfluence de la fonctionnalisation de

surface sur leur « capture » par les macrophages.

Nous discuterons dans la suite de ce chapitre de la démarche expérimentale retenue pour

atteindre les objectifs précités.
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IV.2 Choix de la méthode de synthése

Parmi les différentes méthodes de synthése des NP d'or, deux d'entre elles ont plus
particulierement attiré notre attention au début de cette recherche.

La premiere consiste a réduire un sel d'or (HAu&lI'aide de NaBk] en présence de citrate
de sodium. Cette voie, proposée en 1999 par Brown, conduit directement a la synthése de NP d'or,
de l'ordre de 5 nm de diameétre, stabilisées par les ions citrate qui générent des répulsions
électrostatiques a la surface des NP.

La seconde méthode proposée dans cette étude correspond a la synthese de NP d'or
fonctionnalisées par l'acide dihydrolipoique (NP Au@DHLA). Pour ce faire, nous nous sommes
appuyés sur les travaux menés précédemment par I'équipe deeRalsur la synthése de NP
Au@DHLA en milieu organique. Contrairement a Raxal., nous avons choisi de synthétiser les
NP Au@DHLA en phase aqueuse. En effet, l'utilisation de I'eau comme solvant est plus adéquat
pour des applications ultérieures dans le domaine de la santé. Nous avons utilisé une synthese en
deux étapes : premierement, la synthése de NP d’or stabilisées par les ions citrate (par la méthode
de Brownet al., 1999), puis leur modification chimique de surface par le DHLA dans l'eau. Quatre
concentrations différentes de DHLA, toutes en exces par rapport a la concentration en Au présent en
surface i(e. x28, x56, x140 et x222) ont été utilisées lors déM8&ape de synthése, pour évaluer
I'impact de la densité de couverture sur la stabilité et la réactivité des NP.

Le DHLA a été choisi comme agent stabilisant car c'est un composé non toxique et
biocompatible. Ce ligand posséde un groupement polaire chargé négativement a pH supérieur a
4,85, entrainant une répulsion entre les NP d'or de méme charge et une chaine latérale lipophile
créant un effet stérique. De plus, le DHLA se lie fortement a la surface des NP d'or de maniére
covalente, assurant une faible réactivité chimique des NP d'or (Roux et al., 2005).

Une suite possible a notre étude serait de greffer a la surface des NP Au@DHLA des
principes actifs a visée antioxydante tels que le glutathion ou d'autres thiols. Par nitrosation des
groupements thiols, il serait aussi envisageable de transformer ces nanoobjets en doi@urs de

Il s’en suivrait une caractérisation approfondie des nouvelles NP obtenues et une évaluation
de leur potentiel thérapeutique en utilisant des modeledtro et in vivo établis pour tester
I'activité anti-oxydante ou donneur d&O. Pour ce faire, nous envisagerions d'activer les
groupements carboxylique présents a la surface extréme des NP Au@DHLA par le mélange
hydroxysuccinimided-éthyl-N’-(3-diméthylaminopropyl)carbodiimide) (NHS/EDC), avant
réaction avec les groupements amine des molécules pharmacologiquement actives pour former une

liaison covalente de type amide (figure 9). L’acétylation du groupement thiol du GSH pour
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empécher son interaction avec la surface métalligue de I'or durant I'étape de fonctionnalisation

s'avérera nécessaire.

ONa o
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csri e \—co
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et ses dérivés

NP d’or fonctionalisées par le DHLA (Au@DHLA)

Figure 9. Fonctionnalisation de la surface des NP d’or stabilisées par le DHLA par des molécules

actives a visée antioxydante.

V.3 Caractérisation physico-chimique des nanoparticules d'or : les difficultés
rencontrées

La caractérisation approfondie des propriétés physico-chimiques — taille, morphologie,
concentration, état de surface, etc... — des NP est primordiale pour valider le mode de synthése,
mieux prévoir les effets biologiques et les applications a venir. Cependant, la caractérisation
complete des NP d'or reste un exercice extrémement complexe, qui tend a freiner la recherche dans
ce domaine.

Dans cette étude, la caractérisation physico-chimique des NP d'or stabilisées par les ions
citrate et NP Au@DHLA a été réalisée avec des méthodes classiquement décrites dans la littérature
(tableau 2, Chapitre 1). En effet, nous avons évalué la taille et 'hnomogénéité de taille des NP d'or,
par difféerentes méthodes tel que la TEM, ou des techniques de spectroscopie d'absorption et de
diffusion de la lumiére. Nous avons aussi évalué |'état de surface (présence et densité du ligand), par
XPS et ICP-OES.

Les NP d'or stabilisées par les ions citrate ont un diamétre hydrodynamique de I'ordre de 5 -

6 nm, avec une distribution relativement homogéne en accord avec la littérature @raln
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1999). De plus, la bande plasmon de ces NP se situe a 517 nm confirmant le faible diamétre et la
faible polydispersité observée en TEM et DLS. Afin de prouver la fonctionnalisation de surface par
le DHLA, nous avons évalué les propriétés de taille et de surface. La fonctionnalisation des NP d'or
par le DHLA a provoqué un déplacement bathochromiqua,de ce qui prouve I'échange de
ligand. Par DLS, nous avons observé I'apparition d'une couronne hydrodynamique suite au greffage
de DHLA. Par XPS, nous avons confirmé le greffage du DHLA sur les NP d'or. Par ICP-OES
(dosage du S) et par spectrophotocolorimétrie (dosage de I'or), nous avons observé que le rapport
[S]/[Au] augmente en fonction du rapport [DHLA]/[AuU] (x28, x56, x140, x222) utilisé, confirmant

gue les NP sont differemment recouvertes en DHLA, a l'exception des NP Au@EHiA
Au@DHLA 2,

Cependant, les méthodes de mesure fiables, peu colteuses et standardisées pour mesurer |
taille et la forme des NP ainsi que leur état de surface font actuellement défaut. La plupart du temps,
les laboratoires de recherche (comme le nétre) doivent sous-traiter leurs analyses par un laboratoire
doté des équipements adéquats.

Pour que les NP d’or soient utilisées dans des applications biomédicales, une détermination
précise de leur concentration en or est primordiale afin de déterminer la concentration
nanoparticulaire de ces entités. A I'heure actuelle, des techniques colteuses et complexes (telles que
'ICP-MS et I'ICP-OES) sont les outils les plus utilisés pour mesurer la teneur en or dans les NP
(Allabashiet al., 2009, Scheffest al., 2008, Yu et Andriola, 2010). Dans cette thése, nous avons
développé et validé une méthode de dosage spectrophotocolorimétrique qui permet de calculer la
concentration et I'absorbance molaires des NP d'or et qui peut étre utilisée en routine (Toetrnebize
al., 2011). Le dosage spectrophotocolorimétrique de I'or mériterait d’étre amélioré en matiere de
limite de quantification tout simplement en effectuant une lecture finale par spectrofluorimétrie
(Marinenko et May, 1968). Le principal intérét serait de réduire la taille de I'échantillon prélevé sur
chaque lot de NP. En outre, le dosage du contenu en élément soufre des NP synthétisées a l'aide
d’un ligand de type thiol nécessiterait également de disposer d’'une technique analytique simple, par
exemple une technique de minéralisation du soufre organique en ions sulfate suivie d’'un dosage des
ions sulfate par spectrophotométrie ou par chromatographie ionique. Nous avons débuté quelques
essais dans ce sens mais ceux-ci n'ont pu aboutir & un développement méthodologique complet.

IV.4. Stabilité et réactivité des nanoparticules d'or

Afin d’assurer leur role de « vecteurs de molécules actives », les NP d'or doivent étre stables

dans un milieu physiologique, et présenter une surface non réaativenolécules présentes dans
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l'organisme. Notre hypothése de travail a été la suivante : les NP d'or sont d'autant plus stables et
non réactives vis-a-vis des biomolécules qu'elles sont fortement stabilisées et plus couvertes par le
ligand greffé (Sperling et Parak, 2010, Biswas et al., 2012).

Pour tester cette hypothése, nous avons étudié le réle de deux parametres sur la stabilité et la
réactivité des NP d'or :

- le type d'agent stabilisant, en utilisant les NP d'or stabilisées par les ions citrate (interaction
de faible énergie avec le cceur métallique) et les NP Au@DHLA (interaction de forte
énergie);

- la densité de couverture, en variant le rapport [DHLA]/[Au] (x28, x56, x140 et x222).

IV.4.1 Etude de la stabilité des nanoparticules d'or par différentes stratégies

Premiérement, trois tests de stabilité ont été menés pour évaluer si les NP d'or résistent a
l'agrégation, et de ce fait présentent une stabilité dans un milieu physiologique.

Le premier test a porté sur I'emploi d’'une solution saline tampon pH 7,4 (PBS), contre
laquelle les NP d'or ont été dialysées pendant 48 h a 23°C et conservées a 4°C tout le long de I'étude
(50 j). Cette étude réalisée dans un milieu électrolytique comme le PBS (pH = 7,4, force ionique
150 mM) permet également d'évaluer l'affinité de la liaison du ligand a la surface métallique. Ce
test a permis de mettre en évidence la nécessité d'une forte interaction entre I'agent stabilisant et la
surface métallique pour éviter leur agrégation dans un milieu physiologique. En effet, les NP d’or
stabilisées par les ions citrate se sont avérées fortement sensibles a ce milieu salin et elles
précipitent completement dans les 24 h qui suivent leur dialyse. De plus, la stabilit¢ des NP
Au@DHLA dépend de leur densité de couverture. Les NP Au@Dkhlet Au@DHLAy;, sont
stables (pas de modification du rayon hydrodynamique &t.gpendant toute la durée de I'étude.

En revanche, les NP d'or moins couvertes par le DHLA (x28 et x56) sont devenues
progressivement instables au cours du temps (augmentation du rayon hydrodynamique
déplacement bathochromique dg.), indiquant I'existence probable d'une forte agrégation.

Ensuite, la stabilité des NP d'or a été évaluée par la modification de la force ionique de la
solution par ajout d'un sel neutre (NaCl 1M) et par I'ajout d’'un dithiol (DTT) pouvant déplacer de
fagcon compétitive le ligand initialement greffé, le DHLA.

La modification de la force ionique de la solution par I'ajout d'un sel a forte concentration est
une méthode souvent employée pour la prédiction de la stabilité des NPetRadyx2005, Zhang
et al., 2007). Nous avons remarqué que les NP d'or stabilisées par de faibles interactions avec
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l'agent stabilisant sont plus sensibles a la présence de sels dans la solution que les NP d'or avec uni
plus forte interaction. Les NP d’or stabilisées par les ions citrate et les NP Au@DHLA (x28 et x56)
étaient fortement déstabilisées avec une concentration en NaCl de 1 M, alors que les NP d'or plus
couvertes par le DHLA (x140 et x222) se sont avérées plus stables.

Une autre méthode employée pour évaluer la stabilité des NP d'or a consisté a ajouter un
ligand du type dithiol (DTT) a la solution contenant les NP stabilisées par les ions citrate et les NP
Au@DHLA. Le ligand (citrate ou DHLA) est échangeable s'il se lie faiblement & la surface
métallique. Comme prévu, les ions citrate présents a la surface des NP d'or peuvent étre facilement
eéchangeés en solution par le DTT. En revanche, toutes les NP stabilisées par le DHLA conduisent a
un taux d'échange de ligand tres faible en raison de la forte interaction entre le DHLA et la surface
métallique.

Les résultats obtenus par ces trois tests de stabilité ont démontré que les NP d'or stabilisées
par les ions citrate ne sont pas adaptées pour une application biomédicale. En effet, les ions citrate
sont adsorbés a la surface métalligue par des liaisons hydrogéne non stables en milieu
physiologique. En revanche, les NP AUu@DHLA, en raison de ses deux groupements thiol s’ancrant
de facon covalente a la surface métallique, offrent une meilleure stabilité a la NP d'or pour des
applications biologiques futures. De plus, la densité de couverture est un parametre crucial pour
améliorer la stabilité des NP d'or en solution physiologique. Une densité élevée est idéale pour
obtenir une meilleure stabilité colloidale.

Une perspective a nos travaux serait d’utiliser d’autres ligands polythiols d’origine naturelle
donc « a priori » biocompatibles pour faciliter 'ancrage a la surface des NP et leur stabilité dans le
temps. Nous pensons par exemple aux phytochélatines qui sont des polymeéres dérivés du glutathion
((y-glucys)-gly ; n = 2 a 6) biosynthétisés par les plantes en réponse a des stress meétalliques
(Béraudet al., 2007, Heikakt al., 2011) et qui pourraient parfaitement convenir pour ce type
d’opération. A notre connaissance, cette application n’a pas encore été envisagée dans la littérature.

IV.4.2 Réactivité des nanoparticules d'or avec des biomolécules

Comprendre les interactions entre les molécules de l'organisme et les NP est d'une grande
importance pour prédire le comportement des NP d'or dans le corps humain.

Les NP d'or ont des propriétés de surface particulieres telles qu'une activité catalytique
élevée, ce qui favorise leur réactivité avec des molécules bioactives. Dans cette these, nous avons
choisi trois molécules impliquées dans 'homéostasie redox cellulaire (I'albumine, le GSH et le
GSNO) et deux radicaux libres (DPP&t ABTS™) pour évaluer si le type de ligand utilisé (citrate
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ou DHLA) et la densité de couverture (x28, x56, x140, x222) jouent un réle dans l'affinité entre ces
composés et les NP d'or.

Nous avons observé que les NP d'or stabilisées par les ions citrate sont plus réactives vis-a-
vis des molécules régulatrices de I'homéostasie redox que les NP Au@DHLA. En effet, les NP
Au@DHLA ne réagissent pas avec le GSH et GSNO, et elles présentent une réactivit¢ moindre

voire nulle vis-a-vis la BSA en comparaison avec les NP d’or stabilisées par les ions citrate.

Nous avons également remarqué que l'interaction entre les NP d'or et la BSA dépend de la
densité de couverture des NP d'or. En effet, les résultats obtenus montrent que lorsque les NP d'or
sont moins couvertes par le DHLA, il y a une forte interaction de la BSA avec les NP. En revanche,
la densité de couverture n’influence pas la réactivité vis-a-vis le GSH et GSNO. Ces résultats sont
dus a la forte interaction entre le DHLA et la surface métallique ce qui réduit la réactivité de surface

de ces entités.

De facon générale, un radical libre est trés réactif et il réagit rapidement avec des molécules
environnantes. Ainsi, nous avons étudié la bioréactivité des NP d'or a l'aide de deux modéles de
radicaux libres, i.e. DPPHt ABTS".

Le DPPH est un radical stable de couleur violette intense dont le maximum d’absorption se
situe a 515 nm, de ce fait interférant avec le suivi de la réaction des NP d’or (bande plasmon a 517
nm). Ainsi, une nouvelle méthode a été développée durant cette these pour limiter I'interférence liée
aux propriétés optiques des NP d'or, par I'utilisation d’une technique de CLHP. Elle a permis de
prouver le transfert d'un atome d’hydrogene entre le DRRHes NP d'or stabilisées par les ions
citrate (Boudieet al., 2012). Néanmoins, la réaction avec le DRRHpeut se dérouler que dans un
milieu organique, et un autre radicag. ABTS", réagissant en solution aqueuse et présentant un
maximum d’absorption nettement plus élevé que celui des NP d’or, a été utilisé dans un deuxieme
temps.

En raison de leur surface plus accessible, les NP d'or stabilisées par des faibles interactions
avec le ligand sont capables d’interagir plus fortement avec 'ABT® plus, la densité de
couverture controle l'interaction de I'ABTSavec la surface métallique. En effet, les NP plus
recouvertes par le DHLA ont présenté une plus faible réactivité avec le radical.

A l'aide de ces tests de bioréactivité, nous avons démontré que la fonctionnalisation
chimique de surfaceia un composeé dithiol ainsi que la densité de couverture permettent de
diminuer la réactivité de surface des NP d'or, ce qui est tres important pour des applications

biologiques ultérieures.
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Pour compléter nos études, le pouvoir réducteur des NP d’or mériterait aussi d’étre étudié de
facon plus approfondie par des techniques électrochimiques, telles que la voltammeétrie cyclique,
afin de mieux connaitre le comportement redox de ces NP d’or. Cette étude pourrait nous donner
des réponses trés intéressantes a propos de la variation du potentiel redox des NP d’or en fonction
du ligand de surface et de sa densité, et éventuellment en permettant de relier le potentiel des NP a

leur réactivité vis-a-vis de biomolécules (Guo et Wang, 2007).

I\VV.5 La reconnaissance des nanoparticules d'or par des macrophages et les effets
biologiques

Une fois achevée I'optimisation de la synthese de NP d'or stables et faiblement réactives
vis-a-vis de molécules présentes dans le corps, celles-ci ont été évwaluéas dans une lignée
cellulaire de macrophages. En effet, la possibilité d'utiliser des NP d'or en tant que vecteur de
médicament, nécessite une trés faible toxicité ainsi qu’une faible reconnaissance par le SPM.

De nombreuses questions se posent sur l'impact toxicologique des NP d'or. Ces craintes sont
justifiées car a ce jour, nos connaissances sur la toxicité des NP d'or sont limitées (manque de recul
et résultats contradictoires des dernieres études). Les NP d'or stabilisées par les ions citrate et les NF
Au@DHLA,,; ont été sélectionnées pour évaluer lI'impact du ligand de surface sur l'interaction avec
des cellules. Pour ce faire, nous avons tout d'abord effectué une étude de la toxicité aigué des NP
sur un modele cellulaire, ensuite nous avons étudié l'internalisation des NP d'or et la réponse
précoce des cellules a une exposition a des doses non toxiques de NP d'or.

La toxicité des NP est souvent associée a leur internalisation par les cellules phagocytaires
telles que les neutrophiles, les monocytes, les macrophages et les cellules dendritiques. Ces cellules
sont utilisées comme des modéles expérimentaux en raison de leur capacité a phagocyter les NP,
reconnues comme un élément du « non soi », leur réponse sécrétoire de cytokines, leur activation
des cascades de signalisation et leur capacité a produire des ROS. Les cellules phagocytaires
primaires représentées par les monocytes du sang périphérique, les macrophages péritonéaux,
alvéolaires ou les monocytes issus de la moelle osseuse. Les cellules immortalisées secondaires
(capacité de division non limitée) possédant un phénotype phagocytaire comprennent les lignées
cellulaires RAW264.7, J774.1, IC-21, THP-1, Jurkat, NR8383, etc... (Jones et Grainger, 2009).

Parmi ces différents types cellulaires, nous avons choisi les macrophages alvéolaires de la
lignée NR8383 car ces cellules phagocytent généralement les objets étiangéns et sont
connues pour produire des cytokines en répondant a l'internalisation des NP. De plus, la grande

majorité des données toxicologiques vient des étudegro sur des macrophages. En raison de
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leur capacité a franchir les barriéres physiologiques et leur activité phagocytaire, les macrophages
jouent un réle crucial dans la biopersistance des particules étrangeres et dans leur effet
inflammatoire.

Premierement, nous avons réalisé quelques expériences afin de savoir si les NP d'or
possedent une toxicité aigué. Pour ce faire, nous avons réalisé deux tests (test MTT et Bleu Trypan)
utilisés classiguement pour tester la toxicité des produits chimiques. Néanmoins, a des fortes
concentrations en NP, I'évaluation de la cytotoxicité s'est heurtée a des difficultés techniques dues a
des interférences spectrales entre le formazan produit lors du test MTT et les NP d’or (comme décrit
dans l'article 1). En utilisant le test Bleu Trypan, nous avons pu étudier la mortalité cellulaire a des
fortes concentrations en NP.

En effet, nous avons trouvé une IC50 égale a 66 nM sur une culture de macrophages
NR8383 exposée aux NP d'or pendant 24 h a 37 °C, et ce quel que soit le type d'agent stabilisant
(citrate ou DHLA).

Aprés administration intraveineuse, les NP sont opsonisées, c'est-a-dire recouvertes de
protéines, ce qui favorise leur reconnaissance précoce par les macrophages (Aggarnz009).

Pour prolonger le temps de résidence des NP d'or dans la circulation sanguine, il faut donc réduire
les interactions avec les protéines plasmatiques qui rendent ces vecteurs « furtives », c'est-a-dire
invisibles pour le systéme immunitaire. Au cours de nos travaux de thése, nous avons évalué la
furtivité des NP d'oin vitro par le biais de deux tests : i) l'interaction avec I'albumine (test BSA
décrit précédement) et ii) I'interaction avec des cellules. Notre hypothése a été la suivante : le
ligand de surface influence l'interaction des NP d’or avec les protéines, ce qui rend ces entités plus
facilement reconnaissables par les macrophages. Contrairement aux NP d'or stabilisées par des ions
citrate, les NP Au@DHLA ont une réactivité tres faible voire nulle vis-a-vis de la BSA ce qui a
engendré une internalisation par des macrophages plus faible. Ainsi, les NP Au@DHLA étant
moins «opsoniseées» par des protéines telles que I'albumine et moins reconnues par les cellules du
SPM (démonstratiom vitro), elles devraient s’avérer plus furtiviesvivo. Seule une étude vivo

sur animal entier ayant pour but de déterminer la demi-vie plasmatique des NP donnera un verdict
réel sur leur réelle furtivite.

Une derniere perspective de notre étude serait de greffer a la surface des NP Au@DHLA des
polymeres hydrophiles (comme le PEG, des poloxameéres, des poloxamines etc...) capables de
diminuer encore plus la reconnaissance des NP d'or par les macrophages et d'augmenter leur durée
de vie dans la circulation.

Lorsque les NP sont phagocytées par une cellule, elles peuvent interagir avec la membrane

plasmique et les organites cellulaires, tels que les mitochondries (sourcg, die B0, et de
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Cd " et le réticulum endoplasmique (source dé Téavorisant la production de ROS et RNS. Les

NP d'or, en raison de leur réactivité de surface élevée, peuvent également interagir directement avec
les antioxydants présents dans la cellule (tel que le GSH), affectant le potentiel redox de la cellule et
provoquant la production de ROS et RNS. Ces perturbations peuvent activer des voies de
signalisation (par exemple le NdB et des MAP kinases) impliquées dans l'activation des génes de
l'inflammation (libération des médiateurs de linflammation), de l'apoptose et de la réponse
immunitaire.

Un déséquilibre entre la production excessive de ROS et RNS et/ou une diminution du taux
d'antioxydants entraine un stress oxydant provoquent des dommages importants et irréversibles
dans les cellules (Forman et Torres, 2001). De multiples structures cellulaires telles que les
protéines, les lipides, les glucides et 'ADN, subissent des attaques oxydantes de la part de ces
radicaux, provoquant des altérations et des dysfonctionnements cellulaires. A terme, cela peut
provoquer la mort cellulaire par nécrose ou apoptose. L'intensité de ces effets dépend de plusieurs
parameétres comme la dose et les caractéristiques physico-chimiques des NP (tels que les propriétés
de surface).

Des résultats récents dans la littérature ont étudié la toxicité aigué des NP d'or sur des
cellules et ils suggeérent l'implication du stress oxydang(lal., 2010, Jiat al., 2011, Gaet al.,

2011, Zhacet al., 2011). Cependant, les doses en NP d’or utilisées pendant ces études sont loin
d’étre celles qui seront utilisées en thérapeutique. Pour répondre a ce manque de la littérature, nous
avons évalué l'effet de I'exposition des macrophages a une faible concentration en NP Ior,

nM, car a cette concentration les NP d'or sont peu toxiques (80 % de cellules viables) et cette
concentration est plus représentative de la dose maximale qui serait ultérieurement utilisée en
thérapeutique. A faible concentration, sans pour autant affecter la viabilité cellulaire, les NP d’or
peuvent modifier le fonctionnement cellulaire en modifiant certaines molécules impliquées dans
’lhoméostasie redox ainsi que certaines voies de signalisation, la régulation de facteurs de
transcriptions et I'expression de certains genes. Ces marqueurs apportent une réponse fiable pour
identifier précocement la toxicité potentielle d'un composé (méme a des doses non toxiques) et ils
ont été utilisés dans cette étude pour évaluer la réponse précoce des macrophages vis-a-vis des NI
d'or.

Ensuite, nous avons évalué l'interaction entre les NP d'or et les macrophages, en considérant
plus particulierement l'effet du ligand de surface des NP d'or sur leur impact dans I'homéostasie
redox. En effet, les NP d'or stabilisées par les ions citrate diminuent de 20% le niveau intracellulaire
en GSH sans relation apparente avec la formation de ROS. Au contraire, une diminution de la

production en ROS avec les cellules exposées aux deux types de NP d'or testés a été observee
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Comme évoqué précédemment, les NP d'or stabilisées par les ions citrate et les NP Au@DHLA
sont capables de piéger des radicaux libres (tels que I'XBES® cela pourrait expliquer la
diminution du contenu cellulaire en ROS.

Dans cette étude, la production des ROS a été mesurée par I'emploi de la goGEeDA.

Cette derniere est peu sélective car oxydée par quasi tous les types de ROS. L'utilisation d’autres
sondes plus spécifiques telles que le dihydroéthidium (spécifique de I'anion superoxyde) et la sonde
dihydrorhodamine 123 (spécifique du peroxyde d’hydrogéne et du peroxynitrite produits par la
mitochondrie) aurait pu étre envisagée afin d’affiner nos résultats.

En outre, l'utilisation d’autres biomarqueurs pour évaluer le statut du stress oxydant tels que
la mesure de I'actvité d’enzymes antioxydantes (la superoxyde dismutase, la glutathion peroxydase,
etc...) pourrait étre considérée pour compléter notre étude. Enfin, notre étude manque d'une
vérification de la présence ou de l'absence d'effets déléteres du stress oxydant vis-a-vis des
constituants cellulaires, en particulier par la mesure des dommages de la membrane pl@ggmique
le dosage du biomarqueur de la peroxydation lipidique : le malondialdéhyde.

Pour affiner ces résultats, nous avons déterminé la capacité des NP d'or a modifier la
régulation d'un facteur de transcription et I'expression de genes impliquées dans I’homéostasie
redox. Les NP d'or ne semblent pas indure l'activation des mRNA associées a la réponse
inflammatoire {nfa) et au stress oxydamdfl).

De facon intéressante, nous avons observé que les macrophages exposés aux NP
Au@DHLA présentent une sous-régulation du facteur de transcripfikis?. Les complexes
organomeétalliques a base d’or (par exemple, I'aurothiomalate de sodium), utilisés dans le traitement
de fond de l'arthrite rhumatoide, sont capables de bloquer I'activation des facteurs de transcription,
tels queap-1 etnfxb, conduisent a I'expression des génes pro-inflammatoires liés a la production de
RNS et ROS (Jeoat al, 2000). Un mécanisme similaire peut étre appliqué aux NP Au@DHLA,
c’est-a-dire une sous régulation du facteur de transcripfib® conduisant a une diminution de la
production des ROS. De plus, les NP Au@DHLA pourraient réagir directement avec les ROS
comme cela a été confirmé par les études avec I'ABTS

La mesure de I'expression de génes impligués dans I'homéostasie cellulaire fournit des
informations trés intéressantes sur l'activité antioxidante de la cellule et sur la réponse
inflammatoire. Cependant, beaucoup plus d'informations sont acquises sur l'expression de
protéines. Ainsi, une des perspectives de cette thése serait d’évaluer I'expression de protéines de
nfxb2, de ncfl et de trd=

I manque aussi I'étude d’autres facteur de transcription. Par exemple, I'impact des NP d’or

sur la régulation des facteurs de transcription érythroide (tels qué&llenrf2 et nfr3) mériterait
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d’étre évalué. En effet, ces derniers jouent un réle tres important dans I'expression de multiples
genes de défense.

Les NP Au@DHLA se sont révélées avoir un fort potentiel en tant que vecteur de
médicament car elles sont synthétisées par une méthode de synthese sans résidu de solvan
organique, elles sont stables dans des conditions physiologique (a pH = 7.4 et a une force ionique de
150 mM), elles ne sont pas réactives vis-a-vis des molécules redox présentes dans le corps, elles
sont faiblement reconnues par les macrophages et elles ne modifient pas I'hnoméostasie redox de ces
cellules. Cependant, au vue d'une utilisation a long terme (traitement chronique), deux questions se
posent : comment les NP d'or peuvent-elle étre éliminées de l'organisme ? Une accumulation de NP
d’or dans certains organes pourrait-elle engendrer des effets nocifs a court et/ou long terme ?

Ainsi, avant d'utiliser des NP d'or pour un traitement donné, il est primordial de connaitre
leur biodistribution au sein de lI'organisme, et notamment de savoir quels organes accumulent les NP
et quelle est I'évolution de cette accumulation au cours du temps.

De nombreuses publications sont apparues dans la littérature pour répondre a ces questions
(De Jonget al., 2008, Cheet al., 2009, Sadauskat al., 2009, Balasubramaniat al., 2010b,

Arnida et al., 2011, Zhanet al., 2012, etc...). Cependant, la plupart de ces travaux sont limités a
I'étude de la biodistribution des NP d'or stabilisées par les ions citrate et fonctionnalisées par le PEG
apres administration par voie intraveineuse dans des rats et des souris ; dans certain cas, I'impact de
cette accumulation a été évalué (tableau 8).

Les NP d'or stabilisées par les ions citrate sont rapidement éliminées de la circulation
systémique par le SPM. En effet, le foie et la rate possedent des quantités importantes de
macrophages pouvant phagocyter les NP représentant ainsi des importants sites
d'accumulation/élimination des NP d'or (Khlebtsov et Dykman, 2010). Sadaiskiag?009) ont
observé que l'administration par voie intraveineuse de NP d'or stabilisées par les ions citrate
entraine leur accumulation dans le foie jusqu'a la fin de I'étude (6 mois). La faible élimination peut
étre due a la grande taille (consécutive a I'agrégation dans un milieu physiologique), ce qui empéche
une élimination par voie rénale. Certaines études ont démontré que la fonctionnalisation de la
surface des NP d'or par des polymeéres tels que le PEG et des peptides conférant un caractere
hydrophile aux NP, ce qui les rend «invisibles » au SPM et de ce fait prolonge leur demi-vie
plasmatique (Cho et al., 2009, Zhang et al., 2009 Arnida et al., 2011).

Néanmoins, quel que soit le type d'agent stabilisant, la taille, la forme et la dose utilisée, le
foie et la rate sont les organes préférentiels pour I'accumulation des NP d’or a long termee{Zhang

al., 2009, Balasubramaniaat al., 2010b). Ceci suggere, que la stabilit¢ des NP dans un milieu
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complexe tel que le sang est un facteur primordial pour I'excrétion des NP d'or par les reins et par le
systeme hépatobiliaire (Zhamegjal., 2009).

200



Chapitre IV

Tableau 8. Etude de la biodistribution et des effets toxiques des nanoparticules d’or dans des modeles animaux

Propriétés physico-chimique

Etude in vivo

Résultats

des NP d’or Modéle Parametres d’exposition Biodistribution Toxicité
Agent Taille (nm) d : : Organes, tissus (% de Cellules to . Références
stabilisant (mV) animal  Voie Dose Temps la dose injectée)* (h) (méthodes)
5 30 Macrophages Foie — Apoptose,
] . 0.85,4.26 . Foie (39 — 45 %) spléniques inflammation Cho etal.,
PEG-SH 13 ND Souris IV ng.g rznz{nh 47’ . Rate (12 — 20 %) Cellules de 30 (coupe 2009
0 Kupffer histologique)
BSA 8 ND Urine (5 %) BSA plus
toxique
(coupes
GSH 5 ND Souris IP m75§0'1 22th ND ND histologiques ; ggailgget al,
9-xg J Urine (94 %) analyses
hématologique et
biochimique)
0,01 - 17i1 Foie (72 ng/g tissus) Balasubram
Citrate 20 ND Rat v 0,015 2’ I 5 Reins (5 ng/g tissus) ND ND ND anianet al.,
1 mois N .
1g.g Feces et urines 2010b
Citrate 10, 50, 100, 0,3-0,5 Foie (20 - 46 %) De Jong et
250 ND  Rat Voohg g PN Rate (1-2%) ND ND ND al., 2008
. . 4 24h,1, . 0 Sadauskas
Citrate 40 ND Souris 1.5 ugg 3.6 mois Foie (20 %) ND ND ND et al., 2009
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Tableau 8. Suite

Propriétés physico-chimique
des NP d’or

Etude in vivo

Résultats

Modele

Parametres d’exposition

Biodistribution

Toxicité

Agent Taille (nm) d : : Organes, tissus (% de Cellules to . Références
stabilisant (mV) animal  Voie Dose Temps la dose injectée)* (h) (méthodes)
20 -8 Foie (30 %/g de tissus) 22
. Rate (15 %/g de tissus)
PEG-TA 40 -8 Souris IV 110f1 ég 2‘2'826 ND ND 10 ND ggggget al.,
80 -9 Foie (53 %/g de tissus) 16
Rate (63 % /g de tissus)
Citrate 22 45 Foie (58 %)
— i 0,
MUA 33 37 %g 1 g.45,hz, 6et Foie (59 %)
CALNN Rats IV Au. ND ND ND Morees ot
34 -47 kg Foie (86 %) K
CALND 35 44 Foie (77 %)
CALNS 35 -40 Foie (74 %)
PEG 50 - 27 . 60 ug 30 min, 2, 6, Foie (10 %) Arnida et
Souris IV 24het7j Rate (20 %) ND ND ND al., 2011
PEG 10 x 45 +1 40 pg

* Pourcentage (%) déterminé dans le dernier temps testé; IV : intraveineuse; IP : intrapérXiihéatm déterminé ; MUA : acide 11-mercaptoundécanoique; CALND : Cys-Ala-Leu-Asn-Asp; CALNN : Cys-Ala-
Leu-Asn-Asn; CALNS : Cys-Ala-Leu-Asn-Ser.
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Résumeé

Syntheése de nanoparticules d’or fonctionnalisées par I'acide dihydrolipoique :
caractérisation, étude de stabilité et impact sur ’lhoméostasie redox cellulaire

L'objectif de notre travail consiste en la conception de nanoparticules d'or (NP d'or) monodisperses,
stables en conditions physiologiques, et dotées d'une forte potentialité pour des applications
biomédicales ; puis en I'évaluation de l'effet des propriétés de surface de NP d'or sur leur
internalisation et leur toxicité dans une lignée cellulaire (macrophages alvéolaires de rat NR8383).
Nous avons synthétisé des NP d'or soit stabilisées par les ions citrate soit fonctionnalisées par un
dithiol, l'acide dihydrolipoique (DHLA) (NP Au@DHLA). Nous avons montré que la densité de
couverture est un parametre crucial pour améliorer la stabilité colloidale des NP d'or dans des
conditions physiologiques. Nous avons caractérisé complétement les NP d'or d'un point de vue
physico-chimique, en particulier en développant une méthode de dosage spectrophotocolorimétrique
de l'or. Nous avons aussi étudié les effets biologiques des NP d'or. Tout d'abord, en absence de
cellules, nous avons évalué le role de la fonctionnalisation de surface des NP d'or sur l'interaction entre
celles-ci et des biomarqueurs de I'noméostasie redox cellulaire tels que le glutathion réduit (GSH), le
S-nitrosoglutathion (GSNO), et I'albumine de serum bovin (BSA). Enfin, nous avons évalué l'influence
de la fonctionnalisation de surface des NP d'or sur leur internalisation ainsi que sur leur impact dans
I'noméostasie redox des macrophages en mesurant les espéces réactives de l'oxygéne (ROS), le GSH,
et I'expression des mRNA associées a la réponse inflammatd)rea(l stress oxydanh¢fl) et a
l'apoptose rffkb2). Nos résultats révelent que la fonctionnalisation de surface de NP d'or affecte la
réactivité avec des biomolécules (les NP d'or stabilisées par les ions citrate interagissant avec toutes
les molécules testées), l'internalisation par les cellules (les NP d'or stabilisées par les ions citrate sont
deux fois plus internalisées) et I'état redox cellulaire (les NP d'or stabilisées par les ions citrate
diminuent de 20% le niveau intracellulaire de GSH) sans relation apparente avec la formation de ROS.
En outre, les NP d'or ne semblent pas induire une réponse inflammatoire, un stress oxydant et
l'apoptose, paramétres essentiels pour préserver l'intégrité de la cellule et de I'organisme, et envisager
I'utilisation de ces NP comme plateforme pharmaceutique.

Mots clés :nanoparticules d'or, acide dihydrolipoique, stabilité, cytotoxicité, état redox cellulaire,
vecteurs de médicaments.

Abstract

Synthesis of gold nanoparticles functionalized with dihydrolipoic acid: characterization,
stability studies and impact on cellular redox homeostasis

The aim of our work was to produce highly monodisperse and stable gold nanoparticles (AuNP) with
potential for biomedical applications, and to evaluate the effect of AUNP surface properties on their
uptake and cytotoxicity in a cultured cell line (rat-alveolar macrophages-NR8383). We synthesized
AuNP either stabilized with citrate (citrate-stabilized AuNP) or capped with a dithel,
dihydrolipoic acid (Au@DHLA NP). The present study shows that the surface packing density is a
crucial parameter to enhance the colloidal stability of AUNP in physiological conditions. We fully
characterized the considered AuNP from a physico-chemical point of view. Indeed, we optimized a
spectrocolorimetric and a HPLC method to evaluate the properties of AUNP. We studied the biological
effects of AUNP. First, we evaluated, under cell-free conditions, how AuNP coating could influence
redox status of their environment by developing differantitro assays based on AuNP reactivity

with reduced glutathione (GSH), S-nitrosoglutathione (GSNO), bovine serum albumin (BSA). At last,
the effect of AUNP coating on macrophage internalization, and modifications of redox biomarkers
such as reactive oxygen species (ROS)O-production, GSH, mRNA expression related to
inflammatory responsér(fa), oxidative stresangfl) and apoptosisnfab2), were evaluated.

Our results reveal that AUNP coating affects their reactivity with biomolecules (citrate interact with all
molecules), the cellular uptake (citrate-stabilized AuNP are two times more effective) and redox status
(citrate-stabilized AuNP decrease the intracellular GSH levelcay20%) with no apparent
relationship with ROS formation. Furthermore, both AuNP appear not to induce inflammatory
response, oxidative stress and apoptosis, parameters of main importance to preserve cellular integrity
and body safety, and to assure pharmaceutical platform function.

Key words :gold nanoparticles, dihydrolipoic acid, stability, cytotoxicity, cell redox status, drug
delivery.
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