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Résumé

Le développement de thérapies ciblées est un enjeu majeur en santé et 1I’essor des nanovecteurs
permet de répondre a ces besoins cliniques. Le premier axe de cette thése est consacré a I’étude
du potentiel thérapeutique de nanoparticules multifonctionnelles pour I’imagerie médicale, la
thérapie photothermique et la délivrance de drogue pour le traitement du cancer. Le deuxiéme
axe de recherche s’oriente vers le ciblage thérapeutique actif. L’entreprise NanoMedSyn a pour
objectif de développer un ciblage actif du récepteur du mannose 6-phosphate, permettant un
meilleur adressage des médicaments et des traitements plus efficaces. Ce type de ciblage peut
avoir des retombées multiples pour la thérapie anticancéreuse mais également pour la thérapie
des maladies lysosomales qui sont des maladies génétiques rares. NanoMedSyn développedes
dérivés synthétiques de glycovecteurs innovants, appelés AMFA, qu’elle exploite en
exclusivité. Les AMFA ont une bonne affinité pour le récepteur du mannose 6-phosphate et ont
été greffés sur des nanoparticules multifonctionnelles dans le but d’améliorer 1’adressage et la
thérapie photodynamique biphotonique d’un cancer pédiatrique : le rhabdomyosarcome ; et sur
des enzymes lysosomales pour le traitement de maladies lysosomales telle que la maladie de

Pompe.

Mots-clés : Cancer, ciblage thérapeutique, nanomédecine, maladies lysosomales



Abstract

The development of targeted therapies is a major health issue and the rise of nanovectors makes
it possible to meet these clinical needs. The first approach of this thesis is dedicated to the study
of the therapeutic potential of multifunctional nanoparticles for medical imaging,
photothermal therapy and drug delivery in cancer treatment. The second line of research
focuses on active therapeutic targeting. The NanoMedSyn company aims to develop an active
targeting of the mannose 6-phosphate receptor, allowing a better addressing of drugs and
more effective treatments. This type of targeting may have multiple benefits for cancer therapy
but also for the treatment of the lysosomal diseases which are rare genetic diseases.
NanoMedSyn develops innovative synthetic derivatives of glycovectors, called AMFA,
which it exploits exclusively. AMFA have a good affinity for the mannose 6-phosphate
receptor and have been grafted on multifunctional nanoparticles in order to improve
addressing and two-photon photodynamic therapy of a pediatric cancer: the
rhabdomyosarcoma; and on lysosomal enzymes for the lysosomal diseases treatment such as

for Pompe disease.

Keywords: Cancer, therapeutic targeting, nanomedicine, lysosomal diseases
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Avant-propos

Avant de commencer cette these, j’ai effectué un Master Sciences du Médicament
(option Aging et Stratégies Anti-Age) a la Faculté de Pharmacie de Montpellier. Ce master m’a
permis de réaliser un stage dans 1’équipe « Glyco et nanovecteurs pour le ciblage
thérapeutique », sous la direction du Dr Magali Gary-Bobo. Au cours de ce stage, je me suis
spécialisée dans le domaine de la recherche appliquée et plus particulierement 1’utilisation de
nanoparticules pour des applications biomédicales comme 1’imagerie, le ciblage de cellules ou
tissus malades et la thérapie. Une collaboration avec 1’équipe du Dr Peter Hesemann m’a permis
de faire une étude pour décrire I’efficacité biologique de nanoparticules ioniques, synthétisées
pour le traitement de maladies inflammatoires'. En effet, en tant que biologiste, j’ai travaillé
plus particuliecrement sur 1’étude du potentiel thérapeutique de nanoparticules
multifonctionnelles. Au cours de cette these, j’ai étudié ’efficacité de nanoparticules anti-
cancéreuses. Aujourd’hui le ciblage thérapeutique constitue un challenge majeur pour
améliorer I’efficacité des traitements de nombreuses pathologies. C’est dans cette optique que
s’inscrit I’ensemble des activités de 1’équipe « Glyco et nanovecteurs pour le ciblage
thérapeutique » de I'Institut des Biomolécules Max Mousseron de Montpellier, qui est une
équipe pluridisciplinaire intégrant des chimistes, des biologistes et des cliniciens. Le travail en
collaboration avec les cliniciens est primordial pour axer les recherches vers les besoins
cliniques les plus urgents. L’activit¢ de [’équipe concerne le développement de
glyconanovecteurs pour le ciblage thérapeutique des maladies lysosomales et de certains
cancers. Les résultats issus de cette recherche académique ont fait 1’objet d’un transfert de
technologie vers le domaine industriel et I’entreprise NanoMedSyn a été créée en 2012.
L’activité de I’entreprise est basée sur ’exploitation d’un brevet déposé par I’équipe sur des
analogues du mannose 6-phosphate fonctionnalisés sur I’aglycone, appelés AMFA, qui ciblent
efficacement le récepteur du mannose 6-phosphate dont la fonction principale est 1’adressage
des enzymes lysosomales aux lysosomes. L’objectif de NanoMedSyn est de valoriser la
technologie AMFA pour le traitement des maladies lysosomales ainsi que pour le traitement de
certains cancers.

C’est dans ce contexte que s’inscrit cette these qui s’ effectue dans le cadre d’une bourse CIFRE
mettant en jeu un contrat de collaboration entre 1’équipe « Glyco et nanovecteurs pour le ciblage

thérapeutique » et I’entreprise NanoMedSyn. Les travaux de these portent sur 1’étude du



potentiel thérapeutique de nanoparticules multifonctionnelles synthétisées par des équipes de
chimistes avec qui nous collaborons étroitement. De plus, j’ai étudié le ciblage thérapeutique
par la technologie AMFA pour le traitement du rhabdomyosarcome qui est un cancer rare et la
maladie de Pompe qui est une maladie lysosomale. Ces trois années m’ont permis d’€tre co-

auteur de plusieurs articles scientifiques dont certains sont discutés au travers de ce manuscrit.



Chapitre 1 : Le cancer

1. Cancer : épidémiologie et définition

Selon 1’Organisation Mondiale de la Santé (OMS), le cancer est un « terme général
appliqué a un grand groupe de maladies qui peuvent toucher n’importe quelle partie de
I’organisme. L’une de ses caractéristiques est la prolifération rapide de cellules anormales qui
peuvent essaimer dans d’autres organes, formant ainsi les métastases »*>. En 2018, le cancer
touchait 18,1 millions de personnes dans le monde et était responsable de 9,6 millions de déces?.
Les experts estiment que ces chiffres ne pourront qu’augmenter pour atteindre 26,4 millions de
nouveaux cas et 17 millions de déces par an d’ici 2030*. Ceci est di a trois facteurs principaux :

- ’augmentation de la population mondiale,

- le vieillissement de la population,

- la dégradation des modes de vies.
On estimait, en 2018 en France, 382 000 nouveaux cas et 157 400 déces. Les cancers les plus
répandus chez les hommes sont les cancers de la prostate, des poumons et colorectaux tandis
que chez les femmes ce sont les cancers du sein, colorectaux et des poumons’. Ces chiffres

démontrent bien que la lutte contre le cancer représente un défi majeur de santé publique.

On compte actuellement plus de 200 types de cancers différents que 1’on peut répartir
en quatre grands types histologiques, en fonction de la nature du tissu dans lequel ils se
développent. Ainsi on distingue :

- Les carcinomes qui apparaissent dans un épithélium (cancers du sein, des poumons, de
la prostate, etc.).
- Les sarcomes qui sont issus des cellules des tissus conjonctifs comme les os, le tissu
adipeux ou les muscles.
- Les cancers hématopoiétiques qui sont des cancers du sang (leucémie) ou des organes
lymphoides (lymphome).
- Les cancers neuroectodermiques qui se développement a partir de cellules nerveuses.
Il existe une autre maniere de répartir les cancers qui opposent les cancers solides (carcinomes
et sarcomes) et les cancers « liquides » ou sanguins. Les cancers solides représentent 90 % des

cancers humains.



Le développement du cancer se fait généralement en trois étapes®: l’initiation, la
prolifération (ou promotion) et la progression. L’oncogenese est initiée lorsqu’une cellule
normale subit des mutations génétiques qui échappent aux mécanismes de contrdle de la cellule
et qui au cours des divisions successives s’accumulent. Ces mutations peuvent étre dues a un
facteur génétique héréditaire ou a 1’exposition a un facteur de risque (rayonnements ionisants,
composés du tabac, alcool, facteurs environnementaux tels que la pollution, etc.) La
transformation d’une cellule normale en cellule cancéreuse est un processus long qui apparait
apres I’accumulation des mutations génétiques. Ces mutations génétiques peuvent entrainer une
surexpression d’oncogenes ou la perte de genes suppresseurs de tumeurs conduisant a une
dérégulation des voies de signalisation intracellulaire. Par conséquent, la cellule ne répond plus
a la régulation normale du cycle cellulaire et va alors proliférer trés rapidement, de maniere
incontrolée et autonome dans I’organisme. A ce stade, les cellules ont acquis les caractéristiques
d’une cellule cancéreuse : leur croissance est augmentée et elles ont la capacité d’échapper au
programme d’apoptose ; on parle alors de dysplasie puis de carcinome in situ lorsque les
cellules ont un phénotype trés anormal mais n’ont pas encore envahi les tissus voisins. Ces états
sont considérés comme des tumeurs bénignes ou précancéreuses dans le cas du carcinome in
situ. Lorsque la tumeur bénigne atteint une taille de 1 a2 mm?, les cellules cancéreuses sécretent
des facteurs angiogéniques tels que VEGF qui entrainent la prolifération des cellules
endothéliales pour former de nouveaux vaisseaux sanguins’. Cette néoangiogenese est
indispensable a la progression de la tumeur car les vaisseaux sanguins vont apporter 1’oxygene
et les nutriments nécessaires a sa croissance. Ce phénomene est 1’élément clé permettant aux
cellules précancéreuses de développer un cancer invasif et de former des métastases (Figure 1).
Cependant, ce développement des néo-vaisseaux sanguins est mal régulé et donne naissance a
un réseau vasculaire tumoral désorganisé présentant une perméabilité plus grande que le réseau

vasculaire normal.
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2. Les traitements actuels

A I’heure actuelle, les équipes médicales disposent de plusieurs types de thérapies pour
le traitement du cancer. Les plus courants sont la chirurgie, la radiothérapie et 1a chimiothérapie.
Chaque patient a une prise en charge appropriée selon plusieurs criteres : le type et le degré de
progression du cancer, la présence d’autres maladies, 1’age du patient, etc. :

- La chirurgie a pour objectif I’ablation de la tumeur et des ganglions lymphatiques
proches affectés. Le chirurgien enleve é€galement du tissu sain environnant pour
empécher la réapparition de la tumeur.

- La radiothérapie utilise des radiations de haute énergie. Les radiations endommagent
I’ ADN des cellules cancéreuses entrainant 1’arrét de la division cellulaire et la mort de
la cellule. Cependant, les tissus sains environnants sont également affectés par les
radiations.

- La chimiothérapie consiste a administrer des drogues qui agissent et tuent les cellules a
division rapide comme les cellules cancéreuses. Cependant, les drogues ne sont pas
ciblées et peuvent aussi agir sur des cellules saines qui engendrent de nombreux effets
secondaires séveres®.

L’amélioration de ces thérapies est aujourd’hui un enjeu majeur et passe par le développement
de nouvelles thérapies adaptées qui ciblent préférentiellement les cellules cancéreuses. Le
ciblage actif des cellules cancéreuses permettrait d’augmenter I’efficacité thérapeutique du
traitement et de diminuer considérablement les effets secondaires. De plus, les dernieres
décennies de recherche ont permis de démontrer des points communs entre les différents types
de cancers : des mécanismes généraux ont été mis en évidence permettant de comprendre
I’évolution du processus cancéreux. Bien que différents, les cancers ont des mécanismes
d’apparition et d’évolution tres similaires. La compréhension de ces différents mécanismes

permettra de concevoir de nouvelles thérapies anticancéreuses plus ciblées et plus efficaces.

3. Les besoins cliniques : vers un traitement plus sélectif

Actuellement, les thérapies ciblées utilisées en clinique sont des médicaments qui
bloquent la croissance et la propagation du cancer en interférant avec des molécules spécifiques
considérées comme les cibles moléculaires. Ces molécules interviennent dans la croissance, la

progression et la propagation de la tumeur. Les mécanismes d’action des thérapies ciblées



different des chimiothérapies standards, principalement parce que ces thérapies agissent sur une
cible moléculaire associée a la cellule cancéreuse ou au microenvironnement tumoral alors que
les chimiothérapies classiques agissent sur toutes les cellules a division rapide que la cellule
soit cancéreuse ou normale.
Ces médicaments sont de deux types : les biomédicaments ou inhibiteurs extracellulaires qui
sont généralement des anticorps monoclonaux (immunothérapie) et des petites molécules
chimiques ou inhibiteurs intracellulaires qui sont des inhibiteurs de voies de signalisation ou
des antagonistes de récepteurs (hormonothérapie). L hormonothérapie et 1’immunothérapie
sont considérées comme des thérapies ciblées car elles agissent sur des mécanismes
oncogéniques. Le premier médicament ciblé mis sur le marché a été le tamoxiféene dans les
années 70 pour le traitement des cancers du sein hormonodépendant®’. L hormonothérapie
bloque I’action oncogénique des hormones qui permettent aux cellules cancéreuses
hormonosensibles de proliférer rapidement. Dans ce type de cancer, les cellules cancéreuses
ont dans leur noyau des récepteurs des cestrogenes. Le tamoxiféne va se lier a ces récepteurs et
bloquer ainsi I’action mitogene des cestrogenes. Le tamoxiféne bloque les cellules en phase G1
du cycle cellulaire conduisant a une apoptose. En immunothérapie, il existe deux grands types
de traitement : le ciblage du systeéme immunitaire et le ciblage des cellules cancéreuses. Le
systtme immunitaire est capable de détecter les cellules tumorales comme un danger pour
I’organisme et les détruire mais les cellules cancéreuses sont capables de détourner les points
de controle des cellules immunitaires en les inactivant afin d’éviter leur élimination. Pour cela,
les cellules cancéreuses se lient aux cellules immunitaires via des récepteurs spécifiques
entratnant I’inactivation de la cellule immunitaire. Pour empécher cette liaison, les traitements
les plus couramment utilisés sont des inhibiteurs de points de contrdle qui vont permettre
I’activation de la cellule immunitaire et par conséquent 1’élimination de la cellule cancéreuse.
Le deuxieme type de traitement en immunothérapie est le ciblage des cellules cancéreuses. Ce
ciblage est basé sur I’utilisation d’anticorps monoclonaux qui ciblent directement les cellules
tumorales afin de bloquer leur croissance et de les détruire.
En 2015, on dénombrait 43 thérapies ciblées autorisées par les agences de santé du
médicament'?. Cependant, ces thérapies ont des limites :

- Certains types de tumeurs n’ont pas encore de thérapie ciblée car les recherches n’ont

pas permis de déterminer de cible moléculaire spécifique des cellules cancéreuses.
- Certaines cibles moléculaires ne sont exprimées que dans un faible pourcentage d’un

type de cancer ainsi les thérapies ciblées ne s’adressent qu’a une minorité de patients.



- Les cellules cancéreuses peuvent devenir résistantes aux médicaments ciblés entralnant
une perte totale d’efficacité du traitement.

- Les thérapies ciblées peuvent également entrainer des effets indésirables qui sont
souvent moins séveres que les chimiothérapies classiques (problemes de peau, de

coagulation, de cicatrisation, d’hypertension).

Au vu de ces limites, il est nécessaire de continuer le développement de nouvelles
thérapies dans le but d’améliorer le ciblage des cellules cancéreuses afin d’augmenter de
maniere significative I’efficacité thérapeutique, de réduire au maximum les effets indésirables,
et de contourner la résistance des cellules cancéreuses. Les recherches se sont alors tournées
vers les nanotechnologies et plus précisément vers le développement de nanoparticules pour le
ciblage des cellules cancéreuses. Les nanoparticules sont le résultat du concept de vectorisation
imaginé par I’immunologiste et médecin allemand Paul Ehrlich en 1906'!. Il énonca la théorie
du « Magic Bullet » : une « balle magique » capable de transporter des molécules a I’intérieur

de I’organisme et possédant une excellente capacité et spécificité de ciblage.



Chapitre 2 : La nanomédecine pour le traitement des cancers

1. La nanomédecine

Les limites des traitements conventionnels ont entrainé le développement de nouvelles
approches telle que la nanomédecine qui est I’application des nanotechnologies dans le domaine
de la santé pour le diagnostic et la thérapie. Les nanotechnologies sont en constante évolution
et naissent de la convergence de plusieurs domaines : la chimie, la biologie, la physique, les
mathématiques et I’ingénierie, dans le but de développer et d’étudier des matériaux de 1’ordre
du nanometre. A I’heure actuelle, les nanotechnologies sont déja utilisées notamment pour
traiter des cancers'?, des maladies cardio-vasculaires!®, des maladies neurodégénératives'* et
inflammatoires'> mais également pour le diagnostic'®. Le volet de la nanomédecine qui nous

intéresse ici concerne le développement de nanovecteurs pour le traitement des cancers.
2. Les nanovecteurs

2.1 Généralités

De nombreuses molécules thérapeutiques classiques sont déja utilisées en clinique mais
connaissent de nombreuses contraintes biologiques : instabilité, toxicité, mauvaise solubilité,
difficulté a franchir les barrieres biologiques, etc. De plus, la quantité finale de médicaments
atteignant la cible est faible car il va s’accumuler dans tout I’organisme sans discriminer les
tissus malades des tissus sains entrainant des effets secondaires. La vectorisation de ces
molécules thérapeutiques dans des nanovecteurs permet de pallier a certaines de ces
contraintes!’. Cette technique de vectorisation consiste a encapsuler des agents thérapeutiques
a un systeme de transport, appelé nanoparticule, permettant de délivrer le médicament dans la
zone cible. En effet, le nanovecteur permet de franchir certaines barrieres biologiques tout en
protégeant la molécule thérapeutique afin de la délivrer sous forme active et en grande quantité
au niveau de la zone a traiter, conduisant ainsi a une meilleure efficacité thérapeutique. La
premiere étude scientifique sur le sujet a été publiée en 1964 et décrivait la structure des
liposomes!8. 11 faudra attendre 1995 pour qu’un premier nanovecteur recoive une autorisation

de mise sur le marché par la « Food and Drug Administration » (FDA). Ce nanovecteur, appelé

Doxil, est composé de liposomes dans lequel de la doxorubicine a été encapsulée pour le



traitement du cancer de l'ovaire'®. Aujourd’hui de nombreux nanovecteurs ont recu une
autorisation de mise sur le marché ou sont utilisés en phase clinique et de nombreuses études

s’intéressent au développement de nouveaux nanovecteurs. Le tableau 1 décrit quelques

exemples®.
Thérapie qu du Type de p Agent. Type de Statut
médicament | nanovecteur | thérapeutique cancer
Doxil Liposome Doxorubicine Cancer de Approuvé
pégylé I’ovaire, par la
myélomes FDA
multiples,
sarcome de
Délivrance de Kapost
Abraxane Nanoparticule | Paclitaxel Cancers du Approuvé
drogues non \ . .
ciblée d’albumine sein, des par la
poumons et du | FDA
pancréas
Myocet Liposome Doxorubicine Cancer du sein | Approuvé
métastatique en Europe
et au
Canada
MM-302 Liposome Doxorubicine Cancer du sein | Phase
avec greffage positif HER2 I/
Délivrance de de HER2
drogues ciblée | Immuno Liposome Doxorubicine Tumeurs Phase I
liposome greffé avec solides
EGFR
Délivrance de | ThermoDox | Liposome Doxorubicine Carcinome Phase III
drogues par hépatocellulaire
réponse aux
stimuli
Délivrance CPX-1 Liposome Irinotecan et Cancer Phase I1
combinée de flocuridine colorectal
drogues avancé
NanoTherm | Nanoparticule Glioblastome Approuvé
Hyperthermie d’oxyde de / en Europe
fer
NBTXR3 Nanoparticule Sarcome des Phase
Radiothérapie d’oxyde / tissus mous /11
d’afnium (adulte)
Thérapie PNT2258 Liposome Oligonucléotide | Lymphome Phase II
génique ou d’ADN dirigé cellules B large
ARN interférent contre BCL-2
CYT6091 Nanoparticule | TNF Tumeurs Phase 1
Immunothérapie d’or colloidal solides
avancées

Tableau 1 : Exemples de thérapies a base de nanoparticules pour le traitement du

cancer
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2.2 Généralités sur les systemes de vectorisation

Le développement des nanoparticules pour la délivrance de drogues anticancéreuses est
une voie tres étudiée. L utilisation de nanoparticules doit permettre une délivrance controlée et
locale au niveau de la tumeur. Pour répondre a ces criteres, de nombreux types de nanovecteurs
ont été développés mais ils doivent répondre a un cahier des charges trés précis pour étre

efficaces et utilisables en clinique :

ils doivent étre stables,

- ils doivent étre biocompatibles et biodégradables,

- ils doivent pouvoir transporter une quantité suffisante de médicament sans altérer sa
stabilité et son activité,

- la libération de la drogue doit étre controlée au niveau de la zone a traiter grice aux
caractéristiques intrinséques du nanovecteur (sensibilit¢ a une variation du milieu
comme le pH, liaison réversible, photoinduite, etc.),

- leur surface doit étre modifiable pour greffer des molécules de ciblage,

- leur taille doit étre controlée pour permettre une circulation, une diffusion a travers les
barrieres physiologiques et une distribution dans les tissus.

Ce dernier point est important car les nanoparticules de taille inférieure a 5,5 nm sont filtrées
par les reins ainsi elles quittent la circulation systémique tres tot sans pouvoir atteindre la zone
tumorale?! 2. De plus, les nanoparticules de plus de 100 nm sont généralement opsonisées avant
d’atteindre la tumeur®. En 2011, la Commission Européenne a publié ses recommandations
relatives a la définition des nanoparticules, dont leur taille qui doit &tre comprise entre 1 et 100
nm. Cependant, des experts ont montré que cette limitation de taille était une erreur car certains
nanomatériaux peuvent avoir des propriétés uniques seulement si leur taille est supérieure a 100

nm (amélioration de la biodisponibilité, de la solubilité, réduction de la dose, etc.)*.

La molécule encapsulée dans le vecteur est également un point important dans le
domaine de la vectorisation car elle conditionne la méthode d’encapsulation. La molécule peut
étre de diverses natures selon le type de thérapie envisagée. Il peut s’agir de :

- matériel génétique (ADN?, ARN?, ARNi?’) dans le cadre de la thérapie génique,
- d’agents anticancéreux pour la délivrance de drogues?,
- de photosensibilisateurs pour la thérapie photodynamique®,

- de marqueurs fluorescents dans le cadre du diagnostic®.
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Dans le cadre de cette these, nous avons étudié différents types de nanoparticules pour
la thérapie du cancer avec des approches thérapeutiques différentes : des nanoparticules dans
lesquelles un agent anticancéreux a été encapsulé pour de la délivrance de drogues, des
nanoparticules d’analogue de bleu de prusse pour la thérapie photothermique et pour finir des
nanoparticules dans lesquelles un photosensibilisateur a été encapsulé pour la thérapie
photodynamique. Ces différentes approches seront détaillées dans la partie résultat (partie 1 :

chapitres 1 et 2 ; partie 2 : chapitre 2) de ce manuscrit.

2.3 Caractéristiques des nanoparticules

Il existe plusieurs types de vecteurs, ils peuvent é&tre d’origine biologique
(lipoprotéines), naturelle (virus modifi€s), ou synthétique (nanoparticules). Dans ce manuscrit,
nous nous intéresserons uniquement aux nanoparticules. La recherche sur le développement des
nanoparticules a permis de mettre au point trois générations (Figure 2) :

- Les nanoparticules de premiere génération sont des liposomes renfermant la molécule
active. Cependant, ces liposomes vont étre reconnus et marqués par des protéines
plasmatiques appelées opsonines qui sont des protéines impliquées dans I’immunologie.
Le complexe liposome-opsonine est alors reconnu comme du non-soi et va étre capté
par les macrophages dans le foie entrainant leur destruction et la libération de la
molécule active’!. Ces nanoparticules de premiere génération sont donc tres utiles pour
le traitement des cancers du foie mais sont inutilisables pour tout autre type de cancers.

- Afin d’éviter le phénomene d’opsonisation et d’augmenter le temps de demi-vie
plasmatique, les nanoparticules de deuxieme génération ont été développées. Ces
nanoparticules sont recouvertes de polymeres hydrophiles comme les polyéthylenes
glycols (PEG) qui vont empécher la fixation des opsonines. Ainsi, la nanoparticule
devient « furtive » lui permettant d’éviter une internalisation totale par le foie et par
conséquent d’augmenter le temps de circulation dans la circulation systémique afin
d’atteindre d’autres organes.

- Ces nanoparticules de deuxieme génération ont ensuite ét€ améliorées par le greffage
de molécules de ciblage a la surface de la nanoparticule qui sont capables de reconnaitre
des marqueurs spécifiques présents a la surface des cellules cancéreuses. Ces
nanoparticules appelées nanoparticules de troisieme génération sont treés intéressantes

pour obtenir une thérapie ciblée.
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Figure 2 : Schéma des trois générations de nanoparticules

En fonction de la nature chimique de leur structure, plusieurs types de nanoparticules
sont utilisés en vectorisation (Figure 3). Les nanoparticules peuvent étre classées en deux
grandes familles : les nanoparticules organiques et les nanoparticules inorganiques??. Une revue
exhaustive des différents types de nanoparticules étant impossible, seules les principales

nanoparticules utilisées a 1’heure actuelle seront décrites ci-dessous.

2.3.1 Les nanoparticules organiques

e Les liposomes
Les liposomes ont été synthétisés pour la premiere fois en 1964 par 1’équipe de
Bangham'®. Les liposomes sont des vésicules d’auto-assemblage dont la membrane est
constituée d’une ou plusieurs bicouches lipidiques. Dans 1’eau, une suspension de
phospholipides forme spontanément des vésicules en raison de la structure amphiphile de ces
molécules : les phospholipides possedent une téte hydrophile et une queue hydrophobe
entratnant I’organisation d’une bicouche avec les tétes polaires au contact de 1’eau et les queues

apolaires au centre de la bicouche. Les liposomes ont été les premieres nanoparticules utilisées
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pour I’adressage de médicament, ils sont aujourd’hui encore largement utilisés et continuent

d’étre étudiés.

Les nanoparticules polymériques

Ces nanoparticules sont des polymeres dans lesquelles les médicaments sont dissouts

ou conjugués a leur surface. On distingue dans les nanoparticules polymériques :

Les micelles qui sont composées de molécules amphiphiles. En milieu aqueux, les tétes
hydrophiles sont dirigées vers 1’eau et les queues hydrophobes sont dirigées vers
I’intérieur tandis que dans un solvant organique ce sont les tétes hydrophiles qui sont
orientées vers I’intérieur de la micelle. Ces propriétés particulieres des micelles sont tres
intéressantes car elles permettent d’encapsuler des molécules hydrophiles et
hydrophobes. Les micelles sont totalement biocompatibles et biodégradables*-.

Les dendrimeres qui sont des polymeres homogenes hyper-ramifiés. Ils ont une vaste
surface sur laquelle peuvent étre liés des agents thérapeutiques ou des molécules
biologiquement actives3®.

Les nanoémulsions qui constituent une classe tres particuliere des émulsions, ont une
taille de gouttes comprise entre 20 et 300 nm stabilisées par des surfactants. Les
gouttelettes, composées généralement d’huile, permettent de solubiliser et d’encapsuler
des médicaments, des agents de contraste, des sondes pour ’imagerie, etc., a de tres

grandes concentrations?®’-.

Les nanotubes de carbone

Ils sont composés soit par une couche simple de paroi de graphene, soit par des couches

multiples concentriques. Ils peuvent étre utilisés par exemple pour encapsuler des drogues

anticancéreuses ou des radionucléides™®.

2.3.2 Les nanoparticules inorganiques

Les quantum-dots

Les quantum-dots sont des semi-conducteurs composés de minces cristaux fluorescents,

qui en fonction de leur taille, peuvent émettre de la lumiere dans le domaine du visible une fois

stimulés par la lumicre ultra-violette (UV). Ils peuvent étre conjugués a un ligand par
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I’intermédiaire d’une couche polymérique et ils sont utilis€s pour le marquage cellulaire et

I’imagerie des cancers®.

e Les nanoparticules magnétiques
A T’heure actuelle, en clinique, les nanoparticules magnétiques sont principalement
utilisées comme agent de contraste en Imagerie par Résonance Magnétique (IRM). Ces
nanoparticules sont composées de cobalt, de nickel ou plus généralement d’oxyde de fer*'. Un
exemple de ce type de nanoparticules a base de bleu de Prusse sera développé dans la partie

résultat (partie 1 : chapitre 2) de ce manuscrit.

e Les nanoparticules fonctionnalisées

Les nanoparticules fonctionnalisées sont des nanoparticules modifiées chimiquement a
leur surface. Pour des applications biologiques, la surface des nanoparticules doit étre polaire
c’est-a-dire avoir une solubilité aqueuse élevée afin d’empécher 1’agrégation. Pour cela, des
groupements hydrophiles tels que les PEG sont généralement utilisés pour diminuer le nombre
d’interactions non spécifiques*?. De plus, des molécules biologiques telles que les anticorps, les
carbohydrates, les aptameres ou les peptides, sont utilisées pour diriger les nanoparticules vers
des sites spécifiques dans 1’organisme*. Ces agents de ciblage sont idéalement liés de facon

covalente a la nanoparticule et présents en quantité controlée*.

Cellule Grain de Balle de
Eau Glucose Anticorps Virus Bactérie cancéreuse sable Bille tennis
10! 1 10 102 103 104 103 10° 107 108

Nanometre

Nanoparticule  Quantum Nanoparticule

Liposome Micelle Dendrimeére paramagnétique Dot Nanotube fonctionnalisée

Figure 3 : Les principaux nanovecteurs utilisés en vectorisation

(d’apres http://ocg.cancer.gov)
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3. Les nanoparticules pour le traitement des cancers

Dans le cadre de la thérapie des cancers, les molécules utilisées en chimiothérapie ont
plusieurs limites* :
- la faible solubilité de certains agents anticancéreux,
- leur faible sélectivité vis-a-vis des cellules cancéreuses entratnant une forte toxicité pour
les tissus sains,
- leur faible perméabilité dans les tissus tumoraux,
- larésistance des cellules cancéreuses.
L’encapsulation de médicaments dans les nanoparticules permet de pallier a ces problemes car
la nanoparticule protege le médicament et le transporte jusqu’a la zone tumorale grice a un

ciblage passif appelé effet EPR pour « Enhanced Permeability and Retention effect »*.

3.1 Le ciblage passif : I'effet EPR

Comme dit précédemment, les traitements classiques de chimiothérapie sont des
molécules qui présentent une toxicité non négligeable car elles ne discriminent pas la tumeur
des tissus normaux. Il est donc nécessaire de développer de nouveaux médicaments qui seront
délivrés sélectivement a la tumeur afin d’éviter les effets indésirables. Une des possibilités est
d’exploiter les anomalies anatomiques et physiopathologiques des tumeurs solides, en
particulier leur réseau vasculaire. Nous savons que les cellules cancéreuses se multiplient
beaucoup plus rapidement que les cellules saines environnantes. Elles monopolisent donc les
nutriments, 1’oxygene, le glucose, etc. et génerent beaucoup de déchets toxiques pour les
cellules saines. Lorsque la tumeur atteint une taille de 1 a 2 mm’, ses besoins en oxygene et
nutriments deviennent de plus en plus importants, les cellules saines ne peuvent plus rivaliser
pour avoir un approvisionnement suffisant et elles ne peuvent plus gérer les grandes
concentrations de déchets toxiques entrainant le remplacement des cellules saines par les
cellules cancéreuses. Dans cet environnement devenu hostile pour les cellules saines, les
cellules cancéreuses, a I’inverse, peuvent survivre en stimulant 1’angiogenese. En effet, sans
circulation sanguine elles arrétent leur croissance*’ et deviennent nécrotiques ou apoptotiques*.

Par conséquent, I’angiogenese est un facteur primordial pour la progression de la tumeur.
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Dans des conditions physiologiques normales, le réseau vasculaire se développe selon
deux mécanismes : la vasculogenese et 1’angiogenese. La vasculogenese est décrite par la
différenciation des précurseurs des cellules endothéliales en un réseau vasculaire primitif. Ce
phénomene est observé au cours des premieres étapes du développement embryonnaire. L’étape
suivante, appelée angiogenese, est le développement du réseau vasculaire a partir de ce réseau
primitif, par prolifération et bourgeonnement des cellules endothéliales. L’angiogenese est
contr6lée et joue un rdle dans le développement embryonnaire, les fonctions reproductrices
(cycle menstruel, grossesse), et lors d’une réparation tissulaire (blessures musculaires,
ischémies cardiaques)®. Le systeme vasculaire forme le réseau principal impliqué dans
I’acheminement de 1’oxygene et des nutriments aux organes. Cette fonction physiologique est
détournée en conditions pathologiques, elle permet alors la progression de la maladie comme
les rétinopathies, les hémangiomes infantiles, I’arthrite rhumatoide, le psoriasis, les ulceres

duodénaux et bien évidemment la progression tumorale’.

Les cellules endothéliales sont des cellules qui se divisent trés peu : leur taux de
renouvellement est d’environ 1000 jours, et il est sous le controle d’un équilibre strict entre
facteurs activateurs et inhibiteurs®®. Cependant ces cellules sont réactives aux facteurs
environnementaux et au cours de la croissance tumorale, un déséquilibre entre ces différents
facteurs, appelé « switch angiogénique », est observé. Le processus d’angiogenese est alors
déclenché :

- Les cellules cancéreuses ainsi que les composants du microenvironnement tumoral
(cellules inflammatoires, fibroblastes) vont sécréter des molécules angiogéniques telles
que le VEGF. Ces molécules vont diffuser a travers le tissu tumoral pour atteindre les
vaisseaux sanguins environnants entrainant 1’activation des cellules endothéliales, ce
qui permettra de guider la formation du néo-vaisseau.

- Dans un deuxieme temps, les molécules angiogéniques vont stimuler la sécrétion de
protéases par les cellules endothéliales permettant la dégradation de la membrane basale
entourant le vaisseau.

- Cette dégradation va entrainer la migration des cellules endothéliales vers la source du
stimulus angiogénique permettant le bourgeonnement d’un nouveau vaisseau.

Contrairement aux conditions physiologiques normales, les néo-vaisseaux qui irriguent la
tumeur ont une forme irréguliere, ils sont dilatés et présentent des fenestrations dues a une

désorganisation des cellules endothéliales®'. Cette déficience anatomique entraine une fuite
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importante des composants du plasma sanguin par les fenestrations dont la taille a été estimée
20,2 £0,5 um3233, De plus, le faible retour veineux dans le tissu tumoral®* et la faible clairance
lymphatique entrainent une rétention des macromolécules dans la tumeur®. Ce phénomene
appelé effet EPR, a été décrit il y a 33 ans et constitue la base du ciblage passif des
nanoparticules au niveau des tumeurs solides: les nanoparticules injectées par voie
intraveineuse vont se déplacer dans la circulation sanguine jusqu’a la zone tumorale, les
nanoparticules vont pouvoir traverser les fenestrations des néo-vaisseaux et tre retenues dans
la tumeur. La taille optimale des nanoparticules pour une pénétration par effet EPR n’est pas
clairement définie et differe selon le type de tumeur, mais il est généralement admis que les

nanoparticules doivent mesurer entre 50 et 300 nm?.

3.2 Le ciblage actif

Le ciblage passif de la tumeur par effet EPR est limité car il existe une hétérogénéité
significative entre les tumeurs de méme type ou de types différents®’. De plus, une analyse de
données précliniques sur I’administration de nanovecteurs publiées au cours des dix dernicres
années a montré qu’un faible pourcentage de la dose injectée atteignait les tumeurs®. Pour
améliorer I’adressage et ainsi augmenter 1’efficacité des nanoparticules, les recherches se sont
tournées vers le ciblage actif des cellules cancéreuses. Ce ciblage est basé sur la conjugaison
de biomolécules a la surface des nanoparticules. Les principaux objectifs du ciblage actif sont :

- lareconnaissance spécifique des cellules cancéreuses et I’absence d’interaction avec les
cellules saines,

- laugmentation de la concentration en nanoparticules au niveau des cellules
cancéreuses.

Pour cela, le choix de la cible biologique est tres important et doit répondre a différents criteres :

- la cible doit étre accessible pour la nanoparticule, c’est-a-dire que la cible doit étre
exprimée a la surface des cellules cancéreuses,

- la cible doit étre spécifique des cellules cancéreuses, elle doit étre exprimée plus
fortement au sein de la tumeur que dans les tissus sains,

- leligand doit avoir une grande sélectivité ainsi qu’une forte affinité pour la cible choisie
pour éviter toute interaction non spécifique,

- le ligand peut étre de différentes natures (anticorps, aptameres, glucides, etc.) suivant la

cible choisie.
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A T’heure actuelle, il existe quelques nanovecteurs pour le ciblage actif dont les plus
courants sont les anticorps. On retrouve deux types d’anticorps : certains agissent sur la
croissance des cellules en bloquant un récepteur d’un facteur de croissance comme le
trastuzumab qui cible la surexpression du récepteur HER2 dans les cellules cancéreuses du sein.
Tandis que d’autres peuvent €tre conjugués a des molécules thérapeutiques comme le
Mylotarg® qui est un anticorps monoclonal dirigé contre le récepteur CD33 surexprimé quand
le cadre des leucémies aigués myéloides et qui est li€ a un agent cytotoxique libéré dans la
cellule pour induire des ruptures des doubles brins d’ADN induisant un arrét du cycle cellulaire.

Cependant, ces traitements sont généralement associ€s a d’autres traitements de

chimiothérapie : on observe donc toujours des effets secondaires dus a la chimiothérapie® .

En résumé, le ciblage passif des cellules cancéreuses guidé par I’effet EPR et I’activité
métabolique importante des cellules cancéreuses conduisent a la rétention des nanoparticules
dans la zone tumorale. Quant au ciblage actif, les nanoparticules fonctionnalisées avec des
ligands spécifiques peuvent se lier préférentiellement aux récepteurs présents a la surface des
cellules cancéreuses permettant une internalisation rapide et plus efficace, ce qui entraine une

plus grande quantité de nanoparticules a I’intérieur des cellules cancéreuses (Figure 4).
Nous décrirons dans ce manuscrit un exemple de nanoparticules fonctionnalisées par un

carbohydrate pour le ciblage d’un cancer rare dans la partie résultat (partie 2 : chapitre 2) de ce

manuscrit.
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Figure 4 : Ciblages passif et actif par les nanoparticules®!

Les effets a court et a long terme de ces nanomatériaux sont encore inconnus et des
questions subsistent : serait-il possible de détecter et traiter un cancer avec la méme
nanoparticule ? Un nanovecteur pourrait-il détecter de manicre spécifique une cellule
cancéreuse pour savoir quand le médicament doit étre libéré ? Est-il possible de synthétiser
d’autres types de nanoparticules pour la thérapie, utilisable en clinique en premiere intention et
sans association avec de la chimiothérapie ? Toutes ces questions rendent complexe la synthese
de nanovecteurs intelligents. Dans ce manuscrit, nous essayerons d’y répondre en partie par la
synthese de nanoparticules multifonctionnelles permettant de cibler, d’imager et de traiter la

tumeur.
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Chapitre 3 : Ciblage thérapeutique des lectines membranaires

Comme nous venons de I’aborder dans le chapitre précédent, un des moyens permettant
le ciblage actif par les nanoparticules est d’utiliser les récepteurs membranaires exprimés a la
surface des cellules cancéreuses. Pour cela, il faut connaitre le niveau d’expression du récepteur
membranaire ciblé. Dans ce chapitre, nous nous intéresserons plus particulierement aux
lectines. Quels roles jouent-elles dans la cancérogenese ? Est-ce qu’elles peuvent €tre une

bonne cible thérapeutique pour le traitement des cancers ?

1. Les lectines
1.1 Définition

Les lectines sont des protéines ou glycoprotéines qui sont capables d’interagir de
maniere spécifique et réversible avec des carbohydrates (mono- ou oligosaccharides) sous
forme de liaisons non covalentes (liaisons hydrogenes, hydrophobes, de coordination avec des
ions métalliques)®>%3. Les lectines sont souvent multivalentes car elles possedent plusieurs sites
de liaisons (lectines di- ou polyvalentes). Elles participent d’une maniere générale aux
processus de reconnaissances moléculaire et cellulaire pour tous les organismes vivants (virus,
bactéries, plantes, animaux, humains)®. De plus, les lectines peuvent étre circulantes,
intracellulaires ou membranaires et ont par conséquence des rdles précis suivant leur
localisation dans 1’organisme :

- Les lectines circulantes jouent un role trés important dans le systeme immunitaire®.

- Les lectines membranaires reconnaissent des ligands extracellulaires et permettent leur
endocytose. Elles possedent également des propriétés de recyclage par la voie
d’endocytose. Au pH lysosomal (pH acide), le complexe ligand-lectine se dissocie pour
permettre a la lectine d’étre recyclée a la membrane®.

- Les lectines intracellulaires sont impliquées dans le trafic et le tri des glycoprotéines
vers les endosomes ou vers d’autres voies de sécrétion®’.

Les lectines sont également impliquées dans plusieurs processus biologiques comme les
mécanismes d’adhésion bactérienne, les interactions cellule-cellule et cellule-matrice
extracellulaire, mais également les processus de phagocytose, de différenciation cellulaire et

d’apoptose®®.
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1.2 Les différentes catégories de lectines animales

La premicere classification des lectines a été réalisée a partir des lectines de plante et était
basée selon leur spécificité pour leurs ligands saccharidiques®. Ce n’est qu’avec le
développement du clonage moléculaire, qu’une classification plus rigoureuse a été mise en
place, organisée sur la base de 1’homologie des séquences d’acides aminés. La premicre
classification de ce type a été proposée par Kurt Drickamer qui a identifié des séquences
conservées dans les sites de reconnaissance appelés « carbohydrate recognition domain »
(CRD). A partir de cette classification, huit familles ont pu étre distinguées (Figure 5)%° :

- Quatre familles pour les lectines extracellulaires : les lectines de type C, de type R, de
type I et les Galectines.
- Quatre familles pour les lectines intracellulaires : les lectines de type P, de type M, de

type L et les Calexines.

Lectines
de type |

Lectines
de type P | CD22

Lectines de type C | M6PR-CI

sélectine

Galectines

lectines
b A hépatiques

Milieu

extracellulaire

Milieu
intracellulaire

Figure 5 : Schéma des types majeurs des lectines animales’’
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Chaque famille de lectine est composée de groupes de lectines qui ont des ligands différents

(Tableau 2).
F;ig:ltlil::ede Exgellzgifede Exemple de ligands Lg:ﬁ::ls;t:::n Exemple de fonctions
Récepteurs Mannose, fucose, N- Rél_e dans I’immunité innée
du mannose acétylglucosamine Clairance des hormones
Lectines Galactose, N- Membranaire gRl ycosylées de pathogd
Type C" hépatiques acétylgalactosamine et Rizcl:ognalsianc? N pat O%f rie.
Résidus sialate-galatose- extracellulaire R?le dans la rr.n%ratl(ip cetaie
_ > : oOle dans les interactions
Sélectines N —Acetyflglucosamme— cellules dendritiques-cellules T
ucose
Type R B-trefoil Galactose, N- Golgi et ilsl;fréelselerlrf)}él?llftsion
P acétylgalactosamine membranaire , p .
d’hormones glycosylées
Sialoadhesin Role dans 1’adhésion cellulaire
Tvpe I CD22 Acide sialique N- et O- Membranai Interactions cellule-cellule dans
ype CD33 glycosylé cmbranaire | o systeéme immun et le systeme
MAG nerveux
Galectin-1 Régule la croissance cellulaire et
. I’apoptose
74
G(a%ectm;i Galectin-2 3-galactose S;?;EEB;?;;;; Régule le cycle cellulaire
ype . Module les interactions cellule-
Galectin-3 cellule et cellule-substrat
Membranaire Cible les enzymes lysosomales
CD-M6PR in tracellulaire, et les glycoprotéines portant le
Type P Mannose 6-phosphate ot mannose 6-phosphate
CI-M6PR extracellulaire Role dan.s le trafic et la .
dégradation de glycoprotéines
EDEMI1
Type M7 EDEM?2 Glycanes mannosylés Réticulum Role dans la dégradation des
endoplasmique | glycoprotéines
EDEM3
ERGIC-53 Réticulum Contrdle la sécrétion des
i 1 téines du réticul
Type L Glycanes mannosylés | endoplasmique £ %copiro eines C reteuiim
VIP36 et Golgi endoplasmique
Calnexines™ Calmegin Glycoprotéines avec Réticulum Contrdle la biosynthese des
Calreticulin2 Glc;ManyGIcNAc, endoplasmique | glycoprotéines

Tableau 2 :

1.3 Les carbohydrates

Les différentes familles de lectines animales

Les quatre principales classes de molécules organiques dans les systémes vivants sont

les protéines, les lipides, les acides nucléiques et les carbohydrates (ou glucides). Les

carbohydrates sont les molécules organiques les plus importantes dans la nature et une majorité
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des organismes vivants synthétisent et métabolisent ces glucides™. Les carbohydrates sont la
principale source d’énergie ingérée par le corps humain. Ils sont transportés par les vaisseaux
sanguins vers toutes les cellules de I’organisme pour participer au métabolisme énergétique®.
Ils peuvent augmenter le temps de circulation sanguine de certaines protéines recombinantes
en diminuant leur clairance par les reins®' et permettre le passage de certaines barrieres
biologiques, comme la barriere hémato-encéphalique®?. De plus, les carbohydrates peuvent étre
liés entre eux ou a d’autres molécules biologiques pour former des glycoconjugués : les
glycoprotéines et les glycolipides qui sont les glycoconjugués les plus abondants dans les

cellules animales et représentent les principaux ligands des lectines.

1.4 Les lectines comme cible thérapeutique

De plus en plus de stratégies thérapeutiques sont basées sur ce type d’interaction
carbohydrates-lectines : ce concept a été établi pour la premiere fois en 1988 par Woodley et
Naisbett qui ont proposé d’utiliser la lectine de tomate pour cibler la surface luminale de
Iintestin gréle®. A partir de ces travaux, deux principaux types de ciblage ont été mis au point :
le ciblage direct et le ciblage indirect. Le ciblage direct consiste a conjuguer le principe actif a
un ou plusieurs carbohydrates qui seront reconnus par les lectines endogenes exprimées a la
surface des cellules. Concernant le ciblage indirect, le principe actif est couplé a des lectines
exogenes qui reconnaitront, dans ce cas, les glycoconjugués présents a la surface des cellules

(Figure 6).

CIBLAGE DIRECT | | CIBLAGE INDIRECT

médicament médicament

bras
espaceur

partie glucidique exogéne lectine exogéne

lectine endogene

OOOO

milieu extracellulaire partie glucidique endogéne

O

* membrane cellulaire !
OO0 “ccoocoooocoooocxbooooom

cytoplasme

Figure 6 : Schéma illustrant les ciblages direct et indirect des lectines®'
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Dans ce manuscrit, nous allons nous intéresser plus particulierement au ciblage direct
des lectines. Ce ciblage est basé sur 1’exploitation de I’expression des lectines a la surface des
cellules malades dans le but d’adresser spécifiquement le médicament. Pour le traitement des
cancers, il existe de nombreux exemples de ce type d’interaction comme le ciblage du récepteur
CD44 qui peut lier I’acide hyaluronique et dont la surexpression a été démontrée dans différents
types de cancers comme les mélanomes, les lymphomes, le cancer du sein, le cancer colorectal
et le cancer des poumons®-3¢. Ce récepteur est connu pour jouer un role dans les processus
d’invasion du cancer et les propriétés métastasiques. De nombreuses études ont montré que ce
récepteur pouvait €tre ciblé, par exemple avec des liposomes fonctionnalisés par de 1’acide
hyaluronique dans lesquels a été encapsulé de la doxorubicine ou de la mitomycine C.
L’efficacité thérapeutique du ciblage du récepteur a été démontré in vitro sur des lignées de

cellules cancéreuses humaines® et in vivo chez des modeles de souris®.

D’une maniere générale, des études ont montré que les lectines étaient présentes a la
surface des cellules cancéreuses et que leur profil d’expression était modulé®'. De plus, certaines
lectines jouent un role important dans le cancer car elles contribuent a I’angiogenese et la perte
de I’adhésion cellulaire permettant la formation de métastases®>“?. Dans ce manuscrit, nous nous
concentrerons sur le ciblage d’une lectine en particulier : le récepteur du mannose 6-phosphate

cation indépendant.

2. Les récepteurs du mannose 6-phosphate (RM6P)

Deux RMG6P ont été décrits : le récepteur du mannose 6-phosphate cation-dépendant
(RM6P-CD) et le récepteur du mannose 6-phosphate cation-indépendant (RM6P-CI). Tous les
deux composent les seuls récepteurs de la famille des lectines P et appartiennent a la famille
des glycoprotéines transmembranaires de type I. Le clonage de leur ADN complémentaire a
permis de définir leur structure, représentée schématiquement dans la figure 7 et qui est
composée d’une séquence signal, d’un domaine extracellulaire (extrémité N-terminale), d’une
région transmembranaire hydrophobe et d’un domaine cytoplasmique (extrémité C-

terminale)®.
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X-M6P Protéine contenant un signal M6P

q Site de type fibronectine de type 11

Domaine extracytoplasmique

[l Domaine transmembranaire
—~—  Queue cytoplasmique

g .

& Palmtoylation

Phosphorylation

s e

RM6P-CD RM6P-CI

Figure 7 : Structure des récepteurs du mannose 6-phosphate®

2.1 Le RM6P-CD

2.1.1 Structure

Le RM6P-CD est de faible poids moléculaire (46 kDa) et il est caractérisé de cation-
dépendant car il a besoin de cations divalents pour lier le ligand. L’analyse séquentielle du
RM6P-CD humain a montré qu’il était composé d’une séquence signal en N-terminal de 20
résidus, un domaine transmembranaire de 19 résidus, un domaine extracellulaire de 164 résidus
et d’une extrémité C-terminale de 68 résidus®. Ce récepteur possede cing sites de glycosylation
sur le domaine extracellulaire, dont au moins quatre sont utilisés, et aucun site de glycosylation
sur le domaine intracellulaire. Son domaine extracellulaire est similaire aux quinze domaines
répétés du RM6P-CI indiquant que ces deux récepteurs proviennent d’un gene ancestral
commun?’. Il est sous la forme d’un homodimere non covalent dans la membrane’ et sous
forme de dimere ou tétramere en solution®®. Il peut étre internalis€é comme le RM6P-CI : les

séquences d’internalisation sont situées dans I’extrémité C-terminale®.
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2.1.2 Fonctions

Le RM6P-CD reconnait le mannose 6-phosphate (M6P) comme ligand et c’est le seul
ligand connu a ce jour. Le RM6P-CD participe au transport des enzymes lysosomales
synthétisées au niveau du réseau trans-golgien vers les endosomes qui les transferent jusqu’aux
lysosomes. Ce récepteur n’a aucune fonction transmembranaire méme s’il peut étre présent a
la membrane!® car il ne possede pas la capacité de lier et d’internaliser les enzymes au pH

extracellulaire qui est de 7,4°!.

2.2 Le RM6P-CI

2.2.1 Structure

Le RM6P-CI est de haut poids moléculaire (300 kDa). Il est composé d’une séquence
signal en N-terminal de 40 résidus, un domaine transmembranaire de 23 résidus, un domaine
extracellulaire de 2264 résidus composés de 15 domaines répétitifs contenant les sites de liaison
des ligands, et d’une extrémité C-terminale de 164 résidus'®?. Le domaine extracellulaire a dix-
neuf sites de glycosylation potentiels'®. Le RM6P-CI est sous forme de dimere a la membrane

et sous forme de monomere en solution'%.

2.2.2 Fonctions

Le RM6P-CT est principalement localisé dans les compartiments intracellulaires (90 a
95%), en particulier dans le réseau trans-golgien et les endosomes, 5 a 10% étant présent a la
surface des cellules”’. Ce récepteur participe donc, comme le RM6P-CD, au transport des
enzymes lysosomales synthétisées vers le lysosome. De plus, le RM6P-CI participe a
I’endocytose des molécules ayant un signal M6P, mais également d’autres ligands. En effet, la
spécificité de ce récepteur est dans la nature des ligands qu’il est capable de lier : les ligands
peuvent €tre de nature lipidique (acide rétinoique), protéique (Insulin-like Growth Factor II ou

IGF-1I) et glucidique (M6P) sur des sites de liaison bien distincts.

e [’acide rétinoique
L’acide rétinoique est la forme active de la vitamine A. Il est impliqué dans de nombreux

processus biologiques comme la croissance cellulaire, la différenciation et 1’apoptose

27



cellulaire'®. Ce ligand se fixe sur la partie C-terminale du récepteur'® et permet de favoriser la

liaison du M6P, ceci est également vrai dans le sens inverse!?’.

e [’IGF-II

L’IGF-II est un facteur de croissance impliqué dans le contréle de la croissance
cellulaire. Le récepteur est capable de lier en méme temps I’IGF-II et le M6P c’est pour cela
que le RM6P-CI est également appel€ : le « mannose 6-phosphate/insulin-like growth factor II
receptor ». Le récepteur lie sur le domaine 11 I’IGF-II entrainant son internalisation afin qu’il
soit dégradé dans les lysosomes'®. Les sites de liaisons du M6P et de I’'IGF-II sont distincts
mais la liaison de chacun peut influencer la liaison de 'autre : c’est le cas des enzymes
lysosomales qui portent le signal M6P et qui alterent la liaison de I’'IGF-II. Ceci a été démontré
avec la cathepsine D : la liaison de la cathepsine D va interférer avec I’IGF-II qui se déplace
alors vers le récepteur a I’IGF-I entrainant un effet mitogene!®”. Des études indiquent que le
RMO6P-CI joue un role primordial dans la croissance et la motilité des cellules. L’importance
de la dégradation de I’IGF-II a été démontrée chez des souris knock-out pour le RM6P-CI qui
présentaient des taux €levés d’IGF-II dans la circulation sanguine et une augmentation de la
taille des organes. Ces souris mourraient alors a la naissance suite a une insuffisance cardiaque
due a une cardiomégalie. Cependant si le gene du récepteur de I’'IGF-II est également invalidé,
les souris ne meurent plus a la naissance ce qui démontre que la dégradation de I’IGF-II est une

fonction essentielle et vitale du récepteur!!%-112,

o LeMO6P
Le récepteur est capable de lier deux molécules de M6P ou une chalne
oligosaccharidique diphosphorylée par monomere. Sur les 15 unités répétitives qui composent
la partie extracellulaire du récepteur, seulement les domaines 1-3 et 7-11 sont impliqués dans
la liaison du M6P'3. Plus précisément il a ét¢ démontré le role primordial des domaines 3 et 9
dans la liaison du M6P!'4. De plus le récepteur est capable de lier toutes autres molécules ayant

un signal M6P répertoriés dans le tableau 3.
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Ligands

Fonction du RM6P-CI

Maladies ou processus biologiques

associés

Ligand avec un signal M6P

Enzymes lysosomales

Complexe TGFS latent

Granzyme B

Facteur inhibiteur de leucémie et facteur de

stimulation des colonies de macrophages

Proliférine

Glycoprotéine du virus de I’herpes (gD)

Biogenese des lysosomes

Dissémination tumorale

Activation de TGFR

Endocytose et apoptose

Endocytose et dégradation dans

lysosome

Croissance cellulaire et angiogenese

Endocytose des virus

Maladies lysosomales

Métastases

Cicatrisation

Réponse immunitaire

Désordres hématopoiétiques,

myélomes, maladie de Castelman,
polycythémie

Fibrosarcomes

Infection virale

Rénine Internalisation de la (pro)rénine | Désordres cardiovasculaires
cardiaque

Ligands sans signal M6P

IGF-II Endocytose et dégradation dans le | Croissance cellulaire dans
lysosome I’embryogenese et oncogenese

Récepteur urokinase (uPAR) et | Régulation de uPAR a la surface | Fibrinolyse, adhésion et migration

plasminogene cellulaire, activation de l’urokinase | cellulaire
(uPA)

Acide rétinoique Modulation de [I’action de I’acide | Croissance cellulaire dans

rétinoique

I’embryogenese et oncogenese

Tableau 3 : Récapitulatif des différents ligands et fonctions du RM6P-CI'">
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3. Ciblage du RM6P-CI pour le traitement des maladies lysosomales et des cancers

3.1 RM6P-CI et maladies lysosomales

Nous avons vu que les RMO6P étaient des récepteurs indispensables permettant
I’acheminement des enzymes lysosomales vers les lysosomes. Les lysosomes sont des organites
intracytoplasmiques présents dans toutes les cellules nucléées. Ils constituent les compartiments
acides de la cellule qui établissent la communication entre le milieu extracellulaire et
intracellulaire par le biais de I’endocytose, la phagocytose et I’exocytose. La fonction principale
des lysosomes est la dégradation et le recyclage de molécules intracellulaires par les enzymes
lysosomales. Les enzymes ont une activité optimale a un pH acide (5,2 a 5,5) qui correspond
au pH a I'intérieur des lysosomes : les enzymes sont donc aussi appelées hydrolases acides. On
dénombre une cinquantaine d’enzymes lysosomales (phosphatases, glycosidases, lipases,
nucléases, sulfatases et protéases) qui sont caractérisées par un ou plusieurs signaux M6P leur
permettant d’€tre acheminées vers les lysosomes via les RM6P. 1l existe deux voies de transport
des enzymes lysosomales vers les lysosomes :

- le transport du réseau trans-golgien,

- D’endocytose des enzymes extracellulaires.

3.1.1 Le transport du réseau trans-golgien vers les lysosomes

Ce transport correspond a la voie de biosynthese des enzymes lysosomales. Ces
enzymes sont synthétisées par les polysomes liés a la membrane du réticulum endoplasmique
rugueux (RER). Chacune de ces protéines contient un signal peptide hydrophobe en position
N-terminale qui permet le transport de la protéine en cours de traduction vers la lumiere du
RER"¢, Une fois dans le RER, les enzymes vont perdre le peptide signal et subir des
modifications post-traductionnelles, appelées glycosylation qui ont pour but d’additionner des
oligosaccharides. Cette addition est appelée N-glycosylation car elle a lieu sur le groupement
amine d’un résidu asparagine (Asn ou N). L’oligosaccharide est composé de trois glucoses,
neuf mannoses et deux résidus N-acétyl-glucosamine (Glc;ManyGlcNac,)!'”. Par des transports
vésiculaires, les glycoprotéines se dirigent vers 1’appareil de Golgi ou 1’oligosaccharide va étre

maturé par clivage et addition de sucres pour diversifier les oligosaccharides sur chaque type
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de glycoprotéines!!8. Dans le cas des enzymes lysosomales, elles vont acquérir le signal M6P
grace a I’action de deux enzymes''® (Figure 8):
- la N-acétylglucosamine-1-phosphotransférase (ou phosphotransférase) qui permet la
liaison d’un résidu N-acétylglucosamine-1-phosphate en position 6 d’'un mannose,
- la N-acétylglucosamine-1-phosphodiester o-N-acétylglucosaminidase
(phosphoglycosidase) qui hydrolyse le résidu Glc-NAc pour laisser apparaitre la

fonction monoester M6P.

NAcGIc—1~®

OH OH GleNAcF-UDP | ? o
HO -0 HO &
HO HO
v O vy
a-D-mannose ’ GlcNAc phosphotransférase ‘

GlcNAc phosphoglycosidase ‘

\\_, GIcNAc

;P
HO—
P.
N
HO 6}

HO
HO

Q nnnnsnnns

a-D-mannose 6-phosphate

Figure 8 : Acquisition du signal mannose 6-phosphate par une enzyme lysosomale

Grace au signal M6P, les enzymes lysosomales peuvent se lier au RM6P-CD mais vont
majoritairement se lier au RM6P-CI au niveau du réseau trans-golgien a pH 7. Des clathrines,
protéines structurelles constituant I’enveloppe des vésicules, se fixent au RM6P-CI et forment
des vésicules qui vont transporter le complexe pro-enzyme/RM6P-CI vers les prolongations du
Golgi puis les endosomes précoces pour finir dans les endosomes tardifs. Le pH acide des
endosomes tardifs (pH entre 5 et 7) permet la dissociation du complexe pro-enzyme/RM6P-CI,
les enzymes vont alors pouvoir se diriger vers les lysosomes ou elles seront déphosphorylées!?.
Apres avoir libéré les enzymes, les RM6P sont recyclés dans des vésicules de transport qui
bourgeonnent des endosomes tardifs vers la membrane du réseau trans-golgien pour étre

réutilisés pour un nouveau cycle de transport. Le RM6P-CI est également envoyé vers la
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membrane plasmique afin d’internaliser les enzymes extracellulaires ayant échappées au

processus de transport du réseau trans-golgien vers les lysosomes!'?!.

3.1.2 L’endocytose des enzymes extracellulaires

Une partie des enzymes lysosomales échappe au processus décrit précédemment et sont
par conséquent sécrétées a I’extérieur de la cellule. Le RM6P-CI a la membrane plasmique joue
alors un role primordial dans I’endocytose de ces enzymes sécrétées. Le transport du complexe
pro-enzyme/RM6P-CI depuis la membrane plasmique vers les lysosomes s’effectue
globalement comme celui du réseau trans-golgien. Des protéines adaptatrices AP2
reconnaissent des signaux cytosoliques du récepteur et vont pouvoir se fixer sur le complexe
pro-enzyme/RM6P-CI afin de recruter des clathrines qui vont recouvrir la membrane plasmique
pour qu’elle puisse bourgeonner et former des vésicules qui contiennent le complexe!*. Les
vésicules sont alors dirigées vers les endosomes précoces puis tardifs ou le complexe va se
dissocier a pH acide. Les enzymes libérées sont ensuite acheminées vers les lysosomes et les
récepteurs seront recyclés vers la membrane plasmique ou le réseau trans-golgien. La figure 9

représente schématiquement les deux voies de transport des enzymes lysosomales.
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Figure 9 : Les deux voies de transport des enzymes lysosomales vers les lysosomes'?
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3.1.3 Cible thérapeutique pour les maladies lysosomales

Une des applications majeures du ciblage du RM6P-CI est le traitement des maladies
lysosomales. On dénombre aujourd’hui une cinquantaine de maladies lysosomales qui sont des
maladies génétiques. Chaque maladie lysosomale est liée a 1’absence ou la déficience d’une
enzyme lysosomale spécifique dont la conséquence est I’accumulation du substrat de cette
enzyme dans le lysosome. Nous avons vu précédemment que le RM6P-CI est responsable de
I’acheminement des enzymes lysosomales ainsi que des ligands ayant un signal M6P jusqu’aux
lysosomes. De Duve a alors proposé en 1964 que les déficiences en enzymes lysosomales
pourraient étre rectifiées en administrant une enzyme exogene!?*. Aujourd’hui, neuf maladies
lysosomales sont traitées par enzymothérapie substitutive'?>. Cependant, le ciblage par le M6P
présente quelques limites dont :

- Dinstabilité du signal M6P dans le sang car il est sensible aux phosphatases sériques
empéchant un adressage efficace aux organes!'?¢,

- I’incapacité a apporter les enzymes administrées a certains tissus spécifiques de la
maladie comme le systeme nerveux central via la barriere hémato-encéphalique'?’,

- le colit annuel du traitement estimé entre 87000 et 600000 euros par patient selon la

maladie'?8.

L’inconvénient majeur du M6P est la sensibilité aux phosphatases présentes dans le
sérum mais également dans tous les organes entrainant une déphosphorylation : le M6P ne peut
plus étre reconnu par le RM6P-CI. Il s’en suit une diminution de 1’adressage de 1’enzyme aux
organes ainsi qu'une augmentation des doses administrées au patient (et donc du coiit du
traitement). La stabilité de ce signal est donc un élément indispensable pour son utilisation dans
le transport de molécules bioactives. Afin d’éviter cette déphosphorylation, les équipes du
Professeur Alain Morere et du Docteur Marcel Garcia ont développé des analogues du M6P ou
le phosphate est remplacé par un phosphonate, un carboxylate, un malonate ou un sulfate. Ces
analogues, appelés AMFA (Analogue du Mannose 6-phosphate Fonctionnalisé sur
I’ Aglycone), ont été brevetés puis 1’entreprise NanoMedSyn a acquis une licence exclusive
d’exploitation. Dans le cadre de cette these, nous avons étudié ces analogues pour le ciblage du

RMG6P-CI pour le traitement d’une maladie lysosomale : la maladie de Pompe.
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3.2 Cible thérapeutique pour le traitement des cancers

La capacité du RM6P-CI a interagir avec plusieurs facteurs de croissance impliqués
dans la cancérogenese tels que I'IGF-II et le TGFB1 indique qu’il pourrait €tre un géne
suppresseur de tumeur car il aurait un pouvoir régulateur négatif sur la prolifération cellulaire.
En effet, 'IGF-II est capable de se lier au RM6P-CI mais également au récepteur de I’IGF-I.
Le RM6P-CI permet la dégradation de I'IGF-II et joue ainsi un r6le d’inhibiteur et de
modulateur de la croissance cellulaire car I’'IGF-II ne peut plus se fixer sur le récepteur de
I’IGF-I qui est le seul a pouvoir envoyer un signal de prolifération a la cellule. Plusieurs études
ont démontré que le RM6P-CI pourrait étre potentiellement un géne suppresseur de tumeur car
il a été observé dans différents types de cancers (hépatocarcinomes'?’, seins'*®, poumon'3!,
ovaire'*?, tumeurs adéno-corticales!®, carcinomes épidermoiques'*) et il présentait une
altération de fonction suite a une perte d’hétérozygotie du géne et de mutations sur I’allele
restant participant a la progression tumorale. Cette perte d’hétérozygotie entraine une
diminution de I’expression du récepteur par rapport aux tissus sains. Cependant, pour que le
RMG6P-CI soit une bonne cible thérapeutique, il faut que le récepteur soit surexprimé a la
membrane lorsque la cellule devient cancéreuse, ainsi nous pourrions discriminer les cellules
cancéreuses des cellules saines. La surexpression du RM6P-CI a été démontrée dans plusieurs
lignées cellulaires cancéreuses humaines ainsi que dans des tissus humains tels que le cancer
du sein'*, du pancréas'3®, gastrique'¥’, le mélanome!'?® et le cancer de la prostate'*®. La premicre
étude concernant la délivrance de drogues aux cellules cancéreuses via le RM6P-CI a été
publiée par 1’équipe de Jai Prakash en 2009'%: 1’albumine de sérum humain a été
fonctionnalisée avec du M6P puis conjuguée avec de la doxorubicine (M6P-HSA-DOX). Cette
étude a été menée sur des lignées cellulaires cancéreuses humaines de mélanome et de colon et
a démontré que MO6P-HSA-DOX était internalisée plus efficacement que la HSA non
fonctionnalisée par le M6P et via une endocytose active par le RM6P-CI. L’efficacité du
systeme ciblé a été évaluée in vivo, chez le modele animal de la souris dans lequel des
xénogreffes de tumeurs sous-cutanées ont été réalisées. Les résultats démontrent que le M6P-
HSA-DOX s’accumule dans les tumeurs et permet la diminution significative de la tumeur par
rapport a la doxorubicine libre qui est distribuée dans tous les organes sains. Cependant, cette
étude ne montre pas de résultats sur HSA-DOX comme controle, alors qu’il aurait été
indispensable de confirmer que D’efficacité thérapeutique du systeme ciblé est due a la
fonctionnalisation du M6P et non pas seulement a I’encapsulation de la doxorubicine dans la

HSA. Une autre étude menée au sein du laboratoire a permis de démontrer 1’efficacité
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thérapeutique de nanoparticules ciblées pour le ciblage du RM6P-CI dans le cas du traitement
de la prostate'?®. La surexpression du RM6P-CI a été¢ démontrée sur 84 % des tissus humains
prostatiques (126 cas) tandis que dans les tissus humains normaux aucune surexpression n’a été
observée (39 cas). Dans cette étude, 1’équipe a fonctionnalisé un analogue du M6P sur des
nanoparticules dans lesquelles a été encapsulé un photosensibilisateur pour permettre une
thérapie photodynamique. Les résultats ont démontré une meilleure efficacité thérapeutique des
nanoparticules ciblées comparées aux nanoparticules non fonctionnalisées avec 1’analogue du
MG6P. Donc contrairement aux études réalisées sur différents types de cancers dans lesquelles
le RM6P-CI était décrit comme étant un géne suppresseur de tumeur, ces deux dernicres études
ont montré que dans certains cas précis de cancers solides, la surexpression du RM6P-CI
permettait de considérer ce récepteur comme une bonne cible thérapeutique. Dans ce manuscrit,
nous étudierons le ciblage du RM6P-CI par des nanoparticules fonctionnalisées avec un

analogue du M6P dans le cadre d’un cancer rare : le rhabdomyosarcome.
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Chapitre 4 : Le rhabdomyosarcome

1. Les cancers pédiatriques

Les cancers pédiatriques sont des tumeurs malignes survenant chez 1’enfant avant 1’age
de 18 ans. Dans le monde, on dénombre entre 50 et 200 millions d’enfants qui sont atteints d’un
cancer'*. En France, 1700 nouveaux cas de cancers ont été diagnostiqués chez les enfants et
les adolescents, et un enfant sur 440 sera atteint d’un cancer avant I’age de 15 ans'¥?. Le taux
de guérison chez les enfants a considérablement augmenté et dépasse aujourd’hui 80% tous
cancers confondus. Cependant, cette maladie reste la deuxieme cause de mortalité des enfants
de plus d’un an, apres les accidents'®. Les cancers pédiatriques sont completement différents
de ceux diagnostiqués chez les adultes : il s’agit de maladies rares (1 a 2% des cancers) et les
principales localisations chez I’adulte (poumons, seins, prostate...) ne sont pas retrouvées chez
les enfants. A I’heure actuelle, de nombreuses études ont cherché a comprendre les causes de
I’apparition d’un cancer pédiatrique mais il est treés rare que les facteurs environnementaux
soient a I’origine d’un cancer et on estime qu’environ 10% des enfants ont une prédisposition
génétique a développer un cancer : les recherches doivent donc se poursuivre pour déterminer
exactement les facteurs impliqués. Les cancers pédiatriques les plus fréquents sont les
leucémies (29%), les tumeurs cérébrales (25%) et les lymphomes (10%)'#14. Les cancers de
I’enfant ont été répertoriés en différents groupes selon « 1I’International Classification of
Childhood Cancer » (ICCC) et deux registres pédiatriques frangais enregistrent en continu des
informations sur les cancers pédiatriques : le Registre National des Hémopathies malignes de
I’Enfant (RNHE) dont I’enregistrement a commencé en 1990 et le Registre National de
Tumeurs Solides de I’Enfant (RNTSE) qui a débuté en 2000 (Tableau 4). Dans ce manuscrit,

nous nous concentrerons uniquement sur un cancer pédiatrique : le rhabdomyosarcome (RMS).
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Groupes diagnostiques selon | Effectif moyen o Incidence (par million)
'Icc annuel <1an 1-4ans | 5-9 ans | 10-14 ans

I. Leucémies 524 289% | 35,7 71,5 38.3 294
II. Lymphomes 184 10,3% | 1,1 7.5 13,8 27,1
III. Tumeurs du systeme | 442 249% | 389 46 37,2 31,8
nerveux central
IV. Tumeurs du systeme | 142 8% 72,8 21,7 34 1,5
nerveux sympathique
V. Rétinoblastomes 48 27% | 258 82 0,5 0
VI. Tumeurs rénales 98 55% | 18,1 18 5,7 1,3
VII. Tumeurs hépatiques 20 1,1% | 6,8 3 0,5 0,7
VIII. Tumeurs malignes | 82 4,6% | 0,5 1,5 5,5 144
osseuses
IX. Sarcomes des tissus mous et | 112 6,3% | 16,6 12 8 7.8
extraosseux (dont RMS)
X. Tumeurs germinales, | 60 34% | 158 3,7 24 70
trophoblastiques et gonadiques
XI. Mélanomes malins et autres | 64 36% | 2,1 2,1 30 114
tumeurs malignes épithéliales
XII. Autres tumeurs malignes 4 02% | 2,1 0,6 0,2 0,1
Total 1770 236,3 195.8 118,3 132,5

Tableau 4 : Les différents types de cancer chez I’enfant et leur incidence sur la période

2. Le rhabdomyosarcome

2010-2014146-147

2.1 Généralités et épidémiologie

Le RMS est un sarcome des tissus mous. Les sarcomes sont des tumeurs malignes rares,

appelées également tumeurs mésenchymateuses, qui apparaissent a partir des tissus mous situés

dans n’importe quelle partie du corps. Les tissus mous relient, soutiennent et entourent les

organes du corps humain. Ces tumeurs sont tres hétérogenes car elles peuvent se développer a

partir des tissus de soutien qu’ils soient conjonctifs, vasculaires, musculaires, nerveux ou

adipeux. Le RMS a été décrit pour la premiere fois en 1854 par Weber : a I’heure actuelle c’est
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le sarcome des tissus mous le plus courant chez les enfants (6% de 1’ensemble des cancers
pédiatriques) avec une incidence d’une centaine de cas par an en France. Néanmoins, comme
tous les cancers de 1’enfant, c’est une maladie rare. Il y a deux pics d’incidence : entre 2 et 5
ans et entre 15 et 19 ans avec une prédominance chez les garcons!*®. Le RMS se développe a
partir du tissu musculaire squelettique normal : il peut donc se développer dans n’importe quelle
partie du corps humain. Cependant, il y a des localisations plus fréquentes au niveau de la téte
et du cou (40%), de I’appareil génito-urinaire (25%) et des membres (20%). La plupart des
enfants atteints de RMS n’ont pas de facteur de risque connu pour développer un cancer.
Cependant, un faible pourcentage de cas a été associé a des troubles génétiques connus tels
que :

- le syndrome de Li-Fraumeni qui est associé a une mutation du gene p53 entrainant un
risque accru de développer simultanément plusieurs cancers (tissus mous, seins, 0s,
peau, cerveau, sang...) 1%,

- Laneurofibromatose de type 1 qui affecte le développement et la croissance des cellules
nerveuses'>!.

- Le syndrome de Beckwith-Widemann qui a un effet dés la deuxieme moitié de
grossesse : la croissance du feetus est excessive avec une hypertrophie des organes'>2.

- Le syndrome de Costello qui est dii a une mutation du proto-oncogene HAS qui est
impliqué dans le contrdle de la croissance et de la division cellulaire entrainant un risque
accru de développer un cancer. Ce syndrome entraine un retard de croissance (petite
taille, déficit intellectuel), une flexibilité des articulations, une dysmorphie faciale et

une atteinte cardiaque et neurologique!*.

2.2 Les origines de la tumeur

2.2.1 Caractéristiques histologiques

Histologiquement, les RMS ont été classés en deux sous-types histologiques

majeurs'>415 ;
- le RMS embryonnaire (60 a 70% des cas) qui touche généralement les enfants avant
I’age de 5 ans et qui apparait préférentiellement au niveau de la région de la téte et du

cou et de I’appareil génito-urinaire,
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- le RMS alvéolaire (20 a 30% des cas) qui touche les enfants plus agés et qui apparait
dans la région des membres et la région du périnée.

Il existe d’autres variantes, toutes considérées comme des sous-groupes du RMS embryonnaire,
comprenant le sous-type botryoide, le sous-type a cellules fusiformes et le sous-type
pléomorphe, que I’on trouve principalement chez les adultes. Les RMS botryoides apparaissent
sous la muqueuse des orifices corporels tandis que les RMS a cellules fusiformes sont le plus
souvent observés dans la région para-testiculaire. Les patients atteints d’'un RMS embryonnaire
ont généralement un pronostic favorable alors que les patients atteints d’un RMS alvéolaire ont

un pronostic défavorable avec un taux de survie a 5 ans inférieur a 50%"'*.

2.2.2 Caractéristiques moléculaires

e Les RMS alvéolaires

Pres de 80% des RMS alvéolaires sont associés a une translocation chromosomique
entralnant un gene de fusion entre PAX3 (chromosome 1) ou PAX7 (chromosome 2) et
FOXOla (chromosome 13) provenant respectivement de la translocation chromosomique
suivante : t(1;13)(q35;q14) et t(2;13)(p36;q14). La fusion des genes schématisée dans la figure
10 montre que la région du point de rupture est la méme pour PAX3 et PAX7. Pour FOXOla,
le point de rupture a lieu au niveau du domaine de liaison a I’ADN. La protéine de fusion est
composée en N-terminal des deux domaines de liaison a I’ADN de PAX3 ou PAX7 (PB et HB)
et en C-terminal du domaine de transactivation de FOXO1a. Par I’intermédiaire des domaines
de PAX3, la protéine de fusion peut se lier a plus d’un millier de sites du génome,
principalement des régions promotrices entrainant I’activation de plusieurs centaines de genes.
Il semblerait que ces genes contribuent au développement tumoral en influant sur le controle
de la croissance, de I’apoptose, de la différenciation et de la motilité des cellules cancéreuses!>’.
En effet, PAX3 et PAX7 sont des facteurs de transcription qui ont un réle dans la différenciation
des cellules satellites musculaires en myoblastes'>®!%. Le r6le physiologique de FOXOla est
I’induction d’une réponse adéquate aux changements environnementaux pour maintenir
I’homéostasie : pour cela FOXOla induit la transcription de geénes qui affectent différents
processus cellulaires comme le cycle cellulaire, la survie cellulaire et le métabolisme'®.
Environ 60 a 70% des RMS alvéolaires présentent le géne de fusion PAX3-FOXO1a alors que
seulement 20% ont le gene de fusion PAX7-FOXO1la. La recherche de ce géne de fusion est
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trés importante pour le pronostic, en effet les RMS alvéolaires avec PAX3-FOXO1la sont

nettement plus agressifs qu’avec PAX7-FOXOla.

- [pB | [HB PAX3 (2935)

" [pB | |EB DTA | PAX3-FOXOla t(2;13)
| DF DTA | FOXOla (13q14)

- [PB | B DTA | PAX7-FOXOla t(1;13)

" e8| B PAX7 (1p36)

Point de rupture

PB : domaine “paired-box” de liaison a I’ADN
HB : domaine homeobox de liaison a I’ADN
DF : domaine “Forkhead” de liaison a I’ADN
DTA: domaine de transactivation

Figure 10 : Schéma de la translocation chromosomique dans les RMS alvéolaires'

e Les RMS embryonnaires

Aucune translocation chromosomique n’est détectée dans les RMS embryonnaires.
Cependant, une perte d’hétérozygotie est typiquement observée sur le chromosome 11 au
niveau du locus 15 correspondant au gene codant pour I’IGF-II. Dans des conditions normales,
une seule copie du gene est active tandis que ’autre est dite silencieuse. Dans le cas d’un RMS
embryonnaire, une modification chimique de la structure de I’ADN, dans ce cas précis une
méthylation va avoir lieu, entrainant I’activation de la copie du gene de I'IGF-II qui est
normalement silencieuse. De plus, cette méthylation va permettre 1’inactivation du gene voisin
appelé H19 : ce geéne est dans des conditions normales un suppresseur de croissance. La
méthylation va donc entrainer 1’activation de la copie silencieuse du gene IGF-II et
I’inactivation du géne H19. Par conséquent, les deux copies de I’IGF-II sont actives entrainant
une surexpression du facteur de croissance IGF-II et par conséquent un signal constant de
prolifération qui ne sera plus régulé par H19 ce qui permettra le développement tumoral (Figure

11)161,162.
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11p15
— IGELI actif Niveaux
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. d’IGF-II et H19
IGF-II H19 HI9 actif se compensent

Perte d’hétérozygotie

11p15
Signal constant
IGF-II @ IGF-IT surexprimé | de proliferation
l l lméthylation qui n’est plus
IGF-II H19 H19 inactif régulé par H19

Figure 11 : Schéma de la perte d’hétérozygotie dans les RMS embryonnaires

2.2.3 Origine cellulaire

Comme nous 1’avons décrit précédemment, les RMS sont des tumeurs du muscle strié
squelettique. Ce muscle est constitué de fibres musculaires qui sont des cellules plurinucléées
de forme polygonale dont les noyaux se situent en périphérie de la cellule. Chaque fibre est
délimitée par une membrane (sarcolemme) et contient dans son cytoplasme (sarcoplasme) des
myofibrilles qui permettent la contraction musculaire. Les myofibrilles ont une structure
filamentaire réguliere (myofilaments) qui donne I’aspect strié en microscopie. Lors de
I’embryogenese, des cellules non différenciées mononucléées appelées myoblastes vont
fusionner pour former une fibre musculaire. Les myoblastes vont tout d’abord fusionner pour
former un myotube ou les noyaux seront en position centrale. Lorsque le myotube se différencie
en fibre musculaire, les noyaux se déplacent vers la périphérie de la fibre appelée cellule

musculaire (Figure 12).
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Figure 12 : Schéma d’un muscle strié squelettique

(http://www.toutsurlasarcopenie.fr/muscle/)

Bien que I’origine exacte du RMS ne soit encore pas totalement connue, il est suggéré
que les cellules cancéreuses dérivent de cellules souches mésenchymateuses ou de cellules
satellites musculaires'®3. En effet, de récentes études ont mis en évidence I’hétérogénéité des
RMS suggérant qu’ils pourraient provenir d’origines diverses autres que musculaire comme les
cellules souches mésenchymateuses. Ces cellules souches sont retrouvées dans de nombreux
tissus et ont la capacité de circuler entre les organes offrant ainsi une possibilité d’apparition de

RMS dans les tissus non musculaires ce qui pourrait expliquer 1’hétérogénéité des RMS!%4,

Dans I’embryon, les cellules mésodermiques génerent des cellules myogéniques
capables de se différencier pour produire les fibres musculaires squelettiques par 1’action de
facteurs de transcription myogéniques tels que PAX3 et PAX7. Cependant, une partie de ces
cellules échappe a la différenciation musculaire et forme une population unique de cellules
satellites qui agissent dans 1’organisme comme des précurseurs myogéniques afin de maintenir
la croissance musculaire si nécessaire. Par exemple, au cours d’une lésion musculaire, les
cellules satellites, qui normalement sont quiescentes, vont s’activer pour se différencier et

fusionner avec les myofibrilles déja existantes via un processus hautement régulé impliquant
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des facteurs myogéniques exprimés de maniere séquentielle's>. Selon différentes études,
I’apparition d’un RMS est due a une perturbation de la croissance et de la différenciation des

précurseurs myogéniques'*'¢” (Figure 13).
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Figure 13 : Voies des facteurs myogéniques dans la tumorogenése du RMS!68:1¢

De plus, une analyse du transcriptome des cellules cancéreuses de RMS comparée a
celui des cellules saines musculaires adultes et foetales a été réalisée. Cette analyse a permis de
démontrer un haut degré de similarité des profils d’expression entre les cellules de RMS et les
cellules feetales prouvant la nature myogénique indifférenciée des cellules cancéreuses. Plus
précisément, les genes exclusivement surexprimés dans le RMS (comme FGR4, NOTCH?2,
UBEC2, UHFRI1 et YWHAB) contribuent a I’incapacité des cellules de mener a bien un
développement normal du muscle et donc de progresser vers la tumorogenese'”’. Le schéma
d’expression des facteurs myogéniques régulant la différenciation myogénique a été étudié de
maniere approfondie dans les RMS. Tous ces facteurs sont activés au début ou pendant le
processus de différenciation et sont ensuite inactivés pour achever la différenciation musculaire.

Cependant, ces facteurs sont dérégulés dans le cas de RMS et restent activés en continu!’!172,

2.3 Symptdmes et diagnostic

Un RMS est souvent indolore sauf en cas de métastases osseuses ou si la tumeur
comprime la vessie. Les signes cliniques vont dépendre de la localisation de la tumeur!”? :
- les tumeurs touchant I’orbite vont entrainer une déviation de 1’ceil,
- les tumeurs qui touchent les sinus vont entrainer une sinusite chronique,

- les tumeurs de la vessie se manifestent par une rétention urinaire,
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pour les autres localisations, la tumeur est visible car elle forme une masse isolée.
Cependant si le RMS est d’emblée diffus, I’état général de I’enfant s’aggrave tres rapidement

(fievre, anémie, probleme de coagulation, douleurs osseuses).

Le diagnostic d’un RMS se fait apres un examen clinique du médecin et des examens
d’imagerie. Les examens d’imagerie (échographie, scanner, IRM, scintigraphie osseuse) sont
indispensables car ils permettent de préciser la localisation de la tumeur et ses rapports
anatomiques avec les organes environnants, ainsi que de rechercher une atteinte ganglionnaire
et des métastases. De maniere systématique, une biopsie est réalisée pour permettre un examen
histologique afin de confirmer la malignité de la tumeur ainsi que le type de RMS
(embryonnaire ou alvéolaire)'” :

- les cellules cancéreuses d’'un RMS seront positives au marquage de la myogénine'”,

- un RMS embryonnaire présente des cellules fusiformes en faible densité,

- un RMS alvéolaire présente des cellules plus petites, rondes et regroupées en amas
séparées par des septa fibreux. Ces cellules ont 1’aspect des cellules alvéolaires des

poumons d’ot le nom de RMS alvéolaire (Figure 14).

RMS embryonnaire RMS alvéolaire

Figure 14 : Coupes histologiques des RMS principaux!'”®
La mise en évidence de la translocation chromosomique t(2,13) est également

recherchée pour confirmer un RMS alvéolaire!””. De plus, les antécédents familiaux de I’enfant

sont analysés afin de rechercher certains troubles génétiques décrits précédemment (syndrome
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de Li-Fraumeni, de Beckwith-Wiedemann, de Costello, de Noonan, neurofibromatose de type

D).

2.4 Classification des rhabdomyosarcomes

Les RMS n’évolueront pas de la méme maniere suivant leur localisation, leurs
caractéristiques histologiques, leur taille, I’absence ou la présence de métastases et 1’age du
patient au moment du diagnostic. Ces facteurs sont appelés pronostiques car ils permettent
d’évaluer les probabilités de guérison. Les médecins utilisent deux types de terminologie pour

décrire ces facteurs : le stade et le groupe clinique.

24.1 Les stades

Les stades dépendent de trois facteurs'”® :

- lapartie du corps dans laquelle la tumeur initiale s’est formée. La localisation est classée
comme étant favorable (orbite, paupiere, région téte et cou sauf région proches des
méninges, appareil génito-urinaire sauf la vessie et la prostate) ou défavorable (vessie,
prostate, zone paraméningée, membres, tronc, partie arriere de 1’abdomen),

- lataille de la tumeur initiale symbolisée par les lettres a (< S cm) ou b (> 5 cm),

- Datteinte ganglionnaire,

- la présence ou absence de métastases.

Les stades sont répertoriés selon la classification TNM qui est un systéme international proposé
par le chirurgien francais Pierre Denoix en 1940'. Les trois lettres font référence a la
propagation de la tumeur sur le site initial (T), dans les ganglions lymphatiques (N) et a distance
pour la formation de métastases (M). Chaque lettre est associée a un coefficient :

- TO (tumeur initiale localisée) a T4 (tumeur étendue aux tissus environnants). Ces
coefficients dépendent du volume de la tumeur calculé selon le diametre de la tumeur
et la fixation aux organes voisins,

- NO (les ganglions ne sont pas atteints), N1 (les ganglions sont atteints) ou NX (pas de
données sur les ganglions),

- MO (absence de métastases) ou M1 (présence de métastases),

Le tableau 5 répertorie le systeme de classification pour les RMS.
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Stade Localisation Statut T Taille Etat des ganglions Métastases
1 Favorable T1 ou T2 aetb NO, N1 ou NX MO
2 Défavorable T1 ou T2 a NO ou N1 MO
a N1
3 Défavorable T1 ouT2 MO
b NO, N1 ou NX
4 Tous les sites | T1 ou T2 aetb NO ou N1 M1

Tableau 5 :

24.2 Les groupes

Systeme de classification du stade pour les patients atteints de RMS!'%°

Quatre études cliniques, appelées « Intergroup Rhabdomyosarcoma Study » (IRS), sur

des patients atteints de RMS réalisées entre 1972 et 1997 ont permis de catégoriser les RMS en

groupes cliniques basés sur la qualité de la résection chirurgicale initiale'8!!82.183_En effet, apres

les examens d’imagerie lors du diagnostic, le chirurgien peut décider de réséquer totalement la

tumeur. Apres cette chirurgie initiale, les patients sont classés selon les groupes cliniques

présentés dans le tableau 6.

Groupe Incidence Définition

I 13% Tumeur localisée avec résection compléte et pas d’atteinte
ganglionnaire

II 20% Tumeur localisée, cellules tumorales résiduelles apres résection :
(a) pas d’atteinte ganglionnaire locale
(b) ganglions positifs réséqués localement
(c) ganglions positifs réséqués localement mais atteinte d’un
ganglion éloigné de la tumeur

I 49% Tumeur localisée, tumeur résiduelle aprés résection, ganglions
atteints localement

v 18% Pas de résection et présence de métastases

Tableau 6 : Systeme de classification des groupes cliniques de patients atteints de RMS
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24.3 Modes de propagation

Les RMS peuvent se propager localement, de maniere régionale ou a distance :
localement, la tumeur va infiltrer les tissus environnants,

de maniere régionale, la tumeur va atteindre les ganglions qui drainent la zone de la
tumeur initiale, ceci est observé pour des RMS qui se sont développés au niveau des
membres et de la zone para-testiculaire,

a distance, les cellules cancéreuses vont pouvoir se détacher de la tumeur initiale, et €tre
disséminées par les vaisseaux sanguins pour atteindre une autre partie du corps et former
des métastases. Les organes les plus courants sont les poumons, les os et la moelle

osseuse!84,

244 Groupes de risque

Quand le diagnostic est posé€ (imagerie, biopsie, histologie, classe et groupe connus), il

est possible de déterminer un pronostic et de classer les patients dans quatre groupes a risque.

Ce classement est réalisé en fonction du stade, du groupe, du type histologique (embryonnaire

ou alvéolaire), de la présence ou de non de métastases et de 1’age du patient. Ces informations

sont trés importantes pour déterminer la curabilité du RMS et adapter au mieux le traitement.

Les groupes ont été organisés suivant les études cliniques IRS'$>-1%

Risque standard, sous-groupe A : ces patients ont un taux de survie de 85% apres un
traitement de chimiothérapie peu intensif.

Risque standard, sous-groupe B : ces patients ont un taux de survie de 80% apres un
traitement de chimiothérapie combinant trois médicaments et généralement de la
radiothérapie.

Risque intermédiaire : ce groupe représente la majorité des patients qui ont un taux de
survie de seulement 50% apres une chimiothérapie combinant trois médicaments et de
la radiothérapie.

Risque élevé: ce groupe représente les patients atteints de RMS alvéolaire et
embryonnaire métastatiques. Ces patients recoivent une chimiothérapie tres agressive,
de la radiothérapie et de la chirurgie mais le taux de guérison est de seulement 20%. Les
enfants de moins d’un an atteint d’'un RMS embryonnaire métastatique ont un taux de

survie inférieur a 20%.
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Le tableau 7 résume la classification des RMS.

Risque Stade | Groupe | Localisation | Taille Histologie | Métastases | Ganglions
NO, N1
1 I Favorable aoub | Embryonnaire MO
ou NX
NO ou
Standard 1 I Favorable aoub | Embryonnaire MO NX
Sous-groupe
Seulement NO ou
A 1 I aoub | Embryonnaire MO
’orbite NX
NO ou
2 I Défavorable a Embryonnaire MO
NX
1 II Favorable aoub | Embryonnaire MO N1
Seulement
1 III aoub | Embryonnaire MO N1
’orbite
Favorable ) NO, N1
Standard 1 11 ) aoub | Embryonnaire MO
(sauf orbite) ou NX
Sous-groupe
NO ou
B 2 11 Défavorable a Embryonnaire MO
NX
3 Ioull | Défavorable a Embryonnaire MO N1
NO, N1
3 IToull | Défavorable a Embryonnaire MO
ou NX
NO ou
2 III Défavorable a Embryonnaire MO
NX
3 III Défavorable a Embryonnaire MO N1
NO, N1
3 I Défavorable | aoub | Embryonnaire MO
Intermédiaire ou NX
1,2 | I,IIou | Favorable ou NO, N1
aoub Alvéolaire MO
ou3 I défavorable ou NX
Favorable ou NO, N1
4 v b Embryonnaire M1
défavorable ou NX
Favorable ou NO, N1
4 v aoub | Embryonnaire MI1
défavorable ou NX
Elevé
Favorable ou NO, N1
4 v aoub Alvéolaire M1
défavorable ou NX

Tableau 7 : Résumé de la classification des RMS'”®
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2.5 Les traitements actuels

La planification du traitement des patients atteints de RMS est une démarche
pluridisciplinaire décidée en Réunion de Concertation Pluridisplicinaire (RCP). Les
professionnels de santé vont se baser sur les examens radiologiques et histologiques pour
adapter au mieux le traitement a administrer. Ils prennent en considération : la localisation, le
type, le stade, et le groupe de risque. Les traitements actuels sont la chimiothérapie, la

radiothérapie et la chirurgie.

2.5.1 La chirurgie initiale

Le protocole de traitement commence toujours par une chirurgie initiale :

- si la tumeur est petite, bien localisée, accessible et sans conséquence pour les organes
environnants, le chirurgien peut procéder a une résection compléte. Ce cas est toutefois
tres rare.

- dans les autres cas, la chirurgie initiale est réalisée pour faire une biopsie et réséquer au
maximum la tumeur.

A partir de cette biopsie et des analyses histologiques et génétiques, les médecins peuvent

adapter le protocole de traitement.

2.5.2 La chimiothérapie

La chimiothérapie peut étre administrée pour!® :
- détruire les cellules cancéreuses résiduelles apres la chirurgie initiale afin de réduire le
risque de réapparition du cancer (chimiothérapie adjuvante),
- réduire la taille de la tumeur pour faciliter une chirurgie ou une radiothérapie
(chimiothérapie néoadjuvante),
- soulager la douleur et contrdler les symptomes d’'un RMS de stade avancé
(chimiothérapie palliative).
La chimiothérapie consiste en 1’administration de médicaments en intraveineux. Selon le stade
et le groupe de risque, les agents anticancéreux peuvent étre administrés en combinaison. La

plupart des patients recoivent la chimiothérapie pour une durée de six a douze mois. Les
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médicaments les plus courants sont : vincristine, ifosfamide, actinomycine D et doxorubicine.

L’association ifosfamide, vincristine et actinomycine (IVA) est la plus souvent utilisée!”8:1841%,

2.5.3 La radiothérapie

Tous les patients atteints de RMS alvéolaire, et une partie des patients classés dans les
groupes II et III sont traités par radiothérapie apres avoir recu une chimiothérapie'’. La
radiothérapie est généralement mise en place apres quatre a cinq cycles de chimiothérapie
(environ douze semaines)'!. Ce traitement est risqué car les tissus en développement chez

I’enfant vont étre également irradi€s causant des effets secondaires irréversibles.

254 La chirurgie retardée

Apres les cycles de chimiothérapie, certains patients peuvent subir une chirurgie
retardée si la tumeur est réduite de maniere significative. Ce traitement peut permettre d’éviter
ou de réduire les doses de radiothérapie. La chirurgie retardée, tout comme une résection

complete pendant une chirurgie initiale, dépend de la localisation de la tumeur!'*2.

2.5.5 Les effets des traitements

Les différentes études cliniques IRS ont permis d’évaluer sur plus de trois mille patients
les effets des traitements administrés. Ces études ont permis une augmentation de la survie a
cinq ans de 25% a 40%. Cependant, il reste des disparités entre les patients selon le stade
clinique et le type histologique de RMS!'$:13 :

- Selon le stade clinique : au stade 1 les patients ont un taux de survie de 80%, alors qu’il
est de 66% et 60% respectivement pour les stades 2 et 3. Les patients a un stade 4 n’ont
que 20% de taux de survie a 5 ans.

- Selon le type histologique : le taux de survie pour les patients atteints d’'un RMS
embryonnaire est de 78% alors qu’il n’est que de 38% pour les patients atteints de RMS

alvéolaire.

De plus, le traitement d’un RMS est particulier car il touche des enfants en plein

développement. La thérapie doit €tre adaptée afin de minimiser le développement de
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complications a court et long terme. Cependant, les traitements actuels entrainent de nombreux
effets secondaires pendant la thérapie (perte de cheveux, vomissements, inflammation de la
bouche et des intestins, aplasie...)? mais aussi sur du long terme. En effet, il est possible qu’une
tumeur maligne secondaire se développe suite aux traitements : des cas de leucémies et
d’ostéosarcomes ont été décrits dans la littérature!®*. De plus, les patients atteints de RMS au
niveau de la vessie ou de la prostate peuvent avoir des complications suite a la chirurgie ou a la
radiothérapie, cinq a quinze ans apres le diagnostic (perte de fonction, cystite hémorragique,
déficience hormonale)'®. La chimiothérapie peut également causer des effets secondaires sur
le long terme, par exemple I'ifosfamide qui fait partie de la combinaison d’agents anti-
cancéreux utilisés habituellement cause trés souvent des dommages rénaux, plus
particulierement chez les jeunes enfants de moins de trois ans'®®. Les traitements actuels
doivent donc étre améliorés pour permettre un meilleur taux de survie pour les cancers les plus

agressifs et diminuer les effets secondaires graves engendrés pendant et apres le traitement.

2.6 A la recherche de nouveaux traitements

Sans thérapie ciblée, le taux de survie des patients ne s’améliore pas, en particulier pour
les patients a haut risque avec un mauvais pronostic'”’. De plus, les options de traitement sont
limitées pour les stades avancés de RMS dues a la résistance des cellules cancéreuses aux
chimiothérapies entrainant une réduction de 1’efficacité thérapeutique'*®. Certaines études ont
identifié des cibles thérapeutiques potentielles associées aux deux types de RMS qui sont des
voies moléculaires spécifiques et plus particulierement des kinases qui sont impliquées dans la
croissance et la progression du cancer'”. En effet, il a ét€¢ démontré que certains récepteurs
tyrosine kinase (RTK) sont surexprimés dans les RMS tels que les récepteurs de I'IGF-1, MET,
EGFR, HER2, FGFR qui sont des récepteurs dont les voies de signalisation sont impliquées
dans la prolifération, la différenciation et la migration cellulaire’®2%. De plus, FGFR4 et le
récepteur de I’IGF-I sont des cibles directes du gene de fusion PAX3-FOXO1a impliqué dans
la tumorogenese des RMS alvéolaires®™. Cependant, cibler un seul de ces récepteurs ne semble
pas étre une stratégie optimale parce que les voies de signalisation sont beaucoup trop
complexes : bloquer une seule voie ne suffit pas a tuer les cellules cancéreuses®>. Il a alors été
proposé de combiner plusieurs thérapies ciblées :

- L’association d’un inhibiteur du récepteur de I’IGF-I et du HER?2 est significativement

plus efficace comparée aux drogues seules in vitro et in vivo™-.
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- L’association d’un anticorps monoclonal contre le récepteur de I'IGF-I et de la
rapamycine induit une diminution significative de la progression de la tumeur in vivo*?.
Ces résultats sont prometteurs mais des études supplémentaires sont nécessaires pour

approfondir la compréhension de ces cibles potentielles.

Dans ce manuscrit, nous proposons une autre cible thérapeutique pour le traitement des

RMS dont nous étudierons le potentiel thérapeutique.
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Chapitre 5 : La maladie de Pompe

1. Généralités

La maladie de Pompe également connue sous le nom de glycogénose de type 2 ou déficit
en maltase acide est causée par un défaut de I’enzyme alpha-glucosidase acide (GAA). Cette
enzyme permet de dégrader le glycogene en glucose dans les lysosomes. Une déficience de
I’enzyme entraine une accumulation du glycogene dans les lysosomes au sein de différents
tissus et plus particulierement dans les muscles cardiaque, respiratoires et squelettiques
responsable d’une myopathie progressive et mortelle’®. La maladie de Pompe a été découverte
en 1932 par le pathologiste néerlandais Johannes Cassianus Pompe qui a décrit la maladie pour
la premiere fois chez un nourrisson de sept mois qui souffrait de faiblesse musculaire et qui
décéda d’une cardiomyopathie sévere. De plus, les tissus examinés ont montré une
accumulation massive de glycogene?. Mais ce n’est qu’en 1963 que le biochimiste belge
Henri-Gery Hers démontra que la GAA était localisée dans le lysosome et que c’était la seule
enzyme responsable de la dégradation du glycogene en glucose, ¢’est pourquoi la maladie a été
caractérisée de maladie de surcharge lysosomale. De plus, il observa que I’enzyme était absente
des lysosomes chez les patients atteints de la maladie de Pompe. Il a également fait I’hypothese
que certaines maladies encore inconnues pouvaient étre expliquées par I’absence d’autres
enzymes lysosomales®”’. Grace a ses découvertes, le concept de maladie lysosomale a été établi

et depuis une cinquantaine de maladies ont été répertoriées.

2. Etiologie et épidémiologie

La maladie de Pompe est une maladie génétique causée par une mutation du geéne codant
pour la GAA localisé sur le chromosome 17q25. Les deux copies du gene doivent contenir une
mutation pour que la maladie se manifeste : ¢’est donc une maladie a transmission autosomique
récessive?®. A I’heure actuelle, plusieurs centaines de mutations ont été dénombrées a partir du
clonage du gene®?!° et approximativement 400 mutations ont été répertoriées comme étant
pathogéniques?!!. Plusieurs mutations sont couramment retrouvées chez certaines origines
ethniques : ¢.32-13T>G est la mutation la plus connue chez les caucasiens, c.1935C>A est
fréquente dans la population taiwanaise, c.del525, del exon18 et Arg309 sont communes aux

Pays-Bas, ¢.2650C>T est la mutation la plus fréquente chez les afro-américains et enfin
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¢.2238G>C est retrouvée plus particulierement chez les chinois. Ces mutations entrainent une
perte totale de I’activité de la GAA?*. D’un point de vue épidémiologique, la maladie de
Pompe, comme toutes les maladies lysosomales, est une maladie rare. La prévalence est estimée
entre 1/140000 et 1/250000. En février 2019, le registre frangais de la maladie de Pompe

recensait 212 patients?'2.

3. Caractéristiques physiopathologiques

La maladie de Pompe peut se déclarer a tout age et les signes cliniques sont hétérogenes
et plus ou moins séveres. Cependant, la communauté scientifique a récemment adopté une
nomenclature internationale pour décrire trois formes caractéristiques de la maladie?" : la forme
infantile classique, la forme juvénile et la forme adulte. Les formes juvénile et adulte peuvent

étre associées et sont nommées formes tardives.

Les variations pathologiques des fibres musculaires squelettiques sont identiques dans
les différentes formes cliniques de la maladie. En effet, ’analyse en microscopie électronique
de myocytes a montré une évolution hiérarchisée de la structure des fibres musculaires (Figure
15)214

- Stade 1 : Les cellules au stade précoce de la maladie contiennent des lysosomes remplis
de glycogene dans des myofibrilles intactes. Les cellules ont un aspect vacuolaire.

- Stade 2 : Le glycogene continue de s’accumuler entrainant une augmentation de la taille
des lysosomes. Il a été observé que le glycogeéne pouvait s’échapper des lysosomes et
ainsi se répandre dans le cytoplasme. Les myofibrilles commencent a étre atteintes et a
se fragmenter.

- Stade 3 : Les cellules contiennent de nombreux lysosomes saturés en glycogene. Les
membranes lysosomales se rompent et le glycogene s’accumule dans le cytoplasme
causant des dommages irréversibles aux éléments contractiles de la cellule. La structure
des mitochondries est anormale et les myofibrilles se fragmentent totalement.

- Stade 4 : La majorité du glycogene est dans le cytoplasme entrainant une perturbation
des éléments contractiles dans la cellule. Il n’y a plus de structure myofibrillaire.

- Stade 5 : La taille des cellules augmente fortement due a 1’afflux d’eau qui entraine une

dissolution ou une dilution du glycogene.
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De plus, une étude a montré que le glycogene s’accumule dans les muscles striés mais il peut

également s’accumuler dans les muscles lisses, les nerfs et le systeéme nerveux central?'s.

STADE 1

STADE 2

STADE 3

STADE 4

STADE 5

Figure 15 : Evolution de la maladie de Pompe, du stade 1 a 5 observée par TEM dans

une fibre musculaire?!*

Une autre caractéristique de la maladie de Pompe est I’autophagie. C’est un processus
qui permet la dégradation d’une partie des composants cytoplasmiques (protéines, organites
cellulaires...) par les lysosomes?'®. Des études ont démontré que les patients avaient d’une part
une augmentation du nombre de lysosomes et d’autre part une accumulation de vacuoles
autophagiques, appelées autophagosomes, ce qui confirme une défaillance autophagique chez
les patients atteints de la maladie de Pompe. La défaillance autophagique participe a 1’atrophie

musculaire tout comme 1’accumulation de glycogene?!”?!3, Dans les biopsies musculaires, il a
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été également observé une surexpression des phosphatases acides présentes dans les lysosomes.

Ce niveaux élevé d’expression est une caractéristique de la maladie de Pompe qui peut étre

utilisée comme alternative pour le diagnostic lorsque les biopsies musculaires ne présentent pas

de signes spécifiques de la maladie®".

4. Symptdmes et diagnostic

4.1 Les symptomes

La maladie de Pompe peut toucher aussi bien les enfants que les adultes. Cependant, la

progression de la maladie dépend principalement de la nature de la mutation qui déterminera le

niveau d’activité résiduelle de la GAA et par conséquent les manifestations cliniques®®. La

maladie de Pompe est classée en différentes formes cliniques selon 1’age des patients (Tableau

8)221—224.

La forme infantile

C’est la forme la plus sévere car I’activité résiduelle de la GAA est inférieure a 1%. Elle

apparait chez le nourrisson avant I’age de six mois et les premiers symptomes apparaissent

généralement vers 1 ou 2 mois. Cette forme est caractérisée par :

Des troubles moteurs qui se manifestent par une diminution du tonus musculaire
(hypotonie).

Une atteinte respiratoire caractérisée par une faiblesse des muscles respiratoires
(diaphragme) entrainant une toux et une insuffisance respiratoire.

Une atteinte cardiaque causée par un dysfonctionnement du muscle du cceur. La sévérité
de la forme infantile est due a cette cardiomyopathie : ce dysfonctionnement progresse
rapidement entrainant une insuffisance cardiaque ainsi que d’autres anomalies comme
des arythmies avec un risque de mort subite. Dans les premiers stades de la maladie, les
nourrissons ont une cardiomyopathie hypertrophique avec ou sans obstruction de
I’orifice de sortie du ventricule gauche et dans les derniers stades de la maladie, les
nourrissons ont une cardiomyopathie dilatée caractérisée par la dilation des ventricules
et une faiblesse de contraction musculaire.

D’autres manifestations cliniques ont été répertoriées comme 1’atteinte des muscles de

la bouche et de la gorge qui empéchent le nourrisson de se nourrir correctement et la
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macroglossie (augmentation du volume de la langue). Une hépatomégalie légere
(hypertrophie du foie) est souvent observée.
Une autre variante de la forme infantile peut étre diagnostiquée. 1l s’agit de la forme infantile
non classique qui peut apparaitre dans la premiere année du nourrisson. Les symptomes sont
les mémes que pour la forme infantile mais le cceur est moins touché : I’hypertrophie du coeur
est moins importante et I’obstruction ventriculaire n’est pas observée ce qui permet de

conserver une fonction cardiaque normale.

Les patients vont étre mis sous assistance respiratoire tres rapidement car ils souffriront
d’une faiblesse musculaire sévere causée par les insuffisances cardiaque et respiratoire.
Cependant, les patients atteints de la forme infantile non classique vont survivre au-dela de la

premiere année contrairement aux patients atteints de la forme infantile classique.

e Laforme tardive juvénile

La forme tardive juvénile se déclare avant 1’4ge de vingt ans. Cette forme se caractérise
par une faiblesse musculaire, des troubles de la marche et une atteinte respiratoire. Le cceur
n’est généralement pas touché. Plus précisément, cette forme est caractérisée par :

- Des troubles moteurs des muscles qui relient les membres au tronc. La maladie va
d’abord toucher les muscles des hanches et du bassin ce qui va entrainer des difficultés
pour marcher. Les muscles qui maintiennent la colonne vertébrale sont également
touchés. Il peut aussi y avoir une atteinte des muscles de la gorge et de la langue causant
des probleémes pour s’alimenter et parler.

- Une atteinte respiratoire qui apparait apres les troubles moteurs.

- L’atteinte cardiaque est tres faible et peut se traiter.

- D’autres manifestations cliniques comme 1’hépatomégalie et la macroglossie peuvent

étre présentes.

e La forme tardive adulte
Elle se déclare généralement autour des trente-quarante ans. Elle est caractérisée par :

- Des troubles moteurs qui touchent les muscles des membres inférieurs entrainant des
difficultés pour marcher.

- Une atteinte respiratoire qui cause une difficulté a respirer, des maux de tétes et des

somnolences. Les patients ont une toux moins efficace, les sécrétions ne peuvent pas

57



étre bien expulsées entrainant des infections respiratoires fréquentes. L’atteinte
respiratoire conduit généralement a une insuffisance respiratoire grave qui est la

premiere cause de déces.

) ) Forme infantile non )
Forme infantile ) Forme tardive
classique
o Juvénile : 12 10%
Activité GAA <1% <1%
Adulte : 2 240%
Enfance ou
Apparition des ) adolescence (forme
1 a 2 mois I an _ )
symptdmes juvénile), 30-40 ans
(forme adulte)
Progression Rapide Modérée Lente
Cardiomyopathie Sévere Modérée Rare
Myopathie )
_ Sévere Modérée Progressif
squelettique
Avant I’4ge d’un an dii | Petite enfance dii & une Déces di a une
Déces a une insuffisance insuffisance insuffisance
cardio-respiratoire respiratoire respiratoire

Tableau 8 : Les différentes formes de la maladie de Pompe

4.2 Diagnostic

Le diagnostic de la maladie de Pompe présente des difficultés en raison de la rareté et
de la nature non spécifique des manifestations cliniques de la maladie®*. Un algorithme de
diagnostic a été mis en place et se base sur les principales manifestations cliniques de la

maladie?®?. Les figures 16 et 17 présentent les algorithmes pour les formes infantile et tardives.
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CARDIOVASCULAIRE NEUROLOGIQUE
Cardiomégalie PULMONAIRE Hypotonie GASTROINTESTINAL
Insuffisance cardiaque congestive Infections fréquentes Retard de développement Troubles alimentaire
Symptomes Arythmies Insuffisance/détresse respiratoire Retart moteur Retard de croissance
communs Arrét cardiaque Perte précoce de la matricité
CARDIOVASCULAIRE . !’ULMONAIRE. " NEUROLOGIQUE GASTROINTESTINAL
s Diminution des sons respiratoires 5 2 £ . )
Arythmies 3 > 5 Décalage de la téte, bébé souple Retard de croissance, sécrétions
S 7 Sons respiratoires grossiers r P . . biion
Transpiration excessive Position jambes de grenouille orales, hépatomégalie,
" . . Evasement nasal . E SR
Symptdmes chez Murmure ventriculaire Utilisation d 1 Hypertophie du muscle macroglossia, diminution du
le patient Precordium pulsatile thsation ces muscies gastrocnémien réfléxe gag, difficulté a avaler
accessoires
ETUDES CLINIQUES LABORATOIRE (sang et urine)
Radiographie thoracique (cardiomégalie) CK, AST, ALT,LDH, Glc4 élevés
Recherches ECG : onde R élevée, intervalley PR court et complexe QRS large Activité de la GAA dans des taches de sang, des lymphocytes ou des

initiales cliniques|
et au laboratoire

Echocardiographie (cardiomyophatie)
Electrophysiologie (myopathie)

leucocytes avec des anticorps bloguants contre la maltse neutre
Test de mutation (si mutation familiale connue)

i

Etudes de
confirmation

ENZYMOLOGIE

\

ADN
Test de mutation de la GAA

Test d’activité de la GAA dans les
fibroblastes ou les muscles (prudence

avec la biopsie en raison du risqué

HISTOLOGIE/HYSTOCHIMIE
Augmentation des cellules vacuolées
avec du glycogéne lysosomal

d’anesthésie)

P

CK (creatine kinase), AST (aspartate transaminase, ALT (alanine transaminase), LDH (lactate dehydrogenase), Glc4 (glucose tetrasaccharide)

Figure 16 : Algorithme de diagnostic chez les patients atteints de la forme infantile?

PULMONAIRE MUSCULOSQUELETTIQUE
Infections fréquentes Faiblesse de la ceinture D‘gASFF(?:INTEST‘INA{‘d
Insuffisance/détresse respiratoire Mal de dos 1iicu led lm_“?nm'-wﬂ etde
Symptomes Apnée du sommeil, somnolence Intolérance a I’exercice _ deglutition
communs Maux de tétes matinaux Syndrome colonne vertébrale rigide Faible prise de poids
)
RESPIRATOIRE MUSCULOSQUELETTIQUE GASTROINTESTINAL \
Insuffisance res?iratoire Fajbless.e rx{u.sculajre des Difficulté f.i n.la.int’el\lir un poids CARDIOVASCULAIRE
Orthopnée members inférieurs, marche normal, difficulté a marcher, Cardiomégali fré
” ; ; N . . ardiomégalie peu fréquente
oM ey Apnée du som’mell momale, intolerance & Afmbl‘esse ’musculaue fie -la (forme juvenile)
le patient Dyspnée Générale I’exercice, douleur bas du dos, méchoire, réflexe gag diminué,
Toux faible signe de Gower hépatomégalie /
\
ETUDES CLINIQUES LABORATOIRE (sang et urine)
Evaluation pulmonaire test allongé-assis CK, AST, ALT, LDH, Glc4 élevés
Recherches Evaluation force musculaire Activité de la GAA dans des taches de sang, des lymphocytes ou des

linitiales cliniques
et au laboratoire

Electrophysiologie (myopathie)
Biopsie musculaire (histologie et histochimie)

leucocytes avec des anticorps bloquants contre la maltse neutre
Test de mutation (si mutation familiale connue)

~/

Etudes de
confirmation

~

ADN
Analyse de la mutation de la GAA

ENZYMOLOGIE
Test d’activité de la GAA dans les
fibroblastes ou les muscles
Corrélation Clinique requise avec les
résultats du test

HISTOLOGIE/HYSTOCHIMIE
Augmentation des cellules vacuolées
avec du glycogene lysosomal
(dependant du site de la biopsie)

P

CK (creatine kinase), AST (aspartate transaminase, ALT (alanine transaminase), LDH (lactate dehydrogenase),Glc4 (glucose tetrasaccharide)

Figure 17 : Algorithme de diagnostic pour les patients atteints des formes tardives®*
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D’apres les algorithmes cités précédemment, le diagnostic est basé sur des tests

biologiques et histologiques pour la maladie de Pompe.

e L’activité de la GAA

Le diagnostic est confirmé par 1’absence quasi-totale (forme infantile) ou nettement
réduite (formes tardives) de I’activité de la GAA. La mesure de I’activité de la GAA est réalisée
par dosage de I’activité enzymatique sur substrat synthétique (4-méthylumbelliféryl-a-D-
glucopyranoside) ou naturel (glycogene) sur des échantillons de patients. Les premiers tests
étaient effectués sur des fibroblastes cutanés prélevés par biopsie. Les fibroblastes étaient
ensuite mis en culture jusqu’a confluence pour faire le dosage enzymatique. Cependant, il faut
attendre un délai de six semaines pour avoir les résultats ce qui peut constituer de graves risques
pour les patients atteints de la forme infantile dont la progression de la maladie est tres rapide.
Les tests pouvaient également étre réalisés a partir de biopsies musculaires permettant d’obtenir
des résultats de dosage immédiat ; cependant ce type de biopsie est tres invasif pour les patients
notamment pour les nourrissons et les jeunes enfants??’?2, Ces tests ont donc été remplacés par

des tests sanguins pour un diagnostic plus rapide, moins coliteux et surtout moins invasif??.

e Les biopsies musculaires

Les biopsies sont réalisées sur les patients atteints des formes tardives afin d’évaluer la
santé du muscle. Les biopsies permettent d’évaluer I’histologie de la maladie : I’emplacement
et la quantité de glycogene (présence de vacuoles), la présence d’autophagosomes et la
surexpression de phosphatases acides. Les vacuoles sont observables par immunohistochimie
(Figure 18E, I et M) et en microscopie électronique (Figurel8G, K et Q). L’accumulation de
glycogene est observable par la coloration a I’acide périodique de Schiff : on observe des
vacuoles positives a la coloration démontrant la présence de glycogene (Figure 18F, J et N)
ainsi qu’une coloration positive des phosphatases acides (Figure 18H, L et P). Les résultats
obtenus sur les biopsies musculaires sont différents selon la forme clinique de la maladie. La
fréquence de vacuolisation des cellules résultant de 1’accumulation de glycogeéne varie en
fonction de la forme clinique : de 75% a 100% dans la forme infantile, supérieur a 50% dans la
forme juvénile et de 10% a 50% dans la forme tardive adulte?°2*!. Cependant, cette technique
est risquée pour les nourrissons et les jeunes enfants et I’accumulation de glycogene varie en

fonction du site de la biopsie ce qui peut engendrer des faux négatifs®>.
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Phosphatases
Vacuoles Glycogene TEM acides

Forme juvénile = Forme infantile Tissu normal

Forme adulte

Figure 18 : Biopsies musculaires de patients atteints de la maladie de Pompe?3'-23

o Les tests génétiques
Bien que le dosage enzymatique soit le test de choix pour les patients atteints de la
maladie de Pompe, 1’analyse des mutations est un outil fiable pour la confirmation du
diagnostic. Il est particulierement utile dans I’identification des porteurs lorsqu’une mutation
familiale est connue : ceci est trés important pour un diagnostic prénatal. Ce test est effectué a

partir d’ADN génomique isolé du sang ou des fibroblastes cutanés?3+233,

e (Quantification de I’expression de la GAA
La quantification de I’expression de la GAA permet de déterminer le
statut « CrossReactive Immunological Material » (CRIM). Ce statut est un important prédicteur
de la réponse clinique®*?*. Les patients CRIM-négatifs sont incapables de synthétiser une

GAA native en raison de la présence de mutations déléteres sur le géne GAA. Environ 20% des
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patients atteints de la forme infantile sont CRIM-négatifs. Le systtme immunitaire de ces
patients reconnait la GAA comme étant du non-soi ce qui engendre une réaction immunitaire
croisée. Au contraire, les patients CRIM-positifs peuvent produire une quantité résiduelle de
GAA native qu’elle soit fonctionnelle ou non, ce qui prévient la réaction immunitaire. Les
patients CRIM-négatifs vont donc déclencher une forte réponse immunitaire contre 1’enzyme
recombinante administrée pour I’enzymothérapie substitutive réduisant ainsi 1’efficacité
thérapeutique. De méme, certains patients CRIM-positifs développent une forte réaction
immunitaire apres le traitement : ces patients sont appelés CRIM-positifs a haut titrage (HTCP).
Les patients CRIM-négatifs et HTCP ont un pronostic négatif et ont aucune chance de guérison.
La détermination du statut CRIM est donc tres importante pour la mise en place des traitements :
les patients CRIM-négatifs et HTCP devront subir une thérapie immunomodulatrice dans le but

de répondre a I’enzymothérapie®¢+7.

Pour compléter le diagnostic, il est possible d’effectuer d’autres tests, cependant ils sont

non spécifiques de la maladie de Pompe :

e La concentration sérique en créatine kinase (CK) :
Les patients atteints des formes infantile et juvénile ont une concentration sérique en
CK tres élevée : 2000 ULL! (concentration normale en CK entre 60 et 305 UI.L') alors que
chez les patients atteints de la forme adulte le taux peut étre normal®*®. Ce test est tres sensible
mais il est non spécifique de la maladie de Pompe. En effet, un taux anormalement élevé de CK
peut étre trouvé dans d’autres pathologies telles que la sclérose latérale amyotrophique®®, des

tumeurs musculaires??, etc.

e La concentration urinaire en glucose tétrasaccharide (Glc4)
Les patients atteints de la maladie de Pompe ont une concentration élevée de Glc4 dans
les urines. Ce test est tres sensible mais cette augmentation est également observée dans d’autres

maladie de stockage du glycogene®°.

5. Les traitements actuels

A T’heure actuelle, un seul traitement est approuvé par les autorités de santé pour le

traitement de la maladie de Pompe. C’est un traitement de remplacement de I’enzyme ou
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enzymothérapie substitutive. Pour compléter ce traitement, les médecins ont recours a des
traitements symptomatiques qui consistent a soulager au mieux les manifestations de la

maladie.

5.1 Les traitements symptomatiques!?>24

Ces traitements sont administrés pour toutes les formes de la maladie. Cependant, la
sévérité étant liée a 1’age d’apparition, les conditions de prise en charge sont adaptées a 1’age

du patient.

e [’atteinte cardiaque :

La base du traitement est le suivi constant du coeur avec plusieurs examens (radiographie
du thorax, électrocardiogramme, échocardiographie) qui permettent d’adapter régulierement le
traitement symptomatique par rapport a I’évolution du volume du cceur et des anomalies
rythmiques. Le traitement administré est propre a chaque patient car [utilisation de
médicaments standards peut étre contre-indiquée suivant 1’dge du patient et le stade de la

maladie.

e [’atteinte respiratoire :

Dans un premier temps, des séances de kinésithérapie sont mises en place pour éliminer
les sécrétions bronchiques qui aggravent 1’insuffisance respiratoire. Selon I’évolution de la
maladie, les patients peuvent étre mis sous assistance respiratoire non invasive qui consiste a
insuffler mécaniquement de I’air dans les poumons a 1’aide d’un masque. Lorsque I’insuffisance
respiratoire devient sévere, le patient doit étre placé sous assistance respiratoire continue et

lorsque I’assistance n’est plus suffisante, une trachéotomie peut étre effectuée.

e La gestion des troubles musculo-squelettiques :

Les patients suivent des séances de kinésithérapie et de physiothérapie. Ces séances
permettent aux nourrissons d’atteindre des étapes de développement normal telles que la
capacité a s’asseoir, les passages entre différentes positions, le contrdle du port de téte, etc. Pour
les patients plus agés, le but est de garder une bonne amplitude des mouvements et d’éviter le
blocage des articulations. Des appareils peuvent €tre mis en place comme des coques moulées

en plastique pour les nourrissons qui ne tiennent pas assis ou le port d’un corset pour maintenir
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le tronc. Chez les enfants, la kinésithérapie est trés importante pour éviter toute déformation du
squelette (scoliose). A terme, si la maladie s’aggrave, les patients auront besoin d’un fauteuil

roulant pour se déplacer.

e Prise en charge de la nutrition :
Les nourrissons sont les plus touchés par ces problemes de nutrition, ils ont besoin d’une
assistance (sonde nasogastrique ou gastrostomie) des les premiers mois de leur vie. Il est
également important de dégager le pharynx des sécrétions nasales et buccales par des séances

de kinésithérapie pour permettre aux patients de se nourrir normalement.

e Prévention des infections :
Une majorité des patients auront au cours de leur maladie une insuffisance respiratoire
et seront par conséquent sensibles aux infections pulmonaires. Ces infections peuvent étre

traitées par des antibiotiques.

e Prévention de I’ostéoporose :
Les patients ont un suivi régulier pour leur équilibre, leur capacité de marche et la
minéralisation de leurs os. Si une déminéralisation est observée, le patient doit prendre des

compléments de calcium et de la vitamine D.

5.2 Traitement médicamenteux : I’enzymothérapie substitutive

L’enzymothérapie substitutive consiste a administrer une enzyme recombinante aux
patients pour pallier au défaut d’une enzyme endogene causée par une maladie lysosomale!**.
A ce jour, le seul traitement spécifique pour la maladie de Pompe approuvé par les autorités
compétentes européennes et américaines depuis mars 2006 est un traitement d’enzymothérapie
substitutive commercialisé par Sanofi-Genzyme sous le nom de Myozyme® en Europe et
Lumizyme® aux Etats-Unis. La Myozyme® est une Alpha Glucosidase Acide recombinante
humaine (rhGAA) produite chez une lignée cellulaire d’ovaires de cochon d’Inde (CHO). La
composition de Myozyme® est répertoriée dans le tableau 9. La posologie recommandée est de
20 mg/kg, administrée une fois toutes les deux semaines en perfusion intraveineuse, elle doit

étre réalisée dans un hopital.
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Composés Quantité
rhGAA 52,5 mg
Mannitol 210 mg
Polysorbate 80 0,5 mg
Phosphate de sodium dibasique heptahydraté 9.9 mg
Phosphate de sodium monobasique monohydraté 31,5 mg

Tableau 9 : Composition de Myozyme®?*!

L’évaluation de I’efficacité thérapeutique de Myozyme® a été montrée a partir de trois
essais cliniques qui ont été comparés a une étude épidémiologique basée sur les dossiers
médicaux des patients qui n’avaient recu aucun traitement. L.’efficacité thérapeutique a d’abord
été étudiée sur des patients atteints de la forme infantile : deux essais cliniques AGLUO01602 et
AGLUO1702 ont été réalisés respectivement sur 18 patients 4gés de 6 mois et 21 patients agés
de 6 mois a 3,5 ans. Les patients ont recu 20 ou 40 mg/kg toutes les deux semaines pendant 52
semaines en perfusion intraveineuse. Les résultats n’étaient pas différents entre les deux
posologies, seule la dose de 20 mg/kg a été retenue pour 1’autorisation de mise sur le marché
(AMM). Ces études ont montré I’efficacité thérapeutique de Myozyme®324224 :

- le taux de survie était significativement augmenté, les patients ont survécu au-dela de

18 mois,

- la cardiomyopathie a régressé avec une diminution de 58% de la masse ventriculaire
gauche,

- la fonction motrice a été améliorée avec une acquisition de la marche a un age normal
pour certains patients,

- les fonctions respiratoires ont été significativement améliorées chez certains patients
qui n’ont plus eu besoin d’assistance respiratoire,

- pour les patients plus agés 1’effet thérapeutique est conservé.

Pour les patients CRIM-négatifs, différents protocoles ont été étudiés pour éviter une
réponse immunitaire élevée suite a I’administration de Myozyme®. Le plus courant est
I’association de rituximab et méthotrexate avec ou sans gamma globulines. De plus, I’addition
de bortezomib aux précédents immunomodulateurs s’est montrée efficace pour moduler la forte

réponse immunitaire®*.
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Un essai clinique sur les formes tardives a également été réalisé (AGLU02804). Les
patients étaient agés de plus de 8 ans et ont recu 20 mg/kg toutes les deux semaines pendant 78
semaines. Soixante patients ont recu le traitement alors que 30 patients ont recu un placebo. Sur
ces formes cliniques de la maladie, Myozyme® permet une amélioration modeste de la marche
et de la fonction respiratoire. De plus, une grande variabilité dans la réponse au traitement a été
observée et 1’état de santé de certains patients a continué a s’aggraver**. D’autres études ont
complété cet essai clinique. Elles ont permis le suivi de 438 patients pendant 3 a 48 mois. Les
principales conclusions de cette étude sont les suivantes#6247 :

- le taux de mortalité est cinq fois plus faible chez les patients traités que chez les patients
qui ont recu le placebo,
- la fonction respiratoire s’est améliorée au cours des premiers mois de traitement mais

est revenue progressivement au niveau de base pour diminuer légerement apres 2 a 3

ans de traitement,

- la fonction motrice a été améliorée au cours des 20 premiers mois de traitement puis a

stagné.

6. A larecherche d’un nouveau traitement

La Haute Autorit¢ de Sant¢é (HAS) a reconnu que Myozyme® apportait une
amélioration « importante » du service médical rendu dans la forme infantile car le traitement
est tres efficace sur la cardiomyopathie qui est le symptome le plus sévere. Suite aux essais
cliniques sur les formes tardives, la HAS a considéré une amélioration « modérée » du service
médical rendu. De plus, au vu des résultats chez la forme adulte, la HAS confirme le progres
thérapeutique mineur du fait de son efficacité limitée. En effet, la réponse des muscles
squelettiques chez les adultes est variable et moins importante comparée a d’autres maladies
lysosomales traitées par enzymothérapie substitutive®®. L’efficacité de 1’enzymothérapie
substitutive dépend du nombre de M6P que contient I’enzyme recombinante ainsi que du niveau
d’expression du RM6P-CI dans les tissus cibles. La limite d’efficacité de 1’enzymothérapie
substitutive au niveau des muscles squelettiques a été attribuée au faible nombre de M6P sur
Myozyme® ainsi qu’a la faible expression de RM6P-CI a la surface des cellules musculaires
squelettiques®®. 11 est donc indispensable de développer un traitement plus efficace sur les
formes tardives. Pour cela, plusieurs industries pharmaceutiques ont essayé de développer une

nouvelle enzymothérapie substitutive.
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e Sanofi-Genzyme :

Genzyme a mis au point une thGAA de nouvelle génération, appelée néo-GAA, sur
laquelle des ligands oligosaccharidiques synthétiques portant des résidus M6P mono- et
biphosphorylés ont été greffés dans le but de mieux cibler les muscles. Les résultats précliniques
montrent une meilleure efficacité (2,5 a 5 fois plus élevée) chez les souris jeunes mais presque
aucune amélioration sur les souris agées de plus de 10 mois®®. La phase clinique 1/2 réalisée
sur des patients préalablement traités avec Myozyme® ne présente pas d’augmentation de la
mobilité, seule une 1égere amélioration de la fonction respiratoire a été observée. Cependant,

une phase 3 qui durera trois ans a été initiée en 2017 sur 86 patients agés de plus de trois ans>*.

e Biomarin :

Biomarin a développé une enzyme recombinante fusionnée a I’'IGF-II (BMN-701) qui
est un des ligands naturels du RM6P-CI ce qui permettrait d’améliorer le ciblage du récepteur.
Les études précliniques sur des souris modele de la maladie de Pompe ont montré que BMN-
701 était significativement plus efficace que thGAA pour éliminer le glycogéne dans de
nombreux tissus musculaires squelettiques. De plus, apres douze semaines de traitement a 20
mg/kg, BMN-701 améliore la fonction respiratoire®*. La société Biomarin a annoncé en 2016
les résultats préliminaires de 1’essai clinique de phase II : sur 24 participants, 6 patients ont
interrompu le traitement avant la fin de ’essai dont 2 pour des effets indésirables graves. Chez
les 18 participants restants, les criteres d’évaluation étaient légerement améliorés mais sans étre
significatifs apres 6 mois de traitement®°. Au vu de ces résultats décevants, Biomarin a annoncé

I’interruption de I’essai clinique.

e Amicus

Amicus a développé une protéine chaperonne (AT2200) dans le but de stabiliser
Myozyme®. L’essai clinique de phase II a été réalisé sur 25 patients agés de 18 a 25 ans.
AT2200 a permis d’augmenter 1’activité de Myozyme® dans le sang ainsi que dans les tissus
musculaires. En parallele, Amicus développe €galement une nouvelle enzyme recombinante
qui comporte plus de MOP a sa surface afin de mieux cibler le RM6P-CI dans le but d’étre
mieux adressée aux lysosomes. Des études précliniques sur des souris modeles de la maladie
de Pompe ont montré que I’association de cette nouvelle enzyme recombinante avec AT2200
était plus efficace que Myozyme® pour diminuer le glycogéne dans les muscles®!. Un essai

clinique de phase I/Il est en cours sur des patients agés de 18 a 65 ans. Les résultats
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intermédiaires apres 9 mois de suivi ont montré une diminution du glycogene dans les muscles.
De plus, une tendance a I’amélioration de la marche et de la fonction respiratoire semble

ressortir. Cependant, il faut confirmer cette tendance sur une période plus longue?2.

Le ciblage du RM6P-CI est donc un point crucial pour augmenter I’efficacité
thérapeutique de I’enzymothérapie substitutive. Dans ce manuscrit, nous étudierons le potentiel
des AMFA greffés sur Myozyme® dans le but d’améliorer le ciblage lysosomal via le RM6P-

CI et ainsi améliorer I’efficacité thérapeutique de 1’enzyme recombinante.
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Partie 1: Nanoparticules multifonctionnelles pour le traitement des

cancers

N

Dans cette premiere partie consacrée a un des axes de ma these, I’étude de
nanoparticules multifonctionnelles pour la thérapie photothermique et la délivrance de drogue
est décrite et illustrée par trois articles scientifiques dont je suis co-auteur. Ces travaux ont été
menés en collaboration avec les équipes du Dr Yannick Guari, du Dr Jean-Olivier Durand et du

Dr Peter Hesemann de I’Institut Charles Gerhardt de Montpellier.

Chapitre 1 : Nanoparticules de bleu de Prusse pour le traitement par

hyperthermie et I’imagerie médicale des cancers

1. Les nanoparticules de bleu de Prusse (PB)

Le bleu de Prusse est un pigment bleu foncé découvert en 1706 utilisé pour deux
applications principales : la peinture et la médecine. En médecine, il a été approuvé par les
autorités de santé en 2016 et est connu sous le nom de Radiogardase®. Il est utilisé pour
prévenir ou traiter les contaminations radioactives au thallium et au césium radioactifs ou non.
Il joue un role de chélateur pour empécher le passage des radionucléides dans le sang et ainsi
réduire leur temps de demi-vie*. Les PB sont des nanoobjets inorganiques composés d’ions

de métal de transition ou de lanthanides assemblés par des ponts cyano (Figure 19)?423,

Figure 19 : Schéma d’une nanoparticule de bleu de Prusse®’
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Ces PB ont un potentiel pour les applications biomédicales dues a leurs caractéristiques
intrinseques comme la flexibilité de leur structure, la composition variable, les propriétés
physico-chimiques, la porosité, la grande stabilité et la biocompatibilité>>®. Pour ces raisons, les
PB sont utilisées couramment en biologie comme agent de contraste pour différents types
d’imagerie (IRM?¥2%  scintigraphie®!, imagerie photoacoustique®?), comme nanovecteurs
pour la délivrance de drogue’®?%* ou comme agent thérapeutique’s. Le plus récent
développement de PB a des fins thérapeutiques est lié a son remarquable potentiel pour la

thérapie photothermique des cancers?%-2¢7,

2. La thérapie photothermique (PTT)

Le principe de base de la PTT est I’augmentation localisée de la température des cellules
cancéreuses afin de provoquer la mort cellulaire. Le concept d’utilisation de la chaleur pour
traiter le cancer date de la fin du XIXeéme siecle : a cette époque il n’y avait pas d’essais
cliniques encadrés comme aujourd’hui mais de nombreux rapports de médecins et scientifiques
ont décrit la guérison de patients apres un traitement d’hyperthermie sur des tumeurs
superficielles?®. L’hyperthermie peut également &tre utilisée pour administrer plus rapidement
des agents anti-cancéreux en augmentant le débit sanguin ou en radiothérapie en sensibilisant
les cellules cancéreuses au rayonnement car elles sont plus sensibles aux rayons que les cellules
saines?®. Des études ont démontré que des températures allant de 41 a 47°C peuvent rompre
les membranaires cellulaires en dénaturant les protéines ce qui déclenche un mécanisme
d’apoptose alors que des températures supérieures a 50°C engendrent un phénomene de
nécrose?’*?’!, Divers protocoles ont été mis en place mettant en jeu des lasers, des micro-ondes,
des fréquences radio et des ultrasons mais ces techniques ne permettent pas d’obtenir une
homogénéité de la température au sein de la tumeur et entrainent la destruction des tissus sains
environnants?’2. Afin de mieux cibler les cellules cancéreuses, il a été proposé d’utiliser des
agents photothermiques qui pourraient s’accumuler dans la tumeur et €tre irradiés par la suite
avec un laser®723-2%5, Cette technique a ét€ nommée thérapie photothermique car les agents
photothermiques convertissent la lumiere en chaleur. La société MagForce basée en Allemagne,
fut la premiere a développer en clinique des nanoparticules d’oxyde de fer (NanoTherm®) pour
réaliser la PTT afin de traiter les tumeurs du cerveau. Ce traitement a obtenu le marquage CE
en 2011 pour le traitement du glioblastome multiforme au stade avancé. Aux Etats-Unis, la

FDA a accordé une IDE (Investigational Device Exemption) en février 2018, pour conduire un

70



essai clinique pour traiter des patients atteints d’un cancer de la prostate avec un risque
intermédiaire?’®. Ce traitement est cependant invasif car les nanoparticules doivent étre injectées

directement dans la tumeur?’°.

3. Description des travaux

3.1 Publication n°1 : Multifunctional manganese-doped Prussian blue nanoparticles for

two-photon Photothermal Therapy and Magnetic Resonance Imaging.

e Introduction :

Dans le cadre de cette these, nous avons travaillé sur des PB synthétisées par 1’équipe
de Yannick Guari afin d’étre étudiées comme agent thérapeutique pour la PTT. En effet, les PB
présentent une forte absorption dans le proche infrarouge due a la présence d’une bande de
transfert de charge, comprise entre 650 et 900 nm, entre les métaux Fe** et Fe** qui composent
la nanoparticule. Les PB ont donc un rendement photothermique élevé et sont stables méme
sous irradiation®”’28, Récemment, des études in vitro et in vivo ont démontré que des PB dopées
au manganese ou au gadolinium étaient capables de convertir Dirradiation laser
monophotonique en énergie thermique provoquant une élévation de la température et par
conséquent la mort des cellules cancéreuses*””2%2. Les résultats de ces différentes études sont
difficilement comparables car I’efficacité dépend de la concentration en nanoparticules, de leur
densité optique et du temps d’irradiation. Il a également ét¢ démontré que les PB présentaient
une efficacité supérieure aux molécules organiques utilisées conventionnellement en tant
qu’agent photothermique®®. Cependant, 1’éradication des cellules tumorales sous excitation
monophotonique est incomplete en raison de la répartition hétérogene de la chaleur dans les
cellules cancéreuses et de la faible pénétration du laser dans les tissus. De plus, une
concentration relativement élevée d’agents photothermiques est nécessaire pour ce type de
traitement®’72%9-284 Pour pallier a ces problémes, nous avons démontré pour la premiere fois que
les PB pouvaient étre des agents photothermiques efficaces sous irradiation biphotonique. La
PTT biphotonique présente des avantages par rapport a une excitation monophotonique, car elle
a une meilleure pénétration tissulaire, une meilleure résolution 3D ce qui permet une destruction
ciblée, efficace et rapide des cellules cancéreuses en évitant les tissus sains environnants?>.
Ce travail est issu d’une collaboration étroite avec 1’équipe du Dr Yannick Guari de I’Institut

Charles Gerhardt de Montpellier, et le Dr Lamiaa Ali, post-doctorante dans notre équipe
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« Glyco et nanovecteurs pour le ciblage thérapeutique » de I’Institut de Biomolécules Max
Mousseron. Nous avons démontré sur des lignées cellulaires du cancer du sein que des PB
dopées ou non avec des pourcentages différents de manganese entrainaient une mort cellulaire
drastique 24 h apres une irradiation biphotonique a 808 nm (5% de puissance) pendant 10 mn.
En effet, apres internalisation des PB, I’irradiation entraine 1’oscillation des électrons des
atomes qui composent la nanoparticule et lors du retour a 1’état stable, il y a une production de

chaleur causant la mort cellulaire (Figure 20)%¢.

' Nanoparticule de bleu de Prusse

Laser

cytotoxicité
B

—  dégagement de chaleur

. . . - enil) 0 aas
Oscillation des €lectrons 772, ' W22 retour 4 I’état
stable

Figure 20 : Schéma du mécanisme de la thérapie photothermique in vitro
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Multifunctional

Cancer cells’ eradication

Here we demonstrate for the first time that Mn?* -doped Prussian blue nanoparticles of c.a. 70 nm act as effective
agents for photothermal therapy under two-photon excitation with an almost total eradication of malignant cells
(97 and 98%) at a concentration of 100 yg mL ™" 24 h after NIR excitation. This effect combined with interesting
longitudinal NMR relaxivity values offer new perspectives for effective imaging and cancer treatment.

Prussian Blue (PB) type nanoparticles are a new family of inorganic
nano-objects made of transition metal ions or lanthanides assembled
through cyano-bridging ligands in nano-sized architectures. They have
attracted a great deal of interest during the past ten years due to their
specific molecule-based nature that is different compared to conven-
tional inorganic nanoparticles [1-4]. They present a remarkable po-
tential for biomedical applications due to many advantages from their
flexible molecule-based structure, adjustable composition, tunable
physical and chemical properties, porosity, high stability in aqueous
media even at low pH, and biocompatibility [5]. Moreover, in its so-
called “soluble” form, PB has been approved by the Food and Drug
Administration (FDA) for human use as a radioactive Cs* antidote or
TI* poisoning [6-10]. For these reasons, PB type nano-objects have
been proposed as contrast agents for several types of imaging including
Magnetic Resonance Imaging (MRI) [11-21], scintigraphy [22], photo-
acoustic imaging [23,24], as nano-carriers for drug delivery [25-28], or
as therapeutic agents for different kinds of therapy and treatment
[26,29].

* Corresponding authors.

The most extensive recent development of PB type nanoparticles for
therapeutic purposes is linked with their exceptional potential as
Photothermal Therapy (PTT) agent for cancer treatment. The principle
of this newly developed hyperthermia strategy for the therapeutic
treatment of tumour cells consists in the ablation of the malignant cells
by laser irradiation at energetically low wavelengths in the presence of
a Near Infrared Region (NIR) photo-absorbing agent [30-32]. PB na-
noparticles exhibit a strong absorption in the NIR arising from a metal-
to-metal charge transfer band (from Fe?* to Fe*") situated between
650 and 900 nm, a high photothermal conversion efficiency and an
outstanding stability over irradiation. Recently, it has been demon-
strated in vitro and in vivo that PB and Mn®*- or Gd**-doped PB na-
noparticles are able to convert the laser irradiation into thermal energy
under single-photon irradiation, which provides an important tem-
perature elevation and a tumour necrosis [11,12,20,33-43]. The effi-
ciency depends on the nanoparticles’ concentration, their chemical
composition, the optical density and the irradiation time which makes
it difficult to compare different PB-based systems. It has been shown

E-mail addresses: joulia.larionova@umontpellier.fr (J. Larionova), magali.gary-bobo@inserm.fr (M. Gary-Bobo).

1 On sabbatical leave from Medical Research Institute, Alexandria University, Egypt.

https://doi.org/10.1016/j.pdpdt.2018.02.015

Received 24 November 2017; Received in revised form 15 January 2018; Accepted 20 February 2018

Available online 22 February 2018
1572-1000/ © 2018 Elsevier B.V. All rights reserved.



L.M.A. Ali et al.

Table 1
Some characteristics for nanoparticles 1-3.

Label Formula d"(nm) Zeta potential (mV)
1 Nao 41Fe[Fe(CN)sJo.ss 67 + 6 -31.3
2 Nag 27Mno.14Fe[Fe(CN)slo.so 739 -36.1
3 Nag.10Mng 44Fe[Fe(CN)g] 61 = 6 —40.5

* Core diameter determined from TEM analysis.

that they present higher efficiency in comparison with Au nano-objects
and better photothermal stability than organic dyes used as conven-
tional PTT agents [12,42]. However, complete eradication of tumour
cells with single-photon excitation PTT treatments is rather difficult due
to the heterogeneous laser heat distribution and a limited light pene-
tration. Moreover relatively high concentrations of PTT agents are
needed for this treatment [12,37,42,43]. In this line of thought, PTT
under two-photon excitation provides well-known advantages over
single-photon irradiation due to its increased penetration depth and
focalization allowing selective, efficient, and rapid destruction of the
targeted tumour cells with less damages of healthy tissues [44,45,46].

Yet, to the best of our knowledge, such treatment has never been
applied using PB type nanoparticles.

In this communication, we demonstrate for the first time that PB
and Mn®*-doped PB nanoparticles of c.a. 70 nm act as efficient PTT
agents under two-photon excitation inducing an almost total eradica-
tion of malignant cells (97 and 98%) at a concentration of 100 yg mL ™"
24h after NIR excitation. These results highlight a significant im-
provement related to the use of a lower concentration of PTT agent and
superior efficacy compared to previously published one-photon PTT
treatment. Moreover, due to their interesting r; longitudinal relaxivity
values, they may be considered as promising theranostic agents.

PB and Mn**-doped PB nanoparticles were synthesized using the
controlled self-assembly reaction between molecular precursors, Nay[Fe
(CN)g]-10H,0 and FeCl36H,0 with various amounts of MnCly6H,0 to
give Nag 4:Fe[Fe(CN)sloss (1), Nag2;Mng4Fe[Fe(CN)glogo (2) and
Nag,19Mng 44Fe[Fe(CN)] (3) nanoparticles. All samples exhibit the bulk
PB structural features as confirmed by their stretching vibration around
2080 cm ™! (Fig. S1, SI). Obtained Zeta potential values of —31.3, —
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36.1 and —40.5mV for 1, 2 and 3, respectively (Table 1), confirm their
negative surface charge arising from the presence of the cyanometallate
groups localized on the nanoparticles’ surface. Transmission Electronic
Microscopy (TEM) images show the typical cubic shape of PB nano-
particles with a mean diameter ranging from 61 to 73 nm (Fig. 1, Fig.
S2, Table 1). Note that in the previously published work, a significant
size change (from 60 to 160 nm) occurred with the modification of the
Mn?* amount, which makes difficult to compare the nanoparticles’
properties [12]. The absorption spectra of samples 1-3 show a broad
band in the range 600-900 nm with a maximum at 735 nm for PB na-
noparticles 1, which is red-shifted to 777 and 783 nm for 2 and 3, re-
spectively. Such bathochromic shift has previously been observed for
manganese-doped PB hollow cubes [12]. Concomitantly, a decrease in
absorbance is also observed with increased manganese amounts.

In order to study the therapeutic efficiency of these nanoparticles as
PTT agents, we used a human breast adenocarcinoma MDA-MB-231 cell
line expressing green fluorescent protein (GFP) which provides the vi-
sualization of nuclei in green. After 24 h of cell growth, the cells were
incubated with nanoparticles 1, 2 and 3 at a concentration of
100 pug mL~'. 24 h after treatment, the cells were visualized with LSM-
confocal microscope by using the excitation at 488 nm (green fluores-
cence) (Fig. 2, images before irradiation). Then, irradiation with a
pulsed laser for two-photon excitation at 808 nm (3.7 W, 5% of total
laser power) for 10 min was performed. The cells were visualized im-
mediately and 24 h after irradiation (Fig. 2).

The safety of the two-photon irradiation on control cells (ie.
without nanoparticles) is clearly observable immediately after irradia-
tion. In addition, 24 h after irradiation, an increase in the green fluor-
escence was observed for control cells, indicating a cell proliferation,
which confirms the laser safety and the availability of normal condi-
tions for the cell growth. On the contrary, a visible reduction of the cell
number was observed for cells treated with sample 2 immediately after
irradiation, while, no changes were observed in cells containing sam-
ples 1 and 3. However, 24 h after irradiation, all samples 1-3 induce a
dramatic decrease of cell numbers (Fig. 2).

These results were confirmed by a quantitative cell counting using
ImageJ program, as shown in Fig. 3a. Indeed, sample 2 is the only one
that induces a pronounced effect immediately after irradiation by

700
Wavelength | nm

Fig. 1. TEM images of the 1 (a), 2 (b) and 3 (c); d) UV-vis spectra of the aqueous suspensions of 1, 2 and 3 (0.033mgmL™").

600
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Before irradiation
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Afterirradiation 24h after irradiation

Fig. 2. Fluorescence imaging of living MDA-MB-231 cells treated for 24 h with nanoparticles 1, 2 and 3 at a concentration of 100 pg mL !, before irradiation, immediately after

irradiation and 24 h after irradiation with a two-photon excitation laser at 808 nm (3.7 W, 5% power) for 10 min.

causing 33% of cell death. One day after irradiation, 1, 2 and 3 induce
96, 97 and 85% of cell death, respectively. The observed effect is much
better in terms of cell death in comparison to that is observed for a
single photon irradiation (0.8 W/em?, 5min) for incubated PB nano-
particles of 65nm or 15% manganese-doped PB hollow cubes of
60-160 nm with a similar concentration where only ca. 65-67% of cell
death was found [12,40], for Gadolinium doped PB nanoparticles [43]
(less than 20% of cell death with a similar concentration) or for 500 nm
hollow nanoparticles presenting little PTT effect [37]. The difference in
behavior observed between samples 2 and 3 may be explained by the
lower absorbance value of the latter.

In order to investigate the influence of the nanoparticles’ con-
centration on the PTT, lower concentrations (50, 10 or 1 pyg mL ™ of2
were used in the same experimental conditions. Fig. 3b shows that the
presence of the nanoparticles has no effect immediately after irradia-
tion at these concentrations. A significant cell death (88%) was ob-
served 24 h after irradiation at the concentration of 50 ug mL ™", while
below 10 ug mL ™" the loss of the photothermal properties is indicated
by steady/increase in cell number.

NMR relaxivity measurements were performed for Mn®*-doped PB
nanoparticles 2 and 3 to confirm their potential as contrast agents for
MRI. The room temperature proton relaxation time T; measurements
were done for aqueous solutions of 2 and 3 with different
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concentrations at an applied magnetic field of 4.7 T by using a spec-
trometer Tecmag Apollo operating at 200 MHz. The longitudinal, r;,
relaxivity was determined from the slopes of the plot of 1/T; vs nano-
particles’ concentration and is equal to 2.58 and 5.30 mM ~'s ! for 2
and 3, respectively (Fig. 3, SI). These values are higher or comparable
with the ones obtained for the commercial contrast agent known as the
trademark Prohance” (3.00mM ~'s~!) and comparable with r; values
found for other an"»doped PB nanoparticles [12,37]. This result in-
dicates that these nanoparticles may be used as T; MRI contrast agents.

Nanoparticles’ safety was evaluated by investigating the cytotoxi-
city in MDA-MB-231 cells treated with different concentrations (50, 100
and 150 ugmL~ ") of nanoparticles 1-3, 3 days after nanoparticles’ in-
cubation. The results indicate over 90% cell viability, allowing to
consider that these nanoparticles do not exhibit toxicity at these con-
centrations (Fig. S4, SI). This is in agreement with other studies, which
however were carried out for a shorter period of time [37]. Moreover,
the kinetic of the cells’ division was not altered by the presence of the
nanoparticles. In order to prove this, an assay of the cell cycle phases in
MDA-MB-231 cells treated with different concentrations (0, 50, 100 and
150 ug mL~") of sample 2 for 3 days, was carried out. Results presented
in Fig. S5, SI show that the increase in the nanoparticles concentrations
is associated with a slight increase in the G1 phase, suggesting the in-
itiation of cell arrest mechanism at the highest concentrations
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Fig. 3. a) Cell counting% of living MDA-MB-231 cells treated with
nanoparticles 1-3 at a concentration of 100 ugmL ™" before irradia-
tion, immediately after irradiation and 24 h after irradiation with a
two-photon excitation laser at 808 nm (3.7 W, 5% power) for 10 min.
Data are presented as (mean + SEM), n = 3; b) Cell counting% of
living cells MDA-MB-231 treated with different concentrations of Mn-
doped PB nanoparticles 2 before irradiation, immediately after irra-
diation and 24 h after irradiation with a two-photon excitation laser at
808 nm (3.7 W, 5% power) for 10 min using different concentrations of
nanoparticles (1, 10, 50 and 100ugmL"). Data are presented as
(mean = SEM), n = 3.
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(150 pg mL ™ '). Consequently we can observe a small decrease in the G2
phase. No apoptosis was been observed here (no detectable Sub-G1
peak). This result obtained with flow cytometer is in agreement with
the data of cytotoxicity study.

In summary, we report here the synthesis of cubic PB nanoparticles
of c.a. 70nm doped with different amounts of Mn®>* and their in-
vestigations as efficient agents for two-photon excited photothermal
therapy. All nanoparticles have similar diameter and possess different
amount of Mn®* allowing to compare the efficiency of these systems for
PTT. They show a great photothermal potential under two-photon ex-
citation, as indicated by an almost total eradication of malignant cells
(97 and 98%) in the case of Mn®* doped nanoparticles 24 h after NIR
excitation at a concentration of 100 ug mL ™. Such result is much better
than previously reported ones concerning single-photon PTT for other
PB nano-objects. Even if the investigated nanoparticles do not present
the same size, shape and composition, we can reasonably suppose that
this difference mainly comes from two-photon irradiation conditions.
Further, these results in terms of efficiency as well as the advantages of
two-photon irradiation (high penetration depth and light focalization)
constitute favorable elements for the use of this type of nanoparticles
for PTT under bi-photonic irradiation rather than under one-photonic
one. In addition, Mn**-doped nanoparticles exhibit longitudinal re-
laxivity values higher or comparable to the commercial contrast agent
Prohance’. Finally a cytotoxicity study showed that these nanoparticles
had no cytotoxic effect up to a concentration of 150 ygmL~" after
3 days of incubation. This study demonstrates that PB and Mn**-doped
PB nanoparticles exhibit remarkable efficacy for PTT under two-photon
excitation and longitudinal relaxivity providing an additional lane to
the reflections conducted for the development of novel theranostic
agents.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.pdpdt.2018.02.015.
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Experimental

Synthetic procedures

Materials. All chemical reagents were purchased and used without further purification:
potassium ferricyanide (Acros Organics, 99%), Iron(III) chloride hexahydrate (FeCl;-6H,O, 97%
Chimica), ultra-pure water. The Nas[Fe(CN)s] complex was obtained by passing the
K;[Fe(CN)s] through an ion-exchange resin (acidic form) followed by neutralisation with
NaOH.

Synthesis of Prussian Blue nanoparticles (1). At 25°C, aqueous solutions of FeCl3-6H,O (10 mM, 10
mL) and Nas[Fe(CN)s] -10H>O (11.25 mM, 10 mL) were added simultaneously to 100 mL of pure
water at 2 mL/h rate, using a syringe pump. After completion of the addition, the mixture was stirred
one hour before being centrifuged at 35,700 x g (20,000 rpm) during 10 min. The supernatant was
removed and the NPs were washed successively with water and ethanol and dried under vacuum.

IR (KBr): v(C=N) = 2085 cm™'. EDS: 18.07/81.93 (Na/Fe). Formula found: Nag 4 Fe[Fe(CN)s]oss.
Synthesis of Mn?*-doped Prussian Blue nanoparticles (2). The protocol is identical than for 1 except
that a mixture of FeCl;-6H,O (7.6 mM) and MnCl»-4H,0O (0.4 mM) in 10 mL was used. IR (KBr):
v(C=N) = 2085 cem'. EDS: 11.90/6.06/82.05  (Na/Mn/Fe).  Formula  found:
Nag27Mng.1sFe[Fe(CN)soso.

Synthesis of Mn2*-doped Prussian Blue nanoparticles (3). The protocol is identical than for 1 except
that a mixture of FeCl;-6H>O (5.6 mM in 10mL ) and MnCl>-4H,0 (2.4 mM in10mL) was used.
IR (KBr): v(C=N) = 2081 cm™. EDS: 7.04/16.62/76.34 (Na/Mn/Fe). Formula found:
Nag.19Mng 44Fe[Fe(CN)s].

Characterisation methods

Infrared spectra were recorded as KBr disks on a Nicolet Model 510P spectrophotometer. UV-Vis
spectra were collected on a SPECOORD 210 UV-VIS spectrometer in water. Transmission Electron
Microscopy (TEM) observations were carried out at 100 kV (JEOL 1200 EXII). Samples for TEM
measurements were deposited from solutions on copper grids. Nanoparticles’ size distribution
histograms were determined using enlarged TEM micrographs taken at magnification of 100 K on a
statistical sample of ca. 300 nanoparticles. HRTEM measurements were performed on a JEOL
2200FS. Scanning Electronic Microscopy (EDS) analyses were performed on a FEI Quanta FEG 200
instrument. The powders were deposited on an adhesive carbon film and analysed under vacuum. The
quantification of the heavy elements was carried out with the INCA software, with a dwell time of 3
us. Hydrodynamic diameter and zeta potential were determined using a Nano ZS apparatus (Malvern).
Data were collected from the He-Ne laser light source (633 nm) at 173° from the transmitted beam.
Results were presented as Z-average obtained in intensity mode, associated to the polydispersity index

(PDI).
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The 'H NMR relaxometry characterizations have been performed by using aqueous solutions of the
nanoparticles prepared from powder samples by their redispersion in water. The longitudinal (7))
relaxation times measurements for different concentrations of nanoparticles were performed on a
Tecmag Apollo spectrometer operating at 10 MHz. An saturation-recovery followed by Hahn echo
detection sequence (SAT — t — Hahn) was used to measure the longitudinal relaxation time 7). T was
varied from 100 ms to 3 s. For each concentration of the nanoparticles, the table of delay (7 ) was
chosen such that the instantaneous magnetization M-(f) recovers its equilibrium value M,. Thereby
each T} value was obtained by curve fitting using the relation: M.() = My x [1 - exp (—=t/T;)], where
M.(f) represents the longitudinal magnetization at time 7 following the saturation pulse train. The r
relaxivity was then calculated from the slope of a linear regression of Ri» = T'; against the
concentration of the nanoparticles (C), following : R, = R, + r; x C, where R, is the relaxation rate

without nanoparticles.

Cell culture

Human breast adenocarcinoma MDA-MB-231 cell line was used. Here this cell line stably expresses
GFP inducing the visualization of green nuclei. Cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum and antibiotic (0.05 mg mL™
gentamicin). These cells grown in humidified atmosphere at 37°C and under 5% COx.

Cytotoxicity experiments

MDA-MB-231 cells were seeded in 384-well plates. After 24 hours of cell growth, cells were treated
with increasing concentrations (0, 50, 100 and 150 pg mL™") of Prussian blue nanoparticles (1-3). 3
days after treatment, cells were visualized with LSM-confocal microscope; green fluorescence was
excited at 488 nm, cells were counted using ImageJ program.

Cell-cycle analysis

MDA-MB-231 cells were seeded in 12-well plate and let to grow for 24 h. After 24 h of cell growth,
cells were treated with different concentrations (0, 50, 100 and 150 pg mL™") of sample 2. After 3 days
of treatment, cells were harvested and fixed with ethanol overnight at 4°C. After fixation, the cells
were incubated with RNase A and Propidium iodide (PI) at concentrations 1 mg mL™" and 40 pg mL™',
respectively, for 2 h at room temperature in dark followed by 24 h at 4°C in dark. Flow cytometric
analysis was performed using NovoCyte flow cytometer and the data were analyzed by NovoExpress
software (ACEA Biosciences, Inc.). The evaluation of the intracellular DNA content was carried out in

10,000 events.

Hyperthermia experiments
MDA-MB-231 cells were seeded in 384-well plates. After 24 hours of cell growth, cells were treated
with Prussian blue nanoparticles (1-3) at concentration 100 pg mL™ and with different concentrations

(0, 1, 10, 50 and 100 pg mL™") of PB nanoparticles 2. 24 hours after treatment, cells were visualized
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with LSM-confocal microscope; green fluorescence was excited at 488 nm. Then cells were irradiated
with pulsed laser at 808 nm (3,7 W, 5% of total laser power) for 10 min. Cells were observed and
exposed to imaging immediately after irradiation and 24 h after irradiation. For quantification, cells

were counted using ImageJ program.
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Fig. S3. T relaxation rate measurements vs concentration of aqueous solutions of the nanoparticles 2

(top) and 3 (down) performed at an applied magnetic field of 4.7 T.
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Fig. S4. Cell viability (%) of MDA-MB-231 cells treated with increasing concentrations of

nanoparticles 1 — 3 after 3 days of incubation. Data are presented as (mean + SEM), n=2. No

significant differences where observed with the 3 batches of nanoparticles at the studied doses.
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Fig. S5. Cell cycle analysis of MDA-MB-231 breast cancer cells treated with different concentrations

of sample 2 for 3 days and then stained with PI. Data are presented as (mean + SEM), n=2.
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e Conclusion :

Dans ce travail, nous avons décrit la syntheése de PB cubiques dopées ou non avec
différentes quantités de manganese et étudié ces PB comme agent photothermique efficace sous
irradiation biphotonique. Les PB entrainent quasiment 100% de mort cellulaire 24 h apres
I’irradiation a des concentrations inférieures a celles rapportées dans la littérature pour une
irradiation monophotonique. De plus, nous avons démontré la biocompatibilité des PB méme a
des concentrations élevées. L’efficacité thérapeutique de ces PB ainsi que les avantages d’une
irradiation biphotonique constituent des éléments favorables pour I'utilisation de ce type de
nanoparticules en PTT. De plus, du fait de leur intéressant temps de relaxation longitudinale
grace au manganese, ces PB pourraient €tre utilisées en tant qu’agent de contraste. En effet,
leur temps de relaxation est supérieur ou comparable a ceux de 1’agent de contraste commercial
Prohance®. Les PB dopées en manganese présentent donc une remarquable efficacité
thérapeutique et un potentiel en tant qu’agent de contraste offrant une voie de développement

de ces PB comme nouveaux agents théranostiques.

e Perspective :

Ce travail devra étre complété par la mesure de I’élévation de la température dans les
cellules cancéreuses apres une irradiation biphotonique. Pour cela, nous avons obtenu un
contrat de I’ Agence Nationale de la Recherche qui permettra entre autres de nous procurer une
caméra thermique nécessaire a la mesure de la température. Certaines études ont déja démontré
I’efficacité thérapeutique par PTT avec une irradiation biphotonique de nanoparticules d’or qui

sont connues pour avoir un excellent potentiel photothermique?7-%,
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3.2 Publication n°2 : Implementing luminescence in Prussian blue nanoparticles : synthesis,

properties and in vitro imaging.

e Introduction :

Dans la continuité du travail décrit précédemment, nous avons étudié le potentiel des
PB en imagerie par fluorescence. Cette technique plus simple et moins coliteuse que celles
citées précédemment (IRM, scintigraphie, imagerie photo-acoustique) bénéficie d’une
sensibilité élevée® et est indispensable pour exploiter pleinement les propriétés des PB afin de
les visualiser pour étudier leur biodistribution et comprendre leur efficacité. Cependant, les
études sur I'implémentation de la luminescence dans les PB sont peu nombreuses : nous
pouvons citer les exemples de PB dopées au manganese et fonctionnalisées a la surface avec de
I’avidine®®’ ou un cceur de polypyrrole®! qui ont permis in vitro d’observer I’internalisation des
PB dans les cellules. Par conséquent, de nouveaux exemples de PB luminescentes avec
différentes gammes d’émissions sont nécessaires. Pour ce travail, 1’équipe du Dr Yannick Guari
et plus particulicrement, Mme Ekaterina Mamontova, doctorante, ont mis en évidence une
stratégie originale visant a rendre luminescente des PB par une fonctionnalisation apres la
syntheése des nanoparticules par deux fluorophores différents, le 2-aminoanthracene (AA) et la
Rhodamine B (RhB), afin de produire un syst¢eme magnéto-luminescent permettant de suivre
le devenir des nanoparticules dans les cellules cancéreuses. Cet article ou je suis co-premier

auteur fera I’objet d’une future soumission.

85



Please do not adjust margins

Journal Name

COMMUNICATION

ROYAL SOCIETY
OF CHEMISTRY

Implementing luminescence in Prussian blue nanoparticles:
synthesis, properties and in vitro imaging

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

We report in this communication the post-synthetic
functionalization of Prussian Blue (PB) nanoparticles by two
different luminiphores (2-aminoanthracene and rhodamine B). The
photoluminescence properties of the fluorophores are found
modified by confinement effet upon adsorption. We demonstrate
that such multifunctional nanosized systems could be used for in
vitro imaging.

Prussian Blue (PB) and their analogues are widely recognized as
the first coordination network materials in which transition
metal ions are assembled through cyano-bridges that generate
a 3D cubic structure. PB is a valence mixed system exhibiting the
general formula Aj.Fe"[Fe'(CN)gliwa wa in which A is an
alkaline ion and [ denotes the hexacyanoferrate vacancies. The
synthesis of PB at the nanoscale has recently attracted a great
interest due to their specific molecule-based character that
differs with respect to classical inorganic nanoparticles.’> More
specifically a recent upturn has recently been taken to utilize PB
nanoparticles for biomedical applications thanks to their
adjustable physical and chemical properties, their porosity and
their chemical robustness in water over a large pH range* while
benefiting from an excellent biocompatibility since the soluble
form of PB has been approved by the Food and Drug
Administration (FDA) as an antidote for radioactive Cs* and TI*
poisoning.>® Consequently, the efficiency of nanosized PB has
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been demonstrated for a myriad of biomedical applications
including contrast agents for Magnetic Resonance Imaging
(MR|),1°'2° scintigraphy,?! photo-acoustic imaging,2223 nano-
carriers for drug delivery?427 or as therapeutic agents for
different kinds of therapy and treatment?® 28 including
photothermal therapy.29-32

On the other hand, others simple and affordable techniques
such as fluorescence imaging benefiting from a high temporal
resolution and high sensitivity3? is therefore highly needed to
fully exploit the potentialities of nanosized PB with the aim to
locate the nanoparticles, understand their biodistribution and
monitor the efficiency of the targeted treatment. However,
efforts to implement luminescence in these intrinsically
multifunctional PB nanosystems remain almost unexplored.
One can cite the examples of Mn-doped PB nanoparticles with
an avidin functionalized surface or core@shell made of
polypyrrole@PB nanoparticles.14 34 Although in vitro
fluorescence imaging was performed, the internalization of the
nanoparticles into the cells needs to be clearly confirmed.
Hence, new examples of luminescent PB nanoparticles with
different emission ranges are therefore required. Besides, from
a fundamental point of view, elucidation of the adsorption
mechanism and studies of their photophysical properties are
also of critical importance to ultimately optimize the systems.

In this sense, we have recently reported an original strategy
to render magnetic nickel hexacyanochromate nanoparticles
luminescent by a post-synthetic functionalization by the 2-
aminoanthracene (AA) fluorophore to yield a bifunctional
magneto-luminescent system.35 Taking advantage of this simple
methodology, we propose here to extend this strategy to PB
nanosystems by functionalization with two different
fluorophores, AA and Rhodamine B (RhB). We demonstrate that
differences in the luminophore adsorption mechanism are
readily observed while in vitro fluorescence imaging
unambiguously confirms the potential of such functional PB
nanosystems.

Implementing luminescence properties in our PB nanosized
systems was therefore performed by a two-steps procedure

J. Name., 2013, 00, 1-3 | 1
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luminophores. In this study, two fluorophores that differs from
their size and emission features were selected (Scheme S1).
Firstly, the AA luminophore was selected since: i) the amine
function allows its anchorage via the formation of hydrogen or
coordination bonds to the Fe3* metal ions of PB located close
to the cyanometallate vacancies; ii) its small molecular size
that can fit into the pores generated by the hexacyanoferrate
vacancies; iii) its green color emission upon various excitation
wavelengths ranging from 300 to 450 nm,3¢ which makes it
widely used in applications, such as reagents and assay Kkits.
The second luminophore is the well-known RhB, extensively
used in different applications including nanoparticles
functionalization.?’ In contrast to AA, the large size of RhB
most likely prevents its adsorption within the PB porosity but
surface functionalization may be achieved either by
electrostatic (ammonium interacting with negatively charged
PB nanoparticles) or coordination (carboxylic moieties)
interactions. Additionally, the excitation wavelength in the
visible (500-600 nm) may be taken as an advantage for
bioimaging and induces a red emission.3”

Surfactant free PB nanoparticles NagsoFe"[Fe!(CN)glo.s2:3.7H,0
(1) of 72 £ 6 nm (Fig. S1) were obtained using our previously
reported method in aqueous solution by the controlled
addition of the molecular precursors Nas[Fe(CN)g]-10H>0 and
FeCl3-6H,0.32 38 1 was subsequently redispersed in either
ethanol or water with AA or RhB respectively, and the mixture
was reacted for 24H before being thoroughly washed and next
dialyzed to fully remove any residual luminophores. Elemental
and Thermogravimetric (TGA) analyses (Fig. S2-S3) on the
obtained solids allows estimating the water and luminophores
content to give NagsoFe[Fe'"(CN)glo.s3@(AA)o.0s-3.6H,0
(1@AA) and Nag.23Fe''[Fe"(CN)s]o.s1@(RhB)o.o2:3.7H.0
(1@RhB). This corresponds to a loading capacity, defined as
the luminiphore’s weight divided by the total weight of the
nanoparticles, of 4.8 and 2.9 % for 1@AA and 1@RhB
respectively. Besides, TGA analyses indicate that in both cases
the luminophore’s decomposition occurs at higher (1@AA) or
similar temperatures (1@RhB) compared to the individual
entities and concomitantly with that of PB suggesting a strong
interaction between the luminophores and the nanoparticles.
In comparison with the pristine nanoparticles, 1@AA and
1@RhB exhibit similar structural features such as a stretching
cyanide v(Fe'-CN-Fe'') band located around 2080 cm™! in the
FT-IR spectra (Fig. S4-S5), and a Powder X-Ray Diffraction
Patterns showing the typical fcc structure with a lattice
parameter a = 10.0 A (Fig. S6, Table S1). The post-
functionalization with the luminophores is confirmed by the
typical vibrations of either AA and RhB in the 600-1700 cm™
region (Fig. S5). Scherrer analysis does not reveal a
modification in the crystallite sizes with respect to the pristine
nanoparticles (i.e. 55 nm, Table S1) which is in good
accordance with the Transmission Electronic Microscopy (TEM)
analyses showing cubic nanoparticles with a mean diameter of
72 £+ 5 nm and 73 + 5 nm for 1@AA and 1@RhB respectively
(Fig. 1, Fig. S7-S8). The negative values of the zeta potentials
for 1 and 1@AA are rather similar indicating a similar surface
state (Table S2). In contrast, a significant increase of the zeta

2 | J. Name., 2012, 00, 1-3

Journal Name

potential is observed for 1@RhB while no chloride ion (that
may originate from RhB) could be detected by EDS analysis. All
these results indicate that AA may be adsorbed within the
porosity of the PB whereas RhB interacts electrostatically with
the negatively charged surface of PB nanoparticles.

To validate such assumptions, molecular simulations
(Monte Carlo and classical force field-based calculations) were
performed (ESI). The pores size distribution of 1 (Fig. S9)
highlights two distinct porosity in the coordination network,
namely the tetrahedral sites of the fcc structure and the
distorted larger pores of 8 A x 8 A x 11 A generated by
cyanometallate vacancies and suitable to accommodate only
AA (10 A x 5 A x 1 A). In contrast, the size of RhB (16 A x 12 A
x 7 A) is clearly too large to enter into these cavities,
suggesting rather an interaction at the nanoparticles surface.

Figure 1. TEM images of 1@AA (a) and MDA-MB-231 cancer cells exposed with 1@AA
(b); Photographs of 1, 1@AA and 1@RhB (c) and under excitation with an UV lamp at
365 nm (d).

Additionally, the AA amount adsorbed at saturation can be
obtained by Monte Carlo simulations by taking the hypothesis
of the AA loading in an empty structure is estimated at 0.13
AA molecules per unit cell (as defined below), which is slightly
higher than the experimental value of 0.08. This corresponds
to a loading capacity of 7.6 wt% to compare with the
experimental one of 4.8 wt%. This discrepancy could be
rationalized by the presence of solvent molecules which are
able to chemically interact with unsaturated metal centers
(CUS) and enters in competition with AA. To go further, the
distribution of the AA molecules in the pores reveals that this
latter is adsorbed within the largest pores generated by
cyanometallate  vacancies (Fig. S10). Complementary
calculations have also been performed to calculate the
interaction energy when the AA adsorption is mainly governed
by physisorption (since Universal Force Field is unable to
predict the formation of a covalent interaction). Firstly, the
enthalpy corresponding to a physisorption at low coverage (1
molecule per cell) is estimated at —30 kcal.mol1, while the
chemisorption involving a coordination bond between AA and
Fe3* gives a larger value of 120 kcal.mol™t. Such difference
suggests a favorable interaction by coordinative bonds. Fig.

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

87



S10 illustrates this interaction between NH; from AA and Fe3*
of 2.7-29 A described by Monte-Carlo simulations
(physisorption), but it should be mentioned that interaction
between NH; and cyano-groups can be observed. In contrast,
by considering chemisorption, a shorter distance of 1.96 A
between AA and Fe3*is found.

—1@AA

1.0+

Normalized intensity
o
&

oy
o
2

400 450 500 550 600 650 700
Wavenlength | nm

Figure 2. Room temperature normalized emission spectra for 1@AA (excited at 360
nm) and 1@RhB (excited at 520 nm) re-dispersed in ethanol (1 mg.mL™).

The optical properties of the resulting functionalized PB
nanoparticles were investigated in both suspension and solid-
state. Firstly, the electronic absorption spectra of 1@AA and
1@RhB show the typical broad band in the NIR associated with
the intervalence Fe2*/Fe3* charge transfer of PB (Fig. S11).
Moreover, the typical absorption bands related to the
fluorophores could also discerned around 400 nm and 550 nm
for AA and RhB respectively. As regards the
photoluminescence features, Fig. 1 shows that while a
suspension of 1 is optically inactive, both 1@AA and 1@RhB
exhibit a blue-green and orange emission respectively when
excited by a UV-lamp. For both functionalized systems, the
photoluminescence spectra acquired in suspension exhibit a
blue-shift (e.g. 10 nm) with respect to the isolated
luminophores (Fig. 2, Fig. S12). Such phenomenon was
previously observed in related functionalized PBA
nanoparticles and could be ascribed to a modification of the
environment of the luminophores upon adsorption.?s Thus,
when excited in the UV to blue spectral region, suspension of
1@AA exhibits a broad emission band located at 500 nm while
excitation of 1@RhB at 520 nm shows an asymmetric emission
band centered at 575 nm (Fig.1, Fig. S13-S14). In solid-state,
1@AA displays a comparable green emission feature at the
exception of a weak emission component located in the 400-
430 nm region (Fig. S15) and previously identified as being
dependent on the chromophore’s concentration upon
adsorption in PBA.35 In contrast, the solid-state emission
spectrum for 1@RhB (Fig. S16) is comparable to that obtained
in aqueous suspension while only a red-shifted emission band
is observed for the RhB due to the well-known concentration
effect.3?

This journal is © The Royal Society of Chemistry 20xx

Release experiments were carried out to confirm the strong
interaction of the fluorophores with the PB nanoparticles. For
both 1@AA and 1@RhB, no release of the luminophores could
be detected after dialysis in water during 24H (Fig. S17). These
results suggest that the luminescence properties of PB
nanoparticles could be used to follow their cells
internalization. Hence, in vitro experiments on human breast
adenocarcinoma cells (MDA-MB-231) were performed.
Fluorescent imaging of the MDA-MB-231-GFP living cells
showed that the nanoparticles were efficiently internalized by
cancerous cells. After 20 h incubation, 1@AA and 1@RhB are
localized in cell cytoplasm.

Nuclei Compounds Merged

Figure 3. Human breast adenocarcinoma MDA-MB-231-GFP cells uptake of
nanoparticles. Cancerous cells were incubated or not for 20 h with 1@AA or 1@RhB at
a concentration of 100 pg.mL"%.

Moreover, comparison between 1@AA and 1@RhB
internalization with the independent luminophores indicates
that AA was not internalized by the cells in contrast to RhB
(Fig. 3, S18). This later is indeed known to cross the
membranes of cells®®. Moreover, control experiments were
performed with 1 using similar conditions (Fig. S19). No
fluorescence could be detected demonstrating the efficiency
of the post-functionalization. To ultimately confirm the cancer
cell internalization of the functionalized 1@AA and 1@RhB,
TEM imaging was performed after 20 h of incubation. The
results point out a clear localization of the functionalized PB
into the MDA-MB-231 cells (Fig. 1, Fig. S20), in accordance
with the results from fluorescence imaging.

Finally, quantification of the 1@RhB internalization by
cancerous cells by flow cytometry experiments was performed
(Fig. S21). 1@RhB was incubated in the culture cells at a
concentration of 100 pg.mL ! during different times (1 h,3 h, 6
h and 24 h). After 3 h of incubation, a high internalization level
(55% stained cells) was reached and after 24 h, 79% of cells
were stained. All together, these biological experiments

J. Name., 2013, 00, 1-3 | 3

88



COMMUNICATION

demonstrate the potential of such PB nanoparticles to highly
penetrate the cancer cells.

In conclusion, we have demonstrated that PB nanoparticles
could be easily post-functionalized by various luminophores to
render them luminescent. Depending on the luminophore’s
nature, different adsorption mechanisms could be observed as
confirmed by molecular modeling. Additionally, we
unambiguously show that these simple functionalized
nanosized probes could be efficiently used to monitor the cell
internalization of the nanoparticles by fluorescence imaging.
This opens exciting perspectives for using these PB
functionalized nanoparticles for multimodal imaging.
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Fig. S20. TEM imaging of MDA-MB-231 cancer cells (A, control) and exposed with 1@AA
(B), 1@RhB (C) for 20 h at a concentration of 100 png.mL™". The nanoparticles are localized
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Experimental section

Synthetic procedures

Materials. All chemical reagents were purchased and used without further purification: Iron (III)
chloride hexahydrate (Sigma Aldrich, 97%), Sodium hexacyanoferrate (II) decahydrate (Alfa
Aesar, 99%), 2-aminoanthracene (Alfa Aesar, 94%), Rhodamine B (Acros Organics, 98+%),
ultra-pure water, ethanol 96% vol (TechniSolv), SnakeSkin Dialysis Tubing (3,5000 MWCO,
22 mm x 35 feet dry diameter, 34 mm dry flat width, ThermoScientific).

Synthesis of Na*/Fe’*/[Fe'(CN)g]*~ PB nanoparticles (1). The PB nanoparticles were obtained
following the general procedures.'> At 25°C, aqueous solutions of FeCls-6H,O (10.00 mM, 10 mL) and
Nay[Fe(CN)s]- 10H20 (11.25 mM, 10 mL) were added simultaneously to 100 mL of pure water at 2
mL.h™" rate, using a syringe pump. After addition, the mixture was stirred one hour before being
centrifuged at 37,500 x g (20,000 rpm) during 15 min. The supernatant was removed and the NPs were
washed successively with water and ethanol and dried under vacuum. Dark blue powder.

IR (KBr): v(O-H) = 3630 cm™' (coordinated water), v(O-H) = 3400 cm™' (crystallized water), v(C=N) =
2082 cm! (Fe"-C=N-Fe'), §(0-H) = 1606 cm ™' (crystallized water), v(Fe"-CN) = 602 cm ™', 8(Fe"-
CN)=501 cm™.

EDS: 14.04/85.96 (Na/Fe). Formula found: Nao s0Fe™[Fe"(CN)s]os2-3.7H20.

Elemental analysis calcd (%): C, 19.49; H, 2.44; N, 22.72; found (%): C, 19.22; H, 3.36; N, 22.15.

Post-synthetic functionalization of Na'/Fe*'/[Fe"(CN);]*~ PBA nanoparticles with 2-
aminoanthracene (1@AA). The post-functionalization was performed by mixing the pristine
Na‘/Fe**/[Fe"(CN)s]*” NPs (30 mg, 0.10 mmol) with the 2-aminoanthracene (96 mg, 0.50 mmol) in
ethanol for 24 h under stirring. Then, the solution was centrifuged at 37,500 x g (20,000 rpm) during 15
min. The supernatant was removed and the NPs were washed with ethanol several times. The NPs were
dispersed in the minimum of ethanol to perform a 2-days dialysis using SnakeSkin Dialysis Tubing.
Finally, the solid was recovered by centrifugation at 37,500 x g (20,000 rpm) during 15 min and dried
under vacuum. Blue solid.

IR (KBr): v(O-H) = 3630 cm™" (coordinated water), v(O-H) = 3390 cm™' (crystallized water/primary
alcohol groups), v(C=N) = 2078 cm™' (Fe"-C=N-Fe"), v(N-H) = 1635 cm” (N-H amine),
8(0-H) = 1609 cm™ (crystallized water), v(C-C) = 1485-1410 c¢cm™ (aromatic), v(C-H) = 1346-600
cm™' (aromatic), v(Fe"-CN) =600 cm™', §(Fe"-CN) =501 cm™'.

EDS: 15.12/84.88 (Na/Fe).

Elemental analysis calcd (%): C, 21.60; H, 2.49; N, 21.05. Found (%): C, 21.33; H, 2.56; N, 20.78.
Estimated formula for 1@AA: Nag 30Fe"[Fe"(CN)s]o.s3@(AA)o.08-3.6H20.

Post-synthetic functionalization of Na'/Fe*"/[Fe''(CN)s]*~ PBA nanoparticles with Rhodamine
B (1@RhB). The post-functionalization was performed by mixing the pristine Na*/Fe**/[Fe''(CN)s]*
NPs (30 mg, 0.1 mmol) with the rhodamine B (240 mg, 0.50 mmol) in ultrapure water for 24 h under
stirring. Then, the solution was centrifuged at 37,500 x g (20,000 rpm) during 15 min. The supernatant
was removed and the NPs were washed with water several times. The NPs were dispersed in minimum
of water to perform a 2-days dialysis using SnakeSkin Dialysis Tubing. Finally, the solid was
recovered by centrifugation at 37,500 x g (20,000 rpm) during 15 min, washed with water and ethanol
and dried under vacuum. Blue solid.
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IR (KBr): v(O-H) = 3630 cm™' (coordinated water), v(O-H) = 3400 cm™' (crystallized water/primary
alcohol groups), v(C=N) = 2082 cm™' (Fe'-C=N-Fe""), v(C=0) = 1691 cm™ (COOH acide), v(C=N) =
1635 cm™, v(C-C) = 1485-1410 cm™' (aromatic), v(C-H) = 1346-600 cm™' (aromatic), v(Fe"-CN) =603
em™’, 8(Fe-CN) =501 cm ™.

EDS: 11.59/88.06 (Na/Fe).

Elemental analysis caled (%): C, 18.29; H, 2.53; N, 20.45. Found (%): C, C, 18.57; H, 2.62; N, 20.95
Estimated formula for 1@RhB: Nag 23Fe"[Fe"(CN)g]o.s1@(RhB)o.02-3.7H20.

Luminophore’s release

In order to estimate the release kinetics, the NPs 1@AA or 1@RhB (10 mg) were dispersed in 3 mL of
ultrapure water to perform 24-hours dialysis using SnakeSkin Dialysis tubing in 10 mL of water. The
receiving medium was studied by UV-Vis spectroscopy.

Cell culture
Human breast adenocarcinoma MDA-MB-231-GFP and MDA-MB-231 cell lines were used. MDA-

MB-231 cell line stably expresses GFP inducing the visualization of green nuclei in contrast to MDA-
MB-231. Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
10% fetal bovine serum and antibiotic (0.05 mg.mL™" gentamicin). These cells grown in humidified
atmosphere at 37°C and under 5% CO,.

Characterization methods

Infrared spectroscopy
Infrared spectra were recorded as KBr disks on a PerkinElmer Spectrum two spectrophotometer.

Ultraviolet-visible spectroscopy
UV-Vis spectra were collected on a JASCO V-650 spectrometer in water or ethanol (C = 500 ug.mL™).

X-ray powder diffraction

X-ray powder diffraction patterns were recorded in the 2 interval 5-60° at room temperature with the
PANalytical X’Pert Powder diffractometer analytical diffractometer mounted in a Debye—Scherrer
configuration and equipped with Cu radiation (A = 1.5418 A).

TGA analysis
Thermogravimetric analyses were obtained with a thermal analyzer STA 409 Luxx® (Netzsch) in the
range 25 — 650 °C at heating speed of 5 °C.min"".

Electron microscopy

Transmission Electron Microscopy (TEM) observations were carried out at 100 kV (JEOL 1200 EXII).
Samples for TEM measurements were deposited from solutions on copper grids. Nanoparticles’ size
distribution histograms were determined using enlarged TEM micrographs taken at magnification of
100 K on a statistical sample of ca. 300 nanoparticles.

TEM imaging

MDA-MB-231 cells were seeded on glass coverslips for 24 h. After controlling their adherence and
growing, cells were exposed or not to 100 pg mL" of 1@AA and 1@RhB for 20 h The medium was
removed and cells were washed twice with DPBS. Cells were fixed by incubation with 2.5% (v/v)
glutaraldehyde in DPBS buffer and stored at 4°C. Then, cells were extensively washed with DPBS. The
staining of samples was obtained upon incubation with 1% osmium tetroxide. Samples were dehydrated
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by ascending grades of EtOH; for impregnation, the samples were firstly treated with a mix EtOH/EPON
resin (1:1, v/v) for 1 h, and twice in EPON for 2 h. The polymerization was performed by embedding
cells in EPON resin for 12 h at 60°C, plunged in liquid nitrogen at -195°C to detach the coverslip, and
placed for two days at 60°C for completing polymerization. The ultrathin sections (70 nm) were obtained
using an ultramicrotome (Leica Ultracut) and disposed on the copper grids. The grids were incubated in
uranyl acetate for 2 min, rinsed in water, and then incubated in lead citrate for 2 min, and finally rinsed
with water.

Scanning Electronic Microscopy

Scanning Electronic Microscopy (EDS) analyses were performed on a FEI Quanta FEG 200 instrument.
The powders were deposited on an adhesive carbon film and analysed under vacuum. The quantification
of the heavy elements was carried out with the INCA software, with a dwell time of 3 ps.

Photoluminescence measurements

The emission and excitation spectra were recorded at 295 K using an Edinburgh FLS-920
spectrofluorimeter in water or ethanol suspension (C = 500 pg.mL™) or for powdered samples. The
excitation source was a 450 W Xe arc lamp. The emission spectra were corrected for detection and
optical spectral response of the spectrofluorometer.

Cellular uptake

The cellular uptake experiment was performed using confocal fluorescence microscopy on living cells.
MDA-MB-231-GFP cells were plated onto bottom glass dishes (World Precision Instrument, Stevenage,
UK) in 1 mL culture medium for 24 h. Cancerous cells were treated or not for 20 h with 1@AA or
1@RhB at a concentration of 100 pg.mL"', and AA or RhB at the same grafted concentration on 1.
Before the visualization, cells were washed two times with culture medium. Confocal fluorescence
microscopy observations were carried out at Carl Zeiss Microscope. The measurements were performed
on living cells under a 488 nm wavelength excitation for nucleus, 458 nm for AA and 561 nm for RhB
using. All images were performed with a high magnification (63x/1.4 OIL DIC Plan-Apo).
Conventionally, GFP signal was represented in green, here GFP is in blue in order to show the AA
fluorescence in green. In addition, MDA-MB-32-GFP cells were used for confocal imaging to have
nuclei labeling other than DAPI, in order to avoid excitation spectrum overlap between DAPI and 2-
AA.

Internalization quantification by FACS

MDA-MB-231 cells were treated or not with 100 pg.mL-1 of 1@RhB for 1, 3, 6 and 24 h. After
treatment, control and treated cells were washed once in cold Phosphate Buffer Saline (PBS), harvested
and centrifuged (1300 rpm, 5 min). Cell pellet were resuspended in PBS enriched with CaCl,, MgCl,
and stained by propidium iodide (1 pg.mL-1) (Sigma-Aldrich Chimie, Lyon, France), a cell death
indicator. Flow cytometric determination of living cells and micelles with FITC positive cells was done
by FACS CytoFlex Flow Cytometer (Beckman Coulter, France) with a minimum of 10.000 living cells
collected.

Computational section

To complete the study, Monte Carlo simulations were performed at 300 K to determine the amount
adsorbed at saturation for both RhB and AA in the PB structure 1 as well as the adsorption energy
between the first molecule and the framework. For that purpose, 5x10° steps for equilibration and 5x10°
steps of production were considered for calculations using Universal Force Field (UFF) combined with
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partial charges for both the molecules and the framework. The force fields were implemented in the
home-made Monte Carlo code. Following the strategy proposed in Rojas et al.,> ESP charges were
extracted from DMol® calculations for RhB and AA molecules while qEq partial charges (corresponding
to the partial charges obtained from the electronegativity equalization method) were considered for the
solid framework and formal charges for the compensating cations. Concerning the Lennard Jones
interactions, the Lorentz-Berthelot rules were applied with a cut-off radius fixed at 12.5 A. Ewald
summation for the electrostatic part was handled to increase the convergence for the energy calculations.
The structures considered for the solid have already been presented in the literature.

In addition, classical calculations performed with GULP have been used to optimize the geometry of
the solid considering a chemical interaction with the AA in order to compare the physical interaction
(similar to adsorption of the molecule) and the chemical interaction (similar to chemisorption of the
molecule on the unsaturated metal center). For these calculations, the same parameters used before have
been considered.

Keep in mind that the molecular simulations have focused on the microscopic pores and not on the
mesopores which were present in the structure. From Monte Carlo simulations, the adsorption enthalpy
at low coverage (1 molecule per cell) is estimated at —30 kcal.mol ™', which is weaker than the chemical
interaction between AA and 1 (evaluated at —120 kcal.mol™") calculated using similar force fields. This
value is obtained from the difference between the energy of the {PB + AA} structure (where the AA is
interacting with the Fe** cation by NH group) and the sum of the energy of the empty PB structure and
the energy of the AA molecule. These results point out that AA should interact with 1 by strong chemical
coordination interactions.

In complement, the pore size distribution has been calculated using the same parametrization for the
framework (UFF) and the methodology developed by Gelb and Gubbins.*. The pores size distribution
shows two different types: the tetrahedral sites of the fcc structure (with pore diameter close to 4 A) and
larger pores (with pore radius estimated at 7.5 A from Figure S9 if we consider a spherical ball to probe
the porosity, but the pores are elongated and dimensions are close to 7.5 A x 7.5 A x 20 A)) formed by
cyanometallates vacancies which are suitable to accommodate AA of 10 A x 5 A x 1 A but are unable
to accommodate RhB of 16 x 12 x 7 A.

10
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Fig. S2. Left: TGA analysis obtained with a 5°C.min "' heating rate for 1, AA and 1@AA; Right: TGA
curve obtained with a 5°C.min "' heating rate demonstrating the decomposition of 1@AA.
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Fig. S7. TEM image of 1@RhB.
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two types of pores corresponding to the channels and the larger pores formed by the vacancies.

14

103



Fig. S10. Top: Snapshot illustrating the density of presence of the AA molecules (green) and of the
alkaline ions (red) in the empty PB structure 1 from Monte Carlo simulations. Color code for 1: orange
Fe*', light violet Fe*, blue N, grey C. Bottom: Plausible configuration of the AA molecule in PB
structure 1 from Monte Carlo simulations at saturation.
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Fig. S12. Left: Room temperature normalized emission spectra for AA and 1@AA re-dispersed in
ethanol (1 mg.mL™") and excited at 360 nm. Right: Room temperature normalized emission spectra for
RhB and 1@RhB re-dispersed in water (1 mg.mL™") and excited at 520 nm.
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Fig. S13. Left: Room temperature normalized excitation spectra for AA and 1@AA re-dispersed in
ethanol (500 pg.mL™") monitored at 500 nm. Right: Room temperature emission spectra for I@AA re-
dispersed in ethanol excited at different wavelengths.
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Fig. S17. Electronic spectra of dialysis medium (water) after release’s experiments for 1@AA (left)
and 1@RhB (right).

Nuclei Compounds Merged

RhB

Fig. S18. MDA-MB-231 were incubated for 20 h with AA and RhB at a concentration of 100
ug.mL™'. One photon fluorescence imaging was performed on living cells with similar parameters that
1@AA and 1@RhB imaging, respectively.
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Nuclei Compounds Merged

Fig. S19. MDA-MB-231 were incubated for 20 h with 1 at a concentration of 100 pg.mL™". One
photon fluorescence imaging was performed on living cells with similar parameters that 1@AA (a)
and 1@RhB (b) imaging, respectively.

1(a)

1 (b)

108



Fig. S$20. TEM imaging of MDA-MB-231 cancer cells (A, control) and exposed with 1@AA (B),
1@RhB (C) for 20 h at a concentration of 100 pg.mL™". The nanoparticles are localized by arrows in
the cells.
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Fig. S21. Internalization of 1@RhB by living MDA-MB-231 cells by flow. Cells were treated or not
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Table S1. Crystallographic parameters for 1, 1@AA and 1@RhB

means = SEM of two experiments.

Sample Lattice parameter (A) Crystallite size (nm)
1 10.07 55
1@AA 10.08 55
1@RhB 10.06 54
Table S2. Values of the zeta potential for 1 and 1@AA

Sample Zeta potential (mV)

1 -27+5

1@AA -25+5

1@RhB -15+£5
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e Conclusion :

Dans cette étude, nous avons démontré que les PB pouvaient étre fonctionnalisées apres
leur synthese par divers luminophores afin de suivre leur devenir dans les cellules cancéreuses.
Dans un premier temps, les chimistes ont confirmé la forte interaction des luminophores avec
les PB. En effet, apres dialyse dans de 1’eau pendant 24 h, aucune libération du 2-AA ou de la
RhB n’a été détectée. Par conséquent, ces PB fonctionnalisées avec les luminophores peuvent
étre utilisées pour suivre le devenir des nanoparticules dans les cellules. J’ai donc par la suite
réalisé des expériences in vitro sur des lignées cellulaires du cancer du sein. L’imagerie
confocale sur cellules vivantes a montré que les nanoparticules étaient internalisées
efficacement et s’accumulaient dans le cytoplasme aprés 20 h d’incubation. De plus, j’ai
confirmé I’internalisation des PB fonctionnalisées par les cellules cancéreuses par microscopie
électronique en transmission (TEM). Pour finir, j’ai quantifié par cytométrie en flux
I’internalisation des PB fonctionnalisées avec la RhB a différents temps ce qui nous a permis
de conclure que les cellules cancéreuses les internalisaient rapidement : deés 3 h d’incubation.
Tous ces résultats permettent d’ouvrir des perspectives intéressantes pour 1’utilisation de ces

nanoparticules en imagerie.
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Chapitre 2 : Les nanoparticules pour la délivrance de drogue

Pour cette partie de travail de ma theése, nous avons travaillé en étroite collaboration
avec les équipes du Dr Jean-Oliver Durand et du Dr Peter Hesemann de I’Institut Charles

Gerhardt de Montpellier.

1. Les nanoparticules organosiliciées

Ces nanoparticules sont synthétisées a partir de précurseurs organiques, d’agents
directeurs de structure et en absence de silice. Des études récentes ont montré leur excellente
biocompatibilité?*>. Les analogues poreux (PMO) de ce type de nanoparticules sont tres
couramment utilisés pour différentes applications telles que I’adsorption®?, la catalyse®**, la
délivrance de drogue®> et la théranostique®®. Le travail de Inagaki, Ozin et Stein en 1999, a
décrit pour la premicre fois la synthese des nanoparticules organosiliciées : ces matériaux sont
obtenus grace a des réactions d’hydrolyse et de polycondensation (réaction sol-gel)?*’>°. Une
grande variété de matériaux a déja ét€ synthétisée a partir de différents précurseurs
organosiliciés®®. Contrairement aux nanoparticules de silice mésoporeuse (MSN), qui sont
aussi couramment utilisées, les PMO sont des solides poreux c’est-a-dire qu’ils présentent des
arrangements en trois dimensions d’atomes laissant apparaitre dans leurs structures des pores
répartis de maniere périodique. Ces pores sont basés sur des groupes fonctionnels organiques
liant de maniere covalente les domaines siloxanes de formule chimique R,SiO ou R est un

groupe radical organique (Figure 21).
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Figure 21 : Représentation schématique des MSN et PM(Q?%

2. Description des travaux

Publication n°3 : « Organosilica nanoparticles for gemcitabine monophosphate delivery in

cancer cells »

e Introduction :

Pour cette étude, deux types de nanoparticules ont été synthétisés par 1’équipe du Dr
Jean-Olivier Durand et du Dr Peter Hesemann, et plus particulierement par le Dr Saher Rahamni
et le Dr Roza Bouchal. Ces nanoparticules ont été développées pour la délivrance de
drogue anti-cancéreuse, dans notre cas la gemcitabine monophosphate qui est utilisée
notamment dans le traitement du cancer du sein. Les drogues hydrophiles ne peuvent pas étre
encapsulées dans des MSN sans la présence de bouchons qui bloquent les pores®?!2°2, Par
conséquent, nous avons décidé d’étudier I’encapsulation de la gemcitabine dans des
nanoparticules organosiliciées. L.’encapsulation de la gemcitabine monophosphate est difficile
et peu de systemes covalents comme la squalénisation (vésicules formées de gemcitabine
monophosphate greffée sur des molécules de squaléne), des formulations basées sur des liaisons
de coordination avec des ions métalliques et des nanoparticules ou la gemcitabine se lient a du

calcium phosphate ont été décrits3*3-305,
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Dans cette étude, nous proposons deux stratégies innovantes pour l’encapsulation et la
libération de la gemcitabine monophosphate :

- Tutilisation de nanoparticules organosiliciées a base d’amine obtenues a partir du bis(3-
trimethoxysilylpropyl)-N-methylamine qui est composée de porphyrines (POR-NP)
afin de pouvoir imager et localiser les nanoparticules dans les cellules,

- Tutilisation de nanoparticules organosiliciées a base d’ammonium, qui sont appelées

nanoparticules ionosiliciées (INP) et qui sont obtenues a partir d’un précurseur

d’ammonium trimethoxysilane.

J’ai étudié I’efficacité biologique de ces nanoparticules sur des lignées cellulaires du
cancer du sein afin de démontrer leur potentiel thérapeutique en tant que véhicule de drogue
anti-cancéreuse et leur potentiel d’imagerie. Les résultats ont été publiés dans un article dont je
suis premier auteur dans le journal ChemNanoMat. Nous avons également été sélectionnés pour

faire la couverture du journal.
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Organosilica Nanoparticles for Gemcitabine Monophosphate

Delivery in Cancer Cells

Morgane Daurat,” 9 Saher Rahmani,”’ Roza Bouchal,” Alia Akrout,” Jelena Budimir,”
Christophe Nguyen,” Clarence Charnay,” Yannick Guari,® Sébastien Richeter,”
Laurence Raehm,”” Nadir Bettache,” Magali Gary-Bobo,*® Jean-Olivier Durand,*™ and

Peter Hesemann*®

Abstract: Organosilica nanoparticles hold great promise for
nanomedicine applications. These nanoparticles are synthe-
sized from polytrialkoxysilylated precursors without any silica
source. In this work we present two kinds of organosilica
nanoparticles with either amine or ammonium walls con-
stituting their structure. Both types of nanoparticles are very

efficient for gemcitabine monophosphate delivery, a small
hydrophilic anticancer drug whose encapsulation is still a
challenge. The nanoparticles are endocytosed by MCF-7
breast cancer cells as monitored by confocal microscopy.
They are efficient and lead to 60% cancer cell death.

1. Introduction

The use of organosilica nanoparticles for biological applications
has attracted much attention during the last decade and the
field has been recently reviewed."” These nanoparticles are
prepared from polytrialkoxysilylated organic precursors, which
are condensed in mild conditions using the sol-gel procedure,
without the presence of any silica source. Recent studies have
shown the excellent biocompatibility of these nanoparticles.”’
Of interest are their porous analogues, which have also been
reviewed and are particularly suitable for theranostic applica-
tions and drug delivery.*® Indeed, their properties are very
different from that of well-known mesoporous silica nano-
particles (MSN).” Hydrophilic drugs such as anti-cancer drug
gemcitabine cannot be encapsulated in MSN without the
elaboration of stimuli-responsive stoppers to block the
pores.*'? We recently demonstrated that gemcitabine and
gemcitabine monophosphate (GMP) could be loaded in 1,2-bis
(triethoxysilyl)ethane-based periodic mesoporous organosilica
nanoparticles (PMO NPs) with high capacity. In order to extend
the scope of stimuli-triggered GMP delivery, we decided to
study methyl amine and methylammonium-based organosilica
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nanoparticles as gemcitabine monophosphate carriers. Indeed
the encapsulation of GMP is still very challenging and covalent
systems such as squalenization,"*'* formulations with metal
ions (MOF,">'¢ zn? *1""¥lor Gd**2%.-based coordination systems),
calcium phosphate-based nanoparticles® > have been re-
ported. Here, we describe two innovative strategies for GMP
transport and release, based on different types of organosilica
materials: i) the use of new amine-based organosilica nano-
particles (POR-organosilica) obtained from bis(3-trimethoxysilyl-
propyl)-N-methylamine, incorporating a porphyrin derivative in
the structure for near-infrared (NIR) imaging, and ii) the use of
ammonium based mesoporous ionosilica nanoparticles, which
we already described for dichlofenac delivery,” obtained from
a tris-trialkoxysilylated ammonium precursor. In the first case,
GMP release was controlled through pH change; in the second
case, the release was triggered through anion exchange. Both
GMP-loaded systems were incubated with MCF-7 cancer cells
and were very efficient in inducing cancer cell death.

2. Results and Discussion
2.1. Studies of POR-Organosilica Nanoparticles

POR-Organosilica nanoparticles were elaborated by co-conden-
sation of bis (3-methoxysilyl propyl)-N-methylamine (95% mol)
with tetraethoxysilylated 5,10,15,20-(tetra-4-aminophenyl)por-
phyrin (5% mol) under basic conditions with the use of CTAB as
the surfactant. The sol-gel reaction was carried out for 2 h at
75°C, then the nanoparticles were centrifuged and the
surfactant was extracted by exchange with NH,NO,. The POR-
Organosilica carriers were first characterized with transmission
electron microscopy (TEM) which showed the presence of
nanoparticles with a mean diameter centered at 80 nm 430 nm
(Figure 1AD). UV - visible spectra showed the presence of
adsorption bands (Soret-band: 424, Q-bands 522, 562, 580 and
652 nm) which confirmed the successful incorporation of the

888 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. A) TEM micrographs, scale Bar 100 nm. B) UV-vis absorbance spectra of the porphyrin derivative and of the nanoparticles in EtOH, C) N, adsorption-
desorption isotherms, D) Particle size distribution from TEM analysis. E) Dynamic Light scattering of POR-organosilica nanoparticles in absolute EtOH.

porphyrin derivative in the organosilica matrix (Figure 1B). No
red shift of the UV-Vis spectrum was noticed after incorporation
of the porphyrin, suggesting that no aggregation of the
photosensitizer occurred in the matrix. Quantification allowed
determining 0.0057 mmol of porphyrin/g of nanoparticles. The

ChemNanoMat 2019, 5, 888-896 www.chemnanomat.org

nitrogen adsorption-desorption experiments (BET) were carried
out. A low specific surface area of 68 m%g (Figure 1C) was
measured in agreement with a restricted accessibility of nitro-
gen molecules to the internal volume and surface of POR-
Organosilica nanoparticles at cryogenic temperature (77 K).

889 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. A) '°C CP MAS solid-state NMR of PORorganosilica nanoparticles B) *Si CP MAS solid state NMR of PORorganosilica nanoparticles.

Dynamic Light Scattering (DLS) was measured in water at
pH 5. The dispersibility of the nanoparticles was very good after
sonication, with a hydrodynamic diameter of 311 nm (Dn 50%)
with a PDI of 0.28. The size distribution in absolute EtOH is
displayed in Figure 1E and shows nanoparticles with a narrow
statistical distribution centered at 215 nm. The zeta potential
was measured at 33mV at pH7 in agreement with the
protonation of amine groups constituting the organosilica
matrix.

The structure of POR-organosilica nanoparticles was studied
by '>C and #’Si CP-MAS, solid-state NMR spectroscopy (figure 2).
The "C spectrum displayed the characteristic signals of the
phenylporphyrin derivative between 100 and 150 ppm, and the
signals of the aliphatic chain at 60 ppm (CH;N), 43 ppm (CH,N),
17 ppm (—=CH,-), 7 ppm (CH,Si). The *Si CP-MAS spectrum
displayed the signals of well condensed triethoxysilyl groups at
50, 60 and 70 ppm.

We then studied the adsorption of GMP by the POR-
Organosilica nanoparticles at neutral pH for 48 hours, at room
temperature. The loading capacity was very good (42%).
Interestingly the zeta potential was still measured at 33 mV
showing that GMP was adsorbed inside the POR-Organosilica
structure.

The release of GMP was monitored in water following
standard published protocols,””?® in order to show that the
release was pH sensitive (Figure 3).

The absence of release at pH 7.4 indicated that the
negatively charged drug was strongly interacting through
electrostatic interactions with the ammoniums constituting the
structure of POR-organosilica nanoparticles. The addition of HCI

ChemNanoMat 2019, 5, 888-896 www.chemnanomat.org

to adjust the pH at 5.5 led to the protonation of GMP (second
pKa of phosphate is 6) and this induced the drug release. 30%
of the drug was released after 4 hours.

In vitro cytotoxicity study was then performed on MCF-7
breast cancer cell line incubated with GMP anticancer drug
loaded- POR-Organosilica nanoparticles (Figure 4). MCF-7 cells
were incubated with empty or loaded nanoparticles in bio-
logical conditions for 72 h. The colorimetric assay used to
determine cell death level (MTT) showed that unloaded nano-
particles presented a low toxicity in the tested conditions. In
contrast, nanoparticles loaded with GMP induced 50% cell
death at low concentrations such as 1 pgmL ™" and reached the
maximal effect at 10 pgmL " with 60% cancer cell death. This
demonstrated the efficiency of POR-Organosilica nanoparticles
to deliver GMP in cancer cells.

Secondly, near-infrared (NIR) confocal imaging was realized
on MCF-7 breast cancer cells incubated for 24 h with
50 pgmL ™' of POR-Organosilica nanoparticles. The excitation
was performed at 750 nm with a femtosecond pulsed laser
allowing detection of intense luminescence of porphyrins which
demonstrated the efficient endocytosis and the imaging
potential of the POR-Organosilica nanoparticles.

2.2. Studies of lonosilica Nanoparticles

As a second way to transport GMP, we studied ionosilica
nanoparticles as drug carrier vehicles. lonosilicas, defined as
silica-based materials containing covalently anchored ionic
groups, recently emerged as a new family of functional organo-

890 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Release experiment of GMP loaded in POR-Organosilica nanoparticles. The experiment was performed in water upon addition of hydrochloric acid

(0.2 M). The release profile was plotted from the UV-visible spectra over time.
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Figure 4. (A) GMP delivery in human breast cancer cells (MCF-7) via POR-Organosilica nanoparticles. Cytotoxic study of a range (from 0.1 to 100 pgmL ") of
nanoparticles loaded or not with GMP, incubated for 72 h with MCF-7. (B) NIR fluorescence imaging of POR-Organosilica nanoparticles, demonstrating the
cellular uptake of 50 pgmL ' nanocarrier (green) by MCF-7 cells whose membranes are stained in red.

silicas. These materials are synthesized via hydrolysis-polycon-
densation reactions starting from ionic precursors.”**” lonosil-
icas combine high porosity, regular architecture on the
mesoscopic scale with an unmatched chemical versatility,
induced by the high number of incorporated ionic sites and the
high variability of possible anion-cation combinations. In
analogy to ionic liquids, which are considered as ‘designer
solvents’, ionosilicas can be regarded as ‘designer materials’®"
lonosilicas are particularly efficient anion exchange materials. In

ChemNanoMat 2019, 5, 888 -896 www.chemnanomat.org

relationship to biomedical applications, we already reported
that ionosilicas could efficiently trap a large variety of anionic
species among them oxo-anions, halides or anionic drugs and
dyeshnz-m

lonosilica nanoparticles (INPs) display several interesting
features that makes them systems of choice for a use as drug
nanocarriers and make them particularly interesting for applica-
tions in the biomedical field. First, INPs display low cytotoxicity
and therefore high biocompatibility. Second, the synthesis

891 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

119



N >""si(OMe),
.
Si(OMe),

CHEMNANOMAT
Full Paper

[e]
~~0 0\~/ \ /OM

\i/ S @ s
¢ QRS-
o

Figure 5. A. trisalkopxysliylated precursor used for the synthesis of ionosilica material. B. Schematic constitution of an ionosilica material.

process of INPs does not use highly cytotoxic compounds, in
particular cationic porogens such as CTAB. This synthesis
approach further enhances the biocompatibility and makes
complex purification steps of the nanoparticles needless. Due
to the high number of immobilized ionic sites, INPs are highly
hydrophilic and therefore easily dispersible in aqueous and
physiological media. INPs display high adsorption capacity
towards anionic drugs, as a high number of anion exchange
sites is present within the particles. Finally, loaded INPs display
slow and progressive release kinetics that is controlled by anion
exchange.”

We recently reported the first example of INPs for the
vectorization of a model drug, ie. diclofenac.”? The very
promising results obtained in this study prompted us to extend
our studies to another field, in particular anticancer therapy.
Here, we used INPs as nanocarriers to vehicle GMP.

INPs were obtained with a modified Stober method in
aqueous ammoniac solution. We used a tris-trialkoxysilylated
ammonium precursor for the synthesis of these nano-objects.
Hydrolysis-polycondensation reaction of this compound af-
forded INPs exclusively constituted of ionic ammonium building
blocks. The synthesis involved a combination of an anionic
surfactant, which generates mesoporosity within the particles
through a templating approach, and a neutral PEO-PPO-PEO
triblock copolymer as surfactant (F127). This latter compound
limits the particle growth, being adsorbed on the surface of the
formed primary particles.

In this work, we synthesized INPs with a slight modification
of the previously published procedure.”® In particular, we used
a procedure that gets on without the silylated PEG precursor,
allowing accessing INPs using only the neutral and physisorbed
F127 surfactant. Similarly to the previously reported procedure,
the INPs were synthesized from a tris-trimethoxysilylated
ammonium precursor (Figure 5A). The constitution of ionosilica
material from this compound is schematized in Figure 5B.

The INPs were characterized with several characterization
techniques to elucidate in particular their morphological and
surface properties.

ChemNanoMat 2019, 5, 888 -896 www.chemnanomat.org

DLS with the INPs indicated the formation of objects with a
particle size of 158 nm (+29 nm, PDI 0.17) (Figure 6A). DLS
often overestimates the particle size as it determines the
hydrodynamic diameter of the particles. DLS therefore takes
into account the hydration sphere of the particles, including the
surface located F127 surfactant. The particle size analysis from
electron microscopy results in a considerably lower diameter of
INPs of 87 +£22 nm (Figure 6B).

TEM and SEM images are given in Figure 6C/D. An average
particle size of about 50-100 nm can be estimated from these
images. Particle size analysis of the TEM indicates an average
diameter of 87 22 nm. These results are in line with our former
works, where INPs with a diameter of 104 nm have been
reported. The slightly lower diameter can be explained with the
absence of surface located PEG-groups. The particle size
strongly depends on several reaction parameters such as
concentration, temperature, and pH of the hydrolysis-polycon-
densation mixture. The fact that the formed nanoparticles show
a very similar size compared to the previously reported ones
shows the good reproducibility of the ionosilica nanoparticle
synthesis.

For efficient anion exchange processes, porosity and well-
defined textures are essential characteristics. We therefore
focused on the determination of the surface properties of the
INPs. First, we performed nitrogen sorption experiments with
the INPs. The nitrogen sorption isotherm is given in Figure 7A.
The INPs are highly porous and show a specific surface area Sger
of 826 m%g. The nitrogen sorption isotherm also gives
information regarding the pore size and pore volume. The
isotherm indicates two regions of nitrogen adsorption, namely
at P/P,< 0.3 and P/P,>0.8. The first region corresponds to the
filling of small mesopores. From the shape of the adsorption
isotherm, we can deduce a pore size of 2 nm, in line with our
former results. The strong nitrogen adsorption at higher relative
pressures indicates much larger pores and can be attributed to
intergrain porosity. Secondly, we characterized the nanopar-
ticles with X-ray diffraction. The diffractogram (Figure 7B) only
displays a shoulder at 20 =2.37, thus indicating the presence of
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nanoparticles with low long-range order. This result is not
surprising, as the nanoparticles are too small to exhibit regular
long-range architectures.

The characterization of INPs therefore confirms that highly
porous ionosilica nanoparticles can be exclusively obtained
from a silylated ammonium precursor. These nano-objects
contain a very high number of immobilized ionic groups, and
show high porosity and therefore display some interesting
features for applications for drug-delivery.

In a second time, we used these nanoparticles for anion
exchange with GMP. For this purpose, an aqueous dispersion of

ChemNanoMat 2019, 5, 888-896 www.chemnanomat.org

INPs was dispersed with a solution of GMP. The anion exchange
was monitored with UV-Vis spectroscopy. This technique
allowed for a precise determination of the quantity of
exchanged GMP. The anion exchange occurred very smoothly
and UV/Vis analysis of the supernatant indicated that the GMP
was efficiently adsorbed by the INPs. With this anion exchange
technique, we obtained ionosilica nanoparticles INP/GMP with a
loading of 1.76 mmol of GMP/g of nanoparticles. This value is in
line with formerly observed loadings of ionosilica materials.

To investigate the drug delivery potential of the INP/GMP
system, a cytotoxicity study on MCF-7 cells was performed with
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means + standard deviations of 3 experiments. B. Confocal microscopy of MCF-7 cells incubated with INPs (50 pgmL ') conjugated with FITC for 24 h. Imaging

was performed on living cells at a wavelength of 485 nm.

INPs loaded or not with GMP. For this purpose, cancer cells
were incubated with increasing concentrations of INPs. As
depicted on Figure 8A, INP+GMP induced 63% of cell death
after 72 h incubation at concentration of 50 pgmL™' whereas
bare INPs were not toxic. This effect could be attributed to the
efficient drug release after endocytosis of these nanoparticles
by MCF-7 cells as demonstrated in Figure 8B. In fact, INPs
conjugated with FITC were incubated in culture cells at
concentration of 50 ugmL~' for 24 h. Confocal microscopy
imaging of living cells showed that nanoparticles are efficiently
internalized by MCF-7 cells after this period.

All together, these data demonstrated the efficacy of INPs.
Importantly, unloaded INPs showed no cytotoxicity at the
studied concentrations, thus demonstrating good biocompati-
bility.

3. Conclusion

In this paper, we performed the synthesis of two different kinds
of organosilica nanoparticles for GMP delivery. The first system
obtained by the condensation of bis(triethoxysilylpropyl)meth-
ylamine led to amine-based organosilica nanoparticles of 80 nm
average diameter incorporating a porphyrin in the structure.
These nanoparticles allowed a significant loading capacity of
GMP of 42% and the release of GMP was pH-triggered. These
nanoparticles were very efficient for NIR imaging of cancer cells,
and led to 60% of cancer cell death at low concentration.
Alternatively mesoporous ionosilica nanoparticles loaded with
FITC were endocytosed by MCF-7 cancer cells. When loaded
with GMP, these nanoparticles were very efficient in inducing
cancer cell death with 60% of mortality. Therefore, organosilica
nanoparticles are promising candidates for nanomedicine
applications.

ChemNanoMat 2019, 5, 888 -896 www.chemnanomat.org

Experimental Section

Chemicals and Materials

The following chemicals, cetyltrimethylammonium bromide (CTAB,
95%), THF, DIPEA, DIC, ammonium hydroxide, ammonium nitrate
(NH,NO;), were purchased from Sigma-Aldrich. Bis (3-methoxysilyl
propyl)-N-methylamine was purchased from Abcr GmbH&Co,
hydrochloric acid from VWR PROLABO and 5,10,15,20-meso-tetra(4-
aminophenyl)porphyrin from porphyChem.

TEM analysis was performed on a JEOL 1200 EXIl instrument.
Statistical distribution diameters of the nanoparticles was deter-
mined by measuring the diameters of 300 nanoparticles. Dynamic
light scattering analyses were performed using a Cordouan
Technologies DL 135 Particle size analyzer instrument. BET analyses
were determined using a TRISTAR 3000 gas adsorption analyzer
instrument. '"H NMR spectra were recorded on a Bruker AC 400
spectrometer and were calibrated to TMS on the basis of the
relative chemical shift (0 in ppm) of the residual non-deuterated
solvent as an internal standard.

Synthesis of Nanoparticles

The synthesis of POR-Organosilica nanoparticles was obtained in
two steps which are detailed in the following paragraphs:

Silylated Porphyrin

Firstly, a mixture of 5,10,15,20-meso-tetra(4-aminophenyl)porphyrin
(200 mg, 1.4*10 2 mmol), DIPEA (11.2mg), isocyanatopropyltrie-
thoxysilane (362.8 mg) was stirred in anhydrous THF (7 mL) under
argon at 80°C overnight (scheme 1). After evaporation of the
solvent, the POR precursor was washed with AcOEt and recrystal-
lized in hexane. This process was repeated 4 times. Finally, the
precursor was dried under vacuum. 'H NMR (300 MHz, DMSO-d6)
was done to prove the silylation of the porphyrin (Figure). (& (ppm)
8.88 (s, 8H, HByyuoie), 8.86 (s, 4H,CO-NH—CH;), 8.06 (d, *J=9.0 Hz, 8H,
Hys o) 7.84 (d, ’J=9.0 Hz, 8H, Hy6 ay) 640 (t, 4H, Y=45Hz,
CO-NH-Ph), 3.81 (q, *J=7.5Hz, 24H, O-CH,—CH,), 1.20 (t, *J=
7.5 Hz, 36H, O—CH,—CH3), 0.66 (t, J=9.0 Hz, 8H, CH,~Si).
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Scheme 1. Design of silylated porphyrin.

Synthesis of POR-Organosilica Nanopatrticles

In a 250 mL three necks round bottom flask, 19.2 mg of CTAB,
sodium hydroxide (39 ul, 1 M), 300 pL of absolute ethanol and
60 mL of ultrapure water was stirred at 75°C for 50 minutes at
1000 rpm. In the mean time, bis (3-trimethoxysilyl propyl) -N-
methylamine (21.33x 10"* mmol) and silylated porphyrin 5% (1.07 x
10° mol) were sonicated in 9 mL of ethanol. Then, the alcoholic
solution was added to the template, the stirring speed was
changed to 1400 rpm and the condensation process was performed
for 2 hours at 80°C. Afterwards, the solution was cooled at room
temperature while stirring. POR-Organosilica nanoparticles were
collected by centrifugation for 20 minutes at 20000 rpm. The
sample was then extracted three times with an alcoholic solution of
ammonium nitrate (6 gL ") in order to remove the CTAB surfactant,
and washed several times with ethanol. Finally, the sample was
dried under air flow for few hours.

Gemcitabine Monophosphate Loading in Nanoparticles

A mixture of POR-organosilica nanoparticles based porphyrin
(7.3 mg), deionized water (5 ml) and GMP (2 mg) was sonicated for
10 minutes and stirred for 48 hours at room temperature at
320 rmp. Then, the sample was centrifuged at 10000 rpm for
20 min and was washed 4 times with water and dried for few hours
under vacuum.

The loading capacities were calculated from the UV-Vis analysis of
the supernatant of the GMP in solution.

Loading Capacity (wt%) = [mass of loaded drug/
(mass of loaded drug + mass of NPs)|*100

GMP (wt%) = 42%

lonosilica Nanopatrticles

Precursor’s Synthesis

The synthesis of methyl-(tris(3-trimethoxysilyl)propyl) ammonium
iodide was carried out according to the literature.***"
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lonosilica Nanopatrticles Synthesis

In a typical synthesis procedure, a solution of sodium hexadecyl
sulfate SHS (100 mg, 0.3 mmol) and deionized water (30 ml) was
stirred for 1 hour to form a clear solution at 70°C. The hybrid
precursor (methyl-(tris(3-trimethoxysilyl)propyl) ammonium iodide)
(200 mg, 0.31 mmol) dissolved in 2 ml of 1-propanol was added
drop by drop under vigorous stirring to promote the precursor
hydrolysis during 20 min. Then a mixture of nonionic surfactant
triblock copolymer F127 (20 mg) in 1 ml of water was added to the
solution, followed after 5 min by 1 ml of ammonia (0.1 M). The
condensation process was conducted for 24 h at 1250 rpm at 70°C.
The as-synthesized NPs were collected by centrifugation and
washed twice with water and ethanol before template extraction
with an ethanolic ammonium chloride solution. Finally, the nano-
particles were washed three times with water.

GMP Loading

Gemcitabine monophosphate (GMP) loaded nanoparticles were
synthesized by dissolving 2.9 mg GMP with 75 mg of ionosilica
nanoparticles already dispersed in 500 pl of deionized water under
stirring for 24 hours at room temperature. The resulting nano-
particles (INP- GMP) were then washed with water to remove all
physisorbed GMP. The loading of GMP on ionosilica nanoparticles
was quantitatively determined by UV-visible spectroscopy. We
obtained a loading of C=1.7636 mmol/g (mol GMP/1 g of nano-
particles) corresponding to the concentration of 38%.

In Vitro Studies

Cell Culture

Human breast cancer cells (MCF-7) were purchased from ATCC
(American Type Culture Collection, Manassas, VA). Cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM-F12)
supplemented with 10% foetal bovine serum and 50 pgmL™'
gentamycin. These cells were allowed to grow in humidified
atmosphere at 37 °C under 5% CO2.

Cytotoxic Study

MCF-7 cells were seeded into 96-well plates at 5000 cells perwell in
200 pL culture medium and allowed to grow for 24 h. Increasing
concentrations of POR-organosilica NPs with or without Gemcita-
bine were added in culture medium of MCF-7 cells. Three days after

895 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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treatment, a MTT assay was performed to determine the drug
delivery potential of the nanoparticles. Briefly, cells were incubated
for 4h with 0.5mgmL"" of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; Promega) in media. The MTT/media
solution was then removed and the precipitated crystals were
dissolved in EtOH/DMSO (v/v). The solution absorbance was read at
540 nm in a microplate reader.

NIR-Imaging

MCF-7 cells were plated onto bottom glass dishes (World Precision
Instrument, Stevenage, UK) at a density of 10°cellscm 2. Twenty
four hours after seeding, cells were then washed once and
incubated in 1 mL culture medium containing POR-organosilica
nanoparticles at a concentration of 80 pgmL ™' for 24 h. Fifteen min
before the end of incubation, cells were loaded with CellMask™
plasma membrane stain (Invitrogen, Cergy Pontoise, France) at a
final concentration of 5 pgmL™". Prior the observation, cells were
washed gently with phenol red-free DMEM. Cells were then
visualized with a LSM 780 LIVE confocal microscope (Carl Zeiss, Le
Pecq, France), at 750 nm using a high magnification (63x/1.4 OIL
DIC Plan-Apo).
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e Conclusion :

Dans cet article, nous avons réalisé la synthése de deux types de nanoparticules
organosiliciées pour la délivrance de gemcitabine monophosphate. Les POR-NP a base d’amine
ont permis d’encapsuler une quantité significative de gemcitabine monophosphate et la
libération a été déclenchée a pH acide dans la cellule cancéreuse. A pH neutre aucune libération
n’a été détectée. En effet, a pH 7,4 la drogue chargée négativement interagit fortement par le
biais d’interactions électrostatiques avec les ammoniums constituant la structure de la
nanoparticule, alors qu’'un pH acide de 5,5 entraine la protonation de la gemcitabine
monophosphate induisant sa libération. De plus, ces nanoparticules dans lesquelles ont été
incorporées des porphyrines sont tres efficaces et ont permis de visualiser les nanoparticules
dans le cytoplasme des cellules cancéreuses. Parallelement, les INP chargées en FITC ont été
internalisées efficacement par les cellules cancéreuses permettant la libération de la
gemcitabine monophosphate par échange d’ions présents dans la cellule cancéreuse.
L’efficacité d’internalisation des deux types de nanoparticules a conduit a environ 60% de mort
cellulaire méme a faible concentration (des 10 zg.mL!). Ces nanoparticules organosiliciées ont
donc un potentiel pour des applications d’imagerie médicale et thérapeutique : ce sont donc de

bons candidats pour des applications théranostiques.
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Partie 2: Le ciblage thérapeutique du récepteur du mannose 6-

phosphate

Chapitre 1 : Les analogues du mannose 6-phosphate pour le ciblage du

RMG6P-CI membranaire

1. Les travaux antérieurs entrepris au sein du laboratoire

La finalité de ma these est de développer un ciblage thérapeutique innovant basé sur le
ciblage du RM6P-CI pour deux applications thérapeutiques : le traitement du cancer et plus
particulierement le RMS et le traitement de la maladie de Pompe. Nous avons vu précédemment
que le signal M6P (ligand naturel du RM6P-CI) est un élément clé dans de nombreux processus
biologiques ainsi que dans le ciblage de molécules bioactives vers les lysosomes. Cependant,
la stabilité du M6P est un facteur limitant car il est sensible aux phosphatases présentes dans le
sérum mais également celles présentes dans tous les organes entrainant une déphosphorylation :
le M6P ne peut plus étre reconnu par le RM6P-CI. Afin d’éviter cette déphosphorylation, les
équipes du Professeur Alain Morere et du Docteur Marcel Garcia ont développé des analogues
du M6P ou le phosphate est remplacé par un phosphonate, un carboxylate ou un malonate. Ces
analogues, appelés AMFA (Analogue du Mannose 6-phosphate Fonctionnalisé sur
I’ Aglycone), ont été brevetés puis 1’entreprise NanoMedSyn a acquis une licence exclusive
d’exploitation. Dans un premier temps, I’équipe a dii prendre en compte les différents éléments
structuraux du M6P qui sont indispensables ou qui peuvent étre modifiés pour ne pas altérer le
phénomene de reconnaissance par le récepteur (Figure 22)3% :

- L’hydroxyle en position 2 du saccharide doit étre obligatoirement en position axiale. En
effet le glucose 6-phosphate dont I’hydroxyle est en position équatoriale ou le 2-desoxy-
glucose 6-phosphate ne présentent qu’une tres faible affinité pour le RM6P-CI.

- L’hydroxyle en position anomere peut étre modifié. Le fructose-1-phosphate qui ne
présente pas 1’hydroxyle en position anomere a une affinité comparable pour le RM6P-
CI démontrant que le groupement substituant la position anomere du M6P n’a pas

d’influence sur la reconnaissance du récepteur.
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Figure 22 : Elements structuraux importants du M6P pour la reconnaissance

du RM6P-CI**

Dans un deuxieme temps, le groupement phosphate a été remplacé par un phosphonate,

carboxylate ou malonate ce qui a permis d’augmenter significativement la stabilité dans le

sérum puisque ces groupements de remplacement sont insensibles aux phosphatases sériques.

De plus les AMFA ont une affinité pour le RM6P-CI plus élevée ou comparable a celle du

M6P*7. Les AMFA sont aussi modifi€s sur la position aglycone (fonction hydroxyle

anomérique) ou un bras est ajouté afin de limiter les encombrements stériques du vecteur sur

lequel il est fonctionnalisé dans le site de liaison du RM6P-CI permettant une meilleure

interaction entre I’AMFA et le récepteur.
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Chapitre 2 : Ciblage thérapeutique du rhabdomyosarcome

Dans cette étude, des PMO ciblées pour la thérapie photodynamique et I’imagerie du
rhabdomyosarcome ont été développées. Ce travail a été effectué en collaboration avec 1’équipe
du Dr Jean-Olivier Durand et plus particuliecrement avec Mme Sofia Dominguez-Gil,
doctorante a I’Institut Charles Gerhardt de Montpellier et Mr Christophe Nguyen, doctorant en
cotutelle dans notre équipe « Glyco et nanovecteurs pour le ciblage thérapeutique » a 1’Institut

des Biomolécules Max Mousseron et celle du Dr Jean-Olivier Durand.
1. La thérapie photodynamique (PDT)

1.1 Principe et mécanisme

La concept de la PDT est né au début du XXeme siecle avec les travaux de Niels Finsen
qui lui ont permis d’obtenir un prix Nobel de médecine en 19033%. Cependant, 1’application
clinique de la PDT pour le traitement des cancers est récente. La PDT a émergé comme une
nouvelle alternative a la chimiothérapie et a la radiothérapie pour le traitement des cancers.
Cette technique est basée sur I’association d’un photosensibilisateur (PS), de lumicre et
d’oxygene. Apres avoir été administré, le PS s’accumule dans les cellules cancéreuses, puis la
zone tumorale est irradiée avec une lumiere a la longueur d’onde d’excitation spécifique du PS.
Cette irradiation permet 1’activation du PS et entraine une cascade de réactions :

(1) le PS absorbe un photon qui le fait passer d’un état fondamental (S,) a un état excité
(Sn),

(2) le PS va ensuite se retrouver dans un état singulet excité (S;) de plus basse énergie que
S... Cet état est tres court de 1’ordre de 101 a 107 seconde,

(3) L’exces d’énergie S, est restitué selon deux mécanismes : en émettant un photon par
fluorescence ou en passant par un état intermédiaire appelé « état triplet » qui possede
une durée de vie plus longue de I’ordre de 10 a 1 seconde. Le PS va alors revenir vers
I’état fondamental S, soit par phosphorescence soit en transférant I’exces d’énergie aux
molécules du milieu.

Il existe deux types de réactions conduisant a I’effet phototoxique du PS : les réactions d’oxydo-

réduction de type I qui permettent la production de radicaux libres toxiques ou les réactions de
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type Il qui impliquent un transfert d’énergie du PS vers ’oxygene du milieu produisant de

I’oxygene singulet (Figure 23).

Sn
N § Réactions de type I — radicaux libres
\/\. ;
.a Et et Nécrose et apoptose — mort cellulaire
Lo
o
i Réactions de type IT — oxygene singulet
Fluorescence
Phosphorescence
s |/
Etat fondamental du PS

Figure 23 : Diagramme de niveau d’énergie de Jablonski pour la thérapie

photodynamique*”

Généralement, les réactions de type Il sont prépondérantes et concernent la plupart des
PS utilisés en PDT?%21°, ’oxygene singulet réagit avec de nombreuses molécules de la cellule,
il est donc tres toxique car il entraine la production d’especes réactives oxygénées, 1’oxydation
d’acides aminés, de bases nucléiques, des lipides membranaires insaturés ce qui engendre la
destruction des organites et des membranes plasmiques induisant une mort cellulaire par
nécrose seulement deux heures apres le traitement®'!. De plus, I’oxygene singulet peut entrainer
dans la mitochondrie le relargage du cytochrome C responsable de I’activation de 1’apoptose :
ce mécanisme de mort cellulaire est plus lent que la nécrose®?. La PDT va également affecter
la vascularisation tumorale par thrombose privant la tumeur d’oxygene (hypoxie) et de
nutriments nécessaires a sa survie. Ces phénomenes vont enclencher une réponse inflammatoire

et immunitaire contre les cellules cancéreuses et les métastases éventuelles?!3-316,

1.2 Utilisation clinique

La PDT est une thérapie ciblée qui se limite aux tumeurs solides, de petite taille et
accessibles a I’irradiation lumineuse (tumeurs cutanées ou accessibles par voie endoscopique).
Le PS est un élément clé de la PDT. Il est préférable qu’il absorbe la lumiere dans le rouge ou

le proche infrarouge avec un fort coefficient d’absorption molaire afin de pouvoir traiter les
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tissus en profondeur et générer assez d’oxygene singulet et d’especes réactives oxygénées pour
étre toxiques a la cellule cancéreuse’'®. Les lumicres bleues sont a éviter car elles causent des
dommages a I’ADN et elles sont moins pénétrantes dans les tissus®!’. Cependant, d’une manicre
générale, les PS sont des molécules tres intéressantes car elles ne sont actives qu’apres
excitation lumineuse a une puissance et une longueur d’onde déterminées. Elles sont donc
utilisées en tant qu’agents thérapeutiques dans le cadre de la PDT mais elles peuvent également
servir a la détection et donc au diagnostic d’un cancer grace a leur propriété de fluorescence
précédemment décrite dans le diagramme de Jablonski. Ces molécules ont donc des propriétés
théranostiques?!®. Malgré leur fort potentiel biomédical, seulement quelques PS sont approuvés
par les autorités de santé ou sont en cours d’essais cliniques car ils doivent pouvoir dans 1’idéal
s’accumuler dans les tumeurs, ne pas engendrer de toxicité sans excitation lumineuse et étre

rapidement éliminés par les cellules saines*'? (Tableau 10).

Famille Longueur d’onde
Photosensibilisateur Cancer
chimique de traitement (nm)
Photofrin® Porphyrine 630 Poumon, cesophage, vessie,

cerveau, ovaire, canal biliaire

Levelun® Précurseur  de 635 Peau, vessie, cerveau, cesophage
porphyrine

Metvix® Précurseur  de 630 Peau
porphyrine

Hexvix® Précurseur  de | Lumiere blanche | Cellules basales
porphyrine

Visudyne® Benzoporphyrine 690 Pancréas, sein

Tookad® Porphyrine 762 (Esophage, prostate

Foscan® Chlorine 652 Téte et cou, poumon, cerveau, canal

biliaire, pancréas, peau, sein

Laserphyrin® Chlorine 660 Foie, colon, cerveau, poumon, sein,
peau

Photochlor® Chlorine 665 Téte et cou, cesophage, poumon

Purlytin® Chlorine 660 Peau, sein

Amphinex® Chlorine 633 Cancers superficiels, colon

Lutex® Texaphyrine 732 Sein

Tableau 10 : Photosensibilisateurs utilisés en clinique dans le traitement du cancer3*
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1.3 Excitation biphotonique

Les PS cités précédemment ont comme inconvénient majeur d’€tre excités uniquement
avec une irradiation monophotonique. Le challenge est de synthétiser des PS capables
d’absorber deux photons. Ces PS sont photo-activables par de tres breves impulsions laser (de
I’ordre de la femtoseconde) a moins haute puissance et dans le proche infra-rouge. La PDT
biphotonique permet une pénétration plus profonde dans les tissus (jusqu’a 2 cm), une meilleure
résolution 3D et une réduction des photo-dommages sur les tissus environnants de la tumeur
car I'irradiation a lieu uniquement au point focal contrairement a 1’irradiation monophotonique

ou I’irradiation se fait tout au long de la trajectoire du laser?!322,

2. Description des travaux

e Introduction :

L’objectif de cette étude était d’étudier le potentiel thérapeutique de PMO en PDT
biphotonique pour le traitement ciblé du cancer. Le ciblage actif des cellules cancéreuses
permet de cibler préférentiellement les cellules cancéreuses dans le but de réduire
significativement les effets indésirables et d’augmenter ’efficacité thérapeutique. Le but étant
de cibler un récepteur qui est surexprimé lorsque la cellule devient cancéreuse ce qui permet de
discriminer les cellules cancéreuses des cellules saines. Cette étude s’est basée sur les travaux
antérieurs de I’équipe qui ont permis de démontrer que le RM6P-CI était une bonne cible
thérapeutique pour le cancer de la prostate. En effet, la surexpression du récepteur a été
observée dans les tissus de patients atteints du cancer de la prostate alors qu’aucun tissu sain ne
surexprimait le récepteur. Dans cette étude, le potentiel thérapeutique de MSN-AMFA a été

démontré en PDT monophotonique et biphotonique'.

Dans le cadre de ma these, j’ai étudié le profil d’expression du RM6P-CI dans différents
cancers. Pour ce faire, j’ai étudié le niveau d’expression du récepteur dans différentes lignées
cellulaires cancéreuses par western blot et j’ai montré que les trois lignées cellulaires de RMS
disponibles pour cette étude exprimaient un niveau tres élevé de RM6P-CI. Cette expression a
été comparée a des lignées cellulaires saines pour confirmer que la surexpression était observée
uniquement dans les cellules cancéreuses. La preuve de concept de la PDT utilisant des PMO

a été déja réalisée auparavant sur d’autres types de cancers’?*—> permettant d’envisager
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’utilisation de ces outils pour le traitement du RMS. Des PMO ont donc été synthétisées et
fonctionnalisées par les AMFA par 1’équipe du Dr Jean-Olivier Durand et plus particulierement
par Mme Sofia Dominguez-Gil et Mr Christophe Nguyen. Pour cette étude, nous avons décidé
de fonctionnaliser un mannose 6-carboxylate avec un bras phényl squarate (M6C-PhSq) dont
la synthese a été décrite précédemment'*®. La premicre étape de fonctionnalisation est le
greffage a la surface des PMO de PEG triethoxysilane permettant la furtivité de la nanoparticule
et de ’aminoundecyltriethoxysilane pour avoir une fonction amine libre a la surface de la
nanoparticule. Cette amine libre sert alors de base pour le greffage du M6C-PhSq (Figure 24).
J’ai pu ensuite étudier le potentiel thérapeutique de ces PMO en PDT biphotonique sur les
lignées cellulaires de RMS ainsi que sur des lignées de myoblastes sains correspondantes. Cette

étude fait I’objet de la rédaction d’un article pour lequel je suis co-premier auteur.

O
EtO- -\/ EtO- 0 HO-
OTMS OH
i |-0 -0
_ i t™so Ho -
TMSO~ 0‘
o NOz No, NH:
HO

- QAP
vi HO -~ -

HO
o o. 0
M6C Q ? t
A
N
N OEt

i) TMSCI, CH2CI2, Et3N, RT, 21 h, 95%; ii) K2CO3, MeOH, 0°C, 15 min, 50%; iii) 1. DMSO,
(COCD2, Et3N, THF, -78°C, 2. triethyl phosphonoacetate, NaH, THF, RT, 90 min, 73%; iv) HCI
0,5N, THF, RT, 10 min, 91%; v) 1.H2, Pd/C, ethanol/H20 (4:1) RT, overnight, 98% 2. NaOH 0,1N,
THF, RT, 6 h, 91%; vi) diethyl squarate, EtOH/H20 (2:5:1), RT, 4 h, 56%. DMSO :
dimethylsulfoxide, THF : tetrahydrofuran, TMS : trimethylsilyl

PEG-Si(QEt)s

OHg
i HO
(Et0}35i-{CHa) 1 1-NH; {CHz)11—NH, HO
o Q

— —p o

Toluene, H,0 PEG M6C-PhSq/H,0 QNH& (CHz)11—NH, PMO-AMFA

EtOH NH—(CHa)1: ‘
PEG

Figure 24 : Schéma de la fonctionnalisation de I’AMFA sur les PMO

131



Mannose 6-phosphate receptor targeted with porphyrin-based
periodic mesoporous organosilica nanoparticles for
Rhabdomyosarcoma therapy

Morgane Daurat,t? Christophe Nguyen, t° Sofia Dominguez Gil, ¢ Clarence Charnay,* Laurence Raehm,*
Khaled EI Cheikh,? Alain Moreére,® Marcel Garcia,® Frédérique Cunin,® Jochen Roessler,® Jean-Olivier
Durand,® Magali Gary-Bobo®

a NanoMedSyn Avenue Charles Flahault, 34093, Montpellier cedex 05 France

b Institut des Biomolécules Max Mousseron, UMR 5247 CNRS, UM-Faculté de Pharmacie, Avenue
Charles Flahault, 34093, Montpellier cedex 05 France. e-mail: magali.gary-bobo@inserm.fr

c Institut Charles Gerhardt Montpellier, UMR-5253 CNRS-UM-ENSCM cc 1701 Place Eugéne Bataillon,
34095, Montpellier cedex 05 France. e-mail: durand@univ-montp2.fr

d Laboratoire PEIRENE, EA 7500, Université de Limoges, Faculté des Sciences et Techniques, 123
avenue Albert Thomas, 87060 Limoges France

e INSELSPITAL, Universitatsspital Bern, Universitatsklinik fur Kinderheilkunde, Abteilung fir
Padiatrische Hamatologie/Onkologie, 3010 Bern

t these authors contribute equally to this work

Abstract

Recently, we described porphyrin-based periodic mesoporous organosilica (PMO) nanoparticles
synthesized from a large functional octatriethoxysilylated porphyrin precursor. The framework of the
nanoparticles was formed by J-aggregates of porphyrins allowing two-photon excitation (TPE) and
biomedical potential for photodynamic therapy (PDT) and imaging. In this study, we functionalized
these PMOPOR with polyethylene glycol (PEG) moieties and analogues of mannose 6-phosphate
functionalized at the anomeric position (AMFA). These AMFA are known to target efficiently the
mannose 6-phosphate receptor (M6PR) that is overexpressed in various cancer cell lines (breast,
prostate). Here we show that M6PR could be an efficient target to address a therapy and discriminate
Rhabdomyosarcoma (RMS) cells from healthy myoblasts.

1. Introduction

Rhabdomyosarcomas (RMS) are the most common soft tissue sarcomas of childhood. There are two
major subtypes, the embryonal and the alveolar (most aggressive) RMS. Despite intensified
multimodality treatments, the overall survival of high-risk population has remained at 5% to 20% over
the last decades. This rate stays insufficient and new innovative selective treatments based on
nanomedicine are urgently needed. Very few examples of nanoparticles for treatment of RMS have
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been described in the literature. Abraxane has been investigated in RMS-xenografted mice,! magnetic
drug targeting was reported in rat models of RMS,? chitosan nanoparticles have been used to silence
TGF1 (transforming growth factor) in cells with small hairpin RNA? or mesoporous silica nanoparticles
functionalized with polyethyleneimine have been used in cells to silence ELMO1, a protein involved in
cell migration.* None of these nanoparticles were functionalized with a biomolecule to target RMS.
Targeting an overexpressed receptor in cancer research is very important to differentiate between
malignant and normal tissues. Gold nanoparticles have been functionalized with TAT peptide to target
RMS cells, and induced cell death® but TAT peptide is not specific of RMS. Liposomes loaded with
tubulin binding agent epothilone B in order to target RMS were developed. These liposomes have been
shown to inhibit endothelial and tumor cell viability to the same extends as the free drug. Furthermore,
potent antitumor growth activity could be demonstrated in vivo by using vascular endothelial cell
targeting. Indeed, the RGD peptide was attached on the surface of the liposomes. These liposomes
interact with the integrin receptor and show a beneficial effect in comparison to the untargeted
formulation, by increasing cumulative survival of mice bearing RMS.  However the RGD peptide is not
sufficiently specific for RMS as integrins are also overexpressed in all the vascular endothelial cells of
children.

Identification of cation-independent mannose 6-phosphate receptor (M6PR) overexpression on
prostate cancer cells 7 led us to study the expression level of M6PR on other types of cancer such as
RMS. In the present paper, overexpression of M6PR on RMS cells versus healthy myoblasts was studied
and confirmed. We therefore decided to target RMS cells using M6PR pathway and more particularly
using analogues of mannose 6-phosphate functionalized at the anomeric moiety (AMFA) grafted on
nanoparticles.

We recently synthesized very efficient porphyrin-based periodic mesoporous organosilica
nanoparticles (PMOsPOR NPs, 250 nm diameter) showing interconnected cavities (from 10 to 80 nm)
for breast cancer treatment using two-photon excited photodynamic therapy (TPE-PDT). & For this, a
large functional octatriethoxysilylated porphyrin precursor was condensed without any silica source.
The framework of the nanoparticles was formed with J-aggregates of porphyrins inside the pore of the
walls allowing two-photon excitation (TPE).” TPE is of particular interest for biological applications
because it allows a deep penetration of the near-infrared beam down to 2 cm in soft tissues and a high
spatiotemporal resolution for imaging and cancer detection. Importantly, TPE-PDT has demonstrated
a high potential for cancer therapy, in particular, for the treatment of small-sized tumor.'®

Therefore, we present here the combination of PMO with AMFA to target M6PR overexpressed in
rhabdomyosarcoma cells for TPE-PDT of RMS. The strong therapeutic potential and selectivity of PMO
grafted with PEG and AMFA are demonstrated.

2. Material and Methods
2.1. Material

Cetyltrimethylammonium bromide (CTAB, 99%), sodium hydroxide (NaOH, 97%), toluene, and
ammonium nitrate (NHsNOs;) were purchased from Sigma-Aldrich. Ethanol (EtOH) was purchased from
Carlo Erba. Aminoundecyltriethoxysilane and PEG-triethoxysilane were purchased from SIKEMIA. p-[N-
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(2-Ethoxy-3,4-dioxocyclobut-1-enyl)amino]phenyl 6-deoxy-7-hydroxycarbonyl-a-D-manno-
heptopyranoside  [M6C-PhSq] was synthesized as described by E. Bouffard et al. ! PMO were
synthetized following the protocol previously describe by C. Mauriello Jimenez et al.?

2.2. Analytical techniques

UV-vis absorption spectra were recorded on a Hewlett-Packard 8453 spectrophotometer using
correction factors supplied by the manufacturer. TEM analysis was performed on a JEOL 1200 EXII
instrument. Dynamic light scattering analyses were performed using a Cordouan Technologies DL 135
Particle Size Analyzer instrument and analyzed with NanoQ software. IR spectra were recorded on a
Perkin-Elmer 100 FT spectrophotometer. Zeta potential measures were performed with a Malvern
Zetasizer NanoSeries Instrument.

2.3. Silylation of POR Precursor

A mixture of the octapropargyl porphyrin derivative (100 mg, 9.0 x 102 mmol),
bromotris(triphenylphosphine)-copper(l) ([CuBr(PPh3)3], 13 mg, 1.5 x 102 mmol), and anhydrous THF
(3 mL) was placed in a 10 mL sealable microwave reactor, and 3-azidopropyltriethoxysilane (178 mg,
7.1 x 10 mmol) was added. Then, the tube was flushed with argon and the microwave irradiation was
conducted for 30 min at 100 °C (maximum power 200 W). After evaporation of the solvent, the POR
precursor was quantitatively obtained as a purple solid (225 mg, 7.25 x 102 mmol).

2.4. Synthesis of Porous Porphyrin-Based Organosilica Nanoparticles (PMO)

A mixture of CTAB (120 mg, 0.39 mmol), distilled water (60 mL), and NaOH (0.2 M aqueous solution,
437 uL) was stirred at 80°C for 2 hours at 750 rpm in a 250 mL three-neck round bottom flask. Then,
the octasilylated porphyrin (55 mg, 0.018 mmol, in 1 mL of absolute ethanol) was added, and the
mixture was stirred for 30 hours at 80°C. Afterwards, the solution was cooled to room temperature
while stirring. The crude mixture was centrifuged (20 000 rpm, 20 min). The supernatant was removed,
and the PMO were washed with ethanol and were stored at 4°C.

2.5. Synthesis of PMO-PEG/NH; nanoparticles

After centrifugation, PMO (48.8 mg) were resuspended in 6 ml of toluene at 100 °C. Then a mix of 11-
aminoundecyltriethoxysilane (29.3 mg - 87.8 umoles) and PEG-triethoxysilane (36 mg - 87.8 umoles)
was dissolved in 1 mL of toluene and added to the NPs. 20 pL of water were added to the reaction. The
reaction was kept under stirring overnight at 100 °C. Then, it was cooled down to room temperature
and centrifuged for 30 minutes at 20 000 rpm. The supernatant was removed and the solid was washed
with EtOH leading to 40 mg of grafted PMO-PEG/NH; in EtOH. DLS measurement in water showed a
hydrodynamic diameter of 443 nm. Zeta potential in water gave a value of + 36.5 mV.

2.6. Synthesis of PMO-AMFA nanoparticles

10 mg of PMO-PEG/NH; were resuspended in ethanol at 50°C. A water solution (2 mL) of 3.6 mg of
AMFA, more precisely in this study, it is a mannose 6-carboxylate with a phenyl squarate arm (M6C-
PhSq), was added dropwise to the PMO. The reaction was kept under stirring at 50 °C overnight. Then,
the resulting mixture was cooled down to room temperature and centrifuged. The supernatant was
then removed and the solid washed with a solution of Ammonium Nitrate in ethanol (6 g/L), water,
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and ethanol leading to 9.3 mg of grafted PMO-AMFA in EtOH. DLS measurement in water showed a
hydrodynamic diameter of 399 nm. Zeta potential in water gave a value of -22.9 mV.

2.7. Cell Culture

For cell culture, RMS-YM, RD and RMS human rhabdomyosarcoma cancer cells from INSELSPITAL,
University hospital (Bern), SK-1111 normal myoblasts from CookMyoSite, and MH38 normal myoblasts
provided by G. Carnac (Inserm U1046-UMR CNRS 9214, Montpellier, France) were used. RMS-YM, RD
and RMS were cultured in RPMI-1640 medium supplemented with 10 % FBS and 1%
penicillin/streptomycin. SK-1111 and MH38 were cultured in Ham F10 medium plus 20% fetal bovine
serum, 1% insulin, 25 ng.mL™ FGF, 10 ng.mL™* EGF and 1% penicillin/streptomycin. All cell types were
allowed to grow in humidified atmosphere at 37 °C under 5% CO,.

2.8. Western Blotting

To study the expression level of M6PR, RMS-YM, RD, RMS, SK-1111 and MH38 were subjected to
Western blot analysis. The cells were harvested, washed three times in PBS and lysed by three freeze-
thaw cycles in buffer containing 50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 0,1% Tween
20, 10% glycerol, 1 mM NaF, 1 mM NaNOs, 10 mM glycerophosphate and protease inhibitors (dilution
1:25 Complete, Roche Diagnostics). The lysates were precleared by centrifugation at 10,000 x g for 15
min at 4°C. Samples were tested for protein concentration by the Bradford method and equal amounts
(25 pg) of cell extract and 1 ug bovine purified M6PR were resolved by 12% SDS-PAGE electrophoresis.
After blotting, the gel was transferred onto PVDF membrane and M6PR protein was detected by
probing with anti-human M6PR (cation independent) antibody (dilution 1:50000, Abcam). B-actin
detected by a monoclonal mouse antibody was used as the loading control. Immunoblotting was
performed using secondary antibody coupled with horseradish peroxidase and revealed by ECL
detection system (Amersham).

2.9. Cytotoxicity Measurement

For cytotoxicity analysis, RMS-YM and SK-1111 cells were seeded into a 96 well plate, 2000 cells per
well in 200 pL of culture medium and allowed to grow for 24 h. Then cells were treated with increasing
concentrations of nanoparticles (from 1 to 100 pug.mL™). Three days after treatment, a MTT assay was
performed to determine the cell viability. Briefly, cells were incubated for 4 h with 0.5 mg.mL? of MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Promega) in media. The MTT/media
solution was then removed and the precipitated crystals were dissolved in EtOH/DMSO (v/v). The
solution absorbance was read at 540 nm in a microplate reader.

2.10. Two-Photon Excitation Photodynamic Therapy

RMS-YM and SK-1111 cells were seeded into a 384 multi-well glass-bottomed plate (thickness 0.17
mm) with a black polystyrene frame at a concentration of 1000 cells per well in 50 pL of culture
medium, and allowed to grow for 24 h. Then, cells were treated with nanoparticles (40 ug.mL?) for 16
h. For mannose 6-phosphate (M6P) reversion assay, the cells were incubated or not with 10 mM of
M6P for 10 min prior to the incubation with PMO-AMFA (40 pg.mL?) and again 10 mM of M6P, for 4
h. The cells were submitted or not to laser irradiation with the LSM 780 live confocal microscope (Carl
Zeiss Microscope) at 800 nm by three scans of 1.57 s duration in 4 different areas of the well with a
focused laser at a maximum laser power (lase power input 3W). The laser beam was focused by a

135



microscope objective lens (Carl Zeiss 10x/0.3 EC Plan-Neofluar). After 2 days, the MTT assay was
performed as previously described and was corrected according to the following formula: Abs control
— 2 x (Abs control — Abs nanoparticles).

2.11. Two-photon fluorescence imaging

RMS-YM cells were grown on tissue culture dish with cover glass bottom (FluoroDish from WPI) in
complete culture medium. The next day, the cells were treated or not with 10 mM of M6P for 10 min,
then the cells were incubated with PMO-AMFA (40 pg.mL?) and again 10 mM of M6P, for 4 h. Fifteen
minutes before the end of incubation, cells were loaded with Hoechst 33342 (5 pug.mL?, Invitrogen) for
nuclear staining. Before visualization, cells were washed three times with cell media. Cells were
examined under LSM 780 live confocal microscope (Carl Zeiss Microscope) and scanned at 760 nm for
nuclei and 800 nm for PMO-AMFA. All images were performed with a high magnification (63x/1.4 OIL
DIC Plan-Apo).

2.12. Statistical analysis

Statistical analysis was performed using the Student’s t test to compare paired groups of data. A p-
value of <0.05 was considered to be statistically significant.

3. Results and Discussion

3.1. Overexpression of M6PR on RMS

The first step of this work was the study of M6PR expression on RMS cells and healthy myoblasts. For
this, we have analysed the protein expression level of M6PR in 3 different RMS cells lines and healthy
myoblasts by Western blot (Figure 1).

As showed in Figure 1A, the protein expression level of M6PR is clearly higher in the 3 cell lines of RMS
than in the 3 cell lines of healthy myoblasts. The quantification of M6PR level by Image J software
corrected by the expression level of an invariant (B-actin) indicated that in mean, there was a 7 fold-
increase in M6PR expression in RMS cells than in healthy cells. This suggested that the increase in
MG6PR expression could be considered as a biomarker of RMS development.
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Figure 1. M6PR expression in different cell lines. (A) The cell extracts (25 pg) were analyzed by

Western blots using human M6PR or B-actin antibodies. B-actin is a control for total protein loading.
(B) Quantification with Image J software of 300 kDa M6PR protein corrected by B-actin expression.

RMS-YM cells are considered as 100%.

3.2. Synthesis of PMO grafted with PEG ad AMFA

We then investigated the functionalization of PMO with AMFA (Figure 2). To do this,
aminoundecyltriethoxysilane and PEG triethoxysilane were first grafted'? on the surface of PMO. Then
AMFA was grafted on the surface of functionalized PMO to target RMS cells. Here, the AMFA used was
the M6C-PhSq, and the reaction of its squarate moeity with the amino groups led to a covalent

attachment of AMFA on the surface of PMO.
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Figure 2. Synthesis and characterization of PMO-AMFA. (A) Synthesis of PMO. (B) Schematic
representation of coupling of the mannose 6-carboxylate with a phenyl squarate arm (M6C-PhSq) also
called AMFA in order to obtained PMO-AMFA. (C) DLS in intensity of PMO-AMFA. (D) Microscopy
images of PMO-AMFA by TEM at different magnifications.

3.3 Biocompatibility of PMO on different cell lines

Then, a cytotoxic study was realized by a 3 days incubation time with increasing concentrations of PMO
grafted with PEG and AMFA. This study was performed on one RMS and one healthy cell lines: RMS-
YM and SK-1111, respectively. These data demonstrated that for both cell lines, the batch of PMO,
which are grafted with PEG and AMFA, did not show any cytotoxicity (Figure 3). In contrast, pristine
PMO (here called PMO) and PMO-PEG/NH, generated slight cell death. In fact, in RMS-YM cells, the
incubation with PMO at 100 pg.mL™ induced 30% cell death (Figure 3A). In SK-1111, PMO and PMO-
PEG/NH; at 100 ug.mL* induced approximately the same percentage of cell death (Figure 3B).

However, until 40 pg.mL™ no significant cell death was observed in any cell lines. So for further
biological experiments we decided to work at this concentration.
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Figure 3. Cytotoxicity of PMO on cancer and healthy cells. (A) RMS-YM cancer cells and (B) SK-1111
healthy cells were treated with increasing concentrations of nanoparticles. After three days of
incubation, a MTT assay was performed. Data are presented as (mean + SEM), n=2.

3.4. Study of TPE-PDT and fluorescence imaging potential

Then the biological activity and more particularly the ability of PMO-AMFA to target and treat RMS
cells under near infrared two-photon excitation was studied (Figure 4). For this, we incubated RMS-
YM cancer cells and SK-1111 healthy cells with 40 ug.mL™ of PMO, PMO-PEG/NH, or PMO-AMFA for
16 h. Then, the cells were irradiated or not at 800 nm for a short time (3 x 1.57 s) at maximal laser
power (Figure 4A, 4B and 4D). First, after TPE, PMO and PMO-PEG/NH, induced 62% and 57% cell death
respectively on RMS-YM cancer cells and 50% and 51% on SK-1111 healthy cells. Interestingly, PMO-
AMFA was efficient on cancer cells by inducing after TPE 94% cell death, but not on healthy cells (no
significant cell death). This result demonstrated the importance of the targeting to be specific for
rhabdomyosarcoma cancer cells.

The involvement of M6PR in the active endocytosis of PMO-AMFA was shown by the competitive
inhibition of PMO-AMFA endocytosis using an excess of M6P, which is the natural ligand of M6PR.
RMS-YM cancer cells were incubated for 4 h with PMO-AMFA in the presence or absence of an excess
of M6P. First, after 4 h of incubation, TPE-PDT with PMO-AMFA induced 58% cancer cell death.
Importantly, the addition of M6P inhibited totally cancer cell death suggesting that M6P prevented the
internalization of PMO-AMFA via the M6PR pathway (Figure 4C). This result was confirmed by two-
photon fluorescence imaging (Figure 4D).
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Figure 4. TPE-PDT and fluorescence imaging in vitro with PMO. Cancer cells (RMS-YM) (A) and normal
cells (SK-1111) (B) were irradiated at 800 nm (3 x 1.57s) after 16 h of treatment with nanoparticles (40

ug.mLkl). (€) and (D) Cancer cells (RMS-YN) were treated during 4 h with PMO-AMFA (40 pg.mL?) with
an excess or not of M6P. Data are mean values + standard deviations from three independent
experiments. *Statistically significant versus non irradiated nanoparticles (p < 0.05 from Student’s t
test).

Conclusion

In this study, we have demonstrated that M6PR could be considered as a new target for
rhabdomyosarcoma therapy. In fact, we have observed an overexpression of this receptor in different
RMS cancer cells allowing the discrimination between cancer cells and healthy cells which present a
normal expression level of M6PR. The targeting of M6PR was performed using AMFA and more
precisely by the grafting of mannose 6-carboxylate bearing a phenyl squarate arm on the PEG/NH,
moities of PMO.

Altogether, the results presented here showed that PMO-AMFA were highly efficient for targeting and
therapy of RMS-YM cells by a mechanism involving M6PR dependent endocytosis. Moreover, PMO-
AMFA did not show any effect on healthy cells demonstrating the specificity of the targeting toward
cancer cells. Targeted TPE-PDT could be considered as a new therapeutic strategy for
rhabdomyosarcoma.
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e Conclusion :

Dans cette étude, le RM6P-CI a été identifié dans les lignées cellulaires en tant que cible
potentielle pour le traitement du RMS. Mes travaux ont permis de mettre en évidence la
surexpression du récepteur dans les cellules de RMS : en effet, la quantification du niveau du
RMG6P-CI par Western blot indique un niveau d’expression sept fois plus élevé que dans les
cellules saines correspondantes. Ceci suggere donc que la surexpression du RM6P-CI pourrait
étre un biomarqueur du développement du RMS et également une cible thérapeutique
permettant de démontrer le potentiel des PMO-AMFA pour le traitement de cette maladie par
la PDT biphotonique. Dans un premier temps, j’ai montré la biocompatibilit¢ des PMO
fonctionnalisées ou non sur les cellules cancéreuses ainsi que sur les cellules saines. Dans un
deuxieme temps, j’ai étudié le potentiel des PMO-AMFA pour cibler et traiter les cellules
cancéreuses sous irradiation biphotonique. Les PMO non fonctionnalisées entrainent environ
50% de mort cellulaire sur les cellules cancéreuses mais également sur les cellules saines.
Cependant, les PMO-AMFA sont efficaces sur les cellules cancéreuses en induisant 94% de
mort cellulaire mais n’ont pas d’effet significatif sur les cellules saines. Ce résultat démontre le
ciblage spécifique des cellules cancéreuses de RMS par les PMO-AMFA. Pour aller plus loin,
I’implication du RM6P-CI dans 1’endocytose active des PMO-AMFA a été démontrée par
inhibition compétitive de 1’endocytose des nanoparticules en utilisant un exces de M6P.
L’addition de M6P inhibe totalement la mort cellulaire suggérant que le M6P a bloqué
I’endocytose active des PMO-AMFA via le RM6P-CI. Ce résultat a été confirmé par imagerie.
Nous avons donc démontré que le RM6P-CI pouvait étre considéré comme une nouvelle cible
pour le traitement du RMS car nous avons observé une surexpression du récepteur dans
différentes lignées cellulaires de RMS permettant de discriminer les cellules cancéreuses des
cellules saines. De plus, le M6C-PhSq est un bon ligand pour le ciblage du RM6P-CI car les
PMO-AMFA sont tres efficaces sur les cellules cancéreuses et n’ont pas d’effet sur les cellules
saines démontrant la spécificité du ciblage des cellules cancéreuses. La PDT biphotonique

pourrait donc étre considérée comme une nouvelle stratégie thérapeutique pour le RMS.
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Chapitre 2 : Ciblage thérapeutique de la maladie de Pompe

1. Les travaux antérieurs de NanoMedSyn

Dans la maladie de Pompe, I’enzymothérapie substitutive actuelle (Myozyme®) basée
sur I’utilisation d’une GAA humaine recombinante qui porte naturellement un signal M6P est
efficace sur les cardiomyopathies dans la forme infantile mais elle a une efficacité limitée sur
les muscles squelettiques dans les formes tardives?**?6-32  Comme nous I’avons vu
précédemment I’efficacité relative de Myozyme® est attribuée notamment a sa faible affinité
pour le RM6P-CI. En effet, la GAA est naturellement délivrée aux lysosomes via le RM6P-CI
apres la liaison de deux M6P présents sur une méme enzyme. Cependant, les lots de Myozyme®
contiennent en moyenne un faible nombre de M6P (entre 0,9 et 1,2 moles de M6P par mole
d’enzyme) et donc une faible quantité de chaines glycosylées portant deux résidus M6P. Or, les
oligosaccharides avec un seul résidu M6P ont une affinité pour le récepteur 1000 fois inférieure
expliquant pourquoi Myozyme® ne cible pas efficacement le récepteur’?’+2°33 NanoMedSyn
a donc proposé une alternative dont le but est de greffer des AMFA sur I’enzyme recombinante
afin d’augmenter I’efficacité du ciblage et par conséquent augmenter 1’efficacité thérapeutique
de Myozyme®. Les étapes nécessaires de production de 1’enzyme recombinante
fonctionnalisée sont les suivantes :

(1) Synthese des AMFA
Les AMFA ont été décrits précédemment. Dans le cas de 1’enzymothérapie substitutive,
NanoMedSyn a décidé d’utiliser un AMFA dont le phosphate a été remplacé par un
phosphonate car c’est I’analogue qui a la meilleure affinité pour le RM6P-CI (Figure 25A).

(2) Production de I’enzyme humaine recombinante
La production de I’enzyme a été effectuée par I’équipe du Dr Martine Cérutti (UPS3044, Saint
Christol les Ales). L’enzyme a été produite en utilisant le systeme Baculovirus/cellules Sf9
d’insecte. Ce systeme est déja utilisé couramment pour la production de protéines
thérapeutiques utilisées en clinique telles que Cervarix® (vaccin contre le cancer du col de
I’utérus) ou Provenge® (vaccin contre le cancer de la prostate)®*!. Ce systeme d’expression
génere des enzymes avec les chaines d’oligosaccharides localisées sur la méme position que les
enzymes produites en systtme CHO comme la Myozyme®. Par contre, on note 1’absence de

résidus M6P et de chaines d’oligosaccharides complexes qui sont remplacées par des chaines
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de mannose dans les cellules d’insecte®*?. Lorsque la production est terminée, I’enzyme est
purifiée sur colonnes chromatographiques, concentrée et filtrée. L’enzyme recombinante ainsi

obtenue est pure a plus de 95% avec un rendement de production de 30%.

(3) Greffage de I’AMFA sur I’enzyme humaine recombinante (Figure 25B)
Tout d’abord, les chaines d’oligomannoses de 1’enzyme sont oxydées par une solution de méta-
periodate de sodium (NalO,) afin d’obtenir des fonctions aldéhydes. Ces fonctions vont alors
pouvoir réagir avec les résidus O-alkylamine de I’AMFA de maniere covalente formant ainsi
des fonctions oxymes qui sont tres stables®**. La concentration d’AMFA greffée est de 4 £+ 1

mole par mole d’enzyme ce qui est donc plus élevée que celle de MOP détectée sur Myozyme®.

A
HO OH HO—, oTMs
’%L\ HO ke TMSO -0 die
HO- 0 TMSO
6 O(CH,);Br 7 O(CH,)Br
HO._ &
Eto Ho-R
=\ omvs ==, omvs v
TMSO . mmso -0 "'%O &
TMSO ™SO
O(CH_),Br O(CHg) 20 N O(CH”zo'N>©
10 o
e
HD o
oK N2
h OH NaQ OH
—_ - HO HO -0
HO HO
O{CHz}zC’ :m AMFA-3 :f){co-qz}zo|'.,n-q2
Reagents and conditions: (a) 2-bromoethanol, H2504-Si0z, 90 min, 68% (b) TMSCI, EtsN, CHzCla,
t, 18 h, 97% (c) KoCOs, MeQH, 0°C, 30 min, 60% (d) (COCl);, DMSO, THF, EtN, -78°C, 2 h, (e)
CHa(P(O)(OEt))z, NaH, THF, t, 1 h, 58% (2 steps) (f) NaH, N-hydroxyphtalimide, DMF, 40°C, 26 h, 61% (g) i:
TMSBr, CHsCN, Pyridine, rt, 6 h, ii: HzO then Dowex (Na'), 45% (h) Hz, Pd/C, MeOH/H:0, 18 h, 99%, (i) K:COs,
H20, 30 min, then Dowex (Na*), 40%.
B HO-, OH HO~ o

—~\_[-0 a
A=A A
0 o
G

a) NalO, (1 mm), 4°C, 30 min; b) AMFA-3 (100 equiv with
respect to GAA), 25°C, 2 h.

Figure 25 : Synthése (A) et fonctionnalisation (B) de ’AMFA sur I’enzyme

recombinante3*
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Le premier article publié par NanoMedSyn sur cette thGAA-AMFA a permis de
démontrer qu’elle était plus efficace que Myozyme® sur plusieurs criteres : une meilleure
internalisation dans les cultures primaires de fibroblastes de patients adultes de la maladie de
Pompe, une meilleure réduction du taux de glycogene dans les quadriceps des souris modeles
de la maladie de Pompe (agées de 4,5 mois ou plus agées (6,5 mois) qui sont mieux
représentatives des formes tardives de la maladie) et une amélioration de la structure des fibres
musculaires. Ces résultats se traduisent par une amélioration de la marche évaluée par le test du
rotarod***. Suite a ces résultats tres prometteurs, NanoMedSyn a décidé d’évaluer sa stratégie
de ciblage sur Myozyme® et a publié¢ un article sur cette étude qui a permis de démontrer pour
la premiere fois 1’efficacité thérapeutique de I’enzymothérapie substitutive chez des souris tres
agées (10-12 mois) modeles de la forme adulte de la maladie de Pompe. Myozyme®-AMFA
(aussi appelée thGAA-AMFA) diminue le taux de glycogene et améliore la structure des fibres
musculaires. En effet, comme il a été décrit précédemment, les noyaux des cellules musculaires
sont en périphérie de la cellule alors que dans les muscles chez les patients atteints de la maladie
de Pompe les noyaux migrent vers le centre des cellules. Les coupes histologiques de
quadriceps des souris Pompe ont montré que rhGAA est inefficace alors que rhGAA-AMFA a
diminué de 50% le nombre de noyaux centraux démontrant la régénération musculaire chez les
souris agées. De plus, aucun anticorps anti-AMFA n’a été détecté dans le sérum des souris*.
Ces deux articles démontrent que les AMFA permettent d’améliorer significativement

I’efficacité thérapeutique de I’enzyme chez les souris modeles de la maladie de Pompe.

Pourquoi I’AMFA permet-il cette amélioration ? Les premieres réponses sont que le
taux d’AMFA greffé sur ’enzyme est bien meilleur que le taux de résidus M6P sur thGAA, par
conséquent les AMFA ont une meilleure affinité pour le récepteur que rhGAA : ceci a été vérifié
par des tests d’affinité qui ont démontré que 1’affinité pour le récepteur était six fois plus élevée
pour thGAA-AMFA comparée a celle de thGAA3*¥. De plus, nous savons que le phosphonate
est insensible aux phosphatases : est-ce que I’efficacité thérapeutique est améliorée grace a cette
insensibilité ? Est-ce que le fait que thGAA-AMFA soit mieux internalisée explique a lui seul
le gain d’efficacité thérapeutique ? Ces questions ont fait I’objet d’une étude que j’ai réalisée
en collaboration avec Mme Anastasia Godefroy, doctorante, ainsi que toute I’équipe de

NanoMedSyn.
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2. Description des travaux

e Introduction :

L’augmentation de 1’affinité de rhGAA-AMFA pour le RM6P-CI n’est probablement
pas la seule raison de I’amélioration de I’efficacité thérapeutique car les études antérieures de
Genzyme ou Biomarin, citées précédemment, dont le but était d’améliorer le ciblage de la GAA
n’ont donné aucun résultat significatif pour I’amélioration de I’efficacité thérapeutique alors
qu’un gain d’affinité pour le récepteur a été montré. Il semblerait donc que 1’augmentation de
I’effet thérapeutique de 1’enzyme soit basée sur un mécanisme intracellulaire. Afin de mieux
définir le mécanisme d’action de thGAA-AMFA, nous avons étudié sa maturation endo-
lysosomale. Le processus de maturation de rhGAA est complexe et nécessite plusieurs étapes :
la maturation du précurseur (110 kDa) subit des protéolyses successives conduisant a une forme
endosomale intermédiaire de 95 kDa, une forme active de 76 kDa et une forme lysosomale
mature de 60-70 kDa (Figure 26) : les formes actives et matures montrent une activité 7 a 10
fois supérieure pour le glycogeéne par rapport au précurseur??*-**_ De plus, I’étude de Bali et al.,
a clairement établi que I’activité globale de I’enzyme dans les tissus des patients était corrélée

a la présence de la forme mature a 60-70 kDa**.

Protéase 1
, } YY Y Y Y Ty
Précurseur : 110 kDa 571 ] 952
Protéase 2
Forme intermédiaire : 95 kDa 1221 T r?, R{ liy T ?‘,’?’ ] 952
Protéase 3
i
Forme active : 76 kDa 122 [ k1 li., k4 {?’ 1 1781-2
Protéase 4
P s e s 3
Forme mature : 60-70 kDa 204 [ ] 781-2

Figure 26 : Maturation intracellulaire de la GAA*¢

Nous avons donc étudié la maturation de rhGAA-AMFA en comparaison avec thGAA.

Pour cela j’ai réalisé, en collaboration avec Mme Anastasia Godefroy, le couplage de thGAA-

146



AMFA et étudié¢ la maturation des enzymes dans des cultures primaires de myoblastes de
patients adultes atteints de la maladie de Pompe par Western blot. Les résultats obtenus ont fait

I’objet d’une publication pour laquelle je suis co-premier auteur.
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1 | INTRODUCTION

In Pompe disease, the current enzyme replacement therapy based
on a human recombinant acid a-glucosidase (rhGAA) naturally
bearing mannose 6-phosphate (M6P) has a limited efficacy."" We
recently proposed a conjugation of rhGAA with a phosphonate
analogue of mannose 6-phosphate (called AMFA) which enables
never-before seen improvements on walking ability and on mus-
culoskeletal health in the aged Pompe mouse model.> Here, we
hypothesized that this new therapeutic efficacy is not solely due
to a better internalization via M6P receptor pathway and we in-
vestigated the enzyme processing. The intracellular maturation
of rhGAA (110 kD) is complex and consists in successive proteol-
yses up to an endosomal 95 kD intermediate form, a 76 kD active
form and a 60-70 kD lysosomal mature form (Scheme 51)_7.3 The
76 and 60-70 kD GAA species show a 7-10-fold increased ac-
tivity.7 Bali et al® clearly established on patient biopsies that
the overall activity was correlated with the presence of the
60-70 kD form.

Secondly, since an overexpression of acid phosphatases has been
observed in several lysosomal storage disorders (LSD)?1®
alysed the involvement of lysosomal acid phosphatases ACP2 and
ACPS5 in rhGAA maturation.

we also an-

2 | MATERIALS AND METHODS

See Supporting Information for detailed description.
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3 | RESULTS

3.1 | AMFA grafting on rhGAA enables in vitro and
in vivo complete enzyme processing

A high uptake of 110 kD GAA precursor was observed in cultured
myoblasts from adult Pompe patients for both rhGAA and rhGAA-
AMFA treatments (Figure 1A); however, 76 kD form (Figure S1A)
and 60-70 kD form (Figure S1B) are 3- and 5-fold more important for
rhGAA-AMFA treated cells. As expected intracellular GAA activity was
also significantly increased for rhGAA-AMFA as compared to rhGAA
(Figure S1C). Similar results were found on different myoblasts (Figure
S1D-G). GAA genetic mutations of the corresponding primary cultured
cells are listed in Table S1.

We then differentiated myoblasts into myotubes according to
the technique described by Nascimbeni et al 2012.1* In myotubes,
the 76 kD and 60-70 kD forms were significantly increased by
rhGAA-AMFA treatment (4.1- and 2.2-fold) as compared to rhGAA
(Figure 1B-C).

We also analysed the enzyme maturation in 10-month-old Pompe
mice treated weekly with 5 mg/kg rhGAA, rhGAA-AMFA or vehicle
during 3 months. While no specific band was detected in the control
Pompe tissue, the 95 kD intermediary form was detected after rhGAA
treatment (Figure 1D). In mice injected with rhGAA-AMFA, the 95 kD
form, the 76 kD active form and/or the 60-70 kD mature form were ob-
served. This higher maturation was also associated with a gain in GAA
activity in muscle biopsies (data not shown). Together, these results
indicate that AMFA conjugation increases rhGAA maturation both in
patient cultured cells and in aged Pompe mice.

— Juvenilepatient
rhGAA-
AMFA  GAA forms

Normal
Myotubes

Control  thGAA

Precursor
Intermediate

Active

Mature

42- Actin
Mw Control rhGAA rhGAA-AMFA
kD GAA forms
s
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- —_— s
42 - Actin

FIGURE 1 Uptake and maturation of rhGAA and rhGAA-AMFA in myoblasts and myotubes of Pompe patients (P12, P14) and in
quadriceps of treated Pompe mice. A, P12 myoblasts. B, C, myotubes differentiated from myoblasts of adult (P12) and juvenile (P14) patients
were incubated with 50 nmol/L rhGAA, rhGAA-AMFA or with vehicle (Control) for 8 h (myoblasts) or 48 h (myotubes) in culture medium.
The cell extracts (5 pg) were analysed by Western blot using human GAA or actin antibodies. D, Maturation of rhGAA and rhGAA-AMFA in
quadriceps of aged Pompe mice. The tests were performed on 10-month-old mice treated with 5 mg/kg/week of rhGAA or rhGAA-AMFA
or by vehicle (Control), during 13 weeks. The maturation of the enzymes in quadriceps on aged Pompe mice is studied by Western blot on
20 g tissue extract using human GAA or actin antibodies. Black arrows indicate respectively 110 kD (inactive precursor), 95 kD (inactive
intermediary), 76 kD (active intermediary) and 60-70 kD GAA (mature active) forms and actin is a control for total protein loading
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FIGURE 2 Overexpression of acid phosphatases and activation of rhGAA maturation by silencing phosphatases in cells from Pompe
patients. A, The phosphatase activity was respectively measured in P1, P2, P4, P5, P6 myoblasts from healthy individuals and P7, P8,

P9, P10, P11, P12, P13 myoblasts from adult Pompe patients. The quantification was assayed on cell extracts (10 pL) using a fluorescent
substrate 6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP) (n = 2). B, Cell extracts (5 ug) of myoblasts from different origins were
analysed by Western blots using anti-human ACP2, ACP5 or actin antibodies (used as loading control). C, D, With specific siRNA, ACP2
expression was inhibited in P15 fibroblasts. E, F, In P12 myoblasts, ACP5 expression was modulated through siRNA treatment . Western
blot analysis of lysates from cells incubated with 50 nmol/L rhGAA for 8 h preceded or not by 48 h siRNA treatment. Lysates were
immunoblotted with antibody against human GAA and actin as loading control (n = 2)

3.2 | Impact of acid phosphatases in GAA

processing

The main difference between AMFA and Mannose 6-Phosphate is
the replacement of the phosphate moiety by a phosphonate group

insensitive to phosphatase in contrast to MéP. In agreement with

a previous study,” we found that acid phosphatases activity is sig-
nificantly increased in Pompe patient myoblasts (264 + 96%) as

compared to normal myoblasts (value set as 100 + 11%, P < 0.005
Student's t test) (Figure 2A). As such phosphatases could be involved
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in Mé6P signal deterioration on rhGAA, we demonstrated that the
inhibition of overexpressed phosphatases with sodium fluoride or
p—glycerophosphate allowed the processing of rhGAA into 76 kD
and 60-70 kD active forms (Figure ).

Expressions of ACP2 and ACP5, two major acid phosphatases in-
volved in MéP dephosphorylation? were assessed (Figure 2B). ACP2
is overexpressed in almost all Pompe disease samples, whereas few
ones overexpressed ACP5.

The inhibition with specific siRNAs of 58% ACP2 and 24% ACP5
expression (Figure 2C-E) was sufficient to enhance rhGAA matu-
ration (Figure 2D-F) and partially that of the endogenous deficient
enzyme.

4 | DISCUSSION

In this report, significant differences in the processing of rhGAA-
AMFA and rhGAA are presented. Although both enzymes are well
internalized, only rhGAA-AMFA undergoes cleavage to 76 kD active
and 60-70 kD mature forms in primary cultures of fibroblasts, myo-
blasts and myotubes from Pompe patients and in aged Pompe mice
after 3-month treatment. These data establish that the protease ma-
chinery necessary for enzymatic maturation is still functional in both
adult patients and aged Pompe mice which were previously consid-
ered as ERT refractory.4

Then, we considered the role of phosphatases in GAA matura-
tion. In LSD, several reports evidence an overexpression of lyso-
somal acid phosphatases. As already demonstrated for lysosomal

1213 \we supposed that overexpressed phos-

enzymes in cancers,
phatases can overflow from lysosomes to nearby endo-lysosomal
vesicles. Such abnormally localized phosphatases could prevent
GAA-M6PR complexing before the enzyme reaches the lysosomes
and thus impair enzyme endo-lysosomal maturation. Our present
analysis indicates an increase of the acid phosphatases activity
and more specifically, an elevation of ACP2 and ACP5. Using gen-
eral inhibitors and specific siRNAs, we obtained a partial phos-
phatases inhibition sufficient to allow the formation of rhGAA
active and mature forms. Although different cell types remain to
be evaluated, these data already evidence that acid phosphatases
overexpression prevents rhGAA processing.

The outcome of the unmatured rhGAA was not investigated
here. However, aberrant localization of rhGAA into autophagosomes
could be hypothesized.™

In conclusion, the higher therapeutic efficacy of rhGAA-AMFA
observed in vitro and in vivo * is associated with an increase of
enzyme maturation. Altogether, these data suggest that AMFA tar-
geting may represent a potential therapeutic advantage for Pompe
disease and also for other LSD which overexpress acid phosphatases.
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SUPPORTING INFORMATIONS

Protease 1

l YY ¥ Y Y

Yy

Precursor: 110kDa 57 | ] 952
Protease 2
Intermediate: 95 kDa 122[ ] 952
Protease 3
Active: 76 kDa 122 17812
Protease 4
Mature: 60-70 kDa 204 L 1781-2

Scheme S1. Intracellular maturation of GAA under physiological conditions. Several
successive cleavages of the inactive 110 kDa precursor GAA occur in the endolysosomal routing

leading to the formation of an intermediate 95 kDa form, then an active 76 kDa form and finally

the mature 60-70 kDa form in lysosomes (modified from [12] ).

MATERIALS & METHODS

Materials

Primary cultures of myoblasts from 15 individuals (referred as P1 to 15) were provided by
different biobanks. Normal myoblasts (referred as P1 to P6) were supplied by Dr. G. Carnac

(Inserm U1046-UMR CNRS 9214, Montpellier, France) and the Reference Center for

Neuromuscular Diseases and ALS of Nice University Hospital (Nice, France).
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Pompe adult myoblasts (referred as P7 to P13) were provided by the Muscle Tissue Culture
Collection (Munich, Germany), the Reference Center for Neuromuscular Diseases and ALS of
Nice University Hospital (Nice, France) and the CBC Biotec Biobank BB-0033-00046 (Lyon,
France). P14, a primary culture of myoblasts from a Pompe juvenile patient, was obtained from
the Telethon Network of Genetic Biobanks [1] (Milan, Italy). P15 corresponds to fibroblasts from
Pompe adult patient which were kindly provided by Dr. C. Caillaud (Necker Hospital Paris,
France). The GAA gene alterations identified in Pompe patients from which the primary cultures

were established are summarized in Table S1.

Table S1. GA4 gene mutations in the Pompe patients used in this study

Patient Allele 1 Allele 2

P7 ¢-32-13T>G ¢.925G>A (p.Gly309Arg)

P8 c-32-13T>G c.1075G>A (p.Gly359Arg)
P9 ¢-32-13T>G c.1438-1G>C

P10 ¢.-32-13T>G c.1396del (p.Val466Phefs*11)
P11 ¢.-32-13T>G ¢.2738C>G (p.Pro913Arg)
P12 c-32-13T>G ¢.1927G>A (p.Gly643Arg)
P13 c.119G>A (p.Arg40Gln) c.1497G>A (p.Trp499*)

P14 ¢.-32-13T>G ¢.2237G>A (p.Trp746*)

P15 ¢.-32-13T>G ¢.2104C>T (p.Arg702Cys)

The thGAA used was alglucosidase-alfa (Myozyme®) manufactured by Sanofi-Genzyme and
recovered from excess material of the reconstituted commercial product used in patients. Pompe

mice were a kind gift from Pr. Nina Raben [2] and were housed and cared according to protocols
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approved by the Languedoc-Roussillon ethical committee CEEA-LR-36 with agreement N4987-

2016101116132551.

Cell culture

Cells were cultured in a humidified atmosphere containing 5% CO at 37°C. The myoblasts of
Pompe disease patients and healthy persons were cultured in Ham F10 medium plus 20% fetal
bovine serum (FBS), 1% insulin, 25 ng/mL FGF, 10 ng/mL EGF and 1% penicillin/streptomycin
on collagen coated surface. In myotube experiments, successive steps of the differentiation of adult
patient myoblasts are required. Myoblasts at confluence were induced to differentiate by lowering
the FBS concentration to 2%. Cells were maintained in differentiation medium for 5 days. The
myotubes obtained after 7 days of differentiation acquired contractile capacities (data not shown)
and are therefore representative of the most abundant cells of skeletal muscles. For fibroblasts,

they were cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin.

Chemical conjugation of AMFA onto rhGAA

The thGAA was coupled with AMFA according to the method previously described [10] .
Briefly, rhGAA was oxidized with 5 mM NalO4 for 30 min at 4°C in the dark. Oxidation reaction
was stopped by addition of 2% glycerol. Oxidized enzyme was purified on a G-10 Sepharose
column (GE Healthcare) according to manufacturer’s instructions. AMFA was then grafted on
rhGAA at a ratio of 300 equivalents per mole of enzyme during 2 h at 37°C in the dark under
agitation. After conjugation reaction, hGAA-AMFA was dialyzed against 25 mM sodium
phosphate buffer (pH 6.2) containing 1% mannitol and 0.005% Tween 80 for 18 h at 4°C. The

samples were aliquoted and stored at -20°C until used. The number of AMFA, determined using
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MALDI-TOF mass spectrometry from 5 different coupling reactions, is approximately of 5.3 + 1.8
mol AMFA per mol enzyme.
Western blot analysis

To study rhGAA-AMFA maturation, extracts from Pompe adult myoblasts were subjected to
Western blot analysis. The cells were washed 3 times, harvested in PBS and lysed by 3 freeze-
thaw cycles in buffer containing 50 mM HEPES, 150 mM NaCl, | mM EDTA, 2.5 mM EGTA,
0.1% Tween 20, 10% glycerol, 1 mM NaF, 1 mM NaNOs, 10 mM glycerophosphate and protease
inhibitors (dilution 1:25 Complete, Roche Diagnostics). The lysates were precleared by
centrifugation at 10,000 g for 15 min at 4°C. Samples were tested for protein concentration by the
Bradford method and equal amounts (5 or 20 pg) of cell extract were resolved by 12% SDS-PAGE.
After blotting the gel into PVDF membrane, proteins were detected by probing with anti-human
GAA (GeneTex), ACP2 (Santa Cruz Biotechnology) or ACP5 (Abcam) incubated with
peroxidase-conjugated secondary antibodies (Amersham). Immunoreactive proteins were then
analyzed by ECL detection system (Amersham). Actin detected by a monoclonal mouse antibody
provided by Dr N. Bettache (CNRS UMRS5247, Montpellier, France) was used as the loading
control. Quantifications of the immunoreactive GAA forms were performed on unsaturated films
with low exposures using Image J software.
Uptake assays

After enzyme treatment in triplicate for the indicated times at 37°C, cells were washed 3 times
with PBS and lysed by sonication in GAA assay buffer (0.2 M C2H3NaO», 0.4 M KCl, pH 4.3)
containing 0.1% Triton X-100. The lysates were centrifuged at 14,000 g for 10 min at 4°C. Samples
were tested for protein concentration and enzymatic activity was measured by using the fluorescent

substrate 4-methylumbelliferyl-o-D-glucopyranoside (4-MUG, Sigma Aldrich). Cell lysates were
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incubated with 160 uM 4-MUG diluted in GAA assay buffer for 3 h at 37°C. The reaction was
stopped by addition of 0.4 M glycine buffer pH 10.4 and the fluorescence was read with 355 nm
excitation and 460 nm emission filters with a PerkinElmer 1420 VICTOR 2 microplate reader.
Total acid phosphatases activity quantification

Cells were cultured in 6-well plates and lysed in 0.2 M C2H3NaO3, 0.4 M KCl, 0.1% Triton pH
4.3 and sonicated 3%x6 s. The lysates were centrifuged at 14,000 g for 10 min at 4°C. Samples were
assayed for protein concentration and the activity of phosphatases was determined using 6,8-
difluoro-4-methylumbelliferyl phosphate (DiFMUP) (Molecular Probes) as a substrate. Extracts
(5 pL) were incubated in 100 mM sodium acetate buffer pH 5.5 and 0.1 mM DiFMUP for 30 min
at room temperature. Fluorescence intensity was monitored with a 355 nm excitation and a 460 nm
emission filters with a PerkinElmer 1420 VICTOR 2 microplate reader.
Acid phosphatases inhibition

Cells were incubated with 50 nM enzymes and phosphatase inhibitors 2 mM NaF or 2.5 mM
beta-glycerophosphate for 48 h at 37°C in RPMI medium enriched with 10% heat-inactivated calf
serum. After incubation, cells were washed three times with PBS and stocked at -20°C until
Western blot analysis.
SiRNA silencing

Small interfering RNA (siRNA) duplex oligoribonucleotides for human acid phosphatases 2
(ACP2) and tartrate-resistant acid phosphatase (TRAP, ACPS5) were synthesized by Santa Cruz
Biotechnology, INC (accession number: sc-96327 and sc-44164). ACP2 siRNA and TRAP siRNA
are a pool of 3 target-specific 19-25 nucleotides designed to knock down gene expression. Firefly
luciferase-specific siRNA (siRNA Fluc) was used as controlled and purchase by Eurogentec.
siRNA Fluc sequences were as followed: sense 5’-CUUACGCUGAGUACUUCGASS-3* and

anti-sense 5’UCGAAGUACUCAGCGUAAG-3’. Cells were allowed to grow on 6-well plates
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until reaching 50-70% confluency in appropriate culture medium. Cells were then transfected
using, for one well, 50 pmol of siRNA and 8 pL of INTERFERIn® (PolyplusTransfection) reagent
in Opti-MEM™ medium and incubated 4 h. Following incubation, standard growth medium was
added and FCS equilibrated at 10% in each well. Forty-eight h after transfection, wells were
washed 2 times with PBS and treated with 50 nM enzymes or vehicle for 8 h in DMEM
supplemented with 10% FCS. After incubation, cells were washed 3 times with PBS and plates
were stored at -20°C until used.
Statistical analysis
The statistical analysis was performed using either the Student's test or the Newman-Keuls test
for repeated measures. A probability value of p< 0.05 was considered statistically significant.
REFERENCES
[1] Filocamo M, Mazzotti R, Corsolini F, et al. Cell Line and DNA Biobank From Patients
Affected by Genetic Diseases. Open Journal of Bioresources 2014; 1; e2. (methods)
[2] Raben N, Nagaraju K, Lee E, et al. Targeted disruption of the acid alpha-glucosidase gene

in mice causes an illness with critical features of both infantile and adult human glycogen
storage disease type II. J. Biol. Chem. 1998; 273; 19086-92(.Mettre in methods)
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ADDITIONAL RESULTS

Maturation of rhGAA and rhGAA-AMFA in myoblasts of adult Pompe patient.
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Figure S1: Maturation of rhGAA and rhGAA-AMFA in myoblasts of Pompe patient P12
(from A to C) and P7 (from D to G). Myoblasts were incubated with 50 nM rhGAA, rhGAA-
AMFA or with vehicle (Control) for 8 h (P12) or 4 h (P7) in medium enriched with 10% human
serum. (A, B) Quantification with Image J software of 76 kDa and 60-70 kDa GAA protein forms
corrected by actin expression. Control cells are considered as 100%. (n=2) (C) GAA catalytic
activities of myoblasts treated 3 h with vehicle or 10 nM or 50 nM rhGAA or hGAA-AMFA. The
tests were performed in cell lysates using synthetic substrate 4-MUG. Data are expressed as a
percentage of vehicle treated cell activity (n=2), *p<0.05, **p<0.01 and ***p<0.001 (Newmann-
Keuls multiple comparison test). (D) The cell extracts (5 pg) were analyzed by Western blots using
human GAA or actin antibodies. Black arrows indicate respectively 110 kDa (inactive precursor),
95 kDa (inactive intermediate), 76 kDa (active intermediary) and 60-70 kDa GAA (mature active)
forms. Actin is a control for total protein loading. (E, F) Quantification of GAA protein forms
performed as in (A,B). (G) GAA activities in P7 myoblasts incubated for 3 h with 20 nM enzyme

treatment (n=2), *p<0.05 vs control (Newmann-Keuls multiple comparison test).
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Figure S2: Activation of rhGAA maturation by phosphatase inhibitors in adult Pompe
fibroblasts and myotubes. The internalization and processing of thGAA in P15 adult fibroblasts

(A), myotubes from P9 (B) was measured in the presence or absence of phosphatase inhibitors NaF
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or beta-glycerophosphate. The enzymes (50 nM) were incubated for 48 h and the intracellular
maturation was detected by Western blots using an anti-human GAA antibody. Actin was used as

a control for total protein loading.

The combination of two inhibitors did not show additive effect on GAA maturation in fibroblasts
and decreased the effect of beta-glycerophosphate in myotubes. These results indicate that the
cellular acid phosphatases could play a repressive role in the maturation of thGAA. In fibroblasts,
the loss of the M6P signal on rhGAA would probably happen before the first proteolytic cleavage
of the 110 kDa precursor since the 95 kDa is not detected. In myotubes and myoblasts the 95 kDa

form is detected suggesting that phosphate group of M6P was removed later.
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e Conclusion :

Dans cet article, nous avons étudié le mécanisme d’action de thGAA-AMFA qui
explique en partie I’amélioration de 1’efficacité thérapeutique. Premierement, nous avons
démontré une différence significative dans le processus de maturation entre hGAA-AMFA et
rhGAA. En effet, nous avons observé une internalisation élevée du précurseur a 110 kDa pour
rhGAA-AMFA et thGAA dans des myoblastes provenant de différents patients adultes ;
cependant la forme active a 76 kDa et la forme mature a 60-70 kDa sont respectivement 3 et 5
fois plus élevées pour hGAA-AMFA. Des résultats similaires ont également été observés dans
des myoblastes d’un patient adulte différenciés en myotubes. De plus, chez des souris modeles
de la maladie de Pompe agées de 10 mois et traitées avec 5 mg/kg par semaine pendant trois
mois, nous observons 48 heures apres le dernier traitement uniquement la forme intermédiaire
a 95 kDa chez les souris traitées avec rhGAA alors que chez les souris traitées avec thGAA-
AMFA nous observons la forme active et chez certains individus les formes active et mature.
Ces résultats montrent que les formes active et mature augmentent de maniere significative
avec thGAA-AMFA ce qui signifie que le mécanisme impliquant les protéases nécessaires a la
maturation enzymatique n’est pas altéré chez les patients adultes qui sont pourtant considérés
habituellement comme non-répondeur a 1’enzymothérapie de substitution®?®. Une différence
majeure entre les AMFA et le M6P est I’insensibilité aux phosphatases. Nous avons donc émis
I’hypothese que les phosphatases acides intracellulaires seraient impliquées dans la
détérioration du signal M6P empéchant le processus de maturation intracellulaire. Nos résultats
démontrent, en accord avec des études précédentes, la surexpression des phosphatases acides
intracellulaires totales et mettent en évidence la surexpression des phosphatases ACP2 et ACP5
dans les cultures de patients adultes. Des études antérieures avaient montré 1’implication de ces
deux phosphatases dans la déphosphorylation du M6P?37, En utilisant des inhibiteurs de
phosphatases et des siRNA spécifiques d’ACP2 et ACPS, nous avons obtenu une inhibition
partielle des phosphatases, suffisante pour observer I’augmentation des formes active et mature
de thGAA. Bien que ces résultats doivent étre approfondis, ils suggerent tout de méme que la
surexpression des phosphatases acides empéche la maturation complete de thGAA. D’une
maniere générale, ces résultats suggerent que le ciblage du RM6P-CI par I’AMFA pourrait tre
un bon candidat thérapeutique pour la maladie de Pompe ainsi que pour d’autres maladies

lysosomales dans lesquelles une surexpression des phosphatases acides est observé.
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Conclusion générale et perspectives

Le développement de thérapies ciblées pour le traitement du cancer est un enjeu de santé
publique. I1 est nécessaire de développer des thérapies permettant de cibler préférentiellement
les cellules cancéreuses afin d’augmenter 1’efficacité thérapeutique dans la zone a traiter,
d’éviter I’atteinte des tissus sains et ainsi diminuer considérablement les effets secondaires
connus des thérapies classiques (chimiothérapie et radiothérapie). A 1’heure actuelle, des
thérapies ciblées ont déja été autorisées par les autorités de santé mais ces thérapies ont des
limites comme décrites précédemment. Ce projet de these s’inscrit dans ce contexte : I’objectif
étant de développer des nanoparticules multifonctionnelles pour le traitement des cancers. Ce
projet est donc a la frontiere de plusieurs domaines scientifiques et la pluridisciplinarité de
I’équipe « Glyco et nanovecteurs pour le ciblage thérapeutique » a permis de réaliser des études
completes me permettant d’étre co-auteur d’articles scientifiques qui ont été soit décrits dans la

partie résultat soit annexés dans ce manuscrit (Figure 27).
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Figure 27 : Activités pluridisciplinaires du laboratoire
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La premiere partie de la these concerne le développement de nanoparticules
multifonctionnelles innovantes pour la thérapie et I’imagerie médicale des cancers. Les
nanoparticules permettent un ciblage passif des tumeurs solides via l’effet EPR: les
nanoparticules injectées en intraveineux vont se déplacer dans la circulation sanguine jusqu’a
la zone tumorale et vont pouvoir traverser les fenestrations des néo-vaisseaux et ainsi €tre

retenues dans la tumeur.

Dans ce contexte nous avons, tout d’abord, démontré pour la premiere fois le potentiel
thérapeutique de nanoparticules de bleu de Prusse pour la PTT biphotonique. Cette technique
est basée sur I’utilisation d’agents photothermiques capables de convertir la lumiere en chaleur
qui entraine la mort des cellules cancéreuses. Ces nanoparticules ont été¢ étudiées sous
irradiation monophotonique et mé€me si les résultats sont encourageants, ce type d’irradiation a
des limites car elle ne permet pas une éradication complete des cellules cancéreuses due a
I’hétérogénéité de la production de chaleur au sein de la tumeur et la faible distance de
pénétration dans les tissus**®. Dans notre étude, nous avons démontré que sous irradiation
biphotonique les nanoparticules de bleu de Prusse entrainait quasiment 100% de mort cellulaire.
Ces nanoparticules ont donc un grand potentiel de PTT. De plus, nous avons montré la
possibilité de fonctionnaliser aprés synthese des luminophores permettant de visualiser

facilement le devenir des nanoparticules dans 1’organisme.

Dans un deuxieme temps, nous avons développé des nanoparticules organosiliciées pour
la délivrance de drogue, dans notre cas la gemcitabine monophosphate utilisée en
chimiothérapie notamment pour le traitement du cancer du sein. Cette étude était basée sur deux
types de nanoparticules organosiliciées : des nanoparticules mésoporeuses et des nanoparticules
ioniques. Dans le premier cas, les pores de la nanoparticule ont permis d’encapsuler la
gemcitabine monophosphate et des porphyrines ont été incorporées a la matrice organosiliciée
de la nanoparticule. Ce sont des molécules fluorescentes permettant la visualisation des
nanoparticules dans 1’organisme. Pour les nanoparticules ioniques, du FITC a été greffé a leur
surface pour 1’imagerie. Les études biologiques sur des cellules cancéreuses humaines du
cancer du sein ont permis de démontrer le fort potentiel de ces nanoparticules pour transporter
et libérer la gemcitabine monophosphate, car nous avons observé un taux élevé de mort
cellulaire démontrant que 1’encapsulation de la drogue n’altérait pas son activité thérapeutique.
De plus, nous avons pu visualiser les deux types de nanoparticules dans les cellules cancéreuses

et conclure qu’elles s’accumulaient dans le cytoplasme.
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Les nanoparticules utilisées dans cette partie ont un point commun : elles peuvent étre utilisées
pour la thérapie mais également pour I’imagerie médicale. Ces nanovecteurs innovants sont
appelés nanovecteurs théranostiques : c’est-a-dire la combinaison entre la thérapie et le

diagnostic. Ils sont donc tres prometteurs pour une utilisation clinique.

Cependant, le ciblage passif de ces nanoparticules est limité, c’est pourquoi les
recherches se sont tournées vers le ciblage actif des cellules cancéreuses afin d’augmenter
I’efficacité thérapeutique. Ce ciblage est basé sur la conjugaison de biomolécules a la surface
des nanoparticules. L’équipe s’est alors spécialisée dans le développement de glycovecteurs
pour le ciblage thérapeutique. La création de NanoMedSyn est basée sur I’exploitation d’un
brevet déposé par I’équipe sur la syntheése d’un glycovecteur innovant : I’AMFA qui cible
efficacement le RM6P-CI impliqué dans I’adressage des enzymes lysosomales aux lysosomes.
La deuxieme partie de cette these consiste a valoriser la technologie AMFA pour le traitement
des maladies lysosomales ainsi que pour le traitement de certains cancers qui surexpriment le
RM6P-CI, tel que le cancer de la prostate. L’équipe a démontré que le RM6P-CI était
surexprimé et qu’il permettait d’augmenter significativement 1’adressage et donc I’efficacité
thérapeutique de nanoparticules.

Tout d’abord, nous avons étudié I’intérét potentiel des AMFA dans le traitement d’un autre type
de cancer en mettant en évidence la surexpression du RM6P-CI dans trois lignées cellulaires
cancéreuses de RMS. En effet, nous avons démontré qu’en moyenne 1’expression du récepteur
était sept fois supérieure dans les cellules de RMS que dans les myoblastes sains de trois patients
différents. Ceci suggere que le RM6P-CI pourrait étre considéré comme un biomarqueur du
développement du RMS. La deuxieme étape a été la synthese et la fonctionnalisation des
AMFA de nanoparticules, plus particulierement des PMO, pour faire de la PDT biphotonique
grace aux porphyrines incorporées dans la matrice de la nanoparticule. Les études biologiques
effectuées sur une lignée cellulaire de RMS et une lignée de myoblastes sains ont permis de
démontrer la biocompatibilité et 1’efficacité thérapeutique de la PDT des PMO-AMFA. En
effet, les PMO non fonctionnalisées induisent 50% a 60% de mort cellulaire sur les deux lignées
cellulaires alors que les PMO-AMFA induisent quasiment 100% de mort cellulaire sur les
cellules cancéreuses et aucun effet PDT sur les cellules saines dans les conditions étudiées. De
plus, 'implication du RM6P-CI dans I’endocytose active des PMO-AMFA a été démontrée.
Ces résultats démontrent que le RM6P-CI peut €tre considéré comme une bonne cible
thérapeutique et que les AMFA ciblent spécifiquement les cellules cancéreuses dans lesquelles

le récepteur est surexprimé. La PDT offre de nouvelles opportunités de thérapies non-invasives.
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Cependant, en clinique, la PDT pour le traitement du RMS présente des limites car ce sont
généralement des tumeurs profondes et difficiles d’acces. Afin d’optimiser ces résultats, nous
proposons de conserver la fonctionnalisation de I’ AMFA sur des nanoparticules pour conserver
un ciblage actif efficace mais d’utiliser d’autres types de nanoparticules qui seraient autonomes,
et qui n’auraient donc pas besoin d’un stimuli externe comme c’est le cas avec la PDT. Nous
pourrions par exemple utiliser des nanoparticules pour la délivrance de drogue, comme décrites
dans ce manuscrit, ou la drogue est libérée uniquement a pH acide, c’est-a-dire, dans les
vésicules endo-lysosomales ou directement dans les lysososmes. D’autres études ont montré
I’efficacité de ces nanoparticules autonomes et ont confirmé leur fort potentiel thérapeutique :
la drogue peut étre liée a la nanoparticule par des liaisons hydrazones qui se rompent a pH
acide®®, la drogue peut également €tre confinée dans la nanoparticule par des bouchons
moléculaires qui forment des liaisons hydrogenes avec la nanoparticule et qui s’ouvrent a pH
acide**. Nous pourrions également utiliser les nanoparticules comme vecteur de siRNA : ce
sont des petits ARN interférents qui peuvent se lier spécifiquement a une séquence d’ARN
messager pour bloquer ’expression du gene cible. Comme il a été décrit précédemment, les
RMS alvéolaires sont caractérisés par un gene de fusion PAX3-FOXO1a. Une étude a démontré
que le blocage de ce gene de fusion permettait de réduire significativement les xénogreffes de
tumeurs chez les souris, un siRNA anti PAX3-FOXO1a a été encapsulé dans des liposomes et
injecté a des souris. Les résultats ont montré une inhibition significative de I’initiation de la
tumeur chez les souris®*!. Ces résultats nous permettent d’envisager ce type de thérapies
(délivrance de drogue, utilisation de siRNA, combinaison des deux) avec les nanoparticules

décrites dans cette these greffées par des AMFA pour le ciblage actif du RMS.

Nous avons étudié, par la suite, la possibilité d’utiliser I’AMFA pour le ciblage de la
maladie de Pompe. Le traitement actuel par enzymothérapie substitutive a une efficacité
limitée. Cependant, les résultats antérieurs de NanoMedSyn ont permis de montrer que le
greffage de ’AMFA sur thGAA permettait d’augmenter significativement 1’efficacité du
traitement chez les souris modeles de la maladie de Pompe : diminution du glycogene,
amélioration de la santé musculaire permettant une meilleure motricité. Dans ce manuscrit,
nous avons démontré une partie du mécanisme d’action de rhGAA-AMFA qui permettrait
d’expliquer cette augmentation significative d’efficacité thérapeutique. RhGAA a une
maturation intracellulaire trés limitée contrairement a rhGAA-AMFA pour laquelle nous avons
observé une maturation supérieure dans les cultures primaires (fibroblastes, myoblastes et

myotubes) de patients adultes atteints de la maladie de Pompe. Cependant, nos résultats
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montrent que 1’inhibition partielle des phosphatases acides, surexprimées dans la maladie de
Pompe, permet une augmentation significative de la maturation de thGAA. Ceci pourrait
expliquer I’efficacité thérapeutique relative de rhGAA observée chez les souris Pompe et chez
les patients adultes. Ces résultats suggerent que I’insensibilité de I’AMFA aux phosphatases
sériques ainsi qu’aux phosphatases acides joue un rdle primordial dans la maturation de
I’enzyme : elle est mieux reconnue et internalisée par le RM6P-CI et également mieux maturée.
De plus, nous supposons que la surexpression des phosphatases acides entrainerait leur
échappement hors des lysosomes vers les vésicules endo-lysosomales voisines entrainant la
dégradation précoce du signal M6P et ’arrét de I’acheminement de I’enzyme vers les lysosomes
ainsi sa maturation serait interrompue. Sans maturation complete, I’enzyme ne peux pas étre
active et le traitement est alors peu efficace. Ces résultats prometteurs ont permis a
NanoMedSyn d’obtenir une désignation de médicament orphelin auprés de 1’Agence
Européenne du Médicament en juillet 2016 démontrant 1’intérét de notre technologie par
rapport au traitement existant. De plus, NanoMedSyn a signé un contrat de collaboration avec
I’entreprise Shire (Boston, Etats-Unis), leader mondial des biotechnologies pour le traitement

des maladies rares, nous permettant d’envisager a terme un protocole clinique.
La technologie AMFA pourrait également étre utilisée pour développer un traitement

pour d’autres maladies lysosomales traitées par enzymothérapie substitutive et permettre le

ciblage thérapeutique d’autres types de cancers qui surexpriment le RM6P-CI
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ABSTRACT: Periodic mesoporous ionosilica nanoparticles with ammonium walls
were synthesized exclusively from a trisilylated ammonium precursor. The nano-
particles display a uniform particle size, together with a high specific surface area and an
ordered hexagonal pore architecture. Completely biocompatible in vitro and in vivo,
the nanoparticles are efficiently endocytosed by RAW 264.7 macrophages and used as
carrier vehicles for anionic drugs. Diclofenac-loaded ionosilica nanoparticles are very
efficient in inhibiting lipopolysaccharides-induced inflammation.
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1. INTRODUCTION

Ionosilicas, defined as periodic mesoporous organosilicas
(PMOs) constituting of ionic building blocks, recently emerged
as a new family of functional materials. Due to their mixed
ionic—mineral nature, ionosilicas are situated at the interface of
functional silica mesophases and ionic liquids.'™ In the
absence of silica sources such as tetraethyl-ortho-silicate,
ionosilicas are obtained from oligosilylated ionic precursors
via the hydrolysis—polycondensation procedures exclusively.””
This synthetic strategy therefore affords materials that are
entirely constituted of ionic building blocks. We recently
showed that ionosilicas displaying a regular architecture on the

3 mesoscopic level can be obtained from oligosilylated ionic

precursors by the template-directed hydrolysis—polycondensa-
tion reactions in the presence of anionic surfactant.”” This
approach is particularly attractive because the organoionic
group of the silylated precursor promotes the structuration
process during the template-directed hydrolysis—polyconden-
sation procedure.” Ionosilicas combine high porosity and
regular architecture on the mesoscopic level with an unmatched
chemical versatility, induced by the high variability and the high
number of homogeneously distributed ionic species. They have

Publications @ Xxxxx American Chemical Society
@ ACs

a large potential for applications in catalysis5 and separa- 43
tion.”” ™" Tonosilicas exhibit particularly hydrophilic properties, 44
resulting in a particularly high affinity toward water.'” This 45
feature leads to an enhanced mass transfer and, in fine, to a high 46
accessibility of ionic sites, in particular, in aqueous media. 47
Finally, ionosilicas appear as efficient adsorbing materials for a 4s
large variety of anionic species such as iodide, chromate, 4o
perrhenate, and pertechnetate.;'m"1'” Recently, we demon- so
strated that ionosilicas also efficiently adsorb anionic drugs such si
as diclofenac (DCF) and sulindac, the two anionic nonsteroidal s2
anti-inflammatory drugs (NSAID)."* 53

Applications of ionosilicas necessarily require an efficient s4
shaping of these materials, as powder-like morphologies are not ss
always compatible with advanced applications. Here, we s6
investigated the formation of ionosilica nanoparticles. The s7
availability of ionosilica nanoparticles enables us to address new ss
fields of applications of these nanomaterials, for example, as so
drug carrier vehicles in the biomedical area. Ionosilica 60
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Figure 1. (al) Ilustration of the preparation of ionosilica nanoparticles and the template extraction; (a2) schematic illustration of ionosilica
framework with ammonium group and the composition of internal pore of NP;-bare and NP, -DCF. (b1, b2) Transmission electron microscopy
(TEM) images of NP, .-bare and NP, -DCF. (c1, c2) Particle size distribution of NP, -bare and NP,-DCF obtained by TEM. (d1, d2) Dynamic light

scattering (DLS) measurement of NP, -bare and NP,-DCF.

61 nanoparticles would be systems of choice for this field due to
62 their high hydrophilicity, tunability, and high adsorption
63 capacity for anionic drugs. However, reaching the nanoscale
6+ with conventional PMO materials is still a major challenge,'*™**
6s as examples of PMO-type nanoparticles are scarce. More
66 specifically, ionosilicas are only available in bulk at the
67 macroscopic scale so far.

6s  Herein, we report for the first time ionosilica nanoparticles.
60 These objects, obtained exclusively from a trisilylated
70 ammonium precursor, constitute of ionic substructures. The
71 nanoparticles display a narrow size distribution and a regular
72 pore arrangement. Their ionic—mineral hybrid nature may
73 confer particular surface properties to these nano-objects.
74 These may further be adjusted when using appropriate ionic
7s precursors, as the large variety of possible anion—cation
76 combinations in ionosilicas provides a simple way to fine-
77 tune the physicochemical properties of these functional
7s materials.'”** Our recent results concerning the adsorption of

anionic drugs by bulk ionosilica suggest potential applications
of ionosilica nanoparticles in the area of drug delivery. We,
therefore, performed in vitro, in vivo, and biodistribution
investigations to address the cytotoxicity and biocompatibility
of ionosilica nanoparticles. Finally, vectorization of drugs by the
aid of ionosilica nanoparticles was investigated. We chose
diclofenac (DCF) as the model drug to monitor the potential
of the ionosilica nanoparticles to be used as drug carrier
vehicles, as we previously studied adsorption of this non-
steroidal anti-inflammatory drug (NSAID) from an aqueous
solution. We observed that DCF is efficiently adsorbed by
ionosilicas in bulk.”*

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of lonosilica
Nanoparticles. The procedure for the preparation of the
ionosilica nanoparticles containing ammonium substructures is
schematized in Figure 1. The synthesis of the nanoparticles was

B DO 10.1021/acsami.7b07264
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Figure 2. a) '*C cross-polarization magic-angle spinning (CP-MAS) spectra of NP,.-bare nanoparticles. (b) **Si CP-MAS solid-state NMR spectra of
NP,-bare nanoparticles. (c) Nitrogen adsorption—desorption isotherm of NP;-bare nanoparticles. (d1, d2) X-ray diffractogram of NP, -bare.

95 carried out following a modified Stober method using a binary were treated with an ethanolic ammonium chloride solution. 123
96 surfactant system. The synthesis was based on the balance The obtained nanoparticles NP;-bare were very similar to the 124
97 between the ordered assembly of cationic organic ammonium NP;-as particles in their size and shape. The TEM and 125
9s precursor (precursor A) and an anionic surfactant (SHS) to scanning electron microscopy (SEM) images (Figures 1b1 and 126
99 create mesoporosity within the nanoparticles via the formation S3a,b, SI) indicate an average diameter of approximately 90 nm 127
100 of precursor—surfactant ion pairs. Simultaneously, the inhib- and a hydrodynamic diameter of 148 nm (Figure lcl,d1), in 128
101 ition of grain agglomeration was achieved (i) by the addition of nice agreement with the results obtained for NP;-as. 129
102 a nonionic surfactant (F127), which was efficiently adsorbed on We characterized the NP;-bare nanoparticles more in detail 130
103 the surface of the primary nanoparticles via hydrogen bonding to confirm the chemical integrity of the ionic building block and 131
104 and (i) the addition of a silylated poly(ethylene glycol) to determine their surface properties. For this purpose, we 132
10s precursor “silyl PEG.” As PEG is a biocompatible group,” performed "*C cross-polarization magic-angle spinning (*C 133
106 the surface functionalization of the ionosilica nanoparticles CP-MAS) and *Si CP-MAS solid-state NMR and infrared 134
107 should further enhance their biocompatibility. Detailed spectroscopy, nitrogen sorption, X-ray diffraction (XRD), and 135
108 information about the synthesis of the ionosilica nanoparticles zeta-potential measurements. 136
109 can be found in the Supporting Information (page S2). First, the 3C CP-MAS spectrum of NP,-bare (Figure 2a) 1372
110 The successful formation of the as-synthesized ionosilica displays three signals related to n-propyl chains of the precursor 138
111 nanoparticles with surfactant-filled pores NP;-as was indicated at 10.7, 16.8, and 49.7 ppm, respectively. Additionally, the two 139
112 by transmission electron microscopy (TEM) and dynamic light signals around 60—70 ppm can be assigned to the methyl group 140
113 scattering (DLS). The TEM images of these particles (SI, directly attached to the nitrogen atom and to the PEG groups 141
114 Figures S1 and S2) show spherical objects with a diameter of located on the surface of nanoparticles. The »Si CP-MAS 142
115 approximately 80—100 nm. The particle size determined by NMR spectra of the material (Figure 2b) show three signals, 143
116 DLS is higher (148 nm), as DLS takes into account the surface- which are characteristic of the T units, confirming the 144
117 located PEG groups and the adsorbed F127 polymers, which formation of a siloxane framework. The highest intensity was 14s
118 increase the hydrodynamic diameter of the particles (SI, Figure found for the T> and T signals, which are assigned to 14
19 S2). RSi(0Si),0OH and RSi(OSi); silicon centers, respectively. 147
120 The obtained NP;-as ionosilica nanoparticles were then used These results are in nice agreement with those obtained for 148
121 to access bare particles with empty pores (NP-bare) via the the bulk ionosilica materials”® and prove the presence of 149
122 washing procedures. For this purpose, the NP;-as nanoparticles ammonium groups within the material. They confirm that no 150

C DOI: 10.1021/acsami.7b07264
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151 degradation of the ionic precursor occurred during the
152 hydrolysis—polycondensation procedure.

153 These results were confirmed by the Fourier transform
154 infrared (FT-IR) spectroscopy. The FT-IR spectrum of NP,-
155 bare (SI, Figure $4) (green curve) shows (C—H) stretching
156 vibrations of methylene groups at 3000—2840 cm™'. Moreover,
157 the spectrum is dominated by strong absorption bands between
158 1150 and 1000 cm™, which can be assigned to the siloxane
159 network.” The FT-IR spectrum of the nanoparticles is in nice
160 agreement with that of the previously reported bulk
161 ionosilica.”’

162 The textural properties of the NP;-bare nanoparticles were
163 determined via nitrogen sorption. The nitrogen sorption
164 isotherm is given in Figure 2c. The Brunauer—Emmett—Teller
16 surface area of the materials was 1034 m>g~'. This result
166 indicated that the anionic surfactant was eliminated in large
167 extent from the pores. The nitrogen-adsorption isotherm of the
168 NP, -bare nanoparticles shows two separated adsorption steps.
169 The first step occurred at a low partial pressure (P/P, < 0.2)
170 and indicates mesoporosity with a pore size of ~2.0 nm. This
171 mesoporosity is due to the template effect of the anionic
172 surfactant during the template-directed hydrolysis—polycon-
173 densation process."'x‘w Second, a strong nitrogen uptake at a
174 high relative pressure (P/P, > 0.8) can be observed. This
175 phenomenon can be related to the nitrogen adsorption by the
176 void spaces between the nanoparticles and therefore indicates
177 an intergranular porosity.

178 Finally, the XRD and small-angle X-ray scattering (SAXS)
179 measurements were performed to get more information about
180 the architecture of the material on the mesoscopic length scale
181 and the crystallite size. Figure 2d1,d2 displays the XRD patterns
182 of NP;-bare nanoparticles. The diffractogram displays an
183 intense reflection at g = 1.5 nm ™" and a low intense and larger
184 contribution, which could fit with two contributions at q = 2.6
185 and 3 nm™! (Figure 2d2). These three reflections with index
186 (100), (110), and (200), respectively, indicate a regular
187 repetition of the cylindrical pore arrangement, separated by
188 hybrid silica walls, in accordance with a hexagonal two-
189 dimensional (2D) structure. The low intensity of the (110) and
190 (200) reflections can be explained by the size of the
191 nanoparticles, limiting the long-range order within the particles
192 to the maximum 20 unit cells. Considering the existence of
193 walls between the cylinders, the distance D between the center
194 of the cylinders should be D = 2d,4/ \/ 3 for a hexagonal 2D
195 structure, with d,oy = 277/9,99 = 4.2 nm. We found then D = 4.8
196 nm corresponding to the wall thickness plus the cylinders
197 diameter. The broad peak centered at g = 15 nm™" confirmed
198 the amorphous nature of the silica hybrid walls,*® as
199 demonstrated in Figure 2d1. Small-angle X-ray scattering
200 (SAXS) was performed to measure the average diameter size
201 and the size polydispersity of the nanoparticles. The SAXS
202 profile (the position of intensity oscillations of the form factor
203 as shown in SI, Figure SSa) is directly related to the particle size
204 and the size polydispersity. A fit profile was performed using
205 the Sasfit software (SI, Figure S5a), giving a radius of 52 nm for
206 NP,-bare with a polydispersity of 0.18. The decrease in the
207 intensity of the SAXS profile should follow a power law in g*
208 for dense particles (as indicated in Figure SSa for a fitted
209 curve). For the experimental data, the SAXS profile shows that
210 the exponent of the power law is less than 4, indicating that the
211 particle density is not homogeneous at the nm scale. This result
212 is because of the presence of walls and pores, which have two
213 different densities inside the nanoparticles.

3

-1

(51

>

3

The surface charge of NP;-bare was checked using zeta- 214
potential measurements at different pHs. We observed that the 215
isoelectric point (IEP) of NP,-bare was found in a slightly 216
basic medium (pH ~ 10.5; S, Figure S6). This value, which is 217
much higher compared with that for silica (IEPg: pH ~ 2), 55
can be explained by the presence of cationic ammonium groups 219
within the ionosilica framework, thus compensating the 220
negative charge of silanolates (Si—O7) located at the surface 221
of the nanoparticles in an alkaline solution. 22

All of these results clearly indicate that highly porous 223
ionosilica nanoparticles displaying ordered pore arrangements 224
were obtained, starting from the tris-silylated ammonium 225
precursor A. TEM, SEM, DLS, and SAXS gave concordant 226
results regarding the particle size. Solid-state NMR and FT-IR 227
spectroscopy confirmed the chemical constitution and the 228
integrity of the ionic building blocks. 229

2.2, Vectorization of Diclofenac with lonosilica Nano- 230
particles. In the following, we investigated the use of these 231
functional ionosilica nano-objects in the area of drug delivery. 232
For this purpose, we prepared diclofenac (DCF)-loaded 233
nanoparticles directly via anion exchange on the as-synthesized 234
NP;.-as nanoparticles, that is, loading and template elimination 235
were carried out simultaneously to preserve the porosity of the 236
material. For this purpose, the ionosilica nanoparticles NP;-as 237
were contacted with an ethanolic sodium diclofenac solution (C 238
= 0.51 mM) under sonication for 25 min at room temperature. 239
This procedure was repeated three times. The resulting 240
nanoparticles (NP,-DCF) were then washed three times with 241
ethanol to remove all of the physisorbed surfactant and DCF. 242
The loading of diclofenac on the ionosilica nanoparticles was 243
monitored by UV—vis, FT-IR, and energy-dispersive X-ray 244
(EDX) spectroscopies. 245

TEM, SEM, and SAXS measurements indicated that NP;- 246
DCF shows shape and size that are very similar to those of 247
NP, -as and NP,-bare nanoparticles (TEM: 90 nm, SAXS: 94 24s
nm) (Figures 1b2—d2, S3c,d and SSb, SI). Once again, the 249
particle size determined by DLS is significantly higher (150 2s0
nm) due to the surface-located PEG groups. The fact that we 251
measured very similar particle size for all of the three materials 252
NP;-as, NP,-bare, and NP, -DCF indicates that neither 253
surfactant elimination nor anion exchange with DCF-Na into 254
the ionosilica nanoparticles affects the particle geometry in 255
terms of particle size, architecture, or particle size distribution. 2s6
The pore arrangement of NP;-DCF was verified using X-ray 257
diffraction. The diffractogram (SI, Figure S5c) shows an intense 2s8
(100) reflection at 1.5 nm™", as observed with NP,-bare, but 259
the (110) and (200) reflections are hardly identified. Finally, 260
the surface charge of NP, -DCF was checked by the zeta- 261
potential measurements, which indicated that the positive 262
charge is contributed by the presence of ammonium 263

substructures (see Table S1). 264
The DCF loading onto the ionosilica nanoparticles was 265
determined by UV—vis spectroscopy using eq 1 266
fpce = (Miyigal = Mgnqr)/nanoparticle mass (1) 267

where npcp is the number of moles of diclofenac in the 268
nanoparticles and n,;, and ng,, are the number of moles of 269
diclofenac in the supernatant before and after loading, 270
respectively. 271

Using UV—vis spectroscopy, we observed that the ionosilica 272
nanoparticles adsorbed 1.54 mmol~g'1 of DCE-Na (mol DCF/ 273
1 g of nanoparticles), corresponding to 49% w/w. This rather 274
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Figure 3. (a) Effect of NP,-bare and NP,-DCF nanoparticles on RAW 264.7 cells viability. RAW 264.7 cells incubated with increasing
concentrations of NP;-DCF and NP;.-bare nanoparticles during 24 h and submitted to a MTT assay. Results are percentage of living cells compared
with untreated cells. Values are means + standard deviations of three experiments. *p < 0.05 statistically different from control. (b) Effect of
nanoparticles on lipopolysaccharides (LPS)-induced nitrite production in RAW 264.7 cells. Nitrite level assayed in the culture medium of RAW
264.7 cells stimulated with LPS (25 ng-mL™") for 2 h, followed by a 24 h treatment with 100 yg-mL™" of NP,-bare, NP,-DCF, and DCF-Na in a
concentration corresponding to the one contained in NP, -DCF. Values are mean percentages + standard deviations of two experiments. (c)

Confocal fluorescent imaging of cell uptake of NP;-fluorescein isothiocyanate (NP,-FITC), membrane

ing in red (1), t

microscopy,

(2) NP fluorescent imaging in green, and (3) merger of the three pictures demonstrates the internalization of NP in RAW 264.7 cells incubated
during 24 h with NP,-FITC (100 pg-mL™"). Scale bar 10 ym. (d) Hematoxylin—eosin stained sections from paraffin-embedded tissues of control
and treated mice observed at the magnification 100X. (e) Plasma and urine levels of renal biomarker (creatinine). (f) Plasma levels of biomarkers of
the liver (alanine aminotransferase, ALT). (j) Plasma levels of systemic inflammation (IL-6).

275 high quantity of immobilized DCF is explained by the high
276 affinity of the anionic drug toward the immobilized cationic
277 ammonium groups.'* We also analyzed an ethanolic suspension
278 of the NP,-DCF nanoparticles via UV—vis spectroscopy. The
279 absorbance spectrum of the nanoparticles shows a strong
280 absorption band characteristic of diclofenac, thus indicating the
281 adsorption of diclofenac into the ionosilica nanoparticles (SI,
22 Figure S7). Finally, the presence of DCF within the
283 nanoparticles was also monitored via the FT-IR spectroscopy.
284 The FT-IR spectrum of NP, -DCF clearly shows the
285 antisymmetric and symmetric stretching of the carboxylate
286 group of DCF at 1576 and 1380 cm™" (Figure $4), in addition
287 to the characteristic absorption bands of the ionosilica
288 nanoparticle NP;-as. The slight shift in the lower-frequency
289 absorption compared to the spectrum of DCF-Na indicates the
200 interaction between the carboxylate ion and the cationic moiety
201 of the ionosilica nanoparticle."*

22 To get information on the amount of anionic surfactant
293 traces remaining in the loaded nanoparticles, the energy-
294 dispersive X-ray spectroscopy (EDX) was performed on NP,

= 3

DCF. In fact, the EDX analysis of NP,-DCF indicates that 205
approximately 70% of the anionic surfactant was replaced by 296
DCEF (SI, Figures S8 and $9), implying that a non-negligible 207
amount of surfactant is still present in the nanoparticles after 208
loading with DCF. However, the presence of a residual SHS in 299
the sample does not raise toxicological problems due to the 300
lower toxicity of sulfate/sulfonate surfactants,”"** especially 301
compared with cationic surfactants such as cetyl trimethylam- 302
monium bromide, which are usually used in the syntheses of 303
silica-based nanoparticles. These surfactants display consid- 304
erable toxicity and often lead to cellular death even at low 30s
concentrations.” Our synthetic strategy based on the use of 306
less-toxic anionic surfactants is therefore particularly adapted 307
for the preparation of nano-objects for the biomedical use. 308
The cytotoxicity effect of NP;-bare and NP;-DCF nano- 309
particles was evaluated using the 3-(4,5-dimethylthiazol-2-yl)- 310
2,5-diphenyltetrazolium bromide (MTT) assay on RAW 264.7 311
cells. As depicted in Figure 3a, a 24 h treatment with increasing 3123
concentrations of nanoparticles (NP,-bare and NP,-DCF) had 313
no effect on RAW 264.7 cell growth. Even after 72 h, NP;-bare 314
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and NP;-DCF displayed only a very slight effect on the RAW
264.7 cell growth (SI, Figure S10). In addition, a 72 h
incubation time of NP;-DCF was realized on human healthy
fibroblasts (SI, Figure S11) to demonstrate the biocompatibility
of a nonspecialized cell line and the results show the absence of
toxicity at the concentrations tested (from 0 to 200 yg-mL™").
These results clearly demonstrate the in vitro biocompatibility
of the ionosilica nanoparticles and their potential for further
biomedical use.

Before focusing on the anti-inflammatory effect of the
diclofenac-loaded ionosilica nanoparticles NP, -DCF, we
studied their drug release capacity. For this purpose, we
performed the diclofenac release using deionized water at pH
5.5 and monopotassium phosphate (KH,PO,) aqueous
solution at pH 5.6 as the release medium. We chose this
composition as monopotassium phosphate is usually present in
the culture medium. We observed that only 5% DCF was
released in deionized water and 25% in KH,PO, aqueous
solution (SI, Figure S12). This result is due to the fact that the
release of diclofenac proceeded via anion exchange in the
presence of competing anionic phosphate species.

To estimate the biomedical potential of such nanoparticles
loaded with DCEF, their anti-inflammatory effect was studied.
NP,-DCF and NP;-bare were incubated with RAW 264.7 cells
in which the inflammation was induced by LPS. More precisely,
RAW 264.7 cells were treated for 2 h with LPS (25 ng'mL™"),
followed by the treatment with 100 pg-mL™" of NP;-bare,
NP;-DCF nanoparticles, and DCF-Na in a concentration
equivalent to the one contained in NP,-DCF. Figure 3b shows
that NP,-DCF could decrease the nitrite production of 12%,
which is lower than the value observed for DCF-Na alone
(32%), induced by LPS on RAW 264.7 cells. This lower anti-
inflammatory effect is explained by slow DCF release from the
nanoparticles, as indicated above. However, this result suggests
that ionosilica nanoparticles can be of particular interest for
long-term treatments, as the drug is progressively released over
a rather long period. As expected, NP;-bare have no effect on
LPS-induced nitrite production. All of these results demon-
strate the capacity of ionosilica nanoparticles to be used as
efficient drug carrier system.

To confirm the drug delivery efficiency of NP, -DCF, their
capacity to reverse oxidative LPS-induced stress was analyzed
by dichlorofluorescin diacetate assay on RAW 264.7 cells.
These macrophages were treated for 2 h at a concentration of
25 ng'mL™" with LPS to induce the reactive oxygen species
(ROS) production. Then, the pretreatment was followed by an
incubation of 100 yg-mL™" of NP,-DCF and NP,.-bare for 24
h. We observed that the cells incubated with LPS and NP,
DCF exhibit a lower green fluorescence than the cells treated
with LPS and NP;,-bare (SI, Figure S13). This confirmed that
NP;-DCF released DCF in the culture cells and decreased the
inflammatory reactions induced by LPS treatment, such as ROS
production.

This effect could be attributed to the efficient endocytosis of
ionosilica nanoparticles by macrophages, as demonstrated in
Figure 3c. We prepared the fluorescent ionosilica nanoparticles
NP,-FITC by contacting NP;-bare with an ethanol solution of
fluorescein isothiocyanate (FITC) at 0.1:1 (FITC/NP;-bare)
molar ratio. The adsorption of FITC on the ionosilica
nanoparticles was performed via sonication (30 min at 30°C),
followed by several washing steps with ethanol. Under the given
conditions, the labeling with FITC involves an anion-exchange

step, as FITC is present in the medium in its anionic
carboxylate form.

The resulting fluorescent NP, -FITC nanoparticles were then
incubated in the culture cells at a concentration of 100 ug-
mL™". Fluorescent imaging of the living cells showed that the

nanoparticles were progressively internalized by RAW 264.7 3
cells. After a 3 h incubation, NP;-FITC are localized at the 3
plasma membrane and after 6 h, NP,-FITC are efficiently 3

internalized to reach a maximal intracellular localization after 24
h (SI, Figure S14). This strong internalization of NP,-FITC by
macrophages after 24 h incubation time is represented in Figure
3c. In addition, an experiment of colocalization with
endolysosomal compartments was realized and demonstrated

that these NP,-FITC are highly colocalized with lysosomes :

after 24 h (SI, Figure S15). Finally, to quantify the
internalization kinetics of NP,-FITC, fluorescence-activated
cell sorting (FACS) experiments were performed, demonstrat-
ing the linear progression of NP, -FITC endocytosis by
macrophages to reach 93% of the cells containing NP;-FITC
after 24 h of incubation (SI, Figure S16). All together, these
results demonstrate the highly efficient uptake of ionosilica
nanoparticles by macrophages and their efficiency in drug
delivery.

Finally, to estimate the in vivo biocompatibility of ionosilica
nanoparticles, two groups of mice were constituted (n = 4) and
injected intravenously with physiological serum supplemented
or not (control) with NP, -bare nanoparticles to reach a final
concentration of 40 mg-kg_l in the animals (Figure 3). This
concentration is relatively high and corresponds to the already
used doses for acute toxicity studies in mice.”* However, the
dispersibility of the solution of physiological serum added with
nanoparticles was remarkably good, and we observed no
difficulties related to the particles’ agglomeration or precip-
itation over the whole time of the experiment. One week after
the injection, the mice were sacrificed. The histological analysis
did not show any structural modifications on the liver, kidney,
and spleen (Figure 3d). Moreover, no significant differences
between control and treated mice were observed for the
biomarkers such as ALT (liver), IL-6 (systemic inflammation),
and creatinine (kidney) (Figure 3e—g), confirming the
functional integrity of the organs involved in the metabolism.
These results obtained in mice demonstrated the good
biocompatibility of the ionosilica nanoparticles and their
potential for biomedical use.

3. CONCLUSIONS

We report novel ionosilica nanoparticles exclusively constituted
of ammonium building blocks the silica network. These original
nano-objects were synthesized solely from a silylated
ammonium precursor and display a highly uniform particle
size centered at 90 nm, together with a high specific surface
area of up to 1000 m*g~" and a regular pore arrangement. The
average pore size is centered at approximately 1.9 nm. Both in
vitro and in vivo cytotoxicity investigations of the ionosilica
nanoparticles displayed excellent biocompatibility. This feature
is in part due to the original nanoparticles synthesis strategy
involving anionic surfactants instead of more toxic cationic
surfactants. The ionosilica nanoparticles can be used as drug
carrier vehicles. We show that the nanoparticles can be loaded
with anionic drugs via anion exchange. Here, we used a
nonsteroidal anti-inflammatory drug, that is, diclofenac, as the
model compound and to achieve a proof of concept. We
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observed that the drug release depends on the composition of 437
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438 the release medium. Our results indicate a high potential for
439 these functional and hydrophilic ionosilica nanoparticles in
440 drug delivery and for opening new perspectives for the
441 formation of tailor-made silica hybrid nanocarriers. Future
442 studies will address the vectorization of other types of more
443 challenging drugs, for example, for cancer therapy.
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Abstract: The biological fate of nanoparticles (NPs) for biomedical applications is highly dependent of
their size and charge, their aggregation state and their surface chemistry. The chemical composition of
the NPs surface influences their stability in biological fluids, their interaction with proteins, and their
attraction to the cell membranes. In this work, core-shell magnetic mesoporous silica nanoparticles
(Fe304@MSN), that are considered as potential theranostic candidates, are coated with polyethylene
glycol (PEG) or 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid bilayer. Their biological
fate is studied in comparison to the native NPs. The physicochemical properties of these three
types of NPs and their suspension behavior in different media are investigated. The attraction to a
membrane model is also evaluated using a supported lipid bilayer. The surface composition of NPs
strongly influences their dispersion in biological fluids mimics, protein binding and their interaction
with cell membrane. While none of these types of NPs is found to be toxic on mice four days after
intravenous injection of a dose of 40 mg kg~! of NPs, their surface coating nature influences the
in vivo biodistribution. Importantly, NP coated with DMPC exhibit a strong accumulation in liver
and a very low accumulation in lung in comparison with nude or PEG ones.

Keywords: nanoparticles; surface coating; cell-membrane interactions; biodistribution; safety

1. Introduction

In the past two decades, nanoparticles (NPs) for medical applications have been investigated by
numerous researchers. The NPs based theranostic agents combine, in a unique formulation, tracking,
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imaging, diagnosis, cell-targeting and drug delivery properties. In this emerging field of nanomedicine,
Mesoporous Silica Nanoparticles (MSN) are considered as a promising platform for drug-delivery
and cell targeting [1]. However, the major obstacle for NPs” accumulation at the site of interest
is the rapid opsonization of the NPs by the liver and spleen macrophages. This opsonization is
due to the formation of a protein corona at the surface of the NPs when they enter in contact with
biological media [2]. The composition of the corona is particularly dependent on the NPs composition,
surface charge and hydrophobicity [3]. Moreover, the protein corona influences the toxicity of the
NPs [4]. Different proteins adsorb on native MSN [5], on liposomes prepared with various lipid
compositions [6] and in the presence of polymeric groups [7-11]. Grafting of polyethylene glycol
(PEG) groups on the NPs is well-known to induce a stealth effect of the NPs [12]. The NPs coated
with PEG groups present a longer circulation time, and escape the reticuloendothelial system (RES)
capture [13]. The PEG coating brings hydrophilicity at the surface of NPs. Water molecules interact
via hydrogen bonds with the PEG moieties, enhancing the hydrodynamic diameter of the NPs [12].
However, this type of grafting induces aggregation in high saline concentration solution [14]. In fact,
we previously demonstrated that MSN needed a precise amount of PEG in surface in order to avoid
aggregation of particles. If the quantity was not optimized, PEG grafting did not improve colloidal
stability [15]. Another strategy to produce a stealth effect, less investigated than the PEG coating,
is to coat the surface of NPs with a lipid bilayer. The lipid bilayer, with an average thickness of
5 nm, does not change drastically the hydrodynamic diameter of the NPs [16]. Moreover, the lipid
bilayer coating brings new functionalities to the NPs. Indeed, thermally controlled release can be
performed by alternating magnetic field or phototherapy [17]. The biocompatibility of lipid coated
NPs was generally tested using pegylated lipids [18]. The presence of a magnetic core add interesting
functionalities to MSN [19]. The magnetic properties of Fe3O4 nanocrystals are useful to follow NPs
using magnetic resonance imaging (MRI) [20] and produce thermally-controlled drug delivery or
hyperthermia treatment [21]. In our previous study, the synthesis and functionalization of magnetic
core shell MSN (Fe;04@MSN) had been optimized [22]. The results, obtained using the classical MTT
assay, showed that 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and PEG coated Fe304@MSN
were less cytotoxic than the native NPs [22]. Moreover, an early effect of DMPC Fe304,@MSN on cells
has been observed using real-time dependent impedance measurements translating the difference in
cell morphologies after NPs treatments.

These results supposed that the different physicochemical properties of PEG and lipid coated
MSN influence the kinetics of their interaction with cells. Indeed, it was reported that the stability
of NPs in biological media has a direct impact on interactions of NPs with cells [23]. To date,
the relationships between physicochemical properties and biological effects of NPs are not well
understood [24,25]. It has been shown that membrane models can be useful to understand the
role of the physicochemical properties of NPs with their toxic effects [26]. Moreover, the behavior
and effects of NPs on cell-membrane can be studied using membrane models [27] in well-defined
conditions, as previously done for lipid coated silica NPs [5]. The quartz crystal microbalance with
dissipation monitoring (QCM-D) is a well suited technique to follow the formation of membrane
models, such as supported lipid bilayers (SLB) [28]. This technique provides estimation, in real-time,
of a mass or a thickness adsorbed to the surface associated with the viscoelastic properties [29].
The deposition of the NPs, and the kinetics, on different surfaces have been studied using QCM-D
as the analytical technique [10,30,31]. The characterization of the interactions between NPs and a
supported lipid bilayer (SLB) has been performed to investigate the interaction of various types of
NPs in different conditions [32-35]. However, to the best of our knowledge, the comparison of native,
PEG and lipid coated MSN on a membrane model has not yet been studied. Plus, the relationship of
physicochemical properties of these three different NPs surfaces in regard to cell internalization and
in vivo biodistribution has not been compared before. The goal of this study was to understand the
relation between surface chemistry, physicochemical properties, cell membrane interactions, in vivo
biodistribution and toxic effects of NPs.
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2. Results

2.1. Synthesis and Characterization of Fe304@MSN

Fe304@MSN core shell NPs were prepared by sol-gel reaction, following the optimized protocol
previously described [22]. Fe30,@MSN NPs present a magnetic core of 18 nm and a mesoporous silica
shell of ca. 40 nm radius (Figure 1). Particles with an average primary diameter of ca. 100 nm were
grafted in-situ by the addition of PEGyyy groups. The primary diameter of PEG Fe304@MSN NPs
observed on TEM images was the same than for the native ones. The coating with DMPC lipid bilayers
was performed after the synthesis, washing and drying of the native NPs. TEM images allow for the
measurement of the primary diameter and the observation of the shape of the NPs (Figure 1a,b), while
cryoTEM images revealed also the presence of DMPC lipid coating on Fe304@MSN (Figure 1c).

Figure 1. TEM and cryoTEM images of the nanoparticles (NPs); (a) Native magnetic mesoporous silica
core-shell nanoparticles (Fe30,@MSN); (b) polyethylene glycol (PEG) Fe304@MSN;; (c) 1,2-dimyristoyl-
sn-glycero-3phosphocholine (DMPC) Fe304,@MSN observed by cryoTEM.

CryoTEM images revealed that the lipid bilayers measured 5 nm in thickness, so the primary
diameter of DMPC Fe304@MSN is 10 nm higher than the native and PEG Fe304,@MSN. The dispersion
and stability of the NPs in suspension in different media were investigated by the measurement of the
hydrodynamic diameter using Nano ZS apparatus (Figure 2). The NPs’ surface chemistry influences
their dispersion and stability when they were suspended in ethanol, HBS 5 (Hepes buffer 20 mM
pH = 7.4 containing 5 mM NaCl), HBS 150 (Hepes buffer 20 mM pH = 7.4 containing 150 mM NaCl),
complete cell culture medium Roswell Park Memorial Institute RPMI, and HBS 150 containing fetal calf
serum (FCS) 10% (Figure 2). In ethanol, native and PEG Fe30,@MSN present a hydrodynamic diameter
(HD) of 144.5 £ 2.7 nm and 169.5 % 0.9 nm, respectively (Figure 2a). These diameters are higher than
the primary diameters observed by TEM, and the NPs stayed none aggregated in suspension after 2
and 15 h. Differently, DMPC Fe304,@MSN suspended in ethanol presented a HD of 269.9 + 15.9 nm,
which increased to 643.5 + 19.9 nm after 2 h and 1246 4 48.2 nm after 15 h. The increase of HD
of lipid coated Fe304@MSN in ethanol may be explained by a partial solubilization of the lipids in
this solvent. In HBS 5, native Fe304@MSN presents a HD of 125.5 + 1.2 nm at 0 h, 159.9 & 1.9 nm
after 2 h and 187.5 £ 3.3 nm after 15 h. PEG Fe30,@MSN presents a HD of 141.8 + 3.9 nm after
0h, 202.1 & 2.8 nm after 2 h and 232.5 & 3.1 nm after 15 h. DMPC Fe304@MSN presents a HD of
167.1 + 3.2 nm after 0 h, 171.6 &+ 2.0 nm after 2 h and 177.1 + 2.3 nm after 15 h. Thus, in HBS 5, native,
PEG-grafted and lipid-coated NPs remained individually dispersed during 15 h after initial dispersion
(Figure 2b). In HBS 150 buffer, native and PEG Fe304@MSN formed aggregates larger than 1 um 2 h
after initial dispersion (Figure 2c). However, coating with DMPC lipid bilayers was found to stabilize
NPs suspension in buffer with high ionic strength (HBS 150). In this buffer, DMPC Fe304;@MSN
presented a HD of 171.6 + 0.1 nm after 0 h, 198.0 + 0.2 nm after 2 h, and 270.9 & 0.2 nm after 12 h.
In cell culture medium (RPMI containing 10% FCS) and HBS 150 containing 10% FCS, lipid coated
DMPC Fe304;@MSN were found always stable 15 h after dispersion (Figure 2d,e). The good dispersion
of lipid coated DMPC Fe304@MSN in HBS 150 buffer and HBS 150 containing 10% FCS was also
observed on cryoTEM images (data not shown). In RPMI and HBS 150 containing 10% FCS, native
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NPs rapidly stabilized, presenting a HD of 128.2 3.0 nm and 110.8 4= 2.0 nm at 0 h, in RPMI and HBS
150 10% FCS, respectively. However, the stabilization of PEG Fe304@MSN in protein-containing media
took more time, presenting a HD close to the primary diameter only after 15 h. The zeta potentials
(ZP) were measured in all media, except in ethanol (Figure 2f). Native Fe30,@MSN presented a ZP
of —18.9 + 1.4 mV and —31.6 & 0.8 mV, in HBS 150 and HBS 5, respectively. A decrease (in absolute
value) of zeta potential to —16.1 + 3.0 mV in HBS 150 and —28.4 4- 2.6 mV in HBS 5 by grafting by PEG
groups was observed, and to —4.51 £ 1.1 mV in HBS 150 and —13.4 &= 0.3 mV in HBS 5, by coating by
DMPC lipid bilayers. However, in protein-containing media, the zeta potential remained the same
for native and lipid coated Fe30,@MSN. The stabilization of native Fe304@MSN in RPMI and HBS
150 10% FCS is potentially due to the formation of a protein corona [23]. The stabilization of PEG
Fe30,@MSN in protein-containing media was longer due to the stealth effect of the PEG groups at the
NPs surface impairing protein adsorption to the NPs surface.
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Figure 2. Hydrodynamic diameter (HD) represented by bars and polydispersity index (PDI)
represented as dots of native (blue), PEG (orange) and DMPC (red) Fe3O4@MSN in different media:
(a) in ethanol; (b) in HBS 5 mM NaCl, pH 7.4; (c) in HBS 150 mM NaCl, pH 7.4; (d) in RPMI cell culture
medium (10% fetal calf serum (FCS), pH 7.4) and (e) in HBS 150 mM NaCl (pH 7.4) containing 10%
FCS; (f) Zeta potential in HBS 150, HBS 5, RPMI and HBS 150 mM NaCl containing 10% FCS.

To conclude, the presence of a strong ionic strength or proteins did not modify the physicochemical
behavior of DMPC Fe30,@MSN, which are therefore the only ones to remain dispersed and stable in
biological media.
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2.2. Interaction of NPs with Model Membranes Depending of the Surface Coating

2.2.1. Changes at the Interface between NPs and a Supported Lipid Bilayer

The measurement of the interactions between NPs and a supported membrane model has been
performed using a quartz crystal microbalance with dissipation monitoring (QCM-D). A SiO; coated
5 MHz quartz crystal was used. After injection of EPC (egg phosphatidyl choline) SUV (small
unilamellar vesicles) suspension, a SLB (supported lipid bilayer) was formed, presenting a frequency
shift of —26 Hz and a dissipation shift less than 0.5 x 107%; typically recorded for a supported
bilayer [28]. The surface coated with the SLB was considered as the reference surface, and frequency
and dissipation shifts induced by NPs deposition were measured from this surface. NPs were put in
contact by flowing a NPs suspension on the top of the SLB in HBS 150 10% FCS medium (Figure 3).
In this protein-containing medium, only very little NPs deposition on the lipid bilayer surface for
PEG-Fe304,@MSN and nativeFe;O4,@MSN was observed. DMPC-Fe;O4@MSN interaction with the
SLB surface resulted in more important frequency and dissipation shifts than those obtained for
PEG-Fe30,4@MSN and native-Fe3O,@MSN. The kinetics of deposition were very different depending
of the surface coating. The deposition of DMPC-Fe304,@MSN occurred rapidly during the NPs flowing,
inducing a frequency shift of —7.55 + 1.49 Hz and a dissipation shift of 3.37 & 0.71 x 107° after
1 h deposition. The maximum frequency shift observed was —9.81 £ 3.11 Hz and the maximum
dissipation shift was 4.46 & 0.43 x 10~ after 10 h deposition. PEG-Fe30,@MSN began to deposit at
4 h 07 £ 27 min, with a maximum frequency shift of —6.88 & 0.75 Hz and a maximum dissipation
shift of 1.49 + 0.30 x 10~® was obtained after 10 h deposition. NativeFe;0;@MSN began to deposit
at 6 h 16 + 33 min, with a maximum frequency shift of —3.69 + 3.03 Hz and a maximum dissipation
shift of 0.84 + 0.30 x 10~® was obtained after 10 h deposition. The deposition rates of the NPs were
dependent of the aggregation state and the presence of a protein corona. DMPC-Fe30,@MSN, which
were well-dispersed and not influenced by the presence of proteins (Figure 2), were found to faster
deposit on the SLB (Figure 3). PEG-Fe30,@MSN were first aggregated and slowly dispersed due to the
presence of proteins (Figure 2), allowing the deposition 4 h 07 + 27 min after injection in the QCM-D
cell (Figure 3). Native-Fe3O4@MSN stabilized by the presence of the protein corona at their surface
(Figure 2), were very well dispersed, so these NPs began to deposit 6 h 16 & 33 min (Figure 3).
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Figure 3. Quartz crystal microbalance with dissipation (QCM-D) sensorgrams following the interaction
between NPs and egg phosphatidyl choline (EPC) supported lipid bilayer (SLB). Native (blue), PEG
(orange) and DMPC (red) Fe304@MSN were flowed into HBS 150 mM NaCl 10% SCF medium on the
top of EPC SLB, at a concentration of 0.25 mg mL ™! of NPs. After Fe304@MSN addition in the medium
on the top of the EPC SLB during 15 min, the flow was stopped for 10 h. The results on the variations
of frequency (a) and of the dissipation (b) are presented after offset of the lipid bilayer formation.
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2.2.2. Time-Dependent Internalization of NPs in Hep-G2 cells
The uptake of native, PEG and DMPC Fe30;@MSN by Hep-G2 cells (human hepatocyte

carcinoma) after different incubation times were followed by TEM from ultrathin sections (Figure 4).

After 3 h incubation period, native Fe304;@MSN were observed aggregated near the cell membrane
(Figure 4a). PEG Fe304;@MSN were less aggregated than the native Fe304@MSN but were not observed
in the cells (Figure 4d).

Conversely, DMPC Fe30;@MSN were observed inside Hep-G2 cells after 3 h of exposure
(Figure 4g). After 6 h incubation period, native Fe304,@MSN were observed individually in vesicular

structures in the cytoplasm (Figure 4b) and some PEG Fe304@MSN were internalized also (Figure 4e).

DMPC Fe30,@MSN were observed as small groups of NPs in vesicular structures (Figure 4h). These
small groups were then observed for natives, PEG and DMPC Fe304@MSN after 24 h of NPs
exposure with Hep-G2 cells (Figure 4c,f,i, respectively). This suggests a faster internalization of
DMPC Fe304@MSN in human hepatic cells.

3h 6h 24 h

Natives Fe;0,@MSN

PEG Fe,0,@MSN

Z |
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= |
®
o
()
(e
O
o
=
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Figure 4. TEM imaging of Hep-G2 cells exposed for 3, 6, and 24 h at 50 g mL~! for native (a—c), PEG
(d—f) or DMPC Fe304@MSN (g-i). The NPs are localized by arrows, near the cell membrane (M) or the
nucleus (N).
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2.3. In Vivo Experiments

2.3.1. In Vivo Biocompatibility

To estimate the biocompatibility of MSN, mice were injected intravenously with nanoparticles at
a concentration of 40 mg kg~!. This concentration is high and corresponds to concentration already
used to evaluate the acute toxicity of NPs in mice [36]. Four days after the injection of NPs, mice
were sacrificed and organs, urines and blood were collected. Histological analyses were performed.
No noticeable structural modifications on liver, kidney and spleen were observed (Figure 5a). Moreover,
as shown in Figure 5b—e, no significant differences between control and treated mice for the biomarkers
such as creatinine (kidney), interleukine-6 (IL-6) and tumor necrosis factor alpha (TNF-«) (systemic
inflammation), and alanine aminotransferase (ALT) (liver) were observed, confirming the functional
integrity of organs. These results demonstrated the biocompatibility of the nanoparticles under
consideration in this work.
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Figure 5. Preliminary toxicological assessment. (a) Hematoxylin-eosin sections from paraffin-embedded
tissues (kidney, liver and spleen) of control and treated mice; (b) Plasma and urine levels of renal
biomarker (creatinine); (c,d) Plasma levels of systemic inflammation biomarkers (IL-6 and TNF-«);
(e) Plasma level of liver biomarker (ALT).

2.3.2. In Vivo Biodistribution

The amount of silicium has been quantified using inductively coupled plasma-mass spectrometry
(ICP-MS) analysis. No significant elevation of silicium amount was detected in the kidneys and urines
4 days after injection. The quantities of silicium in the blood, the liver, the spleen, and the lungs were
different depending of the NPs coating. These differences suggested changes in biodistribution and in
pharmacokinetics of the NPs, due to the presence of the coating. Silicium amount in the liver 4 days
after injection of DMPC Fe30,@MSN is elevated compared to the level in liver of mice treated by native
and PEG Fe30,@MSN (Figure 6a). This shows a strong capture of DMPC Fe3O;@MSN by the liver.
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However the accumulation in the spleen is almost similar between the 3 batches of MSN. Importantly,
the lung is a biological barrier that is crucial to avoid and we can see that the amount of silicium in the
lung is as low as the background level when mice were treated with DMPC Fe30;@MSN. In contrast,
this level is higher after injection of native and PEG Fe30;@MSN.

In the blood, 2 h after injection, the levels of silicium are equally elevated between the different
batches (Figure 6b). In contrast, 6 h after injection, we can see that the amount of circulating
nanoparticles for natives and PEG Fe304@MSN decrease slowly, while DMPC Fe30,@MSN do not
circulate anymore (Figure 6b). This could be correlated to a rapid and strong uptake by the liver.
We note that 24 h after the injection, PEG Fe304@MSN are still well present in blood, suggesting a
better circulation time due to the coating.
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Figure 6. Biodistribution of Fe304@MSN in mice. (a) Quantification of silicium in different organs
4 days after injection. Inductively coupled plasma-mass spectrometry (ICPMS) was used after acid
digestion to quantify the silicium in the liver, the lungs, the spleen, the kidneys, and urine 4 days after
intravenous injection of native (blue), PEG (orange) and DMPC (red) Fe30,@MSN at a concentration of
40 mg kg~ ! in comparison to control mice (white); (b) NPs level in blood. The silicium was quantified
in the blood 2 h, 6 h, 24 h, and 4 days after intravenous injection of native (blue), PEG (orange) and
DMPC (red) Fe;0;@MSN at a concentration of 40 mg kg ~!. The dashed line indicates the silicium level
found in the blood of control mice. For this experiment 20 mice were divided in 4 groups of 5 animals.
Values of histograms represent mean =+ SD of values of each animal of a group. * p < 0.05 statistically
different from all other groups treated with NPs.

3. Discussion

The presented data demonstrate that native, DMPC and PEG Fe30,@MSN stay dispersed and
stable during 15 h when diluted in a medium having a low ionic strength (HBS 5 mM NaCl, pH 7.4).
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When the ionic strength was increased to a more physiological amount of NaCl (HBS 150 mM NaCl,
pH 7.4), native and PEG Fe304@MSN rapidly aggregated. The aggregation may be explained by
a compression of the electrical double layer [23]. The coating with PEG is supposed to reduce the
aggregation of NPs in suspension, by adding a steric repulsion between the NPs surfaces [37]. If the
polymer grafting is heterogeneous, there is low electrostatic repulsion between the NPs, and the
proteins are adsorbed on the non-coated surfaces leading to a progressive dispersion of the NPs. So the
stabilizing effect of polymer grafting is not always obtained, depending of the polymer chain length,
of the grafting density and the conformation of the chains at the NPs surface [6]. These different
parameters influence the formation of a water shell [38] and the adhesion of some proteins at the
surface [39]. Native Fe30,@MSN rapidly dispersed in the presence of proteins (SVF 10%, in HBS
150 mM NaCl, pH 7.4 or RPMI). The electrostatic repulsion between negatively charged NPs surface
and the proteins is reduced by the high ionic strength [40]. The protein corona forms a stabilizing shell
around native Fe3O4@MSN. On the contrary, PEG Fe30,@MSN are aggregated when diluted in HBS
150 mM NaCl, pH 7.4, in the presence or in the absence of proteins, or in RPMI containing SVF 10% and
then slowly dispersed in the presence of proteins. The stealth effect expected by NPs coating with PEG
is due to a significant reduction of the protein corona [41]. Yet, some proteins are still adsorbed because,
as it has been previously described, the adsorption of proteins is a prerequisite to induce a stealth
effect [8]. In our study, the adsorption of proteins onto the PEG Fe304@MSN surface was progressive,
inducing a reduction of the aggregation state in suspension. DMPC Fe30,@MSN stay stable in
suspension during 15 h in HBS 150 mM NaCl, pH 7.4 or in cell culture medium (RPMI), containing or
not SVF 10% proteins. The reduction of aggregation state of NPs by coating with a lipid bilayer was
previously described [42]. The influence of proteins on the aggregation state of NPs has consequences
on their interaction with the cell membrane, and potentially on their toxicity [4]. From QCM-D
experiments performed in HBS 150 mM NaCl, pH 7.4, containing FCS 10%, DMPC-Fe304;@MSN were
found to rapidly deposit during the NPs flowing. Conversely, native and PEG Fe30,@MSN were
found to deposit more slowly. The stabilization of native Fe30,@MSN and less importantly PEG
Fe304@MSN by the presence of proteins in the medium seemed to reduce the deposition of the NPs
on the membrane surface. On the contrary, the DMPC Fe304@MSN stability in suspension was not
influenced by the presence of the proteins, and they were rapidly deposited on the membrane model.

The internalization of DMPC Fe304@MSN by Hep-G2 cells was also faster than the internalization
observed for native and PEG Fe;0,@MSN. DMPC Fe;0,@MSN were observed inside intracellular
vesicles after 3 h while native and PEG Fe30,@MSN were observed inside cells after 6 h of incubation.
These results suggest an early interaction between DMPC Fe30,@MSN and Hep-G2 cell membrane
than for the two other types of NPs. This is in accordance with the results obtained by real-time cell
impedance measurements reported previously [22]. Using this indirect technique, an early variation
of the cell index was observed when the Hep-G2 cell line was exposed to DMPC FezO,@MSN
in comparison to native and PEG Fe304@MSN. To conclude on the impact of proteins on NPs
cell membrane interactions, the more protein corona is important, the less NPs interact with the
cellular membrane. Moreover, native Fe304@MSN, rapidly coated with serum proteins were slowly
internalized by Hep-G2 cells, but remained the more cytotoxic according to the MTT assay and
real-time cell impedance measurements. In this previous work, native Fe30,@MSN induced 40% of
cell death at a concentration of 100 ug mL~!, when in the same conditions NPs recovered by PEG or
DMPC induced 5% or 30% of cell death, respectively.

From in vivo experiments using mice, no toxic effect was observed four days after intravenous
injection of native, PEG, or DMPC Fe304,@MSN for a particle concentration of 40 mg kg~! on the
renal or hepatic function, neither on inflammation factors. The histological observations show no
difference between the liver, the spleen or kidneys of treated and non-treated mice. These results are in
accordance with other published works on native MSN [19,36].

However, different biodistribution profiles were observed depending of the particle coating.
Firstly, the DMPC Fe30,@MSN were quickly cleared from the blood circulation, because no more
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silicium was detected in comparison to control mice 6 h after injection of the NPs. This could be
due, at least in part, to an efficient targeting of the liver. In addition, a large amount of in vivo data
indicates that nanoparticles have the capacity to exert adverse pulmonary effects after different ways
of exposure and systemic also, and it is a real challenge to avoid lung penetration [43]. Here, the
very low level of silicium in the lungs of mice treated with DMPC Fe304@MSN translates the poor
accumulation of these NPs in lungs, which is of major interest for a medical application.

Conversely, the amount of silicium 24 h after injection is not significantly different to 6 h for PEG
Fe30,@MSN, suggesting that the PEG coated NPs are slowly distributed in the organs. The presence
of native and PEG Fe304@MSN in the lung may be due to the easier formation of aggregates than
with DMPC Fe304@MSN. The prolonged circulation time observed for PEG Fe30,@MSN is associated
to a poor and slow cell internalization of the NPs. On the contrary, DMPC Fe3O4@MSN are rapidly
internalized by cells; plus the absence of aggregation of DMPC Fe304@MSN at high ionic strength or in
the presence of proteins, is a considerable advantage in the challenge of a translational objective. This
is the first study on well-characterized monodisperse core-shell MSN comparing native or coated with
PEG polymer or DMPC lipid bilayer by in vitro, in vivo experiments, and using cell membrane models.

4. Materials and Methods

4.1. Materials

All reagents were commercially available and used without any further purification. Hydrated
iron oxide [FeO(OH), catalyst grade 30-50 mesh], oleic acid (90%), oleylamine (99%), diethylether
(>99.9%), anhydrous ethanol (>99.8%), anhydrous pentane (99+%), anhydrous chloroform (99+%),
tetraethoxysilane (TEOS, >99.9%), cetyltrimethylammonium bromide (CTAB), ammonium nitrate
(NH4NO3), dimethyl sulfoxide (DMSO) and N-(2-hydroxyethyl)piperazine-N'-[2-ethanesulfonic acid]
(Hepes), sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich (Saint-Louis, MO,
USA). Ultrapure Normatom® acids for trace metal analysis HNOj3; 67-69% and HCI 34% were
obtained from VWR (Atlanta, GA, USA). PlasmaPure H,O, 30% was obtained from SCP Science
(Québec, QC, Canada). Sodium hydroxide (NaOH) and n-docosane (99%) were purchased from
Acros (ThermoFisher Scientific, Waltham, MA, USA). Potassium chloride (KCl) was purchased from
Prolabo (VWR, Atlanta, GA, USA). Hellmanex was purchased from Hellma (Miillheim, Germany).
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and L-x-phosphatidylcholine (EggPC) were
purchased from Avanti polar lipids (Alabaster, AL, USA). DPBS buffer (KC1 2.66 mM, KH,PO4 1.47 mM,
NaCl 137.93 mM, Na,HPO4-7H,0 8.05 mM, pH = 7.4) was provided by Gibco (ThermoFisher scientific,
Waltham, MA, USA). Silanized PEG (CH30-PEGa0-Si(OCH3)3) was purchased from Rapp polymer
(Tuebingen, Germany).

Concerning cryo-electron microscopy, three microliters of suspension were applied to glow
discharged Quantifoil R 2/2 grids (Quantifoil Micro Tools GmbH, Jena, Germany) or Lacey grid
(Ted Pella Inc., Redding, CA, USA), blotted for 1s and then flash frozen in liquid ethane using a CP3
cryo-plunge (Gatan Inc., Pleasanton, CA, USA). Before freezing, the humidity rate was stabilized at
about 95%. Cryo-EM was carried out on a JEOL 2200FS FEG operating at 200 kV under low-dose
conditions (total dose of 20 electrons/A?) in the zero-energy-loss mode with a slit width of 20 eV.
Images were taken at a nominal magnification of 50,000 x corresponding to a calibrated magnification
of 45,591 x with defocus ranging from 1.4 to 2.5 um.

4.2. Synthesis and Characterization of NPs

The native, PEG-grafted and lipid-coated Fe30;@MSN were synthesized following the procedure
recently described [22]. The same characterization methods were used. Hydrodynamic diameters and
zeta potentials were determined using a Nano ZS apparatus (Malvern Instruments, Malvern, UK).
Data were collected from the He-Ne laser light source (A = 633 nm) at 173° from the transmitted light
beam. Stock suspensions of the Fe304,@MSN were prepared in stable conditions at a concentration
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of 10 mg mL~!. Pristines Fe30;@MSN were dispersed in ethanol 95%, DMPC Fe;0,@MSN in HBS
150 mM NaCl and PEG Fe3O4@MSN in HBS 5 mM NaCl. The different suspensions were then
diluted in different media at a concentration of 50 pg mL~!. The dispersion behavior of the different
Fe304,@MSN was compared in 5 different media: ethanol, HBS 5 mM NaCl, HBS 150 mM NacCl,
HBS 150 mM NaCl containing 10% FCS and complete RPMI (FCS 10%). The same suspensions were
analyzed directly after dispersion, 2 h and 15 h later. Results are presented as Z-average obtained in
intensity mode, associated to the polydispersity index (PDI).

4.3. Interaction of NPs with Membrane Models

The interactions of Fe304;@MSN with model membranes were investigated using a QCM-D E1
setup (Biolin Scientific, Véstra Frolunda, Sweden). The system is composed of a measurement chamber
containing a 5 MHz quartz crystal sensor with a silica-coated surface. After each measurement,
the chamber, the flow module, and the quartz were rinsed with 2 mL 2% Hellmanex and with 5 mL
MilliQ water at a flow of 0.5 mL min~!. The silica-coated quartz sensor was stored in a SDS 2%
solution between two analyses. All measurements were performed at 25 °C. Firstly, the silica-coated
surface was rinsed with MilliQ water, dried and placed during 15 min in UV-ozone chamber. Then,
HBS 150 mM NaCl was flushed at 100 L min~!, and the quartz sensor was equilibrated for each
overtone (1st to 13th). The baseline was obtained using HBS 150 mM NaCl both for the frequency
and dissipation recordings. A supported lipid bilayer (SLB) is formed on a silica-coated surface of the
QCM-D sensor after fusion of EPC small vesicles SUVs). For SUVs formation, a EPC lipid film was
resuspended in Hepes 150 mM NaCl, ultrasonicated using a microtip (Digital Sonifier 250®, Branson
Ultrasonics Corporation, Danbury, CT, USA), and then centrifuged at 20,000 g for 15 min (to remove
titanium particles). The supernatant containing SUVs was collected and filtrated through 50 nm porous
polycarbonate membrane before coating the SiO; QCM-D sensor. The SLB was formed by adding
Egg PC SUVs (50 nm) in HBS 150 mM NaCl buffer at a lipid concentration of 0.1 mg mL~! using a
flow of 100 uL min~! for 10 min. The formation of a continuous lipid bilayer is characterized by a
frequency shift Af of —26 Hz and a dissipation shift AD < 0.5 x 10~ followed on the 7th overtone.
The membrane was washed during 1 h with HBS 150 mM NaCl under a flow of 100 pL min~! for
stabilization. Before adding NPs on top of the SLB, the NPs dispersant media was injected to recording
Af and AD changes due to the solvent composition. The NPs were dispersed at 0.25 mg mL™! in
HBS 150 mM NaCl containing 10% FCS, and then added on the membrane for 15 min (100 uL min~!,
1.5 mL), and the flow was stopped for 10 h. Results were presented after offset of the SLB frequency
and dissipation recordings, in order to analyze only the NPs effect.

4.4. Cellular Assays

4.4.1. Cell Culture

The Human hepatocyte carcinoma (Hep-G2) cell line was obtained from Sigma-Aldrich. Cells
were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal calf serum
(FCS) and 1% penicillin/streptomycin (100 U mL~!, 100 ug mL~!) and incubated in a cell incubator at
37 °C and 5% CO;. Cells were used between passages 20 to 40. Cells were passed once a week and the
medium was changed twice a week, keeping cells confluence below 80%.

4.4.2. Internalization Assay

Hep-G2 cells were seeded on glass coverslips for 24 h. After controlling their adherence and
growing, cells were exposed to 50 pg mL~! of NPs in RPMI for 3, 6 or 24 h at 37 °C and 5% CO,.
The medium was removed and cells were rinsed twice with DPBS. Cells were fixed by incubation
with 2.5% (v/v) glutaraldehyde in DPBS buffer, for 1 h at room temperature (RT). Then, cells were
extensively washed with DPBS. The staining of samples was obtained upon incubation with 1%
osmium tetroxide. Samples were dehydrated by ascending grades of EtOH; for impregnation,
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the samples were firstly treated with a mix EtOH/ EPON™ resin (1:1, v/v) for 1 h, and twice in
EPON for 2 h. The polymerization was performed by embedding cells in EPON resin for 12 h at 60 °C,
plunged in liquid nitrogen at —195 °C to detach the coverslip, and placed for two days at 60 °C for
completing polymerization. The ultrathin sections (70 nm) were obtained using an ultramicrotome
(Leica Ultracut, Wetzlar, Germany) and disposed on the copper grids. The grids were incubated in
uranyl acetate for 2 min, rinsed in water, and then incubated in lead citrate for 2 min, and finally rinsed
with water. For each condition (native, PEG and DMPC Fe30,@MSN at 3, 6 or 24 h exposure time of
Hep-G2 cells), almost 20 cells were observed, and then the observations were focused on the areas
were NPs were observed.

4.5. Biodistribution in Mice

4.5.1. Animals

Female C57BL/6 mice (25 g) used for this study were procured from Charles River (Wilmington,
MA, USA) and housed in the Institutional animal house under standard environmental conditions
(23 £ 1 °C, 55 + 5% humidity and 12/12 h, light/dark cycles) and maintained with free access
to standard diet and water. To establish the preliminary toxicological analyses, 4 groups of
5 mice were injected intravenously with 200 pL of saline solution with or without MSN at a
concentration of 40 mg kg‘l. (1) Control group (saline solution injection) (2) Native-Fe3O,@MSN
(3) DMPC-Fe304@MSN (4) PEG-Fe304@MSN.

4.5.2. Preliminary Toxicological Assessment

Four days after treatment, mice were sacrificed and organs, blood and urine were collected for
histological analysis and biochemical assays. The blood samples with heparin were centrifuged at
1300 rpm for 10 min. The plasma and urine were stored at —20 °C up to analysis. We measured
plasma cytokines (TNF-« and IL-6) to assess the inflammatory reaction or systemic toxicity. Plasma
TNF-« and IL-6 levels were quantified using commercial ELISA kits as described in the manufacturer’s
protocol (R&D systems, Minneapolis, MN, USA). The evaluation of renal function was determined by
measuring creatinine levels in plasma and in urine using colorimetric assay at 495 nm with alkaline
picrate. Liver function was determined from alanine aminotransferase (ALT) activity. Plasma ALT
activity was measured according to standard protocol (Infinity, Thermo Scientific, Waltham, MA, USA).
Moreover, liver, spleen and kidney were fixed in 10% paraformaldehyde, embedded in paraffin and
cut 5 um tick sections in a microtome. Sections were mounted on glass slides. After staining with
hematoxylin-eosin, the sections were examined and imaged under a light microscope.

4.5.3. In Vivo Distribution and Degradation of MSN

Inductively coupled plasma-mass spectrometry (ICP-MS) was used to quantify silicium
distribution in the digested tissue samples (liver, kidney and spleen). 2-100 mg of biological samples
(urine, blood, or lyophilized and crushed kidney, spleen or liver) were digested in HNOj3 (1 mL, 67%)
for 1 h, and then HCI (1 mL, 34%) and of H>O, (0.5 mL, 30%) for 1 h. The digestion was completed
by microwave in Teflon vials, by using UltraWAVE single reaction chamber (Milestone, Shelton, AL,
USA). Silicium content was further analysed using a NexION™ 300 ICP-MS instrument (PerkinElmer,
Waltham, MA, USA), from the analytical platform facilities of CEREGE (Aix en Provence, France).

4.6. Statistical Analysis

Statistical analysis was performed using the Student’s t-test to compare paired groups of data.
A p value < 0.05 was considered as statistically significant.
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Abstract: A challenge regarding the design of nanocarriers for drug delivery is to prevent their
recognition by the immune system. To improve the blood residence time and prevent their capture
by organs, nanoparticles can be designed with stealth properties using polymeric coating. In this
study, we focused on the influence of surface modification with polyethylene glycol and/or mannose
on the stealth behavior of porous silicon nanoparticles (pSiNP, ~200 nm). In vivo biodistribution
of pSiNPs formulations were evaluated in mice 5 h after intravenous injection. Results indicated
that the distribution in the organs was surface functionalization-dependent. Pristine pSiNPs and
PEGylated pSiNPs were distributed mainly in the liver and spleen, while mannose-functionalized
PSiNPs escaped capture by the spleen, and had higher blood retention. The most efficient stealth
behavior was observed with PEGylated pSiNPs anchored with mannose that were the most excreted
in urine at 5 h. The biodegradation kinetics evaluated in vitro were in agreement with these in vivo
observations. The biocompatibility of the pristine and functionalized pSiNPs was confirmed in vitro
on human cell lines and in vivo by cytotoxic and systemic inflammation investigations, respectively.
With their biocompatibility, biodegradability, and stealth properties, the pSiNPs functionalized with
mannose and PEG show promising potential for biomedical applications.

Keywords: porous silicon nanoparticle; surface functionalization; PEG; mannose; stealth properties;
biodegradation kinetic; biocompatibility

1. Introduction

The emergence of nanomedicine has opened up opportunities for the development of more
efficient anti-cancer agents that induce fewer side effects. Among these, porous Si-based nanoparticles
(NPs) were found to be promising nanocarriers due to their biodegradability and biocompatibility [1-6].
Si-based NPs display unique features such as high specific surface area and large porous volume [5,7]
that are particularly interesting for: (i) the imaging of cancerous tissues [8-10]; (ii) selective binding
to receptors overexpressed by target tissues or cells type in conjugation with specific ligands or
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antibodies [11-19]; (iii) delivery of large concentrations of drugs and their controlled-release [1,20-22];
(iv) photosensitivity for photodynamic therapy (PDT) [23]; or (v) combination with two-photon
excitation (TPE) in the near-infrared (IR) region that offers new perspectives for the treatment of solid
tumors with an improved tissue penetration depth and spatial resolution [11,24].

One of the challenging issues concerning the development of such Si-based nanocarriers regards
their recognition by the mononuclear phagocyte system (MPS) after their intravenous injection in the
body. Such recognition will strongly decrease their performance and efficiency. With respect to NPs’
clearance by the MPS, the liver and the spleen are the most active organs because of phagocytic cells as
macrophages that act by surface opsonization [25] and generally express similar membrane receptors
to those of tumors [26]. Given other constraints, such as the heterogeneities of tumors in terms of
enhanced permeability and retention (EPR) and the multifactor impact such as electrolytes, proteins
and lipids onto colloidal stability of nanocarriers, less than 10% of the total administered drug dose
reaches the tumor [2]. Based on these considerations, there is a need to develop stealth nanocarriers
with reduced uptake by the MPS and optimized for the EPR effect.

One way to design NPs with such stealth properties is surface functionalization by polyethylene
glycol (PEG) to increase the surface hydrophilicity, improve the circulation time, and decrease the
immune response by preventing interactions with blood proteins and MPS cells [27,28]. In this
regard, PEG-functionalization efficiency has already been reported in vitro [29] and in vivo [10,30].
Another promising approach to increase the local concentration of Si-based NPs in tumor tissue is to
conjugate these NPs with targeting molecules that have a high affinity for tumor cells. Sugars have
been the focus of several studies since their receptors (lectins) are overexpressed in most of the cancer
cells [31]. One possible targeting agent is low biomolecular weight mannose (Man), which was
successfully used to target human cancer cells, including retina, breast and prostate, due to its high
specificity to lectin receptors [11,15,32-34]. Previous studies by Gary-Bobo et al. have shown that the
immobilization of Man derivatives at the surface of porous SiO, and Si NPs significantly increased
the targeting of human breast (MCF-7, MDA-MB-231) and prostate (LNCaP) cancer cells by TPE-PDT
therapy [11,15,32-34].

In this study, we designed porous silicon NPs (called pSiNPs) with PEG and/or Man
functionalization in order to assess their stealth properties and biocompatibility in vivo after
intravenous injection in mice. Biodistribution of pSiNP with PEG and mannose has not been studied yet
to our knowledge. To quantify their avoidance by organs involved in the MPS and their clearance from
the body, the Si content in target organs, blood and urine were measured using inductively coupled
plasma mass spectrometry (ICP-MS). Complementary in vitro experiments were performed to assess
the mechanisms of biodegradation and aggregation in standardized biological media. The chemical
and colloidal stability of the formulations were compared by measuring the dissolution kinetics and
aggregation states in the presence or not of fetal bovine serum (FBS). Finally, their biocompatibility was
assessed in vivo by the plasma analysis of exposed mice and in vitro by measuring cell cytotoxicity.

2. Results and Discussion

2.1. Physico-Chemical Properties of Pristine and Formulated pSiNPs in Stock Suspensions

pSiNPs were synthesized by anodic etching of boron-doped crystalline silicon in a solution
of aqueous hydrofluoric acid (HF) and ethanol, followed by electropolishing and fracturation of
the porous layer. After centrifugation, NPs with a narrow-size distribution around 200 nm (using
transmission electron microscopy (TEM)) were isolated. Oriented porosity with pore channels of
15-25 nm in diameter were observed, in agreement with average pore diameter calculated from the
nitrogen adsorption/desorption analysis (19.4 nm). The pSiNPs also displayed a large surface area of
493 m?-g~! (Figure S1).

The Bloch decay and cross-polarization magic angle spinning (CP-MAS) pulse sequences were
used for the collection of 2’Si nuclear magnetic resonance (NMR) (Figure S2). While Bloch decay
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collection gives information for all Si sites, CP-MAS is only sensitive to Si sites that are spatially
close to protons i.e., the silanol groups at the surface of the NPs. In Bloch decay, only one peak was
observed at approximately —110 ppm that was associated with siloxane and referred as Q4. In the
295i CP-MAS spectrum, two spectral features at —8 and —90 ppm were observed. With a NPs size of
~200 nm, the percentage of surface atoms described by these features was estimated to be less than 2%.
The contribution with a chemical shift centered around —90 ppm (90% of total signal) is associated
with surface silicon atoms that are predominantly in the Q2 configuration (i.e., with 2 hydroxyl groups).
The peak with a chemical shift of approximately —8 ppm could be attributed to C-Si and represented
<0.2% of Si. Based on these NMR observations we concluded that, once dispersed in absolute ethanol,
the majority of the Si atoms of the pSiNPs were bound to oxygen.

Besides pristine pSiNPs, three formulations were prepared containing PEG and/or Man
(Figure 1). The grafting of the PEG involved the functionalization of PEG diamine moiety with
ICPES (isocyanopropyltriethoxysilane) prior to covalent attachment to the pSiNPs by silanization
reaction, with the silanol present at the surface of the NPs (Figure S3). The mannose could then
attach to the pendant PEG chain by reaction of the phenyl squarate with the amine function of
the PEG (Figure S4). Finally, the grafting of mannose alone also involved chemical modification
of a mannose phenyl squarate with APTES (aminopropyltriethoxysilane) for further grafting to the
pSiNPs by silanization reaction (Figure S5). The covalent attachment of PEG and Man at the surface
was confirmed by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
(Figure S6). Infrared spectroscopy confirmed the oxidation of the pSiNPs which is favorable for a
successful surface chemical modification and functionalization by silanization chemistry. The amount
of grafted Man was determined spectrophotometrically by reaction with resorcinol [24], at 36 pg
and 28 ug of mannose phenyl squarate per mg of pSiNPs for pSiNPs—Man and pSiNPs-PEG-Man,
respectively (Figure S7). These values are comparable for both grafting methods.

Q pSiNPs Q

b now ;
oM A Jony,
X 4

% pSiNPs-Man *6‘52%50” 09 pSiNPs-PEG-Man

o-5i =9 Sig
o
Al SNNE Y|
et L

¢
BO: 0, HN
R X °

pSiNPs-PEG

Figure 1. Schematic of the four pSiNPs formulations.

In ethanol, these oxidized pristine pSiNPs had average hydrodynamic diameters centered on
200 + 20 nm (vol. %) and 185 =+ 18 (num. %) with a moderate polydispersity index (PDI) around
0.16 & 0.02 consistent with TEM images, and a negative zeta potential (—25 = 1 mV). This negative zeta
potential is due to the oxidation of the NPs and is attributed to the silanol groups present at the surface
of the pSiNPs. After functionalization by PEG and/or Man, an increase of the average hydrodynamic
diameters was observed for pSiNPs-PEG to 315 4 26 nm (vol. %) and 185 + 18 nm (num. %), for
pSiNPs-Man to 488 + 103 nm (vol. %) and 404 + 33 nm (num. %), and for pSiNPs-PEG-Man to
530 £ 56 nm (vol. %) and 528 £ 77 nm (num. %). Moderate PDI values (0.35 + 0.2 and 0.22 4 0.1) were
observed for pSiNPs-PEG and pSiNPs-Man, while for pSiNPs-PEG-Man the PDI values were higher
(0.68 = 0.3). The size distribution of hydrodynamic diameters is provided in supporting information
(Figure S8). Zeta potential measurements also confirmed the successful chemical functionalization of
the NPs observed by ATR-FTIR (Table 1). Indeed, the functionalization with PEG induced a charge
inversion from negative (—25 & 1 mV) to positive (28 + 2 mV) in ethanol. This highlights that the
surface of the pSiNPs was successfully functionalized by the cationic aminated PEG molecules (Table 1).
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In comparison, modification of pSiNPs with Man slightly increased the zeta potential to —18 &= 1 mV
in agreement with the successful functionalization of the surface by Man. Modifying the surface
by both PEG and Man give a zeta potential value of 10 £ 0.2 mV showing the grafting of Man on
PEG-functionalized pSiNPs.

Table 1. Zeta potential and hydrodynamic diameters (mean size value in vol. % and num. %) and
PDI (polydispersity index) of pristine and functionalized pSiNPs in absolute ethanol. Data are the
mean =+ SD (n = 3).

Nanoparticles pSiNPs pSiNPs-PEG ~ pSiNPs-Man  pSiNPs-PEG-Man
Zeta potential (mV) -25+1 28 +2 —18+1 10+ 0.2
Hydrodynamic diameter (nm) vol. % 200 + 20 315 £ 26 488 + 103 530 + 56
Hydrodynamic diameter (nm) num. % 185 4+ 18 276 + 35 404 + 33 528 +77
PDI 0.16 + 0.02 0.35+0.2 0.224+0.1 0.68 £ 0.3

2.2. In Vitro Biodegradability Kinetics

It is well known that the interactions between Si-based NPs and cancer cells depend not only
on cell strains [5,35], but also on the size, surface properties, and solubility of the NPs in biological
media [2,7,21,36,37]. Porous silicon has already been shown to be biodegradable in physiological
environments, and to dissolve into orthosilicic acid, which is necessary for normal bone and connective
tissue homeostasis [38]. Understanding the physical-chemical behavior of the pristine and formulated
pSiNPs in standardized nutritive cellular media in vitro provided useful insights about their relative
aggregation states and dissolution rates. The aggregation state (hydrodynamic diameter and zeta
potential) and the dissolution rate were assessed in FBS-free and 10% FBS-supplemented Dulbecco’s
modified Eagle’s medium DMEM/F12 (Figures 2 and 3).

A E 2000 Mean size valve in volume %
£ “ Ethanol
s 1600 ®-FBS
g B+FBS
& 1200
°
E 800
£ I -
%‘ 400 - ‘ I
= N/A
B " -
2000 Mean size value in number %
£
T:.' 1600 T OEthanol
£ w_FBS
£ 1200 ®+FBS
b -
£ 800 |
s .
& "HA |
g . [] A
pSINPs pSINPs-PEG pSiNPs-Man  pSiNPs-PEG-Man
C
pSiNPs-  pSiNPs-  pSINPs-PEG-
pSMPs PEG Man Man
o) -FBS 181411 54304 -7.8%0.4 N/A
+FBS -93%1.4 42402 -8.120.6 £.830.3
PDI -FBS 045301 021201 034101 N/A

+FBS 029%0.1 0.53%0.1 065402 0.80%0.2

Figure 2. Average hydrodynamic diameters expressed as vol. % (A), num. % (B), and (C) ¢ potential
measurements and polydispersity index (PDI) for pristine or formulated pSiNPs after 10 min in
DMEM/F12 + 10% fetal bovine serum (FBS). The hydrodynamic diameters are mean size value (in vol. %).
N/ A denotes the absence of data due to strong aggregation. Data are the mean =+ SD (n = 3).
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Figure 3. Dissolution kinetics of pSiNPs, pSiNPs-PEG, pSiNPs-Man, and pSiNPs-PEG-Man
formulations after 10 min, 1, 5, and 24 h in DMEM/F12 + 10% FBS. Results are expressed as a percentage
of dissolved Si versus the total Si contents: (A) FBS-free DMEM/F12 medium; (B) 10% FBS-supplemented
DMEM/F12 medium. Data are the mean == SD (1 = 3). Asterisk (*) denote statistical significant difference
between dissolution rate in DMEM/F12 =+ 10% FBS for pSiNPs formulations, * p < 0.05.

Aggregation state was first assessed 10 min after incubation in the FBS-free culture media.
While well dispersed in their stock suspension, a strong aggregation occurred for all formulations.
Aggregates with mean hydrodynamic diameters of around 1350-1520 nm (vol. %) and 1000-1500 nm
(num. %) were quickly formed for pSiNPs, pSiNPs-PEG, and pSiNPs-Man. The pSiNPs-PEG-Man
appeared to be the more destabilized (large and polydisperse aggregates), which makes them
unmeasurable with dynamic light scattering (DLS). It is well established that in cell culture media,
the neutral pH, the elevated ionic strength, and the presence of a divalent cation such as Ca?* and
Mg?* can interact with the surface of the particles, decrease their surface charges, and cause their
aggregation. This was also confirmed by zeta potential measurements in the FBS-free culture media
(Figure 2B) that were closer to neutral in abiotic cell media at pH 7.4 (18.1 £ 1 mV for the pSiNPs,
5.4 + 0.4 mV for pSiNPs-PEG, —7.8 + 0.4 mV for pSiNPs-Man). This highlights the decrease of the
electrostatic repulsion forces between NPs, which favored their colloidal destabilization [39,40] in
standardized culture media.

As well as a colloidal instability, we also observed that formulated NPs were chemically unstable
in the FBS-free DMEM/F12 medium. After 24 h, 100% of the Si from the four pSiNPs formulations were
released as Si dissolved species. The dissolution kinetics were formulation-dependent. In FBS-free
DMEM/F12 medium (Figure 3A), pristine pSiNPs shows the fastest degradation kinetic with 78 + 14%
of Si release in less than 10 min. Once functionalized with PEG and/or Man, Si mass loss from the NPs
was reduced (~40% in 10 min). Indeed, after 1 h the percentages of dissolution were 99 + 5% for pristine
pSiNPs, 63 + 4% for pSiNPs-Man, 46 & 8% for pSiNPs-PEG, and 35 + 1% for pSiNPs-PEG-Man.
This highlights a chemical stabilization of the surface of the pSiNPs by the functionalization with
organic molecules such as PEG and/or Man; the PEG-Man-functionalized NPs being the more stable
in pure DMEM/F12 even after 5 h.
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Alongside formulation-dependency, the dissolution kinetics of the pristine pSiNPs were also
serum-dependent (Figures 2 and 3). Interaction with proteins is known to play a great role in the
kinetics of biodegradation and cellular uptake [25,36,41]. Herein, in 10% FBS-supplemented media, the
dissolution of pristine pSiNPs was significantly lower (50 + 3%) than in FBS-free medium (78 + 14%)
after 10 min. This can likely be attributed to the adsorption of anionic proteins from the serum at
the surface of pSiNPs [12,42—44]. These pSiNPs-protein interactions were confirmed by size and
zeta-potential measurements. The addition of proteins in DMEM/F12-FBS media decreased the size of
the pSiNPs aggregates and made their zeta potential negative (Figure 2).

Similar decreases in the hydrodynamic diameters were observed for the pSiNPs-Man,
pSiNPs-PEG, and pSiNPs-PEG-Man between the FBS-free DMEM/F12 and the DMEM/F12
complemented with 10% FBS. These aggregates had PDI values that were not statistically different
compared to those measured in ethanol (large standard deviation) except for the pSiNPs-Man
in the FBS-complemented DMEM/F12. Moreover, the zeta potential of these three formulations
were all ranged between —4 and —8 mV in the FBS-complemented DMEM/F12. The comparable
negative charge of these formulations suggested that protein adsorption dominated the surface
charge distribution. However, such a protein adsorption did not impact the dissolution kinetics
of pSiNPs-Man and pSiNPs-PEG. A similar release of Si was observed for the FBS-free and
FBS-supplemented DMEM/F12, excepting pSiNP-PEG at 5 h (p < 0.05) (Figure 3B). PEG is known
to be an efficient way to prevent non-specific protein adsorption at the surface of materials [45-47].
We hypothesized that, once formulated by PEG and Man, the Si atoms localized at the surface of the
PSiNPs were less available to directly interact with proteins limiting their complexation—dissolution.
Regarding pSiNPs-PEG-Man formulation, a significant difference in the dissolution kinetics was
observed between the FBS-free and FBS-supplemented DMEM/F12 at all time points. The combined
PEG-Man formulation dissolved faster in the presence of FBS, which shows that the combination had
an effect on the accessibility of the Si atoms at the surface and their dissolution kinetics.

2.3. Biocompatibility Studies In Vitro

In order to assess the biocompatibility of these 4 pSiNPs formulations, we studied their effects on
the cell growth of human breast cancer cells (MCF-7). Cells were incubated for 72 h with increasing
concentrations of each formulation (from 5 to 100 mg-L™!). After three days, the number of living
cells did not show any significant decrease compared to the control (Figure 4). Consequently, all the
tested formulations did not induce any cell death or growth for the range of concentrations studied.
This suggests an absence of cytotoxicity.

120 4
—~ 100 ¢ ‘425’;—4"’
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73
Ela .
~ —e—pSi
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g 40 —4—pSi-PEG
= 20 pSi-PEG-man
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0 20 40 60 80 100 120

pSiNPs concentrations (pug.mL?)

Figure 4. Cytotoxicity assessment of pSiNPs, pSiNPs-PEG, pSiNPs-Man, pSiNPs-PEG-Man. Human
breast cancer cells (MCF-7) were incubated for 3 days with the 4 pSiNPs suspensions. Quantification
of living cells was performed using (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) assay.

226



Nanomaterials 2017, 7, 288 7 of 15

2.4. Biodistribution and Clearance of the pSiNps Formulation In Vivo

Based on the in vitro biodegradation result, the biodistribution of pristine and functionalized
pSiNPs was assessed in vivo 5 h after intravenous injection into healthy mice. We observed that the Si

biodistribution following injection of pSiNPs depended on the surface functionalization (Figure 5).

As with other Si-based NPs [6,37,48], Si (dissolved or nanoparticulate forms) from pristine pSiNPs
accumulated mainly in the MPS-related organs such as the liver and spleen (Figure 5B). This is likely
due to pSiNPs being trapped by the Kupffer cells and splenic macrophages. Compared with pristine
pSiNPs, pSiNPs functionalized with PEG induced less accumulation of Si in the liver. This suggests

that the pSiNPs-PEG could partially escape from recognition and phagocytosis by liver phagocytes.

Surprisingly, Si contents in the lung and spleen after pSiNPs-PEG treatment were higher than with
pristine pSiNPs (p < 0.05) (Figure 5C), demonstrating that the PEGylated NPs could be captured by
lung and splenic macrophages and hardly removed from the MPS organs. Faure et al. have shown the
splenic capture of NHy-ended PEG grafted on hybrid nanoparticles, in agreement with a positive zeta
potential [49].
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Figure 5. Si concentrations in organs of mice 5 h after intravenous injection. Control group (A), pSiNPs
(B), pSiNPs-PEG (C), pSiNPs-Man (D) and pSiNPs-PEG-Man (E). Data are the mean =4 SD (n = 3).
Asterisk (*) denote statistical significant difference between pSiNPs-exposed mice and control group,
*p <0.05.

On the contrary, functionalization with mannose significantly decreased the accumulation of
Si in the organs. As shown in Figure 5D, only liver accumulation was significantly higher than the
control group for pSiNPs-Man formulation (p < 0.05), likely due to the presence of Kupffer cells
in this organ which express mannose receptors [50]. The best stealth effect was obtained for the
pSiNPs-PEG-Man formulation. No significant accumulation of Si in the studied organs was observed
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for pSiNPs-PEG-Man (Figure 5E), indicating that PEGylation of pSiNPs and the post-functionalization
with Man effectively reduced their uptake by the MPS.

The main objective of the surface modification of pSiNPs by PEG and Man was to escape from
the MPS organs, increasing their blood-circulation lifetime and their excretion by urines. Figure 6
shows the Si concentration following injection of pristine pSiNPs, pSiNPs-PEG, pSiNPs-Man, and
pSiNPs-PEG-Man in mice blood and urine 5 h after injection. For the pSiNPs, pSiNPs-PEG, and
pSiNPs-Man, significant accumulation in the liver, spleen, and lung resulted in non-statistically
different Si concentration in the blood and urine compared to the control group. However, for the
pSiNPs-PEG-Man formulations, the absence of accumulation in the MPS organs is associated with a
significant increase of Si concentration in the blood and urine compared to the control group (p < 0.05).
In vivo, the mechanism of Si clearance is attributed to degradation of pSiNPs into soluble silicic acid
followed by renal excretion. Such a biodegradation has been observed in vitro in the presence of
FBS where a complete dissolution of the pSiNPs-PEG-Man was reached after 5 h. It is noteworthy
that pSiNPs functionalized with PEG and Man was more destabilized in the FBS complementary
DMEM/F12 medium. This indicates that differences in stealth behavior of the pSiNPs-PEG-Man
formulation, compared to other three formulations in biological contexts, cannot be ascribed to a larger
aggregate formation, but only to the differences in their surface functionalization.
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Figure 6. Si concentrations in blood (A) and urine (B) of mice after 5 h of intravenous injection. Mice
were exposed to the four pSiNPs formulations. Data are the mean + SD (1 = 3). Asterisks (*) denote
statistical significant difference between pSiNPs exposed mice and control group, p < 0.05.

Both in vitro and in vivo experiments agreed on the fact that the PEGylated Man-modified pSiNPs
are quickly biodegraded in the bloodstream allowing for their excretion by renal filtration in less than
5 h. By contrast, other studies have shown clearance of Si from the mice bodies following pSiNPs
intravenous injection (130-180 nm) after one week [6]. Our results clearly evidence that PEG and Man
protected pSiNPs from MPS system and prolonged their lifetime in blood circulation, and hence could
enhance the dissolved Si excretion in urine.

2.5. Biocompatibility Studies In Vivo

At the sacrifice, the blood of the mice was collected and plasma were prepared. In order to mesure
the level of TNFa. Figure 7 shows that no significant increase in TNFx plasma level was observed in
animals treated with each formulation. This suggests an absence of systemic inflammation at least
within 5 h after injection.
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Figure 7. TNFx plasma level of mice treated intravenously by pSiNPs, pSiNPs-PEG, pSiNPs-Man,
pSiNPs-PEG-Man at the final concentration of 40 mg-kg~!. Plasma were collected during the sacrifice,
5 h after treatment. Values are means + standard deviation.

3. Materials and Methods

3.1. pSiNPs Synthesis

Boron-doped p**-type Si (0.8-1.2 mQ).cm resistivity, <100> orientation) from Siltronix (France)
was electrochemically etched in a 3:1 (v:v) solution of aqueous 48% hydrofluoric acid (HF): absolute
ethanol (Sigma-Aldrich, Saint Quentin Fallavier, France). Etching was performed in a Teflon cell with
a platinum ring counter electrode. A constant current of 167 mA-cm~2 was applied for 150 s, and then
the sample was rinsed three times with ethanol. The porous layer was then removed from the substrate
by application of a constant current of 4 mA-cm~2 for 250 s in an electrolyte solution containing 1:20
(v:v) aqueous 48% hydrofluoric acid: absolute ethanol. After rinsing three times with ethanol, the
porous layer was put in ethanol in a glass vial. After 20 min of degassing under a nitrogen stream, the
porous silicon film was fractured by ultrasonication for 16 h. The largest particles were then removed
by spinning them down by centrifugation at 2700 x g for 2 min (Minispin, Eppendorf, AG, Hamburg,
Germany). In order to remove the smallest particles, the solution was finally centrifuged at 22,000 g
for 30 min (centrifuge Eppendorf 5804, AG, Hamburg, Germany). The pellet was then dispersed in
absolute ethanol.

3.2. pSiNPs Functionalization With PEG

0.5 mmol of polyethylglycoldiamine (368.5 g-mol~!) and 0.25 mmol of isocyanopropyltriethoxysilane
(ICPES) were added with 2 mL of dried tetrahydrofuran (THF) in a 25 mL round-bottomed flask.
The mixture was stirred overnight at 50 °C and under nitrogen. Freshly prepared pSiNPs were
centrifuged at 22,000 x g for 30 min in ethanol, then centrifuged once with THFE. 30 mg of pSiNPs were
dispersed in 2 mL of THF with ICPES-PEG and reacted overnight at 50 °C under nitrogen. After the
reactions, the pSiNPs-PEG were centrifuged at 22,000 x g and washed 5 times with absolute ethanol to
remove the PEGdiamine physisorbed onto their surface. 20 mg of pSiNPs-PEG were finally dispersed
in 10 mL of absolute ethanol.

3.3. pSiNPs—-PEG Functionalization With Man

0.03 mmol of mannose (p-[N-(2-Ethoxy-3,4-dioxocyclobut-1-enyl)amino]phenyl-«-D-
mannopyranoside) (395.6 g-mol~!), 0.07 mmol of trimethylamine, and 30 mg of pSiNPs-PEG
were added with 2 mL of DMF in a 25 mL round-bottomed flask. The mixture was stirred overnight at
60 °C under nitrogen. After the reactions, the pSiNPs-PEG-Man were centrifuged at 22,000x g and
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washed 5 times with absolute ethanol to remove the mannose physisorbed onto their surface. 20 mg of
pSiNPs-PEG-Man were finally dispersed in 10 mL of absolute ethanol.

3.4. pSiNPs Functionalization With Man

0.03 mmol of mannose (p-[N-(2-Ethoxy-3,4-dioxocyclobut-1-enyl)amino]phenyl-«-D-
mannopyranoside) (395.6 g-mol~!), 0.04 mmol of aminopropyltriethoxysilane (APTES), and
11 pL (0.07 mmol) of triethylamine were added in 2 mL of dried THF in a 25 mL round-bottomed
flask,. The mixture was stirred overnight at room temperature and under nitrogen. Freshly prepared
PpSiNPs were centrifuged at 22,000x g for 30 min in ethanol, then centrifuged once with DMF. 30 mg
of pSiNPs were dispersed in 3 mL of DMF with APTES-Man and reacted overnight at 60 °C under
nitrogen. After the reactions, the pSiNPs-Man were centrifuged at 22,000x ¢ and washed 5 times with
absolute ethanol to remove the mannose physisorbed onto their surface. 20 mg of pSiNPs-Man were
finally dispersed in 10 mL of absolute ethanol.

3.5. Characterizations of pSiNPs Initial Suspensions in Ethanol

Solid-state 2’Si nuclear magnetic resonance (NMR) was used to assess the Si speciation of pSiNPs
before functionalization by PEG and Man, or in vivo/in vitro studies. NMR spectra were obtained
on a Bruker Advance 400 WB spectrometer ( Bruker BioSpin Corporation, Billerica, ME, USA) at
79.5 MHz. Spectra were acquired in both single pulse and solid-state cross polarization magic angle
spinning (CP-MAS) modes. In both cases the spin rate was 10 kHz and the number of scans was
4096. Recycle delays were 20 s and 5 s for the single pulse and the CP-MAS experiments respectively.
Free induction decay (FID) was processed using the MestRecNova software (Mestrelab Research,
Santiago de Compostela, Spain). A 50 Hz line broadening was applied prior to the Fourier transform,
and phase and baseline correction were done manually. The relative proportion of the surface Si
species was calculated from peak integration.

TEM images of the NPs were obtained on the JEOL 1200 EXII instrument (Jeol Ltd., Tokyo,
Japan). The specific surface area and pore-size distribution of the samples were estimated using
nitrogen adsorption-desorption isotherms with a Micrometrics ASAP 2020 instrument (ASAP 2020,
Micromeritics Inc., Norcross, GA, USA). Before the sorption measurement, the samples were degassed
at 80 °C for 6 h under reduced pressure. The specific surface area of the sample (Sggt) was calculated
according to the Brunauer, Emmett, Teller (BET) method from the linear part of the nitrogen adsorption
isotherm, and the pore-size distribution were analyzed according to the Barrett, Joyner and Halenda
(BJH) method. Infrared spectra were recorded on a Nicolet IS5 spectrometer (Nicolet Instrument,
Thermo Company, Waltham, MA, USA) with the attenuated total reflectance (ATR) ID5 module to
study the covalent attachement of PEG and Man at the surface of the pSiNPs.

Hydrodynamic diameters and zeta potentials of the initial and functionalized NPs were measured
in absolute ethanol by DLS using the NanoZS (Malvern Instruments Ltd., Worcestershire, UK) and
the zeta potential measurements using the Zetasizer (Malvern Instruments Ltd., Worcestershire, UK).
For data acquisition, a refractive index (RI) of 1.54 was used, and the reading was carried out at 173°
with respect to the incident beam.

3.6. Dosing of the Phenyl Squarate Mannose Grafted on the pSiNPs—Man and pSiNPs-PEG-Man
Formulations

The amounts of phenyl squarate-mannose grafted on the pSiNPs were determined by specific
colorimetric reaction using a lambda 35 de Perkin Elmer UV-Vis spectrometer. The molar absorption
coefficient of the mannose was determined using a solution of mannose in hydrated sulfuric acid and
resorcinol (1,3-dihydroxybenzene) at different concentrations. The mannose amounts ranging from
1 to 4 mg were dissolved in 20 mL of acetic acid (0.01 mol-L~!). Then, 200 uL of each solution was
added to the solution containing 1 mL of 75% sulfuric acid and 200 pL of resorcinol. The samples
were vortexed for 5 min and heated at 90 °C for 30 min. The samples were placed in the fridge and in
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darkness for 30 min. The absorbance of the solution was recorded between 350 and 600 nm. Calibration
curves were also recorded, in order to determine the molar absorption coefficient of the mannose
under the same conditions (g4, = 11651 L-mol~'-cm™!). The 75% sulfuric acid (1 mL), resorcinol
(200 pL) and acetic acid (200 pL) solution was used as a reference solution. The dosing of the mannose
grafted onto the pSiNPs followed the procedure described above. Here, the mannose solution was
replaced using a known quantity of NPs functionalized with mannose phenyl squarate. A loading of
36 ug and 27.6 ug of mannose phenyl squarate per mg of pSiNPs was obtained for pSiNPs-Man and
pSiNPs-PEG-Man respectively.

3.7. Physico-Chemical Stability In Vitro

The colloidal stability of the pSiNPs, pSiNPs-PEG, pSiNPs-Man, pSiNPs-PEG-Man was
studied in vitro in abiotic cell culture media. Before use, each formulation was sonicated in
a water bath for 5 min. The NPs were then diluted at 40 mg-L~! in Dulbecco’s modified
Eagle’s medium supplemented with Glutamax (DMEM/F-12) with and without 10% FBS and 1%
penicillin-streptomycin (Gibco Laboratories, Grand Island, NY, USA). The samples were stirred
(100 rpm) at a constant temperature of 37 °C for 10 min, 1 h, 5 h and 24 h. At each selected time, 2 mL
of mixing solution was used for DLS and zeta potential measurements (using NanoZS and Zetasizer,
Malvern Instruments Ltd., Worcestershire, UK).

The chemical stability (release of dissolved species) of the pSiNPs, pSiNPs-PEG, pSiNPs-Man,
pSiNPs-PEG-Man was studied in vitro in abiotic DMEM/F-12 medium with and without 10% FBS.
After 10 min, 1 h, 5 h and 24 h, aliquots (4 mL) of stirred (100 rpm) suspensions were ultrafiltrated
using centrifugal filter units (Amicon ultra4, 3 kDa molar mass membrane cutoff, Beckman Coulter,
Inc., Fullerton, CA, USA). The collected fractions were diluted 10-fold in ultrapure water with 2%
nitric acid before ICP-MS analysis (Thermo X series II model equipped with a collision cell, Fisher
Corp., MA, USA). To avoid the loss of Si on filter membranes, the recovery of soluble silicon was
tested and found to be close to 100%. Concentrations of Si in stock suspensions were also measured by
ICP-MS by transferring 2 mL of suspension into 1 mL of HCI (35%) and 1 mL of HNOj3 (67%) for NPs,
followed by 45 min of microwave digestion. Samples were left in acid overnight for the digestion to
complete. Appropriate dilutions were made for ICP-MS analysis. Results of the ICP-MS measurement
are presented as means (1 = 3) and standard deviations (SD).

3.8. In Vitro Cytotoxicity on Cell Line

Human breast cancer cells (MCF-7) were purchased from ATCC (American Type Culture
Collection, Manassas, VA, USA). Cells were cultured in DMEM-F12 supplemented with 10% FBS and
50 ug-mL~! gentamycin. These cells were allowed to grow in a humidified atmosphere at 37 °C under
5% CO,. To study the effects of NPs on cell growth, MCE-7 cells were seeded into 96-well plates at
2000 cells per well in 200 uL culture medium and allowed to grow for 24 h. Increasing concentrations
of pSiNPs, pSiNPs-PEG, pSiNPs-Man, pSiNPs-PEG-Man were incubated in a culture medium of
MCEF-7 cells during 72 h. Then, a MTT assay was performed to evaluate the toxicity. Briefly, cells were
incubated for 4 h with 0.5 mg-mL~! of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; Promega, Madison, WI, USA) in media. The MTT/media solution was then removed and
the precipitated crystals were dissolved in EtOH/DMSO (1:1). The solution absorbance was read at
540 nm.

3.9. Biodistribution in Mice

Female C57/BL6 mice aged 8 weeks were provided by Charles River and, housed in the
institutional animal house under standard environmental conditions (23 4 1 °C, 55 + 5% humidity
and 12 h/12 h light/dark cycles) and maintained with free access to standard diet and water.
All animals (3 mice per condition) were intravenously exposed to the four pSiNPs formulations
(pSiNPs, pSiNPs-PEG, pSiNPs-Man, pSiNPs-PEG-Man) at the final concentration of 40 mg-kg 1.
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Control mice were injected with the vehicle alone (200 uL of physiological serum). The mice were
sacrificed 5 h after intravenous injection. Their blood, urine and major organs (heart, lung, spleen,
kidney and liver) were collected. Si concentration was then quantified by ICP-MS.

For quantification of the Si concentration in each organ (lung, kidney, spleen, heart and liver) of
the exposed or control mice, the organs were freeze-dried, crushed and homogenized. Then, 1 mL
of HNOj (67%) and 1 mL of HO, were added to approximately 30-50 mg of organ powder. For
quantification of Si in bio fluids, 100 pL of blood and 5 to 100 pL of urine were separately mixed with
1 mL of HNOj3 (67%) and 1 mL of H,O,. The samples were left in acid overnight for digestion, and
this was followed by 45 min of microwave digestion. Then, all the samples were diluted in HNO3;
(2%) to reach a final volume of 10 mL, and Si concentrations were measured by ICP-MS. The ICP-MS
measurement data are presented as means (1= 3 mice per condition) and standard deviations (SD).
The data were analyzed using a two-way analysis of variance (ANOVA) test followed by a Sidak’s
multiple comparisons test (Graphpad Prism 6, Graphpad Sofeware Inc., San Diego, CA, USA). A level
of p < 0.05 was considered significant.

3.10. TNF« Plasma Levels Measurement

A blood sample for each mouse was collected to determine the level of inflammatory biomarkers
such as TNF«. Plasma was separated from the blood by centrifugation (15 min, 1200x g, 4 °C). Plasma
TNF« levels were quantified using commercial enzyme-linked immunosorbent assay (ELISA) kits as
described in the manufacturer’s protocol (R&D systems, Minneapolis, MN, USA).

4. Conclusions

The aim of this study was to design stealth pSiNPs using biodegradable pSiNPs and new
surface-grafting with PEG and Man. When the PEGylated-pSiNPs were functionalized with Man,
the pSiNPs-PEG-Man system exhibited a remarkable stealth property, with higher blood retention
and a significant clearance in renal excretion. By contrast with studies reporting the influence of
PEG on biodistribution [37,51], we observed that PEG at 368.5 g-mol‘1 molecular weight had no
significant effect on combined uptakes in major MPS organs such as the liver and spleen. Moreover,
in vitro biodegradation kinetic studies were in accordance with in vivo studies indicating a fast
biodegradation kinetic (~100% at 5 h in DMEM/F12-FBS medium). Based on the in vitro and in vivo
biodegradation, biodistribution, clearance, and biocompatibility evaluations presented, the pSiNPs
functionalized with Man and PEG-Man deserve to be tested in vivo to specifically target cancer sites
in a non-invasive manner.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-4991/7/10/288/s1,
Figure S1: Characterizations of the pristine pSiNPs. (A) Transmission electron microscopy (TEM) images, (B) N
adsorption/desorption isotherm, Figure S2: CP-MAS spectra (black line) and Bloch decay spectra (red line) of
295i NMR of pSiNPs suspended in absolute ethanol, Figure S3: Reaction pathway for the covalent binding of
PEG on pSiNPs, Figure S4: Synthesis scheme for the functionalization of pSiNPs-PEG with Mannose, Figure S5:
Reaction pathway for the covalent binding of mannose on pSiNPs, Figure S6: (A) DRIFT spectra of bare pSiNPs
(brown), pSiNPs functionalized with PEG (blue) and pSiNP-PEG-Man (green), (B) DRIFT spectra of bare pSiNPs
(brown), pSiNPs functionalized with Mannose phenyl squarate pSiNP-Man (green), Figure S7: UV-vis spectrum
for quantification of mannose phenyl squarate in (A) pSiNPs-Man and (B) pSiNPs-PEG-Man, Figure S8: Size
distribution curves in vol. % and num. % of four pSiNPs formulations in absolute ethanol.
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ARTICLE INFO ABSTRACT

Pompe disease is a rare disorder due to deficiency of the acid a-glucosidase (GAA) treated by enzyme re-
placement therapy. The present authorized treatment with rhGAA, the recombinant human enzyme, provides an
important benefit in the infantile onset; however, the juvenile and adult forms of the disease corresponding
to > 80% of the patients are less responsive to this treatment. This resistance has been mainly attributed to an
insufficiency of mannose 6-phosphate residues in rhGAA to address lysosomes through the cation-independent
mannose 6-phosphate receptor (CI-M6PR). As yet, several attempts to improve the enzyme delivery by in-
creasing the number of mannose 6-phosphate on the enzyme were poorly effective on the late onset form of the
disease. Here, we show that chemical conjugation of a synthetic 1 of the 6-phosph named
AMFA, onto rhGAA improves the affinity for CI-M6PR and the uptake of the enzyme in fibroblasts and myoblasts
of adult Pompe patients. More importantly, only the conjugated rhGAA-AMFA was effective in aged Pompe mice
when compared to thGAA. Weekly treatment with 5-20 mg-kg ~ ' rhGAA-AMFA provided major improvements
of the motor function and of the myofiber structure, whereas rhGAA was inactive. Finally, AMFA addition did
not induce suppl yi T to the enzyme. This modified enzyme, displaying a muscle recovery
in aged Pompe mice that was never attained before, could be considered as a potential therapy for the late onset
Pompe disease.

Keywords:

Lysosomal storage disease

Enzyme replacement therapy

Alpha acid glucosidase
6-phosphate receptor

1. Introduction GAA activity of normal subject, while the juvenile and adult onsets have

a residual activity comprised between 1 and 30% [1]. Without any

Lysosomal storage disorders (LSD) are rare genetic diseases in which
a lysosomal enzyme is deficient leading to a toxic accumulation of
undigested substrate in lysosomes. Over the 53 identified disorders,
only 8 have specific authorized treatments mostly based on enzyme
replacement therapy (ERT) which consists in chronic human re-
combinant enzyme administration. Among LSD, Pompe disease is a
myopathy due to the deficiency of acid a-glucosidase (GAA), a lyso-
somal enzyme responsible for glycogen degradation into glucose [1,2].
A total or partial GAA deficiency results in the accumulation of gly-
cogen in cells and deleterious effects in cardiac, respiratory and skeletal
muscles. The infantile form is the most severe one and presents < 1%

* Corresponding authors.

treatment, patients affected by the infantile Pompe disease die within
the first year of age from a cardiac failure. In juvenile and adult forms,
referred to as late-onset Pompe disease, clinical deterioration is pro-
gressive and is predominantly associated with proximal myopathy and
respiratory failure. Currently, the proposed treatment consists in the
ERT with a recombinant human acid a-glucosidase (rhGAA), the al-
glucosidase alfa (Myozyme®), produced in Chinese hamster ovary
(CHO) cells. Clinical experience with Myozyme® indicates that this
treatment is effective in treating the cardiomyopathy in infant patients
and has a limited therapeutic efficacy in skeletal muscles of infants and
of late-onset patients [3-6]. Still today, the late-onset Pompe disease
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represents an unmet medical need since most of patients are poorly
responsive to the treatment in terms of motor and respiratory functions
and vital force. It has been proposed that this limited efficacy could be
due to a low affinity for the cation-independent mannose 6-phosphate
receptor (CI-M6PR), which recognizes the mannose 6-phosphate (M6P)
moieties present on the recombinant enzymes and which is the key
pathway to address the therapeutic enzyme to lysosomes [7-9]. The
rhGAA contains a low number of M6P (between 0.9 and 1.2 mol M6P/
mol enzyme) and an insufficient number of bis-M6P glycosylated chains
allowing a high binding affinity to the two sites of CI-M6PR [10,11].

To overcome these limitations, several approaches have been de-
veloped to increase CI-M6PR affinity of the enzyme such as the grafting
of multiple M6P on rhGAA [12-14], as Neo-GAA (Sanofi Genzyme), or
the generation of hybrid recombinant protein (IGF2-GAA), BMN-701
(Biomarin) [15], that binds CI-M6PR through the high affinity IGF2 site
present on this receptor. Both approaches improved efficacy in young
mice but not in 9-10 month old mice representative of the late onset of
the disease [14]. In connection to these proof-of concept results, Phase
2 clinical trials in adult patients showed only modest improvements as
compared to the unmodified rhGAA (Myozyme®) [16,17].

Previously, we described the synthesis of isosteric analogues of M6P
functionalized at the anomeric position (AMFAs) with ethyloxyamino
linkers and their affinity and stability in human serum compared to
M6P. The feasibility of conjugation of AMFA was described onto
mannose-chains of recombinant GAA produced by baculovirus/Sf9 in-
sect cell system. This conjugated enzyme showed a significant ther-
apeutic efficacy on the motility of young 4-6 month old mice re-
presentative for a mild Pompe disease progression [18].

Here, we investigated the ability of the AMFA-enzyme to address
the unmet medical need i.e. the muscular response of late-onset Pompe
patients. AMFA were conjugated on the recombinant rhGAA produced
in CHO cells and authorized in Pompe treatment. The chemical con-
jugation of AMFA on the enzyme was found to increase the affinity for
CI-M6PR without altering the catalytic activity and to increase the
uptake in fibroblasts and myoblasts of adult Pompe patients. Moreover,
for the first time, Pompe mice aged of at least 10 months were sig-
nificantly responsive to the treatment and provided muscular responses.
The head to head comparison with rhGAA indicated that only rhGAA-
AMFA had the capacity to increase the mobility of aged mice and to
improve the muscular physiopathological parameters even at low
doses. The relationship of these data with clinical studies and their
potential therapeutic consequences will be discussed.

2. Materials and methods
2.1. Materials

Primary cultures of fibroblasts from infantile and adult Pompe pa-
tients were a kind gift of Dr. Catherine Caillaud. Cells were grown in
DMEM containing 10% (v/v) fetal bovine serum and 100 IU/mL of
penicillin-streptomycin in a humidified atmosphere containing 5% CO,
at 37 °C. Primary cultures of myoblasts from Pompe adult patients,
W172M01 BO and Y328 MO1 BA, were obtained from CBC Biotec
Biobank BB-0033-00046 (France) and cultured in HAM F10 medium
supplemented with 20% fetal bovine serum on collagen-coated surface.
The rhGAA used was alglucosidase alpha (Myozyme®) manufactured by
Sanofi-Genzyme, and was recovered from excess material of the re-
constituted commercial product used in patients. AMFA was synthe-
sized from the commercial D-mannose as previously described [18]. D-
Mannose was purchased from Senn Chemicals and other reagents were
purchased from Acros Organics, Alfa Aesar, Expedeon and Sigma-Al-
drich.

Pompe mice were a kind gift of Nina Raben [19] and were housed
and cared according to protocols approved by the Languedoc-Rous-
sillon ethical committee CEEA-LR-36 with agreement N4987-
2016101116132551.
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2.2. Chemical conjugation of AMFA onto rhGAA

The rhGAA was oxidized with 1 mM sodium metaperiodate for
30 min at 4 °C. Excess sodium metaperiodate was consumed by the
addition of 2% glycerol and by incubating on ice for 10 min. The oxi-
dized enzyme was filtered on a G-25 sepharose column (GE Healthcare,
UK) and conjugated to AMFA by mixing and incubating for 2 h at 25 °C.
After conjugation, the ThGAA-AMFA was dialyzed against 25 mM so-
dium phosphate buffer (pH 6.2) containing 2% mannitol and 0.005%
Tween 80 for 18 h at 4 °C. The samples were aliquoted and stored at
— 20 °C until used.

2.3. thGAA protein analysis

Western blot analyses were carried out on purified enzymes. The
proteins were quantified by the Bradford method, and a constant
amount were resolved by SDS-PAGE and transferred to nitrocellulose.
Membranes were probed with anti-human GAA (anti-LYAG, Genetex)
and actin (dilution 1:10,000, Sigma Aldrich), incubated with perox-
idase-conjugated secondary antibodies (dilution 1:5000, Amersham)
and analyzed by ECL detection system (Amersham). The apparent
molecular weights were determined with prestained standard proteins
(Ozyme).

2.4. Affinity for C-M6PR

The affinity for CI-M6PR was tested at a concentration range from
107 % to 10~ ® M of enzymes. The assay was performed on a microtiter
plate absorbed with pentamannose 6-phosphate (PM6P), which effec-
tively binds CI-M6PR according to a method previously described [20].
After a 2 h pre-incubation of rhGAA enzymes with a biotinylated CI-
M6PR (CI-M6PRb), the mixture was incubated in the microtiter plate
coated with PM6P for 2 h, and CI-M6PRb linked to PM6P was then
quantified by streptavidin peroxidase detection.

2.5. Uptake assays

For uptake experiments, primary human fibroblasts were grown to
confluence and were incubated in low glucose DMEM supplemented
with 5% (v/v) of fetal calf serum. Different concentrations of enzymes
were added to culture medium and incubated for 24 h at 37 °C. For
myoblast experiments, cells were grown to confluence and were in-
cubated in HAM F12 supplemented with 10% fetal calf serum. Different
concentrations of enzymes were added to culture medium and in-
cubated for 24 h at 37 °C. After incubation, cells were washed three
times with PBS and lysed by sonication in GAA assay buffer (0.2M
sodium acetate, 0.4 M potassium chloride, pH 4.3) containing 0.1%
Triton X-100. The lysates were centrifuged at 14,000 x g for 10 min at
4 °C. Samples were tested for protein concentration and enzymatic ac-
tivity was measured by using the fluorescent substrate 4-methy-
lumbelliferyl-a-p-glucopyranoside (4-MUG). Cell lysates were in-
cubated with 0.06 mg'mL ™~ ' 4-MUG diluted in the GAA assay buffer for
3 h at 37 °C. The reaction was stopped by addition of 0.1 M Tris HCI
pH 8 and the fluorescence was read with 355 nm excitation and 460 nm
emission filters with a PerkinElmer 1420 VICTOR 2.

2.6. Confocal laser scanning microscopy

RhGAA and rhGAA-AMFA were coupled with Alexa-Fluor 488 Dye
(Molecular Probes, USA) according to manufacturer instructions. By
spectrophotometry, we checked that equal amounts of rhGAA-A488
and rhGAA-AMFA-A488 show equal fluorescence intensities. Few days
prior to the experiment, myoblasts were grown onto collagen-coated
glass dishes (World Precision Instrument, UK) at the density of 10°
cell.em™ 2 On the day of the experiment, cells were washed once and
incubated in 1 mL cultured medium containing fluorescent labeled
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enzymes at a concentration of 100 nM for 16 h. For lysosome labeling,
2 h before visualization, 50 nM Lysotracker red DND-99 (Invitrogen,
France) was added to medium. Fifteen minutes before the end of in-
cubation, cells were loaded with Hoescht 33,342 (Invitrogen) for nu-
clear staining at a final concentration of 5 ug'mL ™~ '. Before visualiza-
tion cells were gently washed with phenol red-free medium. Cells were
then scanned with a LSM 780 LIVE confocal laser scanning microscope
(Carl Zeiss, France) with a slice depth (Z stack) of 0.62 um. Merged
images of fluorescent enzymes and lysosome marker allow the eva-
luation of enzyme level into lysosomes. Colocalizations of enzyme-A488
and Lysotracker were compared using Mander's overlap co-localization
coefficient. This coefficient represents the sum of green colocalized
pixels (yellow pixels, in merged image) as compared to the overall sum
of green pixels above threshold. A value of 1 highlights a high co-lo-
calization and a value of 0 corresponds to an absence of co-localization.

2.7. Invivo studies

The GAA-/- Pompe mouse model [18] presents aspects of human
disease, as mice exhibit systemic glycogen accumulation especially in
heart, diaphragm and skeletal muscle and very low acid a-glucosidase
activity (similar to the infantile onset). Two short term and one long
term studies were performed. For all experiments, animals were in-
jected intraperitoneally with 5 mg/kg diphenhydramine 15 min before
enzyme administration. Enzyme treatment was injected into the tail
vein. Throughout the treatment, sera were regularly collected in order
to test the immunological response against the recombinant enzyme
and animal motor function was tested on a Rotarod treadmill (Ugo
Basile, Italy) using a constant acceleration program. At the end of the
experiments, animals were sacrificed and several tissues were collected
and stored at — 80 °C until assayed or fixed for histological analysis. A
first in vivo study was performed on 11-month-old Pompe mice to
evaluate the efficacy of the rhGAA-AMFA to improve the pathological
parameters of the disease. Groups of Pompe mice (n = 6) were injected
with vehicle, 5 mg/kg rhGAA or rhGAA-AMFA once a week. The ani-
mals were treated for 13 weeks and sacrificed 48 h after the last in-
jection. For the second in vivo study, 11 month-old mice (n = 3) were
administered vehicle, rhGAA-AMFA and rhGAA at 10 mg/kg/week.
Animals received 4 injections and were sacrificed a week after the last
treatment. A third experiment was performed on 12 month-old mice
(n = 6), with 4 weekly doses of 20 mg/kg with rhGAA-AMFA, rhGAA
or vehicle. Animals were euthanized 1 week after the 4th injection.

2.8. Activity of GAA in muscular biopsies

Pompe mice quadriceps were lysed in 0.2 M sodium acetate, 0.4 M
potassium chloride, pH 4.3 containing 0.5% Triton X-100 and sonicated
3 x 6. The lysates were centrifuged at 14,000 x g for 10 min at 4 °C.
Samples were assayed for protein concentration and the activity of GAA
was tested using 4-MUG 1.3 mgmL~' as a substrate. Samples were
incubated for 2 h at 37 °C. Reaction was stopped by adding 0.5 M so-
dium bicarbonate buffer pH10.65. Fluorescence was read with 355 nm
excitation and 460 nm emission filters.

2.9. Glycogen quantification

The glycogen was extracted by digesting samples with 30% KOH for
2h at 100 °C. Samples were cooled on ice and glycogen was pre-
cipitated with 95% ethanol. After centrifugation at 8000 x g, 10 min at
room temperature, three series of acidification with 5N HCI and pre-
cipitation with 95% ethanol were performed. Finally, glycogen extracts
were reconstituted in deionized water. The glycogen content of the
samples was tested by first digesting glycogen into glucose with
Aspergillus Niger and consequently dosing the released glucose with
Amplex Red reagent. Undigested samples were also tested for their
glucose content. A standard curve was plotted with a glucose solution
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(Sigma). Values are expressed as pg glycogen/mg tissue.
2.10. Acid phosphatase quantification

Pompe mice tissue samples were lysed in 0.2 M sodium acetate,
0.4 M potassium chloride, pH 3.9 and sonicated 3 x 6s. The lysates
were centrifuged at 14,000 X g for 10 min at 4 °C. Samples were as-
sayed for protein concentration and the activity of phosphatases was
tested using 6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP)
(Molecular Probes) as a substrate in 100 mM sodium acetate pH 5.5.
Extract (10 pL) were incubated in sodium acetate buffer pH 5.5 and
0.2mM DiFMUP for 45 min at room temperature. Fluorescence in-
tensity was monitored with a 355 nm excitation and a 460 nm emission
filters.

2.11. Histological analysis

For light microscopy, tissues were fixed in 10% formol buffered
solution, embedded in paraffin, sectioned, and stained with hematox-
ylin-eosin by standard methods. For centralized nuclei counting, central
and peripheral nuclei were counted in 400 fibers for each mouse and
the mean values * SD are indicated.

2.12. Statistical analysis

The statistical analysis was performed using either the Student's t-
test or the Newman-Keuls test for repeated measures. A probability
value of p < 0.05 was considered statistically significant.

3. Results

3.1. Characterization and cellular uptake of the new enzyme conjugate,
rhGAA-AMFA

Chemical conjugation of the AMFA onto oligosaccharide chains of
rhGAA was performed through the formation of oxime bonds between
the carbonyl-reactive ethyloxyamino group of AMFA and the aldehyde
residues generated at terminal sialic acid residues which are highly
sensitive to periodate oxidation [21] (Scheme 1). The coupling reaction
with a 300-fold molar excess of AMFA for 2 h at 25 °C led to the ad-
dition of a mean value of 4.8 + 1 AMFA/rhGAA (mol/mol) from 3
independent experiments. The number of AMFA per enzyme was
quantified by high-performance anion-exchange chromatography with
pulse amperometric detection analysis as previously described [17].

The functionalities of the conjugated enzyme were characterized.
AMFA coupling did not induce protein degradation, as shown by the
unique band of the conjugated enzyme, corresponding to the 110 kDa
GAA precursor, in SDS polyacrylamide gel (Fig. 1 a). Such result is
coherent with the addition of 4.8 + 1 AMFA per enzyme since the
AMFA molecular weight is 0.317 kDa. In Western immunoblots
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Scheme 1. AMFA grafting on oxidized sialic acid residues of rhGAA a) NalO; (1 mM),
4 °C, 30 min, b) AMFA (300 eq) reaction with oxidized rhGAA, 25 °C, 2 h.
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Fig. 1. Characterization of the immunoreactivity, CI-M6PR binding affinity and catalytic activity of the conjugate rhGAA-AMFA. a) SDS gel analysis of rhGAA and rhGAA-AMFA followed
by Coomassie blue staining of total proteins (left) and Western immunoblot using anti-human GAA antibody (right). b) Catalytic activities of rhGAA-AMFA compared to rhGAA using the
synthetic substrate 4-MUG, expressed in % of nmol'mg™ "“h~'. n = 3 experiments in duplicate. c) Affinities of rhGAA and rhGAA-AMFA for CI-M6PR. To bind 50% of the CI-M6PR 2.4

10”7 M of thGAA and 4 10~ * M of rhGAA-AMFA are necessary. n = 4.

performed with a specific anti-human GAA antibody, the recognition of
rhGAA was unmodified after AMFA coupling (Fig. 1 a). The AMFA
grafting also did not affect the catalytic activity of rhGAA assayed on a
synthetic substrate (Fig. 1 b). In contrast, the affinity for the CI-M6PR,
evaluated using an indirect ELISA method, was increased by 6-fold after
AMFA addition (Fig. 1 c). These data indicated that AMFA coupling
improved targeting and fully maintained the structural and the catalytic
properties of the enzyme.

The uptakes of rhGAA-AMFA and rhGAA were then compared on
adult Pompe fibroblast primary cultures (Fig. 2 a). While rhGAA
showed a very limited internalization in these fibroblasts even at high
concentrations, hGAA-AMFA uptake was significantly increased. GAA
activity in cells treated by 100 nM and 200 nM rhGAA-AMFA was by
233% and 411% versus control whereas for rhGAA treated cells it was
only incremented by 132% and 164% respectively. The uptake of
rhGAA-AMFA was also compared to that of rhGAA in Pompe myoblasts,
a more relevant cell type for this myopathy. In primary cultures of
myoblasts from two adult patients, a significant increase of rhGAA-
AMFA internalization was also observed at 10 and 50 nM (Fig. 2 b).
These data indicate that the AMFA conjugation has the capacity to in-
crease the entry of rhGAA in different cell types of adult Pompe pa-
tients. The subcellular localization of rhGAA and rhGAA-AMFA was
then analyzed after labeling each enzyme with a green fluorescent
probe, Alexa-Fluor 488 (Fig. 2 c). The confocal analysis in living cells
showed a higher fluorescent uptake of rhGAA-AMFA compared to
rhGAA in accordance with the increased catalytic activity shown in
Fig. 2a. More importantly, rhGAA-AMFA appeared more colocalized
than rhGAA with the staining obtained by a Lysotracker (a fluorescent
acidotropic probe). Manders' overlap coefficient which quantifies the
colocalization between enzyme and Lysotracker fluorescences indicated
a higher value for rhGAA-AMFA (0.38) than for rhGAA (0.22) (Fig. 2 d).
All together, these data indicate that internalization of rhGAA in fi-
broblasts and myoblasts of adult patients is facilitated by AMFA that
increases enzyme affinity to CI-M6PR. A higher localization of rhGAA-
AMFA in acidic vesicles (lysosomes or phagolysosomes) as compared to
rhGAA suggests that AMFA also favors the addressing to the acidic sites
of action of the enzyme.

3.2. Mouse mobility is improved by AMFA grafting on rhGAA
To determine rhGAA-AMFA efficiency, the modified enzyme was

assayed on Pompe mice aged of at least 10 months, since aged mice
were previously found almost unresponsive to rhGAA [13]. The

mobility of the mice was assessed using a Rotarod walking treadmill
together with biochemical parameters in tissues. Three in vivo studies
were performed: one 13-week study on 10 month-old mice at a low
dose (5 mg/kg/week) and two distinct 4-week studies on older mice at
10 and 20 mg/kg/week. In all the experiments, the motor function was
higher in mice treated with rhGAA-AMFA than in rhGAA treated ones.
rhGAA-AMFA at the lowest dose stabilized the Pompe disease pro-
gression up to 13 weeks maintaining 90% of the initial mobility
whereas in control and rhGAA-treated mice the mobility decreased to
near 50% (Fig. 3 a). The intermediate dose (10 mg/kg/week) of rhGAA-
AMFA showed an increase to 120% after 4 weeks whereas mobility
decreased to near 75% in control and rhGAA-treated mice (Fig. 3 b). In
the experiment with 4 injections at 20 mg/kg/week (Fig. 3 ¢) rhGAA-
AMFA in 12 month-old mice, the mobility was more significantly in-
creased raising 162% whereas thGAA treated mice were stabilized at
98% and control mice mobility decreased to 58% of the initial values. It
can be noticed that the effectiveness on mobility is hGAA-AMFA dose
dependent. Concerning rhGAA treatment, our data are consistent with
previous studies of Zhu et al. [14] which tested higher doses of rhGAA
and showed only marginal improvements of motor function in such
aged mice.

3.3. Tissue GAA activity in aged Pompe mice

The biochemical and morphological effects of rhGAA-AMFA were
then determined in the tissues of the Pompe mice treated in the three
experiences described in Fig. 3, aged between 10 and 12 months. At this
age, histological analysis of muscle sections exhibits a high degree of
lysosomal rupture and elevated levels of extra-lysosomal glycogen [19].
These mice are considered as a representative model of an advanced
stage of the disease observed in severe infantile form and advanced late
onset in human [22]. This stage is associated with a degree of muscle
wasting defined as a stage 4 according to Thurberg's classification [23]
and is particularly resistant to ERT using rhGAA [24,25].

Tissues samples of mice were analyzed to assess enzyme activity.
Higher levels of GAA activity were detected in heart, diaphragm and
quadriceps muscles of Pompe mice treated with rhGAA-AMFA (Fig. 4).
Importantly, even the treatment with very low doses of rhGAA-AMFA
(5 mg/kg/week) resulted in a significantly higher level of enzyme ac-
tivity in quadriceps and heart (Fig. 4 a-b). A dose-dependent activity in
the heart was observed when comparing 5 mg/kg and 20 mg/kg ex-
periments (Fig. 4 b-c). Importantly, only rhGAA-AMFA is able to ensure
enzyme activity in the diaphragm (Fig. 4 d), an organ which is hardly
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Fig. 2. Improvement of rhGAA uptake with AMFA and subcellular localization. a) GAA activities after enzymes internalization in primary cultures of adult patient fibroblasts. *p < 0.05
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d. ¢) Confocal microscopic analyses of rhGAA and rhGAA-AMFA in living adult Pompe myoblasts. Enzymes were labeled with Alexa 488

dye and incubated for 16 h. Before visualization, living cells were incubated with cell-permeable Hoescht solution and Lysotracker for the staining of nuclei and acidic vesicles (lysosomes,
phagolysosomes) respectively. Data are from one representative of 3 experiments. d) Colocalization of rhGAA (grey bar) or rhGAA-AMFA (black bar) with Lysotracker staining. The
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Fig. 3. Assessment of mobility after enzyme therapy of Pompe mice. Rotarod mobility test of a) 10-month old Pompe mice treated with 5 mg/kg/week with rhGAA, rhGAA-AMFA or
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3.4. thGAA-AMFA improves glycogen clearance in aged Pompe mice

A quantitative glycogen analysis was conducted on tissue extracts to
determine if the increase in GAA activity was correlated with a re-

duction of glycogen accumulation (Fig. 5). In mice treated with rhGAA
a modest reduction in glycogen levels was observed in heart (13.5%)
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and in triceps (40%). By contrast, treatment with rhGAA-AMFA led to a
decrease of 35% in heart and 74.5% in triceps. This two-fold higher
reduction of glycogen in GAA-AMFA group is in agreement with the
higher GAA activity.

3.5. ThGAA-AMFA reduces muscular cell d
activity

and acid phosph

agt P

To corroborate the difference observed in the motor function, his-
topathological analyses of the muscles were performed. In normal
muscle, only 2% of fibers have centralized nuclei. However, in response
to stress, normal peripheral nuclei may migrate toward the center of the
cells. Examination of quadriceps of Pompe old mice after 4 injections
with vehicle or 20 mg/kg/week of each enzyme was realized (Fig. 6 a).
rhGAA treated mice showed a pattern of centrally localized nuclei
(31 = 7%) similar to untreated mice (29 + 9%) (Fig. 6 b). This is in
agreement with the publication of Zhu et al. [14]. By contrast, the
percentage of centralized nuclei is significantly reduced to 15 + 2.5%
by rhGAA-AMFA.

In complement, we assessed phosphatase acid activity since several
clinical studies described that a decrease of this marker is associated
with a good ERT response [26]. As shown in Fig. 6 ¢, the decrease of
acid phosphatase activity by rhGAA-AMFA treatment is significantly
stronger than that of rhGAA. The acid phosphatase values after rhGAA-
AMFA treatment are close to those of healthy mice (39% = 28% of
control Pompe mice, data not shown).

Altogether, these data present the first evidence of ERT efficacy on
the mobility of 10-month aged mice and of its ability to reduce muscle
damages at an advanced stage of the disease.

3.6. Immunological response against rhGAA and rhGAA-AMFA

The presence of anti-GAA specific antibodies in mouse serum was
assayed after each experiment. Fig. 7 presents the values of the longest
experiment which corresponds to 13 weekly injections of 5mg/kg/
week thGAA-AMFA and rhGAA. Serum analyses of treated mice re-
vealed that the addition of AMFA did not increase the immunological
response to thGAA (Fig. 7 a). Interestingly, sera from rhGAA-AMFA
treated mice reacted similarly to rhGAA-AMFA and rhGAA respectively
(Fig. 7 b-c). The reactivity of the antibodies against rhGAA-AMFA is not
statistically different from that against rhGAA, suggesting that AMFA
grafting does not induce additional epitopes of hapten-type. However,
immunological responses on Pompe mice model may not predict human
responses.

4. Discussion

To our knowledge, the corrections of nuclear mispositioning and

D Control Fig. 5. Glycogen is decreased in aged Pompe mice muscles
treated with rhGAA-AMFA. Glycogen content in a) Heart of
. rhGAA 5 mg/kg/week-treated mice. n = 6 *p < 0.05 vs control. b)

Triceps of 20 mg/kg/week-treated mice. n = 6 *p < 0.05 vs

B rhGAA-AMFA  THGAA.
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Fig. 6. Muscular cell corrections in aged Pompe mice treated
rhGAA-AMFA with rhGAA-AMFA. a) .Hematoxylin. and e?sin ?laifled slides
were prepared from mice treated either with dilution buffer
(Control) or with 20 mg/kg/week rhGAA or rhGAA-AMFA for
4 weeks. Mice were 12month-old at time 0. n=6. b)
Quantification of centralized nuclei on hematoxylin/eosin
stained quadriceps sections. Twelve month-old Pompe mice
were treated with 20 mg/kg/week rhGAA or rhGAA-AMFA or
vehicle (Control) during 4 weeks. Central and peripheric nuclei
were counted in 400 fibers for each mouse and the mean
values * SD are indicated. n = 6 mice. **p < 0.001 vs rhGAA.
¢) Phosphatase acid activity in triceps of 11 month-old Pompe
mice treated with 10 mg/kg/week rhGAA, rhGAA-AMFA or ve-
hicle (Control) during 4 weeks. Phosphatase activity is dosed
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Fig. 7. Immunological responses against rhGAA and rhGAA-AMFA. a) Antibody titers against rhGAA were eval d in sera of 10 th-old mice treated with 13 injections of vehicle

(Control) or 5 mg/kg/week of rhGAA-AMFA and rhGAA. Sera were collected prior to treatment for comparison. ELISA plates were coated with rhGAA to determine the distribution of
specific thGAA antibodies in diluted sera. A dilution of 1:30 was used for IgM and IgE and a dilution of 1:270 for IgG (mean + SD of two independent assays, *p < 0.05, **p < 0.01,
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altered metabolic activity in muscle fibers and the increased motor
function here described in 10-12 month-old mice had never been ob-
served before, neither for higher doses of rhGAA [14] nor with other
engineered rhGAA, such as Neo-GAA [10,14] or BMN701 [15]. In these
previous studies, several hypotheses were proposed to explain the un-
responsiveness of aged mice, such as (i) the reported decline in CI-
M6PR expression with aging [27,28], (ii) an abnormal increase of the
autophagic pathways [29] and (iii) a more established disease with
irreversible damages [14].

The amount of CI-M6PR, although lowered with aging [9], appears
not to be the only parameter to be taken into account. Indeed, some
evidences support a sufficient internalization of glyco-engineered en-
zymes by aged muscle cells and prove that these enzymes are still
metabolically active. For instance, the tissue glycogen levels in aged
Pompe mice were significantly reduced with 40 mg/kg of hydrazone-
neorhGAA [10] or with 20 mg/kg of oxime-neoGAA (Neo-GAA), which
has a 20-fold increased affinity for CI-M6PR [14]. Nevertheless, in all
previous studies, the reduction of glycogen levels in these more da-
maged muscle cells was not translated in improvements in the motor
function. Therefore, the inability for rhGAA to restore muscle function
in aged mice may involve other factors.

The abnormal autophagic pathways in Pompe mice were char-
acterized in biopsies by clusters of densely packed late endosomes/ly-
sosomes and autophagosomes [29,30]. These alterations were proposed
to divert the recombinant enzyme from its destination, the lysosome,
and induce its accumulation in autophagosomes [31]. In late-onset
patients, autophagic abnormalities are also present in muscle biopsies
[32,33]. This profound disorder in the intracellular recycling system is
suggested as an important cause of unresponsiveness to therapy due to
an altered routing and consequently a reduced lysosomal uptake of the
rhGAA.

Irreversible damages due to lysosomal rupture, leading to release of
glycogen and lytic enzymes into the cytoplasm, have been demon-
strated in the most severe forms of the disease. Such muscle irreversible
damages can explain the loss of sensitivity of aged tissue to ERT.
However, in the milder non-classical infantile and juvenile/adult forms,
this panel of muscle destruction is rarely observed at diagnosis. The
unresponsiveness of these milder forms to rhGAA might be associated
with the factors mentioned above that prevent the therapeutic enzyme
to reach its final destination.

In this study, the enzyme rhGAA was chemically grafted with
4.8 = 1 AMFA derivatives. The AMFA-enzyme displays a 6-fold higher
affinity for CI-M6PR and a 2-fold higher uptake in adult patient fibro-
blasts and myoblasts compared to rhGAA. The subcellular analysis in-
dicated that the conjugated enzyme rhGAA-AMFA is two-fold more
localized in the acid vesicles than the native enzyme. These in vitro
data, indicating a higher stability and a better delivery to lysosomes due
to AMFA grafting, have been complemented by studies on the murine
model of Pompe disease. The efficacy of rhGAA-AMFA on elderly mice,
refractory to current treatment, was demonstrated as compared to
rhGAA. An improved walking capacity is observed even at the low dose
of 5 mg/kg/week rhGAA-AMFA and it increases in a dose-dependent
manner. In line with this improved motor function, several biochemical
and morphological analyses indicate the higher correction of muscle
fibers impairment. The higher GAA activity and the lower level of
glycogen recovered in different muscles indicate the higher uptake and
efficacy of rhGAA-AMFA. These data are fully in agreement with those
obtained from primary cell cultures.

The treatment efficacy was more evidenced by the reduction of the
nuclei centralization in myofibers and by a decrease of acid phospha-
tase activity which are recognized as two key indicators of the ERT
response. However, further examinations of specific muscle parameters
are required to determine the extent of muscle regeneration. The en-
zyme activity detected in the diaphragm only with rhGAA-AMFA
treatment could be particularly important because this tissue, which is
considered as a difficult target for ERT, plays an important role in the
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frequent severe respiratory failures of the infantile and late onsets.

Another purpose of this study concerned the immunological re-
sponses against thGAA-AMFA that AMFA grafting could induce.
Interestingly, GAA antibodies analyses realized on the 13-week study at
5 mg/kg/week revealed the absence of an additional immunological
response due to AMFA grafting and similar levels of specific antibodies
against rhGAA-AMFA and rhGAA were observed.

In conclusion, for the first time, an ERT was demonstrated to be
efficient both on motor function and muscle fibers in 10-12 month-old
Pompe mice which were supposed to be almost unresponsive to
therapy. The higher therapeutic potential of this new ERT may not be
solely explained by the increased affinity for the CI-M6PR since another
glyco-engineered enzyme, Neo-GAA, with higher affinity remains
poorly active in elderly mice. We have shown that AMFA increase the
affinity of rhGAA for CI-M6PR, are insensitive to phosphatases in op-
posite to M6P [17] and could modify the hydrophilicity of the enzyme.
These properties of AMFA might interfere through different pathways
in the stability, cell uptake, cell routing and intracellular processing of
the enzyme. Therefore, we are now investigating to elucidate the me-
chanisms responsible of the greater efficacy of rhGAA-AMFA. Our
findings in aged mice open the way to a new therapeutic option for late
onset Pompe patients who are still in need of a successful therapy.
AMFA technology could also be an answer for the treatment of other
lysosomal diseases and likely improve the outcome for patients among
the 53 lysosomal storage disorders.
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Abstract: Careful analysis of any new nanomedicine device or disposal should be undertaken to
comprehensively characterize the new product before application, so that any unintended side effect
is minimized. Because of the increasing number of nanotechnology-based drugs, we can anticipate
that regulatory authorities might adapt the approval process for nanomedicine products due to
safety concerns, e.g., request a more rigorous testing of the potential toxicity of nanoparticles (NPs).
Currently, the use of mesoporous silica nanoparticles (MSN) as drug delivery systems is challenged by
alack of data on the toxicological profile of coated or non-coated MSN. In this context, we have carried
out an extensive study documenting the influence of different functionalized MSN on the cellular
internalization and in vivo behaviour. In this article, a synthesis of these works is reviewed and the
perspectives are drawn. The use of magnetic MSN (Fe304@MSN) allows an efficient separation of
coated NPs from cell cultures with a simple magnet, leading to results regarding corona formation
without experimental bias. Our interest is focused on the mechanism of interaction with model
membranes, the adsorption of proteins in biological fluids, the quantification of uptake, and the effect
of such NPs on the transcriptomic profile of hepatic cells that are known to be readily concerned by
NPs’ uptake in vivo, especially in the case of an intravenous injection.

Keywords:  nanoparticles; safety; mesoporous silica; protein corona; internalization;
adverse outcome pathways

1. Introduction

The growing interest of the scientific community for mesoporous silica nanoparticles (MSN) is
particularly related to the degree of advanced sophistication that can be achieved in their design
according to the objectives, in terms of properties or applications sought. Thanks to the silicon

Biomimetics 2018, 3, 22; doi:10.3390/biomimetics3030022 www.mdpi.com/journal/biomimetics
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chemistry, these nanoparticles (NPs) have a promising potential to constitute a new generation of smart
drug nanocontainers, due to their high stability, large surface area, tunable pore size, and abundant
surface functionalization sites [1,2].

For these reasons, MSN are one of the most studied nanotechnologies for use as drug delivery
systems. Because there are an increasing number of nanotechnology-based drugs, we can anticipate
that regulatory authorities might adapt the approval process for nanomedicine products due to safety
concerns, e.g., request a more rigorous testing of the potential toxicity of NPs. Understanding the
interactions of NPs with biological systems is clearly multifactorial and complex. Nanoparticles
display different shapes and sizes, and can be decorated with a variety of functionality. They have
increased surface area-to-volume ratios that dramatically increase their reactivity. The miniaturization
of materials to the nanoscale has seen emergent properties due to their ultralarge surface area.
Their surface reactivity can, depending on the type of coating, cause different behavior and toxicological
profiles. Thus, careful analysis of any new nanomedicine device or disposal should be undertaken to
completely characterize the new products before application, so that we can help avoid any unintended
side effects.

This perspective aims to present a series of biological assays performed to obtain an integrated
overview of the safety of coated or non-coated magnetic MSN (Fe304@MSN). In vitro studies at the
molecular and cellular level allow for rapid knowledge generation, and their results could be used
as predictors before a validation phase, in terms of toxicological outcome in vivo. This two-stage
approach could limit the extent, volume, and cost of animal testing. In this context, we propose to
review the safety profile of MSN [3] and the panel of methodologies associated. Our interest focuses on
MSN’s interaction with model membranes [4], the adsorption of proteins at their surface in biological
fluids [5], the kinetics of internalization, and the effect of such NPs on the transcriptomic profile of
hepatic cells [6] that are known to be readily concerned by NPs” uptake in vivo, especially in the case
of an intravenous injection.

2. Preparation of Magnetic Mesoporous Silica Nanoparticles

Firstly, homogeneous NPs, reproducible synthesis, and extensive characterization are required to
assess the toxicological profile of NPs. Before any biological assays, the NP synthesis has been designed
to produce more potent NPs. Different aspects were even described as critical for NP safety, including
biodegradability, surface properties (chemical composition, charge, hydrophilicity /hydrophobicity),
and size. Mesoporous silica nanoparticles are biodegradable materials allowing drug release [7] while
avoiding any accumulation and chronic toxicity, and which release silicic acid [8]. Dissolution of
sol-gel-derived silica matrices occurs following two steps: an initial surface burst erosion followed
by a slow bulk degradation [9]. The degradation rate and profile is dependent of the material
composition [8], the production processes [10], the surface coating [11], and the body fluids [12].
It has been shown that surfactant-extracted MSN are more quickly degraded than calcined ones or
amorphous silica NPs [10] in simulated body fluids. Plus, calcination influences the surface properties
and reactivity. This step allow the dehydration of the MSN surface, reducing the proportion of silanol
groups, leading to siloxane groups [13]. The surface then becomes more hydrophobic, reducing the
availability of the silanol groups to functionalization by covalent ligands or electrostatic coupling [14].
Mesoporous silica nanoparticles were synthesized with a magnetic core to follow them by magnetic
resonance imaging (MRI) [15], to induce a heat-triggered drug release [16], and to separate them from
complex media by magnetization. Synthesis of magnetic MSN was challenging to obtain a homogenous
population of spherical Fe30,@MSN, presenting a primary diameter of 100 nm, all containing a unique
magnetic core, and without any step of calcination. The optimization of all these aspects was deeply
described previously [3] (Figure 1).
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Figure 1. Schematic representation of the synthesis of bare magnetic mesoporous silica nanoparticles
(Fe304@MSN). Firstly, Fe3O4 nanocrystals (NC) are obtained by thermal decomposition of FeO(OH). In
another flask, cetyl trimethylammonium bromide (CTAB) micelles were obtained in alkaline water, at a
temperature of 80 °C. Fe304 NC, after stabilization in oleylamine, were progressively added to the CTAB
micelles, in 10 steps. After that, tetraethylorthosilicate (TEOS) has been added for sol-gel reaction and
formation of Fe3O4MSN. Different washing steps were performed to extract CTAB surfactant from the pores.

3. Magnetic Separation for Corona Characterization

The use of magnetic nanoparticles allows for the efficient separation of the Fe30,@MSN from
biological media with a simple magnet [17]. Magnetic attraction of NPs is a useful method of separation
to precisely characterize the protein corona, taking into account weak binding proteins, instead of
very fast and drastic separation using centrifugation [17] (Figure 2a). This technique provides a true
corona “interactome” of the MSN, with the characterization of the different protein-protein interactions
around the NPs using next-generation shotgun proteomics [5] (Figure 2b). The timeline formation
of the hard and the soft corona become accessible at low cost and relatively quickly, providing very
interesting data for the development of future NPs.
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Figure 2. (a) Different proteomic profiles of the protein corona after Fe304@MSN separation by
magnetization (blue) or centrifugation (green). Sizes and colors of human protein clues are proportional
to their relative percentage within the corona. The 35 highest abundant proteins are labelled. The color
scale unit is Normalized Spectral Abundance Factor (%). Reproduced from Pisani et al. 2017 [17] with
permission from the Royal Society of Chemistry. (b) Protein—protein interactions are represented in a
network developed using the NetworkAnalyst software [18,19], based on InnateDB [20]. The target
represents the time scale (0.5 min to 7 days). Each protein (represented by its gene symbol) is placed
according to its time of appearance within the corona. The colors indicate the cluster membership.
The grey lines represent the protein—protein interactions. Proteins that have a lot of interactions with
other proteins are represented by a larger visual cue. Reproduced from Pisani et al. 2017 [5] with
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4. Influence of Magnetic Mesoporous Silica Nanoparticles’ Coverage on Their Interaction with
Proteins and Cell Membranes

To reduce the formation of the protein corona at the NPs’ surfaces, NPs are generally covered by
different layers. Numerous reported studies demonstrate that a polyethylene glycol (PEG) coating
presents several advantages, like colloidal stability, inertia in biological media, and higher circulation
time of NPs [11,21]. Another strategy consists of the deposition of a phospholipid bilayer on the
inorganic NPs’ surface, in order to create a biomimetic surface [22,23]. Fusion of liposomes to a
spherical, high surface area, nanoporous silica core improves capacity, selectivity, and stability of
NPs, and enables their targeted delivery and controlled release within the targeted cells [22,24,25].
Moreover, these two types of coverage can be easily applied to inorganic NPs [3,26,27] (Figure 3).
Different strategies were employed for the functionalization of the NPs [28]. Concerning the lipid
coating of MSN, this can be achieved by spontaneous adsorption of small unilamellar vesicles
on the silica surface of NPs in suspension [27], or by thin-layer lipid rehydration in presence
of the NPs [28,29]. Various parameters were investigated for their influence on effective NP
coverage, such as buffer composition (pH, ionic strength) [30], lipid /NP ratio [31], temperature [32],
or NP size [26]. Characterization of the lipid coating of the NPs is often done by cryogenic
transmission electron microscopy (TEM), dynamic light scattering (DLS), zeta potential (ZP),
or dynamic scanning calorimetry (DSC). These methods allow qualitative characterization of the
NPs’ coating, while quantitative methods can also be used, such as inorganic phosphorus dosage [30]
or elemental analysis [29]. Preparation of PEG-grafted MSN is generally performed by direct
addition of PEG-silane at the end of the NPs synthesis [33]. The silane groups are then able to
condense with the silica surface of the NPs [34]. In this case, PEG is covalently bound to the
NPs’ surface [35]. Characterization is also frequently done by TEM imaging, DLS, or ZP [36].
Fourier-transformed infrared (FTIR) spectroscopy [35], DSC, or thermogravimetric analysis (TGA)
allow deeper characterization [34]. It should be noted that combinations of surface decoration strategies
are now described, leading to highly sophisticated nanocarriers that combines stealth properties,
targeting, and controlled or triggered release [37]. For example, PEG-lipid assemblies are used for the
functionalization of MSN [38].

The coating of Fe3O,@MSN by polymers or lipid bilayers was shown to influence the colloidal
stability and interaction with proteins, model membranes, and cells in vitro [3]. Lipid bilayers allowed
colloidal stability of MSN in a high ionic strength medium, in comparison to native or PEG-coated
MSN (Figure 4al). Native NPs were stabilized (meaning colloidal stability) in the presence of proteins
by the formation of the corona, while PEG-coated MSN were very slowly stabilized by the presence
of the proteins, due to the MSN’s low adsorption of those proteins (Figure 4a2). The formation of a
protein corona appeared to reduce the interaction between MSN and model membranes composed of
an egg phosphatidylcholine (EPC)-supported lipid bilayer (SLB) as was observed using quartz crystal
microbalance with dissipation (QCM-D) [4] (Figure 4b). Lipid-coated MSN were rapidly deposited on
the top of the lipid bilayer, while PEG-coated MSN deposited slowly, and the native ones remained
suspended in the medium.
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Figure 3. Characterization of native, polyethylene glycol (PEG)-grafted, and lipid-coated Fe304@MSN.
(a) Transmission electron microscopy (TEM) imaging of (1) native Fe304@MSN, (2) PEG-grafted
Fe304@MSN, and (3) lipid-coated FezO4@MSN with dimyristoyl phosphatidylcholine (DMPC) lipids,
showing a primary diameter of 100 nm, with very homogeneous shape, porosity, and coverage.
Reproduced from Pisani et al. 2017 [6], published under the Creative Commons attribution license
CC BY-NC-ND 4.0 by Taylor & Francis publishers. (b) Characterization of Fe304@MSN PEG-grafting,
with thermogravimetric analysis (TGA)/dynamic scanning calorimetry (DSC) spectra of (1) pristine
Fe304@MSN and (2) PEG-Fe30,@MSN. (c) Imaging of magnetic Fe30;@MSN core-shell particles
after incubation with DMPC small unilamellar vesicles (SUVs) (1). All the MSN are covered with a
complete lipid bilayer, having a thickness of 5 nm. Three lipid-coated MSN are zoomed in on for a
better observation of the lipid bilayer. (2) Scanning transmission electron microscopy (STEM) images
of DMPC Fe30,@MSN: DMPC Fe304@MSN overlay of TEM black field (BF), iron (Fe), silica (Si),
and phosphorus (P) element cartography. (3) Each element is separately presented. The iron core
localizes at the center of the silica nanoparticles and phosphorus is localized around the silica shell of
the Fe30O4@MSN particles. (b) and (c) are reproduced and adapted from Nyalosaso et al. 2016 [3] with
permission from the Royal Society of Chemistry.
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Figure 4. Characterization of native and coated Fe304@MSN behavior in suspension in complex
media, with or without proteins. (a) (1) and (2): Hydrodynamic diameter (HD) and polydispersity
index (PDI), represented respectively by bars and dots, for native (blue), polyethylene glycol (PEG)
(orange) and dimyristoyl phosphatidylcholine (DMPC) (red) Fe30,@MSN in (x) HEPES buffered saline
(HBS) 150 mM NaCl (pH 7.4) and (y) HBS 150 mM NaCl (pH 7.4) containing 10% fetal calf serum
(FCS). (b) Quartz crystal microbalance with dissipation (QCM-D) frequency sensorgram following the
interaction between nanoparticles and the egg phosphatidyl choline (EPC)-supported lipid bilayer
(SLB). Native (blue), PEG (orange), and DMPC (red) Fe30,@MSN were flowed into HBS 150 mM
NaCl 10% SCF medium on the top of EPC SLB, at a concentration of 0.25 mg mL~! of nanoparticles.
After adding Fe304@MSN into the medium on the top of the EPC SLB for 15 min, the flow was
stopped for 10 h. The results on the variations of frequency are presented after the offset of the lipid
bilayer formation. Reproduced and adapted from Rascol et al. 2017 [4], published under the Creative
Commons Attribution (CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

5. Magnetic Mesoporous Silica Nanoparticles’ In Vivo Toxicity and In Vitro Mechanisms

Functionalized Fe30,@MSN with lipid bilayers or PEG polymers were administered to mice by
intravenous injections, at a dose of 40 mg kg™, in order to compare their distribution and toxicity
to bare Fe304@MSN [4]. Magnetic mesoporous silica nanoparticles were quantified by inductively
coupled plasma-mass spectrometry (ICP-MS) analysis in the different organs obtained from sacrificed
mice four days after injection (Figure 5a). All of the Fe30,@MSN, functionalized or not, accumulated
in the liver and spleen. However, lipid bilayer-coated Fe304@MSN accumulation was largely higher in
the liver; these nanoparticles were found in a lower concentration in the lungs, and were cleared more
quickly from the blood than the bare and PEG-grafted Fe;O4@MSN. PEG-grafted Fe30,@MSN were
always found in the blood 24 h after injection (Figure 5b). However, it was demonstrated that none
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of the Fe304@MSN caused toxicity to liver, kidney, and spleen tissues at the administered doses [4].
Moreover, no immunotoxic effect was observed at the animal level.
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Figure 5. Biodistribution of Fe304@MSN in mice. (a) Quantification of silicon in different organs
four days after injection. Inductively coupled plasma-mass spectrometry (ICP-MS) was used after
acid digestion to quantify the silicon in the liver, lungs, spleen, kidneys, and urine four days
after intravenous injection of native (blue), polyethylene glycol (PEG) (orange) and dimyristoyl
phosphatidylcholine (DMPC) (red) Fe304@MSN at a concentration of 40 mg kg’1 in comparison
to control mice (white). (b) Nanoparticle level in blood. The silicon levels in blood were measured
2, 6, 24 h, and 4 days after intravenous injection of native (blue), PEG (orange), and DMPC (red)
Fe304@MSN at a concentration of 40 mg kg~!. The dashed line indicates the silicon level found in
blood of control mice. For this experiment, 20 mice were divided into four groups of five animals. The
values of the histograms represent the mean + standard deviation (SD) of values of each animal of
a group. * p < 0.05 indicates that a group is statistically different from all other groups treated with
nanoparticles. Reproduced and adapted from Rascol et al. 2017 [4], published under the Creative
Commons Attribution (CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

Different techniques were combined to investigate the potential toxic effects of these Fe30;@MSN,
covered or not covered by PEG or lipid bilayers at the cellular level. First, in vitro analyses were
performed by exposure of two liver cell lines to the different particles, the rational for choosing the
cell lines being dictated by the preferential liver uptake of MSN. On one hand, HepG2 is a very
frequently human hepatocarcinoma cell line studied for in vitro evaluation of anticancer therapy.
On the other hand, HepaRG is a human hepatocarcinoma cell line which can be differentiated in vitro
in hepatocyte-like colonies surrounded by clear primitive biliary cells [39,40]. The cell uptake of the
Fe30,@MSN was faster for those that were coated with DMPC than for the native ones, and slower
for the PEG-grafted Fe304@MSN. This was observed by TEM cell imaging after exposure of HepG2
(Figure 6) and HepaRG cell lines to Fe304@MSN [6]. This observation was in accordance with the rapid
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deposition of lipid-coated MSN on membrane models [4]. Moreover, the effect of Fe304,@MSN on
HepG2 and HepaRG cell lines was also investigated by cell impedance [3,6]. Impedance measurement
of HepG2 cells showed a greater decrease in cell impedance by exposure to native Fe304@MSN than
by exposure to the lipid-coated ones, and lastly, by exposure to the PEG-grafted Fe;O4@MSN |[3,6]
(Figure 7). Thus, impedance measurement represents an important metric to document.

3h 6h 24 h

>

PEG Fe304@MSN Native Fe304@MSN

DMPC Fe304@MSN

Figure 6. Transmission electron microscopy imaging of HepG2 cells exposed for 3, 6, and 24 h at 50 ug
mL~! for (a—c) native, (d—f) polyethylene glycol (PEG)-coated, or (g-i) dimyristoyl phosphatidylcholine
(DMPC)-coated Fe304@MSN. The nanoparticles are indicated by arrows, near the cell membrane (M)
or the nucleus (N). Reproduced from Rascol et al. 2017 [4], published under the Creative Commons
Attribution (CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).
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Figure 7. xCELLigence experiment. Real-time cell index (CI) monitoring of HepG2 cells (1 = 3)
exposed to 50 and 100 mg mL™! of pristine, polyethylene glycol (PEG)-coated, and dimyristoyl
phosphatidylcholine (DMPC)-coated Fe3O4@MSN. (a) Pristine Fe304@MSN versus PEG-coated
Fe304@MSN. (b) Pristine Fe304@MSN versus DMPC-coated Fe3O4@MSN. Reproduced and adapted
from Nyalosaso et al. 2016 [3] with permission from the Royal Society of Chemistry.

To get more insights into the molecular mechanisms explaining the biological effects of these
Fe304@MSN in vitro, high-throughput transcriptomic assays were carried out [6]. Changes in the
expression of thousands of genes were monitored for the HepaRG cell line after an exposure to different
doses of the native, PEG-grafted, and lipid-coated Fe3O4@MSN. A transient change in the expressed
gene profile has been observed for the lower doses between 24 and 48 h (Figure 8a,b, respectively),
indicating that 16 pg cm~2 (or 60 pg mL™!) could be the limit of biocompatibility for all of these
Fe30,@MSN. Slight differences could be observed depending on Fe304@MSN surface modifications.
However, whatever the type of Fe30,@MSN, 80 ug cm~2 (or 300 ug mL~!) represents a concentration
with strong and lasting adverse effects. At this concentration, initial molecular events and major
pathways of toxicity elicited by these Fe;04@MSN were easily identified by the methodology used.
The hepatic cholestasis adverse pathway was triggered by a strong inhibition of the bile salt export
pump transporter protein BSEP (gene ABCB11), responsible for intrahepatic accumulation of cytotoxic
bile acids [6] (Figure 9).
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Figure 8. Time- and dose-dependent effects of exposure to Fe304@MSN on the number of
significantly differentially expressed genes. HepaRG cells were exposed to 1.6, 16, and 80 pg
cm~2 pristine, polyethylene glycol (PEG)-, and dimyristoyl phosphatidylcholine (DMPC)-coated
Fe304@MSN for 24 (a) or 48 (b) h. After extraction and labeling, RNA was hybridized to a
human oligonucleotide microarray (6 x 60 k Agilent V3 SurePrint). Bars represent the number
of differentially expressed transcripts after statistical analysis, using Genespring GX13 software
(Agilent), and with a p-value <0.05 and a fold-change (FC) > 2. Reproduced from Pisani et
al. 2017 [6], published under the the Creative Commons Attribution (CC BY-NC-ND 4.0) license
(https:/ /creativecommons.org/licenses/by-nc-nd /4.0/).
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Figure 9. Canonical pathways elicited by each Fe;04@MSN (80 mg cm™2). The percentage of
modulated transcripts of our datasets belonging to six major altered canonical pathways after (a) 24 and
(b) 48 h exposure to Fe304@MSN. These pathways were all significant according to a Fisher’s statistical
test (p-value < 0.05), revealed with Ingenuity® Pathway Analysis (IPA®, QIAGEN). Reproduced from
Pisani et al. 2017 [6], published under the Creative Commons Attribution (CC BY-NC-ND 4.0) license
(https:/ /creativecommons.org/licenses /by-nc-nd /4.0/).
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6. Conclusions

This review highlighted the results of biological evaluation obtained on bare, PEG-grafted,
and lipid-coated Fe304@MSN, presenting the same physical and chemical characterizations for all
safety investigation performed. Some results presented here were previously discussed in other studies,
such as NP aggregation at high ionic force, adsorption of proteins to the surface, or NP accumulation
in the liver and spleen. However, this is the first time that all these aspects have been investigated,
using different techniques to compare NPs with different surface properties, and the results have
been reported as a whole here. This pioneering work allows for linking the different reported data
and methodologies to a more in-depth analysis of the biological effects of Fe304@MSN at the animal,
cellular, and molecular levels. This compendium is an example of integrated investigation of the safety
of innovative technologies for biomedical applications. This multi-technology approach paves the way
for the future trend of safety recommendations, including methodologies that are at the forefront of
their disciplines while being rather cost- and time-effective.
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Diazachlorin and diazabacteriochlorin have been prepared through
reduction of diazaporphyrin and their in vitro and in vivo activity in
photodynamic therapy has been investigated.

Photodynamic therapy (PDT) is a minimally invasive cancer
treatment, which employs photosensitizers (PS) and light to
generate singlet oxygen ('0,) and reactive oxygen species
(ROS)." A number of porphyrin-based PS have been reported,
some of which have been approved for clinical use.'*” However,
current PDT treatments are restricted to superficial cancers. This
restriction mainly arises from the disability of the visible light to
deeply penetrate into living tissues.'’ To overcome this problem,
new PDT approaches employ near infrared (NIR) light, ranging
from 650 to 1000 nm. This NIR region corresponds to the
window in which the endogenous chromophores have minimal
absorbance." Consequently, the creation of NIR-PS has been
extensively investigated.” These NIR-PS developments were
followed by the emergence of the two-photon excited PDT
(TPE-PDT). TPE-PDT relies on the simultaneous absorption of
two NIR photons (750-1000 nm) by the PS at the focal point.®
This feature allows high three-dimensional selectivity to enable
targeted tumour treatments.

To access porphyrin-based NIR-PS, the introduction of saturated
pyrrole units into the porphyrinic backbone is effective (Fig. 1)."*
However, the resulting chlorins or bacteriochlorins are generally
unstable because they are readily oxidized back to the
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Fig. 1 Porphyrin-based photosensitizers for PDT. Saturated pyrrole C-C
bonds are shown in red. Mes = 2,4,6-trimethylphenyl.

corresponding porphyrins when subjected to irradiation under
aerobic conditions. To circumvent this issue, quaternary carbon
centres have been introduced in the pyrroline ring.® This strategy
has successfully created effective PS for PDT such as Visudyne™,
Photrex" or gem-dialkylbacteriochlorins.* However, the preparation
of such elaborated molecules requires lengthy multistep synthesis.

As previously shown by Dabrowski et al., the presence of
electron withdrawing groups at the porphyrin meso positions
stabilizes bacteriochlorin type PS toward oxidation.” Conse-
quently, we anticipated that the electron-deficient nature of
the imine C=N double bonds of 5,15-diazaporphyrin DAP®
would stabilize the corresponding chlorin DAC and bacterio-
chlorin DAB (Fig. 2). We disclose herein the study of DAP, DAC
and DAB for either in vitro or in vivo PDT. Montforts et al. have
synthesized monoazachlorins (Fig. 1) through a multistep
reaction sequence, which exhibited absorption at longer wave-
length and high 'O, generation efficiency (#5 = 0.65).”
In contrast, both DAC and DAB were readily obtained.

DAC and DAB were synthesised through the reaction of DAP
with p-tosylhydrazide in the presence of bases in pyridine at
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Fig. 2 (a) Preparation of DAC and DAB from DAP. (b) X-ray crystal
structure of DAB. Atomic displacement parameters are set at 50% prob-
ability and mesityl groups are omitted. (c) UV/Vis/NIR absorption and
(d) emission spectra of DAP, DAC and DAB in CH,Cl, (excitation
wavelength = 400, 420 and 480 nm, respectively).

100 °C (Fig. 2a)."® The use of KOH as the base predominantly
afforded DAC in 36% yield. On the other hand, DAB was
obtained in 86% yield with Na,CO; as the base. Importantly,
DAC and DAB were stable in air and under ambient light
(Fig. S5, ESIT). The structure of DAB was clearly confirmed by
the X-ray diffraction analysis (Fig. 2b and ESIf). It is noteworthy
that diagonal two saturated C-C bonds (1.508(2) A) are substan-
tially longer than other pyrrole C—=C double bonds (1.368(2) A).

As shown in Fig. 2¢c, DAP exhibits a relatively large Q band as
compared to that of regular porphyrins. With the change in
symmetry by a sequential saturation of the macrocycle, the Q
bands of DAC and DAB were significantly red-shifted and
intensified compared to DAP."" The largest molar extinction
coefficient of the Q band of DAB is 1.3 x 10° M™' em ™' at
772 nm. The introduction of the saturated pyrrole unit also
intensified and red-shifted emission bands (Fig. 2c). The
fluorescence quantum yields (@¢) of DAP, DAC and DAB are
0.031, 0.043 and 0.08 in CH,Cl,, respectively.

Considering PDT applications, we evaluated the ability of
DAP, DAC and DAB to generate singlet oxygen ('0,) by moni-
toring its photoluminescence (PL) at 1270 nm in aerated
toluene using H,TPP as a reference (& = 0.70) (Fig. S6, ESIF).">
The 'O, yields of DAP (¥, = 0.74) and DAC (¥, = 0.68) are

13830 | Chem. Commun., 2018, 54, 13829-13832

View Article Online

ChemComm

comparable to that of H,TPP,"* whereas DAB showed a relatively
low 'O, yield (¢4 = 0.04). Since the generation of 'O, requires
the triplet-triplet energy transfer process, we performed sub-
nanosecond and nanosecond transient absorption (TA) measure-
ments to observe the triplet state of diazaporphyrin derivatives
in deaerated toluene. Based on the femtosecond TA spectra,
we monitored the kinetic profiles of DAP, DAC and DAB upon
excitation at the Q bands (Fig. S7 and S8, ESIf). Two exponential
components, composed of a fast nanosecond decay and a constant
residual, were observed. The fast decay components were attri-
buted to the singlet excited state lifetimes (Fig. S10, ESI}). The
triplet state lifetimes of DAP, DAC and DAB, which correspond to
the constant residual, were determined to be 14, 54 and 210 ps,
respectively (Fig. S9, ESIT). Considering the fraction of the triplet
state, we can conclude that these observations are in good agree-
ment with the results of 'O, PL measurements. The high @, values
of DAP and DAC result from an efficient intersystem crossing
process.

These diazaporphyrin derivatives were then used for in vitro
PDT experiments. The internalization of DAP, DAC and DAB in
MCF-7 breast cancer cells was clearly observed by fluorescence
microscopy, although these compounds have none of the
hydrophilic groups (Fig. 3a and Fig. S11, ESIt). Then, MCF-7
cells were incubated for 24 h with diazaporphyrin derivatives
and subjected or not to laser irradiation at 650 nm for 15 min
(6 mW em?). A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide assay was performed two days after irradiation
to determine the cell viability.'* Excellent phototoxicity was
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Fig. 3 (a) Fluorescence imaging of MCF-7 cells incubated for 24 h with
15 uM of DAB. The cell membranes appear in yellow and DAB in purple.
PDT evaluations of (b) DAP, (c) DAC and (d) DAB on MCF-7 cells under
irradiation at 650 nm.
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observed in the micromolar range for DAP, DAC and DAB
(Fig. 3b-d). Surprisingly, despite its lower 'O, generation yield,
DAB is as efficient as DAP. In particular, DAC presents an
efficient phototoxicity at the nanomolar range (79% cell death
at 100 nM) without significant toxicity in the dark and is still
effective at 50 nM (Fig. S12, ESIT). The generation of ROS in
MCF-7 cells after irradiation was confirmed by a 2’,7"-dichloro-
dihydrofluorescein diacetate test (Fig. S13, ESIT). The fact that
DAB exhibited a high PDT effect despite the low 'O, generation
indicates that the PDT effect by DAB could occur through
different mechanisms such as a type I mechanism.'*

The use of diazaporphyrin derivatives for TPE-PDT was
investigated. Their TPA cross-section values were determined
by the open-aperture Z-scan method (Fig. S14, ESIt). The
maximum TPA cross-section values of DAP, DAC and DAB were
determined to be 60, 90 and 240 GM, respectively (Fig. S15,
ESIf). The relatively large TPA value of DAB revealed its pros-
pective feature as PS for TPE-PDT. For this purpose, we used
760, 800 and 980 nm focused lasers and employed another
human breast cancer cell line, namely MDA-MB-231. These
highly invasive cells are widely used for in vivo studies and enable
tumor establishments into zebrafish larvae.'® Preliminary in vitro
confocal imaging studies confirmed DAB internalization by
MDA-MB-231 cells (Fig. 4a).

Moreover, in vitro TPE-PDT on these cells demonstrated the
phototoxicity of DAB under 760, 800 and 980 nm biphotonic
excitation (Fig. 4b and Fig. S16, S17, ESIf). DAB induced
significant phototoxicity at 760 and 800 nm and the effect
was observed even at 980 nm. Because DAB has no one-photon
absorption at 980 nm, TPE-PDT should contribute the high
activity of DAB. As in the case of monophotonic excitation, ROS
production was associated with the observed phototoxicity
induced after PDT (Fig. S18, ESIf). These in vitro experiments
demonstrate the ability of DAB as stable PS for TPE-PDT.

With excellent in vitro PDT activity of DAB, we performed
in vivo experiments using a zebrafish larva model, which is a
promising animal model for cancer research (Fig. 5 and Fig. S19,
ESIT).'® MDA-MB-231 cells were implanted in the zebrafish larvae
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Fig. 4 (a) Intracellular distribution of DAB in the MDA-MB-231 cells. The
cell membranes appear in red, the nuclei in green and DAB in blue
(biphotonic excitation at 760 nm). (b) PDT evaluations of DAB under
760 or 800 nm biphotonic irradiation at 5 pM.
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Fig. 5 Top: Xenografted tumor implantation protocol. Bottom: Tumor
evolution after treatment (a) without DAB or irradiation, (b) with irradiation
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and kept until the 4th day to develop and establish the tumor
(Fig. 5, top). Then, the larvae were intravenously injected or not
with DAB (40 uM, 5 nL) and subjected or not to PDT at 760 nm.
Finally, the tumor size was monitored on the 6th day.

Clear growth of the xenografted tumor was observed in
zebrafish larvae injected with MDA-MB-231 cells (Fig. 5a).
A comparable evolution was confirmed with laser irradiation
alone or in the presence of DAB without irradiation (Fig. 5b and c).
In sharp contrast, the intravenous injection of DAB and subse-
quent two-photon irradiation significantly reduced the tumor size
(Fig. 5d). To investigate how DAB leads to tumor regression,
zebrafish larvae aged 6 days were fixed. These fixed larvae were
treated with a primary antibody specific to caspase 3, a protease
which is induced during the apoptosis death activation. Clearly,
the tumor size reduction is associated with the activation of
caspase 3, demonstrating that the tumor reduction occurs
through the apoptotic pathway (Fig. S20, ESIt).

In conclusion, we have synthesized and investigated the
photophysical properties of diazaporphyrin derivatives and
used them for one- and two-photon excitation PDT. We demon-
strated that DAC exhibited potent in vitro PDT activity at a
nanomolar level under monophotonic excitation at 650 nm.
Moreover, DAB is also an efficient PS for PDT applications
despite its low 'O, production yield. The enhanced nonlinear
optical properties of DAB allowed its use in TPE-PDT. Indeed,
biological studies clearly showed excellent in vitro and in vivo
PDT performance of DAB enabling tumor size reduction in
xenografted zebrafish larvae.
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Hollow Organosilica Nanoparticles for Drug Delivery

Saher Rahmani,” Alia Akrout,” Jelena Budimir,”’ Dina Aggad,®™ Morgane Daurat,® 9
Anastasia Godefroy," 9 Christophe Nguyen,” Hanene Largot,” Magali Dr. Gary-Bobo,*™
Laurence Raehm,” Jean-Olivier Durand,”” and Clarence Charnay*®

The sol-gel synthesis of hollow organosilica nanoparticles
incorporating amino groups with uniform size are described.
These nanoparticles were successfully prepared via a micro-
emulsion method. Then, the hollow nanoparticles were loaded
with gemcitabine hydrochloride or methotrexate and studied
in MCF-7 breast cancer cells.

Owing to their unique structural features, organosilica nano-
particles have attracted much attention the last few years
particularly for bio-applications and the field has been recently
reviewed."? Indeed, recent results demonstrate their high
biocompatibility which makes them promising candidates for
cancer treatment applications. These nanoparticles are ob-
tained from triethoxysilyl-functionalized organic precursors
without the presence of SiO,, leading to ca 80-90% of organic
moieties, thereby maximizing the impact of the organic frag-
ment on the resulting material properties. Furthermore, porous
systems have also been described and recently reviewed"™
which opens new possibilities of development for these nano-
particles when applied to drug adsorption and delivery. Indeed
the properties of these nanoparticles are very different from
that of mesoporous silica nanoparticles in terms of stability,®”
drug loading capacity and delivery. The synthesis consists of
using a small bis-triethoxysilyl functionalized organic precursor
in the presence of a surfactant which acts as the template
during the sol-gel process thus leading to porous structures.
Among several shapes, the synthesis of hollow organosilica
nanoparticles is still a great challenge. The first synthesis was
reported in 2006 by Lu and co-workers. They described a
successful synthesis of periodic mesoporous organosilica
hollow nanospheres with a size of 300-800 nm with the use of
a fluorocarbon surfactant (FC-4) and the cationic surfactant
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cetyltrimethylammonium bromide (CTAB) as co-structure di-
recting agent with 1,2-bis(trimethoxysilyl)ethane (BTME) as the
precursor.”’ Liu and co-workers synthesized hybrid hollow
nanospheres with controllable size (12-20 nm) and shell thick-
ness (4-7 nm) through the condensation of BTME around an
inorganic-electrolyte-stabilized F127 micelle.” Another strategy
consists in the condensation of an organosilica shell around
silica nanoparticles as hard template, then to dissolve the
template to prepare hollow periodic mesoporous organosilica
nanospheres.'*" The typical precursors used for the syntheses
of these hollow nanoparticles are bistriethoxysilyl or trimethox-
ysilyl ethane (BTSE or BTME), bistriethoxysilyl ethylene or
bistriethoxysilyl benzene. The use of more functional precursors
such as bis(triethoxysilylproyl)amine has been scarcely de-
scribed and only as a mixture of precursors with BTSE'® or
BTME."” Herein, we report the synthesis of amino-based hollow
organosilica nanoparticles via an O/W microemulsion method,
with the organic precursor bis(triethoxysilylpropyl)amine solely
as the oil phase and cetyltrimethylammonium bromide (CTAB)
as the template. The encapsulation of two anti-cancer drugs,
methotrexate (MTX, hydrophobic) or gemcitabine (hydrophilic)
was studied and their delivery in vitro in MCF-7 cancer cells was
investigated. Note that the encapsulation of methotrexate and
gemcitabine was previously studied with mesoporous silica
nanoparticles (MSN). The hydrophobic drug MTX could be
encapsulated in MSN"®2"" whereas gemcitabine is challenging
and necessitated to cap the pores in order to avoid its
premature release due to its hydrophilic character.?*%¢!

The monodisperse hollow organosilica nanoparticles
(HONPs) were prepared through the condensation of bis
(triethoxysilylpropyl) amine solubilized in a water/ethanol
solution (100:1, v:v) with the cetyltrimethylammonium bromide
(CTAB) surfactant used as template. The sol-gel process was
carried out for 2 h at 75°C in highly diluted conditions with
ammonium hydroxide as catalyst. Afterwards, the surfactant
was extracted thrice using an ethanolic mixture of ammonium
nitrate. The as-prepared material was dried under air flow for
few hours.

The HONPs were then characterized via transmission
electron microscopy (TEM) (Figure 1), which clearly depicted
about 200 nm hollow spherical particles with the presence of a
cavity inside the nanoparticles.

The narrow size distribution of the nanoparticles was
confirmed by dynamic light scattering measurement (DLS,
Figure S.1).

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. A) Transmission electron microscopy (TEM) image of Hollow
Organosilica Nanoparticles (Scale bar: 50 nm) where the porosity can be
observed. B) TEM image at lower magnification (scale bar 200 nm).

The zeta potentials of the nanocarriers dispersed in a
solution of NaCl (1 mM) were checked at pH 5 and at pH 7 and
positive values of 49 and 45 mV were respectively obtained.

Nitrogen-adsorption desorption analysis (BET model)
showed a low specific surface area of 15m%g~' with 10 nm
pore diameters (Figure 2) determined from BJH (Barrett-Joyner-

30

20

90 110 130 150 170
Pore Diameter (A)

Amount adsorbed (cm®g STP)

0.0 02 04 06 08 1.0
Relative Pressure (P/P,)

Figure 2. N, adsorption (diamonds)-desorption (squares) isotherms and pore
size distribution of HONPs.

Halenda) analysis. The composition of the material was then
studied by elemental analysis and showed that the nano-
particles contain about 8 wt% of nitrogen and 24 wt% of
carbon (Table S1). The incorporation of organic bridges into the
silica framework of porous organosilica nanoparticles was
proven by FTIR spectroscopy (Figure S2) with &, at 1635 cm™’
and vcy at 2964 cm . The high degree of condensation of
siloxanes was confirmed by the shift of the vy _ value from
1090 to 1136 cm~'. The HONPs were further characterized by
solid state nuclear magnetic resonance (NMR) Si and "C
CPMAS spectra (Figure S3). The *Si CPMASNMR spectrum of
nanocarriers (Figure $3-A) showed the presence of the siloxane
network with a high condensation of the precursor (bis
(triethoxysilylpropyl) amine) with a °T resonance at —68 ppm
and a small amount of less-condensed material with a *T peak
(-58 ppm). Moreover, NMR "*C cross-polarization magic angle
spinning (CPMAS) spectrum in Figure S3-B displayed the three
types of carbon found in the precursor, at 10, 18 and 48 ppm.
The organization of the porous framework was then controlled

ChemistrySelect 2018, 3,1-5 Wiley Online Library

Chemist
SETECTV

Communications

by XRD. Figure S4-A confirms the presence of the porosity with
a small angle diffraction at 20 = 1.8°. Moreover, no wide angle
X-ray diffraction is observed (Figure S4-B).

The loading of these nanoparticles with two different drugs
(gemcitabine hydrochloride (GEM) and methotrexate (MTX))
was then examined in water at room temperature. The loading
capacity with GEM or MTX was obtained by UV-Vis absorption
spectra of the supernatants and the absolute loading was
0.3 mg.mg " of particles or 0.35 mg.mg ™' of particles respec-
tively. Drug release experiments were first carried out at pH 7
in ultrapure water, with GEM and MTX loaded nanoparticles.
No release of drugs was observed in these conditions showing
the intense interactions between both of the drugs and the
organosilica matrix. The pH was then adjusted to 5.5 (lysosomal
pH) to trigger the drug release.””’ The release amount of GEM
and MTX were 45 pg.mL ' and 160 pg.mL' respectively
(Figure S5), and were sufficient for further studies in cancer
cells.

The endocytosis of the nanoparticles in MCF-7 breast
cancer cells was then investigated. The nanoparticles were
loaded with fluorescein isothiocyanate (HONPs-FITC) and
incubated with MCF-7 cancer cells for 24 h. Observation of the
cells whose membranes were stained with cell mask clearly
showed nanoparticles taken up by the cells (Figure 3).

Cellmask HPONPs

Merged

Figure 3. Endocytosis of fluorescein-loaded nanoparticles (50 pg.mL ™', 24 h
incubation) in MCF-7 cancer cells analyzed by confocal microscopy
(=488 nm). Membranes were stained with cell mask (red), and the
nanoparticles (green) were clearly taken up by cell.

To determine the kinetics of HONPs-FITC internalization,
flow cytometry experiments were performed, demonstrating
progressive endocytosis by MCF-7 cells. After 18 h of incuba-
tion, a maximal internalization level (54% stained cells) was
reached (Figure 4).

Since the endocytosis of the nanoparticles was established
by flow cytometry experiments, HONPs were then examined as
vectors for GEM and MTX deliveries. The deliveries of GEM and
MTX were tested in MCF-7 breast cancer cells as depicted in
Figure 5. Moreover, it was observed no significant cytotoxicity
of empty hollow organosilica nanoparticles up to a concen-
tration of 100 ug.mL ', showing their biocompatibility.

Furthermore, the GEM and MTX delivery-mediated cancer
killing was highly efficient, with down to 40% and 60% of cell
survival respectively at only 1 pg.mL™' of nanomaterials. As
comparative points, free gemcitabine or methotrexate were
also tested and added in the graph in dotted lines. It was

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Internalization of HONPs-FITC by living MCF-7 cells. Cells were
treated with 50 pg mL ' of HONPs-FITC for 3, 6, 18, 48 h. Non-fixed cells were
incubated with propidium iodide (1 pg mL™") to remove dead cells and FITC
fluorescence was analysed by flow cytometry on living cells only. Data
represent means + SEM of two experiments.
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Figure 5. GEM or MTX delivery in MCF-7 cancer cells with hollow organosilica
nanoparticles. Cytotoxic assay of a range (from 1 to 100 pg mL ") of GEM,
MTX, HONPs loaded or not with these 2 drugs. Cells were incubated 72 h
with the different samples and then submitted to MTT assay to quantify the
living cells. Values are means =+ standard deviations of 3 experiments. * p <
0.05 statistically different from control.

observed that the drug encapsulated into the HONPs was more
efficient to kill the cells than the free drug for the same amount
of material (HONPs -+ drug versus drug alone).

In summary, we have designed new hollow organosilica
nanoparticles from bis (triethoxysilylpropyl) amine as a bis-
silylated precursor via a microemulsion system. The morphol-
ogy and compositions were fully characterized by various
techniques. The nanoscaled particles displayed a large cavity,
enabling drug loading and release. In particular, the hydrophilic
gemcitabine was loaded without early release and no chemical
coupling was required. Besides, the gemcitabine hydrochloride
and the methotrexate-loaded HONPs were very efficient to be
internalized by cancer cells and to induce cancer cell killing
showing promising potential for biomedical applications.
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Supporting Information Summary

The different procedures and experimental details are de-
scribed in supporting information, notably the synthesis of
HONPs that was not yet reported. Moreover, the HONPs
characterizations (DLS, elemental analysis, X-ray diffraction,
FTIR and solid NMR) are also reported.
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Abstract: (1) Background: Nanomedicine has recently emerged as a new area of research, particularly
to fight cancer. In this field, we were interested in the vectorization of pepstatin A, a peptide
which does not cross cell membranes, but which is a potent inhibitor of cathepsin D, an aspartic
protease particularly overexpressed in breast cancer. (2) Methods: We studied two kinds of
nanoparticles. For pepstatin A delivery, mesoporous silica nanoparticles with large pores (LPMSNs)
and hollow organosilica nanoparticles (HOSNPs) obtained through the sol-gel procedure were used.
The nanoparticles were loaded with pepstatin A, and then the nanoparticles were incubated with
cancer cells. (3) Results: LPMSNs were monodisperse with 100 nm diameter. HOSNPs were more
polydisperse with diameters below 100 nm. Good loading capacities were obtained for both types
of nanoparticles. The nanoparticles were endocytosed in cancer cells, and HOSNPs led to the best
results for cancer cell killing. (4) Conclusions: Mesoporous silica-based nanoparticles with large pores
or cavities are promising for nanomedicine applications with peptides.

Keywords:  pepstatin A; mesoporous silica nanoparticles; mesoporous organosilica
nanoparticles; cancer

1. Introduction

Mesoporous silica nanoparticles (MSNs) hold great promise for biological applications,
particularly in the field of theranostics and drug delivery, and the field has been extensively
reviewed [1-15]. Indeed, these nanoparticles (NPs) exhibit adjustable diameters (10 to 200 nm) and
pore size (2-15 nm), leading to wide ranges of encapsulated drugs and biomolecules. The synthesis
of these NPs, especially those presenting a large pore and which are targeted, has recently been
performed [16] and both methods for their preparation and colloidal stability studies have been

Molecules 2019, 24, 332; doi:10.3390/ molecules24020332 www.mdpi.com/journal/molecules
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reviewed [17]. Large-pore mesoporous silica nanoparticles (LPMSNs) are of interest for the delivery
of large molecules, such as nucleic acids or peptides [18]. The release and delivery of peptides for
antibacterial [19,20] and anticancer applications has been recently reported [21-23]. Although less
described than MSNSs, organosilica NPs [24,25] and their porous systems [26-28] are very promising
for bioapplications. The properties of organosilica NPs are very different from those of MSNs in
terms of stability, drug loading, and release capacities, due to the high content of organic groups,
which constitute the structure [29,30]. Recently, large-pore mesoporous organosilica NPs have been
synthesized for the delivery of therapeutic proteins in cells [31]. LPMSNs and organosilica NPs seem
good candidates for the delivery of pepstatin A (C34Hg3N50y), a small hydrophobic pentapeptide
which is the most potent inhibitor of cathepsin D, a lysosomal aspartic endopeptidase overexpressed
in solid tumors and breast cancer [32]. Overexpression of cathepsin D is associated with tumor
growth. Therefore, an efficient system which would inhibit cathepsin D could be of high interest
for cancer therapy. As pepstatin A does not cross cell membranes, it has to be vectorized in cancer
cells; nevertheless, very few studies report the vectorization of pepstatin A with NPs. One study used
pepstatin A covalently linked to superparamagnetic iron oxide NPs to target P-glycoproteins in the
brain of epilepsy rats [33]. In this work, we present the syntheses of LPMSNs functionalized with
fluorescein isothiocyanate (FITC) and of new tertiary amine-based hollow organosilica nanoparticles
(HOSNPs) obtained with a pore expanding agent. Then, their noncovalent loading was investigated
with two short peptides, pepstatin A, and a model cyclic protected Arg-Gly-Asp (RGD) peptide
whose adsorption and release can be monitored by UV-visible spectroscopy, unlike pepstatin A.
The endocytosis of these NPs was monitored in MCF-7 breast cancer cells, and delivery of pepstatin A
was successfully demonstrated in MCF-7 breast cancer cells.

2. Results and Discussion

The synthesis of LPMSNs was performed as already described [16]. Monodispersed NPs with
100 nm diameter were observed by transmission electron microscopy (TEM) images and had 7 nm
in pore diameter radial mesopores (Figure 1). Although some spontaneous nuclei were observed,
incorporation of fluorescein isothiocyanate (FITC) linked to aminopropyltriethoxysilane (APTES) in
the walls did not modify the mesostructure. N, adsorption-desorption measurements showed type IV
isotherms and the specific surface area was 817 m?-g~1. The pore size distribution shows that LPMSNs
had 3-nm- and 7-nm-sized pores (Supplementary Figure S1). Zeta potential was negative at pH 7.4
(—19.5 mV), which is consistent with the deprotonation of the surface silanol groups.

Figure 1. TEM image of large-pore mesoporous silica nanoparticles (LPMSNs). Scale Bar 200 nm (left)
and 50 nm (right), respectively.

HOSNPs  were synthesized by hydrolysis and polycondensation of bis
(3-tri-methoxysilyl)-N-methylamine (BMSPMA) at 75 °C in basic media (pH = 10) using
cetyltrimethylammonium bromide (CTAB) as the template and 1,3,5-triethylbenzene (TEB) as

270



Molecules 2019, 24, 332 30f9

the pore-expanding agent. The surfactant was extracted with a solution of ammonium nitrate in
ethanol. TEM images showed a hollow structure with small NPs of 20-30 nm diameter and larger NPs
with a mean diameter of 100 nm and with 10-15 nm thick walls (Figure 2A). Dynamic light scattering
in EtOH confirmed two populations of HOSNPs with mean hydrodynamic diameters of 228 nm and
460 nm, respectively (Figure 2B), in agreement with the TEM observations; however, some aggregates
were observed with hydrodynamic diameters around 900 nm. HOSNPs were further characterized
by solid-state 2Si and '3C cross-polarization magic angle spinning nuclear magnetic resonance
(CP/MAS NMR) spectroscopy (Figure S2). 2°Si CP/MAS NMR spectrum (Figure S2A) showed
signals at —64, —72, and —82 ppm, corresponding to T!, T2, and T units (T": CSi(OSi),,(OH)3_,,),
respectively, in agreement with a well-condensed structure. 3C CP/MAS NMR spectrum (Figure
S2B) clearly displayed three signals at 10, 21, and 43 ppm, corresponding to the propyl chains of
condensed BMSPMA and the signal of the methyl group linked to nitrogen was found at 64 ppm.
In addition, XRD patterns at small angles (Figure S3A) displayed the presence of a diffraction peak
at around 1.9°, which suggests porosity in the walls. In addition, the wide angle XRD of HOSNPs
(Figure S3B) showed a broad peak at 23° characteristic of nonregular repetitions within the siloxane
framework. N adsorption-desorption isotherm showed a specific surface area of 58 m?-g~! with a
pore size of 26 nm. The type II isotherm (IUPAC) is consistent with nonporous materials at 77 K with
adsorption—desorption of nitrogen in interparticle voids, which suggests that the large cavity is not
accessible to nitrogen at cryogenic temperature of 77 K (Figure S4). Zeta potential was positive at pH
7.4 (+32 mV), in agreement with the protonation of tertiary amine group.

B

I StatisticalDistribution

100 =

1000 10000

Diameter (nm)

Figure 2. (A) TEM image of hollow organosilica nanoparticles (HOSNPs). Scale Bar 100 nm.
(B) Dynamic light scattering in intensity mode of HOSNPs (dispersed in EtOH).

We then examined the prepared NPs for the vectorization of peptides. First, a model cyclic
protected RGD peptide was loaded in HOSNPs in water under stirring for 24 h. After centrifugation
for 20 min and washes with water, the NPs were dried under vacuum. The loading capacity of the
HOSNPs with the RGD peptide was 28 wt% (Figure S6). The release of the RGD peptide was analyzed
in water at pH 7 (Figure S7). No release was observed in these conditions. We observed 16 wt%
peptide release after adjusting the pH to 5. This experiment shows the versatility of HOSNPs for the
adsorption/release of different short peptides. The prepared LPMSNs and HOSNPs were then loaded
with hydrophobic pepstatin A (Figure 3) in EtOH, under stirring for 48 h. After centrifugation, the NPs
were washed with EtOH, dried under vacuum, and stored at 0 °C. The dosage of the supernatants with
HPLC/MS allowed to determine the loading capacities of the NPs: 18 wt% for HOSNPs and 32 wt%
for LPMSNSs, respectively. After loading of pepstatin A, the zeta potential of LPMSNs decreased from
—19.5 mV to —22.6 mV, whereas the zeta potential of HOSNPs decreased from +32 mV to —13.2 mV.
This latest high variation of zeta potential suggests that pepstatin A was mainly adsorbed onto the
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external surface of HOSNPs, whereas hydrophobic pepstatin A was mainly adsorbed into the pores
of LPMSNSs.

H O H OH O H OH O
\’/\Y(N/” N N/,' NHN/L OH
H H
O O O
(

Figure 3. Chemical structure of the pepstatin A (C34Hg3N509, Mw = 686 g-mol 1y,

Pepstatin A release was then investigated. The loaded NPs were placed at the bottom of a cuvette
that was carefully filled with water to avoid the nanoparticle swirling. Pepstatin A release from the NPs
was monitored with the analysis of the solution by HPLC/MS. No significant release of pepstatin A
from the HOSNPs was observed and a low release from LPMSNs was noticed over time (Figure S5A,B).
The strong electrostatic interactions between negatively charged pepstatin A and the ammonium
moieties of HOSNPs prevented the release of the peptide.

The endocytosis of the NPs was then investigated with MCF-7 breast cancer cells. HOSNPs
were loaded with FITC in order to monitor the uptake of the NPs in the cells by confocal microscopy.
LPMSN s (already functionalized with FITC) and loaded HOSNPs were incubated for 24 h with MCF-7
cells at a concentration of 50 pg-mL~!. The membranes of the cells were stained with a cell mask
15 min before observation (Figure 4). After 24 h of incubation, the presence of the NPs in the cytoplasm
of the cells was clearly observed, showing the endocytosis of LPMSNs and HOSNPs.

Control LPMSNs HOSNPs

Figure 4. Fluorescence confocal imaging of live MCF-7 cells incubated for 24 h with LPMSNs or
HOSNPs. The presence of the NPs is marked by green dots and membranes of cells appear in red.

Merged

The delivery of pepstatin A was investigated in MCF-7 cancer cells, as pepstatin A does
not cross cell membranes and the peptide has to be encapsulated to be efficiently vectorized.
The pepstatin A-loaded NPs or unloaded NPs were incubated with MCF-7 cancer cells for 72 h
at several concentrations and MTT assay allowed to determine cancer cell death. The unloaded NPs
were not toxic, even with HOSNPs, which have a positive zeta potential. These ammonium-based
NPs were thus biocompatible. When loaded with pepstatin A, LPMSNs led to 20% of cancer cell
death, whereas up to 60% cancer cell death was observed with HOSNPs (Figure 5). As shown by
pepstatin A release monitoring, LPMSNSs slightly released pepstatin A, whereas no release was noticed
for HOSNPs. Although the loading capacity was higher with LPMSNs, we assume that premature
release occurred with LPMSNss before endocytosis when incubated with cancer cells. More sustained
delivery of pepstatin A in cells with HOSNPs could explain the results, due to stronger interactions
between HOSNPs and pepstatin A than with LPMSNSs.
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Figure 5. Cytotoxic study of LPMSNs and HOSNPs loaded or not with pepstatin A. Human breast
cancer cells (MCF-7) were incubated during 72 h with increasing concentrations (from 1 to 50 },Lg-mL’])
of NPs loaded or not with pepstatin A. Values are means =+ standard deviations of 3 experiments.

3. Materials and Methods

Cetyltrimethylammonium bromide (CTAB), ammonium hydroxide, ammonium nitrate
(NH4NO3), potassium bromide, 1,3,5-triethylbenzene (TEB), and pepstatin A were purchased from
Sigma-Aldrich (Saint-Quentin-Fallavier, France). Absolute ethanol was purchased from Fisher
Chemicals. Bis (3-trimethoxysilyl propyl)-N-methylamine (BMSPMA) was purchased from Abcr
GmbH&Co (Karlsruhe, Germany) and hydrochloric acid from VWR PROLABO. Triethanolamine
(TEA) as a base catalyst, and acetic acid were purchased from Wako Pure Chem. Ind.,
Ltd (Osaka, Japan). Tetraethoxysilane (TEOS: Si(OC;Hs)y), tetrapropoxysilane (TPOS: Si(OC3Hy)y),
3-aminopropyltriethoxysilane (APTES), and fluorescein 5-isothiocyanate (FITC) were purchased from
Tokyo Chemical Industry Co., Ltd (Osaka, Japan).

The complete characterization of the synthesized NPs requires a complementary panel of
techniques. In this study, techniques focusing on the properties of NPs, such as transmission
electron microscopy (TEM), dynamic light scattering (DLS), X-ray diffraction (XRD), and nitrogen
adsorption—desorption were implemented. TEM images were recorded with a JEOL 1200 EXII
microscope to visualize the shape and size of the NPs. For the purpose of TEM analysis, the sample
particles were dispersed in ethanol and then dropped onto copper grids with porous carbon films.
Dynamic light scattering analyses were performed using a Cordouan Technologies DL 135 particle size
analyzer instrument. For zeta potential, the suspensions were prepared by dilution in NaCl (1 mM) in
order to impose the ionic strength and analysis was performed using a Malvern Zetasizer nano ZS
(ZEN 3600) instrument. The zeta potential was calculated from the measured electrophoretic mobility
based on the theoretical analysis related to the Helmholtz-Smoluchowski equation. [34] For B¢c
CP/MAS NMR spectra, solid-state NMR experiments were performed on a Varian VNMRS 600 MHz
(14.1 T) NMR spectrometer. The specific area and pore structure parameters of the studied NPs
were determined from the measurements of nitrogen adsorption-desorption at 77 K with a TRISTAR
3000 Micromeritics using the Brunauer-Emmet-Teller (BET) method. For the sorption experiments,
the samples (about 70 mg) were evacuated under vacuum at 80 °C for 12 h. The organization of the
porous framework was controlled by XRD and performed with a PANalytical X'Pert MPD (Philips
1710) diffractometer. The small angles measurements (26 from 1.5 to 10) were recorded with an adapted
slit of 1/16.

3.1. Synthesis of HOSNPs

A total of 20 mg of CTAB (5.5 x 107> mol) and 1.5 mL of TEB (8 x 1073 mol) were mixed in
60 mL of water and 300 uL of ethanol and stirred for one night at 75 °C/1000 rpm. A total of 40 uL of
NaOH solution at 1 M (4 x 10~ mol) was then added and the mixture vigorously stirred for 50 min at
75 °C/1000 rpm. Then, 156 uL (0.44 x 1073 mol) of BMSPMA was added. The reaction was stirred
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for 2 h at 80 °C/1400 rpm. The reaction mixture was cooled to room temperature and centrifuged
for 15 min, 20,000 rpm. Surfactants were removed by three extractions, with 30 mL of a solution of
ammonium nitrate (NH4NO3) in ethanol (0.075 M), followed by three ethanol washes (20 mL each).
NPs were dried under vacuum at room temperature.

3.2. Synthesis of LPMSNs

Triethanolamine (4.7 x 1073 mol) and 3.33 g of CTAB (9.1 x 10~3 mol) were dissolved in 400 mL
of deionized water in a round-bottomed flask (500 mL), and the mixture was stirred at 900 rpm for 1 h
at 80 °C using a magnetic stirrer with a football-type stirring bar. Then, 0.8 mL of tetraethoxysilane
(3.6 x 1073 mol) was added to the solution with stirring at 900 rpm. After stirring the mixture at
80 °C for 1 h, the obtained colloidal solution was cooled to room temperature with stirring. Then,
ethanol containing FITC-APTES and 1,3,5-triisopropylbenzene (1.8 x 1073 mol) was added to the
obtained colloidal solution (200 mL). FITC-APTES was synthesized by adding FITC (2.2 x 10> mol)
and APTES (8 x 10~® mol) into the ethanol (2.5 mL) and stirring the mixture in a dark and cool place
overnight. Then, tetrapropoxysilane (TPOS) (4 x 10~3 mol) was added into the colloidal solution, and
the colloidal solution was stirred for 2 days at room temperature. The process of the addition of TPOS
was repeated up to four times. The prepared colloidal solution (50 mL) was transferred into a dialysis
membrane tube composed of cellulose (molecular weight cutoff 12,000-14,000 Da) and was dialyzed
for 24 h against a mixture (250 mL) of 2 M aqueous acetic acid and 2-propanol (1:1, v/v) to remove
organic species. This process was repeated five times. After that, the colloidal solution was dialyzed
for 24 h against water (250 mL), and this process was repeated four times.

3.3. Loading of Nanoparticles with Pepstatin A

A total of 10 mg of NPs and 5 mg of pepstatin A in 4 mL of ethanol were sonicated (45 kHz)
for 5 min and stirred for 48 h at room temperature at 320 rpm. Then, the NPs were centrifuged at
12,000 rpm for 25 min, washed 2 times with ethanol (1 mL each), and dried for five hours under vacuum.

The loading capacity was calculated through the following formula: Loading Capacity (wt%) =
[(initial mass of loaded pepstatin — mass of unloaded pepstatin A)/mass of NPs obtained + mass
of loaded pepstatin A] x 100. The mass of unloaded pepstatin was calculated from the titration of
the supernatant of pepstatin A in a solution with HPLC/MS. The loading capacity was 18 wt% for
HOSNPs and 32 wt% for LPMSNs.

3.4. Loading of HOSNPs with Protected RGD Peptide

A total of 5 mg of HOSNPs was sonicated (45 kHz) for 10 min in 5 mL of deionized water. A total
of 3.9 mg of peptide was then added to the mixture. The solution was stirred at 320 rpm at room
temperature for 24 h. Finally, the NPs were collected by centrifugation for 12 min at 12,000 rpm,
washed three times with water (2 mL each), and dried for five hours under vacuum. A total of 3.6 mg
of loaded NPs was obtained. UV-visible allowed to determine the loading capacity of the HOSNPs:
28 wt%.

3.5. Loading of HOSNPs with Fluorescein Isothiocyanate (FITC)

First, 10 mg of NPs was added in an ethanol solution (4 mL) of fluorescein isothiocyanate (FITC,
7 umol) and stirred for 48 h at room temperature. The NPs were collected by centrifugation for 12 min
at 12,000 rpm, washed twice with ethanol (2 mL each), and dried overnight under air.

3.6. Cell Culture

Human breast cancer cells MCF-7 were purchased from ATCC (American Type Culture Collection,
Manassas, VA, USA). Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM-F12)
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supplemented with 10% fetal bovine serum and 50 pg-mL~! gentamycin. These cells were allowed to
grow in a humidified atmosphere at 37 °C under 5% CO,.

3.7. Fluorescence Imaging of Cell Uptake of NPs

Human breast cancer cells MCF-7 were seeded into a tissue culture chamber with a cover glass
bottom in 300 uL of culture medium. The culture medium is based on a Dulbecco’s Modified Eagle
Medium: Nutrient Mixture F-12 (DMEM/F12) that is a commercial medium intensively used for
the culture of mammalian cells and available in all consumable providers for cell biology. Moreover,
10% fetal bovine serum was added for proteins, fatty acids, and growth factor addition. To finish,
this medium was supplemented with antibiotics to assure cell safety. Then, the cells were incubated
for 24 h with fluorescein functionalized NPs at a concentration of 50 ug-mL‘]. After incubation,
the cells were washed twice with 1 mL of culture medium. Fluorescence imaging (488 nm excitation
wavelength) was performed on living cells with a Carl Zeiss confocal microscope.

3.8. Cytotoxic Study

MCEF-7 cells were seeded into 96-well plates at 500 cells per well in 200 uL of the previously
described culture medium and allowed to grow for 24 h. Increasing concentrations of NPs with or
without pepstatin A were added in a culture medium of MCF-7 cells. Three days after treatment,
an MTT assay was performed to determine the drug delivery potential of the NPs. Briefly, cells were
incubated for 4 h with 0.5 mg-mL~! of MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide; Promega) in media. The MTT/media solution was then removed, and the precipitated
crystals were dissolved in 150 uL of EtOH/DMSO (v/v). The solution absorbance was read at 540 nm
in a microplate reader.

4. Conclusions

The syntheses of LPMSNs or HOSNPs were successfully achieved through the sol-gel procedure
in mild conditions, and the NPs were loaded with pepstatin A, a hydrophobic peptide inhibitor of
cathepsin D. The loading capacities of the NPs were high with at 32 wt% and 18 wt%, respectively. After
incubation with MCF-7 breast cancer cells, the NPs (50 jig-mL~!) were endocytosed as monitored by
fluorescence confocal microscopy. LPMSNs and HOSNPs loaded with pepstatin A and incubated with
cancer cells led to significant 20% and 60% cancer cell death, respectively. We assume that electrostatic
interactions between pepstatin A and HOSNPs were stronger than the interactions between LPMSNs
and pepstatin A, which could explain the better activity of HOSNPs through a more sustained delivery
of pepstatin A in cells. Organosilica-based nanoparticles thus represent an interesting tool for the
vectorization of peptides for nanomedicine applications.

Supplementary Materials: The following are available online at http: / /www.mdpi.com/1420-3049/24/2/332/s1,
Figure S1: N, adsorption desorption isotherm, BET and BJH of LPMSN, Figure S2: 2°Si (A) and 13C CP/MAS
(B) Solid-state NMR of HOSNPs Figure S3: XRD patterns at small angles (A) and wide angles (B). Figure S4:
N, adsorption desorption, BET and BJH of HOSNPs. Figure S5: Release of pepstatin A from HOSNPs and
LPMSNs monitored with HPLC/MS, Figure S6: Structure of the RGD peptide and UV-Vis analysis in water,
Figure S7: Release of the RGD peptide from HOSNPs at pH 7 and pH 5.
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