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Résumé

Les nanotechnologies appliquées aux sciences pharmaceutiques ont pour but
d’améliorer 1’administration de molécules actives par I’intermédiaire de transporteurs
nanométriques. Parmi les différents types de véhicules proposés pour atteindre ce but, on
retrouve les nanoparticules polymériques (NP) constituées de copolymeres “en bloc”. Ces
copolymeéres permettent a la fois 1’encapsulation de molécules actives et conferent a la
particule certaines propriétés de surface (dont I’hydrophilicité) nécessaires a ses interactions
avec les milieux biologiques. L’architecture retenue pour ces copolymeres est une structure
constituée le plus fréquemment de blocs hydrophiles de poly(éthyléne glycol) (PEG) associés
de fagon linéaire a des blocs hydrophobes de type polyesters. Le PEG est le polymeére de choix
pour conférer une couronne hydrophile aux NPs et son I’efficacité est directement liée a son
organisation et sa densité¢ de surface. Néanmoins, malgré les succes limités en clinique de ces
copolymeres linéaires, peu de travaux se sont attardés a explorer les effets sur la structure des

NPs d’architectures alternatives, tels que les copolymeres en peigne ou en brosse.

Durant ce travail, plusieurs stratégies ont ét¢ mises au point pour la synthése de
copolymeres en peigne, possédant un squelette polymérique polyesters-co-éther et des chaines
de PEG liées sur les groupes pendants disponibles (groupement hydroxyle ou alcyne). Dans la
premiére partie de ce travail, des réactions d’estérification par acylation et de couplage sur des
groupes pendants alcool ont permis le greffage de chaine de PEG. Cette méthode génére des
copolymeres en peigne (PEG-g-PLA) possédant de 5 a 50% en poids de PEG, en faisant varier
le nombre de chaines branchées sur un squelette de poly(lactique) (PLA). Les propriétés
structurales des NPs produites ont été étudiées par DLS, mesure de charge et MET. Une
transition critique se situant autour de 15% de PEG (poids/poids) est observée avec un
changement de morphologie, d’une particule solide a une particule molle (“nanoagrégat
polymére”). La méthode de greffage ainsi que 1’addition probable de chaine de PEG en bout
de chaine principale semblent également avoir un réle dans les changements observés.
L’organisation des chaines de PEG-g-PLA a la surface a été¢ étudiée par RMN et XPS,
méthodes permettant de quantifier la densit¢ de surface en chaines de PEG. Ainsi deux

propriétés clés que sont la résistance a I’agrégation en conditions saline ainsi que la résistance



a la liaison aux protéines (étudiée par isothermes d’adsorption et microcalorimétrie) ont été

reliées a la densité de surface de PEG et a I’architecture des polymeres.

Dans une seconde partie de ce travail, le greffage des chaines de PEG a été réalis¢ de
facon directe par cyclo-adition catalysée par le cuivre de mPEG-N3 sur les groupes pendants
alcyne. Cette nouvelle stratégie a ét¢ pensée dans le but de comprendre la contribution
possible des chaines de PEG greffées a I’extrémité de la chaine de PLA. Cette librairie de
PEG-g-PLA, en plus d’étre composée de PEG-g-PLA avec différentes densités de greffage,
comporte des PEG-g-PLA avec des PEG de différent poids moléculaire (750, 2000 et 5000).
Les chaines de PEG sont seulement greffées sur les groupes pendants. Les NPs ont été
produites par différentes méthodes de nanoprécipitation, incluant la nanoprécipitation « flash »
et une méthode en microfluidique. Plusieurs variables de formulation telles que la
concentration du polymeére et la vitesse de mélange ont été ¢tudiées afin d’observer leur effet
sur les caractéristiques structurales et de surface des NPs. Les tailles et les potentiels de
charges sont peu affectés par le contenu en PEG (% poids/poids) et la longueur des chaines de
PEG. Les images de MET montrent des objets sphériques solides et l'on n’observe pas
d’objets de type agrégat polymériques, malgré des contenus en PEG comparable a la premicre
bibliothéque de polymére. Une explication possible est 1’absence sur ces copolymeéres en
peigne de chaine de PEG greffée en bout de la chaine principale. Comme attendu, les tailles
diminuent avec la concentration du polymére dans la phase organique et avec la diminution du
temps de mélange des deux phases, pour les différentes méthodes de préparation. Finalement,
la densité de surface des chaines de PEG a été quantifiée par RMN du proton et XPS et ne

dépendent pas de la méthode de préparation.

Dans la troisiéme partie de ce travail, nous avons étudié¢ le role de I’architecture du
polymeére sur les propriétés d’encapsulation et de libération de la curcumine. La curcumine a
¢été choisie comme modele dans le but de développer une plateforme de livraison de molécules
actives pour traiter les maladies du systéme nerveux central impliquant le stress oxydatif. Les
NPs chargées en curcumine, montrent la méme transition de taille et de morphologie lorsque
le contenu en PEG dépasse 15% (poids/poids). Le taux de chargement en molécule active,

I’efficacité¢ de changement et les cinétiques de libérations ainsi que les coefficients de
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diffusion de la curcumine montrent une dépendance a I’architecture des polymeres. Les NPs
ne présentent pas de toxicité et n’induisent pas de stress oxydatif lorsque testés in vitro sur une
lignée cellulaire neuronale. En revanche, les NPs chargées en curcumine préviennent le stress
oxydatif induit dans ces cellules neuronales. La magnitude de cet effet est relice a

I’architecture du polymére et a I’organisation de la NP.

En résumé, ce travail a permis de mettre en évidence quelques propriétés intéressantes
des copolyméres en peigne et la relation intime entre I’architecture des polymeéres et les
propriétés physico-chimiques des NPs. De plus les résultats obtenus permettent de proposer de

nouvelles approches pour le design des nanotransporteurs polymériques de molécules actives.

Mots-clés : Nanoparticules, Poly(lactique), Poly(éthyléne glycol), XPS, NMR, Micelle-like,

Microcalorimétrie, Chimie clic, Curcumine
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Abstract

The goal set to nanotechnologies applied to pharmaceutical sciences is to improve drug
delivery and benefits with the help of nanometer-sized vehicles. At this time different types of
drug carriers had been proposed. Amongst them, block copolymer nanoparticles (NP) have
been designed to allow, at the same time, efficient drug encapsulation and provide surface
properties (hydrophilic layer) to the NP which are necessary for its interactions with biological
systems by preventing the opsonisation and the subsequent recognition by the mononuclear

macrophage system (MPS) and the rapid elimination of the drug carrier.

The most prominent polymer architecture in drug delivery application is the linear di-
block copolymer architecture, such as poly(ethylene glycol) blocks (PEG) linked to a
polyester hydrophobic chain. PEG is the gold standard to add a hydrophilic corona to drug
carrier’s surface, but its efficacy is directly linked to its surface organization and surface
densities. In spite of limited success of diblock at the clinical stage, few studies have been
devoted to other type of architecture such as comb-like copolymers, either for the exploration
of new synthesis routes or for the characterization of particles prepared from alternative
architecture polymers. We attempted in preamble of this work to define more closely the
conceptual and technical framework allowing quantitative determination of PEG surface
densities. This review work has been used in the experimental work to define the

characterization methods.

Several synthesis strategies have been developed for the preparation of comb
copolymers in this work. All strategies are based on random copolymerization of dilactide
with small epoxy molecules with a pendant group suitable for subsequent PEG grafting,
yielding a polyester-co-ether backbone. In a second step, PEG chains have been grafted on
available pendant groups (alcohol groups or alkyne) to produce the final comb copolymers. In
the first part of the experimental work, esterification reaction by acylation and coupling (the
Steglish reaction) allowed the preparation of a first comb-like copolymer library with PEG
content varying from 5 to 50 % (w/w). The number of PEG chains (PEG grafting density) was
varying while the lengths of the PEG chains and the hydrophobic PLA backbone were kept

constant. The library of comb-like polymers was used to prepare nanocarriers with dense PEG
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brushes at their surface, stability in suspension, and resistance to protein adsorption. The
structural properties of nanoparticles (NPs) produced from these polymers by a surfactant-free
method were assessed by DLS, zeta potential, and TEM and were found to be controlled by
the amount of PEG present in the polymers. A critical transition from a solid NP structure to a
soft particle with either a “micelle-like” or “polymer nano-aggregate” structure was observed
when the PEG content was between 15 to 25% w/w. This structural transition was found to
have a profound impact on the size of the NPs, their surface charge, their stability in
suspension in presence of salts as well as on the binding of proteins to the surface of the NPs.
The arrangement of the PEG-g-PLA chains at the surface of the NPs was investigated by 'H
NMR and X-ray photoelectron spectroscopy (XPS). NMR results confirmed that the PEG
chains were mostly segregated at the NP surface. Moreover, XPS and NMR allowed the
quantification of the PEG chain coverage density at the surface of the solid NPs. Concordance
of the results between the two methods was found to be remarkable. Physical-chemical
properties of the NPs such as resistance to aggregation in saline environment as well as anti-
fouling efficacy, assessed by isothermal titration calorimetry (ITC), were related to the PEG

surface density and ultimately to polymer architecture.

In the second part of this work, grafting of PEG chains on a polyester-co-ether
backbone was directly performed using cyclo-addition of PEG azide on pendant alkyne
groups. The new strategy was designed to understand the contribution of PEG chains grafted
on PLA backbone ends. The new polymer library was composed of PEG-g-PLA with different
PEG grafting densities and PEG molecular weights (750, 2000 and 5000 D). PEG chain
grafting could only take place on pendant groups with this approach. NPs were produced by
different methods of nanoprecipitation, including “flash nanoprecipitation” and microfluidic
technology. Some formulation variables such as polymer concentration and speed of mixing
were studied in order to observe their effects on NP surface characteristics. Unlike for the first
copolymer library, here the NPs size and zeta potential were found to not be much affected by
the PEG content (% w/w in polymer). Sizes were also not affected by the PEG chains length.
TEM images show round shaped object and as expected sizes were found to decrease with

polymer concentration in the organic phase and with a decrease in mixing time of the two
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phases (for flash nanoprecipitation and microfluidic technology). PEG chain surface densities

were assessed by quantitative "H NMR and XPS.

In the third experimental part, we explored the role of polymer architecture on drug
encapsulation and release of curcumin from NPs. Curcumin has been chosen as a model with a
view to develop a delivery platform to treat diseases involving oxidative stress affecting the
CNS. As previously observed with blank NPs, a sharp decrease in curcumin-loaded NP size
and morphology change occurred between 15 to 20 % w/w of PEG. Drug loading, Drug
loading efficiency and the diffusion coefficients of curcumin in NPs are showing a
dependence over the polymer architecture. NPs did not present any significant toxicity when
tested in vitro on a neuronal cell line. Moreover, the ability of NPs carrying curcumin to
prevent oxidative stress was evidenced and linked to polymer architecture and NPs

organization.

In a nutshell, our study showed the intimate relationship between the polymer
architecture and the biophysical properties of the resulting NPs and sheds light on new
approaches to design efficient NP-based drug carriers. The results obtained lead us to propose
PEG-g-PLA comb architecture copolymers for nanomedecine development as an alternative to

the predominant polyester-PEG diblock polymers.

Keywords : Nanoparticle, Poly(lactic acid), Poly(ethylene glycol), XPS, NMR, Micelle-like,

Microcalorimetry, Click chemistry, Curcumin
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1.1 Les nanotechnologies pharmaceutiques

1.1.1 Mise en contexte: les nanotechnologies et D’administration de
médicaments

La galénique ou la science des technologies pharmaceutiques a pour but d’administrer
de fagon optimale une molécule active afin d’obtenir un effet thérapeutique maximal et des
effets toxiques minimaux, par les moyens les plus acceptables possible par le patient. En
regard de cet objectif général, la galénique s’est intéressée depuis trois décades environ a
I’apport potentiel des nanotechnologies. Les nanotechnologies peuvent étre définies comme la
science de la conception, de la caractérisation et de I’utilisation de structures de tailles
nanométriques (de 1 a quelques centaines de nanométres) a différentes fins, dont en
I’occurrence le transport, la libération et 1’optimisation de 1’action de molécules actives dans

I’organisme [1, 2].

Dans le domaine pharmaceutique, les défis reliés a 1’administration de médicament
sont nombreux: les problémes de solubilité¢ en milieux aqueux, les problémes de stabilité dans
les milieux biologiques (notamment pour les médicaments biologiques), les limitations aux
transports et a la biodistribution, les problémes reliés a un index thérapeutique étroit. Ces
problémes ne sont pas nouveaux, mais sont de plus en plus fréquents, la chimie médicinale
produisant des molécules plus puissantes et plus spécifiques, mais généralement moins
solubles en milieu aqueux [3]. L’autre défi provient de la classe des médicaments
biologiques, c'est a dire, les peptides, protéines et acide nucléiques, molécules plus
volumineuses, plus chargées, plus fragiles que les molécules développées jusqu’a présent et

souvent nécessitant un ciblage tissulaire, voire intracellulaire pour étre pleinement actives.

L’objectif de I'utilisation des nanotechnologies en galénique est donc de modifier la
pharmacocinétique (« ADME ») des molécules actives par leur inclusion dans des objets

nanométriques, des nanotransporteurs (NT). Cette inclusion peut agir de différentes fagons.
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. L’absorption : Pour la voie orale, I’encapsulation des molécules actives peut favoriser

leur passage a travers la barriere gastro-intestinale et donc augmenter la dose
biodisponible [4].

o La distribution : Si la solubilité aqueuse de I’actif est un probléme, son encapsulation
dans un NT qui lui sera facilement dispersé dans les milieux biologiques permettra une
meilleure distribution de I’actif. Dans ce cas en effet la biodistribution devient celle du
transporteur en substituant les paramétres de pharmacocinétique du médicament a ceux
du NT.

. L’élimination : Dans le cas de la voie i.v. ’encapsulation a pour conséquence de
diminuer la concentration libre en circulation de I’actif et donc de le rendre moins
susceptible a la filtration rénale et a la dégradation au niveau hépatique [5].

o Le meétabolisme : La modification enzymatique des molécules actives sera aussi
limitée a la partie non encapsulée, ce qui pour la voie orale signifie que les molécules
actives seront protégées de la dégradation dans le tractus gastro-intestinal.

Si les NT présentent des caractéristiques pharmacocinétiques favorables pour
I’administration de certaines molécules actives, il reste qu’en regard des molécules circulantes
dans le sang et des espaces dans lesquels ils doivent circuler (capillaires, matrices
extracellulaires, liquides tissulaires interstitiels, vésicules intracellulaires) ce sont des objets de
grande taille. Cette taille, favorable sous certains aspects, pose aussi des limitations a la
diffusion dans des milieux complexes et des limitations a la traversée des barricres biologiques

6, 71.

Pour atteindre les objectifs de modification de la pharmacocinétique et d’amélioration
de Pefficacité ou de I’innocuité des traitements, les NT doivent répondre a plusieurs critéres
physico-chimiques particuliers. Ces critéres peuvent varier selon la voie d’administration, la

molécule a livrer, son site d’action et une pathologie donnée.

o Efficacité d’encapsulation. En premier lieu les NT doivent permettre une
encapsulation efficace des molécules actives: en fonction de la physico-chimie des
molécules. Différents transporteurs auront des caractéristiques les rendant propres a
encapsuler tels ou tels types de molécules avec des efficacités variables.
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. Libération des molécules actives. En second lieu les NT devront permettre un
relargage efficace de la molécule active, un parameétre qui peut étre en conflit avec le
point précédent. En effet si I’encapsulation est trop stable 1’actif ne sera jamais libéré et
ne pourra pas engendrer d’action pharmacologique.

. Stabilité des NT dans les milieux biologiques. Les NT doivent étre stables en milieu
biologique ce qui signifie plusieurs choses, soient :

. Rester sous forme de dispersion, sans précipitation, coagulation ou floculation
en milieu isotonique [8] et en présence de fluide biologique [9, 10].

o Un assemblage stable des composants du NT: pas de désagrégation des
composants en milieu biologique ou uniquement sous I’influence de facteurs
prédéterminés, tel que le pH d’un environnement tumoral ciblé [11-13].

° Une dégradation contrélée [14, 15]

o Durée de circulation. La longueur de la durée de circulation dans le sang peut étre
critique pour certaines applications :

o Notamment les stratégies fondées sur I’effet EPR (« Enhanced Permeation and
Retention Effect ») pour accumuler les NT dans des sites pathologiques tels que
des tumeurs ou des sites d’inflammation comportant des systémes vasculaires
lacunaires [16].

. Si le NT sert seulement de réservoir circulant de molécules actives dans le sang
et procure son effet favorable en relachant de fagon contrdlé I’actif encapsulé. 1l
existe a ce jour de nombreuses évidences que les effets positifs de nombre de
nanoformulations sont reliés a cet « effet réservoir », au-dela des effets potentiels
de ciblage tissulaire [17].

o Ciblage. A ces critéres peuvent également s’ajouter des objectifs de ciblage [17-19], de
pénétration de tissus [20], de transport a travers des barriéres biologiques [7], ou
encore d’internalisation dans des cellules spécifiques.

1.1.2 Les différents types de nanotransporteurs (NT)

Pour atteindre ces objectifs, plusieurs types de NT avec des compositions chimiques

variables ont été décrits et testés, les principales familles en sont les suivantes :

o Les liposomes, vésicules constituées de bicouches phospholipides [21], modifiés ou
non par des chaines de poly(éthyléne glycol) [22, 23]. Ce type de systémes se retrouve
actuellement en clinique avec notamment le produit Doxil® une formulation de
doxorubicine pour le traitement de certaines tumeurs [24].

o Les micelles constituées de molécules amphiphiles ou de polymeéres dibloc (micelles
dites « polymériques ») [25]
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o Les micro- et nanoparticules polymériques matricielles : intensivement étudiées,
plusieurs essais cliniques sont en cours sur des NT avec des diblocs de type PEG-
PLGA [26]

. Les nanoparticules lipidiques solides (NLS ou SLN) [27]

. Les particules autoassemblées : souvent par interactions ¢lectrostatiques pour
encapsuler des acides nucléiques par exemple pour des applications de thérapie
génique ou d’interférence de la transcription des geénes [28], ou fabriquées par un

procédé « couche par couche » (« layer by layer ») [29]

o Les dendriméres : assemblage en forme d’arborescences capables d’encapsuler dans
leurs espaces internes des molécules actives [30].
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Figure 1.1. Représentation schématique de quelques nanotransporteurs (A) Liposomes, (B)
Micelles (constituée de molécule de type surfactant), (C) Dendrimere, (D) Micro ou
nanoparticules polymériques, (E) Capsules. (Figure extraite de notre revue [7])

En dépit de plusieurs décennies de recherche dans ce domaine, un nombre limité de
produits a atteint les essais cliniques et encore moins nombreux sont les produits qui ont été
mis en marché. Parmi ces derniers, on retrouve les liposomes PEGylés chargés en

doxorubicine, disponibles depuis 1995 sous le nom de Doxil® en Amérique du Nord [24], les
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nanoparticules d’albumine transportant du paclitaxel sur le marché depuis 2005 sous le nom
d’Abraxane®,[31]. Il est a noter que la plupart des essais cliniques sur des technologies de
nanoencapsulation actuellement en cours reposent sur ces mémes technologies ou des
variations de celles-ci [32]. Les bénéfices apportés par ces nanoformulations sont modestes,
probablement du fait du peu de contrdle sur la libération des actifs, de leur stabilité limitée
dans les milieux biologiques, d’un ciblage peu performant [33], ainsi que du fait de

I’apparition de certains effets secondaires [5].

1.1.3 Les systémes polymériques, nanotransporteurs polymériques (NTP)

Parmi les nombreux NT proposés, les nanotransporteurs polymériques (NTP) se
démarquent de par leur stabilité et leur biocompatibilité [34]. Les NTP faits de copolymeres
sont réputés étre plus biocompatibles et biodégradables que beaucoup des autres vecteurs, ce
qui explique leur popularité pour le développement des systeémes de livraison de médicament.
La stabilité de ces systémes est appréciable en regard des exigences de longue circulation afin,
de prendre avantage de I’effet de perméabilité et de rétention dans les tissus tumoraux (effet
« EPR ») dans les applications liées au cancer [16], alors que les véhicules de type liposomal
présentent des libérations prématurées de leur contenu limitant ainsi leur performance [17].
L’utilisation des NTP n’est pas limitée a la voie 1.V. et plusieurs applications potentielles
existent pour les voies orales et pulmonaires [7]. L’autre important avantage des NTP est la
possibilité de moduler la libération du principe actif par la modulation des propriétés de la
matrice polymérique [35]. Bien qu’attractives a plusieurs points de vue, le peu de résultats
obtenus en clinique n’a pas permis la mise sur le marché de formes pharmaceutiques de ce
type [26]. Ceci est en grande partie attribuable a I’approche largement empirique qui préside a
leur conception ainsi qu’a une sous-estimation de la complexité biologique du transport de
nanoparticules dans les milieux biologiques [5, 17]. La progression récente des connaissances
sur les contraintes associées a la traversée des barrieres physiologiques nous donne des
indications plus précises sur les caractéristiques souhaitables pour ces vecteurs en regard de la

taille, les propriétés de surface [7, 20, 33, 36].
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Le manque de connaissances fondamentales décrivant les interactions des NTP avec le
milieu biologique a fortement diminué I’efficacité thérapeutique des vecteurs développés
jusqu’a présent. Il est clair que des paramétres physico-chimiques, tels que la structure interne
de la particule et I’homogénéité de ses propriétés de surface doivent étre mieux pris en compte
durant les étapes de conceptions afin d’améliorer significativement leur biodisponibilité et
biodistribution. Il serait profitable de passer d’une approche « essai-erreur » a une approche
raisonnée basée sur 1’élucidation des déterminants de 1’organisation des chaines polymériques

et le recours a des approches d’ingénierie inverse pour la conception des polymeres.

Les systtmes de livraison par la voie LV. actuellement approuvés reposent
essentiellement sur ’effet EPR, ciblage dit « passif » [7]. La possibilit¢ d’augmenter cette
accumulation au site d’action en utilisant des ligands de reconnaissance spécifique (ciblage dit
«actif ») a donné a ce jour des résultats in vivo au mieux mitigés. Il est notamment difficile
d’arriver a dépasser une accumulation de 5 a 10% de la dose injectée au site d’action, quelle
que soit la stratégie employée [33]. Il semble clair, dans 1’état actuel de la recherche, que
I’ajout d’un ligand n’a qu’un effet marginal sur I’accumulation spécifique et son role semble
plutot de favoriser I’endocytose du nanovecteur [37]. C’est dans ce sens que le ciblage est
improprement nommé comme « actif », car il n’y a pas d’énergie fournie au systéme pour
faire augmenter le rendement de I’accumulation au site visé, mais seulement une rétention
possible du vecteur dans le cas ou il rencontre le récepteur adéquat suite a des processus de

convection et diffusion [19].

Outre une meilleure connaissance de la biologie et de la physiopathologie,
I’augmentation de I’efficacité du ciblage « actif » ne pourra donc reposer, lui aussi que sur des
avancées au niveau fondamental de la compréhension de I’organisation de la structure du

NTP, notamment au niveau de I’interface avec le milieu biologique [38].

Comme mentionné plus haut le fait de baser les NTP sur des matériaux polymériques

biodégradables d’origine synthétique permet d’exploiter plusieurs de leurs propriétés clés :

. La stabilité chimique des polyméres

18



o La pureté et homogénéité des matériaux (vs les polymeres d’origine naturelle)

. La versatilité des propriétés des matériaux polymériques dont les caractéristiques
peuvent étre modifiées a I’infini soient la taille des chaines, leur architecture, la chimie
de liaison, les groupes pendants, etc.

o La dégradation et I’élimination: le design permet de s’assurer de la possibilité de
dégradation en sous-produits non toxiques et ¢liminables in vivo en vue de limiter les
problémes d’accumulation dans 1’organisme.

Néanmoins il faut noter par ailleurs quelques facteurs limitants qui sont rattachés a ce

type de systeme polymérique. Les trois principaux sont les suivants :

o La capacité d’encapsulation est largement limitée aux actifs hydrophobes et peu
chargés et avec des taux de charge en molécule active (« Drug loading ») de I’ordre de
10 a 15 %, qui sont les rendements usuels, mais rarement dépassés. Ceci a deux
conséquences : administration de quantité importante de polymeéres pour atteindre la
dose efficace d’une part pour certaines molécules actives, ou la limitation de
I’applicabilité¢ de ces technologies a des actifs agissant a des doses faibles. Certaines
approches semblent prometteuses pour augmenter les efficacités de chargement,
notamment par « flash nanoprécipitation », mais n’ont pas encore de conséquences sur
les produits développés.

o La libération contrélée : 1atteinte d’une bonne balance entre la capacité
d’encapsulation une molécule active de facon stable et la capacité a la libérer de fagon
précise dans 1’espace et le temps n’est pas toujours facile a mettre en place. En effet,
seule la molécule active libre a une action pharmacologique et de nombreux parametres
entrent en ligne de compte pour atteindre cet objectif: localisation de la NTP en
fonction du temps, acces a la dose locale, vitesse de dégradation de la matrice, etc.

o Caractérisations structurales et chimiques : en dépit de leur nature artificielle, les
systémes ne sont pas suffisamment caractérisés, ce qui, en cas d’échec de la stratégie
de livraison de la molécule active, ne permet par une analyse compléte des raisons de
I’échec et donc une adaptation de I’approche.

19



1.2 Les polyméres synthétiques biodégradables, mise en contexte

1.2.1 Les polyesters

Les polymeres synthétiques dégradables pour la préparation des transporteurs de
médicament ont une histoire a rappeler briévement pour situer nos travaux dans leur contexte.
La nature dégradable des polymeéres synthétiques est conférée par la nature de la liaison

chimique permettant I’enchainement des monomeres.

Plusieurs familles de polymére de ce type ont été décrites telles que les

Poly(anhydrides), Poly(amide) [39]; Poly(cyanoacrylates) [40], [39, 41].

Mais a cet égard, les polyesters (Figure 1.2) sont les polymeéres qui ont été le plus
¢tudiés. Poly(caprolactone) (ou PCL), Poly(lactique) (ou PLA), poly(glycolique) (ou PGA) et
surtout le copolymere de ces derniers, le poly(lactique-co-glycolique) (ou PLGA) sont parmi
les polyesters qui ont fait I’objet du plus d’études [42]. Les avantages des polyesters sont
nombreux: 1) I’hydrolyse possible en milieu biologique des liaisons ester par voie
enzymatique ou non enzymatique; 2) une vitesse de dégradation ajustable par la nature des
monomeres et leur ratio, ainsi que par la taille des chaines; 3) la facilit¢ de synthese; 4) des
produits de dégradation généralement (les monomeres) non toxiques et éliminables par les

voies métaboliques normales.
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Figure 1.2. Structure des polyesters (a) PLA, (b) PLGA, (c¢) PCL

Par contre ces polyméres forment des matrices hydrophobes dans lesquelles on
encapsule de fagon efficace quasi exclusivement des actifs hydrophobes. De plus ces
polymeres utilisés sans autres excipients conduisent a la production de particules solides qui
ont une forte tendance a 1’agrégation en milieu salin et qui sont facilement opsonisées [43],
reconnues par le systeme des cellules macrophages et donc rapidement éliminées [44]. Ceci ne
permet ni la libération ni le ciblage efficace des molécules actives [5]. Ces polyméres doivent

donc étre modifié€s pour I’'usage pharmaceutique.

1.2.2 Les polymeéres blocs

Donc parallélement des copolymeres, de type dibloc, associant polyesters et poly(éthyléne-
PEG (Figure 1.3), ont été développés. L’ajout d’un bloc de PEG a pour fonction de conférer
au copolymere formé des propriétés de surfactant, qui non seulement stabilise la particule,
mais aussi prolonge sa durée de vie en circulation [45]. Selon la taille du bloc polyester, des
micelles polymériques possédant une structure cceur-couronne (Polyester-PEG) ou encore des
particules solides seront formées [46]. Dans les deux cas, le PEG permet de rajouter une

couche hydrophile externe en surface de la particule permettant de diminuer le dépdt de
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protéines a la surface du NTP, premicre étape vers la reconnaissance par les macrophages et

leur élimination rapide [1, 47, 48].

O
@) @)
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Figure 1.3. Structure d’un dibloc mPEG-bH-PLA.

Les diblocs principalement explorés ont été les PEG-PLGA et PEG-PLA [26, 49].
L’optimisation des tailles des blocs, de la nature des monomeéres, de leur ratio a fait I’objet
d’intenses travaux par I’équipe du Pr R Langer [26].

Les synthéses des diblocs sont réalisées principalement par deux approches : soit une
réaction de couplage entre des chaines de PEG et des chaines polyesters [50]; soit I’élongation
de chaine polyester par polymérisation par couverture de cycle (« Ring Opening
Polymerization, ROP ») a partir d’une chaine de PEG agissant comme macroinitiateur de la
chaine polyester [51].

D’autres architectures « bloc » linéaires comportant des chaines de PEG et de polyesters
ont été décrites, soit des triblocs, multiblocs synthétisés par des approches combinées de

polymérisation et de couplages [52, 53].

1.2.3 Les polyesters fonctionnalisés : les approches de synthése

Plusieurs méthodes ont été proposées pour ajouter des fonctionnalités aux chaines
polyesters. En effet, seuls les groupements terminaux étant accessibles, il y a une limite a
I’introduction de fonctionnalités, leur nombre, ainsi qu’une limite importante a la variété de
structure possible. Cette limitation plusieurs groupes se sont attachés a la surmonter en
développant et testant des architectures alternatives. Notamment des structures branchées ont
été proposées par le laboratoire du Pr Hildgen [54, 55], mais également par d’autres avec des
structures du type (PEG)3-PLA.[56]. Egalement des chaines poly(lactique) possédant des
structures branchées ont été décrites et il a été montré que les propriétés physiques des

polymeéres différent en fonction de leur architecture [57].
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Une stratégie pour fonctionnaliser les polyesters consiste en la polymérisation de
dioxolanes fonctionnalisées. Beaucoup de synthéses de lactones fonctionnalisées ont été
rapportées dans la littérature avec une large gamme de groupements fonctionnels [58, 59]. Le
greffage des groupements fonctionnels latéraux sur les branches peut se faire soit sur le cycle
qui porte ces dernieres avant syntheése tel que décrit pour un monomere dilactide-PEG [60],
soit apres fonctionnalisation des branches. Cependant ces approches nécessitent la synthése a

grande échelle de dilactones modifiées.

Une autre approche est la synthése de copolymere comportant des enchainements
polyesters et d’un monomere possédant un groupement pendant avec une fonction chimique
modifiable. C’est cette derni¢re approche qui a été développée dans le laboratoire du Pr P
Hildgen ces derniéres années afin de produire des polymeéres branchés, « en peigne ». Les
copolymeres « peignes » sont constitués d’une chaine principale sur laquelle seront greffées

des chaines pendantes de différente nature.

1.2.4 Les approches de synthése développées dans le laboratoire du Pr P.
Hildgen

Nous avons, par le pass¢, développé la synthése de polyester-co-éther branchés par
copolymérisation de deux monomeres, dont I’un est porteur d’une chaine latérale modifiable
post-polymérisation [54]. Briévement, le dilactide est mélangé a un catalyseur (SnOct2) en
présence de I’allyl glycidyl éther pour obtenir un polylactide-co-éther portant des groupements
latéraux allyle par polycondensation par ouverture de cycle [61]. Ces groupements sont
soumis ensuite a une oxydation douce qui conduit & un groupement hydroxyle puis a une
deuxiéme oxydation qui conduit a un groupement carboxylique. Sur ce dernier groupement
sont fixés les ligands ou autres chaines latérales par une réaction d’estérification, conduisant a

des polymeres branchés décrits dans plusieurs études [54, 62, 63].

Cette méthode conduit a des polymeres aléatoires et dont le poids moléculaire peut étre
affecté par les modifications post-polymérisation. Plusieurs étapes sont nécessaires (Figure

1.4) pour aboutir au produit final ce qui conduit a des rendements plus faibles, ce qui dans une
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perspective de translation est peu acceptable. Des approches permettant I’obtention du méme
type de polyméres de fagon plus rapide avec un nombre d’étapes réduit seraient donc une

grande amélioration.

PLA L PLA

o
o=
O

_1n%

2.2 41 4.2

0 — 0 — 0
PLA OJ\ PLA PLA OJ\ PLA J\ PLA
N o Ny o PLA_ |o of
o) o)

1n% T

43 4.4 4.5

_{n%

n%

Figure 1.4. Synthese compléte des PLA fonctionnalisés. Le produit 4.5 est mis en présence
d’un ligand présentant un hydroxyle libre qui réagit avec le chlorure d’acyle pour former une

liaison ester. (Figure d’apres [54]).

1.3 Méthodes de préparation des NTP

La fabrication des nanoparticules, entre 50 et 200 nm, a partir d’une solution de
copolyméres bloc, est abondamment décrite dans la littérature. Les deux principales
techniques sont 1’émulsion/évaporation de solvant [64, 65] et la nanoprécipitation [65, 66],

ainsi que ces variantes comme la « nanoprécipitation flash » [67, 68] ou les techniques de

microfluidique [69] [70].

La technique d’émulsion-évaporation de solvant repose sur la formation préalable d’une

émulsion stable (au moins transitoirement) d’une solution organique de polymére dans une
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phase externe aqueuse [65]. Les solvants organiques utilisés dans cette méthode sont
pratiquement insolubles dans la phase aqueuse externe. Cette émulsion doit étre stabilisée par
des surfactants ou des stabilisants stériques. La diffusion du solvant organique dans la phase
externe et puis son évaporation permet la solidification de la particule. Apres lavages par
dialyse ou par centrifugation de I’exces de molécules stabilisatrices, les particules peuvent étre
récupérées et caractérisées. Nous n’apporterons pas davantage d'informations sur
I’émulsion/évaporation de solvant, car cette technique n’a pas été retenue dans notre étude
pour différentes raisons, la principale étant la nécessité d’utilisation d’adjuvants tels que des
surfactants. En général, ceux-ci sont difficiles & éliminer et donc compliquent les analyses

chimiques de surface au cceur de cette étude.

1.3.1 Principe de la nanoprécipitation

Le procédé de nanoprécipitation consiste a injecter dans une phase externe aqueuse,
d’une solution de polymeére globalement hydrophobe, dispersée dans un solvant organique
complétement soluble ou partiellement soluble dans 1’eau, tel que 1’Acétone, le DMSO ou le

THF [71].

Ce procédé ne nécessite pas forcement 1’utilisation de molécules stabilisatrices qui
peuvent étre requises cependant dans une perspective d’optimisation des tailles ou si on utilise
des polymeres de haut poids moléculaire (>50 000 g/mole) peu hydrophiles. Ceci est un grand
avantage tel que nous le verrons par la suite dans notre projet. Globalement, c’est une méthode
simple bien adaptée a 1’échelle du laboratoire, mais dont la limitation provient de la difficulté

a faire de la mise a 1’échelle pilote ou industrielle.

Deux théories ont été proposées pour expliquer le mécanisme de formation des
nanoparticules lors de la nanoprécipitation. La premicre, proposée par Quintana-Guerero et
coll. [72], explique la formation de NP par des turbulences a l’interface entre la phase
organique et la phase aqueuse. Ces turbulences sont provoquées par les différences de tension

de surface entre les deux solvants et elles conduisent a la formation de microgouttelettes et a la
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précipitation subséquente du polymeére sous forme de particule, due a la fuite du solvant

organique.

La seconde théorie est basée sur 1’instabilité chimique du systéme lors du mélange des
deux phases. Le passage quasi instantané du solvant organique dans la phase externe aqueuse
provoque un phénomene de « supersaturation », le polymére étant a une concentration dans la
phase composée d’eau et du solvant organique beaucoup plus élevée que sa concentration de
solubilit¢ maximum. Cette solution métastable évolue spontanément. Résultant de petites
fluctuations locales de concentrations, une nucléation et une croissance de la nouvelle
particule en formation par I’insertion de chaines polymériques se produisent. Le résultat en est
des particules de forme globulaire de taille nanométrique qui grossissent avec le temps.
L’insertion de chaines continue jusqu’a ce que 1’énergie nécessaire soit trop élevée et cela
méme si le systéeme n’est pas a 1’équilibre [65, 66]. Le systeme devient alors « gelé » et la

taille de la particule est fixée et il ne se produit plus d’échange de chaine de polymere.

De facon intéressante, celle-ci permet de prédire que le rayon des particules formées
dépend de la supersaturation : a faible supersaturation, peu de particules sont formées tandis
qu’a haute supersaturation de nombreuses particules plus petites sont formées [66]. Autrement
dit, si le mélange des phases organiques (solvant) et aqueuses (non-solvant) est lent, les
particules auront tendance a étre plus grosses que si le mélange est rapide et qu’alors moins de

chaines ont le temps de diffuser et de s’insérer dans le noyau en formation.

L’obtention de petites tailles et de faibles polydispersités nécessite que la nucléation se
produise sur temps tres bref, ce qui demande des temps de mélange trés courts, de I’ordre de
quelques millisecondes [67]. Ceci a amené le groupe de R Prud’homme notamment a
développer des dispositifs d’auto-assemblage rapide des polymeres bloc appelé « flash
nanoprecipitation » [67, 68]. Ces dispositifs reposent sur la rencontre de deux jets (une phase
de «non-solvant », une phase contenant le polymére dissous dans un bon solvant) se
rencontrant dans une chambre de géométrie particuliére permettant une diffusion rapide des

deux phases [73].
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Le mécanisme de nucléation et croissance n’est pas sans rappeler les étapes de
formation des micelles, y compris les micelles faites a partir d’amphiphiles de haut poids
moléculaires, tels que des polymeres blocs. La formation des micelles, contrairement a la
formation des particules, est complétée par une phase d’équilibration qui minimise 1’énergie
libre du systéme et implique un changement du nombre de micelles [74]. Cette étape ne se
produit pas pour les systemes « gelés » que sont les particules polymériques qui ne sont pas
des systémes dynamiques. Néanmoins ces systémes ont été appelés « micelle-like » [8] ou
« frozen-micelle » par plusieurs auteurs pour refléter le fait que leur structure rappelait les
micelles formées par des surfactants. Le terme « crew-cut » micelle a été également introduit
par le groupe d’Adi Eisenberg pour des particules formées par copolymére bloc dont le bloc
hydrophile était beaucoup plus petit que le bloc hydrophobe formant le coeur de la particule

« micellaire » [75].

Plus récemment des approches reposant sur la microfluidique, soit 1’utilisation des
principes de mécanique des fluides dans des canaux de taille micrométrique ont été¢ mise de
I’avant afin de mieux controler les paramétres de mélange des phases et afin de permettre une
mise a I’échelle plus facile des procédés de fabrication [76, 77]. Le principe repose sur
I’injection a des vitesses bien contrdlées dans des canaux distincts de quelques centaines de
um d’une phase organique et d’une phase aqueuse. Ces phases se rencontrent & des ratios
prédéfinis dans une chambre de mélange qui prend différentes formes selon les systémes pour
favoriser leur mélange rapide. La rapidité de mélange de la phase organique et de la phase
aqueuse est déterminante pour l’obtention de particules de petites tailles et de faible
polydispersité tel que mentionné précédemment. On retrouve principalement deux types de
design, soit des designs basés sur des flux coaxiaux d’une phase organique et d’une phase
aqueuse [69], soit encore des designs impliquant de la tortuosité et des formes d’arrétes de
poisson perturbant 1’écoulement des fluides, favorisant un mélange chaotique et rapide des
deux phases [70]. Les nanoparticules liposomales, lipidiques [78, 79] ou polymériques

obtenues sont par la suite collectées et purifiées [69]. Certains auteurs ont rapporté un meilleur
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contrdle sur les tailles, la morphologie et I’efficacité d’encapsulation de molécules actives par

ces méthodes [80].

1.3.2 Parameétres a controler

De fagon pratique, selon la théorie basée sur la supersaturation, la taille des particules
(et la dispersité de taille) dépend de la vitesse du mélange et de la concentration de polymere

dans la phase organique, qui deviennent donc les paramétres primordiaux a contrdler.

La concentration, donc la quantit¢ de chaines dans un volume donné de phase
organique, détermine la taille des particules formées. Cet effet est indissociable de la viscosité
de la solution de polymere qui en augmentant favorise la production de particules de plus
grande taille [71]. Le role du poids moléculaire du polymeére ainsi que du type de solvant ont

aussi ét¢ mis en évidence en relation avec la viscosité de la phase organique [81].

La vitesse d’injection de la phase organique contenant le polymere a peu d’influence
en nanoprécipitation classique, le parametre important étant dans cette configuration la
rapidit¢é du mélange des deux phases. Par contre en nanoprécipitation « flash» et en
microfluidique, ce parametre de débit des phases devient important pour controler la taille des

particules obtenues [67, 69].

D’autres parametres peuvent étre négligés, tels que la température ou le ratio phase
organique / phase aqueuse qui n’ont qu’une influence mineure sur la taille et la dispersité de

taille [65].

1.3.3 Encapsulation de molécules actives.

L’incorporation de molécules dans une NP se fait au moment de sa fabrication. Lors de
I’encapsulation de molécule active hydrophobe par nanoprécipitation, la situation est
complexifiée, car il faut prendre en compte le comportement de la molécule a encapsuler,
parallélement au comportement du polymeére. Plusieurs parametres reliés a la molécule active
sont importants : sa solubilité dans la phase organique et la phase aqueuse, la vitesse relative

de précipitation du polymere et de la vitesse de précipitation de la molécule active, sa
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concentration, son affinité pour I'un et ’autre des deux blocs du copolymeére, décrit par le
parametre d’interaction de Flory-Huggins ysp [82], la vitesse de diffusion des solvants et des

molécules.

Un phénomene souvent observé est une limite de solubilité de I’actif dans la matrice
polymérique au-dela de laquelle, le systéme est déstabilis¢, produisant des particules de taille

micrométriques, une suspension dispersée ainsi que des particules d’actifs non encapsulées.

La co-solubilisation de la molécule active (dans le cas d’actif hydrophobe) et du
polymeére dans une phase organique et leur coprécipitation subséquente peut avoir plusieurs
conséquences pour la molécule active, qui peut subir une séparation de phase et précipiter
pour former des cristaux (ou des nanocristaux), se retrouver sous forme amorphe ou encore
étre dispersée en solution dans la matrice polymérique. Ces états physiques doivent étre

connus, car ils influencent la solubilité, la libération de I’actif, sa stabilité [83].

L’encapsulation et ces conséquences sur la structure de la particule sont a suivre pour
toute nouvelle formation. En effet I’intercalation de molécules actives entre les chaines de
polymeres sous forme de molécules isolées, de nanocristaux ou de partie amorphe peut avoir
des conséquences sur les transitions vitreuses des polymeres, la possibilité de séparation de

phase, la dégradation et les cinétiques de libérations des molécules actives.

1.4 Caractérisation des transporteurs polymériques

L’évaluation des nanotransporteurs polymériques (NTP) repose sur la mesure de
différents parameétres physico-chimiques, soient la taille, la charge de surface, les propriétés de
surface, la stabilit¢ des suspensions, la structure interne (Table 1.1). Ces propriétés ont une

influence directe sur I’efficacité de livraison de molécules actives par les NTP.
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1.4.1 La taille

1.4.1.1 Role de la taille

La taille est une caractéristique essentielle des NTP, car elle détermine un nombre
important de propriétés in vivo, notamment la biodistribution, la vitesse de libération des
molécules actives encapsulées, les interactions avec les tissus et les cellules, le passage des
barriéres endothéliales, 1’internalisation cellulaire. I1 a été notamment montré dans de
nombreuses études que les interactions entre les NTP et les macrophages, les cellules cibles,
les membranes cellulaires étaient taille-dépendantes [84, 85]. Il en est de méme pour
I’internalisation dans les cellules alors que les différentes voies d’endocytose sont taille-
dépendante [86]. Il en est de méme pour la pénétration des barrieres endothéliales: tractus
gastro-intestinal, barriere hématoencéphalique, barrieres vasculaires, que ce soit par
transcytose ou de par I’existence de porosité traversant la barriére en question [7]. Finalement
un exemple type du rdéle primordial joué par la taille du NT nous est donné par effet
d’accumulation par I’effet « Enhanced Permeation and Retention » (ou EPR). L’effet EPR
permet l’accumulation de macromolécule ou de nanoparticules au site tumoral ou
inflammatoire du fait de parois de vaisseaux sanguins déstructurées et poreuses. Cet effet est

fortement dépendant de la taille des objets [16, 87].

1.4.1.2 Méthodes de mesure

Les techniques les plus usuelles dans le domaine sont la diffusion dynamique de la
lumiere (ou « Dynamic Light Scattering », DLS), la diffraction laser en suspension liquide.
Les différentes méthodes de microscopies ¢électroniques : MEB, MET et MFA (ou « AFM »)
sont également largement utilisées dans la caractérisation des nanomatériaux. L utilisation de
méthodes reposant sur des principes physiques distincts est recommandée afin d’avoir une

¢valuation non biaisée des tailles des particules [88].

Les informations obtenues par ces différentes méthodes et les limites de ces méthodes

sont développées dans D’article de revue, inclus dans ce mémoire [89]. Sans contredit, la
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principale limitation de ces mesures est la difficulté a mesurer de facon adéquate la taille des

NT dans des conditions physiologiques.
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Table 1.1. Principales méthodes de caractérisation des nanoparticules

Propriétés Méthode Prln.clpe ” Type . Limitations
physique d’information
Mesure des Diametre - Particule sphérique
Diffusion dynamique de la | variations de la Hydrodynamique
lumiere (« DLS ») lumiére diffusée - Echantillon
par les particules homogeéne
Diffraction laser a Taille et Grande quantité de
Laser Scattering (« LS ») | différents angles distribution de taille | particules nécessaire
(40 nm-2 mm)
Pointe oscillante Représentation Particules séches
Microscopie de Force interagissant avec topographique et Artefacts
. Atomique (« AFM ») la surface de information sur la
Taille I’échantillon chimie de surface Durée
Balayage d’un Taille des NP Traitement image
faisceau pour résultats
Microscopie Electronique & | électronique statistiquement
Balayage (MEB) significatifs
Traitement de
surface des NPs
) Faisceau Taille des NPs par Traitement d’images
Mlcroscop{e Electromque a | d’électrons projection Particules sous vide
Transmission (MET) traversant
I’échantillon
Mobilité Mesure indirecte du | Mesure trés sensible
Charge Mesure du potentiel Zéta | électrophorétique potentiel de surface | aux conditions
(mV) externes
Signaux de Quantitatif Solvant deutérés,
Résonance Magnétique résonance des Détection des entités
Nucléaire (RMN) protons ('H) chimiques mobiles
(solubilisés)
Détection électrons | Composition Analyse semi-
Composition Spectrométrie de émis suite au chimique en quantitative
Chimique de photoélectrons induits par | bombardement de pourcentage (%) Profondeur d’analyse
surface rayons X (« XPS ») la surface par des 10 nm Particules

photons X

lyophilisées

TOF-SIMS

Spectrométrie de
masse de surface

Fragments SM

Profondeur d’analyse
1 nm

Résolution 200 nm
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Mesure des
variations de la

Mesure de la taille
et ’agrégation

Sensibilité faible

SIS DLS lumiére diffusée Pas possible en
par les particules milieux biologiques
Faisceau d’¢lectron | Images a travers Stabilité des
Microscopie électronique a I’échantillon matériaux
transmission (MET)
Epaisseur limitée
Diffraction d’un Mod¢le Technique peu
Structure Diffraction de neutron faisceau de d’organisation accessible, modele
interne (« SANS ») neutrons interne de la dépendante
particule
Mesure de la Volume et Matériaux secs
Adsorption de gaz quantité de gaz dimension des

adsorbée par un
soldie

pores (taille; A)

Structure de la
surface

Microscopie électronique a
balayage (MEB)

Faisceau d’électron
balayant la surface
d’un échantillon

Image de la surface
de I’échantillon

Stabilité des
matériaux

Modification de la
surface

Microscopie de force
atomique (AFM)

Pointe  oscillante
interagissant avec
la surface

Image 3D de la
surface

Information
chimique

Résolution

1.4.2 Charge de surface

1.4.2.1 Role des charges de surface

Les charges de surface ont une incidence sur la stabilit¢ des nanosuspensions dans les
milieux salins, mais elles déterminent aussi les interactions avec les milieux biologiques, en
particulier les interactions avec les protéines plasmatiques [90]. Il est généralement considéré
comme avantageux un potentiel proche de la neutralité pour éviter les liaisons spécifiques aux
protéines et aux membranes cellulaires, qui ont pour conséquences une ¢limination rapide des

NT de I’organisme ou encore des effets toxiques notamment dus aux charges cationiques [91].
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Il faut noter qu’un potentiel neutre en absence d’autre modalité pour maintenir la stabilité de la
nanosuspension peut poser des problémes de coagulation et agrégation des particules en milieu

salin tels que les milieux biologiques.

Dans les NPP préparées a partir de polyesters, il est généralement admis que les charges ont

pour origine les groupes carboxyliques en bout de chaine [92].

1.4.2.2 Méthode de mesure : le potentiel zéta

Le potentiel électrique est mesuré¢ par mesure du déplacement électrophorétique des
particules dans un milieu conducteur en réponse a un champ ¢lectrique appliqué. Il est a noter
que le potentiel mesuré n’est pas directement relié a la charge de surface. Il s’agit plutét de la
différence de potentiel entre le plan de cisaillement et le coeur de la solution (voir Figure 3.3
Chapitre 3 [89]). C’est donc une mesure indirecte des charges de surface.

I1 résulte de la méthode de mesure que la mesure du potentiel dépend de la distance du
plan de cisaillement de la surface de la particule ainsi que de la force ionique du milieu dans
lequel la mesure est prise. Le premier peut étre déplacé par la présence de chaines
polymériques hydrophiles qui s’étendent dans le milieu environnant, telles que des chaines de
PEG ou des surfactants stériques tels que le PVA. La force ionique ainsi que le pH du milieu
modifient la répartition des charges aux alentours de la particule, modifiant également le

potentiel mesuré.
1.4.3 Composition chimique de surface

1.4.3.1 Importance de la surface

La surface du NT interagit avec le milieu biologique. Une grande partie de son devenir
est dictée par ces interactions [93]. Plusieurs éléments sont a considérertels que
I’hydrophilicité (stabilit¢ en milieux salins, interactions avec les protéines), la composition
chimique (réaction immunogene, etc.), la présence de ligand de reconnaissance (ciblage), la

topographie.
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1.4.3.2 Les méthodes d’étude

La composition chimique de la surface de NTP a été étudiée par spectroscopie de
photon (XPS) [89, 94] qui donne des résultats semi-quantitatifs sur une épaisseur de 5 a 7 nm.
La spectroscopie de masse « TOF-SIMS » (ou « Time of flight secondary ions mass
spectrometry »), qui analyse les surfaces sur une profondeur moindre encore (1 nm environ) a
permis de confirmer la présence d’un ligand azoté en surface de nanoparticules a tres faible
concentration [95]. Ces techniques néanmoins ont un manque de résolution trop important
pour cartographier des nanoparticules individuelles, les résultats obtenus sont des moyennes

sur une grande population de particules.

En ce qui concerne les nanoparticules pegylées, la densité et la conformation du PEG
en surface [96] ont été étudiées par plusieurs méthodes du fait de son réle important dans le
devenir de la particule in vivo. Une des méthodes directes est la quantification du PEG dans
D20 par RMN du proton [97, 98]; par fluorescence [99] ou encore par la mesure du potentiel
z€ta [92, 100]. Nous avons revu de fagon exhaustive cet aspect de la quantification du PEG en
surface des NTP récemment en détaillant les différentes approches de quantifications et leurs

limites [89]. Cette revue est incluse a la fin de cette introduction.

1.4.4 Stabilité des systemes

Tel que mentionnée dans les sections 1.4.2 et 1.4.3, la stabilit¢é des préparations
nanoparticulaires est conditionnelle a des propriétés de surface permettant aux forces de
répulsion de dominer les forces d’attraction, tel que prédit par la théorie dite « DLVO ».
Dans cette théorie, un role clé est attribué aux charges (répulsion électrostatique) et a la
répulsion stérique (chaines polymériques hydrophiles en surface) pour s’opposer a

I’agrégation causée par les forces attractives (hydrophobe, van der Walls).

Dans les milieux physiologiques, les NTP sont exposées a des concentrations salines
(équivalent de 154 mM NaCl). Les particules de polyesters en 1’absence de PEG présentent
une surface largement négative, tandis que le role des sels cationiques est de faire écran et de

neutraliser ces charges, diminuant les forces de répulsion.
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Un critére pour évaluer la stabilité en milieu salin est la mesure de la concentration
critique de coagulation ou de floculation («Critical Coagulation Concentration» ou «Critical
Flocculation Concentration») en réponse a des concentrations croissantes de sels dans le
milieu de suspension [101-103]. Ces informations peuvent étre obtenues par la mesure de

taille des particules en fonctions des forces ioniques.

1.4.5 Structure interne

Si la compréhension des surfaces est d’une importance primordiale pour le devenir du
transporteur dans un milieu biologique, on ne peut négliger I’importance de la structure interne
des objets nanométriques. Cette structure interne que 1’on peut définir comme 1’arrangement
des chaines polymériques joue un rdle dans la stabilité de 1’objet, le taux d’encapsulation des

molécules actives, leur taux et vitesse de relargage.

L’investigation de la structure interne est difficile. L’étude de microscopique de coupes
transversales des particules est difficile a cette échelle de taille nanométrique, surtout dans le
cas de particules molles telles que des formes pseudo-micellaires (« micelle-like particle »). La
microscopie électronique a transmission (MET ou TEM) permet par des techniques de

préparation d’échantillon congelés de visualiser les morphologies natives de ces objets [104].

La technique de « Small Angle Neutron Scattering ou SANS » est basée sur la
diffraction de neutrons par les atomes constituants la particule. Riley ef coll. ont démontré, par
exemple, un modele structural pour les particules dibloc de PLA-PEG en utilisant cette
technique [46]. Le SANS a permis la modélisation des particules de type coeur-couronne
(« core-shell »), cependant c’est une méthode peu accessible, nécessitant des équipements tres

spécialisés.

Une autre méthode qui a été développée dans le laboratoire du professeur P. Hildgen,
mais qui est encore peu rapportée est I’adsorption de gaz pour étudier la porosité des particules

polymériques solides [62, 64, 105]. Par cette méthode il a été possible de rapporter des liens
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entre I’architecture des polymeres et la taille et le volume de la porosité des nanoparticules

solides ainsi que des relations avec les taux d’encapsulation et de libération [62].

1.4.6 Structure des surfaces

L’analyse fine de la structure des surfaces n’est pas non plus facilement accessible,
surtout pour des particules « molles » telles que des agrégats micellaires.

La microscopie de force atomique (Atomic Force Microscopy ou AFM) [106] permet
d’obtenir une image topographique des particules, mais également d’obtenir des informations
sur la chimie de surface [100]. La microscopie électronique a balayage (Scanning electronic
Microscopy, SEM) a également été

En ce qui concerne des particules solides, la rugosité peut étre accessible par
adsorption gazeuse pour des particules lyophilisées [62, 64]. La signifiance des informations
fournies par des particules seéches sur la surface de particules hydratées et dans des conditions

physiologiques néanmoins reste a démontrer.

1.4.7 Encapsulation et relargage de médicament.

Les propriétés d’encapsulation d’'un NTP peuvent étre définies par les informations
suivantes, soient le taux d’encapsulation, I’efficacité d’encapsulation, I’état physique de la

molécule active, le profil et les conditions de libération de la molécule active.

Le taux d’encapsulation (« Drug loading ») peut étre défini comme la masse de

molécules actives sur la masse totale de la formulation, (Eq. 1.1)

- Polds d'actlfdans les NP5

TE
Paolde total de NFPs

* 100

L’efficacité d’encapsulation (« Loading efficiency ») peut étre définie comme la
masse d’actif effectivement dans la formulation finale sur la masse d’actif ajouté au début du

processus de préparation de la formulation, (Eq. 1.2) :
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L’état physique de la molécule active (amorphe, cristallin ou dispersée dans la
matrice polymeére (« dispersée moléculairement ») est un paramétre important, car il
détermine la solubilité et la libération de la molécule, la stabilité de la molécule dans la
formulation. Cette information est accessible par 1’analyse calorimétrique différentielle (ACD
ou « DSC ») ou par I’analyse rayons X de la formulation et la comparaison des profils de

diffraction [83].

Le profil de libération. La cinétique de libération de la molécule active détermine son
efficacité, les parametres a considérer sont I’importance de « burst », la vitesse de libération, la

dose totale libérée, la durée de la libération [107, 108].

La stabilité de la molécule active encapsulée. Si la formulation n’est pas utilisée
immédiatement, la stabilit¢ du chargement lors du stockage de la formulation (I’absence de
relargage prématuré) et la stabilité chimique de la molécule active sont des points importants

dans la perspective d’un développement pharmaceutique.
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2 Hypothése de recherche et objectifs
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2.1 Hypothese

2.1.1 Mise en contexte

Si I’essentiel des travaux publiés sur les NTP repose sur 'utilisation de polymeéres
diblocs linéaires tel que discuté dans I’introduction (section 1.3), nous avons développé pour
notre part une famille de polymeére, les polyesters-co-éthers greffés latéralement par des
groupes fonctionnels divers [54] dans le but de préparer des nanotransporteurs de médicament
pour différentes applications (section 1.5). Notre approche globale pour la préparation des

NTP repose sur plusieurs considérations :

(1) Elle consiste en I'utilisation de polymeres préformés avec leur multifonctionnalité,
(furtivité, reconnaissance spécifique, détection), ce qui permet d’obtenir des NTP prétes a
I’usage en une seule étape d’émulsion/évaporation de solvant ou de nanoprécipitation. De ce
fait, on s’affranchit des étapes de modifications sur des NTP préformés, étapes qui
introduisent des variabilités dans les caractéristiques des lots et posent des problémes de
purification et de stabilit¢ de 1’encapsulation. Cette approche est avantageuse dans une
perspective de mise a 1’échelle (« scale-up ») vers la production de lots cliniques. Si les
paramétres de préparation des NTP sont bien maitrisés, il est en effet plus facile de contrdler la
synthése de polymeére et de s’assurer d’obtenir des lots reproductibles et bien caractérisés. Par
ailleurs, cette approche nécessite une compréhension du processus de formation et
d’organisation de la NPP, dans son volume et a sa surface pour s’assurer de la conformation et
de la quantification des différents éléments fonctionnels. Cet aspect sera la contribution

essentielle de ce travail.

(2) Elle repose également sur [I’utilisation exclusivement de matériaux déja
cliniquement validés, tels que le poly(éthylene glycol) (PEG) et des polyesters de type

poly(lactique), des polymeres déja approuvés pour usage interne par les agences
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réglementaires, ce qui diminue les risques et incertitudes dans une perspective de

développement clinique et industriel.

(3) Elle repose finalement sur des architectures polymériques « en peigne », soit une
chaine principale de polyesters avec des chaines pendantes disposées de facon aléatoire. Cette
architecture permet, contrairement aux formes polymériques linéaires, une densité de greffage
ajustable, ainsi que la possibilit¢ de greffer indépendamment des ¢léments de furtivité et de
reconnaissance sur la méme chaine. De plus ’architecture permet des variations qui peuvent
modifier le comportement des polymeres en solution et dans la NTP ce qui a des conséquences
sur ’organisation des chaines avec des effets sur la structure des particules (des particules
solides aux micelles), leur porosité, les séparations de phase et les propriétés de surface [62,

100].

2.1.2 Hypothése de recherche

Le développement futur des NTP préparés a partir de polymeéres branchés nécessite
leur caractérisation structurale. La conception de NTP possédant des propriétés structurales
internes et de surface bien définies nécessite 1’utilisation de méthodes analytiques
convergentes qui permettront de relier la chimie des polymeéres synthétisés et les paramétres
de fabrication aux propriétés structurales et a la chimie des surfaces. La connaissance
approfondie de la structure et des propriétés des NTP permettra de prévoir et de contrdler leur
capacité de livraison de molécules actives. L’hypothése centrale que nous voulons valider

dans ce projet est donc la suivante :

Les nanoparticules polymériques s’organisent selon une structure complexe
hétérogéne qui ne dépend que de la nature des polyméres et de leurs propriétés

Pphysicochimiques.
Les sous-hypothéses suivantes qui sont ses corolaires seront également testées :

La structure interne et superficielle des NTP a base de polyesters peut étre controlée

finement en utilisant des polymeéres de structures bien définies.
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La synthése de polymére polyesters branchés va permettre d’optimiser la structure de ces
polymeéres sur la base des propriétés des particules obtenues, soient la taille, les propriétés
de surface, I’encapsulation d’actif en vue de développer une plateforme pour la livraison

d’actif au CNS.

2.2 Objectifs de recherche.

Pour valider ces hypothéses de recherche, nous proposons de poursuivre trois objectifs
de recherches correspondant aux trois étapes principales du projet. Ces objectifs sont les

suivants :

2.2.1 Objectif 1 : Conception et synthése de polymeres branchés PEGylés

Le premier objectif consistera a développer une librairie de polymeres branchés a base
d’acide lactique. Les branches seront constituées de groupes fonctionnels, sur lesquels seront

greffés des quantités variables de PEG.

Cette librairie sera développée sur la base d’une évolution de la méthode en place pour
s’affranchir de certaines de ces étapes limitantes, soit I’oxydation des groupes pendants allyls.
Pour ce faire nous substituerons le groupement allyl par un groupement benzyloxy (voir
Chapitre 4, Article 1). Une autre innovation sera 1’utilisation de la chimie « clic » par cyclo-
addition catalysée par le cuivre en substituant le groupement allyl cette fois par un groupement

alcyne (voir Chapitre 5, Article 2).

L’objectif de ces nouvelles approches sera d’obtenir des copolyméres bloc avec des
structures définies possédant une architecture alternative aux copolymeéres bloc linéaires. Le
résultat doit étre une librairie avec une continuité sur une large gamme, en termes de nombre
de chaines greffées, de taille du bloc hydrophobe et du contenu en PEG en pourcentage du

poids du polymere.
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2.2.2 Objectif 2 : Caractérisation des particules formées par ces polymeéres

Le second objectif de 1’étude sera de formuler des NTP a partir de ces polymeres par
nanoprécipitation et de caractériser exhaustivement leurs propriétés structurales aussi bien en
surface que dans le coeur. A ’aide des résultats obtenu nous développerons un modéle de la
formation et de la structure des particules en fonction des propriétés structurales des

copolymeres.

Une des propriétés importantes des particules est leur propriété de surface conférée par
la couronne hydrophile constituée de PEG. Nous nous sommes attaché dans un article de
revue a donner un cadre théorique a cette problématique qui est, a notre point de vue, un peu
négligée par les formulateurs. Nous avons donc révisé exhaustivement la littérature concernant
la détermination quantitative des propriétés de surface notamment la densit¢ (nombre de
chaines par unités de surface) de PEG. Ce cadre a été repris dans les publications subséquentes

lors de I’étude de propriétés de surface des NPs (Chapitre 3, Article de revue).

Ces objectifs de caractérisations structurales sont développés dans les Chapitres 4, 5 et
6 (Article 1 a 3) avec la mise au point de méthodes de quantification XPS et par RMN, de

microcalorimétrie, et de microscopie électronique a transmission notamment.

2.2.3 Objectif 3 : Test d’une application potentielle MND

Le troisieme objectif sera d’évaluer le potentiel de cette bibliothéque de polymeres
pour formuler une molécule active modele pour des applications de livraison au Systeme
Nerveux Central (SNC). La molécule active retenue est la curcumine qui in vitro a montré des
propriétés antioxydantes ayant le potentiel de contribuer a un traitement des maladies
neurodégénératives (MND) telle que la maladie d’ Alzheimer (MA). De plus, la curcumine est
une molécule peu soluble en milieu aqueux et instable chimiquement lorsque solubilisée, ce
qui augmente 1’intérét de son encapsulation pour des fins thérapeutiques.

Ces propriétés d’encapsulation et de libération ainsi que son efficacité a combattre le

stress oxydatif in vitro seront évalués (Chapitre 6, Article 3).
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Translation”
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Dans cette revue nous nous attachés a réviser les méthodes analytiques rapportés pour
examiner la couche de chaines de PEG installée a la surface de nanotransporteurs de médicament.
Nous nous sommes particulicrement intéressés aux méthodes quantitatives afin de diriger nos

travaux futurs.

Cette ¢tude critique s’avérait un préalable obligé de ce projet de recherche qui consiste a
mettre en évidence les relations entre I’architecture des matériaux que nous allions développés et

les propriétés de surface des nanotransporteurs fabriqués par la suite.

En annexe 1, se retrouvent des informations complémentaires a cette étude, notamment les
méthodes de calculs des densités de surface des chaines de poly(éthyléne glycol) que nous avons

par la suite intégrées dans les études décrites dans le Chapitre 4 et 5.
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3.1 Abstract

Injectable drug nanocarriers have greatly benefited in their clinical development from the
addition of a superficial hydrophilic corona to improve their cargo pharmacokinetics. The most
studied and used polymer for this purpose is poly(ethylene glycol), PEG. However, in spite of its
wide use for over two decades now, there is no general consensus on the optimum PEG chain
coverage-density and size required to escape from the mononuclear phagocyte system and to
extend the circulation time. Moreover, cellular uptake and active targeting may have conflicting
requirements in terms of surface properties of the nanocarriers which complicates even more the
optimization process. These persistent issues can be largely attributed to the lack of
straightforward characterization techniques to assess the coverage-density, the conformation or the
thickness of a PEG layer grafted or adsorbed on a particulate drug carrier and is certainly one of
the main reasons why so few clinical applications involving PEG coated particle-based drug
delivery systems are under clinical trial so far.

The objective of this review is to provide the reader with a brief description of the most
relevant techniques used to assess qualitatively or quantitatively PEG chain coverage-density,
conformation and layer thickness on polymeric nanoparticles. Emphasis has been made on
polymeric particle (solid core) either made of copolymers containing PEG chains or modified after
particle formation. Advantages and limitations of each technique are presented as well as methods

to calculate PEG coverage-density and to investigate PEG chains conformation on the NP surface.

Key words: Poly(ethylene glycol), coverage-density, nanoparticle, surface analysis, DLS, Zeta
potential, fluorescence quantification, NMR, XPS
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3.2 Introduction

Poly(ethylene glycol) (PEGs) is extensively used as a surface modifier of particulate drug
carriers to provide important biological properties such as reducing toxicity and extending
circulation time [1, 2]. Amongst all drug carriers, polymeric “PEGylated” microparticles (MP) and
nanoparticles (NP) are investigated for their potential use as drug delivery and targeting systems
taking advantage of their stability in biological media, their prolonged period of circulation in the
blood and their role in decreasing drug toxicity and clearance [3-7]. However, only a few
nanocarrier platforms based on PEGylated particles have reached the market with, in several

cases, limited improvements over already available formulations [8].

Controlling NP surface properties is a challenging task due to the many, often conflicting,
constrains that are involved in the design of a particle surface. Such constraints involve the
simultaneous specific recognition of targeted pathological sites and avoidance of non-specific
recognition by serum proteins, cells, tissues and organs. While the former is conferred by elements
such as antibodies, peptides, ligands, etc., the latter is usually conferred by a polymeric

hydrophilic corona covering the entire particle surface.

Poly(ethylene glycol) has been for more than two decades the polymer of choice for such
corona, even if alternatives are now emerging [9, 10]. PEG and PEG monomethyl ether are ones
of the few polymers approved for internal use in humans by the FDA, which is an important
consideration when developing new pharmaceutical formulations [11, 12]. Nonetheless,
biocompatibility of new excipient created by PEG covalent coupling to various polymers needs to
be documented before advancing to the clinical trials stage [7]. Its unique combination of
properties such as biocompatibility, low immunogenicity, water and organic solvent solubility,
have made PEG the gold standard since the beginning of the 90’s. Indeed, Doxil®, a PEGylated
liposomal formulation of doxorubicin was introduced on the US market as early as 1995 [13].
Since then, formulation development based on PEGylated polymeric particles has been confined

to the clinical trial level, although some have recently shown promising outcomes [7, 14].

So far, optimal PEG surface coverage-density has been empirically determined for each
system by varying the experimental conditions of carrier preparation, often with only a qualitative
proof of PEG presence on the surface. Considering how critical PEG is for NP performance,
routine but precise assessment of PEG surface coverage-density is a pre-requisite in drug carrier

development, production and quality control.
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The objective of this review is to provide the reader with available tools to assess
qualitatively or quantitatively PEG surface coverage-density either directly or indirectly on
polymeric MP or NP surfaces. Advantages and limitations of each technique will be presented as

well as methods to calculate PEG density and to estimate PEG chains conformation.
3.3 PEGylation of polymeric particles

3.3.1 Particle fabrication methods and consequences on PEG distribution

Polymeric NPs have diverse morphologies, preparation methods, type of polymer matrix as
well as intended uses [15-18]. Creation of a PEG coating on a NP surface can be achieved in
different ways (Table 3.1) such as the segregation of (i) a hydrophilic segment of the core matrix
polymer at the surface (ex: poly(lactic-co-glycolic)/PEG or poly(lactic)/PEG diblock polymers), or
(1) of additives with an amphiphilic structure (ex. PEG-oleate, PEG-stearate). Alternatively, it can
also result from the addition of hydrophilic polymers on preformed particle by either (iii)
physiosorption, electrostatic interactions (iv) covalent attachment (grafting-to approaches) of

functional PEG to available surface reactive groups or (v) emulsion/copolymerization [3, 19].

When polymeric NPs are formed by emulsification techniques such as microfluidic
techniques [20, 21] or nanoprecipitation, PEG can be introduced on the NP surface either as an
amphiphilic molecule additive or as part of the polymer matrix (Fig. 1-B). It is ideally expected
that PEG segments will segregate completely to the interface with water, while the hydrophobic
part of the polymer will remain in the particle core. However, PEG segments can also remain in
the particle core as well (Fig. 1-A), thus decreasing PEG concentration at the surface [22]. Several
reasons can account for such phenomenon, such as entanglements, small polymeric chains lost in
the external aqueous phase, physical processes involved in the NP preparation (such as diffusion
of water and solvent, viscositycontrasts, polymer-polymer interactions, etc.), solidification

processes, or the presence of aqueous cavities in the particle (Fig. 1 A).

Approaches based on the surface modification of preformed particles have the advantage
of ensuring the presence of PEG exclusively at the surface. On the other hand, they may result in
batch-to-batch variations of coupling yield and incomplete coverage due to steric constraints and
reaction rates. PEG copolymer adsorption can be achieved by hydrophobic interactions [23, 24] or
by electrostatic interactions with charged particle surfaces [25]. Such interactions can be too weak

to guaranty strong anchoring of PEG chains on the NP surface in vivo [26]. Covalent grafting of
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end-functionalized PEG chains on preformed particles is less reported (the “grafting-to”
approach). Just to name a few, such approach can involve a carbodiimide coupling reaction
between an activated COOH group and NH: to form amide bond [27, 28]; modified PEG reaction
with thiols yielding to thioester bonds [29]; or more recently an alkyne/azide coupling reaction
[30]. In all cases, the grafting density of PEG on preformed particles is expected to be rather low
or at least insufficient to reach the brush conformation regime mainly due to steric limitations of
the adsorption of the hydrophobic anchors or to the steric hindrance affecting the coupling
reaction of neighboring bulky PEG chains. Moreover, tedious separation and purification steps
have to be implemented to eliminate the excess of non-adsorbed or unreacted PEG chains. This
particular step can be very problematic if the anchoring strength is weak as with physio-adsorbed

polymers.

3.3.2 Relationship between PEG coverage-density and the NP biophysical
properties

The PEG layer may have different roles in a particle biological fate, and all of them depend
on the chain coverage-density. PEG coatings are known to prevent aggregation and to stabilize

particles and colloidal suspensions in physiological salt concentration media by steric and

hydration repulsions [31-33].
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Figure 3.1. Pegalyted polymeric micro or nanoparticle: (A) PEG distributions in a polymeric
particle depending on the fabrication process; (B) Schematic representation of the different types

of PEG anchoring on a surface; (C) PEG conformations on a particle surface.

The resistance to non-specific absorption (opsonisation) of plasmatic proteins is the most
important determinant of NP fate once injected in the host [34]. High resistance to protein
adsorption leads to a decreased uptake by the Mononuclear Phagocytose System (MPS), decreased
degradation and elimination rate leading to a longer half-life in the blood stream, which in turn
influences drug pharmacokinetic (PK) parameters. The resistance to proteins binding (the so-
called “antifouling effect”) is dependent on PEG chains coverage conformation and is usually
achieved at high coverage-density (Fig. 1-C), in the polymeric brushes regime [2, 35]. The optimal
coverage-density is still a matter of debate as some studies showed protein repellency even at low
coverage-density [36, 37]. Resistance to protein adsorption may also improve targeting
capabilities by preventing blockade by steric hindrance of ligand recognition [38, 39]. The PEG
layer on NP surface can also improve drug encapsulation by providing a physico-chemical barrier

to drug escape and it could affect drug release pattern [40].

In addition to the abovementioned biological properties, it has been recently demonstrated
that PEG surface coverage controls NP transport through biological matrices such as the
gastrointestinal tract (GIT) mucus [41], the cervicovaginal mucus [42], the pulmonary mucus [43]
and the tumor extracellular matrix [44]. Improving the ability of a NP to diffuse in a complex
media can potentially greatly improve drug delivery efficacy, as electrostatic and steric hindrances
prevent NP to cross mucosal barriers or to penetrate tissues beyond the perivascular region [45,
46]. Very dense coatings seem to be necessary (about 0.5-1 PEG/nm? for 200 nm diameter
particle) to achieve particle transport coefficients in mucus comparable to those in liquid medium

[43].
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Table 3.1. Main PEGylation strategies for polymeric particles

Advantages Drawbacks Interactions/bonding Pegylated molecule Ref.
Modification of preformed drug loaded particle surface
Physisorption PEG presence limited to the surface Instability of anchorage Hydrophobic interaction Poloxamer®, Poloxamine®, [47] [24, 48]
(non-covalent) Simple and convenient technique Additional purification steps (hydrophobic surface) Pluronic®, PS-b-PEG
Coverage-density limited by steric hindrance  Electrostatic interaction PLL-PEG; pASP-PEG [25, 49-51]
(charged surface)
Grafting to- Stability of the PEG layer Requires a control of surface reactive group COOH/NH, coupling PEG-NH; [27, 28, 52]
(covalent) number
Additional purification steps
Coverage-density limited by steric hindrance  Grafting on NH, PEG-succinimidyl ester-PA [53]
Click chemistry PEG-N3 [30]
Thiol coupling PEG-SH [54, 55]
Inclusion & affinity No chemical reaction involved Steric limitation to coverage-density Cyclodextrine/Adamantane PEG-Adamantane [31, 56]
complexes Complexes stability may be hampered by
other potential biological guests
Avidin/biotin PEG-Biotin [57]
Segregation of PEG during the formation stage (emulsion & nanoprecipitation)
Pegylated matrix polymer High stability of the PEG layer Control of PEG segregation Covalent link Diblock polymer : PEG-PLA, [58-62]
PEG-PLGA; PEG-PACA; PEG-
PIBCA;
High coverage-density acheivable Possible formation of microdomains Triblock and multiblocks: [63, 64]
PEG-PLA-PEG
Single step fabrication process Comb copolymers: PEG-g- [65, 66]
PLA
Amphiphilic emulsifiers Stability of the PEG layer by physical Long term stability of the PEG layer Physical link by chain Diblock : PEG-Stearate [67]
entanglement entanglement DSPE-PEG [68-70] [71]
SQ-PEG [70]
Single step fabrication process Residual free polymer in solution Triblock : PEG-Distearate [72]
Emulsion/polymerization
Single step fabrication process Stability of encapsulated drug Covalent link PIBCA-PEG [37]
Additional purification steps PEG-acrylate [73]
PPhe-NH,-PEG (74, 75]

PEG-HEMA/HEMA-PLA

Note : PLA; poly(lactic); PLGA: poly(lactic-co-glycolic); PLL: poly(L-Lysine); PS: poly(styrene); pASP-EPG: poly(asparctic acid)-PEG, SQ-PEG: Squalene-PEG,; PACA: poly(alkylcyanoacrylate); PIBCA:
poly(isobutylcyanoacrylate); PPhe-PEG: Poly(phenylalanine)-PEG; DSPE: 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine; PEG-HEMA: 2-hydroxylethyl methacrylate-PEG
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Target recognition and docking of ligand molecules located at the surface of a PEGylated
particle are dependent on the density and thickness of the PEG layer and the positioning of the
ligand [76-78]. It appears that long circulation time, low non-specific cellular uptake and active
targeting have conflicting requirements in terms of NP surface properties which complicates the
formulation process. Non-optimal properties of a NP layer can induce activation of the
complement cascade and contribute to the “accelerated blood clearance” (ABC) associated to the
production of antibodies directed to PEG, after repeated administered doses [79]. Noteworthy, the
level of immunogenicity of PEG, as well as the biological effects of the immune response, are still

a matter of debate [80].

Increase in PEG coating density or layer thickness seems to affect NP cellular uptake as
well [81]. Low cellular uptake can be advantageous since it increases circulation time due to MPS
avoidance. On the other hand, it may also decrease drug efficacy if the intended targeted cells are
not internalizing efficiently the drug carriers. This step is critical for the efficacy of several types
of drugs with intracellular target such as siRNA or drugs subjected to efflux pumps. This situation
is referred as the “PEG dilemma” as addition of PEG is having simultaneously a positive impact
on the biodistribution of the NP as well as a negative impact on the cellular uptake and endosomal
escape of the NP [18, 82]. For example, conflicting results observed with nuclei acid carriers [83]
could be explained by the lack of quantitative structural studies of these supra-molecular
assemblies. More sophisticated approaches have been recently designed to overcome this “PEG
dilemma” using sheddable PEG layer [84]. In this approach, surface grafted PEG chains are
removed at the targeted site by enzymatic, hydrolytic or redox cleavage of chemical linkers [85-
87]. Reported methods to assess PEGylation and de-PEGylation of the particles remain however
largely qualitative at this point [S1, 57].

In spite of the extensive use of PEG for three decades now, there is no general consensus
on what is the optimum coverage-density, conformation and molecular weight (Mw) combination

for a given carrier and application. [2, 19]

3.3.3 Current challenges in PEG dosage

Correlating particle biological performance and PEG coverage-density is an arduous task
due to the lack of standard quantification tests. Qualitative and batch-to-batch relative

quantification are the most commonly used approaches of reporting PEG surface content.
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Part of this issue originates from the lack of convenient and reliable analytic techniques to
dose surface-bound PEG chains, particularly on polymeric particles. One of the challenges with
PEG quantification resides in the fact that it is not detectable directly by spectroscopic techniques.
Indeed, detection by UV (or fluorescence) spectroscopy requires the coupling of PEG chains to a

chromophore, resulting in laborious and complex procedures.

Another issue is to distinguish between the PEG located at the surface from the total PEG
present in the carrier, either trapped in the polymeric matrix, or loosely bound to the surface.
Complete segregation of PEG chains at the surface of the NP is often assumed without providing
direct evidence, which in some cases could be justified by the preparation method used, as in the
case of addition of PEG on preformed particles [37, 88]. But in other cases it is not clearly
justified and results in an overestimation of PEG coverage-density. Direct assessment of PEG on
intact particles is sough and possible to some extend by NMR (as discussed later in section 4).
According to the preparation methods used to add the PEG corona on the NP, quantification
methods may have to be adapted in order to differentiate surface PEG from total PEG. If PEG is
added by grafting or adsorption on preformed particles, one has to make sure that loosely- bound

or free PEG is not inferring with the dosage.

Lastly, procedures involving a purification step to separate bound from free PEG may
introduce several methodological bias. On the other hand, with nanoprecipitation or emulsion-
based preparation methods, it is clear that in most cases the total PEG content cannot simply be

assumed to represent only surface PEG (Fig. 1).

3.3.4 PEG surface coverage parameters

The different PEG chains conformations at interfaces are presented in section SI.1.
Calculation methods and error analysis regarding PEG coverage-density are presented in
Supporting Information, sections S1.2 and S1.3 (available free of charge at

http://www.sciencedirect.com). In what follows we provide some definitions of the commonly

used parameters describing PEG coverage on a particle surface.

Weight coverage-density, is a PEG mass per surface unit, noted I" ([" = g ¢ , where p is

PEG layer volumetric density and t, layer thickness in wet or dry state according the analytical
method used). Surface chain coverage-density, o is more generally expressed as PEG chain/nm?

[35, 36, 58, 88, 89]. This expression of PEG density will be used in this review. Surface coverage
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represents the PEG coating efficiency, i.e. the percentage of total PEG found on the surface of a
NP. It is expressed as a percentage of NP surface covered by PEG. PEG coating efficiency is
referred to the percentage of PEG present at the surface in regard of total PEG in the particle [22,
90]. PEG coating density is similar to the PEG coating efficiency but is expressed in terms of
weight quantities, for instance, in mg of PEG at the surface for 100 mg of particle [22].

PEG footprint, FP, is the projected area of a single chain of PEG end-grafted on a NP
surface. It is also defined and expressed by the relation (in nm?/chain of PEG) which is the

reciprocal of the coverage-density (in the brush regime only):

_ _1r_ =r
FP=Aggn = :-"“’EEE

(nm?) (1-1)

The actual “occupied” area (i.e. the chain footprint) should be distinguished from area
“available” to the chain (4rec). When D > 2Ry the area occupied by a PEG chain is less than the
available area (see Fig. 2A). When D < 2RpF, the area occupied by a PEG chain is equal to the
available space (Fig. 2B-C). Distance between chains (or grafting distance, D, in nm) can be
calculated when the PEG chain footprint is a circular area in a close packed hexagonal

arrangement. The expression for D under these assumptions is:

Dwm3 “f'!ﬁfﬂ- (nm) (1-2)
It is important to stress that the number of PEG chains per particle is of limited usefulness
as particle mean diameter may vary from batch to batch. It is more reliable for comparison

purposes to use the surface coverage-density expressed as PEG/nm?.

3.4 Indirect assessment of surface PEGylation efficiency

To assess the presence of PEG on a particle surface, many comparative measurements based
on the changes in the physical or chemical properties of the particles induced by the addition of
PEG have been used. The most popular techniques by far are the monitoring of the particle
hydrodynamic diameter (Dm) or the zeta potential ({) upon PEGylation. Other indirect
measurements worth mentioning are surface the measurements of hydrophilicity or protein

binding on PEGylated NPs.

60



3.4.1 Particle size

Several techniques are available to measure particle diameters. Amongst them, the most
used on a routine basis in the nanometer range (2 to 1000 nm) is Dynamic Light Scattering (DLS)

also named Photon correlation spectroscopy (PCS).

The particle size measured by DLS is referred to as a “hydrodynamic radius” (Rz). The
measured size is not only dependent on the core size of the NP but also on any polymer or
solvent/ion molecules attached or loosely bound to the particle surface (Fig. 2). DLS
measurements apply best to homogenous population, i.e. monomodal (single peak), spherical or
near-spherical, monodisperse (narrow width of distribution) particle suspensions in the range of 2

nm to 2000 nm with a single refractive index.

Grafting of PEG on a NP surface results in an increase of the NP diameter equals to twice
the thickness (L) of the PEG layer. As shown in the SI (SI-S1.1), L can be related to the coverage-
density o, in the brush regime. Measurement of NP hydrodynamic diameters before and after PEG
grafting have shown, in several studies, a diameter increase compatible with the PEG layer
thickness expected from the theory, particularly in the brush regime. For example, size
measurements of silica NPs by DLS, before and after grafting of PEG 5kD showed differences in
diameter consistent with the radius of gyration of PEG [91].

A B C
No grafted PEG PEGin mushroom PEGin brush
conformation conformation
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Coresize I <> {} =
(TEM/SEM)
& "J§/!
L —

Hydrodynamicdiameter(DLS)

Figure 3.2. Hydrodynamic diameter and core diameter of naked vs. PEGylated NP. (A): “Naked”
particle; (B): PEGylated particle (mushroom regime); (C): PEGylated particle (brush regime).
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Similarly gold NPs of different sizes were functionalized with mixtures of PEG of different
molecular weights. DLS size results were related to PEG layer composition, ratio of long and

short PEG chains reacted to the gold surface [92].

Stolnik et al. adsorbed small diblock PLA-PEG2000, PLA-PEGs000 and Poloxamine 908® to
poly(styrene) (PS) or poly(lactic-co-glycolic) (PLGA) preformed NPs to create an adsorbed
coating of PEG coating. The authors reported a coating layer thickness of 2 to 10 nm, consistent
with value of L for PEG chains lengths used [47]. Similarly, Redhead et al. prepared PLGA
particles and incubated them with Poloxamine 908®. Results showed an increase in mean particle

size upon physisorption but with lower values (4-6 nm layer thickness) [24].

It is clear that Ry overestimates the core particle radius Rc which is the key parameter to
estimate the total surface on which PEG is attached or anchored. It is however, very much in use
and the most reported radius value is usually z-average value, even if it is strongly affected by the
presence of a small number of large particles. For NP surface characterization, it is more
recommended to retain the mean radius from particle size distribution in number. Moreover, it

provides values more comparable to size values obtained by technique such as TEM.

DLS can also put in evidence the effect of steric stabilization of a PEG layer on particle in
suspension. This can be achieved by monitoring the decrease in particle size as the concentration
of PEG derivatives, used in the preparation method destined to be adsorbed on the particle surface,
is increased in the medium [51]. In several studies, PEG surface coverage has been correlated to

aggregation kinetics (assess by DLS) at different salts concentration of the medium [31, 32].

The technique has limitations both as an analytical tool and in the type of particle that can
be characterized. Firstly as mentioned above, only uniform (non-structured) spherical NPs can be
analyzed. Measurements on NPs with other shapes (elliptical, rod) or structure (core-shell, vesicle)
should be performed with other methods, such as microscopy. The sensitivity of DLS is limited,
mainly by two factors. First the PEG layer thickness is dependent on both PEG My and coverage-
density and it usually varies between 1 and 10 nm. This small difference in the layer thickness
may not be detected, or be considered as significant, when measuring particle size well above this
range (> 100-200 nm). However, for smaller particles (<20 nm), this difference may be significant
providing that the polydispersity index (PDI) is constant before and after grafting. Indeed, it is
essential to compare batches with low and similar PDI, as pointed out by several authors [91, 93].
Molecular species interacting with the particles and/or altering the properties of the suspension
stabilizer, can impact the measurements as well [94]. Viscosity, pH, salts concentrations changes,
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release of surfactants from particles surface, as well as temperature and NP concentration can
strongly impact the measurements and should be controlled to maintain similar conditions [95].
Finally characterization of mixtures of NP populations of different sizes or sizes above 1 um
should be avoided due to the lack of precision of most standard equipment in resolving such

complex systems [93].

Correlations between NP hydrodynamic diameter and PEG surface coverage are not
always straightforward because particle size assessed by DLS is measured at the shear plane
between the particle and the surrounding fluid. The position of this shear plane is a priori different
from the unperturbed chain length (see Fig. 3). Moreover, the increase of Du is not always
consistent with the scaling theory prediction of a PEG layer thickness in all cases [96], other

contributions, such as aggregation state might be considered.

Finally, assessment of PEG presence by DLS is recommended only in the case of a PEG
layer added after the formation of the NP. Nanoprecipitation or emulsion-based processes will
generate very different NP sizes in presence or absence of PEGylated polymers that can act as

surfactants.

Other sizing techniques are available to obtain hydrodynamic diameters (from particles
suspended in liquid medium), such as Laser light diffraction, more adapted to multi-modal particle
populations sizes up to 2000 um in size. Nonetheless, this technique is limited to particle
populations whose diameters is above 20 nm and to requires large sample volumes. Several other
sizing techniques based on individual particles analysis, such as Particle Tracking Analysis (PTA)
[97], Tunable Resistive Pulse Sensor (TRPS) or Scanning Ion Occlusion Sensing (SIOS) [98, 99]

are still under evaluation to quantify PEG surface coverage.

Microscopy and related imaging techniques are rather limited for the characterization of
PEG layer thickness measurement using particle size. Scanning electronic microscopy (SEM) and
transmission electronic microscopy (TEM) allow to measure particle size (Fig. 3), with a
resolution between 1 and 5 nm, if enough NP are analyzed to reach statistical significance [100].
Soft polymeric layers on NPs are not easily visible by TEM and SEM, even with positive and
negative staining procedures such as the ones using heavy metals salts. Indeed, polymeric layers
on NP are prone to collapse in vacuum and present low electronic density. Microscopy
measurements are useful to assess the size of the core of the particles (see section S1.2 and S1.3 in
SI about PEG coverage-density calculations). Similar issues are encountered when imaging with
atomic force microscopy (AFM), as particles are usually imaged in the dry state [101, 102].
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3.4.2 Surface hydrophilicity

3.4.2.1 Contact angle methods

Measures of changes in surface hydrophilicity are used on a routine basis to follow
modifications of otherwise hydrophobic, flat substrates after grafting or derivatization with
hydrophilic polymer such as PEG. Hydrophobicity of a surface is usually expressed by the three
phase-contact angle value, of a liquid (usually water) droplet. In the case of micro- or nanoparticle
it is a very difficult experiment, as the determination of contact angle is not usually possible at this
scale. Indirect methods have been proposed as surrogate measurements such as production of

polymer and “particles” films, followed by measures of the static contact angle.

Films made from the same polymeric material (or material mix) as the particles can be
studied for their surface properties. However, to be meaningful, the technique to produce the films
should be representative of the NP preparation method. The general method used to obtain
polymeric film is spin coating, although the surface properties created at the organic phase/air
interface is not representative of the organic phase/water interface polymer organization found in
emulsion-based or nanoprecipitation processes used to produce polymeric particles. A lower
segregation of hydrophilic chains toward the air interface can be expected compared to the water

interface.

Alternatively, it has been proposed to use “particle films” by spin coating a particle
suspension on a glass substrate and to subsequently measure static contact angles with a
goniometer. Using this approach several studies report correlations between contact angles with
PEG surface density [90, 103]. However, contact angle is sensitive to surface energy/chemistry
and roughness. Wetting will thus depend on particle size and state of aggregation of NP in the

films as well as on the PEG content.
3.4.2.2 Chromatographic techniques

Chromatography has been used to assess the addition of a PEG layer on hydrophobic
particles such as PLA or PS particle [47, 104, 105]. Hydrophobic interaction chromatography
(HIC) allows separation of PLA and PEG-PLA NP on phenyl-agarose (high hydrophobicity scale)
and butyl-agarose (low hydrophobicity scale) columns. The hydrophocity of NP samples was

quantified by the percentage of particles retained on either of the column tested under phosphate
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buffer saline (PBS) elution conditions. PLA NP were found to be strongly retained on both type of
support, while PEG-PLA were only slightly retained [105]. Hydrophilicity of PLGA particle
modified with various amounts of PEG-PLA was also assessed by HIC [47] and similar results
were obtained with PEGylated cyano-acrylates particles [37]. This technique provides evidence
for the modification of the NP surface properties by PEG, but tend to give broad chromatographic

peaks due to either the limited resolution of the column or/and particle surface heterogeneity.

3.4.3 Zeta potential

3.4.3.1 Principle of measurement

Surface charges present on the surface of a NP create at the close vicinity of the particle a
diffuse layer of ions of opposite charge (see Fig. 3). Additionally, diffusing particles are
“escorted” by a layer of solvent molecules strongly bound to their surface which increases
effectively their hydrodynamic radius. The zeta potential () is the electrostatic potential of the NP
measured at the interface between the strongly bound layer of solvent molecules and ions and the
bulk liquid, also called the shear plane.

High ionic strength of the bulk liquid decreases the measured potential by effect of
electrostatic screening. High ionic strength could also affect PEG conformation on the particle
surface and alter the position of the shear plane [37]. Furthermore, { potential is not only
dependant on salts concentration, but also on pH and the type of buffer [106]. Therefore all these
parameters, ionic strength, pH and type of buffers have to be controlled to be able to compare
adequately NP batches.

Several studies have reported a shift in the { potential upon adsorption of PEGylated
macromolecules on different type of particles [24, 47] [51, 57]. Increasing the surface coverage-
density of PEG chains can cause an increase of the PEG layer thickness, which results in a further
decrease of { (Fig. 3 C) [27].

Similar results could be obtained with the increase of PEG chain lengths. Gref et al.
showed that for PEG-PLA diblock polymeric NP, addition of 2 kD and 5 kD PEG never
completely screened the ( potential, even at high PEG weight percentage in the copolymer. On the
other hand, 20 kD PEG have a stronger effect on { potential when PEG weight percentage is
increased in the copolymer, and could even result in a total screening of the surface charge [107].
Similarly, an addition of small PLA-PEG diblock on preformed PLGA particle results in a

potential correlated to PEG chain length increase [47]. Rahme et al. reported a non-linear
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relationship between PEG M, and ( potential of gold particles, with a plateau (a zeta potential
minimum) at around 20 kD PEG [108].

The variation of the zeta potential with the ionic strength has been indirectly related to
PEG thickness in the case of liposomes [109, 110]. The “Fixed aqueous layer thickness” (or
“FALT”), layer of water bound to the liposome surface and moving along with the particle can be

calculated from the equation (2.1):

Ing = Ind - kL 2.1)
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Figure 3.3. Effect of PEGylation on the position of the slipping plane and zeta potential. (A) Bare
negatively charged nanoparticle (ex. PLA NP); (B) Negatively charged NP after PEGylation (C)
Negatively charged NP with a high surface density of PEG chains. Light grey area represents the
electrostatic double layer moving along with the particle. The position of the slipping/shear plane
is shifted outward from the particle surface as the length or the grafting density of the PEG chains

is increased.

where L is the position of the shear plane (measured in nm from the particle surface); 4 is the
surface potential and £ is the inverse Debye length, which depends on the molality of electrolytes
in solution. By measuring ¢ at different ionic strength (different k), Sadzuka et al. were able to
estimate the position of the shear plane L for different molecular weights of grafted PEG chains as
well as for molecular weight mixture ratio for liposomal preparations [109, 110]. This approach

was also used with poly(hexadecyl cyanoacrylates) (PHDCA) PEGylated nanoparticles [111].
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3.4.3.2 Limitations of the method

The use of zeta potential measurement to assess PEG layer structure has several
limitations. Zeta potential depends on pH, buffer type and salts concentration which may interfere
with the effect of PEG layer [106]. It remains thus difficult to compare results acquired in different
environments. For instance measurements PLA or PLGA nanoparticle PEGylation have been
shown to weakly affect their zeta potential which stays strongly negative in spite of the addition of
significant amount of PEG, even if the PEG amount on the surface is significant enough show a

biological effect such as protein repellency and increased circulation time [105, 112].

Little evidences of quantitative correlations between PEG coverage-density and  have
been reported so far, with the exception of the work of Meng et al. [27] describing PEG grafting
onto PS particle. In this study a linear relationship was found between PEG surface concentration
and £ [27]. On the other hand, upon addition of PEG-PLA diblock on NP made of PLA, a plateau
of the zeta potential value is reached rapidly at about 2% weight of PEG content [35]. In another
study, polyplexes bearing cyclodextrins (CD) that were modified by PEG-Adamantane (PEG-AD)
were reported to exhibited a maximal decrease in zeta potential up to a CD/PEG-AD ratio of 40%

[31].

But unfortunately correlations between zeta potential and PEG grafting are not always
evident. For example, grafting of PEG on gelatin nanoparticles was reported to have a modest
effect on the zeta potential even if 90% of amino group available for grafting were coupled with

PEG [96].

3.4.4 Protein binding

PEG coverage-density and conformation are known to control protein binding [2, 19].
Protein binding could thus be used as an indirect evidence for PEG layer presence on the particle

surface.

Protein binding on the surface of NP increases the hydrodynamic diameter (and of PDI).
Such increase has been reported to be more pronounced for bare PLA particles, particle without
any PEG attached on the surface compared to particles exhibiting PEG on their surface [113].
However, such assay is not sensitive in PEG coverage-density or PEG chain length effect [35, 47].
Several studies showed a correlation between the quantity of bound proteins as detected by
bicinchoninic acid assay (BCA dosage) and PEG surface-coverage and PEG chain length [114,
115].
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Adsorption patterns of plasmatic proteins have been explored in 1D and 2D western blot
and appeared to be well correlated to NP surface hydrophilicity [116]. Western blots also showed
that the correlation is not valid for all proteins species [117]. Binding of proteins on NP surface

have been related to surface properties by ITC microcalorimetry [36, 118].

PEG density and length have also been related to complement consumption activity in in
vitro assays for PEG grafted on poly(isobutyl 2-cyanoacrylate) NP [2, 37] and for surface
modified Poloxamine-PS NP [119]. Nitrogen content of particle surface quantified by X-rays
photoelectrons spectroscopy (XPS) can be related to the concentration of adsorbed protein and
therefore to efficacy of the PEG layer [120, 121]. More detailed information about XPS technique

is presented in section 6.

One of the issues with proteins binding assay is the optimization of the separation method
to isolate particle-proteins complexes. The method should be able to remove loosely bounded
proteins while, maintaining biologically relevant interactions (even weak ones). If the conditions
are too harsh, only the protein “hard corona” [122] will be evidenced. If the conditions are too

mild, irrelevant protein interactions may be detected and quantified as well.

In a nutshell, although, indicative and useful on a routine basis to assess presence of PEG
layer, indirect methods do not provide quantification of PEG and thus do not provide coverage-
density, conformation and thickness data allowing comparison of different systems. They could be
used as quality control of products but they are insufficient at the development stage of new
particulate devices, where quantitative data are needed. They often provide poor correlation with
PEG coverage, as evidenced in DLS, Zeta potential and protein adsorption data [35], particularly

in the brush regime.

3.5 Direct assessment of surface PEGylation efficiency based on

solution dosage

In term of methodology, PEG quantification can be performed by:
(1) Direct quantification on native particle (Fig. 4-A).

In this case, the method should allow a quantitative reaction (or detection) with tethered or grafted

PEG chains and it should not be affected by the presence of the particle itself.

(2) Indirect quantification in solution, after the dissociation of PEG chains from the particle
(Fig. 4-B).
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The major limitation of this approach, considering that PEG can be also located in the particle core
as well, is that only total PEG quantities are obtained rather than surface PEG quantities. The
measurement method should work in a dissociation media (often an organic solvent) and

additional preparation steps are needed to distinguish surface bound from total PEG.
(3) Differential quantification (Fig. 4-C).

In the case of a grafting reaction or adsorption on a bare particle, it is possible to quantify the
initial concentration of PEG as well as the residual concentration after grafting and to deduce the

amount grafted by difference.

3.5.1 PEG and PEG copolymer dosage by colorimetric methods

3.5.1.1 Detection of coordination complexes

Analytical methods to quantify PEG molecules or conjugates have been reviewed recently
by Cheng et al. [123]. lodine/potassium iodide colorimetric assay or Baleux’s assay involves the
coordination reaction between Iodine and PEG yielding a blue compound which is quantified by
spectrophotometry [124], In order to quantify PEG concentration at the surface and in the core of
diblock PLA-PEG particles, Bazile et al. used an alkaline hydrolysis to degrade selectively the
PLA and release the PEG from the NP. The authors found that all the PEG chains were quickly
released from the NP confirming that the polymer was located mainly at the surface of the particle
and not in the core [58]. The authors also proposed a calculation method to estimate PEG
coverage-density from their dosage results (see further details in Supporting Information section).
A similar method has been used to assess PEG content in poly(cyanoacrylate) NP [125], and in
NP made of PEG-b-PLA to quantify methoxy-PEG amounts [126, 127].

The Baleux assay has been adapted by D’Addio et al. [128] to characterise and measure
directly PEG surfactants (PEG attached to PS, PLA or PCL) deposition on latex NP (Fig. 5-A).
The authors were able to correlate quantitative measurements of PEG coverage-density to NP
clearance in vivo [128]. The same group characterized PEG coverage-density of PS-g-PEG
adsorbed on latex particles and unbound surfactant in supernatants after centrifugation with the

same assay [48].

Another colorimetric method worth mentioning for the extend of its use, is the aqueous
ferro-thiocyanate assay. It is used for PEG conjugate or non-ionic PEGylated surfactant detection
based on partition of PEG in an organic phase and forming a colored complex [123, 129, 130].

An optimized version of the test [130] has been used to follow the depletion of Poloxamine907® in
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the bulk solution upon absorption onto PS particles. Surface coverage-density and conformation

can be then assessed at equilibrium from the adsorption isotherms [119, 131].

Limits of detection (LOD) of colorimetric methods are generally high. These methods
often exhibit a limited sensitivity and a slow decay of absorbance over time. Great care has to be
taken to get reliable data which requires fresh solutions and precise measurement time point [48].
Moreover, the described methods so far quantify PEG in solution only, which may require the

degrafting of PEG from the NP surface.
3.5.1.2 Enzymatic detection

A special case of colorimetric detection by enzymatic reaction has been used to indirectly
assess PEG surface coverage [132]. PLGA was blended with palmitate-avidin to obtain NP
exhibiting avidin proteins on their surface. The affinity of avidin for biotin was used to “graft”
PEG chains of the NP surface ligand-receptor interaction [132]. Attachment of PEG was studied
by a two steps procedure, involving first the quantification of avidin present on the NP surface by
protein assay. After “grafting”, a biotin-Horseradish peroxidase (HRP) conjugate was allowed to
bind to still accessible avidin sites on the NP surface. The conversion of a chromogenic substrate
by the enzyme was detected by spectrophotometry. The absorbance was inversely proportional to

the number of biotin-PEG present on the surface [132].
3.5.1.3 Antibody detection

Anti-PEG monoclonal antibodies, with specificity for methoxy terminal group or PEG
monomer units, have been developed for PEG and PEG derivatives quantification [123]. The
major advantage of antibody detection is the sensitivity of the assay usually in the picomolar range
for free PEG or PEG small conjugate quantitation. Several modalities of colorimetric detection
have been proposed either by direct detection or by competitive assays to yield quantifiable
colored products [133-135]. For example, enzyme linked immuno-sorbent assay (ELISA) allows
for the detection of PEG either in its free form or conjugated [135]. Reports of PEG quantification
on intact particulate system are scarce. Cheng et al. reported quantitation of PEG on pegylated
quantum dots and pegylated liposomes [133]. Although of interest because of the low limit of
detection and the possibility to perform the assay in complex biological matrices, this approach
has never been used to determine PEG surface coverage-density. It is unclear at this time if
quantitative antibody binding can be obtained at high PEG chain coverage-density considering
steric hindrance effects. A more suitableuse of this approach could be in the development of a

more sensitive quantitation of dissociated PEG chains from NP surfaces.
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3.5.2 Chromatographic quantification methods

Chromatographic detection of free and un-grafted PEG chains is usually done with
refractive index (RI) or viscosimetric detectors rather than UV, as PEG is not quantifiable by UV

detection.

Zillies et al. quantified grafted PEG chains on gelatin NP [136]. The author quantified
unreacted PEG (non-attached to the gelatin NP) directly from the reaction mixture containing the
gelatin NP and PEG (Fig. 4-C). Free PEG chains were separated from NP by asymetric flow field-
flow fractionation (AF4) [137] and the effluents were analyzed by HPLC. Unreacted PEG was
detected and quantified by GPC coupled to a refractive index (RI) detector. PEG grafting density
was calculated by difference between the initial PEG quantity and the unreacted PEG quantified
by HPLC [136].

Free PEG can also be detected and quantified by HPLC coupled with an evaporative light
scattering detection (ELSD) as proposed by Zabaleta et al. [138]. Separation was provided by a
size exclusion chromatography (SEC) column with a mobile phase gradient system suitable to
separate PEG from other components [138]. ELSD detectors can detect and quantify non-volatile
molecules without requiring any chromophore [139]. Similarly to the above mentioned strategy
(Fig. 4- C), the amount of PEG grafted on NP was calculated as the difference between the initial
PEG and PEG recovered in the supernatant of the suspension after washing. The results obtained
by SEC-ELSD analysis were found to be quantitatively similar to "H NMR analysis results (see
section 5) [138].
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Figure 3.4. Different PEG quantification strategies

Quantification methods of Poloxamer® (PEG derivatives) by ELSD and LC-MS detectors
were found to have better sensitivity than RI and with less interference [140]. Indeed, RI detectors
are very sensitive to contaminant and other environmental factor such as temperature and flow
which results in low sensitivity, unstable baseline, high limit of detection and long equilibration
time. As expected, ESI-MS method provided higher sensitivity. But, on the other hand, SEC-
ELSD is easier and less expensive to operate than ESI-MS. It is also easier to transfer from a

research environment to a manufacturing facility [140].
3.5.3 PEG quantification by UV and Fluorescence spectroscopy

UV and fluorescence quantification has been reported using different strategies by
coupling of PEG with a chromophore or fluorophore. A critical point in the validation of the
dosing procedure is to clearly identify the location of the dosed PEG (in solution or on the NP
surface). In term of methodology and potential issues, the different situations could be

summarized as follow (Fig. 5):
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(1) UV/fluorescent PEG conjugates are attached on the particle surface (Fig. 5-A)

Quantification by UV/fluorescence can be done on purified NP preparation (Fig. 5-Al, Direct
quantification), or on the un-grafted PEG (Fig. 5-A3, Differential quantification) or on dissolved
particle as well (Fig. 5-A2, Quantification in solution). The potential problems common to all of
these approaches arise from the modification of PEG physical-chemical properties caused by the

UV/fluorescent tag, which could affect grafting yield, chain conformation and ultimately surface

coverage.
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Figure 3.5. Strategies of PEG quantification by fluorescence or UV spectroscopy. (A) Grafting of
fluorescently labeled PEG; (B) Labeling of grafted PEG chains

Direct quantification of grafted PEG chains using fluorescein-PEG 5 kD was recently
reported on PRINT® NPs (hydrogel particle). [36] Bound PEG molecules were assessed by
fluorescence spectroscopy using a calibration curve of serial dilution of free fluoroscein-PEG (Fig.
5-Al).

(1) Post-modification of grafted PEG (Fig. 5-B)
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This approach requires the availability of a reactive group at the distal end of the PEG chain.
Since reactive end groups may not be readily accessible for coupling, it is important point to make

sure that the yield and rate of coupling are important enough to obtain quantitative measurements.

End-functionalized PEGs are often used to attach fluorescent dye or specific ligand for active
targeting. In the case of NH: terminated PEG, amino groups can be quantify by the Kaiser test
[141], a primary amine dosage test based on the reaction of NH2 with ninhydrin, resulting in a
deep blue color (Fig. 5-B-2) [142]. The assay allows the quantification of bound PEG and hence
coverage-density if the coupling reaction is complete. Trinitrobenzene sulfonic acid (TNBS)
assay, another reactive for primary amine, was also proposed as an alternative to ninhydrin to dose

unreacted diamino-PEG [27].

Coupling of a fluorescent marker to PEG chain end can be performed using a ligand
receptor complexe such as biotin-avidin [143]. In such case, the avidin protein carries the
fluorophore (usually FITC). If PEG grafting density is important, steric hindrance can between

avidin proteins can impede binding and thus lead to an underestimate of PEG amounts.

Xia et al. reported the use of several complementary methods of PEG quantification using
UV or fluorescence spectroscopies to determine PEG coverage-density on gold NP by dosing
either PEG bound to the particle or free (unreacted) in solution [144]. In the study, the authors
used bi-functional PEG (HS-PEG-NH2) covalently attached to a gold particle by their thiol end.

The coupling reaction yield was determined by reacting the remaining free PEG in solution via
their primary amine with either fluorescamine (a marker becoming fluorescent upon coupling
reaction with primary amine) or ninhydrin, the UV marker for the Kaiser test (“differential
quantification” strategy illustrated in Fig. 5-B2). Using this approach, the authors were able to
follow the decrease of free PEG concentration over time which was associated to the progress of
PEG attachment to the NP. In another assay, fluorescein-isothiocyanate (FITC) was reacted with

the available NHz group on grafted PEG on gold NP [144].

After purification and dissolution of the particles, and measurement of the fluorescence
signal, coverage-density was determined. The authors showed very large differences in PEG
quantification between methods using free PEG quantification by fluorescamine coupling and
direct reaction of FITC on surface tethered PEG chain. The authors attribute this difference to the

insufficient reactivity of NH2 groups on PEG chains. It is however clear from these examples than
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even carefully controlled quantification method ought to be cautiously interpreted, and,

complementary dosing methods are necessary to get a reliable value of the coverage-density.

To conclude, UV/florescence approaches are having the downsides to require preparation
of specially labeled particles. These particles may not be completely representative of the “real”
particles used in biological assays. The quantification method depends on the yield of the
conjugation reaction and on the effect of interfacial properties of conjugated PEG. Availability of
technique permitting a dosage without modification of the target (a label-free method) and in situ

would be more advantageous. NMR and XPS analysis offer some of these advantages.

3.6 Direct assessment of surface PEGylation based on quantitative

NMR

"H NMR is a quantitative analytical method, as the integrated peak surface is directly
proportional to the number of proton being detected. Over the years, NMR has been refined with
processing and instrument to the point it can be used to determine minute concentrations of
metabolite and fine chemicals in biological samples. Practical considerations as well as specific
parameters such as optimisation of signal, pulse sequences, gain, relaxation time, choice of
internal standard, etc. are beyond the scope of this review and readers are referred to specialized

literature on the subject [145, 146].

Three main approaches can be followed to quantify attached PEG chains: (i) the use of an
internal standard whose signal does not interfere with PEG signal and soluble in the deuterated
solvent; (ii) the electronic referencing by generation of an electronic calibrated signal avoiding
contamination of the product (the signal is calibrated from previous product reference analysis, so
it requires a two-steps calibration); (iii) use of an external standard. It is worth emphasizing the
importance of having a clean and stable baseline (starting point of good peak integration) and to
introduce relaxation delay (Dr) long enough in the pulse program (usually five time the PEG 77) to
get quantitative results [147].

3.6.1 Total PEG dosage

Total PEG quantification by NMR is well described by Nance et al. [44]. The authors
prepared PS particles and then modified their surface with PEG chains and later dissolved them
completely in CDCls. The quantification by NMR was performed using an internal standard added
to the deuterated solvent [44]. Internal standards have also been used to determine total PEG in
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PEG/PLGA NP [106]. In this last study, the standard was a component of the particles, as the
amount of PEG was calculated relatively to the amount of the PLGA polymer methylene proton.
The molar ratio of the two species (PEG and PLGA) was well correlated to the theoretical PEG
content allowing for the percentage of PEG incorporated in the NP to be established [106]. A
similar approach was proposed with PEGylated PS particles, using PS signals as internal reference

[52].

Lastly, NMR spectra of polypeptide-PEG NP dissolved in d-TFA—d-chloroform, acquired
before and after PEG layer degrafting allowed to calculate the PEG coverage-density. The amount
of detached PEG was evaluated in reference to the polypeptide signals from the particle core [55].

The doped (“spiked”) sample method has been reported to estimate the total PEG-lipid
content in NPs [112]. Known aliquots of PEG-lipid doped into the NP sample were yielding a
linear increase of the protons PEG signal. The linear correlation was then used to determine the

initial mass of PEG-lipid in the sample.

The use of external standards has also been reported to determine the total concentration of
PEG in NPs by measuring the ratio of ethylene glycol protons signals (at 6=3.51 ppm) of NP
completely dissolved in DMSO-d6 to the same signal for known amounts of free PEG analyzed in
the same conditions [148]. By this technique, PEG grafted onto PS particle were quantified by the
weight percentage using an external calibration curve with mixtures of known amounts of PEG

and PS dissolved in CDCls [27].

It is important to note that after NP dissolution in a deuterated solvent, PEG chains from
the core and from the surface become indistinguishable in the NMR spectrum. The signal obtained
can represent the surface-bound PEG only if PEG is grafted or adsorbed exclusively on the

surface.

3.6.2 Surface-bound PEG dosage

More interestingly, NMR can assess directly surface-bound PEG on intact particles
suspended in D20 without any post-modification (Fig. 4-A). 'H NMR of NP suspended in D20
has been proposed for the first time by Hkrach ef al. to qualitatively characterize NPs made of
PEG-PLA diblock [149]. The authors demonstrated that only the anchored PEG could be seen in
'"H NMR, with a similar signal compared to free PEG in deuterated water. The polymeric solid
inner core mainly composed of hydrophobic PLA segments gave no NMR signals (Fig. 6). NMR

confirmed that diblock PEG-PLA NP are structured around a hydrophobic core (mainly composed
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of PLA), surrounded by a hydrophilic layer of PEG [149-151]. Similar observations were made
with lipid NPs containing PEG-stearate [67], or polymeric NP made of comb PEG-g-PLA [66,
152].

Surface PEG quantification methods based on 'H NMR have been developed relying on
different calibration methods: (i) internal standard directly dissolved in deuterated water [22, 54,
67, 74], (i1) quantification referenced to a separated signal acquisition of a known quantity of PEG
in the same conditions [148], (iii) external standard constituted by a narrow bore tube containing

the reference placed coaxially within the tube containing the sample [150].

To determine PEG coating efficacy (% of total PEG found on the surface) of PLA-PEG
NP, Sheng et al. calculated the ratio of surface PEG obtained in D20 analysis to the total PEG
obtained from NP dissolved in CDCI3 [90].

Polymer mobility will vary from the anchoring point on the NP surface to its distal end in
the bulk volume. This affects the relaxation time (77) of the polymers along the chain resulting in

peak broadening which ultimately affects integration boundaries and quantification (Figure 3.7).

A potential problem associated with particle is the aggregation at the freeze-dried stage
resulting in particle coalescence. To avoid such problem, addition of cryo-preservatives (usually
carbohydrates) is commonly used but could interfere with PEG or internal standard NMR signals.
PEGylated NP tendency to aggregate could result in a decrease of accessible surface to analysis
and potentially to an underestimation of surface-bound PEG. This problem can be addressed by
directly producing NP by emulsification-based method in D20 containing a hydrophilic internal

standard [89].
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Figure 3.6. 'H NMR spectra of PEG-PLA branched multiblock copolymer (PLA, M,=71, 000
g/mol. attached to three blocks of PEG M,=5,000 g/mol.) suspended in CDCl3; and 'H NMR
spectra of nanoparticles prepared with the same polymer by emulsification-solvent evaporation

and suspended in D20. Figure adapted from [149].

3.7 Direct assessment of surface PEGylation by XPS

X-rays photoelectron spectroscopy (XPS) is an analytic technique to assess chemical
composition of surfaces [153, 154]. This technique has been introduced to study polymeric NP by
Brindley et al. investigating PS NP [73] and Shakesheff et al. working on PLA NP and associated
surfactant [155].

3.7.1 Principles of XPS

In XPS, a monochromatic source of X-rays is directed toward the surface and inducts
emission of photoelectron from the matter under investigation. The emitted photoelectrons from
the core level orbitals are collected and identified for their energy and quantified by a detector.
The detection is quantitative in atomic relative percentage, and those data can be converted to
relative mass percentage of surface component. The error margin, in routine conditions is about 10

to 20% [156].
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The thickness of the upper layer accessible to the XPS analysis depends on several factors
such as the nature of the element (C, O), angle of emission, nature of the material and its density.
As electrons have a limited ability to penetrate polymeric materials, the maximum sampling depth,
accounting for 99% of the observed signal, is around 10 nm for carbon electrons and 8 nm for
oxygen electrons [157]. Two types of surface analysis can be performed in XPS, (i) survey scan
allowing elemental compositions analysis and (ii) high resolution scan allowing chemical bond

identification and quantifications.

3.7.2 Survey scan and elemental analysis

Survey scan is a low resolution scan over a range of 1000 eV, aimed at identify elements
present on the surface and quantify them by peak integration as relative percentage with a

sensitivity of about 0.1 atomic %.

Kingshott et al. correlated PEG presence with O/C peak integration ratio obtained from the
survey scans [120]. Quantification of relative presence of PEG based on elemental analysis is of a
limited precision on polymeric NP as both PEG and polymeric segments of the copolymer have
close carbon and oxygen compositions. Also, carbon contamination by environmental exposure of
the samples during transfer can cause difficulties in the interpretation of the scans. Lastly, Cls and
Ols sampling depth are different which can also increase discrepancies in results. On the other
hand, if PEG has a functional group at the distal end or at the attachment point to the particle
surface comprising heteroatom such as nitrogen (N) or sulfur (S) atoms, not present in any other

particle components, the atoms can be identified and quantified.
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Figure 3.7. (A) High resolution Cls (right) scans of PLGA-PEG nanocapsules with peaks

deconvolution and signal assignment (dashed line represents the acquired signal while solid lines
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represent deconvoluted signals). (B) SEM image of the nanocapsules analyzed. Adapted from

[158].

3.7.3 High resolution spectra and chemical bonds quantification

High resolution scans are realized over a narrower range of electron energy (10eV), around
signals of interest, usually carbon, oxygen and nitrogen. Deconvolution of the signals allows
identification of the relative percentage of the different chemical states of an atom, and thus the
chemical functionalities present at the NP surface (see in Fig. 7 an example of Cls spectra for
PLGA-PEG nanocapsules). High resolution spectrum allows the calculation of the relative
contributions of different chemical bonds and the quality of the data generated is dependent on the
positioning of the peak of interest and the determination of the peak width. For example, if no
other ether compounds are found in the particle, ether bond are specific to PEG (C-O-C peak) and

the signal integration is correlated to PEG concentration [73].

XPS has been used to establish the presence of PEG at the surface of poly(cyano-acrylate)
NP [159], diblock and multiblock NPs [160]; diblock PEG-PLA particles [161] or PEG-PLGA
nanocapsules [158]. The presence of PEG derivatives such as Poloxamine® on NP made of PLGA
was also reported using XPS [162]. Lacasse et al. prepared by spray-drying, 1-3 um PLA
microparticles (MP) in presence of a surface modifier, PEG distearate, a triblock polymer
composed of stearate-PEG-stearate. The authors found that PEG segments were segregated at the
surface and evidenced a correlation between the quantity of PEG distearate added during the
preparation stage and PEG amounts determined by XPS on the MP surface [72]. Similarly, XPS
data showed an enrichment of the surface in PEG compared to the bulk PEG-g-PLA polymer in
the case of NP prepared by emulsion/solvent evaporation. This enrichment was correlated to the

content of PEG copolymer [66, 113].

Likewise, additions of covalently linked amino-PEG 5 kD and 20 kD to core shell NP lead
to an increase of the C-O-C signal in high resolution survey scan of Cls confirming presence of
PEG [163]. XPS also confirmed the successful grafting reaction of amino-PEG on the surface of
polystyrene nanobeads [163]. End-functionalized amino PEG was quantified using the signal from

Is electron of the nitrogen at the binding energy expected for an amide bond.

XPS measurements only give access to a relative quantification of the different
components detected at the NP surface [154]. By combining NMR and XPS analytical techniques,

Ebbesen ef al. showed that it is possible to calculate the relative enrichment in PEG of the particle
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surface by calculating of the ratio of total PEG determined by gNMR to surface PEG
concentration, detected by XPS. The authors found a three to ten times higher concentration of
PEG on the NP surface, depending on the nature of the PEGylated polymers added on PEG-PLGA
particles [106].

3.7.4 Measurement of the PEG layer thickness by XPS

Core shell organization can be qualitatively estimated by recording XPS signal attenuation

of specific core polymer signals by a a PEG corona of increasing chain length [74].

Furthermore, PEG coverage-density on NP surfaces can be calculated from XPS data by
measuring the thickness of the PEG layer on the NP [50, 164, 165]. In the case of carbonaceous
polymer particles, the attenuation of the carbon electron signal when covered by PEG can be

related to the PEG layer thickness [164]. Knowing the thickness and volumetric-density of PEG

(around 1.08 to 1.13g/cm?), the surface concentration (I': g/nm?) can be calculated as I' = g L; as

well as the distance between grafted chain, D. This approach has been primarily developed for flat
surfaces but was later extended to PEGylated MP such as Sephadex® MP [166]; Alginate/chitosan
MP [167] or silica MP [168]. Its validity with NPs, which have a higher radius of curvature, is still

to be demonstrated.

Quantification of PEG on particle surfaces by XPS has several limitations. The technique
measures only surface PEG and the quantification is always relative not absolute. So far, XPS
measurements are performed on a collapsed dehydrated PEG layer (in vacuum). The
quantification of PEG can be extremely complicated with a multi-component surface especially
when other ether compounds are present. Moreover, the effect of drying on PEG layer thickness
and surface distribution is still unknown, but can have incidence on XPS results. Noteworthy, XPS
is not strictly a surface analysis technique as the signal recorded is coming from the 8-10 nm
upper layer of the particle. For a 100 nm diameter nanoparticle (50 nm radius), the volume

accessible to XPS analysis represents about 48% of the volume of the particle.

3.8 Assessment of polydispersed PEG layer

PEG, as any polymeric material, has an intrinsic polydispersity. Formally, every PEG
layers on a NP surface are composed of a mixture of different molecular weights. Small
polydispersity has little consequences on quantification in most techniques. However,

polydispersed PEG chains, such as mixed population of 2 kD and 5 kD PEG chains, are
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increasingly proposed to improve pegylated surface properties such as selectivity of active

targeting [169].

Studies performed on flat surfaces exhibiting a short "underbrush" layer of 2kD PEG
mixed with PEG 5kD, have shown a decrease in non-specific protein absorption [170-172] as well
as an inhibition of endothelial cell outgrowth [173]. Similarly, it can be expected the same trend
for nanocarriers surface, although it has not been intensively studied. Some studies on liposomes
showed the benefits of this approach which induces an increase in circulation time [109, 110].
Colloidal stability of gold NP of different sizes has been improved using mixed molecular weights
PEG layer as well [92]. Likewise, “hetero-brush” PEG surface (with 2 kD “underbrush” and 5 to
20 kD PEG chains) on peptidic nanospheres show greater protein resistance and stability in serum

media compared to “homo-brush” PEG surface with either 2 kD or 5 kD chains [29, 54].

Direct quantification of mixed layers after grafting (PEG chains number and ratio) has yet
to be reported. The simultaneous quantification of both PEG molecular weights to ensure that the
optimal ratio is maintained throughout the preparation process is a real challenge. Finally
assessment of the uniformity of the two chain populations on the entire surface of the particle

[174] to avoid any possible phase separations or surface heterogeneity.

3.9 Perspectives and conclusions

Drug nanocarriers are not progressing to the clinical stage as fast as expected based on
earlier promises [8, 175]. One of the main reasons for that failure can be attributed to the lack of
complete surface characterization of these objects, the other major cause being the lack of
knowledge about the biology of tissues and biological barriers [176, 177] governing the host-

surface nanocarrier interactions at the nano-bio interface.

Combinatory approaches have been recently proposed to optimize drug carriers based on
lipid NP [178] or diblock polymer particles [179] with high throughput screening. This approach
1s powerful but necessitates testing of hundreds of combinations. A complementary approach will
be to build analytical tools to adequately report key properties and compare platform in order to

build a knowledge-based framework for surface optimization.

Direct quantification of PEG on the surface of drug carriers is not trivial and the
availability of convenient techniques for polymeric NP is still limited. Specific methods for PEG
surface assessments are needed, and existing methods need to be validated and standardized for

this purpose. Sources of error should be more exposed and discussed. This is not the case in most
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publications at the present time (see supporting information sections S7.2 and S1.3 for discussions
on coverage-density calculation and error analysis). Two points are to be highlighted: firstly,
rigorous care should be taken during NP size characterization, particularly for small particles
(below 150 nm), secondly as mentioned in S/, section S1.3, the PEG coverage-density is mostly

reported as a mean value, without any associated standard deviation, or interval.
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Table 3.2. Characterization methods of PEG layer

Methods Parameter Advantages Disadvantages Detection References
measured limit/sensitivity
Indirect quantification methods
DLS Size Accessible technique, Low sensitivity, affected ND [24, 47]
easy to perform by media composition
Zeta Potential Electric potential Accessible technique, For charged particle only, ND [24, 51, 107]
easy to perform qualitative, affected by
ionic strength and pH
Chromatography Surface Separation of particle Sensitivity, qualitative ND [105] [104]
hydrophilicity populations
Western blot & Protein surface Routine techniques in Sensitive to separation ND [115][116]
proteins dosage  binding bio labs conditions to keep NP-
protein complexes intact
Direct quantification methods
Coupling fluo or UV, Sensitivity PEG modification 5-10ng/ml [144][36]
UV marker Fluorescence necessary
intensity
Colorimetric Light absorbance Easy to perform High background noise 1-10pg/ml [58, 128]
HPLC/GPC Refractive index Accessible technique Sample preparation, Low 10-100pg/ml [138]
and instruments sensitivity
AF4/GPC Refractive index In line separation of Low sensitivity, 10-100pg/ml [136]
NP and free PEG differential  calculations
could introduce error
NMR Proton chemical Highest  sensitivity Particle resuspension in mM range* [22, 44, 54,
displacements and versatility, intact D,O 55, 67, 148]
particle in suspension
XPS Electron energy ~ Semi- Dry state, Specialized 0.1 % inmass [72, 106, 155]

quantitative/relative,
intact dry particle

equipment and personnel

* In routine NMR conditions (400 MHz frequency)

Most quantification techniques require the production of “special” batches of NP (ex:

particle in D20 for NMR, addition of marker for fluorescence), and as mentioned earlier, those

batches may or may not be representative of particle batches made for biological assays. Table

3.2 summarizes the advantages and disadvantages of the main techniques discussed in this regard.

Some additional techniques are presented in SI-S3. Since all the techniques so far have severe

flaws, more efforts should be invested in the use of complementary techniques [54, 144].
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Combination of techniques and standardization of assays should be implemented to confirm
results. Several methods discussed here are not part of a characterization routine in most
laboratories, nor easily accessible. Up to date and albeit some limitations, quantitative NMR
appears as the best compromise between accessibility and quality of results. However, choices of
techniques depend on MP/NP system to be investigated and particle preparation method. Beside
total PEG and surface PEG quantification, the quantification of internal PEG, i.e. PEG chains
found on internal cavities surface, into micro-domains or molecularly dispersed in the core matrix

should be considered as it may have implications in NP organization and drug delivery (Fig. 1).

Development of NP drug delivery systems is hampered by the lack of understanding and
investigations of their physico-chemical properties. This shortcoming may have consequences on
in vivo development, as performances cannot be related to well-characterized properties, limiting
development process on trial-and-error basis. Implementation of precise PEG quantification to
characterize stealth nanocarriers, should be included in all development process. The concerns of a
better quantitative characterization of surface-tethered PEG chains are shared by many other fields
of research. For instance, biomaterial for tissues engineering, biofiltration, biosensors, etc. are all
domains in which the use and development of anti-fouling surfaces are at the center of the

attention.

Increasing number of standardized protocols to characterize nanomaterial are available
through the work of the USA National Cancer Institute’s Nanotechnology Characterization
Laboratory (NCL) (information available at http://ncl.cancer.gov). However, standardized
methods for NP surface characterization have yet to be implemented. As pointed out by Crist ef al.
from the NCL: “Another common mistake observed in understanding a material’s composition is
erroneously assuming the presence, covalent attachment and/or quantitation of surface ligands
(functionalized groups, coatings, targeting moieties, etc.)” [180]. This is best illustrated by the
case-study published by the NCL, showing that the batch-to-batch variations of a nanocarrier
toxicity appeared to be due to batch-to-batch variations of PEG coverage-density, variations which
were not expected a priori [181]. Clinical translation of next generation of vehicles is strongly
dependent on methods and analytical tools. Those are to be improved and developed if any

significant progress could be made toward a more extensive use of NP at the clinical level.

Recently the commonly accepted effect of PEGylation has been challenged, as some
reports showed contradictory results regarding PEG effects. Indeed PEGylation did not and will

not resolve all problems. In particular number of studies has shown that PEG does not abolish
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proteins opsonization but only decreases it. The controversy, thus, about the magnitude of the
effects of PEG may originate from incomplete surface characterizations of NP making comparison
between studies with conflicting results very difficult. So before questioning the PEGylation
strategy, it is worth to establishing more firmly and quantitatively its effects. To conclude, we will
quote Pr. Kinam Park for whom “There is no questions whether PEGylation is beneficial or not.

Rather the question is how to pegylate” [182].
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Dans cet article nous décrivons la synthése d’une bibliothéque de copolymeéres
PEGylés avec une architecture « peigne ». Ces polymeres sont caractérisés puis par la suite

utilisés pour fabriquer des nanoparticules par nanoprécipitation.

Les propriétés structurales des particules sont étudiées dans le but de faire un lien entre

I’architecture des copolymeres et 1’organisation interne et de surface des particules.

Les propriétés de stabilit¢ en milieu salin et d’interactions avec les protéines sont
¢galement étudiées en lien avec la structure des copolymeres utilisés et des nanoparticules

obtenues.
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4.1 Abstract

Polymers made of poly(ethylene glycol) chains grafted to poly(lactic acid) chains
(PEG-g-PLA) were used to produce stealth drug nanocarriers. A library of comb-like PEG-g-
PLA polymers with different PEG grafting densities was prepared in order to obtain
nanocarriers with dense PEG brushes at their surface, stability in suspension, and resistance to
protein adsorption. The structural properties of nanoparticles (NPs) produced from these
polymers by a surfactant-free method were assessed by DLS, zeta potential, and TEM and
were found to be controlled by the amount of PEG present in the polymers. A critical
transition from a solid NP structure to a soft particle with either a “micelle-like” or “polymer
nano-aggregate” structure was observed when the PEG content was between 15 to 25% w/w.
This structural transition was found to have a profound impact on the size of the NPs, their
surface charge, their stability in suspension in presence of salts as well as on the binding of
proteins to the surface of the NPs. The arrangement of the PEG-g-PLA chains at the surface of
the NPs was investigated by '"H NMR and X-ray photoelectron spectroscopy (XPS). NMR
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results confirmed that the PEG chains were mostly segregated at the NP surface. Moreover,
XPS and quantitative NMR allowed quantifying the PEG chain coverage density at the surface
of the solid NPs. Concordance of the results between the two methods was found to be
remarkable. Physical-chemical properties of the NPs such as resistance to aggregation in
saline environment as well as anti-fouling efficacy were related to the PEG surface density and
ultimately to polymer architecture. Resistance to protein adsorption was assessed by
isothermal titration calorimetry (ITC) using lysozyme. The results indicate a correlation
between PEG surface coverage and level of protein interactions. The results obtained lead us
to propose such PEG-g-PLA polymers for nanomedecine development as an alternative to the

predominant polyester-PEG diblock polymers.

Keywords: Poly(lactic) acid, poly(ethylene glycol), nanoparticle, micellar particle, XPS,

NMR, ITC

4.2 Introduction

Polymeric nanoparticles (NPs) have been intensively investigated for their potential
use as drug delivery and targeting systems because of their stability in biological media, drug
encapsulation and release capabilities, as well as their compatibility with various routes of
administration[ 1-3]. However, the high expectations generated by the NP-based therapies
(including liposomes, micelles, particles, etc.) are not currently matched by clinical successes.
Only a handful of products have reached the market with, in several cases, limited
improvement over preexisting formulations. These drug delivery approaches are now seriously
questioned and many of their biological properties such as organ clearance, [4] organ targeting
and biodistribution, [5, 6] ability to cross biological barriers, [7] ability to evade the
complement system, [8] and ability to diffuse into tissue interstitium [9] are under scrutiny.
One of the most significant issues of NP-based systems is the limited accumulation of NPs at
the pathological site, regardless of the nature of the NPs. It appears that only 5 to 10% of an
I.V. injected dose of NPs does accumulate at the desired site, with 90 to 95% of the dose

distributing non-specifically to organs such as the liver and spleen [10].
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Many elements have been put forth to explain these disappointing results. One of them
is the lack of systematic quantitative characterization of the properties of the particles used in

drug delivery in spite of efforts put forward by many research teams [11].

In order to fulfill their promise as drug delivery systems, polymeric NPs should not
only be composed of biocompatible, excretable and/or degradable materials, but also possess a
well-defined structure and adequate surface properties. Adequate surface properties can be
conferred by a polymeric hydrophilic corona. In the case of polymeric NPs, such hydrophilic
corona can be formed during the NP fabrication process either by self-assembly of the
polymer chains carrying hydrophilic moieties or by postgrafting of hydrophilic polymer chains
at the surface of the NP. The self-assembly process, due to its simplicity, is by far the most

commonly used method to produced NPs with a hydrophilic corona.

The use of PEG as a corona-forming polymer effect is well established. The resistance
of NPs to non-specific absorption (opsonisation) of plasmatic proteins is a key element to
determine their fate in the human body. The anti-fouling properties of NPs control the half-life
as well as other pharmacokinetic parameters of the NPs [12], their targeting capabilities [5, 13]
and their therapeutic action (pharmacodynamics). Denser PEG coatings have been shown to
improve the diffusion of NPs in the extra cellular matrix (ECM) and across the mucosa barrier,
which in turn should improve drug delivery efficacy [14] [15]. High resistance to protein
adsorption as well as NP diffusion in complex media are obtained at high PEG surface
densities, where the polymer chains are organized as brushes.[14, 16] Resistance to protein
adsorption has been extensively studied both at the fundamental level[17, 18] and in the

context of pharmaceutical sciences[12].

While the effect of surface PEGylation on the biological outcome of nano-based drug
delivery systems has been extensively investigated in the literature, the correlations between
the PEG copolymer architecture and its biological effects have yet to be explored. To date, the
polymer architecture of choice is a linear diblock copolymer composed of a hydrophobic
segment, usually a biodegradable polymer such as poly(lactic acid) (PLA) or
poly(caprolactone) (PCL), and a hydrophilic segment, usually poly(ethylene glycol) (PEG).
[19] The possible control of surface PEGylation and particle structure by alternative PEG

copolymer architecture is an intriguing possibility that has received little attention.
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Moreover, the PEG surface densities are often ill-characterized in the literature. This
lack of characterization makes it difficult to compare the performance of different delivery
systems and establish the optimal PEG surface density. In general, the PEG moieties are
assumed to be completely segregated at the surface of the NPs based on indirect evidences
such as increase in NP hydrodynamic diameter and decrease of zeta potential. Such an
assumption leads to in an overestimation of PEG density and incorrect appreciation of the
PEG layer conformation. Direct quantification and assessment of polymer conformation are
not trivial and the number of techniques suitable for polymeric NPs is indeed limited [20]. For
example, '"H NMR of NPs suspended in D20 has been proposed for the first time by Hkrach et
al. to qualitatively characterize PEG-b-PLA NPs[21].  Later, surface PEG quantification
methods based on '"H NMR have been proposed relying on internal standards [22, 23]. X-ray
photoelectron spectroscopy (XPS) allowing analysis of NPs in the dried state has also been
proposed to semi-quantify polymers attached at the surface of polystyrene NPs[24] and PLA
NPs [25-27].

We previously developed a family of comb-type copolymers having PEG chains
branching along a linear polymeric backbone of PLA. This architecture had been proposed to
increase the number of functionalities present on a single polymer chain and to help control
the number and density of functionalities at the NP periphery. These polymers were used to
produce stealth NPs in a one-step process that avoided the grafting of PEG chains post NP
fabrication and facilitated purification. PEG segregation toward the surface was observed for
these NPs[27]. However, assessment of PEG density and optimization of the stealth behavior

of the NPs are still lacking.

In this study, a library of branched/comb PEG-g-PLA with controlled PEG contents
was synthesized in order to establish correlations between polymer architecture and NP
properties. A diblock PEG-b-PLA was also synthesized and used to compare the performance
of the different polymers. The conformation of the PEG chains at the surface of the NPs was
investigated by quantitative "H NMR and XPS. The performance of the PEGylated NPs was
assessed by protein adsorption isotherms and colloidal stability assays. Correlations between

the surface coverage afforded by PEG and the properties of the NPs allowed establishing
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criteria for the design and preparation of PEGylated polymeric NPs based on comb-shaped

polymers.
4.3 Experimental methods

4.3.1 Materials

All chemicals were purchased from Sigma-Aldrich (Oakville, ON Canada) unless
otherwise stated in the text. Dilactide was recrystallized in toluene and dried overnight in
vacuum before use. Solvents were from Fisher Scientific (Whitby, ON Canada) and used as

received.

4.3.2 Polymer synthesis and characterization.

e Polyester-co-ether backbone polymer synthesis (benzyl-g-PLA)

Polymer synthesis was carried out as previously described [28] with minor
modifications. Briefly, random copolymerizations of D,L-dilactide and benzyl glycidyl ether
(BGE) were obtained by ring-opening polymerization catalyzed by stannous 2-ethyl hexanoate
(molar ratio of 1/5000 relative to lactic monomer) at 150°C under argon atmosphere and
mechanical stirring for 6 hours. At the end of the reaction, the crude polymer melt was
dissolved in dichloromethane (DCM) and the polymer was precipitated in hexanes (HEX)
twice to yield polymer (1) shown in Scheme 1. (Total yield: 90-95%). The BGE/lactic acid
ratio was varied from 0.5 to 3 % to yield PLA backbone polymers with different benzyl side

chain densities.
Example of Polymer (1), Benzyl-g-PLA, at 1.1 % Benzyl to lactic monomer ratio:

FTIR: (cm™): 3512.6; 2994.4; 2944.9; 2880.5; 1745.2; 1451.7; 1380.5; 1363.8; 1319.1; 1268;
1183.7; 1127.6; 1080.3; 1049; 956.1; 863.7; 746.9; 699.3 'H NMR (400 MHz, DMSO-d6): &:
1.3-1.5 (m, 3H, CH3); 4.48 (m 2H, CH>); 3.58 (m, 2H); 4.2 (m, 2H); 5.2 (m, 1H, CH); 7.3 (m,
5H, benzylic); GPC : Mx 18,500 g/mol; Mw 31,700 g/mol.

e Benzyl-g-PLA debenzylation (HO-g-PLA)
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Alcohol pendant group was deprotected by catalytic hydrogenation in presence of
Pd/Carbon 5% (1 g of carbon powder for each mmole of benzyl group) in ethyl acetate (EtAc)
under constant Hz flow for 48 hours. Pd/Carbon was removed on a filtration column (Celite®
Standard Super-Cel® NF, Acros Organics, Thermo Fisher Scientific, USA). Polymer (2) was
recovered after solvent evaporation, dissolution in DCM, precipitation in HEX, and drying
under vacuum (Scheme 1). Complete removal of benzyl groups was confirmed by '"H NMR.

(Total yield: 95%).

Example of characterization of Polymer (2) after debenzylation (HO-g-PLA, 1.1% pendant
OH) FTIR (cm™): 2998.8; 2947.4; 1744.1; 1450.3; 1362; 1267.8; 1183.8; 1126.8; 1078.1;
954.7; 863.3; 745.2; 704.8 'H NMR (400 MHz, CDCl3) &: 1.3-1.5 (m, 3H, CH3); 3.58 (m,
2H); 4.19 (m, 2H); 5.2 (m, 1H, CH); GPC : Mx 16,200 g/mol; Mw 28,900 g/mol.

e Methoxy-PEG carboxyl preparation

Methoxy-PEG-OH (mPEG-OH, 2kD) was oxidized by Jones reaction in acetone with
2.5 molar equivalent of CrOs (equivalent to OH present), H2SO4, and H20 for 4 hours at room
temperature under high speed stirring. The reaction was stopped by addition of 1N HCI and
isopropanol. The acetone was removed by evaporation. The polymer solution was then
extracted and dialyzed to remove Cr. The mPEG-COOH was recovered by freeze-drying as a
white fluffy material. The mPEG-COOH was kept in presence of P2Os under vacuum before

use.
mPEG-COOH

FTIR (cm™') 3484.9; 2883.2; 2741.7; 1964.8; 1740.1; 1466.4; 1454.1; 1359.2; 1340.3; 1279.1;
1240.5; 1148; 1105.1; 1060.1; 946.4; 841.1; 667.5 'H NMR (400 MHz, CDCls) : & 3.38 (s,
3H, CHs); 3,64 (m, 2H, CHs); 4.16 (m, 2H, CH)

e Grafting of mPEG-COOH on Polymer (2) (PEG grafted PLA or PEG-g-PLA)
mPEG-COOH (2kD) was finally grafted onto PLA-OH polymers by acylation to yield
PEG-g-PLA (polymer (3) in scheme 1). Briefly, weighed carboxy PEG was incubated under

stirring with excess of thionyl chloride in CHCl3 under argon atmosphere for 2 hours. After

solvent removal and drying under vacuum, dry polymer (3) was added along with anhydrous
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pyridine in dry CHCls stabilized by amylene and stirred for 24 hours under argon atmosphere.
The PEG-g-PLA polymers were recovered after washing, precipitation, rotary evaporation of
solvent, and drying. The PEG content in the polymers was controlled by either varying the
BGE content in the polymer backbone, and thus available hydroxyl grafting sites, or by
controlling mPEG-COOH to OH-g-PLA ratio during the acylation reaction.

Example of characterization of PEGylated Polymer (4), PEG-g-PLA

FTIR (cm™) 2994.2; 2944.7; 2884.4; 2741.9; 2694.8; 1964.9; 1748.2; 1453.3; 1380.8;. 1359.6;
1342.4; 1276; 1241.1; 1185.7; 1083.3;1059.8; 962.4; 862.9; 841.9; 748.5; 698.8 'H NMR
(400 MHz, CDCI3) : 6: 1.3-1.5 (m, 3H, CH3); 3.38 (s, 3H, CH3); 3.65 (m, 2H CH2); 4.18 (m,
1H); 4.35 (m, 2H); 5.2 (m, 1H, CH); GPC : Mx 16,200 g/mol; Mw 28,900 g/mol.

r 5n Oct,
; 160 C

(4) )
Scheme 1. PEG-g-PLA synthesis scheme by acyl chloride grafting

e PEG grafting by DCC coupling.

Alternatively, the PEG chains were grafted by esterification with
dicyclohexylcarbodiimide (DCC) as the coupling reagent and dimethylaminopyridine
(DMAP) as the catalyst [29]. The number of available OH groups on OH-g-PLA (lateral and
terminal) was estimated. A 1.1 equivalent of mPEG-COOH was added and dissolved in DCM
stabilized by amylene. DMAP and DCC (1 M in DCM) were added at a ratio of 1.2 molar
equivalent to available OH groups. The reaction was kept under stirring for 48 hours at room

temperature.
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PEGylated polymers were purified by filtration on a fritted glass (fine grade) funnel to
remove DCU salt, followed by successive extractions with 0.5 M HCI (twice), saturated
NaHCOs3, and finally MilliQ water. The organic phase was dried with anhydrous sodium
sulfate and the polymers were precipitated in HEX. The polymers were dried under vacuum

for 48 hours before analysis.

The number of available OH groups on OH-g-PLA was calculated as follow: the
number of lateral OH groups per chain was taken as the number of benzyl groups present
before catalytic hydrogenation as determined by 'H NMR. The number of terminal OH
groups/g of polymer was estimated based on M, obtained by GPC. The PEG grafting

calculations from NMR results are described in SI.

e Diblock synthesis (PEG-b-PLA)

mPEG-OH 2kD was used as a macro-initiator in the ring-opening polymerization of

dilactide in presence of SnOct as previously described [30].

FTIR (cm™) 2993; 2943.5; 2879.2; 1747.2; 1452; 1381; 1363.4; 1268.1; 1182.2; 1126.4; 1080;
1043.3; 956.4; 862.3; 752.1; 701.8 'H NMR (400 MHz, CDCl3) : &: 1.3-1.5 (m, 3H, CH3);
3.38 (s, 3H CH3), 3.65 (m, 2H); 5.2 (m, 1H, CH); GPC: M, 20,700 g/mol; My 29,400 g/mol.

e Polymer characterization (NMR, GPC, FTIR)

The average molecular weights by weight (Mw) and by number (M») of the polymers
were obtained by gel permeation chromatography (GPC) in either THF or CHCIls. A Waters
liquid chromatography system equipped with a refractive index detector, GPC columns
(Styragel S5um, Phenomenex, USA), and Breeze II® software (Waters Corporation, Milford,
MA, USA) was used. Flow rate was set at 1 mL/min and column temperature at 40°C. Linear
polystyrene standards (Mw 600 to 400 000 g/mol) were used to construct the calibration

curves.

Infrared spectra were recorded on a Nicolet iS10 FTIR (Thermo-Scientific, Canada)
equipped with a SMART iTR attenuated total reflectance (ATR) sampling accessory with a
ZnSe plate. Data were acquired and analyzed using the OMNIC® interface.
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'H NMR, 3C NMR and 2-D 'H/'H (400 MHz) analyses were performed on Bruker
Advanced 300 MHz or 400 MHz spectrometers (Bruker, Germany) and analyzed using the
Mestrec® software. Samples were dissolved either in DMSO-d6 or CDCls.

Differential scanning calorimetry (DSC) measurements were performed on a DSC
Q2000 (TA Instruments — Waters LLC, USA) connected to a refrigerated cooling system
Q1000 RCS (TA Instruments — Waters LIC, USA). Polymer and NP samples (approximatively
5 mg) were placed in crimped aluminum pans. DSC analysis was carried out under nitrogen
flow by heating the samples from -40°C to 80°C at 10°C min™!, holding for 1 minute, cooling
to -40°C at 20°C min', and reheating to 80°C at 10°C min™'. Tg (glass transition temperature)
and PEG fusion peak were determined from the second heating run in case of the polymers
and from the first heating run in case of the NP samples. Analysis was done using the TA
instruments Universal Analysis 2000, version 4.5A (TA Instruments — Waters LLC, USA)

software.

Polymer density was determined using a helium Ultrapycnometer 1000 (Quantachrome

Instrument, Boynton Beach, FL, USA). Ten measurements were averaged.

4.3.3 Nanoparticle preparation and characterization

e Nanoprecipitation. NPs were prepared by a nanoprecipitation method without addition of
surfactants. Polymers were dissolved in acetone at concentrations ranging from 5 to 20 mg/mL
(0.5-2% w/v) and injected at a constant flow of 30 mL/h in an aqueous phase (organic to
aqueous phase ratio 1:5) under stirring. After solvent evaporation and dialysis (SpectraPor
membranes, 6-8 kD, Spectra Laboratories, USA) against a 100-fold volume of MilliQ water
(Millipore Canada Ltd, Etobicoke ON, Canada) for 12 hours, twice; the suspension was kept

at 4°C until use.

o Concentration of NP preparation. NP preparations were concentrated for NMR and
microcalorimetry experiments using either tangential flow filtration or reverse osmosis.
Tangential flow filtration was used for NPs having an average diameter of 70 to 150 nm. It
was carried out using a polysulfone filtration column (pore 0.05 um, Spectra Laboratories,
USA) at a flow rate of 3 mL/min for 2 hours. This approach typically yielded a 5 to 7-fold

concentration increase. As described elsewhere [31], particles batches NPs with sizes below
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70 nm were concentrated by reverse osmosis against a 500 kD dextran solution (10 g/100 mL
in MilliQ water), with dialysis membranes of 6-8 kD (SpectraPor, Spectra Laboratories).
Typically, concentration increases of 10 to 20-fold were obtained over a 72 to 96-hour period.
The concentrates were examined for aggregation and size change by dynamic light scattering

(DLS).

o Size measurements. The NP size was determined by photon correlation spectroscopy (PCS)
on a Malvern Zetasizer (Malvern, Worcester, UK) at a diffraction angle of 173° in triplicate in

either MilliQ water or 10 mM PBS, pH 7.4

e Zeta potential measurements. NPs (0.3 mg) were suspended in 1 mL of 5 mM NaCl and
placed in a disposable folded capillary cell to measure { potential on a Malvern Zetasizer

(Malvern, Worchester, UK). Measurements were done in triplicate.

® Determination of NP concentration. A fixed volume of vortexed NP suspension (500 pL)
was placed in a tared Eppendorf tube and freeze-dried. The tube was weighed again after

complete drying of the material to obtain the weight of NPs.

4.3.3 XPS surface analysis

NPs were freeze-dried without any cryoprotectant to obtain a fine fluffy powder. The
powder was pressed on a doublesided tape and mounted onto a sample rod. XPS survey
analysis was performed on a Excalab MK II (VG Scientific, Thermo Scientific) with a Mg Ka
X-ray source (1253.6 eV) powered at 200 W, an electron take-off angle of 0°, and steps of 1.0
eV for an energy pass of 1000 eV. High resolution spectra were acquired on a Kratos Axis
Ultra (Kratos analytical, Manchester, UK) with a Mg Ka X-ray source used at 120 W (12kV,
10 mA), with steps of 0.05 eV for an energy pass of 20 eV. A flood gun was used to offset the

surface charges.

Relative atomic percentage was calculated using the Advanced® software (VG
Scientific, ThermoFisher) from the low resolution spectra. The high resolution spectra were
analyzed by curve deconvolution of the Cis and Ois signals on software Advanced® (VG
scientific, ThermoFisher). The background was subtracted by the Shirley method using the

Wagner sensitivity factor table. All spectra were calibrated on the C-C aliphatic carbon
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binding energy peak set at 285.0 eV to compensate for surface charging effects. Peak fitting
was performed as previously described [25] and based on data obtained for pure PLA and
PEG [32]. The conversion of relative atomic percentages to mass percentages and to PEG

surface densities is described in details in the Supporting Information (Section S5).

4.3.4 Determination of PEG surface density by NMR analysis

® Determination of PEG proton relaxation time. The relaxation time of the PEG signal in
D20 was first assessed. D1 was then set at 5 sec during the quantitative experiments, as

previously reported by for PEG-DSPE [33].

o Total and surface PEG quantification. PEG content at the surface of the NPs was
determined by two methods. The first method consisted in producing the NPs directly in
deuterated solvents. Briefly 20 mg of polymer were dissolved in 1 mL acetone-d and injected
into 5 ml of deuterium oxide (with 0.75% 3-(trimethlysilyl) propionic-2,2,3,3-d4 sodium salt
as internal standard) under stirring. After acetone evaporation on a rotary evaporator, 1 mL of
the nanosuspension was transferred to an NMR tube and analyzed by 'H NMR (AV400
Advanced, Bruker, Germany). Another ml of the nanosuspension was freeze-dried in a tared
Eppendorf tube in order to determine the mass concentration of NPs for PEG surface density
calculations. The same sample was dissolved in CDCIl3 and analyzed by 'H NMR (AV400
Advanced, Bruker, Germany) in reference to the internal standard TMS and a PEG calibration
curve in CDCIl3 to determine the total PEG content of the sample. The second method relied
on diluting a concentrated NP suspension in D20. The methods to concentrate the NP
suspensions and determine NP concentration were described earlier. Either 200 or 500 pL of
concentrated NP suspension were added to respectively 800 and 500 pL of deuterium oxide
(with internal standard) and analyzed. NP suspensions in D20 and H20/D20 were analyzed by
'"H NMR (AV400 Advanced, Bruker, Germany). Quantifications were conducted in reference
to an mPEG-OH 2 kD calibration curve and internal standard peak intensity.

® PEG surface density evaluation by NMR calculation. See supporting information for more

details on PEG chain surface density calculations.
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4.3.5 Transmission electron microscopy (TEM)

e Sample preparation for TEM. NP suspensions in MilliQ water (1 to 2 mg/mL) were
deposited on carbon films on 400 mesh copper grids (Electron Microscopy Sciences, Hatfield,
PA USA) as droplets of about 2 to 4 pL. The droplets were allowed to sit for 5 minutes before
excess liquid was removed with a filter paper. Grids were allowed to air dry for 1 to 2 hours

before image acquisition. No staining procedure was used.

o TEM image acquisition. TEM image acquisition was done in bright field mode in a JEM-
2100F Field Emission electron microscope (Jeol Ltd, Tokyo, Japan) equipped with a sample
holder cooled by liquid nitrogen (Gatan inc. Warrendale, Pittsburg, PA, USA). The grids were
maintained at -170°C throughout the acquisition with a temperature controller (Smart Set
Model 900 Cold Stage controller; Gatan inc. Warrendale, Pittsburg, PA, USA). In brief, the
grids were introduced in the microscope column under vacuum. Liquid nitrogen was added to
the sample holder and temperature recorded. The sample was exposed to the electron beam
only after the temperature had reached -170°C. The acceleration voltage was set at 200 kV.
Images were recorded with a digital camera at low electron dose to prevent damages to the
heat-sensitive particles (current densities between 5 and 15 pA/cm?). Images were acquired at
a 0° angle. In few cases, images were also acquired at either 15 or 30° angles. Images were

transferred, adjusted, and analyzed using the ImageJ software [21].

4.3.6 Colloidal stability in saline

Colloidal stability was evaluated by measuring the Critical Coagulation Concentration
(CCC) by DLS. Different NaCl solutions with concentrations from 10mM to 2 M were tested.
A known volume of NPs, V, was added to 1 mL of saline solution and rapidly stirred. Final NP
concentration was 1 mg NP/mL. Particle size was immediately measured during 15 min at 2-
min intervals (3 measurements of 4 runs at 25°C). The volume of each NP formulation to add

to the saline solution was estimated using equation 1. :

p= e (g )
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where V' is the volume of formulation pipetted to adjust the particles number in the
sample, r is the mean NP radius as measured in Milli-Q water by DLS, d is the density of NPs
(g cm™), Npart is the targeted number of NPs in solution (namely 4.7x10'* NPs/mL) and C is

the NP concentration in the stock suspension (g mL™).

4.3.7 Protein binding assays

® Protein binding isotherms. Proteins binding isotherms were measured by incubating a fixed
amount of NPs with increasing concentrations of either fluorescent bovine serum albumin
(BSA) or fluorescent lysozyme (LYZ). BSA coupled with fluorescein isothiocyanate (BSA-
FITC) was from Sigma-Aldrich. Lysozyme coupled with rthodamine isothiocyanate (RITC)
was prepared as follows. One gram of egg white lysozyme was dissolved in 160 mL of borate
buffer pH 8.3. RITC (100 mg) was dissolved in 40 mL of the same buffer. The two solutions
were mixed at a lysozyme/RITC molar ratio of 2.8 and stirred for 24 hours at 10°C. The
protein was purified by repeated dialysis (SpectraPor RC membrane, 6-8 kD cut-off, Spectrum
Laboratories) against MilliQ water to remove unreacted RITC and freeze-dried. NP batches
were prepared in phosphate buffered saline (PBS) (15 mM, pH 7.4) as described above and
dialyzed against PBS before use. NP concentration was determined by freeze-drying 1 mL of
NP suspension and NP diameter was measured by DLS to calculate total surface area (nm*/mg
of NP). Stock solutions of BSA-FITC and LYZ-RITC were prepared in PBS at 1 mg/mL and
serially diluted. Aliquots (200 pL) of either 2 mg/mL NP suspensions or PBS (as control)
were placed into vials with 40 pL of fluorescent the protein solutions. The final protein
concentrations ranged between 0 to 160 pg/mL (0 to 2400 nM) for BSA and 0 to 130 pg/mL
(0 to 8840 nM) for LYZ. The solutions were incubated in an orbital shaker at 37°C during 24
hours under constant stirring at 50 rpm, and then centrifuged at 20,000 g during 20 minutes.
The pellets were washed and dissolved in 1.3 mL dimethylformamide. Fluorescence was
measured at Aex=490 nm and Aem=530 nm for BSA-FITC and Aex=550 nm and Aem=570 nm for
LYZ-RITC. The measurements were recorded with a F2710 fluorescence spectrophotometer
(Hitachi, Tokyo, Japan). The amount of protein adsorbed to the NPs was calculated using a
calibration curve and expressed as the number of protein adsorbed per nm? of NP
(protein/nm?), as a function of the free-protein concentration in solution (nM), the difference

between initial protein concentration and the concentration removed from the solution by
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protein binding on the NP surface. Every test was performed in triplicate and results are

reported as mean value + standard error.

o Isothermal titration calorimetry (ITC) The heat of adsorption (Q) of lysozyme (LYZ) on
the surface of NPs was measured by microcalorimetry. The experiments were carried out on a
Microcal VP-ITC instrument (GE Healthcare Life sciences, Pittsburg, PA, USA). The volume
of the sample cell was 1.4 mL. NP suspensions (5 to 10 g/L (0.1 to 10 nM) in 15 mM PBS pH
7.4) were placed in the sample cell under constant stirring (350 rpm). A LYZ (Sigma-Aldrich,
St-Louis, MA, USA) solution at 1 g/LL in 15 mM PBS 7.4 was filtered, degassed, and placed in
the injection syringe. Titrations were performed by adding 1 x 2 pL and 12 x 20 pL of LYZ
solution (total volume of 242 pL). The equilibration time between injections was set to 1200 s
and the temperature was kept constant at 25°C. The reference cell was filled with 15 mM PBS
pH 7.4. The heat of dilution of LYZ was determined by titrating LYZ over 15 mM PBS pH
7.4. The heat of dilution of LYZ was used as reference and subtracted from all the binding
isotherms. In a control experiment a LYZ solution (1g/L in PBS 15 mM pH 7.4) was titrated
over a solution of mPEG-OH (2kD) in 15 mM PBS, pH 7.4.

4.4 Results and Discussion

4.4.1 Polymer synthesis and characterization

Copolymer synthesis was carried out according to a modified procedure based on the
copolymerization of dilactide with BGE (Scheme 1). Compared to the original approach
developed in our laboratory[28], the present procedure avoided the oxidation steps necessary
to insert carboxyl moieties on the pendant groups. These oxidation steps were found to
significantly affect the PLA backbone integrity with a substantial decrease in Mw. In the
present approach, catalytic hydrogenation of the benzyl pendant groups under mild conditions
was able to recover hydroxyl groups (see Section S1 in supporting information). No decrease
in My was seen by GPC (see Table S1 for information on PLA backbones synthesis),
suggesting that this approach maintains the integrity of the polymer backbones and allows a
better control over molecular mass of the copolymer chain. Different PEGylated polymer

batches were synthesized with varying PEG content (polymer structure in Scheme 1) and
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characterized as shown in Table 4.1. Grafting of PEG was performed by either acyl chloride
reaction (Scheme 1) [28] or DCC/DMAP coupling (Scheme S1) [29]. The PLA backbone

chain length was chosen to be long enough to achieve NP structural integrity yet short enough

to ensure adequate speed of hydration, erosion, and release of active ingredients from the

polymeric matrix. This aspect is further developed in an upcoming paper dealing with

hydrophobic drug encapsulation.

Table 4.1. Polymer characteristics depending on their architecture and grafting method

Polymer  Grafting Mn ¢ Mw ? PDI Grafting ratio PEG chain/ Mw ¢ % PEG
architecture Method OH-g-PLA OH-g-PLA PEG chain/LA  PLA chain polymer w/w
g/mol g/mol % 100° g/mol % w/w

Comb DCC 18 500 28 300 1.53 0.31 0.8 29 890 7.9

Comb DCC 24300 40 300 1.66 0.473 1.6 43 520 11.6

Comb DCC 18 500 28 300 1.53 0.63 1.62 31540 14.9

Comb DCC 24330 33890 1.39 0.63 2.13 38 150 14.9

Comb DCC 13 400 19 820 1.48 0.89 1.66 23100 19.8

Comb DCC 18 500 28 300 1.53 0.93 2.39 33 080 20.5

Comb DCC 14 180 23 990 1.69 1.26 248 28950 259

Comb DCC 22200 30700 1.38 1.5 4.63 39950 29.4

Comb EDC 15700 22700 1.45 1.6 3.49 29 680 30.8

Comb DCC 17 000 25300 1.49 1.76 4.16 33 600 32.8

Comb DCC 15700 22700 1.45 2 4.36 31420 35.7
Acyl

Comb Chloride 23 600 34400 1.46 0.33 1.08 36 560 8.0
Acyl

Comb Chloride 23 600 34400 1.46 0.56 1.84 38 070 11.1
Acyl

Comb Chloride 22 500 29800 1.32 0.75 2.34 34490 13.3
Acyl

Comb Chloride 22 500 29800 1.32 0.96 3 35800 16.5

Diblock ROP ** NA NA 0.4 1 23 800 5.1

Notes.

“ determined by GPC

b determined by 'H-NMR

¢ calculated based on GPC results
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** ring-opening polymerization

With the DCC coupling method, the grafting ratios obtained are in accordance with
esterification of the secondary terminal OH PLA group as well as the primary pendant alcohol
groups (see Table S1 in Supporting Information for the calculated number of available OH in
each polymer batches). However, with the acyl chloride method, the grafting ratios were

consistent with a grafting occurring predominately on the pendant alcohol groups only.
4.4.2 Preparation and characterization of NPs.

4.4.2.1 Particle size

Figure 4.1A shows the evolution of NP diameter with PEG content in the polymer (for
a same PEG chain length of 2 kDa). Our results show that from 5 to 15% w/w PEG, large
solid particles are formed with sizes that tend to decrease as PEG content increases (Figure
4.1A). Above 15% w/w, significantly smaller particles are formed as observed by both DLS
(Figure 4.1A) and TEM imaging (Figure 4.2). Starting from 25% w/w PEG, the trend is
reversed and the size of the particles increases linearly with PEG content. This increase in size
could result from a stretching of the PEG chains due to a higher surface PEG chain density[34]

or to an increase in the aggregation number of the particles.

The transition from large NPs to smaller particles was found to occur in a narrow range
of PEG content situated between 15 and 20% w/w. Such sharp transition is contrasting with
the smooth/continuous transition reported for diblock polymers (see Figure 4.1A).[35] Such
differences in behavior demonstrate the importance of polymer architecture on NP
structuration. The linear increase in size in the higher PEG content regime (i.e., >20% w/w
PEG content) was also reported by Logie ef al. who studied the effect of PEG content of
comb-shaped polymers (from 0.6 to 6 PEG chains per polymer) on micelle stability and size
by DLS and TEM [36].
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4.4.2.2 Zeta potential

The zeta potential, ¢, of NPs produced using PEGylated polymers prepared via the acyl

chloride grafting method was found to be largely negative and inferior to -30 mV (Figure

4.1B). On the other hand, the {of NPs produced with PEGylated polymers synthesized via the

DCC coupling method was found to be significantly higher ranging from -20 mV to 0 mV.
Polymers exhibiting PEG chains at the end of the PLA backbone (diblocks or polymer

synthesized by the DCC method) present values of ¢ much closer to neutrality compared to

polymers exhibiting PEG chains well distributed on the PLA backbone (polymer synthesized
by the acyl chloride method). These findings suggest that the position of the PEG chain in the

PLA backbone plays a crucial role in the composition of the NP-medium interface.

Independently of the synthetic method used, it appears that ¢ tends to increase from - 40 mV

to almost 0 mV with PEG content which confirms the screening of the surface charges on the

NP surface by PEG chains.
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Figure 4.1. (A) Particle size dependence over total PEG content. Solid squares represent
particle batches produced for this study while empty circles reproduce data from Riley et al.
[35] obtained with a diblock PEG-b-PLA polymer with a PEG segment of 5000 g/mol. (B)
Zeta potential dependence over total PEG. Nanoparticle zeta potential measured in 5 mM
NaCl increases sharply with PEG content in the particle regime and stays constant in the

micellar regime. Lines represent 4 order polynomial fit (R? = 0.91).
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4.4.2.3 Structure and morphology of particles

Figure 4.2. Representative cryo-TEM images of nanoparticles fabricated from PLA, PEG-b-
PLA diblock copolymer, and PEG grafted copolymers. (A) PLA NPs, (B) diblock PEG-b-PLA
NPs, (C) Solid PEG-g-PLA NPs with a PEG content of 11% w/w, (D) PEG-g-PLA Polymer

nano-aggregate with a PEG content of 38% w/w.

Effect of PEG content and polymer architecture

The relationship between the NP formation process and the NP internal structure is still
poorly understood. With the goal of improving our knowledge of such a relationship, we
performed cryo-TEM imaging of the NPs. Cryo-TEM images confirmed the existence of two
particle structures, i.e. solid core particles at PEG contents below 15% w/w (Figure 4.2A and
C) and “polymer nano-aggregates” or soft particles at PEG contents above 15% w/w (Figure
4.2D). Soft particles were also obtained for the diblock polymers (Figure 4.2B). The particle
sizes measured by cryo-TEM were in agreement with DLS analysis (using a size distribution

by number). The PLA and PEG-g-PLA solid particles displayed an apparent core-shell
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structure (Figure 4.2A and C). Pustulka et al. reported a similar core-shell structure for NPs
made of diblock PEG-b-PLGA prepared by flash nano-precipitation and encapsulating
hydrophobic derivatives of paclitaxel [37]. The authors suggested that the observed structure
was the result of a drug-rich core surrounded by a PLGA shell and a PEG corona. In our case
however, the structures were observed regardless of the presence of hydrophilic polymer
blocks or encapsulated hydrophobic compounds. We found that the shape of the core-shell
interface and its position could be changed by simply tilting the substrate during imaging.
Such changes in shape and position were found to be consistent with a solid NP in flat contact
with the substrate (see Figure S11 in SI). Polymer nano-aggregate particles did not exhibit any
core-shell like features on cryo-TEM images (Figure 4.2B and D), which is an indication of
significant deformation of the NPs on the substrate upon deposition on the carbon grids. Such
significant deformation is favored by the lower glass transition temperature (7) of the most
PEGylated polymers compared to PLA (see calorimetric data, Table S4 in SI). The PEG
corona itself is neither dense enough nor thick enough to be seen by TEM and other analytical

methods should be used for its characterization.

Nature of the particles

NPs produced from comb-shaped polymers with low PEG content (<15% w/w) were
observed as solid particles while NPs produced from polymers with higher PEG content
(>15%) were observed as soft “micelle-like” or “polymer nano-aggregate” particles (Figure
4.2). From TEM imaging, it appears that the later particles are soft (at room temperature) and
that they flatten upon dehydration during sample preparation and under vacuum. The
structural organization of the polymeric chains forming the particles containing over 15% w/w
PEG is not clearly defined yet. By analogy with other block copolymer NPs, the term
“micelle-like” could be used to describe them [38, 39]. However, such term may not be
appropriate since it defines a thermodynamically stable structure, which is certainly not the
case of the present NPs which appear as kinetically frozen, as already mentioned
previously.[19, 40] A micellar phase is characterized by the independence of the micelle size
over polymer concentration as well as a narrow micelle size distribution. Both properties were
not observed with the polymers under study as we found large polydispersity (PDI) for

polymer nano-aggregate (PDI > 0.25) as shown in Table S5. Particle preparations using
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different polymer concentrations in the organic stock solution showed significant variations of
NP size indicative of a NP formation mechanism more related to precipitation/aggregation
than micellization (data not shown). PEG polymer content could also affect the polymer
solution viscosity in organic solvent, which is a determinant of the particle size produced by

nanoprecipitation (Figure S6).

Effect of PEG grafting method

We found differences in NP properties whether PEGylation was achieved by DCC or
acyl chloride coupling reactions, even at similar PEG content. NPs prepared from polymers

obtained by DCC coupling appeared similar to NPs prepared from the diblock polymer in

terms of zeta potential ({) and TEM morphology. NPs prepared from acyl chloride polymers

seemed similar to plain PLA and OH-g-PLA NPs. The differences are mostly due to the
difference in polymer architecture obtained by the two coupling methods. Acyl chloride
coupled polymers have well distributed PEG branches characteristic of the comb-like
architecture. On the other hand, DCC polymers, even if they have PEG lateral grafted chains,
have properties more related to diblock polymers because of PEG segment present at the PLA

chain end. These structural differences might explain why NPs prepared with DCC polymers

have sizes and {more closely related to those obtained with the diblock polymers compared to

the acyl chloride polymers.

4.4.3 Calorimetric properties of pegylated polymers and nanoparticles

As already reported by Sant et al., [41] the Ty of PEG-g-PLA polymers depends
strongly on the PEG content in the polymer (Table S4). First and second runs of DSC
scannings of representative polymers are shown in Figures S10 and S11. The main difference
between the first and second runs was the disappearance of the polymer chain relaxation
endotherm [37, 41]. The Ty of the polymers was determined as the midpoint of the
extrapolated tangent of the baseline and was located between -5 °C and 30°C (Table S4).

DSC scans of freeze-dried NPs presented striking differences compared to the bulk
polymers. The presence of PEG dispersed in PLA was evidenced by a reduction of Tg in PEG-
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g-PLA NPs compared to PLA NPs and by the absence of PEG fusion endotherm (data not
shown). Ty shifts have also been observed in drug-loaded NPs as a result of polymer-drug
interactions [42]. The presence of PEG chains in the particle core was also supported by the
NMR quantification data as will be detailed below (Figure 4.3). Tg recorded for all NPs
appeared independent on the PEG content (Table S4). This could result from a near constant

amount of PEG, acting as a plasticizer, in the NP core.

4.4.4 Quantification of PEG distribution at the nanoparticle surface and in

its core

4.4.4.1 NMR studies

The presence of PEG at the NP surface was confirmed by '"H NMR analysis in D20. In
D20, the PEG signals are sharp and well defined indicating that the PEG chains are at the
surface of the NPs and highly hydrated while the PLA signals cannot be resolved (an example
NMR spectrum is shown in Figure S9) [21, 37]. The absence of PLA signals supports a
strongly dehydrated PLA core characteristic of solid NPs. No PLA signal was seen for the
polymer nano-aggregates also, suggesting a kinetically frozen core with no exchange of
unimers with the surrounding media. For instance, NPs made with PEG-b-PLA diblock have
been shown to display a solid core when the molar mass of the PLA hydrophobic segment was
above 6000 g/mol, while a liquid core was found for hydrophobic blocks below 4000 g/mol
[22]. The NPs obtained at a PEG content >15% w/w having a kinetically frozen core, the use

of “polymer nano-aggregate” is justified to designate them [40].

The exact PEG percentage at the surface and PEG surface density was quantified by
NMR. Two sample preparation methods were tested, namely the nanoprecipitation of the
dissolved polymer in deuterated acetone into deuterium oxide and the preparation of NPs in
pure water followed by their dilution in D20. The first method has the advantage of producing
ready-to-analyze particles and of generating NMR spectra exempt of a broad H20 peak that
could interfere with the integration of the PEG peak (Figure S9). However, this method
produced NPs with smaller diameters compared to nano-precipitation in H2O (Table 4.2) and

NP preparations with residual organic solvent. D20 and H2O differ in surface tension,

120



viscosity, and density, parameters that affect the nano-precipitation process. The second
method used closely reproduces the normal the preparation procedure of the NPs. However, it
requires concentrating the NP suspension after nanoprecipitation, which can generate a
potential problem in the control of NP size and which complicates the quantitative analysis by
NMR due to the presence of H20 in the suspension medium. To minimize this last issue, the
suspensions were concentrates so as to minimize residual H20 in the sample. The stability of
the nano-suspensions after particle concentration by either tangential filtration or reverse
osmosis was assessed by DLS (see Table S5 for sizes of NPs measured before and after

concentration).

Table 4.2. NMR and XPS quantification of PEG surface density of solid particles

'TH-NMR? XPS?
NPs prepared NPs concentrated &
in D20 suspended in D20
Polymer PEG . »  Surface . »  Surface . »  Surface
Architecture content Diameter density Diameter density Diameter density
% w/iw nm PEG/nm? nm PEG/nm? nm PEG/nm?

Comb 8.9 87.6 0.5 157.1 0.45 128.3 0.47
95 0.55 -- -- 149.1 0.43

- -- -- -- 101.1 0.42

-- -- -- -- 100.9 0.39

Comb 11.1 -- -- 134.8 0.97 87.5 0.57
99.53 0.91

Comb 13.3 116.8 1.2 132.8 1.04 1354 1.03
99.5 1.07 -- -- 101.1 1.02

Comb 16.5 -- -- 113.8 0.88 97.6 1.02
Diblock 5 83.9 0.22 -- -- 74.4 0.30
64.3 0.22 -- -- 67.7 0.32

¢ Density calculations are detailed in the supporting information Sections S5 and S6

b Average size based on a distribution by number

The percentage of PEG found at the surface of the NPs was calculated as the ratio of
the mass of PEG detected by NMR over the total PEG content present in the sample (see
Figure 4.3A). The percentage of PEG found at the surface increased with PEG content in the
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solid particle regime (i.e. between 9 to 20% w/w of PEG) and reached a maximum at around
90%. In the polymer nano-aggregate regime (i.e. when the PEG content was increased above
20% w/w), the PEG percentage found at the surface of the NPs decrease to about 75% and
remained constant thereafter, revealing that a significant portion of the PEG chains were
located inside the particle core (Figure 4.3A). In contrast Riley ef al. found a higher
percentage (80 to 100%) of total PEG at the surface of NPs prepared with diblock polymers of
different PLA block sizes (Figure 4.3A) [43]. Small Angle Neutron Scattering (SANS) studies
also confirmed the presence of PEG in the particle core for polyester-PEG diblock polymer
NPs. [44] In light of these differences, it appears that the comb-like architecture is imposing

constrains to the migration of PEG chains towards the surface during NP formation.
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calculated PEG surface density base on the “segmented diblock™ approximation. Error bars are

smaller than the symbols used.

PEG surface density,I", was calculated using the following equation (Eq. 2):
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Where R is the hydrodynamic radius of the NP, Rc the radius of the core of the NP, pp refers to
the polymer density, Mw its molecular weight, and Na is the Avogadro number. %PEG
(surface) refers to the fraction of polymer at the surface of the NP while %PEG (polymer)
refers to the PEG content in the polymer.

"H NMR analysis of NPs suspended in D20 allowed determining the surface density of

PEG, " (Table 4.2 and Figure 4.3B). For the solid particles, we used the approximation R = Rc

and found that I' increased with PEG content almost linearly to reach a value of I' = 1

chain/nm? at 15% w/w PEG content, which is well above the theoretical brush regimen
threshold of 0.01-0.005 chain/nm?. Other calculation methods were tested leading to similar
results (see Section S6 and SI in [20]). Of note, the PEG surface density was found to be

insensitive to PEG contents between 9 to 15% w/w.

In the micellar/polymer aggregate regime (i.e. at PEG contents > 15 to 20 % w/w),
accurate density values could not be obtained given that the core radius, R., was not
experimentally available in this regime. R. was estimated using the star polymer
approximation for polymeric micelles [45]. We used two possible effective architectures to
calculate the number of hydrophilic and hydrophobic segments. In the first approximation, we
considered all the ethylene oxide monomers per chain to form a single hydrophilic bloc. We
called this first approximation the “all diblock™ approximation. In the second approximation,
each PEG segment was considered as an individual chain associated with a fraction of the

PLA chain. We called this second approximation the “segmented diblock” approximation.
Both approximations allowed upper and lower bound values for " to be obtained as shown in
Figure 4.3B (respectively represented by open and closed squares).

Despite the large differences between the upper and lower boundaries defined by these

two approximations, they both predict an eventual increase of I with PEG content. Our
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approach does not allow identifying any dramatic change in PEG surface density at the
transition from solid particles to polymer nano-aggregates as was observed for the % of PEG

at the surface of NPs and for the NP diameter.

4.4.4.2 XPS studies

Qualitatively, XPS high resolution spectra of NPs showed an enrichment of PEG at the
surface compared to the PEG-g-PLA polymer bulk as calculated in weight % based on
chemical bond quantification (see Figure S7 and Table S3 of SI). These data support the
orientation of PEG moieties towards the surface of the NPs and are in accordance with the

NMR results [27].

Calculations based on the Cis high resolution spectra give a semi-quantitative result
that can be translated into PEG surface density, as the particle volume analyzed is a two-
component substrate (PLA and PEG). Details of the calculation method can be found in the
supporting information (Section S5). Two main assumptions were used in the calculation: 1)
the polymer volumes analyzed by XPS were homogeneous and 2) all the PEG chains detected

and quantified were localized at the surface of the NPs.

The PEG surface density results obtained by XPS are presented in Table 4.2. The
results are found to be in close agreement with the NMR results, in spite of the difference in
state of the NPs (dry vs. wet state) and the different assumptions made in the calculation
methods. The PEG detected by XPS belongs to a layer of about 10 nm in depth at the surface
of the NPs. As mentioned above, we assumed for the sake of calculation that the PEG chains
detected were all at the surface of the NPs. However, it cannot be excluded that some of this
PEG is buried just underneath the surface. This is why discrepancies can be expected between

XPS and NMR results.

Of note, XPS analysis was not performed on polymer nano-aggregate particles as the
radius of the particles decrease rapidly. Assuming that the layer accessible to the XPS analysis
is 10 nm deep, the volume examined by XSP is about 35% of the total volume of a particle of
150 nm in diameter. For particles of about 50 nm in diameter, this volume percentage
increases to about 80%. In the latter case, XPS analysis becomes less pertinent to give insight

about the surface properties of the NPs.
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4.4.5 Colloidal stability studies

The colloidal stability of NP suspensions was assessed by monitoring their aggregation
kinetics in salt solution (Figure 4.4 and insert). The critical salt concentration of coagulation
(or CCC) at which rapid aggregation of the particles occurred was used as stability criteria.
CCC was determined when rapid aggregation occurs, i.e. when the rate of aggregation was

found to be positive.
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Figure 4.4: Critical coagulation concentration (CCC) of NP suspensions of PEG-g-PLA
polymers. Insert: Aggregation kinetics of NPs composed of PEG8%-g-PLA in presence of
different NaCl concentration as measured by DLS. Error bars are smaller than the symbols

used.

In the solid particle regime, the CCC increased slightly with the PEG content of the
polymer. Above a PEG content of 20% w/w, the CCC increased dramatically, indicating that
the polymer nano-aggregate are extremely stable. In that regime, colloidal stability was
maintained even at very high salt concentrations (> 2M NaCl). The extreme stability of the
particles can be explained by the presence of strong repulsive steric forces originated from the

presence of a dense layer of PEG chains in the brush conformation, as suggested by our
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findings. Also, it is worth noting that at such high salt concentrations, other repulsive forces

due to ion correlations may be expected to play a role as well.
4.4.6 Protein binding studies

4.4.6.1 Protein absorption isotherms

Human serum albumin (HSA) is the most abundant protein in serum (35 g/L). In vivo,
it plays a role in creating a protein corona at the surface of particles, promoting their
recognition by macrophage cells and their elimination. BSA is a protein similar to HSA. BSA
has a molecular weight of 66.5 kD, ia diameter of about 3.8 nm, and an iso-electric point of
4.7-5.1, making it a negatively charged protein at physiological pH. LYZ has a molecular
weight of 14 703 g/mol and an iso-electric point of 11, making it a positively charged protein

at physiological pH.

As a reference, the theoretical monolayer protein values were calculated using surface
values of 45 nm? and 12.6 nm? for BSA and LYZ, respectively (see Table S5). A BSA
monolayer thus corresponds to a surface density of 0.022 BSA/nm? while the value is 0.08
LYZ/nm? for a LYZ monolayer. Experimentally, the binding of LYZ yielded a non-saturated
isotherm of absorption (Figure 4.5). The LYZ surface densities obtained were below the
monolayer surface density. In contrast, BSA binding saturated rapidly. Again, the values
obtained were far below the protein monolayer surface density. At any given protein
concentration, LYZ adsorbed to the NPs 10 to 15 times more than BSA did. This difference
could be attributed to electrostatic interactions favoring binding of LYZ to the negatively
charged NP surface (Figure 4.2b). Polymer nano-aggregates appeared more efficient at
preventing BSA and LYZ binding than solid NPs. The protein binding values decreased with
increasing PEG content of the polymers composing the NPs (Figure 4.5).
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Figure 4.5. Adsorption isotherms of BSA and LYZ at the surface of NPs. For all NPs tested,
BSA adsorbed at the surface of the NPs to a lesser extent than LYZ. Insert: enlarged portion

of the adsorption isotherms. Lines represent linear fits (R*=0.93)

4.4.6.2 Isothermal Titration Calorimetry

BSA binding studies

Binding of proteins at the surface of the NPs was also studied by ITC. This technique
is well suited to evaluate particle stealthness as previously proposed [46, 47]. However, initial
adsorption studies with BSA failed to produce a significant thermal signal (data not shown).
Surface hydrophilicity, particle concentration (1 to 50 mg/mL), temperature (15 to 25°C), and
protein concentration (0.5 to 2 mg/mL) were varied, but still did not yield a significant signal.
At the pH of the experiments and in the absence of divalent cations in the PBS buffer used,
BSA was negatively charged and had limited attraction to the negatively-charged surface of
the NPs. Lindman ef al. studied the binding of a range of proteins (including human albumin)
on hydrophilic acrylamide-based NPs by ITC. Contrary to our findings, the authors did record
exothermic signals generated by the adsorption of proteins at the surface of the NPs [46].

Knowing that protein binding did occur (as evidenced by the adsorption isotherms
shown in Figure 4.5 and by the change in zeta potential of the NPs measured after ITC

experiments, see Table S6), the absence of calorimetric signal indicates that the protein
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adsorption energy and binding constants are very weak. Lindman et al. hypothesized that
protein adsorption occurs without enthalpy change, i.e. the adsorption is strictly entropy driven

due to release of water from the NP and protein surfaces [46].

LYZ binding studies

When LYZ was used as model protein, an exothermic signal could be recorded by ITC,
confirming the existence of stronger interactions between the NPs and the positively charged
protein. This observation is in agreement with the adsorption isotherms presented in Figure
4.5. The complex shapes of the thermograms shown in Figure 4.6 indicate that a more
complex mechanism of interaction is at play than simple electrostatic interactions between the
NPs and the proteins. For the PEGylated NPs, the maximum exothermic values reached in the
binding isotherm decreased with increasing PEG content in the NP. This indicates that the
strength of the interactions between the surface of the NPs and LYZ decreased as the PEG
surface density increased. Moreover, the saturation concentration, defined as the inflexion
point of the binding isotherm, increased with PEG content until the signal reached the baseline
(Figure 4.6). Interestingly, NPs with PEG contents higher than 15% w/w did not present any
detectable calorimetric interactions. This is in agreement with the adsorption isotherms. Of
note, visual examination of the samples after completion of the ITC experiments revealed
flocculation of the NPs containing less than 15% w/w PEG. Such bridging of NPs in presence

of LYZ was not observed in the case of the polymer nano-aggregate particles.
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Figure 4.6. ITC assays performed by adding a 1 mg/mL LYZ solution to NPs with different

PEG contents. The integrated calorimetric signal was normalized to the NP surface.

The contribution of the interaction between LYZ and PEG to the observed results was
investigated. ITC experiment trying to evidence interactions between free PEG chains in
solution and LYZ in similar concentration conditions did not show any significant signal (data
not shown). This result demonstrates the absence of direct interactions between LYZ and the
PEG chains of the NP corona. This result actually argues in favor of the penetration of the
protein through the PEG brush and direct interaction between LYZ and the PLA core of the
NP. This “primary adsorption” is favored by the small size of the protein (Table S4).
Secondary (inside the brush) and tertiary (on the top of the brush) adsorptions are less likely to
occur due to the lack of interaction signal between PEG and LYZ [48].

As shown herein, comb polymers could be advantageous alternatives to other polymer
architectures to confer high protein resistance to NPs. This is supported by another study
showing that a PLL-g-PEG polymer with a 20-kDa PLL backbone and 3.5 2-kDa PEG

pendant chains is conferring higher protein resistance to cationic metallic surfaces than similar
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polymers with other architectures [49]. In another recent study, increased stability in
biological medium was also shown for micelles made from comb-shaped polymers with

increasing PEG grafting densities [36].

4.5 Conclusion

The organization of the polymer chains of NPs prepared by nanoprecipitation seems to
differ whether the polymers are comb-shaped or diblock. The characterization carried out in
this study shows a discontinuity in size and zeta potential dependence when a critical PEG
content is reached. The PEG content (% w/w) determines two apparent regimes: a solid
particle regime and a polymer nano-aggregate regime. Interestingly, we found that only about
75% of the total PEG content was present at the surface of the NPs surface for both solid
particles and polymer nano-aggregates. The implications of having PEG chains present inside
the particle core remain to be investigated, but it may be that the PEG chains would play a role
in drug encapsulation and release. Finally, protein adsorption and calorimetric studies indicate
that the comb architecture could be advantageous over other polymer architectures to confer

high protein resistance to NPs.

This paper represent a starting point toward the development of a nano-carrier
platform for drug delivery. We are currently formulating these polymers for the delivery of
active compounds to the central nervous system. All the NP properties reported in the present
manuscript are very relevant to evaluate the potential use of the NPs as drug carriers. We
believe that NP morphology, colloidal stability and protein adsorption are key design
parameters that have to be evaluated before encapsulating any active compounds in the
formulation. This manuscript reveals that these key properties are intrinsically linked to

polymer architecture and composition.
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5 Article 2 « Effect of Formulation Parameters and
Polymer Architecture on the Surface Properties of
Nanoparticles Prepared from Clickable Comb-like

Copolymers»

Manuscrit en préparation (avril 2015)

Ces travaux s’inscrivent dans la suite des améliorations a la synthése des
copolymeéres en peigne utilisant la stratégie de copolymérisation pour introduire des

groupes latéraux fonctionnalisés dans la chaine de PLA (Chapitre 4).

Dans cette étude, nous avons eu recourt a la « chimie clic » par cyclo-addition
catalysée par le cuivre de mPEB-N3 sur des groupes latéraux de type alcyne. Cela nous
permet de générer une nouvelle bibliothéque de copolymére en peigne PEGylées
caractérisée par une structure sans blocs hydrophiles greffés en bout de la chaine. Un
autre but poursuivi par cette étude est de comparer les propriétés de surface de particules
préparées a partir de copolyméres PEGylés a celle dont les surfaces ont ét¢ PEGylées
apres la formation de la particule, ce que permet la chimie clic. Cette approche peut avoir

un intérét en formulation.

L’effet de I’architecture du polymere sur la taille, la morphologie et les propriétés

de surface des NPs fabriquées par différents procédés de fabrication est étudié également.

Ce manuscrit est en préparation et certaines données de caractérisation de surface
par RMN sont incomplétes. Néanmoins les informations recueillies permettent de mettre
en lumicre des correspondances avec les données du Chapitre 4 et 6 sur le rdle de

I’architecture des polymeres dans la structuration des particules.
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5.1 Abstract

A combination of ring-opening polymerization (ROP) and copper-catalyzed

azide—alkyne cycloaddition (CuAAC) is described as an efficient route to synthesize a

library of comb-like grafted copolymers containing poly(ethylene glycol) (PEG) as

pendant groups (PEG-g-PLA). The library is composed of copolymers with different
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PEG grafting densities and PEG with different molecular weights (750, 2000 and 5000
D). All intermediates and final products were characterized by 'H-NMR, FTIR and GPC.

Polymeric nanoparticles (NP) assembly from comb-like polymers was performed
by different methods: nanoprecipitation, “flash nanoprecipitation” and microfluidic
technology. Some formulation variables such as polymer concentration and speed of
mixing were studied in order to observe their effects on NP surface characteristics.
Particle morphologies and sizes were assessed by TEM and DLS. Surface chemical
analyses were performed by '"H NMR and XPS. The NPs size and zeta potential were
found to not be affected by PEG content (% w/w in polymer) and PEG chain length.
TEM images show round shaped object and as expected, NPs sizes were found to
decrease with polymer concentration in the organic phase and with a decrease in mixing
time of the two phases for “flash nanoprecipitation” and microfluidic technology. PEG

chain surface densities were assessed by quantitative 'H NMR and XPS.

Taken together, these results support the interest of branched PEGylated polymer,
as an alternative to linear diblock copolymers, to prepare stable polymeric drug

nanocarriers.

Key words: Poly(lactic) acid, poly(ethylene glycol), click chemistry, nanoparticle, XPS

5.2 Introduction

Polymeric nanoparticles (NPs) are investigated for their potential in drug delivery
and drug targeting for at least two decades now and some nanoformulations have reached
the clinical stage studies [1]. A lot of different polymers have been proposed for this
purpose and with very diverse chemical compositions [2, 3]. Those polymers should have
a number of properties including, biocompatibility, a well-defined structure conferring
adequate surface properties to the particles and be compatible with drug encapsulation

and release.

One of the key surface properties for a drug carrier is the escape from recognition
by serum proteins causing opsonisation of the NPs and premature elimination of the

device [4, 5]. The most common surface modification used to achieve this is the addition
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of a polymeric hydrophilic corona, usually a layer of polyethylene glycol (PEG) present

at an adequate surface density and conformation [6].

The PEG layer could be the result of direct addition of PEG blocks after particle
formation by either physioadsorption or covalent attachment. The latter approach may
result however in low coupling yield and incomplete grafting due to steric constraints;
while instability of the hydrophilic layer have been reported in case of physioadsorption.
Additionally, in both cases, post-preparation modifications require the addition of one or
several purification steps, steps that could be laborious and inefficient with nanoparticle

batches.

Alternatively, the PEG layer could be the result of PEG chain segregation at the
NP surface during the preparation stage. The use of copolymers tailored (in terms of
architecture and chemical composition) to produce the desired surface properties as soon
as the particle is formed, could be of great advantages in term of quality control of the

drug carrier devices, but also in term of clinical translation.

Association of polyesters polymers such as poly(lactic) (PLA) or poly(lactic-co-
glycolic) (PLGA) with PEG have been extensively studied for their advantages. For one,
the polyester chain is fully degradable while the PEG usually used in drug carriers (<10
kD) is easily excreted by the kidney. PEGylated polyesters have also interesting drug
encapsulation and release properties. Finally, as mentioned above, they have the ability to
produce PEGylated surface NPs in a single step without the addition of surfactants. While
diblock PEG-PLA and PEG-PLGA are prominent polymers in the development of drug
nanocarriers up to the clinical stages [7, 8], other copolymer structures have been
proposed in the past such as triblock or multiblock architecture [9, 10] and comb polymer
architecture [11-13]. The resistance to protein binding is dependent on the PEG layer
conformation and is obtained at high surface density, resulting in polymeric brushes [14].
The organization of such polymer brushes are dependent upon several variables such as
area available for each PEG chains, their length, their packing and finally the
hydrophobic block length, PEG points of attachments and chemical composition (in case
of block copolymers). In other words, the PEG surface organization is largely dependent

on the copolymer architecture.
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Click chemistry and the combination of click chemistry with polymerization
processes have been proposed to synthesize PEG copolymers. Several strategies have
been put forth, the most reported being the polymerization of alkyne-functionalized
lactones [15-17]. Combination of ring-opening polymerization and click chemistry has
been proposed using various approaches [18, 19]. Finally, CuAAC has been also
proposed to chemically modify the surface of pre-formed particles [20, 21].

We have previously developed a family of comb-type copolymers containing
PEG branching along a linear polymeric backbone of PLA. This was obtained through
copolymerization of dilactide and a co-monomer composed of functional pendant group
attached to an oxirane ring. After copolymerization, chemical modification of pendant
groups was allowing the grafting of PEG [11, 13]. The pendant groups functionalization
produces a distribution of chemical modifications along the polymer backbones. The
obtained architectures have structural features, distinctive from the usual diblock or block

copolymer. They can strongly influence NPs sizes and morphology [13].

Herein, using a similar approach, alkyne pendant group were inserted in a
growing PLA backbone and were used to covalently attach PEG chains of different
length at different grafting density (PEG-to-lactic acid monomer ratio) by azide-alkyne
click chemistry. These branched/comb PEG-g-PLA polymers were used to produce
stealth NP in a one step process, advantageous in a translational point of view. PEG
segregation toward the surface was shown as well as the dependence of surface PEG
density on polymer structure. Branched/comb polymers PEG-g-PLA produced by click
chemisty were shown to be alternative candidate to PEG-b-PLA polymer for preparation

of polymeric drug carriers.
5.3 Experimental methods

5.3.1 Materials

All chemicals were from Sigma-Aldrich (Oakville, ON Canada) unless otherwise
stated in the text. Solvents were from Fisher scientific (Whitby, ON Canada). THF was

purified over an alumina column (Pure Solv System, Innovative Technology inc.,
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Newburyport, MA, USA) before use. DMF anhydrous was from Acros (Fisher scientific,
Whitby, ON Canada).

5.3.2 Polymer synthesis and characterization.

Synthesis of copolymer (Alkyne-g-PLA)

Copolymer synthesis of dilactide and glycidyl ethers were carried out as
previously described[11] with modifications. Briefly, random copolymerizations of D,L
dilactide (5 g, 3,47 10”2 moles) with glycidyl propargyl ether (GPE) present in variable
molar ratios in the reaction vessel (GPE/lactic acid ratio of 0,5 to 2%) were carried out by
ring-opening polymerization catalyzed by stannous 2-ethyl hexanoate (molar ratio with
lactic acid monomer of 1/5000 ) at 150°C under argon atmosphere and mechanical
stirring. Polymers were purified by dissolution of the melt in Dichloromethane (DCM)
and repeated precipitations in hexanes (HEX) to yield a light yellow polymer (1) after
solvent evaporation and drying under vacuum for 48 hours (Scheme 1). The synthesis and

recovery yield was about 4.5 g (90%).

Copolymer (1)

'H NMR (400 MHz, CDCI3): & (ppm) 1.3-1.5 (m, 3H, CH3); 2.5 (s, 1H =CH), 4.15 (m,
2H CH>), 5.1 (m, 1H CH). *C NMR (300 MHz, CDCl3): & (ppm) 16 (CH3), 69 (CH),
169 (C=0). FTIR (cm™) 660.6; 706.6; 749.5; 842.6; 863.8; 962.5; 1060.5; 1081.9;
1184.3; 1276.3; 1341.9; 1359.8; 1381.2; 1453.0; 1747.7; 2890.1; 2946.1; 2997.6 GPC:
M, 42,680 g.mol! M, 58,820 g.mol! PDI 1,38

Synthesis of Methoxy-PEG-mesylate

PEG-azides were synthesized as described previously with modifications [22].
Previously dried Methoxy-PEG (mPEG-OH, 750 D; 2kD or 5 kD) were used as starting
material. For instance, mPEG-OH 2kD (20 g, 0.01 moles) were derived with 4
equivalents of methanesulfonyl chloride (3.1 ml, 0.04 moles) in presence of freshly
distilled triethylamine (5.1 ml, 0.04 moles) in 100 ml anhydrous THF (purified on
activated alumina column, Pure Solv System, Innovative Technology Inc., Newburyport,

MA, USA). The solution was kept under argon atmosphere and under stirring for 24 h.
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After partial THF evaporation, saturated 100 ml NaCl aqueous solution was added and
extracted 5 times with 100 ml DCM. After partial organic phase evaporation, mPEG-
mesylate was precipitated in cold diethyl ether twice, collected on a Buchner funnel and

dry under vacuum. The typical yield was about 95 %.
mPEG-Mesylate

'H NMR (400 Mhz, CDCLs) : § (ppm) 4.36 (m, 2H CHz), 3.63 (m, 2H, CH), 3.4 (s, 3H,
0-CHz); 3.06 (s, 3H, CH3) 3C NMR (300 MHz, CDCls) FTIR (cm!): 730; 841.32;
946.57; 1060; 1098; 1146.52; 1174.60; 1240.42; 1279; 1340.74; 1359.23; 1413; 1455;
1466; 1965; 2694; 2740; 2982 cm”!

Synthesis of mPEG-Ns (2)

mPEG-mesylate 2kD (15 g, 7.5 mmoles) was redissolved in 100 ml anhydrous
DMF and reacted with sodium azide (1.95 g, 0.03 moles) under stirring for 24 hours to
yield mPEG-NGs. Purification was carried out by partial evaporation of DMF on a rotary
evaporator, addition of saturated aqueous NaCl to aqueous DMF phase and repeated
extractions with 100 ml DCM (5X). After partial solvent evaporation, mPEG-N3 was
precipitated in 10 volume of diethyl ether (2X). After filtration on a Buchner funnel,
PEG-N3 (2) was freeze-dried to yield a white fluffy material kept in presence of P20s

under vacuum before use.
PEG-N3, polymer (2)

'H NMR (400 Mhz, CDCls) : &: 3.6 (2H, CH2), 3.38 (m, 3H, CHs); 3.38 (m, 2H, CH>)
13C NMR (300 Mhz, CDCl3) : FTIR (cm™) 841; 946.2; 958; 1059.5; 1095.1; 1145.3;
1240.3; 1278.5; 1340.4; 1359.4; 1413; 1455; 1466.1; 1962.1; 2097.3; 2740.9; 2740.9;
2859.6; 2859.6; 2876.4

Synthesis of PEG-g-PLA

mPEG-N3 (750 D, 2kD or 5 kD) was finally grafted by click chemistry to yield
PEG-g-PLA (polymer (3) in scheme 1). For example, alkyne-g-PLA, with 0.5% alkyne
pendent groups (2 g, 1.39 10 moles of alkyne) is dissolved in THF previously degassed
by argon bubbling for 20 minutes. Weighed 2 kD mPEG-N3 (0.278 g, 1.4 10 moles).
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PMDETA and Cu(I) bromide (99,999% pure), were pre-incubated in 5 ml degassed THF
to form a royal-blue solution. The solution was added at a 10% molar ratio relative to
available alkyne groups. The reaction was carried out at 45°C and under stirring for 48

hours.

After partial THF evaporation, 50 ml DCM was added and the organic phase was
washed repeatedly in a separation funnel with 100 ml distilled water to remove Cu and
ungrafted PEG chains. After drying the organic phase with Na>SOs4, the organic phase is

removed on a rotary evaporation and the obtained copolymer is dried under vacuum.

In order to confirm the effective % of PEG grafting, NP were formed by
nanoprecipitation (see section below for conditions) and then extensively dialysed in
regenerated cellulose membrane tubes (50 kD cut-off, SpectraPor, Spectrum
Laboratories, USA) for 3 days with at least 3 dialysis media change (MilliQ® water),

before being freeze-dried, resuspended in deuterated solvent and evaluated by 'H NMR.
PEG-g-PLA, Polymer (3)

'H NMR (400 MHz, CDCl3) : &: 1.3-1.5 (m, 3H, CH3); 5.1 (m, 1H, CH), 3.6 (m, 2H
CHa), 3.4 (s, 3H CH3), '3C NMR (300 MHz, CDCl3) : FTIR (cm™): 699.3; 749.6; 842.1;
863.9; 962.3; 1081.9; 1183.6; 1270.8; 1342.1; 1359.7; 1381.1; 1452.9; 1747.8; 2884.4;
2945.2;2994.8 cm™

Polymer characterization (NMR, GPC, FTIR, DSC)

The average molecular weights (My) and average molecular number (M») of the
polymers were characterized by GPC in THF with PS standards, on a Waters liquid
chromatography system equipped with a refractive index detector, GPC columns
(Styragel S5Sum) and analysed using Breeze I[I® software (Waters Corporation, Milford,
MA, USA). Flow rate was set at 1 ml/min, column temperature at 40°C. Linear PS

standards (M. 600 to 200 000 g mole™') were used to construct the calibration curve.

The infrared spectra were recorded on a Nicolet iS10 FTIR (Thermo-Scientific,
Canada) equipped with a SMART iTR attenuated total reflectance (ATR) sampling
accessory with a ZnSe plate. Data were acquired and analysed using the OMNIC®

interface.
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"H NMR, "*C NMR and 2-D 'H/'H (400 MHz) analysis were performed, on a
Bruker Advanced 300 Mhz or 400 Mhz (Bruker, Germany) and analyzed on Mestrec®

software. Samples were dissolved in CDCls.
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Scheme 5.1. PEG-g-PLA comb polymer synthesis. In copolymerization y was varied
(0.5 to 2% relative to lactic acid monomer); z (PEG) =17, 45 or 114.

p40)

Differential scanning calorimetry (DSC) assays were performed on a Jade DSC
apparatus (Perkin-Elmer, Waltham, MA USA) connected to a cooling system. Polymer

and NP samples (approximatively 5 mg) DSC analysis were performed in crimped
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aluminum pan under nitrogen flow from 0°C to 100°C at 10°C min™', hold for 1 minute
and cooled at a rate of 20°C min™! to 0°C and reheated to 150°C at 10°C min™'. Tg onsets

(glass transition temperature) were determined from the second run.

5.3.3 Nanoparticle preparation and characterization

Nanoprecipitation.

NPs were prepared by nanoprecipitation: polymers (either Alkyne-g-PLA or PEG-
g-PLA) were dissolved in acetone at 0.5 or 2% weight/volume concentration and injected
in the aqueous phase under stirring (organic to aqueous phase ratio of 5). The speed of
injection was set at 30 mL/h. The newly formed nanoparticle suspension was
immediately quenched by dialysis in freshly distilled water (SpectraPor 50 kD, Spectrum
Laboratories, USA), for 48 hours with media change every 12 hours. The suspension was

either freeze-dried or kept at 4°C for future use.

Flash nanoprecipitation

“Flash nanoprecipitation” was performed using a mixing chamber precisely
described by [23] and built in-house. The mixing chamber was connected to two syringe
pumps, delivering respectively an aqueous phase and an organic phase. The pumps’
injection speeds were set to adjust the ratio of the two phases and the overall flow rate.
Polymer concentrations in the organic (acetone phase) were set at 0.5 or 2 % w/v The
phase ratio was set at 3:1 and 5:1 respectively. The overall flow rate was set at 4, 8 or 12

ml/min.

Microfluidic method.

The microfluidic assays were conducted with a NanoAssemblr®  device
(Precision Nano, Vancouver, Canada), using the patented microfluidic chips based on
chaotic mixing of the aqueous and the organic phase in converging micro-channels [24].
The ratios of the two phases, as well as the speed of injections, were adjusted using the
provided software. The polymer concentration was set at 0.5 w/v, the ratio of the two

phases at 3:1 and the overall flow rate was between 4 and 16 ml/min.
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PEG grafting on NP made of GPE-PLA by click chemistry

Surface addition of PEG chain was carried out on suspension of NPs made of
alkyne-g-PLA. The NPs was at a concentration of 2-3 mg/mL (NP prepared from
polyesters-co-ether with different ratios of GPE) along with CuSOs4 1 mM and sodium
ascorbate 5 mM. Moreover, in selected assays, an hydrosoluble copper ligand was added
to the medium at a concentration of 1mM The reaction was carried at room temperature
for 24 h under stirring. PEG derived NPs were purified by extensive dialysis (SpectraPor
50 kD, Spectrum Laboratories, USA). PEG grafting was evaluated by 'H-NMR. The
nanosuspension was freeze-dried and the dried material was dissolved in CDCI3 for 'H

NMR quantification.

NPs size measurements. The NP sizes (hydrodynamic diameter) were determined by
photo correlation spectroscopy (PCS) on a Malvern Zetasizer (Malvern, Worchester, UK)

in triplicate and averaged.

Zeta potential measurements. NPs (0.3 mg) were suspended in 1 mL of PBS 0.1X pH 7.4
(about 15 mM NaCl) to measure ( potential on a Malvern Zetasizer (Malvern,

Worchester, UK) in triplicate.

5.3.4 Transmission Electronic microscopy.

TEM procedures were as described in [13]. Briefly, NPs suspension in MilliQ
water at a concentration of 1 to 2 mg/mL was deposited on a carbon film 400 square
mesh copper grids (Electron Microscopy Sciences, Hatfield, PA USA). No staining
procedure was used. TEM image acquisition were conducted in bright filed mode in a
JEM-2100F, Field Emission electron microscope (Jeol Ltd, Tokyo, Japan) equipped with
a sample holder cooled by liquid nitrogen (Gatan inc. Warrendale, Pittsburg, PA, USA).
The grids were maintained at -170°C throughout the acquisition with a temperature
controller (Smart Set Model 900 Cold Stage controller; Gatan inc. Warrendale, Pittsburg,
PA, USA). The acceleration voltage was set at 200 kV. Images were recorded with a
digital camera at low electron dose to prevent damages to the heat-sensitive particles

(current densities between 5 and 15pA/cm?).
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5.3.5 X-rays Photoelectron Spectroscopy.

Sample preparation.

NPs were lyophilized without cryoprotectant and the obtained fine fluffy powder

was pressed on a double side tape and mounted onto a sample rod.

XPS survey analysis.

XPS survey analysis was performed on a Kratos Axis Ultra (Kratos Analytical,
Manchester, UK) with a Mg Ko X-ray source used at 120 W (12kV, 10 mA), with an
electron take off angle of 0°, steps of 1.0 eV for an energy pass of 1000 eV.

High Resolution spectra.

High resolution spectra were acquired on a Kratos Axis Ultra (Kratos Analytical,
Manchester, UK) with a Mg Ko X-ray source used at 120 W (12kV, 10 mA), with steps
of 0.05 eV for a pass energy of 20 eV. Flood gun was used to offset the surfaces charges.
Relative atomic percentages were calculated using the Advanced® software (VG
Scientific, ThermoFisher) from low resolution spectra. High resolution spectra were
analysed by curve deconvolution of Cis and Ois signals on software Advanced® (VG
scientific, ThermoFisher). Background was removed by the Shirley method, the Wagner
sensitivity factor table was used. All spectra were corrected on C-C aliphatic carbon
binding energy peak set at 285.0 eV to compensate for surface charging effect. Peak
fitting was performed as previously described [25] and based on data obtained on pure
PLA and PEG[26]. The conversion of relative atomic percentages to mass percentages
and to PEG surface density estimates is described in detail in the Supporting information

of previously published work [13].

5.3.6 NMR quantification.

Samples preparation (concentration of NP preparation). NP preparation were
concentrated for NMR experiments using tangential flow filtration (Polysulfone filtration

column, pore 0,05 um,, Spectra Laboratories, USA) at a flow rate of 3 ml/min for two
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hours. This approach typically yields to 5 to 7-fold concentration. The concentrates were

examined for aggregation and size changes by DLS before and after the concentration.

NP total PEG quantification. One ml of nanosuspension was freeze-dried in a weighed
Eppendorf tube to determine the mass concentration of particles for PEG surface density
calculations. The same sample was dissolved in CDCl3 and analyzed by 'H NMR
(AV400 Advanced, Bruker, Germany) relative to the internal reference, standard TMS

and a PEG calibration curve in CDCls to determine total PEG content of the sample.

NP surface PEG quantification. After determination of mass concentration of the
concentrated nanosuspension, either 200 or 500ul1 of suspension were added respectively
to 800 and 500ul of deuterium oxide (Deuterium oxide with 0.75% 3-(trimethlysilyl)
propionic-2,2,3,3-d4 sodium salt as an internal standard) and analyzed. NP suspensions
in D20 or H20/D20 were analyzed by 'H NMR (AV400 Advanced, Bruker, Germany).
Quantifications were conducted in reference to mPEG-OH 750, 2kD or 5 kD calibration

curve and internal standard peak intensity.

PEG surface densities quantification by NMR calculation. PEG chain surface density

calculations were previously reported [13].
5.4 Results and discussion

5.4.1 Polymer synthesis and characterization

Copolymer synthesis was carried out according to Scheme 1 based of random
copolymerization of dilactide with glycidyl propargyl ether (GPE). Propargyl insertion
was monitored by "H NMR using the signals at §. 2.5 ppm for alkyne proton and 4.15 for
CH: belonging to the pendent group. Insertion of GPE was tested over a range of 0.5 to 2
% (molar ratio GPE/LA monomer). This approach maintained the integrity of the
polymer backbones and demonstrated control over molecular mass of the polymeric
chain, as seen in the GPC results (Table 1). The use of azide-alkyne chemistry reduces
the number of reaction step and provided greater control over reaction rate and final

molecular weight.

Table 5.1. Table of PLA backbone polymer characterizations (alkyne-g-PLA).
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Polymer GPE* Alkyne GPC
batches Feed ratio insertion M, M, PDI
% (/LA) % (/LA) g/mole g/mole

1 1 0.5 28240 39350 1.39
2 1 0.6 31970 45200 1.42
3 1 0.7 31800 46000 1.45
4 1 0.8 22680 33110 1.5
5 2 1.1 22110 34090 1.54
6 2 1.7 42680 58820 1.38

* glycidyl propargyl ether.

The '"H-NMR, FTIR analyses of mPEG-Mesylate and mPEG azide are shown in

Fig S1, S2. PEG-g-PLA structures were confirmed as well by 'H and '*C NMR (Figure

S3). Different polymer batches were synthesized with varying M, and PEG content

(polymer structure in Scheme 5.1) and characterized as shown in Table 5.2.

Table 5.2. Characteristic of PEGylated polymers (PEG-g-PLA)

Alkyne-g-PLA PEG-g-PLA Nanoparticle
M, M, PDI % alkyne PEG PEG grafting PEG PEG grafting PEG PEG M,, Polymer
Mw content content  number

(GPC) (GPC) (NMR) (NMR) (NMR) (calculated)
g/mole  g/mole % /LA g/mole % /LA % mass % /LA % mass PEG/ chain g/mole
31800 46000 1.45 0.7 750 0.6 6 0.34 3.4 1.50 47126
31800 46000 1.45 0.7 2000 0.41 10 0.35 8.9 1.55 49092
31800 46000 1.45 0.7 5000 0.7 33 0.7 32.7 3.09 61458
22110 34090 1.54 1.1 750 0.04 0.04 0.02 0.2 0.06 34136
22110 34090 1.54 11 2000 0.15 4 0.14 3.7 0.43 34950
22110 34090 1.54 1.1 5000 0.49 26 0.17 10.6 0.52 36700
42680 58820 1.38 1.7 750 0.39 3.4 0.34 3.4 2.02 60332
42680 58820 1.38 1.7 2000 1.9 33 1,8 33,3 10,67 80160
42680 58820 1,38 1,7 5000 1.46 51 1.45 50.2 8.60 101796
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Figure 5.1. Nanoprecipitation (a) Particle Size dependence over PEG length and content
(PEG % w/w in the polymer) using classical nanoprecipitation at polymer concentration
(5 and 20mg/ml) (b) Zeta potential dependence over PEG content. Square represents NP
made from PEG7s0-g-PLA; Circle represents NP made form PEG2000-g-PLA and Triangle
represents NP made of PEGso00-g-PLA. Star represents NP made from alkyne-g-PLA.
Open symbol: nanoprecipitation made from a polymer solution at 5 mg/mL, Closed

symbol: 20 mg/mL

5.4.2 Nanoparticle preparation and characterization

Nanoprecipitation
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Preparation of NP by “classical” nanoprecipitation is straightforward and
conditions used in a previous work were used as a reference [13]. As expected a lower
polymer concentration yielded smaller particles (Figure 5.1 (a)). On the other hand, the
NP size profiles are different from the profiles obtained with PEGylated polymers
described previously [13]. The size transition, with drastic size decrease, in the vicinity of
15% PEG content observed for the other comb-like copolymer library is not present. It is
not either observed an exponential size decay as observed for diblock copolymer by Riley
et al. [27]. This could be due to two factors: firstly, the size of the hydrophobic (PLA)
block which is larger in this study; and secondly the structure of PEG grafting. Herein
there are only lateral PEG chains attached to the PLA backbone while with the method
used previously, PEG grafting could also take place on the PLA chains end-groups.

The zeta potentials recorded in PBS (0.1X pH 7.4) show only a very minor
decrease with increasing PEG length and content. The smaller particles tend to have less
charge (Figure 5.1 (b)). Nonetheless, zeta potentials stay largely negative even for high
PEG content NP. This could be attributed to the number of carboxyl end-groups still

present on each PLA backbone chains.

“Flash” Nanoprecipitation

The device used here is based on dimensions given in [23]. We tested different
flow rates and polymer concentrations in the organic phase. The dependence of NPs size
over flow rate is shown in Figure 5.2 (A), The size PDI is less sensitive to flow rate and
decreases significantly only at very low flow rate (ImL/min) (data not shown). As
expected an increase in polymer concentration lead to a corresponding increase in particle
diameter for all the copolymers (Figure 5.2 (B)). Sizes are not very sensitive over PEG
total content (Figure 5.2(C) with only a modest decrease in diameter from PEG 750 to
PEG 5000. This is similar to what was observed in nanoprecipitation (Figure 5.1). In
figure 52 (D), we observed that the particle sizes are not trending with PEG molecular
weight. Other factors seem in charge to define the particle size as we observed large

difference in size for the same PEG chain length.
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A Dependance of NP size over flow rate B Effect of polymer concentration on size
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Figure 5.2. Nanoprecipitation “flash” (a) Particle Size dependence over flow rate (A);
polymer concentration (B); PEG content % w/w in the polymer (C) and PEG chain length

(D) using nanoprecipitation flash at polymer concentration (5 and 20mg/ml)

Microfluidic.

The geometry of the microfluidic devices is based on [24] and an integrated
device including variable speed injections system has been developed in Peter Cullis’
laboratory, to produced solid lipid nanoparticles and liposomes [28]. Different flow rates
and polymer concentrations were chosen to compare the NPs physico-chemical properties

made by the three preparation methods.

Of note, high concentration polymers (above 5 mg/ml) or non-PEGylated
polymers tend to show precipitation in the mixing part of microchannels. In these cases,
particles tend to grow until it forms bulk precipitated material. It can be explained
because the NPs are not quenched fast enough and also because NPs are not stabilized by
hydrophilic corona. Soft unquenched nanoparticles tend to collide and fuse, plugging the

microchannel mixing chamber.
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We tested a range of injection speeds and concentration with the PEGylated
polymers. The size and zeta potential results are reported in Figure 5.3. We observe a
decline of size with the increase of PEG content and PEG chain lengths. However, the
decline is much slower compared to what was observed with comparable copolymer

architecture produced by coupling reaction [13].
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Figure 5.3. Nanoparticle prepared by microfluidic. Size (z-average) and zeta potential of
NPs produced by microfluidic method (5 mg/mL polymer in organic phase, ratio 3:1

(aqueous/organic phases) at a flow rate of 4 mL/min.

The “grafting-to” approach.
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Instead of using PEGylated copolymers to directly prepare drug-loaded particles,
in some case it could be advantageous to produced NP from non-PEgylated polymer.
This could happen for reasons related to encapsulation efficiency optimization. In this
case PEG chains could be grafted after NP formation. We evaluated the possibility of
installing a PEG surface layer on pre-formed alkyne-g-PLA NPs by click chemistry in an

aqueous environment.

The aim here was to compare PEG densities that can be obtained by direct
preparation of NP with pre-synthesized copolymers with PEG surface densities that can
be reach by a “Grafting to” approach. NPs, made of alkyne-g-PLA (with 0.8 and 1.1%
insertion ratio), were produced by nanoprecipitation. They were characterized for size
and zeta potential (Table 5.3). Copper catalyzed cyclo-addition of mPEG-N3 was
performed on NP aqueous suspensions. The results (Table 5.3) are showing very little or
no PEG grafting after click reaction and extensive dialysis. The PEG detected in the

purified nanosuspensions appears as essentially a residual amount.

This can be explained by the lack of availability of alkyne pendant groups at the
surface. They may be buried under the surface or because of their close proximity with
the PLA backbones they can be locked in a position that does not allow the reaction to
proceed. Moreover, it well known that reactions on a 2D surface are more difficult to
achieve that reactions in solution. Changes in size and zeta do not appeared to be caused

by the addition of a PEG layer on the NP surface.

The changes in NP apparent size as measured by DLS could be the result of the
change of medium. The changes in zeta potential could be explained by cation salts
adsorbed on to the PLA surface after the reaction. An alternative approach could be to
have a more hydrophilic pendant groups, giving the alkyne more access to the surface

and more flexibility.
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Table 5.3. Apparent mPEG-N3 grafting on NP surface (“grafting-to” approach)

% Alkyne mPEG-N; CuSO; NaAsc Ligand % PEG* Yield Diameter** PDI** Zeta Potential SD
(% /LA) mM mM mM (%/AL) % Z-avg, nm mV

1.1 157.9 0.161 -30.5 8.96
1.1 2000 1 5 0.073 6.6 Nanoparticle aggregation

1.1 2000 1 5 1 0.073 6.6 196.3 0.117 -18.6 7.34
1.1 2000 5 1 0.067 6.1 159.7 0.09 -24.9 7.73
0.8 164.9 0.046 -23.6 8.61
0.8 2000 1 5 0.072 9.0 Nanoparticle aggregation

0.8 2000 1 5 1 0.063 7.9 191.4 0.055 -17.3 7.52
0.8 2000 5 1 0.056 7.0 181 0.056 -19.9 7.84

* Determined by 'H-NMR, ** determined by DLS

5.4.3 Morphologies of NP

The morphology of NP produced by nanoprecipitation was examined by TEM as
a function of PEG content and PEG length in the comb-like copolymers.

The obtained particles are solid and spherical and for diameters above 100 nm
they show the apparent core-shell feature attributed to particle contact with the carbon
film [13]. The particle sizes decrease as PEG length and total PEG content (% w/w)
increase, confirming the DLS results. In comparison with previously comb-like polymers
synthesized in our laboratory, we observed striking differences in NP morphology. The
particles prepared with copolymers synthesized by acylation of coupling reactions
showed a soft and “micelle-like” appearance when the PEG content was above 15% [13].
One possible source of difference is the polymer architecture. In this work we have
strictly comb-like polymers, with only lateral PEG chains grafted onto the PLA
backbone. In our previous work, we obtained diblock polymers having supplementary

lateral PEG chains.
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PEG,-g-PLA
3.4% w/w PEG

PEG,,,-g-PLA,
33 % w/w PEG

PEG,, -g-PLA,
50 % w/w PEG

Figure 5.4. TEM imaging of NP prepared by nanoprecipitation (polymer concentration
20mg/mL) with different polymers having different PEG chain lengths grafted by click
chemistry onto the same alkyne-g-PLA backbone. (A and B) Alkyne-g-PLA NPs (C and
D), PEG750-g-PLA NPs (E and F) PEG2000-g-PLA NPs, (G and H) PEGso00-g-PLA NPs
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The effect of the preparation method on the NPs morphology was studied also by
TEM (Fig 5.5). In this experiment, the same polymer (PEG2000-g-PLA, 32% PEG) was
used at a concentration of 5 mg/ml in the acetone phase, with a 3:1 ratio between the
organic phase and aqueous phase for the three different methods. The sizes are smaller
than the particles showed in Figure 5.4 due to the lower polymer concentration used.
Nanoprecipitation and flash nanoprecipitation yielded comparable particle sizes, while
the particles obtained by microfluidic are smaller. There are no differences in
morphologies of the NPs between the three different methods. The NP produced by
microfluidics however have a tendency to aggregate and appeared as fused particles, in

the conditions of the preparation of the grids.

Nanoprecipitation Nanoprecipitation flash Microfluidique

Figure 5.5. Comparison of NPs morphology (TEM imaging at two different
magnifications). NPs were prepared by different methods using the same PEG2000-g-PLA
polymer: (A) Nanoprecipitation (left panel); (B) Nanoprecipitation flash (central panel),
(C) Microfluidic (NanoAssemblr®, Precision Nanosystem) (right panel).
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All particles produced by nanoprecipitation appear as solid NPs in TEM in
contrast to previous results. At PEG contents around 30 to 50% (w/w), NPs made from
PEGylated comb-like copolymers described previously were found to have “micelle-like”
or “polymer nano-aggregate” aspects by cryo-TEM [13], Moreover their size as
determined by DLS and TEM were much lower (25-50 nm in diameter). Two hypothesis
are put forth to explain this difference: 1) the size of the PLA hydrophobic block which is
slightly larger in this study (30-35 kD vs 20-25 kD on average in previous works [13]). A
larger hydrophobic chain results in an increase of the NP core diameter and therefore a
stabilization of the structure; 2) the structure of the comb-like copolymers in this study
has some differences with polymer prepared in the previous work [13]. The synthesis
strategy used herein removed the possibility to have PEG chain grafted on PLA terminal
end-group resulting in a mixed architecture (diblock/comb copolymer). Here the only
possibility of PEG grafting is on lateral pendant alkyne groups. 3) The last hypothesis for
a different chain arrangement could be attributed to the stiffness of the triazole ring
linking PEG to the PLA backbones. The constraints on the chain near the junction with
the PLA backbones may limit the movement of the PEG chain, therefore contributing to

an increase in chains number in each NPs.

5.4.4 PEG surface density: RMN quantification

The calculation for the total PEG present in the NPs is obtained from 'H NMR
using the relative quantification of PEG to the PLA block. The quantification of surface
PEG was determined on NPs suspended in D20 with an internal standard (Figure 5.6).

Nanoprecipitation.

Nanoprecipitations were performed at two polymer concentrations: 5 and 20
mg/mL, using same phase ratio, injection and mixing speeds. After concentration by
tangential flow filtration, NP sizes were assessed by DLS and were found unchanged
(Table S.1). Surface PEG quantification was done by diluting the NP suspension in D20.
Moreover, to avoid H20 interference in the quantification of the PEG peak, the residual

water signal was presaturated before acquisition. The results are shown in Table 5.4,
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Table 5.4. PEG surface density and percentage of PEG at the surface as determined by
quantitative 'H NMR for NPs prepared by nanoprecipitation (20 mg/mL polymer in

acetone).
Id PEG Polymer NP PEG surface Surface
Mw PEG content Diameter density PEG
g.mol”’ % number, nm PEG/nm’ %
750 34 157.0 0.56 62.5
2000 33 119.8 1.64 66.0
3 5000 51 114.6 0.65 44.4
4 750 34 135.8 0.19 25.2
2000 8.7 112.6 0.23 36.9
5000 32.8 112.9 0.27 29.2
750 0.4 112.1 0.00 0.0
2000 4 134.4 0.08 25.1
5000 10.6 123.0 0.13 39.2

PEG attached to a surface, adopts, according to the generally accepted model [29]
a random coil configuration at low density (mushroom configuration). If the chain
movements are restricted by the neighbor chains they switch to a brush model. The chain
backbones are stretched and the extent of stretching is proportional to the PEG surface

density.

PEG surface densities appear to reflect copolymer PEG content and PEG chains
length (Table 5.4). The comparison of results for NPs made with a copolymer of about
33% PEG content, with either PEG 2kD or PEG 5kD (line 2 and 6, Table 5.4) show a
decrease of PEG surface density that could attributed to the PEG chain footprint effect.
This limits the access of more PEG 5kD chains to the surface compared to the PEG 2kD
chains. This is reflected by the percentages of PEG on the surface. The decrease of PEG
surface density cannot solely be attributed to the fact that for a same weight of PEG, there
are 2.5-fold more PEG 2kD chains than PEG 5kD chains.
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Figure 5.6. Example of surface PEG quantification of mPEG-g-PLA NPs by 'H-NMR,
(A) NP in D20 prepared with a PEG 2kD copolymer; (B) NP in D20 prepared with a

PEG 5kD copolymer. Presaturated water signal is clearly seen at the left of the spectra.

Flash nanoprecipitation and microfluidic.

Preliminary data of PEG surface density are also available for other preparation
methods. The table 5.5 shows some of the quantification results available. The
nanoprecipitation results showed in this table are distinct from the results presented

previously in sections above and represent duplication of fabrication batches.
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Table 5.5 Comparison of preparation methods: NMR quantification results

Method* PEG Mw Polymer PEG Diameter PEG surface density Surface PEG
content

g.mol-1 % number, nm PEG/nm2 %
1-NP 750 3.4 171.5 0.45 46.0
2-NP 2000 33 136.9 0.88 31.2
3-NP 5000 51 120.3 0.79 51.0
4-NP 2000 0.4 121.2 0.08 NA
5-MF 2000 33 128.1 0.61 229
6-MF 2000 33 128.1 0.79 29.9
7-NF 2000 33 105.1 0.81 37.3
8-NF 750 0 100.5 0.00 0.0
9-NF 2000 0.4 105.2 0.06 NA
10-NF 5000 4 94.2 0.11 117.0

* NP=Nanoprecipitation; MF=Microfluidic; NF=Nanoprecipitation Flash

The comparison of preparation method using the same polymer (PEG 2kD, PEG
content of 33%, line 2, 6 and 7) shows similar results for PEG surface density regardless
of the preparation method. The small differences could be ascribed to the differences in
total surface area which is a consequence of different NP diameters obtained for particles

prepared using the different methods.

5.4.5 PEG surface density: XPS analysis of surface.

XPS analysis of NP surfaces were conducted only on NPs prepared by “classical”

nanoprecipitation at polymer concentration of 20 mg/mL in acetone.

Survey analyses

In the survey analyses we were interested primarily in the detection of nitrogen as
indicative of the presence of triazole ring and PEG grafting. The N1s peak was indeed
detected for some PEGylated NP batches (Table 5.6) but the signal was very low. This is
not surprising as the nitrogen content of the PEG-g-PLA in weigh is close to the detection
limit of XPS. An enrichment of the nitrogen content could be expected at the NP surface
compared to the bulk polymer content, as a result of PEG chain segregation at the surface

of the particles. However, the nitrogen would be located at the junction between the core
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of the particle and the PEG layer; its signal could be partially attenuated by the surface
PEG brush. An unexpected contamination by Si atom has been attributed to silicone

grease contamination. The origin of the contamination is still unknown.

High resolution spectra.

Nitrogen was detected in some samples, however, it was not possible to perform
high resolution analyses to confirm the type chemical bonding as the amount of nitrogen
is very low and samples were sensitive to multiple scans. The presence of the azide group
was confirmed on mPEG-N3 (see Figure S5). The disappearance of the peak at 404 eV
(due to N* of the azide group) can be used to follow the click reaction and generation of
the triazole ring resulting from the Cu-catalysed cyclo-addition of PEG. However, the
signals recorded for the NP samples were too noisy to be conclusive to explain the
disappearance of this peak and to obtain direct evidence of the presence of the triaozole

ring.

In most cases, PEG surface enrichment was confirmed by XPS (Table 5.7). We
converted the semi-quantitative results into quantitative results as described in [13] and
obtained PEG surface densities values. The results are plotted in Figure 5.7 showing the
dependence of the PEG surface density and the percentage of PEG surface content on the
total PEG content in the copolymer. The density values in Figure 5.7 were similar with
the NMR data listed in Table 5.5. For instance if we compare PEGz000-g-PLA with the
same PEG content of 33%, we have obtained similar surface density, ie. 0.7-0.8

PEG/nm?.

This is also reflected by the percentage of total PEG found on the surface which
decrease as a function of increased PEG content in the copolymer. It is particularly
striking for PEG 5kD and may reflect a limited space for supplementary PEG chains at

the surface due to the steric constraints imposed by the dense PEG brush.
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Table 5-6. Survey analysis of alkyne-g-PLA and PEG-g-PLA NPs samples

BE Relative Atomic percentage

eV %
PEG length g.mol* 0 750 2000 5000 0 750 2000 5000 0 750 2000 5000
PEG % (w/w) 0 3.4 33 51 0 3.4 8.7 32.8 0 0.4 4 10.6
O1s 532.9 48.29 50.09 46.17 46.68 | 56.17 54.73 50.35 46.87 | 45.10 55.46 55.13 53.65
N1s 402.3 0 0 0.54 0 0 0 0 0.52 0 0 0.24 0.32
Cls 286.1 42.59 43.72 49.21 51.36 | 41.77 4098 4595 51.09 31.49 43.64 44.63 42.26
Si2p 102.1 8.81 6.19 4.08 1.97 2.06 429 3.70 1.53 5.03 0.90 0 3.77

Data from one sample, atomic percentages are reported as the average of XPS spectra taken at 3 different positions

Table 5.7 Cls relative atomic percentage (% of total carbon)

BE Relative Atomic percentage

eV %
PEG length g.mol? 0 750 2000 5000| O 750 2000 5000 0 750 2000 5000
PEG content % (w/w) 0 3.4 33 51 0 3.4 8.7 328 0 0.4 4 10.6
C-C(PLA) 285.0 42.15 34.65 2591 22.19(35.13 30.91 27.85 2448 | 3560 30.91 29.89 28.62
C-O (PEG) 286.0 0.00 11.31 32.48 40.36| 0.00 11.18 15.95 31.00| 0.00 11.18 15.50 15.71
C-O (PLA) 287.0 28.38 26.03 21.15 19.64|30.98 29.36 27.12 21.93 | 30.20 29.36 26.59 28.82
0-C+0 (PLA) 289.0 29.47 28.01 20.46 17.81|33.89 28.54 29.08 22.59| 34.20 2854 28.02 26.86

Data from one sample, atomic percentages are reported as the average of XPS spectra taken at 3 different positions
Table excludes the contribution of C-Si found in some samples
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Figure 5.7. XPS analysis (A) PEG Surface density; (B) Surface PEG % as calculated from
XPS data. All PEG M., were pooled in these data.

5.5 Conclusion

In this work we synthetized comb-like copolymers by a combination of ring-opening
polymerization (ROP) and copper-catalyzed azide—alkyne cycloaddition (CCAAC). The
library of comb-like grafted copolymers containing poly(ethylene glycol) (PEG) as pendant
groups (PEG-g-PLA) of different molecular weights was used to produced NPs using different
preparation methods: “classical” nanoprecipitation, “flash” nanoprecipitation and microfluidic.
The effects of polymer architecture and preparation on the size, morphology and surface

physico-chemical properties were assessed.
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The NPs size and zeta potential were not significantly dependant on the PEG content
(% w/w in polymer) and PEG chains length in the copolymers. PEG chain surface densities
were assessed by quantitative 'H NMR and XPS. Preliminary data indicated that the effect of
the preparation methods was limited to NP size, while PEG surface densities were found to be
a function of the hydrophobic backbones (PLA), the total PEG content and the length of the
pendant PEG chains. As with previously described comb-like copolymers [13], the position of
the hydrophilic block in the chain appears to play an important role in NP structural
arrangements. Taken together, the results support the importance of developing stable
polymeric drug carriers with different polymer architecture from the linear diblock

copolymers.
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6 Article 3 “Effect of polymer architecture on Curcumin
encapsulation and release from pegylated polymer

nanoparticles: toward a drug delivery nano-platform to the

CNS”

Article actuellement en révision au « European Journal of Pharmaceutics and

Biopharmaceutics » (version révisée acceptée le 7 septembre 2015).

Dans cette partie, nous avons d’étudi¢ le role de 1’architecture du polymere sur les
propriétés d’encapsulation et de libération d’une molécule active, la curcumine. Les
copolyméres testés sont ceux appartenant a la premiere bibliothéque de copolymeres (PEG-g-

PLA) obtenus par couplage et acylation (décrits dans le Chapitre 4).

Le but est de faire un lien entre les propriétés physicochimiques des particules, mises
en évidence dans les chapitres précédents et I’efficacité d’une molécule active. Un second
objectif était d’explorer les possibilités offertes par cette bibliothéque de copolymeéres pour

concevoir un véhicule pour cibler a terme le systéme nerveux central.
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6.1 Abstract

We developed a nanoparticles (NPs) library from poly(ethylene glycol)-poly lactic acid
comb-like polymers with variable amount of PEG. Curcumin was encapsulated in the NPs
with a view to develop a delivery platform to treat diseases involving oxidative stress affecting
the CNS. We observed a sharp decrease in size between 15 to 20 % w/w of PEG which
corresponds to a transition from a large solid particle structure to a “micelle-like” or “polymer
nano-aggregate” structure. Drug loading, loading efficacy and release kinetics were
determined. The diffusion coefficients of curcumin in NPs were determined using a
mathematical modelling. The higher diffusion was observed for solid particles compared to
“polymer nano-aggregate” particles. NPs did not present any significant toxicity when tested
in vitro on a neuronal cell line. Moreover, the ability of NPs carrying curcumin to prevent
oxidative stress was evidenced and linked to polymer architecture and NPs organization. Our

study showed the intimate relationship between the polymer architecture and the biophysical
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properties of the resulting NPs and sheds light on new approaches to design efficient NP-based

drug carriers.
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6.2 Introduction

Neurodegenerative disorders (NDD) are an increasing burden for the health systems
and amongst all NDD, Alzheimer disease (AD) represents the most common disease. Besides
the complexity of the pathophysiology of these diseases, NDD and AD are also particularly
difficult to treat due to the limited permeability of the blood-brain barrier (BBB). Indeed, the
BBB is very efficient to prevent the entry of foreign compounds in the central nervous system
(CNS), thanks to a very tight endothelial structure and the action of efflux pumps [1, 2].
Moreover, the drugs available for the treatment of AD are in limited number and are
symptomatic drugs associated with unwanted peripheral secondary effects. Finally,
considering the number of mechanisms involved in AD progression, delivery of compounds
with pleiotropic properties is a promising strategy. For instance, several studies have pointed

out that curcumin, a phyto-polyphenol with anti-oxidative, anti-inflammatory activities and
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low toxicity, could alter several mechanisms involved in AD such as the amyloid-beta
cascade, the phosphorylation of Tau protein as well as the development of oxidative stress [3].
However, curcumin brain bioavailability is low due to its poor stability in physiological media

[4] and poor permeability across the BBB [5, 6].

Curcumin encapsulation in nanocarriers has been extensively studied for different
therapeutic applications, mainly in an effort to by-pass the BBB but also to improve its
solubility limitation and chemical instability. Liposomes, micelles, lipids or albumin particles
[3, 7-9], as well as polyester-based carriers [5, 10] and poly(cyanoacrylate) based carriers [11]
have been proposed to deliver curcumin and other substances to the CNS. Curcumin
encapsulated in PLGA NPs showed an increased accumulation in CNS tissues compared to

free curcumin [12].

Nanoparticle-mediated efficient uptake of active substances into the CNS represents
the new field of nanomedecine with great challenge and could represent a major breakthrough
in the management of different CNS disorders. Although several proofs of concept have been
put forward, the main goal stays elusive, mainly for reasons linked to the dose levels actually
delivered, accumulation of polymeric material in the host, more complex cellular environment
and interspecies differences between models [13]. Amongst those reasons, one that has been
clearly underestimated is the structural properties of the particle. The relationships between
the polymer architecture and the resulting NP structural organization are still a matter of
debate in spite of several decades of research. In the area of pharmaceutical polymeric
nanocarrier, diblock polymers are the most commonly used polymers to form NPs [14, 15].
On the other hand, few systematic studies focusing on establishing the relationship between
the polymer architecture and the performances of the nano-carriers in term of encapsulation

efficiency, release profile and more generally drug efficacy, are available.

The ability of PEGylated NP to penetrate into the brain tissue through the BBB is still a
matter of debate. It is well established that drug carriers must be PEGylated in order to
circulate for an extended period of time in the blood stream and to provide enough time to the
different transport mechanisms to improve NP brain accumulation. “Naked” NPs are usually

rapidly opsonized resulting in an increase of liver uptake and macrophage elimination. This
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strongly decreases their distribution in other organs and tissues, including brain tissues. The
influence of PEGylation on the BBB crossing mechanisms is not well documented yet. It has
been reported that PEGylated poly(alkylcyanoacrylate) NP penetrate the brain tissues more
efficiently than any other nanoformulation using other surface modifications [14, 16]. The
specific crossing of a non-compromised BBB (in absence of brain injury or inflammation
creating gaps between endothelial cells.) involves passage through a layer of endothelial cells
via endocytosis, lysosomal escape and exocytosis on the brain parenchyma side [17, 18].
Modification of NP surface properties using polymers such as Poloxamer®, polysorbates and
PEG have been shown to favour adsorption of serum ApoE on the NP surface [13]. ApoE can
be used as a targeting ligand allowing translocation of the NP across the BBB via the ApoE
receptor present on endothelial cell surfaces [7]. The effect of PEG surface densities and PEG
surface organization on BBB crossing efficiency is not well documented. To our knowledge,

systematic exploration of these parameters is yet to be conducted.

Considering the often opposite properties a NP has to display for a successful clinical
outcome [19], the development of innovative polymer architectures is necessary to maximize
the efficacy of delivery to the CNS. We previously developed a library of polymers based on a
comb-like architecture exhibiting a backbone of polylactic acid with pendant polyethylene
glycol chains. We showed that by systematically varying the amount of PEG in the polymer,
we were able to control the NP structure from solid particles to soft, polymer nano-aggregate

or “micelle-like” particles [20].

In this work, we used this library of PEG-g-PLA polymers to prepare nano-vectors
loaded with curcumin. The effect of polymer architecture on the structure of the particle, drug
encapsulation efficiency, drug loading, the drug release and its modeling taking in account
curcumin degradation, were studied. The suitability of these NP for antioxidant delivery was
evaluated on a neuronal cell line. This work represents the first step toward the development
of an efficient drug delivery system to the CNS. Moreover, our library of NP with a systematic
variation of PEG content and PEG surface densities may provide a tool to explore the role of

PEG in the NP crossing of the BBB.
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6.3 Materials and Methods

6.3.1 Materials

The synthesis of the different polymers used in this study was described elsewhere
[20]. Briefly, random copolymerization of D,L-dilactide and benzyl glycidyl ether (BGE) was
performed by ring-opening polymerization catalyzed by stannous 2-ethyl hexanoate (SnOct2).
The BGE/lactic acid ratio was varied from 0.5 to 3 % to yield PLA chains with different
densities of benzyl pendant moities. Alcohol pendant groups were deprotected by catalytic
hydrogenation in presence of Pd/Carbon to yield OH-g-PLA. mPEG-COOH (2kD) was
grafted onto OH-g-PLA polymers by acylation to yield PEG-g-PLA (polymer A and C in
Figure 1). Alternatively, the mPEG-COOH chains were grafted by esterification in presence of
dicyclohexylcarbodiimide (DCC) [21]. The diblock synthesis (PEG-b-PLA, polymer B in
Figure 1) was performed as follow: mPEG-OH 2kD was used as a macro-initiator during the
ring-opening polymerization of dilactide in presence of SnOct2 as previously described [20].

Polymer properties obtained from GPC and 1H-NMR are summarized in Table 1.

All chemicals were from Sigma-Aldrich (Oakville, ON Canada) unless otherwise
stated in the text. Solvents were from Fisher Scientific (Fisher Canada, ON). Curcumin was
obtained from AK scientific (AK Scientific, Union city, CA, USA). SK-N-SH cells which are
human neuroblastoma cells, were from ATCC (Manassas, VA, USA), Cell culture media,
minimal essential medium Eagle (MEM), fetal bovine serum, penicillin, streptomycin, and
sodium pyruvate were obtained from Sigma-Aldrich (Oakville, ON, Canada). LDH and Tox-8
detection kits were from Sigma-Aldrich (Oakville, ON Canada).

6.3.2 NPs fabrication and purification

NP batches were prepared by nanoprecipitation. Briefly, 60 mg of PEGylated polymer
were dissolved in 3 ml acetone. For drug-loaded NP batches, curcumin was added to the
organic phase at a determined curcumin/polymer ratio (from 0 to 20 % w/w). The organic

phase was slowly injected with a syringe pump (Kent Scientific Corp. Torrington, CT, USA)
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at a rate of ImL/min with a 26G needle in 15 mL of PBS 10mM (pH 7.4) placed in a 25 ml
beaker. The aqueous phase was kept under constant stirring (530 rpm) with a magnetic

agitator during the injection of the organic phase.

NPs were purified by centrifugation on a tabletop centrifuge (Multi RF centrifuge,
Thermo Electron Corp. Needham heights MA, USA) to remove eventual large debris,
aggregates and precipitated non-encapsulated curcumin (5 min at 5000 rpm). Supernatant was
finally dialyzed against PBS during 2 h in a regenerated cellulose membrane bag, with a cut-
off of 6-8000 Da (SpectraPor, Spectrum Laboratories, Rancho Dominguez, USA) to remove
organic solvent residuals as well as small non-precipitated polymer chains. NPs were stored in
a dark container at 4°C or were used immediately after preparation. Residual amount of non-
encapsulated curcumin in solution are rapidly degraded in the aqueous phase during NP

suspension storage and are thus not contributing to observed biological properties.

6.3.3 NPs characterization

* Size measurements. The NPs size was measured by Dynamic Light Scattering (DLS) on a
Zetasizer Nano-ZS (Malvern Instruments, Worcester, UK). Three measurements of 15 (10

seconds) runs were performed at 25°C and averaged.

* Zeta potential measurements. NPs suspended in 1 ml of PBS 0.1 X pH 7.4 were placed in a
disposable folded capillary cell to measure { on a Malvern Zetasizer (Malvern, Worchester,

UK) in triplicate.

* Loading efficiency (LE) and drug loading (DL). LE and DL were assessed by UV/Vis
spectrophotometry (MBI Lab equipment, Montréal, CA) using a standard curve of curcumin in
dichloromethane (DCM) at Amax=419 nm. Briefly, 1 mL of NPs was lyophilized and
precisely weighted, then dissolved in DCM. Dissolved polymers effect on absorbance was
found not significant. Curcumin concentration was then measured by UV/Vis. LE and DL

were calculated using equations (Eq. 1) and (Eq. 2) respectively:
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NP exact weights were adjusted for the presence of PBS salts in samples.

6.3.4 Differential Scanning Calorimetry (DSC)

DSC experiments were performed on blank and loaded NPs. A mass of about 5 mg of
freeze-dried (blank or drug-loaded) NP was disposed in crimped aluminum pan. DSC analysis
were performed under nitrogen flow from -400C to 800C at 100C min-1, hold for 1 minute
and cooled at a rate of 200C min-1 to -400C and reheated to 800C at 100C min-1. First run
was analyzed for NP samples using TA instruments Universal Analysis 2000, version 4.5A

(TA Instruments — Waters LLC, USA).

6.3.5 Transmission electronic microscopy (TEM)

e Sample preparation for TEM. Diluted NP suspension in MilliQ® water at a concentration
of about 1 to 2 mg/ml were deposited on a carbon film of 400 square mesh copper grids
(Electron Microscopy Sciences, Hatfield, PA USA). The volume of the droplet was about 2 to
4 ul. The droplet was allowed to sit for 5 minutes before excess of liquid was drained-out with
filter paper. Grids were allowed to dry in air for 1-2 hours before image acquisition. No

staining procedure was introduced.

o TEM imaging. TEM image acquisition was done in bright field mode on a JEM-2100F,
Field Emission electron microscope (Jeol Ltd, Tokyo, Japan) equipped with a sample holder
cooled by liquid nitrogen (Gatan inc. Warrendale, Pittsburg, PA, USA). The grids were
maintained at -1700C throughout the acquisition with a temperature controller (Smart Set

Model 900 Cold Stage controller; Gatan inc. Warrendale, Pittsburg, PA, USA). The grids were
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introduced in the microscope column under vacuum. Liquid nitrogen was added to the sample
holder and temperature recorded. The sample was exposed to the electron beam only after the
temperature had reached -1700C. The acceleration voltage was set at 200 kV. Images were
digitally recorded at a low electron dose to prevent damage to the heat-sensitive particles

(current densities were between 5 and 15 pA/cm?2).

6.3.6 Drug release studies

Release studies were carried out in triplicate using the dialysis bag method at 37°C in
an orbital shaker. In brief, 3 mL of NPs suspension were placed in a dialysis bag (Cellulose
ester membrane, cut-off 100 kDa, Spectrum Laboratories, Rancho Dominguez, USA) and
then, immersed in 30 mL of 10 mM PBS (pH 7.4) supplemented with 50 mM Sodium
Dodecyl Sulfate (SDS) to increase curcumin solubility in the release medium and insure sink
conditions. Ascorbic acid (ASA) was also added to the medium (25uM) to minimize
curcumin oxidation. At each time-point, 3 mL of external media were removed and replaced
by fresh solution. The curcumin solution was dosed by UV/Vis spectrophotometry according

to a standard curve of curcumin in a 10 mM PBS/SDS/ASA buffer at Amax=422 nm.

6.3.7 Cytotoxicity studies

Cytotoxicity studies were carried out as described previously [22] with some
modifications described here. Briefly, SK-N-SH cells were maintained in MEM,
supplemented with 10% v/v FBS, 100 U/mL penicillin, 100 g/mL streptomycin, and sodium
pyruvate (1mM) in a humidified incubator at 37 °C with 5% CO2. Cells were grown to 80%

confluence and then seeded in multi-well cell culture plates.

e Cytotoxity assays. SK-N-SH cells were plated at a density of 2.0 x 104 cells/well in 96-well
plates and incubated for 24 h at 37 °C. Cells were then treated with either free curcumin, blank
NP or curcumin-loaded NP in presence or absence of H202 (250uM) (n=3). Curcumin
solutions are prepared as follow to avoid precipitation: A stock solution of 200 uM is prepared

by the solubilisation of 1 mg of curcumin in 0.5 mL of Ethanol and the volume is completed
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with 13 mL of PBS. This stock solution was used to prepare solution of free curcumin in all
biological tests. Control experiments (not shown in this study) had previously showed that this
procedure had not effect on biological results [10]. Preparation of blank or curcumin-loaded
NP, characterized for their size, mass concentration and drug loading, were diluted to obtain
0.25 to 1 uM curcumin equivalent concentration in either blank or curcumin-loaded NP
samples. Practically, the same concentration of particles was used in experiments involving
blank and loaded NPs. This allows for a direct comparison and control of NP effects, to be
distinguished from curcumin effects. Cell death and survival were measured 24 h after the
treatment using the cytotoxicity detection kit-LDH and the survival detection kit Tox-8
(Resazurin-based) respectively. The kits were used following the manufacturer’s instructions.
Values obtained from controls, untreated cells, were considered as 100% of proliferation for
Resazurin-based assays. For cell mortality assays (LDH-based assays) and ROS level
determination (DCF-DA assays), values obtained from controls untreated cells were
considered as 0% effect on mortality, while values obtained from control untreated cells
exposed to 250uM H202 were considered as 100% effect on mortality. Raw results from
treated cells were thus normalized based on these controls to allow a direct comparison of the

different treatments and account for cell-assays variability from plate to plate.

6.3.8 Effect of Reactive Oxygen Species (ROS) and reactive nitrogen species

(RNS).

Effect of NPs on intracellular ROS and RNS as well as protective effect of blank and
drug loaded NPs on neuronal cells in presence or absence of 250 uM H202 were assessed by
following the oxidation of 2°,7° —dichlorofluorescin diacetate (DCF-DA) a non-fluorescent,
cell permeable dye that, upon hydrolysis by intracellular esterase, reacts with ROS/RNS to
produce a highly fluorescent compound, 2°, 7° —dichlorofluorescein (DCF), which is trapped
inside the cells. Briefly, SK-NSH cells (2 x 104/well) were plated into 96-well plates. After 24
hours, cells were exposed with 10 [TM DCF-DA for 20 min and treated with either free
curcumin, blank NP or curcumin-loaded NP for 1 h in presence or absence of H202. At the

end of the treatment, cells were then washed with PBS containing Ca2+/Mg2 and the
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fluorescence was determined with the excitation/emission filters at 485/ 535 nm using a
Synergy HT multi-detection microplate reader (BioTek Instruments, Inc, Highland Park,
Winooski, Vermont USA).

ROS level determination (DCF-DA assays), values obtained from controls untreated
cells were considered as basal level (0%), while values obtained from controls untreated cells
exposed to 250uM H202 were considered as the 100% effect on ROS levels. Raw results
from treated cells were thus normalized based on these controls to allow a direct comparison

of the different treatments and account for cell-assays variability from plate to plate.

6.3.9 Statistical analyses

Multiple groups comparison of cell-based assays were performed with a one-way
Anova on SigmaStats® (Systat Software Inc.) using the Holm-Sidak method. Significance

level was set at p<0.05.

6.4 Results and discussion

6.4.1 Polymer characteristics

The polymers used in this study, noted as PEG-g-PLA throughout the text, are comb-
like polymers composed of a PLA backbone on which PEG chains are grafted. In addition to
PEG-g-PLA polymers, PLA polymer bearing no PEG chain (OH-g-PLA) as well as a PEG-b-
PLA di-block polymer were included to the study in order to better characterised the effect of
PEG content and architecture. The polymers’ architectures are presented in Figure 1. The

properties of the polymer used in this study are listed in Table 1.
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Figure 6.1. Structures of the polymers used in this study. (A) PEG-g-PLA; (B) PEG-PLA di-
block polymer, (C) PEG-g-PLA with a terminal PEG graft. (z= 45; y : 0.5-2.5/100 LA

monomers)

PEG chains (Mw=2 000 g/mol) were grafted on a PLA backbone of Mw =25 000

g/mol (Table 1). The resulting polymers exhibited a PEG content varying from 8 to 37.9

%w/w (Table 1). The choice of the PLA backbone size was determined by its appropriate

short degradation time [23]. Numbers of grafted PEG chains on polymeric chain were

determined by 1H-NMR [20].

Table 6.1. Polymer properties (from [20])

Molar Mass M, %PEG Structure
Polymer N
PLA (g/mol) PEG (g/mol) (% w/w) See figure 1
OH-g-PLA 23990 - 0 -
PEG-PLA 23000 2000 6 B
PEG8%-g-PLA 28 300 2000 8 A
PEGI12%-g-PLA 40 300 2000 11.6 A/C
PEG15%-g-PLA 33 890 2000 14.9 A/C
PEG20%-g-PLA 19820 2000 19.9 C
PEG25%-g-PLA 23990 2000 24.9 C
PEG38%-g-PLA 28 300 2000 37.9 C
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6.4.2 NP preparation and characterization

NP made with different curcumin contents (% w/w ratio curcumin/polymer varying
from 0 to 20%) in the organic phase were prepared by nanoprecipitation and characterized.
Except for NPs prepared with OH-g-PLA, curcumin-loaded NP showed no significant size
differences compared to blank NPs (Fig. 2a). This observation is in agreement with Budhian et
al. who encapsulated haloperidol in PLA-based nanoparticles and found that NPs mean
diameter was independent of the initial haloperidol content [24]. Similar observations were

made by Gou et al. in a work involving encapsulation of curcumin in a micellar system [25].

Fig. 2b shows the evolution of the NPs hydrodynamic diameter as a function of PEG
content in the polymer (% w/w PEG/PLA). NPs size was found to be constant and
independent of PEG content up to 15 % w/w PEG. Above this value, a sharp decrease in size
is observed to about 50 nm at 25% w/w PEG/PLA. Afterwards, NPs hydrodynamic diameters
increase again slowly, up to 100 nm with increasing PEG content (Fig. 2b). This increase
could be due to the higher surface PEG chain density resulting in stretched PEG chains and
increase in particle hydrodynamic diameter, as predicted by De Gennes’ theory [26]. Similar

observations were reported for this polymer library previously for blank NPs [20].

OH-g-PLA NPs (NPs made of polymer before it has been modified by PEG grafting)
showed a different behaviour when prepared with a ratio of 15% w/w curcumin/polymer. The
colloidal system was instantaneously destabilized, resulting in a drastic NP hydrodynamic
diameter increase. It can be hypothesized that, when OH-g-PLA is used, curcumin
precipitation occurred much faster than the polymer precipitation and particles formation. As a
result, curcumin precipitation drags down polymer chains leading to the complete
destabilization of the system. On the other hand, PEG side chains in di-block and comb-like

copolymers contribute to the nano-suspension stabilization.

NPs zeta potential was also studied as a function of PEG content in polymer (Fig. 2c¢).

OH-g-PLA NPS exhibited a strongly negative zeta potential of -75 mV providing a strong
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electrostatic repulsion in aqueous solution between PLA particles. The presence of PEG
chains on PLA backbone decreases drastically zeta potential to a value of -15 mV. However
this decrease remained independent of the polymer PEG content. NPs produced with the
diblock polymer exhibited a zeta potential slightly more negative compared to NPs obtained
with comb-like polymers. The dramatic decrease in zeta potential with increased PEG content
has been also reported by Gref et al. [27]. Such phenomenon has been attributed to the
displacement of the shearing plane far away from NPs surface by the presence of PEG chains
around the NPs, hiding the carboxylic groups present in the PLA core. However, low
electrostatic repulsions for PEG-g-PLA NPs are counterbalanced by the increased steric
hindrance around PEGylated NPS which guarantees a stable colloidal suspension. The
difference between diblock and PEG-g-PLA zeta potentials can be explained by the smaller
PEG/PLA ratio used in the diblock copolymer (Table 1) which decreases the PEG density
around corresponding NPs. Another explanation can be related to the structural organization

of comb polymer preventing PLA terminal COOH to be exposed at the NP surface [20].
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(c)

Figure 6.2. Particle hydrodynamic diameter as a function of: (a) initial curcumin/polymer
content in the organic phase (% mass); or (b) PEG content. (¢) Zeta potential of the NPs as a

function of polymer PEG content. In (a) and (b) some error-bars are not showing since they
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Morphology of blanks and drug-loaded particles was examined by TEM. To prevent
damage or deformation of the NPs, TEM grids were maintained at -1700C during image
acquisition. No structural differences were noticeable between blank and curcumin-loaded
particles (Fig. 3). Between 0 and 12-15 % w/w of PEG, NPs appear to belong to a particulate
(solid particle) regime and the size of the hydrophobic core determined the NPs size. Between
0 and 12-15 % w/w of PEG, NPs appear as solid particles. NPs with a 8% PEG content
(Figure 3C and D), as well as control NPs prepared from pure PLA or OH-g-PLA, (Figure S2)

exhibit a large particle size and a homogeneous core.

Beyond 15% of PEG content, it was hypothesized that nanocarriers switch to a
“micellar-like” or “polymer nano-aggregate” structural organization, a kinetically micellar
frozen system (Fig 3E,F,G,H) in response to increased PEG content per polymeric chain [20].

All polymer nano-aggregate particles appeared round shaped and non-aggregated.

The changes in particle size previously observed by DLS were confirmed by TEM.
Particles with PEG content below 12 % w/w were found to be much larger (>100 nm) than
those with higher PEG content (<100m). Interestingly, our results show that the transition
from solid NPs to polymer aggregate NPs depends only on the PEG content in the polymer
and its architecture but not on the molecule encapsulated in the NPs, since no difference was
observed between curcumin-loaded-NP and blank NP. Noteworthy, the morphology of diblock
NP appears more spherical and less polydispersed than particles made from comb polymer of
similar PEG content. The dramatic change in size and particle morphology from solid
polymeric NPs to soft polymeric aggregates is not only related to polymer PEG content but
also to polymer architecture as PEG-b-PLA diblock with PEG content about 6% adopt a soft
particle morphology as seen in TEM (Fig. 3A and B)).
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j Diblock (5% PEG)

PEG8%-g-PLA

PEG15%-g-PLA

PEG38%-g-PLA

Blank NP Curcumin-loaded NP

Figure 3. Representative TEM images of the NPs under study. On left panels: blank particles;
on the right panel: curcumin-loaded particles. Acquisition at 15 000 X, except (B) acquisition
at 25 000 X. (A and B), Diblock PEG-bh-PLA NPs; (C and D), PEG8%-g-PLA NPs; (E and F)
PEG15%-g-PLA NPs; (E and F) PEG38%-g-PLA NPs
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Figure 6.4. Optimization of encapsulation process: (a) Loading efficiency (LE) as a function
of curcumin/polymer ratio; (b) Drug loading (DL) as a function of curcumin/polymer ratio; (c)
Direct comparison of Loading efficiency and Drug loading (DL) as a function of

curcumin/polymer ratio for “polymer nano-aggregate” particle made of PEG20%-g-PLA.
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6.4.3 Curcumin encapsulation

Systematic quantification of the loading efficiency (LE) and the drug loading (DL) of
curcumin in the NPs were conducted to correlate these properties with the architecture and
PEG content of the polymers. Fig. 4 shows the evolution of the LE and DL as a function of the

initial curcumin/polymer ratio in the organic phase.

LE was found to vary between nearly 0% for OH-g-PLA NPs, 20% for solid particles
and up to 50% for the polymer nano-aggregate NPs. For DL, values spread out from 0% for
OH-g-PLA to 5% for polymer nano-aggregate NPs. As a result, these NPs exhibiting the
highest PEG content were found to have the highest values of LE and DL. As shown in Fig. 4,
LE exhibited a plateau before drastically decreasing to values lower than 10 % at 20% w/w
curcumin/polymer (Fig. 4a). At the same time, the DL first increased up to a maximum value,
which depends on the polymer PEG content, before decreasing (with the exception of
PEG8%-g-PLA (Fig. 4b). Budhian et al. reported a similar behaviour for the encapsulation of
haloperidol in PLA based-NPs [24, 28]. The authors explained this phenomenon as the result
of the drug/polymer interactions. By increasing the curcumin initial content, the encapsulation
yield (LE) remains at the maximum efficiency as indicated by the plateau, and the drug
loading (DE) increases until it reaches its maximum, which can be considered as the drug
maximum solubility in the polymeric matrix (Fig. 4c). Beyond this limit, LE drastically
decreases due to drug saturation in the NPs. It follows that curcumin concentration in the
aqueous phase increases and reaches rapidly its saturation in solution and precipitates. The
non-encapsulated curcumin precipitate drags down polymer chains, destabilizing the system

and resulting in a dramatic decrease in DL [29].

The NPs ability to encapsulate curcumin was also correlated to NPs hydrodynamic
diameter (Fig. 5). The highest values of LE and DL were obtained for the smallest
nanocarriers with a LE of about 50% (Fig. 5a) and a DL of about 5% (Fig. 5b). Both LE and
DL decrease with the particle size to reach values close to 0% for NPs produced with OH-g-
PLA polymer (i.e. PLA chain with hydroxyl branching points along the polymer backbone).
Noteworthy, the size of particle is also directly correlated to PEG content. Although curcumin
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is poorly soluble in PEG, NP PEG content could play a role in LE and DL values. For
instance, PLGA nanoparticles prepared with PEO-PPG, an amphiphilic molecule known to
cover the surface of the NPs, were shown to be more efficient to encapsulate curcumin than

“bare” PLGA NPs [30].
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Figure 6.5. Evolution of (a) Loading Efficiency (LE) and (b) Drug Loading (DL) as a

function of the NPs hydrodynamic diameter.

The relationship between polymer architecture, PEG content and encapsulation
properties can be summarize as follow: The increase of PEG content is related to an increase
in LE. Noteworthy PEG-b-PLA with a 6% PEG content showed a higher LE than PEG8%-g-
PLA comb polymer pinpointing the role of polymer architecture. The maximum DL is about
4-6% regardless of the PEG content. For each polymer, the maximum DL is obtained at
different drug/polymer ratio as seen in Fig 4b. This may be related to two parameters: 1)
solubility of curcumin in polymer, mainly the hydrophobic PLA backbone chains present in
variable amount in each polymer; 2) the relative precipitation speed between the polymer
chains and curcumin as discussed above, and finally 3) a retention effect of curcumin inside

the NP due to the hydrophilic PEG layer.

The encapsulation efficiency depends on drug/polymer interactions [29], the structural
organization of the NP and the preparation process of the NP. During the nanoprecipitation
process, a key factor is the relative rate of precipitation of the hydrophobic drug and the

polymer. If the rates of precipitation of the two species are equal, they will form homogeneous
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particles while large differences between rates will force the selective precipitation of each
component and disfavor the encapsulation of the drug. The rate of precipitation of the polymer

is mainly controlled by its PEG content, being lower at high PEG content.

Regarding the role of the interactions between the drug and the polymer, in our case,
the strong affinity of the drug to the PLA backbone of the polymer is due to hydrophobic
forces. As shown in our previous study [20], NPs obtained from polymers of high PEG
content tend to exhibit more hydrophobic central cores compared to lightly PEGylated NPs.
As PEG content increases in the polymer, it becomes more segregated to the surface of the
NPs during the fabrication process which allows, to a certain extent, to improve drug solubility
in the core of the NPs. On the other hand, the increased density of the PEG layer on the
surface of the NP impedes to some extend curcumin release during the encapsulation process
during release experiments as observed in our experimental data. These points are further

discussed in light of release and diffusion study results (Section 3.4).

6.4.4 Curcumin release and stability studies.

Release studies were carried out using the same initial curcumin content in NPs over 1
week. Because quantity of encapsulated curcumin in pure PLA NP was so small, it was not
possible to dose any release with the detection method used (UV absorbance). This
formulation was removed from the release studies. Fig. 6a shows representative release
profiles of curcumin from NPs suspended in PBS supplemented with SDS and ascorbic acid at
37°C. Acid Ascorbic was used as an anti-oxidant to prevent curcumin degradation [30] and
SDS was added to increase the solubility of curcumin in the aqueous media and ensure sink
conditions [31]. Release profiles followed trends independently of the PEG content in the NPs
(Fig. 5a). During the first 24 h of release, a fast increase of curcumin concentration is observed
followed by an exponential decrease over more than 48 h to reach the detection limit of
curcumin released. The apparent decrease of curcumin concentration is due to its degradation
by oxidation besides the presence of ascorbic acid. Curcumin is known to be unstable in

several aqueous media with a degradation of 90% in 30 min in PBS 100mM [4, 32].
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In order to quantify curcumin degradation during the release studies, degradation
kinetics were quantified in the same media than release studies, at two different
concentrations. In these conditions, the degradation kinetics showed a first order degradation
rate with a constant kd equal to 0.01h-1 (see Fig. S1) and a degradation of 50% after 3 days at
37°C. With the purpose to obtain more insights on the effect of polymer architecture and PEG
content on curcumin release, a simple diffusion-degradation model was fitted to the

experimental data (Eq. 3) [33].
l‘Ff Ell n ul
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where Mt and M are the released mass of curcumin at time t and time infinite
respectively, D is the diffusion coefficient of curcumin in the NPs and r is the NP radius (see
Table S1 for the list of calculated modelling parameters). The first term in the equation
accounts for the degradation of curcumin while the second term models the Fickian diffusion
of the drug from spherical particles. [34] We ensured that the assumptions of the diffusion
model, namely: 1) Perfect sink conditions of curcumin in release media, 2) Solubility
concentration higher than drug concentration within the NP matrix, 3) No swelling,
degradation, surface and bulk erosion of the copolymer during the release timeframe, were
verified experimentally. As mentioned already, sink conditions were fulfilled thanks to SDS
addition which increases curcumin solubility in the release media [31]. TEM pictures were
examined and DSC analyses were performed to identify the presence of any crystallized areas
in the NPs, which could suggest that curcumin concentration was higher than its solubility in
the NP. It was found that the polymeric matrix was homogenous and no fusion peak appeared
on the DSC thermograms, suggesting curcumin solubilisation in the polymeric matrix (data
not shown). Moreover, encapsulated curcumin has no apparent effect on polymer thermal
properties (tg) and thus their organization within the NPs (Fig. S3). Right after the release
experiments, absence of polymer degradation and bulk erosion in curcumin-loaded NP
material were verified by GPC and DLS size measurements respectively (data not shown)
supporting a model for which drug diffusion is the limiting factor of the release. This is not
unexpected as it has been reported previously that erosion plays a minor role in drug release

from diblock polyesters-PEG NPs. [35]
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Figure 6.6. Representative release profiles of curcumin at 37°C from (a) solid NP and (b)
“micelle-like” or “polymer nano-aggregate” NPs. (¢). Modelling of curcumin release from
diblock NPs, showing the evolution with time of the purely diffusive and drug degradation
contributions. (d).Dependence of the drug diffusion coefficient D obtained using Eq. 3 on NP

size.

Equation 3 was used to obtain the diffusion coefficient of curcumin in the NPs. The
diffusion coefficient (D) was set as the sole free parameter. It was then possible to estimate the
theoretical curcumin release without its degradation (Fig. 6¢ top curve). Results revealed that
the diffusion coefficient in the largest NPs was about 10 times higher than in the smallest NPs
(Fig. 6d). One possible explanation in the difference between the diffusion constant of the
different particle batches could be linked to the surface density and thickness of PEG outside
layer creating a diffusion barrier to the very hydrophobic curcumin molecule in the smaller

particles. Peracchia et al. were the first to report a slowing down of the drug release from
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polymeric NP having a surface PEG coating. Moreover, they showed that this effect was
surface PEG density and PEG chain length dependent [35]. Another explanation could come
from the internal structure differences between particles of different size. For instance,
porosity may be higher in large particle compared to nanoparticles favouring hydration of the
particle core and release of their content [36]. This hypothesis is also in agreement with
Budhian et al. who measured a higher diffusion coefficient of haloperidol encapsulated in 1.3
um PLA/PLGA micro-particles (without PEG chains corona) compared to 450 nm NPs and to
220 nm NPs [24]. On the other hand, diffusion through the polymer matrix can be favoured by
low polymer tg or by a molecularly dispersed drug as seen by DSC for all the NPs tested.

The PEG content and polymer architecture play a role not only in the determination of
NP structure but on drug encapsulation and release. The drug release profiles (Fig 6a and b)
and diffusion constants as calculated during release modelling show two regimes, related in
part to the size of the NP (Fig 6d). They are also related to the NP morphologies observed, i.e.
solid particles (NP made with comb-polymers with low PEG content) and polymer nano-
aggregate particles (NP made of comb-polymers with high PEG content and diblock polymer)
(see Fig. S4, plotting Deff against polymer PEG content). Relatively large but “soft” diblock
NPs appear in an intermediate position in term of drug diffusion (Fig. 6d), highlighting the

role of polymer architecture.

6.4.5 In vitro studies.

6.4.5.1 Cytotoxicity studies

To test the protective properties of the curcumin-loaded NPs against oxidative stress,
we performed two separate tests using resazurin test and LDH assay respectively. Resazruin
test allows the monitoring of cell proliferation and metabolism, while LDH assay monitors

change in cell membrane integrity.

Di-block NP (5% PEG w/w), comb-polymer PEG-g-PLA at 8 and 38% PEG content
(%w/w) were tested in cell culture model as representative of solid particle and nano-

aggregate NP batches. Resazurin test, a cell proliferation assay confirmed the absence of
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adverse effects on cell proliferation and metabolism in the range of tested concentrations for
both blank and curcumin-loaded particles (Fig. 7a and b). In the presence of hydrogen
peroxide (Fig. 7c), cell survival was reduced by 40% and 20% with blank NPs and Cur-NP,

respectively.

These results demonstrate that encapsulated curcumin was efficient to protect cells
against hydrogen peroxide oxidative stress. But on the other hand there is only a partial
preservation of cell proliferation and metabolism upon addition of curcumin-loaded NP.
Moreover, we found no clear dose-response relationship showing an increase of cell
proliferation and metabolism upon addition of higher curcumin dose. This result could be put
in perspective with the curcumin release kinetic in regard on the condition of the assays

performed here, as discussed in the following section.
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Figure 6.7. Cytotoxicity as assessed by the Rezasurin — cell viability assay of blank NPs (a)
and curcumin-loaded NPs (b) on SK-N-SH neuronal cells. Panel (c) shows Rezasurin — cell
proliferation assay in presence of H202 (250uM) in the medium. Particle concentrations were
adjusted to curcumin concentrations (or equivalent for blank NP): For blank NP, abscises are
expressed in curcumin concentration for comparison purpose. Practically, an equivalent

quantity of drug-loaded NP in blank NP are added for each curcumin concentration levels

LDH assays did not reveal any evidence of cytotoxicity for blank (Fig. 8a) and
curcumin-loaded NPs (Fig. 8b) of any batches of NPs on neuronal cell line SK-N-SH. These
tests demonstrate that, independently of their size, polymer architecture and PEG content, the

NPs under study are clearly not cytotoxic to neuronal cells.
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Figure 6.8. Relative LDH release assay (cell mortality assay). (a) Controls experiments with
blank NP (b) Curcumin-loaded NP with (symbol in red) or without (symbol in black) addition
of H20: in the medium. The level of LDH release induced by H2O2without treatment has been
considered as 100%. For blank NP, abscise is expressed in curcumin concentration for
comparison purpose. Practically, an equivalent quantity of drug-loaded NP in blank NP are

added for each curcumin concentration levels

In assays involving addition of H202, as expected, an increase in cell mortality

(measured by LDH released in the medium) is observed in controls experiments (Fig. 8).

198



Noteworthy, NP toxicity was not exacerbated by induction of oxidative stress upon addition of
H202 in the medium (Fig. 8a). The addition in the media of the blank NP did not affect the
release of LDH in the media (Fig. 8a). This indicates that NP themselves are not able to
counteract cell mortality induced by hydrogen peroxide. This is an important control as
seemingly non-specific effect of blank NP has been reported and attributed to the properties of
NP to carry serum proteins to the cells in culture and induce change in cell proliferation and
mortality [37].

On the other hand, curcumin-loaded NP appeared to have a significant effect under the
tested conditions (Fig. 8b), particularly for the di-block NP (5% w/w PEG). However the
magnitude of the effect is comparable to free curcumin added to the media (no statistical

differences between the groups, p>0.05)

6.4.5.2 Reactive Oxygen Species production and inhibitions

The direct measurement of intracellular ROS was performed by DCF fluorescence
dosage. The control experiments with blank NP show little or no effect on intracellular ROS
concentration (Fig. 9a). No statistically significant scavenging effect was observed for blank
particles (upper curves in Fig. 9a). On the other hand, curcumin-loaded NPs showed a dose-
response decrease on intracellular ROS levels (Fig. 9b). At the highest tested concentrations,
di-block loaded NP and polymer nano-aggregate loaded particles were able to restore ROS
level to a level comparable to untreated cells, while loaded solid NPs (PEG8%-g-PLA) appear
to be less efficient to counteract the elevation of ROS (Fig. 9b). The di-block and nano-
aggregate NP were found to be as effective as free curcumin, as no statistically significant
difference between free curcumin, curcumin-loaded di-block or polymer nano-aggregate
particles were found (Fig. 9b). The difference in effects of each curcumin-loaded NPs batches
on ROS levels (Fig. 9b, may arise from the size of the NP, the rate of release, site of release

(extra or intracellular release) and the possible interaction with cells.
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Figure 6.9. Relative intracellular levels of ROS (a) Control experiments with blank NP (blank
NP concentration equivalent to concentration of curcumin-loaded NP) without addition of
H202 (black symbol) or with H202 (250uM added to the medium). (red symbol); (b)
Treatment experiments: Level of ROS as determined by DCF detection in response to
treatment with curcumin-loaded NP without addition of H202 (black symbol) or with H202
(250uM added to the medium). (red symbol) The level of ROS induced after H202 addition

without treatment has been considered as 100%
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All these results should be correlated to the kinetic of drug release by these NPs.
Figure 6a shows a superior release for high PEG content NP compared to low PEG content
NP. A faster release of curcumin should translate into greater scavenging effect considering
the conditions of these experiments. Within the time frame of the experiment (1 h) the
curcumin dose encapsulated into the NP is only partially released (about 25 to 35% of the dose
as seen in Fig. 6a and 6b), limiting its scavenging effect. Moreover the released content is
exposed to degradation in the medium and the cytosol, decreasing the effective dose at a given

time point.

The polymer architecture controls the drug release (as seen in section 3.4 “Curcumin
release and stability studies”) and modulates exposure of curcumin to ROS (Fig 9). In spite of
PEG-b-PLA NPs and PEG38%-g-PLA NPs differences in hydrodynamic diameters and PEG
content, they appear as effective to decrease intracellular ROS levels. On the other hand, PEG-
b-PLA and PEG8%-g-PLA NPs with similar size and similar PEG content show large

difference in scavenging efficacy.

6.4.5.3 Polymeric NP toxicity

Induction of oxidative stress effects by NPs has been reported mostly for silica or metal
oxides NPs (inorganic) as well as carbon nanotubes and carbon particulates generated by
pollution. The type of stress reported can go from damages to proteins by reactive NPs
surface, to the generation of oxygen reactive species or the depletion of the medium from
antioxidant molecules [38]. Even if these effects were reported for organic NPs [10, 22, 39],
few studies on polymeric NP toxicity address this issue. In the conditions of the test, however,
we did not detect any effect of di-block and polymer nano-aggregate NPs, either blank or
drug-loaded on the generation of intracellular ROS (Fig. 9b). A minor effect on ROS level is
observed for solid NP (NP made from PEG8%-g-PLA) at the higher dose (5uM curcumin or
equivalent) as seen on Fig. 9a and 9b. This effect on ROS levels is not correlated with cell
mortality as shown in Figure 8a and 8b depicting LDH release in the medium and its origin is

unknown at this time.

6.4.5.4 Discussion summary
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This work showed the intimate relationship between the polymer architecture, block
composition and the biophysical properties of the resulting NPs. We previously identified a
transition of physio-chemical properties of NP made of PEG branched PLA around 15% PEG
content (w/w) [20]. In this study, drug encapsulation and release properties are found to also
follow this trend as shown by encapsulation results (Fig. 4), release profiles (Fig. 6) and
notably biological effects (Fig. 9). The increase of PEG content is related to an increase in LE
(Fig. 4). On the other side, PEG-b-PLA diblock with a 6% PEG content showed a higher LE
than PEG8%-g-PLA comb polymer illustrating the role of architecture. The drug release
profiles (Fig. 6a, 6b) and diffusion constants show two regimes, related in part to the size of
the NP (Fig. 6d) and the NP morphologies observed, i.e. solid particles (NP made with comb-
polymers with PEG content <15%) and polymer nano-aggregates (NP made of comb-
polymers with PEG content >15% and diblock polymer). Relatively large but “soft” diblock
NPs appear in an intermediate position in term of drug diffusion coefficient (Fig. 6d),
highlighting again the role of polymer architecture on the NPs inner structure and fluidity.
Finally, polymer architecture controls and modulates exposure of curcumin to ROS and thus
antioxidant activity. Diblock polymer and high PEG content comb polymers appeared to be
the most efficient to reduce oxidative stress (Fig 9). In this study we have limited our
investigation to copolymers of PEG 2kD chains and hydrophobic PLA backbones of almost
constant molecular weight. The information we gathered from the comb-like polymers library
in comparison to diblock PEG-b-PLA and PLA only suggest that both PEG content and
polymer architecture (i.e. the position at which PEG chains are attached to the hydrophobic
backbone) play a role in the NP properties. PEG content appears determinant for particle size,
while architecture seems determinant for the structural organization of the particle (solid NPs
vs nanoaggregates) This aspect was extensively discussed in a previously published work
describing the polymer synthesis and characterization of blank NPs [20]. All together these
results contribute to shed light on new approaches to design efficient polymer-based drug

carriers.
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6.5 Conclusion

A library of PEGylated grafted PLA polymers were used in order to establish
correlations between physico-chemical properties of the NPs and curcumin encapsulation and
release properties of the said particles. A structural transition, described previously for several
particle properties, located around 15 % PEG content (% w/w) and suggesting a transition
from a solid particle regime to a micelle-like behaviour, was also found for release properties
of curcumin. This transition initially identified in term of structural properties, seems related

to changes in encapsulation and release properties of loaded curcumin as well.

Release studies and mathematical modelling of curcumin taking into account
degradation was designed to fit the experimental data and to estimate the real release. Cell-
based assays support the non-toxicity of the particles to neuronal cell lines. Moreover,
oxidation scavenging effects of curcumin-loaded NP show the potential benefit of those
formulations for oxidative-stress-related CNS diseases. Di-block and micelle like NP were
found as effective as free curcumin in the condition of the experiments. However, NP
formulation may prove to be superior on long term effect thank to their protective effect on
curcumin and slow release properties. This aspect will be address in future studies. PEGylated
polymeric particle may also have therapeutic benefit by themselves in AD by their effect on
amyloid aggregation [40]. This assumption has to be clarified by further studies in our system.
Lastly, another point to be explored is the optimization of the blood brain barrier crossing of

different formulation with the view to develop in vivo assays.
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7 Discussion générale
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La premicre partie de cette discussion portera sur les synthéses et les caractérisations
des polymeres synthétisés pour cette étude (Chapitre 4 et 5). Dans une seconde partie, nous
nous attacherons a discuter les déterminants possibles de la morphologie et les propriétés de
surface des particules obtenues en fonctions de 1’architecture des polymeéres synthétisés. Les
expériences étudiant les propriétés de surface (adsorption de protéine, microcalorimétrie)
seront aussi discutées en regard des propriétés des polymeres (Chapitre 4). Enfin, les effets de
I’architecture sur l’encapsulation et la libération d’un principe actif hydrophobe seront
analysés (Chapitre 6). Les limites et les questions encore en suspens soulevées par ces travaux

seront mises en évidence.

Comme il est mentionné dans I’introduction, la majorité des travaux concernant les
systémes de livraison polymériques de médicament, portent sur des copolymeres en blocs
linéaires. Quelques études plus récentes ont mis en évidence 1’intérét d’architectures
alternatives, telles que les copolymeres en blocs en étoiles ou les copolymeres branchés, dits
« en peigne » ou « en brosse ». Quelques études se sont intéressées a des polymeres « peigne »
constitués d’une chaine principale hydrophile sur laquelle des groupements hydrophobes
variés sont greffés pour essentiellement des applications de modification de surface. La
situation inverse, c¢’est-a-dire une chaine principale hydrophobe avec des chaines pendantes
hydrophiles, neutres ou de type polyélectrolytes a également été trés étudié [1]. L’utilisation
de ce type de polymeére pour des applications en nanoformulation est cependant peu fréquente
et notre groupe est un des rares laboratoires a avoir étudi¢ ce type de structure pour la

préparation de NPs a usage thérapeutique [2-4].
7.1 Synthese de copolymeéres « en peigne »

Les approches de synthéses de copolymeres polyesters branchés (« en peigne ») que
nous avons proposées et mises en ceuvre sont des évolutions de I’approche développée
précédemment dans le laboratoire du Pr Patrice Hildgen [4]. Cette méthode reposait sur une

synthése en trois étapes soient, 1) la copolymérisation par ouverture de cycle (ROP) du
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dilactide avec I’allyle glycidyl éther, 2) la modification par oxydation de la fonction allyle
pendante en fonction carboxylique et enfin 3) le greffage de méthoxy-PEG (mPEG-OH) par
I’intermédiaire de la fonction hydroxyle [4]. Deux limitations avaient été identifiées dans cette
stratégie, soient, le nombre d’étapes de synthése d’une part et d’autre part I’incidence des

conditions de synthéses sur I’intégrité de la chaine de polyesters.

7.1.1 Insertion de groupes pendants par utilisation du benzyle glycidyl

éther

Au point de vue du contrdle des conditions de synthése, le probléme le plus important
était d’¢éliminer les étapes d’oxydation de la fonction allyle (Figure 1.4). Pour cela nous avons
choisi d’introduire dans la chaine des fonctions pendantes directement disponibles pour des
réactions de greffage ou modifiables dans des conditions qui ne soient pas dommageables pour
les liaisons esters de la chaine principale. La premiere modification a donc été d’introduire un
nouvel époxy substitué, le benzyle glycidyl éther (2-[(benzyloxy)méthyl]oxirane) pour obtenir
un polyester-co-éther avec des groupes latéraux benzyloxy. Le groupe benzyloxy est
facilement retiré par hydrogénation catalytique pour faire place a un groupement hydroxyle,
qui peut étre utilisés pour des réactions d’estérification. L’avantage principal de cette approche
est de s’affranchir des étapes d’oxydation qui se traduisaient par une diminution des masses
molaires des chaines de PLA. La déprotection des fonctions hydroxyles est une réaction douce
qui ne conduit pas a des variations des masses molaires (Table 4.1). Dans une dernicre étape
les chaines de méthoxy-PEG-COOH (mPEG-COOH,) sont greffées sur les groupes
hydroxyles disponibles (Scheme 4.1). De fagcon générale cette approche permet un meilleur

contrdle du produit final.
La taille de la chaine principale

La problématique avec I’utilisation du PLA comme matériel de base est son caractére
hydrophobe et sa dégradation tres lente [5]. Ceci a des conséquences sur la vitesse et le
contrdle de la libération des molécules actives. Les tailles de chaine visées ont été choisies

pour avoir une dégradation assez rapide afin d’obtenir une libération des molécules actives
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dans une fenétre de temps compatible avec I’efficacité du traitement. Cependant il faut noter
qu’en fait ces deux processus ne sont pas forcément reliés. En effet, comme il a été constaté
dans le Chapitre 6, la libération de la curcumine s’est révélée compléte alors méme que les
poids moléculaires des polyméres formant les NPs n’avaient pas significativement changés. Le
contrdle de la taille s’est effectué¢ par le contrdle du ratio de catalyseur (SnOctz2)/monomere
[6]. La stratégie de synthése initiale n’était pas compatible avec I’utilisation de chaines de
petites tailles (15-25 kD) a cause des phénomenes de dégradation liés a 1’oxydation nécessaire
de la fonction allyle. Le controle de la taille des chailnes polyesters-co-éthers se complique du
fait que le ratio des deux monomeéres, glycidyl éther et dilactide dans le milieu réactionnel a
lui aussi une influence sur les poids moléculaires obtenus. Une décroissance de la taille des
chaines est observée avec 1’augmentation de la quantité du monomere glycidyl éther (Figure
7.1). Cette décroissance suit une apparente fonction exponentielle. Elle a été aussi observée

par d’autres pour des copolymérisations similaires [7, 8].

Les niveaux d’insertion du second monomeére glycidyle éther.

On observe également que ’efficacité d’insertion des chaines pendantes diminue avec
I’augmentation du ratio initial du monomeére glycidyl éther / acide lactique. On aurait pu
s’attendre a ce que le glycidyl éther ayant un cycle a 3 atomes qui est plus tendu, soit plus
réactif qu’une lactone ayant un cycle a 6 atomes et donc soit efficacement inséré dans la

chaine en train de grandir.

L’insertion des monomeres glycidyl éther dans la chaine durant la polymérisation par
ouverture de cycle se ferait par un mécanisme impliquant deux centres métalliques (deux
molécules du catalyseur SnOct2) et impliquerait un transfert de chaine et I’interruption de
I’¢longation d’une des deux chaines (Jean-Richard Bullet et coll., manuscrit en préparation).
Cette hypothése est basée sur 1’observation d’une diminution de la taille des chaines avec
I’augmentation du ratio initial glycidyl éther/acide lactique, alors que le taux de conversion du

dilactide reste a peu pres constant, quel que soit ce ratio.
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Figure 7.1. Niveau d’insertion du BGE (en % molaire du monomére acide lactique) et poids
moléculaire du copolymere en fonction de la quantité initiale de BGE dans le milieu

réactionnel.

L’indice de dispersion de taille

La dispersité de tailles des polymeéres obtenus est relativement élevée (>1,2) par
rapport a d’autres types de synthéses de polymeére plus contrdlées (<1,1). Ceci peut étre
¢galement di a 1’étape de copolymérisation et son mécanisme réactionnel discuté plus haut.
Cette dispersité peut avoir un effet sur la taille et les propriétés des particules formées. Cet
effet peut étre amplifi¢ a la suite du greffage du PEG. En effet, les plus petites chaines
polyesters seront plus affectées dans leur poids, leurs propriétés de solubilité et leur caractere
amphiphile que les chaines plus importantes. Cette remarque est surtout valide pour les étapes
de greffage susceptibles de se produire non seulement sur les fonctions latérales

(« pendantes »), mais aussi sur les terminaisons des chalnes principales.

7.1.1.1 Greffage du PEG par acylation

La premicre stratégie de greffage utilisée a ét¢ de préparer des mPEG-COOH par
oxydation et de procéder par acylation (Chapitre 4, Scheme 4.1). Cette procédure bien que
simple s’est avérée assez peu efficace, pour obtenir des taux de greffage élevés, probablement

en raison de la difficulté a sécher adéquatement les différents éléments. Cette méthode ne nous
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a pas permis d’obtenir des copolyméres avec un contenu en PEG au-dela de 15 % en poids,
avec des rendements de greffage de 1’ordre de 25 a 30% par rapport aux sites de greffage
disponibles. Une analyse rétrospective de nos protocoles a aussi mis en évidence la présence
de stabilisants, tels que des alcools, dans les solvants chlorés utilisés dans les réactions, qui

pouvaient interférer dans I’efficacité du greffage.

7.1.1.2 Greffage par couplage DCC/DMAP

Une seconde approche de greffage sur les hydroxyles disponibles sur la chaine de OH-
g-PLA a été de tester les couplages par I’intermédiaire du dicyclohéxylcarbodiimide (DCC)
[9]. Cette approche s’est révélée beaucoup plus satisfaisante au point de vue de 1’efficacité de
greffage (>90%). Les taux de greffage (nombre de chaines de PEG par chaine) se sont
retrouvés plus ¢élevés. Outre les groupes hydroxyles terminaux des groupes pendants latéraux
(alcools primaires), il apparait dans notre analyse que 1’alcool secondaire a I’extrémité de la
chaine de PLA a aussi ¢ét¢ modifi¢ par la réaction de couplage. Ceci est conforme au
mécanisme d’estérification des acides activés par le DCC avec les alcools primaires et

secondaires [9].

7.1.2 Insertion de groupes pendants pour le greffage par chimie clic

Cette dernicre approche de synthése de copolymeéres en peigne repose sur la
copolymérisation du dilactide avec le glycidyl propargyle éther en vue d’obtenir un polyester-
co-¢ther avec des groupes pendants latéraux possédant un groupement alcyne terminal.
L’alcyne terminal de la chaine latérale est par la suite mis a profit pour greffer par

cycloaddition catalysée par le cuivre (CACC) un Méthoxy-PEG-azide (mPEG-N3).

L’avantage de cette approche par rapport a la précédente est la diminution du nombre
d’étapes de synthése. Une autre différence importante est 1’impossibilité de greffage de
chaines de PEG sur les extrémités des chaines de PLA. Le fait d’avoir des chaines de PEG
greffées uniquement latéralement a des conséquences directes sur 1’architecture des
copolymeres et donc I’organisation des particules. Cet aspect est discuté dans la section 7.2 en

regard des résultats obtenus avec les autres architectures.
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Tout comme pour I'insertion lors de la copolymérisation du BGE, on peut faire les
mémes constatations quant a la dépendance de I’efficacité d’insertion du GPE par rapport au
ratio initial (GPE/AL). De fagon similaire on constate é¢galement une diminution du poids

moléculaire des chaines de PLA obtenues lorsque ce ratio augmente [8].
7.2 Types de particules et structure interne

La synthese d’une libraire de polyméres branchés avec des contenus en PEG variant de
0 a 50% (poids/poids) a permis la fabrication des lots de particules avec des caractéristiques
variables. De nombreux systémes ont été congus pour préparer des nanotransporteurs
polymériques et pour 1’encapsulation d’une grande variété de molécules actives. L’originalité
de notre étude est d’avoir étudié de facon systématique une série continue de copolymeres.
Cette série est continue du fait qu’elle est constituée d’un élément central a peu prés constant
(la chaine principale hydrophobe) substitué¢ par des chaines de PEG et ayant un contenu en
PEG variant de 0 a 45 % (poids/poids). Ceci est obtenu par un nombre variable de blocs
hydrophiles de méme taille sur les différents lots de polymeéres préparés (Chapitre 4) ou par un
nombre variable de blocs hydrophiles ayant des tailles différentes (Chapitre 5). Cette étude
systématique a permis de mettre en évidence la possibilité¢ de fabriquer des particules ayant
des caractéristiques morphologiques (Chapitre 4 et 5), d’encapsulation et de libération de
molécules actives, variables (Chapitre 6). Elle nous a permis de montrer quelques propriétés
spécifiques a 1’architecture choisie en comparaison avec des copolymeres dibloc et les
copolyméres de OH-g-PLA ou alcyne-g-PLA (polyesters-co-éther avec groupes latéraux
hydroxyles ou alcynes, mais sans chaines de PEG greffées), qui sont les matériaux de

référence.

7.2.1 Méthodes de préparation des nanoparticules

Pour la majorit¢ de ces travaux, nous avons retenu la méthode de préparation par
nanoprécipitation avec des parameétres controlés afin d’isoler les facteurs de variations dus aux
polymeres seuls. Du fait de la présence de blocs hydrophobes et hydrophiles, les copolyméres

utilisés sont des macromolécules amphiphiles dont les propriétés dépendent de la taille des
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chaines de PEG (blocs hydrophiles), de la taille de la chaine principale (bloc hydrophobe), du

contenu total en PEG et finalement de I’architecture (les points de branchements des PEG).

Le choix de cette méthode a été guidé par sa simplicité de mise en ceuvre, la possibilité
d’adapter facilement la taille de lot et par la possibilité de faire varier plusieurs parametres
facilement. Le choix a aussi été guidé par la possibilit¢ de s’affranchir de I’'utilisation de
surfactants ou autres stabilisants stériques qui auraient pu s’absorber sur la surface des
particules et sont trés difficiles a éliminer [3]. Cette absence est indispensable pour les
analyses de surface (mesure de charge de surface, RMN et XPS en particulier). C’est aussi un
aspect important afin que la taille et la morphologie des particules obtenues soient directement
reliées aux propriétés des copolymeres utilisés. Entre autres, nous avons écarté la méthode par
émulsion/évaporation de solvant en raison de I’utilisation de PVA qui persiste en quantité non

négligeable malgré les lavages intensifs [3, 10].

Des étapes de purification par dialyse sont néanmoins nécessaires pour ¢liminer
I’acétone, le PEG résiduel non lié ainsi que les plus petites chaines de polyméres. Ce dernier
point est appuyé par I’augmentation observée des M, et M entre le copolymere brut et le

copolymeére provenant de lots de nanoparticules dialysées et lyophilisées.

Par ailleurs des essais avec les procédés de « nanoprécipitation flash» et de
« microfluidique » ont été réalisés sur les polymeres obtenus par chimie clic et leur efficacité
ont été comparées (Chapitre 5). Dans la mesure du possible, nous nous sommes efforcés de
comparer les méthodes en utilisant des parametres les plus proches possible (concentrations de
polymeéres, vitesse de mélange, ratio de phase). Un tableau comparatif des trois méthodes basé
sur les informations trouvées dans la littérature et les résultats obtenus ici (Chapitre 5) résume
les avantages et limitations de chaque méthode (Table 7.1). De fagon surprenante, tel que
mentionné plus haut (Chapitre 5), les distributions de taille, obtenue par DLS, sont apparues
plus homogenes par le procédé de nanoprécipitation classique qu’en nanoprécipitation flash et
microfluidique (dans cet ordre). La raison n’est pas comprise pour le moment, il pourrait s’agir
d’un résultat spécifique a ce type de copolymeére en peigne, car c’est plutot 1’effet inverse qui a
¢té¢ rapporté jusqu’a maintenant pour les particules lipidiques ou les particules faites de

polyméres diblocs [11, 12]. Avec nos matériaux, I’avantage de ces méthodes est probablement
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plus dans la diminution des tailles des particules et une meilleure robustesse interopérateur ou

interlaboratoire que dans I’obtention de lots plus homogénes.

Table 7.1. Comparaison des méthodes de préparation des NPs

Méthodes Mise en oeuvre Avantage Inconvénients
Simple injection Rapidité Difficulté pour mettre a
N Lo e Dispersion rapide sous  Peu de matériel Péchelle
anoprecipitation o A .
lassique agitation Controle des conditions
¢ q du mélange
Reproductibilité
Chambre de mélange Mise a I’échelle facile
L. avec une géométrie Controle d
Nanoprécipitation e définie ontrole des
« flash » parametres
Collision des deux
phases
Microcanaux gravés Possibilité de faire des ~ Concentration en
dans des puces de lots trés petits polymeére peut étre
Poly(diméthylsiloxane) Fabrication rapide de limitée
Mélangeur chaotique bibliotheques de Polydispersité élevée
. . particules Colit des puces
Microfluidique Controle (taille et PD)

et reproductibilité

Mise a I’échelle
("chips" ou
microplaquettes en
paralléle)

Compatibilité des
solvants avec les
matériaux

7.2.2 Méthodes analyses structures internes

7.2.2.1 La Cryo-MET

Les principales évidences concertant les différences structurales et morphologiques
nous ont ét¢ données par les expériences en cryo-MET. La technique de cryo-MET est une
technique de microscopie électronique a transmission sur des échantillons de particules,

déposés sur une grille et refroidis par I’azote liquide. Cette technique doit étre distinguée de la
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cryo-MET dans laquelle 1’échantillon est vitrifi¢ dans un milieu liquide et imagé dans son
milieu de suspension congelé [13]. La technique que nous avons employée est plus simple a
mettre en ceuvre pour des échantillons trés sensibles a la chaleur, cependant les informations
fournies ne sont pas de la méme nature. En effet, les morphologies observées sont celles de
particules immobilisées et séchées sur le support de carbone ce qui peut provoquer des
déformations importantes. Ceci est particulierement vrai pour des systémes qui s’organisent en
fonction de leur milieu, tel que des micelles ou des agrégats. L’image peut ne pas refléter
I’aspect de la particule en suspension, son état natif hydratée. Par ailleurs, malgré le faible
contraste fourni par les nanoparticules polymériques, nous avons pu obtenir des images sans
colorations positives ou négatives ou agents de contraste qui contribuent a des artefacts. Ceci
est intéressant du point de vue de 1’é¢tude morphologique, la plupart des images MET de NPs
rapportées dans la littérature ont été réalisées par exemple en présence de sels de métaux

lourds.

7.2.2.2 Nanoparticule, micelle et agrégats

La série de polymeéres possede une continuité de contenu en PEG de 0 a 45%, mais les
caractéristiques morphologiques des NP présentent un changement brusque, une discontinuité,
vers 15% PEG. Cette discontinuité morphologique est visible pour la premicre bibliothéque de
copolymere et refléte celle déja observée en DLS pour les tailles (Chapitre 4 et 6). On observe
une transition des particules solides vers des agrégats de type « pseudo-micellaires ». Les
agrégats sphériques produits par les copolymeres blocs (le plus souvent des structures diblocs)
ont ¢ét¢ nommés « micelles polymériques» par analogie avec les micelles résultant
de I’association de petites molécules de surfactant [14]. Ils ont ét¢ nommés particules de type
pseudo-micellaire (« micelle-like ») ou micelle-gelée («frozen-micelle ») du fait également de
leur analogie structurale de type « cceur-couronne » avec les micelles de surfactants [15]. Elles
ont également ét¢ nommeées « crew-cut micelle » par opposition a des « hairy micelles » [16-
18], étant caractérisées par un bloc hydrophile plus petit que le bloc hydrophobe constituant le

ceeur de la particule.

Cependant ces objets ne peuvent pas, a I’instar des micelles, étre considérés comme

des structures dynamiques. En effet, les échanges de chalnes entre les agrégats sont trés lents
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au point qu’en certains cas les chaines polymériques peuvent étre considérées comme
« cinétiquement piégées » [19]. Ceci peut s’expliquer principalement par 1’insolubilité dans
I’eau du bloc hydrophobe du copolymeére. La pénalité entropique associée a 1’extraction de la
chaine de la particule, la traversée de la couronne hydrophile et la création d’une interface
avec 1’eau est si considérable que les échanges d’uniméres (les molécules de copolymeére
faisant partie de la structure particulaire « pseudo-micellaire ») ne sont pas mesurables en
pratique [20]. De fait, il a été proposé de réserver le nom de micelle aux seuls systeémes
dynamiques, tandis que le vocable « nanoparticules » recouvrirait tous les autres types de

particules, matricielle solide, agrégat, etc. [21].

Cependant les résultats obtenus dans I’article de recherche 1 (Chapitre 4), montrent
qu’une distinction doit étre faite entre les structures des nanoparticules obtenues, en fonction
de la quantité¢ de blocs hydrophiles présente dans le copolymeére. L’observation en MET de
particules « molles » (structure aplatie, contours moins définis) lorsque les ratios de PEG
dépassent 15% (poids/poids) montre I’existence de structures clairement distinctes des
particules solides obtenues avec des ratios de PEG plus faibles (Chapitre 4, Figure 4.2). Nous
avons opt¢ donc pour une appellation neutre d’agrégats polymeéres (« polymer nano-

aggregate ») [22].

La transition d’un type de structure a ’autre est trés sensible a une faible variation de
contenu en PEG aux alentours de la concentration critique. Cette transition est plus brutale que
pour les diblocs de chimie similaire pour lesquels on observe une décroissance exponentielle
de la taille des particules quand la fraction hydrophobe du dibloc diminue [23]. Cette
transition peut étre attribuée a D’effet de la structure du polymére en peigne (vs en bloc
linéaire) présentant plus de contraintes stériques pour 1’arrangement des chaines. Le passage
d’un type de structure a l’autre se traduit aussi dans des modifications des capacités
d’encapsulation et de libération d’un actif modéle hydrophobe, la curcumine, cet aspect est

discuté plus loin (section 7.5).

Les variations de morphologies des agrégats micellaires en fonction de la taille relative
des différents blocs ont ét¢ largement étudiées par Adi Eisenberg et coll. notamment sur les

PAA-PS copolymeres [18]. Si ’asymétrie des blocs et ses effets sur la taille et la morphologie
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des particules ont été étudiés; peu d’études se sont penchées sur 1’effet du contenu en PEG, de
copolymeére avec une architecture alternative aux polymeres linéaires constitué d’un nombre

variable de blocs hydrophiles de taille identique.

7.2.2.3 Arrangement des chaines

L’arrangement spatial que prennent les chaines et les branches d’un polymeére pendant
le processus de fabrication et dans le milieu de dispersion a été trés peu étudié, surtout lorsque
I’objet considéré est de taille nanométrique. Il est le plus souvent considéré comme une simple
transposition des phénomenes que I’on retrouve dans un film de polymére. Cependant on
constate que malgré une absence d’organisation réguliere, les NPs possedent des propriétés
reproductibles et qui leur sont propres [24]. Ceci implique 1’existence d’une organisation
supramoléculaire des blocs polymeéres. Par analogie avec les micelles, un type d’organisation
possible est la séparation cceur hydrophobe/couronne hydrophile. Ce modele est a nuancer,
pour deux raisons. L’une est la problématique de 1’échelle de taille entre les chalnes de
polymeres et les tailles de particules. Si la taille des particules est beaucoup plus grande que
les chaines de polymeéres en extension maximale, il n’est pas possible d’envisager que tous les
blocs hydrophiles se retrouvent confinés dans la couronne externe de la particule. L’autre
raison est donnée par un autre résultat important qui est la répartition des chaines de PEG dans
les particules entre la fraction localisée en surface et celle encore piégée a I’intérieur, telle que

démontrée par les analyses de RMN 'H quantitatives.
Répartition du PEG dans la structure de la particule

Nos résultats montrent que les pourcentages de PEG piégé a Dintérieur de la
particule (non observable en RMN) varient autour de 25% du PEG total, pour des particules
préparées avec des polymeéres ayant des contenus en PEG de 15% et plus en poids. Ceci a été
aussi décrit pour des diblocs de type PEG-b-PLA en utilisant d’autres techniques [23, 25].

Ces taux sont moindres pour les particules solides préparées avec des polyméres en
peigne avec des taux de PEG 8-15%. On peut présumer qu’en fonction de la taille, la surface,
I’architecture du PEG, il y a un maximum de chaines de PEG qui peuvent étre insérées en

surface. Tout ajout se traduit par soit une augmentation de la quantité de PEG a I’intérieur de
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la particule soit par une diminution de taille des particules (pour augmenter la surface totale
disponible).

La polydispersité des tailles varie avec le type de particule obtenue. Celle-ci est
moindre dans le cas des particules présumées « solides » (0,1 et moins). Elle est par contre
plus élevée dans le cas des particules de types « micellaire » (0,1 a 0,3). Cette dispersion de
taille peut potentiellement étre reliée a la dispersion des tailles des polymeres : les polymeres
les plus PEGylés (avec les fractions massiques de PEG les plus importantes) sont également
les polymeres dont les PDI sont les plus €levés (Chapitre 4, 5). Elle doit certainement jouer un

role dans la structuration des NTP, mais cet aspect n’est pas aisément accessible a I’analyse.

7.2.2.4 Role du type de greffage

Un résultat intéressant est I’influence du type de greffage sur la morphologie des NPs
obtenues. Tel que décrit dans la Figure 4.2(a) (Chapitre 4), les NPs préparées a partir de
copolymeres obtenus par acylation ont des diamétres plus élevés et plus stables sur une plus
grande plage de contenu en PEG que les NPs préparées a partir de copolymeres obtenus par
couplage DCC/DMAP. L’évolution de ces derniéres se rapproche de la situation décrite par
Riley et coll. pour les diblocs [23]. Nous faisons 1’hypothése que ceux-ci, compte tenu des
taux de PEG observés, ont vu I’alcool secondaire terminal de leur chaine de PLA estérifié par

un mPEG-COOH, leur conférant une architecture se rapprochant des diblocs.

Un cas limite est celui de deux lots de polymeéres avec des contenus massiques en PEG
équivalent (9% environ) qui résultent dans des particules de tailles et de morphologie tres
différentes (Figure 7.2). La taille de la chaine PLA est 1égerement différente, mais du méme
ordre de grandeur et ne peut expliquer a elle seule cette différence. Cette observation renforce
I’hypothéese que les greffages en bout de chaine jouent un rdle pour modifier le comportement

du copolymere en solution et lors de son assemblage pour le rapprocher de celle des diblocs.
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Figure 7.2. Comparaison de deux lots de nanoparticules produits avec des lots de polymeéres
ayant des contenus en PEG (% poids/poids) identiques, mais obtenus par des méthodes de

greffage différentes (A) Greffage par la réaction DCC/DMAP, (B) Greffage par Acylation.

Les copolyméres obtenus par greffage par chimie clic ne peuvent avoir de chaine de
PEG que latérales, et de fait on constate que les particules formées sont plutot du type solide
telles qu’observée en MET, avec un diamétre particulaire qui varie peu sur une large gamme
de contenu en PEG (Chapitre 5). La structure et les propriétés physicochimiques ont été
évaluées dans les deux cas afin de vérifier I’impact du procédé de fabrication sur la structure,
I’hypothése de travail étant que la nature du solvant, la vitesse de transfert vers la phase
externe ont un effet sur I’organisation des chaines. La seule différence notable entre les

différents procédés est celle de la taille.
7.2.2.5 Role des méthodes de préparation

Au point de vue de la préparation des NPs, du fait que le bloc hydrophobe du
copolymere n’est pas soluble dans I’eau, les phénoméenes d’autoassemblage en milieu aqueux
(méthode de préparation par dialyse ou film) ne peuvent se produire, les particules sont plutot
fabriquées par nanoprécipitation. L’assemblage doit se produire dans un milieu hétérogene
caractérisé par le retrait du solvant organique qui « gele » les chaines de copolymeére et la

structure sous forme d’une NP. Ces particules ne sont pas a 1’équilibre thermodynamique [21].
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La préparation des particules par différentes méthodes, nanoprécipitation,
nanoprécipitation « flash » et microfluidique (Chapitre 5) montre que les différences restent
principalement au niveau de la taille. Cet effet est reli¢ a la rapidit¢ du mélange des deux
phases. En effet lorsque le débit augmente dans une méthode on observe une relation inverse
avec la taille des particules, qui a tendance a diminuer. Ceci est valide pour les différentes
méthodes. Par ailleurs, 1’organisation interne et de surface ne semble pas grandement affectée
par la méthode de préparation des NPs, notamment les densités de PEG en surface. Les
diminutions de taille qui induisent des augmentations de surface dans la nanosuspension sont

compensées par des effets sur I’organisation des chaines de polymeres.

7.2.3 Micellisation de copolymeéres bloc non-linéaires.

De facon générale, la taille et le nombre de chaines dans une particule micellaire sont
dépendants de la taille du bloc hydrophobe, plus que de la taille du bloc hydrophile. De fagon
générale, I’augmentation de la taille du bloc hydrophobe diminue la CMC, tandis que I’
augmentation de la taille du bloc hydrophile conduit a la diminution du nombre d’agrégations
et donc a la taille. Or dans notre systéme le premier est relativement constant, alors que le
second varie grandement (de 0 & 50% en poids de polymére constitué¢ de PEG). Cependant,
une interprétation des changements de taille basée sur la longueur des blocs hydrophobes et
hydrophiles n’est probablement pas valide du fait de la complexit¢ de 1’architecture des
polymeéres. Dans notre cas, la longueur des chaines hydrophiles est constante (PEG 2kD) ¢’est

plutdt leur nombre par bloc hydrophobe qui varie.

Peu d’études se sont intéressées a I’organisation des chaines de copolymere bloc non
linéaire dans une particule. Une série d’études sur des polymeéres en étoiles (« miktoarm star
polymer ») nous donne cependant quelques indications sur les effets de 1’architecture sur le
processus de micellisation. De fagon générale, les particules produites a partir de copolymeres
bloc non linéaires, (Figure 7.3A), montrent une décroissance du nombre d’agrégation et de
taille lorsque comparées aux particules préparées avec un dibloc linéaire équivalent en poids
moléculaire [26, 27]. Certaines des variations de structures étudiées par ces auteurs (Figure

7.3A) ont des ressemblances avec nos propres polymeéres (Figure 7.3B).
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Structure Organisation des chaines Structure Organisation des chaines
des polyméres dans les particules des polymeres dans les particules
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Peigne + greffage en bout de chaine

Figure 7.3. (A) Micellisation de polymeéres étoilés tel que décrit par [27]; (B) Arrangements
hypothétiques des copolymeres décrits dans cette étude en fonction de leur architecture
(dibloc, strictement « en peigne » ou encore « en peigne », mais additionné¢ d’un greffage en

bout de chaine).

Les positions des points d’ancrage des blocs qui forment la couronne externe de la
particule ont une influence sur 1’aire occupée (« footprint ») par cette chaine a la surface du
cceur de la particule. Cette aire est supérieure dans le cas de structure de type IS2 a celle de
diblocs linéaires (IS) équivalent (Figure 7.3A). Ceci peut s’expliquer par les contraintes sur la
chaine polymérique formant le cceur de la particule, pour adopter cette disposition. Ceci peut
avoir des conséquences en termes de densité de surface des chaines polymériques constituant
la couronne de la particule, mais aussi en termes de taille de la particule. On peut aussi
supposer que cela peut influencer le nombre de chaines nécessaire pour obtenir une particule

stable (Nombre d’agrégations), donc d’influer sur la taille de la particule.
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7.2.4 Microscopie en Faisceau d’Ions Focalisé / Microscopie Electronique a

Balayage (FIB-SEM).

Les observations en microscopie bimode (faisceau d’ions et faisceau électronique) ont
également nourri la réflexion sur 1’organisation structurale des NPs. Cette technique encore
inédite dans I’analyse de la structure interne des NP a usage pharmaceutique permet
moyennant une destruction partielle de la particule par un faisceau d’ions de Gallium (voir en
annexe un schéma de ’appareil), un acces a la structure interne de la particule par microscopie
¢lectronique a balayage [28]. Une bréve description de la méthodologie est disponible en

annexe avec les résultats discutés ici (données non encore publiées).

Les images les plus intéressantes ont été obtenues avec des particules de 300 a 500 nm
(exemple en Figure 7.4 et en Annexe 5) sur des particules fabriquées a partir de copolymeres
avec un contenu modéré en PEG (5, 9 et 11% poids/poids) et traitées au préalable par une fine
couche de platine in situ. Dans les essais préliminaires, nous avons €té limités sur deux fronts.
D’abord, la taille des particules inférieures a 300 nm les rend difficiles a capturer sur image,
car elles sont facilement déplacées par le faisceau ionique et du fait de leur moindre résistance
au traitement thermique. Nous n’avons pas obtenu d’images exploitables de particules dibloc,
un polymeére avec environ 6% de PEG. Les particules préparées avec ce copolymeére

apparaissaient complétement aplaties en MEB.

Figure 7.4. Exemple de découpe de nanoparticules (500 nm-1um). (A) et (B) Vues de coté
(angle de 51°) en microscopie ¢électronique a balayage. (Images réalisées au Laboratoire de

Microfabrication, Ecole Polytechnique, Montréal avec I’aide de Mme MH Bernier).
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Les observations préliminaires montrent des variations de densité électroniques de la
tranche de la particule indiquant des variations de composition chimique. Ceci confirme une
certaine organisation des copolymeres. Les particules plus petites apparaissent plus
homogénes (Figure AS5.5) bien que possédant elles aussi des cavités. Les particules de 1 a 5
um ont d’autres caractéristiques telles que des domaines zones sphériques de densités

¢lectroniques qui différent du reste de la particule (Figure A5.6).

Les particules examinées étaient dans le domaine des particules « solides ». Cette
technique n’apparait pas adéquate pour des objets de type « agrégats de polymeres » du fait de
leur faible rigidité. Par exemple, il n’a pas été possible d’examiner la structure interne des
particules de type dibloc PEG-PLA, trés sensibles au faisceau électronique. Les résultats
semblent confirmer I’existence d’une organisation générale coeur-couronne. De plus dans le
ceeur de la particule on observe des vésicules et des domaines de densité électronique
différente. Tout ceci est valide pour des particules de taille de quelques centaines de
nanometres. Cela reste a confirmer pour des tailles plus petites, car la structure interne peut

aussi dépendre de la taille.

7.3 Propriétés des surfaces

7.3.1 Analyse de surface : densité de surface du PEG

Malgré les nombreuses études, une utilisation quasi universelle en nanotechnologie (y
compris pour des produits commerciaux), en deux décennies d’utilisation il n’y a pas de
consensus sur la densité, la conformation et épaisseur de la couche de PEG nécessaire pour
obtenir un effet furtif optimal et un ciblage efficace. De plus on constate un manque généralisé
de méthodes fiables pour caractériser directement les surfaces et quantifier de maniére précise
le PEG en surface [29].

La problématique de I’analyse de la densité de greffage de PEG en surface de

nanoparticules peut étre résumée de la facon suivante (Figure 7.5).
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Figure 7.5. Etapes et données nécessaires a la détermination de la densité de PEG en surface

Les modeles de calcul ont été¢ développés et se retrouvent d’une part dans la section
« Supporting information » de I’article de revue [29] (voir Annexe 1) et dans le Chapitre 4
[22]. Sans revenir de facon détaillée sur la discussion des différentes problématiques de

détermination de ces densités de surface, nous voudrions souligner ici quelques points clés.

Le premier est 1’obtention de la taille du cceur de la particule (Rc). Au premier abord la
détermination de la taille d’un objet semble la propriété la plus facile a mesurer. Cependant, a
un niveau analytique sa mesure est extrémement difficile a obtenir de fagon exacte a 1’échelle

nanomeétrique.

La mesure de taille est obtenue de fagon routiniere par DLS qui donne un diamétre
hydrodynamique. Les analyses de tailles sont complétées habituellement par des analyses
MEB, MET ou AFM [30]. Il y a une différence importante entre les deux méthodes : dans un
cas on mesure le rayon hydrodynamique, la particule hydratée dans un milieu liquide, dans

I’autre cas on observe une particule déshydratée dans le vide et parfois (MEB) recouverte
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d’une couche métallique. La mesure du rayon hydrodynamique par DLS est basée sur une
répartition en intensité, qui donne un biais en faveur d’une taille moyenne plus élevée que la
réalité de 1’échantillon, les particules les plus grosses diffusant plus la lumiére que les plus
petites [31]. Cette différence est faible si I’indice de polydispersité est faible, mais existe dans

tous les cas.

Ces techniques sont relativement adaptées a la mesure du rayon de la particule. Mais
pour déterminer une densité de surface, on se doit de mesurer le diametre du cceur de la
particule, la surface a partir de laquelle les chaines de PEG se détachent de la particule. Celui-
ci sera plus accessible par microscopie €lectronique, la couche de PEG étant trés peu dense
aux électrons et n’est habituellement pas détectable. Cependant cela nécessite le traitement

d’un nombre important d’images avant d’obtenir des résultats statistiquement valides.

Les autres problématiques sont reliées a la détermination exacte de la masse d’une
particule, la détermination de sa densité et les moyens de quantifier le nombre de particules en

solution.
Calcul de ’aire occupée par une chaine de PEG

Le calcul de I’aire occupée par une chaine de PEG est le calcul de la densité de surface.
Ce calcul dépend d’une bonne estimation de la surface de la particule. Ici le rayon de courbure

de la particule joue un role dans ces calculs.

(A) Si la hauteur L de la couche de PEG en surface n’est pas négligeable en regard du
diameétre hydrodynamique de la particule, on a le rayon du cceur Rc différent de Ru et le
volume occupé par la chaine de PEG ressemblera a un cone tronqué (Figure 7.6). L’aire
occupée au niveau du cceur de la particule sera différente de I’aire occupée au niveau du rayon
hydrodynamique de la particule. Si la méthode de mesure repose sur Ry on sous-estimera la
densité de PEG (la densité est inverse de I’aire occupée par chaine) en surface du cceur de la

particule.
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Si RH>Rcalors FP,>FP,

Figure 7.6. Empreinte (« Footprint ») d’une chaine de PEG, calculée depuis le rayon

hydrodynamique (FPr) ou le rayon du ceeur de la particule (FPc).

Pour illustrer cette problématique, voici un bref exemple numérique. Si on considére
que la densité de PEG est telle que cette couche représente 5 nm d’épaisseur. Pour une
particule d’un Rz de 50 nm (si on fait ’approximation que Rx est donné par la mesure DLS),

cela veut dire que le Rc est de 45 nm. La différence de surface pour une

particule (Surface sphdre = dar?) :

Surface hydrodynamique, Si avec Rz =50 nm, Sp=31415 nm?
Surface du coeur, Sc avec Rc=45 nm, Sc=25446 nm?

Si la densité de surface calculée sur Ry est de 1 PEG/nm?, en fait la densité au niveau de

’attachement de la chaine a la surface du cceur de la particule est de 1,25 PEG/nm?

(B) Si la hauteur L de la couche de PEG est négligeable par rapport a la valeur de Rz,
lors ’aire occupée par une chaine de PEG au niveau du cceur sera équivalente a 1’aire occupée

au niveau du rayon hydrodynamique. Les densités calculées seront entachées de peu d’erreurs.

Estimation des densités de surface (si la valeur de Rc n’est pas disponible)
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Dans notre approche du probléme, nous avons grandement simplifi¢ le systeme a
analyser, réduit a un copolymere, sans utilisation de surfactants et de molécules actives
encapsulées. Les calculs de densités de surface des chaines de PEG dans le régime particulaire
solide sont assez directs. Ceci pour une raison principale : on a acces assez facilement a la

taille du ceeur de la particule, la surface a partir de laquelle les chaines de PEG sont attachées.

Les choses deviennent plus complexes dans le cas des particules dans le régime
« agrégat polymérique ». Si 'on applique les mémes calculs, on retrouve des densités de PEG
en surface qui diminuent drastiquement alors que la quantit¢ de PEG totale dans les NPs
augmente et que la taille des particules diminue. Le principal probléme auquel on est
confronté en fait dans ce régime c’est d’avoir accés a la surface, le vrai rayon du cceur de la
particule (Rc). Dans le Chapitre 4, nous avons donc opté pour une approche plus théorique
basée sur les travaux de A.. Halperin [32] afin d’estimer les densités de surface a partir de nos
résultats expérimentaux. A Halperin a développé une théorie capable de prédire les
dimensions (Ru, Rc) de micelles préparées a partir de polymeéres dibloc, connaissant les
caractéristiques des copolymeres et de la taille du bloc hydrophile. Dans notre estimation, le
copolymére peigne est assimilé a un copolymeére dibloc, soit 1) comme un polymeére
« segmenté » alors que chaque chaine de PEG (2kD) est associée au nombre moyen de résidus
d’acide lactique par chaine de PEG; soit 2) comme un copolymére « complétement dibloc »
alors que toutes les chaines de PEG sont combinées pour étre considérées comme un seul bloc
hydrophile. Les deux situations sont des situations extrémes qui ne reflétent pas la réalité du

copolymere, mais donc les calculs doivent nous donner un intervalle de densité de surface.

Le rayon hydrodynamique (&) et le rayon du coeur (R.) ont donc €té respectivement

calculés des équations 7.1 et 7.2, en utilisant Np, le nombre de monomeres d’acide lactique
dans le bloc hydrophobe, N4 le nombre de monomeéres de PEG et a, la taille du monomeére

[32]:

Ry =Ni® = NI®eq (Eq. 7.1)

Dl o NE_‘*E’ - (Eq. 7.2)
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La densité de surface I"(PEG/nm?) peut alors étre calculée de :

" H ’
['m %&%}H WPEG gy ® WPEG pgua; ® Fgar® % (Eq. 7.3)

Dans laquelle %PEGsuy est le pourcentage du PEG total présent a la surface de la NP;
%PEGiotal est le contenu en PEG dans le polymeére (% w/w); ppor est la densité massique du
polymére et Mwreg, le poids moléculaire de la chaine de PEG. Comme 1’équation 7.3 le
montre, il y a un role prépondérant pour la taille de la NP au détriment du contenu en PEG.
Cependant la taille de la NP dépend de la quantité¢ de PEG. Lors de la transition autour de
15%, avec le passage d’un régime de particule solide a un régime d’agrégat de polymeére alors
que I’observe une augmentation de quelques % PEG cela induit un changement drastique des

tailles et des densités de surface.

7.3.2 Quantification par XPS

La technique de XPS est a la base une technique semi-quantitative. Le signal détecté
(surface des pics) est proportionnel a la masse de 1’¢lément chimique évalué (carbone,
oxygene, azote pour les substances organiques), ce qui permet d’évaluer la composition
chimique des premiers nanometres sous la surface d’un solide. Une supposition tres
importante pour pouvoir faire des calculs est que la composition chimique ne varie pas avec la
profondeur, que le volume analysé est homogeéne. On n’a pas le choix de faire cette
présomption, mais il faut étre conscient que dans le cas de matériaux structurés tels que des
nanoparticules avec des interfaces cela ne refléte peut étre pas la réalit¢ méme sur des
épaisseurs aussi minces que 5 a 10 nm (zone analysée lorsqu’on analyse le carbone ou
I’oxygene). On peut donc obtenir des surfaces de pic identiques pour des cas de répartition
chimique dans la masse trés différents [33]. Ceci est une des principales limites de la

technique de XPS en mode quantitatif.

A noter que les informations semi-quantitatives nous sont données sur les atomes, tels
que le carbone. Par la suite un facteur de correction doit étre introduit pour déterminer la
composition d’un mélange de substance (telle que PLA et PEG ici), pour tenir compte que la

contribution du carbone a la masse de chaque substance est différente.
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Les mesures XPS sont réalisées dans le vide poussé, donc sur des matériaux secs. La
couche de PEG en surface se retrouve dans une organisation possiblement effondrée,
dépendant sans doute de la densité de surface. L’effet du séchage sur I’organisation de la

couche de PEG et sur sa quantification n’est pas connu.

7.4 Interactions surface et milieux biologiques

Afin d’obtenir des indications préliminaires sur le comportement de nos particules dans
des milieux biologiques, nous avons étudié leur stabilité en fonction de la force ionique du
milieu ainsi que 1’absorption de protéines par I’enregistrement d’isothermes d’absorption et la

microcalorimétrie sur des protéines mode¢les.

Le but de ces tests ¢tait de tenter de faire un lieu entre 1’architecture des copolymeres,
I’effet de cette architecture sur la structure de la surface des NPs et les propriétés de surface
qui ont une incidence sur le devenir de celles-ci en milieu biologique. Par exemple, il a été
montré récemment que des chaines de PEG en forme de dendrons avaient un effet positif sur

la stabilité des particules et contribuait a diminuer 1’absorption de protéines [34].

7.4.1 Stabilité des suspensions

Les surfaces des particules formées de polyméres de types polyester sont normalement
chargées négativement. Ceci prévient leur agrégation lorsqu’elles sont suspendues dans 1’eau.
Cependant I’augmentation de la force ionique, fait normalement écran aux charges de surfaces
et diminue les forces de répulsion électrostatique, conduisant habituellement a de 1’agrégation
et ou a la floculation sous I’influence des forces attractives de van der Walls. Des surfaces
possédant des chaines polymériques neutres agissant comme "répulseur" stérique peuvent
compenser pour ces effets, dans la mesure ou leurs densités de surface et leurs longueurs sont
suffisantes. Le but final est d’obtenir des nanosupsensions stables, a des forces ioniques
habituellement retrouvées en milieu biologique isotonique (équivalent de 150 mM NaCl

environ).

Comme démontré dans le Chapitre 4, les particules voient leur stabilité dans une
solution saline de NaCl augmenter avec le contenu en PEG dans le polymere. Ceci nous donne

une fagon de classer les formulations les unes par rapport aux autres. Cela nous permet aussi
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d’évaluer le réle du contenu en PEG et I’architecture des copolymeres sur la stabilité des
nanosuspensions. Par contre, ces expériences ont une portée prédictive limitée du fait que la
réalité des milieux biologiques est plus complexe. Dans un milieu biologique, on retrouvera
des ions sodium et chlore, mais également d’autres sels, incluant des cations divalents qui
peuvent avoir des effets sur nos particules chargées négativement. De plus dans les milieux
biologiques se retrouvent des lipides, des protéines. Ces dernieéres peuvent avoir différents

effets donc celui de promouvoir I’agrégation et I’assemblage des NPs entre elles.

7.4.2 Isothermes d’absorption de protéines

Une fagon d’évaluer I’efficacité de la couronne hydrophile de PEG a la surface des
NPs a prévenir I’opsonisation est de suivre I’absorption de protéines en fonction de la quantité

de protéines dans le milieu, donc réaliser un isotherme d’adsorption.

Dans la pratique, il n’est pas ais¢ de faire des études sur des milieux biologiques
complexes, car de nombreuses protéines coexistent (>3000 dans le plasma) et interagissent
entre elles en ayant des cinétiques et des énergies d’absorption variables. Pour notre étude,
nous avons testé deux protéines modeles : 1’albumine, car c’est la protéine la plus abondante
dans le plasma et le lysozyme, une protéine chargée positivement a pH physiologique. Dans la
procédure suivie, nous avons réalis¢ une mesure indirecte de 1’adsorption en mesurant la

concentration résiduelle de protéines apreés exposition de la solution protéique aux NPs.

Les données expérimentales sont habituellement interprétées (détermination de la
saturation et des cinétiques) en utilisant 1’équation de 1’isotherme de Langmuir. Cependant, il
est bien établi que ce modele suppose que les protéines s’adsorbent de fagon réversible, qu’il
existe un seul type de site (une seule affinité) et qu’il n’y a pas d’effet répulsif ou coopératif

entre les protéines (irréaliste lorsqu’on s’approche de la situation présentant une monocouche).

Les résultats de ces analyses se trouvent dans le Chapitre 4. Les résultats d’adsorption
de I’albumine bovine montrent que cette protéine est trés adsorbée sur les surfaces. Ceci n’est
pas surprenant, car in vivo, bien que trés abondante 1’albumine n’a pas la plus grande affinité
pour les surface polymériques. D’autre part, 1’albumine est chargée négativement a pH

physiologique, tout comme nos particules, ce qui pourrait indiquer un role pour des répulsions
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¢lectrostatiques. Les polyméres présentant des surfaces hydrophobes sont prompts a étre

opsonisés par interactions hydrophobes.

L’adsorption du lysozyme, une protéine chargée positivement, est comme prévu bien
plus importante que pour I’albumine. On observe que les surfaces les plus PEGylées retiennent
moins de lysozyme. On n’arrive pas a la saturation, a I’obtention d’un plateau d’adsorption.
Cependant dans I’intervalle de concentration (et du temps d’incubation testé) on n’atteint pas
une couverture proche de la monocouche théorique de protéine en surface. Il est a noter que
les résultats pour les NPs faites de PLA et celle de PEG-g-PLA avec un contenu de PEG de
8% (poids) sont proches, mais que dans les deux cas les potentiels Zéta sont encore largement
négatifs. Ce n’est pas le cas des NPs faites de PEG-g-PLA avec 28% de contenu en PEG, dont

le potentiel zéta est proche de 0.

7.4.3 Microcalorimérie (ITC)

La « titration calorimétrique isotherme » (ITC) est une méthode d’analyse trés
puissante des interactions intermoléculaires, permettant de s’affranchir de systéme de
marquage fluorescent ou radioactif. L’ITC mesure les échanges de chaleur associés aux
interactions moléculaires a température constante. L’ITC permet de déterminer les
changements d'enthalpie (AH), Dl’affinité de liaison (constante d'association (Ka)) et la
steechiométrie (n) dus a I’interaction. Les changements dans 1'entropie (AS) et énergie libre de

Gibbs (AG) peuvent étre déterminés en utilisant 1'équation 7.4:
AG =-RT InKa = AH — TAS (Eq. 7.4)

Ces différents parameétres sont liés au mécanisme de liaison entre les protéines et les surfaces
que ce soient les interactions électrostatiques, les liaisons hydrogénes, les interactions

hydrophobes.

Cependant, cette technique n’est pas facile a mettre au point pour mettre en évidence
les interactions de protéines avec la surface de NPs. En particulier, nous avons pu montrer que
cette méthode est trés sensible a la présence d’acétone résiduelle ou de PEG libre en solution,

résidus de la préparation des NPs par nanoprécipitation. Une purification poussée des
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¢chantillons de NPs par dialyse ou lavages combinés avec la filtration tangentielle est

essentielle.

Pour obtenir des signaux significatifs, il faut atteindre des niveaux de concentration
importants de particules (10 mg/ml pour les nanoparticules de PLA de 100 nm environ). En
effet, il est nécessaire d’atteindre des surfaces de liaisons trés importantes, car les chaleurs
résultantes des interactions des protéines avec les surfaces sont tres faibles [35]. Ceci se fait au
détriment de la qualité du signal, alors que ces concentrations de particules générent beaucoup

de bruit.

D’un autre coté, nous sommes limités du coté des concentrations de protéines alors que
I’albumine bovine forme des agrégats au-dela de 3 mg/ml, ce qui produit des signaux
thermiques non spécifiques a I’adsorption. C’est une limitation en termes d’intensité de signal,
d’atteinte ou non de la saturation des surfaces. Mais c’est aussi une limitation dans la
représentativité des informations obtenues, car ce sont des concentrations tres inférieures a ce

que I’on retrouve dans les milieux biologiques.

Nous avons essay¢ de mesurer et d’identifier par cette méthode les interactions de
I’albumine bovine et du lysozyme avec la surface des NPs. Si le lysozyme a permis d’obtenir
des chaleurs d’adsorption, I’albumine n’a pas généré de signaux thermiques mesurables ce qui

est cohérent avec les résultats des isothermes d’adsorption.

On voit que la transition de taille et de morphologie observée pour les particules
fabriquées avec des contenus en PEG supérieur a 15% se traduit également par des effets sur
les propriétés d’interactions de surface. Ceci doit étre reli€¢ a la densité de PEG en surface, tant
il est vrai que, si celle-ci est insuffisante, elle peut permettre des interactions directes entre la

surface hydrophobe du cceur de la particule et les protéines [36, 37].

Dans des travaux futurs d’autres protéines devront étre évaluées, car si I'on retrouve
I’albumine a la surface des nanotransporteurs de médicament du fait qu’elle est la protéine la
plus abondance dans le sérum, ce n’est pas la protéine qui a le plus d’affinité pour les surfaces
des NPs [38]. La protéine C3b du systeme du complément (systéme immunitaire inné) ou les
IgG sont plus directement responsables de la reconnaissance par les macrophages [39] et

devront étre étudiées pour évaluer la furtivité de nos NPs.
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7.5 Encapsulation de molécule active

7.5.1 L’efficacité d’encapsulation

Les conséquences sur [’encapsulation et la libération de molécule active de
I’architecture non lin¢aire, du nombre de chaines et du contenu variable en PEG sont des
points d’importance primordiale dans la perspective du développement pharmaceutique de ces
polymeéres. L’étude menée sur une molécule active, la curcumine ((1E,6E)-1,7-Bis(4-hydroxy-
3-methoxyphenyl)-1,6-heptadiene-3,5-dione), nous a démontré le role du contenu en PEG sur
I’efficacité d’encapsulation d’une molécule trés peu soluble dans 1’eau. La curcumine possede
des propriétés physicochimiques qui en font une molécule particuliérement difficile a formuler
avec un LogP apparent de 3.2 et trois pKa entre 9 et 10 environ. Lors de 1’encapsulation, la
curcumine interagit essentiellement avec la partie hydrophobe du copolymere soit la chaine de
PLA. Cette affinit¢ a été quantifiée pour le poly(caprolactone) par I’intermédiaire du
parametre de Flory-Huggins ysp qui exprime la capacité expérimentale de solubilisation d’une

petite molécule carbonée [40].

Hypothétiquement, le PEG aurait un role de barriére hydrophile pour s’opposer a la
sortie de la curcumine hydrophobe lors de la formation de particule. Ceci expliquerait les
faibles taux d’encapsulation dans les particules de PLA ou OH-g-PLA, ne possédant pas de
couronne hydrophile. La situation est plus cependant plus complexe. Les ratios
curcumine/polymere sont fixés sur le poids en polymere, incluant la fraction constituée de
PEG. Lorsque le pourcentage de PEG augmente, la quantit¢ de PLA diminue pour un méme
poids de polymeére. Si I’efficacité de chargement de la curcumine dépend en partie de son
affinité¢ pour le PLA, on pourrait s’attendre a une efficacité¢ d’encapsulation et a des taux
d’encapsulation qui diminuent avec 1’augmentation du contenu en PEG. En regard de ces
constations il faut noter que les NPs “dibloc” avec un contenu de 6% en PEG démontrent une
efficacité d’encapsulation (EE) plus grande que des NPs préparées avec un copolymere en
peigne avec 8% de PEG. Ceci met en évidence le role de I’architecture du polymére se

superposant a I’effet du contenu en PEG.
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La question de la localisation précise de la curcumine dans la particule en fonction de
I’architecture du polymére n’est pas élucidée, non plus que le role de la fraction de PEG

(environ 25%) située a I’intérieur de la particule sur I’efficacité d’encapsulation.

7.5.2 La libération

La libération de la curcumine s’est révélée compléte alors méme que les poids
moléculaires des polymeres formant les NPs n’avaient pas significativement changé (Chapitre
6). Les phénomenes d’érosion souvent invoqués dans la libération de molécule d’une matrice
polymere ne sont pas ici déterminants. Les phénomenes de diffusion se sont révélés comme

les facteurs limitants de la libération de la curcumine.

Les constantes de diffusion calculées en utilisant un modéle mathématique prenant en
compte sa diffusion et sa dégradation nous montrent deux régimes de diffusion vers I’extérieur
de la particule. Ces deux régimes semblent reliés a la taille des particules et au type de
morphologie des particules tel qu’observé en MET. Cette derniére dépend également du
contenu en PEG du polymeére. Les particules faites de « dibloc » sont des particules de taille
similaires aux particules solides, avec des contenus en PEG similaire aux particules solides
(6% poids/poids), mais avec une morphologie de particule « molles ». En termes de diffusion,
elles apparaissent dans une position intermédiaire entre les particules “solides” et les particules
de type “micellaire” ou de type “agrégats”. Ce qui semble indiquer un réle pour I’architecture
du polymere. L’effet de 1’architecture du copolymeére sur la diffusion pourrait se jouer dans les
niveaux de porosité des particules et dans 1’architecture de cette porosité (forme et connexions

des pores) [41].

La diffusion a travers la matrice polymérique peut étre favorisée par des 7g peu élevés
(inférieur a la température du milieu) ou par 1’état physique de la curcumine, ici dissoute et
dispersée dans la matrice (« moléculairement dispersée ») selon les résultats de CDB. La
porosité de la particule et ’entrée d’eau dans la particule sont peu susceptibles de jouer un
role, compte tenu des constantes de diffusion dans les milieux confinés comme les pores et par

la faible solubilité de la curcumine dans 1’eau [41].
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Des résultats préliminaires nous indiquent que la curcumine est non dégradée
lorsqu’elle est encapsulée et qu’elle peut étre conservée plusieurs jours, voire plusieurs
semaines sous cette forme sans perte significative de dose. Alors qu’en solution neutre ou
basique la curcumine est oxydée complétement en quelques heures ou moins, notamment si

elle est exposée a la lumiere [42].

7.5.3 Ciblage intracellulaires et ciblage tissulaire

Un des intéréts de 1’encapsulation est la protection du principe actif jusqu’a ce qu’il
atteigne la zone a traiter et qu’il soit libéré. En ce qui concerne 1’action antioxydante de la
curcumine, ¢’est une action intracellulaire, on a donc avantage a cibler I’internalisation de la
particule pour qu’elle libére son contenu dans le cytoplasme. Egalement de nombreuses études
ont montré que la curcumine pouvait cibler les mécanismes impliqués dans la maladie
d’Alzheimer, comme la cascade amyloide-béta, la phosphorylation de la protéine Tau et le
stress oxydant [43]. Par ailleurs dans le cadre du développement d’une plateforme pour la
livraison au cerveau pour le traitement de maladie ayant une composante oxydative, telle que
la  maladie d’Alzheimer, les particules doivent pouvoir traverser la barriere
hématoencéphalique (BHE). Ceci est particulierement important pour le développement
pharmaceutique de la curcumine, alors que sa solubilité est faible et que sa perméabilité vis-a-
vis de la BHE est limitée. La BHE est particulierement efficace pour protéger le cerveau des
substances étrangeres, grace a sa structure comportant des jonctions serrées et des pompes
d’efflux. Néanmoins, il a été¢ démontré que les cellules vasculaires de la BHE étaient capables
de transporter vers le parenchyme, des particules lipidiques endogénes comme les LDL. Ceci
est médi¢ par des récepteurs membranaires des lipoprotéines situées en surface de ces

particules [44].

Les particules polymériques de type PLGA et PLA, poly(caprolactone) and poly(butyl
cyanoacrylate) ont été proposées et ont démontrées une certaine efficacité a traverser la BHE
[45, 46]. En particulier, il a ét¢ démontré que plusieurs molécules se retrouvent a des doses
plus élevées au niveau du systéme nerveux central (SNC) lorsqu’elles sont administrées sous
forme encapsulées plutdt que sous forme libre [46]. A noter que la plupart de ces systémes

particulaires possédent une couche de PEG en surface. C’est un aspect que nous n’avons pas
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eu le temps d’explorer et la possibilité que des différences de pénétration de BHE existent, en
fonction du contenu en PEG et de ’architecture du polymere, est trés intrigante. Mais la
Figure 7.7 le montre: le passage d’un composé encapsulé dans une NP, du flot sanguin a la
cellule neuronale ciblée est un processus complexe, qui implique de nombreux phénomeénes de

transport et de nombreux obstacles [47] [48].
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Figure 7.7. Schéma illustrant la complexité des phénomeénes de transport de nanoparticules au
niveau de la BHE et du SNC (d’aprés M.A. Lauzon et coll. [47] ). ECS: espace
extracellulaire; ICS: espace intracellulaire, NP : Nanoparticules; BBB: Barri¢re

hématoencéphalique.

Les résultats d’études cellulaires que nous avons menées avec la collaboration de
I’équipe du Pr Charles Ramassamy, nous ont montré¢ I’efficacité de la curcumine encapsulée
sur une lignée neuronale in vitro a diminuer les doses intracellulaires de ROS et RNS suite a
stress oxydatif induit (Chapitre 6). Plusieurs études ont montré que les cellules neuronales
avaient la capacité d’internaliser des NPs chargées en médicament [49, 50]. Dans notre étude,
I’efficacité est égale pour des doses équivalentes de curcumine libre et de curcumine

encapsulée. Sachant que la curcumine libérée durant le temps de 1’essai n’est qu’une fraction
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de la dose encapsulée totale, nous pouvons en conclure que cette stratégie est plus efficace.
Nous n’avons pas de preuve directe de I’internalisation des particules, mais ce résultat pourrait
le suggérer. En effet si les NPs libéraient la curcumine a I’extérieur de la cellule, la dose
libérée étant beaucoup plus faible que la dose introduite sous forme libre, on devrait obtenir

des efficacités moindres. Les études se poursuivent pour éclairer ce point.
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8 Conclusion & Perspectives
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L’hypothese centrale de recherche a I’origine de ces travaux était que la structure des
polymeéres définissait les structures internes et de surface des NTP et ultimement les propriétés
physico-chimiques des particules. Secondairement, ce travail portait sur I’utilité¢ des polymeéres
polyesters branchés sur la préparation de NP a usage pharmaceutique. Les différents objectifs
de recherche afin de tester cette hypothése ont été réalisés, soient : 1) la conception, synthése
et caractérisation d’une libraire de copolymeres branchés avec différentes architectures; 2) la
préparation de particules par nanoprécipitation et leur caractérisation structurale et finalement
3) I’étude de leurs propriétés de stabilité, d’interactions avec les protéines et d’encapsulation

avec une molécule active modéle.

Dans ces travaux, nous avons expérimentalement montré la dépendance entre
’architecture et le contenu en PEG sur la taille, la morphologie et 1’organisation des NPs
obtenues. Nous avons pu ainsi identifier qu’un changement du contenu en PEG induisant des
transitions en termes de structures, de tailles et de propriétés d’encapsulation et de libération
d’actif pour la premiére bibliothéque de copolymeéres. Cette transition qui par sa forme semble
caractéristique des polymeéres PEGylées en peigne dépend de la taille du bloc hydrophobe et
de la présence de chaine de PEG en bout de chaine principale. Les NPs ont montré leur
efficacité pour I’encapsulation d’un actif modele (la curcumine) améliorant sa stabilit¢ en
milieu biologique et sa solubilité. Tel que mentionné dans la section Hypothése (2.1), notre
approche basée sur des polyméres fonctionnels préformés composés de produits déja utilisés

en clinique a le potentiel de faciliter le développement et la translation vers la clinique.

Ce travail a permis de développer au sein du laboratoire de nouvelles techniques de
caractérisation de surface, d’en proposer des améliorations et d’en identifier des limites. Il
s’agit d’une part de la quantification des densités de PEG en surface par RMN et d’une
nouvelle méthode de quantification a partir des données XPS. Et d’autre part, il s’agit de la

caractérisation des propriétés de surface par microcalorimétrie ITC.
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Les travaux futurs faisant suite a ces études pourraient comporter deux volets. Un
premier aspect est 1’é¢tude plus fondamentale de 1’organisation des copolymeéres en peigne
présentés sous forme de particule ou d’agrégat de type micellaire. Pour cela, plusieurs
approches pourraient étre suivies. Une premiere approche, qui est amorcé dans le laboratoire
est de tendre a obtenir des polymeéres plus réguliers. En effet, les chaines obtenues jusqu’a
présent sont des copolymeres aléatoires de dilactide et de glycidyl éther, la répartition des
chaines pendantes de PEG est ¢galement aléatoire. On ignore si des copolymeres statistiques
se comportent comme des copolymeéres plus organisés. Il y a ici actuellement une limite a
I’interprétation des résultats obtenus. Une approche de synthése permettant de mieux contrdler
les distances entre les points de branchement avec, par exemple, I'utilisation de lactones
fonctionnalisées permettrait de faire plus finement le lien entre les propriétés structurales des
NPs et I’architecture des polymeéres. Une seconde approche pour améliorer la compréhension
de I’organisation des chaines de polymeéres en peigne serait de développer la modélisation
moléculaire, en se basant sur les modeles développés pour les micelles et les polymeéres bloc
linéaires.

Le second volet est 1'utilisation des informations obtenues pour développer des
formulations testables en cliniques. Un aspect a explorer pour montrer ’intérét de notre
approche serait de relier les caractérisations structurales et physico-chimiques des NPs de
notre bibliothéque a des comportements in vivo, tels que la persistance dans la circulation
sanguine, la biodistribution, le passage des barriéres endothéliales (telle que la barriére
hématoencéphalique). Ce sont des aspects qui permettraient de faire avancer les nouvelles
approches de livraison de médicament et qui pourraient résulter dans des traitements

alternatifs ou complémentaires pour le traitement de maladies graves.

Une analyse de la littérature montre que les systémes simples avec peu de composants
semblent étre la voie pour les nanoformulations. Les systémes plus complexes incluant les
systémes de ciblage sophistiqués n’ont pas augmenté significativement les efficacités en
phases cliniques [51]. Un systéme simple ¢’est important pour des raisons de mise en ceuvre,
de fabrication, de contrdle qualité et de profil de toxicité, mais aussi tout aussi important en

sciences pharmaceutiques pour des raisons d’approbation réglementaire. En contraste avec une
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grande partie de ce qui publi¢ dans le domaine des nanotechnologies pharmaceutiques nous
sommes donc efforcés d’explorer des systemes polymériques simples avec un minimum de
composants, tous déja approuvés individuellement pour usage interne en gardant en téte que
ces systémes doivent étre sans aucun effet toxique sur une grande gamme de doses. Nous
sommes attachés aussi a mieux caractériser les transporteurs et de contribuer a des tests plus
standardisés pour des fins de contrdle qualité, mais aussi pour étre capables dans le futur de

comparer des performances de différentes nanoformulations.

Montréal le 30 avril 2015
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Annexe 1. Article de revue « Supporting Information »

J-M. Rabanel, P. Hildgen, X. Banquy, JCR, Vol. 185 pp71-87 (2014)

List of abbreviations, symbols and units

Symbol Parameter Units

p Volumetric density g/em’

Pe Volumetric density of the NP core g/cm’
PNP Particle volumetric density g/cm’
Psh PEG layer volumetric density g/cm’

r Weight coverage-density g/m?

o Chain coverage-density PEG/nm?
Mpec Molecular weight of PEG g/mole
WreG Total weight of surface PEG chains in the sample g
NrEG Number of PEG chain in a sample

Ws Weight of the sample

Wc Total weight of the particle core in the sample g
Wsn Weight of a NP shell g
Wxp Weight of a single particle g
N Avogadro number
Nnp Total number of particles in a sample
Vv Total volume of particles in a sample cm’ or nm’
Ve Total volume of the NP core in the sample cm® or nm’
Vxp Volume of a particle cm® or nm’
Ven Volume of the shell layer cm® or nm’
S Total NP surface in a sample m?
Snp Surface of one nanoparticle nm?

Sc Total surface of the particle core in a sample nm?

d Particle diameter nm or pm

r Particle radius (dry state) nm or pm

Ru Particle hydrodynamic radius nm or pm
Rc Particle core radius nm

a Monomer size (0.35 nm)

N Number of monomer in PEG chain

L Thickness of the PEG layer nm

D PEG inter-chain distance nm

FP PEG footprint (projected area) nm’
AprEG Area available to PEG chains (mushroom regime) nm’
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S1. Calculation methods of PEG coverage-density
S1.1. PEG layer coverage and chain conformation

PEG chains terminally-attached to a non-adsorbing surface at a solid/liquid interface can adopt
different conformations in a good solvent [1, 2] as represented in Fig. S1. Two important
parameters define the conformation of a terminally attached PEG chain:

- The surface chain coverage-density (¢), reported as number of PEG chain per nm?, or the
mean distance (D) between anchored PEG chains on the surface (D = 2 Fn—P);

- The thickness of the PEG layer (L) which depends on the PEG chain molecular weight My,
and /.
For a given chain length, the conformation of the PEG chain goes from mushroom at D>Rr to

brush as Rr<D< 2RpF, to dense brush D< Rr ; Rr being the Flory radius defined by the relation [2]:

3
Rr=aNs (S1-1)

where a is the PEG monomer size (3.5 A) and N the number of monomers in a PEG chain.

In the mushroom regime and in a good solvent, PEG chains adopt a random coil conformation
normal to the surface. The mean volume occupied by the PEG chains is a hemisphere of radius Rr
(zone of PEG mobility, Fig. S1-A). Therefore the footprint FP (or projected area) occupied by a
single chain is FP = n R¥* and the unperturbed height of the PEG layer is approximately Rr (Fig.

2-A).
A B FP C
f Apec ( X
U FP
L L
L
|
I« > > g
Re D>2R; D<2R; D<R;
« Mushroom » regime « Brush » regime « Dense Brush » regime
Random coil occupying an Distance between anchoring Distance between anchoring
hemispherical space of radius points is smaller than 2R points is smaller than R
Rk (Flory radius). Presence of interchain interchains interactions increase
No interchain interactions. L=Rr interactions. L> R & L increase

Figure S1. Evolution of PEG chains conformation as a function of the surface grafting density
Re: Flory radius; L: layer thickness (in mushroom regime L=Rr); D. distance between anchoring
points; FP: PEG chain footprint, Arec: Area available to each PEG chain. In the brush regime

FP=AprEc, in the mushroom regime 4rec>FP
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In the brush regime, the unperturbed layer thickness is given by:
2
L,=aN (%)g (S1-2)
where L represents the height of the brush thickness, D is the distance between PEG chain
attachment to the surface [2].

In the special case where the polymer chains are interacting with the surface (adsorbing
surface), chains are no longer repelled from the surface and will adopt a “pancake” conformation
(Fig. 1-C). PEG loop conformation (Fig. 1-C) had also been reported to confer steric repulsion to
particle surface [3, 4]. PEG layer organization in this conformation has not been thoroughly
studied although certain experimental evidences show that they behave as “effective brush” of half

the molecular weight of the loop segment and twice the grafting density [3].

Table S1. Calculated PEG layer characteristics at mushroom/brush transition

Molecular Degree Flory Chain footprint Chain Grafting Unperturbed
weight of radius® or projected coverage Point brush height®
polymerization area® density® Distance® (at D=1 nm)
Mw DP RF FP c D L
g. mol? nm nm? PEG/nm? nm nm
750 17 1.9 11.3 0.089 3.8 2,96
1000 23 2.3 16.6 0.060 4.6 4,00
2 000 44 34 36.3 0.022 6.8 7,65
5000 114 6.0 98.5 0.007 12.0 19,83
10 000 230 9.7 295 0.0034 194 40,00
20000 450 14.4 651 0.0015 28.8 78,26

Notes. Mw = molecular weight; DP=degree of polymerization; a: calculated from equation 1-1 assuming a=354; b: chain

projected area in mushroom conformation calculated as TRp?; ¢: coverage-density o at the boundary between mushroom and
brush regime, calculated from equation o = a7 d: D, Distance between anchoring point,; e: unperturbed layer height based on

scaling theory (equation 2-2) considering D = I nm

Table S1 presents calculations of the key parameters describing PEG conformation. The
reported values were calculated at the transition between the mushroom and the brush regime.
Additionally the unperturbed brush height, L, was calculated for a distance, D, between PEG
chains of 1 nm. For example, the Flory radius of a PEG chain of N=44 is about 3.4 nm in a good
solvent such as water at room temperature. It means that one PEG chain in the mushroom regime
occupies a surface of 36.3 nm? has a layer thickness of about Rr (see figure S1-A) and the

coverage-density at the transition between the mushroom and brush regimes is 7=0,022 PEG/nm’.
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In order to prevent protein adsorption on a planar surface, theoretical analysis predicts that the
distance (D) between PEG chains should be in the range of 1 nm [2, 5-7]. The radius of curvature
may play a role in antifouling efficacy of spherical particle, due to its effect on PEG chains

packing however, its effect on PEG layer excluded volume is not completely elucidated [6].
S1.2. General equations

The objectives of this section are to provide general calculation methods to estimate the
coverage-density of PEG chains on spherical particles as well as to detail the basic assumptions
and the sources of errors involved in each of them. The analytical techniques described in the
manuscript are, for most of them, used to quantify PEG by mass, moles or number of PEG chains
relative to the total sample mass (mg or g of particle). Once the quantity of PEG is known, in
order to estimate the coverage-density, PEG quantity has to be normalized by the surface area of
the particle sample analyzed. These calculations require the knowledge of three critical
parameters, namely the particle size, the volumetric density of the particles and the sample weight.

Different approaches have been used to estimate PEG surface density, but all of them use the
same experimental variables: 1) the surface PEG to particles mass ratio; 2) the total mass of the

sample analyzed; 3) the size of the particles, and 4) the density of the particle.

The PEG surface coverage-density o (PEG/nm?) is written as:

o = NeEe (S2-1)

where Nreg, is the total number of PEG chains present at the surface of the sample and S is the

total surface area of the core particles present in the sample. S is written as:

s =|(-2%) s¢f (S2-2)

Vepc

Using equation S2-2 we can rewrite equation S2-1, where Wc, is the total mass of particle
cores in the sample, Vc is the average volume of one core particle, pc, is the mass density of the

particle core and Sc, is the mean surface area of one particle core:

o = Npgo/ |(-25) Scf (S2-3)

Vepc

The total number of PEG chains in the sample is obtained from the analytic quantification data

(weight of PEG found on the sample surface):
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WeEgG

NPEG = N (S2-4)

MpEg
where Wpeg, is the mass of surface-bound PEG present in the sample, Mpec is the molecular

weight, of a PEG chain, and IV is the Avogadro number.

Using equation S2-4, one can rewrite Eq. S2-1 in terms of experimentally accessible quantities for

spherical particle:

_ PcRe N Wpgg
3 Mpgg W

(S2-5)
Analogous equations have been proposed previously in different studies, noteworthy in [8-12].
In most pharmaceutical papers, coverage-density is noted ¢. The different parameters discussed

can be visualized in Fig. S1 and S2.

This equation can be adapted to particle geometry other than spherical. Indeed with the
increased interest in the role of particle shape on biological response and fate of particle in the
body [13, 14] and the development of fabrication techniques such as lithography, there is a need to
assess quantitatively PEG coverage-density on non-spherical particles too. PEG coverage of non-
spherical NP has been reported for gold nanorod [15], Print® particles [11] and micellar system.
One example of PEG coverage-density calculation on rod-like micelle surface has been recently
reported [16]. The assessment of the geometric dimensions of a population of non-spherical
particle may rely essentially on imaging techniques such as TEM [15] and AFM [11]. The
expression of Sc for different type of geometry (rod, disc, ellipse of different lengths ratio, oblate
particle, etc.) will require usually more than one dimension (contrary to spherical NP which can be

defined with only their radius) increasing the source of error on the final calculations.

A general expression of the uncertainty of PEG surface coverage-density for spherical particle

can be derived from Eq. S2-5:
A A 2 (MWR\? | (ARG\? | (BDpc)?
Ao _ \/(u) (B 1 (B5Y 4 (229)” (2
o WpEG We R¢ Pc

As can be seen in Eq. S2-6, the four parameters (weigh of sample, weight of PEG, particle

density and radius) are contributing equally to the uncertainty on the coverage-density. In what
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follows we will provide an estimate of each contributions depending on the quantification method

used and the assumptions made.

Green: parameters describing

Nanoparticle the particle as a whole

pNP ’ WNP 'VNP

Red: parameters describing
the shell of the particle
« Dry » NP

: Red: parameters describing
radius, r

the particle core

« Wet » NP
radius R, 5

Total area, Syp Corearea, Sc

Figure S2. Physical dimensions of a PEGylated particle

S1.3. Error analysis

Error on surface PEG weight (Wpkg) in the sample

Error and uncertainties on WpeG depend directly on the analytical method used and may vary
from procedure to procedure and yield of purification if applicable.

For instance, in quantitative NMR, PEG quantification procedure may introduce four main
sources of errors: the weighting of particle sample, the error in the calibration curve, the error on
the data acquisition and on the peaks integration. On the other hand, in the differential method,
1.e. the measurement of non-reacted PEG to estimate grafted PEG, the total error will result from
two separate analytical measures: the error on the quantification of initial PEG amounts and the

error on the measurement of residual PEG.

Error on the particle core weight (Wc) in the sample

The determination of the total particle core weight in the sample is not an easy task. For
simplicity, most reports assume that Wc = Ws - Weec~ Ws, Ws being the total sample weight.
Measurement of Ws is usually performed by methods such as freeze-drying and weighting and
thermogravimetry (TGA). The experimental error associated to such measurement is small as long
as the total mass of the sample is large enough to be accurately measured, the number of repeats is

large enough (minimum of three) and the conditions of sample preparation are well controlled
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(e.g. complete drying conditions before weighting). Under well-established routine conditions,
error can be as small as 1-2 %.

Therefore the major sources of error contributing to error on PEG coverage-density comes
from the approximation Wc = Ws which introduces an error on the number of particle in the
sample (Equation S2-2) and leads to an overestimate of the particle surface.

A more accurate estimate of Wc can be obtained by taking into account the contribution of
Wrec. As we previously saw, Wpeg can be measured by techniques such as qNMR or XPS. It is
important to keep in mind that WreG represents the mass of PEG at the surface of the NP and
therefore does not represent the total PEG amount in the sample. As a consequence, the volumetric
density of the core of the particle has to be estimated taking into account the presence of PEG in

the core.

Error on the mean radius of the particle core (Rc)

The most used methods to estimate particle mean radius and to calculate their surface are DLS
or TEM/ SEM and AFM. An important point to keep in mind when using these techniques is the
physical meaning of each parameter each method provides. For instance, DLS measures the
hydrodynamic radius of a NP (Rx), which includes the hydrophilic PEG corona and a
hydrodynamic layer of fluid (beyond PEG distal end, closely bound ions, water moving along with
the particle), as seen in Fig. 3.

Size determination by AFM is preferably performed in the dry state [17]. TEM or SEM are
also "dry" techniques able to provide a value for the radius value, r, which is expected to be closer
to Rc than Ru (Fig. S1). TEM measures the projected area of the NP and is more appropriate to
provide the most accurate value of the core size, if enough particles are analysed [18]. This
technique is more laborious as image processing is needed to yield statistically significant mean
values. Moreover particle shrinkage is not uncommon due to intense drying under vacuum and
heat generated by the electron beam. Cryo-TEM may be an option for sensitive particles [19].

Does the approximation of Rc=Rpy contributes significantly to the error in coverage-density?
The answer will indeed vary with particle size and PEG chain length. For particles of several
hundred of nanometer up to 1 or 2 pm (limit of DLS), the addition of the PEG layer size and its
associated hydrodynamic layer will be negligible compared to the particle radius (less than 1 %).
In other words the approximation is valid if Rc >>> L. On the other hand, with NP of 100-200 nm

in size, the contribution of the PEG layer is more significant and ranges between 2 to 10%. For
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particle less than (around) 40 nm, the effect of using hydrodynamic radius over core radius is even
more pronounced as the PEG layer thickness become similar to the particle core radius (Rc~L).

For example, Xu et al. determined the surface coverage-density of PLGA-PEG diblock
particles by quantitative NMR (qNMR), using the particle diameter from DLS [12]. Cu et al.
measured PLGA particle diameters using SEM over DLS due to strong aggregation of the NPs.
The authors characterized over 500 NPs in order to obtain statistically significant measurement of
the mean diameter, associated volume and surface [20]. In a study using commercially available
PS-COOH NP, Nance et al. grafted PEG-NH:2 chains on the NP surface and later evaluated the
grafting density of the shell by gNMR. The PEG quantity was reported normalized by the surface
area calculated from the mean diameter obtained by DLS [21].

As an alternative, the specific surface area (in m*/g of particle) can be obtained directly and
without diameter information by gas adsorption giving the BET surface area [22, 23]. The value
obtained could be substituted in equation S2-2. This method is valid for smooth sphere but may
overestimate surface area if particle are made of nano-porous material whose pores are much

smaller than the PEG chain size.

Error on particle core volumetric density, pc

The other parameter needed to convert the PEG quantity determination into PEG coverage-
density is the particle core volumetric density (pc). Vauthier et al. used isopycnic centrifugation of
particle in a linear gradient of sucrose to determine NP volumetric densities [24]. Alternatively the
volumetric density of polymeric material constituting the particle can be used for, or as a
substitute to the particle density. In certain cases, this information can be found in reference tables
or on supplier data sheets. However for newly synthesized polymers, the technique of choice for
volumetric density determination is helium pycnometry. This technique provides an accurate
measurement of the density due to the small size of the helium molecule and its ability to
penetrate into most of the pores and inter-chain spaces [25]. On the downsides, helium picnometry
requires significant amounts of polymer (generally one to several grams) and it is unclear if
polymer volumetric-density will perfectly match particle volumetric-density. From our experience,
we have found very good correlation between density of poly(lactic) polymers measured by
Helium pycnometry and the reported densities of NP made with the same type of polymer
(unpublished data). If the particle batches are large enough, it could be possible to measure the
“true density” of the particles by this method [26]. In spite of the availability of the technique, this

parameter is seldom measured and assumptions are the norm.
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Volumetric-density of organic particles is usually comprised between 1.1 g/cm® and 1.35
g/cm’. Moreover, according to equation S2-5, variations of 10% in density at constant mean
diameter and constant PEG quantity, result in a variation of 10% in coverage-density values (Fig.
S2). Volumetric density uncertainties affect the value of the coverage-density via its effect on the

number of particles in the sample and thus the sample total surface area.

S2. Miscellaneous measurement methods

One method consists in obtaining the thickness of the PEG layer through the measurement of
the viscosity of the NP suspension [27]. The polymer layer on the surface of the NP increases the
hydrodynamic diameter of the NP and therefore the viscosity of the particle suspension. The ratio
of the intrinsic viscosity of the NP suspension with an adsorbed layer over the intrinsic viscosity
of the bare particles is equal to the ratio of volume fraction for polymer-covered particle over the
volume fraction of bare NP [28, 29]. This technique usually requires large quantities of particle
suspension to achieve measurable viscosity differences and is best suited for hard particles rather

than soft particle.
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Viscosity measurements showed that the apparent viscosity of a suspension of NP with a PEG
layer in the mushroom conformation is higher than NP with a PEG layer with brush regime [30,
31].

Analytical Ultracentrifugation (AUC) has been used to measure changes in sedimentation
coefficient of gold (Au) NP before and following addition of PEG, allowing the determination of
the coverage-density of the polymer shell. Concordant results for this method with TGA and TOC
results were reported for Au PEGylated NP [32]. The applicability of AUC to determine PEG
coverage-density of purely organic particles has still to be demonstrated, as the difference between
core volumetric density (pc) and shell volumetric density (psuH) is not as great as with metallic or
inorganic NP [33]. Yet the recent developments of AUC, allowing the determination of size, shape
and density of polymeric NP [34, 35] have positioned this technique as a very promising NP
analytical tool [36].

Electrospray differential mobility (ES-DMS) analysis separates aerosol (dry) particles on the
basis of their surface-to-charge ratio. In the case of Au particles this approach was able to correlate
amounts of PEG absorbed on the particle surface and separation [37]. Here again, adaptability to
purely organic particles remains to be demonstrated.

Scattering techniques can also provide structural information on a PEG layer. Small angle X-
rays scattering (or SAXS) has been used to provide a direct measurement of the conformation and
the thickness of a PEG layer on uni and multilamellar liposome [38]. SAXS structural information
are deduced from an electron density profile of the bilayer. Its applicability to other type of NP is
still unknown.

Small angle neutron scattering (SANS) is based on the diffraction of a neutrons beam by the
atoms constituting the particle. Hydrogen and Deuterium have very different scattering angles
which gives access to information at the nanoscale level such as density profile and layer
thickness. SANS requires deuterated solvent or polymer in order to obtain a contrast between the
different layers of the NP. With a deuterated particle core for example, only the coated layer is
contributing to the scattered signal. This technique has been firstly used to investigate PS polymer
brushes grafted on a flat substrate for the determination of the volume fraction profile of the
polymer [39]. Riley ef al. elucidated the conformation of PEG chains on PLA-PEG particles using
the technique of contrast-matched interface using a deuterated PLA in the copolymer and a
deuterium oxide enriched suspension media [40]. The authors used a core-shell model to fit the
obtained scattering data to calculate different structural parameters such as NP size, PEG layer

thickness, PEG footprint on the particle core, etc. Ramzi et al. conducted similar experiments with
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block polymer of pHPMAmMDL-b-PEG forming a core shell structure, but using a somewhat
different model to calculate the structural parameters [41]. SANS can also be used to simply
measure the size of the nanoparticle core. The results obtained by SANS can be compared to
hydrodynamic radius obtained by DLS. This approach was proposed to define the thickness of a
diffuse layer of polysaccharides on poly(cyanoacrylate)-Dextran NPs [42].

SANS is a model dependant technique, requiring few fittings parameters. SANS experiments
based on contrast variation, provide information not only on structural parameters such as the
layer thickness, core size, etc., but also on the aggregation number (number of chains in the
particle) and chain density simultaneously. PEG coverage-density is determined indirectly and
deduced based on the measured structural parameters. However, it is not a routine analysis
technique, as it requires specialized equipment, experienced personnel for data collection and

interpretation.
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Annexe 2. Article 1 (Chapitre 4) « Supporting Information »

Effect of Polymer Architecture on the Structural and Biophysical Properties of

PEG-PLA Nanoparticles
Jean-Michel Rabanel'?, Jimmy Faivre?, Soudeh F. Tehrani', Augustine Lalloz'?,
g
Patrice Hildgen' ", Xavier Banquy’®

! Laboratoire de Nanotechnologie Pharmaceutique,
2 Canada Research Chair on Bioinspired Materials and interfaces
Faculté de pharmacie, Université de Montréal,
C.P. 6128, Succursale Centre-ville, Montréal, Québec, H3C 3J7, Canada

* Corresponding authors

S.1. Polymer characterizations
S.1.1. 'THNMR

The initial step of polymer synthesis involves copolymerization of dilactide with benzyl glycidyl
ether. After characterization by GPC and NMR, the polymers are treated by catalytic hydrogenation
to remove benzyl group and unveil hydroxyl groups that will be used for PEG grafting in the final
step.

The successive reactions steps were followed by 'H NMR. Insertion of benzyl pendant groups in
the polymer backbone is evidenced by signal (1) and (2) respectively attributed to the aromatic ring
and the CH2 group of the benzyl group while the epoxy proton signals are abolished (Figure S1). In
spectra A, integration of the signal (1) at 7.25 ppm (5H, Benzyl) yield a benzyl content in the
polymer of 0.78 % relative to lactic monomer. Consistently, the signal (2) attributed to CH2 in
vicinity with the aromatic ring (2H, methine) give a content of 0.76 % relative to lactic monomer.
The removal of benzyl groups by catalytic hydrogenation is shown by the disappearance of signal (1)
and (2) in spectra B. Finally grafting (by acyl chloride reaction path) of Methoxy-PEG is shown by

signal (5) and (6) respectively attributed to CH2-CH2-O PEG repetition unit and O-CH3 terminal
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group. Lactic monomer is represented by signal (3) and (4) respectively attributed to methine proton
on the asymmetric carbon and the methyl group. The PEG content relative to lactic monomer, is
given by the ratio of peak (6) (PEG CHs-O, 3 protons) over peak (3) (Lactic acid CH, 1 proton). In
the example shown in Figure S1, the PEG content is 0.48 grafted PEG chain for 100 lactic

monomers. Moreover the PEG weight content (PEG % w/w) can be calculated:

PEG (Y%ow/w) =2 =FEC (S-1)

with y being the number of PEG chain for 100 lactic acid residues, 72, the molecular weight of the

lactic acid monomer in the chain.
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Figure S1 (A) NMR spectra of Bz-g-PLA, (B) HO-g-PLA and (C) PEG-g-PLA. Signal attributions
are presented in Figure S-2.
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Figure S3 Representative Cosy NMR spectra of PEG-g-PLA prepared by the acyl-chloride pathway.
For proton signal attribution see Figure S-2. Characteristic coupling peaks are displayed in the
spectra in the 4.1-4.4 ppm region between lactic monomer, PEG and grafting moieties.
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In table S-1, are presented the characterization of the copolymer backbone. The calculations for
the number of available hydroxyl groups for each batch are also included. These calculations are
based on the number of benzyl group prior catalytic hydrogenation, the M» of each polymer and of
PEG used in this study (M 2000). In all case, after catalytic hydrogenation, the benzyl group peaks
were below detection limit by NMR and the reactions were considered as complete. The total
numbers of hydroxyl groups are calculated by chains and as percentage of lactic acid monomer.

Table S1 Examples of PLA backbones polymers synthesis and characterization from polymerization
of Bz-g-PLA to catalytic hydrogenation and preparation of HO-g-PLA

BGE/LA Benzyl/LA GPC after GPC after catalytic pendant terminal total OH total OH
feed ratio ratio polymerization hydrogenation OH OH

RMN Mn Mw Pd Mn Mw Pd  perchain perchain per chain % LA

% % g/mol  g/mol g/mol  g/mol
0,5 0,42 14720 24240 1,64 24330 33890 1,39 0,86 1 1,86 0,91
1 0,55 15700 22700 1,145 31000 45800 1,48 2,15 1 3,15 1,45
1,00 0,75 15030 23170 1,54 18580 28360 1,52 1,93 1 2,93 1,40
1,50 1,08 18480 31660 1,71 14180 23990 1,69 2,77 1 3,77 1,47
2,00 0,77 17190 28070 1,63 16720 25190 1,50 1,82 1 2,82 1,18
2,00 1,14 23880 36800 1,54 25250 37385 1,48 3,78 1 4,78 1,44

S.1.2. Acyl chloride PEG coupling reaction

The alternative grafting procedure by DCC coupling is presented in Scheme S-1.

OH
o o
/O OH HO. o. o
0 o o
z
OH
(©)] 4 X @

Jones Reaction
DCC /DMAP
rtin CHCly
DCU

e O\P\ O%/Yo
‘ OH
O, 0.
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[¢] [0}
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’ (e} OH
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Scheme S1 PEG grafting on HO-g-PLA with DCC coupling reaction illustrating the grafting sites for
PEG chains.
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S.1.3. Infrared spectra
In figure S-4 are presented some representative FTIR spectra of the synthetized polymers
acquired in ATR mode (see Material and methods). Peaks lists are presented in Material and

Methods.

F) PEG13%-g-PLA
( 9
(G) PEG38%-g-PLA

(E) PEG11%-g-PLA
(D) Diblock 5%
(C) OH-g-PLA

(B) Bz-g-PLA

(A) MeO-PEG-COOH

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)

Figure S4. FTIR of the polymers: (A) MeOPEG-COOH, (B) Benzyl-g-PLA, (C) OH-g-PLA (D)
Diblock (5% PEG % w/w) and (E) PEG-g-PLA with a PEG content of 11% (w/w) (F) PEG-g-PLA
with a PEG content of 13% (w/w) (G) PEG-g-PLA with a PEG content of 38%. Peaks list for
representative polymers can be found in the Material and method section.
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S.1.4 Pycnometry, polymer density

Helium pycnometry gave a density of around the true density of the polymers used and for
instance, density was found to be around 1.25 g.cm™ for all the PEGylated polymers tested
(molecular weight 20,000 to 35,000 and % w/w PEG content of 5 to 35%). This value was retained
for future calculations. We took this average value to calculate individual NP weight, number of
polymer chain in each NP (for a given M») , and thus, number of PEG chain (based on equations
presented in section S-3) present in the NPs of different radius. NP microporosity volume correction

1

factor, as determined by gas adsorption ' was included in the calculations but play a minor role in

these determinations.

S.2. Methoxy-PEG oxidation
Methoxy-PEG 2kD oxidation to Methoxy-PEG-carboxy was followed by NMR. As seen on
Figure S-5, CH2 in the vicinity of the carboxyl group is displaced to 4.2 ppm upon hydroxyl

oxidation. The integration relative to the Methoxy protons (3H at 3.45 pp) gives a global yield of

oxidation of 95%.
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Figure S5 'H-NMR spectra of MeO-PEG before (A) and after (B) Jones oxidation.

S.3. Theoretical calculations.
The calculations below were used in polymer characterization.
S.3.1 Number of PEG chain per polymer chain
PEG-g-PLA is a random-branched polymer with a structure shown in Figure. S-2. x is the number
of lactic moieties in the chain; y the number of grafted moieties and p is defined as the molar faction

of y (value obtained by '"H NMR) and it is expressed by equation (S3-1) :

p=-— (S3-1)

The molecular weight of polymer chain (m,) is the sum of all lactic units and grafted branches and it
is expressed by equation (S3-2), with 72 being the molecular weight of a lactic acid monomer; my:

molecular weight of a grafted moiety (as seen in Figure S-2) :
m, =72x+ myy (S3-2)

Extracting x from (S3-1), yield

X = (1'71’) y (S3-3)

Substituting x in (S3-2) and expressing y, the number of grafted chains per polymer chain:

— mp P
y 72(1-p)+pmy

(S3-4)

p is calculated from NMR spectrum (equation S3-1, value between 0 and 1); m, is measured by GPC;
mgis the M, of PEG chain considering that the grafting connecting group (glycidyl ether) has a minor

impact on M, of pendant groups (PEG).

S.3.2. Polymer PEG content (% w/w)

Finally percentage of PEG in the copolymer expressed in weight/weight (% w/w) content is
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calculated as follow (similar to equation S1-1):

Y X Mg

PEG (% w/w) = x 100 (S3-5)

P
Noteworthy, some approximations are inherent to these calculations. First of all, M, of random
branched polymer is determined by GPC using linear PS standard as references. Copolymer of PLA
and PEG may have a different behavior in eluent resulting in uncertainty over M». If the calculations
are based on mean (Mx), but all these polymers have a significant PDI, number of PEG chains may
differ and consequently polymers may differ in properties. Noteworthy, the equation is valid whether
the grafting occurred only on pendant groups or if it also occurred on the OH terminal group of the

PLA chains.

S.4. Polymer viscosity data

One of the determinants of particle properties produced by nanoprecipitation is polymer content
in the organic phase and its effect on the phase viscosity. As shown in Figure S-6, the addition of
PEG chains on otherwise constant hydrophobic PLA backbones (here around 25 kD) decrease the
viscosity of the acetone organic phase. Beside PEG stabilization of newly formed nanoparticles, this

could also affects, size and yield of NP production.
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Figure S6 Viscosity of PLA-PEG solutions in function of concentration

S.5. X-rays photon spectroscopy (XPS)
S.5.1 XPS Survey data

Measurements of NPs in the dry state, allowed the quantification of chemical bonds and thus
chemical entities, such as PEG or preparation additives on the outmost portion (5-10 nm) of the
particles surface. Quantification of relative presence of PEG based on survey (elemental) analysis is
difficult as both PEG and PLA segments of the copolymer have close carbon and oxygen
composition. Moreover, carbon contamination by environmental exposure of the samples during
transfer complicates the analysis. The survey scans results giving element composition in relative %
are available in Table S-2. The data are expressed as a percentage of total elements present. No

relationships were found between these data and NP PEG content.
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Table S2 Elemental composition of NP surface, XPS survey analysis (total element=100%).

Polymers Nanoparticles
PEG Diblock  HO-g-PLA NP-PLA NP-Diblock NP-PEG-g-PLA NP-PEG-g-PLA NP-PEG-g-PLA NP-PEG-g-PLA
PEG content w/w (%) 0 5 0 0 5 5.6 8.3 11.1 16.5
%
% element element %element| %element % element % element % element % element % element
Cls (%) 64.4 60.5 58.6 58.3 63.8 59.8 60.6 62.2 61.8
01s (%) 35 39.5 41.4 40.3 35.5 39.8 38.9 36 36.8
Others (%) 0.7 0 0 0.7 0.7 0.3 0.5 1.9 1.5
Nanoparticles
PEG-b-PLA * PEG-g-PLA * PEG-g-PLA *
PEG content w/w (%) 5 8.9 13.3
% element SD % element SD % element SD
Cls (%) 61.4 1.5 61.8 2.1 59.7 1.9
01s (%) 38.5 14 37.8 2.1 39.6 14
Others (%) 0.1 0.2 0.42 0.4 0.5 0.1

* measures n=3

273



S.5.2 XPS High resolution data

Table S3 High resolution data, chemical composition of NP surface

Polymer | Nanoparticles
PEG-b-  PEG-g- PEG-g- PEG-g- PEG-g- PEG-g- PEGg- PEG-g- PEGg-  PEG-g- PEG-g- PEG-b-  PEG-b-
PEG PLA PLA PLA PLA PLA PLA PLA PLA PLA PLA PLA PLA PLA PLA
PEG content
w/w (%) 0 0 5 5.6 8.3 11.1 165 111 8.9 8.9 8.9 13.3 13.3 5 5
Binding
Identification energy (eV) Relative Atomic percentage (each element on 100%)
C-C (Cont.) 285 7.9
C-C (PLA) 285 356 376 28.7 27 241 226 337 39.7 33.05 36.7 3145 33.65 323 34.75
C-0 (PEG) 285.9-286.6 85.7 114 196 244 325 36.6 214 21.7 27 219 3135 199 27.15 25.7
C-O (PLA) 287.0-287.2 34 262 273 257 229 215 239 239 25.15 20 19.35 25.25 29.7 28
Cc=0 288 6.4
0-C*=0 (PLA) 289.0-289.2 304 246 244 229 205 19.2 21 147 148 214 17.8 212 10.85 11.6
O=C (PLA) 531.2-532.5 10.1 51.8 49.1 436 455 388 36.2
O-C (PEG) 533 89.9 5.1 15.8 121 25 30.1
0*-C=0 (PLA) 533.5-533.9 48.2 458 406 424 36.2 337
Particle size (dist. by number) 1174 599 110.2 96.5 107.7 1033 87.5 149.1 100.95 83.1 131.05 109.6 71.05 50.95
Polydispersity index
0.079 0.136 0.068 0.093 0.104 0.078 0.076 0.113 0.09 0.096 0.069 0.0675 0.2515 0.105
Nanoprecipitation conditions (polymer

conc, mg/ml)

20

20

20

20

20

20 20 33 20 12.5 33 20 33 20

Repeats (n)

n=2 n=2 n=2 n=2 n=2
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Figure S7 Examples of high resolution data with deconvoluted Cls (A) and Ols peaks (B) for
PEG-g-PLA NP with a 7,9 % PEG content. (C) PEG-g-PLA NP with a 13.3 % PEG content
and (D) for PEG-b-PLA diblock NP (5% PEG content).

PEG amounts on the NP surface were thus estimated on the basis of high resolution

spectra allowing calculation of relative contribution of different chemical bonds. Ether bond

are specific to PEG, although it can be found in the copolymer as a result of copolymerization
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of glycidyl ether with dilactide, albeit at a very low percentage that could be neglected (see
Scheme 1 and Scheme S-1). It gives a specific signal that could be distinguished from PLA
signals. * The depth of upper layer accessible to analysis depends on several factors: nature of
the element (C, O), angle of emission, nature of the material (density), etc. For the type of
polymer studied and the emission angle used (0°), we estimate the maximum depth of analysis

(99% of the signal observed) for carbon to be 9.6 nm; and 7.8 nm for Oxygen. *

S.5.3 Calculation of PEG surface density estimates by XPS

PEG surface content was evaluated from high resolution XPS spectra (representative
examples are shown in Figure S-7). As mentioned earlier, XPS is collecting information from
the 10 nm outer layer of nanoparticles for Cls. The percentages given by XPS result are
expressed in weight percentage of polymer (Table S-3). As only two components are present
on the NP surface (PLA and PEG), is thus possible to give an estimation of the number of
PEG chain in the 10 nm outer layer of the particle and deduced a surface density, if we assume

that all the PEG chains detected are localized exclusively at the interface.

a. Volume and weight of the XPS analyzed area

anrd  4am(r-10)3
3 3

Voo = (85-1)

VoL is the volume of the 10 nm outer layer (nm®) with r the mean radius (nm) of the

nanoparticle batch as determined by DLS or TEM.

v
WorL = (Fole) X Opol, (S5-2)
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Wor is the weight of this outer layer (in g) with opoL the density of the polymer (g cm?),
values given by pycnometry on raw polymers.

These calculations are estimate as several sources of uncertainty could be evoked: radius of
particle is determined by DLS (error on measure), density could slightly vary if PEG content
in copolymer increase (pure PEG have a density around 1.1 g.cm™, while PEG-g-PLAs have
densities around 1.25 g.cm™), M, of branched copolymers is determined as a normal
distribution of molecular weight by GPC compared to linear PS standards, which could also

introduced bias in M, results.

b. XPS results

Calculations are based on Cls signal deconvolution (Figure S-7). Area percentages
carbon bonds are proportional to mass of carbon in each polymer species in the NP outer
layer, defined as the layer of the nanoparticle accessible to XPS analysis. Ether bonds are
almost exclusively found in the PEG (negligible amount in copolymer, and they are not
detected prior PEG grafting on OH-g-PLA) and are representative of PEG carbon content. In
the nanoparticle, we have a material composition that can be described as a binary polymer
blend of PLA and PEG (as no other species are present) and :

Fraction of PLA = (1 - Fraction of PEQ)
%WprEec, weigh percentage of PEG in the outer layer according to XPS data will be calculated
from:

Area ., prgy <1.83

%o W = l

(S5-3)
Areag,,,,, (PEG) x1 -83J+ lAreaCarbon (PLay X 2J
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Or more precisely:

Areay ¢ (ppg,*1.83

Yo Wi =
lAreaO—C(PEG) x1 -83J+ l(AreaC—C(PLA) +Areag c_opLay T Areac_opLa) )X 2J

The ratio added to each peak contribution to convert specific carbon content to specific
polymer content are calculated from the carbon contribution to each polymer total weight:

1.83 is given by Total Mass of PEG _ Mass of PEG monomer _ 44 —183

Total Mass of carbon B Mass of carbon 24

. Total Mass of PLA Mass of PLA monomer 72
2.00 is given by = =—=2
Total Mass of carbon Mass of carbon 36

Thus , Wrec, weigh of PEG (g) in the outer layer can be calculated with cor density of the

polymer in the outer layer (we used opoLdetermined by pycnometry in our calculations):
Wope = %W, W, =%W, VoL S5-4
peG = /W ppg XWop =70 PEGXIO_zlxo-OL (85-4)

Number of PEG chain according to XPS in the outer layer:

Nppo = —PEC % 3\ (S5-5)

Mn(PEG)
with M, as the molecular weight by number of PEG (g. Mole™) and /" the Avogadro number
(6.022 10%%).
Finally, PEG density on the surface (Dreg), will be given by (S5-6); assuming all PEG

detected in the outer layer are on the surface only and the surface:
N

Similar calculations can be carried out with Ols results and they give concordant

results with C1s (data not shown).
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S.6. PEG surface density calculation based on NMR results

S.6.1 NMR quantification spectra
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Figure S8 NMR results of NP suspensions diluted in Deuterium oxide.
Internal standard peaks (3), (4) and (5) of the 3-(trimethylsilyl)-1-propanesulfonic acid,
sodium salt (DSS) — (CHs) serve as reference standard (each methyl group peak were

arbitrarily set at 100), while Methoxy-PEG peaks (1) and (2) serve for quantification.

S.6.2 Calculations of PEG surface density based on NMR results

Calculations were based on the NP diameter (radius from the distribution in number)
obtained by DLS, mass concentration of particles in the assay measured by gravimetry, the
average mass of a single particle: assuming a mono-disperse population of NP centered on
average mean size and a density of 1,253 g/cm3 (see Picnometry). The values calculated are
the area per PEG (nm?), the number of PEG per surface unit and the percentage % of total

PEG found on the surface.

a. Total PEG in polymer or NP samples

The total PEG content in weight percentage (PEG % w/w) could be calculated from:

X M
Fopg = 12 (86-1)

with Frec the weight fraction of PEG in a polymer, y the number of grafted chains, Mpec the

molecular weight of PEG chains and Mpor the molecular weight of the PEGylated polymer.

The total weight of PEG in the sample is thus:
TWpge = Wi X Fpgg (S6-2)
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with Ws, weigh of nanoparticle (weight of sample) in mg in the tube.

In NMR experiment, polymer or lyophilized NP are dissolved in CDCIs. As seen in Figure
S1, spectrum (C) the ratio between PEG signals (CH2-CH2-0O, & at 3.6 ppm or CH3-O-, J at
3.3 ppm) and lactic acid monomer CH signal (CH, ¢ at 5.2 ppm), give the number of PEG

chains (y).

b. PEG percentage on the surface

When concentrated particle suspensions are resuspended in D20 (or when particles are
prepared by nanoprecipitation with D20 as an aqueous external phase), PEG detected by NMR
is the surface PEG. The surface PEG weight in the sample (SWpg; in mg) can be calculated
from free PEG standard solution in D20 using the same internal standard. In our case we used
the water soluble 3-(trimethylsilyl)-1-propanesulfonic acid, sodium salt (DSS) at a
concentration of 1% (w/w).

The PEG percentage of total PEG segregated at the NP surface can be calculated from:

%Sppe = ‘;Wﬂ x 100 (S6-3)

WpEG

c. PEG density on the surface (PEG/nm?)

In order to calculate PEG surface density from NMR data, we need the following
information: 1) the surface PEG to particles mass ratio (given by the analytical method); 2) the
total mass of the sample analyzed (given by gravimetry); 3) the diameter of the particles

(given by DLS, TEM, etc.), and 4) the volumetric density of the particle (given by pycnometry
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from polymer volumetric density data). Details about the equations can be found in the
supporting information section of the review by Rabanel ef al.. ° The PEG surface coverage-

density o (PEG/nm?) is written as:

o= % (S6-4)

where Nreg, is the total number of PEG chains present at the surface of the sample and S is the

total surface area of the core particles present in the sample. S is written as:

5= 122) 5 56

Using the equation above we can rewrite equation S6-4, where Wc, is the total mass of

particle cores in the sample, Vc is the average volume of one core particle, pc, is the mass

density of the particle core and Sc, is the mean surface area of one particle core:

o = Nege/ |(r ) Scl (36-6)

Ve pc
The total number of PEG chains in the sample is obtained from the analytic quantification

data (weight of PEG found on the sample surface):

Npgg = Weec pr (S6-7)

Mpgg
where Wpea, 1s the mass of surface-bound PEG present in the sample, Mpec is the molecular
weight, of a PEG chain, and V" is the Avogadro number. Using equation S6-7, one can rewrite

Eq. S6-4 in terms of experimentally accessible quantities for spherical particle:

Re N W
g = Pc k¢ PEG (S6-8)
3 Mpgg W¢

Discussion on PEG density
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The factors likely playing a role in NP PEG surface density (outside PEG content in
%w/w and the number of PEG chain) are the Mw of the hydrophobic part of the copolymer;
the PEG chain foot print preventing high density related to My of PEG chain. When distances
between PEG chain attachment points are smaller than Rf, PEG chains start to overlap and
tend to form “brush”, and PEG layer thicken. When surface density increase, PEG chain
repulsion may result in free energy penalty leading to a maximum PEG chain surface density.
Indeed it can be speculated that hydrated PEG chains can sterically repulse themselves
creating an energetic barrier to PEG layer densification above a critical density at the time of
NP formation. Formation of dense polymer brushes extending well into the bulk liquid is
limited in liposome by steric interactions. PEG chains reciprocal lateral repulsions opposed to
anchoring stability (provides by the cohesion of the phospholipids bilayer) are making them
unstable above a PEG content threshold. ®7 In contrast, one can expect to be able to reach
higher density for polymeric NP as PEG chains are anchored to a stable core. However, in
polymeric NP, the PEG density could be also limited by steric constraints either from the
architecture of the polymer used or by steric hindrances at the surface. One other important
constraint is the polymer entanglements (topological constraints) during solvent removal from
the droplet trapping PEG inside the NP core, decreasing the availability of PEG at the surface.

This effect increases with the size of the NP.

S.7. Differential Scanning Calorimetry of polymers and NPs

Table S4 Tg of polymers and freeze-dried NP

Samples PEG content Tg Tg interval M.,
% w/w °C °C
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Polymers before PEG grafting

Bz-g-PLA 0 31,9 28.1-34.9 28100
OH-g-PLA 0 39,7 36.1-42.3 25300
PLA 0 50,8 47.1-51.8 46 400

Polymers after PEG grafting

PEG-b-PLA (diblock) 5 28,6 20.6-31.2 23 800
PEG-g-PLA 9 28,5 21.8-34.1 36 560
PEG-g-PLA 9 25.7 22.4-28.3 29890
PEG-g-PLA 11 24,3 15.4-31.8 35200
PEG-g-PLA 20 19,5 12.3-22.3 28 950
PEG-g-PLA 25 -4,3 -15.8-9.3 33 080

Nanoparticles (1st run)

Solid particle 0 14.7 13.3-16.5 19 500
9 11,9 9.3-14.4 21530

11 12.3 10.7-14.7 35200

13,3 11.7 9.8-13.7 34 490

16,5 12.5 10.7-13.6 35800

Micelle-like NP 15 11,9 11.1-13.1 38 150
19,8 12.5 10.9-13.8 33080

35,7 13.0 11.1-14.8 33 600

37,9 13.2 11.5-15.1 31420
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Figure S9 DSC thermograms of polymers used in this study (first and second runs). Polymer
with high PEG percentage (>15% w/w)
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Figure S10 DSC thermograms of polymers used in this study (first and second runs). Polymer
with low PEG percentage content (<10% w/w)
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S.8. TEM observation: apparent core-shell.

As discussed in the main text, the apparent core-shell structure observed is likely due to
the contact between the particle and the carbon film of the TEM grid as demonstrated in the
cartoon below (Figure S-12). If the darker central area was due to a core component, its
position will not be changed upon tilting of the sample grids. The fact is that upon sample tilt
(+15 and +30° angle), the darker area shift from the center to its edges support the hypothesis.
The surface of contact is dependent over the geometry of the particle, its general softness or
the deformability of the outer layer of the particle upon drying. It was not possible to draw
conclusions about a possible relationship between the PEG content w/w% (and thus possible

softness of particle) and relative size of the contact zone.

0e tilt 15° tilt 30c° tilt

Recorded image plane

Figure S11 TEM of polymeric NP: illustration of the apparent core-shell structure
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S.9. Proteins absorption studies

The absorption isotherms and data analysis were based on the following BSA and LYS
parameters displayed in Table S-4.

Table S5 Properties of the proteins used in the protein adsorption studies

M., IP Dimensions  Volume  Surface 1l Surface 2

KDa nm nm’ nm? nm?
BSA 68 4.7 9x5x5 237.5 45 25
Lysozyme 14.3 11.35 42x3x3 37.8 12.6 9

* M,,: molecular weight, IP: isoelectric point

S.10. Particles preparation and concentration.

Prior ITC experiments and NMR quantification, particles batches were concentrated.
Solid particles were concentrated with a cross-flow filtration column, while micelle-like
particles were concentrated by reverse osmosis as described in Material and methods. The
results displayed in Table S-5, show the evolution of size and polydispersity following the
concentration procedure. The most PEGylated polymeric NP, and smaller NP, were
concentrated by reverse osmosis while less PEGylated (below 14 % PEG w/w) were
concentrated by cross-flow filtration. The trend with the reverse osmosis concentration method

shows an increase of PDI while size (Mean in number and z-average) stay stable. With the
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cross-flow filtration method, we observed a stability of size and PDI upon concentration of the

NP suspension.

Table S6 Size and PDI measurements of NP batches before and after concentration, either by

cross-flow filtration (solid particle) or inverse osmosis (micelle-like particle).

Before concentration

After concentration

Concentration method NP batches Dy * D; * PDI Dn D; PDI
polymer nm nm nm nm

Cross-flow filtration PLA 159.1 194.3 0.08 160.2 215,4 0.090
PEG-b-PLA 132.1 160.6 0.061 135.6 178.3 0.112
PEG8%-g-PLA 1411 176.7 0,082 142.9 171.7 0.063
PEG11%-g-PLA 134.8 172.2 0.087 141.2 169.9 0.081

Inverse osmosis PEG15%-g-PLA 68.9 139.8 0.18 94.5 262.0 0.376
PEG20%-g-PLA 31.7 107.3 0.233 28.9 69.2 0.249
PEG36%-g-PLA 16.9 37.1 0.253 13.6 36.0 0.345
PEG38%-g-PLA 55.6 107.4 0.158 62.8 109.2 0.147

* DN number averaged mean diameter, Dz: z-averaged mean diameter

S.11 Colloidal stability and protein binding

Table S7 BSA Protein binding study before and after ITC experiments, NP size measures by

DLS and Zeta potential measured on a Zetasizer, Malvern®.
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NP batches Type Size Zeta pot.

Mean PDI Mean SD
nm mV +mlV
NP Peg-g-PLLA Comb Pre-ITC 120,9 0,079 =527 +10,8
9% Post-ITC 123,1 0,099 -26,6 +16,6
NP Peg-g-PLLA Comb Pre-ITC 109,0 0,080 -38,9 +10,5
11% Post-ITC 110,2 0,088 -24.5 +8,38
NP Peg-g-PLLA Comb Pre-ITC 126,3 0,068 -45.0 +11,8
4,50% Post-1TC 1280 0,067 -23.8 +11,7
Diblock Diblock Pre-ITC 135,7 0,147 -9,7 +7,25
5 %w/w PEG Post-ITC 1353 0,173 -84 +7,43

The NP size is not affected by incubation with BSA in all cases. The decrease of Zeta
potential supports interaction of BSA (PI: 4.7-4.9) with NP surface. No changes were

observed for diblock NP.
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1. Methoxy-PEG-azide (mPEG-N3) characterizations
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Figure S5.1. '"H NMR spectra of mPEG-Mesylate and mPEG-N3.

mPEG-OH

mPEG-mesvlate

mPEG-N3 St

Figure S5.2. FTIR specta of mPEG, mPEG-Mesylate and mPEG-N3 with the

characteristic 2100 cm-1 band (azide)

2. PEGylated polymer characterizations

a. 'HNMR
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Figure S3. NMR spectra of PEG-g-PLA obtained by click chemistry

3. XPS data
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