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Résumé : Les nanomédicaments présentent de
grands avantages pour l'administration ciblée et la
libération contrélée d'agents thérapeutiques. Ainsi,
les nanoparticules (NPs) permettent de franchir des
barrieres  biologiques et  daugmenter la
biodisponibilité des molécules actives. Les
(co)polymeres biodégradables poly(acide lactique)
(PLA) et poly(acide lactique-co-glycolique) (PLGA),
dont la biocompatibilité est bien connue, restent les
matériaux les plus utilisés pour préparer des NPs
chargées en médicaments. Cependant, certaines
limitations affectent le développement clinique de
ces NPs: i) les charges en principe actif (DL) sont

parfois insuffisantes réduisant I'efficacité
thérapeutique des NPs; i) le manque de
méthodologies  pour  caractériser les NP

individuellement pour un contrdle de qualité accru ;
iii) des études approfondies des interactions nano-
bio. Par conséquent, I'objectif du présent travail de
these était de préparer une série de NPs de PLA et de
PLGA pour obtenir des DL élevés et de les caractériser
en profondeur.

La vancomycine (VCM) est un antibiotique de dernier
recours utilisé pour traiter les infections bactériennes
graves. L'encapsulation de la VCM au sein de NPs est
une stratégie de choix pour accroitre sa
biodisponibilité et pour réduire les doses et effets
secondaires. Les NPs-VCM ont été préparées en
utilisant une série de (co)polymeres PLA et PLGA. Les
formulations ont été optimisées pour obtenir des DLs
proches de 25 % en poids et une libération sensible
au pH. Les interactions médicament-polymeére ont
été révélées par RMN du solide. Le médicament se
situe dans des compartiments internes ou il exerce
de fortes interactions électrostatiques avec les
groupes terminaux des (co)polymeéres. Un ensemble
de microscopies électroniques ont été utilisées pour
élucider les structures des NPs. Des compartiments
internes ont été trouvés dans les NPs chargées en
VCM, mais pas dans celles non chargées. Ces études
ouvrent la voie a I'obtention de NP avec une faible
libération de VCM dans conditions physiologiques

et une libération déclenchée a un pH acide, qui est
parfois associée a des sites d'infection.

Les NP individuelles ont été caractérisées dans le
but de localiser le médicament (chapitre II) grace a
des techniques de pointe combinant Ia
visualisation des NP individuelles (microscopie a
haute résolution) et I'analyse chimique par
spectroscopies. Les techniques SEM-EDX, STEM-
EDX et AFM-IR ont permis d'identifier et de
localiser chaque composant d'une NP.

Pour aller plus loin, nous avons établi une méthode
de quantification qui permet de mesurer la DL
localement sur une seule NP. Pour ce faire, une
série de films et de NPs ont été préparés a partir de
mélanges de PLA et d'un médicament
anticancéreux a base de Re. Ces deux matériaux
possedent des empreintes IR intenses répondant
au mieux aux besoins de I'étude. Le chapitre III
présente une preuve de concept de quantification
réalisée par I'AFM-IR qui offre deux modes
d'acquisition : i) cartographie chimique a des
absorptions IR sélectionnées et ii) enregistrement
d'un spectre IR local avec la résolution de 'AFM
(10-15 nm). Tout d'abord, une courbe d'étalonnage
a été obtenue par microspectroscopie IR et a servi
de base pour la quantification par AFM-IR. Les NPs
individuelles présentent des DL disparates, ce qui
souligne I'utilité de notre approche.

Enfin, une étude compléte a été menée pour
étudier les interactions nano-bio. Les NPs en PLGA
ont été étudiées comparativement avec les
nanoMOFs. Ces NPs ont été PEGylées, pour
moduler leurs interactions avec une protéine
modele. La méthodologie proposée dans le
chapitre IV comprend des études fines de la
couronne protéique. En combinant des approches
quantitatives et qualitatives, I'étude donne un
apercu des altérations que certaines NPs peuvent
induire sur la structure et la stabilité des protéines
avec lesquelles elles entrent en contact. Ces
interactions pourraient affecter le devenir in vivo
des NPs.
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Abstract Drug delivery systems based on
nanoparticles (NPs) are engineered technologies with
great advantages of targeted delivery and controlled
release of therapeutic agents, overcoming biological
barriers and limitations of free therapeutics.
Biodegradable poly (lactic acid) (PLA), poly (lactic-co-
glycolic acid) (PLGA) (co)polymers with well-known
biocompatible profile remain the most employed
materials to prepare drug nanocarriers. However,
some limitations remain affecting mainly their
transition into clinics: i) insufficient drug loadings
(DLs) lowering the therapeutic efficiency of the NPs
ii) lack of methodologies to characterize individual
NP for high quality control of the formulations; iii) in
depth studies of the nano-bio interactions and in
particular of protein fate in contact with the NPs.
Therefore, the aim of the current work was to prepare
a series of PLA and PLGA NPs to achieve high DLs and
to further characterize them deeply.

Vancomycin (VCM) is a last resort antibiotic used to
treat serious bacterial infections that are resistant to
other drugs. VCM loading into NPs is a good strategy
to overcome its low bioavailability and to decrease
the administered doses and associated side effects.
NPs were prepared using a series of PLA and PLGA
(co)polymers. Formulations were optimized to
achieve drug loadings close to 25 wt% and pH-
responsive release. Drug-polymer interactions were
revealed by solid state NMR investigations. The drug
located in inner compartments where it experienced
strong electrostatic interactions with the (co)polymer
end groups. Various electron microscopies were
employed to unravel the NPs’ structures. Remarkably,
the inner compartments were found in VCM-loaded
NPs, and not in the unloaded ones. These studies
pave the way to achieve stable NPs with low drug
release at physiological conditions and triggered
release at acidic pH, which sometimes is associated
infected sites or intracellular compartments.

A systematic study was carried on individual NP

characterization with the aim to localize the drug
(chapter II). This challenging task was achieved
through a range of techniques combining
visualization of individual NPs (high resolution
microscopy) with simultaneous chemical analysis of
the NP (spectroscopic analysis). By using state-of-
the-art techniques (SEM-EDX, STEM-EDX and AFM-
IR), the NPs components were chemically
identified, drug location and homogeneity of the
DL into the NPs were successfully investigated.

To go a step further, we established a
quantification method that enables to measure
local DL on a single NP basis. To do so, a series of
films and NPs were prepared from mixtures of PLA
and a hydrophobic [Re] anticancer drug. These two
materials possess intense IR fingerprints meeting
the needs of the study at best. Chapter Il presents
a proof of concept of quantification achieved by
AFM-IR that offers two acquisition modes: i)
chemical mapping at selected IR absorptions and
i) recording a local IR spectrum with AFM
resolution (10-15 nanometers). First, a calibration
curve was obtained by IR-microspectroscopy which
provided the accurate quantitative information to
build the grounds of quantification by AFM-IR. A
high discrepancy was obtained in terms of loadings
of individual NPs highlighting the usefulness of our
approach.

Finally, a comprehensive study was carried on to
investigate nano-bio interactions. PLGA NPs were
studied together with nanoMOFs, possessing
different characteristics, and compared with their
PEGylated counterparts as PEG has been shown to
shield nano-bio interactions, thus increase NPs'
blood circulation time. The methodology proposed
in chapter IV includes protein corona
investigations. By combining quantitative and
qualitative approaches it gives insights on NPs’ in
vivo fate as well as the NP induced alterations on
protein’s structure and stability that might affect its
functionality.
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General Introduction

Introduction générale

Synthese en francais

Les nanomédicaments ont apporté des solutions a de nombreux problémes non
résolus de la médecine moderne. La taille "nano" définit les bases de la nanomédecine
et fait référence aux propriétés uniques des nanomatériaux, différentes de celles des
matériaux ayant servi a leur élaboration. Parmi eux, les nanoparticules (NPs) utilisées
comme systemes d'administration de médicaments (nanomédicaments) ont attiré une
attention toute particuliére™ 2. Avec plus de quarante ans de développement, les NsP
en polymere biocompatible sont devenues I'un des systéemes nanoparticulaire les plus
étudiés 3. IIs offrent des avantages certains par rapport aux traitements conventionnels
avec des molécules actives libres. Des études ont mis en évidence les capacités des
nanomédicaments a : i) controler le profil pharmacocinétique et de distribution du
médicament ; ii) protéger le médicament de la dégradation ou de I'inactivation; iii)
améliorer 'absorption du médicament et sa pénétration intracellulaire; iv) délivrer le
médicament au niveau d'un site spécifique ; v) libérer le médicament de maniere
contrdlée #°.

Etant donné qu'ils sont approuvés par la Food and Drug Administration, les
(co)polymeres biodégradables de poly(acide lactique) (PLA) et de poly(acide lactique-
co-glycolique) (PLGA) ont été les polymeres les plus utilisés car ils permettent de
délivrer une large gamme de médicaments (hydrophiles, hydrophobes et amphiphiles)
via plusieurs voies d'administration ® 7. Leurs propriétés physicochimiques modulables
(masse molaire, nature des groupements terminaux, hydrophilie, etc.) permettent un
contréle précis des caractéristiques des NPs telles que leur stabilité, charge de surface,
réactivité, contenu en médicament et cinétique de libération 8. Les scientifiques ont
également fonctionnalisé leurs surfaces avec des polymeres tels que le poly(éthylene
glycol) (PEG) et des ligands spécifiques afin d'obtenir des propriétés "furtives" et un
temps de circulation sanguine plus long ° 1°.

Bien que des recherches approfondies aient été menées sur le développement et la
caractérisation des NPs a base de PLA et de PLGA, leur évaluation clinique est
étonnamment faible. Cependant, cela n'est pas le cas pour les microparticules a base
de PLA et de PLGA, et cela pourrait s'expliquer étant donné les défis spécifiques liés a
la taille nanométrique :

i) Contenu insuffisant en médicaments,

Alors qu'une charge médicamenteuse insuffisante a un effet direct sur I'efficacité
thérapeutique des NPs, la taille réduite des NPs limite la charge médicamenteuse, en
particulier pour les médicaments hydrophiles appartenant a des familles importantes
telles que les antibiotiques, les protéines, les médicaments anticancéreux .
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i) Manque de méthodologies pour la caractérisation des NP a |'échelle individuelle,

La caractérisation individuelle des NP est indispensable pour comprendre les
hétérogénéités entre les NPs d'un méme lot et éviter ainsi des activités thérapeutiques
surestimées ou sous-estimées.

iii) Interactions nano-bio,

Les interactions nano-bio font référence a I'étude des interactions entre un
nanomatériau et un systéeme biologique. Ces interactions déterminent l'identité
biologique des nanomatériaux et peuvent modifier leurs propriétés en termes de
toxicité, d'efficacité, de ciblage, de biodistribution ou d'interaction cellulaire ' 13,

Pour relever ces défis, le présent travail se concentre sur le développement et la
caractérisation approfondie d'une série de NPs de PLA et PLGA et est divisé en quatre
chapitres principaux.

Le premier chapitre est une introduction axée sur une étude bibliographique. Parmi
les systémes d'administration de médicaments baseés sur les nanotechnologies, les NP
sont représentées avec l'accent sur celles de PLA et de PLGA. Les méthodes de
préparation des NPs chargées en médicaments sont présentées, montrant les
stratégies principales pour augmenter les charges en médicaments et I'évaluation de
I'hnomogénéité des NPs. Une bréve introduction a la caractérisation des NPs en
polymere est ensuite donnée, suivie d'une présentation des techniques pertinentes de
caractérisation. Les défis actuels de la caractérisation des NP polymériques sont
abordés. Ensuite, nous présentons chaque technique de pointe qui nous a permis
d'effectuer une analyse individuelle des NP tout au long de cette these (chapitres II et
Ill). Enfin, les problématiques croissantes dues aux interactions nano-bio sont
présentés et ensuite la position de la recherche actuelle et les techniques disponibles
sont résumées. Les limites des techniques actuelles sont détaillées. Les techniques de
caractérisation avanceées utilisées dans la méthodologie proposée au chapitre IV sont
présentées.

Le deuxieme chapitre est consacré a la préparation et a la caractérisation de NPs de
PLA et de PLGA dans le but d'encapsuler une molécule active importante, la
vancomycine (VCM). Cet antibiotique tres efficace a cependant tendance a former des
agrégats et possede également une faible biodisponibilité en raison de son
hydrophilie élevée'. Aprés un examen détaillé des facteurs (expérimentaux et physico-
chimiques) ayant un impact sur l'incorporation du VCM dans une série de

2
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(co)polymeres PLA et PLGA qui different par leur poids moléculaire, leur groupement
terminal et leur hydrophobie, le mécanisme d’incorporation du médicament a été
élucidé. De maniere remarquable, cela a permis de concevoir des NPs avec des charges
élevées de VCM et une libération controlée.

Une caractérisation approfondie des NPs chargées de médicaments a été effectuée en
mettant I'accent sur la localisation du médicament dans chaque NP individuelle. Les
NPs compartimentées ont été étudiées a l'aide de microscopies électroniques
couplées a I'analyse chimique par spectroscopie de rayons X a dispersion d'énergie. La
localisation du médicament a l'intérieur des NPs a été clairement identifiée. Les
résultats ont été confirmés par une autre technique versatile, 'AFM-IR, qui permet a la
fois la visualisation des NPs par microscopie a force atomique (AFM) et leur analyse
chimique par spectroscopie infrarouge (IR).

Le troisiéme chapitre présente une étude innovante sur I'analyse des NPs individuelles.
Elle vise a apporter la preuve de concept de la quantification des charges en molécules
actives au niveau de NPs individuelles, un aspect important en nanomédecine qui n'a
pas encore été abordé. Un principe actif présentant des propriétés anticancéreuses a
été utilisé comme molécule de choix en raison de ses propriétés physicochimiques,
afin d'établir la preuve du concept. Avant d'employer I'’AFM-IR pour étudier les NPs en
PLA chargés en molécules anticancéreuses, nous avons Vvérifié la linéarité du signal IR
par rapport a |'épaisseur de I'échantillon.

Tout d'abord, une étude de preuve de concept est réalisée sur des films en PLA. Une
courbe d'étalonnage a été établie en utilisant la microspectroscopie IR, permettant
ainsi une analyse quantitative par AFM-IR. Une fois la méthode établie, elle a été
appliquée dans le cas des NPs chargées de médicaments. Des hétérogénéités
importantes ont été trouvées en termes de composition, soulignant I'utilité de notre
approche originale.

Dans le quatrieme chapitre, une étude approfondie est menée pour étudier les
interactions nano-bio d'une série de NPs, car il a été clairement démontré que celles-
ci pouvaient modifier leur effet thérapeutique. Pour ce faire, les NPs de PLGA ont été
élaborées avec et sans un recouvrement de PEG "en brosse". De plus, des NPs hybrides
organiques-inorganiques (nanoMOFs), PEGylées ou non, ont été utilisées a titre de
comparaison.

Le PEG est un revétement hydrophile bien étudié qui peut adopter une structure en
forme de brosse, et dont il a été démontré qu'il protege l'interaction des NPs avec
diverses biomolécules et augmente leur temps de circulation dans le sang. La
"couronne de protéines”, un phénomene couramment observé lorsque les NPs
pénétrent dans la circulation sanguine, est définie comme la couche dynamique
constituée de protéines adsorbées a la surface des NPs et donne un apergu de leur

3
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devenir /n vivo. En outre, un aspect original de cette étude a été d'examiner
qualitativement l'interaction d'une protéine modele, I'albumine de sérum humain, qui
entre en contact avec les NPs sans s'adsorber a leur surface, phénomene tres peu
étudié de nos jours. Bien qu'il existe de nombreuses techniques disponibles pour
I'étude de la couronne protéique, chacune d'entre elles se concentre sur un aspect
spécifique et ne donne pas une image compléte des interactions complexes entre les
NP et les protéines. Par conséquent, l'une des nouveautés de cette étude est la
combinaison stratégique de méthodes orthogonales afin de parvenir a une
compréhension plus approfondie de ces interactions en combinant les aspects
quantitatifs et qualitatifs de la couronne protéique. Notre compréhension a été encore
améliorée par l'analyse comparative de différents recouvrements, ainsi que des
compositions chimiques de NPs.

Enfin, les principaux résultats sont résumés et les perspectives sont présentées.
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General Introduction

Nanomedicines have been providing solutions to many of unsolved problems in
modern medicine. “Nano-" size sets the grounds in nanomedicine and refers to the
unique properties of the nanomaterials, different from those of the bulk. Among them,
nanoparticles (NPs) used as drug delivery systems was foreseen as the nanomedicines
most likely to bring input in healthcare and improvements in drug administration ' 2.
With over forty-years of development, biocompatible polymer NPs have become one
of the most widely studied nanoparticulate delivery system 3. They generally offer new
avenues over the conventional treatments with free drugs. Studies have highlighted
their capability on: i) controlling the pharmacokinetic and drug distribution profile; ii)
protecting the drug from degradation or inactivation; iii) enhancing drug absorption
& improvement of intracellular penetration; iv) site-specific delivery; v) drug release in
controlled manner # >,

As they are approved by the Food and drug administration, biodegradable poly (lactic
acid) (PLA) and poly (lactic-co-glycolic acid) (PLGA) (co)polymers have been the most
employed polymers as they offer to deliver a wide range of drugs (hydrophilic,
hydrophobic and amphiphilic) via several routes of administration ® 7 . Their tuneable
physicochemical properties (molecular weight, end group, hydrophilicity etc.) allow a
precise control of the NP features such as stability, surface charge, responsivity, drug
loading, and release kinetics 8. Scientists also engineered their surfaces with polymers
such as poly(ethylene glycol) (PEG) and ligands to achieve “stealth” properties and
longer blood circulation time % 1°,

Although there has been an extensive research on the development and
characterization of PLA and PLGA based NPs, their transition into clinics is surprisingly
low. Considering this is not the case for PLA and PLGA based microparticles, we have
identified one of the main reasons resulting in this transitional gap from bench to
bedside. These nano-size induced novel challenges are;

i) Insufficient drug loadings,

While insufficient drug loading has a direct effect on the therapeutic efficacy of
NPs, the tiny size of the NPs restricts the drug loading especially for hydrophilic
drugs belonging to important families such as antibiotics, proteins, anticancer
drugs .

i) Lack of methodologies for individual NP characterization,

Individual NP characterization is a must to understand heterogeneities among the
NPs of same batch thus to avoid over or underestimated therapeutic activities.
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i) Nano-bio interactions,

Nano-bio interactions refers to the study of interactions between a nanomaterial
and a biological system. Such interactions dictates NPs’ biological identity and
might alter their properties in terms of toxicity, efficacy, targeting, biodistribution
or cellular uptake 1% 3,

To address these challenges, the present work focuses on developing and fully
characterizing a series of PLA and PLGA NPs and is divided into four main chapter.

The first chapter is the introduction focusing on a bibliographic survey. Among
nanotechnology-based drug delivery systems, NPs are represented with a special
interest on PLA and PLGA NPs. The methods to prepare drug loaded NPs are
introduced, showing strategies to increase drug loadings and NPs' homogeneity. A
brief introduction on polymeric NP characterization is then given followed by
introducing the characterization parameters and the relevant techniques. Current
challenges in polymeric NP characterization is discussed briefly before the transition
to state-of-the-art characterization. There, we introduce each technique that allowed
us to make individual NP analysis throughout this thesis (Chapter I and III). Finally, the
rising concerns due to nano-bio interactions are asserted and thereafter the position
of current research and available techniques are summarized. Limitations of the current
techniques on obtaining different aspects of nano-bio interactions are further detailed.
The advanced characterization techniques used in the methodology proposed in
Chapter 1V is introduced.

The second chapter is dedicated to preparation and characterization of PLA and PLGA
NPs with the interest of encapsulating an important drug, vancomycin (VCM). VCM is
a powerful antibiotic but prone to form aggregates. It also possess a low bioavailability
due to its high hydrophilicity ' After a detailed examination of the factors
(experimental and physicochemical) impacting VCM incorporation into a series of PLA
and PLGA (co)polymers that differ in molecular weight, end group and hydrophobicity,
the drug loading mechanism is unravelled. Remarkably, this further allowed to
engineer NPs with high VCM loadings as well as controlled release. An in-depth
characterization of drug loaded NPs is carried on emphasizing the location of the drug
in each individual NP. Compartmentalized NPs are identified using electron
microscopies together with chemical analysis by energy-dispersive X-ray spectroscopy.
Drug localization is identified visibly inside the NPs. Results are confirmed with another
versatile technique, AFM-IR, that enables both visualization of the NPs by atomic force
microscopy (AFM) and their chemical analysis with infrared (IR) spectroscopy.
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The third chapter presents a breakthrough study on individual NP analysis. It aims to
advance quantification on individual NPs and achieve local drug loadings, an
important aspect in drug delivery and yet to be addressed. A Re-based drug presenting
anticancer properties, is used as molecules of choice in reason of its physicochemical
properties, in order to establish the proof of concept. AFM-IR is chosen to perform this
challenging task on drug loaded PLA NPs. Several parameters were set up to ensure
the efficient IR analysis. This includes homogeneity of the sample, linearity of the IR
signal against sample thickness and linearity of concentration against thickness. First,
a proof-of-concept study is carried on PLA films. A calibration curve is plotted using IR
microspectroscopy (giving quantitative data) in order to establish a comparability
between the two techniques, thus allowing quantitative analysis by AFM-IR. Once the
method established, it is applied on drug-loaded NPs. Important heterogeneities are
found in terms of composition, highlighting the usefulness of our innovative approach
which could find potential applications towards the clinical applications of polymeric
NPs.

In the fourth chapter, a comprehensive study is carried on investigating nano-bio
interactions of a series of NPs, as these have been shown to alter their therapeutic
effect. To do so, PLGA NPs are engineered with and without a "brush” PEG shell.
Besides, for comparison reasons and to gain better understandings, hybrid organic-
inorganic NPs (nanoMOFs) are used. They are also PEGylated or not. By this way the
respective influences of both NPs' shells and cores could be investigated.

PEG is a well-studied hydrophilic coating which can adopt a brush-like structure, and
which has been shown to shield the NPs interaction with various biomolecules and
increase their blood circulation time. “Protein corona”, a phenomenon commonly
observed when NPs enter to the bloodstream, is defined as the dynamic layer
consisting of proteins adsorbed on the surface of NPs. Quantitative protein corona
investigations answer how much protein gets absorbed on the NP surface. This gives
clear insights on the NPs' /n vivo fate. In addition to that, one original aspect here was
to investigate qualitatively the fate of a protein that gets in contact with NPs without
adsorbing onto their surface. Indeed, this interaction could induce dramatic effects on
the protein structure as well as on its stability, function or signalling. However
nowadays scarce studies deal with these aspects. A model protein, human serum
albumin, is used in our investigations and the core-shell NPs do not contain drugs, for
simplicity reasons. Although there are numerous techniques available for the protein
corona investigations, each one focuses on one specific aspect and do not give a whole
picture of the complex NP-protein interactions. Therefore, one novelty of this study is
the strategic combination of orthogonal methods in order to achieve a deeper
understanding of these interactions combining quantitative and qualitative aspects of
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protein corona. Our understanding is further enhanced by the comparative analysis of
different NP surfaces and morphologies.

Finally, the main results are summarized, and the perspectives are presented.
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Introduction
Introduction

This chapter will first focus on nanomaterials used for engineering drug
delivery systems (DDS). Polymer based nanoparticles (NPs) are of main
interest as they offer delivery platforms for wide variety of drugs, with
versatile release properties. The second part of this chapter will introduce
the techniques that are commonly used for the characterization of the NPs
and define the current challenges in the field concerning polymeric NPs.
To address these issues, we propose here a state-of-the-art methodology
based on an individual NP characterization, together with a detailed
description of the techniques which were used in the course of this thesis.
Finally, a new methodology was also proposed with the aim to investigate
the interactions of the developed NP formulations with a model protein,
albumin. The current trends will be analyzed according to different aspects
of the protein corona investigations.

1. Nanomedicine

Within the past few decades nanotechnology has broadened the areas of
science and its application to healthcare has been termed as
nanomedicine by The European Science Foundation. Nanotechnology-
enabled medicine, nanomedicine, involves the use of nanoscale materials
for diagnosis, treatment and prevention of diseases. ' While the prefix
nano originates from the Greek word nannos meaning “dwarf’, a
nanometer (nm) represents a billionth of a meter (10° m) and nanoscale
is characterized by the dimensions of order of 1000 nm or less. 2> % In
2011, the European Commission (EC) adopted a 'Recommendation on the
Definition of a Nanomaterial', which defines 'nanomaterial’ as: “A natural,
incidental or manufactured material containing particles, in an unbound
State or as an aggregate or as an agglomerate and where, for 50 % or
more of the particles in the number size distribution, one or more external
dimensions is in the size range 1 nm - 100 nm." > The EC also emphasized
on the importance of gaining a deep knowledge on the
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physicochemical characterization of the NPs and on their interactions
with the biological media. These topics will constitute the core of this
thesis and novel methodologies will be proposed here.

Nanometric size induces unique properties to nanomaterials as compared
to their bulk counterparts mainly because of the naturally occurring
quantum effects and expanded surface area that is inversely proportional
to particle size. Such materials having unique surface to volume ratios
present increased reactive surface areas with a wider range of biological
targets. They can greatly penetrate into tissues and generally promote
higher cellular uptake than particles with sizes larger than 1 um.®° ’
Substantially, nanotechnology allows scientists to engineer nanomaterials
while tailoring their physical, chemical, mechanical and optical properties

that directly have influence on biological interactions.

1.1. Nanotechnology based drug delivery systems (DDSs)

One of the most exciting concepts in nanomedical research is the design
and the development of nanotechnology-based drug delivery systems
that combine diagnostic and therapeutic agents with enhanced activity
and improved safety. The drugs incorporated in nanocarriers can be
targeted to their appropriate site of action, and released in a controlled
way to produce the expected therapeutic effect. Novel drug delivery
technologies such as targeted delivery, triggered release, timed release
aim to ensure patient compliance, improve drug bioavailability, cell
permeability, minimize undesirable side effects and diminish toxicity. ®
(Fig. 1) The encapsulated drug is not only protected from possible
enzymatic degradation and/or inactivation but also overcomes the
biological barriers such as intestinal barrier, blood brain barrier etc. °
Nanocarriers also provide the delivery of poorly soluble drugs considering

the fact that low aqueous solubility is one of the major problem for the
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development of new therapeutics. Consequently, lower doses are given to
the patient with higher efficacy that dramatically minimizes undesirable
side effects and toxicity. Targeted delivery systems can be used especially
to treat cancer more effectively and a wide range of other diseases which
call for drugs of high potency. ° The route of administration is
systematically tailored to achieve the desired benefits. While the oral and
intravenous administration are the most commonly used, NP delivery
through pulmonary, nasal, ocular and transdermal routes have been
creating new opportunities. '° (Fig. 1) Nanocarriers should be designed to
be suitable for intravenous delivery considering the fact that the smallest
capillaries in the body are 5-6 pym in diameter. The size of the nanocarrier
being distributed into bloodstream must be significantly smaller than 5
um to avoid embolism in case the formulation forms aggregates. ™

The physicochemical properties of a nanocarrier have an important role in
its biodistribution. Indeed, the components of a nanocarrier should be
cautiously chosen depending on their i) biocompatibility, preferably
biodegradability in the case of polymers; ii) immunotoxicity; non-toxic and
ideally materials with known safety profiles, iii) stability and iv) capacity to
solubilize/incorporate the drug cargo of interest. '* (Fig. 1)

Biodegredable &
Biocompatible

5
{3
Stable %
Novel Precise
Drug Delivery targeting
Systems
Different routes

of administration
Controlled
drug release

Encapsulation of
hydrophilic &
hydrophobic drugs

Non-toxic

Figure 1. Advantages of nanotechnology-based DDSs
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An “ideal” drug nanocarrier should have good encapsulation efficiency (EE,
percentage of successfully entrapped drug), exhibit drug loadings (DL,
mass ratio of entrapped drug to the nanocarrier) of at least 10 wt% and
trigger the release of their payload in controlled manner. Controlled
release systems offer prolonged release at a predetermined and
controllable rate. Release can last for days to years while maintaining the
drug concentration within the effective therapeutic range thus reducing
the number of required doses and maintaining the drug concentrations in
the therapeutic window.

1.1.1.Nanoparticles

While the history of NPs can be traced back to 9™ century where the
artisans used silver and copper NPs to generate glitter effects, in 1959
Feynman had pointed out the big potential of NPs that is hidden in the
smallest dimensions of the matter. " The clever use of NPs has
revolutionized how drugs are formulated and delivered.

. First controlled-release
Liposome Polymer-based ; .
di formulation marketed in
iscovery NP reported ®
Pol > Europe (Decapeptyl®) First controlled-release
cc?n}};n;;te g First liposomal-drug PLANP formulation approved
i by FDA (Zoladex,
reported formulation reported reported y I( )

First controlled Drug-loaded, albumin First micelle |

release polymer based NP reported formulation approved Long-circulating
device reported (Cremophor, P_EGyIated
Sandimmune) liposomes reported

Figure 2: Timeline representing key moments in the nano drug delivery
systems. > PLA and PEG refers to biodegradable polymers; poly(lactic acid)
and poly(ethylene glycol) respectively.
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Polymer—drug conjugates and liposomes mark the birth of the field of the
nanotechnology based DDS and represents together the most marketed
therapeutics of DDSs (Fig. 2). The very first generation of NPs introduced
in 1965 that are now FDA-approved liposomes, are formed by one or more
lipid bilayers surrounding an aqueous cavity (Fig. 3). A wide variety of
molecules can be encapsulated within liposomes since both encapsulation
within the aqueous cavity and lipid layers are possible. > By the
supramolecular organization of hydrophilic and hydrophobic regions,
different structures such as lipospheres, lipid NPs or micelles can be
obtained.

One recent example of lipid NPs that are formulated to encapsulate the
vaccine component, messenger RNA (mRNA), became the first approved
vaccine against coronavirus 2 (SARS-CoV-2) hitting clinical use. This virus
caused more than 2 million deaths and the World Health Organization
declared a global pandemic on March 2020. The new class of DNA- and
RNA-based vaccines deliver the genetic sequence of specific viral proteins
to the host cells using nanotechnology platforms. '’

AR

Micelle Metal Nanoparticle

Dendrimer Nanosphare Nanocapsule

Figure 3: Schematic representation of the main types of nanocarriers
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During the period 1973-76, Speiser’s research group has employed
emulsion polymerization techniques for the preparation of drug-loaded
NPs. '® During the same period albumin-based NPs were also reported
with the capability to specifically target cells. ' (Fig. 2) Subsequently, a
wide variety of nanocarriers have been developed by using different
organic (polymers and lipids) and inorganic materials (silica and metals).
Organic materials are often biocompatible and have the advantages to
build specific interactions with biomolecules. Although they might suffer
from swelling or low mechanical properties, they have found most of the
applications in DDSs. On the other hand, inorganic materials have better
mechanical properties, however their affinity for molecules of interest are
generally lower.

The classification of NPs regarding to their composition is as following:

i) metallic NPs are composed of metals, commonly gold, iron, silver
or metal oxides such as [iron(Il, lll)oxide (Fe304), gadolinium(Ill) oxide
(Gd203), or titanium dioxide (TiO2)]. (Fig. 3) Although they have found
diverse applications in daily life, there is still lack of knowledge and big
concerns about their safety and toxicity, and therefore on their impacts to
the human health. %

i) Hybrid NPs are made by the association of different materials
combining the characteristics and advantages of both organic and
inorganic materials. Recently, biodegradable metal organic frameworks
(MOFs) consisting of metal nodes connected to organic bridging ligands
have been proposed as DDSs. 2! They showed a great potential to entrap
high payloads of a large variety of drugs within their open porosity. Their
degradation mechanism is peculiar and related to the stability of the
coordination bonds between the organic ligands and the metal nodes, in
contrast to the organic NPs where degradation occurs through breaking
strong chemical bonds. #
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i) organic NPs are mainly prepared using polymers and
polysaccharides. Polymeric NPs are generally engineered using synthetic
polymers, such as poly(lactic-co-glycolic acid) (PLGA), PLA, PEG, methoxy
poly(ethylene glycol), poly(vinyl alcohol) (PVA), and poly(vinyl acetate).
Amphipathic polymers promote the formation of polymeric micelles.
Dendrimers are also based on polymers such as poly(propylene imine) and
they are composed of repetitive branches. (Fig 3)

First liposomal
formulations
agzro;ed.fb:b y First polymer-based
FDA {Doxil, Abelcet) micelle formulation of Preclinical studies of
| doxorubicin translated bow-tie doxorubicin-
Taxol approved by Nanoparticles to clinic ;om:gated
endrimers
FDA _(Cremophor + capai_ﬁe of | First mRNA vaccine delivery
paclitaxel crossing BBB Cremophor-free, polymeric with lipid NPs against
I reported micelle-formulated paclitaxel coronavirus (BNT162b2)

Po.'ymer-jb ?sed NP completes Phase | trial
enters clinical trials |

Targeted polymer—drug
conjugate enters clinical
trial First siRNA-delivering

Long-circulating
PEGylated polymeric

nanoparticles reported

| First biologically active First protein-based NP lipid based NP approved
Anti-tumor PEG-protein || polymer approved by approved by FDA by FDA (Onpattro)
conjugate approved for FDA (Copaxone) (Abraxane)
clinical use

First targeted controlled
Controlled-release release polymeric NP
polyanhydires approved (BND-014) entered

by FDA (Gliadel) for clinical trials

brain cancer

Figure 4. Timeline representing key moments in the nano drug delivery

systems, 1217 %

As represented in Fig. 2,4, after their first report, the polymer-based NPs
have gained a tremendous attention as colloidal DDSs and they assisted
the progress of new discoveries. While the number of research conducted
on various kind of NPs as drug delivery vehicles have been expending
notably since the first decade of the 21°' century, polymer based
nanoparticulate DDSs represent a substantial part of this research field.
(Fig. 5)

Remarkably, Langer’s research group pioneered the controlled release of
drugs from degradable/non-degradable polymer matrices. #* In the
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following section and the rest of this thesis, we will focus on polymeric
NPs which is a growing field as assessed by the number of publications.

(Fig 5)
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Figure 5. Number of studies that have been published on “nanoparticles
& drug delivery” (orange) and “polymeric nanoparticles & drug delivery”
(blue) since 2000. Source: Web of science

1.1.1.1. Polymeric Nanoparticles

Owing to their versatility and wide range of properties, NPs consisting of
polymeric materials have been thoroughly studied for delivery and
controlled release of drugs. Unlike liposomes, polymer-based NPs present
greater encapsulation efficiencies and also better protection of the drug
from external environment. # % Studies also showed better stabilities and

" Furthermore, compared to metal

cellular uptake for polymeric NPs. ?
NPs that are generally prepared with more costly and potentially
hazardous materials, polymeric NPs are less toxic and can be produced by
simpler methods. % Biodegradation of polymeric NPs at specific sites and
time is their main advantage as drug carriers. Indeed, controlled release is
acquired basically by the balance between the rate of polymer
degradation and/or the drug diffusion through the polymer matrix.

Therefore to achieve targeted delivery, controlled release and drug-
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loading capabilities of DDSs, both synthetic and natural polymers have
been developed through advanced polymer chemistry and engineering. 2°
Structures such as multivalent polymers, branched polymers, graft
polymers, dendrimers, dendronized polymers, block copolymers, star-like
polymers and hybrid glyco- and peptide polymeric derivatives take
advantage of well-defined and tailored chemical compositions, *° On the
other hand, natural polymers differ in purity and variations from batch-to-
batch. Complexities associated with their purification and immunogenicity
have been shown. They also impose possibilities of disease transmission
from their source organisms to humans. Additionally, they often require
cross linking that might potentially denature the encapsulated drug.
Therefore, natural polymers have been used less broadly in DDSs. *'

Biodegradable polymers in DDSs

Although in general the polymers in earlier stage were mainly used in non-
biological purposes, the invention of synthetic biodegradable polymers in
the 1960s has flourished the drug delivery thanks to the pioneered works
of luminary researchers, including Folkman, Langer, Higuchi, Peppas,
Heller, Ringsdorf, and Speiser. ° Biodegradable polymers with the greatest
advantage of breaking down into naturally occurring metabolites and
removal from the body with normal metabolic pathways allow scientists
to develop safer, non-toxic and biocompatible NPs. Moreover, synthetic
biodegradable hydrophobic polymers in contrast to natural hydrophilic
polymers have advantage of releasing the incorporated drug over a period
of days to several weeks facilitating improvements in the therapeutic index
of drugs. * Using the concepts of targeted and controlled release,
successful /n vitro and in-vivo investigations established the ground for
human testing and ongoing phase 1I clinical trials for polymeric NPs. *

Drug delivery vehicles based on polyanhydrides were approved in 1996
with a great degree of control in the polymer degradation rate (which can
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vary over six orders of magnitude) and surface erosion allowing precise
tuning of drug release. Polyanhydrides have been used to deliver anti-
cancer drugs, antibiotics, vaccines and proteins. ** Polycaprolactone (PCL)
is an example of biodegradable semi-crystalline aliphatic polyester that is
Food and Drug Administration approved and used as carrier for sustained
delivery of several drugs such as ibuprofen, docetaxel, Cyclosporin A. *
However due to its long /n vivo degradation time (two to three years) it
has mainly found applications as a long term implant delivery devices,
such as Capronor® which is a subdermal contraceptive that releases
levonorgestrel over a year. PCL is often blended or copolymerized with
other polymers to afford better overall NP erosion. ** Indeed polyesters
such as PLA and PLGA (Fig. 6) are the most widely studied synthetic
biodegradable polymers. Together with their ease of synthesis (via ring
opening or condensation polymerization) and commercial availability, *
their status of Food and Drug Administration (FDA) approval for human
uses makes them highly potent to use as novel DDSs. Their hydrolysable
backbones make these polyesters great candidates for drug nanocarriers,
taking into account their tunable degradability in aqueous environments
such as body fluids. For these reasons, the PLGA/PLA family was used in
this work, and the physicochemical characteristics of these biodegradable
polymers will be detailed in the next sections.

U oot o o
o F Y oYt A
PLA PGA PLGA PEG

Figure 6. Chemical structure of FDA approved PLA, PGA, PLGA and PEG.
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PLA & PLGA copolymers and PLA-PEG & PLGA-PEG diblock
copolymers

Polylactic acid or polylactide is an aliphatic polyester produced by direct
condensation of lactic acid (low molecular weight (Mw) PLAs, Mw <3000
g/mol) or by ring opening polymerization of lactide (high Mw PLAs). Lactic
acid (LA) is obtained from the fermentation of agricultural byproducts
such as corn starch or sugar canes. PLA, being a chiral molecule, exists in
two optically active configurations; D(-)-lactic acid and L(+)-lactic acid
which are partially crystalline, while the racemic poly(D,L-lactic acid) is
amorphous. *

Poly(glycolic acid) (PGA) marketed under the name of Dexon was the first
totally biodegradable polymer ever investigated for biomedical use.
However, with its fast degradation profile and insolubility issues in many
common solvents, PGA use for drug delivery purposes is limited. *
Consequently, PLGA copolymers were developed that are easily prepared
by polycondensation reactions with lactic acid and glycolic acid and by
ring-opening polymerization of lactide and glycolide. Both PLAs and
PLGAs are soluble in various organic solvents including acetone,
chlorinated or fluorinated solvents, dioxane and furane, but insoluble in
water and common alcohols like methanol and ethanol.

A wide variety of mechanical properties and degradation rates can be
tailored by varying the Mw, opening perspectives for different
applications. *® For instance, while PLA with high Mw is often used as
augmentation devices for orthopedics, low PLA molecular weight is
preferred as drug carrier. PLA and PLGA often undergo hydrolytic
degradation leading to a bulk erosion. Advantageously, the degradation
product is nothing more than the non-toxic lactic acid (L) and/or glycolic
acid (G).*® It is worth mentioning that polymers presented here are
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approved by FDA and found to have great biodegradability and
biocompatibility for human clinical applications. *°

Since PLA and PGA have distinctive individual properties, by varying the
number and composition of the lactic and glycolic acid units, PLGA
copolymers can be synthesized with significantly different
physicochemical profiles (hydrophilicity, crystallinity, inherent viscosity,
glass transition temperatures etc.) offering to engineer NPs with distinct
properties. For instance, with specific L:G ratios, the degradation times of
50:50 PLGA, 75:25 PLGA, and 85:15 PLGA were reported to be 1-2 months,
4-5 months and 5-6 months, respectively. In general, PLGA NPs made of
low L:G ratio, low Mw and uncapped PLGA polymers is expected to show
high drug release rates that is associated with increased water uptake,
accelerated hydrolysis and erosion of the polymer.

PLA and PLGA copolymers are available with different end groups
(carboxylic acid or ester) that provide not only numerous chemical
interactions with the drug molecules and the surrounding media, but also
allow end group functionalization.

Biodegradable diblock copolymers PLA-PEG and PLGA-PEG are
synthesized with covalently linked PEG to PLGA or PLA. They are of great
interest to develop NPs with a hydrophilic PEG “brush” at their surface
which acts as a barrier avoiding the adsorption of opsonins from the
biological media. Indeed, the hydrophilic PEG chains migrate towards the
NP surface during the NP formation forming a steric and hydrated barrier
for the repulsion of foreign molecules. *' Gref et al. introduced for the first
time PEGylated polymeric NPs, based on PLGA and showed increased the
circulation half-life of NPs as well as reduced liver uptake compared to
bare PLGA NPs *. This pioneering study led to the future clinical
development of PEGylated NP formulations. Unique opportunity of
targeting tumors upon systematic administration was achieved by the

enhanced permeability and retention (EPR) effect.
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Nowadays, several companies propose PLA PLGA and PLGA-PEG
(co)polymers with well-defined properties. Among them, we have used
here the Expansorb® portfolio manufactured in Aramon, France by the
Segens company. They offer the advantages of long-term storage below
-15°C, under dry inert atmosphere. The manufacturing units operate
according to ICHQ7 and cGMP guidelines and have large scale capacities
(FDA inspected sites) up to industrial scale.

As previously mentioned, polymeric NPs can be engineered to
encapsulate both hydrophilic and hydrophobic drugs to treat severe
diseases such as cancer and resistant infections. In this work, we focused
on a challenging aspect, the treatment of intracellular infections, where
pathogens “hidden” inside cells cannot be eradicated by drugs which do
not bypass the cell membranes barriers. Indeed, the intracellular bacteria
can shield the immune response of the host but also escape from the
killing effect of most of the antibiotics. ** Addressing this challenge is one
of our main interest and the approach will be developed in the second
chapter of this thesis. The following section will deal with the preparation
methods of drug loaded polymeric NPs, which is a fundamental aspect to
achieve high drug payloads and controlled release.

1.1.1.2. Preparation methods of drug loaded polymeric NPs

Several methods have been employed to prepare polymeric NPs. The
selection of the convenient methodology is crucial to engineer the
nanomaterial according to the clinical needs. The NPs fabrication route is
chosen depending on the physicochemical properties of the drug
molecules, along with NP size and loading requirements. NPs can be
prepared synthetically mainly by a polymer self-assembly approach or by
monomers polymerization. The self-assembly approach is preferred, as it
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employs well-characterized preformed polymers. Indeed, NP preparation
by polymerization presents several drawbacks such as the resulting
potentially toxic side-products, and the difficulties to remove unreacted
monomers, as well as the possible unwanted chemical reactions with the
loaded drugs.

Depending on the preparation method, nanocapsules or nanospheres can
be obtained. Nanocapsules are vesicles with core-shell structures in which
the drug is confined in the comparments which is surrounded by a
polymer membrane, whereas nanospheres are dense matrices formed by
intermingled polymer chains. (Fig. 7)

| Polymer+ Drug |

| Preparation of Nano formulation I

Nanocapsules

) @

Adsorbed Entrapped Adsorbed Entrapped
drug drug drug drug

Figure 7. Schematic representation of different types of drug loaded
polymer-based nanoparticles.

In general, in these structures, the drug of interest can be: i) directly
attached to the NP matrix by degradable or nondegradable covalent
bonds or ii) physically entrapped into the nanomatrix or iii) adsorbed onto
the NP surface through non-covalent interactions. The latter case should
be avoided in order to prevent the phenomenon known as “burst release”.
The “burst effect” is characterized by a rapid drug release once the NPs
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are exposed to an aqueous environment. Such a “burst” release is an
obstacle to achieve optimal controlled release kinetics and might result in
a major loss of the drug cargo before the NP reaches its biological target.

Polymeric NPs can be used to deliver both water soluble and insoluble
drugs using adapted preparation methods. Polymeric NPs have been
developed with a great diversity of shapes, sizes, and components,
enabling them to be engineered for specific applications. Some of the
main polymeric NPs preparation methods are developed in the next
section.

1.1.1.2.1. Nanoprecipitation

The most common method to prepare polymeric NPs is nanoprecipitation,
also called solvent displacement or interfacial deposition, since it is based
on the displacement of a solvent (organic phase) with a non-solvent
(aqueous phase). Nanoprecipitation was discovered and patented by Fessi
et al. in 1989 and it was mostly employed for hydrophobic drugs. An
essential prerequisite for this method is the miscibility of the organic and
aqueous solvents. The organic phase (usually the polymer and the drug
dissolved in acetone) is introduced into the aqueous phase (usually
dropwise) ensuring a good mixing.

When the two phases are mixed, due to the differences in the surface
tensions, interfacial turbulence occurs. By a rapid desolvation of the
polymer, immediate nanoprecipitation takes places involving
instantaneous drug entrapment. NPs are obtained with or without using a
surfactant and the organic phase can subsequently be removed
completely from the aqueous suspension by evaporation. Key variables
that determine the size of the NPs are associated with the organic phase
injection rate, aqueous phase stirring rate, the method of organic phase
addition and the organic phase/aqueous phase ratio. The presence of
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surfactant and the concentration of the components also play a role in the
final characteristics of the NP. Nanoprecipitation has main advantages as
being simple, fast, reproducible and easy to scale up. It requires volatile
solvents with low toxicities such as acetone and requires only mild stirring
under minimal shear stress. Smaller NPs are usually obtained by this
method as opposed to other methods using same polymers. However, it
has significant limitations to encapsulate hydrophilic drugs which tend to
diffuse out in the suspension media and to form concentrated NP
suspensions.

1.1.1.2.2. Emulsions

Unlike nanoprecipitation, other polymeric NP preparation methods
generally consist of two main steps: the preparation of an emulsified
system and polymer precipitation leading to NP formation. Nano-
emulsions (oil droplets typically of 40-500 nm) are generally formulated
through the so-called "high-energy” methods that require the use of
specific devices applying mechanical energy (homogenizers and/or probe
sonicators). The aim of using such devices is to provide energy that breaks
up macroscopic phases or turn larger droplets into submicronic droplets
by increasing the water/oil interfacial area. From a thermodynamic point
of view, nano-emulsions are in a non-equilibrium state that cannot be
formed spontaneously. However, the kinetics of destabilization of nano-
emulsions is slow so that they are considered kinetically stable during the
timeframe of NP formation. This is mainly due to their very small size,
resulting in the prevention of droplet flocculation and coalescence”.

Emulsification-based approaches differ based on the properties of the
polymer and drug, as well as on the miscibility of the organic solvent (oil)
with the aqueous phase. Some methods utilizing hydrophobic polymers
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involve volatile and water-immiscible solvents that can be removed by
simple evaporation leading to polymer precipitation (emulsification-
solvent evaporation method). Others use a partially or fully water miscible
solvent and controlled diffusion processes take place resulting in polymer
precipitation (salting-out or emulsion-diffusion methods). (Fig. 8)

AQUEOUS PHASE ORGANIC PHASE
(water + stabilizer) (solvent + polymer + drug)

—_— |
Salt (only in
salting out
method) Emulsification

0/W emulsion

= Water
/ \ addition

SOLVENT SOLVENT SALTING

EVAPORATION DIFFUSION ouT

|

Nanoparticles

Figure 8. Emulsification-solvent evaporation (1), emulsification-solvent
diffusion (2) and salting-out method (3).

The methods that involve organic solvent diffusion to formulate PLGA or
PLA NPs generally use low polymer concentrations in order to obtain
nanometric particles.

At higher polymer concentrations, the salting out method is preferable,
but it necessitates additional purification steps and can pose problems of
incompatibility between the salts and the drug. The methods involving
solvent evaporation are less sensitive to polymer concentration than
nanoprecipitation ones. They were widely used to entrap both type of
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drugs i.e. hydrophilic (multiple emulsions) and hydrophobic (oil in water

emulsions). #°

2. An introduction to NP characterization

In comparison to small molecule drugs, investigations on NP’s quality,
safety and efficacy profiles demands to analyze some extra parameters
such as average particle sizes, polydispersity, particle shape, surface
charge, drug loading and release, surface coating and chemical
composition. Characterization of these parameters associated with the
physicochemical properties of NPs is very crucial as they critically
determine the physiological interactions, /n vivo distribution, therapeutic
efficacy and/or diagnostic accuracy of NPs. Their extensive

characterization is an important pre-requisite for preclinical development.
46

Up to date, a wide variety of NP characterization techniques questioning
different aspects of NP properties were developed. Since none of them
can reveal an entire characterization of the nanomaterial, combining
different techniques is key to reach satisfactory results. Besides that, each
technique has its strong and weak points and some could lead to
ambiguities and result misinterpretations. * Therefore, to ensure the
correct assessment of a characterization parameter, evaluation with at
least two techniques preferably based on different working principles is
suggested.

In the following section, we will firstly focus on the main characteristics of
polymeric NPs including stability, size, charge, shape and morphology
while introducing the corresponding characterization techniques that are
commonly used. Common strategies to investigate the drug loading and
release properties will also be presented. After we state the current
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challenges for the polymeric NP characterization, in the second part of this
section, some advanced characterization techniques that have been used
in the course of this thesis will be introduced with a special interest on the
chemical identity of drug loaded NPs. More precisely, the challenges will
be focused on the localization and quantification of the drug on an
individual NP basis. Finally, characterizations of nano-bio interactions will
be introduced stressing on NP-protein interactions. It has been
emphasized that nano-bio interactions play a main role on the toxicity and
biodistribution of the NPs thus its characterization is a key element to
enhance polymeric NPs' translation from bench to bedside. *

2.1. Characterization parameters and techniques for polymeric
nanoparticles
2.1.1.Particle size and surface charge

To take advantage of the unique properties of NPs, size needs to be
optimized as it differentiates NPs from their bulk materials and other
delivery platforms. Being one of the key physicochemical parameters, NP
size has a vital role determining NPs’ penetration across the physiological
barriers, circulation and navigation in the bloodstream, targeting and
cellular uptake. In terms of drug loading, it has been showed that larger
particles can accommodate larger quantities of drugs. *° Drug release on
the other hand, can be associated with both diffusion and polymer
degradation, so that it is affected by the size of the NPs. Larger NPs are
expected to present slower release rates. *

Surface charge expressed as Zeta potential is a key indicator of the NP
stability. High zeta potentials either positive or negative (more than +30
mV or less than -30 mV), usually result in colloidally stable particles since
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repulsion between particles reduce the possibility of particle aggregation.
°1 Zeta potential is evaluated by light scattering techniques. In an
electrolyte solution where the mobile charges in the solution are attracted
by the static charges on NP surface, the Zeta potential (measured in
milliVolts) corresponds to the potential difference between stationary
layer of charges surrounding the particles and the solution. In addition to
the effect of molecules adsorbed on NP surface, pH and ionic strength of
the solution (conductivity, concentration or type of the salt) as well as the
concentration of NP components (e.g. polymer or surfactant) can have an
impact on their Zeta potential. >

Besides Zeta potential analysis, dynamic light scattering (DLS) is one of
the most commonly used technique for a rapid size distribution
evaluation. It measures the temporal fluctuations of the light scattered due
to Brownian motion of the particles /n situthus the average hydrodynamic
size is obtained over tens of thousands of NPs. >* DLS is used to investigate
the stability of formulations and to estimate the presence of aggregation
or agglomeration as well as the polydispersity index (PDI). Homogeneity
of size distribution is expressed by PDI that is being a dimensionless
parameter which can vary between 0 and 1. Values lower than 0.2
correspond to narrow size distributions, meaning monodisperse NP
suspensions. On the other hand, a PDI value higher than 0.5 signifies
broader size distribution referring to polydisperse or multimodal NPs. >

Although DLS provides fast, precise (for monodisperse samples) and
reproducible results with little amount of samples without damaging it it
is noteworthy to mention its drawbacks such as being sensitive to dust or
small NP aggregates, being restricted to spherical, transparent and
monodisperse samples. Since DLS data treatment assumes NPs are
spherical, this assumption should be validated wa microscopic
examination.
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Nanoparticle tracking analysis (NTA) is also based on Brownian motion
and visualise trajectories of individual particles scattering light. This
particle-by-particle analysis strategy provides a suitable analysis for highly
polydisperse samples and is complementary to DLS. Analytical
ultracentrifugation (AUC) is a commonly preferred technique for the
characterization of small polymeric NPs (1-10 nm). It employs separation
of populations according to their sedimentation characteristics based on
their sizes with a diverse availability of detectors (fluorescents,
absorbance, interference). >

Among the X-ray based techniques, X-ray Diffraction (XRD) has become
a cornerstone technique to analyze the crystal structure and the crystalline
grain size by the scattered X-rays that gives rise to definite diffraction
patterns. It is one of the most convenient characterization technique for
polymer nanocomposites, however it gives poor information when the
NPs are amorphous. *® Small Angle X-ray Scattering (SAXS) measures the
X-rays scattered due to the elastic collision between X-rays and the
sample.

2.1.2.Spectromicroscopies

Particles with similar compositions and sizes might behave drastically
different as a result of differences in their morphology. While NP
degradation is highly dependent on shape, biological responses such as
surface binding capability, targeting, cellular uptake, retention in tissues
and organs are also affected by their morphology.

Electron microscopies (EMs) have been used to reveal the NP size and
morphology. As opposed to DLS, EM offers to measure individual
particles’ size and shape through visualization with sub-nanometer
resolution. EMs use highly focused electron beams that are scanned across
the specimen. The electron beam is scattered and some electrons collide
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with the sample atoms, while electromagnetic lenses focus the electrons.
> In order to avoid electron scattering by air, measurements should be
done under vacuum and samples should be dried or analyzed in a frozen
state. Therefore, size measured by EM techniques represents the dried NPs
mean diameter, therefore smaller particle sizes are expected in
comparison to DLS. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) are the most common EMs. While TEM uses
high energies between 80-300 keV with small beam size, SEM uses much
smaller electron energies that are typically between 1-30 keV with a larger
beam size, thus lower spatial resolution (around 5nm). High voltage
electron beam in TEM allows to determine the structure and internal
properties of the NPs (e.g. pores, core-shell structure) whereas SEM is used
to characterize surface morphology due to its limited penetration depth.
Scanning TEM (STEM) is an extension to classical TEM where a highly
focused electron beam is scanned across the sample as similar to SEM.
The transmitted electrons at high scattering angle are collected to form
high-resolution, chemically sensitive, atomic number (Z-) contrast images.
High atomic number elements with greater electron densities give higher
contrast. The contrast can be enhanced by staining reagents, typically
osmium tetroxide. >

These EMs can be coupled with a number of analytical techniques such as
energy loss spectroscopy (EELS) or energy-dispersive X-ray spectroscopy
(EDS) to acquire additional information such as chemical analysis. These
techniques will be detailed in section 2.3.1.

Unlike DLS, EMs often fail to provide statistical analysis of NP size
distribution and mean size because of particle segregation on the grid and
incapacity to analyze numerous NPs. Besides, the high energy electron
beam in TEM might cause sample destruction especially for polymer NPs.
Sample preparation approaches might include drying, fixation,
dehydration and cutting. Drying tends to cause aggregates and sample
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shrinking and might introduce artifacts. These issues can be addressed by
using transmission electron cryomicroscopy (CryoTEM), where the
samples are analyzed at the cryogenic temperatures allowing imaging of
the flash frozen sample that allow to maintain their initial structure. *

Atomic force microscopy (AFM) is one of the scanning probe technique
that has revolutionised the characterization of NPs since its invention in
1986. > AFM was employed mainly for imaging and studying NP
morphology and size, and results were generally in close agreement with
DLS and EM. ®° Surface properties, topography and stiffness could be also
assayed. Sample preparation in AFM is straightforward and does not
require any staining nor metal coating. It allows to observe almost any
kind of material (conducting, non-conducting, biological, polymer or
inorganic in ambient environments or submersed in liquids or in contact
with cells.?! ® AFM uses a pyramidal, very sharp tip attached to a flexible
cantilever (referred as probe) which determines the resolution of the
image. The cantilever moves across the sample either across (x, y-plane)
or perpendicular (z-plane) to the surface of interest. Deflection of the
cantilever upon interaction with the surface is detected by a focused laser
beam. During scanning across the surface, known as contact mode, the
forces between the sample and the tip are constant and the detected z-
movements correspond to height changes on the surface, thus revealing
its topography. In this mode, due to lateral forces, artefacts might appear
such as moving the loosely adhered samples or damaging soft or delicate
structures such as polymers or biological material. On the other hand, in
tapping mode, the cantilever oscillates perpendicular to the surface and
comes in contact with the sample intermittently. Therefore it allows to
work with very soft or delicate samples or living cells. &

2.1.2.1. NMR spectroscopy

Among the characterization techniques, NMR spectroscopy retains in the
leading place for structural analysis being highly sensitive to structural and
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dynamical details of molecules. Although NMR allows to work both in
liquid and/or in solid state, due to their size and short nuclear T relaxation
times, NPs are often not applicable for liquid state NMR. However, a few
studies highlight the interest of liquid NMR to detect the PEG shells on
polymeric NPs. *

Solid-state NMR is of particular interest since it is one of the few
techniques that provides analysis on non-crystalline solid materials.
Spinning the sample at the so-called "magic angle” (54.74° relative to the
static magnetic field) at a rate of few thousand hertz provides that sample
rotation (kHz) is greater than the magnitude of chemical shift anisotropy
CSA (kHz) which thus removes the spectral broadening caused by CSA. ©°
% Solid state NMR allows investigating the molecular structures, inter- and
intra-molecular interactions, as well as the physical state of the
encapsulated drug(s). Besides, the technique can be used to investigate
drug release. ®

2.1.3.Drug loading and drug release

Drug loading and encapsulation efficiency are the two important
parameters that offer quantitative information about drug loading process
and its efficiency. During NP preparation, drugs are either loaded inside
the NPs or adsorbed on their surface. Unloaded drugs remain in the NP
suspension in their free form. In order to determine the drug amount
associated with the NPs, the free fraction of drug is separated from the
NPs commonly by ultracentrifugation. The quantity of drug encapsulated
in the NPs can be determined either by analysing the incorporated drug
found in NP pellet (sediment) after ultracentrifugation or the non-
incorporated drug found in the supernatants (liquid above the NP
sediments). To do so, standard analytical techniques such as
spectrophotometry, fluorescence spectroscopy or UV spectroscopy can be
used. High-performance liquid chromatography (HPLC) quantifies the
drug using detectors, based on the drug’s spectral properties. While UV-
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Vis or fluorescence detectors are often used, mass spectrometry,
evaporative light scattering detector (ELSD), and charged aerosol detector
(CAD) can also be employed to increase sensitivity. ®® Similar approaches
are applied to estimate the concentration of the drug released from the
NPs under physiological conditions and more specifically in accordance to
relevant media, pH, temperature and sampling time.

Advantageously, a NP system with maximal drug loading and high
entrapment efficiency can reduce the amount of NP required for the
administration of sufficient amount of active compound. It will also allow
reducing drug waste during NP manufacturing. Establishing or promoting
interactions between drug and the polymer matrix could enhance drug
incorporation. This could be a good strategy especially to achieve
sufficient loadings of water soluble drugs into hydrophobic polymeric NPs.
Such strategies will be used in this thesis for the entrapment of hydrophilic
antibiotics.

Besides, various release profiles of the drug can be obtained by tuning the
drug-polymer interactions and by playing with factors such as the pH. To
sum up, understanding the nature of drug-polymer interactions allow
scientists to improve drug content, develop new DDS as well as to
establish desired release profile of the drug.

2.2. Current challenges in polymeric NP characterization

After discussing the general aspects and traditional methods for polymeric
NP characterization, this session will bring several emerging challenges.
Although there has been a significant effort on the development and
characterization of polymeric NPs, some aspects of NP characterization
have not been addressed yet. This overarching consideration is associated
with the complex structure of the multifunctional NPs which indeed
tremendously complicates their characterization. NPs are often not
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identical due to the complex steps involved in their preparation (several
physical mechanisms such as phase separation and kinetic supramolecular
assembling). Within a same batch, NPs can exhibit different
physicochemical properties. (Fig. 9) Heterogeneity can be classified i) at
the suspension level refers to subpopulation of particles within the same
batch exhibiting different properties and/or chemistry; ii) at the individual
NP level, this means nonhomogeneous distribution of physicochemical
properties of a single particle. (Fig. 9) Such heterogeneities at different
levels contribute to non-linear effects upon formulation optimization and
scale up processes. Eventually, NPs within the same batch behave
differently in terms of the therapeutic efficacy and cause unexpected
biological outcomes as well as over or under estimated activities. ® To sum
up, heterogeneity has a strong effect on the NPs' /n vitro/in vivo fate and
possesses a fundamental challenge in their clinical translation. *
Bulk heterogeneity  Particle heterogeneity
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Figure 9. Schematic representation of the heterogeneity at the

suspension level (left) and at the single particle level (right). *

Heterogeneities should be examined both according to NP size

distribution and also NP composition. Although characterization of size
distributions and polydispersity of polymeric NPs have become routine
laboratory tests, characterizations of chemical composition of individual
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NPs still have not been addressed. In this context, the team of Dr. Gref in
Institute of Molecular Sciences of Orsay (ISMO) focusses the efforts on
an individual NP characterization.

Indeed, mapping the chemical composition of individual NPs reveals to be
one of the most noteworthy parameters in DDSs to be unraveled. Crucial
information could be obtained on the location of the NP components,
including drug(s), targeting ligands, coating and surfactant, as well as on
the homogeneity of their distribution. Moreover, the determination of
drug location (encapsulated into the core or absorbed on the surface) is
critically important to estimate the therapeutic efficacy and to apprehend
the drug release mechanism (diffusion or degradation or desorption).
Besides, the presence and location of targeting ligands, coatings and
surfactants are crucial to identify the nano-bio interactions, thus the /n
vivo fate of the NPs. "

To address these challenges, complementary characterization techniques
that combine high resolution imagining (microscopies) with chemical
characterization (spectroscopies) are powerful tools to affirm the structure
of individual NPs. "' In this regard, high resolution microscopes are well
suited to visualise the NPs. However, challenges arise in terms of chemical
analysis since it requires chemical labelling. Chemical labelling of drug
and/or NP might result in significant alterations of the formulations
properties and therefore lead to misinterpretations which do not
represent the reality.

From another standpoint, NP characterization appears to be employed
commonly on behalf of qualitative information and quantitative data are
collected generally from the bulk suspensions (drug loading, chemical
composition etc.). Therefore, quantitative analysis of NP components
(drugs, shells, ligands) on an individual NP basis remains a major
challenge.
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In the next session, we will introduce the state-of-the-art techniques used
in this thesis in order to address the challenges mentioned above with a
special focus on energy dispersive X-ray spectroscopy (EDX) and atomic
force microscopy infrared spectroscopy (AFM-IR).

2.3. State-of-the-art characterization
2.3.1.S(T)EM EDX

EDX (also called XEDS or EDS) is an analytical technique employed for the
chemical composition relies on the interaction of X-rays with a sample.
The X-ray emissions are analysed by an energy dispersive detector. The
unique atomic structure of each element allows obtaining a specific set of
peaks (“fingerprint”) on the X-ray emission spectrum. Combination of
electron microscopies (SEM or TEM) with EDX allows particle by particle
chemical composition analysis. Depending on the energy of the electrons,
EDX in combination with SEM gives information on components located
in the NPs top layers, whereas TEM provides information on the internal
structural features. " Scanning TEM (STEM) was also coupled to EDX
providing high resolution chemical composition detection. Qualitative
analysis can be operated to estimate relative abundance of the elements
(energies of the X-rays emitted from the area which is excited).
Quantitative analysis is also conducted to determine the amounts of the
elements by measuring the intensities of the X-ray peaks. The method can
also provide mapping that shows spatial variation of the elements in the
sample.

2.3.2.Atomic force microscopy infrared spectroscopy (AFM-IR)

IR spectroscopy is one of the most widely used techniques for chemical
analysis. The pattern of vibrational absorption spectra in the mid IR range
serves as a fingerprint by which chemical species can be identified.
Spatially resolved chemical analysis can be conducted by IR
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microspectoscopy which is the IR spectroscopy coupled with a
microscope. However spatial resolution is limited to 2-10 ym due to
diffraction. > Combination of IR with AFM ® is a breakthrough since it
breaks the diffraction limit of light and provides nanoscale spatial
resolution with a chemical imaging. The sample is placed in contact with
the tip of an AFM probe. When the IR radiation (laser) illuminates the
sample (with an region of around 40 ym), photothermal expansion occurs
in the parts of the sample that absorb the irradiation, which pushes the
cantilever tip whose movements are recorded. ’" A direct relation of the
amplitude of the cantilever oscillations with local absorption was proven.
8 As a result, local absorption spectra are revealed at a location of the
AFM tip by sweeping the laser wavelength. Moreover, by illuminating the
sample at a fixed wavelength, IR chemical maps can be obtained through

scanning the tip over the sample. (Fig. 10)
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Figure 10. (a) Schematic view of an AFM-IR setup in the contact mode.
The IR irradiation is set from the top (b). Sketch illustrates the
photothermal expansion process. ”’

Pancani et al. recorded correlative images of PLA NPs within cells by
comparing AFM-IR and confocal microscopy experiments. (Fig.11 ) "
AFM-IR was thus revealed to be a powerful, reliable tool for chemical
characterization and polymeric NPs component localization, by taking
advantage of the IR fingerprint of the constitutive PLA polymer. In
particular, AFM-IR requires no labelling of the complex NP structures nor

of their components.

The recent implementation of the tapping mode to AFM-IR enabled
chemical characterisation of polymeric NPs (PLA NPs) with an improved
resolution (below 10 nm) and revealed the core shell structure of NPs. &
In the study by Mathurin et al., the drug was detected preferentially in the
NPs shell, although it was expected to be located in the core. This was well
correlated with the “burst release” of the drug. In conclusion, the study
shed light on the significance of chemical characterization of individual

NPs.
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Figure 11. Visualization of fluorescently labelled PLA NPs internalized in
macrophages using confocal microscopy and AFM-IR. Confocal
microscopy: a) transmission image and b) Z- projection of averaged
fluorescence intensity of internalized NPs. The pixel size of fluorescence
image is 160 x 160 nm while voxel depth is 98.8 nm. The same cell, once
dehydrated, was imaged by AFM-IR: c) AFM topography d) IR map at 1770
cm™' (detection of NPs). Scale bars represent 10 um. "

The next important challenge is to localize the drug inside the NPs as well
as to determine its local quantity within individual NPs. These findings
could be a breakthrough in the quality control of drug delivery systems.
The second and the third chapter of this thesis will be dedicated to
addressing these issues. Before moving to the next part, we intent to
further highlight that the combination of analytical techniques has been
the main strategy to address the challenges upon NP characterization. This
strategy will be applied as well in the following part of this introduction
that aims to present an original methodology for the characterization of
nano-bio interactions, also based on a set of complementary methods.

3. Characterization of Nano-bio interactions

Engineered NPs designed to be administered into bloodstream are prone
to bind with biomolecules, mainly with serum/plasma proteins. NPs upon
contact with proteins could immediately be coated by proteins that leads
a change in the biological identity of the surface of the NPs. ®' This coating
layer was termed as “protein corona” by Dawson in 2007. Up to date,
investigations on protein corona has been filling the gaps between bench
investigations and clinical applications of NPs through a deep
understanding of the biological effects triggered by protein corona /n vivo.
82 Since protein corona dictates NPs’ biological identity, it might result into
the failure of a nanocarrier in terms of toxicity, efficacy, targeting,
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biodistribution or cellular uptake. Additionally, the adsorption of some
specific proteins acting as opsonins might result into a fast removal of the
NPs from the bloodstream as a result of inflammatory responses. % &
Studies also showed that NP interaction with proteins can induce a
structural rearrangement (conformational changes) in the protein and
lead to protein aggregation, inappropriate signaling and/or functional
alterations. ® Therefore, to achieve a safe use of nanotechnology and have
the control to manipulate protein binding on NPs, scientist must gain a
comprehensive knowledge not only on which proteins are attached to the
NPs, but also on the kinetics, affinities, and stoichiometries of these

interactions. &°

Strategies to prevent protein adsorption on polymeric NPs have been
developed. Numerous studies have demonstrated that opsonisation rates
are low and/or slow in case of using neutral NPs and/or hydrophilic NPs.
8 Therefore, one of the main approaches is to engineer NP surface by
using non-ionic surfactants and/or hydrophilic polymer chains
(conjugated, grafted or surface adsorbed). This potentially could act as a
shield between NP and proteins by blocking the electrostatic and

hydrophobic interactions. ®

Among of all proposed shielding
macromolecules (polysaccharides, polyacrylamide, poly(vinyl alcohol),
poly(N-vinyl-2-pyrrolidone), poloxamers, poloxamines, polysorbates),
poly(ethylene glycol) (PEG), PEG containing copolymers have had so far
the biggest success in terms of effectivity and biocompatibility. Molecular
weight of the PEG chains is a main criteria since it dictates the thickness of
the coating layer, whereas PEG density is also a crucial factor ensuring
good protein repulsion and NP “stealth” character. ® The effect of PEG
conformation (mushroom, brush, and dense brush) on protein corona
formation has also been demonstrated and it is related to the PEG density
at the NP surface. With optimized PEG coatings, reduced protein binding
and prolonged blood circulation half-lives of PEGylated polymeric NPs

have been reported. % %
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Numerous strategies have been developed to characterize protein corona;

composition, stability, binding affinity, thickness and conformation,

including spectroscopic, electrophoretic and microscopic techniques.

Table 1 presents some of the main techniques.

Table 1. Main techniques to analyse protein corona

Technique Description

Limitations

Protein identification

Sodium Resolution of proteins
Dodecyl depending on a rough
Sulfate Poly- estimation of their molecular

acrylamide Gel weight
Electrophoresis
(SDS-PAGE)

Mass Protein identification;
spectroscopy  quantification and
composition

Sensitivity limitations; possibility to
obtain inaccurate results due to
mobility variations; used only for
comparison; quantitative results are
not often possible; might not give
the real identity of a protein

Low abundance proteins can be
masked by the abundant ones;

limits in molecular weight (100-
3000 Da)

Size, shape, and surface charge

DLS and Zeta  Thickness of the protein
potential corona on the NPs and shifts
in the surface charge upon

corona formation

TEM Morphology and thickness
of protein corona

AFM Real state surface profile of
the NPs

Influenced by particle
agglomeration; counterion binding;
low precision; assumption of NP
spherical shape

Staining of protein is needed;
sample preparation can cause
protein destabilization; sensitivity of
NPs to electrons

Unable to distinguish hard and/or
soft corona formation

44



Chapter |

Introduction

[sothermal
titration
calorimetry
(ITC)

Surface
plasmon
resonance
(SPR)

NMR

Protein assays

Raman

Spectroscopy

Circular
dichroism

Kinetics & Binding capacity

Thermal changes induced by
protein binding; binding
constant; protein to NP
stoichiometry

kinetics of NP-protein
interactions in real time and
even under flowing
conditions

Binding site by probing
individual residues of the
protein

Quantity

Amount of adsorbed protein

in mass

High concentrations of samples are
needed; analysis is carried with
single protein at a time

Interference issues with the solid
support of the device

needs high amounts of samples;
cannot distinguish between
different proteins

No information about composition;
possible interference of NP

components

Conformational changes

Relatively simple and rapid
(no sample preparation);
possible to detect aromatic
chains; peptides and sulfur
bonds from protein; no
interference with water; non-
destructive; highly specific

Observations on structural
alterations on protein upon
contact with NPs; protein
affinity; adapted for a wide
range of solutions and
temperatures; rapid data

Sensitive to impurities; cannot be
used for metals or alloys

Cannot provide information on

individual amino acid residues
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collection; small sample

amounts

Study of protein-NP interactions often include at first, the isolation of
unbounded entities from the NP-protein complex, usually by
ultracentrifugation. While some techniques analyse only unbounded
proteins, some isolate the bounded proteins from the NP surface. In this
case, detergents like sodium dodecyl sulphate are used since they can
break the hydrophilic-hydrophobic interactions and thus can detach the
protein layers from the NP surface. Gel electrophoresis (GE) or mass
spectrometry (MS) are commonly used characterization methods to
identify the proteins based on their molecular weights. Size, shape and
surface charge observations give insights about the protein corona
formation and its thickness and morphology. DLS must be carefully
interpreted since the increases in the NP size might also mean particle
aggregation in the presence of proteins or other non-covalent interactions
rather than multilayer corona formation. Surface techniques such as EMs
are used to visualize physical properties of the dried state of protein
corona formation. While dry state do not represent the solubilized system,
the need of using staining in proteins for EM can destabilize the protein
or lead misinterpretation of the data. ' AFM can work both in solid and
liquid state with high accuracy however it lacks efficiency since it is unable
to distinguish hard and/or soft corona formation. (Table 1)

Gaining insights on the affinity of proteins towards NPs requires highly
specialized techniques. Isothermal titration calorimetry (ITC) gives
information about the binding constants as well as the stoichiometry of
protein — NP interactions. However, it does not allow to work with multiple
proteins at the same time, and thus is not adapted for the study of
complex systems. % Another label free technique that analyses the kinetics
of association and dissociation of protein corona is surface plasmon
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resonance (SPR). It has the advantages of real time analysis and detection
of structural alterations (denaturation) of bound proteins. However, since
it requires the chemical coupling of NPs or proteins to the solid support
of the SPR device, interference problems might appear. ® NMR also
provides detailed information about the structures, thermodynamics and
binding sites of the proteins with the main advantage of probing
individual protein residuals. A wide variety of samples can be analyzed
both in liquid and solid state. On the other side, it sometimes fails to detect
surface bound proteins. *

Net protein adsorption is frequently measured through protein assays that
provide quick readouts with accuracy and sensitivity. They often measure
the unbounded protein (free protein) and the amount of adsorbed protein
is then calculated. Bradford, Lowry, bicinchoninic acid (BCA) assays are
some common examples of colorimetric detection methods based on
optical absorbance of proteins in comparison with external calibration
standards. In some cases, NPs' interference could be overcome by creating

adequate calibration in the presence of particles. ** *°

In a nutshell, each technique has its own advantages and limitations, and
the obtained information are specific. Although there is a tremendous
available literature on the role of protein corona (altering
pharmacokinetics and pharmacodynamics of NPs), analytical
characterization methodologies still remain to be developed to give
detailed information. Therefore, we focused our efforts to develop new
methodologies to investigate the protein corona by combining
complementary methods. The techniques that have been selected will be
introduced in the following sessions.
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3.1. Capillary electrophoresis

CE has emerged as a versatile technique for the physicochemical
characterization of various types of samples including proteins and NPs
and in particular showed potential to study the nano-bio interactions.
Indeed, CE is able to separate, identify, and characterize different objects,
from small molecules up to microorganisms. Electrophoresis meaning “to
bear electrons” is based on liquid-phase electrokinetic separation in an
electric field (up to 30 kV) within a capillary. Separation takes places
according to differences in electrophoretic mobilities in a background
electrolyte (BGE), consisting of a buffer that creates an electrically
conductive medium. ?® The mobility depends on the particle size, shape
and the properties of the BGE.

Detection
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Figure 12. Principles of the separation using CE of a mixture consisting
of free proteins (coils), NPs (green cercle) and NP-protein complexes.
The different species migrate in an electric field (-/+, indicated in red) in
the capillary which is coated by a neutral polymer such as PEG (left);
Typical electropherogram migration of the; Peak 1: marker, peak 2:
protein, peak 3: NP-protein complex, peak 4: NP. (right) Adapted from ¥/,
AU = arbitrary unit

The estimation of protein binding is done by measuring the signal of
either free or bounded protein or NP in function of their respective
concentrations. * Noteworthy, bounded protein to the NP substantially
contributes to both the NP’s overall charge and size, thus to the mobility
that differentiates the NP-protein complex from the NPs. * (Fig. 12)
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Furthermore, a quantitative analysis can be performed by using various
detectors, such as UV—-visible, fluorescence, and electrochemical detectors,
and MS CE can provide high-resolution separations. For an accurate
estimation, adsorption of the analyte onto the capillary wall should be
considered. Wall modifications can be done by either permanent or
dynamic coating. ' (Fig. 12)

Moreover, the absence of a stationary phase in the CE capillary as
compared to other separation techniques such as HPLC or SPR is an
advantage especially for the separation of large entities (NP, proteins).

3.2. Circular Dichroism (CD) spectroscopy

As it has been previously discussed, different chemical environments on
the NP surfaces can lead to structural changes in the bound proteins.
These unwanted alterations can be tracked by analyzing the secondary
structure of the proteins upon contact with NPs. By using circularly
polarized light (right and left-handed) CD spectroscopy reveals the
interactions of various chemical groups in the vicinity of proteins that are
optically active molecules. Actual secondary structure is analyzed by the
difference in these lights possessing different spin angular momentums
on chiral molecules. Conventional CD works below the 240 nm UV range
and peptide bond adsorption and conformational changes of proteins are
detected at around 170-240 nm. However, the normalized background
signal of the NPs needed to be removed from the protein—-NP complex
signal to avoid the possible impact of NPs. CD spectroscopy can be used
to measure the interactions between NPs and proteins in real time and in
the presence of unbound proteins. &
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3.2.1.Synchrotron radiation circular dichroism (SRCD)
spectroscopy

SRCD spectroscopy relies on the very bright light produced by a
synchrotron ring, used as the light source, which results in a higher photon
flux over a wider wavelength range than in a conventional CD instrument.
Advantageously, in the DISCO beamline (Soleil Synchrotron) this high flux
covers a wide spectral range and down to 165 nm. "' Limitation to do
measurement at even lower wavelengths was addressed by designing
micro-sample-cells made of calcium fluoride. This setup has very low
absorption in vacuum UV (VUV) range and shorter path length. Hence it
requires sample volumes as low as 1 microliter and minimise the amount
of solvent in the beam. Therefore highly reproducible spectra can be

collected in lower wavelengths. ' (Fig 13.)
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Figure 13. SRCD spectra of a helical protein (red), a beta sheet protein
(blue), and a collagen (yellow). The green area represents the low
wavelength region that is only accessible by using SRCD. '?

The absorption bands correspond to different characteristics of the
secondary structure components (a-helix, B-sheet etc.). For instance, the
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secondary structure features of helical proteins can be probed by two
main absorption bands around 190 nm (Tt-1t* transition) and 210-220 nm
(n-1t* transition) that are associated with the peptide backbone chain thus
allowing protein conformation determination.

SRCD is also used to monitor folding and unfolding behavior of proteins
in association with the protein stability. By gradually increasing the
measurement temperature, unfolding of proteins can be followed by the
changes in their CD spectra and melting temperature can be obtained
after analysis of the CD spectra as a function of temperature. '* Unfolded
protein is denaturated and possess a different secondary structure. Upon
cooling, if the changes in CD spectra are fully reversible, this suggests that
the protein maintained its stability. Therefore, by following melting
temperature and thermal unfolding behavior, one can identify the protein

stability affected by the physicochemical properties of NPs. %

In this work, we obtained a working session in Synchrotron Soleil
(Proposal: 20180883 (Standard) “VUV spectroscopy of nanoparticle-
protein interactions " Main proposer: Dr. Ruxandra GREF, Assigned Local
contact: Dr. Frank WIEN) which allowed us performing studies of HSA
interaction with polymeric core-shell NPs, which were complementary to
CE investigations.

4. Conclusion

In this chapter, we delved into the literature and advances on
development of polymeric NPs and their characterization while
highlighting the crucial parameters to be studied /n vitro for their quality
control and also for their successful translation into clinics.

A timeline displayed in the beginning of this chapter gave an overview on
the key moments of NP development for drug delivery. Biodegradable
polymeric NPs were explored as delivery platform for both hydrophilic and
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hydrophobic drugs with targeting capabilities and controlled release
profiles. The types of polymer-based NPs and their preparation methods
were presented with the emphasis on PLA and PLGA based NPs and the
trends in drug encapsulation. PLA and PLGA copolymers and their
PEGylated counterparts (PLA-PEG and PLGA-PEG) offer to engineer NPs
with unique properties. Simply by tuning the molecular weight, L:G ratios
or end groups of copolymers, a great control in the NP size, drug loading,
stability, surface properties can be achieved. PEGylated formulations have
been shown to form hydrophilic brushes at the NP surface thus a barrier
for the undesired nano-bio interactions. This has increased the NP
circulation half-life and the therapeutic activity.

In the second part, NP characterization was discussed. Although it is often
associated with physico-chemical properties of NP's compounds, in the
process of developing NPs, in-depth characterization of NPs in bulk and
also in individual NP basis provide vital information for the quality control
during preclinical and clinical studies. It also allows to optimize NP
preparation parameters and characteristics. Therefore, after we first
introduced the common characterization parameters and techniques for
polymeric nanoparticles that are often performed from bulk, we further
stressed out the current challenges. Heterogeneities within the same
batch of NPs were of concern.

Due to the complex mechanisms involved in their preparation methods,
NPs can exhibit different physicochemical properties within the same
batch and can cause strong alterations in their /n vivo and in vitro fate as
well as complicates the processes like optimization or scale up. Questions
about drug loading, its location in single NP and its local quantity were
raised. Therefore, individual NP characterization was on the focus of
attention that should achieve both visualization and the chemical analysis
on nanoscale. The state-of-the-art techniques such as STEM-EDX and
AFM-IR were the methods suggested in this chapter to achieve
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identification of the drug location on a single NP. To the best of our
knowledge, individual NP analysis on PLA and PLGA NPs conducting
chemical analysis for the drug location and quantification has never been
reported.

Finally, nano-bio interactions were explored with the aim of establishing a
methodology that investigate protein interactions with NPs. These
interactions were discussed considering two main aspects, first was the
protein corona formation that might cause modifications on the biological
identity of NP and/or provoke their recognition by the immune system
thus the removal from the body. /n vitro protein corona investigations with
quantitative aspect was of interest to have insights on the abundance of
protein corona. In addition to that, CE was explored with the advantage of
enabling both an accurate protein quantification and valuable qualitative
information on the protein forms. Finally, SR-CD was described as a
powerful tool for the secondary structure an analysis of the proteins. SR-
CD provides complementary insights on the protein interactions with NPs
contributing the qualitative aspect of the analysis.

In a nutshell, polymeric NPs were described as promising candidates for
drug delivery. Strategies to engineer these NPs more efficiently were
presented focusing on their preparation and advanced characterization.
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ABSTRACT

Vancomycin (VCM) is a last resort antibiotic in the treatment of severe
gram-positive infections. However, its administration is limited by several
drawbacks such as: strong pH-dependent charge, tendency to aggregate,
low bioavailability and poor cellular uptake. These drawbacks could be
circumvented by engineering pH-responsive nanoparticles (NPs) capable
to incorporate a high VCM payload and to deliver it specifically at a slightly
acidic pH corresponding to infection sites. Here we show how, talking
advantage of the peculiar physicochemical properties of VCM, it was
possible to efficiently incorporate it in biodegradable NPs made of
poly(lactic-co-glycolic acid) and polylactic acid (co)polymers bearing
terminal functional groups. The NPs were prepared by a simple and
reproducible method, establishing strong electrostatic interactions
between VCM and the (co)polymers’ end groups. VCM payloads reached
up to 25 wt%. The drug loading mechanism was investigated by solid state
nuclear magnetic resonance spectroscopy. The engineered NPs were
characterized by a set of advanced physicochemical methods, which
allowed examining their morphology, internal structures, and chemical
composition on an individual basis. The compartmentalized structure of
the NPs was evidenced by cryogenic transmission electronic microscopy,
whereas the chemical composition of the NPs' top layers and core was
obtained by electron microscopies associated with energy-dispersive X-
ray spectroscopy. Noteworthy, atomic force microscopy coupled to
infrared spectroscopy allowed mapping the drug location and gave
semiquantitative information about the loadings of individual NPs. In
addition, the NPs were stable upon storage and did not release the
incorporated drug at neutral pH. Interestingly, a slight acidification of the
medium induced a rapid VCM release. The compartmentalized NPs could
find potential applications for controlled VCM release at an infected site
with a local acidic pH.
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INTRODUCTION

The glycopeptide antibiotic vancomycin (VCM) represents the last-line
defense against infections caused by numerous species of gram-positive
bacteria including Staphylococci, Enterococci, Streptococci. Those strains
are responsible of the majority of bacterial infections in humans worldwide
and represent the main cause of hospital-acquired infections.'> VCM is
thus a gold standard treatment against Staphylococcus aureus (S. aureus)
and in particular, of the methicillin-resistant S. aureus (MRSA) that can
invade and survive within different types of cells such as keratinocytes,
fibroblasts, enterocytes and osteoblasts*” or even alveolar macrophages
thus evading the immune system.®'°
VCM exerts its biological action by forming key hydrogen bonds with

carboxy-terminal peptide moieties of bacterial cell walls."

Despite its
efficacy, VCM suffers from several drawbacks mainly related to its poor
bioavailability'?, low tissue penetration and incapacity to bypass cell
membranes. Therefore, VCM is mainly administered by the intravenous
route as a slow infusion over at least 60 minutes with a frequency of
administration of every 8 to 24 hours.” However, the low pH (<4) of the
VCM infusion leads to tissue irritation.'* Moreover, VCM is a large, highly
hydrophilic and polar compound, which partially ionizes at physiological
pH and does not readily diffuse from blood to tissues.™ It also strongly
binds to plasma proteins'® and is eliminated via renal route.'” Thus, VCM
has to be administered in large doses to reach sufficient therapeutic
activity, which in turn leads not only to the emerge of VCM-resistant
strains, but also unwanted side effects such as thrombophlebitis, fever,
kidney damage, epidermal necrolysis, and a hypersensitivity reaction
known as red man syndrome.'®2°

In this context, nanotechnology opens new opportunities to improve
VCM bioavailability and diminish its adverse effects. Indeed, nanoparticles

(NPs) are engineered to protect drugs from degradation and rapid
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elimination, to allow controlled release and targeted drug delivery to the
infection sites.”’

Infected tissues are characterized by an acidic pH that can reach to 5.5
due to the accumulation of lactic and acetic acids as a result of low oxygen-
triggered anaerobic fermentation.? % Therefore, targeted VCM delivery
using pH-responsive NPs could be a pertinent strategy upon fighting with
Gram-positive infections while avoiding the drawbacks of conventional
VCM treatment.?* NPs can also be employed as Trojan horses to track S,
aureus in its hideouts inside cells.?'

An "ideal” VCM nanocarrier should: i) be prepared by a simple method,
without excipients and using materials with known safety profiles; ii)
efficiently incorporate high drug loading (DL); iii) have good stability upon
storage and iv) allow a pH-responsive VCM release specifically at acidic
pH, but not in physiological conditions. However, the efficient
encapsulation of large hydrophilic molecules such as VCM in NPs is
challenging, mainly in reason of the drug low affinity for the hydrophobic
materials generally used to elaborate NPs.?> Several attempts have been
made to incorporate VCM in NPs. Liposomal formulations showed
enhanced MRSA eradication, but their encapsulation efficiency was less
than 20% wt%.2%%*" Gold and silver NPs combined with VCM showed
enhanced antibacterial activities®®>? but metal NPs were reported to have
toxic side-effects and tendency to aggregation.*

Among the polymer-based biomaterials, food and drug administration
(FDA)-approved polylactic acid (PLA) and poly(lactic-co-glycolic acid) (
PLGA) have shown clear potency as drug carriers due to their clinically well-
established biocompatibility and low toxicity. PLA and PLGA degrade by
hydrolysis, forming lactic and glycolic acid metabolites which are
eliminated from the body through natural pathways.** In previous studies,
VCM was incorporated in nano-and microparticles made of PLA and PLGA,
followed by a progressive release at physiological pH.>>>® For instance,
diblock PLGA-poly(ethylene glycol) (PEG) NPs were loaded with VCM up
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to 8.9 wt%.>” PLGA NPs designed for oral VCM administration reached
payloads of 0.5-7.4 wt% and released the whole VCM cargo within 12h at
physiological pH.*

Other research groups attempted to achieve a pH-controlled VCM
release by using composite NPs prepared by combining several
ingredients (PLGA, chitosan, PEG-PLGA and Eudragit E100)", by using
chitosan cores and PLGA shells®® or by synthesizing PLGA-b-poly(L-
histidine)-b-poly(ethylene glycol) derivatives.”® Switchable surface charge
properties were achieved on VCM loaded chitosan/polymer core-shell
composite NPs* However, DLs only reached around 8 wt%, the
preparation methods were sophisticated and specific release of VCM in
acidic and not in neutral conditions was difficult to be achieved.

In this context, our strategy was to take advantage of the VCM's peculiar
physicochemical properties (highly pH-dependent global charge,
hydrophilicity, tendency to aggregation) in order to engineer NPs with
high drug payloads, no release at neutral pH and rapid release in acidic
condition. To do so, we used a series of charged PLA and PLGA
(co)polymers able to establish electrostatic interactions with VCM in a pH-
dependent manner. As a result, we created compartmentalized NPs, with
a loading of around 25 wt%, that spontaneously released the whole VCM
cargo upon changes from neutral to acidic conditions.

To decipher the underlying molecular mechanisms, we investigated the
effect of polymers’ physicochemical properties (molar mass, chemical
composition, nature of the end groups) on VCM loading and release.
Noteworthy, the pH-dependent VCM release was achieved by avoiding the
use of excipients such as pH-responsive materials.

To achieve the best quality control, the VCM-loaded NPs were
characterized at the single NP level to determine their morphology,
composition and respective location of their components. In this context,
transmission electron microscopy (TEM) and cryogenic TEM (cryo-TEM)
enabled to investigate the NPs' peculiar internal structures. Electron
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microscopies (EMs) associated with energy-dispersive X-ray (EDX)
spectroscopy and atomic force microscopy coupled to infrared
spectroscopy (AFM-IR) allowed to locate VCM in the NP’s compartments.
Finally, solid state nuclear magnetic resonance (NMR) spectroscopy
brought complementary insights on VCM location in the NPs and pH-
dependent interactions between VCM and the NPs.

EXPERIMENTAL SECTION
Materials

(Co)polymers with different lactic acid : glycolic acid ratios (from 50:50 to
100:0), end groups (carboxylic (C) or ester (E)) and molecular weights (My)
were kindly donated by Sequens (Expansorb, Aramon, France) with the
compositions:

PLGA, 50:50, C terminated (Mw: 42-65 KDa, EXPANSORB® 10P001)
named PLGAs4C, PLGA, 75:25, C terminated (Mw: 37-84 KDa, EXPANSORB®
10P002) named PLGA6s1C, PLGA, 75:25, C terminated (Mw: 76-130 KDa,
EXPANSORB® 10P003) named PLGA113C, PLGA, 50:50, C terminated (Mw:
95-130 KDa, EXPANSORB® 10P012) named PLGA113C, PLGA, 75:25, C
terminated (Mw: 5-20 KDa, EXPANSORB® 10P015) named PLGA13C, PLGA,
50:50, ester terminated (Mw: 72-91 KDa, EXPANSORB® 10P016) named
PLGAs2E, PLGA, 50:50, C terminated (Mw: 15-40 KDa, EXPANSORB®
10P017) named PLGA2sC, PLGA, 50:50, C terminated (Mw: 10-20 KDa,
EXPANSORB® 10P019) named PLGA1sC, PLGA, 50:50, ester terminated
(Mw: 10-20 KDa, EXPANSORB® 10P024) named PLGA1sE, PLGA, 45:55, C
terminated (Mw: 15-30 KDa, EXPANSORB® 10P032) named PLGA23C, PLA,
C terminated (Mw: 10-20 KDa, EXPANSORB® 10P005) named PLA1sC,PLA,
C terminated (Mw: 6-10 KDa, EXPANSORB® 10P006) named PLAsC.

VCM (Vancomycin hydrochloride for injection, USP, Sandoz®) was kindly
provided by the International Center for Research on Infectious diseases
(Lyon, France). Poly (vinyl alcohol) (PVA) (30000-70000 g/mol, 88%
hydrolyzed), sodium cholate, anhydrous dichloromethane (DCM),
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trifluoracetic acid (TFA), dimethyl sulfoxide (DMSO), hydrochloric acid
(HCI), sodium chloride (NaCl), potassium chloride (KCl), sodium phosphate
dibasic (Na;HPOQs), potassium phosphate monobasic (KH2PO.) were all
obtained from Sigma-Aldrich. Buffers covering a range of pH from 5.3 to
7.4 were prepared by mixing stock solutions of KH2PO4 and NaxHPO;s in
distilled water. Complete cell culture medium prepared with DMEM (Life
Technologies, France) supplemented with 10% v/v decomplemented fetal
bovine serum (FBS) (Life Technologies, France) and 1% Penicillin/
Streptomycin (Life Technologies, France) was used for release studies.
Solvents and reagents were analytical grade and were used without further
purification except otherwise stated.

Preparation of VCM Loaded PLA and PLGA NPs

VCM-loaded PLA and PLGA NPs were prepared by a water-in-oil-in-
water (wi/0/wz) emulsion solvent evaporation method using PVA as an
emulsifier as represented schematically in Figure 1. Briefly, 0.2 mL of an
aqueous phase containing VCM (150 mg/mL) in T mL of DCM containing
PLA or PLGA (75 mg) was sonicated using a probe (Sonopuls HD 2070,
Bandelin electronic GmbH & Co, Berlin, Germany) at 40% of power for 15
s. To create a wi/o/w2 emulsion, 5 mL of 0.5% w/vPVA (or sodium cholate)
solution containing or not 1% w/v NaCl was poured to the first emulsion,
followed by an immediate sonication for 30 s at 40% of power in an ice
bath to avoid overheating. The resulting wi/o/w2 emulsion was left at room
temperature under gentle magnetic stirring until complete evaporation of
the organic solvent. Control plain NPs were prepared in the same
conditions except that VCM was not added. All formulations were
prepared at least in triplicate.
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Figure 1. Schematic representation of the preparation of VCM-loaded
PLA and PLGA NPs using a double-emulsion (w1/0/w>) solvent evaporation
method. The organic (0) and aqueous (w1 and wz) phases are represented
in brown and blue, respectively. VCM (o) is solubilized in wj.

Drug Quantification

The drug loading (DL) calculated as shown in equation 1 is defined as the
mass fraction of a NP that is composed of drug. The entrapment efficiency
(EE) (equation 2) is defined as the fraction of drug effectively encapsulated
into the NPs compared with the amount of drug that was used to prepare
the NPs.

DL (%) = (neelencaponatéd irug) 100 (M

mg of encapsulated dru
EE (%) = (mg of encap D _____ 100 )
(mg of drug initially added to the formulation)

The DL was determined by two methods: i) an indirect method, analyzing
the non-incorporated drug in the supernatants after NP centrifugation and
i) a direct method, dissolving the NPs (pellet) and quantifying the
extracted drug. The DLs and EEs calculated through both methods were
consistent with less than 5% differences, validating the method.

VCM was quantified by reverse-phase liquid chromatography, using a
C18 column (Kinetex 5u C18, 100 A, Phenomenex) connected to a HPLC
(Agilent 1100, USA) system with a UV-vis detector (wavelength was fixed
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at A = 254 nm). The chromatographic conditions are detailed in the Table
S1.

Determination of Residual PVA in The Preparation of PLGA And PLA
Particles

The residual PVA in the NPs was quantified by a colorimetric assay based
on the formation of a blue complex between PVA and iodine in the
presence of boric acid, as detailed in SL*' All experiments were prepared
in triplicate.
Release Studies

VCM release studies were performed in complete cell culture medium
(DMEM supplemented with 10% fetal calf serum (FCS), 1% penicillin/
Streptomycin and 1% L-Glutamine) at pH 7.4 and 4.5, and also in PB 100
mM at pH 5.3, 6.4 and 7.4. In all cases, the NP suspensions were diluted
ten times with the release media. After incubation at 37°C under stirring,
the NP suspensions were centrifuged at 17.000 x g for 15 min and the
supernatants were recovered. VCM release was assessed by HPLC-UV-VIS
as described in Table S1 and expressed as % referring to the DL of the
formulations. All experiments were carried on at least in triplicate.

Nanoparticle Characterization
NP Size Measurement by Dynamic Light Scattering (DLS) and Zeta
Potential Measurements

The NPs’ average hydrodynamic diameter was determined by DLS at 25
°C with an equilibration time of 60 s using a Zetasizer® (Nano ZS90,
Malvern Instruments, Worcestershire, UK). All formulations were measured
at least in triplicate. Mean diameters were reported as Z Average (nm) +
SE (Standard Error) with the polydispersity index (PDI). The NPs mean
diameters were monitored up to three months of storage at 25 °C. The NPs
Zeta potential was measured in KCl 1 mM using a Zetasizer.
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Solid State NMR Spectroscopy

The 'H magic-angle spinning (MAS) NMR spectra were recorded at a
magnetic field of 20 T, using a Bruker 850 MHz WB NMR spectrometer and
using a HXY 1.3 mm probe in double mode. The spectra were acquired
using Hahn echo pulse sequence, with a 90° pulse duration of 1.4 ps, an
inter-pulse delay synchronized with one rotor period and a spinning rate
of 60 kHz. The recycle delay was set to 20 s and 16 transients were
recorded for each sample. The 'H chemical shifts were referenced to
tetramethylsilane (TMS). The assignment of VCM protons was made by
comparison with liquid NMR spectra.

The BC cross-polarization (CP) experiments were recorded on a 94 T
magnet ('"H and '*C Larmor frequency of 400 and 100 MHz, respectively)
with a Bruker spectrometer, using a 4 mm double resonance MAS probe.
The C chemical shifts are referenced to adamantane. The contact time
was set to 3.5 ms, the recycle delay was set at 5 s, the initial 90° pulse on
'H to 3 ps with a Radio Frequency (RF) field of 83 kHz. '"H SPINAL-64
decoupling was applied during the *C acquisition. The NMR spectra were
acquired using TopSpin 3.5 Bruker Software and processed with DM fit
program.*?

Size-Exclusion Chromatography (SEC)

The polymer molar masses were determined after release using SEC with
THF as eluent (1 mL/ min) at room temperature. SEC was equipped with a
refractive index detector (Waters 410) and two mixed-bed ViscoGELTM
columns (7.8 x 300 mm, type GMHH R-H) provided by Viscotek.

TEM and Cryo-TEM Investigations

TEM images were acquired on a JEOL electron microscope (JEM 100 CX
II, operating at 120 kV) equipped with an US1000 2kx2k camera (Gatan).
To do so, 5ulL of samples were deposited onto a 400 mesh carbon-coated
copper grid beforehand treated with a glow discharge (easiGlow, Ted Pella
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Inc), and dried with a filter paper after 30 sec. Cryo-TEM images were
acquired on a JEOL 2200FS energy-filtered (20 eV) field emission gun
electron microscope operating at 200 kV. To do so, 5 uL of NPs
suspensions were deposited onto a 200 mesh copper grid and flash-frozen
in liquid ethane cooled down at liquid nitrogen temperature.

Scanning electron microscopy (SEM)-EDX

SEM-EDX quantitative analysis was performed using a Carl Zeiss Merlin
SEM with a field emission gun equipped with secondary electron detectors.
SEM was coupled with an EDX equipped with a 50 mm? SDD X-Max
detector from Oxford Instruments. The characterization of the NPs was
performed at 2 keV.

Scanning TEM-EDX

Chemical composition analyses were performed with a scanning TEM
(STEM) device (FEI TECNAI F20) fitted to high angle annular dark field
(HAADF) imaging. The microscope was equipped with a field emission gun,
a scanning device, an EDX detector (EDAX R-TEM Sapphire) and an
electron energy loss spectrometer (GIF 2001). Carbon films on 400 Mesh
Copper Grids were treated with the PELCO easiGlow™ discharge cleaning
system to make the film hydrophilic. 5puL of samples were deposited onto
a carbon-coated copper grid for 1 min, and then the excess of liquid was
removed. The characterization of the NPs was performed at 200 keV.

Fourier transform IR (FTIR) spectroscopy

Attenuated total reflection (ATR) FTIR spectra of NPs components were
obtained by using a Bruker Vertex 70 FTIR spectrometer (MCT detector,
cooled down using liquid nitrogen) and a ATR module (PIKE MIRacle
crystal plate diamond ZnSe). Spectra were recorded in the range of 4000-
600 cm™" with an accumulation of 100 scans and a resolution of 4 cm™".

Only significant absorptions were listed.
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AFM-IR

Aliquots of the NPs samples were deposited on CaF. cell windows and
left to dry completely over several days. Experiments were performed with
either NanolR-2 or NanolR-2s (Anasys Instruments) coupled with a
multichip QCL source (MIRcat, Daylight Solutions; tunable repetition rate
range of 0-2 MHz; spectral resolution of 0.1 cm™") covering the range from
1900 cm™ to 900 cm™ of the mid-IR region with a tunable repetition rate.
An Au-coated silicon tapping AFM-IR cantilever (Multi75GB-G, f=75 kHz
3N/m, Budget Sensors) was employed. Gold coating was used to avoid
effects linked to IR absorption of the silicon cantilever. Power was set
between 22% to 100% with tapping mode frequency around 50-60 kHz.
Laser pulse rate was set around 317 kHz with a pulse duration of 200 ns.
Topography and IR maps were processed using the Mountains Map 7.3
software and the spectra (sampled at 1 cm™’) were filtered using the
Savitzky — Golay algorithm (1 order polynomial using 11 points).*?

RESULTS AND DISCUSSION
NP Preparation

As shown by a set of studies involving NMR spectroscopy, X-Ray
crystallography and molecular modeling, VCM exerts its biological action
by: i) specific complexation with peptides containing terminal D-alanyl-D-
alanine units on the surface of bacterial cell walls leading to stable
hydrogen bond interactions* and i) establishing charge-charge
interactions with peptide carboxylate groups.**™" This is in line with a
previous study showing that VCM was associated to nanodiamonds only
when electrostatic interactions were established, and more particularly, on
the surfaces comporting carboxyl groups. *® Those observations inspired
us to use a series of biodegradable PLGA and PLA (co)polymers possessing
carboxyl end groups, to establish electrostatic interactions with VCM. This
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will enhance the payloads and help achieving a pH-triggered release.
Additionally, (co)polymers, with ester end groups, were used as controls.
The (co)polymers are named here PL(G)AxC or PL(G)A«E: C and E represent
respectively the carboxyl and the ester end groups whereas x represents
the mean M.

A double-emulsion solvent evaporation method schematically
represented in Figure 1 was employed to prepare the NPs and to
maximize the interactions at the interfaces between aqueous and organic
phases. The double-emulsion method was used since 1998 to incorporate
large hydrophilic macromolecules such as proteins inside NPs*® and more
recently for VCM incorporation.®® *° Briefly, in our study, an aqueous VCM
solution was dispersed in an organic phase containing the PLA or PLGA
(co)polymers resulting in the first emulsion. Sonication was employed to
efficiently reduce the aqueous droplet size.”" >* The hydrophilic carboxyl
chain ends of the (co)polymers tended to migrate towards the inner
aqueous phase where VCM was located. Then, a water-in-oil-in-water
(wi/o/w2) emulsion was prepared forming of oil droplets containing
aqueous compartments with VCM, followed by the evaporation of the
organic solvent that led to polymer precipitation and NPs formation.
(Figure 1).

Different families of PLA and PLGA (co)polymers were evaluated for VCM
incorporation in NPs. The characteristics of each polymer and the
corresponding NP formulation are shown in Table 1. Polymers differ in
end group, composition and My that determine the inherent viscosity and
the performance to encapsulate hydrophilic drugs. As shown in Table 1,
all the polymers formed NPs with PDIs lower than 0.26. The mean
hydrodynamic diameters determined by DLS ranged from 300 to 370 nm.
The increase in NP size was associated with the increment in the My, of the
employed polymer: PLGA1sC (32525 nm), PLGAsC (350+25 nm) and
PLGA113C (367125 nm) (Table 1), while drug loading had no significant
impact on the NP size. The morphology of the NPs was investigated by
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SEM (Figure S1) and TEM (Figure 2) and the obtained average sizes
corroborated with DLS results (Table 1). Typical TEM images showed that
the NPs were spherical and devoid of aggregates. Sizes ranged in between
around 100 and 400 nm.
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Figure 2. Typical TEM images of NPs prepared by double-emulsion using
PLGA1sC: A) empty and B) VCM-loaded.

Table 1. VCM encapsulation in NPs with different polymer compositions,
effect on DL, EE, mean diameter, PDI and Zeta potential. PLA and PLGA
(co)polymers from EXPANSORB® were used.
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Name M"‘(’ES;ge GErngl La_ctic \Ir?:ce;::':; DDL DEE diah:lne:tr;r*t PDI pofeert:ial

PuNit(%) o (dLlg) (W% *SD) (W% +SD) T T (mV + SD)
PLA:C 6-10 Carboxyl 100 0.05-0.20 7+2 16+5 319 0.18+0.05 -1.6%0.1
PLAsC 10-20 Carboxyl 100 0.15-0.30 <1 <1 322 0.25+007 -1.7%0.1
PLGA1:C 5-20 Carboxyl 75 0.08-0.21 51 1+£2 312 013001 -1.9%0.1
PLGA1sC 10 - 20 Carboxyl 50 0.15-0.25 14+ 4 362 325 019+0.02 -1.9%0.1
PLGA,;C 15 - 30 Carboxyl 45 0.15-0.30 91 24 £ 1 323 0.180.03 -1.3%0.1
PLGA2:C 15 - 40 Carboxyl 50 0.25-0.40 81 1842 326 0.21+0.03 -07+03
PLGAsC 42-65 Carboxyl 50 0.40-0.55 <1 <1 324 014001 -1.4%03
PLGA.(C 37 - 84 Carboxyl 75 0.38-0.64 <1 <1 350 016+ 0.03  -1.4%0.1
PLGA10:C 76 - 130 Carboxyl 75 0.70-0.90 <1 <1 352 0.14 + 0.01 -1.3+03
PLGA:C  95-130 Carboxyl 50 0.65-0.90 <1 <1 367 017003 -1.4+0.1
PLGA,sE 10 - 20 Ester 50 0.15-0.25 <1 <1 323 026+0.04 -09+0.1
PLGAgE 72- 91 Ester 50 0.60-0.70 <1 <1 344 015004 14202

* Standard deviations (SD) are 25 nm for all the formulations.
t Measured by DLS.

The NPs’ Zeta potential was close to zero (Table 1), indicating a neutral
surface charge which could be attributed to the presence of the non-
charged PVA emulsifier. Indeed, PVA can intermingle with the PLA and
PLGA chains and stay associated with the NPs' surface despite an extensive

' Here, the residual PVA amount was 6+1 wt%,

washing procedure.*
whatever the polymer used, confirming that PVA forms a protective steric
layer at the NP surfaces shielding the negative charges of the PLGA and

PLA polymer end groups.

Drug Loading and Mechanism

Although all the NP formulations presented similar physical properties
such as size, PDI and Zeta potential, they differed significantly in terms of
DL and EE (Table 1). DL ranged from <1 wt% (undetectable) to 14 wt%
and EE from <1 wt% to 36 wt%. As a general trend, (co)polymers with the
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highest My such as PLGAs4C and PLGA113C did not incorporate VCM,
whereas PLGA15C and PLGA23C (co)polymers with the same compositions
but lower My entrapped a higher amount of drug (14+4 wt% and 9+1 wt%
VCM, respectively). Furthermore, ester-terminated polymers failed to
incorporate VCM whatever their Mw. Finally, the higher the hydrophilicity
of the (co)polymer (i.e. the lower the L content), the higher the VCM DL.
For example, at similar My, PLGA1sC with 50% L units has a DL of 14 wt%,
whereas PLGA13C with 75% and PLA1sC with 100% L units, have DLs of 5
wt% and <1 wt% respectively.

In conclusion, the DL and EE were related to three properties of PLA and
PLGA (co)polymers: i) the My; ii) the terminal groups (C or E) and iii) the
percentage of L units. The optimal (co)polymer for VCM incorporation was
PLGA15C, with the lowest My and a carboxy end group. From the PLA series,
PLAsC was the best with 7+2 wt% DL and 16+5 wt% EE. The NP preparation
parameters and optimizations are detailed in Tables S2 and S3 with the
emphasis of using NaCl to form rapidly the NPs.

In a nutshell, the results in Table 1 supported our hypothesis that VCM
is efficiently incorporated if it establishes electrostatic interactions with the
carboxyl end group of the polymer. Keeping in mind that the same amount
of polymer was used to prepare NPs, the lower the My, (i.e. the shorter the
polymer chains), the higher the number of carboxy end groups, so the
higher the possibilities of electrostatic interactions with VCM. More
precisely, during the formation of the first emulsion (Fig. 1), electrostatic
interactions occur depending on the physicochemical properties of the
VCM and the (co)polymers used to incorporate it. The VCM solutions have
an acidic pH (~4) at which it has an overall positive charge arising from its
two positively charged alkylamine groups and a negatively charged
carboxylic acid group>* **, while PLA and PLGA, with their carboxyl end
groups (pKa=3.85), are slightly deprotonated.”® Therefore, charge-charge
interactions can be established between the (co)polymers and the VCM at
the interface as schematized in Figure 3. Drug loading can be ensured as
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the VCM will have less tendency to leak out of the droplets. In addition,
VCM self-association in the aqueous compartments should also contribute
to the formation of bulky structures, favoring their loading.

PLGA - Ll L {" O
V7
} - " —,>\/NH+
=VCM NS
0- \7 ) \ e “
- ~ *\ VA ‘
S A W
Nt

Figure 3. Schematic representation of the hypothesized mechanism of
VCM (red triangle) incorporation in a NP compartment (blue) and chemical
structures of PLGA (deprotonated form) and VCM (protonated form). x and
y are the numbers of L and G units. The VCM protonated amine groups (in
orange) interact with deprotonated carboxylic acid groups of the polymer
at the interface of aqueous inner compartments.

Solid state NMR spectroscopy was used to provide further information
about the mechanism of the VCM encapsulation since it allows a deep
characterization of the structure and interactions between the drug and
the polymer carrier at an atomic level.”® At first, '"H and *C MAS NMR
spectra of empty and VCM loaded PLGA1sC NPs were recorded (Figure
S2). The presence of the "*C resonances of VCM in the loaded particles
confirmed the successful VCM encapsulation. Next, the 'H-'H 2D MAS
NMR was performed to investigate the interactions between drug and the
polymer. Figure 4 presents the correlation study including cross peaks
between VCM and PLGA. Despite the use of high magnetic field (20 T) and
fast-MAS (60 kHz), there was still a strong overlap of the proton NMR
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signals of the NPs and VCM. Only a NH proton (8 ppm) and an OH proton
(9 ppm) of VCM could clearly be resolved. Cross-correlation peaks
obtained between one NH from the VCM and the protons from PLGA
indicates close spatial proximity between the drug and the polymer, hence
the electrostatic interactions between these two. This assessment is in
agreement with NMR studies in the literature that show the strong
interactions of NH amide groups of the VCM with the terminal carboxylate
of the bacterial cell wall peptide.”’

'H dimension {ppm)

1
=
| NH I
10t
12 . . \

12 10 8 6 4 2 0 -2 -4

H dimension (ppm)

Figure 4. 2D "H-'H MAS NMR spectrum of PLGA1sC NPs loaded with
VCM. The black rectangle highlights the cross-correlation peaks between
the NH of the VCM and the protons of the PLGA.

To give further proof of the electrostatic interactions, additional
experiments were carried out. VCM loaded NPs were prepared by using
deuterated water and deuterated VCM in order to shield the electrostatic
interactions between VCM-polymer. As awaited, results showed dramatical
modifications due to the lack of H bond interactions: DL and EE decreased
from 14 £ 4to 5 £ 1 wt % and from 36 £2 to 14 + 1 wt%, in the case of
non-deuterated and deuterated systems, respectively. Eventually, in order
to detect the 'H species by NMR, the deuterated VCM loaded NPs were
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submitted to a back exchange from D to H by prolonged contact with
water. Results are summarized in Figure 5. The deuterated formulation
(red spectrum) in the "H MAS NMR spectrum presents narrower NH proton
resonances of VCM (i.e., they appear more intense, despite the lower DL),
indicating weak interactions between the polymer and VCM. As control,
VCM loaded NPs prepared in water showed broader NH proton signal
(black line in Figure 5), which clearly evidences the existence of H bond
interactions between VCM and the polymer. These H-bonds indeed result
in "H chemical shift distribution (distribution of H-bonds) hence broader
line in the spectrum. In conclusion, the establishment of VCM-polymer H
bonds were shown to be responsible of high DL and EE.

12 11 10 9 8 7
8(*H)/ppm

o o & 6 4 3 o 2 4
8(*H)/ppm
Figure 5."H MAS NMR spectra of VCM loaded PLGA1sC NPs prepared in
H.O (black spectrum) and in D20 by using deuterated VCM (red spectrum).
An expansion on OH and NH of VCM is shown in insert.

Knowing that the electrostatic interactions between VCM (monomers or
self-associates) and polymer play a major role, and are governed by the
pH, a study has been carried on to observe the effect of the pH of the inner
and outer aqueous phases used in the 1% and 2"* emulsion respectively
during preparation of VCM loaded NPs (Table 2). Neither the DL nor the
EE depended on the pH of the outer medium in a range from 6.3 to 8.5.
On the contrary, when the pH of the inner VCM solution (1°* emulsion) was
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7.4, both the DL and the EE were increased reaching 25+3 wt% and 53+7
wt% respectively. The viscosity of the VCM solution was increased at pH
7.4 as compared to pH 4.0. Presumably, VCM self-association/ aggregation
occurred preventing VCM from leaking out of the inner droplets during
NP preparation thus resulting in improved DL and EE (Table 2).

Table 2. Effect of the pH of VCM solution (inner aqueous phases, 1°
emulsion) and of the suspension medium containing NaCl and the
emulsifier PVA (outer aqueous phases, 2™ emulsion) on the incorporation
of VCM and PLGA1sC NP size and polydispersity.

pH of 1st pH of 2nd DL EE Mean
emulsion emulsion (wt% = SD) (wt% £ SD)  diameter*t(nm) POl
6.3 14 +4 362 325 0.16 = 0.17
4.0 7.4 12 +1 36 + 1 340 0.17 £ 0.04
8.5 14 + 4 43+ 9 353 0.19 + 0.06
6.3 22+1 47 + 2 318 0.15 +0.01
7.4 7.4 25+3 53+7 312 0.15+0.03
85 23+3 50+7 319 0.19 £ 0.02

* Standard deviations (SD) are 25 nm for all the formulations.
t Measured by DLS.

In conclusion, from the series of PLA and PLGA (co)polymers studied
here, PLAsC and PLGA1sC were the best studied materials for the VCM
encapsulation. They had the lowest My and carboxyl end groups. The
optimization study reported a dramatic enhancement of VCM loading into
PLGA15C NPs with DL and EE up to 25 wt% and 53 wt% respectively, which
to the best of our knowledge, overcome the DLs and EEs reported so far
for VCM incorporation in other NPs or in liposomes. 8262739

Finally, when the NPs were stored at 4°C for three months, their mean
diameter remained unchanged (less than 5% variation) and less than 4%
of the incorporated VCM was released over this time. These results indicate

a good stability upon storage.
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NPs’ Inner Morphology

Cryogenic TEM (cryo-TEM) investigations were carried on to gain insights
into the inner structure of the PLGA and PLA NPs. Interestingly, the VCM-
loaded PLGA1sA and PLAgC NPs possessed relatively large inner aqueous
compartments (lighter regions) delimited by thin polymer shells (darker
regions) of around 10-40 nm as pointed out with red arrows in Figure 6C
and 6D. To the best of our knowledge, this is the first time that large
compartments inside PLA or PLGA-based NPs are visualized. On the
contrary, empty NPs (prepared by the same procedure, but without VCM)
were dense and devoid of compartments (Figure 6A, 6B). This striking
differences in the inner structure between loaded and empty PLGA and
PLA NPs reinforces the fact that VCM-polymer interactions happen in the
NP inner aqueous compartments that shown to stabilize these
compartments favoring the VCM encapsulation.
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Figure 6. Representative cryo-TEM images of A) empty PLGA15C NPs; B)
empty PLAsC NPs; C) VCM-loaded PLGA{sC NPs, and D) VCM loaded
PLAgC NPs. Polymer shells are indicated with red arrows.

Individual NP characterization: Localization of VCM
SEM-EDX

SEM equipped with EDX is a method of choice to investigate NPs
individually, analyzing both their morphology and composition. It
commonly identifies the elemental composition on the NPs’ top layers
(less than 10 nm depth) since the electron beam has energy of only 2 keV,
hampering its penetration inside the cores. PLGA and VCM are composed
of carbon, hydrogen and oxygen atoms whereas VCM possess also
nitrogen atoms. Therefore, nitrogen detection by SEM-EDX gives
information on VCM presence in the NPs' top layers.

™

Figure 7. SEM images (top) with EDX analysis (below) of A) empty
PLGA1sC NPs, B) VCM loaded PLGA1sC NPs. Sample B was continuously
analyzed until holes appeared due to polymer melting C, D) and EDX
analysis was further focused on the inner regions which were thus
revealed.

Figure 7 presents the EDX analysis of PLGA15C NPs, loaded or not with
VCM. Elemental analysis was performed on the areas indicated in SEM
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images. As expected, no trace of nitrogen was detected in empty NPs
(Figure 7A). This was the case also with VCM-loaded NPs suggesting that
VCM was embedded deeper in their cores (Figure 7B). The SEM
observations were pursued until the formation of holes in their structure
(Figure 7C, 7D). Interestingly, EDX elemental analysis focused on selected
areas of the holes revealed the presence of 4.3% nitrogen (Figure 7C) and
up to 83% when only the hole was analyzed (Figure 7D). These
investigations of individual NPs rule out the presence of VCM on the NP
surface and support VCM loading inside their cores.

STEM-EDX

Further characterization of individual NPs was performed by STEM-EDX
that enables qualitative and semi-quantitative measurements of the
atomic compositions, as the beam passes throughout the sample.
Therefore, in contrast to SEM-EDX, information is accessible also from the
core of the NP. A typical STEM image of VCM-loaded PLGA15C NPs (Figure
8A) clearly shows the presence of numerous compartments of NPs similar
to the Cryo-TEM ones (Fig 6C).

Figure 8. A) STEM image of VCM loaded PLGA1sC NPs in which inner
aqueous compartments are visible. Chemical mapping for elemental
analysis of B) carbon (red) and C) nitrogen (yellow). Blue lines are guides
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for the eyes and blue arrow indicates nitrogen-rich regions. Scale bars are
500 nm.

The corresponding EDX maps of chemical elements highlights the
repartition of carbon and nitrogen in VCM loaded PLGA1sC NPs (Figure
8B, 8C). As shown on the elemental mapping of nitrogen in Figure 8C,
VCM location can be tracked inside the NPs and mainly at the interface of
the water inclusions (blue arrows). This observation supported the
suggested VCM encapsulation mechanism based on the establishment of
electrostatic interactions at the polymer/drug interfaces.

Line-scanning profiles of NPs were also recorded to evaluate by EDX the
composition distribution on the cross section of the selected line on a
single NP with two large compartments (Figure 9). Carbon concentration
was significantly lower within the inclusions in line with the presence of
less material (Figure 9C). No nitrogen signal corresponding to VCM was
detected outside the NPs or onto their surface, in agreement with SEM-
EDX experiments (Figure 7). Noticeably, peaks of nitrogen intensity were
observed at the border of the internal compartments (Figure 9B). Similar
findings were displayed in Figure S3. In a nutshell the results suggest the
preferential accumulation of VCM at the interface and inside of the

inclusions.

91



Chapterll

Compartmentalized Polymeric Nanoparticles Deliver Vancomycin in a pH-Responsive manner

A
1000 7,
B I (I}
3 I 11
@ 1 1
c 1 (|
[ 1 1
‘E I (I}
—_— 500 A ] 11
I 11
I (I}
I |
I (
I (I}
(I}
| |
0 =T
Cc 1000! 500 0
15000 7 |
I 11
I 11
z I [}
‘@ 10000 4 |
c LI}
(] I (|
c ! [
-_— I L}
5000 b
!

100 50 0
Beam distance (nm)

Figure 9. A) STEM image of VCM loaded PLGA:1sC NPs, EDX line
scanning profiles on B) the elemental mapping of the nitrogen and C) of
the carbon. The higher values of the nitrogen intensity are indicated by the
dashed lines. Scale bar is 250 nm.

AFM-IR

To complete the compartmentalized NP characterization, we used high
resolution vibrational spectroscopy AFM-IR which combines the spatial
resolution of AFM (down to around 20 nm) with the capability of IR
spectroscopy to unambiguously identify the chemical composition of an
individual NP.>® > © Recently, our teams used AFM-IR to locate a
hydrophobic drug in PLA NPs.®" Despite the low loading (< 1Twt%), the drug
could be well detected and it was shown that it was located only in the
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NPs' top layers and not within their cores. This sensitive method was used
here to study the VCM location within PLAsC NPs. AFM-IR enabled to
acquire either an IR chemical map at a specific wavenumber (IR mapping)
or an IR spectrum at one specific location in the sample (local IR spectrum).
To do so, firstly, specific wavenumbers were defined as “fingerprints” to
unambiguously identify each component of the NP system, the PLA, the
VCM and the PVA. The characteristic IR bands of these three components
were recorded by FTIR within the 1850-1000 cm™ range as the accessible
IR region in AFM-IR (Figure 10A). The PLA has a main characteristic band
at 1760 cm™, corresponding to the stretching of the C=0 of carboxyl
groups, and other signals at 1068 and 1133 cm™ (CHs groups), 1090 and
1188 cm™ (C-O-C ester bond stretching) and in the region 1300-1500 cm’
' (C-H bending of CHz and CHs).?? The VCM showed a C=0 stretching
absorption band centered at 1658 cm™', the band associated to the N-H
bending at 1502 cm™’, an absorption at 1228 cm™ (phenols) and the band
associated to the C-N stretching vibrations of amine groups at 1126 and
1060 cm ™% To unambiguously detect the VCM within the NP samples, its
absorption at 1600 cm™ was chosen with no interference signal from the
other NPs components (PLA, PVA or the residual liquid water) (Figure
10A). Reciprocally, the specific band 1760 cm™ of the PLAsC polymers
where no VCM and PVA absorption occurred was used to locate the NPs.

As an example, Figure 10C shows a representative AFM topography
image recorded on a single NP and the respective IR mapping of PLA
(Figure 10D) and VCM (Figure 10E). The signal corresponding to PLA
overlapped well with the topography images except at the upper part
edges of the NP, which corresponds to the previously reported phase shift
effect occurring in the case of PLA NPs.** Remarkably, chemical mappings
of VCM showed that the drug was well located within the NP and not at
its surface (Figure 10E). This result is in contrast with the previously AFM-
IR investigations reporting the location of drugs at the PLA NPs’ surface
and resulting in uncontrolled release.*
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The final proof of VCM location was given by acquiring local spectra
within the NPs’ cores with the excellent AFM resolution. The spectra
obtained from the point indicated with orange arrow (Figure 10B) looks
very similar to the FTIR one of VCM-loaded PLAsC NPs (Figure 10A).
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Figure 10. A) ATR-FTIR spectra of VCM (red), empty PLAsC NPs (purple),
VCM-loaded PLAgC NPs (green). B) Local IR spectrum obtained by AFM-IR
on empty (black) and VCM-loaded (orange) PLAsC NPs at the position
indicated with an orange arrow in C-E. C), F) Topography images of PLA
NPs. D), G) Tapping AFM-IR map at 1760 cm™' corresponding to the strong
absorption of PLA, E), H) Tapping AFM-IR map at 1600 cm™' corresponding
to VCM absorption.

To complete the study, a region of interest containing several VCM-
loaded NPs was investigated (Figure 10F-H). The topography image
(Figure 10F) showed round-shaped NPs with sizes between 240 and 500
nm. PLA mapping (Figure 10G) matches with the topography (Figure 10F)
showing that even the composition of the smallest NPs (240 nm) could be
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investigated by AFM-IR. The signal of the largest NPs was more intense, in
agreement with the fact that they contained higher amounts of PLA.

In contrast to PLA, VCM mapping showed an uneven drug distribution
within the NPs (Figure 10H) and in some cases, a compartmentalized
location of VCM. Interestingly, some of the smallest NPs did not contain
VCM. It was previously shown that the largest NPs have higher content of
inner compartments and some small NPs are dense and not
compartmentalized (Figure 6, Figure 8). Therefore, it can be hypothesized
that the smallest NPs do not entrap VCM because there is no internal
interface where electrostatic interaction could take place.

In conclusion, there was a good agreement between AFM-IR, CryoTEM,
SEM-EDX and STEM-EDX investigations which showed that VCM was
incorporated inside the NPs’ cores and that it was mainly localized at the
interface between the polymer matrix and the inner compartments.

pH-Controlled Drug Release and Related Mechanism

Drug release from the compartmentalized VCM-loaded NPs was studied
as a function of the pH of the release medium (from 5.3 to mimic infection
site to 7.4 which correspond to normal physiological conditions) (Figure
11A). At pH 7.4, no more than 10% of the VCM cargo was released within
24h. In contrast, at pH 5.3, VCM was rapidly released (60%) within the first
minutes upon incubation. A total release was observed after 24h. At pH
6.3, this release shows an intermediate profile.
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Figure 11. A. pH-dependent VCM release profiles of PLGA1sC NPs in 100
mM PB at pH=5.3 (circle), pH=6.3 (triangle) and pH=7.4 (diamond). B. VCM
release profile of PLGA1sC NPs in RPMI cell culture medium containing 10%
serum (square) at pH 7.4. In another set of experiments, the pH was

changed from 7.4 to 5 (circle). All experiments were performed in triplicate
at 37°C.

Furthermore, the VCM release was studied over 24h in cell culture media
containing serum (Figure 11B). Around 20% of the incorporated drug
were released immediately, reaching a plateau at 35% after 3h. This shows
that the majority of the drug (65%) remained associated to the NPs. The
same experiment was repeated, but one hour after the start of the release,
the pH of the cell culture medium was adjusted to 5. It was found that
immediately after, 45% of the entrapped VCM was released, followed by a
total release within 24h. These data show that VCM release can be
triggered by acidic conditions in complex release media.

It's noteworthy that no degradation of the polymers was observed during
the timeframe of the release experiments (Figure S4). This suggests that
VCM release relies on a diffusion process of the VCM and not on the
degradation of the NP matrix. In line with these findings, cryo-TEM
observations showed that the compartmentalized structure of the NPs was
maintained during drug release whatever the pH of the media (Figure S5).
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Thus, we hypothesize that VCM release mechanism is based on diffusion
through the polymeric matrix and the pH-dependent reversible
aggregation of VCM.** Indeed, at pH 7.4, VCM self-associates forming
bulky structures that diffuse less than the monomeric forms at acidic pH.
The pH-dependent release behavior of the compartmentalized NP
system could be an asset to achieve VCM release specifically in acidic
conditions corresponding for example to infected sites or to intracellular
compartments in infected cells #' but not in healthy tissues and organs.

CONCLUSIONS

This study highlights the importance of the choice of the polymeric
material to engineer NPs which can allow efficient VCM incorporation by
a simple method. Taking advantage of the strongly pH-dependent
physico-chemical properties of VCM (charge, reversible aggregation), it
was possible to efficiently incorporate it in biodegradable NPs, by
establishing electrostatic interactions, as shown by solid state NMR
studies. The drug molecules were confined in large inclusions inside the
NPs and their loadings reached 25 wt%. The NPs were comprehensively
characterized at the single NP level by using a set of complementary
methods including electron microscopies coupled with EDX and AFM-IR.
The methodology proposed here for NP physicochemical characterization
sets up the basis for a deep understanding not only of the morphology,
but also of drug location inside polymer matrices, which in turn has a deep
impact on drug release mechanism. Furthermore, the release of the VCM
was triggered by acidic environment. These characteristics suggest
potential therapeutic applications of targeted VCM delivery at an infected
or inflammatory site. The developed PLGA and PLA NPs could also offer a
platform to (co)encapsulate other hydrophilic molecules or synergic drug
combinations.
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sulfoxide; DLS, dynamic light scattering; E, ester; EDX, energy-dispersive X-
ray; EE, entrapment efficiency; FCS, fetal calf serum; FDA, food and drug
administration; FTIR, Fourier transform IR, HAADF, high angle annular dark
field; HCl, hydrochloric acid; HPLC-UV-VIS, high performance liquid
chromatography-ultraviolet-visible; IR, infrared; KCl, potassium chloride;
KH2PO4, potassium phosphate monobasic; MAS, magic-angle spinning;
MRSA, methicillin-resistant S. aureus; Mw, molecular weights; NaxHPQOg,
sodium phosphate dibasic; NaCl, sodium chloride; NMR, nuclear magnetic
resonance; NPs, nanoparticles; PB, phosphate buffer, PEG, poly(ethylene
glycol); PD], polydispersity index; PLA, polylactic acid; PLGA, poly(lactic-co-
glycolic acid; SE, standard error; SEC, size-exclusion chromatography; S.
aureus, Staphylococcus aureus) PVA, poly (vinyl alcohol); RF, Radio
Frequency; TEM, transmission electron microscopy; TFA, trifluoracetic acid;
TMS, tetramethylsilane; VCM, vancomycin; w1/0/w>, water-in-oil-in-water;
wt, weight.
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HPLC method

The mobile A phase was water and the mobile B phase was acetonitrile,
both containing 0.1% TFA. Chromatographic separation of VCM was
performed at room temperature and elution was performed at a rate of 1
mL/min in gradient elution mode (Table S1). The injection volume was 10

uL.

Table S1. HPLC gradient elution program

Time A (%) B (%)
(min)
0 90 10
6 55 45
10 90 10
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PVA quantification

1.3 g of NP suspension containing around 20 mg of PLGA1sC or PLGgC NPs
was centrifuged at 17.000 x g for 15 min and the supernatant was
discarded. The NP pellet was hydrolyzed overnight in 5 mL of TN KOH and
then neutralized with 1N HCI. To 0.1 mL of neutralized sample, 0.375 mL
of 3.7% wy/v boric acid solution, 0.01 mL of iodine solution (1.66%
potassium iodide and 1.27% iodine in distilled water) w/ and 0.7 mL of
TN HCl were added. The absorbance of this solution was further measured
in UV spectrometer at 620 nm. All samples were analyzed in triplicate.

SEM

Figure S1. Typical SEM image of PLGA1sC NPs loaded with 14 wt% VCM.

Effect of preparation parameters on DL, EE and mean diameters

The influence of drug to polymer ratio on the DL and EE was investigated
(Table S2). DL and EE increased with the drug/polymer ratio until reaching
a plateau at the ratio of 0.4/1 (DL=141t4 wt%). In contrast, the
drug/polymer ratio had no effect on the size of the NPs.

Table S2. Effect of drug/polymer mass ratio on DL, EE and mean diameter
on VCM loaded PLGA15C NPs
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Formulations DL EE Mean

(drug/polymer (wt%+£SD) (wt% = SD) diameter*i
ratio) (nm)
0.2/1 9+2 50+11 324
0.3/1 10+1 37+4 330
0.4/1 14+ 4 36+2 320
0.5/1 14+ 2 33+3 327

* Standard deviations (SD) are 25 nm for all the formulations.

} Measured by DLS.

In complementary studies, it was found that the addition of NaCl during
NP preparation had a high impact on VCM incorporation (Table S3). For
example, DL increased from 9+1 wt% to 14+4 wt% in the presence of 1%
NaCl and EE increased from 23+1 % to 3612 %, without having a
significant effect on the NP size. Indeed, salts were reported to facilitate
polymer precipitation and enhance DL." # However, higher salt contents
did not improve DL nor EE but led to much larger NPs (up to 460 nm).

Additionally, neither the use of more concentrated PVA solutions nor
other emulsifiers lead to an improvement in DL. As presented in Table S3,
doubling the concentration of PVA slightly affects the DL (from 12+2 wt%
to 14+4 wt%). Noteworthy, the use of anionic surfactants such as sodium
cholate instead of PVA failed to stabilize the emulsions, leading to phase
separation.

Table S3. Effect of the concentrations of NaCl and PVA on the
incorporation of VCM and mean diameters. NPs were prepared using
PLGA15C (co)polymer.
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Formulations DL EE Mean

PVA/NaCl  (wt%+ SD) (wt%=* SD) diameter*l
of outer phase

(nm)
0.25/0 9+1 23+2 318
0.25/1 12+2 26+ 2 320
0.25/5 11+2 26+ 2 496
0.5/0 9+1 23+1 320
0.5/1 14+ 4 36+2 320
0.5/5 14+ 2 36+2 460

* Standard deviations (SD) are 25 nm for all the formulations.

} Measured by DLS.

NP Characterization by Solid-State NMR
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Figure S2. 'H (left) and *C (right) MAS NMR spectra of A) VCM and B)
empty PLGA1sC NPs (black line) and VCM loaded PLGA1sC NPs (red line).

113



Chapter i

Compartmentalized Polymeric Nanoparticles Deliver Vancomycin in a pH-Responsive manner

STEM-EDX

1000 A

Intensity
1%
8

15000 4

10000 4

Intensity

5000 A

1000 500 0

Beam distance (nm)

Figure S3. A) STEM image of a VCM-loaded PLGA{sC NP. EDX line
scanning profiles of B) Nitrogen and C) Carbon. Nitrogen intensity at its
peak values can be followed by the dashed lines. Scale bar is 250 nm.
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Figure S4. SEC analysis of loaded PLGA1sC NPs incubated in phosphate
buffer at pH 5.3 during 5 min (light green) and 4 days (blue). No significant
polymer degradation was observed.

Figure S5. Typical Cryo-TEM images of VCM-loaded PLGA1sC NPs after
48h incubation at 37°C: A) in phosphate buffer at pH 5 and B) in water.

References

(1) Tu, F,; Lee, D. Controlling the Stability and Size of Double-Emulsion-
Templated Poly(Lactic- Co -Glycolic) Acid Microcapsules. Langmuir
2012, 28 (26), 9944-9952. https://doi.org/10.1021/1a301498f.

(2) Gorrepati, E. A,; Wongthahan, P.; Raha, S.; Fogler, H. S. Silica
Precipitation in Acidic Solutions: Mechanism, PH Effect, and Salt
Effect. Langmuir2010, 26 (13), 10467-10474.
https://doi.org/10.1021/1a904685x.

115






Chapter III

e

e —
— E——

— n B

Quantify drug loading at the single
nanoparticles level using AFM-IR technique: a
convenient method to map and evaluate the
drug distribution



Quantify drug loading at the single
nanoparticles level using AFM-IR
technique: a convenient method to
map and evaluate the drug distribution

Merve Seray Ural, Emmanuel Dartois, Jérémie Mathurin, Didier Desmaéle,
Philippe Collery, Alexandre Dazzi, Ariane Deniset-Besseau’, Ruxandra Gref

[*] Dr. R. Gref, Dr. M.S. Ural, Dr. E. Dartois

Institut de Sciences Moléculaires d'Orsay (ISMO), CNRS UMR 8214,
Université Paris-Sud, Université Paris-Saclay, 91405 Orsay, France
E-mail : ruxandra.gref@universite-paris-saclay.fr

Dr. A. Deniset-Besseau, Dr. J Mathurin, Dr. A. Dazzi

Institut de Chimie Physique (ICP), CNRS UMR 8000, Université Paris Sud,
Université Paris-Saclay, 91405 Orsay, France

E-mail : ariane.deniset@universite-paris-saclay.fr

Dr. D. Desmaéle

Institut Galien (IGPS), CNRS UMR 8612, Université Paris-Sud, Université
Paris-Saclay, 91405 Orsay, France

E-mail :

P. Collery M.D.

Society for the Coordination of Therapeutic Research, 2B010 Algajola,
France

Keywords: nanoparticle, AFM-IR, polylactic acid, quantification, drug
loading, nanoscale maps, IR microspectroscopy.

105


mailto:ruxandra.gref@universite-paris-saclay.fr
mailto:ariane.deniset@universite-paris-saclay.fr

Chapter Il

Quantify drug loading at the single nanoparticles level using AFM-IR technique: a convenient method
to map and evaluate the drug distribution

Abstract

Researchers are increasingly thinking smaller to solve some of the biggest
challenges in nanomedicine: the control of drug encapsulation. Although
recent years have witnessed a significant increase in the development and
characterization of polymeric drug nanocarriers, several key features are
still to be addressed: Where is the drug located within each nanoparticle
(NP)? How much drug each NP contains? Is the drug loading
homogeneous on an individual NP basis? To answer these questions,
individual NP characterization was achieved here by using atomic force
microscopy-infrared spectroscopy (AFM-IR). A label-free quantification
methodology was proposed to estimate with a nanoscale resolution the
drug loadings of individual poly(lactic acid) (PLA) NPs loaded with an
anticancer drug. First, a drug loading calibration curve was established
using conventional IR microspectroscopy employing PLA/drug
homogeneous films of well-known compositions. Then, single NPs were
investigated by AFM-IR acquiring both IR mappings of PLA and drug as
well as local IR spectra. Besides, drug location within single NPs was
unravelled. The measured drug loadings were drastically different (0 to 21
wt%) from one NP to another, emphasizing the particular interest of this
methodology in providing a simple quantification method for the quality
control of nanomedicines.
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1. Introduction

Nanotechnology provides the opportunity to organize matter at the
nanometer scale, building supramolecular constructs with particular
interest for healthcare. Drug nanocarriers are able to protect and ferry the
active molecules from their administration site to the targeted tissues,
organs or cells.!” Poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid)
(PLGA) (co)polymers remain among the most employed biomaterials to
engineer nanocarriers, due to their well-established safety profiles,
biocompatibility and biodegradability.” However, to date only few PLA
and PLGA nanoparticle (NP) formulations reached the clinical trials
stage.>¥* Indeed, on the journey from bench to bedside, the quality control
of NP formulations, encompassing accurate estimations of size
distributions and drug incorporation is a challenging step.

Drug loading (DL) is one of the key parameters that determines the
therapeutic efficacy of NPs. It has to be carefully optimized as an
important pre-requisite for a preclinical development.”! In the majority of
the studies, DL was determined by separating the NPs from their
suspension media, in which the non-encapsulated drug was quantified by
chromatographic or spectroscopic methods. These measurements
provide average values on large populations of NPs but cannot monitor
individually their heterogeneities in composition. Indeed, individual drug-
loaded NPs might drastically differ in terms of DL and/or drug location.
These factors are not only important for quality control, but they also play
a major role on the drug release mechanism and the interplay with
biological media. Significant DL variations could render only a fraction of
the NPs therapeutically active.”® To the best of our knowledge, today,
there is no available method able to assess DL and the molecular integrity
of the drug when inserted in the NPs, on an individual NP basis.

107



Chapter Il

Quantify drug loading at the single nanoparticles level using AFM-IR technique: a convenient method
to map and evaluate the drug distribution

There is a clear need to develop a characterization methodology that
would enable investigating polymeric NPs to: i) map the location of the
drug with high resolution and ii) perform quantitative analysis of the drug
content at the nanoscale level.”!

Only a few techniques including high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) enable mapping the
constitutive elements of the NPs. However, STEM-HAADF is not adapted
to the detection of carbon, hydrogen and oxygen (main components of
drug-loaded polymeric NPs) because of the presence of carbon in the
grids, trace water, and impurities in the NPs. Besides, this method only
tracks elements, but not whole molecules, therefore cannot ascertain drug
location. Single particle inductively coupled plasma mass spectrometry
(spICP-MS) could provide element mass concentration on single NP but it
excludes carbon based nanomaterials due to the intrinsic low sensitivity
of carbon in ICP-MS.['?

Electron microscopies (EMs) coupled with energy-dispersive X-ray
spectroscopy were also used for chemical mappings, but sensitive
polymeric NPs often suffer significant damages under the electron
beam.”! In addition, EMs often require cumbersome sample preparation
and do not allow three-dimensional imaging. Raman microspectroscopy
imaging coupled with chemical analysis is an interesting alternative, but
the method remains restricted by the diffraction limit, and its spatial

resolution is too low to explore the loading of NPs smaller than 300 nm.!""!

Our study aims at mapping the location of a drug within its polymeric NP
matrix with high spatial resolution (around 15 nm), and determining the
individual drug loading of a NP batch. These goals were achieved here in
the case of PLA NPs loaded with an anticancer drug by using atomic force
microscopy (AFM) coupled to infrared spectroscopy (AFM-IR). AFM-IR is a
method of choice, which combines the chemical sensitivity of infrared
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spectroscopy with the spatial resolution of scanning probe microscopy
AFM. It is based on the detection of photo-thermal process that occurs
within the sample after its illumination via tuneable pulsed IR laser. ['#
Indeed, when molecules absorb at the tuned wavenumber of the IR laser,
this results in a fast and highly localized heating leading to a rapid thermal
expansion of the sample, detected by the AFM tip in contact with the

surface. [

Noteworthy, the AFM-IR signal is proportional to the local IR
absorption!>"! Overall, AFM-IR allows chemical analysis overcoming the
classical IR diffraction-limit, achieving a nanometer-size resolution (~15
nm). 6" Noteworthy, AFM-IR can be operated either in top-down
illumination " where the laser shines directly on the sample, or in
bottom-up configuration ['¥, where the specimen is illuminated via an
evanescent field wave through an IR transparent prism . Furthermore, the
AFMIR measurements can be performed using the contact ', the tapping
201y or the peak force mode #" of the AFM. AFM-IR appears a priori as a
versatile technique to be used on almost any organic material under
ambient conditions with a high resolution that is promising to quantify the

composition of individual drug-loaded NPs.

Pioneering studies in our groups demonstrated that AFM-IR is a reliable,
non-destructive and direct method able to precisely locate and chemically
characterize PLA NPs of about 150 nm in diameter inside cells without the
need of labelling.”” This was a great advantage, as previous studies
reported that labelling with fluorescent dyes or other molecules can
significantly alters the physicochemical properties of the NPs and their

[23

interactions with biological systems.”®! In another study, the location of

the drug incorporated in PLA NPs could be precisely assessed despite the

).124 Surprisingly, it was found that the majority

very low loadings (< 1 wt%
of the drug was in the NP shell consisting of poly(vinyl alcohol) (PVA)
chains intermingled with the PLA cores. This location correlated well with

the fast ("burst”) release of the drug. In our investigations, AFM IR was
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used in the tapping mode, which is less invasive than the contact mode,
and thus better adapted for the loosely adhesive PLA NPs %

Scarce attempts have been made so far to use AFM-IR for quantification

purposes. In 2016, Tang et al.

investigated the distribution of
polyethylene components in high impact polypropylene alloys by using
AFM-IR in contact mode, using a set up with bottom up illumination that
necessitates the preparation of thin specimens on prisms and requires
perfect sample to prism adhesion. This study pointed out the necessity of
an external calibration to lead to a quantitative analysis by AFM-IR.
However, the proposed calibration by ATR-FTIR has the inconvenience of
the dependence of the analysed depth with the wavelength (the
penetration depth of the evanescent wave increases at lower
wavenumbers, and it must be adequately taken into account). This
semiquantitative method is therefore challenging to be adapted for
calibration purposes. More recently, Ramer et al. conducted
measurements using AFM-IR in contact mode, once again with a bottom
up illumination and analysed the sample parameters (thickness,
homogeneity, intensity of absorption bands) in an attempt to achieve a
rigorous quantitative measurement on poly(methyl methacrylate) films of
43 to 1243 nm thick. They suggested that thin samples (< 500 nm) should
be used to maintain a linear behaviour of signal intensity with the amount
of analysed sample.[®®!

To the best of our knowledge, no study has considered yet local
component quantification on NP systems by using AFM-IR, neither in top-
down nor in bottom-up configuration. Top-down approach in comparison
to bottom up, simplifies the sample preparation and is less constrained by
the physical properties of the sample (size, shape, transparency etc.)
therefore it is adapted to routine analysis. One of the other advantages of
this approach is the availability of AFM tapping mode that is ideal for
loosely adhesive and soft NPs.
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In this work AFM-IR was in top-down configuration and operated in the
tapping mode as the best configuration to avoid crushes or displacements
of PLA NPs.Y We present the quantification of the DL on single PLA NPs
together with the precise mapping of the drug inside the NPs. The
quantification methodology by employing AFM-IR was established by
using a series of PLA NPs (size range of 200-300 nm) loaded with a Re-
based anticancer drug. Re(l) tricarbonyl-diselenium complex with the
ability to modulate the redox status of cancer cells was used as it has been
involved in the most advanced preclinical studies up to date and showed
remarkable anticancer activity, efficacy at low doses and low toxicity.?”!
The administration of this newly emerging anticancer agent via NPs could

be a great step forward its targeted delivery to cancer cells.

The methodology proposed here establishes a precise calibration of the
infrared band intensities combining conventional IR microspectroscopy
and AFM-IR measurements using reference thin films with well-known PLA
and drug compositions. Drug loading was assessed on an individual NP
basis through the local AFM-IR spectral analysis. A fast local quantification
method was established by the use of IR maps that paves the way to
perform statistical analysis on numerous individual NPs within the same
batch overcoming the slowness of spectral analysis. Unexpectedly, it
allowed determining large differences in NP composition not correlated
to their sizes.

2. Results and Discussion
2.1. Preparation of NPs and films

The NPs were prepared with precise drug:PLA mass ratios, from O (pure
PLA) to 0.20. Empty NP(0), and drug-loaded PLA NPs were successfully
obtained by nanoprecipitation using PVA as emulsifier. They were named
according to the drug:PLA mass ratios used in their preparation, as
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NP(0.03); NP(0.10); NP(0.15) and NP(0.20). After removing aggregates by
filtration, the NPs were characterized (Table 1). Mean hydrodynamic
diameters of the NPs ranged from 249 to 264 nm, and polydispersities
from 0.1 to 0.3. Noteworthy, the drug content in the formulations had no
significant impact on the NP size. The NPs suspensions were stable for 3
months after their preparation, with less than 5% size variations.

Table 1. Characteristics of empty and drug-loaded NPs as a function of
the drug amount used in their preparation (drug:PLA mass ratio).

Name drug:PLA Mean PDI
mass ratio hydrodynamic
diameter [nm]

NP(0) 0 255+10 0.32+0.01
NP(0.03) 0.03 249+10 0.21+£0.09
NP(0.10) 0.10 264+12 0.09+£0.04
NP(0.15) 0.15 250+18 0.30£0.05
NP(0.20) 0.20 255+10 0.29+0.05

TEM images showed that the NPs had spherical shapes, with sizes in the
range of around 200-400 nm (Figure 1), in agreement with DLS data
(Table 1). The NP morphology was unaffected by the loaded drug.

A) B)

Figure 1. Typical TEM images of PLA NPs: A) NP(0) and B) NP(0.20). Scale
bars are 500 nm.
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To complement the study, films were casted using exactly the same
drug:polymer solutions which were used for NP preparation. The use of
physical mixtures of drug and PLA with well-known drug:polymer mass
ratios enabled to obtain the signal of bulk materials, avoiding the issue of
aggregate formation as it was the case with NPs. The films were named
according to their drug:PLA mass ratios as F(0); F(0.03); F(0.10); F(0.15) and
F(0.20). All the films were translucent with a homogenous aspect.

2.2. AFM-IR methodology

The films and NPs were characterized by AFM-IR which is schematically
represented in Figure 2. In the top-down configuration used here, the
AFM laser light is focussed on the oscillating cantilever, whereas a
photodiode detects the deflected light. In addition, a tuneable IR radiation
is shed onto the sample (Figure 2A). When a compound absorbs the
radiation an immediate expansion occurs in a small volume, and is
detected by changes in the cantilever deflections (Figure 2C, D). The main
idea here was to irradiate the sample with specific wavelengths at which
only one of the NP components (either drug or polymer) will respond. In
this way, maps of both drug and polymer can be recorded. To do so, it
was necessary in a first step to investigate the IR vibrational spectra of
each component of the NP to identify its “fingerprint”.
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Diode laser Photodiode

A)

Cantilever

IR source

Figure 2. In AFM-IR with top-down configuration pulsed, tuneable laser
light is focused onto the sample at the AFM tip location (A) enabling to
analyse the surface of individual NPs (B). When the IR matches the drug
(C) or the polymer (D) absorption band (« fingerprint ») a rapid thermal
expansion occurs due to heating (few kelvins #4?®). The picometric
expansion affects the cantilever oscillations, which are measured with the
photodiode. IR maps at specific wavelengths corresponding to the
polymer and/or the drug absorptions can be acquired.

2.3. IR Vibrational characterization

To specifically map each element constitutive of the films and NPs,
isolated IR bands are needed, to avoid overlapping/mixing of the response
with contributions from other components. The serie of films and NPs
mixtures were characterized by ATR-FTIR to determine their vibrational
absorption frequencies, focusing in particular on the carbonyl bands. To
begin with, the IR absorptions of each component (PLA, drug and PVA)
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were recorded separately and their corresponding IR bands were
attributed (Figure SI2).

Figure 3 presents the IR absorption bands in the region 1675-1908 cm™
in which the AFM-IR experiments are carried on. The optimal bands
selected to discriminate the PLA from the drug are located at 1760 cm™
for PLA and 1900 cm™ for the drug. The former band correspond to the
CO stretching of the carbonyl of the ester function of PLA while the later
correspond to the A" Cs stretching mode of the octahedral 7ac-Re(CO)3
moiety *!. In addition, this choice ascertains that the presence of eventual
residual PVA in the NPs formulations do not interfere with the detection
of the PLA matrix and that of the incorporated drug, as PVA presents in
the selected region a C=0 stretching absorption around 1724 cm’
(Figure 3).
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0.8 4
3: e 0] M
8
8 06 A O n HO n
c 4
3
5 041 Drug
g (o)
<
J /_Se’ | \‘Se~\
02 HO,C “Re’ CO,H
1 oc” Lo~co
0.0 S S e e
1675 1750 1825 1900 1975

Wavenumber (cm-T)

Figure 3. ATR-FTIR spectra of PLA (black), PVA (blue) and drug (red) that
were used to prepare films and/or NPs. Chemical structures of each NP
component are presented on the right.

2.4. Calibration by IR microspectroscopy
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After determining the drug and PLA fingerprints the next goal was to
establish the relationship between the intensities of the respective IR
signals of drug and polymer and their concentration inside the analysed
samples, films and NPs, in view of establishing a calibration curve to be
used throughout the study, for the proof of concept and drug
quantification by AFM-IR.

To do so, IR microspectroscopy was employed as an accurate analytical
tool to gain spatially resolved chemical information. It allowed
investigating films and NP samples which were gently compressed and
flattened to a fine and uniform thickness (~1um) ensuring non saturated
absorptions.

First, PLA-drug films were prepared with known respective concentrations
of each component. Analysed by IR microspectroscopy, the casted films
exhibited typical Fabry-Perot interference fringes. The fringes appeared as
sinusoidal waves that are characteristic of thin non-scattering samples
with uniform thicknesses.*” Chemical analysis of at least 5 independent
domains of 50 x 50 um or 75 x 75 uym (rectangular aperture) on each film
preparation was performed to gain insights into the homogeneity of bulk
samples at the spatial scale typically probed by classical infrared
microspectroscopy, ie of a few tens of microns. The domains analysed
showed reproducible spectra demonstrating that the samples were
homogeneous at such analysis scale.

Figure 4A shows typical spectral features of drug-PLA films, F(0)-F(0.20),
which were normalized to the PLA band intensity at 1760 cm™ (I1760).
Information in this region was comparable to ATR-FTIR data (Figure 3).
Band intensity at 1900 cm™ (l1900) steadily increased with the amount of
drug incorporated in the film (Figure 4A). A linear relationship (R°=0.98)
was found by plotting the ratios of the intensities of the specific carbonyl
bands of drug and polymer (I1o00 / I1760) against the drug:polymer mass

116



Chapter Il

Quantify drug loading at the single nanoparticles level using AFM-IR technique: a convenient method
to map and evaluate the drug distribution

ratios (Mdrug / MpLa Figure 4B). As the amount of PLA (mpa) was kept
constant throughout the experiments, this means that Iis0 / Ii7e0 is
proportional to the drug content in this explored drug concentration
range. This linear relationship was further used as a calibration curve.
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Figure 4. A) Absorbance spectra of F(0) (black), F(0.03) (orange), F(0.10)
(blue), F(0.15) (red) and F(0.20) (green) films recorded by IR
microspectroscopy, normalised to the PLA carbonyl intensity. B)
Calibration curve and its respective calibration line. Drug:polymer mass
ratios in the films were represented as marg/MmpeLa . Intensity ratios of
carbonyl band of drug to polymer were represented as Iis00 / I1760.-The
AFM-IR working range was in between 1675 and 1908 cm™ as detailed in
materials and methods (section 4.8).

In addition, bulk analysis of drug-loaded NPs was performed by IR
microspectroscopy. Figure 5A represents the absorbance spectra of six
NPs formulations prepared with different drug:polymer mass ratios.
Carbonyl band intensity ratios of drug and polymer (lig00/I1760) Were
plotted as a function of drug:polymer mass ratios (madrg /mria) (Figure
5B), The increase in the intensity of the drug fingerprint (1900 cm™) was
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evident upon the increase in its mass ratio. This indicates the successful
loading of the drug into the NPs. The presence of residual PVA in the
formulation was detected at around 1712 cm™ as a shoulder contribution

to the main PLA carbonyl band.
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Figure 5. A) Absorbance spectra of NPs prepared with initial drug
concentration of NP(0) (black), NP(0.03) (orange), NP(0.10) (blue), NP(0.15)
(red) and NP(0.20) (green). B) Intensity ratios of carbonyl bands (I1900 / I1760)
as a function of drug:polymer mass ratios used in the NP preparation and
calibration curve obtained with films of known mdrg/meia ratios (Figure
4B)

The I1900 / I1760 values were used to calculate the drug:polymer mass ratios
for each NP, i.e. NP(0)-NP(0.20), by using the calibration curve established
above (Figure 4B). Table 2 presents the drug:polymer mass ratios,
measured as 0.05+0.02; 0.14+£0.03; 0.17+0.04; 0.34+0.04 and 0.35+0.04
for NP(0); NP(0.03); NP(0.10); NP(0.15) and NP(0.20), respectively. The
AFM-IR working range was in between 1675 and 1908 cm™ as detailed in
materials and methods (section 4.8).
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Table 2. Drug:polymer mass ratios used in the preparation procedure
(Mdrug /MpLa), measured drug:polymer mass ratios and measured DLs of
NPs : NP(0)-NP(0.20).

NP(0) NP(0.03) NP(0.10) NP(0.15)  NP(0.20)
(mdrug /mPLA) 0 0.03 0.10 0.15 0.20
(mdrug/mPLA)m 0 0.04+0.01 0.24+0.02  031+0.04  0.36%0.07
eas.
DL (wt%) 0 43+12 195+23  235+38 265+66

Table 2 shows that the measured drug:polymer mass ratios in the NPs are
higher than the ones used for their preparation. This could be explained
by the fact that during NP formation part of the polymer precipitated
without forming NPs and did not entrap the drug. Whereas the
precipitates were easily removed, because of polymer loss, the measured
drug:polymer mass ratios in the NPs were higher than the ones used in
the preparation step. The “bulk” DLs of the NP formulations, calculated
according to equation 2, increased from 4.3 to 26.5 wt% with the
drug:PLA mass ratio used for their preparation (Table 2). Noteworthy, as
precipitates were formed during NP formation, the data altogether
question about the homogeneity of the NPs and point out the interest to
investigate and determine the drug loading of individual NPs within a
formulation, using AFM-IR. Before achieving this goal, the proof of
concept of quantification from AFM-IR measurements was established on
drug-PLA films with known compositions and proven to be homogeneous
by IR microspectroscopy.

2.5. AFM-IR calibration curve using drug-PLA films
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The aim here was to establish the comparability between quantitative
conventional IR microspectroscopy and AFM-IR, using the drug-PLA films;
F(0); F(0.03); F(0.10); F(0.15) and F(0.20).

Two main goals were pursued. First, the homogeneity of films was probed
with the nanometric AFM resolution, to check if the analysed regions of
interest are representative of the whole sample. To do so, 150 local
absorption spectra were recorded in three different locations on each of
the five investigated films. The IR intensities of both PLA and drug
fingerprints were analysed and compared. Second, it was important to
determine the sample thickness range in which quantification could be
carried on by AFM-IR. For too thin samples, the information could be at
the limit of detection due to a low signal-to-noise, thus not allowing an
accurate analysis. On the other hand, if the sample is too thick, the AFM-
IR information might arise only from the part of the sample probed and
not the whole sample due to the penetration depth of the detection, and
this can lead to misinterpretations of the sample overall composition.

Previous quantifications of film compositions by AFM-IR were all carried
on in contact mode with a bottom up configuration >, and the AFM-IR
signal was proven to be linear up to about 1 um sample thickness.[#®3"34
However, contact mode and bottom up illumination were shown to be
inadequate for NP investigation.”” It was of main interest to investigate
here for the first time the possibility to quantify sample composition by

AFM-IR in the tapping mode and using the top down illumination.

Films were casted with thicknesses lower than 500 nm, in order to cover
the range of NP’s thickness. Special attention was given to the analysis of
regions of the film which offered an extended range of thicknesses,
increasing progressively but not sharply. In addition, films with a wide
range of compositions were analyzed in order to study the relationship
between the AFM-IR signal and the relative concentration of each of their
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components. Indeed, a linear relationship is a requirement for quantitative
analysis by AFM-IR.
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Figure 6. A) AFM topography image of F(0.15). Green line shows the
measured spectral line map of 5 ym length. Grey regions represent the
substrate (signal below the threshold). B) Height profile of the studied
region. C) IR intensities at 1760 (black) and 1900 cm™ (red) collected from
23 local spectra on the green line with spatial intervals of 200 nm, and
plotted as a function of film thickness. Intensity ratios (1900 to 1760 cm
ie I1900/I1760) are plotted on the secondary Y axis (orange). D) 23 local IR
spectra recorded on the film in the topography image shown in A across
the 5 uym region with 200 nm steps. E) Normalized local IR spectra and
mean spectrum of spectra (blue dashed line). The AFM-IR working range
was in between 1675 and 1908 cm™ as detailed in materials and methods
(section 4.8).

Figure 6 summarizes the strategy pursued for the analysis of films
focussing on the example of F(0.15). The AFM topography image was
recorded at the edge of the film to study the IR signal as a function of the
thickness (Figure 6A). Local spectra acquisition was performed on a
region of 5 um length represented by the green line on the topography.
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The corresponding analysed height profile shown in Figure 6B shows that
the minimum and maximum film thickness were 35 nm and 425 nm,
respectively. The IR intensity values of PLA (1760 cm™) and drug (1900 cm’
") were plotted in function of the film thickness in Figure 6C, D, revealing
that the intensity values increase linearly with the sample thickness in the
region from 60 to 420 nm sample thickness. The deviation from the
linearity below 60 nm was related with the electromagnetic enhancement
induced by gold-coated cantilevers (tip) which may prevail for the lowest
thickness. Gold tips is mandatory in the top-down illumination to limit
self-absorption of the AFM probe and the induced enhancement is not
critical for sample which thickness above 100 nm. However the use of thin
samples has been shown to lead to non-linearity in the signal intensity as
well as possible artefacts during the analysis. **** The ratio of the two
carbonyl intensities (PLA and drug) plotted in a secondary axis (orange
circles) in function of the thickness (Figure 6C, D)), showed constant
values at around 0.22+0.02. This clearly indicates the homogenous
distribution of both drug and PLA within the film.

In a nutshell, these investigations allowed to keep track on the linearity of
the IR intensities of both drug and polymer as a function of the sample
thickness up to 420 nm, thus setting the ground of our approach.

Typical local spectra collected along the studied film (Figure 6A) were
plotted in Figure 6D, showing as expected, characteristic peaks of both
PLA and the drug, at 1760 cm™ and 1900 cm', respectively. Normalization
of the spectral profiles as shown in Figure 6E reveals the self-similar
nature of these curves that is also a signature of the homogeneity of each
analysed region. When the mean spectrum was plotted, as shown in
Figure 6E, it was observed that the mean peak intensity corresponding to
the polymer was roughly 5 times that of the drug. This further
corroborates our previous observation of the ratio of intensity profiles
plateauing at a value of 0.22+ 0.02 (Figure 6C).

122



Chapter Il

Quantify drug loading at the single nanoparticles level using AFM-IR technique: a convenient method
to map and evaluate the drug distribution

The same methodology was applied for all the films. Figure 7A shows
mean spectra of the five films FO-F0.20, normalized to the PLA carbonyl
band. The intensity of the drug carbonyl band at 1900 cm™ increases with
the drug concentration. For each studied film, the ratio of the intensities
of the carbonyl bands of the drug peaking at 1900 cm™ and the PLA one
at 1760 cm™ was plotted against the marg/mea mass ratio (Figure 7B). A
linear fit was obtained with a correlation coefficient R® = 0.98.
Nevertheless, the most significant inference from Figure 7B is the
observed linearity between intensity ratios and the concentration, thereby
enabling us to perform a quantitative analysis based on intensity ratio
measurements, in the sample thickness range from 60 to 420 nm.
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Figure 7. A) Normalized mean spectra of films analysed by AFM-IR; FO
(black), F(0.03) (orange), F(0.10) (blue), F(0.15) (red) and F(0.20) (green). B)
A linear curve was derived by the ratiometric analysis of the respective PLA
and drug band intensities obtained by AFM-IR as a function of the
Mdrug/MpLa Mass ratio. The AFM-IR working range was in between 1675
and 1908 cm™' as detailed in materials and methods (section 4.8).
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The proof of concept can now be completed with a comparative analysis
of the two techniques (quantitative IR-microspectoscopy and AFM-IR)
with respect to their calibration curves (Figure 4B and Figure 7B). As
listed in Table SI1, the ratio of the drug:PLA areas in IR-microspectroscopy
were 0, 0.03, 0.05, 0.08 and 0.12 for F(0); F(0.03); F(0.10); F(0.15) and F(0.20),
respectively with a slope of 0.57. In the case of AFM-IR, the slope of the
fitting curve equals to 1.40, and the drug:PLA areas values for the same
films were 0.08, 0.15, 0.23, 0.25 respectively. This reveals a scale factor of
2.71£0.5 between the two techniques, where the AFM-IR values are larger
than ones of IR-microspectroscopy. Same scale factor was driven as well
from the comparison of slopes of the two calibration curves obtained by
AFM-IR and IR microspectroscopy (Table SI1).

This scale factor was subsequently implemented to rescale AFM-IR spectra
of each film. The rescaled AFM-IR spectra were overlaid with those of IR-
microspectroscopy. This comparison was represented in Figure 8A for the
case of F(0.15) and in Figure SI3 for each film. Remarkably, the spectra
from the two techniques could be well superimposed. (Figure 8E). Taking
into account this scaling factor, the IR microspectroscopy calibration curve
(Figure 4B) can be used for quantification by AFM-IR.

On the ground of good agreement between the AFM-IR and IR
microspectroscopy investigations, the next step was to perform the
quantitative analysis on the NPs.
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Figure 8. Comparison of A) AFM-IR spectra (solid line) to IR-
microspectroscopy spectra (dashed lines) of F(0.15) B) data set and
calibration curve obtained from IR microspectroscopy (black) in
comparison to AFM-IR (blue) data set of the same films. A scaling factor
of 2.7 was applied to AFM-IR data. The AFM-IR working range was in
between 1675 and 1908 cm™ as detailed in materials and methods
(section 4.8).

2.6. Methodology for quantitative analysis of individual NPs
by AFM-IR in tapping mode

Following the demonstrated proof of concept and the correlation between
the two techniques, IR microspectroscopy and tapping AFM-IR, we
present here the methodology to perform quantitative analysis of the local
DL on individual NPs by using any of the two acquisition modes in AFM-
IR: local IR absorption spectra or IR map.

As an example, Figure 9 shows the case of the NP formulation NP(0.20).
The topography image (Figure 9A) was recorded on a 5 um x 5 ym area.
The NPs sizes ranged from 200 to 500 nm, in agreement with DLS and
TEM investigations. Figure 9B presents the local IR spectra on different
individual NPs. The absence of signal on the support (orange arrow,

125



Chapter Il

Quantify drug loading at the single nanoparticles level using AFM-IR technique: a convenient method
to map and evaluate the drug distribution

Figure 9B) clearly shows that the drug was only associated to the NPs and
that no residual polymer was on the support.

The ratio of the intensities of the drug and PLA IR bands (I1900/I1760) were
calculated from the NPs' local IR spectra (Figure 9B). The drug:PLA mass
ratios were calculated from the calibration curve equation established by
IR microspectroscopy (Figure 4B). Mass ratios were then converted to DLs
by using equation (2). For the four randomly chosen NPs, the DL were 4
% (violet arrow, NP of around 390 nm), 10 % (grey arrow, NP of 300 nm),
21 % (red or green arrows; NP of 425 nm) and 10% (black arrow; NP of
570 nm). The DL differed strikingly from one NP to another (4; 10; 21 %).
However, the DLs measured on the same NP in two points were consistent
(21 %, red and green arrows).
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Figure 9. A) Topography image of NPs. B) Local IR absorption spectra of
NPs and background recorded on the regions of interest indicated with
arrows in A. Orange arrow presents the analysis on the region without NP.
The AFM-IR working range was in between 1675 and 1908 cm™ as detailed
in materials and methods (section 4.8).
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Interestingly, the NP size and the DL do not correlate. It can be
hypothesized that the large heterogeneities in DLs (factor of 5) are due to
a random segregation between the drug and the polymer occurring in the
process of NP formation. Indeed, the NP preparation involves a dispersion
step, consisting in pouring a drug-polymer organic solution in water.
Immediately after, the common solvent of the drug and the polymer
diffuse in the aqueous dispersion medium. As a consequence, the polymer
precipitates under the form of NPs, while aggregates are also formed. This
nanoprecipitation process has been deeply studied and it was found that
NP and aggregate formation is strongly correlated to the experimental
conditions and the physicochemical properties of both the drug and

polymer.F’!

Possibly, the large DL heterogeneities observed here are
related to affinity differences between the drug and the polymer, leading
to phase separation at the nanoscale during the rapid nanoprecipitation
process. To the best of our knowledge, this is the first report of large
discrepancies in terms of individual NP composition. Moreover, these

differences are not related to the NP diameters.

Drug quantification using the IR absorbance spectra provides very precise,
local quantitative analysis on a region of around 10-15 nm depending on
the AFM tip. However, the investigation of a large number of NPs to
provide statistically relevant data is time consuming. Therefore, an
alternative method was developed here, based on the capability of AFM-
IR to perform IR maps of both drug and PLA, at the wavenumbers
corresponding to the “fingerprints” of these compounds. AFM-IR provides
access to the IR intensity in any point on the maps. Then, by dividing the
maps or by performing ratiometric analysis of the displayed IR intensities
on specific regions, DL can be assessed in any point. The method has the
advantage of providing information over large regions, thus allowing
analysing simultaneously a large number of NPs.
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To validate this approach, a direct transposition from local spectrum to
map was needed. Therefore, the strategy was to compare the initial local
AFM-IR spectra at a specific point with the reconstructed IR spectra from
a series of IR maps. To do so, at first, local IR spectra were recorded on 11
different points on an individual NP (Figure 10A). When normalized, all
the 11 local spectra were well overlapped and their average spectra
(represented in red curve in Figure 10C was further used. Then, a series of
23 IR maps (in the spectral range between 1670 and 1920 cm™ details see
method section) was recorded on the region containing the same NP.
These studies allowed measuring the IR intensities of randomly chosen
points on the NP.
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Figure 10. A) Topography image of drug-loaded NPs. One NP (indicated
with an arrow) was chosen. B) Local IR spectra recorded by AFM-IR on 11
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randomly chosen positions on this NP. C) Overlay of the average spectrum
of the 11 local IR spectra recorded by AFM-IR (red line) and the
reconstructed IR profile (black line) from the 23 IR maps series (precisely
at 1700, 1720, 1730, 1740, 1750, 1755, 1760, 1765, 1770, 1780, 1790, 1800,
1810, 1820, 1830, 1840, 1850, 1860, 1880, 1885, 1890, 1900 and 1905 cm’
"). 3 reconstructed spectra were obtained from randomly chosen locations
(on the chosen NP) and averaged. The AFM-IR working range was in
between 1675 and 1908 cm™ as detailed in materials and methods
(section 4.8).

From each IR map recorded, the IR intensities of a selected point were
retrieved. Then, the local IR spectra were obtained by plotting the intensity
values against their corresponding wavenumbers. After recording the local
spectra of three different points on the same NP, average data for each
wavenumber are shown as black squares in Figure10C.

The resulting average local spectrum extracted from the maps (black line
in Figure 10C) was well superimposed to the high resolution measured
spectra at specific positions (red line in Figure 10C), which validates that
a quantitative study can be made simply by recording a series of IR map.
Eventually, from these average local spectra, intensities of the carbonyl
bands were determined to calculate the drug:PLA mass ratio from the
calibration curve equation (scale factor was used). The DL was calculated
as 28+6 wt%.

The same NP was further analysed focusing on IR maps. Its topography
image represented in Figure 11A reveals the NP size of around 320 nm
and height of 90 nm (Figure 11B). IR maps recorded at 1760 cm™" and
1900 cm™ (Figure 11C, D) revealed the location of both the polymer and
the drug, although a lack of intensity with a crescent shape was observed
in the upper part of the NP. This phenomenon, previously reported for PLA
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NPs, was associated with a phase shift during the contact between the tip
and the NPs in tapping AFM [2436],
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Figure 11. A) AFM topography image of a single NP. B) Height profile of
the NP recorded on the blue line C) IR map recorded at 1760 cm™ and D)
1900 cm™ to detect PLA and the drug, respectively. E) IR intensity profile
at 1760 cm™ (PLA, black) and 1900 cm™ (drug, red) and the ratios of IR
intensities (1900 to 1760 cm™) (orange) recorded on the line as a function
of thickness of NP and plotted on the secondary Y axis. Grey regions
represent the AFM support (signal below the threshold). The AFM-IR
working range was in between 1675 and 1908 cm™' as detailed in materials
and methods (section 4.8).

Intensity profiles were extracted through the line scan on the NP (black
and red line Figure 11C-D) and plotted against thickness (Figure 11E).
The evolutions of the intensity profiles at 1760 cm™ (black) and 1900 cm™
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(red) suggested the proportionality of IR intensity with thickness. Both
intensities were linear (R>> 0.96) when the thickness was above 60 nm, in
good agreement with the lower limits found in the proof of concept. The
ratios of the intensities at 1908 to 1760 cm™ were calculated showing a
constant value of 0.74+0.06 except at the borders of the NP (orange dots
Figure 11E). This is an indication of the good homogeneity of the NP in
terms of composition. The deviations observed at the edges of the NP are
most probably due to reaching the limits of AFM-IR detection, as shown
in proof of concept. Noteworthy, the constant value of 0.74+0.06 was the
average of 17 measurements, above the thickness threshold of 60 nm. The
corresponding DL was then calculated and obtained as 32+6 %. This value
is in line with the DL calculated by local IR spectra (28+6 wt%, Figure 10)
emphasizing the accuracy of the proposed quantification method.
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Figure 12. A) Ratio of the IR maps recorded at 1900 cm™' (drug) to the one
at 1760 cm™ (polymer) as shown in Figure 11D and 11C, respectively.
Detailed profile analyses were performed along a distance of 200 nm on
15 different regions represented in black lines on the NP. B) The ratio of
intensities (1900/1760) was recorded from the 15 profile analysis (A), as a
function of distance. Each grey curve represents one profile analysis and
the average curve is shown in purple.
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The next step consisted of a complementary study, where 15 profile
analyses were carried on the NP’ ratio map (1900/1760) as shown in
Figure 12A. The ratio map appeared to be almost constant. The ratios of
intensity profiles were recorded on the black lines and plotted as a
function of distance (200 nm) in Figure 12B. A linear trend was obtained
for each analysed profile, which suggests the NP’s overall homogeneity.
Noticeably, the calculated ratios of intensities were around 0.7, as the
violet line represents the average profile that is in close agreement with
the above findings (average of 0.74+0.06, Figure 11E).

Finally, here we show the simple protocol proposed in this study for the
local quantitative analysis of a large set of individual NPs. Topography
image was recorded (Figure 13A) while simultaneously acquiring
chemical maps by illuminating the sample with the laser at 1760 cm™
(Figure 13B) and at 1900 cm™ (Figure 13C), to detect the PLA polymer
and the drug, respectively.
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Figure 13. A) AFM topography image of NP(0.20). IR maps recorded by
AFM-IR at B) 1760 cm™ and C) 1900 cm™ to detect the polymer and the
drug, respectively. D) Ratio of the IR maps recorded at 1900 cm™ (drug) to
the one at 1760 cm™ (polymer).

The IR map at 1760 cm™ displays the location of the polymer, thus the
NPs. While the NPs appear to vary in size (80 to 370 nm), even the tiniest
ones could be detected in the IR PLA map (Figure 13B) with regard to the
topography image (Figure 13A). Map at 1900 cm™' revealed however, that
only few of the NPs contain the drug (Figure 13C). This clearly points out
the chemical heterogeneity among the NPs arising during the NP
formulation and emphasizes the interest of performing NP
characterization individually. Simply by the ratio of two IR maps, a
statistical analysis on over 20 individual NPs was performed overcoming
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the slowness of the spectral analysis. Results showed that only 9 of the
NPs were loaded, in which the DLs varied from 10 to 90 wt% with no
dependence on the NP size. We hypothesized that the discrepancies in
terms of NP DLs were due to their fast precipitation in the preparation
process, inducing drug/polymer segregation. Since NP function is tightly
regulated by the physicochemical properties bestowed by their
composition, such significant DL variations could render only a low
fraction of the NPs therapeutically active. While heterogeneities in terms
of sizes of NPs obtained by nanoprecipitation were widely reported, up to
our knowledge, this study presents for the first time large heterogeneities
in terms of drug content in individual polymeric NPs.

3. Conclusion

A stringent correlation was proven between IR microspectroscopy and
AFM-IR in tapping mode with a top-down illumination. A correlation
between these two techniques was shown, enabling to perform
quantitative chemical analysis by AFM-IR in tapping mode with a top
down illumination at a specific location with AFM resolution. The method
was shown to be robust, as calibrations of IR intensities of both
components of the studied NPs (drug and polymer), determined by two
different methods, showed no statistical differences. By performing local
AFM-IR on an individual NP, it was possible to investigate its chemical
homogeneity at nanoscale (10-20 nm) and to calculate its drug mass
fraction within 60 to 420 nm sample thickness.

An important finding here was to evidence huge heterogeneities in terms
of individual NP composition, by contrast to films prepared using the same
components which were found to be homogeneous.

These studies proved the usefulness of AFM-IR in nanomedicine, by
enabling a precise chemical analysis and quantification at the nanoscale.
We believe that these findings go steps beyond the commonly used
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characterization methods, by affording new tools to better understand the
supramolecular organization of NPs and their composition with a
nanometric resolution. The methodology proposed here can set up the
ground towards quality assessment of drug nanocarriers. Moreover, it
could also help understanding the NP formation process and help
optimizing the formulations protocols.

Further studies will comprise AFM-IR investigations of other type of NPs
such as hybrid organic-inorganic ones and more complex hybrid
structures resulting from the association of polymeric and metal NPs. It is
worth investigating the limits of the methods in terms of minimal NP size
that can be analysed as a function of the nature of the materials that are
used. Furthermore, the analysis spectral domain of AFM-IR could be
enlarged given that novel lasers can be employed, opening the way to
study a larger set of available drugs and polymers.

4. Materials and methods
4.1. Chemicals

PLA acid terminated (MW: 6-10 KDa, EXPANSORB® 10P006) was kindly
donated by Sequens (Expansorb, Aramon, France). Poly (vinyl alcohol)
(PVA) (30000-70000 g/mol, 88% hydrolyzed), Re(CO)sCl, cyclohexane and
acetone were purchased from Sigma-Aldrich and used as received.

Calcium fluoride (CaF,) optical windows used as AFM-IR substrates were
purchased from Crystal GmbH (Germany). AFM-IR cantilevers (Multi75GB-
G, f=75 kHz 3N/m) were supplied from Budged Sensors (Germany).
Eppendorf™ membrane filters (0.45 pm) were used to remove precipitates
from NP suspensions.

4.2. Drug synthesis and characterization
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The Re(l) tricarbonyl-diselenium drug was synthesized, as previously
reported, by reacting the commercially available Re(CO)sCl with a
selenium containing ligand. ") Briefly, Re(CO)sCl (0.154 g, 0.43 mmol) was
added to the solution of 3,7-diselena-nonanedioic acid (0.135 g, 0.43
mmol) in 15 ml of THF. After stirring at reflux overnight THF was removed
under reduced pressure, and the drug was recovered as a white powder.
Yield: 0.240 g (90%); MS (positive mode): 589 ([M - CI]*); IR: 3330-2340 (m),
2029 (s), 1935 (s), 1895 (s), 1731 (s), 1699 (s), 1415 (m), 1351 (m), 1282 (m),
1249 (m), 1206 (s), 1186 (m), 1092 (m), 834 (m), 785 (m), 752 (m), 670 (m),
637 (m), 624 (s), 605 (m) cm™"; '"H NMR (CD3OD): § 2.6-3.9 (m, 10 H); Anal.
Calc. for C1oH1207ClSezRe: C, 19.25; H, 1.94. Found: C, 19.46; H, 1.97.

4.3. Preparation of drug loaded PLA films

The physical mixtures of PLA and (Re)-based drug were prepared in
acetone with drug:PLA mass ratios 0; 0.03; 0.05; 0.10; 0.15 and 0.20. The
PLA concentration was 100 mg/mL for all the solutions. The PLA-drug
mixtures were vigorously stirred overnight at room temperature to
achieve complete dissolution. Then, 15 pL of each solution were casted
onto glass plates and the solvent was allowed to evaporate overnight at
room temperature. Translucent, homogeneous films were thus obtained
and named according to their drug:PLA mass ratios as F(0); F(0.03); F(0.10);
F(0.15) and F(0.20). They were further analysed in IR microspectroscopy.
For AFM-IR studies, films were prepared and analysed directly on CaF:
windows. To do so, the previous PLA-drug mixtures were diluted ten times
in acetone and 5 pL of these solutions were casted and spread on the CaF:
windows, followed by complete solvent evaporation.

4.4. Preparation and characterization of drug loaded PLA NPs

Drug-loaded PLA NPs were prepared by nanoprecipitation. Briefly, 0.5 mL
of drug-PLA mixtures (drug:PLA mass ratios of 0; 0.03; 0.05; 0.10; 0.15 and
0.20) was added drop-wisely into 5 mL of 0.5% PVA aqueous solution
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under continuous vigorous magnetic stirring. The rapid solvent diffusion
in the aqueous phase led to instantaneous precipitation of the polymer to
form NPs. The organic solvent was evaporated at room temperature under
gentle magnetic stirring. Control NPs were prepared under the same
conditions except that no drug was added. Resulting NPs were named as
NP(0); NP(0.03);NP(0.10); NP(0.15) and NP(0.20), according to the
drug:PLA mass ratios used in their preparation. NP suspensions were
filtrated through a cellulose 0.45 pym membrane to remove precipitates.
These NPs were stored at 4°C. All formulations were prepared at least in
triplicate.

DL, a commonly used term to describe drug quantity in drug delivery
systems, was defined as the mass fraction of NPs that is composed of drug
and was determined according to following equation (1):

) __massof drug in the NP

DL (wt% * 100 (1)

mass of NP

where mass of NPrefers to sum of the masses of drug and PLA. Therefore,
if m is the drug:PLA mass ratio in the NPs, DL was represented as (2):

m
m+1

DL (Wt%) = —— % 100 2)

The NP average hydrodynamic diameter was determined by DLS at 25 °C
with an equilibration time of 60 s using a Zetasizer® (Nano ZS90, Malvern
Instruments, Worcestershire, UK). All formulations were measured at least
in triplicate. Mean diameters were reported as Z Average (nm) = SE
(Standard Error) with the polydispersity index (PdI). The NPs mean
diameters were monitored during three months of storage at 25 °C.

4.5. TEM

TEM images of NPs were acquired using a JEOL electron microscope (JEM
100 CX II, operating at 120 kV) equipped with an US1000 2kx2k camera
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(Gatan). To do so, 5ul of samples were deposited onto a 400 mesh carbon-
coated copper grid beforehand treated with a glow discharge (easiGlow,
Ted Pella Inc).

4.6. ATR-FTIR spectroscopy

ATR-FTIR spectra of pure drug, PLA and PVA were obtained by using a
Fourier Transform Bruker Vertex 70 spectrometer (MCT detector, cooled
down using liquid nitrogen) and an ATR module (PIKE MIRacle crystal plate
diamond ZnSe). Spectra were recorded in the 4000-600 cm™' range with

an accumulation of 100 scans and a spectral resolution of 4 cm™.

4.7. IR microspectroscopy

IR microspectroscopy measurements were recorded on a Nicolet
Continuum infrared microscope (Thermo Fisher Scientific) equipped with
a liquid nitrogen cooled MCT detector, with a x32 objective. Spectra were
recorded in transmission mode covering the 4000 to 650 cm™ energy
range. Spectra were acquired by averaging 128 scans and were recorded
at 2 cm™' spectral resolution. The aperture dimension on the sample was
set to 50 x 50 or 75 x 75 ym, depending on the local homogeneity of the
area.

Films and NPs were analysed as bulk. For a reliable quantitative analysis,
the thickness of the analyzed samples was carefully optimized and
controlled using a diamond compression cell. Smooth and flat samples in
the um thickness range were obtained.

For each sample, at least five independent areas were analysed. Before
each analysis, a background spectrum was collected in a clean region of
the diamond substrate without sample. The transmittance spectrum was
obtained by dividing the sample spectrum by this background. The
spectra were extracted in transmittance, and samples thin film interference
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fringes were baseline-corrected through a spline function generated in the
software Origin Pro 8. Then spectra were converted to absorbance.

4.8. AFM-IR

NanolR-2 (Anasys Instruments, Santa Barbara) in top-down configuration
coupled with a multichip QCL source (MIRcat, Daylight Solutions; tuneable
repetition rate range of 0-2 MHz; maximal spectral resolution of 0.1 cm™)
covering the range from 890 cm™ to 1945 cm™ of the mid-IR region with
a tuneable repetition rate was used in tapping mode. The setup was
described previously in details.”” The QCL beam was focused onto the
gold-coated silicon probe (tapping AFM-IR cantilever, Multi75GB-G, f=75
kHz 3N/m, Budged Budget Sensors)) that avoids the effects linked to IR
absorption of the silicon cantilever. Measurements were carried out with
the tapping oscillation at the fundamental mode of cantilever and IR
absorption was detected using the second mode . AFM tip was fixed at
a specific location to acquire local IR spectra (also line or matrix spectra)
by tuning the laser wavenumber with a spectral resolution of 1 cm™.
Topographic images were acquired simultaneously with IR absorption
maps at the specific wavenumbers. IR map of single NP was performed at
23 different wavenumbers, precisely at 1700, 1720, 1730, 1740, 1750, 1755,
1760, 1765, 1770, 1780, 1790, 1800, 1810, 1820, 1830, 1840, 1850, 1860,
1880, 1885, 1890, 1900 and 1905 cm™. They were then analysed using the
MountainMap 7.3 software. To each recorded image, a background
correction was applied, followed by a Gaussian filtering of 3x3 pixels.
Threshold was performed by setting non-measured points to grey. Gold
palette was then applied to the final images.

150 local IR spectra were taken for each film in three different locations
and were analysed on Orange 3.27.1. Spectra were filtered using the
Savitzky—Golay algorithm (2"* order polynomial using 15 points), followed
by pre-processing with extended multiplicative signal correction (EMSC)
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since it deals with variations in the vertical scale and offsets *®. Resulting
spectra were baseline subtracted on the y-axis in order to set the baseline
at zero outside the absorption regions, prior to calculate the intensity
band ratios.

4.9. IR Microspectroscopy and AFM-IR data treatment

In order to establish comparability between classical IR-
microspectroscopy and AFM-IR spectra, we took into consideration two
factors. The first is that the measured AFM-IR bands appeared slightly
broader than the FTIR microspectroscopy. A simple broadening correction
could enable to superimpose the two carbonyl bands of PLA from both
measurements. The C=0 band of PLA (at 1760 cm™) of each measured
film was then normalized to unity.

The second consideration was related to the spectral analysis range in
AFM-IR. The Quantum Cascade Laser (QCL) used in AFM-IR limits the
measurements to about 1908 cm™, where the laser power starts dropping
significantly (Figure SI1). The useful spectral acquisition range was thus
ended at 1908 cm™.

To obtain a calibration curve, the intensity ratio 1900/ I1760 (the intensity of
the peaks corresponding to the drug (1900 cm™) and to the PLA (1670 cm’
") was plotted as a function of drug:PLA mass ratios (Mdrug/ MeLa).

IR spectra of NP (as bulk) were measured and ratios were evaluated using
the intensities of the carbonyl absorption in selected peaks corresponding
to PLA and the drug. In this way, the drug:PLA mass ratios in each NP
formulation was calculated from the calibration curve, and then converted
to the DL (wt%).

Supporting information
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Figure SI 1. Power of QCL laser in function of the wavenumber recorded
with a power meter and used as background for the local spectra
recorded in AFM-IR
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Figure SI 2. ATR-FTIR spectra of the compounds used to prepare films
and/or NPs; PLA (black), PVA (blue), drug (red).

PLA has a characteristic CH3 group appearing at 1068 and 1133 cm™. The
bands at 1090 and 1188 c¢cm™ correspond to the C-O-C ester bond
stretching. Furthermore, C-H bending bands are found in the region 1300-
1500 cm™". The band at 1760 cm-1 was attributed to stretching of the C=0
of carboxylic acid group. For PVA, the characteristic absorption bands are
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identified for C=0 at 1724 cm-1, and for CH bending at 1415 cm™ CH2
wagging was at 1390 cm™', CH wagging at 1268 cm™, C-C and C-O-C
stretching at 1151 cm™', C=0 stretching at 1106 cm™ and C-O stretching
at 1045 cm™". In addition, C=0 of carboxylic acid group of the drug was at
1699 and 1729 cm'and strong CO stretching bands were found in the
region at 1900 cm™.

Table SI1. Comparison of calibration curves performed with AFM-IR and
IR microscopy on the films prepared with known concentrations. Standard
deviations are less than 0.01.

Ratio of intensities (00011760

Calibration F(0) F(0.03) F(0.10) F(0.15) F(0.20) Slope

technique
IR micro- 0 0.03 0.05 0.08 0.12 0.57
Spectroscopy
AFM-IR 0 0.08 0.15 0.23 0.25 1.40
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Figure SI3. Comparison of AFM-IR spectra (solid line) to IR-Mic spectra
(dashed lines) of films A) F(0.03), B) F(0.10), C) F(0.15) and D) F(0.20). A
scaling factor of 2.7 was applied to AFM-IR.
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Chapter IV
A comprehensive investigation of the interactions of human serum albumin with polymeric and hybrid nanoparticles

Abstract

Nanoparticles (NPs) engineered as delivery systems continue to make
breakthroughs as they offer numerous advantages over free therapeutics.
Although an intensive research is dedicated to the development of NPs for
nanomedicine, their translation into clinics is hindered by the lack of a deep
understanding of their interaction with biological media and in particular with
proteins. Interactions with blood proteins, determine the NPs in vivo fate, the
efficacy and the immunological toxicity of NPs. Moreover, blood protein
function and structure can be altered by contact with NPs. In order to fulfill
the growing need of investigating nano-bio interactions, this study provides
a systematic understanding considering the two main aspects of nano-bio
interactions: i) protein adsorption on the surface of NPs so called protein
corona and ii) modifications on protein’s structure and stability after being in
contact with NPs. A methodology was developed by combining orthogonal
techniques that takes advantage of analyzing the quantitative aspects of
protein corona formation and qualitative aspect of NP effect on protein
structure and stability with a model protein, human serum albumin (HSA). A
protein kit together and capillary electrophoresis provided quantitative
information on the adsorbed protein while a comparative quantitative
analysis was performed on LC-MS. Capillary electrophoresis, remarkably
allowed the separation of HSA forms (cysteinylated, native and glycated) that
gave insights on the qualitative aspects of nano-bio interactions. SR-CD was
the method of choice for the secondary structure analysis and thermal
stability of HSA. A comparative study was designed with NPs comprising
different cores and shells. This includes two different type of NPs (organic vs
hybrid), prepared with or without polyethylene glycol (PEG) that is a
hydrophilic polymer chain, modifies the surface properties of NPs, known as
shielding nano-bio interactions and increase NP blood circulation. This
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strategy allowed a deep understanding of the contributing factors for nano-
bio interactions. Polymeric and hybrid organic-inorganic NPs of similar sizes
presented distinct HSA adsorption profiles quantitatively. PLGA NPs showed
protein repelling properties however they induced structural modifications
on HSA. On the other side, HSA showed a significant affinity to nanoMOFs
and protein corona was formed affecting also the protein structure. The
shielding impact was gained through PEGylation for both NPs avoiding both
the protein corona formation and modifications on unbound HSA.

Introduction

Engineered nanoparticles (NPs) developed with the advent of
nanotechnology hold a great promise for revolutionizing medicine owing to
their unique physicochemical properties that are different from those of bulk
materials. NPs were employed as drug delivery vehicles with targeting and

theranostic abilities

. Although a significant amount of work has been
dedicated to the development of novel NPs and their physicochemical
characterization, the insufficient understanding of NPs' interaction with
biological molecules, so called nano-bio interactions, is an obstacle for their

transition into clinics. 2

Immediately after the NP are administered into the bloodstream, a dynamic
interplay takes place between their surface and plasma proteins, leading to
the formation of a protein corona * * The PC composition depends mainly
on the physicochemical properties of the NPs (surface hydrophilicity and
charge) and on their size and shape . PC governs the biological identity of
the NPs and determines their /n vivo fate, stability and toxicity ® 7 ® Once
adsorbed onto the NPs’ surfaces, certain proteins act as opsonins, triggering
the recognition and removal of the NPs by the immune system °.
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In most of the reported studies, the PC formation resulted in a consequent
conformational and functional change of the adsorbed proteins. '® ' Thus,

the nano-bio interactions induced protein structural rearrangements ¢ '

aggregation, inappropriate signaling and other functional alterations. > ' ',
Protein misfolding diseases were reported as a result of protein unfolding

upon nano-bio interactions °.

Proteins can also interact with NPs, without adsorbing onto their surface, but
the contacts due to Brownian motions can lead to alterations in their
structures. However, few studies dealt yet with these important aspects. For
example, silver nanoparticles of around 15 nm precipitated lysozymes,
modified the secondary structure of transthyretin and affected the stability of
human serum albumin (HSA)". Gold NPs denaturated bovine serum albumin
(BSA) '® in contrast to Gadolinum-based NPs, which were shown to increase
the stability of HSA '. Silica NPs of around 26 nm increased the affinity of
haemoglobin for oxygen %°. It was emphasized that the thermodynamic
stability and the secondary structure of blood proteins may vary in the
presence of NPs".

In this context, an intensive research was dedicated to engineering the NPs’
surfaces to modulate their interactions with proteins, and more particularly,
opsonins®. NPs with protein-repelling surfaces such as those made of
poly(ethylene glycol) (PEG) had long blood circulation abilities (“stealth”
properties) .

PEG remains nowadays one of the most employed coating materials to
reduce protein adsorption onto the NPs. At the same time, polylactide-co-
glycolide (PLGA), a biodegradable polymer approved by food and drug
administration (FDA), has been widely used to elaborate the NPs' cores and
to incorporate a variety of active molecules. Several microparticles based on
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PLGA are on the market %' but only one NP formulation based on PLGA-PEG
(BIND-014) made up the way to clinical trials ** . More recently, highly porous
NPs made of metal-organic frameworks (nanoMOFs) attracted growing
interest in nanomedicine in reason of their “green” (organic solvent free)
preparation, drug loading and surface functionalization #. Iron carboxylate-
based nanoMOFs (MIL-100, stands for material of Institute Lavoisier) were
non-toxic /n vivo®*. Their surface was successfully engineered with PEG shells

by various strategies % .

The development of nanoparticulate drug carriers is in need of a
methodology for the deep understanding of their interactions with blood
proteins, crucial to predict their /n vivo fate and possible toxic side-effects.
The large majority of analytical methods proposed so far relied on the
analysis of the PC: i) sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE) and mass spectroscopy (MS) allowed protein
identification #’; ii) adsorbed proteins were visualized using optical, electron
and atomic force microscopies % iii) the kinetics of protein adsorption were

studied by isothermal titration calorimetry (ITC) '® #°

resonance *° . These techniques give valuable information about the

and surface plasmon

thickness and density of the protein layer on the NPs, on the affinity of various
proteins for the NPs and on the adsorption kinetics. However, they lack
structural information on the PC.

In this context, fluorescence spectroscopy has been employed to study
protein structure and conformation *? as well as protein binding affinity for
the NPs **** 3>, However, protein labeling with fluorescent dyes might change
their conformation, structure and affinity for the NPs ®. Therefore, analytical
techniques which do not require labelling are of main interest. Moreover, the
strategic combination of different analytical techniques enables gaining both

153



Chapter IV
A comprehensive investigation of the interactions of human serum albumin with polymeric and hybrid nanoparticles

qualitative and quantitative aspects on the PC and a better understanding of
NP-protein interactions .

In this study we provide a comprehensive analysis on protein interactions of
two important types of NPs (PLGA and nanoMOF) and their PEGylated
counterparts by using human serum albumin (HSA) as a model protein.
Considering NP-serum protein interactions, HSA is typically the first protein
to undergo adsorption due to its extraordinary ligand-binding capacity and
predominant abundance in blood *’. The orthogonal methodology proposed
here combines both quantitative and qualitative assessments of the amounts
of adsorbed HSA, as well as an evaluation of the integrity of the non-
adsorbed protein.

The experiments were designed with the aim of avoiding the need of
desorbing HSA from the NPs' surfaces without any sample pretreatment, in
order to avoid misleading results 2. First, the amounts of adsorbed HSA were
determined with a protein kit. Then, capillary electrophoresis (CE) allowed
both an accurate protein quantification and gaining valuable qualitative data
on the HSA forms (native, cysteinated and glycated) once in contact with NPs.
LC-MS investigations completed the studies, providing quantitative data on
the amount of adsorbed protein. Finally, state-of-the-art Synchrotron
radiation circular dichroism (SR-CD) gave complementary insights on the
stability of the protein in contact with the NPs.

It was discovered that the two types of NPs studied here (PLGA and
nanoMOFs) behaved differently regarding protein adsorption. The
complementary experiments showed that no surface is completely inert with
regard to protein interactions. Surprisingly, in the case of PLGA NPs, despite
an undetectable HSA adsorption, important changes occurred in protein
structure and stability upon prolonged contact with the NPs. On the opposite,
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nanoMOFs adsorbed high amounts of HSA but the protein remaining in the
supernatants was practically unaffected. Finally, PEG coating provided
efficient shielding effects towards protein adsorption and structural
modification in both cases.

Materials & Methods
Chemicals

PLGA 50:50 acid terminated (MW: 10-20 KDa, Expansorb® 10P019) and PLGA
50:50 PEG terminated (Mw=32-70 KDa, Expansorb® 10P037) were kindly
donated by Sequens (Expansorb®, Aramon, France). Poly (vinyl alcohol) (PVA)
(30000-70000 g/mol, 88% hydrolyzed), anhydrous dichloromethane (DCM),
sodium chloride (NaCl), sodium phosphate dibasic (Na2HPOs), potassium
phosphate monobasic (KH2PQO4), formic acid, 1,3,5-benzenetricarboxylic acid
(BTC) and acetonitrile were all purchased from Sigma-Aldrich (Saint-Quentin-
Fallavier, France). Iron (Ill) chloride hexahydrate (98%) was from Alfa Aesar
(Schiltigheim, France). Deionized water was obtained from a Direct-QR 3
Water Purification System from Merck Millipore (Billerica, MA, USA). All
buffers were prepared using deionized water and filtered through a 0.22 um
nylon (VWR) before use. In particular, phosphate buffer at pH 7.4 (10mM) was
prepared by mixing stock solutions of KH.PO4 and Na:HPO4 in deionized
water.

Plasma derived Human Serum Albumin (HSA) (lyophilized powder, essentially
globulin free, >99%), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), sodium phosphate monobasic and sodium dodecyl sulfate (SDS)
were obtained from Thermo Fisher Scientific (Les Ulis, France). The
background electrolyte (BGE) used in capillary electrophoresis was 75 mM
HEPES, containing 0.5 mM SDS at pH 8.0 adjusted with 1T M NaOH before
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adding water to a final volume of 50 mL. Pierce™ BCA protein assay kit was
purchased from Thermo Fisher Scientific.

Preparation of PLGA and PLGA-PEG NPs

PLGA NPs were prepared as previously reported using PVA as emulsifier and
using DCM solutions of PLGA or PLGA-PEG (75 mg/mL)*°. Briefly, aqueous
and organic phases were mixed using a sonic probe (Sonopuls HD 2070,
BANDELIN electronic GmbH & Co, 270 Berlin, Germany) at 40% of power for
15 sec. The dispersion medium was 5 mL of 0.5% w/v PVA solution containing
1% w/v NaCl and was sonicated for 30 seconds at 40% of power in an ice
bath to avoid overheating. The resulting emulsion was left at room
temperature under gentle magnetic stirring overnight to allow the organic
solvent to evaporate.

Synthesis of CD-PEG derivative

CD-PEG was synthesized as previously described (Cutrone et al) using
phosphorylated B-cyclodextrin (B-CD) building-blocks to bind to the metallic
sites on the nanoMOF surface. B-CD was chosen because its dimensions are,
as needed, large enough to avoid penetration within the MIL-100(Fe)
nanoMOFs pores and their numerous free OH groups are very suitable for
introducing functional groups in the primary or/and secondary rims.

Synthesis of MIL-100(Fe) nanoMOF and PEG coating

Iron trimesate nanoMOFs were synthesized using a microwave-assisted
hydrothermal method described elsewhere. “° *! Briefly, 30 mL of an aqueous
mixture containing 6.0 mM iron chloride hexahydrate and 4.0 mM of BTC was
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heated at 130°C under stirring for 6 min and under microwave irradiation at
1600 W (Mars-5, CEM Corporation, Matthews, NC, USA). The synthesized
nanoMOFs were recovered by centrifugation at 10000 g for 15 min and
purified by six times washing with absolute ethanol. They were stored as
ethanolic suspensions at room temperature until further use. Before the
experiments, ethanol was removed by centrifugation and nanoMOFs were
redispersed in aqueous media by vortex.

PEG-coated nanoMOFs (nanoMOFs-PEG) were prepared as previously
reported *° % *2 by incubating overnight at room temperature the nanoMOFs
suspensions in water (2mg/mL) with CD-PEG solutions (0.2 mg/mL).

NP characterization

Morphology of NPs was visualized by transmission electron microscopy
(TEM) with a JEOL electron microscope (JEM 100 CX II, operating at 120 kV)
equipped with an US1000 2kx2k Gatan camera. 5uL of samples were
deposited onto a carbon-coated copper grid treated beforehand with a glow
discharge (easiGlow, Ted Pella Inc), and excess liquid was removed with a
filter paper after 30 sec.

Mean hydrodynamic diameters and size distributions were determined by
dynamic light scattering (DLS) at 25°C with an equilibration time of 60 sec
using a Zetasizer® (Nano ZS90, Malvern Instruments, Worcestershire, UK). All
formulations were measured at least in triplicate. Mean diameters were
reported as Z Average (nm) + SE (Standard Error) with the polydispersity
index (PdI). Zeta potential (ZP) was measured by in KCI T mM at 25°C with a
Zetasizer®. Additionally, nanoMOFs were characterized by nitrogen sorption
measurements performed on a Micromeritics Instruments ASAP 2020 at 77
K. Samples were degassed at 100 °C for 15 h. BET surface area of 1690 + 80
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m? g~' was calculated in the partial pressure range of 0.05 — 0.20 P/Po.
NanoMOF-PEG were prepared as previously described by incubation with an

t 2°. After surface functionalization, the

aqueous solution of CD-PEG overnigh
nanoMOF-PEG were recovered by centrifugation (10 min, 10000 g). The
crystallinity of the nanoMOFs, was preserved before after surface
modification with CD-PEG, as assessed by X-ray powder diffraction (XRPD) in

agreement with previous investigations .

Human serum albumin (HSA) adsorption studies

PLGA and PLGA-PEG NPs (3 and 10 mg/mL) were put into contact with an
HSA solution (1mg/mL) in phosphate buffer (0.01M, pH 7.4). NanoMOF and
nanoMOF-CD-PEG (1.5 or 3 mg/mL) were incubated with HSA solutions (0.5
or Tmg/mL). In all cases, the HSA:nanoMOF weight ratio was 1:3. All NPs were
dispersed in 300 mL phosphate buffer (0.01 M, pH 7.4) and were incubated
at RT up to 72 h using a vertical rotating shaker. In all cases, the unbound
HSA was assessed in the supernatants obtained after NP centrifugation at
10000 g for 15 min. HSA reference incubated without NPs with respect to
time intervals and centrifuged before analysis (except SR-CD study).

Quantification of protein adsorption at the surface of nanoparticles :
Bicinchoninic acid (BCA) assay

The HSA adsorption kinetics were studied by monitoring the unbound HSA
concentration as a function of time. The unbound protein concentration was
determined colorimetrically with a Pierce™ BCA protein assay kit. To do so,
25 L of supernatants containing the unbound proteins were recovered after
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NP centrifugation and were mixed with 200 uL of the BCA reagent in a 96-
well microplate. The samples were well shaken and incubated at 37 °C for 30
minutes. After cooling for 15 minutes, the absorbance was read at 562 nm
using a microplate reader (Infinite 200, Tecan Inc., Switzerland). The amount
of unbound protein was calculated by interpolation of a calibration curve by
using HSA standards with known concentrations. Controls were aqueous
solutions and NP suspensions without HSA. The results were reported as the
mean value of at least three separate determinations.

Capillary zone electrophoresis coupled to UV detection (CZE-UV)

CE experiments were performed on a P/ACE MDQ Instrument (Sciex,
Framingham, MA, USA), coupled to a diode array detection UV-vis detector
that was set at 214 nm. The 32 KaratTM software version 7.0 (Sciex) was used
to collect the data. The analysis were carried out by using PVA-coated
capillaries, purchased from Sciex, with an internal diameter of 50 um and a
total length of 60.2 cm (effective length of 50 cm). Before the first use, the
PVA capillaries were rinsed at 30 psi during 10 min with water and freshly
prepared BGE (75 mM HEPES containing 0.5 mM SDS at pH 8). The sample
was hydrodynamically injected from the inlet by applying a pressure of 0.5
psi for 15 s. The separation was then conducted at -25 kV at 25 °C. Between
each analysis, the capillary was flushed at 20 psi during 15 min with water and
15 min with BGE. At the end of the day, the capillary was rinsed with water
(15 min, 20 psi) and BGE (15 min, 20 psi) and stored at 4 °C with the ends in
water as previously described *.
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Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

Unbound HSA was analyzed with a Waters Xevo G2-XS QTof/Tof - ACQUITY
UPLC M-Class system run by Masslynx v4.1 (Waters) after dilution in water
with 0.1% (v/v) formic acid to reach a final concentration of 0.01 mg/mL. 1 L
of samples were loaded onto a C18 trap column (NanoE MZ Sym C18 5um
180um x 20 mm, Waters), at 20 uL min™" and desalted with 0.1% (v/v) formic
acid and 5% (v/v) acetonitrile. After 4 min, the precolumn was connected to
C18 Nanocolumn (NanoE MZ PST CSH130, 1.7p 75um x 150 mm, Waters).

Electrospray ionization was performed at 2.5 kV, with a source temperature
of 120°C, desolvation temperature of 250°C and 80 L/h cone gas flow. Buffers
were 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B).
Peptides were separated using a linear gradient from 5 to 95% buffer B for
80 min at 300 nLmin~". One run was performed in 90 min, including the
regeneration step at 95% buffer B and the equilibration step at 95% buffer A.

Mass spectrometric data were investigated with the Masslynx v4.1 software
(Waters). Background subtraction was applied to mass spectrum with
polynomial order at 25, below curve at 5%, tolerance at 0.01. Deconvolution
was run on the 6 most intense peaks by Max Ent1 function by iteration to
convergence with the following parameters: output mass ranges 60000-
70000 Da with resolution 1.00 Da/channel, damage model as uniform
Gaussian with at half height of 1.00 Da.

SRCD

The SRCD measurements were performed at the DISCO-beamline, SOLEIL
Synchrotron (Saint-Aubin, France). Thanks to the photon flux and beam size
at the Synchrotron facility, the measurements were performed with a good
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signal to noise ratio (200) down to 175 nm, which is difficult to reach with a
conventional CD set up . Thus, the UV CD region (175-250 nm), which
corresponds to peptide bond absorption, was analyzed using the DISCO
SRCD set up. Spectra were acquired every nanometer using a 1 nm bandwidth
and 1.2 s integration time. Raw data (8) was measured in millidegrees (mdeg),
which were converted to molar circular dichroism values (Ag), after averaging,
baseline subtraction and calibration with (+)-camphor-10-sulfonic acid (CSA).
Data treatment including average, baseline subtraction, smoothing, scaling
and standardization were performed with the CDtool software *.

For the molar circular dichroism values or Ae , the following equation was
applied:

Ae=0x(0.1xMRW) / [(PxC)x3298] (I)

The MRW (mean residue weight) of HSA is 113.8 Da (g.mol™"), P (pathlength)
is 0.00234 cm (measured by interferometry) ** and C (protein concentration)
is T mg/mL.

The secondary structure content was determined by using ContinLL and
SELCON3 programs * and additionally BeStSel server . Normalized root-
mean-square deviation (NRMSD) indicated the most accurate fit for each
spectrum.

The NP suspensions after their incubation with HSA were analyzed directly
without separation of the unbounded protein. To do so, 4 uL samples were
loaded in circular demountable calcium fluoride cells with a path length of 50
um *°. Baselines were collected in triplicate for all samples, corresponding to
buffer solutions, suspension media or NP suspensions without protein.

Thermal denaturation experiments were carried out by collecting SRCD
spectra at temperatures ranging from 23 to 98 °C using a 3 °C stepand a 5
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min settling time. Three spectra were collected for each temperature with a
total measurement time of 3 h. Spectral cut-off at 180nm was used, based on
the high tension of the PMT (Photomultiplier Tube) corresponding to an
absorbance bellow 1. As controls, spectra were also recorded for 3 h without
changing the temperature to ensure that over this time no additional
phenomena (radiation damage or drying) affected the spectral amplitude.
These controls showed that HSA was not susceptible to radiation damage
and that the photon flux and beam size were appropriate for the

investigations 47 %,

Results and discussion
Preparation of the NPs

Firstly, PLGA and PLGA-PEG NPs were prepared using commercially available
biodegradable polymers ** While the hydrophobic PLGA polymer possess
carboxyl end groups, the PLGA-PEG diblock copolymer is uncharged. The
hydrophilic PEG units covalently attached to the PLGA block dispose in a
“brush” conformation at the NPs' surface leading to protein-repellent surface
properties *’Both PLGA and PLGA-PEG NPs were prepared by using an
emulsifier, PVA, that forms a neutral, hydrophilic shell on the surface of the
NPs , as it has been previously emphasized *° *. Since more than 25 years,
the versatile PLGA and PLGA-PEG NPs were used to incorporate and deliver
in a controlled manner a variety of hydrophilic and hydrophobic drugs >'.

Secondly, biodegradable MIL-100(Fe) nanoMOFs were synthesized by a
“green” (organic solvent-free) microwave-assisted hydrothermal method
generating an open 3D porous crystalline architecture. The nanoMOFs
possess mesoporous windows (5.6 and 8.6 A) and internal cages of around
24 and 29 A in diameter 2. Discovered more recently than the polymeric PLGA
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and PLGA-PEG NPs, they have the advantage to incorporate a variety of drugs
without using organic solvents, reaching payloads up to 20-70 wt% % and
were well tolerated /n vivo >,

Aiming to develop biomedical applications of nanoMOFs, we have set up
strategies to modify the nanoMOFs' surfaces with PEG chains by mild, one-
step procedures devoid of reactants and organic solvents %, The coating
was based on cyclodextrin (CD) derivatives that are large enough to avoid
their penetration within the nanoMOF's pores, not to interfere and displace
the loaded drugs *. The CD scaffolds displaying grafted PEG moieties
(average MW ~2000 g/mole) spontaneously adsorbed onto the nanoMOFs,
where they firmly anchored by coordination with the available metal sites at
the surface %. Advantageously, the procedure was carried out in a one-step
procedure in water and without using any toxic additives and led to stable
coatings without altering the nanoMOFs’ crystalline structure.

Morphology and characteristics of NPs

PLGA and nanoMOF NPs, PEGylated or not, were successfully prepared with
similar sizes to allow a comparative study of their nano-bio interactions as a
function of both their core and surface properties (Figure 1A-D). Whereas
the PLGA NPs appeared round-shaped, the nanoMOFs were crystalline with
facetted structures in agreement with previous studies % In all cases, the
average diameters ranged from 80 to 370 nm. These sizes were in agreement
with DLS measurements, which showed that the PLGA and nanoMOFs NPs
had mean hydrodynamic diameters of 310 + 15 and 234 + 16 nm, respectively
(Table 1, SI). Polydispersities (PDIs) were 0.1 and 0.2, respectively, indicating
that the NPs were monodisperse. PLGA-PEG and nanoMOF-PEG NPs had
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larger diameters of 418 + 30, and 286 + 20 nm, respectively, possibly because
the presence of a PEG shell and differences in molecular weights.

Zeta potential for PLGA and PLGA-PEG NPs were around 0 mV, which was
attributed to their neutral PVA shell, as previously reported *° *°. This
protective steric layer shields the negatively charges of the carboxyl end
group of PLGA. The nanoMOFs, coated or not, had Zeta potentials of -17+3

mV, in good agreement with previously published data 2.

PLGA NPs PLGA-PEG NPs nanoMOF nanoMOF-CD-PEG

Before

After

Figure 1. Representative TEM images of: A) PLGA NPs; B) PLGA-PEG NPs; C)
nanoMOF and D) nanoMOF-PEG. TEM images obtained after incubation
with HSA: E) and F) PLGA and PLGA-PEG NPs, after three days (1:10,
HSA:NP); G) and H) nanoMOF and nanoMOF- PEG after 2h (1:3, HSA:NP).
Scale bars: 100 nm.
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Nano-bio interactions
Kinetics of protein adsorption

The kinetics of HSA adsorption onto the two types of NPs, hybrid and
polymeric, with different core and shells, were comparatively studied. The NPs
were incubated with HSA solutions up to 24 h. The unbounded HSA was
quantified using a BCA colorimetric assay at different time intervals (Figure
2).

60
50
40
30

10

HSA amount (pug/mg NP)

A B C

Figure 2: Amounts of HSA (ug/mg of NPs) adsorbed on nanoMOFs (A),
nanoMOFs-PEG (B), and PLGA NPs coated or not with PEG. (C) The HSA:NP
weight ratio was 1:3 for the nanoMOFs and nanoMOFs-PEG, and 1:3, 1:10 and
1:100 for the PLGA and PLGA-PEG NPs. Different time points were studied: 5
min (light blue); 1 h (orange); 2 h (grey); 4 h (yellow); 6 h (pink); 8 h (green)
and 24 h dark blue).

In the case of nanoMOFs, HSA adsorption occurred as soon as they were in
contact with HSA (24+2 ug/mg). Then, HSA adsorption gradually increased
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in a time dependent manner up to around 55 ug/mg where it reached a
plateau at 8" hour of incubation (Figure 2). In contrast, the amount of
adsorbed HSA was very low in the case of nanoMOF-PEG (less than 712
ug/mgq) regardless the incubation time. This suggests that the affinity of HSA
for the nanoMOF surface decreased while they gained “stealth” properties
through PEGylation.

Surprisingly, neither the PLGA nor the PLGA-PEG NPs did adsorb any
significant protein amounts. Even within three days incubation, the adsorbed
amounts were undetectable by the BCA assay. This was the case also when
increasing the HSA-NP contact area (i.e. decreasing the HSA:NP ratio to 1:10
and 1:100). Taking into account the surface area developed by the NPs, it was
calculated that less than 0.15 mg/m? HSA was adsorbed. Therefore, it was
concluded that the affinity of HSA for both PLGA and PLGA-PEG NPs was very
low as compared to bare and PEGylated nanoMOFs.

The striking differences in protein adsorption between the two types of
analyzed NPs could be explained based on their composition and
physicochemical properties such as surface charge and hydrophilicity. PLGA
NPs possess a neutral and hydrophilic surface in reason of their PVA coatings
' In contrast, the bare surface of the nanoMOFs is negatively charged and
display numerous accessible iron sites prone to bind large molecules such as
proteins > . Whatever the NPs (PLGA or nanoMOF) the PEG shells protected
them against protein adsorption.

Finally, the kinetic studies performed here provided the incubation conditions
to be carried on for the following protein corona investigations in phosphate
buffer. In the case of nanoMOFs, two hours were sufficient to form a large
protein corona without NP degradation >*. However, nanoMOFs progressively
degraded in phosphate buffer after longer incubation times > . On the
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opposite, PLGA formulations were stable in phosphate buffer, so they were
studied over three days in this medium.

NP morphology upon contact with protein

NP morphologies were investigated after incubation with HSA by TEM
(Figures 1E-H). The micrographs revealed that both PLGA and PLGA-PEG NPs
maintained their uniform and spherical shapes and the images were similar
to the as prepared NPs ((Figures 1A-B). Both PLGA and PLGA-PEG NPs
preserved their morphology after contact with HSA for 3 days with no
evidence of protein corona formation (Figure 1 E-F), in line with the HSA
kinetic findings (Figure. 2), which demonstrated no HSA adsorption onto the
polymeric NPs.

On the other hand, TEM images showed that the facetted morphology of
nanoMOFs and nanoMOF-PEG were preserved after interaction with HSA
(Figure 1G-H). Noticeably, only uncoated nanoMOFs after incubation with
HSA presented a blurry aspect (Figure 1G), not observed with PEG-coated
ones (Figure 1H). Therefore, taking into account the high HSA adsorption
onto these NPs (Figure. 2), it can be hypothesized that the blurry aspect is
due to a protein corona formation.

CE was further used to investigate the corona formation on the nanoMOFs.
This versatile technique also brings insights on the possible alterations of the
unbound HSA after contact with the different NPs studied here.

Capillary zone electrophoresis

CE is a versatile method allowing to investigate protein corona on NPs by
both quantitative and qualitative approaches *°. One of the advantages of CE
is to avoid using any stationary phase that might cause unwanted interactions
and allow analysis of unbound HSA without any sample pretreatment *’. The
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method was optimized to avoid any electroosmotic flow (EOF) and to
suppress unwanted HSA interactions with the capillary wall. To do so, PVA-
coated capillaries were used, as they afford obtaining highly hydrophilic,
neutral and inert coatings % Indeed, our previous findings showed that the
PVA-coated PLGA NPs adsorbed negligible amounts of HSA (Figure. 2).

Another advantage of PVA-coated capillaries is their excellent ability to
separate different forms of HSA: native, glycated and cysteinylated *°. Indeed,
HSA exists as a mixture of different proteoforms (native, cysteinylated,
glycated) that could bind nanoparticles with different affinities. In previous
studies, the analysis of the protein peak area gave quantitative information
on protein adsorption. In addition, the modifications on the relative amounts
of HSA forms can be evaluated qualitatively to gain understanding on the
HSA interaction with NP surfaces ®°. Therefore, CE was a method of choice
here to investigate nano-bio interactions combining both quantitative and
qualitative aspects.

CE experiments were performed firstly on HSA solutions (without NPs) in
order to investigate the stability of the protein in the experimental conditions
employed here for adsorption studies. Thus, the HSA solutions incubated up
to three days at RT or 37°C and were submitted to the centrifugation
conditions employed to sediment the NPs. The CE electropherograms were
compared to those of fresh HSA solutions (Figure SI1). The electrophoretic
profiles of the HSA solutions remained unaltered whatever the experimental
conditions, pointing out the stability of HSA under the experimental
conditions used here to study its interaction with the NPs.

On the basis of this proof of concept, the NP series (MOF and PLGA) were
incubated with HSA and their supernatants were recovered to investigate the
aforementioned two aspects: i) quantitative by analysing the peak areas of
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unbound HSA and i) qualitative by analysing the
transformation/modification of the three HSA forms. Figure 4 presents the
CE-UV profiles of HSA recovered from NP supernatants after the incubation
studies.

Reference HSA incubated without NPs presents three reproducible peaks at
12.4, 12.5 and 12.7 min. These data are in close agreement with published
studies using the same type of capillaries *° which showed three HSA peaks
assigned to glycated (Gly), native and cysteinylated (Cys) forms, respectively.

CE profiles of unbound HSA were obtained after incubation with PLGA and
PLGA-PEG NPs at a HSA:NP ratio of 1:3 (Figure 4A, blue and orange lines).
The obtained electropherograms were almost identical to the incubated HSA
reference. However, an increase in the NP concentration from 3 to 10 mg/mL
(ratio 1 :10) resulted in a significant decrease of the peak at 12.7 min
corresponding to the Cys HSA. Moreover, a new peak appeared at 11.8 min
for this ratio. Interestingly, the total area of all the HSA peaks was preserved
as compared to the reference (less than 5% differences). It is worth to mention
that the same CE profiles were obtained when PLGA and PLGA-PEG NPs were
incubated with HSA during one ((Figure SI2) or three days (Figure 4A). In
contrast, when incubation time was set to 2h, there was not any significant
modifications on HSA even at the HSA:NP ratio of 1:10 (Figure SI3). This
shows the dependence of the qualitative aspect of nano-bio interactions both
on concentration and also incubation time.
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Figure 4: CE-UV electropherograms of unbounded HSA recovered from
supernatants after incubation with A) PLGA-PEG (green, orange) and PLGA
(brown, blue) NPs during 3 days with HSA: NP ratio of 1:3 and 1:10. B)
nanoMOF-PEG (red) and nanoMOF (purple) during 2h with HSA: NP ratio of
1:3. Black and grey lines are the reference HSA solutions at 1 and 0.5 mg/mL,
respectively.

Thus, we speculate that the shift in Cys position might correspond to a
structural alteration of the protein, although it did not adsorb onto the NPs'’
surfaces (Figure 2). These findings suggest that HSA in contact with PLGA
based NPs might undergo modifications despite of having a low affinity
towards them. As shown here, these modifications could be observed for
both contact time and NPs concentration (ie developed surface areas). It was
then interesting to investigate if structural changes occur with HSA upon
incubation with nanoMOFs, where important amounts (30 2 ug/mg) were
adsorbed within 2h (Figure 2).

In the case of nanoMOF with higher affinity for HSA as compared to PLGA
NPs, there was no qualitative modification (ie. no change of the retention
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times) on the unbound HSA species after incubation (Figure 4B). However,
the 11+£3% decrease in the peak area after incubation with the nanoMOF are
an indication that around 37+9 ug of the HSA was adsorbed per mg of
nanoMOF, which is in a good agreement with the BCA protein assay (30 +2
ug/mg adsorption, Figure 2). Moreover, the shielding effect gained through
PEGylation was demonstrated as the area of unbound HSA was preserved
after incubation with nanoMOF-PEG (less than 5% changes). To the best of
our knowledge, no studies described yet the modifications of HSA forms
upon incubation with NPs, without adsorption. However, more details
investigations would be needed to decipher the specific alterations of the Cys
forms.

In complement to the CE studies, LC-MS investigations were carried on in an
attempt to resolve the HSA forms in the NP supernantants.

LC-MS investigations

Total ion count (TIC) chromatograms provided in Figure 5 represent the ion
intensities displayed as a sum of the individual HSA fragments as function of
incubation time with the PLGA and nanoMOF NPs, PEGylated or not. TIC
chromatograms of unbound HSA after incubation with or without NPs
revealed similar shapes and same retention time (75.2 min) in all the studied
cases (Figure 5). When HSA was incubated with PLGA and PLGA-PEG NPs, an
additional small peak appeared at 74.7 min. It corresponds to free PVA
emulsifier in the NP suspensions and it induced no effect on the main peak
(Figure 5B-C).

Values derived from the areas under the intensity curves give insights about
the abundance of the protein thus relative protein quantity between samples.
As indicated next to the chromatograms in Figure 5A-B, areas under the
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curves values did not vary between incubated HSA reference and HSA in
contact with PLGA (<14% deviations in the areas). Therefore, it is in an
agreement with the quantitative BCA assays findings, which showed that HSA
was not adsorbed on the PLGA NPs. In contrast, a dramatic change was
recorded when HSA was in contact with nanoMOFs (non-PEGylated): 50% of
reduction occurred in comparison to incubated HSA reference (Figure 5D-
E). This result is also in line with the findings above suggesting a decrease in
the unbound HSA in the supernatant and thereby formation of protein
corona. Noticeably, PEGylated NPs, PLGA-PEG and the nanoMOF-PEG, clearly
resisted to protein adsorption as only 12 and 4% differences were found
respectively as compared to HSA reference (Figure 5E-F).
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Figure 5. TIC chromatograms of unbound HSA recovered after the incubation
A) without NPs, for 3 days B) with PLGA NPs, for 3 days, C) with PLGA-PEG
NPs, for 3 days, D) without NPs, for 2h E) with nanoMOF for 2h, F) with
nanoMOF-PEG for 2h.

SR-CD investigations

To complete these studies, SR-CD was a method of choice to investigate the
changes in the secondary structure of the HSA protein due to its interaction
with the NPs. CD provides access to the relative content of the secondary
structure components of HSA (alpha-helix, beta-sheet, beta-turns, and
random coil). The extended spectral range (175-250 nm) accessible at DISCO
beamline made a more accurate analysis on the entire protein peak at 192
nm possible (Figure 6A-B). This range is of interest regarding the singlet
electron transitions in the HSA peptide backbone. As presented in Figure 6,
HSA exhibited a typical spectrum of a predominantly a-helical protein with
two minimums at 224 and 208 nm and a maximum at 192 nm. These data
were in agreement with the literature. The peak at 224 nm was attributed to
nTt* transition from the lone pair of oxygen to a m* anti-bonding orbital. The
peak observed at 208 nm was due to the mmt* electronic transitions of the
peptide bond, whereas a positive band at 192 nm was due to the transition
of non-bonding T orbital to the 1* orbital. ®' The region around 180 nm is
known as a charge transfer region. Unlike other transitions, the transitions in
this region occur intramolecularly from one peptide bond to another .

The amount of a-helical secondary structure of HSA was obtained by
deconvolution of the CD spectra. Fresh HSA reference used here presented a
70% helix content which was in agreement with the literature ®. This helicity
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content was preserved 2h after incubation (70%), whereas it dropped to 61%
after three days of incubation. (Figure 6A), The decrease in the HSA helicity
upon incubation has been shown in various studies based on CD

spectroscopy, confirming the results found here. ® ©
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Figure 6 Far UV SR-CD spectra of : HSA incubated without NPs during 2h
(grey) and 3 days (black); PLGA (brown) and PLGA-PEG (green) NPs incubated
with HSA during 3 days at a HSA: NP ratio of 1:10; nanoMOF (purple) and
nanoMOF-PEG (red) incubated with HSA during 2h at a HSA: NP ratio of 1:3.
The spectra were taken directly on the NP suspensions and the concentration
of HSA was 1 mg/mL in all studies.

The interactions of bare and PEGylated NPs with HSA were analyzed by SR-
CD directly on the NP suspensions as the NPs did not interfere with the
experiments (Figure 6). A special attention was given to HSA secondary
structure differences between the reference (HSA incubated without NPs) and
HSA in the presence of the four types on NPs. Firstly, the contact of HSA with
the PLGA NPs during 3 days (1:10, HSA:PLGA NP) resulted in a dramatic loss
in a-helix content (from 61 to 27%) with visible signs of modifications that
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affected the bands at 224 nm (nmt* parallel transitions), 208 nm (rtrt* parallel
transitions) as well as at 192 nm (nmt* perpendicular transitions) (Figure 6A).
A significant change observed around 180 nm indicated that HSA was
subjected to intramolecular charge-charge transitions. On the other hand, the
increase recorded on HSA's parallel 3-strand (from 0 to 4%) and antiparallel
B-strand (from 0 to 12%) signified the increase in B-sheet populations.
Moreover, the amount of turns were slightly modified (from 10 to 8 %). Given
the fact that turns are inherently linked to the number of alpha helices. it can
be hypothesized that the HSA interactions with the PLGA NPs disturbed the
secondary structure. Possibly, a minor denaturating or reoganisation with
formation of B-strands of took place during collisions at the NPs’ surfaces,
without leading to adsorption as it was previously established (Figure 2).
Noticeably, when lower amount of PLGA and PLGA-PEG NPs in contact with
the same amount of HSA, the a-helix structure of the protein was not
modified (Figure SI4).

HSA incubated (2h) with nanoMOF was then analyzed and compared with
incubated (2h) HSA reference (Figure 6B). After contact with NPs, a loss in a-
helix content of HSA was observed, from 70% to 52 %. This decrease was
remarkable taking into account the short incubation time of only 2h. Further
analysis of the SR-CD data showed only a slight increase in antiparallel B-
strands (from 0 to 2%) and in beta-turns (from 9 to 14%). Besides, the
percentage of other secondary structure components (unordered) increased
from 21 to 32%.

On the opposite, the CD spectra in the case of HSA incubated with PLGA-PEG
NPs and nanoMOF-PEG were similar to their reference HSA spectra (Figure.
6A-B). The a-helix content was preserved with less than 5% differences
(within the detection limit of the method) as compared to control HSA.
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In a nutshell, these results suggest that the PEGylated surfaces preserve the
a-helix structure of the protein, whereas uncoated surfaces disturb it,
independently if adsorption occurred or not.
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Figure 7. Thermal unfolding of A) HSA (1Tmg/mL), HSA incubated with B)
PLGA and C) PLGA-PEG NPs followed by SR-CD spectroscopy as a function of
temperature over a range from 26 to 86 °C at intervals of 3 °C. Weight ratio
of HSA:NP was 1:10. The samples were analyzed after 3 days incubation.

To go a step further, protein unfolding was analyzed through thermal
denaturation studies that give insights about the effect of NPs on protein’s
thermal stability. Far-UV SRCD spectra were collected over a wide
temperature range, from 26 to 86 °C. Figure 7A shows a typical spectrum of
HSA unfolding upon increase in temperature. All the thermal unfolding
spectra intersected at 203 nm which corresponds to the isobestic point. The
HSA thermal unfolding was then assessed after incubation with the NPs. The
changes on the unfolding behavior of HSA due to interactions with the PLGA
NPs are presented in Figure 7B. The isobestic point was shifted from 203 nm
to 201 nm, which is a clear indication of a reduction in HSA's stability .
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In addition, changes in other spectral features were also noted. Spectra
appeared less compact state from the first scan. as compared to HSA
reference. This was in line with the results shown in Figure 6A where same
NP induced helicity decrease on HSA. The unfolding behavior characterized
by the peak at 208 nm (Figure 7B) was strikingly different as compared to
control HSA solutions. This could be attributed to NP-induced modifications
on the HSA secondary structure, particularly on the tt* parallel transitions.
The disappearance of the band at 208 nm at high temperatures (>70 °C) can
be taken as evidence for the modifications of the melting behavior of HSA
resulting from structural changes due to their contact with the NPs.

On the opposite, the thermal behavior of HSA has not been affected by the
incubation with PLGA-PEG NPs, as the characteristic bands were fully
maintained (Figure 7C). A more compact HSA structure was observed,
suggesting that the protein has gained thermal stability. It is worth
mentioning that HSA denaturation depend on its concentration and

experimental conditions'’ °®.

Thus, in this study, given that all the
experimental conditions were the same, qualitative comparisons could be
made between HSA samples incubated or not with NPs. The main finding was
the modifications on HSA stability upon contact with PLGA NPs despite the

fact that they didn't adsorb onto their surfaces (Figure. 2).

Wavelength (nm) Wavelength (nm)
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Figure. 8. Thermal unfolding of HSA followed by SRCD spectroscopy studied
as a function of temperature over a range from 26 to 86 °C with intervals of
3 °C. A) control HSA (1Tmg/mL), B) HSA:nanoMOF (1:3), C) HSA:nanoMOF-PEG
(1:3). All samples were analyzed after 2h of incubation.

Thermal denaturation profiles of HSA incubated with nanoMOF and
nanoMOF-PEG were represented in Figure 8 Results were similar to the ones
of PLGA and PLGA-PEG NPs. HSA was in a more unfolded state after
incubation with the nanoMOF, and in particular, its characteristic band at 208
nm was diminished when increasing the temperature (Figure 8B). Moreover,
HSA unfolding occurred, as the isobestic point sifted from 204 nm (HSA
reference) to 202 nm (HSA in contact with the nanoMOFs. However, in the
case of nanoMOF-PEG, there was no significant modifications neither on the
characteristic band at 208 nm nor on the isobestic point. The protein was
maintained in a more folded state upon heating and remarkably preserved
its compact form throughout the temperature increase. It can be therefore
concluded that the PEG-based coating conferred thermal stabilization to the
HSA molecules. The protective effect of the PEG coatings on both PLGA and
nanoMOFs is in line with the previous CE findings. This is also clearly shown
in Figure 9, presenting the melting curves of reference HSA, and HSA after
contact with each NP. Differences among HSA melting behavior after contact
with bare NPs, PLGA (brown) NPs and nanoMOFs (red) were shown whereas
PEGylated NPs avoided modifications on melting profile suggesting that HSA
preserved its thermal stability in contact with PEGylated NPs.
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Figure 9. Melting curves of control HSA incubated during 2h (grey) and 3
days (black); A) PLGA (brown) and PLGA-PEG (green) NPs incubated with HSA
during 3 days at a HSA: NP ratio of 1:10 B) nanoMOF (purple) and nanoMOF-
PEG (red) incubated with HSA during 2h at a HSA: NP ratio of 1:3.

Conclusion

A set of orthogonal techniques was used here to investigate the interactions
between HSA, the most abundant protein in the blood, and a series of NPs
of similar mean diameters, surface-modified with PEG shells or not.
Quantitative insights were gained using LC-MS and a protein assay kit. We
discovered that despite the fact that HSA didn’t adsorb onto PLGA NPs, it
underwent dramatic structural changes upon contact with these NPs. Indeed,
the Cys form of HSA was particularly affected and our studies revealed the
appearance of new forms, yet to be identified. In contrast to PLGA NPs,
nanoMOFs adsorbed rapidly high amounts of HSA, but the protein forms
were unaffected by these interactions. Secondary structures of HSA and
melting curves were also investigated by SR-CD. In all cases, the PEG
protective layers avoided protein unfolding.
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As biocompatible NPs are gaining increasing interest for biomedical
applications, a thorough understanding of their effects on the structure and
functions of proteins is essential. The methodology proposed here could be
applied to other types of NPs, loaded or not with drugs, as well as to other
proteins known to interact with NPs in the bloodstream, such as
immunoglobulins, complement, fibronectin etc. Moreover, in line with ethical
issues, /n vitro orthogonal methodologies to study NP-protein interactions
are essential prior to /n vivo experiments. In a wider view, the methodology
developed in this work may be applied to evaluate the impact and risk of a
variety of NPs engineered for intravenous administration.
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Supporting Information

Table SI1. Characteristics of the NPs; surfactant, hydrodynamic size, PDI and

surface charge.

NP PLGA PLGA-PEG nanoMOF nanoMOF-PEG
Surfactant PVA PVA - -
Hydrodynamic size 310 + 15 418+ 30 234 + 16 286 + 20

(nm)
PDI 0.1 0.4 0.2 0.2
Surface Charge (mV) 0 0 -18 -16
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Figure SI1. HSA stability study carried on with T mg/mL HSA analysed by CE-
UV without centrifugation and incubation (blue); after centrifugation without
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incubation (red); after centrifugation after 1 day incubation (black); after

centrifugation after 3 days incubation (green).
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Figure SI2. CE-UV electropherograms of unbounded HSA recovered from
supernatants after incubation with PLGA-PEG (orange) and PLGA (red, blue)
and NPs during 1 day with a HSA: NP ratio of 1:3 and 1:10. Black line is the

reference HSA solutions of 1 mg/mL.
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Figure SI3. CE-UV electropherograms of unbounded HSA recovered from
supernatants after incubation with PLGA (green) and PLGA-PEG (orange) and
NPs during 2h with a HSA: NP ratio of 1:3 and 1:10. Black line is the reference
HSA solutions of 1 mg/mL.
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Figure SI4: The SR-CD spectra of the PLGA (red) and PLGA-PEG (green) NPs
incubated with HSA with 1:3 (HSA:NPs) ratio during 3 days. Black line is the

reference HSA solutions of 1 mg/mL incubated without NPs during 3 days.
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General discussion and perspectives

Nanomedicine offers unique opportunities to improve the current
therapies and to develop new treatments for diseases previously thought
difficult or impossible to treat. The clever use of NPs as nanomedicines
has revolutionized how therapeutics are formulated and delivered. With
the development of NP-delivered COVID-19 vaccines, they are now
becoming a life-saving strategy while controlling the spread of
coronavirus. Polymeric NPs are among the most applied nanoparticulate
drug delivery vehicles according to their well-known safety profiles,
stability, biodegradability and tuneable physicochemical properties. The
chapter I of this thesis summarizes the principal types of nanoparticulate
systems used in the drug delivery field. Among them, special emphasis
was put on PLA and PLGA-based polymers which have a potential use as
controlled release systems with the great ability to protect therapeutic
agents and to improve their bioavailability. ' They can be prepared
through a wide range of techniques according to need of the application
and enables encapsulation of both hydrophilic and hydrophobic drugs. By
modulating the composition of the polymers, it was possible to precisely
control some of the NPs features such as surface charge, stability,
responsivity to external stimuli, drug loading efficiencies, and drug release
kinetics. The surface functionalization of PLA and PLGA NPs has also been
extensively studied to optimize their pharmacokinetics and
biodistribution.

Although remarkable advances have been achieved through an extensive
research and development on PLA and PLGA based NPs, a breakthrough
of NPs from bench to bedside has not occurred so far. While more than
15 PLA and PLGA based microparticles have been approved ? up to date,
only few NP formulation have reached to a clinical trial stage **. This
clearly shows that one main challenge here is related to the size of the
NPs which develop tremendous surface areas as compared to
microparticles. As it was stated earlier, nanoparticulate systems develop
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unique properties and nano-size indeed bears advantageous properties
and favour biological responses as compared to microparticles.

We concluded the chapter by indicating that the nano-size also induces
novel challenges in terms of characterization, insufficient drug loadings
(especially for hydrophilic molecules) and studies of the nano-bio
interactions. The aim of the thesis was to address these challenges by
using up to date methodologies.

This thesis focused on the development and advanced characterisation of
NPs based on PLA and PLGA as novel drug delivery systems. Chapter II
deals first with the encapsulation of a last resort antibiotic, VCM, into a
series of PLA and PLGA NPs. While VCM'’s instability, tendency to
aggregate and acidic pH is one of the main reasons for the difficulties
related to its administration, it also generates a challenge for its
encapsulation into organic, hydrophobic, polymer matrices °. Therefore,
a double emulsion solvent evaporation method was adopted here, in an
attempt to locate the drug in the inner water compartments inside the
NPs. Emulsion methods are simple, the parameters are easy to tune
according to the need of NP’s application and the resulting NPs are known
to be stable. ® In order to have control/understanding on VCM loading
into PLA and PLGA NP thus achieve high DLs, several parameters were
tested. This included i) the effect of physicochemical properties of the
polymer on DLs using a series of PLA and PLGA (co)polymers differing in
Mw, end groups and lactic acid percentages, ii) the effect of
physicochemical properties of the VCM that has been observed
considering its charge-charge interactions and H-bonding capacity
depending on the pH iii) NP preparation parameters such as drug to
polymer ratio, concentration of emulsifier, addition of salt.

All tested (co)polymers formed successfully NPs with low polydispersity
index and Zeta potential close to zero, which was an indication of the
association of the emulsifier on the NP surface. This lead to a shielding
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effect of the negatively charged end groups of the PLA and PLGA
(co)polymers. Indeed, the residual amount of the emulsifier (PVA) was
calculated as 6+1 wt% and was not affected by the type of (co)polymer.
The good stability of NPs (at least up to 3 months) was also associated
with this protective steric layer at the NP surface. The size of NP was
obtained between 320 and 370 nm and it was shown to be depended on
the Mw of the (co)polymer and the concentration of salts in the outer
emulsion phase. NPs were larger in case of using polymers with high Mw.
Neither the concentration of the emulsifier nor the increase in the drug to
polymer ratio had significant effect on NP size.

On the other side, NPs displayed significant differences in the VCM
loadings. This complex picture was resolved by a detailed analysis of the
parameters (i, ii and iii) as mentioned above. From the (co)polymers
standpoint, the significant impact of Mw, terminal group (carboxyl or
ester) and lactic content of (co)polymers on DL was noticed individually.
Altogether, low Mw, carboxyl ended (co)polymers with lower percentage
of lactic unit showed the highest VCM loadings. Among the PLA and PLGA
series, short chain PLAsC and PLGAsC were the best performing
(co)polymers. In the light of these findings, electrostatic interactions
(charge-charge) between VCM and the (co)polymers were suggested, as
the capacity of VCM to build such interactions with similar functional

groups was shown already in the literature ’

. Moreover H-bonding
interactions between drug and the polymer was also proven by carefully
replacing VCM's hydrogen atoms with deuterium that resulted in
significant drops of the drug loading. Visible signs of decrease in H-
bonding interactions were highlighted by solid-NMR studies. Therefore,
the mechanism of drug loading was proposed, suggesting charge-charge
and H-bonding interactions between polymer and drug that indeed
depend on the pH. Therefore, to achieve high DLs, a study was carried on
by adapting the pH of the inner and outer mediums when the double

emulsion was performed. Remarkably, increasing the pH of the inner
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emulsion (the mixture of drug and the polymer) contributed to the
increase of DL from 1414 wt% up to 25+3 wt%, which to the best of our
knowledge is the highest VCM loading ever reported 210",

The images collected by cryo-TEM for the VCM loaded particles appeared
remarkably different than their non-loaded counterparts. While empty
NPs were plain with no sign of water inclusions/inner compartments,
compartmentalised inner structure was obtained on VCM loaded NPs. This
strongly suggested the VCM stabilization in the water inclusions.

Bearing in mind the common drawbacks of the available polymeric NP
preparation methods as the heterogeneity among NPs especially on their
size and chemical compositions, a second aspect of the study in chapter
II was to characterize the developed NPs in an individual NP basis with a
special interest on the chemical composition and VCM location. The
challenge here was the need of visualization the NPs in parallel to their
chemical analysis that has been limited by the number of available
techniques that combine high resolution microscopy with spectroscopy.
While electron microscopy coupled with EDX spectroscopy could address
this challenge; working on different EMs; SEM-EDX and STEM-EDX,
allowed to analyse NPs through different optical depths, namely the
surface and the whole NP. By this way, one of the greatest concerns,
whether the drug was adsorbed on the surface or it was encapsulated
inside the NP, was addressed. SEM-EDX showed no trace of VCM on the
NP surface, whereas VCM was detected in the NP's holes which appeared
after NPs investigations under the electron beam. Such
degradation/melting effect of polymeric NPs in contact with electron
beam have been often reported in the literature . On the other side,
STEM allowed to visualize the compartmentalized inner structure of
individual NPs and simultaneous chemical analysis allowed to map the
distribution of VCM on each NP, in detail. Noticeably, VCM was identified
inside and at the interface of the inner compartments, which supports the
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hypothesis of VCM stabilization in the water inclusions, as well as the
interactions between drug and polymer.

Moreover, a label free, state-of-the-art characterization technique called
AFM-IR was used that combines the spatial resolution of AFM (down to
10-20 nm) with precise chemical identification of IR. Recently developed
tapping mode of AFM, demonstrated the particular success of this
technique on the chemical characterization of individual PLA NPs ' Here
we were able to apply both acquisition modes in AFM-IR to show: i) local
IR spectra on a single NP where the fingerprints of drug and polymer were
used, and ii) the mapping of the IR absorptions at the selected
wavenumbers that allowed to identify the drug in the NP core and the
polymer matrix, simultaneously with the NP’s topography.

The characterization conducted here paved the way to engineer the drug
release of VCM from polymeric NPs. Indeed, a pH-controlled release was
established /n vitro. Moreover, the NPs were stable and preserved their
VCM payloads at physiological pH up to 24h with less than 10% release.
A rapid VCM release was observed in case of a slight decrease in pH to
5.3. This interesting pH dependence in VCM release could be potentially
applied to controlled release at the infected site characterized by the local
slightly acidic pH.

As perspective, the identified mechanism for the encapsulation and
release of VCM into PLA and PLGA NPs, paves the way to engineer the
encapsulation of different hydrophilic drug(s) presenting similar
physicochemical characteristics with VCM. Amikacin, an aminoglycoside
antibiotic is one of the candidates for this purpose. Co-encapsulation
strategies together with VCM can also be developed with amikacin or with
another hydrophilicdrug(s). It is also possible to develop co-encapsulation
strategies of VCM with a hydrophobic drug into PLA and PLGA NPs.
Moreover, it was possible to show in the NanoCage team in ISMO that
metal NPs could be also associated to the antibiotic-loaded NPs, crating
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thus multifunctional supramolecular constructs to fight severe infections
in a synergic manner. A patent was filed in 2020. These studies will be
pursued in vitro on infected cells and on biofilms, as well as in vivo with
selected formulations.

In order to go a step further on NP quality control, the next objective of
this thesis was to achieve quantitative analysis on individual NPs with a
great interest to obtain DLs locally. It is worth to mention that there was
not any available method to achieve this objective for PLA and PLGA NPs
up to our knowledge. AFM-IR gave us the inspiration to initiate the
groundworks for quantification of drug-loaded NPs, regarding its high
lateral resolution and its high chemical specificity together with an
excellent resolution. >'° In order to meet the needs of a reliable chemical
analysis to be used in quantitative aspects, an anticancer drug with a
strong IR absorption was chosen. While the potential anticancer
properties of Rhenium based drugs were shown in the literature, Re(])
tricarbonyl-diselenium derivative, being the most preclinically studied Re
based drug, was loaded into PLA NPs by nanoprecipitation. NPs were
prepared with different drug contents and were fully characterized to
determine their size distribution, polydispersity and morphology. NPs
presented similar sizes in between 248 to 264 nm whatever their
composition. They had spherical shapes, with no signs of NP aggregation,
according to the TEM investigations.

The study presented in Chapter III focuses on a proof of concept on the
use of AFM-IR for quantification purposes. The strategy was to establish a
correlation between AFM-IR and a conventional quantitative technique
through its bulk calibration. Evidently, an IR based technique can provide
the greatest comparability with AFM-IR and its local IR spectra. However,
the conventional FTIR is not adapted for quantitative analysis due to the
limitations related to the thickness dependency, light scattering and well
known optical losses. Therefore, we proposed to use IR microspectroscopy
for calibration purposes.
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Calibration samples were drug-PLA films with different and well-known
drug contents. The resulting IR spectra were analysed focusing on the
intensities of the fingerprint bands of PLA (1760 cm™) and drug (1900 cm’
1. Good calibration curves were obtained. Linearity of this curve (R>=0.99)
satisfied the important criteria to perform quantitative analysis, based on
a linear correlation between the IR signal and the concentration of the
sample.

Thus, the proof of concept was obtained by analysing the same films by
tapping AFM-IR and by comparison with the quantitative IR
microspectroscopy. For the reliability of the AFM-IR analysis, the
important parameters to verify for each sample were identified as i)
homogeneity of the film, ii) thickness dependence of IR intensity, iii)
concentration dependence of the IR intensity. This led to establish a good
correlation between two techniques simply by using a scale factor that
was inserted on the spectral data collected from AFM-IR. Quantitative
information was then driven from the calibration equation established by
IR microspectroscopy.

We then presented a methodology to perform quantitative analysis on
individual NPs by using any of the two acquisition modes in AFM-IR: local
IR absorption spectra or IR cartography. Drug quantification from local IR
spectra recorded by AFM-IR on single NP, provided precise quantitative
analysis on a region of around 10-15 nm. While DLs calculated by
analysing two points on same NP were same, DLs were strikingly different
from one NP to another. Heterogeneities among NPs were recorded as
DLs varied between 4-21%. Such information on nanoscale has not been
provided in the literature for polymeric NPs up to our knowledge.
However, to provide statistically relevant data, one should investigate a
large number of NPs and such analysis with this method is very time
consuming,
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Therefore, an alternative method has been developed based on IR
cartographies. The aim was to perform quantitative analysis from IR
cartographies recorded on the wavenumbers corresponding to the
“fingerprints”. This enables to reach intensities from any point on the
cartographs and thus to analyse large regions in short time. To do so, a
direct transposition from local IR spectra to IR mapping intensities were
proven.

The usefulness of AFM-IR has been proven in the nano world, enabling
precise chemical analysis at nanoscale. We believe that our study has gone
steps beyond the typical characterization methods, by affording new tools
to better understand the supramolecular organization of the NPs and their
composition with a nanometric resolution. Besides, these studies enrich
the capabilities of the technique.

So, the study conducted here was not only capable to detect small
molecules in NPs of around 250 nm in diameter, it also provided an
understanding on the sample heterogeneities quantitively with nanoscale
resolution. The promising strategy developed here could be revolutionary
in nanomedicine. Preparation of NPs with the capacity to determine DLs
ion a particle by particle basis could help to identify the NP preparation
parameters which result in heterogeneities. Consequently, it could allow
engineering more homogenous NPs and potentially develop NPs with
highest DLs. Besides, the knowledge of drug location is crucial, as it
determines the release patterns.

The quantification method developed here should be further validated on
other drug-loaded NPs. Indeed, we have already initiated the study to test
a similar system: PLA NPs loaded with another Re-based drug. Further
studies could be based not only on polymeric systems but also other type
of NPs (liposomes, inorganic, hybrid organic-inorganic, lipid
nanoparticles, etc.). Indeed, the detection limits provided here could be
confirmed and further tested on other types of nanoparticulate systems.
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The local quantitative analysis strategies could be developed considering
heterogenous individual particles.

Another innovative aspect of this thesis presented in Chapter IV was the
study of the interactions of the developed NPs with biological fluids. NPs
possess surfaces that are commonly reactive toward biological molecules.
Nano-bio interactions that refers to the continuous interplay between NPs
and biological molecules present in the biofluid is one of the key obstacles
towards a successful transition of NPs from bench to clinic. Absorption of
proteins on the NP surface is a common phenomenon called protein
corona formation. It leads to a dramatic change in NP surface properties,
eventually redefines NP's /n vivo fate. Not only NP but also proteins might
be affected from this interaction that might induce significant
modifications on the stability and the function of proteins. Protein corona
formation is of value to identify NPs' immunological toxicity thus the
clinical efficiency of a formulation. “Stealth” NPs have emerged to reduce
these interactions and provide long blood circulation times to reach the
targets (tumours, infected sites).

A comparative study was carried on by using two different type of NPs
(organic vs hybrid), with their PEGylated counterparts, allowing a deep
understanding and the contributing factors of nano-bio interactions. The
methodology described in Chapter IV aimed to characterize NP-protein
interactions by combining different techniques. The novelty of this study
was the strategic combination of the complementary techniques that
revealed different aspects of the NP-protein interactions; quantitative
(protein corona) and qualitative (modifications on unbound protein).

NP-protein interactions were initiated by incubating NPs and protein at
psychological pH over a time interval and concentrations. A protein kit was
used to quantify unbound protein that allowed to estimate the formation
of protein corona quantitatively. CE was then method of choice as it
provides information on both protein quantity and also its forms. Model
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protein, HSA, presented three main peak that are identified as three forms
of HSA (native, cysteinated and glycated)'’. Regarding to these forms, the
modifications on unbound HSA, incubated with NPs, was analysed
qualitatively. It was observed that polymer NPs and hybrid particles had
very different affinity towards HSA. While there was no significant HSA
adsorption of PLGA NPs, high amount of HSA was adsorbed on
nanoMOFs. On the other hand, qualitative analysis on the unbound HSA
showed that cysteine form of HSA was modified remarkably upon
incubation with PLGA NPs. In case of nanoMOF, no important change was
observed on HSA forms. PEGylated NPs exibited protein repelling profiles.
These interesting findings were further supported through LC-MS analysis
of unbound HSA that allowed a comparative quantitative analysis between
reference HSA and HSA incubated with NPs. Finally, a more detailed
qualitative analysis were performed by SR-CD focusing on secondary
structural rearrangements on HSA and also on its stability as shown in
thermal denaturation study.

This study successfully established an orthogonal methodology for
reliable protein corona investigations. It could represent a model study
analysing interactions of empty NPs with a model protein. Future work will
concentrate to apply this methodology into VCM loaded PLGA and PLGA-
PEG NPs. Similar outcomes of nano-bio interactions of loaded NPs are
expected owing to similar surface properties of both systems gained by
the surfactant as well as the absence of VCM on the NP surface as shown
above. On the other hand, nanoMOF and nanoMOF-PEG are more likely
to have different surface properties upon drug loadings due to their
porosity and morphology and absence of surfactant.
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General conclusion

General conclusion

In this research work, a series of PLA and PLGA NPs were engineered as
drug delivery systems by focusing on their preparation and in-depth
characterization designed to meet the needs of their translation from
bench to bedside. Challenges associated with drug loadings and NP
quality control methods were addressed throughout the thesis as follows;

1. A series of PLA and PLGA (co)polymers were used prepare NPs to

encapsulate a hydrophilic drug, VCM using an optimized double
emulsion solvent evaporation method. Striking differences on DLs
were observed for each NP formulation and appeared to be
influenced strongly by the physicochemical properties of both the
polymer (My, end group and hydrophilicity) and the drug (pH-
dependent net charge and self-association). By taking advantage of
these parameters, NPs were engineered to enhance VCM loading
that reached up to 25 wt%, the highest values to the best of our
knowledge.
These findings together with solid NMR investigations, allowed us
to identify the drug encapsulation mechanism which is based on
non-covalent interactions between drug and the polymer.
Consequently, a pH-controlled release was shown. This is indeed an
important achievement to potentially apply controlled VCM release
at an infected site, playing with pH differences in pathological
conditions, or in an intracellular compartment such as endosomes.
Developed formulations were stable up to at least three months and
preserved their drug payload in physiological pH with less than 10%
drug release.

2. In-depth NP characterization was performed through various
advanced techniques. First, Cryo-TEM studies revealed the
compartmentalized structure of VCM-loaded PLGA NPs whereas
non-loaded NPs were devoid of inner compartments, suggesting
VCM stabilization in the inner NP compartments. Furthermore, NPs
were characterized individually with the ambitious aim of
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performing chemical analysis. Electron microscopies coupled to EDX
and also AFM coupled to IR were chosen to perform this chemical
analysis, as both have high resolution offering different detection
methods for the verification of the results. Definitively, VCM was
detected inside and at the interface of the PLA NP's inner
compartments with no signs of drug adsorbed on the external
surface of the NPs.

3. In another study we went a step further and developed a proof of
concept to quantify the drug localized on an individual PLA NP. A
Re-based anticancer drug was loaded into PLA NPs by
nanoprecipitation. To establish a correlation between quantitative IR
microspectroscopy and AFM-IR, drug-PLA films were prepared with
known composition and were deeply studied. To succeed
quantitative analysis, some important parameters were verified on
AFM-IR including homogeneity of the sample, linearity of the IR
signal against sample thickness and linearity of concentration
against thickness. A proof of concept was carried by comparing the
calibration curves obtained from both IR microspectroscopy and
AFM-IR. A good correlation was achieved and the scaling factor of
3.2 between the techniques was determined. These studies paved
the way to correlate AFM-IR data with the quantitative aspect of IR
microspectroscopy. The methodology was then used to calculate
DLs on NPs simply by recording a local IR spectrum by AFM-IR.
Dramatic heterogeneities in terms of composition between
individual NPs were shown, highlighting the interest of our
approach. To go a step further, we developed a method that enables
to conduct quantitative measurements on numerous individual NPs
simultaneously. This was achieved through IR cartographies
recorded on wavenumbers corresponding to IR “fingerprints” of the
drug and the NP.
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4. Finally yet importantly, nano-bio interactions were studied with the
a novel methodology. Considering the protein corona phenomenon,
a comprehensive study was carried on by comparing the protein
interactions of PLGA NPs with hybrid NPs (nanoMOFs). Surface
modified counterparts, PLGA-PEG NPs and nanoMOF-PEG were also
explored. By this way, the effect of core and also the shell of NPs was
investigated. HSA was used as a model protein. The methodology
consisted of strategic combination of orthogonal methods that
allowed to estimate the nano-bio interactions in a deep and reliable
manner. First, quantitative analysis was performed using a protein
assay to estimate the amount of HSA adsorbed on the NPs' surface.
Then, capillary electrophoresis analysis generated both quantitative
and qualitative data. Qualitative aspects of protein corona,
signifying the effect of nano-bio interactions on free protein, were
further investigated by LC-MS and SR-CD. While LC-MS allowed to
make comparative quantitative analysis among HSA samples
incubated with or without NPs, SR-CD enabled deciphering the
secondary structure modifications strongly correlated with the
stability of the free protein. Results showed significant differences
among the NPs. PLGA NPs remarkably avoided the protein
absorption on their surface, while nanoMOF were prone to protein
adsorption as soon as they were put in contact with. This absorption
trend was not observed in nanoMOF-PEG, indicating their “stealth”
properties due to their PEG shell. One main finding were the
qualitative investigations which showed modifications, in several
aspects, on the unbounded (free) protein.
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