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x lipid as well as stabilizer) to identify critical parameters for the efficient DOX encapsulation in pH-sensitive liposomes.
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Introduction:

La faible solubilité dans l'eau des médicaments a toujours été un sujet d'étude important, et rend difficile le développement de formes pharmaceutiques appropriées pour administrer des médicaments lipophiles au corps humain. Différents types de nano-cargos ont été mis au point, et parmi eux, ceux à base de lipides ont montré des résultats encourageants du fait de leurs caractéristiques particulières, telles qu'une capacité de charge élevée, une biocompatibilité élevée (non toxique, stable dans les milieux physiologiques, inerte dans les tissus), surface adaptable pour appliquer tout type de stratégie de ciblage et un profil amélioré de biodistribution et de pharmacocinétique.

Cette thèse porte sur le développement, la fonctionnalisation, la caractérisation et les applications biomédicales de nano-cargos lipidiques, notamment à base de nano-emulsions.

Les nano-émulsions sont des émulsions fines, stables, généralement huile dans eau, optiquement claires et translucides, stabilisées par un agent tensioactif non ionique. La taille des gouttelettes est inférieure à 200-300 nm. Les nano-émulsions sont généralement formées en présence d'un tensioactif approprié et, parfois, un solvant organique est également utilisé lors de leur préparation (par exemple, dans le cas d'une émulsification spontanée). Ces deux facteurs pourraient, dans une certaine mesure, constituer une limitation en termes de biocompatibilité, de toxicité, de efficacité du la modification de surface, de développement d'incompatibilités avec le temps et parfois compliquent l'ensemble du processus 12 . Les nanoémulsions, dotées d'interfaces dynamiques liquide / liquide, sont généralement des systèmes très intéressants, mais qui entrainent des difficultés lorsque l'on souhaite contrôler avec précision leur chimie et composition de surface. Pour résoudre ce problème, nous avons développé une plateforme polymère capable de former des nano-émulsions stables en l'absence de tensioactifs et offrant une solution simple et efficace pour la fonctionnalisation des interfaces dynamiques liquide / liquide, pouvant être transposées en production à grande échelle. Dans cette thèse, j'ai présenté des nouvelles techniques pour développer et fonctionnaliser les nano-émulsions et encapsuler une grande variété d'agents de contraste, de ligands et d'anticorps, pouvant être liés de manière covalente à ces nano-émulsions. Enfin, nous avons étudié les applications de ces nano-transporteurs fonctionnalisés en surface comme systèmes d'imagerie, de délivrance thérapeutique et de délivrance ciblée de médicaments par des études in vitro, ex vivo et in vivo.

xi Parallèlement aux études mentionnées ci-dessus, ce travail de thèse de doctorat décrit le développement de liposomes sensibles au pH en tant que transporteurs de médicaments anticancéreux. Les liposomes sont considérés comme le type le plus avancé de vecteurs de médicaments et ont gagné en importance en tant que système de distribution de médicaments traditionnel en raison du fait que des médicaments hydrophiles, lipophiles et amphiphiles peuvent être piégés dans les liposomes 3,4 . Les liposomes sensibles au pH sont d'une importance primordiale car ils subissent une transition de phase et acquièrent des propriétés fusogéniques en milieu acide, ce qui entraîne la libération de leur contenu aqueux, ce qui en fait des supports idéaux pour la délivrance de médicaments anticancéreux, puisque le pH extracellulaire des tissus cancéreux étant légèrement acide en raison de la forte activité métabolique des cellules cancéreuses 5 . Cette étude examine le rôle respectif des paramètres de formulation dans le développement de liposomes sensibles au pH afin d'optimiser les conditions permettant une encapsulation efficace d'un médicament anticancéreux, la doxorubicine (DOX) 6 .

Résultats et discussions:

L'étude commence par la conception et la synthèse de polymères amphiphiles spécialement conçus pour présenter une propriété tensioactive importante, suivie de l'évaluation de sa capacité à générer des nano-émulsions par la méthode d'émulsification spontanée en l'absence de tensioactif et aussi de solvant organique 7,8 . La synthèse de polymère amphiphile repose sur la modification du poly(anhydride maléique-alt-1-octadécène) (PMAO), qui est un polymère hydrophobe à chaînes octadécènes aliphatiques (C18) à fonctions réactives anhydride, en effectuant une réaction systématique de Jeffamine ® Polyétheramine (copolymère polyéthylène glycol / polypropylène glycol) sur chaque fonction anhydride, afin de générer un motif octadécène / Jeffamine® sur chaque élément monomère (fig. 1a). Il en résulte un polymère parfaitement conçu pour stabiliser les interfaces huile / eau, à la manière d'un assemblage de tensioactifs non ioniques. En parallèle, nous avons conçu des amphiphiles similaires à J1000 et J2000, mais en utilisant le monomère parent de PMAO, à savoir l'anhydride octadécylsuccinique (OSA) (fig. 1b) au lieu de PMAO, et avons mené une étude comparative des capacités relatives du monomère et du polymère à former des nanoémulsions et également leur impact sur la taille des nano gouttelettes.

Un objectif secondaire était d'identifier les principaux paramètres ayant un impact sur le processus d'émulsification spontanée et, à cette fin, différents paramètres de formulation, chimiques et physico-chimiques inhérents au processus d'émulsification, ainsi que leur xii impact sur les propriétés, la taille et la polydispersité des gouttelettes ont été soigneusement analysées. Les résultats ont montré que le polymère amphiphile ainsi que le monomère provoquaient la formation de nano-émulsions stables et parmi toutes les conditions explorées, les meilleurs résultats ont été obtenus, en termes de taille moyenne et de PDI, avec l'amphiphile de PMAO lorsqu'il était utilisé avec une Jeffamine® plus longue (c'est-à-dire, J-2000) (fig. 1b). Il a en outre été observé que la taille des gouttelettes formées pouvait varier de manière significative avec l'évolution de la nature de l'huile. Le processus d'émulsification spontanée est lié aux affinités du polymère ou monomère amphiphile, pour l'huile et l'eau.

Dans le cas du polymère, l'originalité réside dans sa non-dispersion dans l'eau et sa précipitation dans la région interfaciale, formant une coquille sphérique, confirmée par microscopie électronique à transmission (TEM). La nouveauté de ce travail réside dans le fait que l'émulsification spontanée n'a jamais été rapportée avec un polymère seul en l'absence de surfactant. Il constitue une base de travail intéressante pour la fonctionnalisation des gouttes. Au-delà d'une telle description pionnière de la nano-émulsification spontanée réalisée en utilisant uniquement des molécules polymère, cette étude propose plusieurs idées nouvelles sur la manière potentielle de conduire à la fonctionnalisation des nano-émulsions. À cette fin, nous avons utilisé le même polymère amphiphile avec une légère modification de la structure, c'est-à-dire qu'une partie (20%) de la Jeffamine® utilisée ici a été remplacée par un autre composé contenant du polyéthylène glycol (PEG) terminé par un réactif (par exemple : NH 2 -PEG 4 -N 3 ) va potentiellement réagir spécifiquement avec certains ligands. Les nano-émulsions ont été préparées à l'aide de ce polymère nouvellement synthétisé, par ultrasons, avec un encapsulé à l'intérieur des nano-gouttelettes. Ces nano-émulsions ont ensuite été incubées avec un ligand, à savoir le DBCO-PEG4-biotine, ce qui a permis d'établir la liaison covalente entre le ligand et la surface des nano-gouttelettes. Différentes techniques ont été utilisées pour caractériser ces formulations de nano-émulsions, à savoir la diffusion dynamiques de la lumière (DLS), la spectroscopie UV-visible, la microscopie électronique à transmission (TEM), la résonance magnétique nucléaire (RMN) et l'électrophorèse sur gel. Les résultats ont montré que ces systèmes de nano-émulsions avaient tendance à se lier de manière covalente à de tels ligands (biotine) et pouvaient être utilisés comme supports efficaces de médicaments pour la délivrance ciblée. Une incubation avec une cible modèle marquée (streptavidine) a permis de montrer la décoration de ces molécules sur la surface des nanoémulsions, et ainsi de prouver le greffage des ligands et les interactions spécifiques.

Après avoir obtenu des résultats prometteurs pour la fixation de ligands modèles à la surface des nano-émulsions, nous avons ensuite exploré le potentiel de ces nano-transporteurs spécialement conçus pour l'imagerie et les applications biomédicales. Notre objectif principal était de tirer parti des caractéristiques uniques de la membrane cellulaire des cellules endothéliales sénescentes (CE) pour l'évaluation précoce in vivo des sites artériels à risque, ainsi que pour l'administration sélective d'agents à des fins préventives et thérapeutiques, afin de restaurer des conditions vasculaires optimales de protection par une approche théranostique et de nano-médecine 9,10 . À cette fin, des nano-gouttelettes ont été développées et décorées avec le polymère à base de PMAO décrit ci-dessus, mais contenant cette fois une fonction maléimide décorant les gouttelettes, pour réagir avec la fonction cystéine d'un anticorps (anti-VCAM pour cibler les cellules sénescentes). Les formulations ont été optimisées en termes de rapport lipide / polymère de revêtement, PEG / PEG-anticorps, optimisation des sites fonctionnels, taille du nano-porteur et stabilité en température. La formulation a également été optimisée en relation étroite avec les résultats de ciblage in vitro, réalisés avec des protéines membranaires de ciblage d'anticorps (VCAM-1) d'EC sénescentes (fig. 2). Les nano-gouttes ont été chargées avec une sonde fluorescente (CY5.5 et NR668) pour permettre la détection des cellules endothéliales sénescentes, couvrant des sites athérosensibles à risque, ainsi qu'avec un agent vasoprotecteur thérapeutique (pour la délivrance et la régénération de la fonction endothéliale native). L'évaluation biologique des nano-transporteurs théranostiques a été réalisée à trois niveaux différents, c'est-à-dire in vitro sur des cellules endothéliales en culture, ex vivo sur des segments artériels isolés à risque faible et élevé et in vivo sur des rats présentant un vieillissement artériel et caractéristiques de leur potentiel de régénération. Les résultats obtenus avec des études in vitro et ex vivo ont montré que les nano-transporteurs théranostiques développés ciblent spécifiquement (en une heure, et à la température corporelle) les cellules endothéliales sénescentes natives et modifiées (par des inducteurs prosénescents, angiotensine II) (figure 3) et que les nano-porteurs théranostiques s'accumulent de préférence sur des sites bien définis, caractérisés par un écoulement perturbé et un faible cisaillement (i.e. correspondant aux zones à risque de développement de plaques d'athéromes).

Les études in vivo sont toujours en cours et on s'attend à ce que l'administration de nanocargos théranostiques ait une incidence minime sur les paramètres hémodynamiques et suite à l'accumulation locale, et délivreront sur le site l'agent thérapeutique contribuant à restaurer la fonction endothéliale et l'homéostasie vasculaire grâce à l'action combinée de normalisation du niveau du stress oxydatif et des gènes sensibles à l'oxydoréduction. La condition la plus importante pour ces liposomes est qu'ils soient stables au pH physiologique et qu'ils perturbent les milieux légèrement acides, tels que le microenvironnement tumoral, pour libérer leur charge de DOX. Le principal défi pour encapsuler la DOX dans les liposomes sensibles au pH réside dans le fait que ce médicament est soluble à pH faible (lorsque les liposomes sensibles au pH ne sont pas stables), mais que la solubilité aqueuse de la DOX diminue dans les conditions de pH correspondant à la stabilité des liposomes. L'étude de la sensibilité des liposomes au pH a été réalisée en utilisant de la carboxyfluorescéine (CF) encapsulée à une concentration élevée, conditions dans lesquelles la fluorescence de la sonde fluorescence est auto-desactivée, et qui augmentera lorsque le liposome sera détruit et le colorant libéré. Il s'agit d'un capteur de l'intégrité du liposome.

Différents lipides (dioléoyl phosphatidyl éthanolamine (DOPE), palmitoyl-oléoyl phosphatidyl éthanolamine (POPE) et dimyristoyl phosphatidyl éthanolamine (DMPE)) ont été utilisés, associés à l'alpha-tocophéryl succinate (α-TOS) en tant qu'agent stabilisant pour la préparation de liposomes par extrusion manuelle sur membrane de polycarbonate. L'impact de (i) la nature chimique des lipides et (ii) du rapport lipide / agent stabilisant sur la sensibilité des liposomes au pH a été étudié. Ces combinaisons « lipides / α-TOS » se sont révélées former des liposomes stables à pH 7,4, avec une efficacité d'encapsulation maximale obtenue avec le POPE. L'intégrité des liposomes était significativement dépendante du pH avec une modulation possible en fonction de la concentration de α-TOS. Lorsque la concentration en α-TOS augmente, la dégradation des liposomes et la libération de CF est ralentie. La durée d'incubation a également un impact sur la libération de la sonde, car une incubation plus xvi longue augmente l'ampleur de la perturbation de la membrane des vésicules. Des formulations de liposomes optimisées ont ensuite été sélectionnées pour l'encapsulation de DOX par une procédure de chargement actif, c'est-à-dire entraînées par une différence de pH à l'intérieur et à l'extérieur des liposomes. De nombreuses conditions expérimentales ont été explorées, en fonction du gradient de pH et de la composition des liposomes, ce qui a permis d'identifier des paramètres critiques pour une encapsulation efficace de la DOX dans des liposomes sensibles au pH. Les valeurs du gradient de pH se sont révélées être un paramètre crucial du chargement de DOX. Il a en outre été observé que l'efficacité d'encapsulation de la DOX dans les liposomes sensibles au pH dépend de la nature du lipide -PE (plus élevée avec le POPE).

Et parmi différentes formulations liposomales de POPE, on obtient des efficacités d'encapsulation plus élevées avec les combinaisons α-TOS et α-TOS / CHOL par rapport aux combinaisons CHEMS et CHEMS / CHOL. De plus, en fonction de la composition, de la présence de cholestérol augmente également l'encapsulation de la DOX et contribue à la rétention de la DOX à l'intérieur des liposomes. 

AIMS AND OBJECTIVES

This thesis focuses on the development, functionalization, characterization and biomedical applications of two most important types of lipid nano-carriers, namely nano-emulsions and liposomes. The overall research study can be classified into two projects, which are:

1) Nano-emulsions as carrier of lipophilic molecules for biomedical applications 2) Liposomes as carrier of drug molecules for biomedical applications Nano-emulsions are fine, stable, and in general optically clear and translucent oil-in-water or water-in-oil dispersions, stabilized by a nonionic surfactant, with droplets size ranging below 200-300 nm. Nano-emulsions are generally formed in the presence of a suitable surfactant and sometimes an organic solvent is also used during their preparation (e.g., in the case of spontaneous emulsification), both these factors could, constitute a limitation in terms of biocompatibility, efficiency of the surface modification, toxicity, need of additional steps (to remove solvent), development of incompatibilities with time etc. The first objective of my research project is to design an amphiphilic polymer, specially tailored to exhibit an important surface-active property. Then, this polymer will be used to generate nano-emulsions through the spontaneous emulsification method, in the absence of a surfactant as well as an organic solvent, in order to overcome all the incompatibilities and limitations associated with their incorporation in the preparation of nano-emulsions. A secondary objective of this study is to identify the main parameters having an impact on the spontaneous emulsification process by analyzing the effects of different chemical, physico-chemical and formulation parameters (inherent to the emulsification process) on the properties, size and polydispersity of the formed droplets.

Objective 2: Preparation and characterization of tunable surface functionalized oil-inwater nano-emulsions

Nano-emulsions, having dynamic liquid / liquid interfaces, are generally very powerful systems, but suffer from difficulties to precisely control the chemical modification of their surface. The second objective of this project is to perform tunable functionalization of the nano-emulsions by developing a polymer derivative, capable of forming stable nanoemulsions and providing an easy but very efficient solution to functionalize the dynamic liquid / liquid interfaces and can be transposed to large scale production.

Objective 3: Development of a novel theranostic approach to target endothelial senescence: Nano-emulsions as targeted theranostic nano-carriers

The next objective of our study is to develop nano-emulsions and analyze their potential for imaging and targeted drug delivery applications. Firstly, different kinds of contrast agents and therapeutic agents will be encapsulated in the nano-emulsions, along with grafting of the ligands and antibodies at their surface. And then, their potential as theranostic nano-carriers will be evaluated by in vitro, ex vivo and in vivo studies.

Project 2: Liposomes as carrier of drug molecules for biomedical applications

The main objectives of this research project are as follows,

Objective 1: Development and characterization of pH-sensitive liposomes

Liposomes are considered as the most advanced type of particulate drug carriers and have gained importance as the mainstream drug delivery system because of the fact that hydrophilic, lipophilic as well as amphiphilic drugs can be entrapped in the liposomes. The pH-sensitive liposomes undergo phase transition and acquire fusogenic properties in acidic environment, leading to the release of their aqueous contents, which makes them ideal carriers for delivery of anticancer drugs since the extracellular pH of cancer tissues is slightly acidic due to the high metabolic activity of cancer cells. The objective of this study is to develop pHsensitive liposomes and to study the impact of (i) the chemical nature of lipids and (ii) the lipid/stabilizing agent ratio on the pH sensitivity of the liposomes.

Objective 2: Encapsulation of anti-cancer drugs in pH-sensitive liposomes

Optimized liposomal formulations will be selected for the encapsulation of an anti-cancer drug, doxorubicin (DOX). The major challenge for encapsulating DOX in pH-sensitive liposomes lies in the fact that this drug is soluble at low pH (when the pH-sensitive liposomes are not stable), but the DOX aqueous solubility decreases in the pH conditions corresponding to the stability of the pH-sensitive liposomes. Numerous experimental conditions will be explored, in function of the pH gradient and liposome composition (nature and amount of the

CHAPTER ONE INTRODUCTION TO LIPID NANO-CARRIERS

Introduction

The word "Nano" is a Greek word and refers to tiny dimension beyond the limit of visibility for naked eye. It makes all objects described with "nano" as nanometric-sized entity. The term nanoparticle (NP) was used for the first time during the 1980s. 1 Since then, great interests have developed from the scientific community with the development of nanotechnology devoted to nanoscience and nanomedicine application. Nanoparticles have been developed with different kinds of materials such as organic, inorganic, hybrid, alloy, composite etc. and are usually produced in different morphologies like spherical, rods, cylinders, stars, cages etc.

The most interesting features of NPs are their smaller sizes and high surface-to-volume ratio that offer large surface available for electrostatic attachment /anchoring of ligands or specific moieties, to design NPs for vast variety of applications.

The low-aqueous solubility and low bioavailability of the drugs have always been serious concerns because it creates many problems in developing a suitable dosage form to deliver lipophilic drugs to the human body. As many of the newly discovered drugs (about 40%) have low solubility in water or are completely hydrophobic, explaining why the research interest has been developed, for the past couple of decades, to design relatively inert and non-toxic carriers of drugs which can deliver the drugs efficiently to the living cells. Drugs can be loaded onto or into the core-shell assembly of the nanocarriers via encapsulation and surface attachment or entrapment. Different kind of nanocarriers have been developed but lipid-based nanocarriers have gained much importance for the delivery of the lipophilic drugs because of their special characteristics like, high drug loading capacity, high biocompatibility (non-toxic, stable in physiological media, inert to tissue), tailorable surface to apply any kind of targeting strategy and an improved biodistribution and pharmacokinetic profile.

Types of lipid nanocarriers

The most commonly employed lipid nanocarriers are liposomes, nano-emulsions, hybrid lipid / polymeric NPs (HPNPs), solid lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs) and dendrimers.

Polymeric and hybrid nanoparticles

Polymeric nanoparticles (PNPs) are submicron-sized colloidal particles and have attracted considerable interest over the last few years due to their unique properties and behavior resulting from their small size. Several synthetic or natural polymers have been used for the preparation of PNPs, such as proteins, sugars or other natural macromolecules, biodegradable polymers and non-biodegradable, but pharmaceutically acceptable polymers. Polymer-based nanocarriers can be formulated as nanospheres and nanocapsules (figure 1). The first design is a rigid construct with an insoluble polymeric matrix as a core and the drug molecule can be directly grafted onto the polymer backbone either attached onto the surface or embedded within the matrix. In the case of nanocapsules, the inner core is a liquid phase surrounded by a rigid crosslinked polymeric membrane. As the particle morphology integrates a lipid core, their structure can be considered as polymer / lipid hybrid, and can serve as good carriers for lipophilic drugs. The outer hydrophilic part can be used as a stimuli-responsive block in order to promote controlled release of drug under specific conditions (like pH, temperature, redox, external conditions). The PNPs and HPNPs are widely used as theranostics and as targeted drug delivery systems. The targeted PEGylated polymeric micelles have been developed as a theranostic platform with SPIONs and doxorubicin co-loading for drug delivery to cancer cells and MRI monitoring. 2 The PNPs have following major advantages,

• Allow controlled release of drugs 

Solid lipid nanoparticles (SLNs) and Nanostructured lipid carriers (NLCs)

Solid lipid nanoparticles (SLNs) were introduced first time in early 1990s as novel drug carrier systems placing themselves at the interface between the already existing lipid systems (emulsions and liposomes) and polymeric nanoparticle systems because SLNs may combine interesting properties of both of these already existing systems. SLNs are produced by replacing the liquid lipid (oil) of an o/w emulsion by a solid lipid. The mean particle size of SLN is in the submicron rage, ranging from about 40 to 1000 nm. 4 The stability of the system is usually ensured by a surfactant. Solid lipid nanoparticles (SLN) are distinguishable from nanostructured lipid carriers (NLC) by the composition of the solid particle matrix. The NLC often referred to as the second generation of SLNs, were developed by Muller et al. in the late 1990s to overcome some potential limitations associated with SLN. NLCs typically range in size from 100 to 500 nm and are produced using blends of solid lipids and liquid lipids (oils), preferably in a ratio of 70:30 (up to a ratio of 99.9:0.1). As compared to the SLNs, NLC show higher drug loading capacity, lower water content of the particle suspension and avoid/minimize potential release of active compounds during storage. The overall solid content of NLC could be increased up to 95%. The hydrophobic cores of SLNs and NLCs provide a suitable environment for entrapment of hydrophobic drugs. The SLNs and NLCs can be prepared by using different techniques, however in cosmetic and pharmaceutical industries, they are most commonly prepared by the high-pressure homogenization technique. 4 Due to the production of lipid nanoparticles from physiological and/or biodegradable lipids, NLCs display a good biocompatibility and tolerability. SLNs and NLCs have been mostly used and are well known for oral and topical applications but recent studies have confirmed their potential as anticancer drug delivery vehicles as well. [4][5][6][7] SLNs and NLCs exhibit many advantages over other nano carriers, which include 

Dendrimers (DMs)

Dendrimers (DMs) are perfectly structured carriers relying on branched molecules with a globular shape. The name comes from the Greek word, "Dendron" which means a "tree" and "Meros" meaning "part". The DMs are generally composed of three components, an inner core which trap or anchor a single element or a group, a multilayer made of repeating units, called generations, and an outer surface with peripheral functions directed outward available for functionalization. The DMs having hydrophobic core and hydrophilic periphery have shown to exhibit micelle-like behavior and can be used to deliver highly active pharmaceutical compounds that have limited water solubility. The monodispersity, water solubility, high encapsulation efficiency, and presence of large number of functionalizable peripheral groups, make these macromolecules appropriate candidates as drug delivery vehicles. The drugs can be loaded into the DMs by three different mechanisms, i.e., the drug can be covalently attached to the periphery of the dendrimer to form dendrimer prodrugs, the drug is coordinated to the outer functional groups via ionic interactions, or the dendrimer acts as a unimolecular micelle by encapsulating a drug through forming a dendrimer-drug supramolecular assembly. 8,9 The carboxylic acid and phenol-terminated water-soluble dendrimers have been synthesized to establish their utility in drug delivery as well as conducting chemical reactions in their interiors. 10 This strategy allows researchers to attach both targeting molecules and drug molecules to the same dendrimer, which will ultimately reduce the side effects of medications on healthy cells. The DMs have been used as carriers of anticancer and antiretroviral drugs. 

Nano-emulsions

Nano-emulsions are fine and clear oil-in-water or water-in-oil dispersions stabilized by an amphiphilic surfactant, with droplet sizes < 300 nm. The small droplet size results in longterm physical stability of nano-emulsions, because it impairs the destabilization phenomena like sedimentation, creaming and coalescence.

The major advantages of nano-emulsions are as follows,

• High encapsulation efficiency of lipophilic drugs

• Can be formulated in different dosage forms, enabling them to deliver the drugs by several routes of administration, like oral, topical, parenteral, ocular, transdermal etc.

• Due to smaller droplet sizes, nano-emulsions improve the absorption/bioavailability of drugs • Taste masking • Non-toxic and non-irritant

• Protection of drugs from hydrolysis and oxidation

The detailed explanation about the characteristics, types, methods of preparation and applications of nano-emulsions is given in chapter 2.1 of this thesis, however a schematic representation of a typical multifunctional nano-emulsion system is shown in the figure 4. 

Liposomes

The word liposome is derived from two Greek words, "lipos" meaning fat and "soma" meaning body. Liposomes were first described by Bangham et al. 12 as spherical structures made up of phospholipid and cholesterol, which upon hydration, self-associate to form bilayers surrounding an aqueous interior. Since then the liposomes have been explored extensively as carriers for drug delivery. Phospholipid forms the bilayered structures in the aqueous systems and cholesterol improves the stability of the bilayers and reduces the leakage of the active payload. Liposomes have widespread applications in pharmaceuticals. The major advantages of liposomes to be used as drug carriers are as follows,

• Liposomes are biocompatible, biodegradable and non-immunogenic

• Liposomes can be formulated in different dosage forms to facilitate administration through almost all routes of drug administration.

• The hydrophilic, lipophilic as well as amphiphilic drugs can be encapsulated/entrapped in the liposomes.

• The surface of the liposomes can be modified (ligand attachment) according to the desired properties, which result in the targeted delivery of the drugs.

The detailed explanation about the characteristics, types, methods of preparation and applications of liposomes is given in the chapter 3.1 of this thesis, however a schematic representation of conventional and functionalized liposomes is presented in figure 5. 13 ).

Figure.5. A schematic representation of conventional and functionalized Liposomes (reference

CHAPTER TWO NANO-EMULSIONS AS CARRIER OF LIPOPHILIC MOLECULES FOR BIOMEDICAL APPLICATIONS

Chapter 2.1: Nano-emulsion: An advanced drug delivery system

Definition of nano-emulsions

Nanoemulsions are fine, stable, and in general optically clear dispersions of two immiscible liquids (oil-in-water or water-in-oil) stabilized by an amphiphilic surfactant, with droplet sizes < 300 nm. [1][2][3][4][5] The small droplet size results in long-term physical stability of nano-emulsions, because it impairs the destabilization phenomena like sedimentation, creaming and coalescence. 5,6 

Types of Nano-emulsions

Based on the constituents and relative distribution of dispersed phase and continuous phase, nano-emulsions can be classified as,

2.1.Biphasic nano-emulsions

Biphasic nano-emulsions are defined as the thermodynamically unstable colloidal dispersions consisting of two immiscible liquids, with one of the liquids being dispersed in the other liquid in the form of small spherical droplets. These nano-emulsions are further classified into oil-in-water (O/W) or water-in-oil (W/O) types depending upon whether the oil is dispersed as droplets in continuous water phase, or water is dispersed as droplets in continuous oil phase respectively. The O/W nano-emulsions are also called as "direct" or "water based" nano-emulsions and in such emulsions a water-soluble surfactant is used, whereas W/O nano-emulsions are also called as "inverse" or "oil based" nano-emulsions and in this case oil soluble surfactant is used.

2.2.Double nano-emulsions

Double nano emulsions are complex colloidal systems in which the droplets of dispersed phase are immersed in a continuous phase which itself is dispersed in another outermost continuous phase.

Components of Nano-emulsions

The major components of nanoemulsion are:

• Aqueous phase: The stability and droplet size of nanoemulsion is strongly influenced by the nature of aqueous phase. Generally, water is used as an aqueous phase, but apart from water, phosphate buffered saline, Ringer's solution, simulated gastric fluid (pH 1.2) and simulated intestinal fluid (pH 6.8) can be used as aqueous phase. During the development of nano-emulsions, a special consideration should be given to the pH and ionic content of aqueous phase, because it is well documented that both the pH and electrolytes have strong influence on the properties of nano-emulsions, particularly on droplet sizes and physical stability of nano-emulsions.

• Oil: The oil content in the O/W nano-emulsions varies generally from 5-20%, however sometimes higher amounts can also be used to achieve desired properties of the nano-emulsions. The most commonly used oils are long chain triglycerides (LCT), medium chain triglycerides (MCT) and short chain triglycerides (SCT), e.g., labrafac oil, omega oil, corn oil, castor oil, linseed oil, olive oil, soybean oil, sesame oil, etc.

The choice of oil is generally made based on its ability to solubilize the drugs and to facilitate formation of nanoemulsion of desired characteristics.

• Emulsifying agent/Surfactants: The emulsifying agents impart stability to these systems. The ideal properties of emulsifying agent are, to reduce the surface tension, to get adsorbed rapidly at the oil-water interface and be effective in a fairly low concentration to form nanoemulsion. The most commonly used surfactants are, sodium deoxycholate, cremophor EL, lecithin, polyoxyethylene sorbitan monolaurate (tween 20,40,60,80), sorbitan monolaurate (span 20,40,60,80), sodium dodecyl sulfate, solutol etc. The choice of the surfactant is critical for the nanoemulsion formation. Surfactants having hydrophilic-lipophilic balance (HLB) values less than 10 are hydrophobic (like sorbitan monoesters) and form w/o nanoemulsion where as those having HLB higher than 10, (like polysorbate 80) are hydrophilic and form o/w nanoemulsion. In some cases, mixture of lipophilic and hydrophilic surfactants may also be used to obtain nano-emulsions.

The emulsifying agents can also be classified into following types, i)

Natural emulsifying agents, for example acacia, tragacanth, pectin, agar, sodium alginate etc.

ii) Synthetic emulsifying agents, like polyvinyl alcohol, polyethylene glycols, Tween, sodium stearate, lecithin, carbomers etc.

iii) Semi-synthetic emulsifying agents, for example methylcellulose, sodium carboxymethylcellulose, hydroxyethyl cellulose etc.

• Co-surfactants: Sometimes the surfactant alone is not capable enough to lower the interfacial tension to form a nanoemulsion, that's why a co-surfactant (like ethanol, hexanol, pentanol, polyethylene glycol, propylene glycol, glycerine etc.) is used in those cases to complement surfactants and form stable nano-emulsions. But the cosurfactant should not be capable of forming micelles on its own (unlike surfactants).

• Other components: Sometimes the preservatives, antioxidants, chelating agents and pH stabilizers are also added to increase the stability of the nano-emulsions in particular environment.

Methods of preparation of nano-emulsions

The methods used to prepare nano-emulsions can be classified into two main types,

4.1.High energy methods

High-energy methods make use of mechanical devices, like microfluidizers, ultrasonicators and high-pressure homogenizers, to create powerful disruptive forces that disrupt and intermingle the oil and water phases so that tiny droplets are formed. 1,3,[5][6][7][8] Almost any oil can be subjected to nano-emulsification using these methods.

Following are the high-energy methods, which are used to produce nano-emulsions.

High pressure homogenization a) High-pressure homogenizer

This method benefits from a high-pressure homogenizer to manufacture nano-emulsions with very small droplet sizes (<100nm). The process consists of two steps. The first step involves the preparation of macroemulsion by mixing oily phase, aqueous phase and surfactant in a simple batch stirrer system for a sufficient period of time. In the second step this macroemulsion is converted into nanoemulsion by passing it through a high-pressure homogenizer. The macroemulsion is forced to pass through a very small gap/orifice at an operating pressure of 500-5000 psi, which subjects the product to hydraulic shear and intense turbulence resulting in the formation of extremely small droplet sized nano-emulsions. This process can be repeated multiple times (number of passes) until the final product reaches the desired droplet size and polydispersity index (PDI). The droplet size obtained is directly proportional to the applied homogenization pressure as well as the number of homogenization cycles or passes (figure 1).

b) Piston gap homogenizer

Piston gap homogenizer works on the principle of a colloid mill. A coarse emulsion is prepared by mixing oily and aqueous phases in the presence of a surfactant and then this coarse emulsion is passed through a very narrow gap between a rapidly moving rotor and a fixed stator. The high shear, stress and the grinding forces generated between the rotor and stator cause the size reduction of the droplets. The droplet size can be controlled by fixing the dissipation gap to required size, which will result in the formation of droplets having the sizes equal to or smaller than the gap between the rotor and the stator (figure 1). 

Micro fluidization

Microfluidizers are widely used devices in pharmaceutical industry in order to manufacture very fine emulsions. The coarse emulsion is forced through an interaction chamber consisting of rigid stainless steel microchannels under the influence of a high-pressure displacement pump (500-50,000 psi) resulting in the formation of very fine droplets. The hydraulic shear, impact, attrition, cavitation and intense turbulence produced during the process cause the reduction in the droplet size. The coarse emulsion is repeatedly passed through the microfluidizer until the desired size is obtained. The energy generated by the collisions of the droplets dissipates in the form of heat and requires cooling by the use of heat exchanger without affecting the stability and size distribution. The major advantages of this high throughput method are high volume throughput of nanodroplets with reasonably uniform size distribution, extremely high peak shear rates and zero contamination of feed material. 

Ultrasonication

This method makes use of high frequency sound waves (equal to or higher than 20 KHz)

to produce nano-emulsions in situ or to reduce the size of a pre-formed emulsion. A coarse emulsion is prepared by mixing a homogenous oily phase and aqueous phase in a mechanical stirrer system. Then this coarse emulsion is exposed to ultrasonic agitation to form nanoemulsion. When high power ultrasonic devices like focusing horns and pointed tips are dipped in the sample, cavitation bubbles are formed which continue to grow until they implode. This implosion creates a jet stream of surrounding liquid which in turn pressurizes dispersed droplets and causes reduction in the size of droplets (figure 3). In most of the ultrasonic systems, the emitted sound field is not homogeneous, that's why the emulsion is recirculated multiple times through the high-power region. As a result of which all the droplets experience the highest shear rate and nano-emulsions with uniform size distribution are obtained. The ultrasonicator probes are available in different dimensions, which affect their functionality. In case of small volume batches, the narrower probes are usually preferred.

The depth to which a probe is dipped in the sample is also very important because it can affect the pressure distribution. It must be carefully monitored that the ultrasonicator probe should not touch any solid surface. Among all the high-energy methods, ultrasonication requires least expenditure of energy.

The major disadvantages associated with high-energy methods are: i) High instrumental cost ii) High operational temperature which rules out thermolabile drugs iii) Contamination of the feed material induced by the probe 

4.2.Low-energy methods

Low energy methods are more energy efficient, as only simple stirring is needed. A special character of these methods is the utilization of the energy stored in the system to produce ultra-fine droplets. Low-energy methods divert the intrinsic physicochemical properties of the surfactants, co-surfactants and excipients in the formulation, leading to the generation of emulsion droplets in the nanometric range. 2 Over the past twenty-five years, the research interest in the development of low energy methods has increased because of the numerous advantages of low energy methods like,

• Smaller droplet sizes

• Low cost
• High formulation yields

• Encapsulation of fragile active molecules

• Potential industrial scale up
• Wide range of applications in food, cosmetic and pharmaceutical industry Low energy methods can be classified into two main types,

Spontaneous Emulsification

The spontaneous emulsification is a very simple method in which an aqueous phase is mixed with an oil phase composed of a mixture of oil, surfactant and/or water miscible solvent. By spontaneous emulsification, nano-emulsions can be produced at room temperature without using special devices. Various mechanisms have been proposed in the literature for spontaneous emulsification, like, interfacial turbulence, development of transient values of interfacial tensions, diffusion and stranding, Marangoni flow and Rayleigh-Taylor instability. 9,10 However the general mechanism is the surfactant and/or solvent displacement from the oil phase to the aqueous phase that induces turbulence and super saturation at the oil/water interface, resulting in the formation of nanodroplets. 10,11 In pharmaceutical industry, this method is widely used to manufacture oil-in-water nanoemulsions as carriers of lipophilic drugs. Such systems are usually referred as selfnanoemulsifying drug delivery systems (SNEDDS). There is a drawback associated with this method, i.e., the use of toxic solvents like ethanol, acetone, etc. Some efforts have been put into dealing with this problem, like using a mixture of water miscible solvents. 12 Anton et al. have shown that the non-ionic surfactant itself can play the role of the displacing species in the spontaneous emulsification process, following a universal mechanism related to the displacement of the surfactants from the oily to the aqueous phase, due to the sudden change of surfactant solubility and thus avoiding the use of the toxic solvents. 2 Rehman et al. 13 have shown that the spontaneous emulsificationcommonly performed with nonionic surfactants-can also be transposed with amphiphilic polymer based on poly (maleic anhydride-alt-1-octadecene) (PMAO) and jeffamine® (Figure 4). 

Phase inversion methods

Phase inversion methods utilize the chemical energy, which is released as a result of phase transitions taking place during the emulsification process. These phase transitions occur following the changes either in composition (phase inversion composition method) or temperature (phase inversion temperature). 5,7 The phase behavior studies have shown that both these methods have the common general mechanism of emulsification because the phase transitions (bicontinuous microemulsions or lamellar liquid crystalline phases)

occurring during the emulsification process are common for both these methods.

Phase inversion temperature method (PIT)

In this method, the phase transitions are triggered by changes in the temperature at constant composition. The emulsification occurs because of the changes in the solubility/affinity of the surfactant for water and oil phase as a function of temperature.

The process involves an ordered conversion of W/O to O/W emulsion or vice versa through an intermediate bicontinuous phase. This method can only be applied to the systems having surfactants sensitive to changes in the temperature, like polyoxyethylated non-ionic surfactants, which undergo changes in the hydration of their polyoxyethylene (POE) chains due to changes in the temperature of the system, resulting in the inversion of their curvature and emulsion formation. [5][6][7]14 The surfactant behaves as hydrophilic at temperature below HLB temperature and as hydrophobic at temperature above HLB temperature. The first step of the procedure involves the preparation of an emulsion at its phase inversion temperature (also called hydrophile-lipophile balance (HLB) temperature). Although the formation of very small droplets is favored at this temperature but the spontaneous curvature of the surfactant is almost zero and the coalescence rate is very high, that's why the emulsions formed are very unstable (bicontinuous microemulsion). In the second step, the system is either cooled down or heated rapidly which causes the phase inversion, resulting in the formation of kinetically stable O/W or W/O emulsions respectively. The cooling or heating process must be very fast otherwise polydisperse nano-emulsions are formed due to predominant coalescence. The major drawback associated with this method is that the thermosensitive drugs cannot be used in these systems. 

Phase inversion composition method (PIC)

In this method, the phase transitions are triggered by changes in the composition of the The major advantages of this method over PIT method are,

• Greater potential for large-scale production

• No restriction of using only POE-type surfactants

• Can be used for thermolabile products.

Drug release from nano-emulsions

The release of drugs from the nano-emulsions can be triggered by many stimuli like, temperature change, pH, enzyme activity etc. The lipophilic drugs are generally released from the nano-emulsions only after the digestion of the oily components of the emulsions. The release of drugs from the nano-emulsions follows Fick's first law of diffusion, which can be expressed mathematically as follows, t1/2 = 0.0585r 2 Kow/D Where, t1/2 is the time taken by half of the drug to diffuse out from the oil, "r" is the radius of the droplet, "Kow" is the oil-water partition coefficient and "D" is the diffusion coefficient of the drug. The nano-emulsions are usually digested more rapidly than the traditional emulsions because of very high oil/water interfacial area. And because of the smaller radii of the droplets, the drug diffuses very rapidly across oil. The release of the drug from the nanoemulsions can be delayed/controlled by using some vehicles like organogels 15 or by coating the nano-emulsions by a thick layer of a polymer (nanocapsules) 16 or by using suitable surfactants because a tightly packed interface serve as a barrier and turn the nanoemulsion into a drug reservoir having controlled rate of release of the drug.

Applications of nano-emulsions as nano-carrier for lipophilic drugs

A great deal of research is ongoing in developing oil-in-water nano-emulsions to incorporate lipophilic drugs to overcome the solubility problems of poorly soluble drugs. The waterinsoluble drugs can be easily delivered to the patients through such kind of nanocarriers.

Other advantages of using nano-emulsions as drug carriers are enhanced bioavailability, reduced toxicity, improved stability and pharmacological activity, more sustained delivery and protection from physical and chemical degradation.

Nano-emulsions can be administered by various routes like oral, ocular, topical, intravenous, pulmonary and intranasal route because of the compatibility of their physico-chemical properties with the different administration routes, as well as due to the possibility of rendering them into different kinds of dosage forms, like creams, gels, liquids and aerosols.

The recent advances in the use of nano-emulsions as carriers of lipophilic drugs are as follow.

6.1.Oral drug delivery

Oral administration is often the best route for drug delivery; however, oral bioactive agents experience the harsh environment of the gastrointestinal (GI) tract, which impairs their stability, solubility and absorption. Nano-emulsions offer many advantages over conventional oral formulation including enhanced stability in the harsh environment (pH and hydrolytic enzymes) of the gastrointestinal (GI) tract, improved clinical potency, increased absorption and bioavailability, and decreased drug toxicity. 6,17 That's why nano-emulsions are ideal nanocarriers for the oral delivery of lipophilic drugs like diuretics, antibiotics, steroids, hormones, antifungals etc. Few examples of the drugs, which have been incorporated in nanoemulsions for oral delivery, are given in the Table 1.

6.2.Parenteral drug delivery

The drugs that have poor water-solubility, lower bioavailability and narrow therapeutic indices can be administered by incorporating them in nano-emulsions. For intravenous administration of emulsions, the size of the dispersed oil droplets must be below the size of the smallest blood vessels (5 μm) to avoid embolisms. 18 The nano-emulsions are ideal candidates to be used as drug carriers for parenteral administration of lipophilic drugs because of very small sized droplets (below 300 nm). The lipophilicity of the drug is a very important factor for its biodistribution. If the lipophilicity of the drug is low, the drug may be released very quickly from the oil droplet into the blood stream. Whereas, if the lipophilicity is high, the drug will be retained in the oil droplet and the oil droplet will function as a drug reservoir for delayed/controlled release. The surface of the nanodroplets can be modified by incorporating a hydrophilic moiety like polyethylene glycol (PEG) chains, which prevents identification and opsonization by mononuclear phagocyte system (MPS) and enhances the circulation time of NE in the blood stream (i.e., stealth NE). 18,19 The NE can be used for targeted drug delivery by incorporating some ligands (like RGD peptide for Rvβ3-integrin receptor present on tumor surface) 20 at the surface of the nanodroplets. Some examples of the parenteral NE are given in the Table 1.

6.3.Topical drug delivery

Topical route of administration of drugs has many advantages over other routes of administration like, the avoidance of hepatic first pass metabolism of the drug and the direct delivery of the drug to affected area of the skin or eyes. But it has always been a challenge to enhance permeation of the drugs intended for topical application. These drugs are limited either by poor dispersibility in topical vehicles (creams, gels, patches) or due to skin irritant action. Nano-emulsions have been explored for topical delivery of such drugs and they provide enhanced penetration rates as well as deep skin delivery and also create a concentration gradient by acting as tiny reservoirs of drugs. 21,22 Nano-emulsions can also be employed to systemically deliver small molecules via topical route. Examples of topical nanoemulsion formulations are given in the Table 1.

6.4.Ocular drug delivery

Oil-in-water nano-emulsions have been developed to deliver water insoluble, poorly absorbed/poorly retained and environmentally sensitive drugs. Generally, transparency, refractive index and viscosity of the nano-emulsions are given special consideration in case of their use as ophthalmic drug delivery systems. The o/w nano-emulsions intended for ophthalmic drug delivery, have excellent wetting and spreading properties and also provide improved solubility and absorption of the poorly soluble drugs and facilitate prolonged retention and release of the drugs. [23][24][25] 1).

6.5.Pulmonary drug delivery

The drug administration by pulmonary route has been extensively studied and nano-emulsions serve as a good carrier for the delivery of drugs by this route. Nano-emulsions ensure enhanced lung deposition and pulmonary retention of the drugs. The first pass metabolism can also be avoided by using pulmonary route of administration, which in turn improves the therapeutic efficacy. 26 An example for such kind of systems is the amphotericin-loaded nanoemulsion, which ensures direct delivery of the drug to the lungs to treat pulmonary aspergillosis (Table 1).

6.6.Intranasal drug delivery

The blood brain barrier is the major hurdle in the delivery of drugs to brain, as it restricts hydrophilic and high molecular weight molecules (like peptides). However, drug loaded nano-emulsions have been used to target brain by making use of the olfactory vein in the nasal mucosa which provides direct passage from nose to brain. A number of antiparkinsonism, anti-alzheimer's and anti-psychotic drugs have been successfully developed in the form of intranasal nano-emulsions (Table 1), which provide direct transport of drugs to the brain.

6.7.In cosmetics

The nano-emulsions have been extensively used in cosmetics because of their aesthetic properties, i.e. low viscosity, transparent visual aspects of nanoemulsion, droplet sizes below 300 nm and high surface area allowing effective transport of the active ingredient to the skin.

Because of such smaller droplet sizes, creaming, sedimentation, flocculation or coalescence are not observed which leads to more elegant and stable product. These properties make them useful for sun care products, hair care products, lotions, transparent milks and antiaging creams. 27 

6.8.In food industry

Nano-emulsions can be used in the food industry to develop smart foods with substances that are otherwise difficult to incorporate due to poor-water solubility. For example, b-carotene is a pigment abundant in plants and fruits (responsible for coloration), used as a dietary supplement and has very important health benefits. The research has been done on the development of b-carotene loaded nano-emulsions and also on the effect of temperature, pH and surfactant type on the size and stability of nano-emulsions. [45][46][47][48] 

6.9.Biomedical imaging

The o/w nano-emulsions are of particular interest for developing fluorescent nanocarriers because their oily core work as a perfect reservoir for the encapsulation of lipophilic dyes.

Dye-loaded nano-droplets provide an efficient alternative to inorganic nanoparticles as they provide high encapsulation of the dyes and at the same time prevent the self-quenching of the fluorescence and leakage of the encapsulated dye from the nano-droplets in the biological media. Klymchenko et al. have developed nano-emulsions encapsulating fluorescent dyes (based on 3-alkoxyflavone and Nile Red), in the oily core of the nano-droplets (at very high concentrations), and the dyes remained highly fluorescent within the nano-droplets even at high concentration. 49 Texier et al. 50 prepared lipid nanocarriers encapsulating cyanine dyes and showed that even at this high concentration in the oily core of nano-droplets, the dye preserved its efficient fluorescence, allowing successful cellular and in vivo animal imaging.

Rapoport et al.. 51 have demonstrated that biodegradable block copolymer stabilized perfluoro-15-crown-5-ether (PFCE) nano-emulsions are effective theranostic formulations with a very high potential for use in image-guided, ultrasound-mediated drug delivery. Attia et al have developed iodinated NEs for liver and spleen X-rays imaging. 52,53

Commercially available Nano-emulsion products

As mentioned above in the applications of nano-emulsions, the nano-emulsions can be used as carrier for the delivery of a wide variety of drugs such as analgesics, parenteral nutrition, steroids, anesthetics, chemotherapeutics and tumor vaccines. A few examples of the marketed nanoemulsion products are listed in the Table 2. 

Chapter 2.2: Spontaneous nano-emulsification with tailor-made amphiphilic polymers and related monomers

In this study, we have developed nano-emulsions using an amphiphilic polymer, synthesized from poly (maleic anhydride-alt-1-octadecene) (PMAO). The main objective of this investigation was to understand if the spontaneous emulsification, commonly performed with non-ionic surfactants alone or in combination with an organic solvent, can be transposed with amphiphilic polymers in the absence of both the surfactant as well as organic solvent or not.

A secondary objective was to identify the main parameters influencing the spontaneous emulsification process, and to achieve this objective, different formulation and physicochemical parameters inherent to the emulsification process were studied, and their impact on the properties, size and polydispersity of the droplets was carefully analyzed. First of all, PMAO was modified by grafting separately, two Jeffamine® polyetheramine (polyethylene glycol / polypropylene glycol copolymer) (i.e., J-1000 and J-2000) on each anhydride function, in order to generate an octadecene / Jeffamine® pattern on each monomeric element. In parallel, similar amphiphiles with J1000 and J2000 were designed, but using the (Anton, Benoit, & Saulnier, 2008). Over the past twenty five years, the research interest in the development of lowenergy methods has increased because of their numerous advantages like smaller droplet sizes, low cost, high formulation yields, encapsulation of fragile active molecules, potential industrial scale up and wide range of applications (food, cosmetic and pharmaceutical industry). The low-energy methods divert the intrinsic physicochemical properties of the surfactants, cosurfactants and excipients in the formulation, leading to the generation of stable emulsion droplets in the nanometric range (N. Anton & Vandamme, 2009). A special character of these methods is the utilization of energy stored in the system to produce ultra-fine droplets.

Among the various low-energy methods, spontaneous emulsification phenomenon has been the focus of attention due to its diverse applications and easy industrial scaling-up, particularly in pharmaceutical and cosmetics field. The spontaneous emulsification is a very simple method in which an aqueous phase is mixed with an oil phase -composed of a mixture of oil, surfactant and/or water miscible solvent. Various mechanisms related to the droplet formation process have been proposed in the literature, and the most important and well-documented methods are explained by the creation, during the spontaneous emulsification, of interfacial turbulence, development of transient values of interfacial tensions, diffusion and stranding, Marangoni flow and Rayleigh-Taylor instability (López-Montilla, Herrera-Morales, Pandey, & Shah, 2002; Solans et al., 2016). However the general mechanism is the rapid displacement of a solvent, from the oil phase to the aqueous phase that induces turbulence and super saturation at the oil/water interface (Miller, 1988; Solans et al., 2016). The major drawback associated with this method is in fact the use of the solvent itself, like ethanol, acetone, that can limit the application compatibilities and make the whole process complicated -e.g. if including solvent evaporation step. In this context, our group has already shown that non-ionic surfactants themselves can play the role of the displacing species in the spontaneous emulsification process, following an universal mechanism related to the sudden displacement of the surfactants from the oily to the aqueous phase, due to the sudden change of surfactant solubility (N. Anton & Vandamme, 2009).

In the context of the control of the chemical composition of the surface, we have reported preliminary studies that describe original methods to modify the water / oil interface, and reinforce the droplet with in situ synthesis of silica shell at the droplet interfaces (Attia et al., 2015), or by anchorage of polymeric amphiphiles (Attia et al., 2017). However, these methods still use surfactants to help the nano-droplet formation, and in some extents, it could constitute a limitation -in term of biocompatibility, toxicity, development of To deal with this aspect of the nano-emulsion formulation related to surface modification, we propose in the current study, investigating how nano-emulsions can be formulated by low-energy emulsification when the nonionic surfactants are totally replaced for an amphiphilic polymer. The most innovative aspect lies in the fact that we describe for the first time that spontaneous nanoemulsification can be successfully performed using a macromolecule migrating from the oil phase to the liquid / liquid interface. In fact, the formulation of nano-emulsions stabilized by polymers presents numerous advantages respective to the conventional surfactant-stabilized droplets, mainly the surface functionalization -related to the chemical function present at the termination of the hydrophilic parts of the polymer-and secondly the droplet stability.

This study begins with the design and synthesis of amphiphilic polymers, specially tailored to exhibit an important surface-active property, followed by the evaluation of its ability to generate nanoemulsions through the spontaneous emulsification method. The synthesis of amphiphile polymer is based on the modification of poly(maleic anhydride-alt-1-octadecene) (PMAO), which is a hydrophobic polymer having aliphatic octadecene chains (C18) with reactive anhydride functions. Herein we start from a former study (Attia et al., 2017) on which we showed their solubility in the oil core and their ability to migrate at the interfacial layer driven by the reactivity of its anhydride function. PMAO is a low-cost lipophilic polymer, for which the monomeric group is composed of aliphatic octadecene chain and a reactive cyclic anhydride function. Our objective was to modify the PMAO by performing a systematic reaction of Jeffamine ® polyetheramine (polyethylene glycol / polypropylene glycol copolymer) on each anhydride function, in order to generate an octadecene / Jeffamine ® pattern on each monomeric element. As a result, it gives rise to a polymer perfectly designed to stabilize the oil / water interfaces, similarly to a high number of nonionic surfactants assembled together. The different www.euraass.com formulations, chemical and physico-chemical parameters inherent to the emulsification process were studied, and their impact on the properties, size and polydispersity of the droplets was carefully analyzed. In addition, Jeffamine ® 1000 / 2000 was chosen because of the high amount of PEG in the chain composition. This will result in high interfacial stabilization creating steric repulsion among the neighboring nano-droplets (Hörmann & Zimmer, 2016), but also well-recognized to decrease the immune system uptake after in vivo administration, inhibiting opsonization and phagocytosis as observed with nano-emulsions (Cristina Fornaguera et al., 2015; Hörmann & Zimmer, 2016). In addition, and in order to compare the impact of the macromolecular structure, we have designed similar amphiphiles with J1000 and J2000, but using the parent monomer of PMAO, i.e. octadecyl succinic anhydride (OSA). The idea was to use it in place of PMAO based amphiphile, keeping the rest of the parameters constant, to observe in parallel the relative abilities of the monomer and polymer to form nano-emulsions and also their impact on the size of the nano droplets. The resulting species exhibit a structure close to nonionic surfactants, making a bridge between modified PMAO and literature.

Beyond such a pioneer description of spontaneous nanoemulsification performed using only polymeric molecule -without low molecular weight surfactants-this study proposes several new ideas on the potential route that can serve to the functionalization of emulsion, that is to say functionalizing dynamic liquid / liquid interfaces. As an example, a proportion of the Jeffamine® herein used can be terminated with another reactive group and finally covalently linked with, for instance, a ligand. Emulsions droplets constitute a high-potential nano-carrier for hundred applications owing to their reservoir capability, with a main drawback in their surface modification and stability: the solution herein presented is an illustration that simple solutions can exist, can be easily developed and transposed to large-scale production.

Materials and Methods

Chemicals

Poly (maleic anhydride-alt-1-octadecene) (PMAO), triethyllamine (TEA), tetrahydrofuran (THF) octadecyl succinic anhydride (OSA) and dichloromethane (DCM) were purchased from Sigma Aldrich. Jeffamine ® M-1000 (J-1000) and Jeffamine ® M-2070 polyetheramine (J-2000) were kindly offered by Huntsman corporation (Texas, U.S.A.). Medium chain triglycerides (Labrafac WL ® ) and Plurol oleic were purchased from Gattefossé (Saint Priest, France). The rest of the reagents and solvents used were of analytical grade.

Polymer chemical modification

The global synthesis is illustrated in Fig. 1 (a). To a solution of Jeffamine ® (J-1000 or J-2000, 2.85 mmol) in THF (about 7 mL) was added PMAO (1.00 g, 2.85 mmol based on repeating unit) Then the volume of THF was completed up to 50 mL. After total solubilization of the PMAO, 1.2 mL of TEA (3 equivalents) was added into the solution that was warmed at 80°C and allowed to stir at this temperature overnight. Next, the THF was evaporated using rotavapor, and the resulting product was dried under vacuum.

Jeffamine ® M-1000 and M-2070 polyether amine (J-1000 and J-2000) are monoamines based on a copolymer backbone with an average molecular weight of 1000 and 2000, respectively. Their propylene oxide / ethylene oxide (PO/EO) molar ratio is 3/19 and 10/31, respectively. www.euraass.com

Monomer chemical modification

The global synthesis is illustrated in Fig. 1 (b). The experimental procedure followed was strictly the same as described above for the polymer, After solvent evaporation by rotary evaporator, the obtained product was dissolved in DCM and then washed using a separatory funnel after mixing different aqueous phases (i) first 1M HCl aqueous phase, (ii) then with saturated NaCl solution, and (iii) finally dried by using sodium sulfate. The mixture was filtered under filter paper, and DCM evaporated using rotary evaporator to collect the final product.

1 H-NMR Analysis

To confirm the structure of the amphiphilic polymers / monomers, 25 mg of these products were dissolved in 600 µL of deuterated chloroform (CDCl3) and 1H-NMR spectrum was studied with a Bruker Top Spin 3.0 operating at 400 MHz. The chemical shifts (δ) were expressed in parts per million.

Preparation of Nano-emulsions

First of all, both oil and aqueous phases were prepared separately and heated at 90°C for 20 min. Oil phase consists of monomer or polymer dissolved in oil (medium chain triglycerides, Labrafac WL ® ), while the aqueous phase was distilled water. The second step is the spontaneous emulsification process (N. Anton & Vandamme, 2009): aqueous and oil phases were rapidly mixed together and homogenized by vortex for 2 min, giving rise to the formation of nano-emulsions (Fig. 2).

Dynamic light scattering

The hydrodynamic diameters of the nano emulsion droplets were measured, in triplicate, by dynamic light scattering using a Malvern Nano ZS instrument, equipped with a helium-neon laser 4 mW operating at 633 nm, with the scatter angle fixed at 173° and the temperature was maintained at 25°C. The polydispersity index (PDI) was also measured which shows the quality of the dispersion. Generally, the PDI values ≤ 0.2 indicate good mono dispersity and a good quality of the nano-emulsions.

Microscopic observations

The morphology and structure of the nano droplets formed were studied by transmission electron microscopy (TEM). The nano-emulsion samples were diluted (1/100) with Milli-Q water. One drop of the diluted nano-emulsion was introduced on a carbon grid (carbon type A, 300 mesh, copper, Ted Pella Inc. Redding, PA) and dried at 40°C. The observations were carried out by a Philips Morgagni 268D electron microscope.

Optimization of the formulation parameters

Nano-emulsions were generated by the addition of aqueous phase into the oil phase. As it is an important parameter for common spontaneous emulsification of nano-emulsions with surfactant (surfactant-to-oil weight ratio, SOR expressed in percen- www.euraass.com -tage) similar parameter were herein defined when using the polymer: the polymer-to-oil weight ratio (POR, in %) -while SOR is used when using the monomer, similar to a surfactant. Impact of POR and SOR on size distribution and PDI were followed, keeping the rest of the parameters constant (temperature, mixing time, volume of aqueous phase). The experiments were performed using both the Jeffamine® derivatives (J1000 and J2000), grafted on both polymer and monomer.

Effect of nature of oil on emulsification

To study the effect of nature of oil on the formation of nanoemulsions, size and polydispersity, the formulation was followed with different oils, soy bean oil, fish oil and Plurol oleic. Based on the results obtained with different POR and SOR ratios, two values were selected: 50% and 80%. The rest of the parameters were kept constant and nano-emulsions were prepared using the same procedure described above.

Results and discussion

First, the amphiphilic monomers and polymers were synthesized from OSA and PMAO respectively, by mean of addition of Jeffamine ® 1000 or 2000 in the presence of www.euraass.com triethylamine (Fig. 1). The obtained amphiphiles were characterized by 1H NMR spectroscopy (Fig. 3). The spectra showed significant shifts of characteristic signals compared to the starting materials along with increasing PEG and PPG signals from the grafted Jeffamine ® , thus proving the chemical efficient modifications.

Nonionic surfactants are used in the preparation of nanoemulsions and the literature has extensively shown their crucial role in the emulsification processes (N. Anton, Akram, & Vandamme, 2018; N. Anton & Vandamme, 2009). After mixing homogeneously the {oil + surfactant} phase, the spontaneous emulsification process was indeed driven by the turbulent solubilization of the surfactant by the aqueous phase and during homogenization of these three compounds. Making nanoemulsions using amphiphilic polymer as stabilizer -or core-shell nano-droplets-is a real advantage towards the classical surfactant based emulsions: at first sight the first advantage appears as an improvement of the droplet stability. In addition, and importantly, a second advantage lies in the potential functionalization of the droplet surface, much more strongly anchored when it is performed onto a polymeric shell, compared to surfactant anchorage lonely made by molecular adsorption. On the other hand, when making nano-emulsions by spontaneous emulsification is simple, the corresponding processes using polymers are not comparatively simple (N. Anton, Benoit, & Saulnier, 2008; Nehilla et al., 2008; Sahoo et al., 2002). Through this study, we propose to investigate whether spontaneous emulsification can be performed with an amphiphilic polymer as it is the case with common nonionic surfactants, but this time without surfactant. In is also important to note that such a formulation method, besides following a simple and scalable process, is able to produce ready-to-use suspensions, that is to say without need of further purification -e.g. for removing chemical precursors when compared with the in situ polymerization with residual monomer or initiator, or undesired by-products (Calderó, García-Celma, & Solans, 2011; C Fornaguera, Feiner-Gracia, Calderó, García-Celma, & Solans, 2016).

Both Jeffamine® polyetheramines (J-1000 and J-2000) used in this study are predominantly composed of PEG, making their structure highly similar to the polar head of nonionic surfactants generally used in the spontaneous nano-emulsification processes (N. Anton et al., 2018), and therefore should induce, similarly, efficient stabilizer properties of the species synthetized in the present study. In the case of nonionic surfactants, right after mixing, the water phase immediately and suddenly penetrate the oily phase to solubilize the amphiphilic molecules. Due to the sudden composition change, the physico-chemical properties of the global system undergoes a drastic change making the surfactant much more hydrophilic than before mixing -thanks to the effect of temperature and/or dilution (N. interface and solubilized in water (Fig. 2). Regarding the amphiphilic polymer, the principle proposed is close, playing on its own partitioning between the oily and aqueous phases, before and after their mixing. The expected results would be the fractionation of oily phase by the water, generating nano-droplets, but with the difference -compared with nonionic surfactants-that the polymeric molecules stays trapped at the oil/water interface since it is not soluble neither in oil nor in water at room temperature, making a www.euraass.com core-shell droplet structure at final (Fig. 2).

Figure 4 summarizes the main results obtained, comparing the nano-emulsification performed with polymer (PMAO) and monomer (OSA) for different size of Jeffamine ® grafted (J1000 and J2000). Through the values of the droplet sizes and the PDI, these results give the efficiency of the process itself, along with a fine comparison of the different experimental configurations.

These results present the main polymer-oil and monomer-oil ratios allowing to getting the optimum conditions for the formation of stable nano-emulsions, with size in the desired range (i.e. below 300 nm) and good monodispersity. The first very important point to note when observing Fig. 4 owes to the fact that the spontaneous emulsification process without surfactant, i.e. only with amphiphilic polymer, works, and works according to a similar way to the ones generally observed with classical nonionic surfactants (N. Anton & Vandamme, 2009). Globally the results showed that increasing the amount of the polymer or surfactant induces a decrease in the size of the nano-suspensions. The results are in accordance with our hypothesis that our modified surfactant (OSA-Jeffamine ® ) or polymer (PMAO-Jeffamine ® ) plays the role of surfactant itself as it is described in literature, and as well, seems to induce a size control on the dispersion (Calderó et It is interesting to note that the best results arise for the polymer formulation: indeed, even if the size range are close when we compare PMAO and OSA, the main difference is given by both the data fluctuation -values of standard deviation-, and the PDI values. It follows therefrom that the process with OSA-Jeffamine ® is not reproducible and dispersion not monodisperse (PDI > 0.3-0.4), while PMAO-Jeffamine ® are much more reproducible with PDI < 0.2. The best results were obtained (for both PMAO-J1000 and PMAO-J2000) for the values of POR equal to 80% and 90%, that generates nanodroplets having sizes lower than 300 nm and PDI < 0.2. The results are clear, and appear (i) much better with the polymeric compounds compared to the corresponding OSA surfactants, and (ii) slightly better with a longer Jeffamine ® chain. In fact, this is a surprising point since nonionic surfactants are known for showing very good surface activity, and intuitively one can expect a better efficiency of the low molecular weight species in the spontaneous emulsification process compared to the polymers. However, the better reproducibility and monodispersity of the nanoparticles formed with the PMAO based disclosed a better interfacial synergy. Several explanations can be found: (i) the first comes in the fact that in general, "polar head" of nonionic surfactants are made with pure PEG (and not co-polymer PEG/polypropylene glycol) as it is the case here; even if the ratio is largely favorable to the proportion of PEG (19/3 and 31/10, as PEG/polypropylene ratios glycol for J-1000 and J-2000, respectively), the introduction of polypropylene glycol could impact their water solubility and thus the process efficiency. (ii) A second reason could come from the negatively charged carboxylate present on the amphiphile molecules once in aqueous solution-its impact on the interfacial behavior of the molecule does not appear negligible. In both cases, the better emulsification observed with the polymer could come from the global interfacial inertia of the molecule, higher with higher molecular weight, thus forming more stable interfaces when adsorbed at interface.

Based on these results, the next step we decided to investigate and optimize the impact of the nature of the oil on the spontaneous www.euraass.com emulsification. In fact, we discussed above the fact that the affinity of the polymers (or of the surfactants) for the water phase -by changing the PEG length-importantly impacts on the emulsification process, but their affinity with the nature of the oil can also be affected. To this regard, representative compounds were selected as J-2000 derivatives of PMAO and OSA, with two representative values of POR and SOR: 50% and 80%. Then, several different oils were used instead of medium chain triglyceride (Labrafac WL ® ), and the spontaneous emulsification process followed was strictly similar to the one described above. The mean sizes of the nano-droplets obtained are reported in Fig. 5.

It clearly appears that significant variations arise, especially impacted by the POR/SOR variations (confirming the results observed in Fig. 4). A slightly more regular behavior is provided by the polymer in the same line as that of the previous results. To summarize, the effect on the size of the polymer or surfactant-to-oil ratio is similar as the one observed with Labrafac WL ® , but the medium chain triglycerides still remain one of the best candidate, along with Plurol oleic (a lipophilic amphiphile molecule). Even if all these oily phases are able to fully solubilize PMAO and OSA modified Jeffamine ® , their impact on the emulsification processes indicate that their affinity -chemically speaking-is able to impact on the turbulent molecular migrations at the origin of the emulsifications.

An additional characterization technique, important in the formulation of nanoparticulate carrier, is their direct visualization in electron microscopy. The results are presented in Fig. 6, for the PMAO-J2000, POR = 80%. The first information is the confirmation of the very spherical morphology of the particles fabricated, and this clearly proves that the nano-emulsions have a capsular -coreshell-structure, since when it is classically stabilized with surfactant, the TEM measurement generally destroys the spherical structure (Attia et al., 2016) and make the nano-emulsions droplets spread and merge each other onto the carbon support. In this case, the very spherical shape is conserve, showing that the strong stabilization of the interface is effectively achieved by the precipitation of the polymer in the form of a shell. The second observation regards the sizes revealed by the TEM pictures: they appear in line with the ones shown with DLS in the previous figures, with an average value between 200 and 300 nm. In addition, such TEM pictures also give a visual illustration of the dispersity of the nano-emulsion suspension, showing the important presence of droplets much smaller than the average size of the lognormal distribution -in fact, as expected.

Conclusion

In this study, we have explored the development of nanoemulsions using an amphiphilic polymer, synthetized from PMAO on which Jeffamine ® was grafted. Nano-emulsions composed of dynamic liquid / liquid interfaces are powerful system, but suffer from difficulties to precisely control the chemical modification of their surface. Using a polymer as stabilizer -instead of nonionic surfactant-is a potential solution for this issue, ensuring the droplet stabilization as well as being a platform for the droplet decoration with cell targeting moiety like ligands or antibodies.. The main idea of this investigation was to understand if the spontaneous emulsification -commonly performed with nonionic surfactantscan be transposed with amphiphilic polymers and compared to the same experiment conducted with the parent monomer of PMAO also modified with Jeffamine ® . A secondary objective was to identify the main parameters impacting on the spontaneous emulsification process. To this end, PMAO was grafted with two Jeffamines ® of different length (average Mw of 1000 and 2000) compared with surfactant made with the PMAO monomeric entity (OSA). The main results clearly show that the spontaneous emulsification process works, discriminating that the most efficient conditions were obtained with longer Jeffamine ® and the PMAO compared to OSA surfactant. During the spontaneous process, as soon as the aqueous phase comes in contact with the oily phasecontaining the amphiphiles species-, the modified polymers rearrange themselves in order to displace and orientate the hydrophilic Jeffamine ® towards the aqueous phase, i.e. at water / oil interface. On the one hand, Jeffamines ® are covalently attached to the polymer backbone and thus to the nano-emulsion droplet, and on the other hand, these chains are available at the surface of the droplets, ensuring the stability of the nano-emulsions, and potentially can be functionalized. It was further observed that the size of the formed droplets could significantly vary with the change in the nature of the oil. Eventually, the spontaneous emulsification process is related to the affinities of the stabilizer, polymer or www.euraass.com surfactant, for oil and water. In the case of polymer, the originality comes with its non-dispersion in water and precipitation in the interfacial region, forming a spherical shell shape, confirmed by TEM. To finish, this study may have important implications in the development of surfactant-free nano-emulsions, as well as in the development of functional emulsions and nano-emulsions, along with the fact that spontaneous emulsification has never been reported with polymer without surfactant.

Chapter 2.3. A novel strategy to formulate tunable functionalized oil-inwater nano-emulsions

INTRODUCTION

Nano-emulsions are heterogenous, kinetically stable, optically clear and very fine dispersions of two immiscible liquids (oil-in-water or water-in-oil), generally stabilized by a surfactant with average size of the droplets ranging from 200-300 nm. [1][2][3] The nanoemulsions have gained much importance in pharmaceutical industry because of their high loading capacity, low manufacturing cost, ease of manufacturing, good stability and their potential to encapsulate lipophilic, hydrophilic as well as amphiphilic drugs. Nanoemulsions have been widely studied as drug delivery systems [4][5][6][7][8] , but nano-emulsions are yet under explored as tunable therapeutic carriers for targeted drug delivery because of the challenges involved in the surface functionalization of nano-emulsions, major challenge being the stabilization of the interface. Some efforts have been put in to functionalize and control the chemical composition of the surface of nano-emulsions for targeted drug delivery, e.g., in situ synthesis of silica shell at the droplet interfaces 9 , use of cationic lipids or surfactants 10,11 , use of preformed polymers followed by solvent evaporation 12,13 etc. But the problem associated with these strategies is the use of surfactants or an organic solvent or sometimes both in the preparation and stabilization of nano-emulsions, which could cause some serious limitations in terms of biocompatibility, efficiency of the surface modification, toxicity, need of additional steps (like solvent evaporation, purification etc.) and development of incompatibilities with time. [14][15][16][17][18] Our research group has already shown that the poly (maleic anhydride-alt-1-octadecene) (PMAO) itself as well as its derivatives with Jeffamine polyetheramines (J-1000 & J-2000), after being solubilized in the oil core, has the ability to migrate at the oil-water interface upon addition of aqueous phase and produce stable oil-in-water nano-emulsions in the absence of an organic solvent as well as surfactant. 14,19 And now we are making use of this property of PMAO, to functionalize the dynamic oil/water interface of nanoemulsions by synthesizing a chemically modified PMAO having tunable surface-active property which will help in improving the current strategies for targeted drug delivery and Finally, after having proof of the concept, these systems were studied for the targeting applications by reaction of these biotinylated nano-emulsions with streptavidin. This interaction was studied by gel electrophoresis. Biotin, also known as vitamin B7, is a water-soluble vitamin and has been widely used in biochemical assays to conjugate proteins and because of its small size, the biological activity of the protein is generally unaffected. Streptavidin is a protein which is purified from a bacterium Streptomyces avidinii and it is widely used for the purification or detection of various biomolecules (like proteins) and to attach various biomolecules to one another or onto a solid support (as biotin-streptavidin complex). The biotin-streptavidin complex is commonly used in molecular biology and bio-nanotechnology as well as in pre-targeted immunotherapy.

will
This complex is resistant to the organic solvents, detergents (like Triton), extremes of pH and temperature, denaturants (like guanidinium chloride) and proteolytic enzymes.

These tunable functionalized nano-emulsion systems provide a platform for encapsulation and conjugation of a large variety of contrast agents, drugs, ligands, proteins and antibodies and thus can be used for imaging, therapeutic and targeted drug delivery applications.

MATERIAL AND METHODS

Chemicals used

The and ethanolamine (261.5 mg or 0.26 ml) were added into this solution and the solution was again stirred overnight at 60 o C under reflux condenser. The solvent (DMF) was evaporated (using rotavapor) and the resulting product was dried under vacuum. Next, the polymer was dissolved in 10 mL ethanol and this solution was subjected to dialysis (MWCO of dialysis membrane=3500) for 24 hours. Finally, the solvent (ethanol) was evaporated (using rotavapor) and the resulting product was dried under vacuum.

The same procedure was used to prepare another derivative of the polymer with only two changes, i.e., using 0.1 equivalent (instead of 0.2) N 3 -PEG-NH 2 and 0.9 equivalent (instead of 0,8) J-2000. The overall scheme is illustrated in figure 1. 

1 H-NMR Analysis

To study the successful grafting of the jeffamine 2000 and azide-containing component on the polymer and to confirm the structure of the modified polymer, took 25 mg of the final product and dissolved in 600 µL of deuterated chloroform (CDCl 3 ). The 1 H-NMR spectrum was then studied with a Bruker Top Spin 3.0 (operating at 400 MHz). The chemical shifts (δ) are expressed in parts per million.

Preparation of azide-decorated nano-emulsions

First of all, the aqueous and oil phases were prepared separately and heated at 90°C for 30 min. Oil phase consists of polymer dissolved in oil (Labrafac WL ® ), while the aqueous phase used was distilled water. The hot aqueous and oil phases were then rapidly mixed together and homogenized by vortex for 30 seconds, followed by ultrasonication for 4 min and 10 seconds. The ultrasonicator was operated at 20 % amplitude (intensity of ultrasonicator), with repeated cycles of "pulse ON" for 10 seconds and "pulse OFF" for 20 seconds, which resulted in the formation of nano-emulsions with the surface of droplets being decorated with azide functions (figure 1b). The same procedure was used to graft JS-050 on the nano-emulsions formulated with the polymer consisting of PMAO:N 3 -PEG-NH 2 :J-2000, 1:0.1:0.9, respectively, but same stock solutions of the JS-050 were used to study the effect of the change in the number of available azide sites on the grafting of JS-050 at the surface of the nano-carriers.

As a control formulation, we prepared nano-emulsions with a polymer without having the N 3 -PEG-NH 2 component, i.e., PMAO:J-2000, 1:1 respectively. Then, these nanoemulsions were incubated for 2 hours with the same dilutions of JS-050 solution (in DMSO), as used above, to study the non-specific binding of the dye with nano-emulsions.

Grafting of biotin-containing ligand on azide-decorated nano-emulsions

After successful grafting of JS-050 at the surface of nano-emulsions, we moved towards our main objective, which was to graft a ligand at the surface of lipid nano-carriers. To achieve this objective, a biotin containing ligand was selected. The nano-emulsions were formulated using the same procedure as described above with only slight change in the composition of oil phase, i.e., 1 % Cy 5.5 solution in Labrafac was used instead of Labrafac. Then, a fixed volume of nano-emulsions was diluted with PBS (1X, pH 7.4)

to have a final concentration of azide as 100 µM, followed by addition of a specified volume (100 µL) of DOBC-PEG 4 -biotin stock solution (1 mM in DMSO) into the diluted nano-emulsion, to have the final concentration of this ligand as 100 µM. The nanoemulsions were then incubated for 2 hours at room temperature and protected from the light (figure 1c). After two hours of incubation, the DOBC-PEG 4 -biotin grafted nanoemulsions were separated from the unreacted DOBC-PEG 4 -biotin by size exclusion chromatography, using PD10 Sephadex® G-25M column pre-equilibrated with PBS (1X, pH 7.4). The resulting DOBC-PEG 4 -biotin grafted nano-emulsions were then analysed by gel electrophoresis (described below) to confirm the successful grafting of DOBC-PEG 4biotin at the surface of the nano-carriers.

The azide-decorated nano-emulsions, without grafting of the biotin ligand at the surface of the nano-carriers, were prepared by the same procedure as described above and were used as a control formulation (NEc).

Gel electrophoresis

To perform gel electrophoresis, following solutions were prepared: Procedure: First of all, took 0.5 g of agarose in a conical flask (250 mL) and then 100 mL of tris acetate EDTA (TAE) (1x) was added into it. This mixture was heated for 3 min in a micro-wave (at 800 W), while kept stirring the solution manually after every minute. The solution was cooled down to room temperature and poured into special moulds having combs placed in them. The comb was removed after 30 minutes, which resulted in the formation of wells in the gel. Then, 12 µL of each solution was added into the wells and subjected to electrophoresis for 1h at 125 V and the machine was covered with aluminium foil.


Then, the gels were analyzed with LAS 4000 using two different wavelengths/channels, one corresponding to cyanine 3 (CY3) and the other one to cyanine 5 (CY5), with the exposure time for each picture being fixed at 10 seconds.

The images were processed and analyzed by using ImageJ software.

RESULTS AND DISCUSSIONS

1 H-NMR Analysis

The results obtained with both the polymer derivatives are shown in the figure 1. By applying the integration on the NMR spectra, it was found that there was 81 % grafting of the Jeffamine 2000 component in the case of PMAO:N 3 -PEG-NH 2 :J-2000, with 1:0.2:0.8 ratio and the rest of the signal was from N 3 -PEG-NH 2 component.

The same pattern is observed in the case of PMAO:N 3 -PEG-NH 2 :J-2000, with 1:0.1:0.9 ratio, but here the % grafting of the jeffamine 2000 was found to be 87 % and the rest of the signal was from N 3 :PEG:NH 2 . These results confirmed the successful chemical modification of the polymer. 

Dynamic light scattering and zeta potential measurements

The nano-emulsions were formulated by ultrasonication technique. As soon as the aqueous phase comes in contact with the oil phase, the hydrophilic part of the polymer (Jeffamine® and azide-terminated PEG chains) moves towards the continuous aqueous phase and the hydrophobic chains (octadecene chains) remain anchored in the oil phase, forming a core-shell structure. 14 This results in the formation of nano-droplets decorated with azide functions. The nano-emulsions were characterized by dynamic light scattering technique and the results obtained are shown in the figure 3(a). The average sizes obtained with both the azide-containing derivatives of PMAO were more or less the same, around 128 ± 3 nm, and this size range is ideal for the desired applications. However, the size was slightly smaller in case of PMAO:N 3 -PEG-NH 2 :J-2000 having a ratio 1:0.2:0.8, as compared to the polymer with a ratio as 1:0.1:0.9. The average size of the nano-droplets obtained in the case of control formulation was considerably larger (around 160 nm) as compared to the azide-decorated nano-droplets and this increase in the size might be due to the relatively higher amount of the jeffamine (having long chains) in the control formulation.

The zeta-potential measurements have shown that the surface charge on the nanoemulsion droplets is negative in all the three cases, with maximum negative charge (-39 mV±1) on the control formulations (figure 3b). As the azide component (N 3 -PEG-NH 2 ) is introduced into the polymer structure (i.e., PMAO:N 3 -PEG-NH 2 :J-2000, 1:0.1:0.9, respectively) the surface charge on the resulted nano-droplets becomes less negative (-29 mV±1). On further increasing the proportion of azide moiety in the polymer structure 

Transmission electron microscopic (TEM) analysis

The results obtained with transmission electron microscopy (TEM) for the PMAO:N 3 PEGNH 2 :J2000 sample (ratio 1:0.2:0.8), are presented in figure 4, which show that the particles formed are spherical in shape and the results are also coherent with the ones obtained with DLS, with an average size of major population of the droplets ranging from 120-130 nm. The interface of the droplets is strongly stabilized due to the precipitation of the polymer in the form of a shell, that confirms the capsular core-shell structure of the nano-emulsions. 

Grafting of JS-050 (dye) on azide-decorated nano-emulsions

It was observed that the binding of the dye (JS-050) with the azide functional groups, present at the surface of nano-droplets, was increased with the increase in the amount of the dye added to the formulation. Higher values of binding of the dye were obtained in the case of nano-emulsions, 20 % decorated with azide function (1:0.2:0.8) as compared to those having 10 % decorated azide function (1:0.1:0.9). That's why it can be concluded that the extent of dye attachment on the nano-droplets is directly proportional to the number of available azide sites. We further checked the attachment of the dye with the control formulation, i.e., nano-emulsions formed by using the polymer not having any azide functions (PMAO:J-2000, 1:1), to see whether there was some non-specific binding of the dye or not. It was observed that there was some non-specific binding of the dye, as well, with nano-droplets, as shown in the "figure 5(a)" and "5(b)". But there was a significant difference in the extent of binding of the dye with the azide-decorated nanodroplets and azide-free nano-droplets (i.e., control formulation). Because of this nonspecific binding tendency of the dye, we subtracted the values of the binding of the dye obtained with control formulations from the values obtained with azide-decorated nanoemulsions. The results presented in "figure 5(c)" represent the binding of the dye specifically to the azide functions available at the surface of the nano-droplets. Moreover, it was observed that the increase in the binding of the dye was very prominent up to 15 µM concentration of the added solution of the dye. Beyond this point, the increase in the extent of the binding of the dye was not consistent with the added amount of the dye, which might be related to the saturation of the azide sites at the surface of the nanodroplets and unavailability for the further reaction (figure 5c).

Grafting of DOBC-PEG4-biotin on azide-decorated nano-emulsions

The different conditions explored and all the results obtained with gel electrophoresis are presented in the figure 6 and it can be seen that in the CY3 laser channel there was a signal from streptavidin in wells A, C, D and G, but there was a clear difference in the elution rate of well C from the rest of the wells (figure 6a). The streptavidin decorated nano-emulsions (well C) are eluted slightly slower, showing an intense signal at a different position as compared to the other cases, having only streptavidin i.e., (A, D and G). In figure 6b, the results correspond to the other laser channel (CY5) and the grafting of the biotin on nano-emulsions was quite evident because of the signal obtained in the well C corresponding to "NE + Streptavidin", while there was no signal at the same position from other solutions which showed that the NE were not eluted and stayed in the well in all the rest of the cases. The "figure 6c" corresponds to a merge of the figures 6a, and 6b, and it can be seen that there was a combined elution signal for NE as well as for streptavidin in well C, which confirmed the successful grafting of the streptavidin on the nano-emulsions. There was no combined signal in the rest of the wells. The absence of the signal in "well A" was also a confirmation of the concept, as in that case, the reaction between biotin and streptavidin occurred before the addition of NE and when the NE were added there were no free streptavidin molecules to react with the biotin available at the surface of the NE, that's why no signal was observed in this case. 

Conclusion:

This research aims at developing a new strategy for surface functionalization of nanoemulsions to enable them to graft ligands at their surface. For that purpose, we have formulated nano-emulsions using a non-ionic polymer, poly (maleic anhydride-alt-1octadecene) (PMAO). The polymer was first modified in such a way that, upon emulsification, it provided reactive azide groups at the interface of the nano-emulsions to facilitate the chemical grafting of the contrast agents or ligands at the surface of the nano- droplets. The morphology and size of the nano-droplets were studied by DLS and TEM techniques, which showed that the formed nano-droplets have a spherical core shell structure with average sizes ranging from 120-130 nm and surface zeta potential values between -28 ± 2 mV. The structure and chemical modifications of the polymer were verified by NMR studies. It was observed that the binding of the dye (JS-050) with the nano-emulsions was dependent on the amount of the clickable sites (azide groups) available at the surface of the nano-emulsions, lower in the case of PMAO:N 3 PEGNH 2 :J-2000, with 1:0.1:0.9 ratio and higher with PMAO:N 3 PEGNH 2 :J-2000, having 1:0.2:0.8 ratio. After successful grafting of the sample dye (JS-050), biotin containing ligands were grafted on the nano-droplets. The attachment of the biotinylated ligand on the surface of the nano-droplets was confirmed by gel electrophoresis, by performing a reaction between these biotin-decorated nano-emulsions and streptavidin. The use of Jeffamine® and PEG (in this system) has a great significance because the PEG-chains not only create steric repulsion among the neighboring nano-droplets and improve the interfacial stabilization but also have a well-recognized ability to reduce the uptake of the nano-emulsions (after in-vivo administration) by the immune system, inhibiting opsonization and phagocytosis (as observed with conventional nano-emulsions), which increases the circulation time of nano-emulsions in the body. 12,20 This kind of nano-emulsions provide an excellent carrier of the contrast agents, ligands, proteins, antibodies etc., and can be used for imaging and biomedical applications. The endothelial senescence has been recently studied as a very important early event leading to the development of atherogenesis, since early signs are detected at arterial sites of disturbed flow in young adult animals, and they are more prominent in the presence of major risk factors such as ageing, hypercholesterolemia, diabetes and hypertension. [1][2][3][4] Thus, the endothelial layer appears to be the most pertinent target for both preventive and therapeutic interventions due to its major role in atherogenesis.
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The main objectives of this study are: i) to take advantage of the unique features of the cell membrane of senescent ECs, such as expression of the adhesion molecules VCAM-1 and ICAM-1, for the in-vivo early assessment of arterial sites at risk, ii) to develop a new method to functionalize nano-emulsions, for the selective delivery of agents to the ECs for preventive and/or therapeutic purposes, iii) to evaluate the potential of the developed nano-carriers to target and restore optimal vascular protection using a nanomedicine theranostic approach.

A wide range of targeted nanoparticles have been reported in the literature, like polymeric nanoparticles (e.g., PLGA), liposomes, nano-emulsions etc., to specifically accumulate in ECs, for imaging or drug delivery applications. 5 The targeted drug delivery through such nano-carriers have many advantages including improved bioavailability, improved stability, reduced side effects, and the facility for co-encapsulation of imaging agent for theranostic applications. All these nano-carriers have different advantages and disadvantages associated with them, in terms of their loading capabilities, stability, surface modification in order to graft targeting ligands etc. In comparison with the other nano-carriers, nano-emulsions have been extensively studied as drug delivery systems because of their high loading capacity, good stability, low manufacturing cost and their potential to encapsulate hydrophilic, lipophilic, as well as amphiphilic drugs. [6][7][8][9][10] Nanoemulsions are kinetically stable, heterogenous, very fine and optically clear dispersions of two immiscible liquids (water-in-oil or oil-in-water), generally stabilized by a surfactant with average size of the droplets ranging from 200-300 nm. [11][12][13] However, it's not easy to chemically modify the surface of the nano-emulsions due to the challenges involved in the stabilization of the interface. In this study, we have developed a polymer network, based on the chemical modification of poly (maleic anhydride-alt-1-octadecene) (PMAO), by 

MATERIAL AND METHODS

Chemicals used

The Poly (maleic anhydride-alt-1-octadecene) (PMAO), triethylamine (TEA), 

Chemical modification of the polymer

First of all, 514. was evaporated (using rotavapor) and the resulting product was dried under vacuum for 2 hours to ensure complete removal of the solvent. Next, the polymer was dissolved in 10 mL ethanol and this solution was poured into the dialysis membrane (MWCO of dialysis membrane=3500) and subjected to dialysis in a 1000 mL beaker filled with ethanol (800 ml) for 24 hours. The solvent (ethanol) was evaporated, the resulting product was dried under vacuum and small quantity was used to perform NMR. The remaining product was dissolved in 5 mL TFA and 30 mL DCM and was then continuously stirred overnight at room temperature. The solvent was evaporated (using rotavapor) and the resulting product was dried under vacuum. To completely remove TFA from the product, the product was dissolved in methanol and then the solvent was evaporated again, this step was repeated three times. At this stage, took 25 mg of the resulting polymer, dissolved in 0.6 mL CDCl 3 and performed NMR. The remaining product was dissolved in 5-10 mL of DMF (dimethyl formamide) followed by addition of 2 equivalents of the 2-(2,5-dioxo-2,5-dihydro-1H-pyrol-1-yl) acetic acid (maleimide reagent), 5 equivalents of triethylamine and 2 equivalents of HATU into the flask and kept it overnight at 60 o C with continuous stirring. Finally, 10 equivalents of acetic anhydride were added into the mixture and stirred for 30 minutes. The solvent (DMF) was then evaporated and the resulting product was dried under high vacuum (for 2 hours). The final product obtained was dissolved in 10 mL ethanol and this solution was poured into the dialysis membrane (MWCO of dialysis membrane=3500) and subjected to dialysis for 24 hours. The solvent (ethanol) was evaporated, the resulting product was dried under high vacuum and then 25 mg of the resulting polymer were used to perform NMR. The overall scheme is illustrated in figure 1(a). 

1 H-NMR Analysis

To study the progress of the reaction and to confirm the structure of the modified polymer, took 25 mg of the product at three different steps to perform 1 H-NMR i.e., first after reaction of PMAO with J-2000 and BOC-NH-PEG-NH 2 , then after deprotection with TFA/DCM and finally after the reaction with maleimide reagent. Then, this polymer was dissolved in 600 µL of deuterated chloroform (CDCl 3 ) and the 1 H-NMR spectrum was studied with a Bruker Top Spin 3.0 (operating at 400 MHz). The chemical shifts (δ) were expressed in parts per million.

Preparation of maleimide-decorated nano-emulsions

First of all, both oil and aqueous phases were prepared separately and heated at 90°C for 30 min. Oil phase consists of polymer dissolved in 1 % dye (NR 668 or CY 5.5 TPB) solution in Labrafac WL ® , while the aqueous phase used was distilled water. The hot aqueous and oil phases were then rapidly mixed together and homogenized by vortex for 30 seconds, followed by ultrasonication for 4 min and 10 seconds, with repeated cycles of "pulse ON" for 10 seconds and "pulse OFF" for 20 seconds, at 20 % amplitude (intensity of ultrasonicator), which resulted in the formation of nano-emulsions with the surface of droplets being decorated with maleimide functions (figure 1b). For the evaluation of

eq

The maleimide-decorated nano-emulsions, without grafting of the antibody at the surface of the nano-carriers, were used as a control formulation for in vitro and ex vivo studies.

In vitro studies

To perform in vitro evaluation, two ageing-related models of EC senescence were developed: the premature senescence and replicative senescence model (figure 2). The In parallel with these experiments, the non-functionalized nano-carriers were formulated with a vasoprotective agent, an optimized formulation of Omega 3, i.e., EPA:DHA 6:1

(instead of Labrafac®) as dispersed phase and distilled water as continuous phase, without any fluorescent probe. Then the regenerative potential of Omega 3 was evaluated ex vivo, by studying the level of prothrombotic markers. And nano-carriers were also prepared using corn oil as dispersed phase (instead of Omega 3 oil) and used this formulation as control formulation. 

Ex vivo studies

To overcome the limitations inherent to artificial cell culture, we proceeded towards ex vivo studies, with the nano-carriers which showed most promising results in vitro. The Ab-functionalized nano-carriers, loaded with fluorescent probes, were studied using isolated healthy porcine coronary arteries either under control conditions or after exposure to senescence inducer (i.e., Ang II) for 24 h. The visualization of the nano-carrier location and accumulation was performed ex vivo, using cryo-sectioning from the different artery senescent models by classical confocal microscope.

RESULTS AND DISCUSSIONS

Synthesis of the amphiphilic polymer and evaluation of the structure by 1 H-NMR Analysis

As a polymeric platform, poly(maleic anhydride-alt-1-octadecene) (PMAO) is a polymer (average M n 30,000-50,000) with a repeating unit composed of a hydrophobic hydrocarbon chain (C 18 ) and a succinic anhydride function. As illustrated in Figure 1 After the addition of the maleimide, we have got a clear signal for maleimide indicating the binding of maleimide with the available NH 2 at the end of the PEG-NH 2 chains.

Preparation of nano-carriers loaded with fluorescent probes

The nano-carriers loaded with either CY 5.5-TPB or NR 668 were formulated by ultrasonication method and in this process, the amphiphilic polymer derivative stabilized the nano-emulsions and also provided the facility to functionalize the nano-carriers after their formation. The mechanism involved is simple but very efficient, i.e., during the formation of nano-droplets the amphiphilic polymer re-organizes itself in such a way, that the hydrophobic hydrocarbon chains rest in the hydrophobic interior of the nano-droplets (oil phase) whereas the hydrophilic part of the polymer (J-2000 and maleimide-decorated PEG chains) move towards the interface of the droplets (towards aqueous phase). 14 This provides active maleimide functions at the surface of the nano-droplets which will ensure a strong anchorage of the ligands since it will be a part of the nano-carriers as a "shell" (figure 1c). Such surface functionalized systems, having core shell structure and an internal oil reservoir, can serve as excellent targeted nano-carriers for lipophilic compounds (either therapeutic or imaging agents or both) with very high loading capacities. The use of Jeffamine®2000 and PEG in this system, has great significance because the PEG-chains not only create steric repulsion among the neighboring nanodroplets and improve the interfacial stabilization but also have a well-recognized ability to reduce the uptake of the nano-emulsions (after in vivo administration) by the immune system, inhibiting opsonization and phagocytosis (normally seen with conventional nanoemulsions), which increases the circulation time of nano-emulsions in the body 1516 .

Another important feature of this formulation is the type of fluorescent probes used. These probes (namely NR668 and Cy5.5TPB) are very stable in oil, and can be highly concentrated without excessive decrease of quantum yield [17][18][19] . As a result, nano-carriers are ultrabright and allow their fine tracking during evaluation of their interactions with biological systems.

Dynamic light scattering and zeta potential measurements

The nano-carriers loaded with fluorescent probes (NR668 or CY 5.5 TPB) were characterized by dynamic light scattering technique and the results obtained are shown in the figure 3 (a). The average hydrodynamic diameter of the maleimide-decorated nanoemulsions was 95  7 nm. The hydrodynamic diameters obtained for nano-carriers developed by using omega oil and corn oil as dispersed phase (instead of Labrafac) were 80 nm and 190 nm respectively. The size distribution observed with the corn oil was different from the rest of the formulations, which was mostly related to the nature of this oil, but this formulation was only used as control formulation in one of our experiments that's why it did not have any effect on our overall approach. The most important formulations, under investigation, were the ones with labrafac and with Omega oil as dispersed phases, and in these cases the average hydrodynamic diameters of the nanodroplets are below 100 nm, and this size range is ideal for the desired applications. 

Microscopic analysis

The results, illustrated in figure 4, represent the morphology and average size of the nanoemulsions formed by using polymer dissolved in CY5.5-TPB solution in Labrafac® (1%)

as oil phase and distilled water as aqueous phase. These results are coherent with the ones obtained with DLS, showing homogenous droplet dispersion with an average size below 100 nm. Moreover, the nano-droplets formed are spherical in shape and the interface of the nano-droplet is strongly stabilized due to the precipitation of the polymer in the form of a shell i.e., the nano-emulsions have a spherical core-shell structure. 

Grafting of antibodies onto the surface of nano-carriers loaded with fluorescent probes and evaluation of their theranostic potential

The maleimide-decorated nano-emulsions were incubated with anti-VCAM-1 antibody solution for 24 hours at 4-6°C, which resulted in the attachment of the Ab at the surface of the nano-droplets. It gave rise to Ab-functionalized nano-carriers, loaded with fluorescent probes. The theranostic potential of these nano-carriers was evaluated by in vitro and ex vivo studies.

In vitro studies

The VCAM-1 is normally expressed by the ECs in basal conditions, however it was observed that it is significantly over-expressed by the senescent ECs. The targeting of the Ab-decorated nano-carriers, loaded with a fluorescent probe (NR668, CY 5.5-TPB), were studied (in vitro) by confocal microscopy. The dyes, which we selected and used to track the nano-carriers, are highly lipophilic and do not show any leakage from the nano-emulsions which ensures their successful tracing in vitro as well as in the biological fluids 17 . The Ab-decorated nano-carriers showed their efficiency to selectively and specifically target VCAM-1 overexpressed at the membrane of both replicative and Ang II-induced premature senescent ECs compared to the healthy cultured ECs. First of all, we studied the effect of the average size of the nano-carriers on their targeting potential, by confocal microscopy. Nano-carriers having hydrodynamic diameters in the below 100 nm, 100-150 nm and 150-200 nm ranges were prepared, by changing the parameters for ultrasonication process. It was observed that the obtained fluorescence signal increases with the decreasing size of the VCAM-1 Ab-decorated nano-carriers, i.e., the maximum signal was observed with the nano-carriers having sizes less than 100 nm (95 nm) as compared to those having sizes ranging from 100-150 nm and 150-200 nm (figure 5). And as it has already been well documented that the cell internalization is higher for the particles having sizes around 100 nm as compared to the larger particles 20 , so the optimized size distribution (<100 nm) of these VCAM-1 Ab-decorated nano-carriers could be ideal for their applications involving cellular uptake and cell internalization. senescent ECs (premature senescence), within 1 h, at 4°C as well as at 37°C. That means, the increase in temperature from 4°C to 37°C did not affect the targeting potential of our formulations. This experiment was performed to form the basis for the in vivo experiments, where the formulation will be exposed to and evaluated at 37°C.

The experiments have been performed in "replicative senescent model" as well and it was found that the Ab-decorated nano-carriers showed almost similar behaviour as in the case of premature senescent model. Thus, it can be concluded that the fluorescent Abfunctionalized nano-carriers selectively target cultured and native senescent ECs induced by the pro-senescent inducer (i.e., "Ang II") and by replicative senescence and this effect is observed rapidly (within 1 h), at 4°C as well as at 37°C, with minimal off-target cell surface interactions (figure 8). Currently the experiments are in progress, where we have prepared Ab-decorated nanocarriers loaded with the fluorescent probe (CY 5.5 TPB) as well as the therapeutic agent (Omega 3) and are studying the theranostic potential of these nano-carriers ex vivo and in vivo in order to target and prevent the endothelial senescence at very early stages.

Ex vivo studies

The porcine coronary artery rings were first exposed to Ang II (100 nM) for 24 h to induce premature senescence to promote senescence-associated expression of VCAM-1 selectively at the endothelium overlying the arterial wall. Then these coronary artery rings 

Conclusion

The aim of this research was to develop a new strategy to formulate targeting theranostic nanocarriers for early detection and treatment of endothelial senescence. To achieve this objective, we have formulated nano-emulsions using a non-ionic polymer, poly (maleic anhydride-alt-1-octadecene) (PMAO). The polymer was modified in such a way that, upon emulsification, it provides reactive maleimide groups at the surface of the nanodroplets to facilitate the grafting of the anti-VCAM-1 antibodies. The cell membrane of senescent ECs has some unique features, such as expression of the adhesion molecules VCAM-1 and ICAM-1. In this study, one of these features i.e., the expression of VCAM-1, was used for the assessment of arterial sites at risk and to evaluate the potential of the developed nano-carriers to target and restore optimal vascular protection using a nanomedicine theranostic approach, in order to reduce the risk of development of a subsequent advanced calcified atherosclerotic plaque, which is poorly sensitive to drug treatment. The nano-carriers decorated with VCAM-1 Abs and loaded with a fluorescent probe (NR668, Cy5.5 TPB) showed their efficiency to selectively and specifically target VCAM-1 overexpressed at the membrane of both replicative senescent and Ang IIinduced premature senescent ECs, compared to healthy cultured ECs. It was further observed that the targeting was directly dependent on the amount of VCAM-1 Abs decorating the nano-carriers. Among the nano-carriers having different size distributions, the nano-carriers with average size around 95 nm showed maximum fluorescence signals as compared to those with average sizes above 100 nm. The effect of change in temperature from 4°C to 37°C did not show any significant effect on the targeting potential of the Ab-decorated nano-carriers, which is very promising as it will not create any complications when we will use these nano-carriers for the in vivo studies. The competition experiment, involving pre-treatment of the senescent ECs with an antibody directed against VCAM-1, followed by the addition of Ab-decorated nano-carriers, verified the expression of VCAM-1 in endothelial cell senescence and the targeting specificity of the Ab-decorated nano-carriers. The targeting specificity of the nanocarriers was also validated by the ex vivo experiments. When the coronary artery rings were treated with the Ang-II, the VCAM-1 was over expressed at the endothelium overlying the arterial wall and the nano-carriers decorated with VCAM-1 Abs specifically target the VCAM-1 expressed at the ECs. Based on the in vitro and ex vivo results obtained, it can be concluded that these nano-carriers have an excellent potential to serve as a candidate for the theranostic approach to target endothelial senescence at very early stages and to reduce the risk of development of a subsequent advanced calcified atherosclerotic plaque.

Perspectives

The ex vivo studies of athero-resistant (thoracic aorta, carotid artery) and atherosusceptible sites including the carotid bifurcation, the aortic arch and branches and the iliac bifurcations in rat ex vivo models are in progress. The in vivo evaluation of the optimized nano-carriers (following intravenous administration) will be undertaken in models of rats exhibiting arterial ageing: at arterial sites of premature endothelial ageing (inner versus outer curvature of the aortic arch, already established) in healthy young adult rats and in the arterial circulation of aged rats.

We are expecting (on the basis of in vitro and initial ex vivo results) that the theranostic nano-carriers will accumulate preferentially at well-defined sites characterized by disturbed flow and low shear, and following targeting, the nano-carrier load will be delivered towards senescent ECs to reach levels sufficient to re-establish the protective endothelial function.

Chapter 3.1. Introduction, properties, preparation and applications of liposomes

Definition:

The word liposome is derived from two Greek words, "lipos" meaning fat and "soma" meaning body. The liposomes can be defined as the spherical structures consisting of an internal aqueous compartment enclosed by one or more phospholipidic bilayers. These bilayers are also known as lamellae. Liposomes were first described by Bangham et al. 1 as spherical structures made up of phospholipid and cholesterol, which upon hydration, selfassociate to form bilayers surrounding an aqueous interior. Phospholipid forms the bi-layered structures in the aqueous systems and cholesterol improves the stability and fluidity of the bilayers and reduces the leakage of the active payload. Such kind of liposomes are known as the classical or conventional liposomes. Since then the liposomes have been explored extensively as carriers for drug delivery, having a wide range of applications in pharmaceutical, food and cosmetic industry. Due to the unique bilayer structure of the liposomes, these are used as carriers for hydrophilic, lipophilic as well as amphiphilic molecules. 

Classification of liposomes:

There are different ways of classifying liposomes, like based on the size and number of bilayers (lamellarity), on the method of preparation, on the structure, or on the composition and application. On the basis of the size and lamellarity, liposomes are generally classified into following types:

Unilamellar vesicles (ULVs)

The unilamellar vesicles are composed of only one phospholipid bilayer enclosing an inner aqueous compartment. These liposomes are further classified into two types, i)

Small unilamellar vesicles (SUVs) with a size < 100 nm ii)

Large unilamellar vesicles (LUVs) with a size > 100 nm 23

Multilamellar vesicles (MLVs):

The multilamellar vesicles are composed of two or more concentric phospholipid bilayers separated by aqueous compartments and organized in an arrangement similar to that of an onion skin. These vesicles have an average diameters above 500 nm. 2,3 Another commonly used method to classify liposomes is based on their composition and application. The liposomes can be classified into following main groups based on their composition and application, 

Methods for the preparation of liposomes:

Liposomes can be prepared by a number of different methods with each method influencing the properties of the resulting liposomes. The average size, cost, reproducibility, the type of aqueous medium to form the liposomes, physicochemical properties of the components to be used and the substance to be loaded, and the toxicity of the active ingredients to be loaded are the most important factors to be considered to choose the appropriate method to prepare liposomes. 4 Liposomes are thermodynamically unstable and kinetically stable nano carriers, like nano-emulsions, that is why many of the principles and techniques used to prepare nanoemulsions can also be used to prepare liposomes. 5 The methods which are commonly used to prepare liposomes are:

Bangham's method or thin film hydration method

This method is the first method ever used to prepare the liposomes. In this method, a lipid or a mixture of lipids is dissolved in an organic solvent in a round bottom flask and then the solvent is evaporated, which results in the formation of a dry lipid film. This lipid film is then hydrated using a suitable aqueous phase with continuous shaking, which causes the formation of heterogenous multilamellar vesicles (MLVs) dispersed in the aqueous phase. 1,6 This method requires some additional techniques like sonication or extrusion (through membrane extruder), to obtain the unilamellar vesicles with homogenous size distribution. The drug can be either added to the aqueous phase (hydrophilic drug) during hydration step or it can be entrapped in the lipid film (lipophilic drug). Then encapsulated drugs in liposomes can be separated from the free drug (in the bulk, outside of liposomes), either by size exclusion column chromatography, centrifugation or by gel filtration. 7 The advantages associated with this method are: low energy input, easy and quick formation of liposomes and higher stabilities of the formulations as compared to other methods for liposome preparation. A major drawback of this method is the low encapsulation of the drugs. 

Ultrasonication method

This method is a widely used to prepare homogenous dispersions of small/large unilamellar vesicles (SUVs or LUVs) from multilamellar vesicles (MLVs), prepared through the conventional thin film hydration method, by high frequency sound waves. The principle involves the propagation of high frequency sound waves through the dispersion of MLVs, which induces cavitation phenomena (spontaneous formation and collapse of the small cavities). This produces very high pressure and turbulent flow in the proximities of the collapsing cavities. These conditions exert very strong shear forces on the MLVs causing their disruption and conversion into the smaller vesicles (SUVs). This method can be optimized to generate liposomes of the desired sizes. The two techniques used for sonication are :

a) Probe sonication technique/Direct tip sonicators

In this technique, the tip of a probe sonicator is dipped directly into the dispersion of the MLVs and a high input sonic energy is supplied, which produces smaller structures in a very short period of time (figure 4). This method is the preferred method to convert MLVs into SUVs and also result in higher encapsulation efficiencies but this technique has many drawbacks like, contamination with metal (titanium) from the probe tip, risk of exposure of the sample to high temperature resulting in the degradation of the lipids or the substance to be encapsulated, constant cooling requirements, limitation of the volume of the sample, non-homogenous size distribution and low encapsulation efficiencies etc. 5,7 ). This method has some advantages over probe Probe sonicator Dispersion of MLVs MLV Small Unilamellar vesicle (SUV) Dye/drug sonication, which include higher reproducibility, more homogenous particle size distribution due to uniform distribution of the energy throughout the dispersion, capacity to accommodate more sample volume, better control over temperature of the sample, comparatively less destructive to liposomes than probe sonication and can be used in the case of thermolabile components to prevent their degradation. 5 But this method does require an extensive sonication to achieve the desired size limit and sometimes it is necessary to use another technique like centrifugation or chromatography to get rid of the larger vesicles formed along with the smaller vesicles.

Polycarbonate membrane extrusion technique

In this technique MLVs are repeatedly forced through an extruder, having a polycarbonate membrane with very small pore size (50-150 nm), by applying high pressure either manually or by using a pump. When liposome suspension is passed repeatedly through the membrane filters with high pressure, the successive lamellae are removed one by one, generating a uniform population of small unilamellar vesicles. The desired size of the liposomes can be obtained very easily using this method by selection of the appropriate pore size of the polycarbonate membranes and by optimization of the number of extrusion cycles. This method has many advantages over other methods like improved homogenization of the formed vesicles, suitable for small as well as large batches and preparation of unilamellar vesicles from MLVs in very short period of time. But there are some drawbacks as well with this method, which include possibility of leakage/loss of the sample during extrusion, temperature must be above the transition temperature of the polar lipids and limitation towards the volume of the sample (1 mL) in case of manual extruders. 5,8 The figure 5 demonstrate the assembly of a typical extruder, used for the preparation of liposomes. 

High pressure homogenization technique

This technique is used to produce very small sized liposomes suitable for parenteral applications. This method has many advantages over other methods of liposome production, which include, high reproducibility, large-scale production of liposomes, processing of higher lipid concentrations etc. Following are the most commonly used high pressure homogenizers for the size reduction of liposomes.

a) High-Pressure valve homogenizer

The high-pressure valve homogenizer is used extensively to reduce the size of the liposomes. The pro-liposomes are dry granules and form a dispersion of liposomes when come in contact with an aqueous solution. These pro-liposomes are forced through the small orifice, known as homogenization valve, at very high pressure (10-100 MPa) which causes disruption of pro-liposomes into very small liposomes due to the cavitations and turbulence produced by the shear forces.

b) Microfluidizer

Microfluidizer is a special kind of high-pressure homogenizer which is used to produce small vesicles. The lipid is dissolved in a suitable organic solvent (e.g. ethanol) and is passed through microfluidic channels into the interaction chamber, where this stream interacts with the aqueous streams and causes the formation of liposomes due to the collisions of streams of the fluids at very high velocity and dilution of the organic phase. The microfluidizers produce liposomes of very small size and have high efficiencies. The size of the liposomes can be controlled by regulating the pressure and the number of passes through the microfluidic channels. 9,10 c) Colloid mills These are rotor-stator systems which are generally used for size reduction of the proliposome dispersions in aqueous medium. The dispersion is forced through a narrow gap between rotor and stator with a high pressure. The shear forces created by the movement of the rotor and stator causes the size reduction of the dispersion. The width of the gap between rotor and the stator can be adjusted to obtain the liposomes of the desired size.

Reverse phase evaporation (REV) technique

The liposomes were first prepared by reverse-phase evaporation technique by Szoka and Papahadjopoulo. 11 In this technique, the polar lipids are dissolved in a suitable organic solvent having low boiling point (like chloroform, methanol etc.) and the substance to be encapsulated in the liposomes is dissolved in water. Then an emulsion is prepared by the addition followed by homogenization of aqueous phase into the organic phase either by vortex or by sonication. At this stage, the structure of the emulsion resembles to that of the water-in-oil microemulsion or reverse micellar system, with hydrophilic groups of the lipids attached with the aqueous droplets and the hydrophobic chains spreading towards the organic solvent. The organic solvent is then evaporated under reduced pressure followed by vigorous agitation, which causes the conversion of the water-in-oil type system, through the formation of a viscous gel, to the aqueous dispersion of the vesicles. This technique has been widely used to encapsulate small as well as macromolecules like enzymes and RNA. High encapsulation efficiencies are obtained with this method; however, it has some drawback as well, like heterogenous size distribution of the vesicles (MLVs and ULVs), requires additional extrusion step to generate smaller vesicles with uniform size distribution and the breakage and denaturation of the biological molecules like RNA, DNA, enzymes etc. due to the exposure to organic solvent and mechanical agitation. 3,5,12 

Solvent injection method

The lipid is first dissolved in an organic solvent and is then injected into the aqueous phase containing the drug/substance to be encapsulated, which causes formation of liposomes. This method is generally classified into two types, based on the nature of the organic solvent used.

a) Ethanol injection method

This method, first described by Batzri and Korn 13 , involves the dissolution of the lipid in ethanol, followed by injection of this solution into the aqueous solution of substance to be encapsulated, which at once causes formation of liposomes (MLVs) with uniform size distribution. This method has advantages over ether injection method, like reproducibility, no requirement of high temperature to get rid of the solvent and is simple and easy to perform. However, this method does have some drawbacks, like heterogenous population of liposomes in case of lipids having poor solubility in ethanol, impossible to remove ethanol completely and the risk of denaturation of biological molecules due to presence of ethanol. 14 The modern and improved versions of this method are the ink-jet method, developed by Hauschild et al 15 , and crossflow injection method, developed by Wagner et al 16 , these methods have excellent scale-up potential with great control over the particle size distribution.

b) Ether injection method

In this method, the lipid is dissolved in diethyl ether or sometimes mixture of ether and methanol, and then injected gradually into the aqueous solution of the substance to be encapsulated at high temperature (50-60°C) or reduced pressure or sometimes both, to remove ether (water immiscible) from the system. The removal of ether causes the formation of concentrated liposomal dispersion. This method has the advantage of high encapsulation efficiencies over ethanol injection method. However, there are some limitations of this method, like heterogenous particle size distribution and the exposure of fragile substances to organic solvents and high temperatures. 14,17 

Detergent removal method

In this method of liposome production, a micellar mixture of lipids and a suitable detergent (cationic, anionic or non-ionic) is prepared in an aqueous medium containing the substance to be encapsulated, and then the detergent is removed from this preparation.

The removal of the detergent helps the micelles progressively become richer in lipid content and transform initially into a mixed detergent-lipid vesicle structure and then finally into detergent free bilayer structures/vesicles upon complete removal of the detergent 18 . The methods which are most commonly used to remove the detergent from the liposome preparation are dialysis, column chromatography, dilution and adsorption onto the beads. The advantages associated with this method are, uniform distribution of the size, simple design, and can be used to encapsulate biological compounds (like proteins) without risk of denaturation. The limitations of this method are, low encapsulation efficiencies, very time consuming process and possibility of having some detergent residues in the system. 5,12 

Drug loading in liposomes:

The drugs or other substances like proteins, enzymes etc. can be loaded into the liposomes by two different techniques, either during the formation of liposomes (called as passive loading) or into the intact liposomes, after their formation (known as active loading). The selection of the loading technique is related to different parameters which include, concentration of the lipid, drug/lipid ratio, liposome stability, encapsulation efficiency, stability of the drugs, production cost, potential for scale-up and retention of drugs inside the liposomes.

Passive loading

The passive loading involves the loading of the drug during the preparation of liposomes. This technique can be used to encapsulate hydrophilic, lipophilic as well as amphiphilic drugs inside the liposomes. In all the methods of liposome preparation, described above, drugs can be dissolved either in the aqueous medium (hydrophilic drugs) or in the lipidic solutions in organic solvents (hydrophobic drugs). During the process of the liposome production, the hydrophilic drugs are encapsulated inside the core of liposomes, i.e., in the aqueous phase, while hydrophobic drugs are entrapped in the lipidic bilayer of liposomes.

The amphiphilic drugs are entrapped in the liposomes in such a way that the hydrophilic part of the drugs stays in the aqueous phase while the hydrophobic part gets entrapped in the lipidic bilayers. For hydrophilic drugs, the encapsulation efficiency depends on the volume of aqueous medium enclosed by the liposomes, the concentration of the phospholipids, hydrophobic chain length of the phospholipids (higher loading with phospholipids having shorter chain lengths, due to decreased membrane thickness and increased drug penetration 19 ) as well as on the morphology and lamellarity of the vesicles 12 . Another important factor which affects the loading efficiencies is the permeability of the lipid bilayer, which is more permeable in liquid crystalline phase as compared to the gel state. 20 The addition of cholesterol into the bilayers of the liposomes exerts strong impact on the organization, functioning and the dynamics of the membrane.

The cholesterol reduces the free rotation of phospholipid chains, contributing to the stability of the lipid bilayer as well as retention of the hydrophilic drugs inside liposomes and on the other hand it increases the entrapped volume of the liposomes by increasing the size of the liposomes, both these factors help in improving the hydrophilic drug loading. [21][22][23] The hydrophobic drugs can be very efficiently loaded into the liposomes by this technique with higher encapsulation efficiencies because of their embedding in the lipid bilayer during self-assembly of liposomes. The loading efficiency depends mainly on the membrane composition, e.g., the addition of cholesterol in the membrane displaces the lipophilic dye and therefore decreases the loading of the hydrophobic drugs. 24,25 A schematic representation of the passive loading by thin film rehydration method (coupled with extrusion) used by Rehman et al. 6 for the encapsulation of the dye/drug is given in the figure 6. 

Active loading

This technique is also called as remote loading and involves the encapsulation of the drugs into the intact liposomes, i.e. the empty liposomes are first formed followed by the addition of the drug into the liposome dispersion, either directly or its concentrated solution. The active loading technique has some advantages over passive loading technique, like higher drug loading and no risk of denaturation of substance to be encapsulated. The loading of the drugs depends on different parameters based on their solubility. The penetration of hydrophobic drugs in the liposomes depends on the nature of the lipid and the packing restrictions of the bilayer of the liposomes. The hydrophilic drugs interact with polar head groups of the phospholipids and are captured and retained by the liposomes. But the amphiphilic drugs cannot be loaded and retained into the liposomes by active loading technique because such drugs permeate rapidly through the lipid bilayers 26 . However, this method is restricted only to a very small group of drugs that can penetrate the lipid bilayers only in uncharged form, i.e., weak amphiphilic acids or bases. The penetration of the drugs inside the liposomes is triggered and controlled by one of these mechanisms, concentration gradient, pH-gradient or ion gradient.

In the case of loading of drugs caused by concentration gradient, the concentrated solution of drug is added into the liposome dispersion and during the incubation period the drug diffuses through the lipidic bilayers into the liposomes and this process continues until the equilibrium condition is attained.

The pH-gradient method has been evolved as a very efficient method for loading of the drugs. This method involves the preparation of the liposomes in a solution having certain pH and then the pH of the solution outside the liposomes is increased either by addition of an alkaline solution or by exchanging the external solution with another solution having desired pH by using column chromatography, gel filtration or dialysis. 27,28 This pH imbalance serves as a driving force for drug loading. The mechanism of drug loading involves diffusion of the drug (in uncharged state) through the lipid bilayer and once it goes inside the liposomes it gets protonated and entrapped inside due to inability of the charged state to diffuse through the bilayer of the liposomes. A group of amine-containing drugs, like doxorubicin, daunorubicin, dopamine, quinidine, serotonin, diphenhydramine, chloroquine etc., can be successfully loaded into the liposomes by using this transmembrane pH-gradient.

Another technique of remote loading of the drugs makes use of ammonium sulphate gradient, which is very efficient method and provides very high encapsulation efficiencies. This method was developed by Barenholz et al 29 to enhance the loading of doxorubicin (DOX) into the liposomes, which has proven to be a breakthrough in the field of liposomal drug loading. This method has led to development of the first nano drug "Doxil ® ", approved by FDA. 30 The overall procedure they adapted for the loading of the DOX is shown in the figure 7 and the driving force for the loading of DOX into the liposomes is the transmembrane ammonium sulphate gradient, because the DOX, being the weak base and present in the outer solution, gets exchanged with the ammonium ions present inside the liposomes. And once the drug goes inside it gets precipitated as a sulphate salt. This method is advantageous over pH-gradient method as it does not require the fabrication of the liposomes at acidic pH and there is no need to alkalinize the aqueous phase outside the liposomes. After the discovery of this method, different ammonium salts have been used to load the weak bases actively into the liposomes, like citrate, phosphate and acetate, and there are studies being done to explore the drug loading potential of sodium salts (like phosphate, citrate, acetate and sulphate) as well. 31 

Applications of liposomes:

There has been considerable progress in the development of suitable dosage forms for the treatment of the diseases in recent years, however the constraints in the diagnosis and treatment, like low sensitivity, toxicity of drug, side effects etc., have yet to be dealt with.

And continuous efforts have been put in to solve these problems, like development of nano carriers for drug delivery. And among different available drug carriers, liposomes have gained importance as the most advanced particulate drug carriers due to their capacity to encapsulate lipophilic, hydrophilic as well as amphiphilic drugs and also because of their biodegradability and biocompatibility. 6 Since their discovery in the 1960s, many drugs, enzymes, peptide hormones, genetic materials, vaccines, chelating agents etc. have been successfully incorporated into the inner aqueous compartment or in the lipid bilayers of liposomes.

Following are some of the major applications of the liposomes as drug delivery vehicles.

Oral drug delivery

Since the discovery of liposomes, there has been growing investigations on the liposomal delivery of drug by oral route. Initially it did not work out for the researchers to develop oral liposomal formulations due to a number of constraints like poor understanding of absorption mechanisms, stability of the liposomes in the gastrointestinal tract, variations from one batch to another causing unsatisfactory mass productions etc. 32 However recent studies, with advanced manufacturing and modification techniques, have overcome these challenges by the application of the polymer coatings 33,34 or by modulating the composition of the liposomes 35,36 and have shown that the liposomes have great potential to be used as oral drug delivery systems, e.g. for insulin, bile salts, calcitonin, proteins, peptides etc. 4,37

Systemic drug delivery

This is the most widely used route of drug administration for the liposomal formulations.

As soon as they come in contact with the blood circulation, after systemic (mostly intravenous) administration, the liposomes are recognized and endocytosed by mononuclear phagocytic cells (mostly kupfer cells) in spleen and liver. The liposomes can be used as for the delivery of drugs into these cells. However, to prevent this phagocytosis of the liposomes, they are stabilized sterically, most commonly by incorporation of PEG in the bilayer, which results in the increased accumulation of these liposomes in the trauma sites, like tumors, inflammation or infection. The accumulation of the liposomes in these sites is due to the prolonged circulation caused by the steric stabilization or stealth properties. 38 Liposomes have been developed to protect the drug (e.g. antibiotics sensitive to -lactamase), whilst in blood circulation, against the enzymatic degradation. Liposomes are the excellent candidates for the targeted drug delivery especially in cancer treatment, for example Doxil ® is a FDA approved commercially available liposomal formulation of doxorubicin. 30 Liposomes are also very useful for the delivery of immunotherapeutic agents 39 and to increase the drug solubilization, to make a complex with DNA to transfect the cells for gene therapy. 40

Topical drug delivery

The liposomes have all the properties needed for an ideal drug carrier for topical applications due to the similarities between the natural membranes and the lipid bilayer of the liposomes (e.g., their ability to fuse with the cell membrane, to alter fluidity of cell membrane etc. 2 ) and due to their ability to penetrate the skin. The properties and composition of the liposomes have an important role in their penetration through the skin.

A wide range of liposomal formulations have been developed for dermal as well as transdermal applications, e.g. liposomal preparation as non-invasive DNA vaccine 41 , for restoring and moisturizing the skin 42 , to reduce the adverse effects associated with corticosteroid therapy 43 , antiviral therapy 44 etc.

Pulmonary drug delivery

The liposomes have been widely used pulmonary drug delivery and the liposomal formulations have numerous advantages over other pulmonary drug delivery systems, like no local irritation, sustained release, reduced toxicity and improved stability 45 . The liposomes are perfect candidates as pulmonary delivery vehicles for anticancer drugs 46 , antimicrobial agents 47 , steroids 48 , DNA, insulin 49 , proteins 50 etc.

Brain-targeted drug delivery

Liposomes have been studied and used for drug delivery to the brain due to their biocompatibility, biodegradability and reduced-toxicity. The liposomal formulations increase the permeability of drugs through the blood brain barrier and also provide targeted drug delivery, due to the possibility of grafting small ligand molecules, monoclonal antibodies or peptides on the surface of the liposomes, for the treatment of brain tumor (glioma). 51,52

Combination therapy

The combination therapy provides the increased therapeutic outcomes as compared to the individual outcomes. A number of different liposomal combination therapies have been developed in the recent years using different strategies, including: combination of therapeutic agents to overcome multidrug resistance 53 , combination of two different drugs targeted against two different antigens to enhance the therapeutic efficiency [START_REF] Loi | Combined Targeting of Perivascular and Endothelial Tumor Cells Enhances Anti-Tumor Efficacy of Liposomal Chemotherapy in Neuroblastoma[END_REF] or combination of ligand targeted delivery with a remotely triggered method in order to enhance the transfection efficiency. 55

In cosmetics

The liposomes have found many applications in cosmetics due to the lipid component in their composition. The lipids are generally well hydrated, can humidify the skin and also improve its elasticity which will reduce dryness of skin thus preventing it from ageing.

The first marketed cosmetic liposomal product, "Capture" was launched in 1986 by a French company "Christian Dior", as an anti-ageing cream. Since then, several liposomal cosmetic products have been marketed including creams, ointments, gels, moisturizers, perfumes, aftershaves, hair conditioners, anti-hair fall, lipsticks, etc.

In biomedical imaging

Liposomes have widespread applications in many medical imaging techniques, including;

 Fluorescence imaging: Cancer imaging by DOPC-supported functionalized liposomes having PEG-coated quantum dots (QDs) inside the aqueous phase. [START_REF] Al-Jamal | Functionalized-Quantum-Dot-Liposome Hybrids as Multimodal Nanoparticles for Cancer[END_REF]  Magnetic resonance imaging (MRI): Liposomes have shown the capacity to load a wide range of MRI contrast agents and provide controlled and effective delivery of these MRI probes for improved imaging. [START_REF] Soenen | Magnetoliposomes as Magnetic Resonance Imaging Contrast Agents: Magnetoliposomes as MRI Contrast Agents[END_REF][START_REF] Kamaly | Folate Receptor Targeted Bimodal Liposomes for Tumor Magnetic Resonance Imaging[END_REF]  Ultrasound imaging: Acoustic liposomes (ALs), the liposomes containing perfluoro propane gas, serve as efficient ultrasound imaging probes. [START_REF] Deckers | Ultrasound Triggered, Image Guided, Local Drug Delivery[END_REF]  Nuclear imaging: A large number of liposomal formulations encapsulating radionuclide tracers either inside the aqueous compartment or within a chemically engineered lipid bilayer have been reported. 60,61

Commercially available products:

As mentioned above in the applications, the liposomes can be used as carrier for the delivery of a wide variety of drugs such as analgesics, steroids, anesthetics, chemotherapeutics and tumor vaccines. A few examples of the marketed liposomal products are listed in the Table 1. 

CF/DOX

Alpha-TOS CF/DOX in PBS

according to their triggering mechanism [16-21]. The most advanced liposomes use lipids with phosphatidyl-ethanolamine (PE) as polar head in their composition. However, pure PE lipids do not form stable liposomes and are thus associated with an additional amphiphilic molecule that stabilizes the liposomes bilayers, such as alpha-tocopheryl succinate (α-TOS), oleic acid, palmitoylhomocysteine, or cholestryl hemisuccinate (CHEMS). These stabilizers are in ionized form (negatively charged) at physiological pH and thus intercalate in between the phosphatidylethanolamine (PE) molecules and favor the lamellar organization, resulting in the formation of liposomes. As these liposomes are exposed to acidic environment, the carboxyl group of the stabilizer is protonated resulting in the reversion of the PE molecules into inverted hexagonal phase, destabilization of the liposomes and thus the release of the contents of the liposomes [12,22-24].

The objective of the present study was to develop and design a novel efficient pH-sensitive formulation to form doxorubicin (DOX) loaded liposomes that should be stable at physiological pH and collapse in slightly acidic media such as the cancerous microenvironment to selectively release their doxorubicin hydrochloride (DOX) within tumor tissues [25].

To this end, in the first part of our study we optimized the formulation of pH-sensitive liposomes, by investigating the impact of formulation parameters, such as the chemical nature and composition of the lipids, on the properties of liposome (size, encapsulation efficiency and pH-sensitivity). A variety of liposomes was prepared using (i) -PE containing lipids (dioleoylphosphatidyl ethanolamine, DOPE, palmitoyloleoylphosphatidyl ethanolamine, POPE, dimyristoylphosphatidyl ethanolamine, DMPE), and (ii) the stabilizing agent, α-TOS at different ratios. The pH-sensitivity was assessed by measuring the release of carboxyfluorescein, CF from liposomes at different pH in the range 5.5-7.4 and for different incubation times, according to a fluorescence methodology based on the self-quenching of CF [26]. CF was encapsulated at millimolar concentration in the internal aqueous phase during liposome preparation, leading to a strong fluorescence quenching and thus a low emission of CF molecules in the liposomes. Once the liposome membrane is disrupted, CF fluorophores are released into the buffer. This leads to a decrease in the concentration and fluorescence quenching of CF molecules in the liposomes, and thus, an increase in their emission.

The second part of the work involves the encapsulation of DOX in pH-sensitive liposomes and study of the effect of nature and concentration of lipid and stabilizer on doxorubicin encapsulation. DOX is a widely used efficient anti-cancer drug [27], but its clinical use is limited by its cardiotoxicity and myelosuppression [28]. Doxorubicin has high anti-tumor activity but specificity is very low, which results in the serious side effects. Interestingly, DOX entrapped in liposomal formulation has shown reduced cardiotoxicity and improved specificity for the tumor area [24,29-33]. However, being a weak base, its solubility in aqueous buffers changes with pH, which makes its encapsulation, in pH-sensitive liposomes, difficult. The neutral form of DOX is membrane permeable at alkaline pH and becomes membrane impermeable when charged at acidic pH. Therefore, the encapsulation of DOX in the liposomes is based on a pH gradient between inner and outer water phase. For example, DOX has been encapsulated in the liposomes using transmembrane sulfate-or phosphate-or citrate-gradient [34-42] with acidic pH inside and physiological pH outside. DOX in its neutral form diffuses into the liposomes and gets protonated, which prevents the leakage of the positively charged DOX once encapsulated [34-40,43]. Moreover, the solubility of DOX increases at low pH [35], while pHsensitive liposomes become unstable and may disrupt at acidic pH [44]. In this context, encapsulating DOX in pH-sensitive liposomes is a complex problem, addressed by some reports in the literature [44] with formulations composed of DOPE/HSPC/CHEMS/CHOL (respectively dioleoylphosphatidyl ethanolamine/hydrogenated soy phosphatidylcholine/cholesteryl hemisuccinate/cholesterol). The purpose of the present study is more general, exploring the impact of the formulation parameters to understand and optimize the pH sensitivity of liposomes as well as the conditions compatible with the best encapsulation of DOX. The original system chosen here focuses on; i) -PE lipids (DOPE, POPE and DMPE) in association with α-TOS and CHOL, and ii) the active loading of DOX in function of different pH gradients through the liposome bilayer.

Materials and methods

Materials

Dioleoyl phosphatidyl ethanolamine (DOPE), palmitoyl-oleoyl phosphatidyl ethanolamine (POPE) and dimyristoyl phosphatidyl ethanolamine (DMPE) were purchased from Avanti-Polar Lipids, Inc. Alpha-tocopheryl succinate (α-TOS), carboxyfluorescein (CF), triton X-100, phosphate buffered saline (PBS) and chloroform were purchased from Sigma-Aldrich. Doxorubicin hydrochloride was purchased from Alfa Aesar, and Sephadex™ G-25 M PD10 column from GE Heathcare. All other chemicals were of analytical grade.

Preparation of CF-loaded liposomes

The liposomes were prepared by the polycarbonate membrane extrusion method. Liposomes containing CF were obtained using three different ratios between lipids and α-TOS (90:10, 80:20 and 70:30 respectively). Briefly, specified amounts of lipid and α-TOS were dissolved in 1 mL of chloroformwith the exception for DMPE which was dissolved in chloroform/methanol (2:1) for solubility reasonsin a small round bottom flask to make final lipid concentration of 10 mM. Thereafter, the solvent was evaporated using the rotary evaporator and a dried thin film was formed at the bottom of the flask. The film was further dried under vacuum for 1 h to ensure complete removal of solvent. The lipid film was then rehydrated with 1 mL carboxyfluorescein solution (50 mM) in phosphate buffered saline (pH 7.4), followed by sonication for 5-10 s and then was let 2 h for proper hydration of the film and formation of the suspension of multilamellar vesicles (MLVs). The suspension was then vortexed for 5 min and finally passed through a 100 nm polycarbonate membrane (17 times), using a Liposofast® extruder, to form large unilamellar vesicles (LUVs). The non-encapsulated CF was separated from the liposomes by size exclusion chromatography (PD10 Sephadex® G-25 M column), pre-equilibrated in phosphate buffered saline (pH 7.4).

Preparation of DOX-loaded liposomes 2.3.1. Passive loading

The liposomes were prepared according to the same protocol as described above, except that the thin film was rehydrated with 1 mL DOX solution in PBS (pH 7.4). Then, non-encapsulated DOX was separated from the liposomes suspension by size exclusion chromatography as described above, with a column equilibrated with PBS (pH 7.4).

Active loading by sodium phosphate and pH gradient

In this method, liposomes were prepared by using sodium phosphate buffer (0.2 M NaH 2 PO 4 •2H 2 O + 0.2 M Na 2 HPO 4 .12 H 2 O) at different pH values (7.0, 7.2, 7.4 and 7.8). After formation of liposomes, the external pH was increased, to promote DOX diffusion inside the liposomes, by addition of specified amounts of NaOH 1 M, up to reach pH values of 7.4, 7.8, 8.5 or 9.0. Each pH value corresponds to a single experiment that allowed investigating the impact of pH gradient on the active loading (see below). Then, the DOX-saline solution was added to the liposomes, with DOX concentration at 2 mM, and lipid concentration at 10 mM. The liposomes/DOX were then incubated overnight at room temperature (20-25 °C), and then free DOX was separated by size exclusion chromatography using PBS (pH 7.4) as eluent, as described above.

Characterization

Size measurements

Size distribution and polydispersity indices were measured by dynamic light scattering (DLS) with a Malvern apparatus (NanoZS®, Malvern, Orsay, France). Mean particle size was assimilated to zaverage hydrodynamic diameter and the width of size distribution to polydispersity index (PDI). DLS measurements were performed using a helium/neon laser, 4 mW, operated at 633 nm, with the scatter angle fixed at 173°and temperature maintained at 25 °C on diluted sample. DLS data were analyzed using a cumulants-based method assuming spherical shape.

Determination of encapsulation efficiency (EE)

The absorbance values of liposomes encapsulating CF or DOX were measured by using Cary 400 and Cary 4000 Scan UV-Visible Spectrophotometers. The liposomes encapsulating the molecules of interest (CF or DOX) were diluted 100x and their absorbance was measured in the range between 300 and 600 nm. The encapsulation efficiency (EE) was obtained from the absorbance values at 492 nm and 500 nm for CF and DOX respectively, according to Eq. ( 1),

= × EE m m 100 x x 0 (1) 
where x refers to DOX or CF, m x is the mass encapsulated in the lipo- somes (measured by visible spectrometry), and m x 0 is the total mass used.

Fluorescence assay

The pH sensitivity of liposomes was evaluated by using the CF quenching assay. All fluorescence measurements were done by using a Fluorolog® spectrofluorimeter (Horiba, France). Excitation and emission wavelengths were set at 480 nm and 517 nm, respectively. CFloaded liposomes (10 µL) were added to cuvettes containing each 1 mL of PBS at different pH (5.5, 6.0, 6.4 and 7.4), and kept for incubation. Fluorescence intensity was measured after various incubation times (5, 10, 15 and 30 min). Since the quantum yield of CF is pH dependent, the pH was readjusted to 7.4 by addition of specified amount of NaOH 1 M, in order to compare the changes in quenching efficiency, and fluorescence was measured again. Finally, 10 µL of Triton X-100 was added in each cuvette to disrupt all liposomes and fully release CF molecules, and the fluorescence was measured again. The percent of CF release was calculated using:

= - - × F F F F %CF release 100 pH TX 0 0 (2) 
where F pH is the fluorescence intensity following the incubation at a given acidic pH, F 0 is the fluorescence intensity after incubation at pH = 7.4, and F TX is the fluorescence intensity after addition of Triton X-100.

Results and discussion

3.1. CF-loaded pH sensitive liposomes 3.1.1. Effect of lipid composition on the size of the liposomes The size of the liposome suspensions encapsulating the CF, made with DOPE, POPE and DMPE, and at different ratio lipid/α-TOS is reported in Fig. 1(a). Liposomes made with DMPE (having the smallest chain length) are the smallest, while those made with DOPE (longest chain) are the largest. Furthermore, these results show that the proportion of α-TOS in the formulation also impacts the liposome size, as increasing the α-TOS content induces a global decrease of the size (except for DMPE:α-TOS 80:20). The size range of the suspensions depends on the nature of the lipid. i.e.,varies from 190 nm to 160 nm for DOPE, from 170 nm to 140 nm for POPE, and from 130 nm to 108 nm for DMPE. All samples show a good monodispersity, with PDI values < 0.15. For all compositions, the size range remains compatible with the parenteral administration route.

CF encapsulation efficiency

The absorbance of the CF-loaded liposomes was measured after separation by size exclusion chromatography (PD10 columns). As the concentration of CF loaded in the liposomes was constant (50 mM solution) in all the formulations, the measurements of absorbance before and after the separation of the free dye reflect globally the % of CF inside the liposomes. The results reported in Fig. 1(b) show that the best encapsulation properties were obtained by using POPE, followed by DOPE. Additionally, an increasing α-TOS content increases the encapsulation efficiency (except for DMPE:α-TOS 80:20). This can be explained by the α-TOS impact on the liposome size (Fig. 1(a)), and the increase in the total number of liposomes produced (since lipid concentration is constant and size decreases, thus number of liposomes increases). To prove this point, the number of vesicles of each S1 in supplementary information section. These new results show that, assuming that the dye concentration is similar and constant in all formulations, the encapsulation efficiency is only related to the size and number of vesicles. It is noteworthy that the encapsulation efficiency of these formulations with CF does not exceed 25%, possibly due to the very high CF concentration (50 mM) required for the quenching-based method. It follows therefrom that the percentage of CF encapsulated in liposomes is 10%, 25% and 5% for liposomes made with DOPE, POPE and DMPE, respectively. These differences in values are likely related to variations in the number and size of liposomes for the different formulations as well as to the ability of the lipids to form stable liposomes with α-TOS. Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.ejpb.2018.11.001.

Effect of lipid composition on pH-sensitivity/release of CF:

As described above, the integrity of the lipid bilayer was monitored by a fluorescent assay based on the self-quenching of concentrated CF in the liposome core. Once the bilayer is permeabilized, CF is released into the buffer, which reduces the quenching of the fluorophore and results in a fluorescence intensity increase of the liposome core. It should be noted that the CF fluorescence is pH dependent and decreases in acidic pH. Therefore, all comparison of fluorescence intensities was performed after readjusting pH at 7.4. Since the liposomes are stable at this pH, this readjustment should not influence the liposome permeation measurement. Finally, Triton X-100 was used to completely destroy the remaining intact liposomes, giving rise to the reference signal that corresponds to the complete CF release.

Fig. 2 reports the CF release as a function of the incubation pH and lipid composition for (a) DOPE, (b) POPE, (c) DMPE, containing different fractions of α-TOS. These data highlight the clear sensitivity of these liposomes to acidic pH that results in their gradual destruction as pH is lowered. The nature of the lipid does not strongly impact on this behavior, as all of them were very sensitive to change in pH. But POPE appears less sensitive to slightly acidic pH and more sensitive to pH ≤6. Finally, the stabilizer α-TOS also modifies the pH sensitivity of the liposomes, as the pH-sensitivity decreases when α-TOS concentration increases. This appears fully logical since α-TOS stabilizes the liposomes and thus, decreases the membrane disruption. For all three lipids, among the three different lipid/α-TOS ratios, the 90:10 ratio showed the highest pH-sensitivity. At this ratio, the CF was released very quickly (almost 40-60%) from the liposomes at pH 6.4, that corresponds to the pH of tumor microenvironment [14,15], and was fully released at pH 5.5.

3.1.4. Effect of incubation time on the release of CF from the liposomes Fig. 3 reports the impact of incubation time on the CF release for DOPE, POPE and DMPE liposomes containing 10% or 30% of α-TOS. The time of incubation shows almost no influence on liposomes containing 10% of α-TOS, where the pH-induced membrane disruption and the release of the liposomes content are almost immediate. In contrast, the incubation time plays an important role in the case of less sensitive DOPE and POPE liposomes (i.e., with 30% α-TOS). In these cases, a prolonged incubation of pH sensitive liposomes in acidic conditions promotes the bilayer permeation and/or liposome destruction, and thus increases the amount of CF release. When incubated at pH = 5.5, the % of released CF increases from 30% (after 5 min) to 55% (after 30 min) for DOPE:α-TOS, from 50% (5 min) to 85% (30 min) for POPE:α-TOS liposomes and finally from 60% (5 min) to 85% (30 min) for DMPE:α-TOS.

DOX-loaded pH-sensitive liposomes

Based on the results obtained above, we adapted the formulation processes to the encapsulation of DOX, which has a pH-dependent solubility. All the assays described with CF were performed with liposomes prepared by a passive loading method, where the lipid multilayers were rehydrated with an aqueous buffer already containing CF. Then after extrusion, the non-encapsulated CF molecules were removed by size exclusion chromatography.

In order to formulate DOX-loaded liposomes, we first tried to use the same passive loading method, using liposomes containing different stabilizers (α-TOS, CHEMS, CHOL and their combination). However, when rehydrating the lipid film with a DOX solution at neutral or alkaline pH, the liposomes could not be formed, likely due to electrostatic repulsive interactions between the liposome components and the DOX. We then used an active loading method to encapsulate DOX. This technique is based on the pH gradient between the external and internal aqueous phase. The most commonly reported buffer solutions for hydrating the lipid film are citrate buffer at pH 4.0 (300 mM), ammonium sulfate buffer at pH 5.5 (120 mM) and magnesium sulfate buffer at pH 3.5 (300 mM) [41]. Herein, we hydrated the lipid film at neutral to alkaline pH using phosphate buffer.

Different pH gradients of phosphate buffer were tested to optimize the encapsulation of DOX (Table 1). Part I of Table 1 shows the assays performed with passive loading, which were not working as liposomes did not form. Part II of Table 1 describes the assays with the active loading technique using POPE and DOPE/α-TOS system at different lipid:α-TOS ratios, and different values of internal/external pH. The formulations associated with "+" result represent the best formulations with efficient formation of liposomes and significant encapsulation of 1 shows additional assays performed using different stabilizing agents and also by using a combination of stabilizing agent and CHOL. Our data show successful formation of liposome and encapsulation of DOX using α- TOS in association with POPE and CHOL, as well as for the combination of POPE/DOPE with CHEMS. The formulations in Table 1 associated with "+/-" results provide efficient liposome formation and DOX encapsulation, but lead to DOX leaking after size exclusion chromatography using PBS 7.4 as an eluent. This might be related to the inadequate strength of the membrane to retain the DOX in the liposomes. This phenomenon was observed by the precipitation of the DOX within few minutes after the separation of the liposomes encapsulating DOX from the free DOX by size exclusion chromatography.

The general overview emphasized in Table 1 was further investigated through the measurement of encapsulation efficiencies for the best formulations, reported in Fig. 4(a). The encapsulation efficiency of DOX in pH sensitive liposomes depends on the nature of the -PE lipid in general higher with POPE, but also on the nature of the stabilizer. In addition, Table 1 referred to the conditions for which stable liposome containing DOX formed, then, among these, Fig. 4(a) compared quantitatively the values of the encapsulation efficiency. For example, in the case of POPE/DOPE:CHEMS (70:30) stable liposomes effectively formed (+), however with a lower EE values than for other systems. And in general, higher encapsulation efficiencies are resulted with α-TOS and α-TOS/CHOL combination as compared to CHEMS and CHEMS/CHOL combination. The graphs represent the results for two different pH gradients inside and outside the liposomes. In case of pH gradient with pH 7 inside and 9 outside the liposomes, the DOPE did not from liposomes at pH 7. But there was liposome formation in case of POPE at this pH. That's why the results have been shown only for POPE in case of the pH gradient with pH 7 inside and pH 9 outside the liposomes. In the other half of the graph the results have been shown for the experiments conducted with pH 7.4 inside and pH 9 outside the liposomes. Importantly, the two most interesting formulations are "POPE:α-TOS 80:20" and "POPE:α-TOS:CHOL 65:20:15", which provide encapsulation efficiencies around 100%. This result is likely due to the presence of lipid POPE, as we have got higher encapsulation efficiencies (25%) using POPE in case of CF as well (Fig. 1b). The reason could be the better affinity of the POPE to form liposomes and encapsulate CF/DOX under these conditions as compared to other lipids used. Interestingly, compared to the encapsulation efficiencies obtained with CF (Fig. 1(b)), the values with DOX are much higher, due to the active loading methodology. The presence of cholesterol is also very important because cholesterol considerably decreases the leakage of the encapsulated drugs in the extracellular environment or throughout the circulation [22] and helps to achieve immediate release of the encapsulated drugs when used for triggered release applications due to its non-bilayer structure forming properties [45].

DOX being neutral at alkaline pH migrates into the liposomes through the bilayer. Two phenomena are likely involved in an efficient encapsulation and trapping of DOX in the liposomes (Fig. 4a). The first one is the protonation of the drug inside the liposomes. The resulting charged DOX is unable to cross the bilayer and stays thus inside the liposomes [43,46,47]. The second phenomenon involved in the active loading of DOX is its precipitation due to an increase of its concentration in the liposome above the saturation threshold. Li et al. [47] showed that DOX starts aggregating at 0.5-1.5 mM concentrations in citrate and sulfate buffers even if its concentration is about 100 times lower than its normal aqueous solubility threshold and the DOX release from the liposomes containing DOX fibers was relatively slow. Cullis and coworkers [46,48] proposed that DOX is predominantly bound to the inner monolayer, leading to invaginations of the membrane. Both these phenomena contribute towards retention of DOX inside the liposomes. Literature also reported that, due to its amphiphilic nature, part of the DOX can be entrapped in the lipid bilayer of the liposome, thus, further increasing the DOX loading [49].

The size of the liposomes was measured after extrusion both before and after active DOX loading. The data in Fig. 4(b) shows that "empty" liposomes present a relatively constant size whatever their composition. After drug loading, the majority of samples showed only a slight increase in their size. A significant increase in size was only observed in CHEMS-containing liposomes (DOPE:CHEMS 70:30 and POPE:CHEMS 70:30 liposomes), likely as a result of the sensitivity of CHEMS to the prolonged exposure to alkaline pH, resulting in the aggregation and increase in the average size of the liposomes.

The presence of CHOL seems to be important for stability of the liposomes and for the retention of the DOX inside liposomes at physiological pH. In order to confirm the pH sensitivity for this new formulation containing CHOL (i.e. the system "POPE:α-TOS:CHOL 65:20:15"), we performed the experiments to form liposomes with the same composition but using passive loading technique. We used the CF solution in PBS (pH 7.4) to load CF into the liposomes and then measured the release of CF by a fluorescent assay explained above in Finally, in contrast to the liposomes passively loaded with CF in the absence of CHOL (Fig. 3), the incubation time has no impact on the disruption of the CHOL containing liposomes. For a given pH, the dye is almost completely released after 5 min, thus ensuring immediate release of dye/drug at the desired pH. Therefore, this last, cholesterolcontaining formulation suits perfectly for the aimed applications of selective pH-sensitive nanocarrier.

Conclusion

This study investigated the formulation and optimization of pHsensitive liposomes as a function of the chemical nature of -PE lipids and stabilizing agents and the lipid: stabilizer ratio. The ultimate objective was to find the most efficient system to encapsulate doxorubicin in pH-sensitive liposomes. In the first part of the study, we have evaluated the pH-sensitivity of the nanocarriers with a fluorescent method based on the encapsulation of CF as a model dye. Different lipids (DOPE, POPE and DMPE) were used, associated with α-TOS as stabilizing agent at different lipid:α-TOS ratios. These combinations were found to form stable liposomes at pH 7.4, with the higher encapsulation efficiency obtained with POPE. The integrity of liposomes was significantly pH-dependent with a possible modulation as a function of the concentration of α-TOS. As the concentration of α-TOS increases, the breakdown of liposomes and release of CF are slowed down. Incubation time also has an impact on the release of the dye from the liposomes because incubation for longer periods increases the extent of the liposome disruption in acidic pH. The second part of the study focused on the encapsulation of DOX in pH sensitive liposomes. We showed that DOX was not compatible with the passive loading approach, and showed good encapsulation tendencies by active loading technique (but only in specific pH ranges). Different pH gradients were studied, along with the variation of the nature and amounts of lipids and stabilizing agents. Values of the pH gradient was shown to be a crucial parameter in the DOX loading. The encapsulation efficiency of DOX in pH sensitive liposomes depends on the nature of the -PE lipid (higher with POPE) (Fig. 4a). And among different liposomal formulations of POPE, higher encapsulation efficiencies are resulted with α-TOS and α-TOS/CHOL combination as compared to CHEMS and CHEMS/CHOL combination. In function of the composition, the presence of cholesterol also increases the encapsulation of DOX and also helps in the retention of the DOX inside the liposomes. The low-aqueous solubility of drugs has always been a serious concern because it creates many problems in developing a suitable dosage form to deliver lipophilic drugs to the human body. Different kinds of nano-carriers have been developed but the lipid based nano-carriers have gained much importance for the delivery of the lipophilic drugs because of their special features, like high drug loading capacity, high biocompatibility (non-toxic, stable in physiological media, inert to tissue), tailorable surface to apply any kind of targeting strategy and an improved biodistribution and pharmacokinetic profile. In this research project, we have developed new strategies to formulate surface functionalized nano-carriers and have shown that they are the best candidates for the imaging and targeted drug delivery applications.

Project 1: Nano-emulsions as carrier of lipophilic molecules for biomedical applications

The nano-emulsion droplets constitute a high-potential nano-carrier for hundreds of applications owing to their reservoir capability, with main drawbacks being the limitation of their surface modification and stability. The solution herein presented is an illustration that simple solutions can exist, can be easily developed and transposed to large-scale production.

We have developed and optimized the novel techniques to formulate and functionalize the nano-emulsions and have shown successfully that these functionalized nano-emulsions provide a platform for a large variety of contrast agents, ligands, and antibodies. The ligands can be covalently attached with these nano-emulsions and the surface functionalized nanocarriers can be used as imaging, therapeutic and targeted drug delivery systems.

Objective 1: Development of a new strategy to formulate nano-emulsions in the absence of the surfactant as well as organic solvent

An amphiphilic polymer was designed, specially tailored to exhibit an important surfaceactive property, followed by the evaluation of its ability to generate nano-emulsions through the spontaneous emulsification method. The synthesis of amphiphilic polymer was based on the modification of a polymer poly(maleic anhydride-alt-1-octadecene) (PMAO), by performing a systematic reaction of Jeffamine® polyetheramine (polyethylene glycol / polypropylene glycol copolymer) on each anhydride function, in order to generate an octadecene / Jeffamine® pattern on each monomeric element. The results showed that the amphiphilic polymer successfully formed the stable nano-emulsions and among all the conditions explored, the best results were obtained, (in terms of average size and PDI), with PMAO amphiphile when used with longer Jeffamine® compound (i.e., J-2000). It was further observed that the size of the formed droplets could significantly vary with the change in the nature of the oil. Furthermore, it was observed that the spontaneous emulsification process is related to the relative affinities of the amphiphilic polymer for oil and water. The originality comes with the non-dispersion of the polymer in water and precipitation in the interfacial region, forming a spherical shell shape, confirmed by TEM. The novelty of this work lies in the fact that spontaneous emulsification has never been reported with polymer alone in the absence of low molecular weight surfactants.

Objective 2: Preparation and characterization of tunable surface functionalized oil-inwater nano-emulsions

We used the same amphiphilic polymer with a slight modification in the structure, i.e., a proportion (20 %) of the Jeffamine® herein used was replaced with another polyethylene glycol (PEG)-containing compound terminated by a reactive azide group (i.e., N 3 -PEG-NH 2 ) which has the affinity to link with ligands. The nano-emulsions were prepared, using this newly synthesized polymer, by ultrasonication method with a contrast agent (NR668/CY5.5TPB) being encapsulated inside the nano droplets. These nano-emulsions were then decorated with a ligand, namely DBCO-PEG4-biotin, by the reaction between the active azide groups and the alkyne group of the ligand. Different techniques were used to characterize these nano-emulsion formulations namely differential light scattering (DLS), UV-visible spectroscopy, transmission electron microscopy (TEM), nuclear magnetic resonance (NMR) and gel electrophoresis. The results have shown that these nano-emulsion systems have the tendency to covalently link with such ligands (biotinylated) and can be used as an efficient carrier of contrast agents and drugs for the imaging and targeted drug delivery applications.

Objective 3: Development of a novel theranostic approach to target endothelial senescence: Nano-emulsions as targeted theranostic nano-carriers

The third objective of this study was to explore the potential of nano-emulsions as targeted theranostic nano-carriers for imaging and biomedical applications. To achieve this objective, we took advantage of the unique features of the cell membrane of senescent endothelial cells (ECs) for the in vivo early assessment of arterial sites at risk, and for the selective delivery of agents for preventive and therapeutic purposes to restore optimal vascular protection using a nanomedicine theranostic approach. The amphiphilic polymer was designed in the similar pattern as to achieve second objective with a slight modification in the structure, i.e., the linker "N 3 -PEG-NH 2 " used in the project was replaced with another polyethylene glycol (PEG)-containing compound terminated by a reactive maleimide group which has the affinity to react with the cysteine function of the antibody (anti-VCAM). The formulations were optimized in terms of the lipid/coating polymer ratio, the PEG/PEG-antibody ratio, the optimization of functional sites, the nano-carrier size and the temperature stability. The formulations were also optimized in close relation with the biological evaluation, performed with antibody targeting membrane proteins (VCAM-1) of senescent ECs. The nano-emulsions were loaded with a fluorescent probe (CY5.5 TPB and NR668) to allow detection of senescent ECs covering athero-susceptible sites at risk for diagnosis and monitoring purposes using fluorescence imaging, and a therapeutic vasoprotective agent for delivery and regeneration of the protective endothelial function. The results obtained with in vitro and ex vivo studies have shown that the developed theranostic nano-carriers specifically target (within 1 hr at 4°C and 37°C) the cultured and native senescent ECs induced by pro-senescent inducer (Angiotensin II) and with minimal off-target cell surface interactions and that the theranostic nano-carriers accumulate preferentially at well-defined sites characterized by disturbed flow and low shear, thereby providing important information, based on the fluorescent signal, regarding the localization and the extent of the area at risk. The novelty of the project is the targeting of the atherogenesis process at a very early step characterized by the induction of endothelial senescence and dysfunction by taking advantage of distinct surface features appearing at the senescent ECs surface such as expression of the adhesion molecules VCAM-1 and ICAM-1. The in vivo studies of the theranostic nano-emulsions are still in process and we are expecting that the administration of theranostic nano-carriers will affect minimally hemodynamic parameters, and that they will remain in the circulation to accumulate preferentially at arterial sites exposed to disturbed flow. Furthermore, subsequent to the local accumulation, nano-carriers will deliver on-site the therapeutic agent to help restore the endothelial function and vascular homeostasis by the combined action involving normalization of the level of oxidative stress and the redox-sensitive genes, and the restoration of an efficient endothelial formation of NO.

Project 2: Liposomes as carrier of drug molecules for biomedical applications

In parallel with the above-mentioned study, our objective was to develop and characterize pHsensitive liposomes as nano-carriers for anticancer drug, doxorubicin (DOX). The most important requirement for these liposomes is that, they should be stable at physiological pH, and disrupt in slightly acidic media, such as the tumor microenvironment, to release their DOX load. The major challenge for encapsulating DOX in pH sensitive liposomes lies in the fact that this drug is soluble at low pH (when the pH-sensitive liposomes are not stable), but the DOX aqueous solubility decreases in the pH conditions corresponding to the stability of the pH-sensitive liposomes. The study of pH-sensitivity of liposomes was conducted using carboxyfluorescein (CF) encapsulated in high concentration, i.e. quenched, and following the dye dequenching as sensor of the liposome integrity. Different lipids (dioleoyl phosphatidyl ethanolamine (DOPE), palmitoyl-oleoyl phosphatidyl ethanolamine (POPE) and dimyristoyl phosphatidyl ethanolamine (DMPE)) were used, associated with alpha-tocopheryl succinate (α-TOS) as stabilizing agent to prepare liposomes by polycarbonate membrane extrusion method. The impact of (i) the chemical nature of lipids and (ii) the lipid/stabilizing agent ratio on the pH sensitivity of the liposomes was studied. These lipid:α-TOS combinations were found to form stable liposomes at pH 7.4, with the higher encapsulation efficiency obtained with the lipid POPE (27 %). The integrity of membrane of the liposomes was significantly pH-dependent with a possible modulation as a function of the concentration of α-TOS. As the concentration of α-TOS increased, the breakdown of liposomes and release of CF were slowed down. Incubation time also had an impact on the release of the dye from the liposomes because incubation of liposomes at acidic pH for longer period of time increased the extent of the liposome disruption in acidic pH. Optimized liposome formulations were then selected for the encapsulation of DOX by an active loading procedure, i.e. driven by a difference in pH inside and outside the liposomes. Numerous experimental conditions were explored, in function of the pH gradient and liposome composition, which allowed identifying critical parameters for the efficient DOX encapsulation in pH-sensitive liposomes. Values of the pH gradient were shown to be a crucial parameter in the DOX loading. It was further observed that the encapsulation efficiency of DOX in pH sensitive liposomes depends on the nature of the -PE lipid (higher with POPE). And among different liposomal formulations of POPE, higher encapsulation efficiencies (95-100 %) were resulted with α-TOS and α-TOS/CHOL combination as compared to CHEMS and CHEMS/CHOL combination.

Moreover, in function of the composition, the presence of cholesterol also increased the encapsulation of DOX and helps in the retention of the DOX inside the liposomes.

Currently, we are working on a project to develop a new strategy for surface modification of the liposomes by using the amphiphilic polymer derivative, in order to achieve better control of the surface modification. This will facilitate the grafting of a range of ligands, proteins or antibodies, at the surface of the liposomes with slight modification in the polymer structure, keeping the liposome composition, method of preparation and all the rest of the parameters constant. The liposomes were prepared by polycarbonate membrane extrusion technique using dioleoyl phosphatidyl choline (DOPC) as lipid, with addition of the amphiphilic polymer (PMAO:N 3 PEGNH 2 :J-2000) during the preparation of liposomes. Then a model dye (JS-050) was attached covalently with the azide groups available at the surface of the liposomes. So far, we have got good initial results, in terms of functionalization and attachment of the dye, and we are moving towards grafting of ligands at the surface of the liposomes for targeted drug delivery applications.
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 1 Figure 1: (a) Synthèse de polymères amphiphiles, (b) Synthèse de monomère amphiphile, (c) Effet du rapport polymère sur huile (POR) sur la taille moyenne des nano gouttelettes.

  lipophile (dérivé du Nile red (NR668) ou du cyanine 5.5 (CY5.5))

Figure 2 :

 2 Figure 2: (a) synthèse du polymère, (b) préparation de nano-émulsions, et (c) fixation de l'anticorps à la surface de la nano-gouttelette.
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 3 Figure 3: Imagerie in vitro et ex vivo

Figure 4 :

 4 Figure 4: Synthèse et caractérisation de liposomes sensibles au pH
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 11 Nano-emulsions as carrier of lipophilic molecules for biomedical applicationsThe main objectives of this study are as follows, Development of a new strategy to formulate nano-emulsions in the absence of the surfactant as well as organic solvent

•

  Biodegradable and biocompatible • Effective endosomal escape • Protection of drug molecules • Improve the therapeutic index of drugs

Figure 1 .

 1 Figure 1. Structure of Polymeric nanoparticles (adapted from reference 3 )

••

  Biocompatibility Increased penetration and hydration of the skin • Drug protection against degradation • Higher drug loading capacity • Controlled drug release • Occlusive properties • The possibility to scale up

Figure 2 .

 2 Figure 2. Structure of SLNs and NLCs

Figure 3 .

 3 Figure 3. Structure of dendrimer

Figure 4 .

 4 Figure 4. A multifunctional nano-emulsions system (adapted from reference 11 )

Figure 1 .

 1 Figure 1. Schematic representation of, (a) piston gap homogenizer (reference 6 ) (b) high-pressure valve homogenizer (reference 8 )

Figure 2 .

 2 Figure 2. Schematic representation of a microfluidizer (Reference 6 )

Figure. 3 .

 3 Figure. 3. Schematic representation of an ultrasonication (adapted from reference 6 )

Figure 4 .

 4 Figure 4. Schematic representation of preparation of polymeric nano-emulsions by spontaneous emulsification

Figure. 5 .

 5 Figure. 5. Mechanism of the generation of nanoemulsion in a water/nonionic surfactant/oil system using the PIT method. (a) the ternary system presents a macro-emulsion and nonionic surfactants are mostly hydrophilic at temperature below the PIT, (b) the surfactants gradually become lipophilic and are solubilized by the oily phase as the temperature is increased, (c) bicontinuous microemulsions formation at PIT, (d) the emulsion is inverted at temperature, above the PIT, i.e., water is dispersed into the mixture of oil and lipophilic surfactant. The system is then rapidly cooled using water dilution, making the surfactant suddenly hydrophilic and inducing spontaneous and rapid migration to the aqueous phase.

Table 1 :

 1 Examples of nano-emulsions developed for lipophilic drug delivery

  parent monomer of PMAO, i.e. octadecyl succinic anhydride (OSA), instead of PMAO and relative abilities of the monomer and polymer to form nano-emulsions by spontaneous emulsification were evaluated. The results showed that the developed amphiphilic polymer stabilizes the oil / water interfaces and forms nano-emulsions in the absence of other surfactants. The most efficient conditions were obtained with the combination of PMAO and longer Jeffamine® chains (J-2000), compared to OSA surfactant. It was further observed that the size of the formed droplets could significantly vary with the change in the nature of the oil. This study may have important implications in the development of surfactant-free nanoemulsions, and surface functionalized nano-emulsions.

  incompatibilities with time (Hou & Xu, 2016; Kaci et al., 2016; Nehilla, Bergkvist, Popat, & Desai, 2008; Sahoo, Panyam, Prabha, & Labhasetwar, 2002; Sheibat-Othman & Bourgeat-Lami, 2009)or in term of efficiency of the surface modification.

Figure 1 :

 1 Figure 1: Synthesis of amphiphilic polymers (a) and monomers (b).

Figure 2 :

 2 Figure 2: Schematic illustration of the nano droplet formation. The amphiphilic polymers or monomers are solubilized inside the oily core whereas the hydrophilic moiety (Jeffamine ® M-1000/Jeffamine ® M-2000) are displayed at the droplet surface.

Figure 3 :

 3 Figure 3: Superimposed NMR spectra of amphiphilic polymers and PMAO (a) and amphiphilic monomers and OSA (b) showing the shifts of the signals and the increasing amount of PEG and PPG compared to the starting materials. The NMR spectra were normalized to the CH3 signal of the C18 chain at 0.8-0.9 ppm. The spectra were cropped for a better visibility.

  Anton & Vandamme, 2009; Nicolas Anton & Vandamme, 2011; Hörmann & Zimmer, 2016; Miller, 1988; Solans et al., 2016). The water breaks-up the oil phase and the surfactants are assumed to be shared between the water/oil

Figure 4 :

 4 Figure 4: Spontaneous emulsification (a) PMAO-Jeffamine ® (1000 or 2000), or (b) OSA-Jeffamine ® (1000 or 2000), using medium chain triglycerides (Labrafac WL ® ) as oil phase. Effect of the formulation parameters polymer-to-oil weight ratio or surfactant-to-oil weight ratio (POR and SOR, respectively) on the resulting droplet size and polydispersity suspension (PDI are indicated in the graph for each point).

Figure 5 :

 5 Figure 5: Effect of nature of oil on the mean size of the nano-droplets generated by spontaneous emulsification, for (a) PMAO-J2000 and (b) OSA-J2000, and for two representative values of POR and SOR= 50% and 80%. In figure (b), SOR = 50% with Soybean oil is not present as no emulsion was obtained.

Figure 6 :

 6 Figure 6: TEM analysis of PMAO-J2000 (POR = 80%) nanoemulsions.

  limit the off-target interactions. The synthesis of functionalized polymer is based on the chemical modification of poly (maleic anhydride-alt-1-octadecene) (PMAO), a hydrophobic polymer having aliphatic octadecene chains with reactive anhydride functions, by performing a systematic reaction of Jeffamine polyetheramine (Jeffamine® M2070) and a polyethylene glycol (PEG)-containing compound terminated by a reactive azide group (i.e., NH 2 -PEG-N 3 ) on each anhydride function, in order to generate a pattern with Jeffamine® M2070 and NH 2 -PEG-N 3 being attached on each monomeric element of PMAO. The nano-emulsions are prepared, using this newly synthesized polymer, by ultrasonication method. Then, the potential of these azide decorated nano-emulsions to graft contrast agents and ligands (covalently) at the surface of the nano-droplets has been evaluated. For this purpose, we have used a contrast agent (JS-050) and a biotincontaining ligand and studied their interaction and the extent of binding with the azide groups available at the surface of the nano-droplets. The nano-emulsions were optimized in relation to the size of the nano-droplets, ratio between jeffamine and azide-containing component in the formulation and the amount of the contrast agent required to completely saturate the azide groups at the surface of the nano-droplets. Different techniques were used to characterize these nano-emulsion formulations namely differential light scattering (DLS), UV-visible spectroscopy, transmission electron microscopy (TEM) and nuclear magnetic resonance (NMR).
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 22 Poly (maleic anhydride-alt-1-octadecene) (PMAO), triethylamine (TEA), ethanolamine, 1-[Bis (dimethylamino) methylene]-1H-1,2,3-triazolo[4,5-b] pyridinium 3oxid hexafluorophosphate (HATU) and dimethyl formamide (DMF) were purchased from Sigma Aldrich. Jeffamine® M-2070 polyetheramine (J-2000) was kindly offered by Huntsman corporation (Texas, U.S.A.). The N 3 -PEG 3000 -NH 2 was purchased from Iris pharma®. The DOBC-PEG 4 -biotin was purchased from Broadpharm®. Medium chain triglyceride-Labrafac WL®, was purchased from Gattefossé (Saint Priest, France). The dyes, CY 5.5TPB and JS-050 were kindly provided by Dr. Mayeul Collot. The rest of the reagents and solvents used were of analytical grade. Chemical modification of the polymer First of all, 514.3 mg of N 3 -PEG-NH 2 (0.2 equivalent of PMAO) and 1371.4 mg of J-2000 (0.8 equivalent of PMAO) were taken and dissolved in 20 ml of DMF in a round bottom flask. To this solution, PMAO (300 mg) was added and the final volume was adjusted up to 50 mL with DMF. Once the components were completely solubilized, 0.6 mL (5 equivalents) of triethylamine was added into the flask and this solution was then continuously stirred overnight at 60 o C under reflux condenser. Then, HATU (651 mg)

Figure 1 :

 1 Figure 1: Schematic illustration of, a) polymer synthesis, b) Formation of nano-emulsions, and c) Grafting of ligand/dye at the surface of nano-droplets

  Streptavidin (S): diluted 2 times (20µl in 20µl of PBS)  Nano-emulsions (NEs) (with/without biotin, i.e., NE/NEc): diluted 6 times (10µl in 50µl of PBS)  Nano-emulsions (NEs) (with/without biotin) + Streptavidin (S): 30µl of S + 10 µl NEs + 20µl of PBS  NEs (with biotin) + Biotin: 10µL of NEs + 20µl of PBS/Biotin + 30µl of PBS  NEs (with biotin) + Biotin + Streptavidin: 10µl of NEs + 30µl of S + 20µl of PBS/Biotin  The solution of Biotin was prepared by dissolving 1 mg of it in 1 ml of PBS by vortex, followed by decantation.

Figure 2 :

 2 Figure 2: NMR spectra of, a) PMAO:N3-PEG-NH2:J2000 (1:0.1:0.9) and b) PMAO:N3-PEG-NH2:J2000 (1:0.2:0.8)

  e., 1:0.2:0.8), the surface charge on the resulted nano-droplets moves further towards lesser negativity (-26 mV±1).

Figure 3 :

 3 Figure 3: Physico-chemical characterization of nano-emulsions, (a) Hydrodynamic diameter (nm), (b) zetapotential (mV)

Figure 4 :

 4 Figure 4: TEM images for the PMAO:N 3 PEGNH 2 :J2000 sample (ratio 1:0.2:0.8)

Figure 5 :

 5 Figure 5: a) Comparison of the binding of the dye with 10 % azide-decorated and control nano-droplets, b) Comparison of the binding of the dye with 20 % azide-decorated and control nano-droplets, c) Measurement of the binding of the dye, specifically with azide functions available at the surface of the nanodroplets

Figure 6 :

 6 Figure 6: Gel electrophoresis-studying the interaction between the biotin grafted nano-emulsions and streptavidin, (a) streptavidin signal from the CY3 laser channel, (b) CY 5.5 signal from the CY5 laser channel, (c) Merge of the signals from both laser channels
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 24 Development of targeting theranostic nanocarriers for early detection and treatment of endothelial senescence 1. INTRODUCTION According to a recent report (2018) published by the world health organization (WHO), cardiovascular diseases are the leading cause of death globally for the last 15 years.Atherothrombosis is a major cause of cardiovascular diseases and can lead to some serious conditions like myocardial infarction and stroke. The underlying atherogenesis process starts with the appearance of early lesions of atherosclerosis which can develop into mature plaques impeding blood flow and optimal perfusion of target organs, ultimately triggering an atherothrombotic event (myocardial infarction, stroke, peripheral artery diseases). The studies have shown that the atherogenesis process is not a generalized alteration of the cardiovascular system but is targeting well-defined arterial sites at risk such as bifurcations and curvatures predominantly in the aortic arch and branches, carotid bifurcations, aorta-renal bifurcations, and aorto-iliac bifurcations. The preferential targeting of these athero-susceptible arterial sites is most likely a consequence of their particular abnormal local flow behavior characterized by a disturbed flow and low shear versus the atheroprotective sites characterized by a laminar flow and high shear.1 Such a region often arises at sites of arterial branching. At atheroprotective arterial sites, laminar flow-related high shear stress triggers key protective mechanisms in endothelial cells (ECs) especially the formation of nitric oxide (NO), a potent vasodilator and inhibitor of platelet activation that also very effectively prevents the expression of NF-Bcontrolled pro-atherothrombotic factors including adhesion molecules, pro-inflammatory factors and the activator of the coagulation cascade, tissue factor etc. Therefore, ECs at arterial sites at risk and exposed to disturbed flow and low shear are unable to protect the arterial wall in an efficient manner as indicated by the appearance of early endothelial dysfunction, local inflammation, oxidative stress and expression of several atherothrombotic factors.

  performing a systematic reaction of Jeffamine polyetheramine (Jeffamine® M2070) and a polyethylene glycol (PEG)-containing compound terminated by a reactive maleimide on each anhydride function of the polymer. The nano-emulsions are then developed by ultrasonication method using this newly synthesized polymer, with some PEG presenting maleimide at the surface of the nano-droplets to react with the cysteine function of the antibody. These nano-carriers are loaded with a fluorescent probe to allow detection of senescent ECs covering athero-susceptible sites at risk for diagnosis and monitoring purposes using fluorescence imaging, and/or a therapeutic vasoprotective agent for delivery and regeneration of the protective endothelial function. And then the potential of these maleimide decorated nano-emulsions to graft antibodies at the surface of the formed nano droplets has been evaluated. For this purpose, we have used anti-VCAM antibodies and studied their interaction and the extent of binding with the maleimide groups available at the surface of the nano droplets. The selection of these Abs is done to target the surface markers of senescent ECs (VCAM-1), to induce locally a specific concentration of the nano-carriers and, thus, an on-site specific accumulation of the imaging probe and the therapeutic agent intended to restore the endothelial function. The nano-emulsions have been optimized in relation to the size of the nano-droplets and the amount of the antibody required to completely saturate the maleimide groups available at the surface of the nano droplets. Different techniques are used to characterize these nano-emulsion formulations namely differential light scattering (DLS), UV-visible spectroscopy, transmission electron microscopy (TEM) and nuclear magnetic resonance (NMR). The biological evaluation of theranostics nano-carriers have been performed at two different levels, i.e., in vitro on cultured ECs and ex vivo on isolated low and high-risk arterial segments, to analyze their EC regenerative potential.

ethanolamine, 1 -

 1 [Bis (dimethylamino) methylene]-1H-1,2,3-triazolo[4,5-b] pyridinium 3oxid hexafluorophosphate (HATU) and dimethyl formamide (DMF) were purchased from Sigma Aldrich. Jeffamine® M-2070 polyetheramine (J-2000) was kindly offered by Huntsman corporation (Texas, U.S.A.). The BOC-NH-PEG-NH 2 was purchased from Iris pharma®. The maleimide reagent was purchased from Ark Pharm Inc®. Medium chain triglyceride-Labrafac WL®, was purchased from Gattefossé (Saint Priest, France). The dyes, CY 5.5 TPB and NR 668 were kindly provided by Dr. Mayeul Collot. The rest of the reagents and solvents used were of analytical grade.

  3 mg of BOC-NH-PEG-NH 2 (0.2 equivalent of PMAO) and 1371.4 mg of J-2000 (0.8 equivalent of PMAO) were taken and dissolved in 20 ml of DMF in a round bottom flask. To this solution, PMAO (300 mg) was added and the final volume was adjusted up to 50ml with DMF. Once the components were completely solubilized, 0.6 mL (5 equivalents) of triethylamine was added into the flask and this solution was then continuously stirred overnight at 60 o C under reflux condenser. Then HATU (651 mg) and ethanolamine (261.5 mg or 0.26 ml) were added into this solution and the solution was again stirred overnight at 60 o C under reflux condenser. The solvent (DMF)

Figure 1 :

 1 Figure 1: Schematic illustration of, (a) synthesis of the maleimide decorated polymer, (b) formation of nano-emulsions and (c) grafting of the antibody on the nano-droplets

  objective of the in vitro studies was to evaluate the targeting of the fluorescent VCAM-1 targeting nano-carriers, into the normal and senescent ECs (in culture), using fluorescence microscopy techniques. The endothelial cells, from the porcine coronary artery, were cultured in glass chamber slides by the procedure mentioned in the figure 2. In the stressinduced premature senescence model, the senescence was induced by angiotensin-II (100 nM). The Ab-functionalized and non-functionalized nano-carriers, labelled with specially designed lipophilic dyes (NR668, Cy5.5 TPB) were prepared and incubated with the endothelial cell culture for 1 hour (4°C or 37°C) and then the potential for VCAM-1targeting was studied by confocal microscopy using a Leica SP2 UV DM Irbe confocal microscope. The fluorescent probes were used to track nano-carriers and the DAPI was used to stain the nuclei of the cells. The excitation wavelengths were set at 405 nm for DAPI, 635 nm for CY5.5-TPB and 543 nm for NR668 and the fluorescence was measured in following wavelength ranges, 431 -481 nm for DAPI, 650 -711 nm for CY5.5-TPB and 560 -650 nm for NR668. The images obtained were processed by imageJ software. Different parameters were studied, like polymer/antibody ratio, average size of the nanocarriers and temperature change, to optimize the conditions in order to ensure, i) maximum internalization of Ab-functionalized nano-carriers into target senescent ECs, and ii) minimum non-specific interactions among the (a) Ab-functionalized nano-carriers with normal cells, (b) non-functionalized nano-carriers with different healthy and senescent ECs. A competition experiment to confirm and validate the targeting specificity of the nano-carriers has been performed by using also the replicative senescence model, as shown in figure 2.

Figure 2 :

 2 Figure 2: Endothelial senescence models

  (a), an amphiphilic polymer (Polymer-Boc20) was first synthesized through a reaction of PMAO with an amino-PEG 3000 bearing a protected amino function (Boc-NH-PEG 3000 -NH 2 ) on 20% of the anhydride functions. The remaining 80% of anhydride functions were then reacted with Jeffamine®2000, an amino/methoxy terminated PEG/PPG (poly(ethylene glycol)/poly(propylene glycol)) copolymer, to reduce the polymer hydrophobicity. Then the deprotection of the amino functions of Polymer-Boc 20 was performed followed by coupling of the amino groups with the maleimidoacetic acid to result in the formation of Polymer-Mal 20 (figure1a). The progress of the reaction as well as the structure of the polymer was studied by performing NMR at each step of the synthesis of this amphiphilic polymer derivative. The NMR results have confirmed the attachment of Jeffamine® 2000 (80 %) and PEG-NH 2 (20%) with the polymer network.

  The zeta-potential measurements have shown that the surface charge on the nanoemulsion droplets is positive and ranges from 10-15 mV, irrespective of the nature of the oil used to formulate the nano-carriers (figure3(b)).

Figure 3 :

 3 Figure 3: Physico-chemical characterization of nano-emulsions, (a) Hydrodynamic diameter (nm), (b) zetapotential (mV), whereas, NR668/ CY 5.5 TPB in Labrafac, Omega oil and Corn oil represent different oil phases used to prepare nano-emulsions

Figure 4 :

 4 Figure 4: TEM characterization of nano-emulsions formed by using polymer dissolved in 1% CY5.5-TPB solution in Labrafac® as oil phase and distilled water as aqueous phase

Figure 5 :Figure 6 :

 56 Figure 5: The fluorescence signals observed using Ab-decorated nano-carriers having different size
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 7 Figure 7: Effect of the temperature on the targeting of VCAM-1 Ab-decorated nano-carriers in basal and Ang II-induced senescent conditionsTo further validate the specificity of targeting of Ab-decorated nano-carriers, the senescent ECs were first pre-treated by an antibody directed against VCAM-1 and then the Ab-decorated nano-carriers were incubated with these pre-treated senescent ECs. It was observed by the confocal microscopy that the pre-treatment with the anti-VCAM-1 antibody prevents the Ab-decorated nano-carriers to target the senescent ECs (Figure8) which confirms, i) the expression of VCAM-1 in endothelial cell senescence and its potential for targeting and drug delivery, and ii) the targeting specificity of the Abdecorated nano-carriers.

Figure 8 :

 8 Figure 8: Targeting and cell internalization of the Ab-decorated nano-carriers in senescent ECs (both premature and replicative)After having all these promising results, the non-functionalized nano-carriers, loaded with the therapeutic agent Omega 3 (EPA: DHA) were prepared without any fluorescent probe, in order to observe the potential of these nano-carriers to prevent VCAM-1 upregulation induced by Ang-II in porcine coronary artery. Nano-carriers were also prepared using corn oil as dispersed phase (instead of Omega 3 oil) and used as control formulation. It was observed that the nano-carriers loaded with Omega 3 prevented significantly the Ang II-induced VCAM-1 upregulation in the porcine coronary artery, as compared to the control formulation with corn oil, where no such effects were observed (figure9).

Figure 9 :

 9 Figure 9: Prevention of Ang II-induced VCAM-1 upregulation in the porcine coronary artery, wherein "NC-corn oil" shows the control formulation while "NC-EPA:DHA 6:1" shows the formulation having therapeutic agent (Omega 3)

  were incubated separately with the nano-carriers decorated with VCAM-1-Abs and with VCAM-1 Abs alone. The results obtained by confocal microscopy have shown that the nano-carriers decorated with VCAM-1 Abs (NC-VCAM-1 Abs) stain predominantly the endothelium of the porcine coronary artery rings. A similar pattern of staining is also observed with the VCAM-1 Ab alone (figure10 a). These experiments confirmed that the VCAM-1 is over expressed at the endothelium overlying the arterial wall by the treatment of the coronary artery rings with the Ang-II and that the nano-carriers decorated with VCAM-1 Abs specifically target the VCAM-1 expressed at the ECs. In order to evaluate the arterial sites at risk, the expression level of VCAM-1 was observed and compared at the aortic arch characterized by disturbed flow and at the thoracic aorta characterized by laminar flow, in young adult rats by Western blot analysis. These investigations have indicated that this marker VCAM-1 is highly expressed at the arterial site exposed to disturbed flow (figure10 b). That's why, the aortic arch and other such sites having disturbed flow can be successfully targeted, by using the developed theranostic nanocarriers, to restore the endothelial function and prevent endothelial senescence at very early stages, thus contributing to the prevention of atherogenesis development.

Figure 10 :

 10 Figure 10: (a) The confocal images of the endothelium of porcine coronary artery rings in basal conditions as well as in premature senescent conditions, obtained after treatment with the nano-carriers decorated with VCAM-1 Abs (NC-VCAM-1 Abs) and with the VCAM-1 Ab alone (VCAM-1 expression is shown by the red staining), (b) Western blot analysis of the expression level of VCAM-1 in the aortic arch (disturbed flow) and the thoracic aorta (laminar flow) of young adult rats.
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 1 Figure 1. Structure of liposome

Figure 2 .

 2 Figure 2. Classification of liposomes

Figure 3 .

 3 Figure 3. Preparation of liposomes by thin film hydration method coupled with sonication and extrusion 1

Figure 4 .

 4 Figure 4. Preparation of SUVs by ultrasonication

Figure 5 .

 5 Figure 5. The Liposofast® mini-extruder assembly

Figure 6 .

 6 Figure 6. Schematic representation of preparation of liposomes by thin film hydration method, involving passive loading of the dye/drug

Figure 7 .

 7 Figure 7. Doxorubicin remote loading by a transmembrane ammonium ion gradient, the bold arrows ( ) represent the processes which occur during drug loading, while simple arrows (→) represent the processes which occur during drug release.
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 32 Development of doxorubicin hydrochloride loaded pH-sensitive liposomes: Investigation on the impact of chemical nature of lipids and liposome composition on pH-sensitivityIn this present study, we have developed pH-sensitive liposomes as nano-carriers of anticancer drug, doxorubicin (DOX). The most important requirement for these liposomes is that, they should be stable at physiological pH, and disrupt in slightly acidic media, such as the tumor microenvironment, to release the loaded DOX. Different lipids (dioleoyl phosphatidyl ethanolamine (DOPE), palmitoyl-oleoyl phosphatidyl ethanolamine (POPE) and dimyristoyl phosphatidyl ethanolamine (DMPE)) were used, associated with alpha-tocopheryl succinate (α-TOS) as stabilizing agent to prepare liposomes by polycarbonate membrane extrusion method. The impact of (i) the chemical nature of lipids and (ii) the lipid/stabilizing agent ratio, on the pH sensitivity of the liposomes was studied. The study of pH-sensitivity of liposomes was conducted using carboxyfluorescein (CF) encapsulated in high concentration, i.e., quenched, and following the dye dequenching as a sensor of the liposome integrity. These lipid:α-TOS combinations formed stable liposomes at pH 7.4. The resulting liposomes were found to be very sensitive to pH and maximum release of the dye/drug was obtained at pH 5.5. The breakdown of liposomes as well as release of dye from the liposomes was inversely related to the amount of the stabilizer. Optimized liposomal formulations were then selected for the encapsulation of DOX by an active loading procedure, i.e., driven by a difference in pH inside and outside the liposomes. Numerous experimental conditions were explored, in function of the pH gradient and liposome composition, which allowed identifying critical parameters for the efficient DOX encapsulation in pH-sensitive liposomes. The loading of dye/DOX was mainly dependent on the values of the pH gradient and the nature of lipid and stabilizer. Moreover, in function of the composition, the presence of cholesterol also caused an increase in the encapsulation as well as retention of the DOX inside the liposomes.
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 : Figure: Schematic illustration of the project

Fig. 1 .

 1 Fig. 1. Effect of the nature of the lipid and the lipid:α-TOS ratio on (a) the average size of liposomes, and (b) the efficiency of CF encapsulation.
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  .U. Rehman et al. European Journal of Pharmaceutics and Biopharmaceutics 133 (2018) 331-338 333 formulation was calculated based on the liposome size, values of encapsulation efficiency and concentration of the CF solution inside the vesicles. Results are summarized in Table

Fig. 2 .

 2 Fig. 2. Evaluation of the pH sensitivity of CF-loaded liposomes, after 30 min incubation in PBS at different pH, as a function of the nature of lipid (a) DOPE, (b) POPE, (c) DMPE, and as a function of the lipid:α-TOS ratio.

Fig. 3 .

 3 Fig. 3. Effect of incubation time on the release of CF from liposomes at different pH, for different lipids (DOPE, POPE and DMPE) and two different lipid:α-TOS ratios, 70:30 and 90:10.

  notation POPE/DOPE:α-TOS means that two experiments were performed, one being with POPE:α-TOS and the other one with DOPE:α-TOS, but results were identical. (-) = Not working: either DOX precipitated or no liposome was formed (+) = Liposome formed and DOX was encapsulated (+/-) = Liposomes were formed and DOX was encapsulated but quickly released within 1-2 min Section 2.4.3. The results are reported in Fig.5, after 5 min, 10 min, 15 min and 30 min of incubation at different pH. It clearly appears that, in that case (i.e. POPE:α-TOS:CHOL 65:20:15), liposome formulation containing CHOL remain significantly sensitive to pH like the formulations without CHOL described above.

Fig. 4 .

 4 Fig. 4. Characterization of the formulations of pH sensitive liposomes encapsulating DOX. (a) Encapsulation efficiency and (b) hydrodynamic diameter (before and after DOX encapsulation) as a function of the nature of the lipid and stabilizing agent, and their respective proportions.

Fig. 5 .

 5 Fig. 5. pH sensitivity of CF-loaded liposomes, after different incubation times (5 min, 10 min, 15 min and 30 min) in PBS at different pH, for the system "POPE:α-TOS:CHOL 65:20:15".

  

  

Table 2 : Commercially available nano-emulsion products:

 2 

	Drug	Indication	Marketed name	Manufacturer
	Propofol	Anesthetic	Diprivan®	Astra zeneca
	Dexamethasone	Steroid	Limethasone®	Mitsubishi
				pharmaceuticals
	Palmitate alprostadil	Vasodilator, platelet	Liple®	Mitsubishi
		inhibitor		pharmaceuticals
	Clevidipine	Ca-channel blocker	Cleviprex®	The medicine company
	Vitamin D	Vitamin D	Essential D®	Nano essentials
		supplement		
	Vitamin A,D,E and K	Parentral nutrition	Vitalipid® and	Fresenius kabi
			Intralipid®	
	Etomidate	Anesthetic	Etomidate-lipuro®	Braun Melsungen
	Flurbiprofen axetil	NSAID	Ropion®	Kaken pharmaceuticals
	Cyclosporine	Dre eye disease	Restasis®	Allergan
	Diazepam	Sedative	Diazemuls®	Kabipharmacia
	Flurbiprofen axetil	NSAID	Lipfen®	Green cross
	5-aminolevulinic acid	Precancerous	Ameluz®	Biofrontera
		keratosis		

  Morales, & Homs, 2016). The small droplet size results in long-term physical stability of nano-emulsions, because it impairs the destabilization phenomena like sedimentation, creaming and coalescence(Singh et al., 2017; Solans et al., 2016). Nanoemulsions can be administered by various routes like oral, ocular, topical, intravenous, pulmonary and intranasal route because of the compatibility of their physico-chemical properties with the different administration routes, as well as the possibility of rendering them into different kinds of dosage forms, like creams, gels, liquids and aerosols (Ammar, Salama, Ghorab, & Mahmoud, 2009; Hussain et al., 2016; Khani, Keyhanfar, & Amani, 2016; Nasr, Nawaz, & Elhissi, 2012; Pawar et al., 2014; Singh et al., 2017). The nanoemulsions are thermodynamically unstable and kinetically stable systems. Unlike nanostructures of microemulsions, the nanoemulsion droplets can remain stable in stress conditions as well

1. Introduction

Nano-emulsions are fine, stable, and in general optically clear and translucent oil-in-water or water-in-oil dispersions, stabilized by a nonionic surfactant. Droplets size range below 200-300 nm (N.

Anton 

& Vandamme, 2009; Mahato, 2017; Mason, Wilking, 40 www.euraass.com Meleson, Chang, & Graves, 2006; McClements, 2012; Solans, like temperature and concentration (e.g. dilution) modifications (Nicolas Anton & Vandamme, 2011; Lefebvre et al., 2017; Singh et al., 2017). The methods used to prepare nano-emulsions can be classified into two main types, (i) high-energy methods and (ii) lowenergy methods

  al., 2011; Lefebvre et al., 2017; Saberi, Fang, & McClements, 2013).

Table 1 : Commercially available liposomal products

 1 

	Drug	Route of	Indication	Marketed	Year of	Manufacturer
		administration		name	approval	
	Inactivated					
	hepatitis A virus	Intramuscular	Hepatitis A	Epaxal ®	1993	Crucell, Berna Biotech
	(strain RGSB)					
	Amphotericin B	Intravenous	Fungal infections	Abelcet ®	1995	Sigma-Tau Pharmaceuticals
	Doxorubicin	Intravenous	Ovarian cancer, breast	Doxil ®	1995	Sequus Pharmaceuticals
			cancer, Kaposi's sarcoma			
	Daunorubicin	Intravenous	AIDS-related Kaposi's	DaunoXome ®	1996	NeXstar Pharmaceuticals
			sarcoma			

Table 1

 1 Optimization of conditions for getting efficient loading of DOX in different formulations of liposomes. Hydrating and external buffers were PBS in both cases.

		Composition of liposomes	Loading technique	pH of hydrating buffer	pH of external buffer	Result
	I	POPE/DOPE:αTOS (90:10)	Passive	7.4	-	(-)
		POPE/DOPE:αTOS (70:30)	Passive	7.4	-	(-)
		POPE/DOPE:αTOS:CHOL (65:20:15)	Passive	7.4	-	(-)
	II	POPE/DOPE:αTOS (80:20)	Active	7.0	7.4	(-)
		POPE/DOPE:αTOS (80:20)	Active	7.4	8.0	(-)
		POPE/DOPE:αTOS (80:20)	Active	7.4	8.5	(-)
		POPE/DOPE:αTOS (80:20)	Active	7.8	8.5	(-)
		POPE/DOPE:αTOS (80:20)	Active	7.0	9.0	(-)
		DOPE:αTOS (80:20)	Active	7.4	9.0	(+/-)
		POPE:αTOS (80:20)	Active	7.4	9.0	(+)
		POPE/DOPE:αTOS (90:10)	Active	7.		
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Dynamic light scattering and zeta potential measurements

The hydrodynamic diameters and polydispersity index (PDI) of the nano-emulsion droplets were measured, in triplicate, by dynamic light scattering (DLS) along with zeta potential measurement using a Malvern Nano ZS instrument, equipped with a heliumneon laser (4 mW) operating at 633 nm, with the scatter angle 173° and the temperature was maintained at 25°C.

Microscopic analysis

The transmission electron microscopy (TEM) was used to study the morphology and structure of the nano-droplets formed. The nano-emulsion samples were diluted (1/100) with Milli-Q water. One drop of the diluted nano-emulsion was introduced on an ultrathin carbon support film (carbon type A, 400 mesh, copper, Ted Pella Inc. Redding, PA) and then the sample was dried at 40°C for ten minutes. The observations were carried out by a Philips Morgagni 268D electron microscope.

Grafting of JS-050 (dye) on azide-decorated nano-emulsions

In this step, our objective was to graft JS-050 at the surface of nano-emulsions by a reaction between the alkyne group of the dye JS-050 and the azide groups available at the surface of the nano-carriers. First of all, we calculated, theoretically, the molar concentration of the azide available (in the case of PMAO:N 3 -PEG-NH 2 :J-2000, with 1:0.2:0.8 ratio, respectively) to react with JS-050. Then, we took a fixed volume of nanoemulsions and diluted with distilled water to have final concentration of azide as 10 µM, followed by addition of a specified volume (10 µL) of JS-050 stock solution (in DMSO) into the diluted nano-emulsion. The JS-050 stock solutions having different molar concentrations (i.e., 2.5 µM, 5 µM, 7.5 µM, 10 µM, 15 µM, 20 µM, and 30 µM) were prepared and used to study the effect of increasing concentration of the dye on the extent of grafting and also to measure the point of saturation of all the azide functional groups available at the surface. After addition of JS-050, the nano-emulsions were incubated for 2 hours at room temperature and protected from light (figure 1c). Then, the JS-050 grafted nano-emulsions were separated from the unreacted/free JS-050 by size exclusion chromatography, using PD10 Sephadex® G-25M column, pre-equilibrated with distilled water. The fractions obtained were then analysed by UV-visible spectrophotomer to measure the extent of attachment of JS-050 at the surface of the nano-carriers. therapeutic potential of the nano-carriers, these were formulated with a vasoprotective agent, an optimized formulation of Omega 3, i.e., EPA:DHA 6:1 (instead of labrafac) as dispersed phase and distilled water was used as continuous phase, without any fluorescent probe.

Dynamic light scattering and zeta potential measurements

The hydrodynamic diameter and polydispersity index (PDI) of the nano-emulsion droplets were measured by dynamic light scattering (DLS), in triplicate, along with zeta potentials using a Malvern Nano ZS instrument, equipped with a helium-neon laser (4mW) operating at 633 nm. The scatter angle was fixed at 173° and the temperature was maintained at 25°C.

Microscopic analysis

The morphology and structure of the nano-droplets formed were studied by transmission electron microscopy (TEM). The nano-emulsion samples were diluted (1/100) with Milli-Q water. One drop of the diluted nano-emulsion was introduced on an ultrathin carbon support film (carbon type A, 400 mesh, copper, Ted Pella Inc. Redding, PA) and then the sample was dried at 40°C for 10 minutes. The measurements and analysis were carried out by a Philips Morgagni 268D electron microscope.

Grafting of antibody on maleimide-decorated and dye loaded nano-emulsions to selectively target VCAM-1 on the senescent endothelial cells

First of all, we took a fixed volume of maleimide-decorated, dye loaded nano-emulsions (100 µL) and diluted 10 times with PBS (1X, pH 7.4). The antibody solutions having different antibody concentration (i.e., 1/250, 1/500, 1/1000 and 1/2000) were added into the diluted nano-emulsions to study the effect of increasing concentration of the antibody on the extent of grafting. After addition of antibody (Ab), the nano-emulsions were incubated for 24 hours at 4-6C, protected from light, which caused attachment of the Ab onto the maleimide functions at the surface of the nano-droplets. Then, the antibody grafted nano-emulsions were subjected to size exclusion chromatography, using PD10 Sephadex® G-25M column, pre-equilibrated with PBS (1X, pH 7.4). The nano-emulsion fraction obtained after this process was used for in vitro and ex vivo studies. The schematic illustration of grafting of antibodies on the surface of the nano-droplets is presented in figure 1c. This study investigates the impact of the chemical nature of lipids and additive on the formulation and properties of pH sensitive liposomes. The objective is to understand the respective role of the formulation parameters on the liposome properties in order to optimize the conditions for efficient encapsulation of doxorubicin (DOX). These liposomes should be stable at physiological pH, and disrupt in slightly acidic media such as the tumor microenvironment to release their DOX load. The major challenge for encapsulating DOX in pH sensitive liposomes lies in the fact that this drug is soluble at low pH (when the pH-sensitive liposomes are not stable), but the DOX aqueous solubility decreases in the pH conditions corresponding to the stability of the pH-sensitive liposomes.

CHAPTER THREE LIPOSOMES AS CARRIER OF DRUG MOLECULES FOR BIOMEDICAL APPLICATIONS

The study of pH-sensitivity of liposomes was conducted using carboxyfluorescein (CF) encapsulated in high concentration, i.e. quenched, and following the dye dequenching as sensor of the liposome integrity. We studied the impact of (i) the chemical nature of lipids (dioleoyl phosphatidyl ethanolamine (DOPE), palmitoyl-oleoyl phosphatidyl ethanolamine (POPE) and dimyristoyl phosphatidyl ethanolamine (DMPE)) and (ii) the lipid/ stabilizing agent ratio (alpha-tocopheryl succinate), on the pH sensitivity of the liposomes. Optimized liposome formulations were then selected for the encapsulation of DOX by an active loading procedure, i.e. driven by a difference in pH inside and outside the liposomes. Numerous experimental conditions were explored, in function of the pH gradient and liposome composition, which allowed identifying critical parameters for the efficient DOX encapsulation in pH-sensitive liposomes.

Introduction

Cancer is second only to the cardiovascular diseases as a cause of mortality. The clinical use of chemotherapeutic agents to treat cancer is successful in many cases. However, the lack of selectivity of chemotherapeutic agents which cause severe side effects and the emergence of multidrug resistance (MDR) are two major drawbacks for the effective use of these agents in clinic [1]. MDR is a complex phenomenon resulting from synergism of many factors. One of the most important factors is the change of pH gradient across the cell membrane, i.e. acidification of the tumoral extracellular (pHe) fluid and alkalization of the cytosol (pHi), which results from the Warburg effect [2-4].

Liposomes are considered as the most advanced type of particulate drug carriers and have gained importance as the mainstream drug delivery system. The importance of liposomes lies in the fact that hydrophilic, lipophilic as well as amphiphilic drugs can be entrapped in the liposomes [5-7]. Of particular interest are fusogenic liposomes that show triggered phase transitions and release properties promoted by various chemical and physical stimuli, e.g., temperature, pH, light etc. [8-11]. pH-sensitive liposomes are of prime importance because they undergo phase transition and acquire fusogenic properties in acidic environment, leading to the release of their aqueous contents [12]. This property is of particular interest for delivery of anticancer drugs since the extracellular pH of cancer tissues is slightly acidic due to the high metabolic activity of cancer cells [13-15]. 

Development of new strategies for formulation and functionalization of lipid nano-carriers for biomedical applications

The lipid nano-carriers are considered as mainstream delivery systems for lipophilic drugs because of their biocompatibility, high drug loading capacity and good biodistribution and pharmacokinetic profile. Nano-emulsions (NEs) constitute high-potential nano-carriers (NCs) for hundreds of applications owing to their reservoir capability, with main drawbacks being the limitations of their surface modification and stability. This thesis focuses on the development of strategies to overcome these limitations and also on the applications of the lipid NCs for imaging and targeted drug delivery. The study begins with the synthesis of an amphiphilic polymer, specially designed to exhibit an important tunable surface-active property. The azide-decorated NEs were first developed, treated with a model dye (JS050) and optimized to obtain maximum grafting, followed by replacement of the dye by a biotincontaining ligand. Ligand-decorated NEs were treated with streptavidin and investigated for the biotin-streptavidin reaction by gel electrophoresis. In the second strategy, maleimide-decorated NEs were prepared and loaded with a fluorescent probe, to allow detection of senescent endothelial cells (ECs) covering athero-susceptible sites at risk, for diagnosis and monitoring purposes, and/or a therapeutic agent for regeneration of the protective endothelial function. The maleimide decorated NCs were treated with antibodies (anti-VCAM1) and theranostic potential of these NCs was evaluated in vitro and ex vivo. The results have shown that the theranostic NCs specifically target (within 1 hr at 4°C/37°C) cultured and native senescent ECs and accumulate preferentially at well-defined sites characterized by disturbed flow and low shear. The novelty of the project lies in the fact that these theranostic NCs target endothelial senescence at very early stages, therefore reducing the risk of development of a subsequent advanced calcified atherosclerotic plaque. In parallel, pH-sensitive liposomes encapsulating doxorubicin (DOX)/dye, were developed and investigated for their pH-sensitivity. The resulting liposomes were found to be very sensitive to pH and maximum release of the dye/drug was obtained at pH 5.5. The loading of DOX was mainly dependent on the values of the pH gradient and the nature of lipid and stabilizer. Moreover, the breakdown of liposomes as well as release of dye/drug from the liposomes was inversely related to the amount of the stabilizer, while addition of cholesterol helped in the prolonged retention of DOX inside the liposomes. To conclude, the developed strategies overcome, very efficiently, the limitations associated with the surface functionalization and stability of the lipid nanocarriers, making them the ideal candidates for the biomedical imaging and targeted drug delivery applications. Keywords: Lipid nano-carriers, polymer, nano-emulsions, targeted drug delivery, surface functionalization, imaging, endothelial senescence, theranostic, antibody, ligands, pH-sensitive liposomes, doxorubicin, cholesterol

Résumé

Les nano-transporteurs lipidiques sont considérés comme des systèmes d'administration classiques pour les médicaments lipophiles en raison de leur biocompatibilité, de leur capacité de charge médicamenteuse élevée, de leur bonne biodistribution et de leur profil pharmacocinétique. Les nano-émulsions (NE) constituent des nano-transporteurs (NT) à potentiel élevé pour des centaines d'applications en raison de leur capacité de réservoir, avec les principaux inconvénients étant les limites de leur modification de surface et de leur stabilité. Cette thèse porte sur le développement de stratégies visant à surmonter ces limitations, ainsi que sur les applications des NT lipidiques pour l'imagerie et l'administration ciblée de médicaments. L'étude commence par la synthèse d'un polymère amphiphile spécialement conçu pour présenter une propriété tensioactive accordable importante. Les NE décorés d'azides ont d'abord été développés, traités avec un colorant modèle (JS050) et optimisés pour obtenir un greffage maximal, puis remplacés par un ligand contenant de la biotine. Les NE décorés de ligands ont été traités avec de la streptavidine et analysés pour déterminer la réaction biotine-streptavidine par électrophorèse sur gel. Dans la deuxième stratégie, des NE décorés au maléimide ont été préparés et chargés avec une sonde fluorescente afin de permettre la détection de cellules endothéliales sénescentes (CE) couvrant des sites athéro-sensibles à risque, à des fins de diagnostic et de surveillance, et / ou un agent thérapeutique pour la régénération de la fonction endothéliale protectrice. Les NT décorées avec maléimide ont été traitées avec des anticorps (anti-VCAM1) et le potentiel théranostique de ces NT a été évalué in vitro et ex vivo. Les résultats ont montré que les NT théranostiques ciblent spécifiquement (en moins d'une heure à 4 ° C / 37 ° C) des CE sénescentes cultivées et indigènes et s'accumulent de préférence à des sites bien définis caractérisés par un écoulement perturbé et un faible cisaillement. La nouveauté du projet réside dans le fait que ces NT théranostiques ciblent la sénescence endothéliale à des stades très précoces, réduisant ainsi le risque de développement d'une plaque d'athérosclérose calcifiée avancée ultérieure. En parallèle, des liposomes sensibles au pH encapsulant la doxorubicine (DOX) / colorant ont été développés et étudiés pour déterminer leur sensibilité au pH. Les liposomes obtenus se sont révélés très sensibles au pH et une libération maximale du colorant / médicament a été obtenue à pH 5,5. La charge de DOX dépendait principalement des valeurs du gradient de pH et de la nature des lipides et des stabilisants. De plus, la dégradation des liposomes ainsi que la libération de colorant / médicament à partir des liposomes étaient inversement proportionnelles à la quantité de stabilisant, tandis que l'ajout de cholestérol facilitait la rétention prolongée de DOX dans les liposomes. En conclusion, les stratégies développées surmontent très efficacement les limitations associées à la fonctionnalisation de surface et à la stabilité des nano-transporteurs lipidiques, ce qui en fait le candidat idéal pour l'imagerie biomédicale et les applications ciblées d'administration de médicaments. Keywords: Nano-transporteurs lipidiques, polymère, nano-émulsions, administration ciblée de médicaments, fonctionnalisation de surface, imagerie, sénescence endothéliale, théranostic, anticorps, ligands, liposomes sensibles au pH, doxorubicine, cholestérol