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Résumé étendu en français

L'amélioration des thérapies médicamenteuses est l'un des plus grands défis de la médecine actuelle et pourrait avoir un impact sur une grande variété de maladies telles que les cancers, les maladies inflammatoires, infectieuses et neurologiques. Les systèmes d'administration de principes actifs sont des formulations conçues pour introduire une substance active dans l'organisme tout en augmentant son efficacité et sa sécurité, en contrôlant la libération de l'actif de façon locale, dans le temps et à une certaine dose. De grands progrès ont été réalisés dans le domaine de la nanomédecine pour développer des matériaux de taille nanométrique comme systèmes de délivrance de principes actifs. Ils présentent de nombreux avantages par rapport aux principes actifs « libres ». Par exemple, ils empêchent la dégradation prématurée de l'actif, améliorent son absorption dans des tissus spécifiques et contrôlent sa libération.

Parmi les nanovecteurs de principes actifs, les nanoparticules polymériques préparées à partir de l'auto-assemblage de copolymères amphiphiles sont largement étudiées. Leur formulation présente l'avantage d'être facilement ajustable grâce aux progrès des techniques de synthèse et de formulation. Par exemple, leur taille peut être ajustée et elles peuvent offrir un large éventail de propriétés spécifiques telles que la biodégradabilité ou la réactivité aux stimuli. Quant à la forme, les vésicules polymères -également appelées polymersomessont très prometteuses en raison de leur capacité à encapsuler des médicaments à la fois hydrophiles et hydrophobes, respectivement dans leur coeur aqueux et leur membrane.

Lorsqu'on évalue les progrès des nanoparticules au cours des 25 dernières années, il est clair que les nanomédicaments n'ont pas encore répondu aux attentes. Elles ont mûri mais ont surtout été développées contre le cancer en utilisant l'effet de perméation et de rétention.

Nous pensons qu'en élargissant notre vision au-delà de cet effet controversé et du domaine strict de la nanomédecine, des percées dans les thérapies combinatoires pourraient bientôt voir le jour. Une stratégie innovante à laquelle nous nous sommes intéressés est l'administration de systèmes de délivrance de principes actifs par médiation cellulaire, en particulier avec des cellules immunitaires, car elles ont la capacité inhérente de migrer à travers les tissus et de s'accumuler sur des sites spécifiques tels que les régions inflammatoires ou infectieuses. De plus, cette stratégie de cheval de Troie peut aider les systèmes de délivrance de principes actifs à échapper au système immunitaire. En outre, la taille des vecteurs d'actifs pourrait être étendue au-delà de 100 nm, ce qui permettrait l'utilisation de particules de taille allant jusqu'à 1 µm.

Ces travaux de recherche de doctorat s'inscrivent dans ce contexte et avaient pour but l'élaboration d'une bibliothèque de polymersomes à base de PEG-b-PTMC comme plateforme pour des applications de délivrance de principes actifs. Nous avons choisi de travailler avec ces copolymères blocs amphiphiles car le PEG est un polymère furtif biocompatible approuvé par la Food and Drug Administration (FDA) et le PTMC est biocompatible et se dégrade en petites molécules facilement métabolisées.

Le chapitre I de ce manuscrit est un aperçu de la littérature sur les stratégies de nanomédecine actuellement utilisées et plus avancées développées pour échapper au système immunitaire ou en tirer profit. Un examen détaillé de la taille, de la structure et des propriétés des membranes des polymersomes est compilé pour aider le lecteur à mieux appréhender les travaux expérimentaux décrits dans les quatre chapitres suivants.

La synthèse de quatre copolymères PEG-b-PTMC, avec différents degrés de polymérisation du PEG et du PTMC, a été présentée dans le chapitre II. La polymérisation par ouverture de cycle du TMC a été réalisée en utilisant le PEG comme macro-amorceur, sur la base de procédures publiées. 1,2 Les copolymères ont été obtenus à deux fractions hydrophiles différentes : 15 % pour le PEG44-b-PTMC106 et le PEG22-b-PTMC55, ou 18% pour le PEG44-b-PTMC89 et le PEG22-b-PTMC46, près de la gamme de 17 à 20 % établie dans la littérature pour aider à former de préférence des polymersomes. [3][4][5] Leur propriété d'auto-assemblage a été étudiée dans l'eau en utilisant une procédure de nanoprécipitation contrôlée par microfluidique, adaptée de nos travaux précédents. 5 Ce processus s'est avéré entièrement répétable et reproductible, ce qui constituait une étape importante vers les essais précliniques. La montée en échelle devra également être vérifiée à des fins d'industrialisation. Nous avons prouvé que les quatre types de formulations étaient des nanopolymersomes de taille bien définie grâce à une caractérisation détaillée, en particulier par microscopie électronique à cryo-transmission (cryo-TEM, Figure 1) et par diffusion de neutrons aux petits angles.

Les quatre types de nano-polymersomes étaient stables jusqu'à 4 mois lorsqu'ils étaient stockés à 4 °C, avaient une taille similaire (115 à 175 nm), mais présentaient des structures membranaires différentes avec des longueurs de couche de PEG de 3,7 à 5,1 nm et des épaisseurs de membrane hydrophobe de 11,8 à 16,7 nm. Une loi d'échelle de l'épaisseur de la membrane hydrophobe () avec la masse molaire du bloc hydrophobe (M h ̅̅̅̅ ) a été déterminée pour le PTMC avec  ∝ M h ̅̅̅̅ 0.46 et sera un outil de prédiction utile pour les expériences futures. La longueur du PEG peut avoir un impact sur la propriété de furtivité des polymersomes, 6 tandis que l'épaisseur de la membrane du PTMC affecte différentes propriétés membranaires telles que la perméabilité et la fluidité ; 7 En plus des nano-polymersomes, des micro-et sous-micro-polymersomes de PEG-b-PTMC ont été élaborés par électroformation et extrusion, comme présenté au chapitre III. À notre connaissance, il s'agit du premier rapport sur les vésicules unilamellaires géantes (GUVs) de PEG-b-PTMC, en particulier dans un milieu de 300 mOsM (Figure 3A). Les GUVs de PEG22-b-PTMC46 semblent avoir un comportement spécifique : elles forment des facettes lors d'une baisse de température (Figure 3B), elles peuvent conserver une forme tubulaire après aspiration par micropipette (Figure 3C), et leur rigidité à la flexion, leur contrainte de lyse et leur tension de lyse se sont avérées très faibles pour des polymersomes, 7,8 avec 𝐾 𝑏 = 6.0 ± 1.2 kbT, 𝛼 𝑐 = 2.6 ± 0.7% et 𝜎 𝑐 = 0.085 ± 0.028 mN.m -1 .

Ce comportement pourrait être lié à la présence de domaines cristallins dans leur membrane. 9 D'autres expériences devront être réalisées pour vérifier cette hypothèse, par exemple avec des aspirations de micropipettes à des températures inférieures et supérieures à la température de fusion du copolymère (Tm).

Lors de chocs hypertoniques, les GUVs de PEG22-b-PTMC46 présentaient des bourgeons externes (Figure 3D) et leur taille était relativement stable, tandis que les GUVs de PEG14b-PBD19 formaient des vésicules en forme d'étoile de mer (Figure 3E) ou de framboise (Figure 3F) évoluant ensuite en de plus petites vésicules par fission. Par conséquent, les GUVs de PEG22-b-PTMC46 semblaient plus résistantes aux chocs osmotiques que les GUVs de PEG14-b-PBD19. Cette différence dans les changements de forme pourrait être liée à une différence de surface excédentaire entre les deux types de polymersomes. 10 Enfin, comme perspectives de ce projet de recherche de doctorat, nous avons abordé au chapitre V la fonctionnalisation de surface des polymersomes (Figure 4A) et l'encapsulation de principes actifs hydrophiles (Figure 4B), qui étaient toutes deux intéressantes pour faire avancer le projet TEPEE, mais aussi pour développer une plate-forme de polymersomes comme nanomédicaments traditionnels.

Un test préliminaire a montré que la synthèse de copolymères à blocs fonctionnalisés par le maléimide ne peut être réalisée dans nos conditions de polymérisation par ouverture de cycle sans protection du maléimide. Par conséquent, la meilleure approche semble être de synthétiser un « simple » H2N-PEG-b-PTMC qui serait par la suite fonctionnalisé avec différents groupes pour former plus facilement une bibliothèque de PEG-b-PTMC fonctionnalisés afin de tester différentes stratégies de bioconjugaison sur les cellules T. 11,12 En ce qui concerne notre test préliminaire sur l'encapsulation, la fluorescéine a été choisie comme modèle de principe actif hydrophile et a été chargée avec succès dans des polymersomes de PEG22-b-PTMC46 en utilisant notre processus de nanoprécipitation microfluidique. Le taux d'encapsulation de 12,5 % en poids et l'efficacité d'encapsulation de 3,3 % étaient plutôt faibles et devront être améliorées en optimisant les conditions de formulation mais de préférence sur le PEG22-b-PTMC55, qui s'est avéré être le meilleur candidat pour former des polymersomes de taille bien définie dans le PBS au chapitre IV.

La cinétique de libération devra également être réalisée pour confirmer la libération supposée très lente que nous avons observée dans notre test où moins de 20 % de la fluorescéine était libérée après 7 jours d'incubation à 37 °C. Pour conclure, ces travaux de thèse ont montré que les polymersomes de PEG-b-PTMC à l'échelle nanométrique et micrométrique peuvent avoir un brillant avenir en tant que systèmes d'administration de médicaments, non seulement en tant que "nano"-médicaments traditionnels, mais aussi par des stratégies de médiation cellulaire. 
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General introduction

Improving drug-based therapies is one of the greatest challenges of today's medicine and could impact a wide variety of diseases such as cancers, inflammatory, infectious and neurological diseases. Drug delivery systems are formulations designed to introduce a drug in the body while increasing its efficacy and safety, by controlling the drug release in time, concentration and location. Great progress has been made in the field of nanomedicine to develop nano-sized materials as drug delivery systems. They have numerous advantages over conventional 'free' drugs. For example, they prevent the drug from premature degradation, enhance the drug uptake in specific tissues and control the drug release. Among drug nanocarriers, polymeric nanoparticles prepared from the self-assembly of amphiphilic copolymers are widely studied. Their formulation has the advantage to be easily tunable through advances in synthesis and formulation techniques. For instance, their size can be tuned and they can offer a broad range of specific properties such as biodegradability or stimuliresponsiveness. As for the shape, polymeric vesicles -also known as polymersomes -hold great promise because of their ability to load both hydrophilic and hydrophobic drugs, respectively in their inner aqueous core and membrane.

When assessing the progress of nanocarriers over the last 25 years, nanomedicines have clearly not lived up to expectations, yet. They have matured but were mostly developed against cancer by taking advantage of the Enhanced Permeation and Retention effect. We believe that by expanding our vision beyond this controversial effect and the strict field of nanomedicine, breakthroughs in combinatorial therapies may be just around the corner. One innovative strategy we are interested in is the cell-mediated delivery of drug delivery systems, particularly with immune cells since they have the inherent ability to migrate through tissues and accumulate to specific sites such as inflamed or infectious regions. Moreover, this Trojan horse strategy can help drug delivery systems to escape from the immune system. In addition, the drug carriers' size could be unrestricted to 100 nm, allowing the use of submicro-sized particles.

In this context, the aim of my PhD project was to elaborate a library of poly(ethylene glycol)b-poly(trimethylene carbonate) (PEG-b-PTMC) polymersomes as a platform for drug delivery applications. We decided to work with these amphiphilic copolymers since PEG is a biocompatible stealth polymer approved by the Food and Drug Administration (FDA) and PTMC is biocompatible and degrades in small molecules easily metabolized.

Four PEG-b-PTMC copolymers with different degrees of polymerization of both PEG and PTMC were chosen for the purpose of developing polymersomes with different PEG layer and hydrophobic membrane thicknesses. The PEG layer length is known impact the stealth effect, while the polymersomes hydrophobic membrane thickness is known to dictate a number of membrane properties such as the colloidal stability, permeability and fluidity. We also chose to design polymersomes from the nano-to the micro-scale using different formulation pathways.

With a library of polymersomes presenting these different physico-chemical properties, their impact on the polymersomes interactions with cells and their fate in vivo could be assessed.

Such polymersomes could have great potential as conventional drug nanocarriers but also in cell-mediated drug delivery strategies when conjugated to cells. A collaboration with the ImmunoConcEpT lab in Bordeaux was actually initiated and the design of polymersomes -T cells conjugates was set as a long-term goal.

This PhD project of three years was interdisciplinary between the fields of polymer chemistry, formulation, physico-chemistry as well as immunology. This thesis manuscript summarizing our findings is organized in five chapters. Chapter I is an overview of the literature on currently used and more advanced nanomedicine strategies developed to escape or take advantage of the immune system. A detailed review on the size, membrane structure and membrane properties of polymersomes is compiled to assist the reader in understanding the experimental work outlined in the following four chapters.

Chapter II presents the self-assembly in water of PEG-b-PTMC copolymers into monodispersed nano-polymersomes by a nanoprecipitation procedure controlled via microfluidics. In Chapter III, micro-and submicro-polymersomes of PEG-b-PTMC were developed by electroformation and extrusion. Several membrane properties of the micropolymersomes were also determined. Chapter IV presents the in vitro results of rhodaminelabelled nano-polymersomes on T cells. Finally, in Chapter V, different perspectives of this PhD research project are discussed, towards surface functionalization, drug loading and in vivo studies.

Chapter I. Literature review

I.1. Introduction

The purpose of this chapter is to provide the necessary information to ensure a proper reading and understanding of the major challenges addressed in my PhD research project that are reported in this manuscript. This literature review proposes a non-exhaustive overview of the various research fields covered in this project. The concepts of nanomedicine and drug delivery will be introduced and the different generations of nanocarriers developed over the years will be discussed. The impact of the nanocarriers' characteristics on cell interactions and their biodistribution will be addressed. The relevance of polymersomes as carriers will be especially highlighted. Finally, the different formulation techniques to control the polymersomes' size and the specificities of their membrane properties will also be discussed.

I.2. Nanomedicine

Nanomedicine is the field of nanotechnology applied to medicine. It is truly multidisciplinary at the frontiers of engineering, chemistry, physics and biology.

Nanotechnology is defined in the literature in numerous ways. Nanodevices are identified as man-made devices with a size or components' size ranging between 1 and 100 nm in at least one dimension and comprising specific properties due to their nanoscale size. 1,2 However, some researchers argue that this size range is too restrictive and could be broaden. For example, George M. Whitesides assessed that a 'small' material with dimensions in the 'nanoscale' (1 -100 nm), 'microscale' (100 nm -1 µm or even up to 100 µm) or 'macroscale' (> 1 mm) can be considered for biological applications as long as its structure offers remarkable properties. 3 In the nanomedicine field, Robert Langer and colleagues asserted that distinguishing these different scales is "not necessarily helpful in describing and comparing drug delivery methods". 4 Advances in nanomedicine are expected to provide solutions to many unsolved problems in the field of human healthcare on the "diagnosis, monitoring, control, prevention and treatment of disease". 5,6 Nanoparticles have also tremendous potential in a large spectrum of diseases such as in cancer, in inflammatory, infectious, autoimmune, cardiovascular or respiratory diseases, but also in neurological disorders and diabetes. 6,7 Research in nanomedicine is continuously growing with number of publications increasing from "some ten articles per year in the late 1980s to more than 1200 in the year 2004". 2 In addition, from Web of Science, the number of publications in the context of nanomedicine increased from 360 in 2009 to 9500 in 2018. 8 In a study published in 2012, Etheridge et al.

counted 247 nanomedicine products which were "approved for use, under clinical study, or on the verge of clinical study." 9 In 2016, 25 nanomedicines were approved by the United States of America Food and Drug Administration (FDA) or the European Medicines Agency (EMA). 10 Three years later in 2019, Anselmo & Mitragotri updated their study identifying 3 more approved nanomedicines, 75 new trials begun and 18 new types of nanoparticles entering clinical trials. 11 Nanomedicine is a rapidly growing field, its value in the market evaluated at $134. 4 billion in 2016 12 is anticipated to reach $350.8 billion by 2025 13 .

I.3. Nanocarriers for drug delivery

Drug delivery is currently the predominant application in nanomedicine. It aims at improving drug-based therapies by the use of nanosized drug delivery systems, commonly named nanocarriers (NCs), which correspond to drug-loaded nanomaterials. 14 A study published in 2006 by Wagner et al. showed that drug delivery systems represented 76% of the publications and 59% of patents in the nanomedicine area. 2 The other nanomedicines were mainly developed for in vitro diagnostics and in vivo imaging. 2 Nanocarriers can provide numerous advantages over conventional 'free' drugs. [14][15][16] A review from Peer et al. summarized their assets. 15 "They can:

-protect the drug from premature degradation;

-prevent drugs from prematurely interacting with the biological environment;

-enhance absorption of the drugs into a selected tissue (for example, solid tumor);

-control the pharmacokinetic and drug tissue distribution profile;

-improve intracellular penetration." 15 All of these properties allow nanocarriers to improve a drug therapeutic index by increasing its efficacy and/or reducing its toxicity.

An ideal nanocarrier should: 15 -be made from a biocompatible material, meaning that it should not interfere with the biological environment in which it is used;

-have a high loading capacity for drugs;

-have a good stability and prolonged circulation in the blood;

-selectively accumulate at its target site (controlled biodistribution);

-release loaded drugs in a controlled manner (controlled drug release).

The first nanocarriers described in the 1960s by Bangham et al. were spherical lipid vesicles, also known as liposomes. 17 Since then, countless types of nanoparticles have been designed as drug delivery systems (Figure I-1). 18,19 They have different:

-sizes from a few nanometers up to 100 nm or more;

-shapes such as spheres, rods, worms and cubes;

-compositions made from lipids, polymers, metals and their oxides, inorganic compounds, viruses or proteins;

-surface chemistries like their charge, hydrophobicity, coatings;

-targeting ligands such as antibodies, aptamers, peptides. They have different sizes, shapes and compositions. They can be multifunctional with the help of different surface chemistries and targeting ligands. From Seleci et al.. 19 Current approved nanomedicines found applications in cancer treatment, for ironreplacement therapy against anemia, as imaging agents but also as vaccines, anesthetics or fungal treatment. 10

I.3.1. Cancer treatment via EPR effect

The most common application of nanocarriers is the treatment of cancers, which is of societal importance since cancer causes each year more than 10 million new cases according to the World Health Organization in a study of 2003. 20 A great deal of reviews report their use in oncology. 1,15,[21][22][23][24] The most important benefit of nanomedicines is based on one specific phenomena, discovered by Maeda et al.: the enhanced permeability and retention (EPR) effect. 25,26 Due to angiogenesis necessary for tumor growth, the blood vessels surrounding tumors are indeed leaky, with pores of sizes estimated from 100 up to 400 nm (Figure I-2A). 26 Nanocarriers circulating in the blood can thus diffuse though the pores to the tumor site where they are retained due to an ineffective lymphatic drainage (Figure 15 Their accumulation at the tumor site due to this EPR effect is named passive targeting and it can be achieved simply by using drug-loaded nanoparticles able to circulate in the blood flow for long times (Figure I-2B-1). However, in many cases, a large amount of nanocarriers was not reaching their target, mostly because of clearance by the immune system. 27,28 Indeed, after intravenous injection, proteins from the plasma (especially opsonins) adsorbe onto the NCs' surface, signaling NCs as exogenous, which led to their elimination by phagocytic cells after being redirected to the liver or spleen, or after excretion by the kidneys. 27,28 The design of nanocarriers was thus optimized over the years to improve this passive targeting. Different compositions, sizes and surface-functionalizations were investigated. 27 For example, NCs larger than 200 nm and smaller than 10 nm were avoided since they have a greater risk of being eliminated respectively by phagocytosis and by excretion. 27 A second generation of nanocarriers was thus developed to prevent this protein adsorption. 20 NCs were functionalized on their surface by stealth polymers; steric hindrance repelled most of the proteins, preventing the uptake of NCs by the phagocytic cells. A common stealth polymer is poly(ethylene oxide), also called poly(ethylene glycol) (PEG), a hydrophilic and biocompatible polymer which is FDA-approved. 20 'PEGylated' NCs were

I-2A).
shown to benefit from a longer circulation in the blood which statistically increased the probability of accumulation at the tumor site. 20 A third generation is focusing on the active targeting of cells (Figure I-2). 15 Nanocarriers were further functionalized on their surface by specific targeting moieties which can be recognized by specific cell receptors. 15 Figure I-2. A) Schematic representation of the enhanced permeation and retention effect (EPR effect). Defects of the blood vessel walls form pores of sizes up to 400 nm allowing the diffusion of nanoparticles from the blood circulation to the tumor site where the lymphatic drainage is ineffective and permits the retention of the nanocarriers. B) The three generations of nanocarriers using the EPR effect. 1) Passive targeting of cancer cells is achieved by using drug-loaded nanoparticles schematized in the form of circles containing anticancer active ingredients (small yellow circles). 2) A coating of stealth polymers on the surface of the drug-loaded nanoparticles allows a longer circulation in the blood and statistically a greater chance of accumulation at the tumor site by passive targeting. 3) Active targeting can be achieved when nanocarriers are functionalized on their surface by specific ligands that promote cell recognition and adhesion to specific receptors on the tumor cell surface. C) The different mechanisms by which nanocarriers can deliver their cargo to cancer cells. Nanocarriers can i) release their cargo by approaching target cells; ii) attach to the cell membrane and release their cargo in a delayed manner outside the cell; or iii) internalize into the cell (by endocytosis or phagocytosis for example). Adapted from Peer et al.. 15 Once the NCs are bound to targeted cells, they can i) release their cargo by approaching target cells; ii) attach to the cell membrane and release their cargo in a delayed manner outside the cell; or iii) internalize into the cell (e.g., by endocytosis or phagocytosis). 15 An analysis of numerous articles in the field showed that nanocarriers using active targeting were more internalized by the targeted cells than the ones simply using passive targeting but were not significantly accumulating more at the targeted site. 29 There is less than 1% of the injected dose of nanocarriers actually reaching their target. 29 Most of the remaining 99% are actually found in organs responsible for the clearance by the immune system.

This is one of the reasons why the EPR effect is controverted. It is very limited, mostly to cancer, even if it was also shown in inflammatory or infected areas. 30 It is highly heterogeneous: the effect can vary within a tumor, according to the tumor model and from patient to patient. 31 Moreover, most of the nanomedicines based on the EPR effect have failed to translate to the clinic despite outstandingly successful preclinical results. This can be explained by the fact that the animal models used in preclinical studies were not representative enough of the real cases in humans. 32,33 Although major research advances have led to the design of 'smart', multi-functional nanoparticles (e.g., targeting and stimuli-responsive properties, cf. Figure I-1, p25), they have failed to tackle the biological barriers nanoparticles face after intravenous administration. 34 One important obstacle to address is how to escape from the immune system since nanocarriers are rapidly cleared from the blood by the mononuclear phagocyte system (MPS), which limits their site-specific biodistribution. 34

I.3.2. Escaping from the immune system

As discussed before, upon intravenous administration, nanocarriers are rapidly covered by plasma proteins such as serum albumin, apolipoproteins, complement components and immunoglobulins. 34 Actually, a 'protein corona' forms at the surface of the nanoparticles establishing their 'true identity' in vivo. 35,36 Thus, a deep understanding of the biological effects of this protein corona on the in vivo behavior of the nanoparticles could be the key to control their biodistribution and accumulation in selected tissues. 34,37 What is interesting is that the physico-chemical properties of the particles, such as their size and surface chemistry, were found to influence the protein corona in various and complex ways, even if they are not yet fully understood (Figure I-3). [START_REF] Monopoli | Physical-Chemical Aspects of Protein Corona: Relevance to in Vitro and in Vivo Biological Impacts of Nanoparticles[END_REF][START_REF] Lundqvist | Nanoparticle Size and Surface Properties Determine the Protein Corona with Possible Implications for Biological Impacts[END_REF][START_REF] Nel | Understanding Biophysicochemical Interactions at the Nano-Bio Interface[END_REF] Actually, the nanoparticle-protein interactions can affect both the conformations and functions of the proteins but also the nanoparticle properties. [START_REF] Nel | Understanding Biophysicochemical Interactions at the Nano-Bio Interface[END_REF] . [START_REF] Nel | Understanding Biophysicochemical Interactions at the Nano-Bio Interface[END_REF] In a long-term perspective, one can imagine that the correct manipulation of the nanoparticles' properties could prevent them from being recognized by the immune system.

For now, current ways to prevent the NPs' escape from the MPS are unfortunately only delaying it. They are based on the stealth effect or on 'camouflage' techniques. 34 As stated before, NPs presenting a layer of stealth polymer on their surface have an increased circulation time in the bloodstream. A steric hindrance is created at the surface and prevents the binding of proteins (Figure I-3). [START_REF] Nel | Understanding Biophysicochemical Interactions at the Nano-Bio Interface[END_REF] Different types of polymers can allow a stealth effect with PEG being the most commonly used. 34 The PEG surface density together with the molar mass influence the conformation and length of PEG chains at the surface. [START_REF] Rabanel | Assessment of PEG on Polymeric Particles Surface, a Key Step in Drug Carrier Translation[END_REF] It seems that for particles of the same size, a greater PEG surface coverage decreases the clearance time from the bloodstream. [START_REF] Rabanel | Assessment of PEG on Polymeric Particles Surface, a Key Step in Drug Carrier Translation[END_REF][START_REF] Kolate | PEG -A Versatile Conjugating Ligand for Drugs and Drug Delivery Systems[END_REF] For example, a study from Bertrand et al. showed that above a PEG density threshold of 20 PEG chains per 100 nm 2 (PEG of 5 kD), the clearance of PLGA-b-PEG nanoparticles from the blood was slower than below the threshold, regardless of the NPs' size (55, 90 and 140 nm). [START_REF] Bertrand | Mechanistic Understanding of in Vivo Protein Corona Formation on Polymeric Nanoparticles and Impact on Pharmacokinetics[END_REF] This confirms the need for the PEG to be in a brush conformation to obtain a stealth effect. [START_REF] Gref | Stealth' Corona-Core Nanoparticles Surface Modified by Polyethylene Glycol (PEG): Influences of the Corona (PEG Chain Length and Surface Density) and of the Core Composition on Phagocytic Uptake and Plasma Protein Adsorption[END_REF][START_REF] Yang | Evading Immune Cell Uptake and Clearance Requires PEG Grafting at Densities Substantially Exceeding the Minimum for Brush Conformation[END_REF] To go beyond this simple view of the stealth effect, researchers are starting to characterize the protein corona of stealth particles. [START_REF] Schöttler | Controlling the Stealth Effect of Nanocarriers through Understanding the Protein Corona[END_REF] Schöttler et al. recently showed that distinct proteins such as clusterin (apolipoprotein J) were actually found in abundance on the surface of stealth NPs and that their presence was needed to prevent a non-specific cellular uptake [START_REF] Schöttler | Protein Adsorption Is Required for Stealth Effect of Poly(Ethylene Glycol)-and Poly(Phosphoester)-Coated Nanocarriers[END_REF] Actually, by pre-incubating stealth particles with clusterin before incubation with macrophages, the uptake of NPs in macrophages could be reduced by 75.4% compared to the use of the stealth particles alone. Results by incubation with whole plasma even showed a decrease up to 99.5%, illustrating a way to enrich the stealth effects of nanoparticles. [START_REF] Schöttler | Protein Adsorption Is Required for Stealth Effect of Poly(Ethylene Glycol)-and Poly(Phosphoester)-Coated Nanocarriers[END_REF] Interestingly, Bertrand et al. confirmed that clusterin and also apolipoprotein E helped to prolong the NPs' blood circulation times but significantly only for particles with a low PEG density. [START_REF] Bertrand | Mechanistic Understanding of in Vivo Protein Corona Formation on Polymeric Nanoparticles and Impact on Pharmacokinetics[END_REF] This highlights that pre-incubating NPs with certain proteins is not so simple and since the protein corona is dynamic its composition can change with time and according to their biological environment. Moreover, the protein corona is complicated to study. Most of the research primarily focused on in vitro studies, but since the protein concentrations are much lower in vivo, the nature of the corona can be significantly changed, which prevents in vitro-in vivo extrapolations. [START_REF] Monopoli | Physical-Chemical Aspects of Protein Corona: Relevance to in Vitro and in Vivo Biological Impacts of Nanoparticles[END_REF] To conclude on the use of PEG, numerous articles show its advantages but its limitations are not very well documented. [START_REF] Knop | Ethylene Glycol) in Drug Delivery: Pros and Cons as Well as Potential Alternatives[END_REF] Concerns are related to its non-biodegradability, the pseudoallergic reactions seen in some patients through the activation of the complement cascade, and the production of anti-PEG antibodies when repeating injections which can lead to an accelerated blood clearance. [START_REF] Knop | Ethylene Glycol) in Drug Delivery: Pros and Cons as Well as Potential Alternatives[END_REF][START_REF] Grenier | Anti-Polyethylene Glycol Antibodies Alter the Protein Corona Deposited on Nanoparticles and the Physiological Pathways Regulating Their Fate in Vivo[END_REF] Thus, other techniques were developed to delay the NPs' clearance. Bio-inspired, these strategies use the principle of camouflage to escape the immune system. When stealth polymers are attached to the nanocarriers' surface, steric hindrance repels most of the proteins except some (e.g., clusterin) and prevents the uptake by macrophages. From Schöttler et al.. [START_REF] Schöttler | Controlling the Stealth Effect of Nanocarriers through Understanding the Protein Corona[END_REF] Rodriguez et al. developed particles presenting on their surface 'Self' peptides produced from human cluster of differentiation 47 (CD47), a famous 'don't eat me' protein. [START_REF] Rodriguez | Self" Peptides That Inhibit Phagocytic Clearance and Enhance Delivery of Nanoparticles[END_REF] This strategy prevented NPs from being recognized as exogenous by the MPS and resulted in an 'active stealth effect'. This is a bottom-up approach requiring conjugation chemistry. The other 'camouflage' strategy is a top-down method where NPs are coated with a cellular membrane derived from red blood cells (RBCs) [START_REF] Hu | Erythrocyte Membrane-Camouflaged Polymeric Nanoparticles as a Biomimetic Delivery Platform[END_REF] or leukocytes. [START_REF] Parodi | Synthetic Nanoparticles Functionalized with Biomimetic Leukocyte Membranes Possess Cell-like Functions[END_REF] The latter is one of the methods taking advantage of the immune system, which is the subject of the next paragraph.

(Figure I-4).
To conclude on this part, we demonstrated the relevance of a deeper knowledge of the protein corona and that inspiration from biology may help the development of future nanomedicines.

I.3.3. Taking advantage of the immune system

The activation of the immune system by nanoparticles is actually a powerful advantage in the field of immunotherapy for which the treatment stimulates or modulates the body's own immune defenses and/or suppresses harmful immune responses. [START_REF] Smith | Applications of Nanotechnology for Immunology[END_REF][START_REF] Moon | Engineering Nano-and Microparticles to Tune Immunity[END_REF] The most studied application of immunotherapy is against cancer. In 2018, advances in cancer immunotherapy have been recognized by the Nobel Prize in Physiology or Medicine, awarded to Tasuku Honjo and James Allison for "the discovery of cancer therapy by inhibition of negative immune regulation". [START_REF]The Nobel Prize in Physiology or Medicine[END_REF][START_REF] Ishida | Induced Expression of PD-1, a Novel Member of the Immunoglobulin Gene Superfamily, upon Programmed Cell Death[END_REF][START_REF] Leach | Enhancement of Antitumor Immunity by CTLA-4 Blockade[END_REF] Conventional immunotherapies against cancer include the use of such checkpoint inhibitors but also adoptive cell transfer (e.g. of chimeric antigen receptor (CAR) T cells). [START_REF] Dudley | Adoptive-Cell-Transfer Therapy for the Treatment of Patients with Cancer[END_REF] Immunotherapy was shown to be efficient against 'hot tumors' which are infiltrated with immune cells but has failed against 'cold tumors' (Figure I-6). [START_REF] Nam | Cancer Nanomedicine for Combination Cancer Immunotherapy[END_REF] Interestingly, the use of nanomedicine can convert cold tumors into immunogenic hot tumors by releasing danger signals and/or presenting tumor antigens [START_REF] Nam | Cancer Nanomedicine for Combination Cancer Immunotherapy[END_REF] Immunotherapy can thus be applied after a first treatment by nanomedicine such as photothermal or photodynamic therapy, radiotherapy, chemotherapy or gene therapy (Figure I-6). [START_REF] Nam | Cancer Nanomedicine for Combination Cancer Immunotherapy[END_REF] A few relevant reviews were recently published on the subject. [START_REF] Nam | Cancer Nanomedicine for Combination Cancer Immunotherapy[END_REF][START_REF] Wang | Biomaterial-Assisted Targeted Modulation of Immune Cells in Cancer Treatment[END_REF][START_REF] Musetti | Nanoparticle-Mediated Remodeling of the Tumor Microenvironment to Enhance Immunotherapy[END_REF] Apart from cancer, the combination of nanotechnology and immunology holds great promise in a wide range of infectious (e.g., influenza, human immunodeficiency virus, pandemic viruses) and inflammatory diseases (e.g., autoimmune diseases, allergies, arthritis, transplant rejections) and also in the fight against neurological diseases. [START_REF] Smith | Applications of Nanotechnology for Immunology[END_REF] Nanoparticles have been used as therapeutic vaccines considering their ability to both present antigens on their surface provoking the immune response and also deliver adjuvants enhancing this response. [START_REF] Moon | Engineering Nano-and Microparticles to Tune Immunity[END_REF][START_REF] Irvine | Engineering Synthetic Vaccines Using Cues from Natural Immunity[END_REF] Figure I-6. Combination of cancer immunotherapy with nanomedicine approaches. Hot tumors present immune cell infiltration which makes them sensitive to conventional immunotherapy. However, cold tumors exhibiting immune evasion mechanisms are resistant to traditional therapy. Using a pre-treatment by nanomedicine allows the conversion of cold tumors to hot tumors through the activation of the immune system. From Nam et al.. [START_REF] Nam | Cancer Nanomedicine for Combination Cancer Immunotherapy[END_REF] A recent approach of this combinatorial therapy is the use of cell-mediated delivery of drug-loaded nanoparticles. [START_REF] Yoo | Bio-Inspired, Bioengineered and Biomimetic Drug Delivery Carriers[END_REF][START_REF] Batrakova | Cell-Mediated Drugs Delivery[END_REF][START_REF] Anselmo | Cell-Mediated Delivery of Nanoparticles: Taking Advantage of Circulatory Cells to Target Nanoparticles[END_REF][START_REF] Su | Design Strategies and Applications of Circulating Cell-Mediated Drug Delivery Systems[END_REF][START_REF] Ayer | Cell-Mediated Delivery of Synthetic Nano-and Microparticles[END_REF] This strategy was actually inspired by the bioengineering of pathogens such as bacteria and viruses as carriers of drug-loaded NPs and was developed afterwards to eukaryotic circulatory cells. [START_REF] Yoo | Bio-Inspired, Bioengineered and Biomimetic Drug Delivery Carriers[END_REF] The hitch-hiking of drug carriers on the surface of red blood cells was actually first demonstrated by Chambers & Mitragotri in 2004 who showed that the adsorption of polymeric particles on RBCs prolonged their circulation time in the blood (Figure I-7A), proving that this can also be a valuable technique to evade the immune system (cf. paragraph I.3.2). [START_REF] Chambers | Prolonged Circulation of Large Polymeric Nanoparticles by Non-Covalent Adsorption on Erythrocytes[END_REF][START_REF] Chambers | Long Circulating Nanoparticles via Adhesion on Red Blood Cells: Mechanism and Extended Circulation[END_REF] In parallel to the engineering of RBCs, [START_REF] Chambers | Prolonged Circulation of Large Polymeric Nanoparticles by Non-Covalent Adsorption on Erythrocytes[END_REF][START_REF] Chambers | Long Circulating Nanoparticles via Adhesion on Red Blood Cells: Mechanism and Extended Circulation[END_REF][START_REF] Anselmo | Exploiting Shape, Cellular-Hitchhiking and Antibodies to Target Nanoparticles to Lung Endothelium: Synergy between Physical, Chemical and Biological Approaches[END_REF][START_REF] Villa | Red Blood Cells: Supercarriers for Drugs, Biologicals, and Nanoparticles and Inspiration for Advanced Delivery Systems[END_REF][START_REF] Brenner | Red Blood Cell-Hitchhiking Boosts Delivery of Nanocarriers to Chosen Organs by Orders of Magnitude[END_REF] [START_REF] Choi | A Cellular Trojan Horse for Delivery of Therapeutic Nanoparticles into Tumors[END_REF] and a B lymphocyte (Bb) [START_REF] Swiston | Surface Functionalization of Living Cells with Multilayer Patches[END_REF] . From Yoo et al.. [START_REF] Yoo | Bio-Inspired, Bioengineered and Biomimetic Drug Delivery Carriers[END_REF] There are different possibilities for the nanoparticles to be carried by the cell: by adsorption (electrostatic and hydrophobic interactions), ligand-receptor binding, covalent coupling and internalization. [START_REF] Yoo | Bio-Inspired, Bioengineered and Biomimetic Drug Delivery Carriers[END_REF] Each type of cell attachment has its own advantages and drawbacks, summarized in the following table which also includes examples of references on functionalized immune cells such as B and T cells, natural killer cells, dendritic cells, macrophages and neutrophils. (Table I-1). [START_REF] Anselmo | Cell-Mediated Delivery of Nanoparticles: Taking Advantage of Circulatory Cells to Target Nanoparticles[END_REF] Among the surface functionalization techniques, covalent coupling has been used by Irvine and co-workers. For example, for the treatment of lymphoma, the surface of T cells was first functionalized ex vivo with multilamellar liposomes loaded with a camptothecin derivative and then injected to mice via adoptive cell transfer. [START_REF] Huang | Active Targeting of Chemotherapy to Disseminated Tumors Using Nanoparticle-Carrying T Cells[END_REF] Tumor burden was reduced by 60-fold compared to untreated animals which was a significant improvement over the sole use of drug-loaded liposomes with only a 5.1-fold reduction. (B and T cells [START_REF] Swiston | Surface Functionalization of Living Cells with Multilayer Patches[END_REF][START_REF] Swiston | Freely Suspended Cellular "Backpacks" Lead to Cell Aggregate Self-Assembly[END_REF][START_REF] Gilbert | Orientation-Specific Attachment of Polymeric Microtubes on Cell Surfaces[END_REF] )

(Figure I-6).

Ligand-receptor Can potentially be used to attach particles to cells in vivo

Ligand-receptor interaction may signal specific cellular functions

Cells that express sufficient receptors which allow multivalent binding

Natural killer cells [START_REF] Chandrasekaran | Sweeping Lymph Node Micrometastases off Their Feet: An Engineered Model to Evaluate Natural Killer Cell Mediated Therapeutic Intervention of Circulating Tumor Cells That Disseminate to the Lymph Nodes[END_REF][START_REF] Mitchell | TRAIL-Coated Leukocytes That Kill Cancer Cells in the Circulation[END_REF][START_REF] Chandrasekaran | Super Natural Killer Cells That Target Metastases in the Tumor Draining Lymph Nodes[END_REF] Covalent coupling Offers the strongest bond between particle and cell

Direct conjugation to amine or thiol groups present on all cells

Requires permanent modification to cell surface Cells that migrate through endothelium: monocytes, macrophages and T-cells B and T cells [START_REF] Huang | Active Targeting of Chemotherapy to Disseminated Tumors Using Nanoparticle-Carrying T Cells[END_REF][START_REF] Stephan | Therapeutic Cell Engineering with Surface-Conjugated Synthetic Nanoparticles[END_REF][START_REF] Stephan | Synapse-Directed Delivery of Immunomodulators Using T-Cell-Conjugated Nanoparticles[END_REF] Stem cells 83

Internalization

Leaves the cell membrane unmodified

Can carry particles through endothelium

Can lead to degradation of internalized biodegradable particles

Cells capable of phagocytosis

Macrophages [START_REF] Choi | A Cellular Trojan Horse for Delivery of Therapeutic Nanoparticles into Tumors[END_REF][START_REF] Choi | Delivery of Nanoparticles to Brain Metastases of Breast Cancer Using a Cellular Trojan Horse[END_REF] Dendritic cells [START_REF] Xia | Porous Silicon Microparticle Potentiates Anti-Tumor Immunity by Enhancing Cross-Presentation and Inducing Type I Interferon Response[END_REF] Neutrophils 87

To conclude, engineering of the immune cells' surface by nanocarriers has a huge potential in a wide range of applications which were not accessible by the EPR effect. Moreover, the cell-carried nanomaterials do not have a size limitation of 100 nm compared to sole nanoparticles using EPR effect. Contrary to the use of nanoparticles alone, submicro-and micro-particles can also be used in this approach, [START_REF] Moon | Engineering Nano-and Microparticles to Tune Immunity[END_REF] which may be an advantage since a larger size allows a higher payload of drug carried per cell. However, the size limit has to be studied according to the type of nanoparticles and cells. [START_REF] Stephan | Enhancing Cell Therapies from the Outside in: Cell Surface Engineering Using Synthetic Nanomaterials[END_REF] Possible limitations of such a method are not coming from nanocarriers themselves since they have been greatly developed over the past few years. Nevertheless, the implementation of the immune cells' isolation, their in vitro expansion and the adoptive cell transfer technique is only just beginning in the field of immunotherapy and can be quite expensive and difficult to optimize. Finally, the synthetic step of NP-cell conjugation is probably the most challenging since it has to be carried out without altering the cell viability and functions, particularly its ability to migrate though the endothelium. 74

I.3.4. Considerations for the development of new nanocarriers

In order to develop a nanocarrier suitable for clinical translation, some considerations have to be taken into account. 33,[START_REF] Duncan | Nanomedicine(s) under the Microscope[END_REF] The design of the nanoparticles should be quite simple to be cost-effective. Syntheses and formulations should be easily scalable and controllable in order to obtain robust and reproducible nanoparticles. Their physico-chemical properties have to be well characterized. Their safety has to be evaluated both in vitro and in vivo. In vitro assays can also improve our understanding of NP-cell interactions and in vivo studies are necessary to access the NPs' pharmacokinetics, biodistribution and efficacy. A 'minimum information standard' should also be reported in publications investigating bio-nano interactions to improve reproducibility of experimental procedures. [START_REF] Faria | Minimum Information Reporting in Bio-Nano Experimental Literature[END_REF] Since the entanglement of the different physico-chemical properties of nanoparticles complicates the prediction of their biodistribution, 34,[START_REF] Xu | How Entanglement of Different Physicochemical Properties Complicates the Prediction of in Vitro and in Vivo Interactions of Gold Nanoparticles[END_REF] each 'new' nanocarrier system has to be thoroughly designed and studied. In practice, a great example is the optimization of nanoparticle for cancer chemotherapy to reach clinical trials. 33,[START_REF] Hrkach | Preclinical Development and Clinical Translation of a PSMA-Targeted Docetaxel Nanoparticle with a Differentiated Pharmacological Profile[END_REF] This example illustrates well how polymeric-based nanoparticles have the advantage to be easily tunable with a scaled-up production, both important requirements to facilitate clinical translation. In this PhD research project, we have decided to work particularly on polymeric vesicles, also known as polymersomes, for various reasons discussed in the following paragraph. Vesicles are supramolecular assemblies of amphiphilic molecules arranged in a bilayer enclosing an aqueous compartment. Vesicles exist in nature; they consist of this spherical bilayer to which a myriad of proteins and molecules are bound. For example, cells can be seen as simply as micro-sized vesicles and organelles, which are compartments found in eukaryotic cells, as nano-sized vesicles. Artificial vesicles are thus studied in part to mimic natural vesicles but also as micro-and nano-carriers. [START_REF] Rideau | Liposomes and Polymersomes: A Comparative Review towards Cell Mimicking[END_REF] Indeed, by taking advantage of their compartmentalization, both hydrophilic and hydrophobic compounds can be loaded respectively in their inner core and in the hydrophobic part of their membrane.

Lipid vesicles, also named liposomes (Figure I-9, left), have been studied since their discovery in the 1960s. 17 Liposomes made of natural lipids such as phospholipids (e.g., phosphatidylcholine) which are fully biocompatible. However, the liposomes' physical and chemical stability is rather low. Indeed, unsaturated lipids can be easily oxidized. In addition, lipids are a small family of molecules which can be functionalized to be more diverse but with limitations since small changes can greatly impact their properties and thus their ability to self-assemble. [START_REF] Rideau | Liposomes and Polymersomes: A Comparative Review towards Cell Mimicking[END_REF] This is why the use of chemically versatile, easily tunable amphiphilic copolymers gained in interest over the years to form polymer vesicles, also referred to as polymersomes (Figure I-9, right). [START_REF] Rideau | Liposomes and Polymersomes: A Comparative Review towards Cell Mimicking[END_REF] Polymer vesicles were simultaneously discovered by two groups in 1995: Meijer and coworkers on polystyrene (PS) with poly(propylene imine) dendrimers and Zhang & Eisenberg from the self-assembly of poly(acrylic acid)-b-polystyrene (PAA-b-PS) diblock copolymers. [START_REF] Van Hest | Polystyrene-Dendrimer Amphiphilic Block Copolymers with a Generation-Dependent Aggregation[END_REF][START_REF] Zhang | Multiple Morphologies of "Crew-Cut" Aggregates of Polystyrene-b-Poly(Acrylic Acid) Block Copolymers[END_REF] It was only in 1999 that Discher and co-workers introduced the term of polymersomes in analogy with liposomes, [START_REF] Discher | Polymersomes: Tough Vesicles Made from Diblock Copolymers[END_REF] form vesicles directly in water using a film hydration method commonly used for liposome fabrication. [START_REF] Lee | Stability, and in Vitro Performance of Vesicles Made with Diblock Copolymers[END_REF] Since then, advances in polymer chemistry allowed the synthesis of polymers with diverse architectures, molar masses, chemical compositions and functionalities and the obtention of a wide variety of polymer nanoparticles that are discussed in numerous reviews. [START_REF] Soppimath | Biodegradable Polymeric Nanoparticles as Drug Delivery Devices[END_REF][START_REF] Schmaljohann | Thermo-and PH-Responsive Polymers in Drug Delivery[END_REF][100][101][102][103] Countless amphiphilic block copolymers were developed and investigated for the formation of polymersomes.

Polymersomes are similar to liposomes but also different in many ways summarized in Figure I-9. Excellent reviews exist on the subject, recently from Rideau et al. [START_REF] Rideau | Liposomes and Polymersomes: A Comparative Review towards Cell Mimicking[END_REF] but also from Messager et al. 104 . They can both load hydrophilic and hydrophobic molecules.

Liposomes are inherently biocompatible but polymersomes can be too, according to the amphiphilic copolymer's nature. [START_REF] Rideau | Liposomes and Polymersomes: A Comparative Review towards Cell Mimicking[END_REF] Their most distinctive feature is their wider range of molar masses, allowing them to have a thicker membrane (5 -50 nm) compared to liposomes (3 -5 nm). Therefore, they have a lower permeability and lateral fluidity but a higher stability than liposomes. -are able to load both hydrophilic and hydrophobic drugs, respectively in their inner core and hydrophobic membrane;

-have a tunable stability mostly according to their membrane thickness which also impacts certain membrane properties such as the permeability and fluidity (cf. I.4.4, p63); -can have specific properties according to the block copolymers used such as stealth effect, biocompatibility, biodegradability or stimuli-responsiveness;

-can provide a controlled drug release via endogenous triggers (e.g., pH, redox conditions, enzymes,) or external triggers (e.g., temperature, ultrasounds, light, magnetic field…)

-can present a multi-functionalized surface with ligands (e.g., antibodies or cellpenetrating peptides) for a specific targeting and with imaging probes for a therapy assisted by imaging;

-can be formed in a wide range of sizes (100 nm -100 µm) according to their fabrication process (cf. I. 4.3, p46). The self-assembly of amphiphilic block copolymers in bulk and solution has been widely investigated since the 1960s. 113 However, it only started to be studied specifically for vesicles since 1995 with the publication by Zhang & Eisenberg on PS-b-PAA diblock copolymers. [START_REF] Zhang | Multiple Morphologies of "Crew-Cut" Aggregates of Polystyrene-b-Poly(Acrylic Acid) Block Copolymers[END_REF] In bulk, block copolymers with immiscible blocks such as hydrophilic and hydrophobic blocks can self-assemble to form micro-phases separations. Within a polymer chain, the blocks are covalently bound and cannot segregate at the macroscopic level despite their incompatibility. In aqueous solution, the self-assembly is mainly due to the hydrophobic effect. 114 Hydrophobic chains tend to associate in order to minimize unfavorable contacts with water molecules. As for the hydrophilic, polar and solvated heads, they tend both: to get closer to limit the interactions between hydrophobic chains and water molecules, and also to distance each other because of steric and electrostatic repulsions. 115 In practice, the self-assembly of unimers ('micellization') occurs when the copolymer concentration is above a critical parameter named 'critical micelle concentration' (CMC).

It is well established that both thermodynamics and kinetics impact the resulting morphology. 113 The self-assembly induces an entropy loss due to the ordered state of the copolymer chains but also prevents an enthalpy gain from the energetically unfavorable interactions between hydrophobic blocks and the solvent. In water, the entropic gain associated with the relaxation of water molecules also contributes to the thermodynamics of the system. Therefore, thermodynamically stable aggregates adopt the morphology for which their overall free energy is minimized. This depends on the degree of stretching of the blocks forming the core, the interfacial tension between the core and solvent and the repulsions between the blocks forming the corona. 113 In practice, the morphology of an aggregate at a thermodynamic equilibrium is dictated by the system's composition (cf.

I.4.2.2, below) and do not depend on the process conditions. 113 However, kinetics can also affect the resulting morphology and its size. This depends on the process and its conditions and will be discussed in paragraph I. 4.3 (p46). Changes in the copolymer composition can be seen as variations of the copolymer geometry. The concept of a critical packing parameter (𝑃) was introduced to predict the morphology according to the relative geometry of the copolymer's hydrophobic and hydrophilic segments. It was first described by Israelachvilli et al. in 1976 for small amphiphilic molecules. 117 This geometric and empirical parameter is expressed as:

I.4.2.
𝑃 = 𝑉 𝑎 0 𝑙 𝑐 (1)
where 𝑉 is the volume occupied by the hydrophobic block, 𝑙 𝑐 its critical stretched length and 𝑎 0 the area of the hydrophilic block. As illustrated in Table I-2, different shapes are obtained according to the value of 𝑃: spherical micelles for 𝑃 < 1/3, cylindrical micelles for 1/3 < 𝑃 < 1/2 and vesicles for 1/2 < 𝑃 < 1. This reflects on their curvature which is respectively: high, medium and low. However, this exact rule is not applied in all cases. The transition from micelles to cylinders to vesicles is generally observed when decreasing 𝑓 but the exact limits of 𝑓 for each morphology may vary according to the copolymer's molar mass and its chemical nature and topology. 121 The 𝑓 rule is also not unifying for all types and natures of copolymers. For example, for diblocks with a hydrophilic block of PEG and a highly polar polymer as hydrophobic block such as poly(lactic acid) (PLA) or poly(ε-caprolactone) (PCL), vesicles can be obtained for 10% < 𝑓 < 25%. 121 Moreover, this prediction rule is linked to thermodynamic conditions and does not take into account the system's kinetics.

In conclusion, the self-assembly of a new block copolymer has to be studied in order to identify the 𝑓 boundaries between morphologies according to the formulation process used (cf. I. 4.3, p46). The copolymer's nature and molar mass can change these boundaries, especially impacting the membrane thickness and resulting membrane properties (cf. I.4.4, p63).

I.4.3. Size of polymersomes

The size of polymersomes mostly depends on the process used to form them. A lot of different techniques have been proposed and can be classified into two categories: the solvent-free and the solvent-displacement methods.

In a solvent-free process, block copolymers are directly hydrated in an aqueous solution.

Such methods include: bulk hydration, 123 film hydration, 124 layer-by-layer 125 and direct hydration 126,127 . Self-assembly of block copolymers into vesicles can also occur during their synthesis in an aqueous solution, it is called 'polymerization-induced self-assembly' (PISA). 128 In a solvent-displacement method, a solution of block copolymers dissolved in an organic solvent is mixed with an aqueous solution and the organic solvent has to be removed to obtain an aqueous suspension of vesicles. These processes include: nanoprecipitation, [START_REF] Zhang | Multiple Morphologies of "Crew-Cut" Aggregates of Polystyrene-b-Poly(Acrylic Acid) Block Copolymers[END_REF] emulsion-centrifugation 129,130 and double emulsion techniques 131 .

Since size is a key factor in the fate of nanocarriers in the body, controlling the polymersomes' size and size distribution is of great importance. 132 Microfluidics helped in that sense and also in the reproducibility which is a requirement for an easier transfer of the method to the clinic. 132 When needed, post-fabrication treatments, first used for liposomes, can be performed on polymersomes to calibrate their size distribution: extrusion, sonication and freeze-thaw cycling. 133,[START_REF] Lee | Stability, and in Vitro Performance of Vesicles Made with Diblock Copolymers[END_REF] The purpose of extrusion is to force polymersomes to go through a filter with pores of defined sizes to decrease the objects' size and narrow their size dispersity. Polydisperse 

with SD the standard deviation. Generally, particles are considered of well-defined size for PDI < 0.10 but the lower the PDI value, the more well-defined the size.

We will discuss some of the techniques of polymersome formation, going more into detail on the ones used in this PhD work: film hydration, electroformation and nanoprecipitation controlled by microfluidics.

I.4.3.1. Solvent-free methods

I.4.3.1.1. Bulk hydration

Bulk hydration is the simplest method of self-assembly of amphiphilic copolymers. 123 It consists in the direct hydration of the solid copolymer in an aqueous solution within a copolymer concentration above its CMC. Self-assembly occurs gradually, over time as the copolymer dissolution proceeds. A lot of parameters can impact the resulting morphologies and their size, such as: the characteristic temperatures of the system (i.e. its glass transition temperature Tg and its melting temperature Tf) and the copolymer concentration. This technique can only be carried out on copolymers with moderate hydrophobicity and relatively high fluidity at the operating temperature. This approach might not only form thermodynamically equilibrated morphologies but rather particles of various morphologies with a high size polydispersity. 135 This is why although simple, this technique is not widely used.

For example, Lee et al. showed that PEG40-b-PEE37 (also known as OE7) and PEG26-b-PBD46 (OB2) diblock copolymers were able to form giant vesicles by simple bulk hydration. [START_REF] Lee | Stability, and in Vitro Performance of Vesicles Made with Diblock Copolymers[END_REF] They were also able to calibrate their size distribution using post-fabrication treatments such as sonication, extrusion and freeze-thaw cycles (Figure I-15). Sonication helped to decrease the size from micro to nano but the size dispersity was high (Rh = 133 ± even better (Rh = 93 ± 9 mm) when freeze-thaw cycles were performed between sonication and extrusion. vesicles directly in water because it was soluble enough with its 54 mol% of PGA. 136 It was not the case for example for PGA20-b-PBD48 with only 30 mol% of PGA which was not soluble in water. 136 By studying the hydration of PEG-b-PBG films, Battaglia & Ryan showed that the swelling is dictated by the balance between attractive and repulsive forces occurring between the amphiphilic copolymer and water. 124 This depends on the water-copolymer ratio and thus on the diffusion of water in the film. 124 The process employed to prepare the film is also very important since it has to be homogeneous and thin. 139 This method is commonly used since it can produce high quantities and yields of solventfree vesicles with a high salt concentration (< 2 M) and allows a good loading of hydrophobic compounds. However, this technique can only be applied on low Tg copolymers, cannot allow the efficient loading of hydrophilic compounds and usually form highly polydispersed polymersomes in a mixture of unilamellar and multilamellar vesicles, which is usually not 141 It consists in applying an alternating or direct current during the swelling of the thin film in an aqueous medium. To that end, the film is prepared onto two conductive surfaces such as electrodes, platinum wires or indium-tin oxide (ITO) glass slides and an external electric field is applied between the two surfaces. [START_REF] Rideau | Liposomes and Polymersomes: A Comparative Review towards Cell Mimicking[END_REF] The electric field induces a periodic oscillation movement of the aqueous medium at the interface with the surface on which the film is applied ( Unilamellar giant polymersomes (GUVs) in a good yield can be formed by electroformation in large sizes and in a short time. A lot of different parameters can be modulated: copolymer concentration, ratio copolymer-water, nature of the conductive surface, voltage and frequency of the electric field, etc. Conditions have to be optimized on a case-by-case basis. The only common rule is to not perturb the system during the hydration (no stirring, no handling) in order to maximize the chances to form only unilamellar vesicles.

This method has some drawbacks: poor reproducibility, small quantities, poor loading of hydrophilic molecules and poor yields when the aqueous medium contains ions (> 15 mM). 143 But it is the method of choice for the study of the mechanical properties of the membrane since it produces giant polymersomes that are unilamellar and without any traces of solvent in the membrane.

The electroformation process was modified and diversified over the years. For example, to improve loading of species, the film can be formed from an inverted emulsion containing species of amphiphile instead of a solution; 144 ). [START_REF] Zhang | Multiple Morphologies of "Crew-Cut" Aggregates of Polystyrene-b-Poly(Acrylic Acid) Block Copolymers[END_REF] The term nanoprecipitation was first used to describe the method of formation of nanoscale polymeric particles which consisted in the precipitation in water of a hydrophobic polymer previously dissolved in a non-selective solvent miscible to water. 146 Nanoprecipitation for the formation of vesicles was first performed with lipids by Batzri & Korn in 1973. 147 The different steps of this method are illustrated in Figure I-18. Copolymers are first solubilized in a non-selective solvent which is also water-miscible. Then, an aqueous solution selective of the hydrophilic block (e.g., water) is added, usually under stirring.

Copolymers are thus first entirely soluble, but, upon water addition, both solvents diffuse to each other which is progressively decreasing the copolymer solubility in the medium. When a 'critical water content' (CWC) is reached, the chains self-assemble spontaneously into dispersed aggregates which can be recovered in pure aqueous media after removal of the non-selective solvent (usually by evaporation if the solvent is volatile or by dialysis against water). They both suppose that the copolymers as unimers aggregate first into small 'micelles' constituted of a hydrophobic core and a hydrophilic corona. In mechanism 1, the 'micelles' grow into larger aggregates (from collision between micelles or with unimers) which increases the core stretching. The aggregates adopt another morphology to decrease the interfacial tension and transform into rods. Rods grow in length and tend to close and form vesicles due to line tension. Mechanism 2 is similar but the 'micelles' first grow in size to 'semi-vesicles' which are spherical micelles with a bigger core. They are energetically unfavorable, the solvent thus diffuses towards the core to lower their energy and copolymers rearrange themselves in order to form 'full vesicles '. 132 The difference between both mechanisms was shown to be crucial in the loading efficiency of hydrophilic molecules. 132,149 In mechanism 1, the bilayer can enclose the aqueous media and trap a hydrophilic cargo, leading to relatively high loading efficiency. In mechanism 2, the transition between 'semi vesicles' and 'full vesicles' cannot allow the entrapment of hydrophilic compounds, they can only diffuse to the vesicle core through the membrane. In this case, the loading efficiency depends on the membrane permeability to the compound (cf. I.4.5, p68) and could be very low. The actual mechanism of vesicle formation used by a specific system cannot be predicted.

What is sure is that both thermodynamics and kinetics features are involved (cf. paragraph I.4.2.1, p41) and impact the morphology and size of the aggregates.

Morphological phase diagrams are very useful to describe quantitatively the effects of two or three different process conditions. 113 An example of phase diagram for the PS310-b-PAA52 copolymer is depicted in Figure I-20 and identifies the morphologies obtained according to the water content and the copolymer concentration. 152 As the water content increases, a transition can occur usually from spheres to rods to vesicles, in agreement with the mechanism 1 of polymersome formation. This transition can be interpreted by a change in the aggregation number (Nagg) which corresponds to the number of chains per aggregate.

It can be expressed as follows:

𝑁 𝑎𝑔𝑔 = 2 √ 𝐶 𝐶𝑀𝐶 (4)
where CMC is the critical micelle concentration corresponding to the copolymer concentration (C) at the critical water content (CWC) where unimers start to aggregate in micelles.

The increase in copolymer concentration leads to an increase in the objects' Nagg which can result in two different effects according to the water content. At a low water content, a copolymer concentration increase can lead to shape transformation from spheres to rods to vesicles (e.g., at 15 wt% water in Figure I-20). However, at higher water contents, the morphology can be retained and it's the size of the aggregates that increases. For example, Aggregates are formed at a thermodynamic equilibrium when the copolymers' mobility is high enough. This plasticizing effect occurs for low water contents, in a range where the aggregates' hydrophobic part is still swollen by the non-selective solvent, and/or when the temperature is above the copolymer's Tg. This way, aggregate structures are labile allowing morphological transitions to be faster than the change in water content. The shape changes are reversible as long as the copolymers' mobility is still sufficiently high. It was the case for PS310-b-PAA52 aggregates. 152 For example, upon an addition of the non-selective solvent (dioxane) which decreased both the water content and the copolymer concentration, vesicles were transformed back to rods. 152 On the contrary, aggregates can be 'kinetically trapped' if the change in water content is faster than the morphological transitions (e.g., for a fast addition of an excess of water). This dramatically slows the copolymers' mobility and 'freezes' the system in a specific morphology and size. A kinetic trap is even more noticeable when the temperature is lower than the copolymer's Tg.

In many cases, nanoprecipitation is used in short time scales where thermodynamic equilibrium is rarely achieved. The exact conditions of nanoprecipitation have to be optimized in order to form in majority polymersomes of a controlled size.

At the polymer level, to have the best chance of producing polymersomes rather than micelles or rods, it is best to use a copolymer with a hydrophilic fraction in the right range (cf. I.4.2.2, p42). The block copolymer's nature and composition can impact the size to some extent. Higher copolymer molar mass 153 and higher polydispersity of the hydrophilic block 154 can lead to smaller vesicles. This latter observation could be explained by the segregation between the long hydrophilic chains going rather in the external layer of the vesicle while the short ones prefer the internal layer. 154 However, Dionzou et al. did not found a strong correlation between the size and structural parameters, emphasizing the importance of the process on the vesicles' size. 121 The size of polymersomes is also controlled by the parameters impacting the diffusion rate between the selective and non-selective solvent. The faster the system reaches the CWC, the lower the Nagg and the smaller the size. We already saw that the lower the copolymer concentration, the smaller the size. Influence of other parameters are discussed in the two following paragraphs.

If the copolymer solution is added to the aqueous solution, the effect of the nature of the non-selective solvent is nearly negligible since CWC is reached very quickly, leading to small aggregates, usually 'kinetically frozen'. However, it has a greater impact, as well as the rate of addition, when the order of addition is reversed.

Solvents with a high affinity for water (i.e. with a low Flory-Huggins interaction parameter, χ solvent-water ) were shown to diffuse more rapidly towards the aqueous phase. 155 Thus, the CWC was reached faster and aggregates were smaller in size. 155 For example, Sanson et al. showed that PGA-b-PTMC vesicles obtained by using a mixture of tetrahydrofuran and methanol (χ THF/MeOH-water = 17.45) were twice the size (Rh ≈ 200 nm) of the ones prepared with dimethyl sulfoxide (χ DMSO-water = 16.35). 137 The same publication also shows the impact of the rate of addition. 137 The faster rate of addition, the faster the CWC is reached and the smaller the vesicles. 137 To conclude, this method is fairly reproducible, both hydrophilic and hydrophobic compounds can be encapsulated, the size and shape distributions can be quite large. The mixing efficiency depends on the batch volume and the stirring velocity, a scale-up is thus difficult to achieve. However, since a lot of conditions can be easily varied, an optimization of these conditions can lead to unilamellar nano-sized polymersomes with a low PDI (e.g., 0.03) 137 .

I.4.3.2.2. Variations of nanoprecipitation

The development of an inkjet technology was published by Hauschild et al. in 2005. 156 The technique is based on the injection of picolitres of copolymer solution into water under stirring (Figure I-21A). Unilamellar vesicles of poly(2-vinylpyridine)-b-poly(ethylene glycol) (P2VP-b-PEG), of size between 50 and 200 nm were formed with narrow size distributions and with a good reproducibility since the standard deviation on the mean diameter was lower than 10%. 156 This technique is practical for the high-throughput screening of conditions but is limited to small volumes and the use of copolymers soluble in ethanol since the printers' cartridges cannot handle other types of solvent.

The flash nanoprecipitation technique was developed by Johnson & Prud'homme in 2003

to achieve rapid changes in the solvent quality and obtain a homogeneous precipitation. 157 In this process, the copolymer solution and aqueous solution are quickly mixed under turbulent conditions (e.g., vortex) in a confined impingement jets (CIJ) micromixer before reaching an aqueous reservoir (Figure I-21B). For example, Allen et al. were able to form vesicles from poly(ethylene glycol)-b-poly(propylene sulfide) (PEG-b-PPS) with 0.19 < fPEG < 0.31. 158 It is a simple and rapid technique, scalable, leading to high loading efficiency of hydrophobic compounds (50 -100%) since they rapidly co-precipitate with the copolymer. 159,158 However, different morphologies can co-exist, unilamellar polymersomes can be produced but they might not all be spherical and size distributions can be quite high (PDI > 0.2). Nanoprecipitation was adapted in microfluidics to control the mixing between the copolymer and aqueous solutions. In this method, reservoirs of both solutions are each connected to a pump and joined in a micromixer where the self-assembly occurs (Figure

I-21C).

Apart from the conditions of the batch nanoprecipitation, the mixing parameters (micromixer's geometry and total flow rate) can be varied in order to control the morphology and size of the self-assemblies. 132 The micromixer's geometry dictates the flow regime and thus the nature and rate of the 164 It is quite a hydrophobic copolymer, preferably aggregating into lamellar structures rather than vesicles by batch nanoprecipitation. Using a micromixer, polymersomes were obtained with sizes between 100 and 250 nm depending on the total flow rate used. 132 Both iron oxide nanoparticles and camptothecin were encapsulated in these vesicles at a loading efficiency close to 100%. 164 A micromixer from Dolomite Microfluidics was also used to produce vesicles (Figure

I-21D

). [165][166][167][168] It has the advantages to be commercial, entirely made of glass providing an excellent chemical compatibility and visibility and easy to connect to the rest of the microfluidic system. 160 The mixing is laminar at low flow rates and turbulent at high flow rates. 160 To conclude, nanoprecipitation controlled by microfluidics is a simple, reproducible and scalable technique allowing the continuous production of well-defined nano-polymersomes with a controllable size. At term, it may be considered by industrials over film hydration followed by post-fabrication techniques. However, the main drawbacks for industry are the step of solvent removal and possibly the low copolymer concentration. If the solvent is evaporated, the copolymer concentration is increased but this step can destabilize the polymersomes. In addition, solvent removal by dialysis is not an appropriate technique for translation to the industry. Tangential flow filtration could be used to replace regular dialysis: i) to remove the remaining solvent from the suspension directly after production by the micromixer in order to develop a continuous process entirely controlled by microfluidics, 169 and ii) to further concentrate the nanoparticles if needed.

I.4.3.2.3. Double emulsion-evaporation

A double emulsion water-in-oil-in-water (W/O/W) stabilized by amphiphilic copolymers can be used as a template to form polymersomes after evaporation of the oil phase. The process is typically carried out in successive steps as shown in The aqueous solution acting as the inner fluid flows through the injection tube, while the copolymer solution as the middle fluid flows in the same direction but around this tube.

Another aqueous solution used as the outer fluid flows in the opposite direction, arriving from the collection tube to the junction where it changes direction and passes with the other two fluids through the nozzle of the collection tube. Since this opening is very narrow and the middle fluid is not miscible with the other two fluids, W/O/W double emulsion droplets form. The size distribution of the inner droplets and future polymersomes can be adjusted by varying the size of the opening and the flow rates. [171][172][173] This technique offers other advantages. It is a simple technique once the system is optimized and it allows the continuous formation of polymersomes. The loading of hydrophilic compounds is quite easy since the composition of the two aqueous phases can be controlled. 131 The loading of hydrophobic compounds is also facilitated and their efficiency can be both near 100%. This technique also allows the formation of multiple emulsions and thus compartmentalized polymersomes. 172 Since the double emulsion is used as a template, copolymers with hydrophilic fractions outside the theoretical range for a preferential formation of polymersomes could be used, as long as they are able to stabilize the double emulsion droplets.

There are two main drawbacks of this technique. Due to physical limitations encountered for the size reduction of the microfluidic devices, polymersomes cannot be prepared below a few micrometers. Moreover, the membrane thickness of polymersomes can present inhomogeneities. Indeed, an excess of polymer can appear on one side of the vesicle after dewetting when the copolymer concentration is too high in the organic phase. 170 This can be solved by precisely adjusting the copolymer concentration but it is delicate to achieve since at a too low concentration, copolymers would not be able to stabilize correctly the interface.

I.4.3.2.4. Emulsion-centrifugation

An emulsion-centrifugation technique can also be used to form giant polymersomes. 129,130 The principle is very close to the one of double emulsion (Figure I-25). On one side, a W/O emulsion stabilized by copolymers is prepared. On the other hand, a biphasic system is made, mostly composed of an aqueous solution and a small amount of oil of a lower density than water so that block copolymers align at the interface with the hydrophobic blocks directed in the upper phase and hydrophilic blocks towards the lower phase. The inverted emulsion is poured onto the interface, with the help of the density difference and centrifugation, the water droplets pass through the interface and a second monolayer of copolymers form onto their surface. After evaporation of the oil, polymersomes are formed. This technique was also improved by the use of microfluidic devices to prepare monodisperse W/O droplets. It has the same advantages and drawbacks as the double emulsion technique. In addition, two different amphiphiles can be used in order to from asymmetric membranes which cannot be done by double emulsion. 174 However, the production of polymersomes is not continuous and yields small volumes.

I.4.4. Membrane structure

As stated before, the polymersome membrane can have a certain multiplicity, which can be difficult to control, thus unilamellar polymersomes are the most studied and we will focus on them in the rest of this Chapter.

A vesicle membrane is often built from two monolayers of amphiphiles, constituting a bilayer. It is typically the case for the membrane of liposomes (Figure I-26A). 175 However, the membrane of polymersomes may not strictly be considered as a bilayer in a sense that there can be an entanglement of the hydrophobic chains of both monolayers (Figure 175 The term bilayer is usually still be employed for polymersomes. The membrane of AB diblocks are represented here in an interdigitated form. ABA triblock copolymers can be either in 'I-shape' with the A blocks on each side of the membrane or in 'U-shape' with A blocks on the same side. BAB triblock copolymers can only be in a 'Ushape' since both hydrophobic blocks have to form the hydrophobic membrane, hydrophilic blocks must form loops. A similar 'U-shape' is formed with ABABA pentamers. ABC copolymers were C is a hydrophilic block is particularly interesting since they assemble in 'I-shape' and form asymmetric membranes were the external and internal surfaces are different. ABCA tetrablock copolymers were C is hydrophobic assemble also in 'I-shape' and form in this case an asymmetric membrane which create polymersomes or worm-like micelles according to the volume fraction between B and C. 133 For the rest of this manuscript, we will focus specifically on polymersomes with a membrane made of diblock copolymers ( There is a scaling of 𝛿 with 𝑀 ℎ ̅̅̅̅ which is a power law:

I-26B).

As shown in

𝛿 ∝ 𝑀 ℎ ̅̅̅̅ 𝑎 (5) 
The value of the 𝑎 exponent give insight on the segregation strength between the blocks.

If the polymer chains were unperturbed (random coils), 𝑎 = 1/2; this is known for block copolymer melts as the weak segregation limit. A strong segregation limit can be expected for polymers in a membrane; it is based on the balance between interfacial tension and chain entropy, with 𝑎 = 2/3. The hydrophilic blocks can be considered as polymer chains grafted onto a spherical surface. They can adopt different conformations depending on the distance between the chains (𝐷), but also on their molar mass 𝑀 𝑛 ̅̅̅̅ , on the radius of the sphere and on the solvent quality. The volume occupied by a free polymer chain in a good solvent corresponds to the volume of a sphere with a certain radius of gyration (𝑅 𝑔 ).

Three types of conformation can be identified when a polymer is anchored onto a surface: the mushroom regime, the brush regime or the transition from mushroom to brush (Figure

I-29).

At a low surface grafting density (𝜎), the chains are distant enough (𝐷 > 2𝑅 𝑔 ), they do not interact. In this mushroom regime, the thickness of the layer is equivalent to the radius of gyration (𝐿 ≈ 𝑅 𝑔 ). At higher surface grafting densities, the distance between chains are shorter (𝐷 < 𝑅 𝑔 ), they interact and interpenetrate resulting in a brush regime where the chains are elongated (𝐿 > 𝑅 𝑔 ). An intermediate regime exists where the chains are only partly elongated, it is the transition between mushroom and brush regimes (for 𝑅 𝑔 < 𝐷 < 2𝑅 𝑔 ). The thickness 𝐿 of the layer can be estimated using the distance 𝐷 between grafted chains, the surface grafting density (𝜎) and the number of repeating units in the polymer (𝑁). The nature and structure of a block copolymer impact the membrane properties of the resulting polymersomes. For example, the membrane permeability to a drug can be tuned by changing the nature of the hydrophobic block, providing stimuli-responsive character or biodegradability in order to obtain a controlled release of the loaded drugs. Changing the nature of the hydrophilic block modifies the polymersomes' hydrophilic corona properties by bringing stealth effect (e.g., with PEG) or by making it charged (e.g., with PAA). Blends between copolymers of different natures or between copolymers and lipids can also be used to tune the membrane properties. The polymersomes' resistance to deformation is characterized by the stretching modulus 𝐾 𝑎 and the bending rigidity 𝐾 𝑏 . 𝐾 𝑎 reflects the difficulty of a membrane to stretch, i.e. to modify its area upon stretching. It does not depend on the membrane thickness but only on the interfacial tension (𝛾) with: 177

𝐾 𝑎 = 4𝛾 (7) 
The higher the 𝐾 𝑎 , the less elastic the membrane in a sense that the membrane is more difficult to stretch. This depends only on the interface, meaning on the segregation strength between the blocks and on the solvent. Moreover, 𝐾 𝑏 , which is reflecting the difficulty of a membrane to bend into a vesicle, is actually related to 𝐾 𝑎 by the following expression:

𝐾 𝑏 = 𝛽𝐾 𝑎 𝛿 2 (8) 
where 𝛽 a simple prefactor which can change when there is interdigitation in the membrane. 188 This relationship can be easily understand since a bending of the membrane forces the inner monolayer to be more contracted and the outer monolayer to be more stretched. The higher the 𝑘 𝑐 , the stiffer the membrane.

The membrane stability can be assessed by the areal strain at rupture (𝛼 𝑐 ) meaning how much the area of the membrane can change before the polymersome's lysis. This parameter is linked to the copolymer's molar mass and thus to 𝛿 but depends also on the copolymer's nature and chain entanglement. For example, Bermudez et al. obtained the following relationship with PEG-b-PBD polymersomes: 177

𝛼 𝑐 ∝ (𝑀 ℎ ̅̅̅̅ ) 0.6 (9) 
for copolymers' molar mass lower than the critical molar mass where entanglement occurs

(𝑀 ℎ ̅̅̅̅ < 𝑀 𝑐 ).
The membrane fluidity can be assessed by the lateral diffusion coefficient of a copolymer chain in the membrane (𝐷) 189 and also by the membrane viscosity, 190 the latter being independent of 𝛿. For liposomes, where there is a separation between the two leaflets of the bilayer, lipid molecules can move in different ways: lateral diffusion, rotation, transversal diffusion (flip-flop to the other leaflet), etc. In the polymersomes' membrane, the mobility of copolymer chains is lower due to their higher molar masses and the possible interdigitation and entanglement occurring in the membrane. The simplest motion to look at is the lateral diffusion where 𝐷 characterizes the ability of a copolymer chain to laterally exchange with a neighboring chain. For 𝑀 ℎ ̅̅̅̅ < 𝑀 𝑐 , 𝐷 is expressed with a Rouse scaling where: 189

𝐷 ∝ (𝑀 ℎ ̅̅̅̅ ) -1 (10) 
But for 𝑀 ℎ ̅̅̅̅ > 𝑀 𝑐 , entanglement occurs leading to reptation, where: 189

𝐷 ∝ (𝑀 ℎ ̅̅̅̅ ) -2 𝑜𝑟 (𝑀 ℎ ̅̅̅̅ ) -3 (11) 
The membrane permeability (𝑝) refers to the passive permeability to various compounds such as water molecules, ions, hydrophilic and hydrophobic species. For example, Battaglia Below the lipid's melting temperature (𝑇 < 𝑇 𝑚 ), the membrane is in a solid-ordered state (𝐿 𝑜 ) which can correspond for example to a crystalline phase (𝐿 𝐶 ) or a gel phase (𝐿 𝛽 ). The lipids are highly ordered in the membrane where hydrophobic chains are rigid, stretched and stacked parallel to each other. The bilayer thickness is at its maximum and the area occupied by the hydrophilic heads is at its minimum.

Above the lipid's melting temperature (𝑇 > 𝑇 𝑚 ), the membrane is in a liquid-disordered state (𝐿 𝑑 , 'fluid' state) presenting for example a liquid-crystalline phase (𝐿 𝛼 ). The hydrophobic chains are flexible and disordered, they are less stretched than in a solid-ordered state which minimizes the bilayer thickness and maximizes the area occupied by the hydrophilic heads.

Phase transitions cause changes in the membrane properties. In a 𝐿 𝑜 state, the lipid membrane is static and quite impermeable while, in a 𝐿 𝑑 state, the membrane is fluid, highly dynamic (high lipid mobility) and much more permeable. 139 Thus, most of the processes used to form liposomes are performed at a temperature above the lipid's melting temperature. Most of the shape fluctuations and transformations are also restricted to vesicles in this 'fluid' state. 139

Table I-5. Examples of phase states adopted by a lipid membrane below or above the lipid's melting temperature (𝑇 𝑚 ). The hydrophobic part of the membrane is highlighted in yellow while the hydrophilic heads are in blue. Adapted from Kulkarni. 193 The membrane of polymersomes can also exhibit a certain order (e.g. when using rod-coil block copolymers) and/or even phase transitions (e.g. when using liquid crystal or crystalline block copolymers).

Rod-coil block copolymers can indeed form vesicles in solution among a wide variety of shapes, just like coil-coil block copolymers. However, membrane properties of rod-coil block copolymer vesicles still need to be investigated since, for now, coil-coil block copolymer vesicles are the most studied. 180 Self-assembly of rod-coil block copolymers is not only driven by the microphase separation due to the segregation between the hydrophobic and hydrophilic blocks of the copolymers, but is also governed by the behavior of the rigid blocks which cannot deform and preferentially stack together and/or align

(Figure I-31)
. 194,195 When the rod-like block is the hydrophobic block, the hydrophobic part of the membrane is highly ordered, comparable to a lipid membrane in a gel phase (Figure Vesicles with an ordered membrane were also obtained from rod-coil copolymers based on liquid crystal polymers. 199 The term liquid crystal refers to compounds which are not solid crystals nor anisotropic liquids but a mix of the two. Liquid crystals (also named In a similar way, faceted vesicles can also be formed with crystalline block copolymers. 

I-31B).

𝛥𝜋 = 𝑅𝑇 × 𝛥𝑐 (13) 
with 𝑅 = 8.314 J.mol -1 .K -1 the universal gas constant, 𝑇 the temperature (298 K at room temperature) and 𝛥𝑐 = 𝑐 𝑖𝑛 -𝑐 𝑜𝑢𝑡 the difference of solute concentration (𝑐) between the inside ('in') and outside ('out') of the vesicle (in mol.m -3 ). The solute concentration is:

𝑐 = 𝑛 𝑉
with 𝑛 the number of moles of solute in the vesicle and 𝑉 the vesicle's volume (in m 3 ).

When the concentration of solute outside and inside the vesicle is the same (𝑐 𝑖𝑛 = 𝑐 𝑜𝑢𝑡 ), the osmotic pressures are balanced and the vesicle is said to be in an 'isotonic' condition

(Figure I-36).
When the inner concentration is higher than the outer concentration (𝑐 𝑖𝑛 > 𝑐 𝑜𝑢𝑡 ), the pressure applied to the membrane is positive and the vesicle undergoes a 'hypotonic' shock.

To equilibrate the pressures, the vesicle absorbs water from the external medium in order to decrease the inner concentration (Figure I-36). This action leads to a swelling (increase in size) of the vesicle which raises the membrane tension. The osmotic pressure can be compensated by elastic forces. But, if not, the surface tension increases until the vesicle's lysis 131,173 or until membrane defects temporary appear, creating pores to rapidly release a part of its content. 208 In the opposite case, the concentration of solute outside the vesicle is higher than inside (𝑐 𝑖𝑛 < 𝑐 𝑜𝑢𝑡 ) and the vesicle undergoes a 'hypertonic' shock. To return to equilibrium, the vesicle expels some of its water to the external medium in order to both dilute it and raise Therefore, inflicting osmotic shocks to vesicles and examining their response is a simple way to investigate the water permeability of the membrane. By controlling osmotic shocks to polymersomes, Lecommandoux and co-workers induced their rupture in a controllable manner to release rapidly their content. 210,211 Moreover, like temperature, hypertonic shocks were also studied to change the polymersome morphology by analogy with works on liposomes [212][213][214] . The pathways of the shape transformation can be predicted by simulations. 215,216 Overall, the shape adopted by . 219 The osmotic shock originated from the fact that solvent molecules were able to diffuse out of the polymersome but water molecules were not able to enter due to the glassy state of PS which rendered the membrane impermeable to water. The volume of the vesicle was thus reduced by the inward folding of the membrane creating a stable stomatocyte shape. 219 

I.5. Conclusion

Through this chapter, it is clear that polymersomes are promising candidates as drug carriers. Made by self-assembly amphiphilic block copolymers, they are robust and versatile systems. Their size can be controlled from the nano-to the micro-scale. Recent formulation techniques, based for example on microfluidics, are of high-throughput, reproducible and scalable. Both the hydrophilic and hydrophobic parts of the polymersomes' membrane impact its properties such as its stealthiness, hydrophilicity, colloidal stability, permeability and elasticity. Polymer vesicles can also be obtained with different shapes and not only spherical (e.g., discs, stomatocytes). We have also quickly mentioned that the control over the polymer chemistry allows the functionalization of the block copolymers for imaging (fluorescence, radiography) or targeting purposes but also for stimuli-responsiveness.

My PhD research project fits in this context and had for objectives to: formulate polymersomes at the nano-and micro-scale, study their physico-chemical properties and perform their biological evaluation. The different steps of the project are detailed in each of the following chapters.

II.1. Introduction

In recent years, amphiphilic block copolymers have been widely investigated for their ability to self-assemble in water in various types of particles such as micelles, rods or vesicles. [1][2][3] They are indeed considered as a robust platform to obtain diverse polymeric objects that find applications as drug delivery systems, several of them being currently under clinical trials. [4][5][6][7] As discussed in I.4.1 (p38), polymeric vesicles -also named polymersomes -have many advantages to be used as drug delivery systems or imaging probes. The aim of this study was to prepare nano-polymersomes by self-assembly in water of different block copolymers in order to obtain a library presenting different physico-chemical properties. To that end, different block copolymers of poly(ethylene glycol)-b-poly(trimethylene carbonate) (PEGb-PTMC) and poly(ethylene glycol)-b-polybutadiene (PEG-b-PBD) were designed. Two different hydrophobic blocks, PTMC and PBD were selected. PTMC was chosen for its biocompatibility and its biodegradability upon enzymatic hydrolysis with a surface erosion mechanism generating non-acidic products. 8,9 PTMC is thus considered more stable than polylactide (PLA) or polycaprolactone (PCL) which degrade upon acidic hydrolysis.

We opted for PEG-b-PBD as means of comparison to PEG-b-PTMC since polymersomes based on this system have been widely investigated in the literature. [10][11][12] The other rationale behind this choice was that we would obtain different intrinsic properties between PEG-b-PTMC and PEG-b-PBD based vesicles such as membrane fluidity and permeability. In both systems, PEG was chosen as hydrophilic block for its biocompatibility and stealthiness property (cf. I.3.2, p28).

As mentioned in I.4.2.2 (p42), the hydrophilic weight fraction, i.e. the PEG weight fraction in our case (fPEG) is dictating the morphology of the self-assembled particles when formed at equilibrium. For PEG-b-PBD copolymers, the range of fPEG to use in order to preferentially form polymersomes was demonstrated since 2001 to be close to 35% (± 10%). 13,11,14 For PEG-b-PTMC copolymers, a study by Feijen et al. stated in 2003 that a PEG132-b-PTMC235

(fPEG = 19.5%) could form polymersomes. 15 Later studies on polylester-based polymersomes such as PLA or PCL, especially on PEG-b-PLA and PEG-b-PCL, also evidenced that low fPEG were needed to stabilized polymersomes with such polar hydrophobic segments. 16 This trend was recently confirmed by a study carried out in our group by Lebleu et al. 17 based on the PhD thesis of Dr. Laura Rodrigues. 18 A PEG45-b-PTMC96 copolymer of fPEG = 17.0% was shown to form polymersomes using both manual nanoprecipitation or controlled by microfluidics. 17,18 In both PEG-b-PTMC and PEG-b-PBD systems, different fPEG were chosen in these ranges in the hope of forming polymersomes. The overall molar masses of the copolymers were also varied at constant fPEG in order to tune the hydrophobic membrane thickness (δ) which can impact several physico-chemical properties, as explained in I.4.5.2 (p69). 19 Moreover, PEG length was also varied with the aim of forming polymersomes with a modulated PEG surface, which could impact their stealthiness property.

In this Chapter II, we first describe the synthesis and characterization of four different PEG-b-PTMC block copolymers. We provide the characterization of three commercial PEG-b-PBD block copolymers. Finally, we show the results of their self-assembly properties in water using a nanoprecipitation technique controlled by microfluidics. A microfluidic method was used since it allows the continuous production of particles with great repeatability and reproducibility and is scalable. In our work, we have decided to assess the repeatability and reproducibility and also evaluate the stability of our resulting nanoparticles. were used in order to modulate the PEG length. Copolymers 1 and 2 have a PEG44 while copolymers 3 and 4 have a PEG22.

II.2. Block copolymers synthesis and characterization

For both PEG length, two PEG weight fractions were targeted to modulate the PTMC block length while keeping the fraction near the value of 17% known to help the preferential formation of vesicles: fPEG ≈ 15% for copolymers 1 and 3 and fPEG ≈ 18% for copolymers 2 and 4.

Table II- The reaction was then quenched using an excess of acetic acid and the crude product was purified by precipitation in methanol. In order to obtain pure block copolymers, the precipitation and washes had to be repeated until no traces of monomer could be detected.

This was proved by 1 In the hope of improving both reaction time and conversion, one block copolymer synthesis was carried out using N-cyclohexyl-N'- (3,5-bis(trifluoromethyl)phenyl)thiourea (TU) as co-catalyst of DBU. The chosen reaction conditions, summarized in Table II-1 (p101), allowed to form copolymer 5, which is actually nearly the same copolymer as 3 but with a reaction time decreased by nearly 10-fold (3.5 h instead of 33 h) and an improved conversion (73% instead of 55%). 1 H NMR spectrum of copolymer 5 (PEG22-b-PTMC56) is shown in Figure S II-4 (p151). This test reaction shows that the ROP of TMC is much more efficient when using TU with DBU than DBU alone, in agreement with reported data. 20 The copolymers were not only characterized by 1 H NMR but also by steric exclusion chromatography (SEC), thermogravimetric analyses (TGA) and differential scanning calorimetry (DSC). Data obtained from these analyses are summarized in Table II-2. Table II- / characterization not performed since 5 was nearly the same copolymer as 3 
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Two different PEG weight fractions were obtained as calculated by 1 H NMR and found to be near the targeted values: fPEG ≈ 15% with PEG44-b-PTMC106 (1) and PEG22-b-PTMC55

(3) and fPEG ≈ 18% with PEG44-b-PTMC89 (2) and PEG22-b-PTMC46 (4).

Degrees of polymerization of PTMC were also estimated by SEC in THF equipped with a differential refractive index (dRI) detector. Even if number average molar masses (M n ̅̅̅̅ ) were not "true" values since a polystyrene (PS) calibration was used, they were fairly close to NMR values with around 10% of error. They confirmed the molar mass interval between copolymers and they allowed access to the copolymers' dispersity (Ð) found to be below 1.10, indicating uniformed molecular weights (Table II- work which showed the slow recrystallization of PEG-b-PTMC copolymers. 17 Actually, the higher the DP of PTMC, the slower the copolymer's recrystallization. For example, PEG45b-PTMC96, close to PEG44-b-PTMC89, only began to recrystallize at room temperature 2 hours after its melting. 17 The semi-crystallinity of PEGn-b-PTMCm copolymers might be an important characteristic during the self-assembly. However, if the formulation process used is fast enough, this phenomenon might be negligible, especially when small nanoparticles are obtained, leading to a strong confinement of PTMC chains. 21 

II.2.2. PEG-b-PBD

Three different (1,2)-adduct rich poly(ethylene glycol)-b-polybutadiene (PEGn-b-PBDp) block copolymers (Scheme II-2), named ( 6), ( 7) and ( 8) were purchased from PolymerSource. They were selected because they were supposed to present three different PEG molar masses (M n ̅̅̅̅ = 600, 1000 and 2000 g.mol -1 respectively) while still maintaining a PEG weight fraction in the fPEG = 35% ± 10% range. In conclusion, we have synthesized and characterized in details a library of PEG-b-PTMC and PEG-b-PBD block copolymers. They were all in the range of PEG weight fraction expected to be optimal for a preferential formation of polymersomes. The next step was then dedicated to the study of their self-assembly behavior in water, aiming at generating nanopolymersomes.

II.3. Nano-polymersomes formation and characterization

As discussed in I.4.3 (p46), the choice of the formulation process and its conditions allow the formation of polymersomes either at the nano-or micro-scale. Following a recent work from our group, we decided to form nano-polymersomes using a nanoprecipitation technique controlled by microfluidics. 17 This method allows the formation of size-controlled nanopolymersomes since the mixture between solutions can be controlled and easily tuned in a repeatable manner. 17

II.3.1. Microfluidic technique

In this study, nanoparticles were formed in pure water for an easier characterization and by using the microfluidic system from Dolomite Microfluidics depicted in 

II.3.2. Preliminary study

In a recent article, self-assembly experiments of PEG45-b-PTMC96, nearly the same copolymer as PEG44-b-PTMC89, were carried out at different water contents and flow rates starting with a copolymer solution in DMSO at a concentration of 1 or 5 g.L -1 . 17 Taking advantage of this know-how and with the aim of increasing the final copolymer concentration in NPs, self-assembly experiments were first carried out on two of our copolymers, PEG44-b-PTMC106 and PEG22-b-PTMC46, by using a concentration of the copolymer solution in DMSO (P-DMSO) at 10 g.L -1 .

Different water contents (wc) and flow rates (FR) were tested as described in Table II-4.

Our only limitations were that the accessible pressure was around 5 bars and the possible range of flow rates was between 30 and 1000 µL.min -1 (flowmeter characteristic). However, it can be noted that different flowmeters are available at Dolomite Microfluidics with ranges of flow rates from nL.min -1 to mL.min -1 . DCR can vary according to the laser stability. Therefore, this study only allowed a screening of the self-assembly conditions and results are discussed keeping this in mind. Before dialysis, both PEG44-b-PTMC106 and PEG22-b-PTMC46 NPs seemed to decrease in size (Dh) when water content was increased for the same flow rate of P-DMSO (500 µL.min - 1 for 30 to 50 wc%) and also for the same total flow rate (1000 µL.min -1 for 50 to 90 wc%).

It has to be noted that for 30 and 40 wc% total flow rates were not set at 1000 µL.min -1 but to a lower value, which can also contribute to a size increase. Moreover, for both types of formulations, it appeared that the higher the wc, the larger the size distribution (PDI).

Finally, DCR were fairly constant for PEG44-b-PTMC106 NPs but since Dh slightly decreased with the wc increase, the NPs' concentration may have increased. However, for PEG22-b-PTMC46 NPs, the derived count rates versus water content plot formed a bell shape which could mean that the NPs' concentration increased from 30 to 50 wc% (DCR increased even if Dh decreased) but decreased from 50 to 90 wc%.

After dialysis, the PEG44-b-PTMC106 NPs' size was fairly stable compared to before dialysis, with first a slight decrease from 30 to 60 wc% and then a slight increase until 90 wc%. Interestingly, PDI had the same trend, maintaining values below 0.20. The narrowest size distribution was for the 60 wc% formulation with PDI = 0.06 for Dh of 100 nm. Finally, derived count rates for 30 to 50 wc% were significantly higher after dialysis compared to before. This could mean that the NPs concentration increased during dialysis, like if new objects were formed, which could be explained by the fact that all the copolymer chains might not be precipitated at this low water content but were finally all precipitated upon the DMSO removal by dialysis. If that's so, it is remarkable that the NPs' size did not change after dialysis and that the PDI values were so low.

Actually, it is important to note that DCR variations are difficult to interpret since they depend on quite a few parameters such as the NPs' concentration, size and compactness, which is also related to the contrast between the NPs (polymer's nature) and the solvent.

Therefore, in the rest of this Chapter, we will mainly state the DCR changes observed (e.g., between before and after dialysis; or between the different copolymer NPs) and sometimes suggest an interpretation.

DCR values of PEG22-b-PTMC46 NPs were quite stable after dialysis compared to before.

Both the size and PDI of NPs formed at 30 and 40 wc% were higher after dialysis. Their PDI values over 0.25, indicating large size distributions. NPs formed from 50 to 70 wc% were fairly stable after dialysis. The formulation which had the lowest PDI (0.12) was formed at 50 wc% and presented a Dh of 175 nm. Finally, NPs formed at 80 and 90 wc% were not stable since aggregation could be visually observed.

II.3.3. Study on the copolymers' series

After this preliminary study, one condition (Condition 1) was selected and applied to all First, let's compare the characteristics of NPs obtained by self-assembly of both PEG44-b-PTMC106 and PEG44-b-PTMC89 using the two different conditions above. No prediction of a size variation was possible since water content was increased between 1 (50 wc%) and 2 (60 wc%), which can be expected to favor the formation of smaller NPs but the total flow rate (TFR) was also decreased between 1 (1000 µL.min -1 ) and 2 (500 µL.min -1 ) which has been found to have an opposite effect. 17 Results from Table II-6 show that before dialysis, PEG44-b-PTMC106 NPs formed with Condition 2 (60 wc%, TFR = 500 µL.min -1 ) were found to be larger (higher Dh) and more diluted (same DCR but higher Dh) than the ones formed with Condition 1 (50 wc%, TFR = 1000 µL.min -1 ). However, PEG44-b-PTMC89 Condition2-NPs were smaller than the Condition1-NPs and with a lower DCR, which cannot be interpreted here in terms of objects The copolymer concentration of Condition1-NPs was also measured by dry extract after dialysis. Values were found around 2.5 ± 0.1 g.L -1 . In theory, considering the dilution factor, they should be near 2.8 g.L -1 . The loss of copolymer could have occurred during the filtration of the copolymer solution in DMSO, or the online filtration in the microfluidic system or also during dialysis. It has to be noted that no filtration of the NPs was performed once they were formed in the microfluidic system.

After dialysis, the size and PDI of these four types of NPs decreased while DCR increased, which can mean that NPs evolved during dialysis to be smaller, more defined in size and more concentrated (higher DCR even if lower Dh). After dialysis, Condition2-NPs were actually smaller (Dh ≈ 100 nm) than Condition1-NPs (Dh ≈ 130 nm) meaning that water content increase had more impact on the size decrease than the total flow rate decrease had on a size increase. Condition2-NPs had a lower DCR than Condition1-NPs which cannot be interpreted here in terms of objects concentration since Dh was also lower. The four types of NPs had similarly low PDI after dialysis (≤ 0.10). Regarding the different PEG-b-PBD NPs, their size and PDI were similar before and after dialysis (Table II-6). However, their DCR was much higher (≈ 2 to 4 times) after dialysis, To conclude this DLS study on PEG-b-PTMC and PEG-b-PBD NPs, the repeatability was clearly great since standard deviations (SD) of each NPs' characteristic (Dh, PDI, DCR) were really low, before dialysis thanks to the use of the microfluidic system and even after dialysis. It can be especially noted that the size's SD after dialysis was always lower than 7

Like we have just

possibly
nm. In addition, all these NPs can be considered well-defined in size, some more than others but they all present a PDI lower than 0.16. Moreover, we evidenced that changing the nanoprecipitation's conditions allowed a size tuning of both PEG44-b-PTMC106 and PEG44b-PTMC89 NPs from around 130 nm to 100 nm, while maintaining a low PDI. Finally, we also observed that even if they were formed by the same procedure, the NPs' size distribution could not be predicted. It is true that the PEG weight fraction of the copolymer or its molar mass can play a role on the self-assembly, mostly by having an impact on the solubility of the copolymer in the two different solvents (H2O and DMSO). What is important to remember is that any slight difference in the process conditions can have an effect on the self-assembly. For example, we saw that PEG-b-PBD NPs were smaller when formed in presence of hydrophobic impurities. Therefore, it is crucial to control every parameter of the formulation process. In our study, the microfluidic system allowed a great repeatability.

However, it has to be noted that the room temperature could vary and, most importantly, the crystallization state of the copolymers was not controllable. This difference in the NPs' size might be explained by the room temperature changes between the first experiment (24 °C) and the second (20 °C). Indeed, all the thermodynamics of the system, such as the polymer solubility, the solvent mixing speed and viscosity, can be significantly influenced by the temperature. may have been performed too quickly after removal of the suspensions out of the dialysis bags, where they were evolving. This simple monitoring allowed to confirm our NPs' stability at least after 4 months in storage conditions (water, 4 °C). The Rg/Rh ratio was calculated since it is representative of the NPs' morphology. 23 A vesicular shape should indeed give Rg/Rh ≈ 1 whereas micelles should have Rg/Rh ≈ 0.67. Rg and Rh measured on NPs at a copolymer concentration of 1 g.L -1 observed at angles between 30 and 150°

II.3.4. Reproducibility study

Reproducibility

Values are detailed in

* Rg determined at 0.25 g.L -1 † Rg determined at 1 g.L -1 from data points obtained at angles between 30 and 90°

[NPs] equivalent for 1 g.L -1 of copolymer MALS also allowed the determination of the weight average molar mass of one particle Three other characteristics were estimated using M w ̅̅̅̅̅ (particle) and Rg: the aggregation number (Nagg), defined as the number of copolymer chains constituting one particle, the area Aggregation numbers (Nagg) were different for the different types of NPs, which was expected since this parameter depends on the molar mass of one particle and of the copolymer. Nevertheless, all the values were in the same range, around 10 4 copolymer chains per particle, except for PEG22-b-PBD52 (7p) NPs which had the highest Nagg with 3.0 x 10 5 chains. For NPs similar in size, the area per copolymer chain (Acopolymer) was expected to decrease with the copolymer molar mass, and indeed the highest value at 2.2 nm 2 was found for PEG44-b-PTMC106 (1) NPs (M w ̅̅̅̅̅ (copolymer) = 13600 g.mol -1 ) and the lowest with 0.4 nm 2 for PEG14-b-PBD19 ( 6) NPs (M w ̅̅̅̅̅ (copolymer) = 1700 g.mol -1 ). Finally, the equivalent were used in their purified form, the mix of morphologies cannot be explained by impurities.

Since their PEG weight fractions were within the theoretical fPEG = 35 ± 10%, it may come from the nanoprecipitation conditions but we did not attempt to optimize the process in this study.

The size and membrane thickness of the different types of polymersomes were measured on the cryo-TEM images and are listed in Table II- To summarize, for all our vesicles the PEG chains on their surface was in a conformation between mushroom and brush with different surface PEG densities (σ from 0.2 to 1.5 PEG chains/nm 2 ) and different PEG layer thicknesses (LPEG from 3.5 to 5.1 nm) which can be of importance for the NPs' stability and stealth property. values, the curve could not be fitted by neither model which was consistent with the fact that the NPs must have been a mixture of vesicles with a certain radius and cylindrical micelles of a certain length. The analysis was stopped here but it could have been interesting to fit the data by a model of this mixture to apprehend the ratio between both morphologies and their radii. Anyway, the performed fits allowed the obtention of the vesicles' hydrophobic membrane thickness and also of the cylinders' radius with values respectively at 21.5 and In theory, for polymer chains in random coil conformation and in an ideal θ solvent, a = 1/2. 11 For polymers in the strong segregation limit, the interfacial tension and chain entropy are balanced, the chains being more stretched and the exponent should be a = 2/3. 11,24 With either cryo-TEM or SANS data, δ was plotted versus M h ̅̅̅̅ as represented in vesicles on the cryo-TEM images cannot be exactly in the same plane, which gives rise to errors in a 0.7 to 1.8 nm range for our measurements.

For PEG-b-PTMC vesicles, we have found the exponents acryo-TEM(PTMC) = 0.42 and aSANS(PTMC) = 0.46 consistent with the literature values reported in our previous work with acryo-TEM(PTMC) = 0.47 and aSANS(PTMC) = 0.56. 17 These new exponents might be more precise since the hydrophobic membrane thicknesses were all measured for unilamellar vesicles, which was not the case in our previous work where only one formulation was constituted of unilamellar vesicles, the other two being vesicular aggregates. For PTMC, a < 0.5 more likely means that the polymer chains are not random coils but compacted chains, which could be due to the semi-crystalline propensity of PTMC. However, a deeper study of the crystalline state of the membrane should be performed to investigate this aspect, for example by conducting wide angle X-ray scattering (WAXS) experiments in solution. 

II.4. Conclusion

In this chapter, we have studied the self-assembly of a library of PEG-b-PTMC and PEGb-PBD copolymers, forming vesicles at the nanoscale.

We have first synthesized and/or characterized a series of these block copolymers. We have shown that the ring-opening polymerization of TMC using PEG as a macro-initiator allowed the formation of the following well defined block copolymers: PEG44-b-PTMC106

(1), PEG44-b-PTMC89 (2), PEG22-b-PTMC55 (3) and PEG22-b-PTMC46 (4). In addition, the reaction time was greatly improved when using thiourea (TU) as a co-catalyst of DBU.

However, 1 equivalent of both catalysts were used and it would be interesting to try to decrease these quantities without increasing too much the reaction time. It is worth mentioning that TMC is also recognized as a bio-based system since i) 1,3-propanediol, the starting material of the TMC synthesis, can be obtained from carbohydrates and ii) some carbonylation agents used for the cyclization can be produced from carbon dioxide. 25,26 Regarding the three commercial PEG-b-PBD block copolymers, only one (PEG14-b-PBD19 Finally, the scaling laws of the hydrophobic membrane thickness with the hydrophobic block molar mass ( ∝ M h ̅̅̅̅ a ) were determined for both PTMC and PBD using either cryo-TEM or SANS data. This scaling law is of great importance since it will be used as a prediction tool for future experiments. Indeed, a specific M h ̅̅̅̅ can be targeted by synthesis in order to obtain a certain δ. The exponent of the scaling law for PBD was near 0.5, consistent with the literature. 11 However, for PTMC, the exponent was lower than 0.5 which could mean that chains are compacted in the membrane. A further characterization of the crystalline state of the PTMC chains enclosed in the membrane could help to understand this possible compacted state.

In Synthesis of copolymers 1-4 (TMC polymerization with DBU). The procedure described below was adapted from Drappier et al. 27 based on the work of Nederberg et al. 20 to prepare copolymer 3. The targeted degree of polymerization (DP) of PTMC was 50 with a targeted conversion of p = 50%. In a glovebox, dry THF (3 mL) was added in a schlenk containing dried MeO-PEG22-OH (540 mg, 0.54 mmol, 1 eq) and let to stir until total dissolution. Separately, TMC (previously recrystallized, 5.5 g, 54 mmol, 100 eq) was dissolved in dry THF (8 mL). The TMC solution was added in the PEG solution. DBU (previously distilled, 80 µL, 0.54 mmol, 1 eq) was introduced in the schlenk and marked the beginning of the reaction. The mixture was left to stir at 25 °C out of the glovebox. The reaction progress was checked by 1 H NMR of samples from the crude product. When the expected PTMC DP was reached (reaction duration of 33 h), the reaction was quenched with an excess of acetic acid (200 µL, 13 mmol, 12 eq). The crude product was introduced in cold methanol (-20 °C) to precipitate the copolymer (1 mL into 50 mL in falcons), centrifuged to remove the supernatant (4 °C, 3500 rpm), washed two more times with cold methanol and dried under vacuum overnight. If traces of monomer were still remaining, the polymer was dissolved again in THF and the same procedure was applied again. The pure copolymer was obtained as a white powder. The DP of PTMC was found to be 55 obtained with a conversion of 55% and a yield of 53 wt%. The copolymer was named PEG22-b-PTMC55. The four PEGn-b-PTMCm copolymers synthesized by ROP of TMC with presence of DBU were also characterized by SEC in THF, TGA and DSC.

N-cyclohexyl-N'-(3,5-bis(trifluoromethyl)phenyl)thiourea (TU).

In a 50 mL roundbottom flask, cyclohexylamine (2.11 mL, 18.4 mmol, 1 eq) was added dropwise at room temperature to a solution of 3,5-bis(trifluoromethyl)phenyl isothiocyanate (3.38 mL, 18.4 mmol, 1 eq) in 16.5 mL of THF. The resulting mixture was stirred at 30 °C for 3 h. The reaction was followed by thin-layer chromatography (cyclohexane/EtOAc 2/1) with a retardation factor Rf(TU) = 0.67 and was then concentrated under vacuum. The residue was recrystallized with chloroform to give a white powder (6.39 g, 17.3 mmol, yield: 94 wt%). 

Synthesis of copolymer 5 (TMC polymerization with DBU and TU).

The procedure described below was used to prepare the PEG22-b-PTMC55 copolymer. The targeted degree of polymerization (DP) of PTMC was 50 with a targeted conversion of 65%. In a glovebox, dry THF (4 mL) was added in a schlenk containing dried MeO-PEG22-OH (500 mg, 0.5 mmol, 1 eq) and let to stir until total dissolution. Separately, TMC (previously recrystallized, 3.9 g, 39 mmol, 77 eq) and TU (previously recrystallized, 240 mg, 0.7 mmol, 1.3 eq) were dissolved in dry THF (13 mL). The TMC/TU solution was added in the PEG solution. DBU (previously distilled, 97 µL, 0.7 mmol, 1.3 eq) was introduced and marked the beginning of the reaction. The mixture was left to stir at 25 °C out of the glovebox. The reaction progress was checked by 1 H NMR of quenched samples from the crude product. When the expected PTMC DP was reached (reaction duration of 3.5 h), the reaction was quenched with an excess of acetic acid (260 µL, 9 mmol, 12 eq). The crude product was introduced in cold methanol (-20 °C) to precipitate the polymer (1 mL into 50 mL in falcons), centrifuged to remove the supernatant (4 °C, 3500 rpm), washed two more times with cold methanol and dried under vacuum overnight. If traces of monomer were still remaining, the copolymer was dissolved again in THF and the same procedure was applied again. The pure copolymer was obtained as a white powder. The DP of PTMC was found to be 56 obtained with a conversion of 73% and a yield of 72 wt%. This copolymer was also characterized by SEC in THF (Ð = 1.06).

II.5.2.2. PEGn-b-PBDp block copolymers

The three commercial PEGn-b-PBDp from PolymerSource were characterized by 1 were fitted online after flowmeters i.e. before the chip using male and female luer lock adapters. One pump was connected to the chip through the first and third inputs using a Tconnector. The other pump was directly linked to the chip through the second input. A camera was used to verify that the chip was dust free and air bubbles free. Under nitrogen pressure, flow rates were applied by the Mitos Flow Control Center 2.5.17 software. The right fluid calibration was selected in the software in order for the flowmeters to apply actual flow rates. Water calibration was chosen for the water pump. DMSO was not a fluid in option, calibration was thus performed using the following method.

DMSO calibration. The previously described microfluidic system was used with two pumps filled with DMSO which was filtered off with PTFE 0.45 µm syringe filters. Using a fluid calibration for mineral oil given by the software, a range of flow rates (30-1000 µL.min - Nanoprecipitation. Ultrapure water and copolymer solution in DMSO (10 g.L -1 ) were respectively filtered off with cellulose acetate 0.22 µm and PTFE 0.45 µm syringe filters.

One pump was filled with the filtered copolymer solution in DMSO (P-DMSO) and connected to the chip through the first and third inputs using a T-connector. The other pump was filled with filtered ultrapure water and directly linked to the chip through the second input. After verification that the chip was dust free and air bubbles free using a camera, flow rates were applied via the software. Flow rates for the water pump were controlled with the integrated water calibration. Flow rates for P-DMSO were applied with the correction factor of 0.71 (cf. DMSO calibration) by using the integrated mineral oil calibration. For two copolymers, PEG44-b-PTMC106 (1) and PEG22-b-PTMC46 (4), experiments were carried out with different flow rates and different water contents (wc). One condition was selected and applied to the series of PEG-b-PTMC and PEG-b-PBD block copolymers. A flow rate of 500 µL.min -1 of P-DMSO was set for 500 µL.min -1 of H2O. A volume of 3 mL of suspension (1000 µL.min -1 total flow rate; 50 wc%) was collected into a glass vial from the chip's output. The organic solvent was removed by dialysis against deionized water using a 3.5 kD cut-off dialysis membrane (Spectra/Por RC, 5 L of water, 2 changes). After dialysis, the volume of suspension was higher, around 5 mL (dilution factor near 1.7). TSK HXL gel (G2000, G3000 and G4000) with exclusion limits from 200 to 400000 g.mol - 1 . Analyses were carried out on polymer samples (10 g.L -1 ) at 40 °C using THF as eluent (1 mL.min -1 ) and trichlorobenzene as flow marker. EasiVial kit of polystyrenes from Agilent was used as standard (162 to 364000 g.mol -1 ) to determine the polymer's number average molar mass (M n ̅̅̅̅ ) and dispersity (Ð). Data were processed using Astra software.

II

TGA. Thermogravimetric analyses (TGA) were performed on a TA Instruments Q500 under a continuous nitrogen flow using approximatively 8 mg of samples in a platinum pan.

The heating run was recorded at 10 °C.min -1 from room temperature to 500 °C.

DSC. Differential scanning calorimetry (DSC) analyses were carried out on a TA Instruments Q100 under a continuous flow of nitrogen and helium (25 mL.min -1 ), using Samples were first prepared in H2O and the change of solvent to D2O was done using an ultrafiltration system (10 mL Amicon Millipore stirred cell, Ultracel disc of 100 kD cut-off).

Suspensions in H2O were diluted 5 times with D2O, concentrated, washed a second time and concentrated again. Residual water content H2O was supposed near 3 vol%.

Samples were placed into Thuet quartz cells of 2 mm or 5 mm optical path length (thicker for the lower concentrations). Absolute values of the scattering intensity, 𝐼(𝑞), (in cm -1 ) were obtained from the direct determination of the incident beam flux. 29 Scattering intensity from 𝑁 identical particles of spherical symmetry with a volume 𝑉 𝑃 placed in a total volume 𝑉 can be expressed as follows:

𝐼(𝑞) = 𝛷(𝛥𝜌) 2 𝑉 𝑃 𝑃(𝑞)𝑆(𝑞) (14) 
where 𝑃(𝑞) is the form factor of the particles, 𝑆(𝑞) the structure factor, 𝛷 = A form factor of a vesicle or a cylinder was used to fit the data. Their expression both come from the work of Guinier. 30 The vesicle model is a shell model where particles are defined by spherical shells of PTMC or PBD (Figure II-25) with:

𝑃(𝑞) = 1 (𝑉 𝑒 -𝑉 𝑐 ) 2 [3𝑉 𝑒 sin(𝑞𝑅 𝑒 ) -𝑞𝑅 𝑒 𝑐𝑜𝑠(𝑞𝑅 𝑒 ) (𝑞𝑅 𝑒 ) 3 -3𝑉 𝑐 sin(𝑞𝑅 𝑐 ) -𝑞𝑅 𝑐 𝑐𝑜𝑠(𝑞𝑅 𝑐 ) (𝑞𝑅 𝑐 ) 3 ] 2 (15) 
where (𝑅 𝑒 , 𝑅 𝑐 ) and (𝑉 𝑒 , 𝑉 𝑐 ) are respectively the external and core radii and volumes and 𝛿 = 𝑅 𝑒 -𝑅 𝑐 the hydrophobic membrane thickness.

A form factor of cylinder was used to fit data which seemed to correspond to cylindrical micelles. The cylinder model is a model where particles are defined as randomly oriented rods of PBD (Figure II-25) with:

𝑃(𝑞) = [6 𝑠𝑖𝑛 ( 1 2 𝑞𝐿𝑐𝑜𝑠𝛼) 1 2 𝑞𝐿𝑐𝑜𝑠𝛼 [𝑠𝑖𝑛(𝑞𝑅𝑠𝑖𝑛𝛼) -𝑞𝑅𝑠𝑖𝑛𝛼 × 𝑐𝑜𝑠(𝑞𝑅𝑠𝑖𝑛𝛼)] (𝑞𝑅𝑠𝑖𝑛𝛼) 4 ] 2 ( 16 
)
where 𝑅 is the cylinder's radius and 𝐿 its length and 𝛼 the angle between the cylinder's axis and the scattering vector 𝑞 .

Both radius polydispersity 𝜎 𝑅 and thickness polydispersity 𝜎 𝛿 were estimated as standard deviations of a lognormal distribution. Standard deviations (𝑆𝐷 𝑅 , 𝑆𝐷 𝛿 ) were calculated for by multiplying the respective polydispersity (𝜎 𝑅 , 𝜎 𝛿 ) with either the value of the radius (𝑅)

or of the thickness (𝛿). 

II.7. Annexes Annex II-1. Principle of a scattering experiment

Experimental techniques based on diffusion are widely used in polymer science to characterize self-assembled particles since they are non-invasive and provide information on the matter structuration at a very small scale. During a scattering experiment, a monochromatic incident beam with a certain 𝜆 𝑖 wavelength and 𝑘 𝑖 ⃗⃗⃗ wave vector is applied to the sample. After its encounter with 𝑁 scattering objects, the plane wave becomes 𝑁 spherical waves scattering in all directions of space and interfering with one another. This phenomenon is mainly due to the Rayleigh scattering, which is an elastic scattering by objects much smaller than the incident radiation wavelength 𝜆 𝑖 . The scattered wave (𝜆 𝑑 , 𝑘 𝑑 ⃗⃗⃗⃗ )

is the superposition of all the spherical waves, corrected by a phase factor due to the phase difference of the incident wave when it reaches another object located at a distance 𝑟 (Figure

A II-1).

For each observation direction, defined by the angle 𝜃 formed between the incident wave vectors 𝑘 𝑖 ⃗⃗⃗ and the scattered one 𝑘 𝑑 ⃗⃗⃗⃗⃗ , a scattering vector 𝑞 can be defined: In the case of a static approximation, for which the scattering objects are considered stationary, the radiation is scattered in an elastic way, i.e. without a change of energy, so the modules of the wave vectors are equal ‖𝑘 𝑖 ⃗⃗⃗ ‖ = ‖𝑘 𝑑 ⃗⃗⃗⃗ ‖ and only the direction of the wave changes. Therefore, for each angle of observation 𝜃, the norm of the scattering vector 𝑞 is:

𝑞 = 𝑘 𝑑 ⃗⃗⃗⃗ -𝑘 𝑖 ⃗⃗⃗ with ‖𝑘 𝑖,𝑑 ⃗⃗⃗⃗⃗⃗ ‖ = 2𝜋 𝜆 𝑖,𝑑 (17) 
𝑞 = ‖𝑞 ‖ = 4𝜋 𝜆 𝑖 sin( 𝜃 2 ) (18) 
This parameter 𝑞 is very important, its dimension is the inverse of a length and it is very often expressed in Å -1 . To obtain a maximum of structural information, the range of 𝑞 must be the same as the inverse of the characteristic sizes of the sample to be measured. In addition, to scan a certain range of 𝑞, different scattering techniques can be chosen depending on their source of radiation: light, neutrons or X-rays (cf. The scattered intensity of a number 𝑁 of identical particles of spherical symmetry, of a volume 𝑉 𝑃 and placed in a total volume 𝑉 can be expressed as a function of the modulus of the scattering vector 𝑞, according to the following equation:

𝐼(𝑞) = 𝑁 𝑉 (𝛥𝜌) 2 𝑉 𝑃 2 𝑃(𝑞)𝑆(𝑞) (19) 
where 𝑃(𝑞) is the form factor of the particles reflecting their size and geometry, 𝑆(𝑞) is the structure factor representing particle-particle interactions and (𝛥𝜌) 2 is the contrast, i.e. the difference in scattering length density ('scattering power') between the particles and the solvent. The scattering length is intrinsic to the atom and characterizes the range of interactions between the radiation and the atom.

In the case of very diluted solutions, particle-particle interactions can be neglected, the structural factor tending towards 1 can also be neglected, thus simplifying equation (19). In addition, a volume fraction 𝛷 can be defined as:

𝛷 = 𝑁𝑉 𝑃 𝑉 (20) 
hence the reformulation of (19) in:

𝐼(𝑞) = 𝛷(𝛥𝜌) 2 𝑉 𝑃 𝑃(𝑞) (21) 
Finally, the shape of the 𝐼(𝑞) curve allows the determination of different geometric parameters of the studied particles, via the 𝑃(𝑞) form factor.

Annex II-2. Dynamic light scattering (DLS)

The dynamic light scattering (DLS) technique allows the measurement of the hydrodynamic radius (𝑅 ℎ ) of nanoparticles in suspension and their size distribution (polydispersity index PDI). The hydrodynamic radius is defined as the radius of an equivalent hard sphere diffusing at the same rate as the particle under observation. Since in suspension, particles do not exist as hard spheres, their hydrodynamic radius corresponds to the apparent radius of the solvated particles.

As its name suggests, the principle of dynamic light scattering is based on the analysis of the temporal variation of the scattered wave intensity 𝐼(𝑞, 𝑡) at a fixed scattering vector.

These fluctuations are caused by the Brownian motion of the NPs in suspension and give information on the movement of the scattering objects. The time evolution 𝐼(𝑞, 𝑡) is represented by an autocorrelation function. There are several treatments for the decrease of this function over time, such as the cumulants method (for a monomodal size distribution)

or the CONTIN method (for a polymodal size distribution), which allow the determination of 𝛤, the relaxation frequencies associated with the NPs' movement. The diffusion coefficient (𝐷) of the NPs is then calculated using Fick's first law of diffusion:

𝐷 = 𝛤𝑞 2 (22) 
and their hydrodynamic radius is determined by the Stokes-Einstein relationship:

𝑅 ℎ = 𝑘 𝐵 𝑇 6𝜋𝜂𝐷 (23) where 𝑘 𝐵 𝑇 is the Boltzmann energy factor with 𝑇 the temperature and 𝜂 the solvent viscosity.

For example, small particles will move much faster than large ones making the scattering intensity fluctuates faster as described in Figure A II-2.

An intensity distribution (intensity as function of 𝑅 ℎ ) is usually used to represent DLS data.

However, it has to be noted that the scattering intensity is proportional to both the NPs' size (𝑅 ℎ ) and their concentration [𝑁𝑃𝑠] as follows:

𝐼(𝑞) ∝ (𝑅 ℎ ) 6 × [𝑁𝑃𝑠] (24) 
The scattering intensity can be expressed as a derived count rate (DCR), which is the theoretical number of photons detected in a certain time basis (usually in counts per second) if the laser power of the instrument was at 100%, meaning without signal attenuation. 31 This characteristic allows the comparison of signal strengthes between samples but one has to note that it is largely dependent on the laser stability and aging with time.

Because of the proportionality in equation ( 24), DLS is a technique very sensitive to large objects that could come from the NPs' aggregation or from dust contamination. A higher DCR might mean a higher 𝑅 ℎ or a higher [𝑁𝑃𝑠] or both. In order to evaluate the NPs' homogeneity in size, the intensity might be misleading, thus the polydispersity index (PDI) is considered more accurate. It is defined as follows:

𝑃𝐷𝐼 = ( 𝑆𝐷 𝑀𝑒𝑎𝑛 ) 2 (3) 
with SD the standard deviation. The lower the PDI, the more homogeneous the NPs' size.

Generally, NPs with PDI values smaller than 0.10 are considered well-defined in size. Multi-angle static light scattering (SLS) allows the measurement of the radius of gyration (𝑅 𝑔 ) of the NPs, which is defined as the mass weighted average distance from the gyration center of a particle to each of its mass element. In SLS experiments, the absolute scattering intensity 𝐼(𝑞) of a sample can be deduced as a Rayleigh ratio excess (𝛥𝑅) by substracting the scattering intensity of the solvent and by using a reference sample for which the Rayleigh ratio is known (e.g. with toluene, 𝑅 𝑡𝑜𝑙𝑢𝑒𝑛𝑒 = 1.35 × 10 -5 cm -1 ), such as:

𝐼(𝑞) = 𝛥𝑅 = 𝐼 -𝐼 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝐼 𝑡𝑜𝑙𝑢𝑒𝑛𝑒 × ( 𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 𝑛 𝑡𝑜𝑙𝑢𝑒𝑛𝑒 ) 2 × 𝑅 𝑡𝑜𝑙𝑢𝑒𝑛𝑒 (25) 
where 𝐼, 𝐼 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 and 𝐼 𝑡𝑜𝑙𝑢𝑒𝑛𝑒 are respectively the scattering intensities of the sample, the solvent and toluene and with 𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 , 𝑛 𝑡𝑜𝑙𝑢𝑒𝑛𝑒 are respectively the refractive indexes of the sample and toluene (𝑛 𝑡𝑜𝑙𝑢𝑒𝑛𝑒 = 1.496 at 25 °C). In the Guinier approximation (𝑞𝑅 𝑔 ≪ 1), 30 the slope of the linear fit of 𝑙𝑛(𝐼(𝑞)) as a function of 𝑞 2 (Guinier plot) allows the determination of the radius of gyration (𝑅 𝑔 ) of the NPs according to the following relationship:

𝑙𝑛(𝐼(𝑞)) = 𝑙𝑛(𝐼(0)) - 1 3 𝑅 𝑔 2 𝑞 2 (26) 
Multi-angle SLS also allows the determination of the weight average molar mass of one particle (𝑀 𝑤 ̅̅̅̅̅ (𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒)) using the following virial expression in a dilute regime:

𝐾𝑐 𝛥𝑅 = 1 𝑀 𝑤 ̅̅̅̅̅ (1 + 1 3 𝑅 𝑔 2 𝑞 2 ) + 2𝐴 2 𝑐 ( 27 
)
where 𝑐 is the copolymer concentration, 𝐴 2 the second virial coefficient, which describes the particle-solvent interactions and where 𝐾 is the following constant:

𝐾 = 4𝜋 2 𝑛 0 2 ( 𝑑𝑛 𝑑𝑐 ) 2 𝑁 𝐴 𝜆 4 (28) 
with 𝑛 0 the refractive index of the solvent, (𝑑𝑛/𝑑𝑐) the refractive index increment characterizing the change of refractive index with the copolymer concentration, 𝑁 𝐴 Avogadro's number (𝑁 𝐴 = 6.022 × 10 23 mol -1 ) and 𝜆 the wavelength of the light source.

In order to obtain 𝑀 𝑤 ̅̅̅̅̅ (𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) and 𝑅 𝑔 , scattering intensity of the sample was measured not only at different angles (𝜃) but also at different copolymer concentrations (𝑐). Data can be displayed with a Berry plot, 33 as illustrated in Figure A II-3:

[ 𝐾𝑐 𝛥𝑅 ] 1/2 = 𝑓(𝑞 2 + 𝑘𝑐) ( 29 
)
where 𝑘 is an arbitrary constant, which only changes the data representation. An extrapolation is carried out at 𝜃 = 0 for each 𝑐 to determine 𝐴 2 while an extrapolation at 𝑐 = 0 at different 𝜃 gives 𝑅 𝑔 . The intercept of the two projections corresponds to the multiplicative inverse of 𝑀 𝑤 ̅̅̅̅̅ (𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒). For particles made by self-assembly of amphiphilic copolymers, three other characteristics are interesting to know: i) the average number of copolymer chain constituting one particle, called the aggregation number (𝑁 𝑎𝑔𝑔 ), ii) the average area per copolymer chain (𝐴 𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟 )

and iii) the concentration of NPs ([𝑁𝑃𝑠]).

The aggregation number (𝑁 𝑎𝑔𝑔 ), defined as the number of copolymer chains constituting one particle, can be deduced from the ratio of 𝑀 𝑤 ̅̅̅̅̅ (𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) over the weight average molar mass of the copolymer 𝑀 𝑤 ̅̅̅̅̅ (𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟), as follows:

𝑁 𝑎𝑔𝑔 = 𝑀 𝑤 ̅̅̅̅̅ (𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) 𝑀 𝑤 ̅̅̅̅̅ (𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟) (30) 
knowing the copolymer dispersity (Ð):

𝑀 𝑤 ̅̅̅̅̅ = 𝑀 𝑛 ̅̅̅̅ × Ð (31) 
The area per copolymer chain (𝐴 𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟 ) in a polymersome can be expressed as:

𝐴 𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟 = 2 × 4𝜋 × 𝑅 𝑔 2 𝑁 𝑎𝑔𝑔 ( 32 
)
if we consider the polymersomes' membrane as a strict bilayer with no interdigitation or entanglement, which is probably not the case; thus, this calculation is only a rough estimation of the reality.

Finally, the molar concentration of NPs ([𝑁𝑃𝑠]) can be estimated for an equivalent copolymer mass concentration ([𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟]) as follows:

[𝑁𝑃𝑠] = [𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟] 𝑀 𝑤 ̅̅̅̅̅ (𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟) × 𝑁 𝑎𝑔𝑔 (33) 
Annex II-4. Small-angle neutron scattering (SANS)

Small-angle neutron scattering (SANS) experiments were performed at the Léon Brillouin Laboratory (UMR 12, CEA-CNRS) in Saclay, in collaboration with Annie Brûlet. They were carried out on the PACE spectrometer, which is equipped with a BF3 detector constituted of 30 concentric rings (each 1 cm wide). Their position depends on the scattering angle 𝜃 and the wavelength 𝜆 therefore on the scattering vector 𝑞. Different spectrometer configurations were used (𝜆: neutron beam's wavelength and 𝐿:

The diagram in

sample-detector distance) to cover a range of scattering vectors 𝑞 as wide as possible while having sufficient overlap between the intervals. The swept 𝜃 angles were no larger than 5°

hence the name 'small-angle' scattering.

The data processing and fitting are explained in the Experimental section, paragraph II.5.3.2 (p145).

Annex II-5. Principle of a zeta potential measurement

A nanoparticle suspended in a solvent has an electrical charge due to the presence of an electronic cloud formed during its movement. Ions form a double layer on the surface of the NP, some adsorbing to it (Stern layer) and others circulating around it (diffuse layer). The boundary between these two layers is named the slipping plane. The zeta potential is defined as the difference in potential between the dispersion medium and the slipping plane (Figure As discussed in I.4.4.2 (p66), PEG chains on the surface of polymersomes can be considered as grafted onto a spherical surface. To identify the type of PEG conformation, the distance between PEG chains (𝐷) has to be compared to the radius of gyration (𝑅 𝑔 ) of the chains (cf. 𝐷 can be estimated using the PEG surface density (𝜎) as follows: 34

A II-5).

𝐷 = 2(𝜋𝜎) -1/2 (40) 
with 𝜎 describing the number of PEG chains per nm 2 of the NP's surface. The number of PEG chains of the outer membrane should correspond to half the aggregation number (𝑁 𝑎𝑔𝑔 ), which can be found by MALS. The area of one NP (𝐴 𝑁𝑃 ) can be expressed as the area of a sphere of radius, which is not comprising the PEG layer, corresponding for example to the cryo-TEM radius (𝑅 𝑐𝑟𝑦𝑜-𝑇𝐸𝑀 ). Thus, 𝜎 can be calculated as follows:

𝜎 = 1 2 𝑁 𝑎𝑔𝑔 𝐴 𝑁𝑃 (41) 
with

𝐴 𝑁𝑃 = 4𝜋(𝑅 𝑐𝑟𝑦𝑜-𝑇𝐸𝑀 ) 2 (42) 
Regarding 𝑅 𝑔 , scaling laws were determined in the literature for PEG chains. 35,36 For PEG of low molar masses, 𝑅 𝑔 were determined for example by Bhat and Timasheff. 37 Once 𝑅 𝑔 and 𝐷 determined, the reduced grafting density (𝛴) can be calculated using equation 6 (p68) and the conformational regime of the PEG chains can be determined.

Moreover, as stated in I.4.4.2 (p66), the thickness of the PEG layer (𝐿 𝑃𝐸𝐺 ) can also be estimated using the distance 𝐷 between PEG chains and the PEG degree of polymerization (𝑁) according to the PEG conformation (cf. Table I-3, p68).

Experimentally, the PEG layer thickness is difficult to determine. The NPs' radius without the PEG layer can be measured by cryo-TEM for example. However, the hydrodynamic radius obtained by DLS comprises the NPs' radius with the PEG layer but also with its solvation sphere. Thus, the difference (𝑅 ℎ -𝑅 𝑐𝑟𝑦𝑜-𝑇𝐸𝑀 ) is overestimating the PEG thickness.

Chapter III. Micro-and submicropolymersomes III.1. Introduction

After the formulation of nano-sized polymersomes around 100 nm using a nanoprecipitation method described in Chapter II, this Chapter III focuses on the selfassembly of the same block copolymer series at the micro-scale. To our knowledge, only nano-sized PEG-b-PTMC polymersomes were reported in the literature, using bulk hydration 1 or nanoprecipitation. 2,3 The development of micro-sized PEG-b-PTMC polymersomes was thus an interesting challenge to be tackled, opening new avenues to study such biocompatible systems. First, we studied the formation of micro-sized polymersomes (GUVs) by both film hydration and electroformation techniques (cf. I.4.3.1, p47). We also assessed their ability to be extruded in order to obtain submicro-sized polymersomes (LUVs). Then, the membrane properties of the resulting PEG-b-PTMC giant polymersomes were studied using different techniques such as osmotic shock, temperature variation, micropipette aspiration and fluorescence recovery after photobleaching. Since PEG-b-PBD giant vesicles have been widely studied, they were used as a reference to compare our findings on PEG-b-PTMC GUVs.

III.2. Film hydration

First, the film hydration method (FH) was performed on PEG14-b-PBD19 since it is known to work easily for low molar mass amphiphilic copolymers. Moreover, in order to evaluate its feasibility on higher molar mass copolymers and especially on PEG-b-PTMC, the film hydration of PEG44-b-PTMC106 was also carried out. (PDI = 1) while FH of PEG44-b-PTMC106 only formed two populations around 300 nm and over 1 µm (PDI ≈ 0.3). Overall, the FH of PEG44-b-PTMC106 allowed to form less polydispersed particles than FH of PEG14-b-PBD19 but with a high PDI and sizes from the nano-to the micro-scale. Thus, we concluded that film hydration was not the best method the melting temperature of each copolymer, which may have not allowed enough mobility and fluidity of the copolymer chains and thus a low deformability of the particles. Finally, since this study was only providing preliminary results, these particles were not further characterized.

III.2.1. Preliminary study

III.2.2. Study on the copolymers' series

The feasibility of the film hydration method was then tested once on the copolymers' The sample of PEG44-b-PTMC89 was interesting too in a sense that most of the micro-sized objects formed were stomatocytes or discocytes. However, these samples were only produced once and as shown by DLS 90°, submicro-sized particles were also obtained for all samples. This confirmed that film hydration in these conditions was not able to form micro-scale vesicles with narrow size dispersity and this is why electroformation was tested afterwards (cf. paragraph III.3, p185).

Nevertheless, all samples were extruded at 100 nm and first characterized by DLS 90°. For the other five samples, particles were obtained with sizes in a similar range (120 < Dh < 190 nm) and relatively well-defined (0.05 < PDI < 0.12). The higher derived count rates (DCR) were obtained for PEG14-b-PBD19 and PEG22-b-PTMC46 samples, meaning that the concentration of particles was much more important in these two samples than for the others.

Results are presented in

This was actually confirmed by cryo-transmission electron microscopy (cryo-TEM). Indeed, the number of objects was sufficient to image correctly the morphologies formed for only To conclude, the film hydration method followed by extrusion seemed to form nano-sized vesicles for the whole copolymer's series if a long enough hydration time was used, but with a correct yield only for PEG14-b-PBD19 NPs (Dh = 187 nm, PDI = 0.10) and PEG22-b-PTMC46 NPs (Dh = 183 nm, PDI = 0.05). It is interesting to compare these results to the ones obtained by nanoprecipitation controlled by microfluidics from Chapter II. For PEG14-b-PBD19, nanoprecipitation allowed the obtention of perfectly spherical unilamellar vesicles (Dh = 76 nm, PDI = 0.05), which are 2.5 times smaller than the ones obtained by film hydration followed by extrusion (Dh = 187 nm, PDI = 0.10), where vesicles were found to be unilamellar and bilamellar. Thus, an extrusion at 100 or 50 nm above the melting temperature of the copolymer might yield such small spherical unilamellar vesicles. For PEG22-b-PTMC46, the size of particles obtained by both methods is very similar around 180 nm but PDI of the film hydration followed by extrusion is lower with 0.05 compared to 0.12.

This can be explained by the fact that extrusion forces the vesicles to obtain a certain size.

Nonetheless, the controlled nanoprecipitation technique seems preferable for the formation of vesicles with a higher concentration (DCR ×10 3 c.s -1 ), more rapidly, and in a repeatable and reproducible way. However, as stated in Chapter I, the film hydration technique can be a good replacement of co-solvent methods such as nanoprecipitation when no contamination of the samples with traces of organic solvent is an absolute requirement.

III.3. Electroformation

III.3.1. Electroformation process

Since film hydration did not allow the formation of well-defined giant unilamellar vesicles using our copolymers, the method of film hydration assisted by an electric field, the so-called 

III.3.2. Optimization of the electroformation process

We focused on the optimization of the procedure for both PEG14-b-PBD19 and PEG22-b-PTMC46. In order to form larger volumes per batch, 50×50 mm ITO slides were preferred to the 25×25 mm ones allowing the production of 1.2 mL of sample instead of 0.2 mL.

Electroformation of PEG14-b-PBD19 GUVs was optimized on these slides with the use of a copolymer solution at 5 g.L -1 in order to yield more GUVs in 0. 

III.3.3. Extrusion after electroformation

In order to verify if the calibration in size of GUVs to LUVs was feasible, both types of 

III.4. Properties of GUVs

Having succeeding in forming giant unilamellar vesicles by electroformation, we chose to elucidate their membrane properties. To that end, quite a broad set of experiments can be performed, but we only carried out experiments feasible at the LCPO laboratory by using the confocal laser scanning microscope. The response of PEG14-b-PBD19 and PEG22-b-PTMC46 GUVs to hypertonic shocks, temperature variations and micropipette aspirations was observed and fluorescence recovery after photo-bleaching (FRAP) experiments were also performed.

III.4.1. Hypertonic shocks

After their formation by electroformation in 0.1 M sucrose solution, GUVs were decanted into a glucose solution at 0.1 M and hypertonic shocks were carried out by two successive additions of a 0.3 M glucose solution followed by a third addition of a 1 M glucose solution.

As said previously in Chapter I, paragraph I.4.5.4 (p76), osmotic pressure differences (Δ𝜋)

between the osmolarities inside and outside the vesicle can be easily calculated using equation 13 (p76). In this experiment, 1 molecule of sucrose or glucose was considered to lead to 1 Osmol since they are both well soluble in water. Thus, the resulting osmotic pressures applied between each step were respectively: Δ𝜋 = -2.5 bar, -0.8 bar and -2.7 bar.

However, we will talk about the total osmotic pressure applied (Δ𝜋 𝑡𝑜𝑡 ) from the initial state of GUVs (with 𝑐 𝑖𝑛 = 0.1 OsM sucrose solution), meaning for each step: Δ𝜋 𝑡𝑜𝑡 = -2.5 bar, - Hypertonic shocks were also performed on PEG14-b-PBD19 GUVs, which were formed in sucrose 0.3 M and decanted in glucose 0.3 M. To that end, a 1 M glucose solution was added at once (Δ𝜋 𝑡𝑜𝑡 = -1.7 bar) and the evolution of the GUVs was followed by video under the CLSM. ). 6 However, to our knowledge, starfish vesicles were only observed for lipid-based membranes after formation of discocytes or stomatocytes. 8 The fission of starfish vesicles into smaller vesicles through budding has also been already reported for liposomes. 9 Regarding more globally the fission of a tubular shape into smaller vesicles, a relatively similar mechanism of 'pearling' with the appearance of interconnected vesicles was observed in the literature for both liposomes and polymersomes. 10,11 For example, PEG40-b-PEE37 tubular vesicles (cf. could fission into interconnected vesicles upon hypotonic shock. 11 They were however leading to pear vesicles, not starfish.

Results in

Hypertonic shocks on PEG22-b-PTMC46 GUVs also led to the vesicles' fission but in this case via outward buddings. The formation of inward buddings for PEG14-b-PBD19 and outward buddings for PEG22-b-PTMC46 could both originate from a difference in the ordering of the copolymer chains in the membrane. 12 Indeed, since both copolymers have a melting temperature (Tm), polymer chains might be organized differently throughout the membrane with the possible presence of crystalline domains (cf. I.4.5.3, p72). Such inward and outward buddings have been reported in the literature for spherical giant lipidcholesterol vesicles which underwent a hypertonic shock above the Tm followed by a phase separation via a temperature decrease below the Tm. 13 Our study on osmotic changes stopped here with no clear conclusions but only hypotheses on the reasons of these specific shape deformations. Future experiments will be needed to surely rule out any artefacts that could occur such as the presence of organic solvent traces, the chemical degradation due to electroformation, etc. These hypertonic shocks should also be performed without Nile red, since it is present inside the membrane. In addition, the temperature of the GUVs and concentrated glucose solutions should be controlled at a fixed value since temperature variations can also have an impact (cf. III.4.2, next study). Finally, since budding and fission mechanisms are naturally occurring phenomena, we believe such giant polymersomes are very interesting systems to be studied in more details, especially considering their ability to mimic natural systems such as the budding and fission of cellular transport vesicles. 14 For now, only raspberry vesicles of PEG14-b-PBD19 loaded with fluorescein were stable, but starfish vesicles might be stably formed upon a controlled osmotic shock under a controlled temperature. If not, cross-linking of polybutadiene could also be tested to freeze the morphologies at different times during the osmotic shock.

III.4.2. Temperature variations

The behavior of our GUVs was also assessed upon temperature variations using an oven As discussed in I.4.5.3 (p72), facets on giant vesicles were reported for semi-crystalline amphiphiles such as lipids 15 and poly(ethylene glycol)-b-polycaprolactone (PEG2k-b-PCL12k) 16 (cf. Figure I-35, p76). Therefore, the PEG22-b-PTMC46 might be in a crystalline state in some parts of the membrane at T < Tm. Crystalline regions could also be present in the original state of the GUVs. It would not be surprising since a phase transition was proven on similar vesicles of PGA14-b-PTMC22 (5 µm, prepared by nanoprecipitation) by µDSC. 17

For this system, vesicles behave differently upon temperature variations with fusion and fission occurring respectively when heating and cooling vesicles above or below the copolymer's Tm of 34 °C. 17 Therefore, in order to verify our hypothesis of crystalline regions, our GUVs should be further characterized, for instance by µDSC or WAXS experiments. Both techniques require high copolymer concentration (≈ 10 g.L -1 ) to obtain a signal sufficient to be interpreted.

Unfortunately, the concentration that we currently obtain via electroformation is lower than 0.1 g.L -1 , which is two orders of magnitude too low for such types of characterization. Since using a higher copolymer concentration in the electroformation process could lead to the formation of multilamellar and not unilamellar vesicles, we reach a technical problem. A solution could be to ultrafiltrate the GUVs produced with our current procedure, but this technique might be too harsh for giant vesicles. Otherwise, GUVs could be concentrated by decantation and further removal of the 'supernatant', which might yield a sufficient volume

for WAXS experiments (a few µL), but will hardly allow the production of the 500 µL needed for the µDSC technique.

III.4.3. Micropipette aspiration

Experiments of micropipette aspiration were performed on the two different types of GUVs in the aim of determining mechanical parameters of the membrane such as the bending rigidity (𝐾 𝑏 ), the stretching modulus (𝐾 𝑎 ), the lysis strain (𝛼 𝑐 ) and the lysis tension (𝜎 𝑐 ). The principle of a micropipette aspiration experiment is described in Annex III-1 (p218). GUVs of PEG14-b-PBD19 were too fluid, they had a large excess of membrane and they could not be obtained 'tensed' enough to be well manipulated. Actually, this is surely related to the large excess area supposed in III.4.1 (p190).

In first attempts, GUVs of PEG22-b-PTMC46 were difficult to manipulate too since they were getting easily aspired in the micropipette. Thus, very low pressures were applied.

Surprisingly, the membrane hardly relaxed over time: after release from the pipette, the tongue remained perfectly stable for an indefinite time (at least ). 18 The bending rigidity was calculated for 13 vesicles using the plot of the applied tension kbT for PEG26-b-PBD46 'OB2'vesicles) 19 while 𝐾 𝑏 of liposomes are around 11-30 kbT for lipids in a fluid state and 350 kbT in a gel state. 20,21,11 This low 𝐾 𝑏 contrasted with our belief that the vesicle might be partly in a gel state. Unfortunately, we were not able to conclude on the specific properties that PEG22-b-PTMC46 GUVs seem to present. ) After aspiration at low tension, the vesicle deformed and adopted a tubular shape where the membrane was aspired, creating a bud stable after removal of the pipette. B) After aspiration in another spot on the same vesicle, this budding decreased in size while a tongue was created at the other spot (also stable after removal of the pipette). Scale bar: 10 µm.

Moreover, the stretching modulus (𝐾 𝑎 ) could not be determined. Indeed, at slightly higher tensions, the vesicles quickly ruptured by fully deflating (Figure S III-5, p217). This allowed the measurements of the lysis strain and tension which were found to be on average: It is worth specifying that these experiments were performed at room temperature (around 22-23 °C), below the copolymer's Tm, but still close enough so that the supposed crystalline regions would be in formation or in fusion, which could lead to a heterogeneous, unstable membrane. The fact that the vesicles ruptured at very low tensions seems to support this assumption. To complete this study, experiments should be performed at controlled temperatures above the copolymer's Tm but also further below. 

𝛼 𝑐 = 2.

III.4.4. Fluorescence recovery after photobleaching

III.5. Conclusion

In this Chapter III, the self-assembly of mostly PEG14-b-PBD19 and PEG22-b-PTMC46 was studied at the micro-scale. Film hydration was not the best strategy to form giant unilamellar vesicles. Extrusions of film hydration samples prepared with the seven block copolymers of our series were performed, leading mostly to LUVs. However, the concentration in objects and the duration of the film hydration steps were only appropriate for PEG14-b-PBD19 and PEG22-b-PTMC46.

An electroformation process allowed the formation from these two copolymers of GUVs near 20 µm. Procedures were optimized to produce 1.2 mL of suspension per batch but the theoretical copolymer concentration in suspension should be maximum around 0.25 g.L -1 , which is one order of magnitude lower than the concentration obtained for nano-sized polymersomes produced by nanoprecipitation controlled via microfluidics (cf. Chapter II).

To increase this concentration, the hydration of a larger mass of polymer could be tested, the risk being to form multilamellar vesicles.

Nevertheless, this study allowed the formation of both 100 mOsM and 300 mOsM giant vesicles. Actually, 300 mOsM LUVs around 650 nm and 300 nm were formed by extrusion.

Due to their osmolarity, their stability in RPMI medium at 37 °C for 2 hours was tested.

Only the 300 nm PEG14-b-PBD19 vesicles and the 650 nm PEG22-b-PTMC46 vesicles seemed stable under these conditions. However, experiments should be repeated to confirm these results.

Finally, the membrane properties of the resulting PEG-b-PTMC giant polymersomes were studied and compared to the PEG-b-PBD ones. Different techniques were used under the confocal microscope. Upon a hypertonic shock, GUVs of PEG14-b-PBD19 formed inward buddings (starfish and raspberry vesicles) while GUVs of PEG22-b-PTMC46 formed outward buddings, which might be related to their difference in excess area. 13 With their buddings and their resulting fissions, such systems could be for example studied as cell mimics.

PEG22-b-PTMC46 GUVs seem to have a specific behavior: they can form facets upon a temperature decrease and their bending rigidity, lysis strain and lysis tension determined by micropipette aspiration are very low with 𝐾 𝑏 = 6.0 ± 1.2 kbT, 𝛼 𝑐 = 2.6 ± 0.7% and 𝜎 𝑐 = 0.085 ± 0.028 mN.m -1 . However, FRAP experiments showed that the diffusion coefficient of a rhodamine-tagged lipid was similar in both membranes. Thus, further experiments should be performed in order to understand the reasons behind the specific properties of the PEG22b-PTMC46 membrane. For example, aspiration of the vesicles at different temperatures could be conducted. This technique is only possible since recently in the laboratory as a new oven plate needed to be purchased.

To conclude on a brighter note, to our knowledge, this study reports for the first time the formation of giant PEG-b-PTMC polymersomes and the study of their membrane properties. Samples were extruded 11 times, at a speed of 1 mL.min -1 and at 25 °C. Extrusions were performed successively with the different pore sizes (e.g., before extruding at 200 nm, extrusions at 1 µm and then 400 nm were carried out first).

III.6. Experimental section

Stability assays of LUVs.

A volume of 500 µL of LUVs was introduced at room temperature into either a sucrose solution at 300 mOsM or a RPMI medium (300 mOsM) in a 1:1 volume ratio. Samples were subsequently stirred at 300 rpm for 4 hours using a thermomixer (from Eppendorf) at both 25 and 37 °C for samples in sucrose to assess the effect of temperature and at 37 °C for samples in RMPI to observe the effect of RPMI. homemade chamber subsequently sealed to prevent water evaporation. For EF samples, the electroformation chamber was mounted on a microscope slide to follow the kinetics of the GUVs formation. After sample recovery from the electroformation chamber, a small amount (20-100 µL) of suspension was introduced into a well (8-well microslide, Ibidi) already containing a glucose solution (100-150 µL) under isotonic conditions in order for the GUVs to settle down at the bottom of the well since sucrose is more dense than glucose. Microscope settings were controlled by the LAS-AF software. The laser outputs were controlled by an Acousto-Optical Tunable filter and the collection windows by an Acousto-Optical Beam Splitter and photomultipliers as follows. Nile red was excited with a DPSS laser at 561 nm and its emission was collected from 570 to 610 nm. Fluorescein was excited with an Ar laser at 488 nm and its emission was collected from 500 to 550 nm. Samples were also observed in transmission mode using the He-Ne laser at 633 nm (15%). Unless stated otherwise, experiments were performed at room temperature. This CLSM was used to image our particles during and after their formation and also upon osmotic shocks, temperature variations, MPA and FRAP experiments. Images were analyzed with ImageJ software. Temperature study. The CSLM microscope was equipped with a heating and cooling stage (PE120XY stage size 160×116 mm) from Linkam Scientific Instruments with a temperature range from 5 °C to 50 °C and a heating-cooling rate of 5 °C.min -1 .

Samples

Osmotic shock study on

Micropipette aspiration (MPA).

The CSLM microscope was equipped with the micropipette aspiration set-up described elsewhere (in detail in Thi Phuong Tuyen Dao PhD manuscript 23 and in a JoVE article, 24 currently in production). Micropipettes were formed with internal diameters around 6 -8 µm, adequate for a range of vesicles size of 20 -25 μm, and were coated with BSA to prevent the vesicle adhesion on the glass. The first step of the MPA experiment was to define the "zero pressure" by applying small negative and positive pressures with the micropipette on the polymersome until it no longer moved. Then, a slight aspiration was applied to capture it and to remove the possible wrinkles of its membrane. At this point, aspiration was carried out gradually while recording the deformation of the membrane until the rupture of the polymersome. MPA experiments were performed on 14 vesicles of PEG22-b-PTMC46. Interpretation of the data is explained in Annex III-1 (p218). for at least 2 h at 4 °C and, after removal of the solution, the wells were washed 5 times with a glucose solution at 0.1 M to remove the unbound avidin. 25 Microscope settings were controlled by the FRAP Wizard of the LAS-AF microscope software. A circular ROI of 5×5

Fluorescence recovery after photobleaching (FRAP)

µm was drawn at the top of the vesicle. PE-rhodamine was excited at 561 nm with the DPSS laser and its emission was collected between 600 and 700 nm. Each step of the FRAP experiment had a specific number of frames acquired with a certain amount of laser line:

pre-bleach phase (10 frames, laser line at 5%), bleach phase in the ROI (3 frames, laser line at 100%) and post-bleach phase (300 frames, laser line at 5%). The control experiment without bleaching was performed on the same vesicle after the FRAP with the same settings except that the laser line of the bleach phase was set at 0%. The fluorescence recovery monitored during the post-bleached phase of the FRAP experiment was corrected with the fluorescence decay evaluated by the control experiment. In all cases, the images were acquired using a frame size of 256 x 256 pixels, a bidirectional scan at a 1400 Hz scan speed Data were acquired using the Zetasizer software on three different measurements with an automatic optimization of the number and duration of runs per measurement. Hydrodynamic diameters (Dh) of the nanoparticles and polydispersity index (PDI) were calculated from autocorrelation functions using the cumulant method and were averaged. DLS 135°. Some DLS measurements were performed on a Cordouan Vasco DL135 equipped with a diode laser (650 nm), at 20 °C, a scattering angle of 135° and in the upper position. Data were acquired using the NanoQ software on six runs with the following parameters: 1000 channels, 30 s of analysis, interval between runs between 15 µs and 30 µs, adapted to each sample to obtain a better correlation curve. Hydrodynamic diameters (Dh)

of the nanoparticles and polydispersity index (PDI) were calculated from autocorrelation functions using the cumulant method.

III.7. Supplementary figures

Table S III-1. DLS 90° data obtained for three repetitions of the film hydration (FH) method on PEG14-b-PBD19 and PEG44-b-PTMC106. For each sample, the hydrodynamic diameters (Dh) of two to three populations are represented (p1, p2, p3) with the overall PDI and DCR values. The mean and standard deviation (SD) are the last two lines of the table. Aspiration with a low suction pressure corresponds to the 'zero' point where 𝑅 𝑝 is the internal radius of the pipette and 𝑅 𝑣 the radius of the vesicle; C) Aspiration with a higher suction pressure where Δ𝐿 is the length of the resulting tongue. From Thi Phuong Tuyen Dao PhD manuscript. 23 The suction pressure can be controlled by moving upward or downward a water reservoir which is connected to the upper outlet of the capillary. The pressure applied on the membrane is thus calculated as follows:

Δ𝑃 = (ℎ -ℎ 0 )𝜌𝑔 (43) 
with 𝜌 the density water (1 g.cm -3 ), 𝑔 the gravitational acceleration (9.81 m.s -2 ), ℎ the position of the water reservoir and ℎ 0 the initial position at the 'zero' point (Figure A III-1B). The subscript "0" is further used to describe any parameter at the 'zero' point. This pressure exerted on a fluid membrane yields a uniform membrane tension (𝜎 0 -𝜎) estimated as:

𝜎 0 -𝜎 = 𝛥𝑃 × 𝑅 𝑝 2 (1 - 𝑅 𝑝 𝑅 𝑣 ) (44) 
where 𝑅 𝑝 and 𝑅 𝑣 are respectively the pipette internal radius and vesicle radius. Under tension, the membrane area changes and can be expressed as a relative area change (𝛼 0 -𝛼):

𝛼 0 -𝛼 = 𝐴 -𝐴 0 𝐴 0 (45) 
with 𝐴 being the membrane area of the vesicle at the tension 𝜎 and 𝐴 0 at 𝜎 0 . It can be estimated from the increase in the tongue's length (𝛥𝐿) by:

𝛼 0 -𝛼 = 1 2 × 𝑅 𝑝 𝑅 𝑣 2 × 𝛥𝐿 × (1 - 𝑅 𝑝 𝑅 𝑣 ) (46) 
For low applied tensions, the apparent expansion is dominated by thermal bending undulations. Plotting 𝑙𝑛(𝜎 -𝜎 0 ) vs (𝛼 -𝛼 0 ) at low-𝜎 values can be fitted linearly and its slope is related to the bending rigidity (𝐾 𝑏 ) as follows: 27 𝛼 0 -𝛼 ≈ 𝑘 𝐵 𝑇 8𝜋𝐾 𝑏 𝑙𝑛(𝜎 0 -𝜎)

with 𝑘 𝐵 is the Boltzmann's constant and 𝑇 is the temperature.

For higher tensions, membrane undulations are suppressed and the membrane area increases as a result of the increased spacing of polymer chains. In this regime, the stretching modulus (𝐾 𝑎 ) can be approximated by: 28

𝛼 0 -𝛼 ≈ 𝑘 𝐵 𝑇 8𝜋𝐾 𝑏 𝑙𝑛(𝜎 0 -𝜎) + 𝜎 0 -𝜎 𝐾 𝑎 (48) 
Furthermore, other mechanical parameters can be quantified by micropipette aspiration such as the lysis tension (𝜎 𝑐 ) and lysis strain (𝛼 𝑐 ) reflecting respectively the tension and area expansion at which the vesicle ruptures. 

𝐷 = 𝜔 2 𝜏 (49) 
In addition, the fluorescence might not be completely recovered (𝐼 ∞ < 𝐼 𝑖 ). Indeed, certain fraction of bleached molecules might not be able to diffuse to unbleached regions. It is referred to as the immobile fraction (𝐼𝑀 𝑓 ) and is determined by:

𝐼𝑀 𝑓 = 𝐼 𝑖 -𝐼 ∞ 𝐼 𝑖 -𝐼 0 (50) 
where 𝐼 𝑖 , 𝐼 0 and 𝐼 ∞ are respectively the fluorescence intensities at the pre-bleached step, bleached step and at maximal recovery. The fraction of fluorescent molecules which can participate in the exchange between unbleached and bleached regions is named the mobile fraction (𝑀 𝑓 ) and is defined as:

𝑀 𝑓 = 1 -𝐼𝑀 𝑓 (51) 
Quantitative interpretation of the FRAP data was performed using the FRAP Analyser software. A double normalization of the FRAP data was performed in order to obtain a proportionality with the initial intensity independently from the fluorophores' concentration.

The normalized intensity (𝐼 𝑛𝑜𝑟𝑚 (𝑡)) is expressed as follows:

𝐼 𝑛𝑜𝑟𝑚 (𝑡) = 𝐼 𝑟𝑒𝑓_𝑝𝑟𝑒 𝐼 𝑟𝑒𝑓 (𝑡) -𝐼 𝑏𝑔 (𝑡) × 𝐼 𝐹𝑅𝐴𝑃 (𝑡) -𝐼 𝑏𝑔 (𝑡) 𝐼 𝐹𝑅𝐴𝑃_𝑝𝑟𝑒 (52) 
where 𝐼 𝐹𝑅𝐴𝑃 (𝑡): average intensity in the ROI, 𝐼 𝑟𝑒𝑓 (𝑡): average intensity in the ROI measured in the controlled experiment where no bleaching was performed (natural fluorescence decay due to imaging) and 𝐼 𝑏𝑔 (𝑡): average background intensity measured in the background near the vesicle. Subscript "_pre" is used to describe average intensities measured in the ROI immediately after bleaching and after subtraction of the background intensity.

All experimental data were fitted with the circular spot model in two-dimensional diffusion with the following equation:

𝐼 𝑛𝑜𝑟𝑚 (𝑡) = 𝑎 0 + 𝑎 1 𝑒 ( 𝜏 2(𝑡-𝑡 𝑏𝑙𝑒𝑎𝑐ℎ ) [𝐼 0 ( 𝜏 2(𝑡 -𝑡 𝑏𝑙𝑒𝑎𝑐ℎ ) + 𝐼 1 ( 𝜏 2(𝑡 -𝑡 𝑏𝑙𝑒𝑎𝑐ℎ )] (53) 

IV.1. Introduction

The long-term goal of our research in collaboration with ImmunoConcEpT (UMR CNRS 5164) in Bordeaux is to develop a T cell-mediated delivery of drug-loaded polymersomes.

We have already discussed the advantages of such cell-particle conjugates in I. 3.3 (p31).

The major interest is clearly the ability of the immune cell carriers to accumulate specifically at infectious or inflamed sites. Indeed, the group of Irvine at MIT demonstrated that multilamellar liposomes loaded with drugs or adjuvants increased the therapeutic potential of tumor-specific T cells when conjugated on their surface. 1 In our approach, polymersomes would be conjugated on the surface of γδ T cells (Figure IV-1A). In our group, polymersomes are preferred to liposomes due to their improved colloidal stability and larger chemical versatility, as discussed in I.4.1 (p38). γδ T cells were chosen because of their proven antiviral activity against cytomegalovirus (CMV). This virus infects around half of the worldwide population. Hopefully, the infection is asymptomatic in healthy people, but immunocompromised and immature individuals are at great risk. Indeed, the most frequent infection-based cause of congenital birth defects is due to CMV infection during pregnancy. Moreover, CMV infection of organ transplant recipients treated with immunosuppressive drugs can lead to graft failure and morbidity. 2 Therefore, the fight against CMV is of great societal importance.

Regarding chemotherapies, antiviral agents against CMV exist (e.g., ganciclovir, valganciclovir) but their systemic administration was associated with severe hematological toxicities. Thus, the encapsulation alone of these antiviral compounds in polymersomes could be beneficial. In the field of immunology, γδ T cells were proven to kill CMV-infected cells in vitro by the production of interferon gamma (IFN-γ). 3 In vivo, the adoptive transfer of γδ T cells was shown to protect mice from hepatitis and death. 4 Thus, the adoptive transfer of γδ T cells conjugated to polymersomes loaded with antiviral drugs could have a synergic effect.

Moreover, due to the multiple functions of γδ T cells (Figure IV-2), this strategy could be advantageous in other types of infectious diseases but also against sterile stresses occurring in inflammatory diseases and cancers. 5 The aim of my PhD project was to start preliminary in vitro studies on γδ T cells. Indeed, the non-cytotoxicity of our polymersomes had to be verified and the interactions between polymersomes and cells had to be studied.

In this Chapter IV, we focused on our four PEG-b-PTMC copolymers since they are supposed to be biocompatible whilst PBD is known to not be fully biocompatible. The microfluidic approach developed in Chapter II was used to form rhodamine-labelled nanopolymersomes in both water and PBS. In vitro cytotoxicity and internalization assays were carried out on an immortalized γδ T cell line with the four types of PEG-b-PTMC polymersomes presenting about the same size but with different membrane thicknesses.

IV.2. In vitro study with rhodamine-labelled polymersomes

In order to follow the interactions of our polymersomes with the  T cells by flow It is worth mentioning that the dye could have been conjugated to the copolymer, but we simply thought that the product's purification could be more problematic. If this strategy was chosen, the dye would have been coupled rather at the PTMC end than the PEG end (PEGn-b-PTMCm-dye) so that the surface of the polymersomes was only made of PEG with the dye (preferentially hydrophobic) protected in the membrane.

IV.2.1. Formation of rhodamine-labelled NPs in water

IV.2.1.1. Synthesis of rhodamine-labelled PTMC

The reaction scheme of rhodamine-labelled PTMC polymers is described in Scheme IV-1.

First, PTMCm-OH polymers were synthesized by ring-opening polymerization of TMC using a benzyl alcohol initiator, DBU as a catalyst and TU as a co-catalyst. Then, an esterification was realized on PTMCm-OH with a succinic anhydride activated by N, N- Two PTMCm-OH polymers were synthesized with m = 32 and m = 60 in less than 5 h with around 65% of conversion and 75 wt% yields (Table IV-1).

Esterification with succinic anhydride was also performed on the two PTMCm-OH to form PTMCm-COOH polymers. The appearance of the signal at 2.65 ppm corresponding to the two CH2 of the succinic group and integrating for 4H indicated the full functionalization for both polymers. This was confirmed by the quasi total disappearance of the peak at 3. PTMCm-OH and PTMCm-COOH were also characterized by SEC in THF (Figure IV-6).

Even if a shoulder was observed at higher molar masses, dispersities were found to be below 1.10, indicating an excellent control of the synthesis (Table IV-1, Table IV-2). Integral of the 8.85 ppm signal was compared to the one of Rho-NH2 to determine the degree of functionalization (DF), which was near 25% for PTMC32-Rho and 29% for PTMC60-Rho (Table IV-2). These calculations were only exact if all the rhodamine was indeed coupled to the polymer and not in its 'free' form. To verify if that was the case, further characterizations were performed by NMR and SEC. From all of these NMR and SEC characterizations, it was clear that our PTMCm-Rho polymers were only partly functionalized. Nevertheless, they were exempt of free rhodamine, meaning that all of the dye present in the mixture of PTMCm-COOH and PTMCm-Rho was covalently coupled. Thus, no rhodamine molecules could be able to diffuse out of polymersomes formed with these probes. 

IV.2.1.2. Formation of rhodamine-labelled NPs in water

The procedure of controlled nanoprecipitation using a microfluidic system developed in The size of PEG44-b-PTMC106 Rho-NPs was similar to the one of the pure copolymer NPs with Dh ≈ 130 nm (Table IV-3). Therefore, the incorporation of 1.6 wt% of PTMC60-Rho did not seem to disturb the self-assembly process. However, it was not the case for the other types of NPs. Indeed, the PEG44-b-PTMC89 and PEG22-b-PTMC55 Rho-NPs were larger than their pure copolymer NPs counterparts respectively by 11 and 30 nm while PEG22-b-PTMC46 Rho-NPs were smaller by 44 nm. After concentration, the NPs' size was stable or slightly lower, PDI slightly higher and DCR significantly higher, indicating a successful concentration. At this stage, the concentration was not always determined in order to preserve as much volume of sample as possible. The copolymer concentration was found higher than 13 g.L -1 for all four samples (Table IV-5). We had targeted 15 g.L -1 to anticipate a potential loss of polymer, which actually occurred, possibly at the concentration step by aggregation on the ultrafiltration's membrane because of the pressure applied, but also at the sterilization step because of the filtration trough pores presenting an unknown dispersity.

D h PDI DCR D h PDI DCR D h PDI DCR (nm) (10 3 c.s -1 ) (nm) (10 3 c.s -1 ) (nm) (10 6 c.s -1 ) 
Nevertheless, the loss of polymer was only partial and we were able to dilute our NPs at 10 g.L -1 for our in vitro tests.

IV.2.2. In vitro study

IV.2.2.1. Cytotoxicity

First, the effect of our four rhodamine-labelled PEG-b-PTMC polymersomes on γδ T cell viability was assessed. T cells were treated with 1 g.L -1 of Rho-NPs for 96 h at 37 °C. After a washing step, cells were stained with 4',6-diamidino-2-phenylindole (DAPI) and AnnexinV-APC (allophycocyanin). DAPI was used as a marker of death, i.e. DAPI positive cells were necrotic cells. Annexin V was selected as a marker of apoptosis. Since Annexin V itself is not fluorescent, an Annexin V covalently linked to a dye (APC) was employed.

Annexin V is a protein able to bind to phosphatidylserine. In live cells, this lipid is present in the inner leaflet of the cell membrane, and Annexin V cannot enter the cell, live cells are thus AnnexinV-APC negative. However, apoptotic cells underwent a flip-flop of the membrane's leaflet making the binding of the protein with phosphatidylserine possible. 

IV.2.2.2. Internalization

An experiment between γδ T cells and our four rhodamine-labelled PEG-b-PTMC polymersomes was performed to evaluate their interactions (adsorption / internalization). T cells were treated with 0.5 g.L -1 of Rho-NPs for 24 h at 37 °C. After a washing step, cells were stained with DAPI and analyzed by flow cytometry. The percentage of rhodaminepositive cells and the mean fluorescence intensity (MFI) of the rhodamine-positive cells (corrected with the fluorescence level ratio between NPs, cf. Table IV- In these conditions, all the living cells were rhodamine-positive (≈ 100%, Figure IV-15Aa), meaning that all the cells were in interaction with enough Rho-NPs so that they appear positive (higher than the threshold set for rhodamine). No distinctions could be made between the different NPs with this parameter. However, the MFI of the rhodamine-positive Since this experiment was performed at the same mass concentration and not the same molar concentration, the number of particles incubated with the cells was not exactly the same. The molar concentration of each type of NPs for 0.5 g.L -1 of copolymer was estimated (Table S IV The type of interaction was not determined in this experiment, the fluorescent NPs might be absorbed at the cells' surface and/or internalized in the cells. This distinction is difficult to achieve only by flow cytometry. In some studies, trypan blue (TB) was used as an extracellular fluorescence quenching dye. 1,6,7 TB is usually employed to differentiate live and dead cells because it cannot diffuse inside living cells (membrane impermeant). 8 Since TB is also absorbing light between 470 and 670 nm in water, 9 Therefore, this experiment seemed to indicate that most of the NPs were bound on the cell membrane and not internalized. However, TB treatment was only tested at 2 g.L -1 and without further washing by PBS causing the three following inconveniences. First, TB was found to be cytotoxic: the gate made to analyze the cells only corresponded to around 40% of the total number of cells in the samples compared to 80% without TB (Figure IV-16A).

Second, TB was also quenching DAPI (data not shown), thus there was no way to discriminate remaining dead cells in the gated area. Third, the threshold for rhodamine was much higher with TB than without (Figure IV-16B). This was actually why almost no rhodamine-positive cells were recorded. This threshold might be different according to the TB treatment applied. Thus, different treatments (different concentrations in TB, time of incubation, further washing with PBS) should be tested to fully confirm that NPs were adsorbed on the cell membrane and not internalized. In vitro studies on the interactions of rhodamine-labelled PEG-b-PTMC polymersomes with γδ T cells were stopped at this stage. They helped in determining preliminary results (no cytotoxicity, probable low internalization). However, the studied polymersomes were prepared in water and might have been sensitive to the hypertonic shock occurring when adding them to the cell medium. Moreover, water is also not buffered at the physiological pH. Therefore, we returned to the formulation of our polymersomes to prepare them in PBS in order to control their osmolarity (at 300 mOsM, like the cell culture medium) and their pH (7.4, physiological).

IV.3. Nano-polymersomes in PBS

IV.3.1. Formulation by microfluidics

The procedure of controlled nanoprecipitation using a microfluidic system was employed and also higher PDI (gain of 0.02 to 0.09). Since NPs in PBS were larger in size, they also presented higher DCR values. However, like for H2O NPs, the copolymer concentration determined by dry extract after dialysis was found to be near 2.5 ± 0.1 g.L -1 (knowing the concentration of PBS 1X at 9.68 g.L -1 ). Finally, osmolarity and pH were also analyzed and found to be around 300 mOsM and 7.4, as expected due to the use of PBS. 

IV.3.2. Concentration and sterilization

As we previously performed on rhodamine-labelled NPs formed in water, the concentration and sterilization were investigated on our four PEG-b-PTMC NPs formed in PBS. DLS 90° results showed that the NPs' size was stable, PDI was stable or slightly higher after concentration, and DCR was clearly higher (Table IV-7). Osmolarity and pH analyzed after concentration remained respectively around 300 ± 30 mOsM and 7.4. It has to be noted that the NPs seemed all stable by the eye after concentration except for PEG22-b-PTMC46 NPs, which were rapidly destabilized. Thus, this type of NPs was not studied further (not sterilized) and seemed to not be a good candidate for in vitro tests. In PBS, sizes and PDI were stable with respective SD of 3 nm and 0.01. Changes of DCR were not conclusive, even if they appeared a bit more chaotic for PEG22-b-PTMC55 NPs.

Therefore, NPs in PBS seemed stable at least 1 week at a temperature of 37 °C, even if near the fusion temperature of the block copolymers. The average size, PDI and DCR of all three types of NPs were slightly higher in cell culture medium than in PBS with the following differences: ΔDh = 5 -9 nm; ΔPDI = 0.02 -0.04; ΔDCR = 0.3 -0.4×10 6 c.s -1 . Since the viscosity of the cell culture medium was not known nor determined at the laboratory, the viscosity of water was used for both conditions in the DLS software, and that might explain these minor size differences. However, since PDI is independent of the viscosity, we were able to compare PDI values and it seems that the NPs were slightly more stable in PBS than in cell culture medium.

Finally, after 2 h of incubation in cell culture medium (Figure IV-22), the NPs' size slightly increased of a few nm over time, which could be a sign of a protein adsorption onto the NPs' surface. However, DLS alone is not adapted to confirm this hypothesis, other characterizations specific to the protein corona should be performed. Nevertheless, it does not seem that the NPs were destabilized under these conditions, confirming the stability in simple aqueous solution of PTMC-based materials. 10,11 I.6.1.1. Stability study at 37 °C in acidic and enzymatic conditions We just found that PEG22-b-PTMC55 NPs were the most well-defined of the four types of NPs formed in PBS by microfluidics, were not disturbed after concentration and sterilization, and were also stable at 37 °C in both PBS and cell culture medium. The aim of the following study was to evaluate their stability under conditions that might trigger the degradation of PTMC: in acidic conditions (pH 5.5) or in presence of a lipase (from Pseudomonas cepacia), which is an enzyme able to hydrolyze ester bonds (usually of substrates such as triglycerides, phospholipids, and cholesteryl ester). Comparing this result from previous literature from our group, it seems that our PEG22-b-PTMC55 NPs were more stable than PGA12-b-PTMC24 NPs in presence of the same lipase (with copolymer/lipase molar ratios of 3/1, 2/1 or 1/1). 12 This might be due to the fact that PEG cannot be degraded by a lipase, whereas PGA has ester bonds and could have degraded like PTMC. In addition, PEG might more efficiently prevent the lipase from interacting with the PTMC segment. Nevertheless, these experiments were only performed once and have to be repeated. A 1/1 molar ratio, other types of lipase or a cocktail of different lipases could also be tested to confirm the non-degradability of our polymersomes in these conditions. If conditions of degradation were to be reached, it could be very interesting to study the other types of NPs.

In conclusion, our PEG-b-PTMC nano-polymersomes prepared in PBS were respecting physiological conditions (300 mOsM, pH 7.4), were stable at 37 °C in the cell culture medium used in vitro with γδ T cells and seemed stable at pH 5.5 or in presence of a lipase from Pseudomonas cepacia. The formulation of rhodamine-labelled nano-polymersomes in PBS was thus the next step of our development.

IV.4. Rhodamine-labelled nano-polymersomes in PBS

IV.4.1. Formulation by microfluidics

The procedure of controlled nanoprecipitation via microfluidics was used on the four different PEG-b-PTMC block copolymers with their respective PTMC-Rho and using PBS. 8 nm), which were about 30 nm higher than the Rho-NPs previously prepared in water (Dh = 130 ± 5 nm). Finally, as expected, our Rho-NPs had a copolymer concentration around 2.5 ± 0.1 g.L -1 , an osmolarity near 300 mOsM and a pH at 7.4.

IV.4.2. Concentration and sterilization

Once again, our NPs were concentrated and sterilized. DLS 90° results in Table IV-10 show a quite stable NPs' size and PDI. After sterilization, Rho-NPs had an even more similar size with Dh = 159 ± 3 nm and their final copolymer concentration was higher than 13 g.L - In conclusion, it seems that our best candidates of rhodamine-labelled nano-polymersomes in PBS are obtained by the self-assembly of PEG22-b-PTMC55 and PEG44-b-PTMC106 with their respective rhodamine-labelled PTMC homopolymers. This might be partly due to their PEG fraction of around 15%, lower than the one of PEG44-b-PTMC89 and PEG22-b-PTMC46 near 18%. We would like to assess the stability of both types of vesicles in the cell culture medium at 37 °C and perform a thorough kinetic internalization study with γδ T cells combining flow cytometry and confocal microscopy.

IV.5. Conclusion

In this Chapter IV, we formed four types of rhodamine-labelled PEG-b-PTMC polymersomes through a controlled nanoprecipitation using a microfluidic device. When formed in water, they had around the same hydrodynamic diameter near 130 nm but different hydrophobic membrane thicknesses and different PEG layer thicknesses. In vitro assays on γδ T cells have demonstrated the total biocompatibility of our polymersomes with no significantly cytotoxicity at 1 g.L -1 of copolymer for 96 h at 37 °C. An internalization assay carried out at 0.5 g.L -1 of copolymer for 24 h at 37 °C has shown that the four types of The procedure described below was adapted from Drappier et al. 13 based on the work of Nederberg et al. 14 . It was used to prepare the PTMC60-OH homopolymer by ring-opening polymerization of TMC using a benzyl alcohol initiator, DBU as catalyst and TU as cocatalyst. The targeted degree of polymerization (DP) of PTMC was 80 with a targeted conversion of 80%. In a glovebox, dry THF (3 mL) was added in a schlenk containing benzyl alcohol (previously distilled, 30 µL, 0.29 mmol, 1 eq) and let to stir. Separately, TMC (previously recrystallized in ethyl acetate, 3 g, 29.40 mmol, 100 eq) and TU (previously synthesized and recrystallized in chloroform cf. II.5.2.1 p139, 140 mg, 0.38 mmol, 1.3 eq) were dissolved in dry THF (10 mL). The TMC/TU solution was added in the benzyl alcohol solution. DBU (previously distilled, 57 µL, 0.38 mmol, 1.3 eq) was introduced in the schlenk and marked the beginning of the reaction. The mixture was left to stir at 25 °C out of the glovebox. The reaction progress was checked by 1 H NMR of quenched samples from the crude product. When the desired PTMC DP was reached (reaction duration of 4.8 h), the reaction was quenched with an excess of acetic acid (16 µL, 1.03 mmol, 3.5 eq). The crude product was introduced in cold methanol (-20 °C) to precipitate the polymer (1 mL into 50 mL in falcons), centrifuged to remove the supernatant (4 °C, 3500 rpm), washed two more times with cold methanol and dried under vacuum overnight. If traces of monomer were still remaining, the polymer was dissolved again in THF and the same procedure was applied again. The pure polymer was obtained as a white powder. The DP of PTMC was found to be 60 obtained with a conversion of 60% and a yield of 76 wt%. This copolymer was also characterized by SEC in THF (Ð = 1.05). A similar procedure was used for the synthesis of PTMC32-OH with only 0.2 eq of TU due to an unexpected shortage. 

Carboxy-terminated poly(trimethylene carbonate) homopolymers (PTMCm-COOH).

This procedure was adapted from the work of Dr. Laura Rodrigues. 15 The previously synthesized PTMC62-OH (250.0 mg, 39 µmol, 1 eq) was dissolved in 1.5 mL of DMF.

Separately, succinic anhydride (78.0 mg, 78 µmol, 20 eq) and DMAP (9.5 mg, 78 µmol, 2 eq) were dissolved in 1.5 mL of DMF. The anhydride/DMAP solution was introduced in the polymer solution and let to stir overnight at room temperature. The crude product was introduced in cold methanol (-20 °C) to precipitate the polymer (1 mL into 50 mL in falcons), centrifuged to remove the supernatant (4 °C, 3500 rpm), washed two more times with cold methanol and dried under vacuum overnight. The pure polymer was obtained as a white powder with a yield of 67 wt%. The carboxy-terminated polymer was characterized by 1 H NMR (degree of functionalization ≈ 100%) and SEC in THF (Ð = 1.05). The same procedure was adapted for the synthesis of PTMC32-COOH. 

Rhodamine-terminated poly(trimethylene carbonate) homopolymers (PTMCm-Rho).

This procedure was adapted from the work of Dr. Laura Rodrigues. 15 The previously synthesized PTMC62-COOH (28.0 mg, 4.4 µmol, 1 eq) was dissolved in 267 µL of DMF (105 g.L -1 ). Separately, stock solutions of HBTU (91 g.L -1 in DMF), DIEA (61.5 connected to the micromixer chip through the first and third inputs using a T-connector. The other pump was filled with the filtered aqueous solution and directly linked to the chip through the second input. After verification that the chip was dust free and air bubbles free using a camera, flow rates were applied via the Mitos Flow Control Center 2.5.17 software (Dolomite Microfluidics). Flow rates for the water pump were controlled with the integrated water calibration. Flow rates for P-DMSO were applied with the correction factor of 0.71 by using the integrated mineral oil calibration (cf. II.5.2.3, p142 for details). A flow rate of 500 µL.min -1 of P-DMSO was set for 500 µL.min -1 of H2O. A volume of 3 mL of suspension (1000 µL.min -1 total flow rate; 50 wc%) was collected into a glass vial from the chip's output. The organic solvent was removed by dialysis against deionized water or PBS 1X (1 L) using a 3.5 kD cut-off dialysis membrane (Spectra/Por, RC, 3 bath changes). After dialysis, the volume of suspension was higher, around 5 mL (dilution factor near 1.7).

Polymer concentration determination by dry extract. In two tared aluminum pans, a volume of 100 µL of suspension was introduced. Pans were placed for 1 h at 60 °C under vacuum to evaporate water. Pans were weighed again after evaporation. Weight of polymer was calculated on average of the two measurements and divided by 100 µL in order to give the polymer concentration of the suspension.

Concentration of nanoparticles.

Nanoparticles were concentrated using an ultrafiltration system (10 mL Amicon Millipore stirred cell, Ultracel disc of 100 kD cut-off) typically between 1 to 2 mL in volume and 10 to 20 g.L -1 of copolymer concentration. Nothing was added to the control of cells alone. Three wells were prepared per condition (7 conditions, 21 wells total). In the final suspensions, cell concentration was of 50000 cells/mL, water content at 10 vol% and copolymer concentration at 1 g.L -1 . After 96 h of incubation at 37 °C in a 5.5% CO2 atmosphere, cells were washed twice with 300 µL of PBS containing BSA (0.1%) by centrifugation/resuspension. After a last centrifugation, cells were resuspended in 100 µL of Annexin V binding buffer. A volume of 100 µL of an APClabelled Annexin V and DAPI staining solution was added into each well. This solution was freshly prepared in Annexin V binding buffer in order to obtain 0.5 µL of APC-Annexin V and 0.10 µL of DAPI at 1 g.L -1 in DMSO in each well. After resuspension, cells were incubated at room temperature for 15 min in the dark. After addition of 100 µL of Annexin V binding buffer in each well, cells were analyzed by flow cytometry.

Sterilization

Internalization assay. Cells were centrifugated and resuspended in fresh cell culture medium at 110000 cells/mL. A volume of 180 µL of this cell suspension was introduced in each well (96-well flat-bottom plate, Thermo Fischer Scientific). A volume of 20 µL of ultrapure water or rhodamine-labelled PEG-b-PTMC nanoparticles (prepared sterilized at 5 g.L -1 in water) were added to the wells. Nothing was added to the control of cells alone.

Three wells were prepared per condition (6 conditions, 18 wells total). In the final suspensions, cell concentration was of 100000 cells/mL, water content at 10 vol% and copolymer concentration at 0.5 g.L -1 . After 24 h of incubation at 37 °C in a 5.5% CO2 atmosphere, cells were washed twice with 300 µL of PBS containing BSA (0.1%) by centrifugation/resuspension. After a last centrifugation, cells were resuspended in 200 µL either of PBS containing or in a trypan blue solution at 2 g.L -1 in PBS containing DAPI.

DAPI staining was equivalent to 0.10 µL at 1 g.L -1 in DMSO in each well. Cells were analyzed as such by flow cytometry.

Statistical analysis.

One-way ANOVA tests were performed with Bonferroni's correction and to assess differences between results. p < 0.01 (*) and p < 0.005 (**) were considered as statistically significant differences. Levene's tests were also carried out to confirm the homogeneity of variance. The Origin2016 software was used.

Cell staining for confocal imaging. PEG44-b-PTMC106 Rho-NPs (20 µL at 5 g.L -1 in water) were added to cells (180 µL at 110000 cells/mL). In the final suspension, cell concentration was of 100000 cells/mL, water content at 10 vol% and copolymer concentration at 0.5 g.L - between echoes was used. Data were processed using 8192 points in the F2 dimension and 128 points in the F1 dimension with the Bruker Topspin software. Field gradient calibration was accomplished at 25 °C using the self-diffusion coefficient of H2O+D2O at 19×10 -10 m 2 .s -1 . 19,20 SEC THF. SEC analyses in THF were performed on a Ultimate 3000 system from Thermo Fischer Scientific with a diode array detector (UV-Vis) also equipped with a multi-angle light scattering (MALS) detector and a differential refractive index detector (dRI) from Wyatt Technology and a three-column set of TOSOH TSK HXL gel (G2000, G3000 and G4000) with exclusion limits from 200 to 400000 g.mol -1 . Analyses were carried out on polymer samples (10 g.L -1 ) at 40 °C using THF as eluent (1 mL.min -1 ) and trichlorobenzene as flow marker. EasiVial kit of polystyrenes from Agilent was used as standard (162 to 364000 g.mol -1 ) to determine the polymer's number average molar mass (M n ̅̅̅̅ ) and dispersity (Ð). Data were processed using the Astra software.

SEC DMSO. SEC analyses in DMSO were performed on a Ultimate 3000 system from Thermo Fischer Scientific with a diode array detector (UV-Vis) also equipped with a multiangle light scattering (MALS) detector and a differential refractive index detector (dRI) from Wyatt Technology and a three-column set of TOSOH TSK HRR-L gel (G2000 and G3000)

with exclusion limits from 200 to 60000 g.mol -1 . Analyses were carried out on polymer samples (5 g.L -1 ) at 80 °C using DMSO containing lithium bromide (1 g.L -1 ) as eluent (0.5 mL.min -1 ) and dimethylformamide as flow marker. Dextrans from Polymer Standards Service were used as standards (1000 to 430000 g.mol -1 ) to determine the polymer's number average molar mass (M n ̅̅̅̅ ) and dispersity (Ð). Data were processed using the Astra and Chromeleon softwares. Flow cytometry results of the internalization experiment performed on γδ T cells after 24 h of incubation at 37 °C with: water as a positive control and with the four types of Rho-NPs in water at 0.5 g.L -1 . Percentage of rhodamine-positive (+Rho) cells and Mean fluorescence intensity (MFI) shown as a mean and standard deviation (SD). MFI, normalized: with the control set at 1 and after correction of the fluorescence intensity ratio between NPs (cf. Table IV-5, p241). MFI, extrapolated: considering the molar concentration of NPs ([NPs]) for 0.5 g.L -1 of copolymer (cf. ) equivalent for 0.5 g.L -1 of copolymer from the area of one copolymer chain (Acopolymer).

Estimation 1: the area per copolymer chain is the same in Rho-NPs than pure copolymer NPs (cf. Table S II-4, p156). Only the copolymer (and not with the 1.6 wt% of PTMCm-Rho) is taken into account as an approximation.

Estimation 2: the Rh measured on NPs at a copolymer concentration of 10 g.L -1 is taken as Rg. Chapter V. Perspectives

V.1. Introduction

In this Chapter V, different perspectives of this PhD work will be discussed. Concerning our long-term project with ImmunoConcEpT (UMR CNRS 5164) to conjugate drug-loaded polymersomes on γδ T cells, two main challenges still remain on our side. The first is to form surface-functionalized polymersomes with a specific function allowing their coupling to naturally present chemical groups on the T cells' surface. Numerous pathways of conjugation could be used. 1,2 For example, a thioether bond can be formed between free thiols on the T cells' membrane and maleimide groups from the polymersomes' surface

(Figure V-1A).
This approach was proven to work by the group of Irvine at MIT by conjugation of multi-lamellar liposomes loaded with drugs or adjuvants on the surface of T and B cells. [3][4][5] Such conjugates were shown to increase the therapeutic potential of tumorspecific T cells. 3 The design of surface-functionalized polymersomes would also be of great interest to couple targeting moieties such as antibodies or aptamers for traditional active targeting approaches. 

V.2. Towards surface functionalization of polymersomes

In order to obtain polymersomes functionalized on their surface with specific chemical Actually, when DBU was added, the reaction mixture turned red, which we did not expect.

In a simple control test where N-ethylmaleimide was simply mixed with DBU, the mixture immediately turned red too. The signal at 6.67 ppm corresponding to protons of the maleimide also disappeared and confirmed that DBU and maleimide cannot be used together

(Figure S V-1, p315).
This strategy was tested because it was a one-step pathway to prepare a maleimide functionalized copolymer but it did not work because of the sensitivity of the maleimide double bound to the presence of DBU used in the ROP. Indeed, after looking in the literature, it seems that DBU and maleimide were never used together without the protection of the maleimide. For example, Onbulak et al. protected the maleimide of their maleimidecontaining carbonate monomer (TMC derivative) with a furan using a Diels-Alder reaction before the ring-opening polymerization in DBU. 6 This approach could be interesting since the deprotection (retro-Diels-Alder) should be rapid, only requiring heat. Nevertheless, since quite a lot of bioconjugation strategies could be employed between polymersomes and cells, it might be best to consider the synthesis of functionalized PEGnb-PTMCm on which specific chemical groups for the bioconjugation could be coupled. For example, H2N-PEGn-b-PTMCm block copolymers could be synthesized by ROP using a heterobifunctional PEG with a protected amine and an alcohol. This way, only a final step of functionalization would have to be performed in order to easily form a library of functionalized PEGn-b-PTMCm.

V.3. Towards encapsulation by microfluidics

In order to test the feasibility of drug encapsulation by microfluidics in PBS and assess the release kinetics from our polymersomes with different membrane properties, a preliminary study was performed with fluorescein as a model hydrophilic drug and the PEG22-b-PTMC46 block copolymer, which forms polymersomes with the thinner membrane (δcryo-TEM ≈ 11.8 nm, cf. Table II- 

V.3.2. Release

Despite the polydispersity of our fluorescein-loaded NPs and not having confirmed the vesicle morphology, we pursue the test of our methodology with a release kinetics. Fluo-NPs were incubated directly after column in PBS 1X at 37 °C in similar conditions that we would have used in a USP4 dissolution system (Sotax) available at LCPO, meaning that a float-a-lyzer with 1 mL of suspension was introduced in 79 mL of PBS. It is important to note that this methodology to study the release of fluorescein is not at all optimal. Indeed, absorbance values measured on the external medium of the float-a-lyzer were very low (0.003 -0.007), at the limit of detection (0.001). This is in part explained by a dilution factor of 80 between the float-a-lyzer and the external medium and in part by the low loading content in our polymersomes. Therefore, future experiments should be performed with polymersomes well-defined in size, presenting a higher loading content and with a lower dilution factor. Finally, it could be possible to take advantage of the fluorescence of fluorescein to perform release kinetics by both absorbance and fluorescence to compare the sensitivity of both techniques. Of course, the final aim in our long-term project would be to study the encapsulation and release of antiviral compounds such as ganciclovir. However, this molecule is not fluorescent and has a much lower molar extinction coefficient than fluorescein, and would be more complicated to study.

V.4. Towards in vivo studies in mice

In order to study the in vivo biodistribution and fate of our PEG-b-PTMC polymersomes, a near infrared labelling is needed since NIR corresponds to the optical window where the depth of light penetration in biological tissues is maximum. Thus, in a similar strategy that was applied for Rhodamine in Chapter IV (cf. After determination by dry extract of the copolymer concentration in each type of Cy7-NPs, samples were diluted as desired at 5 g.L -1 of copolymer also corresponding to an equivalent Cy7 concentration of 0.1 g.L -1 (Table S V-3, p321).

In vivo studies will be performed soon by intravenous injection in the tail vein of immunocompetent mice in order to assess the half-life time in blood and the biodistribution of both Cy7-NPs. These experiments are planned in collaboration with Dr. Franck Couillaud and Coralie Genevois from the Imotion lab (EA 7435) using the Vivoptic platform (TBM Core, UMS CNRS 3427, Bordeaux).

Preliminary tests were performed with rhodamine-labelled polymersomes ex vivo in brain slices and in vivo by injection in the cortex of mice followed by histology.

V.5.2. Injection of polymersomes ex vivo in brain slices

Two types of rhodamine-labelled PEG22-b-PTMC46 polymersomes were studied. Nanosized polymersomes containing 1.6 wt% of PTMC32-Rho were previously formed by nanoprecipitation using our microfluidic technique in water. They are named here '100 nm' but were actually of Dh = 127 nm with PDI = 0.08 (cf. Table IV- Moreover, due to their small size, we also observed that polymersomes were able to diffuse in the bath before injection.

Conversely, the '1 µm' polymersomes needed a higher level of pressure to be injected into the brain slice (Figure V-12C) and did not diffuse rapidly in the slice after injection (Figure

V-12D

). This can be due to their larger size but also to the fact that these polymersomes were prepared in sucrose, which is actually denser than glucose, the major constituent of the bath solution. These preliminary tests indicated that 1 µm sized polymersomes prepared in sucrose are good candidates for the local injection in brain tissue.

In addition, trials were conducted to record the electrophysiological activity in brain cells following polymersomes injection into the tissue but neurons were not successfully patchclamped in a whole-cell mode (cf. principle of patch-clamp in Annex V-2, p325). Indeed, they were swollen and exploded, sign that they were about to die. This might have been due

to the amount of positive pressure applied to the tissue or to the fact that polymersomes were not in the adequate osmolarity (for the '100 nm' NPs) or pH (≈ 6 for both types of polymersomes). Overall, these tests indicated that 1 µm sized polymersomes in 300 mOsM sucrose solution were good candidates but they should be prepared preferentially at a physiological pH of 7.4.

V.5.3. Injection of polymersomes in vivo in mice

Rhodamine-labelled giant polymersomes were electroformed in an aqueous solution at 250 mOsM of sucrose and 50 mOsM of phosphate buffer (PB) to obtain a 300 mOsM osmolarity and a pH of 7.4. However, objects were fewer than usual and sometimes deformed (not spherical), indicating that the electroformation process was disturbed with this high amount of PB. For future experiments, lower PB concentrations should be tested (e.g., 5 mOsM) or polymersomes could be formed in pure sucrose and their external environment could be exchanged by dialysis or ultrafiltration to obtain buffered polymersomes.

Anyway, the objects were extruded at 5 µm to form 1 µm sized objects, which were injected in vivo either in the brain tissue (cortex) or in the ventricles of mice. After 1 h postinjection, mice were sacrificed, brain slices were prepared and the fluorescence from rhodamine was visualized by confocal microscopy (Figure V-13). This staining was not present in other parts of the brain slices, confirming that polymersomes had a slow diffusion in the brain. However, individual polymersomes could not be distinguished. This could be due to the disassembly of polymersomes in the brain. New studies should be performed once the preparation of 1 µm sized polymersomes is optimized. These preliminary experiments produced important data to better appreciate the constraints related to polymersomes for their use in brain tissues. In the framework of the project, loading of molecules (nutrient and photo-cleavable dye) in the polymersomes would have to be performed and their ability to rupture upon light activation would have to be verified.

Until this can be achieved and since rhodamine-labelled nano-polymersomes are available in PBS (300 mOsM, pH 7.4, cf. IV.4, p256), ex vivo tests on brain slices could be performed to verify if the fast fluorescence diffusion observed for nano-polymersomes in water was due to the polymersomes' disassembly (due to a possible osmotic shock) or really to their 'nano' size. In addition, because Cyanine7-labelled nano-polymersomes are also available in PBS (300 mOsM, pH 7.4, cf. V.4.2, p298), the in vivo biodistribution after injection in the brain could be assessed by live imaging (Vivoptic platform, TBM Core, UMS CNRS 3427, Bordeaux).

V.6. Conclusion

In this Chapter, preliminary studies were shown on the two currently running projects that we have in collaboration. For the TEPEE project, which aims at conjugating drug-loaded polymersomes to γδ T cells, the formation of a maleimide-functionalized PEG-b-PTMC copolymer was tested. The maleimide seemed sensitive to the DBU catalyst used in the ringopening polymerization of TMC. Thus, it would be best to consider the synthesis of simple H2N-PEG-b-PTMC that would be further functionalized with different groups to easily form a library of functionalized PEG-b-PTMC. The loading of fluorescein by nanoprecipitation controlled with our microfluidic system on PEG22-b-PTMC46 showed a loading content of 12.5 wt% and a loading efficiency of 3.3 wt%. To improve this loading, formulation conditions will have to be optimized but preferentially on PEG22-b-PTMC55, which was found to be the best candidate to form polymersomes well-defined in size in PBS in Chapter IV. Finally, polymersomes emitting in near infrared were obtained by co-assembly in PBS of a Cyanine7-functionalized PTMC homopolymer with both PEG44-b-PTMC106 and PEG22b-PTMC55 copolymers. They will be tested soon in vivo on immunocompetent mice to uncover their biodistribution and their half-time in the blood. Beyond the TEPEE framework, these preliminary studies will be a basis for the development of PEG-b-PTMC polymersomes as 'traditional' nanomedicines.

Concerning the Optonutrics project, preliminary tests were conducted both ex vivo on brain slices and in vivo in mice. Findings are confirming the non-toxicity of our rhodaminelabelled PEG-b-PTMC polymersomes, which are truly interesting candidates to be developed as drug delivery systems. For future experiments, dye-labelled polymersomes (Rhodamine or Cyanine7) of 1 µm should be prepared in higher yields by electroformation followed by extrusion in sucrose buffered at pH 7.4 to respect physiological conditions.

Since Cyanine7-labelled nano-polymersomes were already obtained in PBS, it could be interesting to study their fate in vivo after injection in the brain of mice.

seal (circular, flat, ID 28 mm, H 2 mm) was covered with grease (Apiezon, grade H) and placed between the two slides to form the electroformation chamber. The chamber was dried under vacuum for at least 2 hours to remove solvent traces. The chamber was then connected to a generator (Keysight, model 33210A) and placed in a pre-heated oven at 35 °C. A sinusoidal alternating current (10 V, 10 Hz) was applied. A volume of 1.2 mL of aqueous solution, previously filtered off with a 0.22 µm cellulose acetate syringe filter, was injected into the chamber. The solution was either a sucrose solution at 300 mM (300 mOsM) or a buffered sucrose solution. The latter was prepared by dissolving 856 mg of sucrose with 10 mL of an 18.5 mM phosphate buffer (PB) previously prepared with KH2PO4 at 5.6 mM and K2HPO4 at 12.9 mM. Its osmolarity was of 300 mOsM with 250 mOsM from sucrose and 50 mOsM from PB. The film was let to hydrate under tension for 2 h at 35 °C. An air bubble was created by slowly removing a few microliters of solution with a syringe. The chamber was moved slowly so that the air bubble move around in order to detach the vesicles from their 'feet'. The sample was then recovered slowly with a syringe and stored in an eppendorf.

The generator was turned off only after the sample recovery. The electroformation chamber was then disassembled, ITO plates were cleaned first by wiping them with delicate surface wipes (Kimtech) and then by washing them in successive baths of solvents as follows:

cyclohexane (to remove grease), tetrahydrofuran (polymer and tape), water (sucrose) and chloroform (polymer). If needed, wipes soaked in the solvent could be used to help this cleaning step.

Extrusion. An automatic extruder (T&T Scientific, model NanoSizer Auto I) was used with 5 µm extruders (NanoSizer mini liposome extruders, T&T Scientific). Samples were extruded 11 times, at a speed of 1 mL.min -1 and at 25 °C. V.7.2.6. Injection of polymersomes in vivo in mice Mouse was anesthetized with isoflurane gas and placed in a stereotaxic frame. The skin over the skull was cut with scissors and a hole was made over the injection site. Two coordinates were used for the polymersomes' injections, in the cortex and in ventricles.

Sterilization

Coordinates from the bregma 10 were (in mm): Cortex: antero-posterior -0.22, medio-lateral ±1, dorso-ventral -2; Ventricle: antero-posterior -0.22, medio-lateral ±1, dorso-ventral -0.7.

Polymersomes (500 nL) were injected with a Hamilton syringe (34 G) at a rate of 100 nL.min -1 . The syringe was let in place for 5 min before being slowly withdrawn. A suture was made over the skull and the mouse was monitored until she fully recovered from anesthesia. Three time points following polymersomes injection were tested: 1 h, 24 h and 1 week. To that end, mice were perfused with paraformaldehyde (4% solution). The brain was removed and placed in paraformaldehyde (4% solution) for 24 h. The brain was then immerged in a sucrose (30% solution) for 2 days before being cut in 50 µm-thick slices with a vibratome (VT 1000 S, Leica Microsystems). Sections were mounted on glass slides and cover slipped with DAPI-containing mounting medium (Vectashield, Vectorlabs). Sections between echoes was used. Data were processed using 8192 points in the F2 dimension and 128 points in the F1 dimension with the Bruker Topspin software. Field gradient calibration was accomplished at 25 °C using the self-diffusion coefficient of H2O+D2O at 19×10 -10 m 2 .s -1 . 13,14 SEC THF. SEC analyses in THF were performed on a Ultimate 3000 system from Thermo Fischer Scientific with a diode array detector (UV-Vis) also equipped with a multi-angle light scattering (MALS) detector and a differential refractive index detector (dRI) from Wyatt Technology and a three-column set of TOSOH TSK HXL gel (G2000, G3000 and G4000) with exclusion limits from 200 to 400000 g.mol -1 . Analyses were carried out on polymer samples (10 g.L -1 ) at 40 °C using THF as eluent (1 mL.min -1 ) and trichlorobenzene as flow marker. EasiVial kit of polystyrenes from Agilent was used as standard (162 to 364000 g.mol -1 ) to determine the polymer's dispersity (Ð). Data were processed using the Astra software. Table S V-2. Nanoprecipitation conditions for the formation of PEG-b-PTMC Cy7-NPs and characteristics of the resulting NPs after dialysis and concentration.

Table S V-3. Characteristics of Cyanine7-labelled PEG-b-PTMC NPs in PBS after sterilization or dilution at 5.0 g.L -1 of copolymer.

[total] = [copolymer + PTMC32-Cy7] determined by dry extract after subtraction of [PBS] = 9.7 g.L -1 .

Designation [copolymer] [copolymer] [Cy7]

(g.L -1 ) wt% mol% (g.L -1 ) (g.L -1 ) (g.L 

General conclusion

In this PhD research project, we designed a library of PEG-b-PTMC polymersomes that exhibited most of the expected characteristics, as a platform for drug delivery applications.

The synthesis of four PEG-b-PTMC copolymers, with different degrees of polymerization of both PEG and PTMC, was reported in Chapter II. The ring-opening polymerization of TMC was performed using PEG as a macro-initiator, based on published procedures. 1,2 Copolymers were obtained at two different PEG weight fractions: 15% for PEG44-b-PTMC106 and PEG22-b-PTMC55, or 18% for PEG44-b-PTMC89 and PEG22-b-PTMC46, in the 17-20% range established in the literature to help preferentially form polymersomes. [3][4][5] Their self-assembly property was studied in water using a nanoprecipitation procedure controlled via microfluidics, adapted from our previous work. 5 This process was fully repeatable and reproducible, which was a milestone to achieve towards pre-clinical trials.

The scalability should now be verified for industrialization purposes. All four types of formulations were well-defined nano-polymersomes by a detailed characterization, especially by cryo-transmission electron microscopy (cryo-TEM, Figure 1) and small-angle neutron scattering. Nano-polymersomes were stable up to 4 months when stored at 4 °C, had a similar size (115 to 175 nm), but presented different membrane structures with PEG layer lengths from 3.7 to 5.1 nm and hydrophobic membrane thicknesses from 11.8 to 16.7 nm. A scaling law of the hydrophobic membrane thickness with the hydrophobic block molar mass was determined for PTMC with  ∝ M h ̅̅̅̅ 0.46 and will be a useful prediction tool for future experiments. The PEG length can impact the polymersomes' stealth property, 6 while the PTMC membrane thickness affect different membrane properties such as the permeability and fluidity; 7 and they can both have an effect on the polymersomes' colloidal stability.

Therefore, the in vitro and in vivo studies were planned on this library of polymersomes to elucidate the impact of these physico-chemical properties on the polymersomes interactions with cells and also on their fate in vivo.

Results of in vitro tests presented in Chapter IV were performed on γδ T cells in collaboration with Dr. Julie Déchanet-Merville and Vincent Pitard from the ImmunoConcEpT lab (UMR CNRS 5164) as a preliminary study of our long-term project to develop a T cell-mediated delivery of drug-loaded polymersomes ('Agence Nationale de la Recherche' ANR project named TEPEE). Rhodamine-labelled nano-polymersomes were prepared (Figure 2) in order to follow their interactions with  T cells by flow cytometry and confocal microscopy. They were formed with a very similar size (130 nm) by coassembly of the four block copolymers with Rhodamine-labelled PTMC homopolymers using our microfluidic nanoprecipitation process. They were non-cytotoxic even at high copolymer concentration (1 g.L -1 ) and for long incubation times (up to 4 days) and their internalization in cells was low which proved that the functionalization of the cells' surface was feasible. Since these polymersomes were prepared in water, they were possibly sensitive to osmotic shocks when adding them in the cell culture medium, Rhodamine-labelled nanopolymersomes were also obtained in physiological osmolarity and pH using phosphatebuffered saline (PBS). PEG44-b-PTMC106 and PEG22-b-PTMC55 were the best candidates to form well-defined polymersomes in these conditions (Figure 2A,B). We plan to thoroughly study the internalization of these two types of polymersomes, especially at low incubation times, which would be used in a bio-conjugation reaction.

For in vivo studies, which are one of the perspectives of this research project discussed in Chapter V, a similar strategy was adopted to form Cyanine7-labelled nano-polymersomes in PBS (Figure 2C,D). An in vivo study will be performed soon by intravenous injection in the tail vein of immunocompetent mice in order to assess the half-life time in blood and the biodistribution of both types of polymersomes. These experiments are planned in collaboration with Dr. Franck Couillaud and Coralie Genevois from the Imotion lab (EA 7435) using the Vivoptic platform (TBM Core, UMS CNRS 3427, Bordeaux). In addition to nano-polymersomes, micro-and submicro-polymersomes of PEG-b-PTMC were also elaborated by electroformation and extrusion, as presented in Chapter III. To our knowledge, this is the first report on PEG-b-PTMC giant unilamellar vesicles (GUVs), especially in a 300 mOsM medium (Figure 3A). GUVs of PEG22-b-PTMC46 seem to have behave specifically: they can form facets upon a temperature decrease (Figure 3B), they can retained a tubular shape after micropipette aspiration (Figure 3C), and their bending rigidity, lysis strain and lysis tension were found to be very low for polymersomes, 7,8 with 𝐾 𝑏 = 6.0 ± 1.2 kbT, 𝛼 𝑐 = 2.6 ± 0.7% and 𝜎 𝑐 = 0.085 ± 0.028 mN.m -1 . This behavior could be related to the presence of crystalline domains in their membrane. 9 Further experiments will be performed to verify this hypothesis, for example with micropipette aspirations at temperatures below and above the copolymer's melting temperature (Tm).

Upon hypertonic shocks, GUVs of PEG22-b-PTMC46 presented outward buddings (Figure 3D) and their size was relatively stable, while PEG14-b-PBD19 GUVs formed starfish vesicles (Figure 3FigureE) or raspberry vesicles (Figure 3F) further evolving into smaller vesicles by fission. Therefore, PEG22-b-PTMC46 GUVs seemed more robust to osmotic shocks than PEG14-b-PBD19 GUVs. The difference in shape changes could be due to a difference in excess area between both types of polymersomes. 10 It would be interesting to further study these behaviors, especially for cell mimicking purposes. Preliminary tests performed for the Optonutrics project in collaboration with Dr.

Clémentine Bosch-Bouju from the NutriNeuro lab (UMR CNRS 1286 / INRA 1286) were discussed in Chapter V. In this project, polymersomes will be used to locally deliver nutrients in the brain in order to uncover the nutrients' effect on neuronal activity and brain function. Rhodamine-labelled polymersomes of PEG22-b-PTMC46 were obtained at a 1 µm in size by extrusion of GUVs, previously electroformed in sucrose at 300 mOsM. Studies conducted both ex vivo on brain slices and in vivo in mice showed that our polymersomes were non-toxic and did not diffuse rapidly out of the injection site, proving that a local delivery in the brain is feasible. Future experiments will be carried out in vivo by live imaging using Cyanine7-labelled polymersomes, in collaboration with Imotion at the Vivoptic platform.

Finally, as perspectives of this PhD research project, we discussed in Chapter V of the surface-functionalization of polymersomes (Figure 4A) and drug loading (Figure 4B), which will be both of interest to advance the TEPEE project, but also to develop a platform of polymersomes as traditional nanomedicines. 

  Résumé étendu en français ...............................................................................

  et toutes deux peuvent avoir un effet sur la stabilité colloïdale des polymersomes. Par conséquent, des études in vitro et in vivo ont été prévues sur cette bibliothèque de polymersomes afin d'élucider l'impact de ces propriétés physico-chimiques sur les interactions des polymersomes avec des cellules et sur leur devenir in vivo.

Figure 1 .

 1 Figure 1. Images cryo-TEM de nano-polymersomes formés par auto-assemblage de : A) PEG44b-PTMC106, B) PEG44-b-PTMC89, C) PEG22-b-PTMC55, D) PEG22-b-PTMC46. Barre d'échelle : 100 nm.

Figure 2 .

 2 Figure 2. Images Cryo-TEM de nano-polymersomes stériles formés dans le PBS à partir de l'auto-assemblage de : A,C) PEG44-b-PTMC106, B,D) PEG22-b-PTMC55. Barre d'échelle : 100 nm. A,B) Polymersomes marqués à la Rhodamine formés par co-assemblage des copolymères à blocs avec des homopolymères PTMC marqués à la Rhodamine pour étude in vitro (par exemple, sur les cellules T γδ). C,D) Polymersomes marqués à la Cyanine7 formés par co-assemblage des copolymères à blocs avec un homopolymère PTMC marqué à la Cyanine7 pour étude in vivo (par exemple sur des souris immunocompétentes).

  Il serait intéressant d'étudier plus en détail ces comportements, en particulier dans le but d'imiter des cellules vivantes. Les tests préliminaires réalisés dans le cadre du projet Optonutrics en collaboration avec le Dr Clémentine Bosch-Bouju du laboratoire NutriNeuro (UMR CNRS 1286 / INRA 1286) ont été abordés au chapitre V. Dans ce projet, les polymersomes seraient utilisés pour délivrer localement des nutriments dans le cerveau afin de découvrir l'effet des nutriments sur l'activité neuronale et les fonctions cérébrales. Les polymersomes de PEG22-b-PTMC46 marqués à la Rhodamine ont été obtenus autour de 1 µm par extrusion de GUVs préalablement électroformées dans du sucrose à 300 mOsM. Des études ex vivo sur des tranches de cerveau et in vivo chez la souris ont montré que nos polymersomes étaient non toxiques et ne se diffusaient pas rapidement hors du site d'injection, ce qui permettait une livraison locale, ce qui signifie qu'une diffusion locale dans le cerveau est possible. De futures expériences pourraient être menées in vivo par imagerie en direct à l'aide de polymersomes marqués à la Cyanine7, en collaboration avec Imotion sur la plateforme Vivoptic.

Figure 3 .

 3 Figure 3. Images de microscopie confocale de micro-polymersomes ou de formes apparentées formés à partir de deux types de copolymères à blocs : A-D) PEG22-b-PTMC46 et E,F) PEG14-b-PBD19. Barre d'échelle blanche : 5 µm ; barre d'échelle noire : 10 µm. A) GUV sphérique obtenue par électroformation. B) GUV à facettes obtenue par refroidissement à 5 °C après un premier chauffage à 45 °C (au-dessus de la Tm du copolymère). C) GUV présentant des bourgeons tubulaires externes obtenus par aspiration à la micropipette. D-F) Exemples de morphologies obtenues après des chocs hypertoniques : D) bourgeons externes sur une GUV de PEG22-b-PTMC46 ; E) vésicule en forme d'étoile de mer de PEG14-b-PBD19 instable et conduisant à des vésicules sphériques plus petites par fission ; et F) vésicule en forme de framboise obtenue à partir d'une GUV de PEG14-b-PBD19 chargée en fluorescéine.

Figure 4 .

 4 Figure 4. Représentation schématique : A) d'une stratégie de conjugaison maléimide-thiol entre les polymersomes (Ps) fonctionnalisés par le maléimide et les cellules T γδ, et B) de l'encapsulation de composés hydrophiles dans le coeur interne des polymersomes pouvant être relargués par diffusion progressive à travers la membrane.

  1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) PGA Poly(L-glutamic acid) PISA Polymerization-induced self-assembly PLA Poly(lactic acid) PMPC Poly(2-(methacryloyloxy)ethyl phosphorylcholine)

Figure I- 1 .

 1 Figure I-1. Schematic representation of the various nanoparticles designed for drug delivery.They have different sizes, shapes and compositions. They can be multifunctional with the help of different surface chemistries and targeting ligands. From Seleci et al..19 

  For example, binding of proteins can alter their conformation, which in turns impacts the nanoparticles by changing their size, charge and/or hydrophobicity (Figure I-3).

Figure I- 3 .

 3 Figure I-3. Schematic representation of the particle properties impacting the formation of the protein corona in a biological environment. "Characteristic protein attachment/detachment rates, competitive binding interactions, steric hindrance by detergents and adsorbed polymers, and the protein profile of the body fluid lead to dynamic changes in the corona. The corona can change when particles move from one biological compartment to another." From Nel et al..[START_REF] Nel | Understanding Biophysicochemical Interactions at the Nano-Bio Interface[END_REF] 

Figure I- 4 .

 4 Figure I-4. Stealth effect influences the protein corona and the resulting cell uptake. Proteins absorb onto unfunctionalized nanocarriers, they are opsonized and are eliminated by phagocytic cells.When stealth polymers are attached to the nanocarriers' surface, steric hindrance repels most of the proteins except some (e.g., clusterin) and prevents the uptake by macrophages. From Schöttler et al..[START_REF] Schöttler | Controlling the Stealth Effect of Nanocarriers through Understanding the Protein Corona[END_REF] 

  Shi & Lammers recently published a review on "Combining Nanomedicine and Immunotherapy" showing the exponential increase of publications on the field since 2013 (Figure I-5).[START_REF] Shi | Combining Nanomedicine and Immunotherapy[END_REF] 

Figure I- 5 .

 5 Figure I-5. Publications on nanomedicine, immunotherapy and nano-immunotherapy. From Shi & Lammers.[START_REF] Shi | Combining Nanomedicine and Immunotherapy[END_REF] 

Figure I- 7 .

 7 Figure I-7. Bioengineered cells for cell-mediated delivery of drug-loaded nanoparticles. A) Red blood cells (RBCs). 69 B) Immune cells with examples of a macrophage (Ba)[START_REF] Choi | A Cellular Trojan Horse for Delivery of Therapeutic Nanoparticles into Tumors[END_REF] and a B lymphocyte (Bb)[START_REF] Swiston | Surface Functionalization of Living Cells with Multilayer Patches[END_REF] . From Yoo et al..[START_REF] Yoo | Bio-Inspired, Bioengineered and Biomimetic Drug Delivery Carriers[END_REF] 

  docetaxel targeted nanoparticles (DTXL-TNPs, Figure I-8A) published by Hrkach et al.. 91 The study was conducted as follows (Figure I-8C). Process parameters were defined, a library of particles with different properties was prepared (Figure I-8B), evaluated in vitro, and an in vivo screening of promising candidates was performed. In total, the library screened contained more than 100 formulations with different physico-chemical parameters such as the size, PEG content, lactide/glycolide ratio, number of ligands per NP, drug load and release rate. After the selection of the final formulation (Figure I-8D), the production was scaled-up. Designated BIND-014, it was the first targeted, controlled-release polymeric

Figure I- 8 . 91 I

 891 Figure I-8. Combinatorial screening and optimization of DTXL-TNPs. A) Schematic representation of a DTXL-TNP, a targeted nanoparticle (TNP) presenting a hydrophobic PLA/PLGA core encapsulating docetaxel (DTXL) and a hydrophilic PEG corona decorated with targeting ligands (ACUPA). B) Library of DTXL-TNPs prepared by self-assembly of amphiphilic block copolymers of different chain lengths with a certain amount of ACUPA and by encapsulation of DTXL. C) Development and clinical translation of DTXL-TNPs. 1) A nanoemulsion process was developed for an efficient loading of DTXL. 2) Small-scale batches were prepared and their properties were tested in vitro. 3) Promising candidates were evaluated in vivo. Results lead to the selection of a specific formulation (BIND-014) and 4) its scale-up. D) Range of the different parameters and NP's physico-chemical properties evaluated. The optimized parameters selected for BIND-014 are indicated with the red dotted line. From Hrkach et al..[START_REF] Hrkach | Preclinical Development and Clinical Translation of a PSMA-Targeted Docetaxel Nanoparticle with a Differentiated Pharmacological Profile[END_REF] 

  on vesicles formed with poly(ethylene glycol)b-poly(ethylethylene) (PEG-b-PEE) diblock copolymers whose synthesis was first described by Hillmyer & Bates 96 in 1996. PEG-b-PEE and its unsaturated counterpart poly(ethylene glycol)-b-polybutadiene (PEG-b-PBD) gained particular interest because of their ability to

Figure I- 9 .

 9 Figure I-9. Comparison of the properties and features of liposomes (left) and polymersomes (right). Adapted from Rideau et al. 92 and Messager et al. 104 .

Figure I- 10 .

 10 Figure I-10. Schematic representation of vesicles according to their classification. Unilamellar vesicles are classified according to their size: SUV/LUV/GUV for small/large/giant unilamellar vesicles. Non-unilamellar vesicles of any size can be either multilamellar (MLV) or multivesicular (MVV). Adapted from Rideau et al..[START_REF] Rideau | Liposomes and Polymersomes: A Comparative Review towards Cell Mimicking[END_REF] 
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 1142421 Figure I-11. Scheme of a surface-functionalized drug-loaded polymersome. The vesicle is constituted of amphiphilic block copolymers (here a diblock copolymer with a hydrophilic part in orange and a hydrophobic part in purple). Active principles can be loaded inside the inner core for hydrophilic drugs and/or in the hydrophobic part of the membrane for hydrophobic drugs. The surface of polymersomes can be multi-functionalized with PEG chains for stealthiness, ligands for a specific targeting and fluorescent probes for imaging. Adapted from Pourtau et al..112 

2 .

 2 Influence of the copolymer composition Under a thermodynamic control, the morphology depends mostly on the copolymer composition. For example, the self-assembly of different PSm-b-PAAn (formulae in Figure I-12A) resulted in the formation of nano-objects of different morphologies according to the copolymer composition (degrees of polymerization m and n respectively of PS and PAA). Examples of the obtained shapes are represented in Figure I-12B: micelles, rods, lamellae, vesicles, hexagonally packed hollow hoops (HHHs) or large compound micelles (LCMs), in which inverse micelles have a PAA core surrounded by shells of PS. 113,116

Figure I- 12 .

 12 Figure I-12. A) Chemical formula of PSm-b-PAAn diblocks. B) Transmission electron microscopy (TEM) micrographs and schematic diagrams of the morphologies of PSm-b-PAAn objects. Red represents the hydrophobic PS and blue the hydrophilic PAA. HHHs: hexagonally packed hollow hoops; LCMs: large compound micelles. From Mai & Eisenberg. 113

For

  example, Jain & Bates showed that the increase of the PBD molar mass in PEG-b-PBD diblock copolymers shifted the boundaries of 𝑓 for each morphology, as can be seen on the morphology diagram (Figure I-13) while creating other structures: branched wormlike micelles and large networks.

Figure I- 13 .

 13 Figure I-13. Morphology diagram for PEG-b-PBD diblock copolymers self-assembled in water (1 wt%) by bulk hydration as function of the degree of polymerization of PBD (NPB, y axis) and the weight fraction in PEG (wPEO, x axis). Structures observed for NPB = 46: bilayers (B), cylinders (C) and spheres (S). Additional structures observed for NPB = 170: branched worm-like micelles (CY) and large networks (N). A, B, C inlets) Example of selected cryo-TEM micrographs. Scale bar: 100 nm. From Jain & Bates. 122

  multilamellar vesicles MLVs may also be turned into unilamellar vesicles via extrusion. For example, extrusion of MLVs with large size and dispersity on 200 nm filters can form monodisperse large unilamellar vesicles LUVs of around 200 nm while extrusion at 50 nm can lead to monodisperse small unilamellar vesicles SUVs of around 50 nm (Figure I-14).

Figure I- 14 .

 14 Figure I-14. Schematic representation of the extrusion of MLVs at 200 nm to form LUVs and 50 nm to form SUVs. From T&T Scientific and Malvern Panalytical.134

Figure I- 15 .

 15 Figure I-15. DLS size distributions of PEG40-b-PEE37 (OE7) giant polymersomes after: sonication (Rh = 133 ± 65 nm), sonication plus extrusion (Rh = 88 ± 13 nm), or sonication followed by freeze-thaw plus extrusion (Rh = 93 ± 9 mm). Similar results were obtained for PEG26-b-PBD46 (OB2) polymersomes. From Lee et al..[START_REF] Lee | Stability, and in Vitro Performance of Vesicles Made with Diblock Copolymers[END_REF] 

  reproducible. Post-fabrication treatments are generally applied to form LUVs or SUVs allowing a control over the size and thus reproducibility. Several variations of this process were developed. For example, Howse et al. showed that the vesicles size could be controlled with the use of a patterned surface.140 

Figure I- 16 .

 16 Figure I-16. Principle of film hydration. See the text for explanation.

  Figure I-17A). These oscillations, which result in mechanical vibrations, are perpendicular to the surface and help the preformed bilayers to move away from the surface (Figure I-17B). The resulting buds grow, come into contact (Figure I-17C) and merge (Figure I-17D). Thus, very large size ranges can be reached. The vesicles obtained after fusion become spherical again and eventually detach from the film (Figure I-17E). 142

Figure I- 17 .

 17 Figure I-17. Schematic representation of vesicle formation by electroformation. See the text for explanation. 𝐸 ⃗ indicates the direction of the external field. From Angelova. 142

Figure I- 18 .

 18 Figure I-18. Principle of the nanoprecipitation. See the text for explanation.

  at 40 wt% of water, only vesicles are formed (Figure I-20) and increasing the concentration of the PS310-b-PAA52 copolymer from 0.6 to 5 wt% increased the vesicles' size from 90 to 124 nm. 152

Figure I- 20 .

 20 Figure I-20. Phase diagram of PS310-b-PAA52 in dioxane-water mixtures as function of copolymer concentration and water content. From Shen & Eisenberg. 152

Figure I- 21 .

 21 Figure I-21. A) Scheme of the set-up used for nanoprecipitation by the inkjet printing technology. A copolymer solution in ethanol is filled into a cartridge and 'printed' in a stirred aqueous solution. From Hauschild et al.. 156 B) Scheme of the confined impingement jets (CIJ) micromixer used for flash nanoprecipitation. From Allen et al.. 158 C) Scheme of the set-up used for nanoprecipitation controlled by microfluidics with two pumps and a micromixer. Insets show two different micromixers (interdigital and caterpillar) with their corresponding flow profile. From Bleul et al.. 132 D) Scheme of the Dolomite Microfluidics Micromixer chip constituted of two mixing paths. Each path has 3 inputs, twelve mixing stages and one output. From Dolomite Microfluidics. 160

  mixing. Several geometries of micromixers exist, they generally have several mixing steps and are based on laminar (Figure I-21C, D) or turbulent flow or both. The example of the self-assembly process represented in Figure I-22 occurs in a micromixer where the first mixing steps are based on laminar flow while the last ones are in turbulent flow. 132 In the first steps, a laminar flow takes place due to the concentration gradient between the copolymer and aqueous solutions. The mixing rate is based on the rate of diffusion of unimers in water, which only depends on thermodynamic parameters and not on the total flow rate. When a CWC is reached (green flag 'Start' in Figure I-22), small micelles form first and can grow into vesicles. Then, approaching the outlet of the micromixer, the flow becomes turbulent. The speed of this chaotic mixing is based on advection/convection phenomena. At the transition from laminar to turbulent regimes ('Stop' sign in Figure I-22), the mixing rate is suddenly increased, stopping the selfassembly and forming 'kinetically trapped' structures. By increasing the total flow rate, the turbulent regime occurs closer to the micromixer inlet; trapping smaller polymersomes or aggregates at an earlier stage of the polymersome formation (e.g., micelles). 132 In 2009, Müller et al. showed for the first time the formation of polymersomes by microfluidics. 161 The use of their interdigital micromixer allowed the reduction of the number of co-existing morphologies of PEG66-b-PBD130 assemblies compared to a batch process. 161 In another publication by Thiermann et al., PEG66-b-PBD130 polymersomes were produced via different micromixers, with sizes between 45 and 100 nm and narrow size distributions (PDI < 0.1). 162 Brown et al. formed vesicles of poly(2-(methacryloyloxy)ethyl phosphorylcholine)-b-poly(2-(diisopropylamino)ethyl methacryl-ate) (PMPC-b-PDPA) block copolymers by pH variation in a flow-focusing microfluidic device. 163 Bleul et al. produced vesicles of Pluronic L121, a poly(ethylene glycol)-b-poly(propylene glycol)b-poly(ethylene glycol) (PEG5-b-PPG68-b-PEG5) copolymer.

Figure I- 22 .

 22 Figure I-22. Stages of block copolymer self-assembly by nanoprecipitation in a micromixer depending on the concentration of the selective solvent in the polymer phase and the total flow rate. The green flag 'Start' indicates the moment when the self-assembly starts, when the critical water content is reached, which does not depend on the total flow rate. The 'Stop' sign indicates when the aggregates are 'kinetically frozen'. It happens quickly after the transition from a laminar to a turbulent regime (shown by different patterns of the background). This transition occurs earlier and earlier as the total flow rate increases. From Bleul et al.. 132

Figure I- 23 .Figure I- 23 .

 2323 Figure I-23. Principle of the double emulsion-evaporation process. See the text for explanation.

Figure I- 24 .

 24 Figure I-24. Representative scheme of the glass microcapillary device for the production of double emulsions from coaxial flows. This geometry requires the intermediate fluid to be immiscible with both the inner and outer fluids. Both the injection (right) and collection (left) tubes are cylindrical and tapered at their end. The typical inner diameter of the conical tip of the injection tube varies between 10 and 50 µm. The typical diameter of the collection tube varies between 50 and 500 µm. The size of the square tube nesting the two cylindrical tubes is typically 1 mm. From Utada et al.. 171

Figure I- 25 .

 25 Figure I-25. Principle of the emulsion-centrifugation process. See the text for explanation.

  Figure I-26B and in analogy with liposomes, the polymersome membrane can be seen as constituted of two parts: one which is hydrophobic, called the 'hydrophobic membrane' and one which is hydrophilic, named 'hydrophilic corona', present at both the outer and inner sides of the hydrophobic membrane. Moreover, like the liposome membrane, the polymersome membrane can be in an interdigitated structure where hydrophobic chains are highly entangled, 'mixed' due to entropic reasons (Figure I-26).

Figure I- 26

 26 Figure I-26 illustrated the membrane conformation for amphiphilic diblock copolymers but a wide variety of amphiphilic copolymers can also form membranes, such as multiblock, random, star and graft copolymers. 176 As illustrated in Figure I-27, different membrane conformations can be obtained according to the multiblock copolymer's architecture constituted of two to three different types of blocks (named A, B, C in Figure I-27) with at least one hydrophilic block (A, blue)and one hydrophobic block (B, red), the third block type being either hydrophilic (C, green) or hydrophobic (C, yellow).133 

Figure I- 26 .

 26 Figure I-26. Structure of: A) a liposome bilayer, B) a polymersome bilayer. The bilayer can be seen as constituted of a hydrophobic membrane (in yellow) and a hydrophilic corona at both the inner and outer sides of the hydrophobic block. This corona is made of hydrophilic heads for liposomes (A) and hydrophilic blocks for polymersomes (B). Adapted from Battaglia & Ryan. 175

Figure I- 27 .

 27 Figure I-27. Different membrane conformations of polymersomes formed by diblocks or multiblocks containing three types of blocks (A, B, C) with at least one hydrophilic block (A, blue) and one hydrophobic block (B, red), the third block type (C) being either hydrophilic (green) or hydrophobic (yellow). Form LoPresti et al.. 133

Figure I- 28 )

 28 with a hydrophobic membrane thickness (𝛿) and a hydrophilic layer thickness (𝐿). I.4.4.1. Hydrophobic membrane thickness The hydrophobic membrane thickness (𝛿) increases with the mean hydrophobic block molar mass (𝑀 ℎ ̅̅̅̅ ) (Figure I-28). 119

Figure I- 28 .

 28 Figure I-28. Schematic representation of vesicle bilayers made from diblock copolymers, showing the influence of the hydrophobic block molar mass (𝑀 ℎ ̅̅̅̅ ) on the hydrophobic membrane thickness (𝛿). Adapted from Discher & Ahmed. 119

Figure I- 29 .

 29 Figure I-29. Conformation of chains grafted onto a surface (with a layer thickness 𝐿) according to the value of the distance 𝐷 between chains compared to their radius of gyration (𝑅 𝑔 ). Adapted from Dr. Gauvin Hemery PhD thesis. 182

5 <I. 4 . 5 .

 545 𝑥 ≤ 1 non-gaussian chains 𝑙 0 : the length of one repeating unit of the polymer (e.g., 𝑙 0 = 0.358 𝑛𝑚 for PEG 187 ) Membrane properties I.4.5.1. Influence of the molecular design

92 , 180 I. 4 . 5 . 2 .

 92180452 Influence of the hydrophobic membrane thickness Most of the membrane properties are commonly attributed to the hydrophobic part of the membrane, are influenced by the copolymer's molar mass and also the hydrophobic membrane thickness. The schematic plot in Figure I-30 illustrates how increasing the molar mass of the copolymer increases the polymersomes' stability but also decreases the lateral mobility of a chain in the membrane and the membrane permeability. 119 As discussed in paragraph I.4.1 (p38), it is the difference of range of molar masses between lipids and polymers which explains the variation of membrane properties between liposomes and polymersomes (Figure I-30).

Figure I- 30 .

 30 Figure I-30. Schematic plot showing the influence of the amphiphile nature and molar mass on several membrane properties of the respective vesicular structures. Adapted from Discher & Ahmed. 119

Table I- 4 . 192 I. 4 . 5 . 3 .

 4192453 et al. showed that the permeability of PEG-b-PBG polymersomes to the small molecule 5,5'-dithiobis-2-nitrobenzoic acid (DTNB) was inversely proportional to 𝛿, in agreement with Fick's first law of diffusion: 191 𝐷 𝐷𝑇𝑁𝐵 is the diffusion coefficient of DTNB. Scaling of some membrane parameters with the hydrophobic membrane thickness 𝛿. Only the stretching modulus 𝐾 𝑎 does not depend on 𝛿. 𝐷 is given here only for a Rouse scaling. Adapted from Le Meins et al..180 Most of the membrane properties discussed here are more easily obtained on GUVs since the observation of the vesicle behavior can be performed live on an optical microscope under different conditions (micropipette aspiration, temperature variation, osmotic shock…).180 The mechanical properties and scaling laws determined on GUVs might be transferable to LUVs or SUVs. 180 This is only a hypothesis since experimental set-ups are currently being developed and are not widely employed yet. For example, nano-indentation experiments based on atomic force microscopy (AFM) were used to study the membrane rigidity of small vesicles. Membrane phase transitions and response to temperature An interesting property of many lipid membranes is that they adopt different structures according to the temperature. Examples of different phase states are illustrated in TableI-5.193 

Figure I- 31 .

 31 Figure I-31. Representative schemes of vesicles formed from rod-coil block copolymers in a solvent selective of: A) the rod block; B) the coil block. Adapted from Dr. Charles Sanson PhD thesis. 196

Figure I- 32 .

 32 Figure I-32. A) Chemical formula of poly(L-glutamic acid)-b-poly(L-lysine) (PGA15-b-PLys15) block copolymer. B) Schematic representation of the self-assembly of the copolymer into vesicles with the hydrophobic membrane either made of PGA or PLys respectively in acid or basic pH. From Rodríguez-Hernández & Lecommandoux. 197

  mesogens) have two main specific phases. A smectic phase in which molecules are aligned in layers whereas in a nematic phase, obtained at a higher temperature, the mesogens are only pointing in the same direction and have more freedom of movement than in a smectic phase (Figure I-33).

Figure I- 33 .

 33 Figure I-33. Schematic representations of the arrangement of molecules in a solid crystal, a liquid or a liquid crystal (in a smectic or nematic phase). From van der Asdonk & Kouwer. 200

Figure I- 34 .

 34 Figure I-34. A) Chemical formula of poly(ethylene glycol)-b-poly(4-methoxyphenyl 4-(6acryloyloxy-hexyloxy)-benzoate) (PEGm-b-PA6esterln) block copolymer. B) Cryo-TEM of PEG45-b-PA6ester120 vesicles. Scale bar: 100 nm. The inset is an enlargement of the upper left area of the vesicle and shows smectic stripes (period of 2.5 ± 0.1 nm). C) Schematic representation of the smectic structure of the liquid crystal (green ellipsoid) in the vesicle membrane. Form Xu et al.. 202

ForFigure I- 35 .

 35 Figure I-35. A) Cryo-TEM image of dipalmitoylphosphatidylcholine (DPPC) vesicles vitrified at 25 °C. Scale bar: 100 nm. From Andersson et al.. 205 B) Scanning fluorescence confocal microscopy image of poly(ethylene glycol)-b-polycaprolactone (PEG2k-b-PCL12k) vesicles prepared by film hydration in the presence of Nile red at 65 °C and observed at room temperature. Scale bar: 5 µm. From Ghoroghchian et al.. 206

  the inner concentration (Figure I-36). This action leads to an excess of the vesicle's surface area over the inner volume and can result in a size decrease and/or shape transformation or even the vesicle's rupture.208

Figure I- 36 .

 36 Figure I-36. Schematic representation of the vesicle's behavior under different osmolarity conditions. Adapted from Dr. Romain Salva PhD thesis. 209

  the vesicle depends on the spontaneous curvature 𝜃 0 and the reduced volume 𝑣, defined as the ratio between the volume of the vesicle and the volume of a spherical vesicle of equal area.[215][216][217] A map in Figure I-37 shows different shapes: prolate, oblate, dumbbell, biconcave (also called disc or erythrocyte), stomatocyte, tube, outward budding (pear) and inward budding (nested vesicle). However, other parameters are also dictating the resulting shape such as the size and the membrane structure and nature.217 

Figure I- 37 .

 37 Figure I-37. Map of vesicle shape transformation pathways. The parameter 𝜃 0 specifies the spontaneous curvature and 𝑣 the reduced volume, defined as the ratio between the volume of the vesicle and the volume of a spherical vesicle of equal area. A hypertonic shock reduces 𝑣 which leads to different shape changes according to the initial 𝜃 0 curvature. From Yuan et al.. 216

Figure I- 38 . 95 Figure I- 39 .

 389539 Figure I-38. Shape transformations of PEG40-b-PEE37 vesicles upon osmotic swelling of a deflated polymersome imaged by phase contrast video microscopy. A) A polymersome formed in 100 mOsM sucrose observed in a 150 mOsM glucose solution which induced a hypertonic shock resulting in a tube. B-F) Distilled water was gradually added to the external media to dilute it. The tubular vesicle (A) swelled by forming interconnected vesicles (B, inset) which coalesced (C, D, E) into a single, tensed vesicle (F). From Discher et al..[START_REF] Discher | Polymersomes: Tough Vesicles Made from Diblock Copolymers[END_REF] 

Figure I- 40 .

 40 Figure I-40. Schematic representation of the formation of PEG-b-PS nanosized stomatocytes.First, PEG-b-PS are solubilized in a mixture of tetrahydrofuran (THF) and dioxane (represented by pink spheres) good for both blocks (i.e. PS is flexible). Then, water is slowly added to the copolymer solution leading to the self-assembly of the chains into spherical vesicles. Finally, upon dialysis of the polymersomes against water, solvent molecules diffuse out of the bilayer and water molecules balance the osmotic pressure by entering in the polymersome until a critical point when the PS part of the membrane becomes glassy and impermeable to water. Expulsion of solvent molecules continue but water cannot enter, creating an osmotic imbalance which leads to the inward folding of the membrane and the stomatocyte shape.219 Adapted from Wilson et al..228 

II. 2 . 1 .Scheme II- 1 .

 211 Scheme II-1. Reaction scheme of the synthesis of PEGn-b-PTMCm block copolymers by ringopening polymerization of TMC on MeO-PEGn-OH in tetrahydrofuran (THF) and initiated by DBU.

1 .

 1 Reaction conditions for the synthesis of PEGn-b-PTMCm block copolymers according to targeted degrees of polymerization (DP) of PTMC and characteristics obtained after purification (DP, conversion and yield). a: degree of polymerization (DP); conversion (p) b: obtained DP and p calculated by 1 H NMR * synthesized with TU as a co-catalyst Proton nuclear magnetic resonance ( 1 H NMR) was carried out in deuterated chloroform (CDCl3) at different time points of the reaction to follow the kinetics in order to predict at which time the reaction needed to be stopped. The increase of the degree of polymerization (DP) of PTMC (m value) was easily followed from the integration of peaks at 4.23 (4m H) and 2.05 ppm (2m H) corresponding to PTMC protons. The calibration was performed based on the PEGn block with peaks at 3.64 ppm (88H for n = 22 and 176H for n = 44) and 3.37 ppm (3H). An example of kinetics is shown in Figure S II-1 (p149).

Final 1 H

 1 NMR spectra of copolymer 1 (named PEG44-b-PTMC106) and 2 (PEG44-b-PTMC89) are shown in Figure II-1 with the initial spectrum of MeO-PEG44-OH. Spectra of copolymer 3 (PEG22-b-PTMC55) and 4 (PEG22-b-PTMC46) are plotted in Figure S II-3 (p151) with the initial spectrum of MeO-PEG22-OH.

Figure II- 1 . 1 H

 11 Figure II-1. 1 H NMR spectra in CDCl3 of: A) PEG44 macro-initiator, B) copolymer 1 (PEG44-b-PTMC106, blue) and C) copolymer 2 (PEG44-b-PTMC89, green).

2 .

 2 Characteristics of PEGn-b-PTMCm block copolymers obtained by 1 H NMR, SEC, TGA and DSC. a: Degree of polymerization (DP), number average molar mass ( M n ̅̅̅̅̅ ) and hydrophilic mass fraction (fPEG) calculated from 1 H NMR spectrum in CDCl3 b: M n ̅̅̅̅̅ and dispersity (Ð) determined by SEC in THF, RI, PS standard ( M n ̅̅̅̅̅ (PEG44) = 2300 g.mol -1 ; M n ̅̅̅̅̅ (PEG22) = 1200 g.mol -1 ) c: fPEG determined by TGA according to separate weight loss of PEG and PTMC d: Glass transition temperature (Tg) and melting temperature (Tm) determined by DSC respectively from second heating run and first heating run * synthesized with TU as co-catalyst

2 ,

 2 p103). However, SEC traces (Figure II-2; Figure S II-5, p152) showed a shoulder at higher molar masses than the diblock's. This shoulder was not present in the PEG macro-initiators (Figure II-2) and it may be attributed to PEGn-b-PTMC2m-b-PEGn triblocks mentioned earlier, which could be formed during the ROP.

Figure II- 2 .

 2 Figure II-2. Normalized SEC chromatograms in THF of PEGn-b-PTMCm block copolymers: PEG44-b-PTMC106 (blue, 1), PEG44-b-PTMC89 (green, 2), PEG22-b-PTMC55 (red, 3), PEG22-b-PTMC46 (orange, 4) and PEGn macro-initiators: PEG44 (dark gray) and PEG22 (light gray).

Figure II- 3 .

 3 Figure II-3. TGA thermograms of PEGn-b-PTMCm block copolymers: PEG44-b-PTMC106 (blue, 1), PEG44-b-PTMC89 (green, 2), PEG22-b-PTMC55 (red, 3), PEG22-b-PTMC46 (orange, 4) and PEGn macro-initiators: PEG44 (dark gray) and PEG22 (light gray).

Figure II- 4 .

 4 Figure II-4. DSC thermograms of PEGn-b-PTMCm block copolymers: PEG44-b-PTMC106 (blue, 1), PEG44-b-PTMC89 (green, 2), PEG22-b-PTMC55 (red, 3) and PEG22-b-PTMC46 (orange, 4). A) First heating run; B) Cooling run; C) Second heating run.

Scheme II- 2 .

 2 Scheme II-2. PEGn-b-PBDp block copolymers chemical formulae of (1,2)-and (1,4)-adduct.

Figure II- 5 . 1 H

 51 Figure II-5. 1 H NMR spectra in CDCl3 of copolymer 6 (PEG14-b-PBD19, brown).

Figure II- 6 .

 6 Figure II-6. Normalized SEC chromatogram in THF of copolymer 6 (PEG14-b-PBD19, brown).

Figure II- 7 . 1 H

 71 Figure II-7. 1 H NMR spectra in CDCl3 of: A) copolymer 7 (PEG22-b-PBD52, pink) and B) copolymer 7p (PEG22-b-PBD54, dark pink) purified from 7 by dialysis.

Figure II- 8 .

 8 Figure II-8. Normalized SEC chromatograms in THF of copolymer 7 (PEG22-b-PBD52, pink) and copolymer 7p (PEG22-b-PBD54, dark pink dashes) purified from 7 by dialysis.

Figure II- 9 . 1 H

 91 Figure II-9. 1 H NMR spectra in CDCl3 of: A) copolymer 8 (PEG40-b-PBD75, purple), B) impurities (PBD76 block and naphtalene, black) separated from copolymer 8, and C) copolymer 8p (PEG52-b-PBD76, dark purple) purified from 8.

Figure II- 10 .

 10 Figure II-10. Normalized SEC chromatograms in THF of copolymer 8 (PEG40-b-PBD75, purple), copolymer 8p (PEG52-b-PBD76, dark purple dashes) purified from after separation of the impurities (PBD76 block and naphtalene, black dots).

Figure II- 11 .

 11 Figure II-11. TGA thermograms of PEGn-b-PBDp block copolymers: PEG14-b-PBD19 (brown, 6), PEG22-b-PBD52 (pink, 7) and PEG40-b-PBD75, (purple, 8).

Figure II- 12 .

 12 Figure II-12. DSC thermograms of PEGn-b-PBDp block copolymers: PEG14-b-PBD19 (brown, 6), PEG22-b-PBD52 (pink, 7) and PEG40-b-PBD75, (purple, 8). A) First heating run; B) Cooling run; C) Second heating run.

Figure II- 13 .

 13 Water and copolymer solution in dimethyl sulfoxide (DMSO) were mixed in a micromixer chip at different water contents (wc) and flow rates (FR) controlled by pressure pumps and flowmeters. Nanoparticles collected at the output of the chip in a H2O/DMSO mixture were dialyzed against water to remove the organic solvent in order to recover them in aqueous solution.

Figure II- 13 .

 13 Figure II-13. Representative scheme of the nanoprecipitation controlled by a microfluidic system. One pressure pump containing water was directly connected to the second inlet of the micromixer chip. The flow from the second pump, containing a solution of copolymer in DMSO (P-DMSO), was separated in half using a T-connector and entered the chip through the first and third inlets. Once water and DMSO joined the chip, they were mixed in a series of 12 mixing steps of a specific geometry. The suspension collected at the output was then dialyzed against water to remove DMSO in order to recover the nanoparticles in aqueous solution.

Figure II- 14 .

 14 Figure II-14. DLS 90° results of: A,B) PEG44-b-PTMC106 (1) NPs and C,D) PEG22-b-PTMC46 (4) NPs prepared by nanoprecipitation controlled by microfluidics: A,C) before dialysis 'BD' and B,D) after dialysis 'AD'. Hydrodynamic diameter (Dh, red), polydispersity index (PDI, blue) and derived count rate (DCR, gray) plotted versus water content (wc). Wc represented before dialysis are true values, but true wc after dialysis are in fact 100 wc%. NPs of PEG22-b-PTMC46 formed at 80 and 90 wc% were not stable during dialysis (aggregation was visually observed).

  the PEG-b-PTMC and PEG-b-PBD block copolymers. Another condition (Condition 2) was also applied on only PEG44-b-PTMC106 and PEG44-b-PTMC89 copolymers. The specifics of both conditions are detailed in Table II-5. Table II-5. Conditions of controlled nanoprecipitation by microfluidics selected for the selfassembly study of the block copolymers. Condition 2 was used only on PEG44-b-PTMC106 and PEG44-b-PTMC89. FR: flow rate. P-DMSO: copolymer solution in DMSO ([P-DMSO] = 10 g.L -1 ). TFR: total flow rate. V: volume of suspension collected at the chip's output. # Repetitions: number of repetitions performed by the same experimenter. Different suspensions of 3 mL were produced and collected at the chip's output and dialyzed separately in order to evaluate the repeatability of the procedure. Obtained NPs were analyzed by DLS 90° before and after dialysis. Results are shown as means and standard deviations (SD) in Table II-6. Size distributions after dialysis are plotted in Figure II-15 and Figure II-16, which show monomodal log-normal distributions.

  Figure II-15. DLS 90° size distributions obtained after dialysis of: A,C) PEG44-b-PTMC106 NPs and B,D) PEG44-b-PTMC89 NPs formed at: A,B) 50 wc% or B,C) 60 wc%; E) PEG22-b-PTMC55 NPs and F) PEG22-b-PTMC46 NPs formed at 50 wc% using controlled nanoprecipitation by microfluidics.

  seen for PEG44-b-PTMC106 and PEG44-b-PTMC89 NPs, the size of PEG22-b-PTMC55 and PEG22-b-PTMC46 NPs prepared with Condition 1 decreased after dialysis. PDI decreased for PEG22-b-PTMC55 NPs but slightly increased for PEG22-b-PTMC46 NPs. Regarding DCR, it decreased after dialysis but since the size decreased too, this change cannot be interpreted in terms of change in the NPs' concentration. PEG22-b-PTMC55 NPs were the most defined in size and the smallest of the PEG-b-PTMC NPs' series with PDI = 0.03 and a Dh = 115 nm close to the ones of PEG44-b-PTMC106 (139 nm) and PEG44-b-PTMC89 NPs (121 nm). However, PEG22-b-PTMC46 NPs were the largest (175 nm) and had the largest size distributions with PDI = 0.12. These two observations can be clearly seen in Figure II-15 with PEG22-b-PTMC55 NPs (Figure II-15E) having the narrowest size distribution and PEG22-b-PTMC46 NPs (Figure II-15F) the broadest.

  indicating an increase in the NPs' concentration. PEG14-b-PBD19 (6) NPs were the smallest with Dh =76 nm and the most uniformed in size with PDI = 0.05. NPs formed with commercial PEG22-b-PBD52(7) or its naphthalene-free equivalent, PEG22-b-PBD54 (7p), were the largest of the series respectively with Dh =194 nm (PDI = 0.11) and Dh =222 nm (PDI = 0.15). The NPs' size was slightly larger when formed without presence of naphthalene. This might be due to the molecule's hydrophobicity, which can facilitate the nanoprecipitation in smaller objects. NPs prepared with commercial PEG40-b-PBD75 (8) or its naphthalene-PBD-free equivalent, PEG52-b-PBD76 (8p), had sizes in between, respectively with Dh = 121 nm (PDI = 0.16) and Dh = 138 nm (PDI = 0.10). The NPs' size was a bit larger when prepared without the 19 wt% of PBD homopolymer that was present in copolymer 8, which can be interpreted again as a hydrophobic effect.

Figure II- 16 .

 16 Figure II-16. DLS 90° size distributions obtained after dialysis of NPs prepared from commercial PEG-b-PBD block copolymers: A) PEG14-b-PBD19 (6), B) PEG22-b-PBD52 (7), C) PEG40-b-PBD75 (8) and from purified PEG-b-PBD block copolymers: D) PEG22-b-PBD54 (7p) and E) PEG52-b-PBD76 (8p). All NPs were formed at 50 wc% using controlled nanoprecipitation by microfluidics.

  of the controlled nanoprecipitation procedure (Condition 1) was assessed on the four different PEG-b-PTMC based NPs and also the PEG14-b-PBD19 NPs. Reproducibility was not evaluated for PEG22-b-PBD52 (7) and PEG40-b-PBD76 (8) NPs since similar NPs were obtained on the purified block copolymers PEG22-b-PBD54 (7p) and PEG52-b-PBD76 (8p). Results obtained by DLS 90° after dialysis of NPs produced by two different experimenters are presented in

Figure II- 17 .

 17 Figure II-17. DLS 90° monitoring over time (in weeks) of the NPs in storage conditions (4 °C, water). A) PEG-b-PTMC NPs and B) PEG-b-PBD NPs. Dh (red), PDI (blue) and DCR (gray). Time zero corresponds to data obtained after dialysis.

Figure II- 18 .

 18 Figure II-18. Zeta potentials of NPs formed from the different PEG-b-PTMC and PEG-b-PBD block copolymers.

Figure II- 19 .

 19 Figure II-19. MALS results obtained in: A,B) static or C,D) dynamic mode on NPs formed from the different: A,C) PEG-b-PTMC and B,D) PEG-b-PBD block copolymers and respective linear fits (R 2 > 0.9). A,B) Scattering intensities (𝐼(𝑞)) from SLS are presented as Guinier plots for which 𝑙𝑛(𝐼(𝑞)) = 𝑙𝑛(𝐼(0)) -𝑞 2 . (𝑅 𝑔 2 )/3. A) Offset of 1 between curves for clarity. B) Offset of 2 only for PEG52-b-PBD76 (8p) NPs (purple); Linear fit for PEG22-b-PBD54 (7p) NPs (pink solid line) for angles lower than 90°. C,D) Relaxation frequencies (Γ) from DLS are presented versus 𝑞 2 ; according to Fick's law of diffusion 𝐷 = Γ𝑞 2 where D is the NPs' diffusion coefficient connected to 𝑅 ℎ by the Stokes-Einstein relation.

  Figure S II-9 (p158). The intercept of the extrapolation of the plots at a theoretical zero

  of one copolymer chain (Acopolymer) and the equivalent concentration of NPs ([NPs]) for 1 g.L -1 of copolymer. Calculations are detailed in Annex II-3 (p166). Results are represented in Figure II-20 and summarized in Table II-8.

Figure II- 20 .

 20 Figure II-20. MALS results of NPs formed from the different PEG-b-PTMC and PEG-b-PBD block copolymers: A) Rg, B) Rg/Rh, C) Nagg, D) Acopolymer and E) [NPs].

  NPs' molar concentration ([NPs]) for 1 g.L -1 of copolymer was in a similar range for all the different types of NPs. Since[NPs] is inversely proportional to M w ̅̅̅̅̅ (particle), the highest concentration was observed for PEG14-b-PBD19 (6) NPs with 16.4 nM while the lowest concentration was found for PEG22-b-PBD52 (7p) NPs with 0.8 nM. Regarding the NPs' concentration, one can estimate a theoretical value by considering the NPs radius of gyration found by MALS and the density of each block. The principle of this calculation is explained in Annex II-6 (p171). Results are represented in Table S II-5(p159). The theoretical [NPs] were found to be of the same order of magnitude than the values calculated using Nagg. They were not exactly the same but the trend was very similar, meaning that NPs from copolymer 1, 2, 3, 8p have around the same concentration. NPs of 4 were at half of this concentration. Finally, NPs of 6 had the highest concentration and NPs of 7p the lowest. II.3.6.3. Cryo-transmission electron microscopy The same NPs' series was further characterized by cryo-transmission electron microscopy (cryo-TEM). Characteristic examples of cryo-TEM images are represented in Figure II-21. All the PEG-b-PTMC NPs were found to be in majority unilamellar vesicles (Figure II-21A-D, left panels). Other morphologies were present in minority (Figure II-21A-D, right panels). Spherical micelles, cylindric micelles and spheres were also observed for PEG44-b-PTMC106 (1) and PEG44-b-PTMC89 (2) NPs (Figure II-21A-B). For PEG22-b-PTMC55 (3) NPs, only spheres were observed, particularly in the grid holes while vesicles were found on the grid or at the boundary (Figure II-21C). Since these three types of NPs were concentrated by ultrafiltration for further analysis, it is possible that the morphologies in minority were partly formed during the concentration process or due to the aging of the samples. To verify this hypothesis, NPs could be imaged at their initial copolymer concentration, even if fewer objects would be observed. It was the case for PEG22-b-PTMC46(4) NPs which were analyzed at ≈ 2.8 g.L -1 , the number of objects was indeed much lower but they were mainly unilamellar vesicles with a minority of bilamellar vesicles (FigureII-21D). This last morphology was only seen for this type of NP.

Figure II- 21 .

 21 Figure II-21. Cryo-TEM images illustrating the morphology in majority (left panels) and in minority (right panels) of NPs formed from the different block copolymers: A) PEG44-b-PTMC106 (1), B) PEG44-b-PTMC89 (2), C) PEG22-b-PTMC55 (3), D) PEG22-b-PTMC46 (4), E) PEG14-b-PBD19 (6), F) PEG22-b-PBD54 (7p), and G) PEG52-b-PBD76 (8p). Black scale bars: 100 nm; white scale bars: 200 nm.
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 9 (p134). Sizes were consistent to the ones found by DLS, the values being consistently smaller. Indeed, by cryo-TEM we measure the NP's radius from the center of the object to the end of the hydrophobic membrane, meaning without the PEG outer layer of the membrane or the NP's solvation layer, while by DLS 90° the whole hydrodynamic radius is measured. The difference Rh -Rcryo-TEM can provide an overestimation of the PEG layer thickness since it also contains the thickness of the solvation layer. This radii difference was calculated and varied from 8 nm for PEG14-b-PBD19 (6) NPs to 16 nm for PEG44-b-PTMC106 (1) NPs (TableII-9, p134). Values were not determined for the PEG22-b-PBD54 (7p) and PEG52-b-PBD76 (8p) NPs since their Rh corresponds to the overall Rh of the mixture of vesicles with the other morphologies.Theoretical calculations were performed to evaluate the conformation of the PEG chains at the surface of the different types of NPs. Explanation of such calculation is available in Annex II-7 (p172). Reduced grafting densities (Σ) were determined and were all found to be between 1 and 5 (Table S II-6, p160) meaning that PEG chains were in a conformation between mushroom and brush (Figure I-29, p67). They were slightly stretched and their length was larger than the calculated Rg. The PEG layer thickness (LPEG) could also be estimated for PEG chains in such conformation (Annex II-7, p172) and were found ranging from 3.5 nm for PEG14-b-PBD19 (6) NPs to 5.1 nm for PEG44-b-PTMC89 (2) NPs (TableSII-6, p160).As expected, these LPEG values were at least 2 times larger than the Rg of the respective PEG chains and they were smaller than the Rh -Rcryo-TEM values. It is also interesting to notice that the PEG surface densities (σ) were different for each type of NPs since they depend on the NPs' area. Even if LPEG is calculated with σ, it is also weighted with the DP of PEG, and the highest LPEG was found for NPs self-assembled from copolymers with the highest DP of PEG. Indeed, the PEG layer thickness was near 5 nm for PEG44-b-PTMC106 (1) and PEG44-b-PTMC89 (2) NPs, 4 nm for PEG22-b-PTMC55 (3) and PEG22-b-PTMC55 (3) NPs and 3.5 nm for PEG14-b-PBD19 (6) NPs.

4 ( 6 )

 46 The hydrophobic membrane thickness (δ) was also measured by cryo-TEM, their values being modulated according to the molar mass of the hydrophobic polymer. The thickness of PEG-b-PTMC vesicles was comprised between 11.8 and 16.7 nm while the one of PEG-b-PBD vesicles was between 7.9 and 18.6 nm.II.3.6.4. Small-angle neutron scatteringSmall-angle neutron scattering (SANS) experiments were also carried out in order to confirm the proposed morphologies. The principle of SANS is explained in Annex II-p169). The different types of NPs were all analyzed in 'heavy' water (D2O) to have a better contrast between our material and the solvent and limit the scattering background. Experimental scattering curves were fitted with a vesicle model as shown in Figure II-22 allowing the determination of the vesicles' size and membrane thickness, as indicated in Table II-9 (p134). With no surprise, all the PEG-b-PTMC NPs and the PEG14-b-PBD19 (NPs could be perfectly adjusted with the vesicle model. The vesicles' size and hydrophobic membrane thickness were consistent with the cryo-TEM findings. The oscillation characteristic of a bilayer (at 𝑞 ≈ 10 -2 Å -1 ) was especially clearly observed for PEG22-b-PTMC55 (3) vesicles, consistent with the fact that these NPs were found the most uniformed in size by DLS. It has to be noted that the other two PEG-b-PBD based NPs were formed with the commercial block copolymers, non-purified. The scattering curve of PEG22-b-PBD52 (7) NPs showed no oscillation typical of a bilayer, which supported the observation made by cryo-TEM that these NPs were not only unilamellar vesicles. The scattering curve of PEG40b-PBD75 (8) NPs was well fitted by a vesicle model at high 𝑞 values but the slope of the curve at low 𝑞 values could not be well adjusted by this model. Thus, a model of cylindric micelle was also tested (Figure S II-10, p161) and fitted nicely the slope. At the lowest 𝑞

Figure II- 22 .

 22 Figure II-22. SANS scattering curves of NPs formed from the different block copolymers: PEG44-b-PTMC106 (1), PEG44-b-PTMC89 (2), PEG22-b-PTMC55 (3), PEG22-b-PTMC46 (4), PEG14-b-PBD19 (6), PEG22-b-PBD52 (7) and PEG40-b-PBD75 (8). Curves were fitted with theoretical plots for a vesicle morphology (beige lines). For clarity, an offset of 10 2 was applied between curves.

  Scaling lawAs explained in I.4.4.1 (p65), the scaling of the hydrophobic membrane thickness δ with the mean hydrophobic molar mass (M h ̅̅̅̅ ) corresponds to a power law: δ ∝ M h ̅̅̅̅ a (equation 5).

Figure II- 23 .

 23 For PEG-b-PBD vesicles, we have found the exponent acryo-TEM(PBD) = 0.59 consistent with the literature value of acryo-TEM ≈ 0.5 from the work of Bermudez et al. in 2002 based on cryo-TEM measurements.11 In addition, the exponent from SANS data was also determined with aSANS(PBD) = 0.64 which is closer to 2/3 than ½ and could mean that the chains are in a good solvent rather than a θ solvent. However, the membrane thicknesses determined by both techniques are not exactly the same, therefore we cannot conclude on the exact state of the chains. In addition, in Bermudez et al.,11 one polymer (named OB16) corresponding to PEG50-b-PBD55, has nearly the same DP of PBD than our copolymer PEG22-b-PBD54 (7p). Vesicles of OB16 presented δcryo-TEM = 10.6 nm found by plotting intensity profiles of the cryo-TEM images whereas our PEG22-b-PBD54 (7p) vesicles presented δcryo-TEM = 12.6 nm. This higher value might be because we measured the dark hydrophobic membrane thickness by focusing on one polymersome at a time (Figure II-23C) instead of using intensity profiles that could be more precise. Moreover, all the

Figure II- 23 .

 23 Figure II-23. Hydrophobic membrane thickness (δ) of PEG-b-PTMC and PEG-b-PBD vesicles as a function of the hydrophobic block molar mass (M h ̅̅̅̅ ). Membrane thicknesses were: A) measured on cryo-TEM images (δcryo-TEM) and B) estimated by fitting SANS data (δSANS). Fits show a power dependency of δcryo-TEM and δSANS with M h ̅̅̅̅ respectively by an exponent of 0.42 and 0.46 for PTMC and 0.59 and 0.64 for PBD. C) Cryo-TEM images focusing on one polymersome of the different block copolymers. Scale bar: 20 nm.

  ) was shown to be pure. The other two (PEG22-b-PBD54(7) and PEG40-b-PBD75 (8)) were purified in order to remove naphthalene traces and/or remains of PBD homopolymer. The library of PEG-b-PTMC and PEG-b-PBD block copolymers was fully characterized by 1 H NMR, SEC, TGA and DSC.Nanoparticles were then formed in water by controlled nanoprecipitation using a microfluidic system. Our preliminary study on the self-assembly of PEG44-b-PTMC106 and PEG22-b-PTMC46 block copolymers have shown that an optimization of the water content and total flow rate has to be performed in order to obtain well-defined NPs of a controlled size. A thorough study on the self-assembly of the whole library of block copolymers has shown that our formulation process is perfectly repeatable and reproducible. In addition, all the NPs were found to be stable at least 4 months in storage conditions (4 °C).The library of NPs was deeply characterized using different techniques: DLS 90°, MALS, cryo-TEM and SANS and theoretical calculations. All the relevant colloidal characteristics were determined, such as: Rh, PDI, [copolymer], zeta potential, dn/dc, Rg, Rg/Rh, Nagg, Acopolymer and [NPs], the hydrophobic membrane thickness δ of vesicles and their PEG outer layer thickness LPEG. The characterizations revealed that five copolymers self-assembled in majority into unilamellar vesicles: PEG44-b-PTMC106 (1), PEG44-b-PTMC89 (2), PEG22-b-PTMC55 (3), PEG22-b-PTMC46 (4) and PEG14-b-PBD19 (6). The PEG22-b-PBD54 (7) and PEG40-b-PBD75 (8) NPs were found to be a mixture of unilamellar vesicles respectively with 'ovoid' structures and cylindrical micelles. Forming the equivalent NPs with the purified block copolymers (PEG22-b-PBD52 (7p) and PEG52-b-PBD76 (8p)) did not change their morphology. Since their PEG weight fractions were within the theoretical range to preferentially form vesicles, changing the formulation conditions may allow the formation of pure unilamellar vesicles but this was not conducted in this study.

II. 5 . 2 .II. 5 . 2 . 1 .

 52521 brief, we have formed a library of five different nano-polymersomes based on four PEGb-PTMC and one PEG-b-PBD using a nanoprecipitation process controlled by microfluidics, which was demonstrated to be perfectly reproducible. Our vesicles have different PEG layer thickness and hydrophobic membrane thickness while presenting similar size around 100 nm. Materials Solvents: tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), ethyl acetate (EtOAc), toluene, acetic acid, methanol, ethanol, cyclohexane, dichloromethane (DCM) were purchased from Sigma-Aldrich, except for deuterium oxide (D2O) which was supplied by Eurisotop. THF was dried by a solvent purification system. Trimethylene carbonate (1,3dioxane-2-one; TMC) was purchased from TCI Europe and purified by three successive recrystallizations in dry ethyl acetate. 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) was purchased from Sigma-Aldrich and distilled before use. Cyclohexylamine was supplied by Acros and 3,5-bis(trifluoromethyl)phenyl isothiocyanate by TCI Europe. Poly(ethylene glycol)methyl ether MeO-PEG22-OH (M n ̅̅̅̅ = 1000 g.mol -1 ) was purchased from TCI Europe and MeO-PEG44-OH (M n ̅̅̅̅ = 2000 g.mol -1 ) from Iris Biotech GMBH. Both PEGs were dried by azeotropic distillation in toluene. Three commercially available PEGn-b-PBDp were purchased from PolymerSource with the following supplier information: P9089-BdEO as PEG14-b-PBD22, P10351A-BdEO as PEG22-b-PBD46 and P18734-BdEO as PEG44-b-PBD70. Methods Synthesis of PEGn-b-PTMCm block copolymers PEGn-b-PTMCm block copolymers were synthesized by ring-opening polymerization (ROP) of TMC using MeO-PEGn-OH as macro-initiator (Scheme II-1, p100). 27 All compounds and solvents were anhydrous or distilled to avoid secondary reactions with water. All polymerization reactions were performed in flame-dried glassware employing standard high vacuum techniques and carried out in a glovebox under inert atmosphere (argon, [O2] < 0.5 ppm, [H2O] < 5 ppm).

1 H

 1 NMR (400 MHz, CDCl3), δ ppm: 4.30 (t, 2H, -PTMCm-1-CO-O-CH2-CH2-CH2-OH), 4.23 (t, J = 8.34 Hz, 4*(m-1)H, -(CO-O-CH2-CH2-CH2-O)m-1-), 3.74 (t, 2H, -PTMCm-1-CO-O-CH2-CH2-CH2-OH), 3.64 (s, (4*n)H, -(-CH2-CH2-O)n-), 3.37 (s, 3H, H3C-O-PEG-), 2.05 (quint, J = 8.34 Hz, 2*(m-1)H, -(CO-O-CH2-CH2-CH2-O)m-1-), 1.91 (quint, J = 8.12 Hz, 2H,-PTMCm-1-CO-O-CH2-CH2-CH2-OH).

Copolymer 6 .Copolymer 7 .Copolymer 8 .

 678 H NMR in CDCl3, SEC in THF, TGA and DSC. They were stocked either under nitrogen at 20 °C or in a glovebox under inert atmosphere (argon, [O2] < 0.5 ppm, [H2O] < 5 ppm) at 4 °C. Copolymer P9089-BdEO was found to be pure both by 1 H NMR and SEC and corresponding to PEG14-b-PBD19, in accordance with information provided by the supplier (PEG14-b-PBD22). Copolymer P10351A-BdEO, supposedly PEG22-b-PBD46, was characterized by 1 H NMR and found to rather correspond to PEG22-b-PBD52 with naphthalene impurities. Purification of copolymer 7: 7p. Copolymer 7 (P10351A-BdEO) was purified by dialysis. It was first solubilized in ethanol (EtOH) by stirring at 50 °C (300 mg in 30 mL) and subsequently dialyzed against a 9/1 EtOH/H2O mixture (1 L, 3 changes, 24 h) using a regenerated cellulose (RC) membrane (cut-off of 1 kD, Spectra/Por). After purification, 1 H NMR characterization showed a pure copolymer corresponding to: PEG22-b-PBD54. Copolymer P18734-BdEO, supposedly PEG44-b-PBD70, was characterized by 1 H NMR and SEC and found to rather correspond to PEG40-b-PBD75 with both naphthalene and PBDp homopolymer contaminations. Purification of copolymer 8: 8p. Copolymer 8 (P18734-BdEO) was purified by flash chromatography performed on a Reveleris system from Grace equipped with a Reveleris cartridge (silica, 4 g) and with an evaporative light scattering detector (ELSD). The crude product (250 mg) solubilized in DCM (2 mL) was injected. A gradient of solvent was used as eluent starting from pure DCM to a mixture DCM/MeOH 9/1 and iso-propanol was used as ELSD carrier. In 10 min, two different fractions were collected containing separated products. Retardation factors: Rf (PBD + naphtalene) = 0.95 and Rf(PEG-b-PBD) = 0.26. The solvent in each fraction was evaporated, weighed and characterized by 1 H NMR and SEC. Second fraction was pure copolymer corresponding to: PEG55-b-PBD76. Total yield: 86 wt% and in this mass, yield of pure PEG-b-PBD: 81 wt%. II.5.2.3. Controlled nanoprecipitation using a microfluidic system Microfluidic system. A scheme of the set-up is available in Figure II-13 (p113). The Dolomite Microfluidics system used was constituted of: two pressure pumps (3200175), two flowmeters (3200097) and a micromixer chip of 12 mixing stages (3200401). All connections were made with fluorinated ethylene propylene (FEP) tubing (1/16" x 0.25 mm, 3200063). Polytetrafluoroethylene (PTFE) sealing tape was used at each fitting to prevent leakage. Syringe filters (cellulose acetate 0.22 µm for water and PTFE 0.45 µm for DMSO)

1 )

 1 was respectively applied on both pumps. The running time of each condition was calculated in order to collect a theoretical volume of 3 mL of solvent. Once pumps were started and flow rates stabilized (30 s maximum), the chip outlet was directed to a tared vial and time of solvent collection was monitored. The obtained volume of solvent was calculated from the vial's weight and DMSO density at 25 °C (1.095). Obtained flow rates were plotted versus expected flow rates and a linear regression fitted experimental data perfectly (FigureII-24).The obtained flow rate was 0.71 times lower than expected. This correction factor was applied for nanoprecipitation experiments. For example, to obtain a flow rate of 500 µL.min -1 , a flow rate of 500/0.71 = 705 µL.min -1 will have to be applied using the mineral oil fluid calibration given by the software.

Figure II- 24 .

 24 Figure II-24. DMSO calibration curve obtained at 22 °C showing the correction factor of 0.71 to apply in order to obtain a certain flow rate. Example: to obtain a flow rate of 500 µL.min -1 (y axis), a flow rate of 500/0.71 = 705 µL.min -1 (x axis) will have to be applied using the mineral oil fluid calibration given by the software.

. 5 . 3 .

 53 abbreviations were used: br: broad signal s: singlet, t: triplet and quint: quintuplet. SEC THF. Size exclusion chromatography (SEC) analyses in THF were performed on a Ultimate 3000 system from Thermo Fischer Scientific with a diode array detector (UV-Vis) also equipped with a multi-angle light scattering (MALS) detector and a differential refractive index detector (dRI) from Wyatt Technology and a three-column set of TOSOH

approximatively 5 II. 5 . 3 . 2 .

 5532 mg of samples in sealed aluminum pans. Thermograms of three successive runs were recorded: (i) first heating run from -60 to 120 °C at 10 °C.min -1 ; (ii) cooling run from 120 to -60 °C at 10 °C.min -1 ; (iii) second heating run from -60 to 80 °C at 10 °C.min -1 . As the crystallization process of the copolymers was slow, the melting temperature (Tm) and the glass transition temperature (Tg) were measured only on the first heating run. Characterization of nanoparticles DLS 90°. Dynamic light scattering measurements (DLS 90°) were carried out on a Malvern Zetasizer Nano ZS equipped with a He-Ne laser (633 nm), at 25 °C and a scattering angle of 90°. A low volume quartz cell of 10 mm optical path length was filled with suspensions of nanoparticles. Values of viscosity were corrected according to the mixture of DMSO/H2O used (cf. Table S II-1).28 Data were acquired on three different measurements with an automatic optimization of the number and duration of runs per measurement.Hydrodynamic radius (Rh) of the nanoparticles and polydispersity index (PDI) were calculated from autocorrelation functions using the cumulant method and were averaged. Zeta potential measurements. Zeta (ζ) potentials were measured by mixed measurement mode phase analysis light scattering (M3-PALS) technology using laser Doppler electrophoresis. Experiments were carried out on a Malvern Zetasizer Nano ZS equipped with a He-Ne laser (633 nm), at 25 °C and a scattering angle of 90°. A disposable capillary cell was used. Data were acquired on five different measurements with an automatic optimization of the number and duration of runs per measurement. Zeta potentials were calculated on average. Polymer concentration determination by dry extract. In two tared aluminum pans, a volume of 100 µL of suspension was introduced. Pans were placed for 1 h at 60 °C under vacuum to evaporate water. Pans were weighed again after evaporation. Weight of polymer was calculated on average of the two measurements and divided by 100 µL in order to give the polymer concentration of the suspension.dn/dc measurements in water. Refractive indexes of particles in water were performed on a Ultimate 3000 system from Thermo Fischer Scientific equipped with a differential refractive index detector (dRI) from Wyatt Technology. Analyses were carried out on suspensions of nanoparticles in water at room temperature at four different concentrations (1.5, 1, 0.55 and 0.25 g.L -1 of copolymer) at a flow rate of 36 mL.min -1 with ultrapure water washes between samples. Refractive index versus concentration was plotted for each type of particles. After a linear fit, refractive index increments (dn/dc) of particles in water were obtained as the slope. Data were processed using Astra software.MALS.Multi-angle dynamic and static light scattering (MALS) measurements were performed using an ALV-5000 goniometer with a He-Ne laser (633 nm) and an ALV-5000/EPP multiple tau digital correlator (initial sampling time of 125 ns). Aliquots of suspensions at 1, 0.85, 0.7, 0.55, 0.4 and 0.25 g.L -1 of copolymer were placed in cylindrical quartz tubes of 10 mm (outer diameter) and immersed in a filtered toluene bath maintained at 25 °C. Data were acquired on the ALV correlator software at several angles from 30° to 150° by step of 5° with 3 runs of 10 s/run. Data were normalized by signals acquired for pure toluene and pure water. Hydrodynamic radii (Rh) and PDI were determined using the cumulant method. Radii of gyration (Rg) were calculated using Guinier's approximation.Cryo-TEM. Cryo-transmission electron microscopy (cryo-TEM) images were recorded at the Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie (Paris) on a LaB6 JEOL 2100 (JEOL, Japan) working at 200 kV. Samples were prepared by placing a drop of a suspension of nanoparticles onto a holey carbon grid (Quantifoil Micro Tools GmbH, Germany). Excess of solution was blotted by a filter paper. The grid was rapidly plunged into liquid ethane, placed onto a Gatan 626 cryo-holder and transferred into the microscope. The grids were observed at low temperature (-180 °C) and under low dose conditions (JEOL minimum dose system). Pictures were taken with an Ultrascan 2k CDD camera (Gatan, USA) and analyzed with ImageJ software. SANS. Small-angle neutron scattering (SANS) experiments were performed at the Laboratoire Léon Brillouin (CEA-CNRS, Saclay) on the PACE spectrometer, in collaboration with Annie Brûlet. Four configurations were chosen by varying the wavelength 𝜆 and the sample-to-detector distance 𝐷, to cover a large range of scattering vectors 𝑞 from 3 × 10 -3 Å -1 to 4 × 10 -1 Å -1 : i) 𝜆 = 17 Å, 𝐷 = 5 m; ii) 𝜆 = 13 Å, 𝐷 = 5 m; iii) 𝜆 = 5 Å, 𝐷 = 5 m and iv) 𝜆 = 5 Å, 𝐷 = 1 m. Analyses were done on samples in D2O at copolymer concentrations between 3 and 11 g.L -1 .

  and (𝛥𝜌)2 is the contrast, with 𝛥𝜌 the difference of scattering length densities between particle and solvent. Assuming that PEG chains were highly hydrated by D2O, we have considered 𝛥𝜌 only between the hydrophobic block and D2O. Scattering length densities used were: 𝜌 𝐷2𝑂 = 6.40 × 10 -6 Å -2 , 𝜌 𝑃𝑇𝑀𝐶 = 1.70 × 10 -6 Å -2 and 𝜌 𝑃𝐵𝐷 = 4.40 × 10 -7 Å -2 . Scattering curves were analyzed by fitting them with theoretical curves using SasView software (http://www.sasview.org), considering the background, volume fraction, scattering length densities of polymer and solvent, object polydispersity and measurement uncertainties (𝑑𝑞 and 𝑑𝐼).

Figure II- 25 .Figure S II- 1 .

 251 Figure II-25. A) Vesicle and B) cylinder geometry used in respective models to fit SANS data.

Figure S II- 2 . 1 H

 21 Figure S II-2. 1 H NMR spectra in CDCl3 of: A) copolymer 1 after the first purification, B) copolymer 1 after the second purification showing the complete disappearance of monomer traces at 4.45 ppm (pink dot) and at 2.15 ppm (purple dot). Peaks at 4.30 and 1.91 ppm correspond to protons of the PTMC chain-end.

Figure S II- 3 . 1 H

 31 Figure S II-3. 1 H NMR spectra in CDCl3 of: A) PEG22 macro-initiator, B) copolymer 3 (PEG22b-PTMC55, red) and C) copolymer 4 (PEG22-b-PTMC46, orange).

Figure S II- 4 . 1 H

 41 Figure S II-4. 1 H NMR spectra in CDCl3 of copolymer 5 (PEG22-b-PTMC56, dark red).

Figure S II- 5 .

 5 Figure S II-5. Normalized SEC chromatogram in THF of copolymer 5 (PEG22-b-PTMC56, dark red).

Figure S II- 6 .

 6 Figure S II-6. TGA thermograms of PEGn macro-initiators: PEG44 (dark gray) and PEG22 (light gray).

Figure S II- 7 .

 7 Figure S II-7. DSC thermograms of PEGn macro-initiators: PEG44 (dark gray) and PEG22 (light gray). A) First heating run; B) Cooling run; C) Second heating run.

Figure S II- 8 .

 8 Figure S II-8. Plots of the differential refractive index (dRI) of NPs in pure water versus their copolymer concentration ([copolymer]) and their linear fits (all with R 2 of 0.99). Slope of the fits gives dn/dc of NPs in water. Data are presented with an offset of 1.10 4 dRI for clarity.

Figure S II- 9 .

 9 Figure S II-9. Berry plots of NPs in water formed from the different PEG-b-PTMC and PEG-b-PBD block copolymers: A) PEG44-b-PTMC106 (1), B) PEG44-b-PTMC89 (2), C) PEG22-b-PTMC55 (3), D) PEG22-b-PTMC46 (4), E) PEG14-b-PBD19 (6), F) PEG22-b-PBD54 (7p) and G) PEG52-b-PBD76 (8p). Constant k was chosen at 10000 to represent the data.

Figure S II- 10 .

 10 Figure S II-10. SANS curve obtained for PEG40-b-PBD45 (8) NPs (with or without an offset) fitted with a vesicle model (beige line) or with a cylindrical micelle model (blue line).

Figure A II- 1 .

 1 Figure A II-1. Diagram illustrating the principle of scattering.

Figure A II- 2 . 32 Annex II- 3 .

 2323 Figure A II-2.Principle of a DLS experiment on small or large particles.32 

Figure A II- 3 .

 3 Figure A II-3. Principle of a Berry plot representing multi-angle SLS data.

Figure A II- 4

 4 illustrates the different components of a spectrometer for a better visualization of the experiment. Neutrons previously produced in a reactor by nuclear fission of uranium 235 are transported towards the spectrometer by a guide. Neutrons are mechanically selected by a monochromator so that a beam of monochromatic neutrons comes out of the guide. The beam is collimated using diaphragms and reaches the sample.Neutrons interact with the sample, are scattered and counted on a detector according to their arrival position in relation to the center of the detector (corresponding to the incident radius).

Figure A II- 4 .

 4 Figure A II-4. Diagram of a spectrometer used for SANS experiments.

Figure A II- 5 . 32 Annex II- 7 .

 5327 Figure A II-5. Diagram representing the zeta potential of a nanoparticle.32 
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  Three repetitions of the FH procedure were performed on PEG14-b-PBD19 and PEG44-b-PTMC106. The resulting objects were characterized by DLS 90°. Size distributions, represented in Figure III-1A,B, were clearly different for each sample, illustrating that film hydration alone cannot be considered as a reproducible technique. Hydrodynamic diameters (Dh) and polydispersity indexes (PDI) were determined (Table S III-1, p212). FH of PEG14b-PBD19 formed three populations of different sizes around 100 nm, 1 µm and over 1 µm

  series, this time without magnetic stirring in order to prevent excessive shearing of the particles. Each copolymer film took different times to hydrate with only 40 min for PEG14b-PBD19, 4 h for PEG22-b-PTMC46, 7 h for PEG44-b-PTMC89 and 3 days for the other copolymers (PEG44-b-PTMC106, PEG22-b-PTMC55, PEG22-b-PBD52 and PEG40-b-PBD75). Results of DLS 90° are represented in Figure III-2A,B and Table S III-3 (p213). For all samples, at least two size populations were observed with high PDI values (0.36-1).Changing the stirring procedure helped in some extent since particles of PEG14-b-PBD19 presented a higher intensity at the micro-scale than before (cf. comparison between FigureIII-1A and brown curve inFigure III-2A). The particles were imaged with a confocal laser scanning microscope (CSLM) in transmission mode or fluorescence mode by using the fluorescence of Nile red, a quite hydrophobic dye which was loaded in the copolymer film before its hydration. Examples of images (Figure III-3) showed that particles were not all vesicles but also stomatocytes, onion-like particles or membrane clusters and possibly polymer aggregates. Two samples were especially promising to form giant spherical vesicles using this film hydration technique: PEG14-b-PBD19 (Figure III-3A) and PEG22-b-PTMC46 (Figure III-3E).

  Figure III-2C,D and Table S III-3 (p213). Objects well-defined in size were obtained for five of the seven samples. Indeed, suspensions of PEG44-b-PTMC106 and PEG44-b-PTMC89 presented a second population respectively of size greater than 5 µm and around 20 nm. A second cycle of extrusion or even a filtration on the PEG44-b-PTMC106 sample could have been performed to decrease the size dispersity.

Figure III- 2 .

 2 Figure III-2. DLS 90° size distributions obtained on film hydration (FH) samples of: A,B) the copolymer series, and C,D) after extrusion at 100 nm (FH_E-100nm).

  these two samples (Figure III-4C,D). No images of PEG44-b-PTMC106 objects could be taken, and only tens of objects (some being vesicles, Figure III-4) were observed for the samples prepared from: PEG44-b-PTMC89, PEG22-b-PTMC55, PEG22-b-PBD52, and PEG40b-PBD75. Particles of PEG14-b-PBD19 and PEG22-b-PTMC46 were mostly vesicles with traces respectively of stomatocytes or nested vesicles (Figure III-4D) and cylindrical micelles (Figure III-4C).

Figure III- 3 .

 3 Figure III-3. A) CSLM image in transmission of PEG14-b-PBD19 FH sample. B-E) CSLM images in fluorescence mode of FH samples tagged with Nile red: B) PEG44-b-PTMC106, C) PEG44-b-PTMC89, D) PEG22-b-PTMC55, E) PEG22-b-PTMC46. Arrows point examples of: green) stomatocytes or discocytes; yellow) membrane clusters; blue) onion-like particles; and white) polymer aggregates.

Figure III- 4 .

 4 Figure III-4. Cryo-TEM images of FH samples after extrusion at 100 nm for the following copolymers: A) PEG44-b-PTMC89, B) PEG22-b-PTMC55, C) PEG22-b-PTMC46, D) PEG14-b-PBD19, E) PEG22-b-PBD52, F) PEG40-b-PBD75. Black scale bars: 100 nm; white scale bars: 150 nm.

'

  electroformation' was tested first on the most promising candidates, namely PEG14-b-PBD19 and PEG22-b-PTMC46. The procedure applied was inspired from the liposome electroformation process developed by Angelova & Dimitrov. 4 As illustrated in Figure III-5, between two conductive glass slides coated with a polymer film, a sucrose solution was added to hydrate the film under a sinusoidal tension.

Figure III- 5 .

 5 Figure III-5. Schematic representation of an electroformation chamber. Two ITO-coated glass slides are facing each other, separated by a spacer (of a certain internal diameter, ID). A sinusoidal tension is applied between each slide by taping the generator wires to the conductive faces of the slides. Under tension, a sucrose solution (blue) is added in the chamber to hydrate and swell the polymer film (red). Adapted from Stein et al..5

Figure III- 6 .

 6 Figure III-6. CSLM images in fluorescence mode of the electroformation chamber during the formation of Nile red tagged vesicles of: A) PEG14-b-PBD19, B) PEG22-b-PBD52, C) PEG22-b-PTMC46, D) PEG22-b-PTMC55.

  1 M sucrose (Figure III-7A) but also in 0.3 M sucrose (Figure III-7B). Changing the sucrose concentration to 0.3 M allowed the GUVs to be formed in an isotonic solution (300 mOsM) compared to physiological conditions such as in RPMI (Roswell Park Memorial Institute 1640) medium (300 mOsM), which is a widely used medium for cell culture. This was an important step in the optimization process towards possible biological tests. Optimization of electroformation was more complicated for PEG22-b-PTMC46 in 0.1 M sucrose. Different tests were carried out on the 25×25 mm ITO slides first and with 0.1 M sucrose in order to reduce the hydration time (of 4 h). Best results were obtained for a temperature of 35 °C during the hydration step but when keeping the same electric field at 2 V and 10 Hz for 1 h, polymer aggregates were also obtained (Figure S III-2, p215). Three other conditions at 35 °C for 1 h were tested: 2 V / 1000 Hz, 10 V / 1000 Hz and 10 V / 10 Hz. The first two yielded only aggregates and no vesicles but 10 V / 10 Hz at 35 °C was the best condition to form GUVs of PEG22-b-PTMC46. Actually, the need for the temperature to be near the copolymer's melting point (41.5 °C) might be related to the semi-crystalline character of PTMC. The procedure was translated to the 50×50 mm ITO slides and worked well for both 0.1 and 0.3 M sucrose solutions (Figure III-7C,D). It was also possible to use a copolymer solution at 5 g.L -1 to yield more GUVs but the hydration had to be done for 2 h in that case. To our knowledge, this is the first report on PEG-b-PTMC giant unilamellar vesicles, especially in a 300 mOsM medium.

Figure III- 7 .

 7 Figure III-7. Images in fluorescence mode of Nile red tagged vesicles formed by electroformation using an optimized procedure on 50×50 mm ITO slides and visualized after decantation in an isotonic glucose solution. A,B) CSLM images of PEG14-b-PBD19 vesicles prepared using 5 g.L -1 of copolymer, 2 V, 10 Hz, at RT and a sucrose solution at A) 0.1 M and B) 0.3 M. C,D) Epifluorescence microscope images of PEG22-b-PTMC46 vesicles prepared using 1 g.L -1 of copolymer, 10 V, 10 Hz, at 35 °C and a sucrose solution at C) 0.1 M and D) 0.3 M.

GUVs were successively extruded from 1

 1 µm to 400 nm and 200 nm. The resulting vesicles were characterized by DLS 90° for PEG14-b-PBD19 samples and DLS 135° for PEG22-b-PTMC46 samples. The use of two different machines (at two different angles) was only due to their availability at the time of our experiments. Nevertheless, it has to be noted that an angle of 135° can be less sensitive than 90° to large objects. Size distributions are presented in Figure III-8 and detailed values are available in TableSIII-4 (p216). The first extrusion at 1 µm was not characterized by DLS 90° but only at 135° for the PEG22-b-PTMC46 sample. It actually gave only one population of size at 1.8 µm but with a PDI of 0.21. For both types of GUVs, extrusion at 400 nm led to around 650 nm LUVs (0.17 < PDI < 0.19) while extrusion at 200 nm led to around 300 nm LUVs (0.08 < PDI < 0.11).Stability of these LUVs were assessed after incubation either at 25 °C or 37 °C in sucrose 0.3 M either in 50 vol% RPMI at 37 °C. Only an incubation time of 2 h was tested in this preliminary study since it is enough to observe the destabilization of the particles that could potentially occur due to osmotic shocks or temperature variations.Results fromFigure III-8 and Table S III-4 (p216) show that PEG14-b-PBD19 650 nm LUVs were only stable at 25 °C, the other two conditions led to smaller sizes and microsized aggregates (Figure III-8B). However, PEG14-b-PBD19 300 nm LUVs were quite stable in all the conditions (Figure III-8C). For PEG22-b-PTMC46 LUVs (Figure III-8E,F),it seemed that 650 nm LUVs were quite stable in all conditions while 300 nm LUVs see their size increasing at both 37 °C and 37 °C in RPMI. Finally, to really conclude on the stability of the different LUVs, experiments should be repeated in this time frame of 2 hours but also with longer incubation times (at least up to 24 h). If stable, in vitro experiments could be performed.

Figure III- 8 .

 8 Figure III-8. A-C) DLS 90° and D-F) DLS 135° size distributions of electroformed (EF) samples after extrusion (E) at 400 and 200 nm and after incubation at 25 °C (T25) or 37 °C (T37) in sucrose 0.1 M or with 50 vol% of RPMI (T37-R). Two different electroformed samples of PEG14b-PBD19 were studied by DLS 90° while only one sample of PEG22-b-PTMC46 was studied by DLS 135°. The electroformed PEG22-b-PTMC46 vesicles were first extruded at 1000 nm before the subsequent extrusions at 400 and 200 nm.
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 39 bar and -6.0 bar. Examples of images obtained after such hypertonic shocks are presented in Figure III-GUVs of PEG14-b-PBD19 of size around 20 µm (Figure III-9A) were transformed first into starfish vesicles (Figure III-9B) after a shock of Δ𝜋 𝑡𝑜𝑡 = -2.5 bar. This shape change proved the deflation of the spherical vesicles in order to both dilute their external medium that was suddenly more concentrated in glucose and concentrate their internal medium. Starfish vesicles are constituted of a core from which cylindrical arms ending with spherical caps are attached. They can have different number and length of arms. As an example, a zoom on a starfish vesicle with 9 short arms is available in Figure III-10A. The starfish vesicles were not stable and were evolving (within tens of seconds) into smaller spherical vesicles through budding (Figure III-9B). Via a second hypertonic shock (Δ𝜋 𝑡𝑜𝑡 = -3.3 bar), all the starfish vesicles rapidly disappeared to form the smaller vesicles (Figure III-9C). The final high hypertonic shock (Δ𝜋 𝑡𝑜𝑡 = -6.6 bar) confirmed this mechanism with the transformation of the small vesicles into starfish vesicles evolving to even smaller vesicles (< 10 µm) (Figure III-9D). GUVs of PEG22-b-PTMC46 of size around 20 µm were found to deflate upon hypertonic shocks by producing outward buddings detaching from the main vesicle to form small vesicles (Figure III-9; Figure III-10B). For this type of GUVs, the vesicles remained spherical, even after the shock at Δ𝜋 𝑡𝑜𝑡 = -6.6 bar (Figure III-9H) and their diameter only slightly decreased (near 15 µm).

Figure III- 9 .

 9 Figure III-9. CLSM images in fluorescence (Nile red) of the shape and size changes observed upon the successive hypertonic shocks performed on spherical vesicles of: A-D) PEG14-b-PBD19 and E-H) PEG22-b-PTMC46. A,E) Images of the vesicles obtained by electroformation in 0.1 M sucrose after decantation in 0.1 M glucose. B,F) After Δ𝜋 𝑡𝑜𝑡 = -2.5 bar. C,G) After Δ𝜋 𝑡𝑜𝑡 = -3.3 bar. D,H) After Δ𝜋 𝑡𝑜𝑡 = -6.6 bar.

Figure III- 10 .

 10 Figure III-10. CLSM images in fluorescence (Nile red, left) and transmission (right) of: A) a starfish vesicle of PEG14-b-PBD19; B) a vesicle of PEG22-b-PTMC46 presenting outward buddings. Both morphologies were obtained after a hypertonic shock of Δ𝜋 = -2.5 bar (addition of 0.3 M glucose) on spherical vesicles (obtained by electroformation in 0.1 M sucrose).

  Figure III-11A,B confirmed that a hypertonic shock on these vesicles resulted in a decrease of their size. Some vesicles were indeed deflating by forming starfish vesicles which further experienced fission (Figure III-11C) just like it was seen in the previous experiment. However, other vesicles were first forming stomatocytes leading to nested vesicles, in which the internal vesicle seemed to also form stomatocytes. This shape continued to evolve by outward buddings (extravasation of the internal stomatocyte) and finally fission into smaller vesicles (Figure III-11D). These two mechanisms were different but resulted both in the vesicles' fission.

Figure III- 11 .

 11 Figure III-11. CLSM images in transmission of the shape and size changes observed upon the hypertonic shock (Δ𝜋 = -1.7 bar by addition of 1 M glucose) of spherical vesicles of PEG14-b-PBD19 (obtained by electroformation in 0.3 M sucrose). A) Before and B) after shock. C) Monitoring of a vesicle changing in a starfish vesicle and to smaller vesicles; D) Monitoring of two vesicles changing into stomatocytes followed by both extravasation of the inner vesicle and fission into smaller vesicles.

Figure III- 12 .

 12 Figure III-12. CLSM images in fluorescence (fluorescein, left) and transmission (right) of the shape and size changes observed upon the successive hypertonic shocks performed on spherical vesicles of PEG14-b-PBD19 prepared in 0.1 M sucrose and loaded with fluorescein. A) After decantation in a 0.1 M glucose solution. B) After Δ𝜋 𝑡𝑜𝑡 = -1.7 bar. C) After evolution at room temperature. D) After Δ𝜋 𝑡𝑜𝑡 = -3.2 bar.

Figure III- 13 .

 13 Figure III-13. CLSM images in fluorescence (fluorescein, left) and transmission (right) of morphologies obtained after hypertonic shocks on spherical vesicles of PEG14-b-PBD19 loaded with fluorescein. A,B) Morphologies obtained after a shock of Δ𝜋 𝑡𝑜𝑡 = -1.7 bar: A) a vesicle with inward buddings (raspberry vesicle); B) a starfish vesicle. C) Smaller vesicles obtained after a shock of Δ𝜋 𝑡𝑜𝑡 = -3.2 bar.
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  Inward buddings were observed for GUVs presenting large excess area (Figure III-14C) while outward buddings were seen for GUVs with low excess area (Figure III-14F). 13 A difference in excess area of our two types of GUVs could explain why PEG14-b-PBD19 GUVs deformed by inward buddings (Figure III-14A,B) while PEG22-b-PTMC46 GUVs produced outward buddings (Figure III-14C,D).

Figure III- 14 .

 14 Figure III-14. Overview of images showing the different shapes obtained from the hypertonic shocks preformed on GUVs of: A,B) PEG14-b-PBD19 and D,E) PEG22-b-PTMC46. A) a starfish vesicle, B) a raspberry vesicle, D,E) vesicle presenting outward buddings. C,F) comparative with images from Yanagisawa et al.. 13 C) Inside budding and D) outside budding induced by both osmotic stress and phase separation on spherical giant lipid-cholesterol vesicles. Buddings were domains of membrane in a liquid-ordered state (𝐿 𝑜 , colored in blue by perylene) whereas the rest of the membrane was in a liquid-disordered state (𝐿 𝑑 , colored in red by Texas Reddihexadecanoyl-phospho-ethanolamine).

  under the confocal microscope. No change of shape or size was observed for PEG14-b-PBD19 GUVs. However, upon a decrease in temperature below the copolymer's Tm (≈ 40 °C), PEG22-b-PTMC46 GUVs previously heated above the Tm underwent the faceting of their membrane. Figure III-15A shows examples of confocal images taken at 45 °C where vesicles were spherical and at 5 °C where we can clearly see rectilinear domains of the membrane resulting in 'facets'. This faceted shape was found to be reversible when heating the vesicles above the Tm (Figure III-15B). Actually, this last experiment was performed on GUVs prepared without Nile red, which rules out the presence of Nile red as an artefact.

Figure III- 15 .

 15 Figure III-15. CLSM images in transmission (A-left, B) and in fluorescence (Nile red, A-right) of a PEG22-b-PTMC46 vesicle upon temperature change. A) A decrease in temperature from 45 °C (top) to 5 °C (bottom) shows a faceting of the membrane. B) An increase in temperature from 10 °C (top) to 60 °C (bottom) shows that the vesicle can go back to a spherical shape (reversible faceting). Scale bar: 5 µm.

  2 h), leading to a tubular outward bud on the spherical vesicle (Figure III-16A). After aspiration of the same vesicle at another spot, this budding decreased in size while a tongue was created at the new spot (Figure III-16B). Once again, the new tongue formed a stable tubular bud after release from the pipette. This result can be interpreted as another sign of a liquid-ordered state in some parts of the PEG22-b-PTMC46 membrane. Indeed, Mabrouk et al. reported a similar behavior for PEG45b-PA6ester115 GUVs (cf. images from the article in Figure S III-4, p217) due to the gel state of the PA6esterl, a smectic liquid crystal polymer (cf. polymer structure in Figure I-34, p75

  versus the relative area change (Figure III-17). The average value was found to be: 𝐾 𝑏 = 6.0 ± 1.2 kbT (Figure III-18A), surprisingly low for a polymersome and even for a liposome. Indeed, polymersomes have generally a bending modulus of 20-460 kbT (e.g., 24.7 ± 11.1

Figure III- 16 .

 16 Figure III-16. CLSM images in transmission (top) and in fluorescence (Nile red, bottom) of a PEG22-b-PTMC46 vesicle upon micropipette aspiration experiment.A) After aspiration at low tension, the vesicle deformed and adopted a tubular shape where the membrane was aspired, creating a bud stable after removal of the pipette. B) After aspiration in another spot on the same vesicle, this budding decreased in size while a tongue was created at the other spot (also stable after removal of the pipette). Scale bar: 10 µm.

  6 ± 0.7% and 𝜎 𝑐 = 0.085 ± 0.028 mN.m -1 (FigureIII-18B,C). Once again, these values were very low compared to data found in literature. Indeed, classical lysis tensions are about 20-50 mN.m -1 for polymersomes, 5-10 mN.m -1 for liposomes in a fluid state and > 15 mN.m -1 for liposomes in a gel state.20,21 The difference was thus of at least two orders of magnitude below classical values, comforting the surprising specificity of the PEG22-b-PTMC46 GUVs.

Figure III- 17 .

 17 Figure III-17. Graph of the applied tension (𝜎 0 -𝜎) versus the relative area change (𝛼 0 -𝛼) for 13 vesicles of PEG22-b-PTMC46. As an example, data from one vesicle (red squares) was fitted linearly (dotted black line) to determine its bending rigidity 𝐾 𝑏 = 5.6 kbT.

Figure III- 18 .

 18 Figure III-18. Distributions of A) the bending rigidity (𝐾 𝑏 ), B) the lysis strain (𝛼 𝑐 ) and C) the lysis tension (𝜎 𝑐 ) determined by micropipette aspiration experiments on 14 vesicles of PEG22-b-PTMC46.

Fluorescence

  recovery after photobleaching (FRAP) experiments were performed on both PEG14-b-PBD19 and PEG22-b-PTMC46 GUVs. The principle of a FRAP experiment is explained in Annex III-2 (p220).

  Figure III-19A illustrates a typical FRAP experiment, where the fluorescence at the top of a vesicle is photobleached and is recovered in time. Examples of normalized FRAP intensity curves are plotted in Figure III-19B.

Figure III- 19 .

 19 Figure III-19. A) Example of a FRAP experiment on the top of a PEG22-b-PTMC46 vesicle. First image shows the pre-bleach step, second image the bleach step (ROI of 5 µm) and following images the fluorescence recovery post-bleach. B) Examples of the normalized FRAP intensity curve with time for both PEG14-b-PBD19 and PEG22-b-PTMC46 and respective fits to the theoretical model.

Figure III- 20 .

 20 Figure III-20. Distributions of the lateral diffusion coefficient of PE-rhodamine in A) PEG14-b-PBD19 GUVs and B) PEG22-b-PTMC46 GUVs determined by FRAP experiments on A) 18 vesicles; B) 13 vesicles.
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 62621622 dioleoyl-sn-glycero-3phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (PE-rhodamine) and bovine serum albumin (BSA) were purchased from Sigma-Aldrich. Chloroform, tetrahydrofuran (THF) and cyclohexane were obtained from VWR, Nile red (NR) from Roth, fluorescein disodium salt dehydrate from Fluka, Roswell Park Memorial Institute 1640 (RPMI) without phenol red from Gibco, PBS from Euromedex and 1,2-dioleoyl-sn-glycero-3phosphoethanolamine-N-(biotinyl) (sodium salt) (PE-Biotine) from Avanti Polar Lipids. Block copolymers used were described in Chapter II with: PEG44-b-PTMC106, PEG44-b-PTMC89, PEG22-b-PTMC55, PEG22-b-PTMC46 previously synthesized; PEG14-b-PBD19, PEG22-b-PBD52 and PEG40-b-PBD75 from PolymerSource without further purification. Methods Formulation methods based on film hydration (FH)General procedure: at 60 °C under magnetic stirring. A copolymer solution (3 mL, 5 g.L -1 , in chloroform) was introduced in a round-bottom flask and the solvent was slowly removed by using a rotary evaporator to form a thin film of polymer. The film was maintained under vacuum for at least 4 h to remove traces of solvent. Ultrapure water (3 mL, previously filtered off with a 0.22 µm cellulose acetate syringe filter) was introduced in the flask. The film was hydrated at 60 °C (oil bath) and under slow magnetic stirring overnight for PEG14-b-PBD19 and 3 days for PEG44-b-PTMC106. This procedure was performed 3 times for both copolymers to assess its repeatability.Variation: withNile red, at 50 °C in an incubator with an orbital stirring. The general procedure was modified with the following changes: Nile red dye was added to the copolymer solution at 0.1 wt% and the hydration step was performed at 50 °C in an incubator (Incubator Hood TH 15, from Edmund Bühler). The durations of hydration depended on the copolymer used: 40 min for PEG14-b-PBD19, 4 h for PEG22-b-PTMC46, 7 h for PEG44-b-PTMC89 and 3 days for the other copolymers (PEG44-b-PTMC106, PEG22-b-PTMC55, PEG22b-PBD52 and PEG40-b-PBD75). This procedure was only performed once for each copolymer.Subsequent extrusion of particles formed by FH. Extrusion was performed using theAvanti Mini-Extruder (from Avanti Polar Lipids) and polycarbonate membranes with different pore sizes of 400, 200, 100 and 50 nm (from Millipore). A volume of 500 µL was extruded at room temperature by passing 19 times through the selected filter to produce submicro-particles. Formulation methods based on electroformation (EF)The polymersome electroformation method was based on the procedure of liposome electroformation by Angelova & Dimitrov.4 General procedure. A copolymer solution (2×30 µL, 1 g.L -1 , in chloroform) was deposited onto two ITO-coated cover slides (25×25 mm, resistivity of 15-35 Ω.cm, from Sigma) using a 10 µL microcapillary tube (Sigma) and by forming square patterns. Electrical wires were taped to the slides, a rubber seal (circular, flat, ID 13 mm, H 2 mm) was covered with grease (Apiezon, grade H) and placed between the two slides to form the electroformation chamber. The chamber was dried under vacuum for at least 2 hours to remove solvent traces. The chamber was then connected to a generator (Keysight, model 33210A). A sinusoidal alternating current (2 V, 10 Hz) was applied. A sucrose solution (260 µL, 0.1 M, previously filtered off with a 0.22 µm cellulose acetate syringe filter) was injected into the chamber. The film was let to hydrate under tension for 1 h at room temperature. An air bubble was created by slowly removing a few microliters of solution with a syringe. The chamber was moved slowly so that the air bubble move around in order to detach the vesicles from their 'feet'. The sample was then recovered slowly with a syringe and stored in an eppendorf. The generator was turned off only after the sample recovery. The electroformation chamber was then disassembled, ITO plates were cleaned first by wiping them with delicate surface wipes (Kimtech) and then by washing them in successive baths of solvents as follows: cyclohexane (to remove grease), tetrahydrofuran (polymer and tape), water (sucrose) and chloroform (polymer). If needed, wipes soaked in the solvent could be used to help this cleaning step.Variations and optimizations.For an easier visualization of the objects under CLSM or epifluorescence microscopy, Nile red at 0.1wt% was added to the initial copolymer solution in chloroform. The general procedure with NR was applied to four copolymers and the GUVs formation in the electroformation chamber was directly followed under CLSM in order to evaluate the duration of hydration needed according to the copolymer used: PEG14b-PBD19 (1 h), PEG22-b-PBD52 (48 h), PEG22-b-PTMC46 (4 h) and PEG22-b-PTMC55 (72 h).The experimental conditions of electroformation were then optimized for PEG14-b-PBD19 and PEG22-b-PTMC46. Copolymer concentration, sucrose concentration, applied tension, frequency, temperature and duration of hydration were changed. Bigger ITO-coated cover slides (50×50 mm, 8-12 Ω.cm, from Spi Supplies) with a bigger rubber seal (circular, flat, ID 28 mm, H 2 mm) were also tested. In that case, 60 µL of copolymer solution was deposited onto each slide and the volume of hydration solution was of 1.2 mL.Formation of LUVs by extrusion ofGUVs previously formed by EF. An automatic extruder (T&T Scientific, model NanoSizer Auto I) was used with extruders (NanoSizer mini liposome extruders, T&T Scientific) of different pore sizes: 1 µm, 400 nm and 200 nm.
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 63631 studied under osmotic shock, temperature variation and micropipette aspiration. GUVs of PEG14-b-PBD19 were prepared by following the general electroformation procedure with a copolymer solution at 5 g.L -1 containing 0.1 wt% of NR and with both a sucrose solution at 0.1 M and 0.3 M. GUVs of PEG22-b-PTMC46 were prepared with a NR tag too and an optimized procedure with the following parameters: copolymer solution at 5 g.L -1 , sinusoidal alternating current of 10 V and 10 Hz, at 35 °C in an oven and for a duration of 2 h. Loading of fluorescein into PEG14-b-PBD19 GUVs. GUVs of PEG14-b-PBD19 were prepared by following the general procedure with the following modifications: copolymer solution at 5 g.L -1 , 50×50 mm ITO-coated cover slides, sucrose solution at 0.1 M containing fluorescein at 50 µM. To remove unloaded fluorescein molecules, around 1 mL of GUVs were dialyzed 4 h against 200 mL of a pure sucrose solution at 0.1 M by using a RC membrane with a 3.5 kD cut-off (Spectra/Por). Samples studied by fluorescence recovery after photobleaching. GUVs of PEG14-b-PBD19 and PEG22-b-PTMC46 were prepared with the procedures described in the previous paragraph without NR and by adding PE-rhodamine (0.2 wt%) and PE-biotin (0.0001 wt%) to the initial copolymer solution in chloroform. Characterization techniques III.Techniques using a confocal microscope Most of the experiments using the confocal microscope were performed with the help of Emmanuel Ibarboure, engineer at LCPO. Confocal laser scanning fluorescence microscopy. CLSM experiments were performed on an inverted Leica TCS SP5 (Leica Microsystems) confocal microscope (DMI6000) equipped with a HCX PL APO 63×, NA 1.4 oil immersion objective in a fluorescence or transmission mode. The sample preparation for visualization depended on the technique used to formulate them. For FH samples, a volume of 20 µL of sample was introduced in a

GUVs loaded with 0. 1 M 1 M

 11 sucrose. A volume of 50 µL of NR-tagged GUVs of PEG14-b-PBD19 or PEG22-b-PTMC46 was introduced in 150 µL of a 0.glucose solution. After decantation, two succeeding additions of 200 µL of a 0.3 M glucose solution were performed followed by a third addition of 100 µL of a 1 M glucose solution. Osmotic shock study on PEG14-b-PBD19 GUVs loaded with 0.3 M sucrose. A volume of 20 µL of GUVs of PEG14-b-PBD19 was introduced in 100 µL of a 0.1 M glucose solution. After decantation, the addition of 10 µL of a 1 M glucose solution was performed. Osmotic shock study on PEG14-b-PBD19 GUVs loaded with sucrose and fluorescein. A volume of 20 µL of GUVs was introduced in 100 µL of a 0.1 M glucose solution. After decantation, two succeeding additions of 10 µL of a 1 M glucose solution were performed.

  To immobilize the polymersomes during acquisition, GUVs of PEG14-b-PBD19 and PEG22-b-PTMC46 prepared with PE-rhodamine and PE-biotin (200 µL) were deposited on wells pre-coated with avidin and containing a glucose solution (200 µL, 0.1 M). The coating was carried out by incubating each well (8-well microslide, Ibidi) with an avidin solution in PBS 1X (200 µL, 0.1 g.L -1 )
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 632633 time-lapse of 0.097 s) and with the pinhole set to 191.06 μm (2 airy units). FRAP experiments were performed on 18 vesicles of PEG14-b-PBD19 and 13 vesicles of PEG22-b-PTMC46. Interpretation of the data is explained in Annex III-2 (p220). Other imaging techniques Epifluorescence microscopy. Some electroformed samples were observed on an inverted Zeiss Axiovert 40 CFL microscope, equipped with HCX PL Apo 100× oil NA 1.4 and HCX PL Apo DIC 40× NA 1.4 lenses, as well as a DMV VG-2M camera. For fluorescence, a Hg lamp with a Nikon DAPI-FITC Texas red excitation filter was used (FITC-3540B, Semrock) with the following excitation at 542/22 nm and emission at 605/64 nm. For bright field images, a DIC was used at 562 nm. A volume of 20 µL of suspension was introduced into a well (8-well microslide, Ibidi) already containing 100 µL of a glucose solution under isotonic conditions. Cryo-TEM. Cryo-transmission electron microscopy (cryo-TEM) images of LUVs were recorded at the Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie (Paris) on a LaB6 JEOL 2100 (JEOL, Japan) working at 200 kV. Samples were prepared by placing a drop of a suspension of nanoparticles onto a holey carbon grid (Quantifoil ® Micro Tools GmbH, Germany). Excess of solution was blotted by a filter paper. The grid was rapidly plunged into liquid ethane, placed onto a Gatan 626 cryo-holder and transferred into the microscope. The grids were observed at low temperature (-180 °C) and under low dose conditions (JEOL minimum dose system). Pictures were taken with an Ultrascan 2k CDD camera (Gatan, USA) and analyzed with ImageJ software. Other characterization techniques Osmolarity measurement. Osmolarity of sucrose and glucose solutions was measured with an osmometer basic type M from Löser Messtechnik. DLS 90°. Most of the DLS measurements were carried out on a Malvern Zetasizer Nano ZS equipped with a He-Ne laser (633 nm), at 25 °C and a scattering angle of 90°. A low volume quartz cell of 10 mm optical path length was filled with suspensions of nanoparticles.

Figure S III- 1 .

 1 Figure S III-1. CSLM images of the electroformation chamber (25×25 mm ITO slides) during the formation of Nile red tagged vesicles of A-C) PEG14-b-PBD19 (A-10, B-40, C-60 min) and D-F) PEG22-b-PTMC46 (A-3min, B-1h, C-4h). A-F top) Fluorescence images of Nile red; C,F bottom) Transmission images.

Figure S III- 2 .

 2 Figure S III-2. Epifluorescence microscope image of a sample decanted in glucose 0.1 M after its formation by electroformation of PEG22-b-PTMC46 with a Nile red tag at 2 V, 10 Hz, 35 °C during 1 h. Mostly vesicles can be observed but also very bright aggregates.

Figure S III- 3 .

 3 Figure S III-3. A,B) Epifluorescence microscope images in bright field of electroformed samples after 1 day of storage at 4 °C and observed after decantation in glucose in isotonic conditions. A) PEG14-b-PBD19 sample formed with 5 g.L -1 of copolymer and 0.3 M of sucrose using the 50×50 mm ITO slides and at 2 V, 10 Hz, RT. B) PEG22-b-PTMC46 sample formed with 1 g.L -1 of copolymer and 0.1 M of sucrose using the 50×50 mm ITO slides and at 10 V, 10 Hz, 35 °C. C) CSLM image in transmission of a similar PEG22-b-PTMC46 sample stored 5 days at room temperature after decantation in glucose. The 'dark rods' are bacteria floating around the GUVs.

Figure S III- 4 .Figure S III- 5 .

 45 Figure S III-4. Images from Mabrouk et al.. 18 for an easy comparison with our images. Images show the behavior upon micropipette aspiration of a giant PEG45-b-PA6ester115 vesicle. a) Vesicle released after aspiration shows a persistent deformation. d) Vesicle after a second suction at another spot of the vesicle; as the tongue length increases, the length of the free tongue decreases.

Figure A III- 1 .

 1 Figure A III-1. Micropipette aspiration methodology. A) A floppy vesicle before aspiration; B)Aspiration with a low suction pressure corresponds to the 'zero' point where 𝑅 𝑝 is the internal radius of the pipette and 𝑅 𝑣 the radius of the vesicle; C) Aspiration with a higher suction pressure where Δ𝐿 is the length of the resulting tongue. From Thi Phuong Tuyen Dao PhD manuscript.23 

Annex III- 2 .

 2 Fluorescence recovery after photobleaching Developed by Axelrod et al., fluorescence recovery after photobleaching (FRAP) is an advanced fluorescence microscopy technique providing information on the dynamics of mobile fluorescent molecules at the micrometer scale. 29 More precisely, FRAP is used in this PhD work to evaluate the lateral diffusion coefficient of a molecule in the polymersome's membrane. 30 FRAP essentially monitors the kinetics of fluorescence intensity recovery in an area of the membrane where fluorophores were bleached by a powerful laser pulse. The schematic representation in Figure A III-2 and the FRAP kinetics curve depicted in Figure A III-3 illustrate a typical FRAP experiment.

Figure A III- 2 . 23 Figure A III- 3 .

 2233 Figure A III-2. Schematic representation of a FRAP experiment: a region of interest (ROI) is photobleached by an intense laser beam and the fluorescence recovery in the ROI is monitored with time. From Thi Phuong Tuyen Dao PhD manuscript.23 

Figure IV- 1 .

 1 Figure IV-1. Schematic representation of a γδ T cell -polymersome conjugate.

Figure IV- 2 .

 2 Figure IV-2. Six of the best γδ T cell functions which have an important role in defending the host against a broad range of infectious and sterile stresses. From Vantourout & Hayday. 5

  cytometry and confocal microscopy, we had to make them fluorescent. Instead of loading a fluorescent dye in the polymersomes, which could lead in fluorescence leakage by diffusion of the dye through the membrane over time, we decided to incorporate a PTMC homopolymer covalently conjugated with a dye in the polymersomes' membrane. The aim was to co-assemble a small amount of PTMC-dye with the PEG-b-PTMC copolymer during the nanoprecipitation to form dye-labelled polymersomes (Figure IV-18).

Figure IV- 3 .

 3 Figure IV-3. Representative scheme of the co-assembly strategy between PEG-b-PTMC copolymers and their respective PTMC-Rho probes to form rhodamine-labelled nanopolymersomes of different membrane thicknesses due to the use of the different block copolymers.

Scheme IV- 1 .

 1 Scheme IV-1. Reaction scheme of the synthesis of PTMCm-Rho probes. Conditions 1: TMC, DBU, TU in tetrahydrofuran (THF). Conditions 2: succinic anhydride, DMAP in dimethylformamide (DMF). Conditions 3: Rho-NH2, HBTU, DIEA in DMF/DMSO.

  73 ppm, attributed to protons of the last CH2 of the hydroxy-terminated PTMC. The 1 H NMR spectra of PTMC32-OH and PTMC32-COOH are shown in Figure IV-5 and spectra of PTMC32-OH and PTMC32-COOH are plotted in Figure S IV-1 (p270).

Figure IV- 4 . 1 H

 41 Figure IV-4. 1 H NMR spectra in CDCl3 of: A) Benzyl alcohol initiator (black), B) PTMC32-OH (red) and C) PTMC60-OH (blue).

Figure IV- 5 . 1 H

 51 Figure IV-5. 1 H NMR spectra in CDCl3 of: A) PTMC32-OH (red) and B) PTMC32-COOH (orange).

Figure IV- 6 .

 6 Figure IV-6. Normalized SEC chromatograms in THF of: PTMC32-OH (red), PTMC32-COOH (orange), PTMC60-OH (blue) and PTMC60-COOH (green).

Figure IV- 7 . 1 H

 71 Figure IV-7. 1 H NMR spectra in DMSO-d6 of: A) PTMC32-Rho (red), B) Rho-NH2 (black) and C) PTMC32-COOH (orange).

  DP: degree of polymerization. DF: degree of functionalization in COOH or in Rho. D: diffusion coefficient (with D(Rho-NH2) = 1.53×10 -10 m 2 .s -1 . Ð: dispersity. a: results from NMR in DMSO-d6 (except for the 1 H NMR of PTMCm-COOH performed in CDCl3 to determine DF). b: results from SEC in DMSO. Heteronuclear Single Quantum Coherence (HSQC) and Heteronuclear Multiple Bond Correlation (HMBC) experiments were also carried out. HSQC spectra showed no traces of the CH2 in alpha position of the amine of the rhodamine at δH = 2.78 ppm / δC = 39.0 ppm (Figure S IV-4, p275). HMBC spectra showed the apparition of the carbon corresponding to the created amide at δC = 171.4 ppm for PTMC32-Rho and 171.2 ppm for PTMC60-Rho (Figure S IV-5, p276), next to the characteristic peak of the carbon of the carboxylic acid at δC = 173.7 ppm for both PTMCm-COOH. SEC of PTMCm-Rho probes were also performed in DMSO. Chromatograms obtained by the RI detector and UV-Vis detector at 560 nm are compared in Figure IV-8 to the ones of PTMCm-COOH and Rho-NH2. The rhodamine-functionalized polymers had higher dispersities (near 1.2, TableIV-2) with a shoulder of higher intensity. The rhodamine coupling was especially evidenced by the SEC traces in UV-Vis (FigureIV-8B). Indeed, PTMCm-Rho absorbed at 560 nm (wavelength specific of the rhodamine) while, before coupling, PTMCm-COOH were not absorbing at all in this region. The UV-Vis SEC traces also showed no remaining 'free' rhodamine at high retention time.

Figure IV- 8 .

 8 Figure IV-8. Normalized SEC chromatograms in DMSO obtained from A) the RI detector and B) from the UV-Vis detector at 560 nm of: PTMC32-COOH (orange), PTMC32-Rho (red), PTMC60-COOH (green), PTMC60-Rho (blue), and Rho-NH2 (black).
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 313 p113) was performed on the four different PEG-b-PTMC block copolymers with their respective PTMC-Rho. The DMSO solution was composed of PEG-b-PTMC at 10 g.L -1 and PTMC-Rho at 1.6 wt%. Both PEG44-b-PTMC106 and PEG44-b-PTMC89 were co-assembled with PTMC60-Rho, while both PEG22-b-PTMC55 and PEG22-b-PTMC46 were co-assembled with PTMC32-Rho (cf. Figure IV-3, p231). Rhodamine-labelled NPs (Rho-NPs) collected at the output of the chip in a H2O/DMSO mixture were dialyzed against water to remove the organic solvent. Four samples of each type of rhodamine-labelled NPs were obtained in order to assess again the repeatability of the technique when using the rhodamine probes. Samples were analyzed by DLS 90° before and after dialysis. Results are shown as means and standard deviations (SD) in Table IV-As we previously observed in Chapter II, hydrodynamic diameters (Dh) of the NPs were found to be higher before dialysis. Size distributions after dialysis showed well-defined NPs with low PDI for each sample (Figure IV-9) with PDI < 0.11. The standard deviations of each NPs characteristic (Dh, PDI, DCR) were low, indicating once again the great repeatability of this microfluidic procedure.

Figure IV- 9 .

 9 Figure IV-9. DLS 90° size distributions obtained after dialysis against water of rhodaminelabelled NPs of: A) PEG44-b-PTMC106, B) PEG44-b-PTMC89, C) PEG22-b-PTMC55 and D) PEG22b-PTMC46.

Figure IV- 10 .

 10 Figure IV-10. Cryo-TEM image of the rhodamine-labelled PEG22-b-PTMC46 polymersomes. Scale bar: 100 nm.

Figure IV- 11 .

 11 Figure IV-11. Fluorescence spectra of rhodamine-labelled NPs (solid lines) and pure copolymer NPs (control, dashed lines) in water at 1 g.L -1 of copolymer obtained by excitation at 550 nm (corresponding to the maximum excitation wavelength of the Rho-NPs).

Ratio: ratio ofIV. 2 . 1 . 3 .

 213 fluorescence intensities of the Rho-NPs over the PEG22-b-PTMC46 + PTMC32-Rho NPs (chosen arbitrarily since it had the highest intensity, this was why all ratios were below 1). Concentration and sterilization of rhodamine-labelled NPs Nanoparticles for in vitro or in vivo studies have to be sterilized. Two sterilization techniques are commonly adopted in the laboratory: filtration on a 0.22 µm syringe filter (for particles with a size below 220 nm) or ultraviolet treatment. The filtration technique was preferred to avoid the excitation and potential bleaching of the rhodamine dye. Moreover, depending on the copolymer concentration of the nanoparticles aimed for in vitro tests (1 g.L -1 ), and since NPs get diluted after their addition into the cell medium (factor 10), it is useful to investigate their ability to be concentrated (10 g.L -1 ). The NPs' suspensions were thus concentrated by ultrafiltration prior to sterilization.NPs were characterized by DLS 90° at each step (TableIV-5, Figure IV-12).

Figure IV- 12 .

 12 Figure IV-12. DLS 90° data of the Rho-NPs formed in water after dialysis (AD), after concentration (AC), and after sterilization (AS). Dh (red), PDI (blue) and DCR (gray).

Figure IV- 13 .

 13 Figure IV-13. DLS 90° size distributions obtained on concentrated and sterilized rhodaminelabelled NPs of: PEG44-b-PTMC106 (blue), PEG44-b-PTMC89 (green), PEG22-b-PTMC55 (red), and PEG22-b-PTMC46 (orange).

  Hence, both apoptotic and necrotic cells are AnnexinV-APC positive. Analyzing stained cells by flow cytometry allowed the discrimination of cells in three quarters corresponding to living, apoptotic and necrotic cells (Figure S IV-7, p278). Quarters were defined with control experiments to determine thresholds for DAPI and AnnexinV-APC. The cell viability obtained in each tested condition is compared to the control samples (cell viability in water set at 100%) in Figure IV-14 and Table S IV-1 (p278). No significant toxicity was observed in these harsh conditions, truly indicating the biocompatibility of our PEG-b-PTMC polymersomes on this γδ T cell line.

Figure IV- 14 .

 14 Figure IV-14. Viability of γδ T cells after 96 h of incubation at 37 °C with: water as a positive control, hydrogen peroxide as a negative control and with the different types of Rho-NPs in water at 1 g.L -1 . Results were obtained by flow cytometry after a DAPI/AnnexinV-APC staining of the cells.

5 ,

 5 p241) were determined among living cells (DAPI negative). Data are represented in Figure IV-15 and detailed in Table S IV-2 (p279).

  cells was somewhat different according to the tested NPs (Figure IV-15Ab). Indeed, a statistical test showed that the MFI of PEG22-b-PTMC46 Rho-NPs was significantly different from the MFI of the other types of Rho-NPs.

Figure IV- 15 .

 15 Figure IV-15. Flow cytometry results of the internalization experiment performed on γδ T cells after 24 h of incubation at 37 °C with: water as a positive control and with the four types of Rho-NPs in water at 0.5 g.L -1 . A) For cells analyzed in PBS, both membrane-bound and internalized Rho-NPs were observed. B) For cells analyzed in trypan blue (TB), only the fluorescence of internalized Rho-NPs was observed. a) Percentage of rhodamine-positive cells among living cells. b) Mean fluorescence intensity (MFI) normalized with the controlled cells fixed at 1 and corrected with the fluorescence intensity ratio between NPs for the same copolymer concentration of 0.5 g.L -1 (cf. Table IV-5, p241). c) MFI normalized as if the same concentration of NPs (1.5 nM) was used by applying a correction factor (cf.Table S IV-2, p279). Anova statistical test: *p < 0.01; **p < 0.005.
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 3 p280) from the area of one copolymer chain (Acopolymer) previously determined in Chapter II. Concentrations were found between 1.2 and 1.6 mM of NPs. The MFI were thus extrapolated with a correction factor as if 1.5 mM of NPs was used. Results in Figure IV-15Ac show a statistically significant difference between PEG22-b-PTMC46 Rho-NPs and both PEG44-b-PTMCm Rho-NPs. Therefore, it seems that PEG22-b-PTMC46 Rho-NPs interacted more with the cells than the other types of NPs. In order to be sure of this last extrapolation, a new in vitro experiment could be performed using the same NPs' molar concentration. But first, this parameter should be precisely determined by more advanced techniques than MALS such as nanoparticle tracking analysis (NTA), fluorescence correlation spectroscopy (FCS) or nanoscale flow cytometry. Unfortunately, these techniques were not easily available to us and this study was postponed until a new collaboration could be established.

  it should absorb the light of membrane-bound NPs emitting in this region without quenching the fluorescence of internalized NPs. Thus, another experiment was carried out in the same conditions as previously but with the addition of TB after the washing step. Results are shown in Figure IV-15B and detailed in Table S IV-2 (p279). Less than 1% of the cells were found rhodamine-positive (Figure IV-15Ba), a drastic change compared to the 100% when cells were analyzed in PBS. Only both PEG44-b-PTMCm Rho-NPs had a significantly different MFI compared to the control (Figure IV-15Bbc).

Figure IV- 16 .

 16 Figure IV-16. Examples of flow cytometry graphs obtained on γδ T cells after 24 h of incubation at 37 °C with: water as a control (A, Bab) or PEG22-b-PTMC46 Rho-NPs in water at 0.5 g.L -1 (Bcd) and analyzed in PBS (left panels) or with TB (right panels). A) Side versus forward scattering scatter plots (with gated population). B) DAPI versus rhodamine scatter plots (showing the selected thresholds).

Figure IV- 17 .

 17 Figure IV-17. Confocal microscopy images of γδ T cells stained with Hoechst 33342 (nucleus, 405 nm) and CellBrite 640 (cell membrane, 633 nm). A) Low magnification image of stained cells showing a homogeneous staining. B) Images taken with the different confocal channels on one cell from a sample where cells were incubated at 0.5 g.L -1 of PEG44-b-PTMC106 Rho-NPs for 24 h at 37 °C and washed with PBS before staining.

  on the four different PEG-b-PTMC block copolymers with PBS (Figure IV-18). NPs collected at the output of the chip in a PBS/DMSO mixture were dialyzed against PBS in order to remove the organic solvent.

Figure IV- 18 .

 18 Figure IV-18. Representative scheme of the nanoprecipitation controlled by the microfluidic system previously used in Chapter II (cf.Figure II-13, p113), the only change being that PBS 1X was used instead of pure H2O.

Figure II- 13 , 6 .

 136 Figure IV-18. Representative scheme of the nanoprecipitation controlled by the microfluidic system previously used in Chapter II (cf.Figure II-13, p113), the only change being that PBS 1X was used instead of pure H2O.

Figure IV- 19 .

 19 Figure IV-19. DLS 90° size distributions obtained after dialysis of: A) PEG44-b-PTMC106 NPs, B) PEG44-b-PTMC89 NPs, C) PEG22-b-PTMC55 NPs and D) PEG22-b-PTMC46 NPs formed in PBS using controlled nanoprecipitation by microfluidics.

Figure IV- 20 .

 20 Figure IV-20. DLS 90° data comparing NPs formed in PBS to the ones formed in H2O. Dh (red), PDI (blue) and DCR (gray).

  After sterilization, the three types of NPs presented a monomodal size distribution with low dispersity (PDI < 0.16, Figure IV-21) had around the same size (Dh = 150 ± 11 nm) and with copolymer concentrations larger than 10 g.L -1 (TableIV-7).

Figure IV- 21 .

 21 Figure IV-21. DLS 90° size distributions obtained on concentrated and sterilized NPs of: PEG44b-PTMC106 (blue), PEG44-b-PTMC89 (green), and PEG22-b-PTMC55 (red, after dilution at 1 g.L - 1 ) prepared in PBS.

  Stability of the resulting sterile NPs of PEG44-b-PTMC106, PEG44-b-PTMC89 and PEG22b-PTMC55 was assessed by DLS 90° at 37 °C and 1 g.L -1 of copolymer either in PBS or in cell culture medium that would be used in in vitro experiments and composed of RPMI, glutamine and fetal bovine serum (FBS) at 7.3 vol%. This study was possible by DLS because RPMI was employed without phenol red (which would have absorbed the light from the laser) and because the cell culture medium was not scattering too much (DCR of only 0.017×10 6 c.s -1 i.e. 2 order of magnitude lower than a 1 g.L -1 NPs' suspension). Results of the DLS monitoring are shown in Figure IV-22. Means and standard deviations were also calculated for each condition for the different time points (Table IV-8).

Figure IV- 22 .

 22 Figure IV-22. DLS 90° of: the sterile NPs after a 10-fold dilution at 1 g.L -1 of copolymer either in: PBS (blue squares) or cell culture medium (red circles) corresponding to the '0 h' point; and monitoring over time of the stability upon incubation at 37 °C (from 1 hour until 7 days).

12 .

 12 Both smaller values can be due to the change of machine, since at a higher angle of observation, DLS is less sensitive to larger objects. Moreover, it is impossible to compare DCR values since the detector of the DLS 173° machine is much more sensitive (values around 2 order of magnitudes higher). Results of the monitoring of the NPs' size, PDI and DCR by DLS are shown in Figure IV-23.

Figure IV- 23 .

 23 Figure IV-23. Monitoring by DLS 173° of the stability over time of sterile PEG22-b-PTMC55NPs at 37 °C and under the following conditions: A) at 1 g.L -1 of copolymer in either MES at pH 5.5 (green) or in presence of 2 g.L -1 of lipase (orange) and B) at 0.1 g.L -1 of copolymer in presence of either 0.2 g.L -1 (pink) or 0.02 g.L -1 (dark red) of lipase.

Four samples of each 9 .

 9 type of NPs were prepared and analyzed by DLS 90° before and after dialysis. Results are shown as means and standard deviations in Table IV-Size distributions in Figure IV-24 of the Rho-NPs after dialysis against PBS clearly show aggregation (micro-sized objects) in almost all the samples. It was especially the case for PEG22-b-PTMC46 Rho-NPs with polymodal size distributions (Figure IV-24D), that comforted us in our choice of not studying in vitro this type of NPs. Both PEG44-b-PTMCm Rho-NPs had around the same DLS characteristics (Dh, PDI, DCR) than their pure copolymer counterparts formed in PBS (Table IV-9).

Figure IV- 24 .

 24 Figure IV-24. DLS 90° size distributions obtained after dialysis of rhodamine-labelled NPs of: A) PEG44-b-PTMC106, B) PEG44-b-PTMC89, C) PEG22-b-PTMC55 and D) PEG22-b-PTMC46 formed in PBS using controlled nanoprecipitation by microfluidics.

1 ,

 1 which allowed us to prepare 10 g.L -1 NPs by dilution. However, looking closer on the DLS 90° size distributions (Figure IV-25), both PEG44-b-PTMCm Rho-NPs presented a second population near 30 nm in diameter, whereas monomodal distributions with low PDI were obtained for PEG22-b-PTMC55 Rho-NPs.

Figure IV- 25 .

 25 Figure IV-25. DLS 90° size distributions obtained on concentrated and sterilized rhodaminelabelled NPs in PBS of: PEG44-b-PTMC106 (blue), PEG44-b-PTMC89 (green) and PEG22-b-PTMC55 (red).

Figure IV- 26 .

 26 Figure IV-26. Cryo-TEM images illustrating the morphology of rhodamine-labelled NPs formed in PBS from: A) PEG44-b-PTMC106, B) PEG44-b-PTMC89, and C) PEG22-b-PTMC55. Scale bar: 100 nm.

  polymersomes were interacting with the cells. A trypan blue extracellular fluorescence quenching seemed to indicate that most of the nanoparticles were adsorbed on the cells' surface rather than internalized in the cells. A kinetic study and different trypan blue treatments should be performed by both flow cytometry and confocal microscopy to confirm this hypothesis.Rhodamine-labelled PEG-b-PTMC nanoparticles were also formulated in PBS to respect physiological conditions (300 mOsM, pH 7.4). Clearly, only PEG22-b-PTMC55 and PEG44b-PTMC106 formulated with their respective rhodamine-labelled PTMC homopolymers had formed a majority of polymersomes. They have a very similar size near 160 nm. Their pure copolymer equivalents were also shown to be stable during a week at 0.5 g.L -1 of copolymer and at 37 °C in the cell culture medium. It would be very interesting to verify the existence, and nature, of a protein corona onto the polymersomes' surface. Finally, our future plan is to thoroughly study the internalization of these two types of rhodamine-labelled PEG-b-PTMC polymersomes, especially at low incubation times, which would be used in a conjugation reaction.IV.6. Experimental sectionIV.6.1. Materials Solvents: tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), dimethylformamide (DMF), ethyl acetate, chloroform, acetic acid and methanol were purchased from Sigma-Aldrich. THF was dried by a solvent purification system. Trimethylene carbonate (1,3dioxane-2-one; TMC) was purchased from TCI Europe and purified by three successive recrystallizations in dry ethyl acetate. Benzyl alcohol (distilled before use), 1,8diazabicyclo[5.4.0]undec-7-ene (DBU, distilled before use), N,N-Dimethylpyridin-4-amine (DMAP), 3-[Bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-oxide hexafluorophosphate (HBTU), N-Ethyl-N-(propan-2-yl)propan-2-amine (DIEA), lipase from Pseudomonas cepacian, eosin, trypan blue (TB), bovine serum albumin (BSA) and phosphate-buffered saline (PBS) powder (used at ImmunoConcEpT) were purchased from Sigma-Aldrich. The amino-functionalized rhodamine, 5-(and-6)-((N-(5aminopentyl)amino)carbonyl) tetramethyl-rhodamine (Rho-NH2), and CellBrite 640 Fix Membrane were supplied by Biotium. Allophycocyanin-labelled Annexin V, Annexin V binding buffer and 4',6-diamidino-2-phenylindole (DAPI) were from BioLegend. Succinic anhydride was purchased from ABCR, 2-(N-morpholino)ethanesulfonic acid (MES) from Alfa Aesar, PBS 10X (used at LCPO) from Euromedex, Roswell Park Memorial Institute 1640 (RPMI) with or without phenol red from Gibco, glutamine from Invitrogen, fetal bovine serum (FBS) from HyClone and Hoechst 33342 from Fisher. IV.6.2. Methods IV.6.2.1. Syntheses Hydroxy-terminated poly(trimethylene carbonate) homopolymers (PTMCm-OH).

1 H

 1 NMR (400 MHz, CDCl3), δ ppm: 7.37 (m, 5H, CHbenzyl), 5.15 (s, 2H, CH2 benzyl), 4.30 (2H, -PTMCm-1-CO-O-CH2-CH2-CH2-OH); 4.23 (t, J = 8.34 Hz, 4*(m-1)H, -(CO-O-CH2-CH2-CH2-O)m-1-); 3.74 (t, 2H, -PTMCm-1-CO-O-CH2-CH2-CH2-OH), 2.05 (quint, J = 8.34 Hz, 2*(m-1)H, -(CO-O-CH2-CH2-CH2-O)m-1-), 1.91 (quint, J = 8.12 Hz, 2H,-PTMCm-1-CO-O-CH2-CH2-CH2-OH).

  of nanoparticles. Nanoparticles were sterilized by filtration with a sterile acetate cellulose filter at 0.22 µm under a laminar flow fume hood. Sterilization by UV treatment for 20 min under the laminar flow fume hood was performed only for PEG22-b-PTMC55 NPs in PBS which were used for the stability study at pH 5.5 and in presence of lipase. IV.6.2.3. Cell studies Cell studies were performed in the ImmunoConcEpT lab (UMR CNRS 5164) in Bordeaux under a collaboration with Dr. Julie Déchanet-Merville and with help from Vincent Pitard. Cell culture. A Jurkat T cell line (JRT3) of human immortalized T CD4 + cells expressing a γ 4 δ 5 T cell receptor was cultured in RPMI 1640 supplemented with glutamine (1X) and FBS (7.3 vol%). Cytotoxicity assay. Cytotoxicity was assessed by an Annexin V and DAPI staining to differentiate apoptotic and necrotic cells from living cells. Cells were centrifugated and resuspended in fresh cell culture medium at 55000 cells/mL. A volume of 180 µL of this cell suspension was introduced in each well (96-well flat-bottom plate, Thermo Fischer Scientific). A volume of 20 µL of ultrapure water, hydrogen peroxide or rhodamine-labelled PEG-b-PTMC nanoparticles (prepared sterilized at 10 g.L -1 in water) was added in respective wells.
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 632633 Figure S IV-1. 1 H NMR spectra in CDCl3 of: A) PTMC60-OH (blue) and B) PTMC60-COOH (green).

Figure S IV- 2 . 1 H

 21 Figure S IV-2. 1 H NMR spectra in DMSO-d6 of: A) PTMC60-Rho (blue), B) Rho-NH2 (black) and C) PTMC60-COOH (green).

Figure S IV- 3 .

 3 Figure S IV-3. DOSY spectra in DMSO-d6 of: A) PTMC32-COOH, B) PTMC32-Rho, C) PTMC60-COOH, D) PTMC60-Rho and E) Rho-NH2.

Figure S IV- 4 .

 4 Figure S IV-4. HSQC spectra in DMSO-d6 of: A) PTMC32-Rho, B) PTMC60-COOH and C) Rho-NH2.

Figure S IV- 5 .

 5 Figure S IV-5. HMBC spectra in DMSO-d6 of: A) PTMC32-Rho (red), Rho-NH2 (black) and PTMC32-COOH (orange); B) PTMC60-Rho (blue), Rho-NH2 (black) and PTMC60-COOH (green).

Figure S IV- 6 .

 6 Figure S IV-6. Excitation (black) and emission (red) spectra of rhodamine-labelled PEG22-b-PTMC46 NPs in water at 1 g.L -1 of copolymer.

Figure S IV- 7 .

 7 Figure S IV-7. A) Representative scheme illustrating how a DAPI and AnnexinV-APC staining allows the differentiation of living (-DAPI/-Annexin), apoptotic (-DAPI/+Annexin), and necrotic (+DAPI/+Annexin) cells. B, C) Examples of scatter plot obtained by flow cytometry. Thresholds were set with control experiments. B) Control with a H2O2 treatment, 96.2% of the cells are necrotic. C) Control with cells alone.

Figure S IV- 8 .

 8 Figure S IV-8.Monitoring by DLS 173° of the stability over time of sterile PEG22-b-PTMC55 NPs at 37 °C at 0.1 g.L -1 of copolymer in PBS. This monitoring showed that the Dh and PDI were stable in PBS at 37 °C but the DCR increased, which can only be due to water evaporation occurring gradually during the experiment.

A

  second challenge is to form drug-loaded polymersomes and study the drug release kinetics (Figure V-1B). Indeed, our controlled nanoprecipitation system was never used for drug or dye encapsulation. Moreover, the release kinetics of hydrophilic compounds would allow us to determine the membrane permeability of our PEG-b-PTMC polymersomes. It would also be interesting to elucidate the in vivo biodistribution and fate of our PEG-b-PTMC polymersomes (Figure V-1C) since, to the best of our knowledge, it was never achieved before. Testing especially two of our different systems at the same size but with two different PEG layer lengths and PTMC thicknesses would help us to understand the impact of the polymersomes' membrane structure. To achieve this goal, our polymersomes must be fluorescent in near infrared (NIR), the optical window where the depth of light penetration in biological tissues is maximum. In vivo studies in healthy mice will be performed first by intravenous injection to recover the half-life time in blood and confirm the supposed fate of the polymersomes in organs responsible for clearance of exogeneous compounds such as the liver. Finally, in another project named Optonutrics in collaboration with Dr. Clémentine Bosch-Bouju from the NutriNeuro lab (UMR CNRS 1286 / INRA 1286) in Bordeaux, our polymersomes would be used to locally deliver nutrients in the brain to uncover the nutrients' effect on neuronal activity. Preliminary tests were performed with rhodamine-labelled polymersomes ex vivo in brain slices and in vivo by injection in the cortex of mice followed by histology. Using NIR polymersomes could be a way to follow polymersomes in vivo with time after injection (Figure V-1C) without sacrificing the mice at different time points.

Figure V- 1 .

 1 Figure V-1. Schematic representation of: A) a maleimide-thiol conjugation strategy between maleimide-functionalized polymersomes (Ps) and γδ T cells, B) the encapsulation of hydrophilic compounds in the polymersomes' core which can diffuse out of the membrane in time to be released, C) the injection of polymersomes labelled with a near infrared (NIR) dye to mice to perform in vivo biodistribution studies.

Scheme V- 1 .

 1 Scheme V-1. Reaction scheme of the synthesis of Mal-PEG22-b-PTMCm maleimide functionalized block copolymer.

Figure V- 2 . 1 H

 21 Figure V-2. 1 H NMR spectra in CDCl3 of: A) Mal-PEG22-OH macro-initiator (black), and B) Mal-PEG22-PTMCm-OH (blue) with no traces of the protons of the maleimide at 6.70 ppm (red circles).

Figure V- 3 .

 3 Figure V-3. Normalized SEC chromatograms (RI) in THF of: Mal-PEG22-OH (black), and Mal-PEG22-PTMCm-OH (blue).

9 , 1 .

 91 Formulation of fluorescein-loaded NPs in PBS The procedure of controlled nanoprecipitation using a microfluidic system developed in II.3 (p113) was performed with PEG22-b-PTMC46 solubilized at 10 g.L -1 in DMSO and a 300 mOsM fluorescein solution at 100 mM of fluorescein (210 mOsM) and 0.3X of PBS (90 mOsM). Visualization with the camera of the mixing of the two fluids in the micromixer was facilitated compared to what was previously achieved since fluorescein has a yellow color (image in Figure V-4). The rest of the Figure V-4 shows the different steps followedto purify the nanoparticles. First, NPs collected at the output of the chip in a PBS/DMSO mixture were dialyzed against PBS 1X in order to remove the organic solvent while keeping a balanced osmolarity (300 mOsM). However, a dialysis alone cannot remove all the 'free' fluorescein molecules that were not loaded in the particles. A gel filtration column was thus performed but NPs were concentrated beforehand by ultrafiltration since the column was known to dilute the samples due to elution.

Figure V- 4 .IV- 9 .Table V- 1 .

 491 Figure V-4. Representative scheme of the nanoprecipitation controlled by the microfluidic system used with a solution of fluorescein in PBS (100 mM) instead of pure PBS. Collected suspension at the output of the chip was dialyzed against pure PBS to remove DMSO and a part of the free fluorescein molecules (imaged by yellow dots in the insets). NPs obtained in PBS were further concentrated by ultrafiltration and finally purified by a gel filtration column.

Figure V- 5 .

 5 Figure V-5. DLS 90° size distributions obtained at each step of the formation and purification of fluorescein-loaded PEG22-b-PTMC46 NPs in PBS: A) before dialysis, B) after dialysis, C) after concentration and D) after gel filtration column.

  80 H2O/DMSO mixture (Figure S V-3, p316). The fluorescein concentration equivalent in 1 mL of Fluo-NPs was found to be 165 µM corresponding to 0.06 g.L -1 (TableV-2).It would be interesting to confirm this fluorescein concentration with another method, using for example directly the Fluo-NPs in PBS to avoid a step of dissolution. This cannot be achieved by absorbance because pure copolymer NPs absorb in a similar range as fluorescein in water at 488 nm (Figure S V-4, p317). However, since they should not emit at 488 nm, fluorescence measurements could be performed.By estimation of the internal volume of one NP and the concentration in NPs per unit of volume of suspension, we evaluated the fluorescein concentration inside the NPs to be near 3.3 mM i.e. 1.3 g.L -1 (TableV-2). The loading content was LC = 12.5 wt% and loading efficiency LE = 3.3 wt%. Calculation is detailed in Annex V-1 (p323). The loading efficiency was actually low but not surprising for the loading of a hydrophilic compound using a nanoprecipitation technique, 7 especially since the 'feed' fluorescein concentration was set really high. The loading content seems also classical.

  The absorbance of the external medium was monitored with time and compared to a calibration curve (Figure S V-4A, p317). The release kinetics was found to be very slow in these conditions with less than 20% of the fluorescein released after 7 days of incubation at 37 °C (FigureV-6). After almost one month, the experiment was stopped because the release did not appear to have changed between 21 and 28 days.

Figure V- 6 .

 6 Figure V-6. Release kinetics of fluorescein from fluorescein-loaded PEG22-b-PTMC46 NPs at 37 °C in PBS 1X.

Figure IV- 3 ,V. 4 . 1 . 2 .

 3412 Scheme V-2. Reaction scheme of the synthesis of PTMC32-Cy7 probe from PTMC32-COOH and Cy7-NH2.

Figure V- 7 . 1 H

 71 Figure V-7. 1 H NMR spectra in DMSO-d6 of: A) PTMC32-Cy7 (red), B) Cy7-NH2 (black, peaks with red crosses correspond to traces of ethanol) and C) PTMC32-COOH (orange).

Table V- 3 .

 3 DLS 90° or 173° data and volume (V) obtained at each step of the formation and posttreatments of Cyanine7-labelled PEG-b-PTMC NPs in PBS.

Figure V- 9 .

 9 Figure V-9. DLS size distributions obtained at each step of the formation and post-treatments of Cyanine7-labelled PEG-b-PTMC NPs in PBS: A) before dialysis, B) after dialysis, C) after concentration and D) after sterilization.

  b-PTMC106 and PEG22-b-PTMC55 Cy7-NPs had a well-defined size in a similar range since Dh = 114 nm and Dh = 158 nm respectively (after sterilization). Both sterile Cy7-NPs were quasi stable at 4 °C for 3 months with only a slight decrease in Dh and a slight increase in DCR (TableV-3).Cryo-TEM was performed for both samples in order to visualize the objects' morphology (Figure IV-26). PEG44-b-PTMC106 Cy7-NPs were unfortunately a mix of different shapes with unilamellar vesicles but also spheres, vesicular aggregates and tubular structures (FigureIV-26A). This might be due to the fact that PTMC32-Cy7 was used to form them which has a lower DP than the one in the copolymer (DP ≈ 100). Therefore, it would be interesting to form such a PTMC100-Cy7 in the hopes of forming a majority of unilamellar spherical vesicles.Nevertheless, PEG22-b-PTMC55 Cy7-NPs were found to be beautiful unilamellar vesicles (FigureIV-26B). The contrast was not as good as usual because the NPs tended to attach to the grid rather than stay in the 'holes'. This could also explain their less spherical shape.

Figure V- 10 .

 10 Figure V-10. Cryo-TEM images illustrating the morphology of Cyanine7-labelled NPs formed in PBS from: A) PEG44-b-PTMC106 and B) PEG22-b-PTMC55. Scale bar: 100 nm.

3 ,

 3 p238). Micro-sized polymersomes containing 1 wt% of PTMC32-Rho were formed by electroformation (cf. confocal microscope image in Figure S V-7, p322) in 0.3 M sucrose solution. They were extruded at 5 µm, which formed particles of sizes around 1 µm and are thus named here '1 µm' polymersomes. Polymersomes were injected in brain slices by applying positive pressure through a glass pipette and fluorescence was monitored by epifluorescence microscopy (Figure V-12). The '100 nm' polymersomes were successfully injected into the brain tissue (Figure V-12A) and diffused rapidly (Figure V-12B).

Figure V- 12 .

 12 Figure V-12. Epifluorescence microscope images of brain slices injected with rhodaminelabelled polymersomes of: A,B) '100 nm' size, and C,D) '1 µm' size. A,C) At the time of their injection. B,D) 5 min post-injection. The glass pipette is represented by the orange drawing.

Figure V- 13 .

 13 Figure V-13. Right image: confocal microscopy image of a brain slice obtained from a mouse injected with polymersomes into the cortex and euthanized 1 h post-injection. Blue: DAPI staining, Red: rhodamine staining. Objective: x40. Left image: brain atlas showing the section corresponding to the site of injection.

.V. 7 . 2 . 5 .

 725 Samples were treated with UV radiation for 20 min under a laminar flow fume hood. Injection of polymersomes ex vivo in brain slices C56/B16J adult mice (Janvier Labs) were used in this study. Mouse was anesthetized with isoflurane gas and decapitated. The brain was removed from the skull and hemispheres were separated along the inter-hemisphere line. Brian hemispheres were glued on a platform and 350 µm-thick slices were made with a vibratome (VT 1000 S, Leica Microsystems). Through the whole process, the brain was incubated in oxygenated artificial cerebrospinal fluid (ACSF), containing: NaCl (125 mM), KCl (2.5 mM), glucose (25 mM), NaHCO3 (25 mM), NaH2PO4 (1.25 mM), CaCl2 (2 mM), MgCl2 (1 mM), and maintained at 300 mOsM and pH 7.4. Slices were cut at 4 °C, and let to rest for 1 h at 34 °C before letting them at room temperature for the day. A slice was placed in the recording chamber of the patch-clamp rig, submerged with ACSF at 30 °C, at a turnover rate of 1 mL.min -1 . Glass pipettes were made from borosilicate capillaries (WPI) pulled with a gravity pooler (PC-10, Narishige) and their extremity was about 1.5 µm. The pipette was filled with the polymersomes' suspension and controlled with a micromanipulator. Polymersomes (1 µL) were injected into the slice with positive pressure applied trough the pipette. Polymersomes in the brain slices were visualized using an infrared microscope (BX-51WI, Olympus) and CCD camera (Roper Scientifc). These experiments were performed by Dr. Clémentine Bosch-Bouju and her intern Baptiste Texier at NutriNeuro (UMR CNRS 1286 / INRA 1286).

V. 7 . 3 .V. 7 . 3 . 1 .

 73731 were imaged with a confocal microscope (SPE-1, Leica Microsystems) at the BIC plateform (Bordeaux Imaging Center, CNRS / INSERM / University of Bordeaux). Rhodamine from polymersomes was visualized with excitation at 488 nm and emission at 550-600 nm. DAPI coloring cell nuclei was visualized with excitation at 410 nm and emission at 415-600 nm.These experiments were performed by Dr. Clémentine Bosch-Bouju and her intern Baptiste Texier at NutriNeuro (UMR CNRS 1286 / INRA 1286). Characterization techniques Characterization of polymers and small molecules 1 H NMR. NMR experiments were performed at 298 K on a Bruker Avance I NMR spectrometer operating at 400 MHz, using TMS as standard, and equipped with a Bruker multinuclear z-gradient direct cryoprobe head capable of producing gradients in the z direction with a 53.5 G.cm -1 strength. Samples (2 to 10 mg) were dissolved in CDCl3 or DMSO-d6 (0.3 mL) for internal lock.1 H NMR spectra were recorded with a D1 of 5 s and 32 scans using the Bruker Topspin software. To describe the multiplicities of the signals, the following abbreviations were used: br: broad signal s: singlet, t: triplet and quint: quintuplet.HSQC, HMBC and DOSY.Experiments were performed at 298 K on a Bruker Avance NEO 400 spectrometer operating at 400 MHz and equipped with a 5 mm Bruker multinuclear z-gradient direct cryoprobe-head capable of producing gradients in the z direction with a 53.5 G cm -1 strength. Each sample (2 to 7 mg) was dissolved in 0.3 ml of DMSO-d6 for internal lock. For DOSY experiments,11,12 spectra were acquired with the ledbpgp2s pulse program from Bruker topspin software without spinning. The duration of the pulse gradients and the diffusion time were adjusted in order to obtain full attenuation of the signals at 95% of the maximum gradient strength. Values were 4.0 ms for the duration of the gradient pulses and 100 ms for the diffusion time. The gradients strength was linearly incremented in 16 steps from 5% to 95% of the maximum gradient strength. A delay of 5 s

V. 7 . 3 . 2 .

 732 Characterization of nanoparticles DLS 90°. Most of the DLS measurements were carried out on a Malvern Zetasizer Nano ZS equipped with a He-Ne laser (633 nm), at 25 °C and a scattering angle of 90°. A low volume quartz cell of 10 mm optical path length was filled with suspensions of nanoparticles. Data were acquired using the Zetasizer software on three different measurements with an automatic optimization of the number and duration of runs per measurement. Hydrodynamic diameters (Dh) of the nanoparticles and polydispersity index (PDI) were calculated from autocorrelation functions using the cumulant method and were averaged. DLS 173°. With a similar methodology, another Malvern Zetasizer Nano ZS was used at a scattering angle of 173° (non-invasive back scattering) for characterization of Cyanine7labelled NPs. Absorbance measurement. Absorbance of fluorescein-loaded NPs was measured on a Specord 200 Plus UV-Vis spectrophotometer from Analytik Jena, equipped with two lamps, a deuterium lamp (190 -320 nm) and a halogen lamp (320 -1100 nm). Spectral scans were performed with 400 µL of samples in quartz cells of 10 mm optical path length and recorded with the WinAspect Plus software using the following settings: 300 -600 nm, 1 nm sensitivity, 10 nm.s -1 scan speed, lamp change at 320 nm and correction with the pure solvent or solvent mixture as a reference. Absorbance of fluorescein was taken at 520 nm in a 20/80 H2O/DMSO solvent mixture and at 488 nm in pure water. Polymer concentration determination by dry extract. In two tared aluminum pans, a volume of 50 µL of suspension was introduced. Pans were placed for 1 h at 60 °C under vacuum to evaporate water. Pans were weighed again after evaporation. Weight of polymer was calculated on average of the two measurements and divided by 50 µL in order to give the polymer concentration of the suspension. Osmolarity measurement. Osmolarity of sucrose and glucose solutions was measured with an osmometer basic type M from Löser Messtechnik. Cryo-TEM. Cryo-transmission electron microscopy (cryo-TEM) images of LUVs were recorded at the Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie (Paris) on a LaB6 JEOL 2100 (JEOL, Japan) working at 200 kV. Samples were prepared by placing a drop of a suspension of nanoparticles onto a holey carbon grid (Quantifoil Micro Tools GmbH, Germany). Excess of solution was blotted by a filter paper. The grid was rapidly plunged into liquid ethane, placed onto a Gatan 626 cryo-holder and transferred into the microscope. The grids were observed at low temperature (-180 °C) and under low dose

Figure S V- 2 .

 2 Figure S V-2. Gel filtration column of concentrated fluorescein-loaded PEG22-b-PTMC46 NPs allowing the separation of 'free' fluorescein molecules (small size since low molar mass, thus slow elution) from pure fluorescein-loaded NPs (higher size, faster elution). Fluorescein molecules are imaged by yellow dots in the insets.

Figure S V- 3 .

 3 Figure S V-3. Calibration curve of the absorbance at 520 nm of fluorescein in a 20/80 mixture of water and DMSO versus fluorescein concentration.

Figure S V- 4 .

 4 Figure S V-4. Calibration curve of the absorbance at 488 nm of: A) fluorescein in water and B) PEG22-b-PTMC46 NPs in water.

  DP: degree of polymerization. DF: degree of functionalization. D: diffusion coefficient (with D(Cy7-NH2) = 1.36×10 -10 m 2 .s -1 ).

Figure S V- 5 .Figure S V- 6 .

 56 Figure S V-5. DOSY spectra in DMSO-d6 of: A) PTMC32-COOH, B) PTMC32-Cy7, and C) Cy7-NH2.

Figure S V- 7 . 2 .Figure A V- 1 .

 721 Figure S V-7. CSLM image of PEG22-b-PTMC46 giant polymersomes formed by electroformation with 1.6 wt% of PTMC32-Rho in the copolymer film and sucrose 0.3 M as rehydration solution.

Figure 1 .

 1 Figure 1. Cryo-TEM images of nano-polymersomes formed from the self-assembly of: A) PEG44-b-PTMC106, B) PEG44-b-PTMC89, C) PEG22-b-PTMC55, D) PEG22-b-PTMC46. Scale bar: 100 nm.

Figure 2 .

 2 Figure 2. Cryo-TEM images of sterile nano-polymersomes formed in PBS from the selfassembly of: A,C) PEG44-b-PTMC106, B,D) PEG22-b-PTMC55. Scale bar: 100 nm. A,B)Rhodamine-labelled polymersomes formed by co-assembly of the block copolymers with Rhodamine-labelled PTMC homopolymers for in vitro studies (e.g., on γδ T cells). C,D) Cyanine7-labelled polymersomes formed by co-assembly of the block copolymers with a Cyanine7-labelled PTMC homopolymer for in vivo studies (e.g., on immunocompetent mice).

Figure 4 .

 4 Figure 4. Confocal microscopy images of micro-polymersomes or related shapes formed from two types of block copolymers: A-D) PEG22-b-PTMC46 and E,F) PEG14-b-PBD19. White scale bars: 5 µm; black scale bars: 10 µm. A) Spherical GUV obtained by electroformation. B) Faceted GUV obtained by cooling at 5 °C after a first heating at 45 °C (above the copolymer's Tm). C) GUV presenting outward tubular buds obtained by micropipette aspiration. D-F) Examples of morphologies obtained after hypertonic shocks: D) outward buddings on a PEG22-b-PTMC46 GUV; E) PEG14-b-PBD19 starfish vesicle unstable and leading to smaller spherical vesicles by fission; and F) raspberry vesicle obtained from a fluorescein-loaded PEG14-b-PBD19 GUV.

Figure 4 .

 4 Figure 4. Schematic representation of: A) a maleimide-thiol conjugation strategy between maleimide-functionalized polymersomes (Ps) and γδ T cells, and B) the encapsulation of hydrophilic compounds in the polymersomes' core which can diffuse out of the membrane in time to be released.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  [START_REF] Huang | Active Targeting of Chemotherapy to Disseminated Tumors Using Nanoparticle-Carrying T Cells[END_REF] 

Table I - 1 .

 I1 Methods, advantages and disadvantages of the different techniques of nanoparticle attachment to cells. Adapted from Anselmo et al.[START_REF] Anselmo | Cell-Mediated Delivery of Nanoparticles: Taking Advantage of Circulatory Cells to Target Nanoparticles[END_REF] with examples from the literature.

	Method	Advantages	Disadvantages	Ideal Cell Type	Examples
	Adsorption	No cell	Attachment may not	Cells that persist in	Red blood cells 72
		preparation	be strong: particles	circulation and do	
		Minimal particle requirements	may detach in vivo Positively charged	not traverse endothelium	
		(hydrophobic or	particles can		
		positively	damage cell		
		charged)	membranes		

Table I -

 I 

2. Scheme of different morphologies of objects made through the self-assembly of amphiphilic diblock copolymers (hydrophilic part in red and hydrophobic part in blue). The morphology depends on the amphiphile's geometry which can be seen predicted according to the packing parameter (𝑃) or the hydrophilic fraction (𝑓) of the copolymer. Adapted from Blanazs et al.

120 

and Discher & Ahmed 119 .

132,149 Figure I-19. Two

  proposed mechanisms for the formation of polymersomes. First, small 'micelles' are formed from an initial state where copolymers were unimers. Mechanism 1: 'micelles' grow into rods which close to form vesicles. Mechanism 2: small 'micelles' grow in size and rearrange themselves into vesicles upon solvent diffusion towards their core. From Bleul et al..132 

	More hydrophobic molecules or even small inorganic nanoparticles can be loaded into
	polymersomes with a high loading efficiency. For example, Sanson et al. showed that
	doxorubicin could be loaded into PGA-b-PTMC polymersomes in a high loading efficiency
	(70%), relatively high loading content (≈ 50 wt/wt%) when nanoprecipitation was performed
	at a specific feed weight ratio of 70 wt/wt% of DOX/copolymer and at pH 10.5. 150 Iron oxide
	nanoparticles could also be entrapped in PGA-b-PTMC polymersomes with a loading
	efficiency of 100%, leading to magnetic polymersomes which could be used for MRI
	imaging or hyperthermia. 151

-3). 186 Table I-3. Thickness

  𝐿 of the layer made by chains grafted onto a spherical surface. Adapted from Dukes et al..186 

				Dukes
	et al. proposed an expression of 𝐿 for chains grafted on a spherical surface according to their
	conformational regime (Table ICurvature Regime	𝐿	Remark
	Flat/spherical	Mushroom	𝑁 3/5	free chain in good solvent
	Spherical	Intermediate [𝑁(𝜎𝑙 0	2

Table II -

 II 

		PEG		PBD			PEG-b -PBD		
	Designation	NMR a	NMR a	NMR a	SEC b		DSC c	
	PEG-b -PBD	DP	M n	DP	M n	M n	f P EG	Ð	T g	T m	T c
	block copolymer	(g.mol -1 )		(g.mol -1 )	(g.mol -1 ) (%)		(°C) (°C) (°C)
	6 PEG 14 -b -PBD 19	14	600	19 1000	1600 38	1.04	-20.6 38.2	1.0
	7 PEG 22 -b -PBD 52	22 1000	52 2800	3800 26	1.03	-14.1 35.7 -39.4
	8 PEG 40 -b -PBD 75	40 1800	75 4100	5900 31	1.06	-17.1 54.0 -1.6
	7p PEG 22 -b -PBD 54	22 1000	54 2900	3900 26	1.03	/	/	/
	8p PEG 52 -b -PBD 76	52 2300	76 4100	6400 36	1.02	/	/	/
	: Degree of polymerization (DP), number average molar mass ( M n ̅̅̅̅̅ ) and hydrophilic mass fraction (fPEG)
	calculated from 1 H NMR spectrum in CDCl3							
	/ characterization not performed									

3. Characteristics of PEGn-b-PBDp block copolymers obtained by 1 H NMR, SEC and DSC. ab: dispersity (Ð) determined by SEC in THF, RI, PS standard c: Glass transition temperature (Tg), melting temperature (Tm) and recrystallization temperature (Tc) determined by DSC respectively from second heating run, first heating run and cooling run

  22 

Table II -

 II 

	Water content FR(P-DMSO)	TFR
	(vol%)	(µL.min -1 )	(µL.min -1 )
	30	500	714
	40	500	833
	50	500	1000
	60	400	1000
	70	300	1000
	80	200	1000
	90	100	1000
	Resulting nanoparticles were analyzed by dynamic light scattering at 90° (DLS 90°) before
	('bd') and after dialysis ('ad'). The principle of a scattering experiment is explained in
	Annex II-1 (p162) and the specific principle of DLS in Annex II-2 (p164). The viscosity
	and refractive index of H2O/DMSO solvent mixtures were corrected (cf. Table S II-1, p154).

4. Conditions of controlled nanoprecipitation by microfluidics selected for the selfassembly study of PEG44-b-PTMC106 and PEG22-b-PTMC46 block copolymers. FR: flow rate. P-DMSO: copolymer solution in DMSO ([P-DMSO] = 10 g.L -1 ). TFR: total flow rate Results of hydrodynamic diameter (Dh), polydispersity index (PDI) and scattering intensity (derived count rate, DCR) are represented in Figure II-14 and detailed in

Table S II-2 (p155). These experiments were run only one time per condition and it has to be noted that

Table II - 6 .

 II6 DLS 90° data obtained before and after dialysis of NPs formed using Condition 1 or 2 of the controlled nanoprecipitation by microfluidic's procedure. Only PEG44-b-PTMC106 and PEG44-b-PTMC89 NPs were formed using Condition 2. Dh, PDI and DCR values shown as a mean and standard deviation (SD).

						After dialysis
	Block copolymer	Condition	D h	PDI	DCR	D h	PDI	DCR
			(nm)		(10 6 c.s -1 )	(nm)		(10 6 c.s -1 )
		Mean	173 0.15	7.0	139 0.10	18.0
	PEG 44 -b -PTMC 106 (1)							
		SD	16	0.01	1.1	2	0.01	0.7
		Mean	200 0.17	7.0	102 0.08	10.4
		SD	5	0.02	0.1	1	0.01	0.1
		Mean	204 0.15	6.8	121 0.07	17.4
	PEG 44 -b -PTMC 89 (2)							
		SD	17	0.03	1.1	7	0.01	1.7
		Mean	129 0.14	4.6	96	0.08	7.6
		SD	2	0.01	0.0	2	0.02	0.1
		Mean	152 0.07	16.3	115 0.03	14.3
		SD	4	0.02	0.9	1	0.01	0.5
		Mean	187 0.09	19.6	175 0.12	15.0
		SD	8	0.01	0.2	2	0.01	1.0
		Mean	81	0.06	2.2	76	0.05	5.3
		SD	1	0.01	0.1	1	0.01	0.1
		Mean	201 0.09	10.3	194 0.11	27.2
		SD	10	0.01	1.0	2	0.01	1.0
		Mean	215 0.14	12.2	222 0.15	44.3
		SD	4	0.02	4.5	4	0.01	1.2
		Mean	118 0.14	5.5	121 0.16	13.5
		SD	1	0.01	0.3	1	0.01	0.3
		Mean	128 0.06	13.8	138 0.10	23.9
		SD	3	0.01	0.1	1	0.01	0.2

Table II - 8 .

 II8 MALS results of NPs formed from the different PEG-b-PTMC and PEG-b-PBD block copolymers: Rg, Rh, Rg/Rh, M w ̅̅̅̅̅ (particle), Nagg, Acopolymer and [NPs]. Weight average molar mass of the copolymers (M w ̅̅̅̅̅ (copolymer)) and dn/dc of the NPs in water are also indicated.

Table S

 S II-1. Density, viscosity and refractive index of H2O/DMSO mixtures at 25 °C according to their water content. Table reproduced from Lebel and Goring.28 

	Water content	Density	Viscosity Refracive index
	(wt%)	(g.mL -1 )	(mPa.s)	
	0	1.0956	1.99	1.4768
	5	1.0957	2.32	1.4708
		1.0960	2.70	1.4649
		1.0961	3.11	1.4589
		1.0690	3.45	1.4523
		1.0950	3.68	1.4457
		1.0926	3.73	1.4385
		1.0884	3.64	1.4310
		1.0823	3.42	1.4232
		1.0753	3.16	1.4150
		1.0682	2.83	1.4071
		1.0610	2.51	1.3993
		1.0535	2.22	1.3913
		1.0461	1.93	1.3832
		1.0387	1.69	1.3754
		1.0314	1.50	1.3677
		1.0242	1.34	1.3600
		1.0174	1.18	1.3527
		1.0105	1.06	1.3458
		1.0038	0.96	1.3390
	100	0.9971	0.89	1.3325

  DLS 90° data obtained before and after dialysis of NPs prepared at 50 wc% using controlled nanoprecipitation by microfluidics from PEG22-b-PTMC46 (4) block copolymer by Experimenter 2. First experiment results were coherent with the ones of Experimenter 1 (Table II-7, p123) but second experiment gave smaller NPs with a higher PDI.

	Table S II-2. DLS 90° results (Dh, PDI, DCR) of: PEG44-b-PTMC106 (1) and PEG22-b-PTMC46 (4) NPs prepared by nanoprecipitation controlled by microfluidics: before and after dialysis according to the water content (wc). Water content D h PDI DCR D h PDI DCR D h PDI DCR D h PDI DCR PEG 44 -b -PTMC 106 (1) PEG 22 -b -PTMC 46 (4) Before dialysis After dialysis Before dialysis After dialysis Experiment D h PDI DCR D h PDI DCR Table S II-3. Block copolymer Before dialysis After dialysis
	(vol%)	(nm)	(10 6 c.s -1 )		(nm) (nm)	(10 6 c.s -1 ) (10 6 c.s -1 ) (nm)	(10 6 c.s -1 ) (nm)	(nm) (10 6 c.s -1 )	(10 6 c.s -1 )
	30	195 0.14	5.7 Mean	170 0.18 205	18.2 0.09	235 0.05 21.8 170 0.12 10.0	310 0.34 13.8	14.2
	40 PEG 22 -b -PTMC 46 (4)	175 0.15 1	8.1 SD		135 0.12 15	18.8 0.03	1.1	215 0.09 2	18.0 0.01	230 0.24 0.1	14.0
	50	150 0.13	5.3 Mean	135 0.10 169	17.2 0.09	180 0.11 17.9 146 0.15 20.3	175 0.12 13.8	16.5
	60 PEG 22 -b -PTMC 46 (4)	135 0.15 2	5.1 SD		100 0.06 2	8.4 0.02	1.2	200 0.15 4	12.0 0.02	165 0.15 0.5	13.4
	70	125 0.21	2.7		100 0.12	4.7		165 0.15	5.7	150 0.21	3.5
	80	160 0.18	5.9		120 0.19	6.0		150 0.16	5.1	/	/	/
	90	140 0.16	4.7		140 0.16	4.6		170 0.18	3.5	/	/	/
			At time zero		After 16 weeks
	Block copolymer		D h	PDI	DCR	D h	PDI	DCR
			(nm)			(10 6 c.s -1 )	(nm)		(10 6 c.s -1 )
		Mean	130	0.09	16.0	131 0.11	17.4
	PEG 44 -b -PTMC 106 (1)								
		SD	4	0.02	0.6		2	0.01	0.5
		Mean	122	0.09	14.2	118 0.06	14.5
	PEG 44 -b -PTMC 89 (2)									
		SD	1	0.01	0.4		1	0.01	1.4
		Mean	118	0.06	13.8	114 0.04	12.8
	PEG 22 -b -PTMC 55 (3)									
		SD	2	0.01	0.5		2	0.01	0.9
		Mean	146	0.15	13.8	150 0.14	14.5
	PEG 22 -b -PTMC 46 (4)									
		SD	4	0.02	0.5		2	0.02	0.8
		Mean	78	0.09	8.1		77	0.07	11.2
	PEG 14 -b -PBD 19 (6)									
		SD	1	0.01	0.1		1	0.01	0.4
		Mean	222	0.15	44.3	206 0.13	45.8
	PEG 22 -b -PBD 52 (7p)									
		SD	4	0.01	1.2		2	0.01	2.9
		Mean	138	0.10	23.9	140 0.10	25.0
	PEG 52 -b -PBD 76 (8p)									
		SD	1	0.01	0.2		1	0.01	0.2

Wc were values before dialysis; true wc after dialysis are in fact 100 wc%. NPs of PEG22-b-PTMC46 formed at 80 and 90 wc% were not stable during dialysis (aggregation was visually observed).

Table S II

-4. DLS 90° results on the monitoring of the stability of NPs formed from the different PEG-b-PTMC and PEG-b-PBD block copolymers: at time zero (right after dialysis) and after 16 weeks stored at 4 °C.

Table S

 S II-5. Theoretical values of the NPs concentration based on the NPs Rg and the density of each block.

	Block copolymer	V NP (copolymer) f PEG V t (PTMC/PBD) * V t (PEG) * V t (copolymer) * # NPs * [NPs] **
		(cm 3 )		(cm 3 )	(cm 3 )	(cm 3 )		(nM)
	PEG 44 -b -PTMC 106 (1)	5.9E-16	15.6	0.63	0.16	0.79	1.3E+15	2.2
	PEG 44 -b -PTMC 89 (2)	5.2E-16	18.2	0.62	0.18	0.80	1.5E+15	2.5
	PEG 22 -b -PTMC 55 (3)	4.6E-16	15.2	0.64	0.15	0.79	1.7E+15	2.8
	PEG 22 -b -PTMC 46 (4)	1.2E-15	17.5	0.62	0.18	0.80	6.6E+14	1.1
	PEG 14 -b -PBD 19 (6)	1.6E-16	37.5	0.66	0.38	1.03	6.3E+15	10.4
	PEG 22 -b -PBD 52 (7p)	5.6E-15	35.9	0.67	0.36	1.03	1.9E+14	0.3
	PEG 52 -b -PBD 76 (8p)	6.2E-16	25.6	0.78	0.26	1.04	1.7E+15	2.8

VNP(copolymer): volume which is taking all the copolymer chains in one NP (meaning volume of the membrane) Vt(PTMC/PBD/PEG/copolymer): total volume of the PTMC, PBD, PEG block or copolymer chains # NPs: number of NPs * for 1 g of copolymer ** for 1 g.L -1 of copolymer

Table S

 S II-6. Estimations of the distance between PEG chains (D) in the different PEG-b-PTMC and PEG-b-PBD nano-vesicles, the radius of gyration (Rg) of the equivalent free PEG chains, the reduced grafting density (Σ) and the PEG layer thickness of the (LPEG).

	Block copolymer	N agg /2	R	A NP	σ	D	R g (PEG)	S	L PEG
			(nm)	(nm 2 )	# chains/nm 2 (nm)	(nm)		(nm)
	PEG 44 -b -PTMC 106 (1)	7.63E+03 52	3.3E+04	0.23	2.4	1.8	1.8	4.8
	PEG 44 -b -PTMC 89 (2)	9.12E+03 48	2.9E+04	0.31	2.0	1.8	2.5	5.1
	PEG 22 -b -PTMC 55 (3)	1.31E+04 45	2.5E+04	0.52	1.6	1.3	2.2	3.7
	PEG 22 -b -PTMC 46 (4)	3.04E+04 62	4.8E+04	0.64	1.4	1.3	2.7	3.9
	PEG 14 -b -PBD 19 (6)	1.80E+04 31	1.2E+04	1.54	0.9	1.0	3.8	3.5
	Nagg: from MALS								
	R: from cryo-TEM								
	ANP: area of one NP								
	σ: surface grafting density							
	D: distance between PEG chains							
	Rg(PEG): radius of gyration of a free PEG in a good solvent				
	Σ: reduced grafting density							
	LPEG: PEG layer thickness							

Table A

 A II-1. Ranges of wavelengths and scattering vectors achieved according to the source of the radiation.

	Incident radiation	Range of incident wavelength 𝝀 𝒊

PEG 44 -b -PTMC 106 PEG 14 -b -PBD 19

  

	Block copolymer		PEG 14 -b -PBD 19			PEG 44 -b -PTMC 106	
		D h (p1) D h (p2) D h (p3) PDI	DCR	D h (p1) D h (p2) D h (p3) PDI	DCR
	Sample name	(nm)	(nm)	(nm)	(10 4 c.s -1 )	(nm)	(nm)	(nm)		(10 4 c.s -1 )
	FH-1	744	4516	124	1.0	1.3	315	4108	0	0.30	2.0
	FH-2	1535	203	4711	1.0	0.9	299	4756	0	0.25	1.6
	FH-3	785	158	4414	1.0	1.7	275	1911	0	0.44	1.7
	Mean	1021 1626	3083	1.0	1.3	296	3592	0	0.33	1.8
	SD	343	1927	1973	0.0	0.3	14	1120	0	0.07	0.2
	Table S III-2. DLS 90° data (Dh, PDI, DCR) obtained on PEG14-b-PBD19 and PEG44-b-PTMC106
	film hydration samples extruded (FH _E) using filters with different pore sizes (400, 200, 100, 50
	nm).										
	Block copolymer										
		D h	PDI	DCR	D h	PDI	DCR				
	Sample name	(nm)		(10 4 c.s -1 )	(nm)		(10 4 c.s -1 )				
	FH_E-400nm	486 * 0.32	1.9	264 † 0.18	1.8				
	FH_E-200nm	238	0.17	2.3	214	0.14	1.6				
	FH_E-100nm	165	0.11	2.7	184	0.14	1.3				
	FH_E-50nm	127	0.13	1.8	173 † 0.16	1.0				
	* second population at 80 nm								
	† second population at 44 nm								

Table S

 S III-3. DLS 90° data obtained on film hydration (FH) samples of the copolymer series and after extrusion at 100 nm (FH_E-100nm). For each sample, the hydrodynamic diameters (Dh) of two to three populations are represented (p1, p2, p3) with the overall PDI and DCR values.

				FH samples			FH_E-100nm samples	
		D h (p1) D h (p2) D h (p3) PDI	DCR	D h (p1) D h (p2) D h (p3) PDI	DCR
	Block copolymer	(nm)	(nm)	(nm)		(10 4 c.s -1 )	(nm)	(nm)	(nm)		(10 4 c.s -1 )
	PEG 14 -b -PBD 19	4434	1751	239	0.74	2.0	187	0	0	0.10	7.6
	PEG 22 -b -PBD 52	285	2033	0	0.42	0.5	189	0	0	0.05	0.8
	PEG 40 -b -PBD 75	256	4673	0	0.43	0.0	120	0	0	0.11	0.1
	PEG 44 -b -PTMC 106	264	1750	4432 0.36	0.2	168	5016	0	0.16	0.2
	PEG 44 -b -PTMC 89	380	89	3358 0.81	0.9	155	23	0	0.20	0.5
	PEG 22 -b -PTMC 55	100	2275	0	0.56	0.1	163	0	0	0.12	0.4
	PEG 22 -b -PTMC 46	246	5056	94	1.00	1.1	183	0	0	0.05	4.3

Table S

 S III-4. DLS 90° and DLS 135° of electroformed (EF) samples after extrusion (E) at 400 and 200 nm and after incubation at 25 °C or 37 °C in sucrose 0.1 M or with 50 vol% of RPMI. Two different electroformed samples of PEG14-b-PBD19 were studied by DLS 90° while only one sample of PEG22-b-PTMC46 was studied by DLS 135°.

		D h	PDI	DCR	D h	PDI	DCR	D h	PDI
		(nm)		(10 2 c.s -1 ) (nm)		(10 2 c.s -1 )	(nm)	
	E-400	650	0.17	7.6	629 * 0.17	7.6	624	0.19
	T25	651	0.17	6.7	659	0.17	6.3	-	-
	T37	542 * 0.21	5.6	538 * 0.19	5.9	684	0.18
	T37-R	541 * 0.28	3.8	606 * 0.28	3.5	684	0.18
	E-200	302	0.11	6.6	279	0.08	8.0	327	0.11
	T25	312	0.14	7.0	271	0.04	8.5	-	-
	T37	302	0.13	7.3	264	0.05	9.6	462	0.24
	T37-R	280	0.14	5.2	246	0.08	5.5	431	0.21

E-400: after extrusion at 400 nm, E-200: after extrusion at 200 nm, T25: after 2 h at 25 °C, T37: after 2 h at 37 °C, T37-R: after 2h at 37 °C in 50 vol% RPMI. * aggregates > 1 µm † E-1000: after extrusion at 1000 nm (Dh =1807 nm and PDI = 0.21)

Table IV - 1 .

 IV1 Reaction conditions for the synthesis PTMCm-OH homopolymers according to targeted degrees of polymerization (DP) of PTMC and characteristics obtained after purification (DP, conversion, dispersity and yield).

	Designation	Targeted			Reaction conditions			Obtained	
	PTMC	DP(PTMC) p	n(benzyl alcohol) n(TMC) eq(TU) Duration	DP(PTMC) a p a Ð b Yield
	polymer	(%)	(mmol)	(mmol)		(h)		(%)	(wt%)
	9	40	80	0.6	29.4	0.2	4.8	32	64 1.05	81
	10	80	80	0.3	29.3	1.3	4.8	60	60 1.05	76

DP: degree of polymerization. p: conversion. n: molar mass. eq: number of equivalents compared to benzyl alcohol. a: results from 1 H NMR in CDCl3. b: results from SEC in THF.

Table IV - 2 .

 IV2 Characteristics of PTMCm-COOH and PTMCm-Rho polymers obtained by NMR ( 1 H, DOSY) and SEC.

Table IV - 3 .

 IV3 DLS 90° data obtained before and after dialysis of rhodamine-labelled NPs formed in water. Dh, PDI and DCR values shown as a mean and standard deviation (SD).

* DLS 90° data obtained after dialysis for pure PEG-b-PTMC NPs in H2O from Chapter II are reminded for comparison (cf. Experimenter 2, Table II-7, p123) † presence of micro-sized objects (between 4 and 5 μm)

Table IV - 4 .

 IV4 Fluorescence intensity at 580 nm and ratios of rhodamine-labelled NPs in water.

Table IV - 5 .

 IV5 DLS 90° data obtained after concentration and after sterilization of Rho-NPs formed in water. Copolymer concentration after sterilization was measured by dry extract.

				Fluorescence intensity	
				At 580 nm	Ratio	
	Rho-NPs						
				(au)			
	PEG 44 -b -PTMC 106 + PTMC 60 -Rho	1220	0.70	
	PEG 44 -b -PTMC 89 + PTMC 60 -Rho	1118	0.64	
	PEG 22 -b -PTMC 55 + PTMC 32 -Rho	1552	0.89	
	PEG 22 -b -PTMC 46 + PTMC 32 -Rho	1750	1.00	
		After concentration		After sterilisation
		D h	PDI	DCR	D h	PDI	DCR	[copolymer]
	Block copolymer	(nm)		(10 3 c.s -1 )	(nm)		(10 3 c.s -1 )	(g.L -1 )
	PEG 44 -b -PTMC 106	128 0.16	66.1	127 0.14	75.4	14.5
	PEG 44 -b -PTMC 89	136 0.14	67.0	136 0.13	74.8	14.6
	PEG 22 -b -PTMC 55	140 0.15	66.4	132 0.10	77.2	14.5
	PEG 22 -b -PTMC 46	121 0.15	58.5	122 0.11	51.9	13.3

Table S IV-2, p279

  ). Anova statistical test: *p < 0.01; **p < 0.005.

Table IV - 6 .

 IV6 DLS 90° data obtained before and after dialysis of NPs formed in PBS. Dh, PDI and DCR values shown as a mean and standard deviation (SD). DLS 90° data obtained after dialysis in H2O from Chapter II are reminded for comparison (cf. Experimenter 2, Table II-7, p123) † presence of micro-sized objects (between 4 and 5 µm)

*

Table IV - 7 .

 IV7 DLS 90° data obtained after concentration and after sterilization of NPs formed in PBS. Copolymer concentration after sterilization was measured by dry extract.

	-concentration performed but data missing
	* after sterilization, concentration was of 11.1 g.L -1 but DLS 90° data indicated were obtained at 1 g.L -1

/ sterilization step not performed since NPs were not stable

Block copolymer IV.3.3. Stability study IV

  .3.3.1. Stability study at 37 °C in PBS and cell culture medium

		After concentration		After sterilisation
		D h	PDI	DCR	D h	PDI	DCR	[copolymer]
		(nm)		(10 6 c.s -1 )	(nm)		(10 6 c.s -1 )	(g.L -1 )
	PEG 44 -b -PTMC 106	163	0.19	58.4	156	0.16	60.7	11.2
	PEG 44 -b -PTMC 89 *	-	-	-	161	0.14	7.9	11.1
	PEG 22 -b -PTMC 55	135	0.11	62.4	134	0.12	58.4	10.4
	PEG 22 -b -PTMC 46	230	0.24	55.7	/	/	/	/

Table IV - 8 .

 IV8 DLS 90° data acquired at the different time points of the stability study performed at 37 °C in PBS and in cell culture medium. Results were averaged and are shown as means and standard deviations.

  To do so, a new batch of sterile PEG22-b-PTMC55 NPs in PBS was prepared by concentration and sterilization but this time by a UV treatment and not filtration on a 0.22 µm filter. DLS was performed at 173° in this study, only because of the availability of the machine. The hydrodynamic diameter was found to be near 126 nm, smaller than the one of

			PBS		Cell cultrure medium
	D h (nm) the previous batch characterized at 90° with 135 nm (Table S IV-4, p280). PDI was also PDI DCR D h PDI DCR (10 6 c.s -1 ) (nm) Block copolymer (10 6 c.s -1 ) smaller with 0.08 instead of 0.
	Mean	151 0.16	6.3	158 0.18	6.7
	PEG 44 -b -PTMC 106						
	SD	3	0.01	0.8	3	0.01	0.8
	Mean	158 0.15	5.1	167 0.16	5.4
	PEG 44 -b -PTMC 89						
	SD	3	0.01	0.7	5	0.01	0.4
	Mean	133 0.10	6.8	139 0.13	7.1
	PEG 22 -b -PTMC 55						
	SD	3	0.01	1.4	2	0.03	1.4

Table IV - 9 .

 IV9 DLS 90° data obtained before and after dialysis of rhodamine-labelled NPs formed in PBS. Dh, PDI and DCR values shown as a mean and standard deviation (SD).

* DLS 90° data obtained after dialysis in PBS of pure copolymer NPs (cf. Table IV-7, p252)

  Thus, once again, our rhodamine-labelled NPs, prepared this time in PBS, presented similar sizes (Dh = 162 ±

		PBS, Before dialysis	PBS, After dialysis	PBS, After dialysis *
		D h	PDI	DCR	D h	PDI	DCR	D h	PDI	DCR
	Block copolymer	(nm)		(10 6 c.s -1 )	(nm)		(10 6 c.s -1 )	(nm)		(10 6 c.s -1 )
	Mean	194	0.14	7.0	152	0.17	15.5	167 0.18	17.1
	PEG 44 -b -PTMC 106									
	SD	7	0.02	0.2	5	0.02	1.2	11	0.01	2.8
	Mean	206	0.19	5.0	162	0.16	16.2	163 0.16	14.8
	PEG 44 -b -PTMC 89									
	SD	2	0.01	0.1	5	0.01	0.3	8	0.01	0.1
	Mean	477	0.20	10.0	174	0.14	20.0	135 0.08	17.6
	PEG 22 -b -PTMC 55									
	SD	86	0.02	2.8	11	0.01	1.2	1	0.01	0.3
	Mean	294	0.12	20.7	395	0.28	16.8	229 0.20	19.1
	PEG 22 -b -PTMC 46									
	SD	14	0.03	3.7	83	0.05	0.7	7	0.01	0.4

Table IV -

 IV 10. DLS 90° data obtained after concentration and after sterilization of Rho-NPs formed in PBS. Copolymer concentration after sterilization was measured by dry extract.

		After concentration		After sterilisation
		D h	PDI	DCR	D h	PDI	DCR	[copolymer]
	Block copolymer	(nm)		(10 6 c.s -1 )	(nm)		(10 6 c.s -1 )	(g.L -1 )
	PEG 44 -b -PTMC 106	157 0.20	65.3	159 0.20	83.7	14.6
	PEG 44 -b -PTMC 89	170 0.21	66.3	155 0.20	82.1	14.7
	PEG 22 -b -PTMC 55	167 0.17	69.7	163 0.16	93.8	13.7
	PEG 22 -b -PTMC 46 *	447 0.28	46.5	/	/	/	/
	/ sterilization step not performed since NPs * were not stable		

at 37 °C and in cell culture medium at 37 °C.

  CellBrite 640 Fix Membrane (2 µL at 40X in PBS) were added to the eppendorf containing the cells. The CellBrite solution in PBS was prepared by adding 0.8 µL of a CellBrite stock solution at 100X in anhydrous DMSO in 1.2 µL of PBS 1X. Cells were incubated at room temperature for 10 min and transferred to a well of a 8-well microslide (Ibidi) for imaging. In 500 µL sterile eppendorfs, PEG-b-PTMC NPs (20 µL, 10 g.L -1 in PBS, sterilized) were diluted in 180 µL of either PBS 1X or cell culture medium (prepared as for cell culture but from RPMI 1640 without phenol red) under a laminar flow fume hood. After this dilution, 20 µL of the suspensions were collected to be analyzed by DLS 90°. Samples were heated at 37 °C during 7 days (Thermomixer comfort, Eppendorf) and a DLS 90° monitoring was performed by collecting 20 µL under a laminar flow fume hood at different time points (1, 2, 4, 24 h and 7 days). This experiment was performed in triplicate for each condition. a 53.5 G.cm -1 strength. Samples (2 to 10 mg) were dissolved in CDCl3 or DMSO-d6 (0.3 mL) for internal lock.1 H NMR spectra were recorded with a D1 of 5 s and 32 scans using the Bruker Topspin software. To describe the multiplicities of the signals, the following abbreviations were used: br: broad signal s: singlet, t: triplet and quint: quintuplet. for internal lock. For DOSY experiments,17,18 spectra were acquired with the ledbpgp2s pulse program from Bruker Topspin software without spinning. The duration of the pulse gradients and the diffusion time were adjusted in order to obtain full attenuation of the signals at 95% of the maximum gradient strength. Values were 4.0 ms for the duration of the gradient pulses and 100 ms for the diffusion time. The gradients strength was linearly incremented in 16 steps from 5% to 95% of the maximum gradient strength. A delay of 5 s

	Images have to be taken in one hour maximum following the staining, otherwise the HSQC, HMBC and DOSY. Experiments were performed at 298 K on a Bruker Avance
	CellBrite dye internalizes. NEO 400 spectrometer operating at 400 MHz and equipped with a 5 mm Bruker
	multinuclear z-gradient direct cryoprobe-head capable of producing gradients in the z IV.6.2.4. Stability studies direction with a 53.5 G cm -1 strength. Each sample (2 to 7 mg) was dissolved in 0.3 ml of
	Stability in PBS Stability at pH 5.5 or in presence of lipase. In disposable DLS plastic cuvettes sterilized DMSO-d6
	beforehand, PEG22-b-PTMC55 NPs (40 µL, 10 g.L -1 or 1 g.L -1 in PBS, sterilized) were
	diluted in 450 µL of either a MES buffer at pH 5.5 or a lipase solution in PBS 1X. Lipase
	from Pseudomonas cepacia of 34 kD 16 (2 mg) was diluted in PBS 1X (1 mL) to obtain a 2
	g.L -1 concentration corresponding to the maximum solubility of the enzyme. Different
	concentrations of enzyme were tested: 1.8, 0.18, and 0.018 g.L -1 (corresponding to 53, 5.3,
	and 0.53 µM) and two copolymer concentrations of NPs were used: 1 and 0.1 g.L -1
	(corresponding to 151 and 15.1 µM) corresponding to different molar ratios of
	copolymer/enzyme (3/1 or 30/1). A DLS 173° monitoring was performed at 37 °C directly
	in the Malvern Zetasizer Nano ZS instrument by recording 13 runs of 10 s every 30 min
	during 18 h.
	IV.6.3. Characterization techniques
	1 . After 24 h of incubation at 37 °C in a 5.5% CO2 atmosphere, cells IV.6.3.1. Characterization of polymers and small molecules
	were washed twice with 300 µL of PBS containing BSA (0.1%) by

centrifugation/resuspension. After a last centrifugation, cells were resuspended in 40 µL of PBS and kept at 4 °C. At room temperature, Hoechst 33342 (20 µL at 3 10 -2 g.L -1 ) and 1 H NMR. NMR experiments were performed at 298 K on a Bruker Avance I NMR spectrometer operating at 400 MHz, using TMS as standard, and equipped with a Bruker multinuclear z-gradient direct cryoprobe head capable of producing gradients in the z direction with

Table S

 S 

		Living cells, normalized	Apoptotic cells	Necrotic cells
		Mean	SD	Mean	SD	Mean	SD
	Condition						
		(%)	(%)	(%)	(%)	(%)	(%)
	Control cells	89.5	5.5	13.7	1.5	5.6	3.6
	Control H 2 O	100.0	1.9	7.0	1.7	3.0	0.3
	Control H 2 O 2	0.1	0.1	0.6	0.1	96.9	0.7
	PEG 44 -b -PTMC 106	101.4	1.1	6.1	0.9	2.7	0.2
	PEG 44 -b -PTMC 89	97.8	1.4	8.6	0.7	3.4	0.8
	PEG 22 -b -PTMC 55	98.5	2.3	7.8	1.9	3.6	0.3
	PEG 22 -b -PTMC 46	94.7	2.7	11.9	2.3	3.0	0.2

IV-1. Percentages of living, apoptotic and necrotic γδ T cells after 96 h of incubation at 37 °C: the cells alone ('control cells'), with water as a positive control, hydrogen peroxide as a negative control and with the different types of Rho-NPs in water at 1 g.L -1 . Results obtained by flow cytometry after a DAPI/AnnexinV-APC staining.

Table S IV-2.

 S 

Table S IV-3.

 S Extrapolation of the molar concentration of Rho-NPs([NPs]

Table S

 S IV-4. DLS 173° data obtained after concentration and after sterilization (under UV) of PEG22-b-PTMC55 NPs formed in PBS and used for the stability study at pH 5.5 and in presence of lipase. Copolymer concentration after sterilization was measured by dry extract.

	Block copolymer	A copolymer R h	N agg	M w (copolymer)	[copolymer] [NPs]
		(nm 2 )	(nm)			(g.mol -1 )		(µM)	(nM)
	PEG 44 -b -PTMC 106	4.5	64	1.2E+04		13600		37	3.2
	PEG 44 -b -PTMC 89	3.4	68	1.7E+04		12000		42	2.5
	PEG 22 -b -PTMC 55	2.2	67	2.6E+04		7100		70	2.8
	PEG 22 -b -PTMC 46	1.8	63	2.8E+04		6000		83	3.0
		After concentration	After sterilisation under UV
		D h	PDI	DCR	D h	PDI	DCR [copolymer]
	Block copolymer	(nm)	(10 8 c.s -1 )	(nm)	(10 8 c.s -1 )	(g.L -1 )
	PEG 22 -b -PTMC 55	126 0.09	19.0	126 0.08	18.7	11.5

Table V -

 V 

	[Fluo]	[copolymer]	R h	δ	IV NP	[NPs] TIV NP in 100 µL	[Fluo] in NPs	LC	LE
	(mM) (g.L -1 )	(mM) (g.L -1 ) (nm) (nm) (nm 3 )	(#.µL -1 )	(µL)	(mM) (g.L -1 ) (wt%) (wt%)
	0.165 0.06	1.678 10.07	197 11.8 2.64E+07 1.88E+09	5.0	3.3	1.3	12.5	3.3
	In conclusion, the methodology of loading, purification and characterization of fluorescein
	in PEG-b-PTMC NPs was developed. Future experiments would have to be performed to
	adapt the microfluidics conditions in order to form NPs better defined in size and with, if
	possible, higher loading content and efficiency.				

2. Characteristics of fluorescein-loaded PEG22-b-PTMC46 NPs in PBS. [Fluo] and [copolymer]: concentration of fluorescein and copolymer in the overall suspension. Rh: hydrodynamic radius found by DLS 90° and supposed as Rg. δ: membrane thickness of PEG22-b-PTMC46 polymersomes found by cryo-TEM (cf. Table II-9, p134). IVNP: internal volume of one NP. [NPs]: concentration of NPs per unit of volume estimated with the aggregation number. TIVNP in 100 µL: total internal volume of the NPs in 100 µL of suspension. [Fluo]in NPs: fluorescein concentration inside the NPs. LC: loading content. LE: loading efficiency.

Table S V

 S -1. Characteristics of PTMC32-COOH and PTMC32-Cy7 polymers obtained by NMR ( 1 H, DOSY).
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Chapter II. Nano-polymersomes

Annex II-6. Principle of the theoretical calculation of the NPs' concentration.

The concentration of NPs ([𝑁𝑃𝑠]

) can be estimated for an equivalent copolymer concentration of 1 g.L -1 with the following equations.

First the volume of one membrane, meaning the volume of all the copolymer chains in one NP (𝑉 𝑁𝑃 (copolymer)) is calculated with the radius of gyration (𝑅 𝑔 ) found by MALS (Annex II-3, p166).

𝑉 𝑁𝑃 (copolymer) = 4 3 𝜋 𝑅 𝑔 3 (34) Then, the total volume of each block PTMC, PBD or PEG is estimated for 1 g of copolymer using the PEG weight fraction determined by 1 H NMR:

𝑉 𝑡 (PEG) = 1 × 𝑓 𝑃𝐸𝐺 𝑑 𝑃𝐸𝐺 (36) with 𝑑 𝑃𝑇𝑀𝐶 = 1.33, 𝑑 𝑃𝐵𝐷 = 0.95 and 𝑑 𝑃𝐸𝐺 = 1 g.cm -3 .

Next, the total volume occupied by 1 g of copolymer is calculated:

𝑉 𝑡 (copolymer) = 𝑉 𝑡 (PTMC/PBD) + 𝑉 𝑡 (PEG) (37) and also, the number of NPs (# 𝑁𝑃𝑠):

# NPs = 𝑉 𝑡 (copolymer) 𝑉 𝑁𝑃 (copolymer) (38) Finally, the molar concentration of the NPs ([𝑁𝑃𝑠]) is estimated for 1 g.L -1 copolymer concentration by:

[NPs] = 1 × # 𝑁𝑃𝑠 𝑁 𝐴 (39) with 𝑁 𝐴 Avogadro's number (𝑁 𝐴 = 6.022 × 10 23 mol -1 ).

to form well defined micro-scale vesicles. However, extrusion was performed on the FH samples to calibrate their size and form submicron particles. S III-2 (p212). Extrusion at 400 nm did not allow the formation of particles well-defined in size for either of the two copolymers. Indeed, the obtained sizes were around 80 and 500 nm (PDI = 0.32) for PEG14-b-PBD19, and around 40 and 260 nm (PDI = 0.18) for PEG44-b-PTMC106.

Extrusions at lower pore sizes (200, 100, 50 nm) were more successful with only one population of particles and a relatively low PDI (0.11-0.17). Particles were thus calibrated at three different sizes between 238 to 127 nm (± 111 nm) for PEG14-b-PBD19, and 214 to 173 nm (± 41 nm) for PEG44-b-PTMC106. However, sizes were not exceptionally changed between the different extrusions, especially for PEG44-b-PTMC106 particles. Moreover, when extruded at 50 nm, both types of particles were not obtained below 100 nm. These two results might be due to the fact that the extrusion was performed at room temperature and not above

Chapter IV. In vitro study on γδ T cells

The NPs' size was large with Dh = 410 ± 60 nm after dialysis and with a high PDI = 0. In this work, we decided to pursue our procedure anyway to assess its feasibility. 

IV-9D).

Since the column sorts compounds by their size, larger NPs might be collected first, which could explain the quasi total loss of the 100 nm NPs. To avoid that in the future, a longer column could be used to have a better separation of the free dye from the NPs in order to recover all the NPs.

The copolymer concentration could not have been determined in all these steps since the concentration of fluorescein was unknown. Therefore, it had to be determined after the NPs full purification.

V.3.1.2. Loading content and efficiency

The fluorescein concentration in the NPs was estimated by absorbance measurements.

First, Fluo-NPs were dissolved by adding directly DMSO in the Fluo-NPs at a PBS/DMSO volume ratio of 20/80. The absorbance was measured at 520 nm (corresponding to the maximum peak of absorption in this solvent mixture) and compared to a calibration curve in DOSY of PTMC32-Cy7 showed only one diffusion coefficient, lower than the diffusion coefficient of the PTMC32-COOH and much lower than Cy7-NH2 (Table S Knowing that the PTMC was not entirely functionalized but that the product was purified from 'free' cyanine, the degree of functionalization (DF) of the PTMC32-Cy7 was determined by comparing the integration of the singlet at 3.62 ppm corresponding to protons of a methyl group of the cyanine (cf. purple circle in Figure V-7) between PTMC32-Cy7 and Cy7-NH2. The DF in Cy7 was found to be near 80% (Table S V-1, p318).

V.4.2. Formation of Cyanine7-labelled NPs in PBS

The procedure of controlled nanoprecipitation using a microfluidic system in PBS was Only one sample of Cy7-NPs was produced for each copolymer due to the small quantity of PTMC32-Cy7 available. Samples were analyzed by DLS 90° or 173° at each step of the formation (before and after dialysis) and post-treatments (concentration, sterilization).

Because of the absorption of light at 633 nm corresponding to the DLS laser, higher DCR were obtained with DLS 173°. Results are shown in Table V-3 and size distributions in 2) The intracerebral injection of polymersomes in mice with the use of an optical fiber to project light.

3) The photo-induced release of nutrient molecules near synapses between neurons due to the rupture of polymersomes by osmotic shock created by the dye's cleavage.

frame (first time point at 2 h). The reaction was quenched with an excess of acetic acid (16 µL, 1.03 mmol, 3.5 eq). The reaction duration should have been only of about 4.5 h to reach a DP of 55 but an error led to stop the reaction after 7.6 h and thus a DP of 87 was reached (95% conversion). The crude product was introduced in cold methanol (-20 °C) to precipitate the copolymer (1 mL into 50 mL in falcons), centrifuged to remove the supernatant (4 °C, 3500 rpm), washed two more times with cold methanol and dried under vacuum overnight. 1 H NMR of the purified product confirmed a compromised maleimide.

SEC in THF showed a large shoulder at a higher molecular weight than expected and thus a high dispersity (Ð = 1.87).

Cynaine7-terminated poly(trimethylene carbonate) homopolymers (PTMC32-Cy7).

This procedure was performed with the PTMC32-COOH polymer previously synthesized (cf.

IV.6.2.1, p261). The PTMC32-COOH (20.0 mg, 5.4 µmol, 1 eq) was dissolved in 191 µL of DMSO (105 g.L -1 ). Separately, stock solutions of HBTU (91 g.L -1 ), DIEA (61.5 vol%) and Cy7-NH2 (50 g.L -1 , protected from the light) were prepared in DMSO. To manipulate easily small quantities of Cy7-NH2 the product was entirely dissolved in pure ethanol at 100 g.L -1 , doses were collected with Hamilton syringes and ethanol was evaporated under vacuum. through the second input. After verification that the chip was dust free and air bubbles free using a camera, flow rates were applied via the Mitos Flow Control Center 2.5.17 software (Dolomite Microfluidics). Flow rates for the fluorescein pump were controlled with the integrated water calibration. Flow rates for P-DMSO were applied with the correction factor of 0.71 by using the integrated mineral oil calibration (cf. II.5.2.3, p142 for details). A flow rate of 500 µL.min -1 of P-DMSO was set for 500 µL.min -1 of the fluorescein solution. A volume of 3 mL of suspension (1000 µL.min -1 total flow rate; 50 wc%) was collected into a glass vial from the chip's output. The organic solvent was removed by dialysis against PBS 1X (1 L) using a 3.5 kD cut-off dialysis membrane (Spectra/Por RC, 3 bath changes). After dialysis, the volume of suspension was higher, around 5 mL (dilution factor near 1.7).

Concentration of nanoparticles.

After dialysis, nanoparticles were concentrated using an ultrafiltration system (10 mL Amicon Millipore stirred cell, Ultracel disc of 100 kD cut-off) at 1 mL and 20 g.L -1 of theoretical copolymer concentration. The bottle was sealed with parafilm and let to stir slowly in an incubator (Incubator Hood TH 15, from Edmund Bühler). The bottle was opened each week to take 500 µL of external medium to measure absorbance and was put back in the bottle after measurement. with the filtered DMSO solution (P-DMSO) and connected to the micromixer chip through the first and third inputs using a T-connector. The other pump was filled with the filtered aqueous solution and directly linked to the chip through the second input. After verification that the chip was dust free and air bubbles free using a camera, flow rates were applied via the Mitos Flow Control Center 2.5.17 software (Dolomite Microfluidics). Flow rates for the water pump were controlled with the integrated water calibration. Flow rates for P-DMSO were applied with the correction factor of 0.71 by using the integrated mineral oil calibration (cf. II.5.2.3, p142 for details). A flow rate of 500 µL.min -1 of P-DMSO was set for 500 µL.min -1 of H2O. A volume of 3 mL of suspension (1000 µL.min -1 total flow rate; 50 wc%) was collected into a glass vial from the chip's output. The organic solvent was removed by dialysis against deionized water or PBS 1X (1 L) using a 3.5 kD cut-off dialysis membrane (Spectra/Por RC, 3 bath changes). After dialysis, the volume of suspension was higher, around 5 mL (dilution factor near 1.7).

Purification of nanoparticles by gel filtration

Concentration of nanoparticles.

Nanoparticles were concentrated using an ultrafiltration system (10 mL Amicon Millipore stirred cell, Ultracel disc of 100 kD cut-off) typically between 1 to 2 mL in volume and 10 to 20 g.L -1 of copolymer concentration.

Sterilization of nanoparticles.

Nanoparticles were sterilized by filtration with a sterile acetate cellulose filter at 0.22 µm under a laminar flow fume hood. Microscope settings were controlled by the LAS-AF software. The laser outputs were controlled by an Acousto-Optical Tunable filter and the collection windows by an Acousto-Optical Beam Splitter and photomultipliers as follows. Rhodamine was excited with a DPSS laser at 561 nm and collected at 566 -615 nm. Samples were also observed in transmission mode using this He-Ne laser. Images were analyzed with ImageJ software. Knowing the hydrophobic membrane thickness of a PEG-b-PTMC polymersome (𝛿 𝑐𝑟𝑦𝑜-𝑇𝐸𝑀 ) and the hydrodynamic radius of a fluorescein-loaded nanoparticle (Rh), the internal volume of one NP can be roughly estimated as:

V.8. Supplementary figures

Knowing the area of one copolymer chain (𝐴 𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟 ) and the aggregation number (𝑁 𝑎𝑔𝑔 ) of a PEG-b-PTMC polymersome, the equivalent 𝑁 𝑎𝑔𝑔 for a fluorescein-loaded nanoparticle can be expressed as:

Of course, this is assuming that the fluorescein-loaded objects are polymersomes and that their hydrodynamic radius is close to their radius of gyration (Rg ≈ Rh).

The concentration of NPs ([𝑁𝑃𝑠]

) can be estimated for an equivalent mass copolymer concentration ([𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟]) as follows:

with 𝑁 𝐴 Avogadro's number (𝑁 𝐴 = 6.022×10 23 mol -1 ) and 𝑀 𝑤 ̅̅̅̅̅ (𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟) the weight average molar mass of the copolymer.

The total internal volume of all the NPs per unit of volume (𝑉) would be:

and thus, the fluorescein concentration inside the NPs ([𝐹𝑙𝑢𝑜] 𝑖𝑛 𝑁𝑃𝑠 ) would be:

with [𝐹𝑙𝑢𝑜] the fluorescein concentration measured overall in the suspension.

The loading content (𝐿𝐶) is defined as the weight ratio of loaded fluorescein over the copolymer:

A preliminary test showed that the synthesis of maleimide-functionalized block copolymers cannot be performed in our ring-opening polymerization conditions without protection of the maleimide. Therefore, the best approach seems to be to synthesize 'simple'

H2N-PEG-b-PTMC that would be further functionalized with different groups to easily form a library of functionalized PEG-b-PTMC in order to test different bio-conjugation strategies on T cells. 11,12 Concerning our preliminary test on drug loading, fluorescein as a model of hydrophilic drug was successfully loaded into PEG22-b-PTMC46 polymersomes using our microfluidic nanoprecipitation process. The loading content of 12.5 wt% and loading efficiency of 3.3 wt% were rather low and will have to be improved. We will optimize the formulation conditions preferentially on PEG22-b-PTMC55, which was the best candidate to form polymersomes well-defined in size in PBS (Chapter IV). Release kinetics will also have to be performed to confirm the supposed very slow release that we observed in our test where less than 20% of the fluorescein was released after 7 days of incubation at 37 °C. Clémentine Bosch-Bouju on the Optonutrics project. Our PEG-b-PTMC polymersomes at both the nano-and micro-scale seem to have a bright future as drug delivery systems, not only as traditional 'nano'-medicines but also in cell-mediated strategies.

Titre de la thèse : Polymersomes de PEG-b-PTMC vers la délivrance de nanomédicaments par médiation cellulaire Résumé : Cette thèse rapporte le développement d'une bibliothèque de copolymères poly(éthylène glycol)-b-poly(triméthylène carbonate) (PEG-b-PTMC) comme plateforme pour des applications de délivrance de médicaments. Quatre copolymères PEG-b-PTMC ont été synthétisés par polymérisation par ouverture de cycle à partir de deux longueurs de PEG (1000 et 2000 g.mol -1 ) et en ciblant une fraction hydrophile de 15 ou 18%. Leur nanoprécipitation contrôlée par microfluidique a permis la formation répétable et reproductible de nano-polymersomes bien définis avec différentes épaisseurs de couche de PEG et de membrane hydrophobe, tout en présentant une taille similaire autour de 100 nm. Quatre nano-polymersomes marqués à la Rhodamine ont été étudiés in vitro avec les cellules T γδ comme étude préliminaire de notre projet à long terme visant à développer une délivrance de polymersomes chargés de principes actifs par l'intermédiaire des cellules T. Ces polymersomes étaient non cytotoxiques, même à une concentration élevée de copolymère (1 g.L -1 ) et sur de longues périodes d'incubation (jusqu'à 4 jours) et leur internalisation dans les cellules était faible, ce qui prouve que la fonctionnalisation de la surface des cellules est possible. Deux types de nano-polymersomes marqués à la Cyanine7 ont été formés et il est prévu de les injecter in vivo à des souris immunocompétentes pour évaluer leur demi-vie dans le sang et leur biodistribution. En plus des nano-polymersomes, des micro-et sous-micro-polymersomes de PEG-b-PTMC ont été réalisés. L'électroformation du PEG22-b-PTMC46 a formé des polymersomes de 20 µm présentant un comportement spécifique : ils formaient des facettes lors d'une baisse de température et leur rigidité à la flexion, leur contrainte de lyse et leur tension de lyse étaient très faibles avec 𝐾 𝑏 = 6.0 ± 1.2 kbT, 𝛼 𝑐 = 2.6 ± 0.7% et 𝜎 𝑐 = 0.085 ± 0.028 mN.m -1 . La taille des polymersomes a été calibrée à 2 µm, 600 et 300 nm par extrusion. Des polymersomes PEG22-b-PTMC46 marqués à la Rhodamine, d'une taille de 1 µm, ont été injectés par voie intracérébrale chez des souris. Ils n'ont pas montré de toxicité in vivo et ne se diffusaient pas rapidement hors du site d'injection, ce qui signifie qu'une libération locale dans le cerveau est possible.

Mots clés : polymersomes, nanoprécipitation, microfluidique, électroformation, cellules T

Thesis title: Polymersomes based on PEG-b-PTMC towards cell-mediated delivery of nanomedicines

Abstract: This thesis reports the development of a library of poly(ethylene glycol)-bpoly(trimethylene carbonate) (PEG-b-PTMC) polymersomes as a platform for drug delivery applications. Four PEG-b-PTMC copolymers were synthesized by ring-opening polymerization from two PEG lengths (1000 and 2000 g.mol -1 ) and targeting a hydrophilic fraction of 15 or 18%. Their nanoprecipitation controlled via microfluidics allowed the repeatable and reproducible formation of well-defined nano-polymersomes with different PEG layer and hydrophobic membrane thicknesses, while presenting a similar size around 100 nm. Four rhodamine-labelled nano-polymersomes were studied in vitro with γδ T cells as a preliminary study of our long-term project to develop a T cellmediated delivery of drug-loaded polymersomes. They were non-cytotoxic, even at high copolymer concentration (1 g.L -1 ) and for long incubation times (up to 4 days) and their internalization in cells was low, which demonstrated that the functionalization of the cells' surface was feasible. Two Cyanine7-labelled nano-polymersomes were formed and planned to be injected in vivo in immunocompetent mice to evaluate their half-life time in blood and their biodistribution. In addition to nano-polymersomes, micro-and submicro-polymersomes of PEG-b-PTMC were performed. Electroformation of PEG22-b-PTMC46 formed 20 µm sized polymersomes presenting a specific behavior: they formed facets upon a temperature decrease and their bending rigidity, lysis strain and lysis tension were very low with 𝐾 𝑏 = 6.0 ± 1.2 kbT, 𝛼 𝑐 = 2.6 ± 0.7% and 𝜎 𝑐 = 0.085 ± 0.028 mN.m - 1 . The polymersomes' size was calibrated at 2 µm, 600 and 300 nm by extrusion. Rhodamine-labelled PEG22-b-PTMC46 polymersomes of 1 µm size were intracerebrally injected in mice. They were nontoxic in vivo and did not diffuse rapidly out of the injection site, which meant that a local delivery in the brain is achievable.