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Drug delivery systems based on synthetic poly(hydroxybutyrate) (co)polymers

Jean-François Carpentier de m'avoir accueillie au sein de son laboratoire pendant trois ans et de m'avoir donné de précieux conseils dont je saurai me servir

General introduction

Drug delivery systems (DDSs) are engineered technologies designed for the controlled release and/or the targeted delivery of therapeutic agents. Such systems aim to control the pharmaceutical compound release rate from the formulation and to enhance its adsorption on its active site. The short half-lives of many bioactive molecules combined to their non-specific delivery and their high toxicity led to the development of various drug delivery platforms. DDSs have known a considerable growth from the 60's with the pioneering works of, in particular, P.

Ehrlich, 1 J. Folkman, 2,3 P. Speiser, 4,5 P. Couvreur,5,6 R. Langer, 7,8 and K. Kataoka. 9 The development of drug delivery platforms was initiated with the use of macroscale polymeric DDSs as drug depots or implants. 10 Former drug delivery devices were mostly made of non-degradable polymers including polyurethanes, silicone rubber or poly(ethylene-co-vinyl acetate). 11 Thanks to the demonstration of the controlled release obtained with these (co)polymers, several macroscale DDSs were further developed and approved by the US Food and Drug Administration (FDA). However, the need to remove the implantable medical device and the poor patient compliance highlighted the need to improve these drug delivery platforms, and subsequently led to the emergence of microscale DDSs. Thus, in the late 70's, the extensive use of poly(lactide-co-glycolide) (PLGA), a biocompatible and biodegradable copolymer, has enabled the development of microparticles having the capacity to encapsulate a wide range of active biomolecules with tunable drug release rates. 10 The success of these earlier microparticles validated the concept of drug delivery from biodegradable polymers and led to the emergence of nanoscale DDSs. Nanoparticles are particularly useful for the treatment of cancer as their size, below 200 nm, allows systemic injections. The development of nanoscale DDSs enabled the successive appearance of polymer-drug conjugates (prodrug), PEGylated (PEG = poly(ethylene glycol)) polymeric micelles, and finally polymeric self-assembled systems bearing a targeting moiety. These approaches led to the growth of efficient DDSs toward tumoral cells. Improved drug bioavailability and a decrease of severe side effects were then demonstrated. 11 Currently, a dozen of nanoscale polymeric self-assembled systems are involved in clinical trials. However, only one formulation of polymeric nanoparticle (non-prodrug), namely Abraxane®, is available on the market for cancer therapies, thus showing the significant need in this domain.

In the academic field as well as in clinical trials, most of polymeric nanoscale selfassembled systems are formed with poly(glycolic acid) (PGA), poly(lactic acid) (PLA) or PLGA which are known as biocompatible and biodegradable polyesters. 12 The use of these polymers and their covalent association with hydrophilic block(s) allowed the development of various selfassembled systems such as nanoparticles or core-shell micelles. Despite extensive studies on this polyester-based DDSs, obtaining stable self-assembled systems without the use of a surfactant is still not straightforward. Nowadays, the toxicity of numerous surfactants is questioned by the FDA. Therefore, the use of amphiphilic copolymers with a highly hydrophobic block such as poly(3-hydroxybutyrate) (PHB), a biocompatible and biodegradable poly(hydroxyalkanoate), seems to be a key factor to obtain micelles with enhanced colloidal stability and high drug loading efficiency, without using a surfactant. Moreover, the very low critical micelle concentration (CMC) of PHB-based micelles is expected to translate to a longer in-vivo half-life and ultimately to a better efficiency compared to other polyester-based DDS.

The use of natural PHB-based DDS has been widely studied during the past few decades. However, the high crystallinity of this isotactic polymer causes poor mechanical properties which make it unsuitable for various uses such as packaging, implantable devices or also drug delivery applications. 13 Therefore, the chemical modification of this microbial polymer or its synthesis from the ring-opening polymerization (ROP) of -butyrolactone (BL) are valuable routes to improve the physico-chemical properties of PHB. Natural as well as synthetic PHBs have thus been associated with various hydrophilic segments such as PEG, poly(Nisopropyl acrylamide) (PNIPAAM), poly (2-(di-methylamino)ethyl methacrylate) (PDMAEMA), or poly(ethyl ethylene phosphate) (PEEP). These hydrophilic segments are nonetheless nonbiodegradable and can be excreted by the renal system only under a molar mass of 20 000 g.mol 1 . In addition, these polymers can be accumulated in the liver with unidentified toxicological consequences over a long period of time. 14 The aim of my PhD project was to synthetize new amphiphilic, biocompatible and potentially fully biodegradable PHB-based copolymers in order to form well-defined selfassembled systems with enhanced colloidal properties. The objective was to investigate the relationship between the chemical structure/composition of the block copolymer and its selfassembling behavior in aqueous solutions. Diblock and triblock copolymers, namely poly(malic acid)-b-poly(3-hydroxybutyrate) (PMLA-b-PHB) and PMLA-b-PHB-b-PMLA, respectively, were synthetized and used to form nanoparticles. The effect of the hydrophilic weight fraction and of the chemical structure was studied by dynamic and static light scattering (DLS and SLS, respectively) in order to comparatively explore the self-assembly of these new amphiphilic block copolymers. The different combinations of the repeating units thus led to distinct properties within the macromolecules and promoted interesting nanoscale assembly phenomena, and ultimately unique physical behaviors. Eventually, PHB-based copolymers demonstrated high benefits in terms of colloidal stability and control of their physico-chemical properties. Moreover, it is generally admitted that the formation of micelles is driven by hydrophobic interactions. 15 Therefore, it seemed interesting to modify the chemical nature of the hydrophobic block to investigate how the behavior of the self-assembled systems and the biological availability/efficiency could be affected. In this regards, PHB polyester was replaced by poly(trimethylene carbonate) (PTMC), a biocompatible and biodegradable hydrophobic polycarbonate. The comparative analyses of PHB-b-PMLA and PTMC-b-PMLA physicochemical and biological behavior were then undertaken to assess the input of an ester vs. a carbonate repeating unit. The ultimate objective was to develop efficient nano-drug carriers toward the hepatocellular carcinoma.

In collaboration with Pr X. J. Loh at the Institute of Material Research and Engineering in Singapore, new linear and multi-arm stimuli-responsive PHB-based copolymers were developed for drug delivery applications. The relationship between the macromolecular architecture (linear vs. multi-arm copolymers) and the self-assembled properties was investigated in particular from rheology insights. This work has been published in Chemistry-A European Journal (DOI 10.1002/chem.201601404) and will not be detailed in this manuscript.

Accordingly, the present manuscript is organized in seven chapters.

The first chapter presents a state of art of PHB-based drug delivery systems from nanoscale to macroscale with a special focus on synthetic PHB (co)polymers. Focus is first placed on the chemical modification of microbial PHB into PHB-conjugates or PHB/PEG-based copolymers, and on the ROP of BL towards PHB/PEG-and PHB/PHA-based copolymers. We next highlight the various methods for the preparation of PHB-based self-assembled systems and their characteristics, including nanoparticles, micelles, microparticles and gels. Investigations of the ability of these PHB-based materials to encapsulate and subsequently release a drug, possibly through targeting approaches, are reported along with some in-vitro and in-vivo behavior.

The second chapter describes the synthesis of PMLA-b-PHB copolymers and the preliminary characterizations of the resulting nanoparticles. Copolymers with various hydrophilic weight fractions (f) were synthesized and used to form nanoparticles in aqueous solutions. The effect of f on the characteristics of the self-assembled systems and on the hepatocyte cell uptake was investigated by dynamic light scattering (DLS) and fluorescence microscopy, respectively.

The synthesis of PTMC-b-PMLA copolymers and the preliminary characterizations of the formed nanoparticles are discussed in the third chapter. As for PMLA-b-PHB copolymers, PTMC-b-PMLA copolymers with various f were synthesized and their ability to form defined aggregates in aqueous solution was evidenced. The biocompatibility of these latter objects was then evaluated on human hepatocytes.

The biological availability/efficiency of these poly(hydroxyalkanoate)-and poly(carbonate)-based copolymers is then compared in the fourth chapter. The influence of f and of the chemical composition of the block copolymer on opsonization and cellular uptake were investigated in order to identify the most promising self-assembled system toward hepato-cellular carcinoma. The Finally, the conclusions and outlooks of this work will precede the complementing supporting information corresponding to all chapters, respectively.

Please bear in mind that each chapter being submitted to different journals, their format are not identical. Many thanks in advance for your kind indulgence. This work has been financially supported by the "Fondation Recherche Médicale".
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Introduction

Nanomedicine, the application of nanotechnology to safer and more effective medicine, aims at developing theranostic nano-scaled materials to tackle various diseases such as cancers, while avoiding the issues of conventional therapeutic agents. [1][2][3][4][5] Multifunctional nanoparticle based drug delivery systems (DDSs) can contribute to improve the water solubility and to prolong the circulation half-life of drugs, to reduce their immunogenicity and enhance their biodistribution while controlling their release, and to favor the site-specific active targeting for a specific distribution. [6][7][8][9][10][11][12] While a number of engineered nanoparticle platforms derived from polymers are currently used in clinical treatments, much remains to be done to improve their performances.

Polymer-based nanoparticulate structures used in the field of DDSs are essentially derived from dendrimers, micelles, nanoparticles and nanogels, with diameters ranging from 1 to 1000 nm. 8,[13][14][15][16][17][18] Nanocarriers can incorporate a drug through its covalent bonding to the polymer segment, thereby resulting in a polymer-drug conjugate. 11,[19][20][21][22] Alternatively, the drug can be embedded through hydrophobic interactions within an amphiphilic polymer platform. The polymer constituents used in nanocarriers essentially belong to the polysaccharides, poly(aminoacid)s, polypeptides and proteins, polyesters, or poly(alkyl cyanoacrylate)s families. 23 Nowadays, polyester-based DDSs are the most widely developed, as the result of the biocompatibility and biodegradability of these polymers. In particular, the ubiquitous poly(lactic acid) (PLA), poly(glycolic acid), and their copolymers poly(lactic-coglycolic acid) (PLGA), have been extensively investigated in combination with poly(ethylene glycol) (PEG). The resulting amphiphilic block copolymers such as PLA-b-PEG and PLGAb-PEG, then self-assembled into nanoparticles, micelles or polymersomes featuring a hydrophobic PLA or PLGA core and an outer hydrophilic PEG corona. [24][25][26][27][28][29] Other such polyester-systems were prepared from poly(-caprolactone) [30][31][32] or poly(hydroxyalkanoate)s (PHAs; vide infra), also often associated with PEG to similarly form nano-sized objects. PEG has thus been used as a biocompatible hydrophilic segment enabling the preparation of nanoparticles with controlled size. Furthermore, PEG was shown to provide stealth which inhibits the fast recognition by the immune systems (i.e. the opsonisation) and to minimize the aggregation of particles. 16,[33][34][35][36][37] However, one major flaw of this polyether is its nonbiodegradability which can impedes its application within DDSs. Moreover the immunological inertness of PEG is not demonstrated and the accumulation of PEGylated

Chapter 1 -Drug delivery systems based on synthetic PHB (co)polymers 24 compounds in the liver has unidentified toxicological consequences over a long period of time. 38 The synthetic approaches towards these polyester-based DDSs basically consist in the ring-opening polymerization (ROP) of lactide (LA), glycolide (GA), or (-caprolactone) (CL) from PEG-macroinitiating moieties, or alternatively in the chemical coupling of preformed PLA, PGA, PLGA, PCL, or PHA, with PEG segments. Furthermore, polyester nanoparticulate DDSs may be formed from either naturally occurring polymers such as chitosan or PHAs, 39,40 or from synthetic macromolecules such as PLA, PEG, PCL or PHAs.

Indeed, PHAs can be advantageously both naturally (microbial PHAs) or synthetically (chemically) produced. [40][41][42][START_REF] Scholz | Polymers from Renewable Resources[END_REF][START_REF] Zinn | [END_REF][45][46][47][48][49][50][51][52][53] Among the numerous PHAs, the ubiquitous biocompatible and biodegradable poly(3-hydroxybutyrate) (PHB) can be obtained from bacteria as isotactic PHB, while ROP of substituted -lactones provides a valuable entry into PHBs featuring various tunable microstructures (atactic, syndiotactic, isotactic). [54][55][56] The stereoregularity of the enchainment of -lactone units within PHB dictates its thermomechanical properties. In particular, microbial isotactic PHB is not easily processable thus impeding its applications such as in packaging, implantable devices, or also drug delivery applications. 53 Therefore, the possibility to access various PHBs with different stereochemistries from ROP opens new venues in PHB-based DDSs. 57 In addition, PHB promotes the formation of micelles with enhanced colloidal stability and high drug loading efficiency (DLE), without requiring the use of a surfactant. [58][59][60][61][62][63][64][65][66][67][68] Moreover, the very low critical micelle concentration (CMC) of PHBbased micelles is expected to impart a longer in-vivo half-life and ultimately a better efficiency compared to other polyester-based DDSs. Natural as well as synthetic PHBs have thus been associated with various hydrophilic segments such as PEG, poly(N-isopropyl acrylamide) (PNIPAAM), poly(2-di-methylamino ethyl methacrylate) (PDMAEMA), or poly(ethyl ethylene phosphate) (PEEP). However, these latter hydrophilic segments are nonbiodegradable and can be excreted by the renal system only if their molar mass is below 20 000 g.mol 1 . In addition, these polymers can be accumulated in the liver with unidentified toxicological outcomes over a long period of time. 38 In this review, we first introduce the synthetic strategies for the preparation of PHBbased (co)polymers next used for drug delivery applications, as summarized in Table 1. The focus is placed on synthetic PHB-based DDSs and not on natural ones. We next highlight the the self-assembling properties of PHB-based self-assembled systems, including nanoparticles, micelles, microparticles and hygrogels, along with their characteristics, as gathered in Chapter 1 -Drug delivery systems based on synthetic PHB (co)polymers 25 Table 2. Investigations of the ability of these PHB-based materials to encapsulate and subsequently release a drug, possibly through targeting approaches, are reported along with some in-vitro and in-vivo behaviors (Table 3).

PHB-based (co)polymers prepared from synthetic routes

Most of the self-assembled systems using PHB are based on bacterial semicrystalline poly((R)-3-hydroxybutyrate) P(R)-HB. [40][41][42][START_REF] Scholz | Polymers from Renewable Resources[END_REF][START_REF] Zinn | [END_REF][45][46][47][48][49][50][51][52][53] Indeed, industrial production of bacterial PHB, and generally of PHAs ((poly (3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-4HB)), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), poly (3-hydroxybutyrate-co-3-hydroxyhexanoate (PHBHH), etc…), has known a tremendous development since the early 80's. 41 PHB is now available from fermentation processes using natural microorganisms such as Ralstonia eutropha, Alcaligenes latus or Bacillus spp., or modified microorganisms such as Escherichia coli, fed by glucose or sucrose. 69 Nevertheless, only long-chain isotactic PHB polymers and random copolymers can be obtained from this microbial strategy.

Given the aforementioned limitations of such native PHB-based materials, modified PHB-based copolymers have been developed. Enhancing PHB properties by covalent bonding to other polymers has been favored. Thus, the chemical modification of microbial isotactic PHB or the chemical synthesis of -especially amorphous  PHB from the ROP of butyrolactone (BL), have afforded an emerging category of self-assembled systems with tunable properties. The aim of this first section is to cover the different synthetic pathways to PHB-based (co)polymers (originating from bacterial PHB or fully man-made ones) which have been developed for drug delivery applications. The two major approaches, namely modification of bacterial PHB and PHB obtained by ROP of BL, are overviewed. Synthetic strategies, catalytic systems and the characterization of the resulting copolymers are addressed (Table 1).

Table 1. Characteristics of PHB-based copolymers prepared from synthetic routes. Chapter 1 -Drug delivery systems based on synthetic PHB (co)polymers 29

PHB (co)polymer

Natural

Chemically modified bacterial PHB-based (co)polymers

Historically, native PHB homopolymer, i.e. P(R)-HB, [84][85][86][87][88] and bacterial copolymers such as P(3HB-co-4HB), [89][90][91] PHBV [92][93][94] or PHBH and derivatives, [95][96][97] have been used for the elaboration of self-assembled systems such as DDSs, tissue engineering scaffolds and implants. [98][99][100][101] Those polymers were chosen for their biodegradability and biocompatibility.

The properties of such bacterial PHAs remain limited and their chemical modification opened the way to new (co)polymer structures of interest for self-assembled systems and their subsequent applications. All native PHBs discussed in this section are isotactic bacterial PHB (Table 1).

Chemically modified bacterial PHB homopolymers into PHB-conjugates

The synthesis of bacterial PHB conjugated to a targeting agent was scarcely reported in the literature. Kim and coworkers investigated the synthesis of RGD4C-PHB conjugated polymer (RGD4C = a cyclic peptide with the amino acid sequence: ACDCRGDCFCG). 71 The strategy was based on the use of fused RGD4C-PHA synthase. In the presence of 3(R)-hydroxybutyryl-coenzyme A (3HB-CoA), the PHA synthase produced PHB through an enzymatic pathway, and the polymerization was proposed to afford a polymer chain which remained covalently bound within the PHA synthase enzyme, itself bearing the peptide, namely RGD4C-PHB. Nevertheless, no clear information was given to support this bounding. 102,103 This strategy was recently used by Kim and coworkers with the aim to synthesize multi-functional PHB nanoparticles for theranostic applications. 70 Tri-fused protein A33scFvgreen fluorescence protein-PHA synthase (AG-PHA synthase), used as targeting, imaging and catalytic moiety in the presence of 3HB-CoA, led to the formation of AG-PHB conjugate. In both cases, no information on the characterization of the polymer conjugates was yet reported.

Chemically modified bacterial PHB/PEG-based copolymers

Bacterial PHB has often been associated with poly(ethylene glycol) (PEG), 104,105 an hydrophilic and biodegradable polyether, to form amphiphilic copolymers.

Recently, bile acid deoxycholic acid (DOCA) was conjugated to the PHB-b-PEG block copolymer. 72 Kulkarni, Aminabhavi and co-workers implemented a two-step route (Scheme 1). First, long-chain bacterial PHB was transesterified by PEG-OH (M n = 4000 g.mol 1 ) using dibutyltin dilaurate (DBTL) as a catalyst, to afford short-chain ,-dihydroxy telechelic PHB-b-PEG copolymer. The second step involved the coupling of this diblock copolymer diol with DOCA using both dicyclohexylcarbodiimide (DCC) and 4dimethylaminopyridine (DMAP), leading to the di-DOCA conjugated block copolymer, DOCA-PHB-b-PEG-DOCA, further characterized by both 1 H and solid state 13 C{ 1 H}NMR spectroscopy, and SEC analyses using chloroform as mobile phase and poly(styrene) standard. This copolymer was next used for the formation of nanoparticles loaded with fluorescein isothiocyanate labelled insulin, for cytotoxicity evaluation (vide infra).

Scheme 1. Two-step synthesis of ,-diDOCA telechelic PHB-b-PEG copolymer. 72 Recently, Kim and co-workers showed the tremendous effect of the control of the relative length of PHB/PEG blocks on the loading and the release profile of the drug from nanoparticles prepared from PHB-co-PEG diblock copolymers (M n = 5600-9900 g.mol 1 ), obtained from the coupling of PHB and PEG in the presence of stannous octonate. 64 The study was performed in-vitro by using griseofulvin (antifungal drug) as hydrophobic model drug (vide infra).

The synthesis of ABA triblock copolymers using PEG (A) and PHB (B) was developed following the pioneering work of Li's group. 73 The triblock copolymer ,dimethoxy poly(ethylene glycol)-b-poly((R)-3-hydroxybutyrate)-b-poly(ethylene glycol) (PEG-b-PHB-b-PEG) was prepared according to a three-step strategy (Scheme 2). 59,62,73 First, bacterial long-chain PHB was purified upon dissolution in chloroform, filtration and precipitation in petroleum ether, to afford PHB with M n = 87 000 g.mol 1 and Đ M = 2.64. The next transesterification step using diethylene glycol with dibutyltin dilaurate (DBTL) as catalyst in diglyme, then gave shorter ,-dihydroxy telechelic PHB (PHB diol oligomers) with a controlled chain-length ranging from 500 to 5500 g.mol 1 . 106 During this latter procedure, diethylene glycol and DBTL could be replaced by ethylene glycol and tin octonoate (Sn(Oct) 2 ), respectively, without affecting the overall strategy. The last step was the coupling of the PHB diol with two equivalents of mono-carboxy terminated PEG (PEG-COOH), in the presence of dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP) as catalyst, finally affording the PEG-b-PHB-b-PEG triblock copolymer (M n = 4500-13 400 g.mol 1 ; Đ M = 1.04-1.21). 73 The PHB block length could be modulated from 54 °C and ca. 147 °C, respectively). Li and co-workers subsequently studied the micellization and self-aggregation behavior of such triblock copolymers (vide infra). 59,62 Scheme 2. Three-step synthesis of PEG-b-PHB-b-PEG copolymer from microbial PHB. 73 Pun and co-workers also reported the synthesis of PEG-b-PHB-b-PEG triblock copolymers (M n = 12 700 g.mol 1 ; Đ M = 1.13; measured by SEC using THF as eluent and PEG standards) to form polymeric micelles for the encapsulation of doxorubicin (DOX), an effective chemotherapeutic drug against a wide range of solid tumors. 66 Interestingly, following the same synthetic approach as previously reported, the authors further used - micelles for tumor localization. 74 The PEG/PHB triblock copolymers were synthesized according to the same whole strategy developed by Li and co-workers, 73 copolymer. 74 Li and co-workers have also been studying copolymers based on PPG, PEG and native PHB segments, covalently bonded within a polyurethane polymer. 75 PHB diol (M n = 1100 g.mol 1 ), obtained from the transesterification of bacterial PHB with ethylene glycol and DBTL, was mixed with PEG (M n = 1900 g.mol 1 ), PPG (M n = 2200 g.mol 1 ) (PEG/PPG ratio = 2:1; PHB ratio = 39 mol%), and 1,6-hexamethylene diisocyanate (HDI) used as a coupling agent (Scheme 5). The poly(PEG/PPG/PHB urethane) random copolymers thus obtained showed a high molar mass M n = 42 500-50 600 g.mol 1 and a narrow dispersity Đ M = 1.37-1.56. 1 H as well as 13 C{ 1 H} NMR spectroscopic analyses, confirmed the presence of each repeating unit as well as the characteristic signals of urethane bonds. These copolymers were next used for the formation of gels further evaluated for their cytotoxicity and cell culture efficiency (vide infra). Nevertheless, a major drawback of this strategy is the use of isocyanates, which are known to be toxic. [109][110][111] Scheme 5. Synthesis of poly(PEG/PPG/PHB urethane) random copolymer. 75 

Other chemically modified bacterial PHB-based copolymers

In order to study colloidal drug delivery systems, Pignatello, Ballistreri and coworkers synthesized copolymers from bacterial PHB (M w = 400 000 g.mol 1 ; Đ M = 2.10) or PHBV (24 mol% HV; M w = 177 000 g.mol 1 ; Đ M = 1.70), and poly(-caprolactone) (PCL) (M w = 120 000 g.mol 1 ; Đ M = 1.70). 76 The authors reported a single-step approach, for the coupling of the microbial polymer (PHB or PHBV) with PCL, by a transesterification reaction catalyzed by para-toluenesulphonic acid. Different initial ratios of pre-polymers were used, affording random copolymers (M w = 4600-17 300 g.mol 1 ; Đ M = 1. 31-2.01) PHB-b-PEEP) by the ROP of ethyl ethylene phosphate (EEP), using PHB diol as a macroinitiator. 77 PHB diol (M n = 900; 1600 or 4050 g.mol 1 ), previously obtained from the transesterification of bacterial PHB with ethylene glycol and DBTL as a catalyst, was reacted with EEP in the presence of Sn(Oct) 2 (Scheme 6). 112 The resulting triblock copolymers (M n, = 3400-15 600 g.mol 1 ; Đ M = 1. 47-2.23) were characterized by 1 H, 13 C{ 1 H} and 31 P{ 1 H} NMR spectroscopy. In particular, the latter analysis showed a single resonance assigned to a linear phosphonate function. PEEP-b-PHB-b-PEEP were next used to form micelles, further studied for the encapsulation and the controlled delivery of Paclitaxel (an anticancer drug; vide infra).

Scheme 6. ROP of EEP using PHB diol as macroinitiator for the synthesis of PEEP-b-PHB-b-PEEP copolymer. 77 Loh and co-workers studied the use of short-chain PHB as macroinitiator for the atom transfer radical polymerization (ATRP) of different monomers, such as Nisopropylacrylamide (NIPAAM) 65,78 and 2-(di-methylamino)ethyl methacrylate) (DMAEMA), 68,79 according to a common strategy (Scheme 7). PHB diol, again obtained from the transesterification of bacterial PHB with diethylene glycol and catalyzed by DBTL, was reacted with 2 equivalents of 2-bromoisobutyryl bromide in the presence of ; Đ M = 1.09-1.50), 65 or PDMAEMA-b-PHB-b-PDMAEMA (M n = 5200-24 000 g.mol 1 as measured by 1 H NMR; Đ M = 1. 23-1.35), respectively (Scheme 7). 68 The copolymers were characterized by N 180 HB 17 N 180 ) were synthesized and further investigated for their ability to form micelles and for their thermoresponsiveness. 75,78 These properties were used for the encapsulation and 

PHB-based copolymers prepared from ring-opening polymerization of (-butyrolactone)

The ring-opening polymerization (ROP) of racemic -butyrolactone (rac-BL) is an alternative approach for the synthesis of PHB-based copolymers. While bacterial PHB is a highly crystalline thermoplastic material (isotactic PHB; T m = 175180 °C, T g = 9 °C), synthetic PHB may feature different stereochemical sequences (atactic (amorphous), syndiotactic (T m unknown), or isotactic PHBs) depending on the catalytic system used. [54][55][56] Also, ROP allows to copolymerize two distinct monomers, such as in particular cyclic esters, either sequentially or simultaneously, thereby providing copolymers with different topologies like block or random copolymers, respectively (Table 1).

PHB/PEG-based copolymers prepared from ring-opening polymerization of -butyrolactone

Similarly to microbial PHB, synthetic PHB segments were covalently bonded to PEG blocks, seeking the advantages of the hydrophobic and hydrophilic character of PHB and PEG, respectively. The majority of PHB/PEG copolymers developed for drug delivery applications was based on triblock copolymers with PEG as the central block.

Liu, Li and co-workers "clicked" a 8-arm star PEG (sPEG) with amorphous PHB segments using the Huisgen's reaction (1,3-dipolar cycloaddition). 67 This strategy was based on the complementary functionalization of PHB and PEG with alkyne and azide, respectively Scheme 8. Three-step synthesis of adamantyl-PHB-b-sPEG coonjugate. 67 Chen and co-workers synthesized PHB-b-PEG-b-PHB copolymers in order to form hydrophobic-core nanoparticles. 60,61 The one-step synthesis involved the use of b-PHB copolymer. 60,61 Chapter 1 -Drug delivery systems based on synthetic PHB (co)polymers

38

Li and co-workers also studied PHB-b-PEG-b-PHB triblock copolymers. 80 The authors reported an original synthetic strategy through the anionic ROP of rac-BL initiated by a modified PEG (Scheme 10). First a di-anionic PEG macroinitiator was synthetized from PEG diol. The (2,2,6,6-tetramethylpiperidin-1-yl) These copolymers were next used to form supramolecular hydrogels using -cyclodextrine (vide infra).

Scheme 10. ROP of rac-BL using a anionic PEG macroinitiator for the synthesis of PHB-b-PEG-b-PHB copolymer. 80 Oledzka and co-workers also developed triblock PHB-b-PEG-b-PHB copolymers synthetized from the ROP of rac-BL. 81 The authors reported the synthesis and the 

PHB/PHA-based copolymers prepared from ring-opening polymerization of -butyrolactone

Carpentier, Thomas and co-workers developed PHB-based copolymers for the encapsulation and controlled release of L-leuprolide acetate (an anticancer drug). 83 Random copolymers were synthesized from a mixture of racemic monomers (rac-BL and racemicallyl--butyrolactone (rac-BL allyl )) with rac-BL allyl = 7 or 11mol% (Scheme 12). The tacticity of these copolymers, as determined by 13 C{ 1 H} NMR analyses, was tuned according to the catalyst used. From a racemic mixture of the monomers, the syndiospecific yttrium(III) catalyst led to syndiotactic copolymers (probability of racemic linkage P r = 0.82-0.84), [113][114][115][116] and the non-stereospecific -diiminate zinc catalyst 117 allowed the formation of atactic copolymers while the latter afforded isotactic copolymers (probability of meso linkage P m = 0.96-0.97) when both enantio-pure monomers were used, namely R-BL and R-BL allyl . The ; Đ M = 1.28-1.76). 82 The synthesis of such a range of copolymers exhibiting different tacticities enabled to evaluate the impact of the microstructure on the encapsulation and kinetics of drug release (vide infra). The major drawback of this strategy remains the use of highly sensitive catalysts, which are performant only with the rigorous exclusion of air and moisture.

Scheme 12. Synthesis of PHB-co-PHB Allyl and PHB-co-PHB diOH with different tacticities. 82,83 3. PHB-based (co)polymers for drug delivery applications

Preparation methods and characteristics of PHB-based self-assembled systems

PHB-based self-assembled systems have been developed from both natural and synthetic PHB segments and involve from nanoscale to macroscale: nanoparticles, micelles, microparticles and gels. The preparation methods and characteristics of these self-assembled systems are discussed in this section (Table 2).

Preparation methods and characteristics of PHB-based nanoparticles

Polymer-based nanoparticles have been widely studied in the past few decades to encapsulate anti-cancer molecules in order to increase their bioavailability and to avoid some severe side effects. 3,[118][119][120][121] Nowadays, nanoparticles are mainly made of poly(lactide) (PLA), 3,23,27,118 poly(lactic acid-co-glycolic acid) (PLAGA), 3,118,[122][123][124] poly(alkyl cyanoacrylate) 125- 127 and poly(-caprolactone) (PCL) 3,31,32 which are biocompatible and biodegradable copolymers. Among the various available nanomaterials, PHB-based nanoparticles are nowadays promising drug delivery systems (DDSs). Indeed, the high hydrophobicity of this polyester allows the formation of stable nanoparticles with longer biodegradation times compared with other biodegradable PLA-, PLGA-or PCL-based particles. 60 Moreover, the synthesis of PHB by ROP of -butyrolactone enables to control the tacticity of PHB (atactic, syndiotactic or isotactic) which therefrom provides a viable route to control the physicochemical properties of PHB-based self-assembled systems, whereas microbial production only gives highly crystalline (isotactic) PHB. Both PHB homopolymers as well as PHB-based block copolymers are used to form nano-drug carriers in aqueous solutions (Table 2). PHB homopolymers used as drug carriers are mainly naturally produced ones. 40 However, the present review aims to address synthetic PHB-based systems used for drug delivery applications. Therefore, only PHB homopolymers which are chemically modified after their microbial production are discussed in this section. Such PHB conjugates feature a PHB moiety covalently bonded to various molecules of interest such as targeting ligands 71,128 or fluorescent probes 70 (Table 2).

The microbial synthesis of PHB allows to tune some physico-chemical characteristics of the nanoparticles such as the hydrodynamic diameter (D h ). Indeed, the precise control of the size of the nano-object is an important issue for the design of circulating DDSs. 132 After intravenous administrations, small particles (D h < 20 nm) are eliminated by renal excretion and larger particles can be rapidly taken up by the mononuclear phagocyte system cells present in the liver, the spleen and the bone marrow. Nanoparticles of 150 to 300 nm are thus mainly found in the liver and the spleen. Also, it is generally admitted that the "ideal" size requirements for self-assembled systems developed for cancer treatments are between 70 and 200 nm. 79,[133][134][135] In the case of nanoparticles made of A33scFv green fluorescence protein-natural PHB conjugate (AG-PHB), the D h values were tuned by the enzyme/(3-hydroxybutyrylcoenzyme A (3HB-CoA)) substrate ratio used during the polymerization . 70 Kim and coworkers thus reported the formation of AG-PHB nanoparticles during the polymerization process, with an average diameter ranging from 70 to 550 nm upon modulating the enzyme concentration, while maintaining the same (3HB-CoA) substrate loading. D h was found to decrease with higher concentrations of enzyme as the length of the AG-PHB was inversely proportional to the concentration of the enzyme. The diameters were next evaluated by dynamic light scattering (DLS). 70 The formulation method implemented also plays a key role on the control of the physico-chemical properties of the self-assembled systems. Nanoparticles are commonly obtained by nanoprecipitation, emulsion techniques (single or double), or electrospraying methods. 3 Several parameters such as the choice of the solvent, the use and the nature of the surfactant, the organic/aqueous solvent volume ratio, the mixing rate and time, do significantly affect the nanoparticles characteristics and in particular their size. [136][137][138] For instance, nanoparticles derived from folic acid (FOL)-PHB with D h ranging from 44 to 1132 nm (DLS) were obtained by modifying the sonication time during the double emulsion-solvent evaporation process from 30 to 5 min, respectively, without modifying their shape as assessed by scanning electron microscopy (SEM) of the nanoparticles. 128 As mentioned above, the use of a surfactant also significantly modifies the nanoparticles characteristics such as their size, shape, and stability. Poly(vinyl alcohol) (PVA), one of the most commonly used surfactant with excellent emulsifying and stabilizing properties, enabled to significantly reduce the size of these nanoparticles based on FOL-PHB. Indeed, D h ranging from 142 to 208 nm (DLS) were then obtained with PVA concentrations ranging from 0.15 to 0.005% (w/v), respectively. 128 Furthermore, it is important to note that D h can be significantly affected by the grafting of a targeting molecule since the hydrophilic/hydrophobic balance of the final material is then changed. Kim and co-workers reported the preparation of PHB-based nanoparticles with a D h of 209 nm by an oil-in-water emulsion-solvent evaporation process without the use of any surfactant. The diameter of the recovered nanoparticles was increased by ca. 46 nm after grafting RGD4C as a targeting peptide, and an increase of the size distribution of the nanoparticles was also observed, as assessed by DLS analysis (Figure 1). 71 The grafting of the peptide thus increased the hydrophilic character of the polymer then resulting in the formation of core-shell particles with higher D h (Figure 1). Copyright (2011) Elsevier Ltd.

Nanoparticles derived from PHB-based copolymers

The covalent association of a hydrophilic block with a hydrophobic PHB segment and the control of the segments' length allow to precisely tune the physico-chemical properties of the resulting nanoparticles. While the use of natural PHB homopolymer as a drug carrier has been extensively studied, the control of the physico-chemical properties remains nonetheless quite limited in these reports. In this regard, the use of PHB-based copolymers provides a viable route for the elaboration of tunable drug carriers. Indeed, the control of the hydrophilic weight fraction (f) of PHB-based amphiphilic block copolymers affords tunable self-assembled systems in terms of size, encapsulation efficiency, stability, and degradation time.

Kulkarni, Aminabhavi and co-workers, evidenced that the use of PHB enable the formation of small particles (D h < 20 nm) 72 with a highly compact hydrophobic core compared to PLA-, PLGA-and PCL-based particles. 3 Indeed, PHB-b-PEG copolymers conjugated with deoxylic acid (DOCA) enabled to form ultra-small nanoparticles with a D h of 10 nm, as assessed by DLS and high resolution TEM. These particles were obtained by a modified solvent diffusion and solvent evaporation method, and stabilized with poly(ethylene glycol) sorbitan monooleate (Tween 80) surfactant at a concentration of 1% (w/w). 72 The size of the recovered nanoparticles was rationalized by the compartmentalization of the aqueous phase within the particles.

While amphiphilic block copolymers enable to prepare nanoparticles, they are also often used to form nano-carriers with micellar structures, as discussed in the following section.

Preparation methods and characteristics of PHB-based micelles

Amphiphilic block copolymers are found to form aggregates in aqueous medium by the association of their hydrophobic blocks. 139 These self-assembled systems are often called micelles. It is important to note that micelles refer to the self-assembly of a block copolymer in a dynamic equilibrium, while nanoparticles are kinetically frozen. 140 The self-assembly of block copolymers is less straightforward than that of small surfactants where the exchange of molecules and dynamic equilibria are often favored. The distinction between nanoparticles and micelles in literature reports is not always possible as dynamic exchanges are simply not systematically assessed or are not evaluated on a sufficient time scale. 139 Several studies have reported the use of PLA-, PGA-or poly(propylene oxide) PPObased copolymers for the preparation of micelles for drug delivery applications. [141][142][143] The major drawback of these latter systems is that the critical micelle concentration (CMC) of the copolymer is highly dependent on the hydrophobic block length. Additionally, the molecular weight and the number of aggregation (N agg ) of these self-assembled systems vary with the temperature without any precise control, which thus makes these systems highly dependent on the surrounding conditions and therefore not very stable. 142,144 All these observations suggested that, the use of a more hydrophobic polymer such as PHB may promote the development of micelles with more suitable characteristics (Table 2).

PHB/PEG-based micelles

The association of PEG as hydrophilic block with PHB leads to the development of interesting polymeric self-assembled systems. The presence of PEG on the surface of particles leads to neutrally charged objects which helps to inhibit electrostatic interactions of plasma components with polymer-based self-assembled systems. 3 Indeed, PEG is a biocompatible polymer which increases the half-life of the drug carrier in the organism as discussed thereafter in the section "Targeting approaches associated with PHB-based self-assembled systems".

Kim and co-workers reported the formation of PHB-co-PEG-based micelles with diameter ranging from 61 to 109 nm as assessed by atomic force microscopy (AFM). The increase of f from 13 to 50% influenced the mechanism of self-assembly by affecting the hydrophobic interactions which induced an increase of the particle size as often observed with PEGylated self-assembled systems. 64 These micelles were then used for the sustained release of Griseofulvin.

Li and co-workers and Pun and co-workers reported the conception of promising micelles resulting from the self-assembly of PEG-b-PHB-b-PEG triblock copolymers. 59,62,73 Copolymers with PHB molar mass ranging from M n 470 to 3 800 g.mol 1 and with a constant PEG block length of M n 5000 g.mol 1 were found to form spherically shaped micelles with a D h ranging from 27 to 48 nm, as assessed by TEM analysis. 59 Conversely, the length of the PEG segment was varied from M n 4000 to 10 000 g.mol 1 while maintaining the PHB block with M n 800 g.mol 1 , thus resulting in a D h value decreasing from 40 to 26 nm and from 86 to 64 nm, as measured by TEM and DLS respectively. 62 The change in the hydrophilic weight fraction (f) thus affected the hydrophobic interactions and the size of the self-assembled systems. Additionally, SLS analyses showed that the gyration radius (R g ), D h and N agg were not significantly modified when the polymer concentration was varied from 1.4 to 11 mg.mL 1 . 62 These observations suggested that a diluted concentration regime was reached without interference from the neighboring micelles. Remarkably, the molecular weight and N agg of the particles remained constant in the temperature range going from 10 to 50 °C. Only, D h decreased with the temperature due to dehydration of the hydrophilic block. 59 The selfassembled structures formed with PHB as highly hydrophobic block led to stable self-assemblies. It is noteworthy that the CMC value of this triblock copolymer (CMC of PEG 5000b-PHB 3800 -b-PEG 5000 = 1.3.10 5 g.mL 1 ) determined from the fluorescence excitation spectra of pyrene, was around 10 times smaller than that of analogous PEG-based triblock copolymers with PLGA as central hydrophobic block (CMC = 1.21.4.10 4 g.mL 1 ) with comparable block length. 59,142 Moreover, the CMC was also found to be non-sensitive to temperature from 23 to 45 °C (Figure 2). 59 The macromolecular architecture of a polymer may lead to the formation of peculiar structures resulting from the arrangement of the polymer chains relatively to one another. For instance, micelles with "flower" like structures were obtained with the "reverse" triblock PHB-b-PEG-b-PHB copolymers. 60 Indeed, such micelles were prepared by the precipitationsolvent evaporation technique without the use of any surfactant. Micelles with sizes varying from D h 20 to 130 nm were thus formed upon increasing the PHB block length. 60 Noteworthy, D h was more affected by changing the hydrophilic weight fraction of the "reverse" copolymer than of the PEG-b-PHB-b-PEG based micelles. 59,60,62 Moreover, the CMC values of these copolymers (CMC = 3.314.4.10 6 g.mL 1 ) were much lower than those of the "reverse" triblock structure (CMC =1.3.10 5 1.1.10 3 g.mL 1 ). 59 The concentrations of copolymers used for the preparation of self-assembled systems are always much higher than the CMC, so as to allow the dilution of the systems in the organism without reaching a concentration lower than the CMC value. It is thus important to determine the optimal polymer concentration below which all the characteristics of the micelles remain constant. This concentration corresponds to the one at which micelles are diluted enough not to interact with one another. At this concentration, the measured parameters such as the micelles' radius and molecular weight are close to the real values. For instance, micelles derived from the most hydrophilic PHB-b-PEG-b-PHB copolymers were not affected by dilutions below a concentration of the triblock copolymer of 6 mg.mL 1 , while
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The formation of original and stable micelles can be induced by restricted polymer chains mobility during the formulation process thanks to the use of non-linear block copolymers. 145,146 Indeed, Liu and co-workers, and Li and co-workers reported the use of star-shaped copolymers consisting of multiple adamantyl end-capped PHB anchored to a central star-shaped PEG (average of 6 or 7 arms; sPEG) block as potential DDS (Figure 4).

SLS measurements revealed the formation of self-assembled systems with a very high N agg (10306314) and a high molecular weight (30185.10 3 g.mol 1 ) corresponding to "nanogellike large micelles". The star-shape structure of the adamantyl-PHB-b-sPEG conjugate copolymer led to the formation of original and stable structures considered as micellar objects with D h 154264 nm 67 much higher than those obtained with PEG-b-PHB-b-PEG linear copolymers (6486 nm) as assessed by SLS measurements. 62 Furthermore, the structure of these self-assembled objects was then modified upon addition of a highly hydrophilic derivative of -cyclodextrin, namely heptakis(2,6-di-O-methyl)--cyclodextrine (DM--CD).

Nano-sized vesicles with diameters ranging from 200 to 500 nm were thus obtained due to polymer/CD host/guest interactions. 67 The organization of the self-assembled systems was thus modified by the cyclodextrin which induced other supramolecular interactions. This study showed that the relationship between the polymer architecture and the resulting nanostructure is not straightforward. All these results underlined the potential of these copolymers as carriers for the co-delivery of both hydrophilic and hydrophobic drugs in nanogel-like structures or in vesicles. As illustrated in this section, PEG is often used as hydrophilic block. However, the weaknesses of PEG are not always addressed. Indeed, after exposure to PEG, the serum of healthy blood donors was found to often contain anti-PEG immunoglobulins, thus showing that PEG is not immunologically inert. In addition, the clearance times of PEGylated compounds resulted in the accumulation in the liver of high molecular weight compounds, with unidentified toxicological consequences over a long period of time. 38 Chapter 1 -Drug delivery systems based on synthetic PHB (co)polymers 53

Stimuli-responsive PHB-based micelles

The recent interest in stimuli-responsive polymers [147][148][149] and the unique properties of micelles containing a PHB core promoted the development of PHB-based stimuli-responsive drug carriers. 53,150,151 Indeed, thermo-or pH-responsive copolymers enable to tune the physico-chemical properties of the micelles and also to modify the drug release profile. [152][153][154][155][156] Poly(N-isopropyl acrylamide) (PNIPAAM) (low critical solution temperature (LCST) = 3234 °C), 157,158 poly(propylene glycol) (PPG) (LCST = 1545 °C), 75 and poly (2-(dimethylamino)ethyl methacrylate) (PDMAEMA) (LCST = 5052 °C), 159 are hydrophilic polymers under their LCST and induce the collapse of their self-assemblies upon reaching their LCST. Amphiphilic copolymers containing such hydrophilic blocks form micelles at temperatures lower than the corresponding LCST and induce the release of the drug when increasing the temperature above the LCST due to the collapse of the micelles. 157 In addition, the micellization process is entropy driven, thus making it strongly dependent on the hydrophilic/hydrophobic balance of the copolymer. 75,142 Also, it is generally admitted that the micellization process is favored by a high hydrophobic content as it is mainly driven by hydrophobic interactions. 162 In this regard, Li and coworkers reported that the micellization entropies of poly(PEG/PPG/PHB urethane)s copolymers became less positive with longer PHB blocks. The hydrophilic weight fraction (f ) of the copolymer is a key parameter to tune the size, the structure and the morphology during the formation of the particles, up to the dissociation of the self-assembled systems. Indeed, the morphology of the gels obtained after the collapse of poly(PEG/PPG/PHB urethane)s copolymers-based micelles was found to depend on f. Thus, worm-like structures resulted from copolymers exhibiting a

Chapter 1 -Drug delivery systems based on synthetic PHB (co)polymers 55 PHB content of 2 and 5% (w/w), while copolymers with a PHB content of 8.1% (w/w) led to lamellar structures, as assessed by AFM images. Finally, these thermoresponsive copolymers formed slightly viscous micellar solutions in the temperature range of 515 °C, and then gels with various morphologies at 2050 °C, while the structures collapsed at 50 °C. 75 Stimuli-responsive polymers constitute a smart strategy to deliver a molecule nearby tumor cells. For instance, the close surrounding of tumoral cells is more acidic (pH = 6.5)

than that of blood (physiological pH = 7.4) due to the increased glucose uptake, the reduced rate of oxidative phosphorylation, the poor blood supply and the decreased lymphatic drainage. 163 Therefore, the use of pH-responsive copolymers is extremely attractive. 150,151,162,163 Indeed, the decrease of the size of micelles in acidic medium enables the transport of the drug at physiological pH, and subsequently its fast release in the close proximity of tumoral cells thereby protecting normal cells. pH-and thermoresponsive micelles derived from PDMAEMA-b-PHB-b-PDMAEMA copolymers were prepared by the solvent evaporation method. 68 These copolymers exhibited a LCST in the range of 2936 °C. A similar behavior was observed with micelles based on PNIPAAM-b-PHB-b-PNIPAAM copolymers.

Furthermore, the change of pH significantly modified the D h of the micelles. Indeed, at pH 7.4 and at 20 °C, two populations of particles with D h of 1020 nm and aggregates with D h of 500600 nm were observed, while at pH 2 and 20 °C the size of the second population's objects was decreased down to 100200 nm. Due to the thermoreponsive behavior of the copolymer, an increase of the temperature up to 40 °C at pH 7 resulted in a single population with a D h of 700 nm as assessed by DLS. 68 It appeared that the large size (> 200 nm) of the micelles in physiological conditions made them non-ideal drug carriers for systemic injections.

Micelles derived from other PHB-based copolymers

Other hydrophilic blocks have been associated with PHB. Thus, PHB centered poly(ethyl ethylene phosphate) (PEEP) triblock copolymers, PEEP-b-PHB-b-PEEP, were used to form by dialysis, micelles with D h ranging from 30 to 70 nm as determined by TEM analysis. 77 Interestingly, the CMC (measured by pyrene fluorescence) of these systems (3.67.0.10 6 g.mL 1 ) 77 was lower than that of the PEG-b-PHB-b-PEG copolymers (1.3.10 5 1.1.10 3 g.mL 1 ). 59 These results highlighted the fair potential of PHB-based triblock copolymers as diversified self-assembled systems for drug delivery applications, thanks again to the high hydrophobicity of the PHB block.
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Besides PHB-based systems self-assembled into nanoparticles and micelles, microparticles have also been considered for drug delivery applications as discussed in the following section.

Preparation methods and characteristics of PHB-based microparticles

Microparticles are commonly defined as particle with diameter ranging from 1 to 1000 µm. 164 Therefore, their use is not recommended for systemic injection due to their too large size, as discussed above. Nonetheless microparticles remain useful for other parenteral administrations. 3 PHB-based microparticles derived from random copolymers have thus been used for drug delivery applications with the objective to enhance the bioavailability of the drug and to avoid the side effects due to the high cytotoxicity of active ingredients used in anti-cancer therapies (Table 2).

Microparticles could be formed from the same polymers as the ones used for the elaboration of nanoparticles, yet upon changing some parameters during the formation of the self-assembled systems. Indeed, both microparticles and nanoparticles based on P(HB-co-CL) could be prepared by the solvent evaporation method, simply upon changing the stirring method. Nanoparticles with D h around 500 nm were obtained by using a high stirring rate (24 000 rpm; with an Ultraturax), while larger microparticles of 2.53.0 µm were recovered upon stirring more slowly (500 rpm; with a magnetic stirrer), as evidenced by DLS. 76 Nanoparticles exhibited more negative Zeta potential values than larger particles, due to their larger surface area and higher propensity to hydrolysis. The Zeta potential values are indeed typically good indicators of the colloidal stability of a system. The choice and the optimization of the formation of the particles are thus fundamental to get the desired particles in terms of size, shape and porosity.

Additionally, the chemical structure of the polymer plays a key role in the formation and the structuration of the self-assembled systems. The use of P(HB-co-HV-co-CL) enabled the formation of smaller particles (D h 200300 nm) than the ones formed with P(HB-co-CL). 76 This resulted from the change of the crystalline nature of the copolymer. The HB/HV/CL terpolymers were amorphous while HB-enriched P(HB-co-CL) copolymers with high content of HB were highly crystalline. Indeed, amorphous polymers generally lead to the formation of smaller particles than crystalline copolymers, as the result of the higher mobility of the polymer chains during the preparation of self-assembled systems.

Noteworthy, the microstructure (i.e. tacticity) of the copolymer highly impacts the physico-chemical properties of the resulting self-assembled system, in particular the drug Chapter 1 -Drug delivery systems based on synthetic PHB (co)polymers 57 release and degradation profile. [165][166][167] P(HB-co-HB R 11% ) (with R = allyl or diOH, molar ratio (%)) with tunable tacticity (atactic, syndiotactic or isotactic), were used to form, by solvent precipitation or coprecipitation, L-Leuprolide-loaded micelles with a D h ranging from 10 to 100 µm, as assessed by SEM images. 83 The size of the particles were not significantly affected by the functionalization of the polymer (i.e. allyl or diOH).The drug loading efficiency (DLE) and the drug release profile were then highly dependent on the crystallinity and on the functionality of the copolymer, regardless of the formulation process, as discussed in the following section.

Preparation methods and characteristics of PHB-based hydrogels

Hydrogels are three-dimensionally cross-linked hydrophilic polymer networks, which can absorb and retain a considerable amount of water without dissolution. When the polymer network is bearing functional groups, exposure of the hydrogels to some chemical, biochemical, or physical stimuli induces changes in its swelling. This response of the hydrogels is mainly governed and tuned by the hydrogel composition, the cross-linking type (chemical or physical) and the degree of cross-linking. There are numerous applications of hydrogels including in particular vehicles for drug delivery, scaffolds for tissue engineering, actuators for optics and fluidics, and model extracellular matrices for biological studies. [168][169][170][171][172][173][174] However, PHB-based hydrogels used as DDS remain quite rare in comparison to the PHBbased nanoparticles, micelles or microparticles.

The reactive extrusion modification of an additive-free PHB (1400 kg.mol 1 , Ð M = 7) in the melt state using a dicumyl peroxide/triallyl trimesate (DCP/TAM) afforded high degrees of PHB branching and/or crosslinking depending on the amounts of DCP and TAM. 129 Dynamic oscillatory rheological properties of TAM(PHB-b-DCP-b-PHB) 3 , as well as extensional viscosities showed that with added amounts of DCP (0.2 and 0.3wt%) and TAM (up to 1wt%), a gel fraction of up to 65wt% was obtained and the viscosity of PHB increased by about two orders of magnitude from unmodified PHB to DCP/TAM-modified PHB, thus suggesting that TAM was a very effective branching/crosslinking agent for PHB.

PHB with enhanced melt strength was thus produced for the first time. The crosslinking, resulting from the incorporation of TAM, thus substantially improved the thermal stability.

Indeed, the TAM-modified samples exhibited a significant increase (> 15 °C) in the crystallization temperature of PHB, thus supporting a nucleating effect, supplemented by a decrease of crystal spherulite sizes, as observed by DSC and microscopy, respectively. Also, the solid-state storage modulus measured by dynamic mechanical thermal analysis (DMTA)
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Well-defined low molar mass (M n,SEC = 4500 g.mol 1 , Ð M = 1.07) amphiphilic triblock copolymers reported by Li and co-workers, and featuring two relatively short (12, 24 or 30 repeating units) atactic PHB segments sandwiching a middle PEG 68 block (PHB 12,24,30 -PEG 68 -PHB 12,24,30 ) formed strong hydrogels with -cyclodextrine (CD) molecules, the latter preferentially covering the PEG segment. 80,130 X-Ray diffraction (XRD) measurements indicated that the hydrogels based on PHB-PEG-PHB had less crystalline columnar -CD, thus leading to physical crosslinking. In comparison to hydrogels obtained from PEG of similar molar mass, the hydrogels based on the triblock copolymer/-CD also demonstrated better elastic responses over the investigated frequency range. Indeed, the host-guest interactions between the polymer and the macrocycle led to the formation of strong supramolecular self-assembled structures. The hydrophobically associative nature of PHB-PEG-PHB was shown to confer a high G' value (10 4 -10 5 Pa) to the supramolecular hydrogels, along with a high yield stress value (> 10 2 Pa) and a fast structural recovery after yielding, as evidenced by CMC and DLS measurements. The hydrophobic interactions lead to the formation of extended and strong hydrogel networks, similar to hydrogels formulated with high molar mass PEG. However, no application was therein presented.

Li and coworkers have developed biodegradable thermogelling copolymers from poly(ester ether urethane)s, namely poly(PHB/PPG/PEG urethane)s. 75,131 An increase of the temperature of aqueous solutions of the copolymers from 4 to 80 °C induced a sol-gel-sol transition (Figure 6). Also, aqueous solutions of the copolymers had a very low critical gelation concentration ranging from 2 to 5wt%. Based on these results, an associated micelle packing mechanism was proposed for the sol-gel transition of the copolymer gels. Further insights into the thermogelling behavior of the aqueous polymer solutions by variable temperature 1 H and 13 C{ 1 H}NMR spectroscopy showed a broadening of the signals indicative of the reduced motion of the polymer segments upon gelation. The formation of the gel was proposed to result from the aggregation of micelle clusters, while a higher PHB content increased the size of the micelle cluster. Cytotoxicity and cells attachment were next studied (vide infra). 

Encapsulation and drug release from PHB-based self-assembled systems

Drug delivery systems are developed to encapsulate an active pharmaceutical ingredient (API) (a drug, or a gene or a functional agent; yet these latter two are beyond the scope of the present review) and to achieve its controlled release at the targeted site. Several parameters such as drug loading content (DLC) and drug loading efficiency (DLE) indicate the efficiency of the system to encapsulate a molecule. The drug release refers to how the molecule is moved from the inner polymeric matrix to the outer surface and then to the surrounding medium. These phenomena are mainly explained by a diffusion mechanism through water-filled pores and through the polymeric matrix. 3,118,175 These mechanisms are governed by the Brownian motion of molecules and by the osmotic pressure gradient.

Additionally, the surface erosion of the polymeric matrix induces a further porosity which can promote the API release. Another kind of erosion called "bulk erosion" can result from the large hydration of the polymer and generally leads to the hydrolysis of the polymeric matrix and the dissolution of the self-assembled system. 3,118,175 Most often, a zero-order kinetics, that is a constant and continuous release of the drug at a defined concentration, is targeted.

Nevertheless, the undesirable burst effect corresponding to a fast and short release of the drug is most commonly observed. 3,118,175 Classically, drug delivery profiles obtained from polymeric self-assembled systems can be divided in three phases: the first one corresponding to the burst effect, is followed by a slow release explained by the slow drug diffusion through water-filled pores and through the polymeric matrix, and finally by a third phase with a fast release corresponding to the polymer matrix erosion. 3,176 In some particular cases were a pulsatile drug release is preferred, the burst release can be voluntary triggered. 177,178 To date, some strategies have been established to avoid the burst effect such as the coating of particles or the homogenous repartition of the encapsulated API. 3,118 The kinetic profile is then highly depending on the physico-chemical properties of the self-assembled system. The encapsulation and drug release from PHB-based self-assembled systems reported in the literature involve nanoparticles, micelles microparticles as well as gels (Table 3). 128 The potential electrostatic interactions between the electronegative oxygen of the ester carbonyl group of PHB repeating units with the electropositive arsenic metal ion, and the hydrophobic interactions between PHB and arsenic trioxide enabled to reach such a high DLE. Moreover, a typical sustained release of the drug was observed mainly due to the drug diffusion and to the copolymer erosion, as often observed. Indeed, 13% of arsenic trioxide was first released within 30 min due to the "burst effect", and then 40% was released in 48 h. 128 Several studies reported the encapsulation of fluorescent molecules such as 9-diethylamino-5-benzo[α]phenoxazinone (Nile red), 1,1'-dioctadecyl-3,3,3',3'tetramethylindodicarbocyanine perchlorate (Did Oil), calcein, or fluorescein isothiocyanate labeled insulin into PHB-based copolymers in order to allow the visualization of the particles by several imaging techniques after cells internalization. 71,72,179 

Encapsulation and drug release from PHB-based micelles

Core-shell PHB-based micelles have been commonly used to encapsulate hydrophobic molecules into their inner core. Several parameters such as the crystallinity of the core, the partition equilibrium coefficient (K), the architecture of the copolymer and the surrounding conditions determine the DLE of a molecule in a polymeric matrix.

PHB/PEG-based micelles

Triblock copolymers formed core-shell micelles with different structures depending 60 Micelles formed from the "reverse" triblock structures (PEG-b-PHB-b-PEG) gave a DOX DLE of 64%. 66 Also, the DLE of these latter self-assembled systems was reduced in the presence of added Pluronic due to the higher crystallinity of the micelles core. 74 Indeed, as aforementioned, the crystallinity of a polymer plays a key role for the encapsulation of a molecule. A high degree of crystallinity of a low molar mass polymer decreases the ability to encapsulate a drug due to the poor mobility of the polymer chains which makes the incorporation of the drug more difficult, as evidenced with PHB-b-PEG-b-PHB/pyrene. 60,180 Nevertheless, the crystallinity has less impact on the DLE and the drug release rate when high molar mass polymers with a high porosity are used. 180 Therefore, one major drawback of naturally produced isotactic PHB is the lack of control of the crystallinity.

Other PHB-based micelles

As aforementioned, the DLE of a polymeric system is strongly dependent on the Additionally, DLE and drug release rate also depend on the surrounding conditions.

Indeed, the hydrophobicity of the copolymers can be tuned by modulating the pH. Micelles based on PDMAEMA-b-PHB-b-PDMAEMA (DLE: 3138%) released DOX much faster at pH 5 than at pH 7, as the result of the decrease of the size of the micelles and of a larger surface area exposed to the buffer. Additionally, the thermoresponsive behavior of the copolymer impacted the drug release rate. Indeed, a prolonged release of DOX was observed during 20 days at pH 7 and at 20 °C, while decreasing down to 13 days at pH 7 and 40 °C.

Interestingly, the decrease of the temperature from 37 °C to 20 °C reversely slowed down the release rate. (Figure 7). 68 Chapter 1 -Drug delivery systems based on synthetic PHB (co)polymers 66 

Encapsulation and drug release from PHB-based microparticles

Microparticles can be used to encapsulate either hydrophilic or hydrophobic molecules depending on the physico-chemical characteristics of the copolymer used and of the formulation method. Pignatello, Ballistreri and co-workers reported the encapsulation of calcein, an hydrophilic molecule, by P(HB-co-CL)-based microparticles with a DLE of 100%.

On the contrary, the encapsulation of a hydrophobic molecule such as 1- (2,5-dimethyl-4-(2,5dimethylphenyl) P(HB-co-CL) copolymer was more appropriate to encapsulate hydrophilic molecules. The prolonged release of calcein at 37 °C was preceded by a burst phase due to the high adsorption of the drug on the hydrophilic outer layer of the particle, while the release profile of Oil Red O displayed a linear release kinetic during 72 h without any burst effect. Assessing the adsorption of the hydrophilic probe on the particle outer layer by Zeta potential measurements, revealed that the negative surface charge increased after the encapsulation of calcein (from 20 to 27 mV) while it remained constant after the encapsulation of Oil

Red O. 76 The synthesis of PHB from the ROP of -butyrolactone associated with the precise control of its microstructure, clearly illustrated the effect of the crystallinity on DLE and drug release rate. Indeed, P(HB-co-HB allyl 11% ) based microparticles with various tacticities were used for the encapsulation and the prolonged release of L-Leuprolide. While atactic PHBbased microparticles released more than 80% of encapsulated L-Leuprolide in 3 d, only 3% were released within 2 d followed by a regular slow release recorded up to 20 d with isotactic PHB-based microparticles. The slow release observed with highly crystalline PHB-based microparticles was rationalized by the better stability of the microparticles and the potential formation of hetero-stereocomplexes between the isotactic PHB and L-Leuprolide. 83 The functionality of the copolymer also significantly affected the release of L-Leuprolide. P(HBco-HB diOH 11% ) showed a faster and more linear release profile without reaching a plateau, this was explained by the more hydrophilic carracter of the copolymer compared to the allyl functionalized one.

In summary, different molecules with various hydrophilic/lipophilic balances were successfully encapsulated by PHB-based self-assembled systems. The DLE and the release rate were imparted by the polymer chemical structure, crystallinity and surrounding conditions.

Targeting approaches associated with PHB-based self-assembled systems

The circulation time of a drug carrier in the organism can be increased by the control of different parameters such as the size, shape, surface charge, flexibility of the particle and the chemical composition of the polymeric matrix. [183][184][185] The effect of the chemical functionality(ies) available at the surface of the particles on their half-life has also been widely studied during the past few years. 183,185 Most commonly, PEG-based amphiphilic block copolymers have been used to increase the in-vivo circulation time of the drug carrier. Indeed, PEG helps to prevent the adhesion at the surface of the particles of the opsonins Chapter 1 -Drug delivery systems based on synthetic PHB (co)polymers 68 through steric and hydration effects. 176 Although PEGylation generally increases the size of nanoparticles which in turn can induce a higher phagocytic activity, a longer circulatory retention time and a lower uptake by the liver and the RES, are commonly reported. 185 This PEG-based approach significantly improved the therapeutic approaches since other conventional carriers (i.e. first generation non-PEG nanovectors without any targeting agent) are eliminated too rapidly by the RES (within seconds or minutes) after intravenous injection. [186][187][188] More recently, the conjugation of a targeting ligand to the polymeric carrier has been reported as a more efficient strategy to enhance the bioavailability of the API, and to reduce the severe side effects due to the high toxicity of API combined with the lack of selectivity. 185 However, examples of conjugated PHB-based vectors remain nowadays very limited. Ligands such as the single-chain variable fragment antibody A33scFv specific to colon cancer or the green fluorescence protein (GFP) useful for imaging, were covalently bonded to PHB during the enzymatic synthesis of the polymer. 70 The uptake of A33scFv-GFP-PHB-based nanoparticles by colon cancer cells took place through specific interactions between the antibody and the A33 antigen. Such an approach remained however limited because the identification of a precise targeted receptor is not always obvious.

Another approach consisted in the conjugation to the polymer of a molecule involved in DNA synthesis such as folates (FOLs); FOLs are required in high quantity by dividing cells. For instance, 90% of ovarian carcinomas over-express FOL receptors. 189 Binod and coworkers reported the formation of nanoparticles based on FOL-PHB conjugate for the targeting of fibrosarcoma L929 cells. These nanoparticles were rapidly internalized by carcinoma cells as "nano-Trojan horses" and the cytotoxicity towards targeted cells was significantly increased compared to non-functionalized nanoparticles, as assessed by fluorescence microscopy imaging. 128 An alternative method consists in using a specific peptide to produce proteinpolymer hybrid particles. Proteins do form a layer at the surface of particles thus allowing a better stabilization of the self-assembled systems. For instance, nanoparticles based on RGD4C-PHB conjugates revealed efficient regarding MDA-MB 231 human breast cancer cells as assessed by the monitoring of cells' adhesion and cells' uptake by fluorescence imaging. 71 Moreover, some substrates like bile salts (DOCA) facilitated the cellular uptake by disrupting the tight junctions. Kulkarni and Aminabhavi and co-workers reported the rapid cellular uptake of nanoparticles based on DOCA-PHB-b-PEG conjugate by HT-29 human colon cells. Monitoring the cellular uptake by fluorescence microscopy showed the highest Chapter 1 -Drug delivery systems based on synthetic PHB (co)polymers 69 fluorescence rate after 3h of incubation. 72 However, internalization of non-conjugated PHB-b-PEG-based nanoparticles by HT-29 human colon cell line was not reported, thus making difficult to clearly evidence the benefit of DOCA grafting.

In-vitro and in-vivo effects of PHB-based self-assembled systems

The in-vitro and in-vivo biocompatibility of synthetic PHB-based systems such as nanoparticles, micelles, microparticles and gels should be evaluated prior to any drug delivery application.

In-vitro biocompatibility of PHB-based self-assembled systems

Despite the inherent biocompatibility of PHB, chemical modification of natural PHB into PHB conjugates or PHB copolymers, and the chemical synthesis of PHB copolymers, may affect the organization of cells through different known phenomena, such as interactions with the phospholipid bilayers during the internalization, interactions with proteins during their assembling process, or also interactions with DNA. 190 For these reasons, numerous tests such as in particular the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays, have been carried out on several cell lines in order to evaluate the in-vitro cytotoxicity. Most often, the cell viability of cells incubated with the polymeric selfassembled system is reduced, thus reflecting either mild or acute cytotoxicity. The half maximal inhibitory concentration (IC 50 ) which corresponds to the concentration at which 50% of the incubated cells are killed, is often determined.

In general, PHB homopolymers associated with a surfactant approved by the U.S.

Food and Drug Administration (FDA) induced a very mild cytotoxicity. Indeed, PHB nanoparticles stabilized with PVA reduced the cell viability of HEK293T cells by less than 1% as assessed by MTT assays. Also, the encapsulation of arsenic trioxide as well as the grafting of FOL induced an inhibition of cell viability up to 4% and 10%, respectively. 128 These higher cytotoxicities were most likely induced by the grafting of the targeting agent and by the encapsulation of a cytotoxic drug, respectively.

An important consideration in assessing cell viability is that the comparison of the IC 50 values remains difficult as these are strongly dependent on the nature of the investigated cell lines. Indeed, several cell lines such as human and murine fibroblasts, human mesenchymal stem cells, rabbit bone marrow cells, human osteogenic sarcoma cells, human epithelial cells, and human endothelial cells, are all suitable models for in-vitro tests such as the cell viability measurements and the cellular uptake of nano-or micro-drug carriers. 190 The cell lines, often showed a lower induced cytotoxicity as assessed by the high IC 50 values compared with values commonly reported for polymeric nanoparticles (50500 µg.mL 1 ). 190,191 Indeed, the IC 50 of nanoparticles based on PEEP-b-PEG-b-PEEP evaluated on HEK293 cells were higher than 1 mg.mL 1 . 77 It was also reported that PNIPAAM-b-PHB-b-PNIPAAM based micelles did not induced a significant cytotoxicity on L929 cells in the concentration range of 2500 mg.mL 1 . 65 The cytotoxicity can be impacted by the physical state of the self-assembled system.

It is thus essential to verify that any change made on stimuli-responsive polymers does not induce any cytotoxicity. Interestingly, poly(PEG/PPG/PHB urethane)s did not induce any significant cytotoxicity on L929 fibroblast mouse cells in the range of 3100 µg.mL 1 despite the change of state from solution to gels above 12.5 mg.mL 1 , as evaluated by MTT assays. 75 The IC 50 of particles based on PDMAEMA-b-PHB-b-PDMAEMA was found to depend on the temperature and the pH conditions. The IC 50 was decreased from 27 to 17 µg.mL 1 by decreasing the temperature from 37 to 20 °C. The IC 50 was also modified by the surrounding as the pH conditioned the DOX release rate.

Interestingly, spheroids are 3D cell cultures that are efficient models providing drug accumulation and diffusion mechanisms transposable to solid tumors. 66,[192][193][194][195] These model cells were used to evaluate the cytotoxicity and the efficiency of PEG-b-PHB-b-PEG micelles as DDSs. The penetration of DOX in these cells was enhanced by the self-assembled systems.

Indeed, the penetration of DOX in the core of the 3D-spheroids was observed within 30 min, while, in the same period of time, the free drug was only able to penetrate the first outer layers, as assessed by fluorescence measurements. Moreover, it was reported that free DOX mixed with drug-free micelles had the same behavior as DOX alone, thus evincing the real necessity to encapsulate the drug during the formulation process for a better efficiency (Figure 8). 66 The cytotoxicity of DOX loaded micelles was next determined through the IC 50 (24 µg.mL 1 ) evaluated by MTT assays. Furthermore, the growth inhibition tests evidenced that both free DOX and loaded micelles significantly inhibited the spheroids' growth during a week. Nevertheless, the growth of non-treated cells and cells incubated with non-loaded micelles remained constant, thus suggesting that the cytotoxic effect was mainly due to DOX. This inhibition of cells' growth resulted from induced apoptosis as evidenced by annexin V apoptosis assays. 66 Cytotoxicity studies performed on the poly(PHB/PEG/PPG urethane) copolymer or on extracts of the copolymer gel, using the mouse fibroblast L929 cells and MTT assays, indicated a good cell biocompatibility. 75,131 A significantly better cell attachment was observed on the surface of the gel as compared to that on the commercially available PEG-PPG-PEG triblock copolymer. The new materials were thought to be promising candidates for injectable drug systems which could be formulated at low temperatures and form a gel depot in-situ upon subcutaneous injection, or for tissue engineering applications or 3D cell culture.

In-vivo efficiency of PHB-based self-assembled systems

Although, cells constitute an efficient tool to assess the toxicity of PHB-based drug carriers, it remains difficult to mimic all events related to cells signaling, cells communication and tissues communication, the way they naturally occur in-vivo. Therefore, it is more interesting to evaluate the biocompatibility and the drug carrier efficiency by using in-vivo models.

The efficiency of PEG-b-PHB-b-PEG micelles as DDSs was assessed in-vivo on a SiHa xenograft tumor model in mice. DOX loaded micelles ([DOX] 0 = 6 and 9 mg.kg 1 ) slowed the growth of tumoral cells during the observation period, while free DOX immediately inhibited the proliferation of cells, thus highlighting the prolonged release of loaded micelles (Figure 9). Additionally, the concentration of DOX in the blood of mice treated with drug loaded micelles was significantly higher than that of mice treated with free DOX. Indeed, the half-life of free DOX in the blood of mice is commonly around 10 min, 196 while PEG-b-PHB-b-PEG allowed the detection of the drug after 4 h. Remarkably, the size of the tumor was also significantly reduced without any adverse effects on the treated mice. 66 74 The biocompatibility of PHB-based carriers is quite often evaluated in-vitro and invivo during a moderate time. However, it is also important to evaluate the biocompatibility and the behavior of a polymeric self-assembled system during its complete degradation, as discussed in the following section.

Biodegradation of PHB-based self-assembled systems

PHB is a fully biocompatible and biodegradable polymer whose degradation product 3-hydroxybutyric acid is a normal constituent of blood within concentrations ranging from 0.3 to 1.3 mM. 197 Nevertheless, PHB is not always combined with fully biodegradable moieties; indeed, many polymers cited in this review such as PEEP, PNIPAAM, PDMAEMA or PEG are not biodegradable. In reported studies, the length of these latter hydrophilic blocks were purposely restricted to M n ≤ 20 000 g.mol 1 in order to allow the easy excretion of the final fragments, 65,79 although the renal elimination of PEG blocks was reported with a molar mass up to 30 000 g.mol 1 . 58,198 In fact, the literature only reports very scarce data on the biodegradation of synthetic PHB-based drug carriers, as discussed thereafter.

Different degradation pathways of PHB segments may occur; these include in particular hydrolysis or biodegradation by enzymes such as the PHB depolymerize or the more common esterase. 194,199 Most often, the PHB biodegradation requires the contribution of some crystalline phase to induce the enzymatic hydrolysis, a phenomenon known as the crystalline-induced biodegradation. 199 However, Yu and co-workers reported that the biodegradation of fully amorphous PHB in core-shell micelles based on PHB-b-PEG-b-PHB was possible by PHB depolymerase and by esterase from porcine liver. 63 The degradation of synthetic PHB-based self-assembled systems was monitored by different complementary methods such as NMR and fluorescence spectroscopies, pH, and SLS. Yet, SLS analysis of only the nanoparticles remaining after degradation does not allow the direct monitoring of the degradation. Hydroxybutyrate (HB) oligomers (monomer essentially, dimer and trimer) were formed during the degradation process of PHB-b-PEG-b-PHB by PHB depolymerase, as evidenced by NMR spectroscopy analyses. 60 Noteworthy, HB monomer was the major degradation product while HB trimer was formed in the lowest amount. Moreover, after the degradation by esterase, only HB monomer and dimer were identified as the major and minor degradation products, respectively, as evidenced by 1 H NMR analyses. 63 These results suggested that the degradation behavior was dependent on the enzyme used.

The degradation kinetic profile can be monitored through the release of a fluorescent molecule featuring characteristic bands corresponding to the encapsulated and nonencapsulated molecule, respectively. Thus, the intensity of the band corresponding to the pyrene entrapped in a hydrophobic domain has a wavelength of 336.6 nm, while the band at 333.1 nm is the distinctive peak of free pyrene in water. The relative ratio of I (336.6)t /I (336)0 then enables to follow its release and the degradation of the polymeric matrix as well. Thus, the degradation into HB oligomers of PHB from nanoparticles based on PHB-b-PEG-b-PHB, increased with the PHB depolymerase concentration and decreased with the concentration of the nanoparticles, as monitored by the pyrene fluorescence. 60,61,63 These phenomena were rationalized by the available contact surface area relatively to the amount of enzyme.

Moreover, the degradation rate depended also on the PHB block length (Figure 10).The initial degradation rate values increased with the PHB block length as the available surface area was increased. Regardless of the nanoparticle and enzyme concentrations, a plateau was reached due to the loss of the enzyme efficiency (itself resulting from the pH decrease during the PHB degradation), thus allowing the incomplete degradation of PHB segment. 60 The biodegradation of PHB-based nanoparticles depend on several parameters such as the concentration of the nanoparticles, the enzyme concentration, the PHB size, and the surrounding conditions. The degradation of PHB was also correlated with a decrease of the pH due to the release of hydroxybutyric acid units as followed by pH measurements (Figure 11). 

Concluding remarks and outlooks

The use of PHB within drug delivery systems has been widely studied during the past few decades. This polyester presents valuable properties in terms of biocompatibility and biodegradability. Indeed, its degradation product, 3-hydroxybutyric acid, is physiologically present in human organisms and PHB-based self-assembled systems often revealed no acute cytotoxicity.

Historically, PHB has been naturally produced by various bacteria under different growth conditions. Despite its remarkable characteristics, the use of microbial PHB homopolymer remains limited due to its high hydrophobicity and crystallinity. These features induce a poor compatibility of PHB with therapeutic agents and a limited encapsulation efficiency. In addition, the lack of the control of the drug release rate makes these natural PHB homopolymer-based materials unsuitable for drug delivery applications. Therefore, synthetic PHB, i.e. either chemically modified microbial PHB, or PHB chemically synthesized by ROP of BL, led to the development of highly promising DDS over the past few years. Indeed, the grafting of molecules of interest into PHB-drug conjugates, the synthesis of PHB by controlled ROP of BL and the synthesis of amphiphilic copolymers, aimed to tune the physico-chemical properties of these self-assembled systems from the control of the hydrophilic/hydrophobic balance and of the microstructure of the (co)polymer.

These recent advances led to the emergence of tailored self-assembled systems for drug delivery applications. Such PHB-based self-assemblies demonstrated their potential through enhanced water solubility, very low CMC values and high colloidal stability in aqueous medium.

This review aims to present a comprehensive state-of-the-art view on synthetic PHBbased DDSs. Accounts on the various suitable routes for the chemical modification of PHB into water soluble (co)polymers are addressed. This includes the grafting and the copolymerization carried out from naturally produced PHB, as well as the synthesis through ROP which allows the precise control of the PHB microstructure. However, the prodrug route certainly remains nowadays under-explored in comparison to other polyester-drug conjugates, and the elaboration of PHB-based nanoparticulate systems flanked with a targeting moiety certainly deserves much attention and efforts to achieve the desired site-specific delivery and to enhance the biodistribution in the cellular compartments. Besides, the ROP approach has benefited from investigations on the catalytic systems used for the polymerization and on the fine-tuning of the polymer stereochemistry. Progresses in this field are still going on and future developments on -butyrolactone ring-opening (co)polymerization will also certainly contribute to improve the design of fine-tuned PHB-based copolymer platforms. Also, PHB has been essentially associated to non-biodegradable hydrophilic segments in diblock or triblock copolymers, the accumulation of high molar mass hydrophilic segments in the liver impedes the use of non-biodegradable hydrophilic segment in applications such as DDS.

Therefore, other polymers ought to be investigated for original biocompatible and biodegradable PHB-based nanoparticulate systems to unveil innovative performant DDS.

The physico-chemical characteristics of these synthetic PHB-based self-assembled systems are explored from nanoscale to macroscale. The different methods implemented for the preparation of nano-objects, from solvent evaporation, direct dissolution in water, nanoprecipitation through emulsion-solvent evaporation or dialysis, including the possible use of a surfactant, have shown to significantly impact their morphology, size, and stability.

Remarkably, the use of PHB as hydrophobic segments reduced the CMC values of the copolymers compared to the analogous ones containing PLA or PLAGA as hydrophobic segment. Highly stable self-assembled systems were thus formed in diluted conditions. Moreover, the CMC of the PHB-based triblock copolymers were found to be temperature The overall objective of my PhD studies being to prepare different sets of poly(hydroxyalkanoate) (PHA)-based copolymers as precursors to well-defined selfassembled systems, the work was initiated with the synthesis of the block copolymers.

In the present chapter, the synthesis of biocompatible and biodegradable poly(hydroxyalkanoate)-based copolymers with poly(β-acid malic) (PMLA) as a hydrophilic block and PHB as the hydrophobic segment, is presented. Well-defined PMLA-b-PHB copolymers were thus synthetized in a few gram scale by the sequential ring-opening polymerization (ROP) of β-butyrolactone (BL) and benzyl β-malolactonate (MLABe).

Insights into the influence of the hydrophilic weight fractions on the formation of the resulting self-assembled systems were gained by dynamic light scattering (DLS). The biocompatibility of these PHA-based nanoparticles was next studied on several cell lines. Effects on cellviability, DNA replication and apoptosis were evaluated. The impact of the physico-chemical properties of the self-assembled systems on the hepatocytes cellular up-take was also investigated. This study was mainly focused on hepatic cells has the ultimate objective of this PhD project is to develop original and efficient targeted drug carriers toward the hepatocellular carcinoma.

Introduction

Poly(β-hydroxyalkanoate)s (PHAs) are renewable, biocompatible and biodegradable aliphatic thermoplastics which can be found as natural or synthetic polymers. 1,2,3,4,5 These polyesters find applications as commodity plastics, in the environment, and in the medical domain such as in tissue engineering and as drug delivery systems. 6,7,8,9,10,11 A large diversity of natural PHAs are being produced from various microorganisms. Poly(3-hydroxybutyrate) (PHB), the most common and ubiquitous PHA, is a natural isotactic polymer featuring a decomposition temperature (T d = ca. 220 °C) close to its melting temperature (T m = ca.

180 °C), thus hampering its easy processability. Current research is thus aimed at developing PHB with a different tacticity, and particularly at preparing PHB copolymers, so as to improve the thermal properties. In this regard, natural PHAs can be chemically modified to provide polyesters and copolyesters with improved characteristics such as functionality, degradation or other thermo-mechanical properties. 12,13 However, one convenient route towards such PHA copolymers is through their synthesis by ring-opening polymerization (ROP) of the corresponding four-membered ring β-lactone monomers, each bearing a different substituent at the β-position. 14,15,16 Designing amphiphilic PHA-based copolymers derived from PHB, requires a second hydrophilic block for which poly(β-malic acid) (PMLA) is a judicious choice. Indeed, PMLA is easily prepared upon mild hydrogenolysis of hydrophobic poly(benzyl β-malolactonate) (PMLABe), which is synthesized by ROP of benzyl β-malolactonate (MLABe), similarly to PHB prepared from β-butyrolactone (BL; Scheme 1). 14,15,16 In addition, PMLA valuably features pending -COOH groups which can further serve as reactive functions or as anchoring sites for biologically active molecules, and ultimately modify the physico-chemical properties of the final amphiphilic copolymer. Copolymers based on BL and MLABe are very limited and generally consist in random copolymers, most often obtained using lipases, 17 aluminium, 18,19,20 or zinc 19,21 derivatives, or organic bases (amidine, guanidine, phosphazene, carbene). 14,21,22 To the best of our knowledge, the only PMLABe-b-PHB block copolymers reported to date have been synthesized upon sequential addition of the monomers using either an organocatalyst (1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 1,8-diazabicyclo [5.4.0]-undec- Amphiphilic block copolymers are able to form nanoparticles in aqueous solutions with a core-shell structure composed of a hydrophobic inner-core surrounded by a hydrophilic corona. 23 Such nanoparticles are mainly designed to be used for site-specific sustainable drug release, with the aim to improve drug efficiency and drug resistance, while decreasing the toxic side effects inherent to non-specific drug distribution. 24,25 However, the prepared macromolecular materials must fulfill very strict specifications including biocompatibility and non-toxicity, (bio)degradability into non-toxic low molar mass entities or at least bioabsorption, and suitability to carry large amounts of drugs that should be released in a controlled manner at the site of action (targeting properties). 26,27,28,29,30 Of particular interest to our present study, various copolymers derived from PHB and for instance, poly(ethylene glycol), poly (2-(dimethylamino)ethyl methacrylate), poly(3-hydroxyvalerate), poly (3hydroxyhexanoate) or poly(lactic acid), have been used to prepare nano-objects for both in vitro and in vivo specific applications as drug-or gene-carriers or in tissue engineering. 31,32,33,34,35,36,37,38,39,40,41 Similarly, natural and synthetic PMLA-based derivatives have demonstrated their aptitude for the design of drug nano-carriers. 42 In this context, the design of original biocompatible and (bio)degradable amphiphilic PMLA-b-PHB block copolymers thus appears promising towards the elaboration of drug delivery systems with modulated characteristics. Indeed, synthesis of the amphiphilic block copolymers by controlled ROP enables to finely tune their chemical composition (e.g. the nature of each

7-ene (DBU), or 2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro- 1,3,2diazaphosphorine (BEMP)), a zinc β-diketiminate ([(BDI)Zn{N(SiMe 3 ) 2 }]/ i PrOH;
Chapter 2 -PHA-based amphiphilic diblock copolymers as original biocompatible nanoparticles 89 segment and of the end-capping groups, the stereochemistry of the copolymer), which in turn will directly impact the properties (e.g. thermal, mechanical, (bio)degradation) of the copolymers. Consequently, the size, polydispersity index, shape, and stability of the core-shell structured nanoparticles prepared therefrom, can also be modulated. In this regard, in order to evaluate the cytotoxicity of PMLA-b-PHB copolymers, HepaRG cells appear as a relevant tool. Indeed, HepaRG cells are bipotent hepatic progenitors with high proliferation potential that exhibit the remarkable ability to differentiate into hepatocyte-like cells when kept confluent. [START_REF] Scholz | Polymers from Renewable Resources[END_REF] These hepatocyte-like cells express most of the major hepatic detoxifying enzymes [START_REF] Zinn | [END_REF] and are used worldwide as an in-vitro model for studying acute and chronic metabolism and toxicity of xenobiotics. 45 In this contribution, we thus report the synthesis of poly(β-malic acid)-b-poly(3hydroxybutyrate) (PMLA-b-PHB) copolymers from the controlled organocatalyzed sequential ROP of BL (in bulk) and MLABe (in toluene) promoted by the TBD guanidine, followed by mild hydrogenolysis (Scheme 2). Well-defined block copolymers featuring various BL/MLA(Be) ratios were thus prepared and thoroughly characterized by 1 H, 13 

Experimental section

Materials

All polymerizations were performed under inert atmosphere (argon) using standard Schlenk and vacuum line techniques. Racemic β-butyrolactone (BL) ( > 95%, TCI Chemicals) was purified by distillation from CaH 2 prior to use, and stored under argon.

Toluene and CDCl 3 were dried over a mixture of 3 and 4 Å molecular sieves. Racemic benzyl β-malolactonate (MLABe) was synthesized from (D,L)-aspartic acid according to the literature procedure. 46 1,5,.0]dec-5-ene (TBD) (98%, Aldrich), 1,1dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine (DiD Oil) (Interchim), and all other reagents were used as received. The sequential bulk copolymerization of BL and then MLABe mediated by TBD was attempted following the previously described procedure, yet, using in the present work larger monomer loadings, i.e. ca. 1-2 g (Table S1; Figures S1-S2 in ESI). 21 Spectra/Por dialysis membranes with a molecular weight cut off (MWCO) of 1000 or 3500 

Instrumentation and measurements

1 H (400 MHz), 13 C{ 1 H} (100 MHz) and DOSY NMR spectra were recorded on Bruker Ascend 400 spectrometers at 25 °C and were referenced internally relative to SiMe 4 (δ 0 ppm) using the residual solvent resonances. DOSY spectra were acquired in CDCl 3 , acetone-d 6 , or acetone-d 6 /TFA (TFA = trifluoroacetic acid; 80/20, v/v) (10 mg of copolymer in 0.7 mL of deuterated solvent) with the stebpgp1s pulse program from Bruker topspin software. All spectra were recorded with 32 K time domain data points in the t 2 dimension and 32 t 1 increments. The gradient strength was logarithmically incremented in 32 steps from 2% up to 95% of the maximum gradient strength. Diffusion times of 50 ms and the maximum bipolar gradient pulse length of 1.6 ms were used in order to ensure full signal attenuation.

The data were processed using an SI F2 and SI F1 of 32 K. The diffusion dimension of the 2D DOSY spectra was processed by means of Bruker topspin software (version 2.1). The DOSY maps were obtained with the Bruker topspin software (version 2.1).

Number-average molar mass (M n,SEC ) and dispersity (Ð M = M w /M n ) values of the (co)polymers were determined by size-exclusion chromatography (SEC) in THF at 30 °C (flow rate 1.0 mL.min -1 ) on a Polymer Laboratories PL50 apparatus equipped with a refractive index detector and a set of two ResiPore PLgel 3 μm MIXED-D 300 × 7.5 mm columns. The polymer samples were dissolved in THF (2 mg.mL -1 ). All elution curves were calibrated with 10 monodisperse polystyrene standards (M n range from 580 to 380,000 g•mol -1 ). Note that SEC molar mass values of the copolymers reported in Tables 1,S1-S2 are only informative relatively to one another since their hydrodynamic radius are possibly different from that of polystyrene standards used for the calibration of the SEC apparatus. The SEC traces of the (co)polymers all exhibited a unimodal, yet non-Gaussian-shaped peak tailing at longer elution times as previously reported for PMLA/PHB copolymers, 21 and exemplified with the SEC chromatograms of TBD-PMLABe 6500 -b-PHB 3100 -crotonate and other block copolymers (Figures S3-S4). Also, the molar mass values of the copolymers Chapter 2 -PHA-based amphiphilic diblock copolymers as original biocompatible nanoparticles 92 determined by SEC (M n,SEC , Table 1) remained much lower than the expected values, possibly reflecting the adsorption of the copolymers onto the columns. Such a behavior was previously observed for related PMLABe homopolymers and PMLABe/PHB copolymers. 21,56 Monomer conversions were calculated from 1 H NMR spectra of the crude polymer Note that these latter organobase signals correspond to a significant number of hydrogens in the initiator and thus emerge well (in particular the methylene signal at δ 3.24 ppm) from the polymer spectrum baseline, thereby allowing a fairly reliable integration of the resonances as illustrated in Figures S5-S9 (Table 1). Note that to obtain the exact molar mass of the TBD-PMLABe-b-PHB-crotonate, the PMLABe-PHB M n,NMR value should be incremented by the molecular weight of the two chain ends, namely

M TBD = 139 g.mol -1 and M C(O)CHCHCH3 = 69 g.mol -1 , i.e. TBD-PMLABe-b-PHB-crotonate M n,NMR = PMLABe-PHB M n,NMR + 208 g.mol -1 .
Also, PMLABe-PHB M n,theo (Table 1) refers to the theoretical molar mass of each block of the TBD-PMLABe-b-PHB-crotonate copolymers not including either the TBD or the -C(O)CHCHCH 3 chain-end groups. 1 H NMR spectra of PMLA(Be) (co)polymers typically display rather broadened signals with ν 1/2 = ca. 26 Hz, as always encountered in the literature. 21,46,47,48,49,56,62 Thermogravimetric analyses (TGA) were performed on a Metler Toledo TGA/DSC1 by heating polymer samples at a rate of 10 °C.min -1 from +25 °C to +500 °C in a dynamic nitrogen atmosphere (flow rate = 50 mL.min -1 ) (Table 2). 2).

Wettability was examined by assessing contact angles. Static contact angle values were measured at room temperature using a contact angle goniometer (Easy Drop, Krüss) at 23 °C. Films of copolymers were made by dissolving 10 mg of copolymer in 0.2 mL of acetone, followed by slow solvent evaporation at room temperature. For each analyzed copolymer, ultrapure water (2 µL) was dropped at 250 µL.min -1 . Static contact angle was measured from at least three random contact points, and the average contact angle was used to compare copolymers wettability (Table 2).

Self-assembly of PMLA-b-PHB was performed from the nanoprecipitation method using a syringe pump (Sodipro MKDSO1).

The hydrodynamic diameter and the polydispersity of the nano-objects' samples were measured by Dynamic Light Scattering (DLS) according to the CONTIN method, using a Delsa™ Nano Beckman Coulter apparatus at 25 °C (Table 3).

Zeta potential measurements were performed on a Delsa™ Nano Beckman Coulter apparatus at 25 °C. Laser Doppler electrophoresis in phase mode was conducted with sequential fast and slow field reversal applying a potential of ±150 V. The measured electrophoretic mobility (μ) was then converted to Zeta potential (ζ) using the Smoluchowski approximation. Samples were prepared at 2.5 mg.mL -1 in PBS.

Critical micellar concentrations (CMC) were measured using a tensiometer K100C Kruss (Table 3).

Transmission Electron Microscopy (TEM) images were recorded using a Jeol 2100 LAB6 microscope equipped with a Glatan Orius 200D camera using a 80 keV acceleration voltage.

Phase contrast and fluorescence microscopy used to detect Hoechst 33342, Dylight 488 and DiD Oil, were carried out on a Zeiss Inverted Microscope (Analysis Software AxioVision).
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Flow cytometry was performed using a FACSCalibur (Becton Dikinson). Data were acquired on channel FL4H to detect the DiD Oil cellular uptake and analyzed using CellQuest software (Becton Dikinson).

Thiazolyl Blue Tetrazolium Bromide (MTT) and acetyl Asp-Glu-Val-Asp 7-amido-4-methylcoumarin (DEVD-AMC) caspase assay readings were performed using microplate reader (Polarstar Omega, BMG Labtech) and spectrofluorimetry (Septra Max Gemini, Molecular Devices), respectively.

Methods

Typical procedure for the sequential copolymerization of BL and MLABe. In a typical experiment (Table 1, entry 3), TBD (35 mg, 0.25 mmol, 1 equiv.) was added to BL ( 1g, 0.01 mol, 40 equiv.). The neat mixture was then stirred in bulk at 60 °C for the appropriate reaction time (reaction times were not systematically optimized). At the end of the polymerization, the BL conversion was determined from 1 H NMR analysis of an aliquot of the reaction mixture in CDCl 3 . The polymerization was then quenched with addition of an excess of acetone (ca. 2 mL) and the resulting mixture was concentrated to dryness under vacuum. The crude polymer was then dissolved in acetone (5 mL) and dialyzed for 24 h with a dialysis membrane (MWCO of 3 500 g.mol -1 or 1000 g.mol -1 , depending of the polymer molar mass) using 500 mL of acetone which was renewed twice. Finally, the resulting polymer solution was dried under vacuum overnight (80 wt% typical isolated yield). The recovered PHB homopolymer was then analyzed by NMR (Figures S5,S10) and SEC (Figure S3) analyses, which were in agreement with literature data. 50 The homopolymer samples were kept under inert atmosphere at 4 °C. Subsequently, this previously synthesized and isolated TBD-PHB-crotonate sample (850 mg, 0.27 mmol, M n,NMR = 3100 g.mol -1 ) was placed in a Schlenk tube and dissolved in dry toluene (0.3 mL; [PHB] 0 = 0.9 mol.L -1 ), prior to the addition of MLABe (1.6 g, 8 mmol, 32 equiv.). The mixture was then stirred at 60 °C for the appropriate reaction time (not systematically optimized). The polymerization was quenched with an excess of acetone (ca. 2 mL). The resulting mixture was concentrated to dryness under vacuum and the conversion of MLABe was determined from 1 H NMR analysis of the residue in CDCl 3 . The crude TBD-PMLABe-b-PHB-crotonate copolymer sample was purified by dialysis following the procedure described above for the purification of PHB. The final copolymer was then isolated (up to ca. S11). 1 H and 13 C{ 1 H} NMR data agreed with previously reported data. 21 The copolymer samples were then kept under inert atmosphere at 4 °C. 3).

Typical hydrogenolysis of

Encapsulation of DiD Oil into the nanoparticles. DiD Oil was encapsulated into the nano-objects during the nanoprecipitation procedure. The selected block-copolymer (5-10 mg) dissolved in acetone (1 mL) was mixed with 10 wt% of DiD Oil (solubilized in acetone at a concentration of 2 mg.mL -1 ). This solution was then added in PBS as previously described for the preparation of empty nano-objects. The nano-objects loaded with DiD Oil were recovered as described above for empty nano-objects.

Critical micellar concentration (CMC).

A copolymer solution (5 mL) with an initial concentration of 5.5 g.L -1 in PBS (pH 7.4, 0.15 N NaCl) was introduced in the measurement cell. The initial surface tension was measured before and after the sample dilution using a defined PBS solution, up to a final concentration of 1 mg.L -1 . The surface tension was then measured (Figure S18).

Structure morphology of the nanoparticles as probed by TEM. Samples were prepared at room temperature by depositing one droplet of PBS-dispersed nanoparticles (pH 7.4, 0.15 N NaCl) on a Formvar-carbon film coated on a copper grid (300 mesh) and allowed to dry. After 6 min, the extra PBS solution was carefully removed with a tissue paper and the sample was stained with phosphotungstic acid (0.1%) for 30 s. TEM imaging was then performed (Figure 6). 

Measurements of DNA replication and apoptosis. Nanoparticle dependent effects

on DNA replication were evaluated by the incorporation of 5-bromo,2-deoxyuridine (BrdU).

BrdU (0.033 mg.mL -1 ) was incubated in culture medium of 24 well plates for 2.5 h and detection of BrdU positive cells was performed as previously described. 54 The index of BrdU positive cell nuclei vs. all nuclei was scored on ca. 1000 cells in three independent experiments. Apoptosis was measured using a caspase 3 assay as previously described. 55 After cell lysis, 50 µg of total proteins were incubated with Nanoparticles cellular uptake. The nanoparticles cellular uptake assay was performed as previously described. 42 The first day, 10 5 HepaRG cells were seeded in 24 wells culture plates. The second day, DiD Oil loaded nanoparticles or vehicle control (buffer without nanoparticles) were added to the wells and incubated for 24 h. Then, the culture medium was removed, the cell monolayers were washed with PBS, and the fluorescent cells were visualized in fluorescence microscopy. The cells were detached with trypsin and analyzed by flow cytometry to quantify the emitted fluorescence (Figure 9, S20).

Results and Discussion

Synthesis and Characterization of PMLABe-b-PHB Copolymers

Poly(benzyl β-malolactonate)-b-poly(3-hydroxybutyrate) (PMLABe-b-PHB) copolymers have been previously synthesized from the sequential ring-opening copolymerization of racemic β-butyrolactone (BL) followed by racemic benzyl β-malolactonate (MLABe) using TBD (1,5,7-triazabicyclo[4.4.0]dec-5-ene) as initiator, following a mechanism previously described. 15,21,56 The reaction was carried out at 60 °C in the absence of solvent (i.e. in bulk monomers, both of which are viscous oils). The procedure involved first the synthesis of TBD-PHB-crotonate which was subsequently used as macroinitiator for the bulk ROP of MLABe. The approach revealed effective, regardless of the order of addition of the comonomers, 21,50,56 enabling the preparation of such well-defined atactic PHA-based block copolymers with molar mass up to M n,NMR = 73 500 g.mol -1 (Đ M = 1.44). Note that, at that time, the copolymers were obtained from a bulk procedure and on a few milligrams scale (typically < 20 mg). This same method was thus applied in the present work for the preparation of several grams of the copolymers (refer to ESI). Indeed, the present study necessitates the Chapter 2 -PHA-based amphiphilic diblock copolymers as original biocompatible nanoparticles 99 isolation of a considerably larger amount of copolymer materials thus requiring initial monomer loadings in the range 1-3 g. While the bulk ROP of BL promoted by TBD proceeded as expected, 21,50 the subsequent bulk polymerization of MLABe from the PHB macroinitiator revealed unsatisfactory (poor control of the molar mass of the copolymers, and both the DOSY spectra and the bimodal SEC chromatograms of the recovered samples suggested a mixture of PHB and PMLABe-b-PHB; Figures S1-S2), as the result of the heterogeneity of the reaction medium imparted by the highly viscous reactants (viz., both PHB and MLABe) (Table S1). The bulk approach being inappropriate for the synthesis of large amounts of PMLABe-b-PHB, a more suitable strategy was then sought.

The copolymerization of MLABe from the TBD-PHB-crotonate macroinitiator was next attempted in solution at 60 °C using two different PHB initial concentrations (0.5 and 0.9 mol.L -1 ). Under such operating conditions, the PHB prepolymer remained fully soluble, thus affording a more suitable homogeneous reaction medium for the ensuing ROP of MLABe.

The recovered copolymer samples were then carefully purified by dialysis and next isolated (ca. 2-4 g) and characterized as the desired PMLABe-b-PHB copolymers. The most significant results are gathered in Tables 1,S2. The optimized initial PHB macroinitiator concentration was thus established at 0.9 mol.L -1 , thereby allowing a fairly rapid polymerization of MLABe, while limiting the extent of the detrimental transesterification side reactions 57 which were observed at a lower [PHB] 0 value (0.5 mol.L -1 ; refer to ESI). The sequential copolymerization of BL and MLABe (initial loading = 2 g and 1.4 g, respectively) then successfully proceeded within ca. 2 h with almost quantitative BL and MLABe conversion (Table 1). The recovered copolymer samples then (Scheme 2). 56,61,62 Furthermore, the TBD and the crotonate end-capping groups were simultaneously affected by the pressure of H 2 , the organic base-polymer bond being cleaved to form a terminal carboxylic acid, and the crotonate being hydrogenated into -OC(O)CH 2 CH 2 CH 3 , without the polyester backbone chain being altered (Table 2). = 36.9, 18.1, 14.9 ppm, respectively) (Figure 2). Furthermore, DOSY NMR analyses of the amphiphilic copolymers revealed a single diffusion coefficient at 114.10 -11 m 2 .s -1 , which was found, as expected, larger than that of the higher molar mass TBD-PMLABe-b-PHB-crotonate precursor (Figures 3 vs. 2, entry 6; Table 1, entry 5, respectively). 2, Figure 1). These NMR data enabled to estimate the respective hydrophilic/hydrophobic contents of the copolymers.

Furthermore, these values showed good correlations with the data determined by thermal gravimetric analyses (TGA), differential scanning calorimetry (DSC), and contact angle measurements (vide infra) (Table 2). These latter analyses should also further enable to assess the relevance of such amphiphilic PMLA-b-PHB copolymers as potential biomaterials and especially as drug-delivery systems with valuable physico-chemical properties.

Chapter temperature at which 50 % of segmental mass loss has occurred), respectively, as illustrated with the profile of PMLA 7500 -b-PHB 1600 (Figure 4c). Provided both segments were long enough, the two successive degradations were clearly observed; for instance, only the decomposition of the PHB block was observed for the copolymer featuring only 10 wt% of PMLA (Figure 4a). Besides, the molar ratio of PMLA and PHB blocks in the PMLA-b-PHB copolymers have been calculated from the weight loss percentage. The values thus obtained from TGA analyses were in good agreement with those based on 1 H NMR approximation (vide supra; Table 2).

Temperature (°C)

Weight (%) S15 with the copolymer featuring equally long PMLA and PHB blocks, revealed a single glass transition temperature (T g ) roughly ranging in-between those of each block (PHB: T g = -2 °C, M n,SEC = 6000 g.mol -1 ; 63,64 and PMLA: T g = +12 °C, M n,theo = 30 000 g.mol -1 , Figure S16), with higher T g values being recorded for copolymers featuring longer PMLA blocks (Table 2). Note that the corresponding hydrophobic PMLABe-b-PHB block copolymers showed two distinct T g s, with the T g value of the PMLABe segment displaying larger variations than that of the PHB block with the increase of their chain-length, respectively (PMLABe 20600 -b-PHB 7000 (molar ratio 54:46): T g,PHB = +2 °C, T g,PMLABe = +39 °C). 21 A similarly single T g value (-3 °C) was reported for PMLA 3300 -b-PCL 11500 block copolymer prepared sequentially by anionic ROP of MLABe followed by the coordination-insertion ROP of CL and finally hydrogenolysis. 65 The presence of a single thermal transition in place of the a priori two expected for a PMLA-b-PHB block copolymer, most likely arises from the miscibility in bulk of the PHB and PMLA segments, thus resulting in a homogeneous phase. 66,67 The relative hydrophilic/hydrophobic character of the amphiphilic copolymers was evaluated by measuring the contact angle from PMLA-b-PHB films of three representative copolymers (Figure 5). As expected, the water contact angle of the copolymers increased from < 20° to 102° in agreement with the hydrophobic PHB segment becoming larger upon going from PMLA 7500 -b-PHB 1600 to PMLA 4000 -b-PHB 5500 , and PMLA 800 -b-PHB 7300 (Table 2; refer to the Experimental Section). Contact angle measurements proved that the wettability properties of the amphiphilic block copolymers were thus governed by their composition and especially by the hydrophilic fraction. Tuning the molar composition of PMLA-b-PHB copolymers thus allowed to modulate at will the hydrophobic/hydrophilic balance of the copolymer towards targeted outcomes.

A series of well-defined PMLA-b-PHB copolymers, the first of its kind ever reported, of molar mass values M n,NMR = 6400-10 400 g.mol -1 , with tunable hydrophilic/hydrophobic segments size from 10:90 to 82:18, and resulting in modulated physico-chemical properties, was thus successfully synthesized in grams quantity. These amphiphilic copolymers were next used to elaborate nano-objects. 2, entries 1, 2, 5, respectively).

Self-Assembly of PMLA-b-PHB Copolymers

As the result of their amphiphilic character, the HO-PMLA-b-PHB-C(O) n Pr block copolymers featuring a hydrophilic PMLA and a hydrophobic PHB segment, were found to self-assemble into nano-objects upon nanoprecipitation 51,52 in an aqueous solution, through hydrophobic interactions. 68 A precise control of the hydrophobic/hydrophilic segments ratio allows to modulate the size and behavior of the nano-objects in aqueous solution. This control plays an important role in terms of nanoparticles' recognition by the immune system and also in terms of drug loading efficiency. 68 The nano-objects derived from PMLA-b-PHB copolymers with different PMLA/PHB contents, i.e. from copolymers featuring various hydrophilic weight fractions (f), were next analyzed by DLS and TEM.

Illustrative examples are gathered in Table 3.

Chapter S3). The subsequent preparations of PMLA-b-PHB based objects were then performed by nanoprecipitation into a Phosphate Buffer Saline (PBS) aqueous solution containing NaCl ([NaCl] 0 = 0.15 mol.L -1 , a concentration which favorably corresponds to the NaCl molarity in physiological conditions; Figure S17) used to neutralize the -COO -outer shell charges of the PMLA block, at pH 7.4, according to the previously established procedure. 69,70,71 determined by surface tension measurements 68 as 4.0 mg.L -1 (Figure S18). This further informed on the possibility to maintain these self-assembled structures in a highly diluted medium such as, in particular, after intravenous injection in the body. Subsequently, the final copolymer concentration in PBS was set at 2.5-5.0 mg.mL -1 (i.e. way above the determined CMC value) depending on the hydrophilic weight fraction of the copolymers. 3). The most hydrophobic polymer (f of 10%) featured objects larger than 100 nm at a copolymer concentration of 2.5 mg.mL -1

(Table 3, entries 1-3). Increasing the concentration to 5 mg.mL -1 resulted in a cloudy aqueous solution thereby precluding DLS measurements. The size of the nanoparticles was significantly reduced upon raising f up to 65%. Indeed, the most compact and smallest micelles with D h ranging from 17 to 50 nm were then obtained with PMLA 3300 -b-PHB 3100 and PMLA 4200 -b-PHB 2300 (Table 3, entries 4-9). Decreasing the PMLA 3300 -b-PHB 3100 copolymer concentration to 2.5 mg.mL -1 did not significantly impact the size of the resulting nanoparticles. Finally, objects prepared under the same conditions from PMLA 7500 -b-PHB 1600 copolymer featuring the highest hydrophilic weight fraction (f = 82%), showed a significantly decreased Zeta potential value as compared to the previous nanoparticles, thus resulting in the formation of aggregates and objects irreproducible in term of size (Table 3, entries 10-12).

This suggested that the experimental parameters implemented for the nanoprecipitation from this copolymer are not suitable and that these should be optimized to form better-defined nanoparticles without aggregates. Rationalization of this behavior is presently under The synthesis of PTMC-b-PMLA copolymers was performed through the sequential ROP of trimethylene carbonate (TMC) and MLABe, as described in the present chapter. A range of well-defined copolymers featuring different sizes of segments were thus isolated in grams quantity and further used to form nano-objects. In addition, the toxicity of these nanoparticles was evaluated on hepatocytes cells as for PMLA-b-PHB based self-assembled systems.

Introduction

Synthetic polymeric vectors based on amphiphilic block copolymers have been well studied over the past two decades for the profit of nanotechnology and drug delivery systems.

Self-assembled and self-ordered nanostructures derived from polyesters and polycarbonates (PCs), in comparison to vinyl-based polymers, provide biocompatible, (bio)degradable polymeric materials with valuable mechanical properties. 1,2 Aliphatic polycarbonates (PCs) have indeed garnered growing interest as biomaterials for drug delivery, theranostics and tissue/bone engineering, due to their biocompatibility, enzymatic degradability and low toxicity. 3,4,5,6,7 In particular, poly(1,3-trimethylene carbonate) (PTMC) has been the most investigated PC regarding both its synthesis and applications. 8,9,10,11,12 Indeed, as a PC derived form a bio-resourced monomer (TMC can indeed be produced from glycerol, a byproduct of the biodiesel production from vegetable and animal fat triglycerides), 13,14,15 PTMC is currently attracting increasing attention within current environmental considerations. 8 Besides, PTMC features valuable mechanical softness 16 favorably exploited in particular towards the design of copolymers such as the thermoplastic PTMC-b-poly(L-lactide) elastomers. 17,18,19,20,21,22,23 Other PTMC homopolymers 24,25,26,27 and copolymers associating in particular poly(ethylene glycol)

(PEG) 28,29,30,31,32,33,34,35,36,37,38 or poly(glutamic acid) (PGA) 39,40,41,42,[START_REF] Scholz | Polymers from Renewable Resources[END_REF] segments [START_REF] Zinn | [END_REF]45,46,47 in spontaneously self-assembling polymeric structures, as well as other PCs-based copolymers, 48,49,50,51,52,53 have been developed over the past decade mainly as polymer-drug conjugates, drug delivery systems, or hydrogels.

Poly(hydroxyalkanoate)s (PHAs)-based polymers have also been attracting considerable attention as renewable, biocompatible and biodegradable polyesters towards the design of various biomaterials (e.g. engineered tissues, drug-delivery systems). 54,55,56,57,58,59,60,61,62,63,64 While some PHAs are naturally produced from (Scheme 1). 61,65,66,67 PMLA(Be) based copolymers have thus been investigated as amphiphilic self-assembled PHA copolymers for the design of drug nanocarriers. 68,69,70 Scheme 1. Synthesis of poly(benzyl -malolactonate) (PMLABe) and poly(-malic acid)

(PMLA) by ROP of benzyl -malolactonate (MLABe) and hydrogenolysis, respectively.

Both PCs, and PHAs can be synthesized through controlled ring-opening polymerization (ROP) of cyclic carbonates 812 and -lactones, 71,72,73,74,75 respectively. 76 ROP process enables to fine tune the macromolecular features such as achieving predictable molar In our efforts to elaborate well-defined non-cytotoxic polycarbonate/polyester based nanocarriers, 78,80,81 PC-b-PHA amphiphilic block copolymers have been herein prepared via the sequential ring-opening copolymerization of TMC and MLABe. A wide range of catalysts/initiators have been reported for the synthesis of PTMC (co)polymers by ROP of TMC. These range from organic molecules  most often commercially available  such as amines, amidines, guanidine, phosphines, phosphazenes N-heterocyclic carbenes, or Brønsted acids, 82,83,84,85,86,87 to metal-based complexes including readily available Lewis acids and discrete lab-made compounds essentially based on zinc, tin, aluminum or rare earth Chapter 3 -PTMC-b-PMLA amphiphilic diblock copolymers as original biocompatible nanoparticles 125 metals. 812 Similarly, the ROP of MLABe has been successfully achieved from either organic or metallic catalysts/initiators. 65,66,68,82,88,89 In a previous approach, PTMC-b-PMLABe hydrophobic copolymers were synthesized on a few milligrams scale (ca. < 20 mg) through sequential ROP of TMC and MLABe using the home-made zinc β-diketiminate [(BDI)Zn{N(SiMe 3 ) 2 }]/ i PrOH catalytic system (BDI = CH(CMeNC 6 H 3 -2,6-i Pr 2 ) 2 ). 78 In order to establish a more readily accessible approach towards grams quantity of this block copolymer using commercial reagents, we have herein designed a new stepwise approach based on the TBD guanidine (1,5,7-triazabicyclo[4.4.0]dec-5-ene) and neodymium triflate salt 

Instrumentation and measurements

1 H (500, 400 MHz), 13 C{ 1 H} (125, 100 MHz), 2D (Figure S2), was previously reported for the related polyhydroxybutyrate (PHB)/PMLA copolymers. 80,88,89 Differential scanning calorimetry (DSC) analyses were performed on a Setaram DSC 131 apparatus calibrated with indium at a rate of 10 °C•min -1 , under continuous flow of helium (25 mL•min -1 ), using aluminum capsules. The thermograms were recorded according to the following cycles: 50 to +70 °C at 10 °C•min -1 ; +70 to 50 °C at 10 °C•min -1 ; 50 °C for 5 min; 50 to +70 °C at 10 °C•min -1 ; +70 to 50 °C at 10 °C•min -1 (Table 2).

Thermogravimetric analyses (TGA) were performed on a Metler Toledo TGA/DSC1 by heating polymer samples at a rate of 10 °C.min 1 from +25 °C to +600 °C in a dynamic nitrogen atmosphere (flow rate = 50 mL.min 1 ) (Table 2).

Static contact angle values were measured at room temperature using a contact angle goniometer (Easy Drop, Krüss) at 23 °C. Films of copolymers were made by dissolving 10 mg of copolymer in 0.2 mL of acetone, followed by slow solvent evaporation at room temperature. For each analyzed copolymer, ultrapure water (2 µL) was dropped at 250 µL.min 1 . Static contact angle was then measured from at least three random contact points, and the average contact angle value was used to compare copolymers wettability (Table 2).

Self-assembly of PTMC-b-PMLA was performed from the nanoprecipitation method using a syringe pump (Sodipro MKDSO1).

The hydrodynamic diameter and the polydispersity of the nano-objects' samples were measured by Dynamic Light Scattering (DLS) according to the CONTIN method, using a Delsa™ Nano Beckman Coulter apparatus at 25 °C (Table 3).

Zeta potential measurements were performed on a Delsa™ Nano Beckman Coulter apparatus at 25 °C. Laser Doppler electrophoresis in phase mode was conducted with sequential fast and slow field reversal, applying a potential of ±150 V. The measured Chapter 3 -PTMC-b-PMLA amphiphilic diblock copolymers as original biocompatible nanoparticles 129 electrophoretic mobility (μ) was then converted to Zeta potential (ζ) using the Smoluchowski approximation. Samples were prepared at various concentration ranging from 1.5 to 5.0 mg.mL 1 in PBS (Table 3).

Thiazolyl blue tetrazolium bromide (MTT) assay readings were performed using microplate reader (Polarstar Omega, BMG Labtech).

Methods

Typical procedure for the sequential copolymerization of TMC and MLABe. In a typical experiment (Table 1, entry 2), TBD (27.8 mg, 0.2 mmol, 1 equiv.) dissolved in dry toluene (1 mL), and isopropanol (30 µl, 0.39 mmol, 2 equiv.), were introduced successively into a flask, prior to the addition of TMC (1 g, 0.01 mol, 49 equiv., [TMC] 0 = 10 M). The neat mixture was then stirred at 60 °C for 30 min (reaction time was not systematically optimized).

The polymerization was then stopped upon addition of an excess of acetone (ca. 2 mL). The resulting mixture was concentrated to dryness under vacuum. The TMC conversion was then determined from 1 H NMR analysis of this residue in CDCl 3 . The crude polymer was next dissolved in acetone (4 mL) and dialyzed for 18 h with a dialysis membrane (MWCO of 1000 g.mol 1 ) using 800 mL of acetone which was renewed once. Finally, the resulting polymer solution (recovered inside the membrane) was dried under vacuum overnight (0.75 g, 75 wt% typical isolated yield). The recovered PTMC homopolymer was then analyzed by 1 H NMR in CDCl 3 (Figure S1) in agreement with literature data, 87 and by SEC analysis (Figure S2). The homopolymer samples were kept under inert atmosphere at 4 °C. Subsequently, this previously synthesized and isolated i PrOPTMCOH sample (750 mg, 0.25 mmol, 2 equiv., M n,NMR = 2800 g.mol 1 ) was placed in a Schlenk tube and dissolved in dry toluene (0.75 mL;

[TMC] 0 = 0.33 mol.L 1 ), prior to the addition of Nd(OTf) 3 (73.8 mg, 0.125 mmol, 1 equiv.)

and then of MLABe (1.49 g, 7.25 mmol, 58 equiv.). The mixture was then stirred at 60 °C for 24 h (reaction time was not systematically optimized). The polymerization was then stopped by addition of an excess of acetone (ca. 2 mL). The resulting mixture was concentrated to dryness under vacuum, and the conversion of MLABe was determined from 1 H NMR analysis of the residue in CDCl 3 . The crude i PrOPTMC-b-PMLABe copolymer sample was next purified by dialysis (MWCO of 3500 g.mol 1 ) following the same procedure described above for the purification of PTMC. The final copolymer was then dried under vacuum overnight, isolated (1.9 g, 85 wt% typical isolated yield), and analyzed by 1 H, 13 C{ 1 H}, 1 H-1 H COSY, 1 H- 13 C HSQC, 1 H- 13 C HMBC, and 13 C{ 1 H} J-MOD NMR and SEC (Figures S2S10). 13 C{ 1 H} NMR data agreed with previously reported data 78 while providing further insights.

The copolymer samples were then kept under inert atmosphere at 4 °C. PTMC-b-PMLA nanoparticules were prepared by the nanoprecipitation method. 94,95 Typically, using a syringe pump, the selected block copolymer (1.210 mg) dissolved in acetone (1 mL) was added at 13.37 mL.h 1 into a phosphate buffered saline (PBS, 2 mL) solution with 0.15 N NaCl at pH 7.4, under vigorous stirring (1 300 rpm). Both the rate of addition of the organic solution of the copolymer into the PBS solution, and the suitable NaCl concentration were set based on our previous studies on the related PHB-b-PMLA copolymers. 80 After stirring the suspension for 10 min, acetone was evaporated under vacuum resulting in a final copolymer concentration in PBS of 1.55.0 mg.mL 1 . The hydrodynamic diameter (D h ), size distribution (PDI) and Zeta potential () of the micelles in PBS at 25 °C were then measured by DLS and Zeta potential measurements (Table 3).

Typical hydrogenolysis of PTMC

Cell culture. HepaRG cells seeded at 2.5.10 4 cells.cm 2 were cultured in William's E medium supplemented with of L-glutamine (2 mM), insulin (5 mg.L 1 ), hydrocortisone hemisuccinate (10 5 M), 10% of fetal calf serum, penicillin (100 U.mL 1 ), streptomycin (100 g.mL 1 ), as previously described. 80 Treatments were performed once at incubation times of block copolymers were easily synthesized following a newly established two-step strategy using commercially available catalyst/initiator. TMC was first ring-opened polymerized using TBD as catalyst and i PrOH as initiator in toluene at 60 °C, following a mechanism previously described (Scheme 1). 8587 Within 30 min, almost quantitative conversion of TMC smoothly afforded, after purification by dialysis, the targeted PTMC oligomers (Table 1). A set of five representative PTMCs was thus obtained which featured molar mass values as determined by NMR (M n,NMR ) ranging from 1500 to 8200 g.mol 1 , in agreement with the theoretical molar mass values (M n,theo ) calculated from the monomer consumption (Table 1). The PTMC samples thus isolated were shown by 1 H NMR analysis to be free of any residual TBD catalyst, and to be end-capped by i PrOH (as expected), as illustrated Figure S1. SEC analysis of these PTMC samples typically showed a unimodal peak as illustrated Figure S2. The experimental molar mass value thus determined (M n,SEC = 2500 g.mol 1 ) remained in agreement with both M n,theo (2500 g.mol 1 ) and M n,NMR (2800 g.mol 1 ; Table 1, entry 2). The dispersity value (typically Ð M = 1.32) of these PTMC samples  in the lower range of those classically measured for PCs 84,87,93  highlighted the limited occurrence of unwanted side transcarbonatation reactions, namely intermolecular (reshuffling) and intramolecular (backbiting) reactions, 96 and/or an initiation faster than the propagation. These results indicated that the synthesis of i PrOPTMCOH prepolymers was thus controlled, affording well-defined -hydroxyl end-capped polymer samples. 1).

Note that in order to allow complete MLABe dissolution in the reaction medium, dilution of i PrOPTMCOH was required prior to the addition of MLABe (i.e. bulk conditions could not allow the controlled ROP of MLABe). This enabled to maintain a homogeneous reaction solution and thus to prevent undesirable loss of control during the MLABe polymerization, with eventually the formation of a unique type of macromolecule. Following this modus operandi, the ROP of the -lactone in toluene at 60 °C was quite slow to reach high monomer conversion, a behavior yet in agreement with previous findings in MLABe homopolymerization. 88 Varying the MLABe loading enabled to get PTMC-b-PMLABe block copolymers with various lengths of both segments (degree of polymerization for TMC/MLABe ranging from 14:40 to 78:7). The PTMC-b-PMLABe block copolymers isolated after dialysis were then fully characterized by SEC, NMR and DSC analyses. SEC analysis of the hydrophobic copolymer samples in THF typically showed a peak shifted to a higher molar mass value as compared to the corresponding PTMC macroinitiator (Figure S2, 97,98,99,100,101 as illustrated with i PrOPTMC 2400 -b-PMLABe 4000 -OH, showed a single diffusion coefficient (110.10 11 m 2 .s 1 (Figure S9) distinct from that of the corresponding i PrOPTMC 2800 -OH macroinitiator (717.10 11 m 2 .s 1 , Figure S10). This latter result thereby supported the absence of any residual PTMC prepolymer and of any PMLABe homopolymer, and the presence of a single macromolecular species in the copolymer sample, namely ). 78 Well-defined -hydroxy,-alkoxy telechelic PTMC-b-PMLABe copolymers were thus isolated in up to ca. 1.9 g (ca. 85%).

Synthesis and Characterization of PTMC-b-PMLA Copolymers

In a second step, the desired parent amphiphilic i PrOPTMC-b-PMLA-OH copolymers were synthesized upon chemical modification of the hydrophobic i PrOPTMC-b-PMLABe-OH copolymers. Indeed, hydrogenolysis of i PrOPTMC-b-PMLABe-OH copolymers with a heterogeneous Pd/C catalyst under mild conditions (H 2 pressure of 25 bar, 23 °C, 48 h), resulted in the cleavage of the side benzyloxycarbonyl moieties of the MLABe repeating units, a well-known abstraction method (Scheme 2). 56,80,92 The parent i PrOPTMCb-PMLA-OH were then recovered after purification by dialysis in up to ca. 1.4 g (74%), as a white solid for PTMC enriched copolymers or as a viscous colorless oil for copolymers with a longer PMLA block. the adsorption of the PMLA-enriched copolymers onto the columns. Such a behavior has been previously observed for related PMLABe homopolymers and PMLABe/PHB copolymers. 67,78,80,88,89 The dispersity values measured for the amphiphilic copolymers remained lower than Ð M = 1.40  a value in the lower range of that of typical PCs 84,87,93 suggesting a fair control of the copolymerization, although side reactions were not rigorously excluded. Moreover, the PTMC/PMLA molar mass ratios based on PTMC-b-PMLA M n,NMR data, showed a relatively fair correlation with the related PTMC/PMLA molar mass ratios determined by thermal gravimetric analyses (TGA), and with the trends of the glass transition temperatures recorded by differential scanning calorimetry (DSC), and of the contact angle measurements (vide infra) (Table 2). 2, entry 2). Note that the DOSY NMR analysis could not be performed in THF-d 8 /TFA because of the saturation of the TFA signals.

The thermal characteristics of the amphiphilic i PrOPTMC-b-PMLA-OH copolymers were determined by DSC and TGA analyses (Table 2). The copolymers analyzed by DSC showed, in the second heating cycle, two glass transition temperatures (T g ) around 14 °C and +9 °C corresponding to the polycarbonate and the polyester segments, respectively, as illustrated Figure 5 with the copolymer made of equally long PTMC and PMLA blocks. The slight changes of the T g values from the PTMC (PTMC, T g = 27 °C, M n,NMR = 2800 g mol -1 ) and PMLA (T g = +12 °C, M n,theo = 30 000 g mol -1 ) 80 homopolymers to the copolymers, most likely revealed a microphase separation in the bulk copolymers. A melting temperature (T m ) was observed in the first DSC heating run of the i PrOPTMC 2800 -b-PMLA 2500 -OH copolymer featuring equally long PTMC and PMLA segments (T m = +32 °C). 2, entry 2).

The TGA analyses of the block copolymers first revealed, regardless of the length of the two components, their stability up to ca. 210 °C, a temperature higher than the onset of the degradation temperature of the related PHB-b-PMLA (PHB = polyhydroxybutyrate) copolymers (ca. 175 °C). 80 The mass loss profile showed the stepwise thermal degradation of first the PTMC block occurring between ca. 205 °C and 320 °C, followed by that of the PMLA segment from ca. 295 °C to 380 °C, as illustrated for representative i PrOPTMC-b-PMLA-OH copolymers over the segments' length (Figure 6). In comparison to the above mentioned PHB 4000 -b-PMLA 5500 (42:58 molar mass ratio), 80 80 The degradation profiles thus reflected the various PC/PHA compositions of the block copolymers, and the molar mass ratios determined from TGA measurements generally remained in agreement with those evaluated from NMR analysis (Table 2). Also, the tunable hydrophobic/hydrophilic balance has thus been successfully synthesized from commercially available catalyst/initiator in grams quantity. These amphiphilic -hydroxy, -alkoxy telechelic PTMC/PMLA block copolymers were next exploited in the design of self-assembling nanoobjects.

Self-Assembly of PTMC-b-PMLA Copolymers

Core-shell nanoparticles were next prepared from amphiphilic PTMCbPMLA copolymers by nanoprecipitation in aqueous solution, and the recovered self-assembled objects were analyzed by dynamic light scattering (DLS; Table 3). Nanoparticles were first formed with a concentration of PTMCbPMLA at 5 mg.mL 1 -a value significantly higher than the critical micellar concentration previously evaluated for related PHA copolymers (CMC = 4 mg.L 1 ) , 80 and then decreased to 1 mg.mL 1 in order to minimize as much as possible the amount of the copolymer used and to limit any cytotoxic effect. For all copolymers, the concentration did not significantly affect the size of the nano-objects, thus suggesting the possibly very low value of the CMC. This contrasted with the behavior of the related PHB-b-PMLA block copolymers featuring the same hydrophilic fraction of ca. 10% for which an increase in their concentration resulted in the formation of aggregates. 80 Also, monitoring by DLS the stability of the self-assembled objects prepared from the block copolymer with an hydrophilic fraction of 47%, at a concentration of 5.0 mg.mL 1 (D h = 87 nm, PDI = 0.16; Table 3, entry 6), upon incubation at 

Conclusion

A range of hydrophobic i PrOPTMC-b-PMLABe block copolymers have been synthesized from commercially available reagents under mild conditions (in toluene at 60 °C).

This two-step approach involved first the preparation of the i PrOPTMC prepolymer from the organocatalyzed controlled ROP of TMC using TBD in the presence of i PrOH as In the present chapter, the effect of the chemical structure of the hydrophobic block on the nano-objects properties is discussed through the influence on the opsonisation level and cell-uptake of both hepatocytes and macrophages. The influence of the chemical structure (ester or carbonate) of the hydrophobic block of the copolymer, and the influence of f values on the biological parameters, were investigated in order to identify the optimal nanoparticles which would provide the most promising self-assembled systems.

Introduction

The development of new drugs, at least in the past few decades, has been focused on the identification of compounds inhibiting/activating molecular target(s); however, the pharmaceutical research most commonly has not yet taken into account site-specific delivery.

As a consequence, most actual chemotherapeutics do not accumulate specifically at sites of interest. In contrast, drugs distribute evenly throughout the body, often resulting in deleterious side-effects in healthy organs, in their rapid metabolism and elimination by the liver and kidney, and in a limited bioavailability. The inability to address chemotherapies to target tissues and/or to maintain sufficient plasma drug concentration, significantly contributes to the retrieval of promising molecules and the lack of efficacy of approved drugs (Kola and Landis, 2004; Blanco et al., 2015).

To overcome these limitations, the design of nanoparticles (NPs) embedding the drugs has appeared as a suitable strategy in order to prevent the rapid elimination of therapeutic payloads and to achieve a prolonged plasma drug concentration (Torchilin, 2006; Cabral et al., 2014). Academic laboratories and pharmaceutical companies have produced many synthetic NPs, but only few formulations have obtained approval by regulatory authorities and reached the market and clinical practice because of their limited efficacy and/or concerns about their clinical safety (Editorial, 2014; Raemdonck and De Smedt, 2015).

However, notable examples are used in clinical protocols such as Doxil (O'Brien et al., 2004), a liposome encapsulating doxorubicin, and Abraxane (Stinchcombe, 2007), an albumin NP loaded with paclitaxel, which confirm the obvious potential for increased bioavailability and tumor targeting. Despite these successes, the use of drug delivery nanostructures in clinical protocols is far from being a generalized routine and optimizations of NPs are required to overcome biological barriers and to address cellular targets (Blanco et al., 2015).

Following systemic administration, NPs are subjected to the opsonization, the nonspecific interactions with plasma proteins, and the recognition by antibodies and proteins of the complement system (Frank and Fries, 1991 ; Owens and Peppas, 2006 ; Tenzer et al., 2013), which is part of the innate immune system enhancing the activity of the mononuclear phagocyte system (MPS) to clear pathogens from the body. In order to minimize the opsonisation and the non-specific scavenging by MPS, NPs' features have been optimized through the modulation of their size, shape (Blanco et al., 2015), surface charge (Arvizo et al., 2011) and chemical structure (Moghini et al., 2001 ; Nel et al., 2009 ; Mahon et al., 2012). Moreover, NP platforms developed for the profit of drug-delivery systems often include a Chapter 4-Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic diblock copolymers 156 poly(ethylene glycol) (PEG) chain of various length resulting in the "stealth" behavior of the corresponding PEG-based NPs towards opsonins and extending their systemic lifetime (Owens and Peppas, 2006 ; Tenzer et al., 2013). Indeed, the PEG segments associated to water molecules form a hydrating layer (Harris and Chess, 2003), which acts as a steric shield to prevent the binding of serum opsonins and delay the uptake by MPS. Furthermore, the PEG corona often increases the hydrodynamic diameter of the NPs thereby decreasing the renal clearance (Veronese, 2001). PEG, however, is not immunologically inert since it was reported that serum of healthy blood donors often contain anti-PEG immunoglobulins most likely due to exposure to PEG during their life (Richter, A.W. and Akerblom, 1984 ; Ishida et al., 2006).

In addition, the unpredicted clearance times of PEGylated compounds lead to accumulation of high molecular weight compounds in the liver (Dams et al., 2000) with unknown toxicological consequences over a long period of time (Kawai, 2002). Some studies have evaluated other water-soluble polymers in order to overcome the limitations in the use of PEG (Kierstead et al., 2015). For instance, poly[N-(2-hydroxypropyl) methacrylamide] (Lammers and Ulbrich, 2010) and poly(vinylpyrrolidone) (Zelikin et al., 2007 ; Kierstead et al. 2015) coatings on liposomes also demonstrated the ability to extend circulation times and to avoid accelerated blood clearance although their opsonisation by plasma proteins remains poorly documented.

The second major biological barrier for the NPs to overcome is the continuous endothelium of the blood vessels. The discovery of the Enhanced Permeability and Retention effect (EPR) (Matsumura and Maeda, 1986) defining the extravasation of macromolecules and nanovectors through the fenestrated blood vessels within solid tumors, has opened the perspective for improved therapeutic indexes of vectorized chemotherapies (Maeda et al., 2013 ; Maeda et al., 2016). Indeed, the presence of disorganized and/or fenestrated vasculature endothelium favors the accumulation of NPs in solid tumors and, to a lesser extent, at sites of injury, infection or inflammation, and heightens the drug concentration in these specific microenvironments (Azzopardi et al., 2013 ; Blanco et al., 2015). The rationale for drug delivery using NPs thus mainly arises from this EPR-mediated passive targeting, (Blanco et al., 2015) and more recently from strategies of active targeting relying on the design of NP surfaces tagged with moieties specifically binding to membrane receptors overexpressed on tumor cells and/or the surrounding angiogenic vessels (Dawidczyk et al., 2014). However, after injection and opsonization, most NPs accumulate in the liver and spleen because of their specific vasculature, and of the capillary network with endothelial Chapter 4-Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic diblock copolymers 157 fenestrations and venous sinuses, respectively. The liver sinusoids are highly specialized capillaries harboring large fenestrations in the endothelium and lacking basal lamina which enhances the exchange between the liver parenchyma and the blood stream coming from the digestive tract and the hepatic artery (Jacobs et al., 2010). The hepatic architecture greatly favors the accumulation of NPs within the space of Disse where they are in close contact with the hepatocytes and the liver resident macrophages, namely the Kupffer cells (Blanco et al., 2015). This very active compartment of the MPS within the liver parenchyma reduces the targeting of the hepatocytes and impairs the use of nanotechnology-based therapy of hepatocyte diseases including hepatocellular carcinoma (HCC). In addition, the uptake of NPs by Kupffer cells may activate the inflammasome, a major factor of the innate immune system involved in the production of pro-inflammatory cytokines (Baron et al., 2015). Conversely, authors have taken advantage of the highly active phagocytic activity of Kupffer cells to specifically deliver anti-infectious therapeutics to hepatic macrophages infected with microorganisms such as leishmaniasis (Alving et al., 1978) and salmonellosis (Fattal et al., 1989). In this context, the development of NPs which would favor the cell uptake of either the hepatocytes or the Kupffer cells is of particular interest for the treatment of liver diseases (Reddy and Couvreur, 2011 ; Zhang et al. 2016). Amphiphilic block copolymers self-assemble in aqueous solution to form NPs with a hydrophilic corona and a hydrophobic inner-core particularly well-adapted for drug encapsulation and delivery. The synthesis of copolymers providing biocompatible and highly stable self-assembled systems is particularly challenging. Indeed, the choice of the hydrophobic block strongly impacts the physico-chemical properties of the resulting selfassembled systems such as the hydrodynamic radius and the critical micelle concentration (CMC) which are two key parameters. Poly(hydroxyalkanoates) (PHAs) and poly(carbonates) (PCs) have attracted considerable attention for the design of drug delivery systems due to their high biocompatibility and low toxicity (Furrer et al., 2008 ; Wu et al., 2009 ; Hazer, 2010 ; Shrivastav et al., 2013 ; Chen et al., 2014 ; Loyer and Cammas-Marion, 2014 ; Li and Loh, 2015 ; Nigmatullin et al., 2015). Our laboratories have recently synthesized and characterized novel poly(hydroxyalkanoate)-based amphiphilic diblock copolymers, namely poly(β-malic acid)-b-poly(3-hydroxybutyrate) (PMLA-b-PHB) (Barouti et al., 2015) and poly(β-malic acid)-b-poly(trimethylene carbonate) (PMLA-b-PTMC) (Barouti et al., 2016).

The objectives were to elaborate biocompatible and biodegradable NPs, and more importantly to highlight the impact of the chemical structure of the hydrophobic block and the influence of Chapter 4-Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic diblock copolymers 158 the hydrophilic weight fraction on the physico-chemical properties of the self-assembled systems. In these studies, PMLA was used as the hydrophilic block due to its complete biodegradability, and its better biocompatibility as compared to PEG, while PHB and PTMC with a chemically distinct functionality (ester vs carbonate, respectively) were used as the hydrophobic block (Supplementary data 1). The synthesis of these copolymers was performed by the controlled ring-opening polymerization of the monomers affording well-defined PMLA-b-PHB and PMLA-b-PTMC copolymers ranging from PMLA-enriched to longer hydrophobic (PHB, PTMC) segment and featuring finely tuned macromolecular features (Table 1). Our previous results on the evaluation of the biocompatibility of the NPs prepared from these diblock copolymers using human HepaRG hepatocyte-like cells and the 3-( 4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays, revealed no significant effect on cells viability at low concentrations, and very mild cytotoxicity at high concentrations (Barouti et al., 2015 ; Barouti et al., 2016).

In the present work, we have further investigated the biocompatibility of NPs (Table 1), by investigating the cell uptake and the inflammasome activation level in human primary macrophages and HepaRG cells of these NPs. The opsonisation of NPs derived from these copolymers was also evaluated. The aim of this study was first to investigate the influence of the chemical structure (ester or carbonate) of the hydrophobic block of the copolymer and then the influence of the hydrophilic weight fraction on the biological parameters, in order to identify the optimal NPs that would provide the most interesting selfassembled systems by favoring the uptake by hepatocytes and reducing that of macrophages.

Experimental section 2.1 Materials

Phosphate-buffered saline (PBS), William's E medium, RPMI 1640, penicillinstreptomycin, L-glutamine and trypsin were purchased from ThermoFisher Scientific (Saint Aubin, France). Fetal calf serum (FCS) FetalClone III ® and BioWhittaker ® were from Hyclone (Logan, UR, USA) and Lonza (Verviers, Belgium), respectively. Hydrocortisone hemisuccinate was from Serb (Paris, France). MOPS-SDS buffer was purchased from Chapter 4-Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic diblock copolymers 159 Amresco (OH, USA). Tris-buffered saline (TBS) was from GE Healthcare (Aulnay Sous Bois, France). Bovine serum albumin was from Eurobio (Les Ulis, France). Ultrapure Escherichia coli O111:B4 LPS was purchased from InvivoGen (Toulouse, France) and recombinant human granulocyte macrophage colony-stimulating factor (rhGM-CSF) from R&D Systems Europe (Lille, France). Lactate dehydrogenase (LDH) and insulin were obtained from Sigma-Aldrich (Saint Louis, MO, USA). Carboxylate-modified fluorescent (yellow-green) microspheres FluoSpheres ® (20 and 100 nm) and 1,1′-dioctadecyl-3,3,3′,3′tetramethylindodicarbocyanine perchlorate (DiD oil) were purchased from Molecular Probes (Eugene, OR, USA). Monosodium urate (MSU) crystals were prepared by recrystallization from uric acid, as previously described (Gicquel et al., 2015). Antibodies, goat antiserum to human albumin (1140V7) and goat anti-human transferrin (1205Y2) were from Kent Laboratories (Redmond, WA, USA), rabbit immunoglobulins to human fibrinogen (A080) and horse radish peroxidase labeled secondary antibodies were from Dako (Denmark), rabbit anti-complement C3 (sc-31300) was from Santa Cruz (distributed by CliniSciences, Nanterre, France) and anti-human immunoglobulins was purchased from Amersham (RPN 1003).

Instrumentation and measurements

The hydrodynamic diameter and the polydispersity of the micelles were measured by Dynamic Light Scattering (DLS) according to the CONTIN method, using a Delsa™ Nano Beckman Coulter apparatus at 25 °C.

The zeta potential measurements were performed on a Delsa™ Nano Beckman Coulter apparatus at 25 °C. Laser Doppler electrophoresis in phase mode was conducted with sequential fast and slow field reversal, applying a potential of ±150 V. The measured electrophoretic mobility (μ) was then converted to zeta potential (ζ) using the Smoluchowski approximation.

The UV spectra were recorded on a Secoman apparatus at 670 nm.

The cell uptake of fluorescent NPs labelled with the lipophilic fluorescent dye 1,1′dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (DiD oil; Wavelength: excitation 644 nm; emission 665 nm, ε = 236.000) was quantified by flow cytometry using FACSCalibur (Becton Dikinson). Cytometry data were analyzed using CellQuest Software (Becton Dikinson).

For cytotoxicity assay, the optical absorbance at 492 nm was measured on a microplate reader Multiskan FC (ThermoScientific).

Chapter 4-Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic diblock copolymers 160 Electrophoresis and protein transfers were performed on XCell SureLock TM and iBlot2 ® apparatus (Life Technologies). Acquisitions of gels stained with coomassie blue and immunoblotting detection by chemioluminescence were performed using VisionCapt and Chemi-Smart 5000 systems (Vilber Lourmat), respectively. (Barouti et al., 2015; Barouti et al., 2016).

Methods

Preparation

The resultant empty macromolecular micelles were prepared by the nanoprecipitation method (Thioune et al., 1997) as previously established (Barouti et al., 2015; Barouti et al., 2016).

The NPs were then analyzed by DLS for hydrodynamic diameter, polydispersity and zeta potential measurements (Table 1). The 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (DiD oil) loaded NPs were prepared using the nanoprecipitation procedure using 1% (wt/wt) of the DiD oil fluorescent probe dissolved in acetone (2 mg/mL) added to the acetone solution of the block copolymer (5 mg) to an ultimate volume of 1 mL. Following the organic solvent evaporation, the unloaded DiD oil was removed by filtration through a sephadex PD 10 column. The volume of the recovered solution was completed to 2.5 mL with distilled water in order to obtain a final concentration in NPs of 2 mg/mL. The concentration of loaded DiD oil was evaluated by UV at 660 nm using a calibration curve of DiD oil solution in a mixture and PMLA 4300 -b-PTMC 1400 diblock copolymers was studied using a protein adsorption assay.

NPs were incubated with human serum prior to the detection of micelle-bound proteins using electrophoresis on acrylamide gels. Briefly, various amounts of copolymers resulting in the same specific NP surface were diluted in PBS (0.5 mL) then mixed with human serum (0.5 mL) for time periods ranging from 5 min to 16 h at 37 °C. NPs were then collected by Chapter 4-Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic diblock copolymers 161 centrifugation at 14,000 g for 30 min. The pellet was washed twice with cold PBS (1 mL) prior to denaturation of micelles and bound proteins with loading buffer (100 µL; Tris-HCl 100 mM, pH 6.8, bromophenol blue 0.2%, sodium dodecyl sulfate 8%, glycerol 20 %, and βmercaptoethanol 5%). Samples were boiled in water bath for 10 min, then proteins were loaded on 10% polyacrylamide gels (Novex®, Life Technologies) and separated by electrophoresis. Standard PageRuler TM Plus Prestained Protein Ladder (Fermentas) was run in parallel. Total proteins were detected by coomassie blue dye staining or immunoblotting following transfer onto nitrocellulose membranes (iBlot® gel transfer stack nitrocellulose, Novex® Life Technologies) using anti-albumin, -transferrin, -fibrinogen, -immunoglobulin and -complement C3 specific antibodies.

For immunoblotting, nonspecific binding sites were blocked with Tris-buffered saline (TBS) containing 4% bovine serum albumin for 1 h at room temperature. Then membranes were incubated overnight at 4°C with primary antibodies diluted at 1:2000 in TBS containing 4% advanced blocking agent (GE Healthy Care). Membranes were washed 3 times with TBS and incubated with appropriate secondary antibody conjugated to horseradish peroxidase diluted at 1:5000 in TBS containing 0.2% Tween 20 and 4% advanced blocking agent for 1 h at room temperature. The proteins were visualized with Supersignal (Pierce, Rockford, IL, USA).

Cell culture and cell uptake of NPs. HepaRG cells were plated at a density of 0.1 x 10 6 cells per well in 24-well plates and cultured as previously described (Corlu and Loyer, 2015) in William's E medium supplemented with 2 mM of glutamine, 100 IU/ml penicillin-100 mg/ml streptomycin, 5 mg/L of insulin, 10 -5 M hydrocortisone hemisuccinate and 10% of fetal calf serum (FCS) FetalClone III ® , at 37 °C with 5% humidified CO 2 .

Peripheral blood mononuclear cells were obtained from two human buffy coat (Etablissement Français du Sang, Rennes, France) by differential centrifugation on UNI-SEP maxi U10 (Novamed, Jerusalem, Israel). The experiments were performed in compliance with the French legislation on blood donation and blood products' use and safety. Monocytes from healthy donors were enriched using a human CD14 separation kit (Microbeads; Miltenyi Biotec, Bergisch Gladbach, Germany), plated at a density of 0.5 x 10 6 cells per well in 24well plates and cultured at 37 °C with 5% humidified CO 2 in RPMI 1640 medium supplemented with 100 IU/ml penicillin-100 mg/ml streptomycin, 2 mM L-glutamine and 10% FCS BioWhittaker ® . Macrophages were obtained after differentiation from monocytes Chapter 4-Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic diblock copolymers 162 by incubation with 50 ng/mL rhGM-CSF in RPMI 1640 medium during 7 days, as previously described (Gicquel et al., 2015).

For the cell uptake assay of NPs and microspheres, the culture media of human macrophages and HepaRG cells containing 10% FCS were renewed and copolymers NPs 

Results

Characteristics of PHB-b-PMLA and PTMC-b-PMLA based NPs

Besides the PMLA 800 -b-PHB 7300 , PMLA 4500 -b-PHB 4400 , PMLA 2500 -b-PTMC 2800 and PMLA 4300 -b-PTMC 1400 amphiphilic copolymers, PHB 2000 and PTMC 3000 homopolymers were also used to prepare NPs for comparative analysis of their characteristics (Table 1). The PHB and PTMC homopolymers self-assembled in PBS to form large objects (hydrodynamic diameters (D h of 544 and 956 nm, respectively). In contrast, well-defined smaller NPs (30-130 nm) derived from PMLA-b-PHB and PMLA-b-PTMC copolymers were formed with narrow polydispersity (PDI) (0.1 < PDI < 0.2) and a negative surface charge (-18 to -52 mV).

The lipophilic DiD oil fluorescent probe encapsulation during the self-assembly of the copolymers enabled to investigate the cell uptake of these NPs. The remaining free DiD oil was eliminated by gel filtration and the encapsulation efficiency (EE) was then measured (Table 1). PHB and PTMC homopolymers-based nano-objects encapsulated the fluorescent probe with the lowest efficiencies (EE = 19 and 14.8%, respectively) due to their inability to form well-organized self-assembled systems. For the NPs obtained from the PMLA-b-PHB and PMLA-b-PTMC copolymers, the EE increased slightly with the molar mass of the copolymers and with greater hydrophilic weight fractions (f ; from 27.2% to 45.2% for the PMLA-b-PHB, and from 32.6% to 39% for the PMLA-b-PTMC).

Chapter 4-Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic The significant difference in the HepaRG cell uptake between the two PMLA-b-PHB copolymer objects could not be explained neither by the EE of the DiD oil or by the surface charges which were nearly identical (Table 1). However, these NPs exhibit very different sizes of 130 and 30 nm, respectively, as determined by DLS, in relation to their hydrophilic weight fraction (Table 1). The size of NPs has been reported to affect the in-vitro cell uptake in some cell types including the HepG2 hepatoma cells (Zauner et al., 2001). To determine if the cell uptake in primary human macrophages and HepaRG cells was affected by the NP size, we used green carboxylate-modified FluoSpheres® polystyrene microspheres of 100 and 20 nm and measured the cell uptake in both cell models (Figure 1). All macrophages and HepaRG cells were positive following incubation with these microspheres. In addition, the means of fluorescence were not significantly different in macrophages incubated with these microspheres of 100 and 20 nm, while a six-fold higher fluorescence was observed in HepaRG cells incubated with 100 nm microspheres as compared to the mean found for the 20 nm microspheres. Interestingly, the means of fluorescence were much higher in macrophages than in HepaRG cells with both 100 and 20 nm microspheres.

Together, these data demonstrated that the uptake in HepaRG cells was more efficient for NPs of ca.100 nm than for smaller particles of ca. 30 nm, and strengthened the conclusion than the PHB-and PMLA 800 -b-PHB 7300 -based NPs favored the HepaRG cell uptake while reducing it in macrophages. Macrophages prepared from two healthy donners were used to measure the uptake in 6 to 8 independent culture wells. Three independent cultures of HepaRG were performed to measure the uptake in 6 to 9 independent culture wells. * p < 0.05, ** p < 0.01.

In-vitro cell biocompatibility towards PHB-b-PMLA and PTMC-b-PMLA based NPs

In previous reports, we demonstrated that acute and chronic incubations with NPs based on PMLA-b-PHB and PMLA-b-PTMC copolymers did not significantly affect the HepaRG cell viability using the MTT assay (Barouti et al., 2015 ; Barouti et al., 2016). In order to further characterize the biocompatibility of the nano-objects obtained from these two sets of copolymers, macrophages and HepaRG cells were incubated overnight with NPs to study the inflammasome activation levels through the production of pro-inflammatory cytokines (Figure 3).

Macrophages and HepaRG cells were cultured in the absence or presence of LPS for inflammasome priming, and monosodium urate (MSU) crystals were used as positive control of sustained inflammasome activation (Gicquel et al., 2015). In a first step, we measured the LDH release in culture media to determine whether the incubation with NPs in presence or absence of LPS affected the cell viability. The LDH activities were not significantly affected by the incubation with the NPs or the MSU treatment. The level of inflammasome activation was evaluated by measuring the concentrations of the pro-inflammatory cytokines IL6, IL1α and IL1β in culture media of macrophages (Figure 3). For control cells in absence of priming, IL6 was the only detectable cytokine. As expected, the priming with LPS slightly increased the secretion of the three cytokines but the incubation with PMLA-b-PHB and PMLA-b-PTMC-based NPs did not enhance the secretion of pro-inflammatory cytokines, thus demonstrating that these nano-objects did not activate the inflammasome in primary macrophages. In contrast, the treatment with MSU strongly triggered the inflammasome activation visualized by the increase in cytokine secretion, as previously reported (Gicquel et al 2015). The HepaRG cells produced much lower amounts of inflammation mediators and the IL6 was the only cytokine detectable in the culture medium. As observed for macrophages, priming with LPS slightly increased the secretion of IL6 and the incubation with NPs did not significantly enhanced the secretion of IL6 demonstrating that PMLA-b-PHB and PMLA-b-PTMC-based NPs did not activate the inflammasome in this hepatocytelike model. The evaluation of the protein adsorption by coomassie blue staining of polyacrylamide was completed by immunoblotting of serum proteins (Figure 4C). Specific antibodies were used to detect the human albumin, transferrin and fibrinogen (known to bind to nano-objets non-specifically), the immunoglobulins and complement C3, which are part of the complement system activating phagocytic mononuclear cells upon binding to circulating antigens. As expected, an elevated abundance in albumin, transferrin, fibrinogen, 

Influence of the opsonisation of PHB-b-PMLA and PTMC-b-PMLA based

NPs on cell uptake

Given that the opsonisation by human serum proteins considerably varied between PMLA-b-PTMC-and PMLA-b-PHB-derived NPs, we next investigated the influence of the opsonisation of NPs on the cell uptake by human macrophages and HepaRG hepatoma cells (Figure 5). To address this issue, "native" or opsonized DiDoil-loaded NPs or FluoSpheres ® microspheres were used and the cell uptake was performed by culturing the macrophages and HepaRG cells in culture medium lacking fetal calf serum (FCS). The opsonized NPs were obtained by pre-incubating the "native NPs" with human serum prior to the dilution in the culture medium for the cell uptake.

As observed in Figure 1, the cell uptake by the macrophages was very efficient for all the nano-objects tested with at least 85% of positive cells except for the NPs formulated with the PTMC homopolymer (11% and 28% of positive macrophages with native and opsonized PTMC-based NPs, respectively). For the PHB-derived NPs, the opsonisation slightly reduced the number of positive cells (98% versus 85% for native and opsonized NPs, respectively). Interestingly, the mean of fluorescence in macrophages was not significantly affected by the pre-incubation of the NPs or FluoSpheres ® microspheres with human serum when compared to the cell uptake of "native" NPs. In addition, the deprivation in FCS did not affect this cell uptake since the overall values of fluorescence in these experiments were very similar to those found in presence of 10% FCS (Figure 1).

As observed in macrophages, the uptake of NPs based on PHB-, PMLA-b-PTMCand PMLA-b-PHB and FluoSpheres ® beads was very efficient in HepaRG cells with more than 90% of positive cells. However, the opsonisation of nano-objects formulated from PHB homopolymer significantly reduced the mean of fluorescence with 98% and 70% for "native" and opsonized nanovectors, respectively. The number of positive cells with PTMC-based NPs remained low at ca. 8% for "native NPs and 2.5% for NPs pre-incubated with human serum. decreased the uptake by HepaRG cells compared to that measured in cells incubated with native NPs. Unexpectedly, a 2.5-fold increase in the mean of fluorescence was found in cells incubated with opsonized PMLA 800 -b-PHB 7300 -based NPs compared to the fluorescence intensity measured for untreated NPs. Interestingly, the low HepaRG cell uptake observed for 20 nm FluoSpheres ® beads compared to the very high uptake of 100 nm beads following opsonization by human serum proteins (Figure 5) and in presence of FCS (Figure 2) was not significantly enhanced between the two different sizes of NPs in native FluoSpheres ® beads (Figure 5).

All these data demonstrate that the uptake of NPs formulated with PMLA-b-PTMCand PMLA-b-PHB copolymers is differently affected by the opsonisation in macrophages and HepaRG hepatoma cells. Indeed, while the opsonization of these nano-objets has not effect on the uptake by macrophages, the adsorption of serum proteins on PMLA-b-PTMC-and PMLA-b-PHB-based NPs strongly affects the accumulation of NPs in HepaRG cells. More importantly, these experiments demonstrate that the NPs prepared from PMLA 800 -b-PHB 7300 diblock copolymer promotes a higher uptake in HepaRG hepatoma cells than in primary macrophages.

Discussion and conclusion

In the present work, we have further characterized NPs derived from PMLA-b-PHB (Barouti et al., 2015) and PMLA-b-PTMC (Barouti et al., 2016) diblock copolymers featuring different hydrophilic weight fraction, size and surface charge to study the influence of the chemical structure on the inflammasome activation, the opsonisation and the cell uptake of the NPs by primary macrophages and hepatocyte-like HepaRG cells.

Macrophages are critical components of the innate immune system that internalizes endogenous and exogenous antigens to eliminate pathogens and are the main source of interleukin-1 family cytokines, which mediate the inflammatory processes. Previous articles have demonstrated that certain NPs induce the production of IL-1β and an inflammation process in human macrophages via the activation of the NLR pyrin domain containing 3 (NLRP3) inflammasome (Lunov et al., 2011 ; Baron et al., 2015). Unwanted phagocytosis of nano-objects by macrophages fully justifies the studies of the characteristics and structural determinants of NPs triggering cell uptake and downstream activation of signaling pathways resulting in cytokine production and inflammation. Our data demonstrated that NPs derived from both PMLA-b-PHB and PMLA-b-PTMC copolymers did not induce the production of neither IL-1α, IL-1β nor IL6 in primary human macrophage. In HepaRG hepatoma cells, only the IL6 was detectable in the culture medium and as observed for macrophages, its level was not increased upon cell incubation with NPs.

Recent data have demonstrated that the activation of NLRP-3-dependent inflammasome requires two stimuli: an initial Toll-Like Receptor (TLR)-dependent stimulus inducing the transcription of the IL-1β gene, and the synthesis of the pro-IL-1β precursor prior to a second stimulus triggering the activation of the caspase 1-dependent cleavage of the pro-IL-1β and the cytokine secretion (Kanneganti et al., 2007 ; Gicquel et al., 2015). In our experimental conditions, as expected, a low dose of LPS used as a priming factor induced the production of IL1-α and IL-1β in macrophages, and IL6 in both macrophages and HepaRG cells. However, incubation of primed cells with NPs prepared from PMLA-b-PHB and PMLA-b-PTMC copolymers did not further enhance the cytokine secretion indicating that these NPs do significantly activate neither the transcription of cytokine genes nor the post-translational cleavage of pro-IL-1β.

Together, these data combined with the fact that NPs did not trigger LDH release, further strengthen the excellent biocompatibility of PMLA-b-PHB and PMLA-b-PTMC copolymer derived nano-objects as previously indicated using the mitochondrial activity MTT assay (Barouti et al., 2015 ; Barouti et al., 2016).

In this report, the opsonization of PMLA-b-PHB and PMLA-b-PTMC copolymers as well as PHB and PTMC homopolymers based NPs was investigated using an adapted cell-free protein adsorption assay (Nagayama et al., 2007 ; Du et al., 2015). Besides the fact that PHB and PTMC homopolymers self-assembled to form large objects incompatible with drug delivery purposes, the derived NPs were heavily opsonized. In contrast, the PMLA-b-PHB and PMLA-b-PTMC copolymers featuring a PMLA hydrophilic block and either a PHB or PTMC hydrophobic block, formed,as anticipated, much smaller NPs with different opsonization levels. The NPs prepared from PMLA 4500 -b-PHB 4400 and PMLA 2500 -b-PTMC 2800 copolymers with hydrophilic fractions of f = ca. 50%, showed lower opsonization compared Chapter 4-Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic diblock copolymers 177 to that found with NPs prepared from PMLA 800 -b-PHB 7300 and PMLA 4300 -b-PTMC 1400 , respectively. However, the most striking result was the very low opsonization observed for NPs derived from PMLA-b-PHB compared to the much higher protein adsorption found for PMLA-b-PTMC-based NPs, regardless of the hydrophilic fraction. These data demonstrate that the overall protein adsorption on nanoparticles prepared from these copolymers results not only from the hydrophilic/hydrophobic balance, but also from the chemical structures of the hydrophobic PHB (polyester) or PTMC (polycarbonate) block which strongly influence the interactions between the PMLA hydrophilic fraction and serum proteins. Our results also emphasize that PMLA may represent a suitable alternative to the use of PEG as a hydrophilic block in the design of copolymers for NPs-mediated drug delivery. Although PEG is a widely used polymer (Veronese and Pasut, 2005), it showed some limitations related to its antigenicity, renal clearance and long-term toxicity (Dams et al., 2000 ; Kawai, 2002). The PMLA-based copolymers thus deserve more attention to determine their blood elimination, renal clearance and detailed nanotoxicological analysis in animal models to evaluate risk assessment, which remains poorly documented for nanotechnologies (Elsaesser and Howard, 2012).

A major aim of our study was to compare the cell uptake of PMLA-b-PHB and PMLA-b-PTMC copolymers based NPs by macrophages and HepaRG cells. In most experiments of cell uptake performed in-vitro, the NPs are incubated with cells maintained in their standard culture medium containing 5 to 10 % of FCS (Zauner et al., 2001 ; Lunov et al., 2011 ; Baron et al., 2015). It is established that in these conditions, the NPs are rapidly opsonized by proteins of the FCS and that the opsonization affects the surface charges, the cell interactions and the cell uptake (Fleischer and Payne, 2015). In a first set of experiments, NPs derived from PMLA-b-PHB and PMLA-b-PTMC copolymers were incubated with macrophages and HepaRG cells in presence of 10% of FCS. The main conclusions were that the cell uptake efficiencies differed between the NPs and the two cell types and were not correlated to the DiD oil EE. The highest uptake in macrophages were observed for the two PMLA-b-PHB-based NPs. In contrast, the NPs prepared from the PMLA 800 -b-PHB 7300, exhibiting a hydrodynamic diameter of 130 nm, generated the highest accumulation in HepaRG cells. The much lower uptake obtained with the PMLA 4500 -b-PHB 4400 derived NPs may arise from the small size of these NPs (30 nm) since FluoSpheres ® beads of 20 nm were also weakly internalized compared to the efficient uptake observed with 100 nm beads.

Conversely, the size of the PMLA-b-PHB-based NPs and FluoSpheres ® beads had no Chapter 4-Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic diblock copolymers 178 significant effect on the uptake by macrophages. These results are in agreement with previous reports indicating that the in-vitro uptake of polystyrene microspheres varies considerably with the size of the nano-objects and between cell types (Zauner et al., 2001 ; Foged et al. 2005 ; Win and Feng, 2005). The great differences observed in the opsonization levels of the NPs derived from PMLA-b-PHB and PMLA-b-PTMC copolymers prompted us to further investigate the effect of the NPs opsonisation by serum proteins on the cell uptake. The opsonisation was performed using human serum prior to the incubation with cells and the uptake was compared between native or opsonized NPs. The recognition of antigens, including NPs, by the innate immune system in the body is mostly mediated by the binding of the opsonin proteins to the antigens (Frank and Fries, 1991 ; Owens and Peppas, 2006 ; Tenzer et al., 2013). It was thus unexpected to observe identical accumulations of native and opsonized PMLA-b-PHB and PMLA-b-PTMC-based NPs in macrophages. Furthermore, in macrophages, the levels in the uptake observed between the four NPs incubated in presence of 10% FCS were not affected neither by the pre-incubation with human serum nor the use of native NPs. These results indicate that in our experimental conditions, the cell uptake of NPs derived from PMLA-b-PHB and PMLA-b-PTMC copolymers by macrophages does not predominantly rely on the binding of opsonins but rather depends of the chemical structure and the intrinsic characteristics of the NPs.

In total contrast, the comparison of native and opsonized NPs uptake by HepaRG cells revealed the strong influence of the pre-coating of PMLA-b-PHB and PMLA-b-PTMC copolymers derived NPs by serum proteins. While the uptake of NPs formulated from PMLAb-PTMC copolymers was significantly decreased by opsonization, the internalization of NPs prepared from PMLA 800 -b-PHB 7300 , was strongly induced by serum pre-coating. Our data of protein adsorption combined with these results of cell uptake strongly suggest that the limited binding of a specific subset of serum proteins by the PMLA-b-PHB-based NPs favors the cell uptake by HepaRG cells. Conversely, the high opsonization of PMLA-b-PTMC and polystyrene FluoSpheres ® beads is most likely a key determinant in reducing the cell uptake in HepaRG cells since the accumulation of these NPs was increased in absence of FCS or precoating by human serum. Previous reports have also studied the influence of the opsonin binding onto polystyrene nanospheres on the hepatic disposition using a rat liver perfusion model (Furumoto et al., 2002 ; Furumoto et al., 2004 ; Ogawara et al., 2004 ; Nagayama et al., 2007). The authors in this different experimental design also demonstrated that Chapter 4-Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic diblock copolymers 179 opsonization of polystyrene NPs by serum proteins reduces the hepatic disposition of these NPs, while a pre-coating of the nanospheres with purified human albumin prevented the binding of other serum proteins and increased the blood circulation time. However, this model of liver perfusion including the intra-hepatic macrophages, the Kupffer cells, and the hepatocytes did not allow to discriminate the influence of the NPs opsonization on the cell uptake by macrophages versus hepatocyte-like cells. In that respect, our data demonstrated that the opsonization PMLA-b-PHB-based NPs has a positive effect of the uptake by the HepaRG cells while reducing that of macrophages. These results also strengthen the concept that actual development of new copolymers and optimized NPs design should minimize the clearance by MPS and improve tumor accumulation (Yang et al., 2016).

Supporting Information Available (SI Chapter 4). The fluorescence of macrophages and

HepaRG cells incubated with DiD oil loaded NPs prepared from PHB and PTMC homopolymers, PMLA 2500 -b-PTMC 2800 and PMLA 4300 -b-PTMC 1400 copolymers, was measured using the FL4-H channel to identify the positive cells in the M2 gate. Overlay histograms of cells w/o NPs and cells incubated with these (co)polymers are reported. This chapter has been submitted as an article. Therefore, in this chapter, the best catalytic system for the ROP of MLABe initiated by a diol was identified. Well-defined α,ω-dihydroxytelechelic PMLABe were obtained and characterized by NMR, SEC and MALDI-ToF.

Introduction

Hydroxy telechelic polymers are highly valuable building blocks for both academic and industrial applications. They are widely used as elementary constituents for the elaboration of copolymers combining other monomer(s) with various architectures (linear, star, branched, comb), by step-growth polymerization. In particular, one major valorization of polyols lies in the preparation of polyurethanes upon reaction of the reactive hydroxyl endgroups with poly(isocyanate)s, a major market in polymers manufacturing. 1,2,3,4 Poly(hydroxyalkanoate)s (PHAs) are biocompatible and (bio)degradable aliphatic polyesters which are being developed for their applications as commodity plastics, as well as in the environment, and in the medical field. 5,6,7,8,9,10,11,12,13 One major drawback of natural PHAs, although quite extensively investigated, is their still unsatisfactorily productive preparation method from bacterial fermentation process, and their limited thermo-mechanical properties which somewhat restrain their extensive use. In this regard, the development of ring-opening polymerization (ROP) of four-membered ring cyclic β-lactones towards the formation of synthetic PHAs, enables to tackle both issues. Indeed, one can synthesize the monomers featuring the desired substituents on the β-position of the lactone. Next, provided the suitable efficient catalytic system is implemented, one can most conveniently access by ROP to finely tuned PHAs with adjusted chemical, macromolecular (in particular targeted molar mass values, low dispersity (Đ M = M w /M n ), evidence of limited undesirable side reactions (transesterification and transfer reactions), chain-end fidelity, microstructure -i.e.

tacticity, hydrophilicity, degradation), and physical (especially thermal transition temperatures, crystallinity, elasticity) characteristics. 14,15,16 Whereas the most common and ubiquitous PHA is poly(3-hydroxybutyrate) (PHB; derived by ROP from β-butyrolactone (BL) which bears a methyl substituent), 14,15,16 the importance of poly(benzyl β-malolactonate)

(PMLABe) and its parent benzyl-deprotected poly(malic acid) (PMLA), has significantly grown over the past few years. 17,18,19,20,21,22 Indeed, these latter two PHA members are synthesized by ROP of benzyl β-malolactone (MLABe) followed by abstraction of the β-benzyloxycarbonyl substituents upon hydrogenolysis, respectively (Scheme 1). [14][15][16][17][18][19][20][21] The significant advantage of PMLABe/PMLA is that they are derived from aspartic or malic acids, two bio-renewable sugar-derived components listed in the top ten value-added chemicals established by the US Department Of Energy. [18][19][20]23,24 In this regard, MLABe and PMLABe thus appear as potential valuable environmentally-friendly (bio)degradable alternatives to commodity plastics such as petrochemical polyolefins. Thanks to their

Chapter 5 -Linear and three-arm star hydroxytelechelic PMLABe: A straightforward one-step synthesis through ROP 190 biocompatibility, PMLABe and PMLA are also used in the biomedical field. 21,22,25 The ease of the chemical modification of hydrophobic PMLABe into its hydrophilic PMLA homologue upon hydrogenolysis under mild conditions (H 2 , Pd/C, 23 °C) without backbone alteration, 18,20,21,25,26 and the availability of the thereby resulting -CO 2 H as anchoring sites for biologically active molecules, 27,28 is a rather unique characteristic among PHAs which is attracting much consideration, in particular for the design of amphiphilic self-assembling PMLA-based copolymers as drug delivery systems. [17][18][19][20][21][22]25,29 Scheme 1. Synthesis of poly(benzyl β-malolactonate) (PMLABe) by ROP of benzyl β-malolactonate (MLABe).

The past decade has witnessed a resurgence of interest in the ROP of MLABe to synthesize PMLA (Be) (co)polymers. [17][18][19][20][21] Besides the purely cationic and anionic catalysts/initiators used in earlier investigations, recent catalytic systems based on either organic components such as guanidines, amidines, or phosphazenes, or discrete metal derivatives, have been demonstrated as effective for the preparation of PMLABe (co)polymers. 20,30 To our knowledge, only a few metal-catalyzed ROPs of MLABe have been reported. Apart from the first established O-methoxy tetraphenylporphyrin aluminium ((TPP)Al(OCH 3 )), 31 methylaluminoxane (MAO), ethylaluminoxane (EAO), 32,33 and tin(II) bis(2-ethylhexanoate) (Sn(octoate) 2 = SnOct 2 ) 34 ones, the more recently unveiled zinc

β-diketiminate compound [(BDI)Zn(N(SiMe 3 ) 2 )] (BDI = CH(CMeNC 6 H 3 -2,6-i Pr 2 ) 2 ) or M(OTf) 3 (with M = Al, Nd, OTf -= CF 3 SO 3 -
) associated to an alcohol (typically isopropanol (iPrOH) or benzyl alcohol (BnOH)), or the in-situ generated yttrium isopropoxide complex supported by a tetradentate dichloro-substituted bis(phenolate) ligand, promoted the ROP of MLABe at 20-60 °C in bulk monomer, affording well-defined linear α-hydroxy, ω-alkoxycarbonyl telechelic PMLABes. 26,35,36 Polymer diols are often prepared upon post-polymerization chemical modification of a mono-hydroxyl end-capped polymer. The main reason is that direct synthetic routes to

Chapter 5 -Linear and three-arm star hydroxytelechelic PMLABe: A straightforward one-step synthesis through ROP 191 α,ω-dihydroxy telechelic polymers are less often encountered. 4 The first example of PMLABe diol has thus been obtained by chemical transformation of a preformed α-hydroxy, ω-carboxylic acid PMLABe sample. 37 More recently, we evidenced the straightforward onestep synthesis of PMLABe diol by ROP of MLABe using rare earth borohydride initiators, Ln(BH 4 ) 3 (THF) 3 (Ln = La, Nd, Sm), a strategy similarly implemented to access PHB diols. 38,39,40,41,42 The one drawback of this latter approach is the sensitivity of these rare earth borohydride complexes to air and moisture. Therefore, a more convenient (easy to handle) initiator and a more straightforward strategy are desirable for the synthesis of hydroxy telechelic PMLABe.

To that end, given the successful synthesis of BnO-PMLABe-OH by ROP of MLABe with Al(OTf) 3 /BnOH, 35 and the efficiency of catalyst systems derived from metal triflates M(OTf) 3 / i PrOH (M = Nd, Bi) to promote the copolymerization of MLABe and BL, 36 metal triflates combined to several higher alcohols such as 1,3-propanediol (PPD), and 2-hydroxymethyl-1,3-propanediol (tris(hydroxymethyl)methane (trimethylolmethane, TMM), were thus investigated in the present study towards the synthesis of PMLABe-n-ols (Scheme 2). Also, the reported synthesis of the related PHB and PHB diol from the ROP of BL catalyzed by trifluoromethane [START_REF] Scholz | Polymers from Renewable Resources[END_REF][START_REF] Zinn | [END_REF]45 and methane sulfonic 45 was synthesized from (R,S)-aspartic acid according to the reported procedure. 29 Metal triflates M(OTf) 3 with M = Nd, Bi, trifluoromethanesulfonic acid (triflic acid, HOTf, > 99%), methanesulfonic acid (MSA, > 98%, Alfa Aesar), 1,3 propanediol (PPD, 98%), 2-hydroxymethyl-1,3-propanediol (tris(hydroxymethyl)methane, or trimethylolmethane, TMM, 97%), and all other reagents were used as received (Aldrich unless otherwise mentioned).

Instrumentation and measurements

1 H (500 and 400 MHz) and 13 C{ 1 H} (125 and 100 MHz) NMR spectra were recorded on Bruker Avance AM 500 and Ascend 400 spectrometers at 25 °C. Chemical shifts (δ) are reported in ppm and were referenced internally relative to tetramethylsilane (δ 0 ppm) using the residual 1 H and 13 C solvent resonances. Note that the 1 H NMR spectra of PMLABe systematically featured broadened signals (typically ν 1/2 = ca. 26 Hz), as commonly encountered in the literature. 30,[35][36][37][38] Size 1.80-2.10 ppm) of the PPD (x = 2), or TMM (x = 3) initiator (Table 1). The good resolution of the signals of the chain-end groups allowed their fairly reliable integration (Figures 2,4, S1-S2). The number-average molar mass values thus obtained by 1 H NMR (M n,NMR ) were in close agreement with the ones calculated (M n,theo ), as reported in Table 1.

MALDI-ToF mass spectra were recorded at the CESAMO (Bordeaux, France) on a

Voyager mass spectrometer (Applied Biosystems) equipped with a pulsed N 2 laser source (337 nm) and a time-delayed extracted ion source. Spectra were recorded in the positive-ion mode using the reflectron mode and with an accelerating voltage of 20 kV. A THF solution (1 mL) of the matrix (ditranol, Aldrich, 99 %) and a MeOH solution of the cationisation agent (NaI, (10 mg.mL -1 )) were prepared. A fresh solution of the polymer sample in THF (10 mg.mL -1 ) was then prepared. The three solutions were next rapidly combined in a 1:1:10 volume ratio of matrix-to-sample-to-cationisation agent. One to two microliters of the resulting solution were deposited onto the sample target and vacuum-dried.

Methods

Typical MLABe homopolymerization. In a typical experiment (Table 1, entry 5), Nd(OTf) 3 (10 mg, 16.9 µmol) and a solution of 1,3 propanediol (PPD, 6.1 µL, 84.5 µmol, 5 equiv vs. Nd(OTf) 3 ) in toluene (0.1 mL; in light of this small volume, the polymerization can be considered as a bulk procedure) were charged in a Schlenk flask in the glove box, prior to the addition of MLABe (0.35 g, 1.69 mmol, 100 equiv). The mixture was then stirred at 60 °C for the appropriate reaction time (reaction times were not systematically optimized). The polymerization was quenched by addition of acetic acid (ca. 10 µL of a 1.6 mol•L -1 solution in toluene). The resulting mixture was concentrated to dryness under vacuum and the conversion was determined by 1 H NMR analysis of the residue in CDCl 3 . The crude polymer was then dissolved in CH 2 Cl 2 (2 mL) and precipitated in cold pentane (10 mL), filtered and dried under vacuum at 45 °C overnight (typical isolated yield 90-95%). The final polymer was then analyzed by NMR, SEC and MALDI-ToF analyses (Table 1).

PMLABe diol : 3).

MALDI-ToF MS (Figure 6).

PMLABe triol : 5).

MALDI-TOF MS (Figure 7). Section). The most significant data are gathered in Table 1. In order to get low molar mass samples suitable for NMR spectroscopy and MALDI-ToF mass spectrometry analyses (vide infra), the alcohol was used in excess (5 equiv.) under immortal ROP conditions. 46,47 Chapter 5 -Linear and three-arm star hydroxytelechelic PMLABe: A straightforward one-step synthesis through ROP 195 The metallic triflates Nd(OTf) 3 and Bi(OTf) 3 were both found active catalysts in the ROP of MLABe initiated by 1,3-propane diol (Table 1, entries 1-8). Under the same conditions, the bismuth catalyst was more active than the neodymium, converting 100 equiv.

of the lactone within 2 h as opposed to more than 26 h required with the rare earth metal system (Table 1, entries 2 vs. 7). However, the control of the polymerization was significantly better using the Nd(OTf) 3 /PPD catalytic system, as evidenced by the close match of the anticipated molar mass values (M n,theo ) with the molar mass values determined from 1 H NMR analysis of the precipitated polymer (M n,NMR , refer to the Experimental Section; Figure S1), and by the slightly lower dispersities measured by SEC analysis (Ð M,Nd(OTf)3 = 1.2-1.3 vs.

Ð M,Bi(OTf)3 = 1.3-1.4). 48 These dispersity values remained in the range of those obtained from

Chapter 5 -Linear and three-arm star hydroxytelechelic PMLABe: A straightforward one-step synthesis through ROP 196 the related ROP of MLABe promoted by Al(OTf) 3 /BnOH (Ð M = 1.2) 35 or organic bases (Ð M = 1.1-1.4). 30 Furthermore, these values indicated the occurrence of few undesirable transesterification side reactions (reshuffling (intermolecular) and backbiting (intramolecular), and chain transfer reactions) often observed in ROP of cyclic esters, 49 and/or a faster rate of initiation with respect to propagation. Furthermore, the molar mass value of the thus formed PMLABe increased linearly with ([MLABe] 0 x conv. MLABe )/[PPD] 0 ratio, as depicted agreement and low dispersity (Table 1, entries 9-11). All these results allowed establishing the proof of this concept towards the synthesis of α,ω-hydroxy telechelic PMLABes from metallic triflates and hydroxylated initiators. As initially investigated by Pohl and co-workers, [START_REF] Scholz | Polymers from Renewable Resources[END_REF] the protic acid catalyzed ROP of β-butyrolactone (BL) mediated by triflic acid (HOTf) [START_REF] Scholz | Polymers from Renewable Resources[END_REF][START_REF] Zinn | [END_REF][45] or methane sulfonic acid (MSA) 45 in presence of an alcohol (ROH), afforded α-hydroxy,ω-alkoxy telechelic PHBs. The polymerizations of BL proceeded at 30-35 °C in an aprotic solvent (C 6 D 6 -NMR tube experiments, or toluene) with methanol or n-pentanol, via selective oxygen-acyl bond cleavage, along with formation of a minor amount of macrocycles while crotonate chain-ends Chapter 5 -Linear and three-arm star hydroxytelechelic PMLABe:

A straightforward one-step synthesis through ROP 197 were observed at higher temperatures. In these ROPs of BL, HOTf showed a better activity and selectivity compared to MSA which led to some cyclisation and crotonisation reactions.

Also, the use of a dihydroxylated initiator (1,4-butane diol) with HOTf catalyst gave the corresponding PHB diol. 45 In comparison to these acid catalyzed ROPs of BL, ROP of the related MLABe β-lactone mediated by HOTf/PPD at 60 °C did not enable the synthesis of PMLABe diol. Indeed, a white precipitate, possibly arising from some transesterification reactions, was then recovered from which no product besides some fumaric acid could be identified. On the other hand, PPD effectively initiated the ROP of MLABe catalyzed by MSA under the same operating conditions (Table 1, entries 12-15). The polymerization proceeded also with oxygen-acyl bond cleavage leading to PMLABe diol as characterized by 1 H NMR analysis (vide infra, Figure S2). However, the polymers failed to show a good correlation for their molar mass between the theoretical values (M n,theo ) and the experimental ones as determined by 1 H NMR (M n,NMR , Table 1 ; vide infra). Thus, as opposed to the ROP of BL, neither HOTf nor MSA efficiently promoted the ROP of MLABe initiated by PPD at 60 °C. The benzylester substituent of MLABe thus altered the reactivity of the β-lactone as compared to the methyl group of BL, most likely as the result of its electronic contribution.

Thus, Nd(OTF) 3 /PPD and Nd(OTF) 3 /TMM revealed as the most effective catalytic systems for the controlled ROP of MLABe towards hydroxyl end-capped PMLABes, as further evidenced by spectroscopic characterizations (vide infra). This direct strategy towards the synthesis of PMLABe diol and triol compares favorably well with the previously reported formation of PMLABe diol through the chemical modification of a pre-isolated α-hydroxy, ω-carboxylic acid PMLABe sample. Indeed, this prior experiment reported that in presence of an excess of borane-tetrahydrofuran adduct (BH 3• THF ; 3.5 equiv.) at 0 °C in anhydrous THF over 5 h, the reduction of the carboxylic acid end-group into a hydroxyl one proceeded to afford the PMLABe diol (92% yield ; M n,NMR = 7900 g.mol -1 ; Ð M = 1.5). 37 ) for 2n = 10 (zoom of Figure 6). Similarly, the MALDI-ToF MS of a low molar mass PMLABe sample synthesized from the Nd(OTf) 3 /TMM catalytic system also using ditranol as a matrix, displayed a major population with a repeating unit of 206 (experimental) = 2601.9 g.mol -1 ) for 3n = 12, as confirmed by the isotopic simulation (Figure 7). The minor envelope observed in this latter MS spectrum was assigned to the same macromolecules ionized by K + . Noteworthy, these MALDI-ToF MS analyses showed no indication of carboxylic acid or crotonate chain-end groups, or any other species, in agreement with NMR analyses (vide supra).

Characterization of the PMLABes

Chapter 5 -Linear and three-arm star hydroxytelechelic PMLABe: A straightforward one-step synthesis through ROP 202 PPD, yet with a poor control. However, the alike triflic acid mediated ROP of MLABe failed to afford the expected polymer, whereas HOTf was found active in the ROP of the related β-butyrolactone. 45 This again highlights the significant differences previously reported 38,39 between these two four membered-ring β-lactonesdiffering by the nature of the substituent in β-position of the lactone-both of which are yet challenging to ring-open polymerize.

Direct synthesis (i.e. not by chemical modification of a preformed polymer) of PMLABe diols and triols from a simple metal triflate and alcohol (both reactants being commercially available) further strengthens the growing interest in this monomer and its resulting polymer. While natural PHAs can be produced by a number of bacteria, ring-opening polymerization (ROP) of the corresponding cyclic monomers -namely β-lactones such as βbutyrolactone (β-BL) or benzyl β-malolactonate (MLABe) -is nowadays the most convenient, efficient, versatile and controlled method to synthesize well-defined tailored PHAs with controlled macromolecular characteristics (molar mass predictability, narrow dispersity, chainend fidelity, microstructure and tacticity). 3,4 Moreover the high crystallinity of naturally produced isotactic PHB does not allow the high drug loading efficiency (DLE) of hydrophobic drugs, as the result of the low polymer chains mobility which makes the incorporation of the drug more difficult. Typically, ROP of β-lactones may occur through oxygen-alkyl or oxygen-acyl bond cleavage resulting in an inactive carboxylic acid chain-end or in an active hydroxyl terminus, respectively (Scheme 1). Another particularity of this process is the propensity for H 2 O abstraction resulting in an inactive crotonate end-capping group. 3 Given the challenge in polymerizing these four membered ring-strained lactones, the identification of an efficient and selective catalytic system (and to a lesser extent of the operating conditions) is the key point to achieve a good control of the ROP of β-lactones.

Supplementary information available (SI

Whereas PHA-based AB diblock copolymers are quite numerous, the analogous ABA triblock copolymers are more limited mostly due to synthetic difficulties. The class of PHBcentered (B block) triblock copolymers includes a few reports with poly(ethylene oxide) A blocks, 5 with other scarce examples of poly(lactide) 6a,b poly(trimethylene carbonate), 6c poly(Nisopropyl acrylamide), 6d,e poly(methacrylate), 6f poly(tert-butyl acrylate), 6g poly (2-(dimethylamino)ethyl methacrylate), 6h poly(ethyl ethylene phosphate), 6i and poly(styrene), 6f,j often used within biomaterials. The association of PHB with PMLA (Be) in a triblock copolymer enables some modularity of the properties thanks to the benzyloxycarbonyl (poly(benzyl β-malolactonate), PMLABe) or carboxylic acid (PMLA) groups resulting in fully hydrophobic PHB/PMLABe or amphiphilic PHB/PMLA copolymers, respectively. In addition, using PHB and PMLA affords fully biodegradable self-assembling systems, whereas in most other PHB-based copolymers, only a hydrophilic block below a given molar mass is excreted by the renal system. Given that the PHBb-PMLA diblock copolymer afforded promising non-cytotoxic micelles in aqueous solutions, 7 the parent triblock copolymer PMLA-b-PHB-b-PMLA thus appears highly attractive due to its potential structuration which may be different as a function of the hydrophilic weight fraction, and which may impart valuable features for drug delivery applications. Indeed, micelles formed from triblock copolymers give more interpenetrated network with favored unimers exchange, thus allowing the possibility to reach a thermodynamic equilibrium. 8 In this contribution, we report the first synthesis of well-defined hydrophobic PMLABeb-PHB-b-PMLABe and of their corresponding amphiphilic PMLA-b-PHB-b-PMLA copolymers, based on the ROP of MLABe from a PHB-diol macroinitiator and neodymium triflate catalyst (Nd(OTf) 3 ; OTf =CF 3 SO 3 ), followed by hydrogenolysis of the benzyloxycarbonyl groups under mild conditions (Scheme 2). Along with the previously reported parent diblock copolymers Chapter 6-PHB-based triblock copolymers : Synthesis of hydrophobic PHB/PMLABe and amphiphilic PHB/PMLA analogues by ROP 211 PMLA (Be) -b-PHB, 7 these copolymers are, to the best of our knowledge, the first such set of analogous diblock and triblock hydrophobic and amphiphilic PHA copolymers. 2d

Results and dicussion

The PMLABe-b-PHB-b-PMLABe triblock copolymers were first synthesized by ROP of MLABe, using α,ω-dihydroxy telechelic PHB 9 (Table S1, Fig. S1, ESI †) and Nd(OTf) 3 as a new catalytic system (Scheme 2 ; Table 1), which proceeded through an activated monomer mechanism. 10,11,12 The monomer conversion determined by 1 H NMR analysis of the crude reaction mixture and the reaction times were in the same range as those reported for the homopolymerization of MLABe using Nd(OTf) 3 /isopropanol or propanediol, 11,12d thus highlighting the good efficiency of the dihydroxy functionalized PHB macroinitiator. Varying the MLABe initial loading (5-58 equiv.) and the molar mass of the initial PHB macroinitiator (M n,NMR = 1400-6700 g.mol -1 , Table S1, ESI †), enabled to get a series of PMLABe-b-PHB-b-PMLABe triblock copolymers with various lengths of each segment (PMLABe/PHB ratios = 13:87 to 90:10). 13 A set of seven representative hydrophobic triblock copolymers (M n,NMR = 3300-11 500 g.mol -1 ) was thus obtained in a few grams scale. The triblock copolymers isolated after a single dialysis were characterized by 1 H NMR spectroscopy in acetone-d 6 . The samples prepared from the highest MLABe loading and the longest reaction time revealed that less than 10% of the copolymer chains were end-capped by a carboxylic acid group resulting from the oxygen-alkyl cleavage of the monomer (Table 1,entries 6,7 these latter methylene resonances enabled their fairly reliable integration from which both the PHB and PMLABe segments molar mass values (M n , NMR ) could be determined. These data were in good agreement with the ones calculated from the monomer conversion and from the initial feed of MLABe and of the initiator (M n , theo ), as reported in Table 1. The corresponding 13 C{ 1 H} J-MOD, 1 H-13 C HMBC and 1 H-13 C HSQC NMR spectra similarly evidenced and confirmed the presence of PHB and PMLABe units, and of the tetramethylene central moiety (Fig. S6-S8, ESI †). Furthermore, DOSY NMR experiments are being more and more implemented to evidence the formation of block copolymers and to assess their purity. 7,14 DOSY NMR analyses of the PMLABe 2200 -b-PHB 4900 -b-PMLABe 2200 triblock copolymer showed a single diffusion coefficient for all the signals, distinct from the two coefficients observed for a mixture of the PHB-diol macroinitiator and of a PMLABe homopolymer with comparable molar mass to the triblock composition (Fig. 2). These results suggested the absence of contamination of the triblock copolymer by any homopolymer, and the presence of a single macromolecular species in the sample. 1), suggested the good control of the polymerization. 16 The amphiphilic α,ω-dihydroxy telechelic triblock copolymers HO-PMLA-b-PHB-b-PMLA-OH were next obtained upon hydrogenolysis of the parent hydrophobic copolymers HO-PMLABe-b-PHB-b-PMLABe-OH by using a heterogeneous Pd/C catalyst under mild conditions (Scheme 2). This enabled the cleavage of the pendant benzyloxycarbonyl moieties of the MLABe repeating units without alteration of the polymer backbone, a well-known abstraction method suitable for polyesters (Scheme 2). 2c,7,14a, 18 The amphiphilic PMLA-b-PHB-b-PMLA copolymers were then recovered as a viscous colorless oil after dialysis (Table 1).

In order to characterize these amphiphilic triblock copolymers by NMR spectroscopy, a good solvent of both segments needed to be identified. However, no common organic solvent (acetone, acetone/ trifluoroacetic acid (TFA), acetone/water, THF, DMSO, DMF, CHCl 3 , CH 2 Cl 2 ) was found suitable to simultaneously solubilize both blocks. The amphiphilic character of the copolymer and the triblock architecture most likely enhanced the ability of the copolymer to somehow self-organize, thus compromising its solubility and characterization. Nevertheless, analysis in acetone-d 6 first evidenced the total disappearance of the benzylic signals of the pending benzyl protecting groups, thus supporting the complete deprotection of the PMLABe segment into the PMLA block, and further showed a basically unchanged molar mass value of the PHB block after hydrogenolysis, as expected (Fig. S10,ESI †). Addition of some TFA to the above mentioned solvents (2-50%, v/v), as successfully enabling the complete dissolution of the related PMLA-b-PHB diblock copolymers, 7 also failed to simultaneously solubilize both PHA segments of the triblock copolymers. The addition of 2% of TFA (v/v) to acetone-d 6 only resulted in the cleavage of the hydrogen bonds thus allowing, in particular, to clearly observe the resonance of the PMLA pending -COOH groups (Fig. 3, S11-S13, ESI †).Yet, this did not enable to fully dissolve the PMLA segment thus precluding the evaluation of its molar mass by 1 H NMR Chapter 6-PHB-based triblock copolymers : Synthesis of hydrophobic PHB/PMLABe and amphiphilic PHB/PMLA analogues by ROP 216 spectroscopy. Nevertheless, the molar mass was estimated to theoretically amount to half the molar mass of PMLABe, as the result of the depletion of the benzyloxy groups (Be corresponds to half the molecular weight of MLABe) (Table 1). A series of amphiphilic triblock copolymers featuring various hydrophilic PMLA fractions (f ca. 7-83%) was thus successfully isolated. m 2 .s -1 ), different from that of the protected copolymer (Fig. 2 vs S15, ESI †), thus supporting that the sample fits well with a single-population model. 19 All these NMR analyses showed that the hydrophobic triblock copolymers were smoothly chemically modified into their parent amphiphilic copolymers without fragmentation of the backbone and blocks. Furthermore, the surprisingly lower D value of the lower molar mass deprotected triblock copolymer as compared to the protected precursor, hinted that these triblock copolymers behaved distinctively than the analogous hydrophobic/amphiphilic diblock copolymers. 7 This also suggested that not only the hydrophilic weight fraction f of an amphiphilic copolymer is important to understand its physicochemical behavior, but also that its architecture as a diblock or triblock copolymer also dictates to 1, entry 7) showed two glass transition temperatures (T g = +1, +26 °C, corresponding to the PHB and PMLABe blocks, respectively (ESI †), a behavior similarly observed for PHB-b-PMLABe copolymers. 7 The thermal degradation of the hydrophobic copolymers was found to be much slower and to occur at a higher temperature than that of the corresponding amphiphilic copolymers (f 41, 83; Table 1, entries 4, 7), respectively. Both sets of triblock copolymers exhibited a stepwise degradation profile corresponding to the degradation of first the PMLA (Be) segment and then the PHB segment, as similarly observed for the PHB-b-PMLA (Be) copolymers. 7 

(ESI †). These thermal

Chapter 6-PHB-based triblock copolymers : Synthesis of hydrophobic PHB/PMLABe and amphiphilic PHB/PMLA analogues by ROP 218 behaviors again highlighted the significant effect of the chemical composition/modification of the segment(s) of the block copolymers.

Conclusion

In summary, well-defined analogous hydrophobic and amphiphilic PHA-based triblock copolymers were successfully synthesized from commercially available reagents (except for MLABe), by the efficient and controlled ROP of MLABe using a PHB diol/Nd(OTf) 3 catalytic system nicely mediating the selective oxygen-acyl bond cleavage of the β-lactone, followed by hydrogenolysis. These copolymers represent, to our knowledge, the only examples of PHA-PHB-PHA triblock copolymers. This strategy could be extended to the design of other PHA-based ABA and BAB triblock copolymers. These novel α,ω-dihydroxy telechelic triblock PHA copolymers are highly valuable. Indeed, they may also serve as macroinitiators towards the synthesis of other types of block copolymers. Also, thanks to the pending -COOH moieties, they provide anchoring sites for biological molecules of interest towards conjugated polymers. Finally, through their amphiphilicity, they may be valorized as nanostructured entities for drug delivery 

Introduction

Amphiphilic block copolymers are able to self-assemble in aqueous solution by the association of their hydrophobic blocks. 1 Dynamic or kinetically frozen self-assemblies corresponding to micelles or nanoparticles, respectively, can be obtained and used as drug carriers. 1,2 The characteristics of such objects designed for medical applications have to be optimized through the tuning of their size, shape, surface charge, flexibility and chemical surface, in order to minimize their non-specific scavenging by the mononuclear phagocyte system and to increase the circulation time in the organism. 3,4,5,6 Additionally, the physico-chemical properties of the self-assembled systems have to be suitable for the encapsulation of the desired therapeutic agent.

Amphiphilic block copolymers based on polyesters are the most widely investigated for biomedical applications. Indeed, poly(lactic acid) (PLA) 6,7,8,9 , poly(glycolic acid) (PGA), 6,8,9 poly(lactic acid-co-glycolic acid) (PLGA), 6,9,10,11,12 poly(-caprolactone (PCL)) 6,13,14 have attracted a special attention in the development of drug delivery systems due their behavior in aqueous medium combined with their biocompatibility and biodegradability. Nonetheless, most of these reported self-assembled systems have been elaborated with the required use of a surfactant , 9 as their colloidal stability is very often perfectible and highly dependent on the surrounding conditions.

Poly(3-hydroxybutyrate) (PHB), a polyester belonging to the class of poly(hydroxyalkanoate)s (PHAs), is particularly attractive for drug delivery applications due to its biocompatibility, biodegradability and high hydrophobicity. 15,16,17,18 PHB can be produced by numerous bacteria under various unbalanced growth conditions or by ring-opening polymerization (ROP) of -butyrolactone (-BL). 18,19 Naturally produced PHB presents some drawbacks for drug delivery applications such as a high crystallinity (microbial PHB is isotactic) and a somewhat high dispersity resulting from the poor control of its molar mass. 18 ROP of BL is nowadays the most convenient, efficient, versatile and controlled method to synthesize welldefined tailored PHB with controlled macromolecular characteristics (molar mass predictability, narrow dispersity, chain-end fidelity, microstructure and tacticity). 20,21,22 Besides PHB-based copolymers, copolymers with very low critical micelle concentration (CMC) and high colloidal stability have been recently reported. PHB has been associated with hydrophilic segments such as poly(ethylene glycol) (PEG), 23,24,25,26,27 poly(Nisopropylacrylamide) (PNIPAM), 28 poly(diethylethermethacrylate) (PDMAEMA) 29 and poly(ethylether phosphate) (PEEP), 30 to give stable micelles featuring tunable characteristics upon changing the hydrophobic block length. Nevertheless, the association of PHB with a fully biodegradable hydrophilic segment is still unreported and this remains a limitation for the use of injectable PHB-based drug delivery systems.

Our group recently reported the use of PMLA-b-PHB (PMLA, poly(-malic acid)) copolymers to design nanoparticles for the potential delivery of hydrophobic molecules. 31 PMLA is a biocompatible and fully biodegradable PHA featuring a pendent acid carboxylic group on each repeating unit, affording suitable routes for the formation of pH sensitive self-assembled systems and for the grafting of biological molecules of interest on the lateral chains of the polymer. Nanoparticles formed from PMLA-b-PHB copolymers were obtained by nanoprecipitation in a phosphate buffer solution (PBS). Preliminary dynamic light scattering (DLS) studies revealed that nanoparticles with a hydrodynamic radius ranging from 10 to 90 nm can be prepared from copolymers exhibiting hydrophilic weight fractions (f) ranging from 10 to 65%, while highly hydrophilic copolymers (f = ca. 80%) formed aggregates. 31 As expected, the CMC value of PMLA-b-PHB (f = ca. 50%) was very low (4.10 - g.mL - ) 31 compared to that of PLA-and PLGA-based copolymers (10 - -10 - g.mL - ), 32,33 

Instrumentation and measurements

Static and dynamic light scattering experiments (SLS and DLS). LS measurements were performed using a compact goniometer system (ALV-CGS3, ALV-Langen, Germany) in combination with a He-Ne laser with wavelength (λ) of 632 nm. Measurements were made at 20 °C with angles of observation () ranging from 13° to 150° which correspond to a wide range of scattering wave vectors (q = 4n / sin(/2)) namely from 3.10 -3 up to 2.5.10 -2 nm -1 , n being the solvent refractive index.

Dynamic light scattering. The intensity autocorrelation functions (g 2 (t)) were measured and converted into electric field autocorrelation functions g 1 (t) using the Siegert equation: g 2 (t) = 1 + βg 1 2 (t), where β is the spatial coherence factor. 35 The relaxation time () distributions, A(), were extracted from g 1 (t) using the REPES routine: 36

Methods

Preparation of the diblock and triblock self-assembled systems. The self-assembly of PHB based copolymers was performed through the nanoprecipitation method previously reported, using a syringe pump Sodipro MKDSO1. 31 Prior to LS measurements, the dispersions of both di-and triblock copolymers were filtered (porosity = 0.22 µm) and successively diluted with filtered PBS. Note that solutions formed with the most hydrophobic PMLA-b-PHB copolymer (f = 10%) were not filtered to ensure that the large self-assembled objects remained in solution.

Preparation of PMLA-b-PHB blended micelles. Two selected diblock copolymers ( 10mg, total weight) were dissolved in acetone (1 mL) and added using a syringe pump (at 13.37 mL.h -1 ) into a PBS solution (2 mL) at pH 7.4 under vigorous stirring (1 300 rpm). After stirring the suspension for 10 min, acetone was removed under vacuum leading to a final copolymer concentration in PBS of 5.0 g.L -1 . For LS measurements, no filtration was performed prior to the analyses.

Results and Discussion

3.1. Self-assembly of pristine polymers.

The self-assembly properties of pristine PHB-based diblock and triblock copolymers featuring a hydrophilic weight fraction (f) of ca. 11-82% were investigated (Table 1). The dispersions of neat polymers were characterized by both DLS and SLS (refer to the Experimental Section). Of note, since measurements were made in PBS, the electrostatic interactions due to the polyelectrolyte nature of the PMLA block are screened. As a consequence, neither the presence of slow modes of relaxation in DLS nor strong upturns of the scattered intensity at low q have been measured, suggesting that PBS prevents any so-called "polyelectrolyte effect".

When dispersed in PBS at a concentration of 5 g.L -1 , the D11/89 diblock copolymer leads to turbid solutions precluding any LS measurements. Consequently, this block copolymer has been dispersed at a lower concentration (2.5 g.L - ) and further diluted (up to 0.006 g.L - to achieve LS measurements on clear dispersions. At the lowest concentration investigated, the size of the solute measured by DLS is of the order of several hundred of nanometers. Moreover, the strong angular dependence of the scattered intensity could not be extrapolated to zero angle in order to derive any molecular weight (Mw) and radius of gyration. The copolymer D11/89 with the lowest f value self-assemble into large and polydisperse aggregates of loose structure due to its high hydrophobic content. This fact is further confirmed by cryotransmission electron microscopy (cryoTEM) analyses which show large objects of various sizes (250-400 nm)

(Figure 1). By opposition, when dispersed in PBS, all other di-and triblock copolymers selfassemble into aggregates with much lower R h values ranging from 13 to 32 nm. The molecular weight of these self-assemblies (Mw) measured by SLS (refer to the Experimental Section), is always higher than the molar mass of a single chain of the corresponding block copolymer (M w,copo ). A weight average aggregation number (N agg ) has then been derived according to N agg = M w /M w,copo . For both diblock and triblock copolymers, N agg plotted as a function of the polymerization degree of the hydrophobic block (DP PHB ), increases with higher hydrophobic content of block copolymers, a behavior already reported for other amphiphilic copolymers-based self-assembled systems (Figure 2a). 37,38 However the increase seems more pronounced for diblock than for triblock copolymers which highlighting a potential different organization of the block copolymers according to their topology. The same data can be plotted differently upon considering a triblock copolymer as two identical diblock copolymers, i.e. by cutting triblock into two diblock copolymers of half the size of the PHB block (that is considering that DP PHB is divided by 2) along with one PMLA segment, with a resulting aggregation number (that is the number of PHB blocks within the self-assemblies) multiplied by 2 (Figure 2b). In such a The structure of the self-assemblies can then be viewed as a core made of hydrophobic PHB blocks surrounded by a corona of hydrophilic PMLA blocks. Knowing the density of PHB (= 1.18 g.mL - ), 39 the core radius (Rc) can be estimated from N agg based on geometric considerations assuming a spherical shape and the space filling condition according to:

√ (6)
where M PHB is the molar mass of PHB. The values of Rc are given in Table 1 as well as the interchain distances b between corona copolymers which are given by: By subtracting the contribution of the micellar core from the R h value, the thickness of the corona () can be estimated as reported in Table 1. An upper limit of the shell thickness (  ) can also be estimated by considering fully stretched hydrophilic PMLA blocks taking a size of 0.5 nm per repeating unit. For diblock copolymers, the PMLA block within the corona is slightly or fully stretched (extension extent = (      40-100%). The increase of f for diblock copolymers from 50 to 76% raises the percentage of extension of PMLA from 40 to 100%, a stage at which the hydrophilic block is then fully stretched. Therefore, the increase of f enlarges R h . For triblock copolymers, it is clear that the corona thickness ( 14-24 nm) is not compatible with the size of the hydrophilic block (  2.5-11 nm). A core/corona model fails at describing the structure of triblock copolymers self-assemblies in PBS. The R h (16-26 nm) of the triblockbased aggregates are less affected by increasing f from 15 to 82%. The structure of these selfassembled systems has to be investigated by TEM or Cryo-TEM analysis. These results demonstrate that the supramolecular organizations of these PHB-based self-assembled systems are highly dependent on the polymer topology (diblock vs. triblock). Gyration radius determined by SLS.

Stability over time of the self-assemblies.

Self-assemblies of neat copolymers have been incubated at 37° C over a period of 10 days and their R h (Figure 3) and M w (Figure 4) have been monitored in order to investigate the influence of the chemical structure on their colloidal stability. Both M w and R h of the two most hydrophobic block copolymers (D11/89 and T11/85) do not display any significant changes over 10 days. On the contrary, the two most hydrophilic block copolymers exhibit an increase of R h and M w after 2 days of incubation. The increase of Mw is nonetheless less pronounced than that of R h as this latter parameter is z-averaged whereas M w is by definition a weight average less sensitive parameter. Increasing the PHB content of the copolymers thus leads to a better colloidal stability regardless of the polymer topology. 

Conclusion

The self-assembling behavior of PMLA-b-PHB and PMLA-b-PHB-b-PMLA copolymers is investigated by LS. Self-assembled systems featuring bespoke characteristics are obtained by varying the PHB content and the polymer topology. Diblock copolymers exhibiting a low hydrophilic weight fraction (f ca. 10%) form large aggregates in aqueous solutions (R h 335 nm), whereas diblock copolymers with higher f values (50-76%) form well-defined spherically shaped core-shell micelles. The size of the resulting aggregates can thus be tuned by varying f.

On the contrary, triblock copolymers with similar f values (15-82%) form aggregates with R h ranging from 16to26 nm, the supramolecular organization of these triblock copolymers is not corresponding to core-shell micelles. Although, the two sets of copolymers have roughly the same monomer composition, their behavior in solution depends on the copolymer topology.

The blending of diblock copolymers (R h of individual copolymers = 335 nm for D11/89 and 29 nm for D76/24) is then investigated in order to obtain new self-assembled systems promising candidates for drug delivery applications. Further investigations have to be carried-out on the triblock copolymers in order to understand the formed self-assembled structure.

these copolymers highly promising for drug delivery applications. The ultimate objective of this project being to develop targeted micelles towards the hepatocellular carcinoma, a short and highly hepatotrope peptide was identified by our collaborator Dr P. Loyer (INSERM, U911) after a screening of a set of 14 peptides using the "phage-display" method to identify the peptide exhibiting the highest affinity for the HepaRG cell-lines. This COOH functionalized peptide has to be grafted on the end-chain of the PMLA-PHB-based copolymers. The covalent bonding with the dihydroxytelechelic PMLABe-b-PHB-b-PMLABe copolymers can easily be carried out by esterification. The resulting copolymer-conjugate could then be smoothly hydrogenolyzed to afford the amphiphilic conjugated-copolymer. Concerning the PMLA-b-PHB copolymers, the COOH end-chain has to be substituted by a hydroxyl group prior the coupling with the peptide.

The self-assembling properties of these copolymers should be first further investigated in order to better understand their behavior in solution. For instance, additional studies concerning the blending of the PMLA-b-PHB copolymers should give valuable information about the thermodynamic behavior of the formed self-assemblies. Indeed, the first result indicated that blended micelles formed from a mixture of highly hydrophobic and highly hydrophilic PMLA-b-PHB copolymers were not structurally identical to the pure micelles with the same composition formed from the neat diblock copolymer. This result suggested that the PMLA-b-PHB-based selfassembled systems did not reach a thermodynamic equilibrium and are probably "kinetically frozen". Blends with other copolymers having various f should be analyzed under different surrounding conditions (pH, Temperature) to confirm this hypothesis.

Also, encapsulation studies with a model molecule such as doxorubicin, an effective anticancer drug, should be conducted in order to evaluate the ability of these systems to deliver a drug during a prolonged period of time. Moreover, the encapsulation efficiencies and the drug release rate could be optimized by the precise control of the PMLA and PHB microstructure. For instance, the use of syndiotactic PMLA segments, obtained from the ROP of MLABe with yttrium-based catalysts, 1 within PMLA/PHB, PTMC copolymers, could increase the compatibility between the hydrophobic and the hydrophilic blocks by tuning its hydrophilic character.

General conclusion and outlooks
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The development of chemically modified PHA as new biodegradable materials with unique colloidal properties will open doors for the emergence of original and effective drugdelivery platforms.

1 H and DOSY NMR characterization of the PHB macroinitiator and the PMLABe-b-PHB copolymers. 1 H NMR characterization of the PHB macroinitiator 2 and the PMLABe-b-PHB isolated copolymers (Figures S5, S7, respectively) confirmed the formation of TBD/crotonate endcapped PMLABe-b-PHB copolymers, in agreement with previously reported data. 1 The guanidine methylene and vinylene methine chain-ends signals were clearly identified in the 1 H NMR spectra and well-resolved from the signals of the repeating units, thereby allowing the molar mass to be measured by NMR analysis with a good reliability (Table 1). S11). This diffusion coefficient is lower than that of TBDPHBcrotonate (120.10 11 m 2 .s 1 , Figure S10), in agreement with the higher molar mass of the block copolymer. DOSY analysis thus supported the absence of any residual PHB prepolymer or PMLABe homopolymer, and the presence of a unique macromolecular species in the sample, namely TBDPMLABe-b-PHBcrotonate, in agreement with the above SEC (Figures S3,S5) and 1 H NMR analyses.

Nanoprecipitation of the PMLA-b-PHB copolymers using distilled water.

The nanoprecipitation method carried out using distilled water, resulted in ill-defined nanoobjects displaying several populations, as evidenced by the very large polydispersity index values measured by DLS (PDI = 0.651.21; Table S3). This behavior most likely resulted from the unbalanced forces between the hydrophobic interactions within the PHB inner core and the electrostatic repulsions of the outer hydrophilic corona resulting from the lateral carboxylate groups of the PMLA block (i.e. carboxylic acid functions in distilled water at pH = ca. 5.5), as previously observed on related PMLA copolymers. 7,8 To solve this issue, the subsequent preparations of PMLA/PHB objects were performed by nanoprecipitation of the PMLA-b-PHB copolymers into a Phosphate Buffer Saline (PBS) aqueous solution containing NaCl ([NaCl] 0 = 0.15 mol.L 1 , a concentration which also favorably corresponds to the NaCl molarity in physiological conditions; Figure S17) used to neutralize the -COO  outer shell charges, at pH 7.4, according to the previously established procedure. 8,9,10 a General conditions used: ROP of BL performed in bulk and of MLABe performed in toluene, both at 60 °C (refer to the Experimental Section). b Initial concentration of PHB in toluene prior to the addition of MLABe. c The reaction time was not necessarily optimized. Table S3. Characteristics of the PMLA-b-PHB copolymers based nano-objects obtained by nanoprecipitation of PMLA 3300 -b-PHB 3100 (Table 2, entry 3) in distilled water. , Figure S5) and then MLABe mediated by TBD in toluene (Table 1, entry 3). Note that the small peak appearing at the low limit (high retention time) is inherent to the SEC apparatus and appears in all chromatograms (Figure S4). Following the evolution of the molar mass by SEC from the PHB precursor to the ensuing PMLABe-b-PHB copolymer showed the shift of the trace to lower elution times, i.e. an increase of the molar mass, thereby highlighting the efficiency of the solution ROP of MLABe from the TBDPHBcrotonate macroinitiator. Also, the absence of the PHB macroinitiator trace in the SEC chromatogram of the copolymer, revealed the complete consumption of PHB during the polymerization of MLABe. PHB 1700 crotonate synthesized from the sequential ROP of BL (in bulk) and MLABe (in toluene) using TBD (Table 1, entry 5). Note that the repeating unit signals of both blocks (d,e,h,i,j) in the present spectrum of PMLABe 17100 -b-PHB 1700 display the same integration values as in the spectrum of the deprotected sample of PMLA 8500 -b-PHB 1900 reported Figure 1 (Table 2, entry 6), respectively. 2, entry 1; Table 1, entry 2, respectively). 2, entry 3) obtained upon hydrogenolysis of TBDPMLABe 6500 -b-PHB 3100 crotonate synthesized from the sequential ROP of BL (in bulk) and MLABe (in toluene) using TBD (Table 1, entry 3). 2, entry 6; Table 1, entry 5, respectively). 2, entry 3) using various NaCl concentrations in PBS. Self-assembly of the copolymer was performed from the nanoprecipitation method in three solutions of water with salt concentrations ranging from 0.05 M to 0.15 M. As monitored by DLS, analysis of the nanoparticles revealed that 0.15 M was the optimized value. ) and then MLABe mediated by TBD and Nd(OTf) 3 , respectively, in toluene (Table 1, entry 2). The small signal (*) observed at higher retention time is inherent to the SEC apparatus. 1, entry 2). Note that the protons/carbons correlations (f,9), (e,6), (g,9) enabled to differentiate between the two signals of the carbonyls of PMLABe observed at  168.2 and 168.0 ppm in the 13 C{ 1 H} NMR spectrum (Figure S4). (10 mL) as eluent and finally dialyzed once more as described above. The recovered polymer was dried under vacuum overnight (0. 90 g, 89wt%) and then analyzed by SEC, 1 H, 13 C{ 1 H} J-MOD, 1 H- In a typical hydrogenolysis reaction, the isolated HOPMLA Be -b-PHB-b-PMLA Be  copolymer (900 mg, 0.10 mmol, M n,NMR = 9300 g.mol 1 ) (Table 1, entry 5) was dissolved in acetone (10 mL) at room temperature in a stainless-steel autoclave prior to the addition of Pd/C (250 mg, 28wt%). The reactor was sealed, flushed several times with H 2 , and finally placed under H 2 pressure (25 bar). The reaction mixture was then allowed to stir at room temperature for 48 h, and the reactor was next vented to atmospheric pressure. The crude reaction mixture was then filtrated through Celite using acetone (200 mL) as eluent to remove the Pd/C catalyst. Solvent evaporation from the resulting clear filtrate under vacuum then afforded a viscous colorless oil. Dialysis in acetone of the resulting copolymer was next carried out as described above for HOPMLA Be -b-PHB-b-PMLA Be . The final copolymer sample, recovered as a colorless oil (600 mg, 67wt%), was then analyzed by 1 H, 13 C{ 1 H}J-MOD and DOSY NMR in acetone-d 6 /TFA (98:02, v/v), DSC and TGA (Figures 2, S10S16). The theoretical molar mass of the PHB block (not including the central tetramethylene moiety) was evaluated from the initial molar mass value of the PHB segment in the PMLA Be -b-PHB-b-PMLA Be copolymers as determined by 1 H NMR analysis (PMLA Beb-PHB-b-PMLA Be ,M n,NMR ; Table 1). The theoretical molar mass value of the PMLA blocks was based on the loss of the benzyl units (M CH2Ph = 91 g.mol 1 ). Since this depletion amounts to roughly half the molar mass of the MLA Be units (M MLABe = 206 g.mol 1 ), the molar mass of (only) the PMLA Be segments was simply divided by two (Table 1). Note that in the case of the HOPMLA-b-PHB-b-PMLAOH copolymers, the more precise theoretical molar mass was obtained upon incrementing PMLA-b-PHB-b-PMLA M n,theo by the molar mass of the two hydrogen chain-end and of the central tetramethylene moiety (with M H = 1 g.mol 1, entry 6) before purification through a silica column (* marker stands for residual water) (to be compared with the 1 H NMR spectrum of the purified sample, Figure S5). Since the signal of the carboxylic acid integrates for 5.21 relative to the central tetramethylene moiety while 55 MLA Be units were consumed, there is less than 10% of carboxylic acid chain-end in the whole copolymer. Supporting information Chapter 6 282 is systematically observed in the chromatograms of PHA-based homopolymers and copolymers and is inherent to the SEC apparatus. 4,5,6,7,8,9 

  advantages of PMLA-b-PHB-based systems were thus demonstrated. This work was developed in collaboration with Dr P. Loyer (INSERM, UMR 991). The following two chapters present the suitable strategy established for the synthesis of PMLA-b-PHB-b-PMLA triblock copolymers. The efficiency of various catalytic systems was General introduction 18 evaluated in order to identify the most efficient one in terms of control of the ROP of benzyl-malolactonate (MLABe) from PHB diol. The comparative study of PMLA-b-PHB and PMLA-b-PHB-b-PMLA based selfassembled systems by DLS and SLS is then detailed, in the last chapter. This work was developed in collaboration with Pr C. Chassenieux (IMMM, UMR CNRS 6283).
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 1 Chemically modified bacterial PHB-based (co)polymers2.1.1. Chemically modified bacterial PHB homopolymers into PHB-conjugates

  759wt% by controlling the reaction time of the transesterification step, and also by the selection of PEG-COOH with different molar mass values. The presence of the two distinct repeating units in the polymer chain was confirmed by 1 H NMR spectroscopy, showing the characteristic signals of the PEG and PHB segments, and by differential scanning calorimetry (DSC) thermal analyses showing melting transition temperatures for PEG and PHB (T m ca.

66 Scheme 3 .

 663 Scheme 3. Two-step synthesis of fluorescein-conjugated PEG-b-PHB-b-PEG copolymer.66 
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 744 Scheme 4. Three-step synthesis of Alexa Fluor 488-conjugated PEG-b-PHB-b-PEG

  . Matrix-assisted laser desorption/ionization -time of flight mass spectrometry (MALDI-ToF MS) allowed the identification of terminal groups, confirming the formation of-hydroxy,-toluene sulphonate PHB/PHBV-co-PCL random copolymers. Along with the PHB-co-PHB allyl and PHB-co-PHB diol (vide infra), these later PCL copolymers are the only examples of random PHB-based copolymers used for drug delivery applications. Previous examples have shown strategies based on the coupling of different polymer chains. Indeed, PHB diols or derivatives (vide infra), were used as macroinitiators for the polymerization of different monomers. Cheng and Wang reported the synthesis of poly(ethyl ethylene phosphate)-b-poly(3-hydroxybutyrate)-b-poly(ethyl ethylene phosphate) (PEEP-b-
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 1 Drug delivery systems based on synthetic PHB (co)polymers 35 triethylamine. The resulting Br-PHB-Br (PHB-diBr; M n = 1700 g.mol 1 ; Đ M = 1.04, or M n = 2100 g.mol 1 ; Đ M = 1.33) macroinitiator was next reacted with NIPAAM or DMAEMA, in the presence of CuBr and 1,1,4,7,10,10-hexamethyltriethylenetetramine, to afford the triblock copolymers PNIPAAM-b-PHB-b-PNIPAAM (M n, = 3800-37 700 g.mol 1

1 H

 1 NMR and SEC (THF; vs. PEG) analyses. This synthetic route enabled to tune the amount of the different monomers incorporated within the copolymer, and thus to control the length of the different blocks. PNIPAAM-b-PHB-b-PNIPAAM copolymers with different ratios of NIPAAM (N) and HB repeating units (N 10 HB 17 N 10 ; N 60 HB 17 N 60 ; N 157 HB 17 N 157 ;
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 797781 Scheme 7. a) Synthesis of PHB-diBr macroinitiator; b) synthesis of PNIPAAM-b-PHB-b-PNIPAAM copolymer by the ATRP of NIPAAM using PHB-diBr as macroinitiator;65,78 
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  Scheme 8). Hydroxy terminated sPEG was chlorinated in the presence of SOCl 2 and then reacted with NaN 3 leading to the azide terminated sPEG. On the other hand, anionic ROP of rac-BL was initiated by sodium adamantane carboxylate and terminated by propargyl bromide, thereby giving -adamantyl,-alkynyl functionalized PHB. Both PEG and PHB were next coupled in the presence of CuSO 4 .5H 2 O and sodium ascorbate to afford PHB-b-sPEG. This strategy allowed the formation of diblock copolymers (M n = 20 600-36 800 g.mol 1 ; Đ M = 1.30-1.41; characterized by1 H NMR and SEC (in THF; vs. PEG) with an average of 67 functionalized PEG arms. Those copolymers were used for the formation of adamantyl functionalized nanoparticles with a PEG core, and further supramolecularly assembled with heptakis(2,6-di-O-methyl)--cyclodextrin (DM--CD) taking advantage of the host-guest interaction with the adamantyl chain-end functions (vide infra).

Scheme 9 .

 9 Scheme 9. ROP of rac-BL using PEG diol as macroinitiator for the synthesis of PHB-b-PEG-

  oxy (TEMPO) mediated oxidation of PEG diol, in the presence of NaClO and NaBr, was next carried out. The sodium carboxyl endcapped PEG thus obtained was deprotonated by Na 2 CO 3 leading to the dianionic PEG macroinitiator. The anionic ROP of rac-BL then proceeded and was terminated by the addition of 2-iodoethanol, ultimately affording dihydroxy telechelic PHB-b-PEG-b-PHB triblock copolymers, further characterized by 1 H NMR and SEC (THF; vs. PEG) analyses.

Scheme 11 .

 11 Scheme 11. Synthesis peptide dendrimer-PHB-b-PEG-b-PHB conjugate.81 
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 1 Drug delivery systems based on synthetic PHB (co)polymers 40 PHB-co-PHB allyl (M n = 9200-61 100 g.mol 1 ; Đ M = 1.24-1.62) were further chemically modified by reaction with osmium tetraoxyde in the presence of N-methyl morpholine Noxyde, leading to the dihydroxy end-functionalized polyesters PHB-co-PHB diOH (PHB diOH = poly(dihydroxypropanehydroxybutyrate)M n = 11 200-69 600 g.mol 1

Figure 1 .

 1 Figure 1. (a) DLS and (b) field emission-scanning electron microscopy analyses of native PHB nanoparticles versus surface functionalized hybrid PHB nanoparticles using RGD4C fused PHA synthase. Scale bar is 100 nm. Reprinted with permission from reference 71.

Figure 2 .

 2 Figure 2. Plots of the I337/I334 ratio of the pyrene excitation spectra in water as a function of the copolymer concentration at different temperatures for PEG 5000 -b-PHB 3800 -b-PEG 5000 . Reprinted with permission from reference 59. Copyright (2016) American Chemical Society. These PEG-b-PHB-b-PEG-based micelles revealed successful DDSs toward 3-D multicellular spheroids (MCS) as in-vitro cells model and towards tumor in a murine xenograft model.66 In order to enhance and tune the physico-chemical properties of these micelles, Pun and co-workers reported the formulation of PEG-b-PHB-b-PEG micelles mixed with PEG-b-PPO-b-PEG (Pluronic, PF-127) copolymers.74 These self-assembled systems were shown to form thermosensitive filamentous micelles (Figure3). Such micelles were quite unexpected because the PEG-b-PHB-b-PEG and PF-127 exhibited hydrophilic weight fractions of f = 80 and 70%, respectively. Indeed, amphiphilic copolymers with such a high f value usually form spherically shaped micelles due to a large surface area available.145, 146 The alternative filamentous morphology resulted from interactions between the two copolymers, as assessed by the transfer of energy between PEG-b-PHB-b-PEG which is conjugated with a "donor" molecular probe, and F-127 which is conjugated with an "acceptor" molecular probe, as evidenced by fluorescence resonance energy transfer. These observations confirmed the spatial proximity and the localization of both copolymers in the same micellar structure. The interest in mixing PHB-based triblock with Pluronic was that stable micelles with D h below 20 nm (i.e. 5 nm) were formed at 37 °C. The morphology of the formed micelles significantly improved the passive tumor penetration as compared with the spherical micelles based on

Figure 3 .

 3 Figure 3. Cryo-TEM images of (A) PEG-b-PPG-b-PEG micelles, (B) PEG-b-PPG-b-PEG/PF-127 (7:3, w/w) micelles, and (C) PF-127 micelles. Micelles were equilibrated at 37 °C before flash-freezing in liquid ethane. Scale bar in inset of panel C is 20 nm. Reprinted with permission from reference 74. Copyright (2016) American Chemical Society.

Figure 4 .

 4 Figure 4. Schematic representation of (a) the self-assembly and TEM image of adamantyl-PHB-b-sPEG (10-3.1) micelles (scale bar = 100 nm); (b) the self-assembly of adamantyl-PHB-b-sPEG/DM--CD complexes and TEM of adamantyl-PHB-b-sPEG (M n,PEG =10 000, M n,PHB = 3100g.mol 1 )/DM--CD aggregate (scale bar = 0.5 mm). Reprinted with permission from reference 67. Copyright (2016) Royal Society of Chemistry.

54 Figure 5 .

 545 Figure 5. (a) Proposed thermoresponsive behavior of PNIPAAM-b-PHB-b-PNIPAAM triblock copolymers; (b) TEM micrographs of the PNIPAAM 20300 -b-PHB 1460 -b-PNIPAAM 20300 micelles prepared at 25 and 35 °C; (c) Particle size distribution of PNIPAAM 20300 -b-PHB 1460 -b-PNIPAAM 20300 micelles (solution concentration = 50 mg.L 1 at 25 and 35 °C) measured by DLS; (d) Schematic relation between the proposed structure of the micelle aggregates and the TEM-observed structures. Reprinted with permission from reference 65. Copyright (2008) American Chemical Society.

Figure 6 .

 6 Figure 6. (a) Graphics showing the gel transition of poly(PHB/PEG/PPG urethane)s (Poly(PEG/PPG/PHB urethane)s are denoted EPH, E for PEG, P for PPG and H for PHB; EPH2: 5wt% in H 2 O) with increasing temperature. The transition from a clear sol to a gel and further to a turbid sol is observed in the graphics. (b) Sol-gel phase diagrams of poly(PHB/PEG/PPG urethane)s in aqueous solutions in comparison with EG 100 PG 65 EG 100 triblock copolymer (▲, EPH1; , EH2; , EPH3; ×, EPH5; , EG 100 PG 65 EG 100 ). Reprinted with permission from reference 75. Copyright (2009) American Chemical Society.

  on the macromolecular topology. Both PHB-b-PEG-b-PHB and the "reverse" PEG-b-PHB-b-PEG based self-assembled systems successfully encapsulated hydrophobic molecules. Both the DLE (1461%) and DLC (1.46.7 mg.g 1 ) of pyrene-encapsulated into micelles based on PHB-b-PEG-b-PHB could be increased with longer PHB blocks.

  partition equilibrium coefficient (K) of the encapsulated molecule. Hydrophobic molecules such as pyrene are well-encapsulated by PHB-based copolymers thanks to the high hydrophobicity of the PHB segment(s). The K values of pyrene in the aqueous PNIPAAM-b-PHB-b-PNIPAAM micelles-based solution (1.6420.42.10 5 , inversely correlated to f = 4196%) 75 were higher than the ones of PNIPAAM-b-PCL-b-PNIPAAM micelles-based solution (3.1.10 4 2.46.10 5 , inversely correlated to f = 6586%), 181 thus highlighting the higher hydrophobicity of PHB compared to PCL. The K values thus obviously increased with the length of the hydrophobic block.

Figure 7 .

 7 Figure 7. Effect of the temperature on the drug release profile of micelles based on PDMAEMA-b-PHB-b-PDMAEMA, showing (a) a continuous uninterrupted drug release at 20 and 37 °C, and (b) the effect of a temperature change midway of the drug release experiment. Reprinted with permission from reference 68. Copyright (2013) Royal Society of Chemistry.

Figure 8 .

 8 Figure 8. Penetration of DOX and micelle-encapsulated DOX in SiHa multicellular spheroids: (a) DOX fluorescence in representative sections from SiHa MCS treated for 30 min with unloaded micelles, free DOX, physical mixtures of free DOX with unloaded micelles, and DOX-loaded micelles; (b) Quantification of mean fluorescence intensity normalized by area. (* indicates a statistically significant difference from free DOX using the student's t-test, p < 0.05, respectively, number of experiments = 1025); (c) Penetration distance of DOX from spheroid periphery; (d) Representative fluorescence images of sections from untreated SiHa MCS and MCS treated with fluorescein-labeled micelles for 30 min. Reprinted with permission from reference 66. Copyright (2010) Elsevier.

Figure 9 .

 9 Figure 9. Evaluation of in-vivo antitumor activity of free DOX and DOX-loaded PEG-b-PHB-b-PEG micelles: (a) Tumor reduction study in SiHa xenograft mice after single

Figure 10 .

 10 Figure 10. Relative I (336.6)t /I (336.6)0 fluorescence ratio and pH values as a function of the biodegradation time for PHB 90 -b-PEG 91 -b-PHB 90 , where Y presents I 336.6 and pH values, and the subscripts ''0'', ''t'' and ''N'' represent the time t = 0, t = t and t = end, respectively. Initial degradation rate (V 0 ) as a function of time is presented in the inset. Reprinted with permission from reference 60. Copyright (2006) Elsevier.
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 1 Drug delivery systems based on synthetic PHB (co)polymers 77 non-sensitive while triblock copolymers consisting of PLA or PGA as central hydrophobic block are usually thermosensitive. The self-assembly tendency of PHB segment is really strong and not dependent on the temperatures changes. The relevance of the few targeting approaches developed on PHB-based DDS in order to provide efficient vectors against various cancers cells, is discussed. The grafting of peptide such as RGD4C or the grafting of folate on the polymer chain-end led to the development of self-assembled systems with enhanced accumulation in tumoral cells as demonstrated in-vivo.Finally, the degradation behavior and the biological efficiencies of these DDS are demonstrated in-vitro and/or in-vivo in terms of IC 50 values and of their response to various stimuli (pH, temperature). However, a limited number of PHB-based self-assembled systems have been investigated in-vitro and/or in-vivo, and these studies should be more extensively carried out. The in-vivo efficiency of nanovector toward cancer cells is often a limiting factor despite the promising in-vitro results. Therefore, efforts should be focused on the translation from in-vitro to in-vivo which is not exempt of challenges. Although it is encouraging to see that the development of chemically modified PHB-based self-assemblies affords new perspectives for the improvement of the physico-chemical properties of drug delivery carriers, their clinical use is still quite far, yet reasonably foreseeable.Given these advances from the past few decades of research, engineered nano-scaled PHB-based materials are thus prone to emerge as a valuable platform for original drug delivery systems. chapter, a state of the art on synthetic poly(3-hydroxybutyrate) (PHB)-based self-assembled systems was presented and their advantages were highlighted.

Chapter 2 -Scheme 1 .

 21 Scheme 1. Structure of β-butyrolactone (BL), benzyl β-malolactonate (MLABe) and their corresponding polymers, poly(3-hydroxybutyrate) (PHB), poly(benzyl β-malolactonate) (PMLABe), and poly(β-malic acid) (PMLA), respectively.

Scheme 2 .

 2 Scheme 2. Schematic synthesis of PMLA-b-PHB copolymers by sequential ROP of BL and MLABe, followed by hydrogenolysis.

91 (

 91 g.mol -1 (nominal flat width = 45 mm, diameter = 29 mm, volume/length = 15 m/50 ft) were purchased from Spectrumlabs. Fetal calf serum (FCS, Lonza), Hoechst 33342, Tween 20, normal donkey serum, Triton X100, Dylight 488, Caspase 3 fluorimetric assay kit (acetyl Asp-Glu-Val-Asp 7-amido-4-methylcoumarin (Ac-DEVD-AMC)), and insulin (Sigma-Aldrich), hydrocortisone hemisuccinate, William's E and Roswell Park Memorial Institute (RPMI) media, penicillin, streptomycin, glutamine and Phosphate Buffer Saline (PBS) Chapter 2 -PHA-based amphiphilic diblock copolymers as original biocompatible nanoparticles Gibco), bromo 5-bromo, 2-deoxyuridine (BrdU) (BD Pharmigen™), and anti-BrdU antibody IIB5 (Abcam, United Kingdom), were used as received. The patented HepaRG cell line is available to academic laboratories via a material transfer agreement provided by Biopredic International. SK-MEL-28 cells are available from the American Type Culture Collection.

  samples in CDCl 3 by using the integration (Int.) ratio Int. PBL /[Int. PBL + Int. BL ] of the methine hydrogen (-OCH(CH 3 )CH 2 , δ PBL 5.23 ppm, δ BL 4.64 ppm) of BL/PBL, and the ratio Int. PMLABe /[Int. PMLABe + Int. MLABe ] of the methine hydrogen (-OCH(CO 2 Be)CH 2 : δ PMLABe 5.50 ppm, δ MLABe 4.73 ppm) of MLABe/PMLABe (Table 1). The molar mass values of PHBs, PMLABe-b-PHB, and PMLA-b-PHB copolymers samples were determined by 1 H NMR analysis in CDCl 3 , acetone-d 6 or acetone-d 6 /TFA (80/20 v/v), respectively, from the relative intensities of the signals of the main-chain methine hydrogens (-OCH(CH 3 )CH 2 , δ 5.23 ppm; -OCH(CO 2 CH 2 Ph)CH 2 , δ 5.50 ppm), relative to the chain-end signals of the vinylene hydrogens (-C(O)CH=CHCH 3 2 CH 2 CH 2 N, δ 3.24 ppm; -NCH 2 CH 2 CH 2 N, δ 1.85 ppm), or typical n-propyl hydrogens ((OC(O)CH 2 CH 2 CH 3 , δ = 2.23, 1.90, 0.90 ppm, respectively) (Figures S5-S9).

Chapter 2 -

 2 PHA-based amphiphilic diblock copolymers as original biocompatible nanoparticles 93 Differential scanning calorimetry (DSC) analyses were performed on a Setaram DSC 131 apparatus calibrated with indium at a rate of 10 °C•min -1 , under continuous flow of helium (25 mL•min -1 ), using aluminum capsules. The thermograms were recorded according to the following cycles: -50 to +70 °C at 10 °C•min -1 ; +70 to -50 °C at 10 °C•min -1 ; -50 °C for 5 min; -50 to +70 °C at 10 °C•min -1 ; +70 to -50 °C at 10 °C•min -1 (Table

  2 g), dried under vacuum overnight and analyzed Chapter 2 -PHA-based amphiphilic diblock copolymers as original biocompatible nanoparticles 95 by NMR and SEC (Figures S3-

  PMLABe-b-PHB into PMLA-b-PHB. In a typical hydrogenolysis reaction, the isolated TBD-PMLABe-b-PHB-crotonate (2.0 g, 0.21 mmol,M n,NMR = 9 600 g.mol -1 ) was dissolved in acetone(10 mL) at room temperature in a stainlesssteel autoclave prior to addition of Pd/C (300 mg, 10 wt%). The reactor was sealed, flushed several times with H 2 , and finally placed under H 2 pressure (25 bar). The reaction mixture was then allowed to stir at room temperature for 48 h. The reactor was next vented to atmospheric pressure. The crude reaction mixture was then filtrated twice through Celite using acetone as eluent to remove the Pd/C catalyst, thereby providing a clear filtrate from which the solvent was evaporated under vacuum overnight (0.9-1.1 g, 69-92 wt% typical isolated yield). Dialysis of the copolymer "was although not systematically carried out" as described for the PMLABe-b-PHB copolymers (refer to ESI); the same characteristics of the nanoparticles were obtained whether dialysis was performed or not at this stage. The final colorless copolymer PMLA-b-PHB was then analyzed by NMR, TGA, DSC, and contact angle (Tables1-2; Figures 1-5,S12-S16). The theoretical molar mass of the PMLA-b-PHB copolymers (PMLA-PHB M n,theo ; not including either the -OH or the -C(O)CH 2 CH 2 CH 3 chainend groups) can be evaluated from the initial molar mass of the PMLABe-b-PHB polymers determined by NMR analysis (PMLABe-PHB M n,NMR ; Table1) based on the loss of the benzyl units (M CH2Ph = 91 g.mol -1 ). Since this depletion amounts to roughly half the molar mass of the MLABe units (M MLABe = 206 g.mol -1 ), the molar mass of (only) the PMLA segment is simply divided by two. Since the 1 H NMR spectra of the PMLA-b-PHB samples showed the same intensity ratio for all the signals of the PMLABe/PMLA and PHB units before and after deprotection (vide infra), respectively, these PMLA-PHB M n,theo values endup being the same as those of PMLA-PHB M n,NMR (Table2), and they are thus not included in Table 2. Note that in the case of the HO-PMLA-b-PHB-C(O) n Pr copolymers, the more precise theoretical molar mass is obtained upon incrementing PMLA-PHB M n,theo by a hydroxyl and a carboxy n-propyl groups (with M OH = 17 g.mol -1 and M C(O)CH2CH2CH3 = 71 g.mol -1 ; i.e. HO-PMLA-b-PHB-C(O) n Pr M n,theo = PMLA-PHB M n,theo + 88 g.mol -1 ). The contact angle of PHB (80 ° ± 2 °, M n = 3000 g.mol -1 ) and PMLA (< 20 °, M n = 10 000 g.mol -1 ) Chapter 2 -PHA-based amphiphilic diblock copolymers as original biocompatible nanoparticles 96 homopolymer samples were measured. The block copolymers were subsequently used to prepare the nano-objects.Typical procedure for the preparation of PMLA-b-PHB nanoparticles. PMLAb-PHB micelles were prepared by the nanoprecipitation method.51,52 The selected block copolymer(5-10 mg) dissolved in acetone (1 mL) was added at 13.37 mL.h -1 using a syringe pump into 2 mL of either distilled water or phosphate buffered saline (PBS) solution at pH 7.4 with 0.15 N NaCl under vigorous stirring (1 300 rpm). Both the rate of addition of the organic solution of the copolymer into the PBS solution, and the suitable NaCl concentration (FigureS17) were previously optimized. After stirring the suspension for 10 min, acetone was evaporated under vacuum leading to a final copolymer concentration in PBS of 2.5-5.0 mg.mL -1 . The hydrodynamic diameter (D h ), size distribution (PDI) and Zeta potential (ζ) of the micelles in PBS at 25 °C were then measured by DLS and zeta potential measurements (Table

  FigureS11) distinct from that of the PHB macroinitiator (120.10 -11 m 2 .s -1 , FigureS10), thereby supporting the absence of any residual PHB prepolymer or PMLABe homopolymer, and the presence of a single macromolecular species in the sample, namely TBD-PMLABeb-PHB-crotonate, in agreement with the SEC and 1 H NMR analyses (FiguresS3-S11).3.2. Synthesis andCharacterization of PMLA-b-PHB Copolymers.
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 2 PHA-based amphiphilic diblock copolymers as original biocompatible nanoparticles 102 1 H NMR analyses of the resulting amphiphilic copolymers in acetone-d 6 /TFA (TFA = trifluoroacetic acid; 80/20, v/v), a good solvent of both PMLA and PHB blocks, confirmed the disappearance of the signals of the benzyloxy, the TBD and the crotonate groups, along with the appearance of n-propyl chain-end signals (OC(O)CH 2 CH 2 CH 3; δ = 2.23, 1.90, 0.90 ppm, respectively; the -COOH signal was not observed), thus supporting the formation of HO-PMLA-b-PHB-C(O) n Pr (Figures 1 vs.S8). Also, these recovered amphiphilic copolymers showed the same relative intensity ratio (1:1:2) for the methine (-CH 2 CH(CH 3 )O, δ 5.23 ppm; -OCH(CO 2 H)CH 2 , δ 5.50 ppm) and methylene (-C(O)CH 2 CH(CH 3 )O, δ 2.51 ppm; -C(O)CH 2 CH(CO 2 H)O δ 3.00 ppm) 1 H NMR signals of the PHB and PMLA blocks, respectively, as compared to the corresponding resonances in the spectra before deprotection/reduction of PMLABe-b-PHB (Figure 1 vs. S8). The corresponding 13 C{ 1 H} NMR spectrum similarly evidenced the characteristic signals of PMLA (δ C=O = 165.1, 164.9 δ C(O)CH2CH = 32.1, δ C(O)CH2CH = 65.3 ppm) and PHB (δ C=O = 166.1, δ C(O)CH2CH(CH3) = 36.9, δ C(O)CH2CH(CH3) = 64.5, δ C(O)CH2CH(CH3) = 16.2 ppm) segments, along with those corresponding to the -nPr chain end group (δ C(O)CH2CH2CH3 = 166.1 ppm, δ C(O)CH2CH2CH3

Figure 1 .

 1 Figure 1. 1 H NMR (400 MHz, acetone-d 6 /TFA (80/20, v/v), 23 °C) spectrum of HO-PMLA 8500 -b-PHB 1900 -C(O) n Pr obtained upon hydrogenolysis of TBD-PMLABe 17100 -b-PHB 1700 -crotonate (Table 2, entry 6; Table 1, entry 5, respectively).

Figure 2 .

 2 Figure 2. 13 C{ 1 H} NMR (100 MHz, acetone-d 6 /TFA (80/20, v/v), 25 °C) spectrum of HO-PMLA 3300 -b-PHB 3100 -C(O) n Pr obtained upon hydrogenolysis of TBD-PMLABe 6500 -b-PHB 3100 -crotonate (Table 2, entry 3; Table 1, entry 3, respectively).

Chapter 2 -Figure 3 .

 23 Figure 3. DOSY NMR (400 MHz, acetone-d 6 , 25 °C) spectrum of HO-PMLA 3300 -b-PHB 3100 -C(O) n Pr obtained upon hydrogenolysis of TBD-PMLABe 6500 -b-PHB 3100 -crotonate synthesized from the sequential ROP of BL (in bulk) and MLABe (in toluene) using TBD (Table 2, entry 3; Table 1, entry 3, respectively).

  The experimental molar mass value of these PMLA-b-PHB copolymers, PMLA-b-PHB M n,NMR , was determined by NMR analysis in acetone-d 6 /TFA (80/20, v/v), using the n-propyl signals relative to the main chain methine or methylene signals of the PMLA and PHB segments (refer to the Experimental Section; Table

Chapter 2 -

 2 PHA-based amphiphilic diblock copolymers as original biocompatible nanoparticles 106 The characteristics of the copolymers featuring different PMLA/PHB contents were further estimated by TGA analyses, as illustrated Figure 4 with PMLA 800 -b-PHB 7300 , PMLA 4000 -b-PHB 5500 , and PMLA 7500 -b-PHB 1600 . The thermal degradation profiles of the PMLA-b-PHB copolymers revealed their thermal stability up to ca. 175 °C. The observed mass loss profile was attributed to the stepwise quantitative thermal degradation of the PMLA-b-PHB, with the first step occurring between ca. 175 °C and 240 °C, followed by the second step from ca. 220 °C to 270 °C. These two steps of mass reduction were attributed to the degradation of first the PMLA segment (T d = ca. 215 °C; temperature at which 50 % of segmental mass loss has occurred) prior to that of the PHB block (T d = ca. 265 °C;

Figure 4 .

 4 Figure 4. Thermal degradation profiles of PMLA-b-PHB copolymers featuring different block sizes: a) PMLA 800 -b-PHB 7300 , b) PMLA 4000 -b-PHB 5500 , c) PMLA 7500 -b-PHB 1600 (Table

Figure 5 .

 5 Figure 5. Water contact angle measurement of PMLA-b-PHB copolymers: a) PMLA 800 -b-PHB 7300 , b) PMLA 4000 -b-PHB 5500 , c) PMLA 7500 -b-PHB 1600 (Table 2, entries 1, 2, 5,

Figure 6 . 3 . 4 . 5 Chapter 2 -

 63452 Figure 6. TEM micrographs of PMLA 3300 -b-PHB 3100 based nanoparticles.

Figure 7 .

 7 Figure 7. MTT assays in progenitor and hepatocyte HepaRG, and SK-MEL-28 cells incubated with PMLA 3300 -b-PHB 3100 -based nanoparticles (circles: 24 h; triangles: 48 h; squares: 2 weeks). Statistical analyses: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Figure 8 . 3 . 5 .

 835 Figure 8.. DNA replication measured by the BrdU incorporation in proliferating HepaRG cells (left charts) and apoptosis level evaluated via the caspase 3 activity (right charts) in progenitor HepaRG cells incubated with PMLA 800 -b-PHB 7300 and PMLA 3300 -b-PHB 3100 -based nanoparticles. Statistical analyses: *, p < 0.05; **, p < 0.01.

Figure 9 .

 9 Figure 9. A) Mean of fluorescence in control (Ctrl), PMLA 800 -b-PHB 7300 and PMLA 3300 -b-PHB 3100 nanoparticles incubated HepaRG cells. B) Phase contrast and fluorescence microscopy of progenitor HepaRG cells non-incubated (Ctrl) or incubated with PMLA 800 -b-PHB 7300 or PMLA 3300 -b-PHB 3100 -based nanoparticles loaded with DiD Oil tracer.

  microorganisms, the ring-opening polymerization (ROP) of four-membered ring -lactone monomers -differing from their R substituent at the -position enables the controlled and living synthesis of the corresponding PHAs, thereby considerably enlarging the PHA family to tailored functionalized polyesters with desired physico-chemical properties. In this regard, poly(benzyl -malolactonate) (PMLABe) and poly(-malic acid) (PMLA) are two unique representative PHAs which provide a chemically similar hydrophobic/hydrophilic polymer set, respectively. Indeed, PMLABe, which can be prepared by ROP of benzyl -malolactonate Chapter 3 -PTMC-b-PMLA amphiphilic diblock copolymers as original biocompatible nanoparticles 124 (MLABe), subsequently deprotected upon mild hydrogenolysis thus smoothly affords PMLA

  , end-groups fidelity, and tailored microstructures (regio/stereoregularity of the macromolecule). Accordingly, these controlled and living characteristics of the ROP make the carbonate/-lactone copolymerization possible with the advantage of controlling the chemical composition, segment length, and molar mass of the copolymer. To our knowledge, the very few examples of such carbonate/-lactone copolymers have been prepared from the sequential or simultaneous enzyme-77 or metalmediated78,79 ROP of TMC and -butyrolactone or MLABe. The association of PTMC and PMLA by ROP of TMC and MLABe to design nanovectors thus foresees an original class of extremely attractive biomaterials.

(Scheme 2 .

 2 Scheme 2. Synthesis of PTMC-b-PMLA copolymers by sequential ring-opening copolymerization of TMC and MLABe into PTMC-b-PMLABe, followed by hydrogenolysis.

  ). Note that to obtain the molar mass of the i PrOPTMC-b-PMLABe, the PTMC-b-PMLABeM n,NMR value should be incremented by the molecular weight of the two chain ends, namely M OiPr = 59 g.mol 1 and M H = 1 g.mol 1 , i.e. i PrOPTMC-b-PMLABe M n,NMR = PMLABe-b-PTMC M n,NMR + 60 g.mol 1 . Also, PTMC-b-PMLABe M n,theo refers to the theoretical molar mass of each block of the i PrOPTMC-b-PMLABe copolymer not including either the H or the O i Pr chain-end groups (Table 1

  molar mass (M n,SEC ) and dispersity (Ð M = M w /M n ) values of the (co)polymers were determined by size-exclusion chromatography (SEC) in THF at 30 °C (flow rate 1.0 mL.min 1 ) on a Polymer Laboratories PL50 apparatus equipped with a refractive index detector and a set of two ResiPore PLgel 3 μm MIXED-D 300 × 7.5 mm columns. The polymer samples were dissolved in THF (2 mg.mL 1 ). All elution curves were calibrated with 10 monodisperse polystyrene standards (M n range from 580 to 380 000 g•mol -1 ). M n,SEC values of PTMCs were calculated using the average correction coefficient previously reported (M n,SEC = M n,SEC , raw data × 0.73; 0.73 = average of the coefficients determined from low molar mass PTMCs (0.57; M n < 5 000 g.mol 1 ) and from high molar Chapter 3 -PTMC-b-PMLA amphiphilic diblock copolymers as original biocompatible nanoparticles 128 mass PTMCs (0.88 ; M n > 10 000 g.mol 1 ) using MALDI-ToF mass spectrometry and viscosimetry analyses, respectively. 93 Note that SEC molar mass values of the PMLA(Be) copolymers reported herein are only informative relatively to one another, since the copolymers hydrodynamic radius are possibly different from that of polystyrene standards used for the calibration of the SEC apparatus. The SEC traces of the (co)polymers all exhibited a unimodal, yet non-Gaussian-shaped peak tailing at longer elution times and resulting in relatively large dispersity values, which yet remained below Ð M = 1.40 ; this behavior, exemplified with the SEC chromatogram of HOPTMC 2400 -b-PMLABe 4000 O i Pr

  1 H and Chapter 3 -PTMC-b-PMLA amphiphilic diblock copolymers as original biocompatible nanoparticles 130

  -b-PMLABe into PTMC-b-PMLA. In a typical hydrogenolysis reaction, the isolated i PrOPTMC-b-PMLABe (1.9 g, 0.29 mmol, M n,NMR = 6500 g.mol 1 ) was dissolved in acetone(10 mL) at room temperature in a stainlesssteel autoclave prior to addition of Pd/C (250 mg) (Table2, entry 2). The reactor was sealed, flushed several times with H 2 , and finally placed under H 2 pressure (25 bar). The reaction mixture was then allowed to stir at room temperature for 48 h and the reactor was next vented to atmospheric pressure. The crude reaction mixture was then filtrated through Celite using acetone as eluent to remove the Pd/C catalyst. Solvent evaporation from the resulting clear filtrate under vacuum then afforded a yellowish sample. Dialysis of the copolymer was next carried out as described above with PTMC. The final copolymer sample, recovered as a white solid (for copolymers with a PTMC:PMLA molar ratio ranging from 89:11 to 53:47) or as a colorless viscous oil (for copolymers with a PTMC:PMLA molar ratio ranging from 33:67 to 25:75) (1.4 g, 74 wt%), was then analyzed as PTMC-b-PMLA by 1 H,13 C{ 1 H}, 13 C{1H} J-MOD, 1 H-1 H COSY, 1 H-13 C HSQC, 1 H-13 C HMBC, and DOSY NMR in acetone-d 6 or THFd 8 -TFA (80/20 v/v), TGA, DSC, and contact angle (Table 2; Figures 1, S12S14). The theoretical molar mass of the PTMC-b-PMLA copolymers (PTMC-b-PMLA M n,theo ; not including either the H or the -O i Pr chain-end groups) was evaluated from the initial molar mass of the PTMC-b-PMLABe copolymers determined by NMR analysis (PTMC-b-PMLABeM n,NMR ; Table1) based on the loss of the benzyl units (M CH2Ph = 91 g.mol 1 ). Since this depletion amounts to roughly half the molar mass of the MLABe units (M MLABe = 206 g.mol 1 ), the molar mass of (only) the PMLABe segment was simply divided by two. Note that in the case of the i PrOPTMC-b-PMLA copolymers, the more precise theoretical molar mass is obtained upon incrementing PTMC-b-PMLA M n,theo by the molar mass of the hydrogen and i PrO chain-end groups (with M H = 1 g.mol 1 and M OiPr = 59 g.mol 1 ; i.e. i PrOPTMC-b-PMLA M n,theo = PTMC-b-PMLA M n,theo + 60 g.mol 1 ). The degradation temperature of PTMC (T d 50 = 245 °C, M n = 2800 g.mol 1 ) (Figure S15), and the contact angle of PTMC (82 ° ± 2 °, M n = 2500 g.mol 1 ) and PMLA (< 20 °, M n = 10 000 g.mol 1 ) 80 homopolymer samples were measured for comparison. The i PrOPTMC-b-PMLA block copolymers were subsequently used to prepare the nano-objects. Chapter 3 -PTMC-b-PMLA amphiphilic diblock copolymers as original biocompatible nanoparticles 131 Typical procedure for the preparation of PTMC-b-PMLA nanoparticles.

24 and 48 h

 48 and 4 times for the 7 days chronic treatment. Concentrations ranging from 0.39 to 50 M of PTMC 8300 -b-PMLA 1000 (corresponding to a concentration range of 3.63465 g.mL 1 ), PTMC 2800 -b-PMLA 2500 (corresponding to a concentration range of 2.07265 g.mL 1 ), PTMC 2200 -b-PMLA 4500 (corresponding to a concentration range of 2.61335 g.mL 1 ), PTMC 1400 -b-PMLA 4300 (corresponding to a concentration range of 2.225 g.mL 1 ) copolymers, were used. Cell toxicity studies. The cytotoxicity was assessed using the Thiazolyl Blue Tetrazolium Bromide (MTT) assay. Briefly, cells plated in 96 well plates were treated with the copolymers then incubated with MTT (0.25 mg.mL 1 ) in William's medium without fetal calf serum for 2 h at 37 °C. The crystals of formazan thus formed were dissolved in DMSO at room temperature for 5 min, and the absorbance was measured at 490 nm with a microplate reader. The MTT values reflecting mitochondrial enzymatic activities which are directly correlated to the number of viable cells were expressed in percentage relatively to the absorbance determined in control cultures. The 80% inhibitory concentrations (IC 80 ) were calculated and expressed as mean ± SEM (the standard error of the mean) of at least three independent experiments (Figure 8). Statistical analyses were performed using two-way Anova followed by Bonferroni post-test or Dunn's multiple comparison tests. Statistically Chapter 3 -PTMC-b-PMLA amphiphilic diblock copolymers as original biocompatible nanoparticles 132 significant variations (*: decrease and §: increase) after treatment were compared with controls using Student's test with Excel software; *, p < 0.05; **, p < 0.01; ***, p < 0carbonate)-b-poly(benzyl β-malolactonate) (PTMC-b-PMLABe)

i

  PrOPTMC-b-PMLABe-OH, in agreement with SEC and other NMR analyses (Figures S1S10).

  FigureS11) in agreement with previous findings (T g = 10 °C; +48 °C; M n,NMR = 18 400 g.mol 1 ).78 Well-defined -hydroxy,-alkoxy telechelic PTMC-b-PMLABe copolymers were

  1 H NMR analysis of these PTMC-b-PMLA copolymers in THF-d 8 /TFA (80:20, v/v), a good solvent for both PTMC and PMLA blocks, confirmed the disappearance of the signals of the benzyloxy group, thus supporting the formation of PTMC-b-PMLA copolymers (Figures 1 vs.S3). 1 H NMR analyses in THF-d 8 /TFA further enabled to determine the experimental molar mass values of the copolymers (PTMC-b-PMLA M n,NMR ) which were found in good agreement with the anticipated values (PTMC-b-PMLA M n,theo ;

  The chemical structure of the PTMC-b-PMLA copolymers was carefully assessed by detailed 1D and 2D NMR analyses. The typical 1 H NMR spectrum of the amphiphilic copolymer in THF-d 8 /TFA (80:20, v/v), displayed the awaited signals for both TMC and MLA repeating units along with the characteristic i PrO ((CH 3 ) 2 CHO, 1.21, 4.75 ppm) chain-end hydrogens resonances (Figure 1). Also, comparison of the 1 H NMR spectra of PTMC-b-PMLABe and PTMC-b-PMLA copolymers (i.e. before and after hydrogenolysis) nicely showed the same relative intensity (in a 4:2:2:1 ratio) for the methylene (-C(O)OCH 2 CH 2 CH 2 O, CH 2 CH(COOH)O, 2.95 ppm) and methine (-C(O)CH 2 CH(COOH)O, 5.46 ppm) hydrogens signals of the PTMC and PMLA blocks, respectively (Figures 1 vs. S3). The corresponding 13 C{ 1 H}, 13 C{ 1 H} J-MOD, 1 H-13 C HMBC, and 1 H-13 C HSQC NMR spectra similarly evidenced the characteristic signals of PTMC (δ CO 155.5 ppm, δ C(O)OCH2CH2CH2 64.9 ppm, δ C(O)OCH2CH2 28.6 ppm) and PMLA (δ C=O 170.0, 168.6 ppm, δ C(O)CH2CH 69.2 ppm, δ C(O)CH2CH 35.9 ppm) segments, along with those corresponding to the i PrO-chain-end group (δ OCH(CH3)2 69.5 ppm, δ OCH(CH3)2 21.5 ppm) (Figures 2, 3, S12). 1 H-1 H COSY and 1 H-13 C HSQC NMR analyses further corroborated these data (Figures S13S14).

  Similarly to i PrOPTMC-b-PMLABe-OH, the two discrete signals for the MLABe carbonyl groups observed in the 13 C{ 1 H} NMR spectrum could be unambiguously assigned ( C(O)CH2CH 168.6 ppm,  CH(C(O)OCH2Ph) 170.0 ppm) from HMBC NMR analysis ((f,9) Figures 3).

  Finally, DOSY NMR analysis of a i PrOPTMC-b-PMLA-OH copolymer sample in acetone-d 6 showed two very close diffusion coefficients of 148.10 11 m 2 .s 1 and 200.10 11 m 2 .s 1 , corresponding to the polymer main-chain and the isopropoxide chain-end group, respectively (Figure4).

Chapter 3 -Table 2 .

 32 PTMC-b-PMLA amphiphilic diblock copolymers as original biocompatible nanoparticles 137 Molar mass, thermal characteristics and contact angle values for the PTMC-b-PMLA copolymers.

Chapter 3 -

 3 PTMC-b-PMLA amphiphilic diblock copolymers as original biocompatible nanoparticles 138 All these NMR data supported the absence of any residual PTMC-b-PMLABe copolymer along with its quantitative chemical modification into the amphiphilic PTMC-b-PMLA copolymer without fragmentation of the copolymer chains/blocks, and also further supported the presence of a single macromolecular species in the copolymer sample.

Figure 1 . 1 H 8 Figure 2 .

 1182 Figure 1. 1 H NMR (500 MHz, THF-d 8 /TFA (80:20, v/v), 23 °C) spectrum of i PrOPTMC 2800b-PMLA 2500 -OH obtained upon hydrogenolysis of i PrOPTMC 2400 -b-PMLABe 4000 -OH (Table2, entry 2) (* marker stands for residual acetone). Note that the -COOH signal most likely overlapped with the signal of TFA; it was indeed observed ( = ca. 8.6 ppm) when the spectrum was acquired in acetone-d 6 .

Figure 3 .

 3 Figure 3. 1 H-13 C HMBC NMR (100 MHz, acetone-d 6 , 23 °C) spectrum of i PrOPTMC 2800 -b-PMLA 2500 -OH obtained upon hydrogenolysis of i PrOPTMC 2400 -b-PMLABe 4000 -OH (Table2, entry 2).

Figure 4 .

 4 Figure 4. DOSY NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of i PrOPTMC 2800 -b-PMLA 2500 -OH obtained upon hydrogenolysis of i PrOPTMC 2400 -b-PMLABe 4000 -OH (Table

Chapter 3 -

 3 PTMC-b-PMLA amphiphilic diblock copolymers as original biocompatible nanoparticles 141 Indeed, low molar mass PTMC is reported as a semi-crystalline polymer with a melting endotherm close to the body temperature.102,103,104 This latter melting transition recorded in the thermogram of one PTMC-b-PMLA copolymer, most likely arose from a microphase separation which, in the presence of a favorable hydrophilic/hydrophobic PMLA/PTMC balance, facilitated the crystallization of the PTMC chains. No T m was otherwise observed for the other copolymers when the temperature was increased from 50 °C to +70 °C at 10 °C.min 1 most likely because of the slow crystallization of PTMC.

Figure 5 .

 5 Figure 5. DSC thermogram (second heating cycle; heating rate = 10 °C.min 1 ; argon flow) of i PrOPTMC 2800 -b-PMLA 2500 -OH synthesized from the hydrogenolysis of PTMC 2400 -b-PMLA 4000 (Table 2, entry 2).

  the present PTMC 2800 -b-PMLA 2500 (53:47 molar mass ratio, Table2, entry 2) showed the degradation of the PHA segment (T d50 = temperature at which 50% of segmental mass loss occurs:

Chapter 3 -Figure 6 .Figure 7 .

 367 Figure 6. TGA thermograms of PTMC-b-PMLA copolymers featuring different block sizes: a) PTMC 1400 -b-PMLA 4300 , b) PTMC 2200 -b-PMLA 4500 , c) PTMC 2800 -b-PMLA 2500, d) PTMC 8300 -b-PMLA 1000 (Table 2, entries 14 ).
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 334 PTMC-b-PMLA amphiphilic diblock copolymers as original biocompatible nanoparticles 145 conditions) over 3 (D h = 88 nm, PDI = 0.15) and 6 days (D h = 85 nm, PDI = 0.12), evidenced their stability under these conditions. The ability of PTMCbPMLA copolymers to self-assemble into nanoobjects was thus established, and the characteristics of the nanoparticles suggest their possible use as promising drug delivery systems, allowing the potential encapsulation of hydrophobic drugs. In-vitro cell viability towards nanoparticles based on PTMC-b-PMLA copolymers Nanoparticles elaborated from PTMC-b-PMLA copolymers with hydrophilic weight fraction ranging from f = 1175%, were then used for in-vitro cell viability assays. Human HepaRG hepatoma cells were incubated with nanoparticles derived from PTMC 8300 -b-PMLA 1000 , PTMC 2800 -b-PMLA 2500 , PTMC 2200 -b-PMLA 4500 , and PTMC 1400 -b-PMLA 4300 , and the overall cell viability was assessed using MTT assay after 1, 2 and 7 days. The incubation time with HepaRG cells, which exhibit a long-term stability allowing chronic toxicity studies, 105 was prolonged up to 7 days, a time long enough enabling to reveal any possible hepatotoxicity exerted by the nanoparticles on these cells (Figure 8). Nanoparticles prepared from PTMC 8300 -b-PMLA 1000 (f = 11%) showed no significant effect on the MTT activity, and therefore on the viability of HepaRG cells, regardless of the concentration and time-points tested. Cultures incubated with nanoparticles obtained from PTMC 2800 -b-PMLA 2500 (f = 47%)showed a moderate and dose-dependent decrease in MTT activity compared to that measured in control cultures without nanoparticles. This reduction of the MTT activity observed at 24 and 48 h (59% at 48 h for 25 and 50 M) was not further enhanced upon continuous exposure up to 7 days. The IC 80 of 0.8 M of this copolymer at 24 h reached 0.3 M at 48 h but increased to 6.3 M at day 7, thus suggesting a metabolic adaptation of HepaRG cells to prevent cytotoxicity, as previously observed with cytotoxicity and genotoxicity studies.105 Nanoparticles formulated from PTMC 2200 -b-PMLA 4500 (f = 67%) showed no negative effects on cell viability with the exception of the cultures exposed to 50 M of copolymer for 7 days, which showed a 47% decrease in MTT activity. In contrast, our statistical analysis revealed a slight increase (from 20 to 30%) in the cell number using nanoparticles based on PTMC 2200 -b-PMLA 4500 at a copolymer concentration ranging from 0.39 to 25 M following treatments during 24 and 48 h. This paradoxical effect which was not investigated further may be explained by a cytoprotective effect of the copolymer by scavenging deleterious molecules and/or by a more direct effect on cell proliferation. The nanoparticles based on PTMC 1400 -b-Chapter 3 -PTMC-b-PMLA amphiphilic diblock copolymers as original biocompatible nanoparticles 146 PMLA 4300 (f = 75%) did not significantly affect the cell number at 24 h and 48 h but triggered a mild and dose-dependent decrease in the MTT activities after 7 days (37% reduction at 50 M of copolymer) with an IC 80 of 1.5 M of the copolymer. These cytotoxicity studies indicated that the half maximal inhibitory concentration (IC 50 ) of the four sets of nanoparticles remained greater than 50 M, corresponding to a copolymer concentration range of 265 to 465 g.mL 1 . The incubation of HepaRG cells in chronic (7 days) exposures did not lead to an increased toxicity in comparison to treatments over 24 h and 48 h, with the exception of high amounts of nanoparticles prepared from PTMC 1400 -b-PMLA 4300 which triggered a mild delayed cytotoxicity. All these data demonstrated both the lack of effect on cell viability and a very mild toxicity of nanoparticles obtained from PTMC-b-PMLA copolymers. The cytotoxicities were comparable and even lower than those obtained with the related PHB-b-PMLA 80 and PEG-b-PMLABe block copolymers. 106

Figure 8 .

 8 Figure 8. MTT assays in HepaRG cells incubated with PTMC 8300 -b-PMLA 1000 , PTMC 2800 -b-PMLA 2500 , PTMC 2200 -b-PMLA 4500 , PTMC 1400 -b-PMLA 4300 -based nanoparticles (circles: 24 h; squares: 48 h; triangles: 7 days). Statistical analyses: * or §, p < 0.05; **, p < 0.01. For experiments using nanoparticles based on PTMC 2800 -b-PMLA 2500 , * (p < 0.05) was associated

  initiator. Subsequent copolymerization of MLABe promoted by Nd(OTf) 3 in the presence of this -hydroxyl end-capped PTMC macroinitiator, afforded the -hydroxy,-alkoxy telechelic PTMC/PMLABe block copolymers in a well-controlled procedure. Straightforward hydrogenolysis of these copolymers under mild conditions resulted in the formation of the related i PrOPTMC-b-PMLA block copolymers in grams quantity without alteration of the polymer backbone. These first examples of amphiphilic PC-PHA block copolymers (5300 < M n,NMR < 9300 g.mol 1 ; Ð M = 1.281.40) afforded a range of hydrophobic/hydrophilic segments' sizes varying from 89:11 to 25:75. All the i PrOPTMC-PMLA(Be)OH copolymers have been thoroughly characterized by NMR, SEC, DSC, TGA and contact angle analyses, demonstrating modulated physico-chemical features according to the blocks' length. The precise control of hydrophilic weight fraction of the copolymers allowed to form self-assembled particles with tunable characteristics. Nanoparticles with hydrodynamic diameters ranging from 65 to 176 nm and narrow polydispersity indexes (0.09 < PDI < 0.25) were obtained. The size of the hydrophilic block significantly affected the hydrodynamic diameter of the core-shell particles. Copolymer exhibiting hydrophilic fraction over ca. 47% allowed to form well-defined nanoparticles with D h < 100 nm. The effects on cell viability assessed in-vitro using the HepaRG human hepatoma cells and the MTT assay demonstrated the very low levels of cytotoxicity of nanoparticles obtained from these amphiphilic PC-PHA block copolymers. These results thus showed that PTMCbPMLA copolymers are attractive for designing drug delivery systems. Chapter 4-Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic diblock copolymers (3-hydroxy butyrate)and poly(trimethylene carbonate)-b-poly(malic acid) amphiphilic diblock copolymers: Impact on the in-vitro cell uptake by human macrophages and hepatoma cells Chapter 4-Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic diblock copolymers 154 In the previous chapters, well-defined PMLA-b-PHB and PTMC-b-PMLA diblock copolymers were synthesized and used to form aggregates in aqueous solutions. Nano-objects with various characteristics were then identified, especially by their hydrodynamic diameters and Zeta potentials. PMLA-b-PHB (D h : 17-180 nm (DLS); ζ: -52--21 mV) copolymers allowed the formation of smaller self-assembled systems with higher Zeta potential values (in absolute values) compared to the ones formed from PTMC-b-PMLA (D h : 61-176 nm (DLS); ζ: -42--16 mV) copolymers. The effect of the hydrophilic weight fraction f on the characteristics of PMLA-b-PHB-and PTMC-b-PMLA-based nanoparticles seemed to be similar as exemplified in Chapter 2 and Chapter 3, respectively.

  formulated from two PMLA-b-PHB and two PMLA-b-PTMC diblock copolymers featuring different hydrophilic fraction (f), namely PMLA 800 -b-PHB 7300 (f = 10%), PMLA 4500 -b-PHB 4400 (f = 51%), PMLA 2500 -b-PTMC 2800 (f = 47%) and PMLA 4300 -b-PTMC 1400 (f = 75%)

  of PMLA-b-PHB and PMLA-b-PTMC based micelles. The PMLA 800 -b-PHB 7300 , PMLA 4500 -b-PHB 4400 , PMLA 2500 -b-PTMC 2800 and PMLA 4300 -b-PTMC 1400 copolymers were synthesized by the sequential ring-opening polymerization (ROP) of β-butyrolactone, benzyl β-malolactonate, and trimethylene carbonate. The subsequent hydrogenolysis of these hydrophobic copolymers afforded the corresponding amphipihilic PMLA-b-PHB and PMLA-b-PTMC copolymers

  of DMF/H 2 O (80/20, v/v). The DiD oil-loaded NPs (80 µL) was mixed with DMF (320 µL) and the resulting solution was analyzed by UV to measure the encapsulation efficiency (EE) calculated using the following equation: EE (%) = [DiD oil] encapsulated /[DiD oil] 0 × 100. Opsonisation of PMLA-b-PHB and PMLA-b-PTMC based NPs.The opsonisation of NPs formulated from PMLA 800 -b-PHB 7300 , PMLA 4500 -b-PHB 4400 , PMLA 2500 -b-PTMC 2800

  (2 µM) loaded with DiDoil or fluorescent microspheres FluoSpheres ® were added to the wells overnight. After incubation, culture media were discarded and the cell monolayers were washed once with PBS before observation by fluorescence microscopy (Zeiss Inverted Microscope, Analysis Software AxioVision). Then, cells were detached with trypsin and analyzed by flow cytometry (FACSCalibur, Becton Dikinson). Dot plots of forward scatter (FSC: x axis), the side scatter (SSC: y axis) allowed to gate the viable cells prior detecting the fluorescence emitted by the DiDoil-loaded NPs (Channel FL4-H) or fluorescent microspheres FluoSpheres ® (Channel FL1-H) present in cells. Cytometry data were analyzed using the CellQuest software (Becton Dikinson).To evaluate the influence of the opsonization on cellular uptake, the assay described above was modified by incubating DiDoil-loaded NPs or fluorescent microspheres FluoSpheres ® in culture media without fetal calf serum or with the same NPs pre-incubated in human serum for 30 min at room temperature before addition to the cell media overnight at a 0.5% final concentration in human serum. The fluorescence emitted by the cells was analyzed as described above.Cytotoxicity assay and quantification of cytokines. The lactate dehydrogenase (LDH) release was measured in the culture media following incubation with NPs using the Cytotoxicity Detection kit (Roche Diagnostics, Mannheim, Germany), according to the manufacturer's instructions. Optical absorbance was measured at 492 nm on a microplate reader (Multiskan FC, Thermo Scientific).Macrophages and HepaRG cells were incubated during 24 h with 0.1 µg/mL ultrapure lipopolysaccharide (LPS) for inflammation priming. Then, the culture media were discarded and cells were treated overnight with NPs, microspheres or MSU 250 µg/mL. Production of cytokines was evaluated by quantification of interleukin-1β (IL-1β), IL-1α and IL-6 levels in culture supernatants using Duoset ELISA kits (R&D Systems, Abingdon, United Kingdom), according to the manufacturer's instructions.Statisticalanalyses. Statistical analyses were performed using a one-way Anova followed by the Kruskal-Wallis post-test or Dunn's multiple comparison tests. Statistically significant Chapter 4-Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic diblock copolymers 163 variations after treatment were compared with controls using Student's t test with Excel software. * p < 0.05; ** p < 0.01.

3. 2 Figure 1 :

 21 Figure 1: The flow cytometry analysis was performed using 10 5 gated viable cells (gate R1 on the side scatter versus forward scatter dot plots, left column). The intrinsic FL4-H fluorescence of macrophages and HepaRG cells was set up using cells that were not incubated with NPs (w/o NPs, dotted line histograms) to define the M1 gate corresponding to negative cells. The fluorescence of macrophages and HepaRG cells incubated with DiD oil loaded NPs

Chapter 4 -Figure 2 :

 42 Figure 2: Analysis of the uptake of NPs derived on PHB and PTMC homopolymers, and PMLA-b-PHB and PTMC-b-PMLA copolymers, based in primary macrophages and HepaRG hepatoma cells measured by flow cytometry. Charts represent the percentage of positive macrophages and HepaRG cells present in the M2 gate (see Figure 1) and the mean of fluorescence in arbitrary units (A.U.) in the positive cells following an overnight incubation with DiD oil loaded NPS. All the cells that were not incubated with NPs (w/o NPs) were

Figure 3 : 3 . 4

 334 Figure 3: LDH release and concentrations in pro-inflammatory cytokines in culture media of macrophages and HepaRG cells. The cytotoxicity of NPs derived from PHB and PTMC homopolymers, and PMLA-b-PHB and PMLA-b-PTMC copolymers, was measured by the LDH release in culture media of macrophages and HepaRG cells in absence (white bars) or presence (dark bars) of the inflammasome priming factor LPS. The inflammasome activation levels were studied by measuring the concentration in IL6, IL1α and IL1β. Number of experiments, macrophages n = 6 to 8 independent culture wells, HepaRG cells = 6 to 9 independent culture wells. * p < 0.05, ** p < 0.01.

  immunoglobulins and complement C3 was found in samples of NPs formulated from PHB and PTMC homopolymers and PMLA-b-PTMC copolymers. The bands obtained were less intense when the serum was incubated with FluoSpheres ® microspheres and weak for PMLAb-PHB copolymers especially in samples of PMLA 4500 -b-PHB 4400 -based NPs. Together, these data indicated that NPs derived from PHB and PTMC homopolymers were heavily opsonized, while the binding of serum proteins was milder on nano-objects Chapter 4-Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic diblock copolymers 172 derived from PMLA-b-PTMC copolymers and very low for PMLA-b-PHB-based nanoobjects. This supported the conclusion that the hydrophilicity and the steric hindrance generated by the PMLA block is useful to reduce the opsonisation of the obtained NPs but also that the structure of hydrophobic block influences the binding of serum proteins with the PMLA hydrophilic fraction.

Figure 4 :

 4 Figure 4: Opsonisation of NPs derived from PHB and PTMC homopolymers, and PMLA-b-PHB and PMLA-b-PTMC copolymers by serum proteins from human serum. A) PHB-based NPs were used to define the time course of the opsonisation assay. Incubation of NPs were performed at 5, 15, 30 min and 1, 2, 8 and 16 h. Adsorbed proteins were loaded on SDS-PAGE and the gels were stained with Coomassie blue. Molecular weight markers (M) indicate the apparent mobility range after electrophoresis. Serum input (S, 1:1000), control
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 4 Opsonisation of nanoparticles prepared from PHB-and PTMC-b-PMLA amphiphilic diblock copolymers 174 In contrast with the results obtained for macrophages, the means of fluorescence were significantly different for HepaRG cells incubated with native or opsonized NPs based on PMLA 800 -b-PHB 7300 , PMLA-b-PTMC and FluoSpheres ® beads. The pre-incubation of NPs formulated with PMLA-b-PTMC and FluoSpheres ® microspheres with human serum strongly

Figure 5 :

 5 Figure 5: Effects of the opsonisation of NPs derived from PHB and PTMC homopolymers and PMLA-b-PHB and PMLA-b-PTMC copolymers by serum proteins from human serum on the cell uptake by macrophages and HepaRG cells. Charts represent the percentage of positive macrophages and HepaRG cells present in the M2 gate (see Figure 1), and the mean of fluorescence in arbitrary units (A.U.) in the positive cells following an overnight incubation
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 55 Linear and three-arm star hydroxytelechelic PMLABe: A straightforward one-step synthesis through ROP Linear and three-arm star hydroxytelechelic PMLABe: A straightforward one-step synthesis through ROP 188 The excellent biocompatibility of self-assembled systems derived from both PMLAb-PHB and PTMC-b-PMLA and the benefits generated by the use of PMLA were demonstrated in Chapter 2, 3 and 4. In addition, it was shown that both the hydrophilic weight fraction and the chemical composition (PHB poly(hydroxyalkanoate) vs PTMC poly(carbonate)) of the hydrophobic segment significantly impacted the extent of the opsonization and the cellular up-take by hepatocytes. Interestingly, PMLA-b-PHB-based nanoparticles exhibited lower protein adsorption and higher accumulation in HepaRG cells as compared to PMLA-b-PTMC. This former copolymer self-assembly was thus identified as the most promising one for potential drug delivery applications towards hepato-cellular carcinoma. Further investigations from such PHB-based self-assembled systems were then undertaken in order to get more information about their physico-chemical properties. The synthesis of the triblock copolymers, namely PMLA-b-PHB-b-PMLA and PHBb-PMLA-b-PHB, was then envisaged in order to compare their self-assembly behavior with that of the parent PMLA-b-PHB diblock copolymer. The approach involved a α,ω-dihydroxytelechelic PHB or PMLABe to be used as a macroinitiator for the ROP of MLABe or BL, respectively, in the presence of a catalyst. While PHB diol has already been reported, α,ω-dihydroxytelechelic PMLABe was not known.

Scheme 2 .Chapter 5 - 2

 252 Scheme 2. Synthesis of PMLABe-n-ols by ROP of MLABe from metal triflate/alcohol systems.

  -exclusion chromatography (SEC) giving number-average molar mass (M n,SEC ) and dispersity (Ð M = M w /M n ) values of the PMLABes was carried out in THF at 30 °C (flow rate 1.0 mL.min -1 ) on a Polymer Laboratories PL50 apparatus equipped with a refractive index detector and a set of two ResiPore PLgel 3µm MIXED-D 300 × 7.5 mm columns. The polymer samples were dissolved in THF (2 mg.mL -1 ). All elution curves were calibrated with 11 monodisperse polystyrene standards (M n range = 580 -380 000 g•mol -1 ); all M n,SEC values of the PMLABes were uncorrected for their potential difference in hydrodynamic radius vs. polystyrene. The SEC traces of the polymers all exhibited a non-Gaussian shaped peak tailing at longer elution times, inducing relatively large dispersities which yet remained below 1.58. The M n,SEC values thus obtained often remained lower than the calculated values or the values determined by NMR (M n,NMR , vide infra). Monomer conversions were determined from 1 H NMR spectra of the crude polymer samples, from the integration (Int.) ratio Int. PMLABe /[Int. PMLABe + Int. MLABe ], using the methine hydrogens -CH 2 CH(CO 2 Be)O (δ PMLABe = 5.50-5.55 ppm, δ MLABe = 4.88 ppm).
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 5 Linear and three-arm star hydroxytelechelic PMLABe: A straightforward one-step synthesis through ROP 193 The molar mass values of PMLABe samples were determined by 1 H NMR analysis in CDCl 3 from the relative intensities of the signals of the main-chain methylene hydrogens (δ CH2CH(CO2Be) = 2.92 ppm), relative to the methylene hydrogens (δ CH(CH2O)x = ca. 4.00-4.20,

  The ring-opening polymerization (ROP) of racemic-MLABe (MLABe) was investigated using M(OTf) 3 with M = Nd, Bi, or trifluoromethane and methane sulfonic acids (HOTf and MSA, respectively) as catalyst, in association with 1,3 propanediol (PPD), or 2-hydroxymethyl-1,3-propanediol (tris(hydroxymethyl)methane or trimethylolmethane (TMM)), under a standard set of conditions viz. in bulk at 60 °C (refer to the Experimental

Figure 1 .

 1 Figure 1. All these data are indicative of a rather living polymerization. The similar ROP of MLABe catalyzed by Nd(OTf) 3 in presence of a triol (TMM) afforded the corresponding PMLABe triol, with a similar control of the polymerization in terms of M n,theo /M n,NMR

Figure 1 .

 1 Figure 1. Variation of M n,NMR ( ) and M n,theo (solid line) values of PMLABe, produced in the presence of Nd(OTf) 3 /PPD, as a function of ([MLABe] 0 x conv. MLABe )/[PPD] 0 (Table1,

1 H

 1 NMR analysis of the precipitated PMLABe-n-ols enabled to verify the presence of MLABe repeating units as well as to confirm the nature of the chain-end groups. The typical spectrum of a low molar mass PMLABe diol is illustrated Figure2with the sample isolated from the ROP of MLABe promoted by Nd(OTf) 3 in the presence of 1,3 propanediol as initiator (

  ). Also, the1 H NMR spectra of PMLABe diols synthesized using either Bi(OTf) 3 or MSA catalyst with PPD, showed the expected integral value for the methylene signal of the main chain ((CHCH 2 C(O)O), δ = 2.92 ppm), whereas the methine and methylene signals ((CH(CO 2 CH 2 Ph)CH 2 C(O)O), δ = 5.50, 5.12 ppm, respectively) failed to provide the corresponding expected integral values (2:1:2 ratio, respectively; Figures S1-S2). This incoherence suggested the presence of (an) unidentified side species and further highlighted the poor control in the case of the ROP mediated by these two catalyst systems.NMR analyses also provided valuable information about the mechanism taking place during the polymerization of MLABe promoted by Nd(OTf) 3 . First, the alcohol used as initiator was found to be quantitatively incorporated into the PMLABe chains as a central linkage. Also, the relative intensity ratio between the PPD or TMM (signals a, b) and the terminal hydroxyl (signal g) signals supported an efficient initiation with all the polymer chains being initiated by the alcohol. Furthermore, these observations evidenced the selective ring-opening of MLABe occurring with oxygen-acyl bond cleavage, thereby generating a propagating hydroxyl chain-end, and ultimately affording a hydroxyl end-capping group. Indeed, as a four membered-ring β-lactone, MLABe may also be ring-opened with oxygen-alkyl bond rupture to give propagating carboxylic acid chain resulting in -COOH Chapter 5 -Linear and three-arm star hydroxytelechelic PMLABe:A straightforward one-step synthesis through ROP 199 (δ = ca. 10.8 ppm) end-functionalized PMLABe,[18][19][20] a chain-end yet not observed in the present study. Finally, MLABe is also prone to undergo crotonisation reactions upon elimination of H 2 O, leading to an acrylic non-propagating chain end.[18][19][20] Such -C(O)CH=CH(CO 2 CH 2 Ph) moieties (δ CH=CH = ca. 5.70-5.80, 6.80-7.00 ppm) were not observed in the NMR nor in mass (vide infra) spectra of the recovered polyester samples.These observations are in agreement with the narrow dispersities measured by SEC (vide supra). Based on these findings, the ROPs of MLABe promoted by Nd(OTf) 3 /PPD,TMM were thus further demonstrated to proceed with a good control and high selectivity, whereas the overall control was poorer in case of Bi(OTf) 3 and MSA catalyzed ROPs in presence of PPD as initiator.

Figure 2 . 1 H

 21 Figure 2. 1 H NMR spectrum (CDCl 3 , 500 MHz, 25 °C) of a PMLABe diol synthesized by ROP of MLABe catalyzed by Nd(OTf) 3 in the presence of 5 equiv. of 1,3 propanediol as initiator (Table1, entry 6).

Chapter 5 -Figure 3 .Figure 4 . 1 H

 5341 Figure 3. 13 C{ 1 H} NMR spectrum (CDCl 3 , 125 MHz, 25 °C) of a PMLABe diol synthesized by ROP of MLABe catalyzed by Nd(OTf) 3 in presence of 5 equiv. of 1,3 propanediol as initiator (Table1, entry 6).

Chapter 5 -Figure 5 .

 55 Figure 5. 13 C{ 1 H} NMR spectrum (CDCl 3 , 125 MHz, 25 °C) of a PMLABe triol synthesized

Figure 6 .Figure 7 .

 67 Figure 6. MALDI-ToF MS spectrum of a PMLABe diol synthesized by ROP of MLABe catalyzed by Nd(OTf) 3 in presence of 5 equiv. of 1,3 propanediol as initiator, using ditranol as a matrix (Table 1, entry 4). The left zooms correspond to the recorded (top) and the simulated (bottom) alike region.

Chapter 5 -

 5 Linear and three-arm star hydroxytelechelic PMLABe: A straightforward one-step synthesis through ROP 2034. ConclusionCatalytic systems composed of Nd(OTf) 3 catalyst in the presence of hydroxyl-group containing compounds such as PPD or TMP as initiator, were found to promote the controlled ROP of benzyl β-malolactonate under mild conditions (i.e. in the absence of a solvent at 60 °C). The ring-opening of MLABe proceeds through the selective oxygen-acyl bond cleavage without undesirable side reactions such as inter-or intra-molecular transesterification reactions or crotonisation, as evidenced by 1 H and 13 C{ 1 H}NMR and MALDI-ToF mass spectrometry analyses of the recovered polyesters. Both Bi(OTf) 3 and methane sulfonic acid organo-catalyst also enabled the ROP of MLABe in the presence of

Chapter 5 ): 1 H

 51 NMR spectra of PMLABe diol synthesized from Bi(OTf) 3 /PPD and MSA/PPD catalytic systems. This chapter has been published in Polymer Chemistry "Linear and three-arm star hydroxytelechelic poly(benzyl β-malolactonate)s: a straightforward one-step synthesis through ring-opening polymerization " G. Barouti, C. G. Jaffredo, S. M. Guillaume* Polymer. Chemistry. 2015, 6, 5851-5859 Chapter 5 -Linear and three-arm star hydroxytelechelic PMLABe: A straightforward one-step synthesis through ROP 204 1. Introduction Biodegradable polyesters have been widely studied during the past few decades for various specialty and commodity applications such as in packaging, tissue/bone engineering and drug delivery. 1 Among these, poly(3-hydroxyalkanoate)s (PHAs) such as the ubiquitous poly(3hydroxybutyrate) (PHB) or the more recently revisited poly(β-malic acid) (PMLA), are extremely attractive due to their additional biocompatibility and biodegradability. 2

Chapter 6 -Scheme 1 .

 61 Scheme 1. Selectivity issues in the MLABe cleavage during its ROP initiated by a PHB macrodiol and catalysed by the neodymium triflate salt.

Scheme 2 .

 2 Scheme 2. Synthesis of PMLA-b-PHB-b-PMLA triblock copolymer by ROP of MLABe initiated by Nd(OTf) 3 /HO-PHB-OH, followed by hydrogenolysis.

  ; Fig. S2, Scheme 1, ESI †). These -COOH end-functionalized macromolecules were however successfully eliminated by rapid elution of the copolymer sample through a short silica column, as evidenced by the disappearance of the corresponding signal in the 1 H NMR spectra of the recovered samples (vide infra, Fig. S5, ESI †). No signal characteristic of a crotonate chain-end (C(O)CHCH-C(O)OCH2Ph, δ 6.85, 5.80 ppm) 12c-d was observed in the spectra of the triblock copolymers. Adjusting the operating conditions to a shorter polymerization time thus directly afforded PMLABe-b-PHB-b-PMLABe samples free of macromolecules with carboxylic acid or crotonate termini (

  i Molar mass values of HO-PMLA-b-PHB-b-PMLA-OH copolymers calculated upon dividing by two the PMLABe molar mass of the hydrophilic triblock copolymer (ESI †), and from the molar mass of PHB as determined by 1 H NMR analysis in acetone-d 6 of the isolated amphiphilic copolymer. j Molar mass ratio of the PMLA and PHB segments within the copolymer based on the previously determined molar mass value (penultimate column); the first figure refers to the hydrophilic weight fraction f. Chapter 6-PHB-based triblock copolymers : Synthesis of hydrophobic PHB/PMLABe and amphiphilic PHB/PMLA analogues by ROP 214 The purified copolymers were then thoroughly analyzed by NMR spectroscopy as α,ωdihydroxy telechelelic PMLABe-b-PHB-b-PMLABe. The 1 H NMR spectra of the copolymers showed the distinctive signals corresponding to both BL and MLABe repeating units and the central tetramethylene moiety, as illustrated Fig. 1 (Fig. S3-S5, ESI †). The good resolution of

Figure 1 .

 1 Figure 1. 1 H NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of HO-PMLABe 2200 -b-PHB 4900 -b-PMLABe 2200 -OH synthesized by ROP of MLABe from Nd(OTf) 3 /OH-PHB 4900 -OH (Table1, entry 5) (* marker stands for residual water).15 

Figure 3 .

 3 Figure 3. 1 H NMR (400 MHz, acetone-d 6 /TFA (98:02, v/v), 23 °C) spectrum of HO-PMLA-b-PHB-b-PMLA-OH obtained upon hydrogenolysis of HO-PMLABe 2200 -b-PHB 4900 -b-PMLABe 2200 -OH (Table 1, entry 5). The signals of the PHB and PMLA block do not suitably integrate as the result of the partial solubility of the triblock copolymer in this solvent. The corresponding 13 C{ 1 H} J-MOD NMR spectra of the PMLA-b-PHB-b-PMLA copolymers in acetone-d 6 /TFA similarly evidenced the characteristic signals of PMLA and PHB segments and of the tetramethylene central moiety (Fig. S14, ESI †). Moreover, DOSY NMR analyses of the amphiphilic copolymers revealed a single diffusion coefficient (D = 102.10 -11

Chapter 6 -

 6 PHB-based triblock copolymers : Synthesis of hydrophobic PHB/PMLABe and amphiphilic PHB/PMLA analogues by ROP 217 some extent its behavior in solution. The copolymer chemical composition-architecture-solution behavior relationship is thus a significant notion to investigate to better understand these PHAs triblock copolymers.

Figure 2 .

 2 Figure 2. DOSY NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of HO-PMLABe 2200 -b-PHB 4900b-PMLABe 2200 -OH (D = 127.10 -11 m 2 .s -1 ) synthesised by ROP of MLABe from Nd(OTf) 3 /HO-PHB 4900 -OH (Table 1, entry 5) and of a mixture of HO-PMLABe 4000 -crotonate (D = 154.10 -11 m 2 .s -1 ) and HO-PHB 5000 -OH (D = 191.10 -11 m 2 .s -1 ).

  systems. Investigations of the self-assembling behavior of the PMLA-b-PHB-b-PMLA copolymers revealed unique properties in relation to the hydrophilic weight fraction. Detailed results and outcomes along these lines will be reported in due course.This chapter has been published as a communication in Polymer Chemistry"Polyhydroxybutyrate (PHB)-based triblock copolymers : Synthesis of hydrophobic PHB/poly(benzyl β-malolactonate) and amphiphilic PHB/poly(malic acid) analogues by ring-

  a promising characteristic for the elaboration of nanoparticulate drug delivery systems. The behavior of these PHA-based amphiphilic copolymers should then further be rationalized by DLS and static light scattering (SLS) measurements in order to better understand how the self-assembly of this polyelectrolyte occurs and how f modifies the size. As aforementioned, reported PHB centered triblock copolymers featured high colloidal stability and tunable characteristics. Therefore, the formation of biocompatible and fully biodegradable related triblock copolymers (ABA) such as PMLA-b-PHB-b-PMLA appears highly promising for the preparation of colloidal systems. Besides, the couple of alike PMLA-b-PHB diblock and PMLA-b-PHB-b-PMLA triblock copolymers offers a valuable set to evaluate the copolymer topology-self assembled structure and properties relationship. Note that the "reverse" BAB PHB-b-PMLA-b-PHB triblock copolymer appears less attractive for the eventual grafting of a targeting agent on the outer hydrophilic shell (necessarily made of PMLA) of the self-assembled system for the production of conjugated polymer nanovectors.The synthesis of PMLA-b-PHB and PMLA-b-PHB-b-PMLA copolymers by ROP of MLABe (benzyl -malolactonate) and BL has been reported by some of us through different catalytic approaches involving either1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)-end functionalized PHB as initiator, and PHB diol/neodymium triflate (NdOTf 3 ) as catalytic system, respectively, followed by the mild hydrogenolysis of the of the benzyloxycarbonyl groups using Pd/C. Diblock and triblock PHB/PMLA copolymers with similar f values ranging from 11 to 82% were thus obtained.31,34 Herein we report the formation of self-assembled systems based on PMLA-b-PHB and PMLA-b-PHB-b-PMLA copolymers. The effect of f and of the polymer topology on the behavior of the PHB-based nano-objects are investigated and rationalized through light scattering (LS) and PMLA-b-PHB-b-PMLA copolymers were synthesized according to the previously reported procedures.31,34 A series of both diblock (DX/Y) and triblock (TX/Y) copolymers with comparatively similar hydrophilic weight fractions (f = Y), yet featuring a range of PMLA (X) and PHB (Y) weight fractions, as determined by 1 H NMR spectroscopy, was comparatively investigated.

Figure 1 .

 1 Figure 1. CryoTEM images of PMLA-b-PHB D11/89-based self-assembled systems.

Chapitre 7 -Figure 2 .

 72 Figure 2. (a) Dependence of the N agg on the polymerization degree (DP PHB ) of the hydrophobic block for diblock (•) and triblock (■) copolymers nanoprecipitated in PBS; (b) Same correlation using corrected polymerization degree (DP PHB,corr ) for the triblock copolymers (as aforementioned); the straight line has a slope of 1.

( 7 )

 7 However, a proper comparison between diblock and triblock copolymers can only be achieved for the latter by transforming b into b', the latter being the interchain distance between individual hydrophilic segments more specifically b'² = b²/2 for triblock copolymers which can be viewed as two diblock copolymers joined together as previously assumed. The values of b and b' do not vary systematically with the length of the hydrophilic PMLA block, and a rough average value of b = 2 nm can be estimated from the data whichever the diblock copolymers, and of roughly two times smaller for triblocks.

  a D refers to a diblock PMLA-b-PHB copolymer, T refers to a triblock PMLA-b-PHB-b-PMLA copolymer; b Molar mass of PMLA (first figure) and PHB (second figure) determined by 1 H NMR spectroscopy. c Hydrophilic weight fraction of the copolymer determined by 1 H NMR spectroscopy. e Weight molar mass of the self-assembled system determined by SLS. f Number of aggregation of the self-assembled systems determined by SLS. g Hydrodynamic radius of the self-assembled systems determined by SLS. h Diffusion coefficient of the self-assembled systems determined by DLS. i Radius of the core of the micelle determined by SLS. j Interchain distance between two hydrophilic segments determined by SLS. k Thickness of the hydrophilic core determined by SLS. l Corona thickness upper limit calculated from DP of the hydrophilic segment. nd = not determined.

Figure 5 Figure 3 .Figure 4 .RhFigure 5 .

 5345 Figure 3. Evolution of the hydrodynamic radius (R h ) as a function of the incubation time at 37 °C for nanoprecipitated PMLA-b-PHB ( D10/90, •D50/50, ■D76/24) and PMLA-b-PHB-b-PMLA ( T15/85, ○T41/59, □T82/18).

Chapitre 7 -

 7 Self-assemblies of PHB-based diblock and triblock copolymers 236 without requiring the synthesis of new copolymers. Self-assembled systems with R h of 53 and 67 nm are thus obtained. The formation of blended micelles containing both highly hydrophilic (f = 76%) and highly hydrophobic (f = 11%) PMLA-b-PHB copolymers is established by SLS.The colloidal stability of the systems formed from the PHB-based diblock and triblock copolymers is also investigated. Diblock and triblock copolymers with f up to 50% are highly stable over a period of 10 days of incubation in a PBS solution at 37 °C. Increasing the PMLA content leads to an increase of the R h due to a faster hydration of the aggregates.Therefore, PMLA-b-PHB and PMLA-b-PHB-b-PMLA copolymers allow the formation of self-assembled systems with various tunable characteristics. The behavior of these polymers in aqueous solution combined with their biocompatibility and biodegradability make them

  d Monomers' conversion determined by1 H NMR of the crude reaction mixture (refer to the Experimental Section). e Theoretical molar mass of each block of the TBDPMLABe-b-PHBcrotonate copolymers (not including either the TBD or the -C(O)CHCHCH 3 chain-end groups) calculated from the relations: {[BL] 0 /[TBD] 0 × Conv BL × M BL } and {[MLABe] 0 /[TBD] 0 × Conv. MLABe × M MLABe }, respectively, with M BL = 86 g.mol 1 and M MLABe = 206 g.mol 1 . f Experimental molar mass values determined by 1 H NMR analysis of the isolated block copolymer (not including either the TBD or the -C(O)CHCHCH 3 chain-end groups) from the resonances of both terminal groups (i.e., base and -C(O)CHCH 2 H 3 ; refer to the Experimental Section). g Theoretical molar mass of the TBDPMLABe-b-PHBcrotonate including the chain end-groups calculated from the relation PHB-PMLABe M n,theo + M TBD + M C(O)CHCHCH3 , with M TBD = 139 g.mol 1 , M C(O)CHCHCH3 = 69 g.mol 1. h Experimental molar mass values determined by SEC analysis in THF at 30 °C vs. polystyrene standards (uncorrected value; refer to the Experimental Section). i Dispersity determined by SEC analysis in THF at 30 °C.

a

  Concentration of the PMLA-b-PHB copolymer in PBS. b Diameter given as the average number distribution. c Polydispersity index of the nanoparticle size measured from DLS.

Figure S1 .

 S1 Figure S1. SEC chromatograms of the sample recovered from the sequential bulk copolymerization of BL and then MLABe mediated by TBD (top trace), and of a mixture of this same sample along with the corresponding PHB macroinitiator (bottom trace; M n,SEC = 5700 g.mol 1 , Ð M = 1.65; TableS1, entry 6).

Figure S2 .

 S2 Figure S2. DOSY NMR (400 MHz, CD  Cl 2 , 23 °C) spectrum of PMLABe 5200 -b-PHB 4200 recovered from the sequential bulk copolymerization of BL and then MLABe mediated by TBD (TableS1, entry 5).

Figure S3 .

 S3 Figure S3. SEC chromatograms of the PHB macroinitiator (M n,SEC = 4500 g.mol 1 , Ð M = 1.26) and the corresponding TBDPMLABe 6500 -b-PHB 3100 crotonate block copolymer (M n,SEC = 6000 g.mol 1 , Ð M = 1.25) obtained by the sequential copolymerization of BL (M n,NMR = 3400 g.mol 1 , FigureS5) and then MLABe mediated by TBD in toluene (Table1, entry 3). Note that the small peak appearing at the low limit (high retention time) is inherent to the SEC apparatus and appears in all chromatograms (FigureS4). Following the evolution of the molar mass by SEC from the PHB precursor to the ensuing PMLABe-b-PHB copolymer showed the shift of the trace to lower elution times, i.e. an increase of the molar mass, thereby highlighting the efficiency of the solution ROP of MLABe from the TBDPHBcrotonate macroinitiator. Also, the absence of the PHB macroinitiator trace in the SEC chromatogram of the copolymer, revealed the complete consumption of PHB during the polymerization of MLABe.

26 Figure S4 .

 26S4 Figure S4. SEC chromatograms of PMLABe-b-PHB copolymers recovered from the sequential copolymerization of BL (in bulk) and then MLABe (in toluene), mediated by TBD (Table1, entries 2, 3, 6, 7).

Figure S5. 1 H

 1 Figure S5.1 H NMR (400 MHz, CDCl 3 , 23 °C) spectrum of TBDPHB 3400 crotonate synthesized from the bulk ROP of BL using TBD (M n,SEC = 4500 g.mol 1 , Ð M = 1.26; Table1, entry 3).

  Figure S6.1 H NMR (400 MHz, CDCl 3 , 23 °C) spectrum of TBDPMLABe 1700 -b-PHB 7300 crotonate synthesized from the sequential ROP of BL (in bulk) and MLABe (in toluene) using TBD (Table1, entry 2) (* marker stands for residual water in CDCl 3 ).

Figure S7. 1 H

 1 Figure S7.1 H NMR (400 MHz, CDCl 3 , 23 °C) spectrum of TBDPMLABe 6500 -b-PHB 3100 crotonate synthesized from the sequential ROP of BL (in bulk) and MLABe (in toluene) using TBD (Table1, entry 3) (* marker stands for a residual unidentified impurity).

  Figure S8.1 H NMR (400 MHz, CDCl 3 , 23 °C) spectrum of TBDPMLABe 17100 -b-PHB 1700 crotonate synthesized from the sequential ROP of BL (in bulk) and MLABe (in toluene) using TBD (Table1, entry 5). Note that the repeating unit signals of both blocks(d,e,h,i,j) in the present spectrum of PMLABe 17100 -b-PHB 1700 display the same integration values as in the spectrum of the deprotected sample of PMLA 8500 -b-PHB 1900 reported Figure1(Table2, entry 6), respectively.

  Figure S9.1 H NMR (400 MHz, CDCl 3 , 23 °C) spectrum of PMLABe 8600 -b-PHB 2300 synthesized from the sequential ROP of BL (in bulk) and MLABe (in toluene) using TBD (Table1, entry 6) (* marker stands for residual water in CDCl 3 and unidentified impurities).

Figure S10 .

 S10 Figure S10. DOSY NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of TBD PHB 3400 crotonate synthesized from the ROP of BL (in bulk;Table1, entry 3).

Figure S11 .

 S11 Figure S11. DOSY NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of TBDPMLABe 6500 -b-PHB 3100 crotonate synthesized from the sequential ROP of BL (in bulk) and MLABe (in toluene) using TBD (Table1, entry 3).

Figure S12 .

 S12 Figure S12. DOSY NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of HOPMLA 800 -b-PHB 7300 -C(O) n Pr obtained upon hydrogenolysis of TBDPMLABe 1700 -b-PHB 7300 crotonate (Table2, entry 1; Table1, entry 2, respectively).

Figure S13 .

 S13 Figure S13. DOSY NMR (400 MHz, acetone-d 6 /TFA (80/20, v/v), 23 °C) spectrum of HOPMLA 3300 -b-PHB 3100 -C(O) n Pr (Table2, entry 3) obtained upon hydrogenolysis of TBDPMLABe 6500 -b-PHB 3100 crotonate synthesized from the sequential ROP of BL (in bulk) and MLABe (in toluene) using TBD (Table1, entry 3).

Figure S14 .

 S14 Figure S14. DOSY NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of HOPMLA 8500 -b-PHB 1900 C(O) n Pr obtained upon hydrogenolysis of TBDPMLABe 17100 -b-PHB 1700 crotonate (Table2, entry 6; Table1, entry 5, respectively).

T g = 3 CFigure S15 .

 3S15 Figure S15. DSC trace (second heating cycle) of PMLA 3300 -b-PHB 3100 synthesized from the hydrogenolysis of PMLABe 6500 -b-PHB 3100 (Table 2, entry 3 vs. Table 1, entry 3, respectively).

T g = 12 C

 12 Figure S16. DSC trace (second heating cycle) of a PMLA sample (M n,theo = 30 000 g.mol -1 ) synthesized from the hydrogenolysis of a PMLABe (M n,theo = 60 000 g.mol -1 ) prepared by anionic ROP of MLABe in bulk initiated by benzoate tetraethylammonium.11 The thermogram was recorded according to the following cycles: 50 to +70 °C at 10 °C•min -1 ; +70 to 50 °C at 10 °C•min -1 ; 50 °C for 5 min; 50 to +150 °C at 10 °C•min -1 ; +150 to 100 °C at 10 °C•min -1 .

Figure S18 .

 S18 Figure S18. Determination of the CMC of the PMLA 3300 -b-PHB 3100 -based nanoparticles (Table 2, entry 3) in PBS ([NaCl] 0 = 0.15 mol.L 1 , pH 7.4) by surface tension measurements.

Figure S19 .Figure S20 .

 S19S20 Figure S19. MTT assays in progenitor and hepatocyte HepaRG and SK-MEL-28 cells incubated with PMLA 800 -b-PHB 7300 based nanoparticles (circles: 24 h; triangles: 48 h; squares: 2 weeks). Statistical analyses: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Figure S1. 1 HFigure S2 .

 1S2 Figure S1. 1 H NMR (400 MHz, CDCl 3 , 23 °C) spectrum of a i PrOPTMC 2800 -OH sample synthesized by ROP of TMC from TBD/HO i Pr (Table1, entry 2).

  Figure S3.1 H NMR (400 MHz, CDCl 3 , 23 °C) spectrum of a i PrOPTMC 2400 -b-PMLABe 4000 -OH sample synthesized by ROP of MLABe from Nd(OTf) 3 / i PrOPTMC-OH (Table1, entry 2) (* marker stands for residual water and acetone in CDCl 3 ).

Figure

  Figure S4. 13 C{ 1 H} NMR (100 MHz, CDCl 3 , 23 °C) spectrum of a i PrOPTMC-b-PMLABe-OH sample synthesized by ROP of MLABe from Nd(OTf) 3 / i PrOPTMC-OH (Table1, entry 2).

Figure

  Figure S5. 1 H-1 H COSY NMR (400 MHz, CDCl 3 , 23 °C) spectrum of a i PrOPTMC-b-PMLABe-OH sample synthesized by ROP of MLABe from Nd(OTf) 3 / i PrOPTMC-OH (Table 1, entry 2).

Figure S6. 1 H

 1 Figure S6. 1 H-13 C HSQC NMR (400 MHz, CDCl 3 , 23 °C) spectrum of a i PrOPTMC-b-PMLABe-OH sample synthesized by ROP of MLABe from Nd(OTf) 3 / i PrOPTMC-OH (Table1, entry 2).

Figure

  Figure S7. 1 H-13 C HMBC NMR (400 MHz, CDCl 3 , 23 °C) spectrum of a i PrOPTMC-b-PMLABe-OH sample synthesized by ROP of MLABe from Nd(OTf) 3 / i PrOPTMC-OH(Table 1, entry 2). Note that the protons/carbons correlations(f,9),(e,6),(g,9) enabled to differentiate between the two signals of the carbonyls of PMLABe observed at  168.2 and 168.0 ppm in the 13 C{ 1 H} NMR spectrum (FigureS4).

8 Figure

 8 Figure S12. 13 C{ 1 H} J-MOD NMR (125 MHz, THF-d 8 /TFA (80:20, v/v), 23 °C) spectrum of i PrOPTMC 2800 -b-PMLA 2500 -OH obtained upon hydrogenolysis of i PrOPTMC 2400 -b-PMLABe 4000 -OH (Table 2, entry 2).

8 Figure

 8 Figure S13. 13 C{ 1 H} (100 MHz, THF-d 8 /TFA (80:20, v/v), 23 °C) spectrum of i PrOPTMC 2800 -b-PMLA 2500 -OH obtained upon hydrogenolysis of i PrOPTMC 2400 -b-PMLABe 4000 -OH (Table 2, entry 2).

Figure

  Figure S14. 1 H-1 H COSY NMR (400 MHz, THF-d 8 /TFA (80/20 v/v), 23 °C) spectrum of i PrOPTMC 2800 -b-PMLA 2500 -OH obtained upon hydrogenolysis of i PrOPTMC 2400 -b-PMLABe 4000 -OH (Table 2, entry 2).

Figure

  Figure S15. 1 H-13 C HSQC NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of i PrOPTMC 2800b-PMLA 2500 -OH obtained upon hydrogenolysis of i PrOPTMC 2400 -b-PMLABe 4000 -OH (Table 2, entry 2; Table 1, entry 2, respectively).

Figure S16 .

 S16 Figure S16. DSC thermogram (second heating cycle; heating rate = 10 °C.min 1 ; argon flow) of i PrOPTMC 2800 -b-PMLA 2500 -OH synthesized from the hydrogenolysis of PTMC 2400 -b-PMLA 4000 (Table 2, entry 2).

Figure S17 .Supporting Information Chapter 5 Figure S1. 1 H

 S1751 Figure S17. Thermal degradation profile of PTMC determined by TGA analysis (M n , NMR = 2800 g.mol1 , Table 1, entry 2 ).

Figure S2. 1 H

 1 Figure S2. 1 H NMR spectrum (CDCl 3 , 400 MHz, 25 °C) of a PMLABe diol synthesized by ROP of MLABe catalyzed by MSA in presence of 5 equiv. of 1,3-propane diol as initiator (Table1, entry 13).

  Typical hydrogenolysis of PMLA Be -b-PHB-b-PMLA Be into PMLA-b-PHB-b-PMLA.

  1 and M O(CH2)4O = 88 g.mol 1 ; i.e. HOPMLA-b-PHB-b-PMLA M n,theo = PMLA-b-PHB-b-PMLA M n,theo + 90 g.mol 1 ). 1 H NMR (400 MHz, acetone-d 6 /TFA (98:02, v/v), 23 °C): (ppm) BL (-OCH(CH 3 )CH 2 C(O): 5.24, -OCH(CH 3 )CH 2 C(O): 2.57, (-OCH(CH 3 )CH 2 C(O): 1.23), MLA Be (COOH: 8.50, -OCH(CO 2 H)CH 2 C(O): 5.53, -OCH(CO 2 H)CH 2 C(O): 2.98), tetramethylene central moiety (-O(CH 2 ) 4 O: 4.11,1.70) (Figure 3). 13 C{ 1 H} J-MOD NMR (100 MHz, acetone-d 6 /TFA -98:02, v/v, 23 °C): (ppm) PMLA (OCH(COOH)CH 2 C(O), 68.4, OCH(COOH)CH 2 C(O), 158.7; OCH(COOH)CH 2 C(O), 41.2; OCH(COOH)CH 2 C(O), 169.9), PHB (OCH(CH 3 )CH 2 C(O), 68.5; OCH(CH 3 )CH 2 C(O), 19.9;

Figure S1. 1 H

 1 Figure S1.1 H NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of a HOPHB 4900 OH sample synthesized by ROP of MLA Be from HOTf/butanediol (TableS1, entry 5). (* marker stands for residual water and acetone).

Figure S2. 1 H

 1 Figure S2.1 H NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of a HOPMLA Be 4100 -b-PHB 2500 -b-PMLA Be 4100 OH sample synthesized by ROP of MLA Be from Nd(OTf) 3 /HOPHB 2100 -OH (Table1, entry 6) before purification through a silica column (* marker stands for residual water) (to be compared with the 1 H NMR spectrum of the purified sample, FigureS5). Since the signal of the carboxylic acid integrates for 5.21 relative to the central tetramethylene moiety while 55 MLA Be units were consumed, there is less than 10% of carboxylic acid chain-end in the whole copolymer.

Figure S3. 1 H

 1 Figure S3. 1 H NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of a HOPMLA Be 400 -b-PHB 2500b-PMLA Be 400 OH sample synthesized by ROP of MLA Be from Nd(OTf) 3 /HOPHB 2700 -OH (Table1, entry 1) (* marker stands for residual acetone).

  Figure S4. 1 H NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of HOPMLA Be 500 -b-PHB 6500b-PMLA Be 500 OH sample synthesized by ROP of MLA Be from Nd(OTf) 3 /HOPHB 6700 -OH (Table1, entry 2) (* marker stands for residual water and acetone).

Figure S5. 1 H

 1 Figure S5. 1 H NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of HOPMLA Be 4100 -b-PHB 2500b-PMLA Be 4100 OH sample synthesized by ROP of MLA Be from Nd(OTf) 3 /HOPHB 2100 -OH (Table 1, entry 6) (* marker stands for residual water ).

  Figure S6. 13 C{ 1 H} J-MOD NMR (100 MHz, acetone-d 6 , 23 °C) spectrum of HOPMLA Be 2200 -b-PHB 4900 -b-PMLA Be 2200 -OH synthesized by ROP of MLA Be from Nd(OTf) 3 /HOPHB 4900 -OH (Table1, entry 5).

Figure

  Figure S7. 1 H-13 C HMBC NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of HOPMLA Be 2200b-PHB 4900 -b-PMLA Be 2200 -OH synthesized by ROP of MLA Be from Nd(OTf) 3 /HOPHB 4900 -OH (Table1, entry 5).

Figure

  Figure S8. 1 H-13 C HSQC NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of a HOPMLA Be 2200 -b-PHB 4900 -b-PMLA Be 2200 -OH sample synthesized by ROP of MLA Be from Nd(OTf) 3 /HOPHB 4900 -OH (Table1, entry 5).

Figure S9 .

 S9 Figure S9. SEC chromatograms of a HOPHB 4900  macroinitiator (M n,SEC = 5100 g.mol 1 , Ð M = 1.21; Table S1, entry 5), and of the corresponding HOPMLA Be 2200 -b-PHB 4900b-PMLA Be 2200  triblock copolymer (M n,SEC = 5600 g.mol -1 , Ð M = 1.23) synthesized by the ROP of MLA Be promoted by the Nd(OTf) 3 /HOPHB 4900  catalytic system (Table 1, entry 5). Note that the slight tailing of the traces in the low molar mass (high retention time) region

Figure S10. 1 H

 1 Figure S10. 1 H NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of HOPMLA 1100 -b-PHB 4600b-PMLA 1100 -OH obtained upon hydrogenolysis of HOPMLA Be 2200 -b-PHB 4900 -b-PMLA Be 2200 -OH (Table 1, entry 5) (* marker stands for residual water and acetone). The signals of the PMLA block do not suitably integrate as the result of the partial solubility of this block in acetone.

Figure S11. 1 H

 1 Figure S11. 1 H NMR (400 MHz, acetone-d 6 /TFA (98:02, v/v), 23 °C) spectrum of HOPMLA-b-PHB-b-PMLA-OH obtained upon hydrogenolysis of HOPMLA Be 400 -b-PHB 2500 -b-PMLA Be 400 -OH (Table1, entry 1) (* marker stands for water and residual acetone).

  Figure S12. 1 H NMR (400 MHz, acetone-d 6 /TFA (98:02, v/v), 23 °C) spectrum of HOPMLA-b-PHB-b-PMLA-OH obtained upon hydrogenolysis of HOPMLA Be 500 -b-PHB 6500 -b-PMLA Be 500 -OH (Table 1, entry 2) (* marker stands for water and residual acetone).

Figure S13. 1 H

 1 Figure S13. 1 H NMR (400 MHz, acetone-d 6 /TFA (98:02, v/v), 23 °C) spectrum of HOPMLA-b-PHB-b-PMLA-OH obtained upon hydrogenolysis of HOPMLA Be 4100 -b-PHB 2500 -b-PMLA Be 4100 -OH (Table1, entry 6) (* marker stands for unidentified impurities).

  Figure S14. 13 C{ 1 H} J-MOD NMR (100 MHz, acetone-d 6 /TFA -98:02, v/v, 23 °C) spectrum of the HOPMLA 1100 -b-PHB 4600 -b-PMLA 1100 -OH sample obtained upon hydrogenolysis of the HOPMLA Be 2200 -b-PHB 4900 -b-PMLA Be 2200 -OH (Table1, entry 5) (* marker stands for unidentified impurities).

.

  

Figure S15 .

 S15 Figure S15. DOSY NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of HOPMLA 1100 -b-PHB 4600 -b-PMLA 1100 -OH obtained upon hydrogenolysis of HOPMLA Be 2200 -b-PHB 4900 -b-PMLA Be 2200 -OH (Table1, entry 5) (D = 102.10 11 m.s 1 ).

Figure S16 .

 S16 Figure S16. Thermal degradation profiles of PMLA Be 4300 homolymer.

Figure S17 .

 S17 Figure S17. Thermal degradation profiles of PMLA-b-PHB-b-PMLA copolymers: a) PMLA Be 5200 -b-PHB 1100 -b-PMLA Be 5200 , b) PMLA Be 1200 -b-PHB 1700 -b-PMLA Be 1200 , c) PMLA 600 -b-PHB 1700 -b-PMLA 600 , c) PMLA 2600 -b-PHB 1100 -b-PMLA 2600 (Table1, entries 4, 7, ESI †).

Figure S18 .

 S18 Figure S18. DSC trace (second heating cycle; heating rate = 10 °C.min 1 ; helium flow) of PMLA Be 5200 -b-PHB 1100 -b-PMLA Be 5200 (Table1, entry 7).

Figure S19 .

 S19 Figure S19. DOSY NMR (400 MHz, acetone-d 6 , 23 °C) spectrum of a mixture a mixture of HO-PMLA Be 4000 -crotonate (D = 154.10 11 m 2 .s 1 ) and HO-PHB 5000 -OH (D = 191.10 11 m 2 .s 1 ).

  

  

  

  

  

  

  

  

.2. PHB-based copolymers prepared from ring-opening polymerization of (-butyrolactone)

  

	poly(PEG/PPG/PHB urethane) PHB-b-PEG-b-PHB	nat synth	42 50050 600 (SEC vs PEG); 1.371.56 4500 (SEC vs PEG); 1.07	1100 860	PEG : 1900 PPG : 2200 1800	28 19	--	80
	Peptide dendrimer-PHB-b-PEG-b-PHB	2.1.3. Other chemically modified bacterial PHB-based copolymers synth 1000-4900 (SEC vs PS); 1.48-2.26 200-2200 600	4088	T m = 60, 150 T g = 26  24	81
	PHB-co-PCL PHBV-co-PCL PHB-co-PHB Allyl PEEP-b-PHB-b-PEEP PHB-co-PHB diOH		Nat Nat synth Nat synth	2.2.2. PHB/PHA-based copolymers from ROP of BL 460025 000 (SEC vs PS); 1.311.72 362 000 121 000 13 60017 300 (SEC vs PS); 1.311.72 9200-61 100 (SEC vs PS); 1.24-1.62 --PHBV : 91 000 121 000 1.47-2.23 9004100 12005800 3400-15 600 ( 1 H NMR); 11 200-69 600 (SEC vs PS); 1.28-1.76 --	2881 89 3336 1962 89	-T g = 10 T m = 113 --T m = 130 T g = 2	82, 83 82, 83
	PNIPAAM-b-PHB-b-PNIPAAM	Nat	3800-37 700 (SEC vs PS); 1.09-1.50	1700	100018 000	545	-	65, 78
	PDMAEMA-b-PHB-b-PDMAEMA	Nat	5200-24 000 ( 1 H NMR); 1.23-1.35	2100	160011 000	941	-	68, 79
		22.2.1. PHB/PEG-based copolymers from ROP of BL			
	adamantyl-PHB-b-sPEG		Synth	20 600-36 800 ( 1 H NMR); 1.30-1.41	1600-3100 9500-19 900	3464	-	
	PHB-b-PEG-b-PHB	-PEG	nat synth	-5300-67 400 ( 1 H NMR); -	-65031 700	-4000	-2594	-T g = 43  24 T m = 3560	60, 61

Table 2 .

 2 Preparation methods and characteristics of PHB-based self-assembled systems.

	(Co)polymer	Self-assembled systems	Preparation method	Surfactant	Size (D h )	Ref.
		3.1.1. PHB-based nanoparticles			
		3.1.1.1. Nanoparticles derived from PHB homopolymers			
	AG-PHB	Nanoparticles	Polymerization and nanoparticle formation in-situ	-	70550 nm	70
	FOL-PHB	Nanoparticles	Modified double emulsion-solvent evaporation	PVA	441132 nm	128
	RGD4C-PHB	Nanoparticles	Oil-in-water emulsion-solvent evaporation	-	209-255 nm	

Table 3 .

 3 Characteristics of encapsulation and drug release from PHB-based self-assembled systems.

PHB (co)polymer Encapsulated molecule DLC DLE Drug release kinetic profile Application Ref. 3.2.1. PHB-based nanoparticles PHB homopolymer nanoparticles

  

		3				
	AG-PHB	Nile red	-	-	Colon cancer	70
	FOL-PHB	Arsenic trioxide	40 mg.g 1 94%	Burst release and then sustained release	Cancer	128
	RGD4C-PHB	Nile Red	-	-	Breast cancer	71
		PHB copolymers nanoparticles		
	PHB-b-PMLA	Did oil	-	-	Cancer	179
				Burst effect (20%		
	P(HB-co-HV-co-CL)	Calcein	ca. 1% < 20%	released in 15 min) and 100% released in ca.	Drug carriers	76
				3.5 d		
	P(HB-co-HV-co-CL)	Oil Red O	ca. 1% < 20 %	Linear release kinetic of 6-8h preceeded by a lag time	Drug carriers	76
	DOCA-PHB-b-PEG	FITC-Inulin	-	-	Colon cancer	

.2.2. PHB-based micelles

  

			Chapter 1 -Drug delivery systems based on synthetic PHB (co)polymers
	3			highly depending on	
			3.2.2.1. PHB/PEG-based micelles the polymer molar	
	PEG-b-PHB-b-PEG PHB-b-PEG-b-PHB P(HB-co-HB allyl ) P(HB-co-HB diOH )	DOX Pyrene L-Leuprolide	-64% 1461% 1.46.7 mg.g 1 -94%	mass and crystallinity 30% released in 4 d exponential decay Second order Release dependent on the PHB microstrcuture	Cancer therapy (Xenograft tumor) Drug delivery
	PHB-co-PEG	Griseofulvin	not reported 1467%	Burst effect followed during 48 h by sunstained release	Drug delivery
			3.2.2.2. Other PHB-based micelles	
	PNIPAAM-b-PHB-b-PNIPAAM	pyrene	-	-	Chemotherapeutics applications
	PDMAEMA-b-PHB-b-PDMAEMA	DOX	-3138%	13 d, pH 7, 37 °C > 20 d, pH 7, 20 °C	Chemotherapeutics applications
	PEEP-b-PHB-b-PEEP	Paclitaxel	0.015% 146%	70% released 25 d	Drug delivery
			3.2.3. PHB-based microparticles	
	P(HB-co-CL)	Calcein	29% 100%	Burst effect followed by a sustained release	Drug carriers
	P(HB-co-CL)	Oil Red O	16% 1057%	No burst effect, sustained release	Drug carriers
					63

.2.1. Encapsulation and drug release from PHB-based nanoparticles

  

	Nanoparticles based on PHB homopolymer have been used to encapsulate
	hydrophobic drugs with excellent DLE due to the absence of hydrophilic group in the PHB
	(hydrophobic) main chain. FOL-PHB conjugate-based nanoparticles encapsulated arsenic
	trioxide used to target colon cancer with a DLE of ca. 94%.

  Proliferating progenitor (seeded at 2.5.10 4 cells.cm -2 ) and quiescent hepatocyte-like (seeded at 20.10 4 cells.cm -2 ) HepaRG cells were cultured in William's E ), and dimethyl sulfoxide (2%) for hepatocyte-like HepaRG cells only, as previously described.53 SK-MEL-28 were seeded at 10 5 cells.cm -2 in RPMI medium supplemented with glutamine (2 mM), fetal calf serum (10%), penicillin (100 U.mL -1 ) and 100 µg.mL-1 streptomycin. Treatments were performed once at incubation times of 24 h and 48 h with both cell lines, and 7 times for the 2-weeks chronic treatment with the HepaRG cells.

	Chapter 2 -PHA-based amphiphilic diblock copolymers
	as original biocompatible nanoparticles
	Cell culture. medium supplemented with 2 mM of glutamine (Gibco), insulin (5 mg.L -1 ), hydrocortisone
	hemisuccinate (10 -5 M), 10% of fetal calf serum, penicillin (100 U.mL -1 ), streptomycin (100
	µg.mL -1
	97

Concentrations of PMLA 3300 -b-PHB 3100 ranging from 0.4 to 55 µM (corresponding to a concentration range of 2.55-352 µg.mL -1 ) and PMLA 800 -b-PHB 7300 (corresponding to a concentration range of 3.2-365 µg.mL -1 ) copolymers, were used.

Cell toxicity studies. The cytotoxicity was assessed using MTT assay. Briefly, cells plated in 96 well plates were treated and incubated with MTT (0.25 mg.mL -1 ) in William's medium without fetal calf serum for 2 h at 37 °C. The crystals thus formed were dissolved in DMSO at room temperature for 5 min, and the absorbance was measured at 490 nm with a microplate reader. The MTT values reflecting mitochondrial enzymatic activities which are directly correlated to the number of viable cells were expressed in percentage relatively to the absorbance determined in control cultures. Half-maximal inhibitory concentration (IC 50 ) were calculated using linear regression and expressed as mean ± SEM (the standard error of the mean) of at least three independent experiments (Figures

7, S19

). Statistical analyses were performed using two-way Anova followed by Bonferroni post-test or Dunn's multiple comparison tests. Statistically significant variations after treatment were compared with controls using Student's test with Excel software; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Table 1 .

 1 Sequential ring-opening copolymerization of BL (in bulk) and MLABe (in toluene) promoted by TBD at 60 °C. a CHCHCH 3 chain-end groups) calculated from the relations: {[BL] 0 /[TBD] 0 x Conv BL x M BL } and {[MLABe] 0 /[TBD] 0 × Conv. MLABe × M MLABe }, respectively, with M BL = 86 g.mol -1 and M MLABe = 206 g.mol -1 . e Experimental molar mass values determined by 1 H NMR analysis of the isolated block copolymer (not including either the TBD or the -C(O)CHCHCH 3 chain-end groups) from the resonances of both terminal groups (i.e., base and -C(O)CHCHCH 3 ; refer to the Experimental Section). f Theoretical molar mass of the TBD-PMLABe-b-PHB-crotonate including the chain end-groups calculated from the relation PHB-PMLABe M n,theo + M TBD + M C(O)CHCHCH3 , with M TBD = 139 g.mol -1 , M C(O)CHCHCH3 = 69 g.mol -1. g Experimental molar mass values determined by SEC analysis in THF at 30 °C vs. polystyrene standards (uncorrected value; refer to the Experimental Section).

	Entry	[BL] 0 :[MLABe] 0 : [TBD] 0 a	Reaction Time b (h)	BL,MLABe Conv. c (%)	PMLABe-PHB M n,theo d (g.mol -1 )	PMLABe-PHB M n,NMR e (g.mol -1 )	PMLABe-b-PHB M n,theo f (g.mol -1 )	PMLABe-b-PHB (g.mol -1 ) M n,sec g	Ð M	h
	1	76:08:1	5, 0.5	100, 60	1000-6500	1030-7100	7700	2700	1.16
	2	75:08:1	5, 1	100, 100	1600-6500	1700-7300	8300	5400	1.26
	3	40:32:1	2.5, 2	100, 100	6600-3400	6500-3100	10 200	6000	1.25
	4	43:34:1	2.5, 2	100,100	7000-3700	8000-5500	10 900	5000	1.18
	5	15:80:1	1.5, 4	100, 100	16 500-1300	17 100-1700	18 000	2850	1.24
	6	16:48:1	1, 2	100, 100	9900-1400	8600-2300	11 500	4600	1.23
	7	16:63:1	1, 2	100, 93	12 100-1400	15 000-1600	14 100	2700	1.26

a General conditions used: ROP of BL performed in bulk and of MLABe performed in toluene, both ran at 60 °C, with the initial concentration of PHB in toluene prior to the addition of MLABe = [PHB] 0 = 0.9 mol.L -1 (refer to the Experimental Section).

b 

Reaction time for the polymerization of BL and MLABe, respectively, was not necessarily optimized. c BL and MLABe conversion determined by 1 H NMR of the crude reaction mixture, respectively (refer to the Experimental Section). d Theoretical molar mass of each block of the TBD-PMLABe-b-PHB-crotonate copolymers (not including either the TBD or the -C(O)h Dispersity determined by SEC analysis in THF at 30 °C.

Table 2

 2 

, entry 3; Table

1

, entry 3, respectively).

Table 2

 2 

, entry 3; Table

1

, entry 3, respectively).

Table 2 .

 2 Molar mass, thermal characteristics and contact angle values for the PMLA-b-PHB copolymers. BL = 86 g.mol -1 and M MLA = 116 g.mol -1 . d Molar mass ratio of the two blocks of the copolymer as determined by 1 H NMR analysis; the first figure refers to the hydrophilic weight fraction (f). e Glass transition temperature measured by DSC. f Decomposition temperature measured by TGA with the corresponding weight% loss. g Molar mass ratio of the two blocks of the copolymer calculated from TGA analyses. h Average contact angle measured at three random points (refer to the Experimental Section).

	2 -PHA-based amphiphilic diblock copolymers
	as original biocompatible nanoparticles

a Experimental molar mass values determined by

1 

H NMR analysis of the isolated block copolymer (not including either the TBD or the -C(O)CHCHCH 3 chain-end groups) from the resonances of both terminal groups (i.e., base and -C(O)CHCHCH 3 ; refer to the Experimental Section, Table

1

).

b 

Experimental molar mass of the PMLA-b-PHB determined by 1 H NMR analysis of the isolated block copolymer (not including either the -OH or the -C(O)CH 2 CH 2 CH 3 chain-end groups) from the resonances of the n-propyl terminal group (refer to the Experimental Section). c Degree of polymerization calculated from M n,NMR , with M i Not determined.

Table

  

Table 3 .

 3 Characteristics of the PMLA-b-PHB copolymers based nanoparticles.

	2 -PHA-based amphiphilic diblock copolymers
	as original biocompatible nanoparticles

a Experimental molar mass values of the PMLA-b-PHB determined by

1 

H NMR analysis of the isolated block copolymer (not including either the -OH or the -C(O)CH 2 CH 2 CH 3 chain-end groups; Table

2

). b Molar mass ratio of the two blocks of the copolymer as determined by

1 

H NMR analysis; the first figure refers to the hydrophilic weight fraction (f)

(Table 2)

. c Concentration of the PMLA-b-PHB copolymer in PBS. d Hydrodynamic diameter measured by DLS. e Polydispersity index of the nanoparticle size measured from DLS. f Zeta potential (ζ) measured from the electrophoretic mobility (µ) using the Smoluchowski approximation. Nanoprecipitation of the PMLA-b-PHB copolymers performed with distilled water revealed unsatisfactory, resulting in ill-defined nano-objects (very high polydispersity index values; PDI = 0.65-1.21; refer to ESI, Table

  Three sets of self-assembled nanoparticles exhibiting hydrodynamic diameters (D h ) ranging from 17 to 180 nm and Zeta potential values (ζ) of -32 to -52 mV with PDI values from 0.19 to 0.30, were thus nicely reproducibly formed from PMLA 800 -b-PHB 7300 , PMLA 3300 -b-PHB 3100 , and PMLA 4200 -b-PHB 2300 (Table

  1 H-1 H COSY, 1 H-13 C HSQC, 1 H-13 C HMBC, and13 C{ 1 H} J-MOD, and DOSY NMR spectra were recorded on Bruker Ascend 400 spectrometers at 25 °C and were referenced internally relative to SiMe 4 ( 0 ppm) using the residual solvent (CDCl 3 , acetone-d 6 or THF-d 8 /TFA (TFA = trifluoroacetic acid; 80:20, v/v)) resonances. DOSY spectra were acquired in CDCl 3 , acetone-d 6 (ca. 10 mg of copolymer in 0.7 mL of deuterated solvent) with the stebpgp1s pulse program from Bruker topspin software. All spectra were recorded with 32 K time domain data points in the t 2 dimension and 32 t 1 increments. The gradient strength was logarithmically incremented in 32 steps from processed by means of Bruker topspin software (version 2.1). The DOSY maps were obtained with MestReNova software (version 2.1). Monomer conversions were calculated from 1 H NMR spectra of the crude polymer samples in CDCl 3 by using the integration (Int.) ratio Int. PTMC /[Int. PTMC + Int. TMC ] of the methylene hydrogens (-OC(O)OCH 2 CH 2 CH 2 :  TMC 4.45 ppm,  PTMC 4.25 ppm) of TMC/PTMC, and the ratio Int. PMLABe /[Int. PMLABe + Int. MLABe ] of the methine hydrogen (-OCH(CO 2 Be)CH 2 :  MLABe 4.73 ppm,  PMLABe 5.50 ppm) of MLABe/PMLABe (Table 1). The molar mass values of PTMCs, PTMC-b-PMLABe, and PTMC-b-PMLA copolymers samples were determined by 1 H NMR analysis in CDCl 3 and in THF-d 8 /TFA (80/20, v/v), respectively (Tables 12), from the relative intensities of the signals of the main-CO 2 CH 2 Ph)CH 2 C(O), 2.85 ppm), relative to the -O i Pr chain-end methine or methyl hydrogens signals (OCH(CH 3 ) 2 ,  4.88 ppm; -OCH(CH 3 ) 2 ),  1.30 ppm -in CDCl 3 )

		Chapter 3 -PTMC-b-PMLA amphiphilic diblock copolymers
			as original biocompatible nanoparticles
	DOSY spectra was chain methylene	hydrogens	(-OC(O)OCH 2 CH 2 ,	4.25,	2.05	ppm;	and
	-OCH(						
							127

2% up to 95% of the maximum gradient strength. Diffusion times of 50 ms and the maximum bipolar gradient pulse length of 1.6 ms were used in order to ensure full signal attenuation.

The data were processed using an SI F2 and SI F1 of 32 K. The diffusion dimension of the 2D (Figures 1S1S10, S12S14

Table 1 .

 1 Sequential ring-opening copolymerization of TMC and MLABe promoted by TBD/ i PrOH and Nd(OTf) 3 , respectively, in toluene at 60 °C. PMLABe copolymers determined by 1 H NMR analysis in CDCl 3 of the isolated block copolymer (not including either the H or the O i Pr chain-end groups) from the resonances of O i Pr (refer to the Experimental Section). h Degree of polymerization calculated from M n,NMR values, with M TMC = 102 g.mol 1 and M MLABe = 206 g.mol 1 . MLABe was next performed using this -hydroxy functionalized PTMC as macroinitiator and Nd(OTf) 3 as catalyst, as inspired by the successful ROP of MLABe by metal triflates in the presence of HO i Pr 88 (Scheme 2, Table

	Chapter 3 -PTMC-b-PMLA amphiphilic diblock copolymers
	as original biocompatible nanoparticles

a General conditions used: ROP of TMC performed for 30 min with [TMC] 0 = 10 mol.L 1 (reaction time was not necessarily optimized; refer to the Experimental Section). b TMC and MLABe conversion determined by 1 H NMR of the crude reaction mixture, respectively (refer to the Experimental Section). c Theoretical molar mass of PTMC (not including either the H or the -O i Pr chain-end groups) calculated from the relation: {[TMC] 0 /[O i Pr] 0 × Conv TMC × M TMC } with M TMC = 102 g.mol 1 . d Experimental molar mass value of PTMC determined by 1 H NMR analysis in CDCl 3 of the isolated polymer (not including either the H or the -O i Pr chain-end groups) from the resonances of the -O i Pr terminal group (refer to the Experimental Section). e ROP of MLABe performed with the initial concentration of i PrOPTMCOH in toluene prior to the addition of MLABe = [ i PrOPTMCOH] 0 = 0.33 mol.L 1 (reaction time was not necessarily optimized; refer to the Experimental Section). f Theoretical molar mass of each block of the i PrOPTMC-b-PMLABe copolymers (not including either the H or the O i Pr chain-end groups) calculated from the relation: M n,theo-PTMC-copolymer = M n,NMR-PTMC-homopolymer + M n,theo- PMLABe-copolymer = {[MLABe] 0 /[ i PrOPTMCOH] 0 × Conv. MLABe × M MLABe }, with M MLABe = 206 g.mol 1 . g Experimental molar mass values of the i PrOPTMC-b-

Table 1 ,

 1 This enabled the determination of the M n,NMR values of the copolymers which were found ranging from 6200 to 10 900 g.mol 1 , in agreement with the expected M n,theo values based on MLABe conversion (Table1). Further investigations by 2D 1 H-1 H COSY, 1 H-13 C HSQC, 1 H-13 C HMBC, and 13 C{ 1 H} J-MOD showed the expected correlation peaks and the sign of the

	carbon resonances according to the number of directly attached hydrogens (i.e. carbon
	multiplicities), thereby supporting the 1 H and 13 C{ 1 H} NMR assignments and the chemical
	structure of the copolymers as i PrOPTMC-b-PMLABe-OH (Figures S3S8). In particular,
	the 13 C{

entry 2)

. No residual PTMC was therein observed thus supporting the high efficiency of the macro-ol to initiate the ROP of MLABe, and that all polymer chains were initiated by the macro-ol. The dispersity values of the hydrophobic PTMC-b-PMLABe copolymers typically remained comparable to those of PCs.

84,87,93 1 

H and 13 C{ 1 H} NMR spectra in CDCl 3 showed the main chain signals of TMC and MLABe repeating units in agreement with previous data,

78 

as well as the distinctive i PrO chain end-group signals (Figures S3S4). 1 H} and 13 C{ 1 H} J-MOD NMR spectra revealed two distinct signals for the MLABe carbonyl groups which could be unambiguously attributed based on HMBC analysis ( C(O)CH2CH 168.2 ppm,  CH(C(O)OCH2Ph) 168.0 ppm; Figures S4, S7, S8). Finally, DOSY NMR

Table 2 ;

 2 Figure 1 (vide infra); Note that acetone-d 6 did not allow to determine the molar mass because it is not a good solvent for both the PTMC and PMLA blocks). The experimental molar mass values assessed by SEC in THF (M n,SEC , Table2) also matched these PTMC-b-

PMLA M n,NMR and M n,theo data, yet only for the copolymers featuring longer PTMC blocks.

On the other hand, the SEC molar mass values of the copolymers having a long PMLA segment (ca. > 47 molar mass%) remained lower than the expected values, possibly reflecting Chapter 3 -PTMC-b-PMLA amphiphilic diblock copolymers as original biocompatible nanoparticles 136

  Experimental molar mass values determined by SEC analysis in THF at 30 °C vs. polystyrene standards (uncorrected value; refer to the Experimental Section). g Dispersity determined by SEC analysis in THF at 30 °C. h Glass transition temperature measured by DSC for the PTMC and PMLA block, respectively (2 nd heating cycle). i Decomposition temperature measured by TGA with the corresponding weight% loss. j Molar mass ratio of the two blocks of the copolymer calculated from TGA analyses.

	1	8000-1400	8000-700	8300-1000	81:9	89:11	9900	1.40	17, +10	236 (76) 351 (24)	76:24	64
	2	2400-4000 2400-2000 2800-2500	27:22	53:47	5000	1.36	148	240 (69) 351 (31)	45:55	54
	3	2000-8900 2000-4450 2200-4500	22:39	33:67	3900	1.32	1310	235 (77) 284 (23)	23:77	45
	4	1400-8200 1400-4100 1400-4300	14:37	25:75	3100	1.28	148	247 (5) 316 (95)	24:76	24

a Experimental molar mass values determined by

1 

H NMR analysis of the isolated i PrOPTMC-b-PMLABe copolymer (i.e. prior to hydrogenolysis; not including either the H or the -O i Pr chain-end groups; refer to the Experimental Section, Table

1

).

b 

Theoretical molar mass value of the isolated i PrOPTMC-b-PMLA copolymer calculated from PTMC-b-PMLABe M n,NMR upon dividing the molar mass of only the PMLABe segment by two for the PMLA block (molar mass of PTMC is theoretically unchanged from PTMC-b-PMLABe to PTMC-b-PMLA).

c 

Experimental molar mass of the PTMC-b-PMLA determined by 1 H NMR analysis of the isolated block copolymer in THF-d 8 /TFA (80:20, v/v) (not including either the H or the-O i Pr chain-end groups) from the resonances of the n-propyl terminal group (refer to the Experimental Section). d Degree of polymerization calculated from M n,NMR of each block, with M TMC = 102 g.mol 1 and M MLA = 116 g.mol 1 . e Molar mass ratio of the two blocks of the copolymer as determined from PTMC-b-PMLABe M n,NMR ; the last figure refers to the hydrophilic weight fraction (f). f k Average contact angle measured at three random points (refer to the Experimental Section).

Table 3 .

 3 Characteristics of the PTMC-b-PMLA copolymers based nanoparticles.

	Chapter 3 -PTMC-b-PMLA amphiphilic diblock copolymers
	as original biocompatible nanoparticles

The nanoparticles were formed in PBS in order to minimize repulsive interactions due to the negative charges of the PMLA block. Copolymers featuring different hydrophilic weight fractions ranging from 11% to 75% enabled the reproducible formation of nanoparticles with hydrodynamic diameter (D h ) ranging from 61 to 176 nm and narrow polydispersity index (PDI = 0.090.25). The size of the hydrophilic PMLA segment was found to significantly impact the D h of the nanoparticles. Indeed, nanoparticles with D h up to 99 nm were obtained with the most hydrophilic copolymer (f = 75%), while the polycarbonate-enriched copolymer (f = 11%) gave larger particles exhibiting D h up to 176 nm

(Table 3, entries 11, 3, respectively)

. Increasing the hydrophilic content of the PTMCbPMLA copolymers reduced the hydrophobic interactions, thus lowering the ability to form small nano-objects with D h < 100 nm. The size of nanoparticles is actually a key parameter for the development of drug delivery systems, micelles featuring a hydrodynamic diameter lower than 100 nm being targeted for systemic injectable drug-delivery systems. For the present PC-PHA copolymers, an optimal nanoparticle size was reached with copolymers having a PTMC/PMLA molar mass ratio in the range of 53:47 to 25:75, i.e. with basically equally long hydrophobic and hydrophilic blocks. All the particles exhibited a negative Zeta potential value which increased slightly from ζ 42 to 16 mV with an increasing hydrophilic PMLA content.

a Experimental molar mass values of the i PrOPTMC-b-PMLAcopolymer determined by 1 H NMR analysis of the isolated block copolymer (not including either the H or the -O i Pr chain-end groups; refer to Table

2

). b Molar mass ratio of the two blocks of the copolymer as determined by 1 H NMR analysis; the last figure refers to the hydrophilic weight fraction (f) (refer to Table

2

). c Concentration of the i PrOPTMC-b-PMLAcopolymer in PBS. d Hydrodynamic diameter measured by DLS (average of three measurements). e Polydispersity index of the nanoparticle size measured from DLS. f Zeta potential (ζ) measured from the electrophoretic mobility (µ) using the Smoluchowski approximation.

Table 1 .

 1 diblock copolymers 164 Characteristics of the PHB and PTMC homopolymers and PMLA-b-PHB and PTMC-b-PMLA copolymers based nanoparticles.

	Entry	M n,NMR (g.mol -1 ) a	f b (%)	[Polymer] 0 (mg.mL -1 )	c	D h (nm) d	PDI e	ζ f (mV)	EE g (%)
	PHB	2,000	-	2		544	0.2	ND	19
	PTMC	3,000	-	2		956	0.4	ND	14.8
	PMLA 800 -b-PHB 7300	8100	10	2		130	0.2	-52	27.2
	PMLA 4500 -b-PHB 4400	8900	51	2		30	0.2	-50	45.2
	PMLA 2500 -b-PTMC 2800	5,300	47	2		70	0.2	-26	32.6
	PMLA 4300 -b-PTMC 1400	5,700	75	2		99	0.1	-18	39

a Experimental molar mass values of the PMLA-b-PHB determined by 1 H NMR analysis of the isolated polymers. b Hydrophilic weight fraction of copolymers (f). c Concentration of the PMLA-b-PHB copolymer in PBS. d Hydrodynamic diameter measured by DLS. e Polydispersity index of the NP size measured by DLS. f Zeta potential (ζ) measured from the electrophoretic mobility (µ) using the Smoluchowski approximation. g Encapsulation efficiency (EE) of the DiD oil in NPs measured by UV at 660 nm.

  (CH 2 OPMLABe) 2 ) (Figure2).13 C{ 1 H} NMR (125 MHz; CDCl 3 , 25 °C): δ 168.1 (C=O), 134.9 (C8), 126.6-127.0 (C9-11), 68.5 (OCH(CO 2 Be)CH 2 C(O)), 67.7 (OCH 2 C 6 H 5 ), 65.4 (CH 2 (CH 2 OPMLABe) 2 ), 38.6 (CH 2 (CH 2 OPMLABe) 2 ), 35.5 (OC(O)CH 2 CH), (Figure

	Chapter 5 -Linear and three-arm star hydroxytelechelic PMLABe:
	A straightforward one-step synthesis through ROP
	2H, CH 2
	1 H NMR (500 MHz; CDCl 3 , 25 °C): δ 7.30 (br m, 5nH, C 6 H 5 ), 5.50 (br m,
	1nH, CH 2 CH(CO 2 Be)O), 5.12 (br s, 2nH, OCH 2 C 6 H 5 ), 4.18 (br m, 4H,
	CH 2 (CH 2 OPMLABe) 2 ), 3.63 (br s, 2H, OH), 2.92 (br m, 2nH, CHCH 2 C(O)O), 1.80 (br m,
	194

Table 1 .

 1 ROP of MLABe catalyzed by M(OTf) 3 with M = Nd, Bi, or MSA, in presence of PPD or TMM initiator. a All reactions were performed in bulk at 60 °C (refer to the Experimental Section).b The reaction time was not necessarily optimized. c Monomer conversion determined by 1 H NMR analysis of the crude reaction mixture (refer to the Experimental Section).d Theoretical molar mass value calculated from the relation: [MLABe] 0 /[Initiator] 0 × conv. MLABe × M MLABe + M Initiator , with M MLABe = 206 g•mol -1 , M PPD = 76 g•mol -1 , and M TMM = 106 g•mol -1 . e Experimental molar mass value determined by 1 H NMR analysis of the isolated polymer, from the relative intensities of the resonances of the main chain methane or methylene hydrogens to the methylene hydrogens of the initiator (refer to the Experimental Section). f Number average molar mass value determined by SEC in THF at 30 °C vs. polystyrene standards (uncorrected values, refer to the Experimental Section). g Dispersity value (Mw/Mn) determined by SEC in THF at 30 °C.

	Entry Catalyst	Initiator	[MLABe] 0 : [Catalyst] 0 : [Initiator] 0 a	Reaction Time b (h)	MLABe Conv. c (%)	M n,theo (g•mol -1 ) d	M n,NMR (g•mol -1 ) e	f (g•mol -1 ) M n,SEC	Ð M	g
	1	Bi(OTf) 3	PPD	50:1:5	1	100	2100	1200	1000	1.34
	2	Bi(OTf) 3	PPD	100:1:5	2	100	4200	1400	1200	1.43
	3	Bi(OTf) 3	PPD	200:1:5	4	91	7600	1900	1100	1.39
	4	Nd(OTf) 3	PPD	10:1:2	12	100	1100	1000	800	1.18
	5	Nd(OTf) 3	PPD	20:1:2	16	83	1700	1800	1000	1.36
	6	Nd(OTf) 3	PPD	50:1:5	16	93	2000	2300	2300	1.19
	7	Nd(OTf) 3	PPD	100:1:5	26	89	3700	4200	3200	1.19
	8	Nd(OTf) 3	PPD	200:1:5	96	81	6800	7000	3700	1.35
	9	Nd(OTf) 3	TMM	60:1:5	18	91	2400	2300	1600	1.34
	10	Nd(OTf) 3	TMM	120:1:5	48	66	3400	2600	1900	1.34
	11	Nd(OTf) 3	TMM	240:1:5	96	60	6000	5700	3800	1.36
	12	MSA	PPD	20:1:5	20	81	750	800	1300	1.58
	13	MSA	PPD	30:1:5	20	91	1200	1000	1000	1.57
	14	MSA	PPD	100:1:5	50	94	3900	2100	1700	1.30
	15	MSA	PPD	200:1:5	50	42	3500	2300	500	1.38

a

Table 1

 1 

	,

Table

  

  1, entry 1). Besides the expected ester backbone signals of the methine and methylene hydrogens observed in a 1:2 ratio (δ = 5.50 ppm (CH 2 CH(CO 2 Be)O), 2.92 ppm C(O)O), as well as the signals of the benzyloxy pending substituent (δ = 7.30, 5.12 ppm (OCH(CO 2 CH 2 C 6 H 5 )CH 2 C(O)), the central trimethylene moiety (δ = 4.18, 1.80 ppm (OCH 2 CH 2 CH 2 O)), and the terminal hydroxyl (δ = 3.63 ppm) resonances were also observed (Figure 2). The signals of the chain-end groups and especially of the trimethylene central sequence being well resolved, this allowed a fairly reliable integration of the resonances as illustrated in Figure 2. Consequently, evaluation of the PMLABes molar mass (M n,NMR ) from the relative intensity of the chain-end and of the alcohol segment vs. the main chain signals,gave values in good agreement with the ones calculated from the monomer conversion and the initial amount of MLABe and initiator (M n,theo ), as reported Table1. The corresponding 13 C{ 1 H} NMR spectrum also evidenced MLABe units30 along with the alcohol segment (δ = 65.4, 38.6 ppm (OCH 2 CH 2 CH 2 O)) (Figure 3). The same 1 H and 13 C{ 1 H} patterns were obtained in the spectra of PMLABe diol and PMLABe triol, similarly synthesized from Bi(OTf) 3 ,MSA/PPD and Nd(OTf) 3 /TMM, respectively. The only distinctive feature was the relative intensity of the 1 H NMR signals corresponding to the hydrogens of the central alcohol moiety which differed from PPD (vide supra) to TMM (δ = 4.06 ppm, 6H, (OCH 2 CH(CH 2 O) 2 )), 2.05 ppm, 1H, (OCH 2 CH(CH 2 O) 2 )) (Figures 4, 5

	Chapter 5 -Linear and three-arm star hydroxytelechelic PMLABe:
	A straightforward one-step synthesis through ROP
	(CHCH 2
	198

Table

  

Table

  

  1, entry 10).

  1,3-propanediol as initiator (Table1, entry 10). (M MLABe ) (Figure6). This was unequivocally confirmed by the close match with the isotopic simulation of a PMLABe ionized by Na + and end-capped by hydroxyl groups, that is[CH 2 {CH 2 O(C(O)CH 2 CH(C(O)OCH 2 Ph)O) n H} 2 ].Na + with e.g. m/z = 2160.6 g.mol -1 (vs. m/z

	Formation of hydroxy telechelic PMLABes was further supported by MALDI-ToF
	mass spectrometry (MS) analyses. The spectrum recorded from a low molar mass sample
	prepared from the Nd(OTf) 3 /PPD catalytic system and using ditranol as a matrix, revealed a
	very major population of α,ω-dihydroxy telechelic PMLABe featuring a repeating unit of 206
	g.mol -1 (experimental) = 2160.2 g.mol -1

  g.mol -1 corresponding to α,ω-trihydroxy telechelic PMLABe ionized by Na + , that is [CH{CH 2 O(C(O)CH 2 CH(C(O)OCH 2 Ph)O) n H} 3 ].Na + with e.g. m/z = 2602.8 g.mol -1 (vs. m/z

Table

  

  1, entry 8). The left zooms correspond to the recorded (top) and the simulated (bottom) alike region.

		100						1129.1														2160.2	1072.2
																						2159.1
		90																			
								1335.1														2161.2
		80						1541.1													
					923.1														
																						2162.1
		70							1748.1	1954.1	2160.2								
		60		717.1										2366.2								2128.2 2131.2	2163.2 2164.2	2193.1	2218.2	2251.2
	% Intensity	50													2572.2						ISO:H(C11H10O4)10C3H6O2H + (Na)1 2160.6 2154.2 Mass (m/z)
		40	591.9												2778.2	2985.2			
																						2159.6
		30	595.9														3190.2				2161.6
				749.1	955.1												3397.3		
		20	571.3 543.0	841.9		1071.1												3603.3	
		10	515.3 520.0	647.4 699.0 703.3 689.0	819.9 847.0 858.9	964.8 982.8 986.7	1161.1 1111.1 1245.1 1367.1 1317.1 1133.0 1299.1 1472.8 1509.1 1545.1	1689.1	1922.1 1838.1	2128.2 2071.2	2334.2 2370.2	2540.2	2782.2 2894.2 2952.2 2688.2	3194.3 3101.2	3365.3 3379.4	3571.3	3809.3 3777.3	4016.4 3983.4	4221.4 4188.4	2162.6 2163.6 4427.4 2164.6	4633.4	4840.3
		499.0 0					1399.4					2299.8				3200.2				4100.6	2154.2	5001.0 0
															Mass (m/z)						Mass (m/z)

Table 1 )

 1 , thereby supporting the selective MLABe oxygen-acyl bond cleavage.

	Chapter 6-PHB-based triblock copolymers :

Table 1 .

 1 ROP of MLABe promoted by the Nd(OTf) 3 /HO-PHB-OH catalytic system and subsequent hydrogenolysis. MLABe conversion as determined by 1 H NMR spectroscopy of the crude reaction mixture (ESI †). d Molar mass values of the HO-PHB-OH macroinitiator (not including either the terminal hydrogens or the -O(CH 2 ) 3 O-central moiety) as determined by 1 H NMR spectroscopy of the isolated polymer in acetone-d 6 at 25 °C (Table S1, ESI †). e Theoretical molar mass values of HO-PMLABe-b-PHB-b-PMLABe-OH copolymers (ESI †). f Molar mass values as determined by 1 H NMR analysis of the isolated block copolymer (ESI †). g Molar mass ratio of the two blocks of the copolymer as determined by 1 H NMR spectroscopy. h Experimental molar mass and dispersity values as determined by SEC analysis in THF at 30 °C vs. polystyrene standards (uncorrected M n values; ESI †).

	Entry	[MLABe] 0 : [PHB] 0 : [Nd(OTf) 3 ] 0 a	Reaction Time b (h)	MLABe Conv. c (%)	PHB M n,NMR d (g.mol -1 )	PMLABe-b-PHB -b-PMLABe M n , theoe (g.mol -1 )	PMLABe-b-PHB-b-PMLABe M n,NMRf (g.mol -1 )	PMLABe/ PHB NMR molar mass ratio g (%)	PMLABe-b-PHB -b-PMLABe h M n,sec (g.mol -1 )	h Ð M	PMLA-b-PHB-b-PMLA M n i (g.mol -1 )	PMLA/PHB molar mass ratio j (%)
		5:1:1	7	94	2700	500-2700-500	400-2500-400	24:76	3300	1.29 200-2400-200	14:86
		6:1:1	10	96	6700	600-6700-600	500-6500-500	13:87	4700	1.33 250-6600-250	7:93
		8:1:1	12	100	3800	800-3800-800	800-4600-800	26:74	3100	1.26 400-4600-400	15:85
		12:1:1	40	100	2100	1200-2100-1200 1200-1700-1200	59:41	3200	1.24 600-1700-600	41:59
		24:1:1	60	100	4900	2500-4900-2500 2200-4900-2200	47:53	5600	1.23 1100-4600-1100	32:68
		55:1:1	80	100	2100	5700-2100-5700 4100-2500-4100	77:23	3100	1.50 2000-2500-2000	62:38
		58:1:1	80	98	1400	5900-1400-5900 5200-1100-5200	90:10	3400	1.38 2600-1100-2600	83:17

a All reactions were run in toluene at 60 °C with an initial concentration of PHB prior to the addition of MLABe of [PHB] 0 = 0.1 mol.L -1 . b Reaction times were not necessarily optimized.

c 

Table 1 .

 1 DLS and SLS measurements on diblock and triblock copolymers-based self-assembled systems in PBS.

	Copolymer a	PMLA-PHB M n b (g.mol -1 )	f c (%)	DP PMLA /DP PHB d	M w (kg.mol e	-1	)	N agg	f	R h (nm) g	D h (10 11 m².s -1 )	R core i (nm)	b or b' j (nm)	 k (nm)	l   (nm)
	D11/89	800-7300	11	7:85	nd			nd		335	6.4E-2	-	-	-	-
	D50/50	4500-4400	50	39:51	52.6			42		13	(1.6±0.2)	4.5	2.0	8	20
	D76/24	5600-1800	76	48:21	164			18		29	(0.86±0.02)	2.5	1.7	26	24
	T15/85	800-4600	15	5:37	189			28		20	(1.05±0.1)	3.5	0.8	16	3.5
	T41/59	1200-1700	41	10:20	11.1			3.0		16	(1.3±0.2)	1.4	0.8	14	2.5
	T82/18	5200-1100	82	45:13	25.8			3.0		26	(0.81±0.03)	1.1	0.7	24	11

Table 2 .

 2 DLS and SLS measurements on blends of diblock copolymers nanoprecipitated in PBS. Mass ratio of D11/89 and D76/24. b Number of aggregation of the self-assembled system determined by SLS.c Hydrodynamic radius determined by SLS.d 

	Copolymers blend	D11/89/D74/26 mass ratio a	Nagg b	R h (nm) c	d (nm) R g	R g /R h
	M1	23:77	480	53	42	0.7
	M2	47:53	1300	67	53	0.7

a

  Taking into account these chain-end signals and the intensity ratio between the methine signals of PMLABe (-OCH(CO 2 CH 2 Ph)CH 2 at  5.50 ppm) and PHB (-OCH(CH 3 )CH 2 at  5.23 ppm), each block length could thus be estimated (Table 1; refer to Experimental Section). The copolymers with different sizes of PMLABe/PHB segments displayed the corresponding signals of the PHA repeating units in correspondingly varying relative intensities (Figures S6S9). The values thus determined (PMLABe-PHB M n,NMR ) matched fairly well the calculated values (PMLABe-PHB M n,theo ; Table1). DOSY NMR experiments4,5,6 on diluted acetone-d 6 solutions of TBDPMLABe-b-PHBcrotonate revealed that, as shown on the DOSY map, 1 H NMR signals of PMLABe and PHB present a unique diffusion coefficient (110.10 11 m 2 .s 1 ), thereby supporting an efficient polymerization of MLABe from the PHB macroinitiator (Figure

Table S1 .

 S1 Sequential ring-opening copolymerization of BL and MLABe initiated by TBD at 60 °C in bulk.1 The reaction time was not necessarily optimized. b Monomer conversion determined by 1 H NMR analysis of the crude reaction mixture (refer to the Experimental Section). c Theoretical molar mass of each block of the TBDPMLABe-b-PHBcrotonate copolymers (not including either the TBD or the -C(O)CHCHCH 3 chain-end groups) calculated from the relations: {[BL] 0 /[TBD] 0 × Conv BL × M BL } and {[MLABe] 0 /[TBD] 0 × Conv. MLABe × M MLABe }, respectively, with M BL = 86 g.mol 1 and M MLABe = 206 g.mol 1 . d Experimental molar mass values determined by 1 H NMR analysis of the isolated polymer, from 1 H resonances of both terminal groups (i.e., base and -C(O)CHCHCH 3 , refer to the Experimental Section). e Experimental molar mass values determined by SEC in THF at 30 °C vs. polystyrene standards (uncorrected values; refer to the Experimental Section). f Dispersity values determined by SEC analysis in THF at 30 °C.

	Entry	[BL] 0 : [MLABe] 0 : [TBD] 0	BL, MLABe Reaction Time a	BL, MLABe, conv. b (%)	PMLABe-PHB M n,theo c	PMLABe-PHB M n,RMN d	PMLABe-b-PHB M n,SEC e	Đ M	f
	1	17:34:1	1h40, 2h	84, 90	6300-1250	4000-1500	2700	1.42
	2	28:24:1	1h50, 2h30	99, 100	4900-2400	4100-1600	1300	2.09
	3	30: 25:1	1h30, 1h20	65, 100	5200-1700	6800-5100	3900	1.47
	4	30: 25:1	2h30, 1h20	98, 86	4400-2500	5100-3300	5000	1.29
	5	39: 14:1	3h, 1h	100, 91	2600-3400	5200-4200	3400	2.12
	6	58: 48:1	5h, 6h	94, 100	9900-4700 10300-5300	5700	1.65
	7	58: 24:1	5h, 1h30	94, 100	4900-4700	2700-6800	3400	3.08

a

Table S2 .

 S2 Sequential ring-opening copolymerization of BL (in bulk) and MLABe (in toluene) initiated by TBD at 60 °C, a with [PHB] 0 = 0.5 mol.L 1 . b

	Entry	[BL] 0 :[MLABe] 0 : [TBD] 0 a	BL, MLABe Reaction Time c (h)	BL,MLABe Conv. d (%)	PMLABe-PHB M n,theo e (g.mol 1 )	PMLABe-PHB M n,NMR f (g.mol 1 )	PMLABe-b-PHB M n,theo g (g.mol 1 )	PMLABe-b-PHB (g.mol 1 ) M n,sec h	Ð M	i
	1	29:05:1	2.5, 2	100, 100	1000-2500	1900-3200	3750	3200	1.63
	2	29:10:1	2.5, 6.5	100, 100	2100-2500	2500-4000	4750	2500	1.50
	3	29:20:1	2.5, 6	100, 100	4100-2500	6400-4600	6800	5700	1.52
	4	29:30:1	2.5, 7	100, 94	5800-2500	7000-3000	8500	6400	1.47
	5	58:05:1	4, 2	100, 84	900-5000	2200-4200	6050	7200	1.44
	6	58:10:1	4, 3	100, 81	1700-5000	3500-6000	6900	5500	1.62
	7	58:20:1	4, 6	100, 86	3500-5000	5300-2200	8750	3700	1.71
	8	58:30:1	4, 48	100, 100	6200-5000	4700-3800	11 400	3200	1.72

Table 1 ,

 1 entry 3).

Table 1 ,

 1 entry 2) (* marker stands for residual water in CDCl 3 ).

Table 2 ,

 2 entry 3 vs. Table1, entry 3, respectively).

Table 1 ,

 1 entry 2).
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 2 

, entry 2; Table

1

, entry 2, respectively).
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  13 C HSQC, 1 H-13 C HMBC, and DOSY NMR in acetone-d 6 , DSC and TGA as HOPMLA Be -b-PHB-b-PMLA Be OH (Figures1, 4, S3S9). The copolymer samples were stored under inert atmosphere at 4 °C. 1 H NMR (400 MHz, acetone-d 6 , 23 °C):(ppm) BL (-OCH(CH 3 )CH 2 C(O): 2.57, (-OCH(CH 3 )CH 2 C(O): Ph)CH 2 C(O): 5.21, -OCH(CO 2 CH 2 Ph)CH 2 C(O): 3.18), tetramethylene central moiety (-O(CH 2 ) 4 O: 4.11,1.70) (Figure 1).13 C{ 1 H} J-MOD NMR (100 MHz, acetone-d 6 , 23 °C): (ppm) PHB (OCH(CH 3 )CH 2 C(O), 68.5; OCH(CH 3 )CH 2 C(O), 19.9; OCH(CH 3 )CH 2 C(O), 41.6; OCH(CH 3 )CH 2 C(O), 169.9); PMLA Be (OCHC(O)OCH 2 Ph)CH 2 C(O), 68.5; OCHC(O)OCH 2 Ph)CH 2 C(O), 168.7; OCHC(O)OCH 2 Ph)CH 2 C(O), 67.8; OCHC(O)OCH 2 C 6 H 5 )CH 2 C(O), 136.7, 129.2) OCHC(O)OCH 2 Ph)CH 2 C(O), 41.3; OCHC(O)OCH 2 Ph)CH 2 C(O), 170.2; tetramethylene central moiety (OCH 2 (CH 2 ) 2 CH 2 O, 65.2; OCH 2 (CH 2 ) 2 CH 2 O, 26.5) (Figures S6).

	5.18,	-OCH(CH 3 )CH 2 C(O):	1.26),	MLA Be	(-
	OCH(CO 2 CH 2 Ph)CH 2 C(O):	7.37,	-OCH(CO 2 CH 2 Ph)CH 2 C(O):	5.53,	-
	OCH(CO 2 CH 2				
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Complementing NMR spectra, SEC chromatograms, DSC and TGA analyses of the PTMCbPMLABe, PTMCbPMLA copolymers and PTMC homopolymer, are reported.

This chapter has been published in Chemistry-A European Journal

Poly(trimethylene carbonate)/poly(malic acid) amphiphilic diblock copolymers as biocompatible nanoparticles" G. Barouti The self-assembled systems formed from PMLA-b-PHB copolymers were preliminarily characterized by DLS, as presented in Chapter 2. However, the dynamic light scattering (DLS) measurements are not always adapted to characterize core-shell structures such as micelles.

Therefore, further investigations were conducted, especially by static light scattering (SLS), in order to confirm the corresponding structures and to better understand how the f value affects the self-assembling behavior.

In the present chapter, the organizations of the diblock-and triblock-based selfassembled systems were investigated by DLS and SLS analyses. The effect of f and of the copolymer topology on the self-assembly behavior is carefully studied and hypotheses to rationalize the unusual behavior of these diblock-based aggregates are proposed. In addition, the colloidal stability of these PHB-based self-assembled systems is assessed by DLS/SLS measurements.

For all samples, distributions of relaxation times were monomodal and their average relaxation times were q 2 -dependent, thus indicating that cooperative diffusion of the solute was probed. The cooperative diffusion coefficient was then calculated as D c =  -1 /q². The concentration dependence of D c was small which meant that interactions were negligible, D C was then related to the hydrodynamic radius of the solute through the Stokes-Einstein equation:

with k = Boltzmann's constant, T the absolute temperature and  the viscosity of the solvent.

Static light scattering. The Rayleigh ratio, R θ , was calculated as:

where I solution , I solvent , and I toluene are the intensities scattered by the solution, the solvent, and a reference (toluene), respectively, with the Rayleigh ratio R toluene = 1.35 10 -5 cm -1 and the refractive index of n toluene = 1.496.

The weight average molar mass (M w ), the second virial coefficient (A 2 ) and the gyration radius (R g ) of the solute were calculated from the Rayleigh ratio of the solution as :

Where C is the concentration of the solute and K a constant given by :

where N A is Avogadro's number and dn/dC is the specific refractive index increment of the solute. This latter parameter has been measured on aqueous solutions of PMLA-b-PHB diblock copolymers with concentrations ranging from 1 to 5 g.L -1 by using a differential refractometer (Optilab rex from Wyatt) operating at a wavelength of 632 nm. The differential refractometer was equilibrated with phosphate buffer solution (PBS) at 20 °C prior to the measurements. dn/dC values measured for PMLA 4500 -b-PHB 4400 and PMLA 56000 -b-PHB 1800 were 0.17 and 0.19 mL.g - , respectively. dn/dc values of diblock and triblock copolymers exhibiting same f were considered as equal.

Self-assembly of blended diblock copolymers.

In order to tune the size as well as the aggregation number of the self-assemblies derived from the most hydrophobic diblock copolymer, namely D11/89, its blends with its less hydrophobic homologue (D74/26) were investigated. Two blends have been prepared by varying the amount of each diblock copolymer, so that the average content of the hydrophobic block within the blends amounts to 36 and 51, the latter value matching the PHB content in the 50/50 diblock copolymer. The molecular weight and the R h of the blend's self-assemblies were measured by LS, as summarized in Table 2. The R h values measured for the blends are very different from the ones measured for neat copolymers. More precisely, the presence of large aggregates based on neat D11/89 diblock-based self-assembled systems is not detected, thus suggesting the co-assembly of the two diblock copolymers within the same particles rather than a mixture of separated particles made of each neat diblock copolymer. However, Table 2 shows that N agg and R h values of the co-assemblies for the blend (M2) which matches D50/50, are really different from the ones measured on the corresponding neat polymer (Tables 1,2). For instance, a radius of gyration has been measured for blend M2 (53 nm) whereas for the neat diblock copolymer the absence of any q dependence of the scattering intensity is typical of scatterers with R g < 20 nm. For each blend, the R g over R h ratio (0.7) is typical of scatterers of spherical shape.

Blending two PMLA-b-PHB copolymers exhibiting different f seems to be a suitable way to obtain self-assembled systems with intermediate characteristics compared to the ones obtained with the neat copolymers. This represents a significant advantage avoiding the synthesis of the copolymers.

General conclusion and outlooks

The challenge of this multidisciplinary PhD research lied in the study of the close relationship between the chemical structure/composition of a macromolecule, its self-assembly properties and its in-vitro effect on cells. This study first involved the identification and the synthesis of suitable block copolymers for drug delivery applications. These copolymers were then used to form self-assembled systems and their behavior in aqueous solution was rationalized through imaging tools and DLS/SLS assessments. Finally, one important objective was the identification of suitable self-assembled systems that could be highly uptaken by the desired hepatocytes cells while minimizing the non-specific scavenging by macrophages and the effect on the cell-viability.

The synthesis of PHA-based block copolymers with PMLA as hydrophilic block and either PTMC or PHB as hydrophobic segment was carried out through the ROP of MLABe, BL or TMC, respectively, with various catalytic systems involving organic initiators as TBD or The colloidal stability of the self-assembled systems was investigated at 37 °C in aqueous solution. The high stability of PHB-based self-assembled systems formed from copolymers exhibiting f up to ca. 50% was evidenced regardless of the copolymer topology (diblock vs.

triblock copolymers). Stable self-assemblies were obtained without the use of any surfactant.

The incubation of hepatocytes and macrophages cells with the polymeric self-assembled systems gave valuable information about their biocompatibility and their ability to be internalized PMLA-b-PHB copolymers allowed the formation of self-assembled systems with tunable characteristics and suitable biological properties by minimizing the non-specific scavenging by macrophages cells and increasing the cellular uptake by hepatocytes. These characteristics make 
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Grams scale sequential ring-opening copolymerization of BL and MLABe promoted by TBD at 60 °C in bulk.

While the bulk ROP of BL promoted by TBD proceeded as expected. 1,2 the 13 g of PHB were recovered as a highly viscous oil. The subsequent addition of MLABe, even though a less viscous material than the PHB macroinitiator, did not allow to generate a homogeneous reaction medium. As a result, the control of the copolymerization remained very sluggish whichever the various [BL] 0 :[MLABe] 0 ratios (Table S1). Although the NMR spectra of the samples obtained agreed with literature data, 1 the molar mass of the PHB and PMLABe blocks in the copolymers, as determined by NMR (PMLABe-PHBM n,NMR ; note that to obtain the exact molar mass of the TBDPMLABe-b-PHBcrotonate, this value should be incremented by the molecular weight of the two chain ends, namely M TBD = 139 g.mol 1 and M C(O)CHCHCH3 = 69 g.mol 1 , i.e. TBDPMLABe-b-PHBcrotonate M n,NMR = PMLABe-PHBM n,NMR + 208 g.mol 1 ), did not match well the calculated theoretical molar mass values (PMLABe-PHB M n,theo ; based on the conversion of both monomers). Moreover, the SEC chromatograms of the thus formed copolymer samples showed bimodal traces suggesting (given the heterogeneity of the reaction medium), the presence of both PHB homopolymer along with PMLABe-b-PHB copolymers (Figure S1). Correspondingly, a DOSY NMR spectrum of the same copolymer sample clearly showed that the 1 H NMR signals observed (since the PHB homopolymer and the targeted PMLABe-b-PHB copolymers feature the same TBD and crotonate chain end-groups, 1,2 they cannot be differentiated from 1 H NMR analysis) belonged to two distinct macromolecular species (Figure S2). The thus implemented sequential bulk copolymerization of BL and then MLABe at a larger scale, hence revealed unsuccessful for the controlled synthesis of large amounts of well-defined PMLABe-b-PHB copolymers.

Copolymerization of MLABe from the TBD-PHBcrotonate macroinitiator in solution at 60 °C using a PHB initial concentration of 0.5 mol.L -1 .

In comparison to the bulk procedure (Table S1), the copolymerization of MLABe from the TBD-PHBcrotonate macroinitiator in toluene at [PHB] 0 = 0.5 mol.L 1 , within 26 h, was slightly more controlled in terms of M n,theo /M n,NMR agreement (i. S2). More particularly, the SEC chromatograms were all monomodal; however, the dispersity values ranged from Đ M = 1.41.7, a data still a little high in light of the ones previously obtained from the bulk route with lower loadings of comonomers (Đ M = 1.131.40), 1 and most likely suggesting a faster rate of propagation vs. the rate of initiation, and/or the occurrence of some side reactions (transesterification reactions typically encountered in the ROP of cyclic esters and involving intermolecular (reshuffling) and intramolecular (backbiting) reactions). 3

Supporting information Chapter 3

Characterization of PTMC-b-PMLABe Copolymers. The PTMC samples, isolated from the ROP of TMC using TBD as catalyst and i PrOH as initiator in toluene at 60 °C (Table 1), were shown by 1 H NMR analysis to be free of any residual TBD catalyst, and to be endcapped by i PrOH (as expected), as illustrated Figure S1. SEC analysis of these PTMC samples typically showed a unimodal peak as illustrated Figure S2. The experimental molar mass value thus determined (M n,SEC = 2500 g.mol 1 ) remained in agreement with both M n,theo (2500 g.mol 1 ) and M n,NMR (2800 g.mol 1 ; Table 1, entry 2). The dispersity value (typically Ð M = 1.32) of these PTMC samples  in the lower range of those classically measured for PCs 1,2,3  highlighted the limited occurrence of unwanted side transcarbonatation reactions, namely intermolecular (reshuffling) and intramolecular (backbiting) reactions, 4 and/or an initiation faster than the propagation. These results indicated that the synthesis of i PrOPTMCOH prepolymers was thus controlled, affording well-defined -hydroxyl end-capped polymer samples.
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Experimental section General conditions. All polymerizations were performed under inert atmosphere (argon, < 3 ppm O 2 ) using standard Schlenk, vacuum line, and glovebox techniques. Toluene was dried over a mixture of 3 and 4 Å molecular sieves. Racemic benzyl β-malolactonate (MLA Be ) was synthesized from (D,L)-aspartic acid according to the literature procedure. 1,2 Butane-1,4-diol (Aldrich, 99%) was dried over a mixture of 3 and 4 Å molecular sieves and stored under argon atmosphere. Neodymium triflate Nd(OTf) 3 , trifluoromethanesulfonic acid (triflic acid, CF 3 SO 3 H, HOTf, > 99%), palladium on activated charcoal (10%), 1,5,7triazabicyclo[4.4.0]dec-5-ene (TBD) (98%) and all other reagents were used as received (Aldrich unless otherwise mentioned). PHB diols were synthesized by the ROP of -butyrolactone (BL) mediated by HOTf/butane diol according to the reported procedure; 3 it was further purified in the present work by dialysis using acetone (800 mL, renewed twice) and characterized by 1 H NMR in agreement with literature data (Table S1, Figure S1). PMLA Be was synthesized by ROP of MLA Be mediated by TBD as previously described 4 and then purified by dialysis in acetone. Spectra/Por dialysis membranes with a molecular weight cut off (MWCO) of 1000 or 3500 g.mol 1 (nominal flat width = 45 mm, diameter = 29 mm, volume/length = 15 m/50 ft) were purchased from Spectrumlabs.

Instrumentation and measurements. 1 H (400 MHz), 13 C{ 1 H} J-MOD (100 MHz), 2D 1 H- 13 C HSQC, 1 H- 13 C HMBC and DOSY NMR spectra were recorded on Bruker Ascend 400 spectrometers at 25 °C in acetone-d 6 , and were referenced internally relative to SiMe 4 ( 0 ppm) using the residual solvent resonances. DOSY spectra were acquired in acetone-d 6 with the stebpgp1s pulse program from Bruker topspin software. All spectra were recorded with 32 K time domain data points in the t 2 dimension and 32 t 1 increments. The gradient strength was logarithmically incremented in 32 steps from 2% up to 95% of the maximum gradient strength. Diffusion times of 50 ms and the maximum bipolar gradient pulse length of 1.6 ms were used in order to ensure full signal attenuation. The data were processed using an SI F2 and SI F1 of 32 K. The diffusion dimension of the 2D DOSY spectra was processed by means of Bruker topspin software (version 2.1). The DOSY maps were obtained with MestReNova software (version 2.1). Monomer conversions were calculated from 1 H NMR spectra of the crude PMLA Be -b-PHB-b-PMLA Be copolymer samples in acetone-d 6 by using the integration (Int.) ratio Int. PMLABe /[Int. PMLABe + Int. MLABe ] of the methine hydrogen (-OCH(CO 2 Be)CH 2 :  PMLABe 5.50 ppm,  MLABe 4.73 ppm) of MLA Be /PMLA Be (Table 1).

The molar mass values of PMLA Be -b-PHB-b-PMLA Be copolymers samples were determined by 1 S3, S4, S5, S6; Table 1). Note that these latter two signals correspond to a significant number of hydrogens from the initiator and thus emerge well (in particular the methylene signal at δ 4.11 ppm) from the spectrum baseline, thereby allowing a fairly reliable integration of the resonances. Theoretical molar mass values of HOPMLA Be -b-PHB-b-PMLA Be OH copolymers were calculated from the relation: {

, and from M NMR,OH-PHB-OH (Table 1). Note also that to obtain the exact molar mass of the HOPMLA Be -b-PHB-b-PMLA Be OH, the Supporting information Chapter 6 272 PMLA Be -PHB-PMLA Be M n,NMR value (Table 1) should be incremented by the molecular weight of the two chain-ends and of the tetramethylene moiety, namely M H = 1 g.mol 1 and M O(CH2)4O = 88 g.mol 1 (i.e. HOPMLA Be -b-PHB-b-PMLA Be  M n,theo = PMLA Be -b-PHBb-PMLA Be M n,theo + 90 g.mol 1 ).

The molar mass values of the PHB segment in PMLA-b-PHB-b-PMLA copolymers samples were determined by 1 H NMR analysis in acetone-d 6 , from the relative intensities of the signals of the main-chain methylene hydrogens (-OCH(CH 3 )CH 2 C(O), 2.57 ppm), relative to the methylene hydrogens of tetramethylene moiety (-O(CH 2 ) 4 O, 4.11 and 1.70 ppm) (Table 1).

Number-average molar mass (M n,SEC ) and dispersity (Ð M = M w /M n ) values of the (co)polymers were determined by size-exclusion chromatography (SEC) in THF at 30 °C (flow rate 1.0 mL.min 1 ) on a Polymer Laboratories PL50 apparatus equipped with a refractive index detector and a set of two ResiPore PLgel 3 μm MIXED-D 300 × 7.5 mm columns. The polymer samples were dissolved in THF (2 mg.mL 1 ). All elution curves were calibrated with 10 monodisperse polystyrene standards (M n range from 580 to 380,000 g•mol -1 ). Note that SEC molar mass values of the (co)polymers reported in Table 1 and Table S1 are only informative relatively to one another since the hydrodynamic radius of the copolymers is possibly different from that of polystyrene standards used for the calibration. The SEC traces of the (co)polymers all exhibited a unimodal, yet non-Gaussian-shaped peak tailing at longer elution times, as exemplified with the SEC chromatograms of OHPMLA Be 2200 -b-PHB 4900 -b-PMLA Be 2200 OH (Figure S9); this is reminiscent of previous reports on PMLA/PHB copolymers. 4,5,6,7,8,9 Thermogravimetric analyses (TGA) were performed on a Metler Toledo TGA/DSC1 by heating polymer samples at a rate of 10 °C.min 1 from +25 °C to +500 °C in a dynamic nitrogen atmosphere (flow rate = 50 mL.min 1 ) (Figures 4,S16). Differential scanning calorimetry (DSC) analyses were performed on a Setaram DSC 131 apparatus calibrated with indium at a rate of 10 °C•min -1 , under continuous flow of helium (25 mL•min -1 ), using aluminum capsules. The thermograms were recorded according to the following cycles: 50 to +100 °C at 10 °C•min -1 ; +100 to 50 °C at 10 °C•min -1 ; 50 °C for 5 min; 50 to +100 °C at 10 °C•min -1 ; +100 to 50 °C at 10 °C•min -1 .

Typical procedure for the ROP of MLA Be using PHB-diol as a macroinitiator. In a typical experiment (Table 1, entry 5), HOPHBOH (500 mg, 0.1 mmol, 1 equiv., M n,NMR = 4900 g.mol 1 (Table S1, entry 5); [PHB-diol] 0 = 0.1 M) was charged in a Schenk flask in the glovebox and dissolved in dry toluene (1 mL) prior to the addition of Nd(OTf) 3 (60 mg, 0.1 mmol, 1 equiv.). The polymerization was performed at 60 °C in a very small amount of toluene, yet sufficient enough to afford a suitable homogeneous reaction medium for the ROP of this highly viscous monomer to proceed. The mixture was next stirred for 10 min, and MLA Be (505 mg, 0.24 mmol, 24 equiv) was then added in. The resulting mixture was then stirred at 60 °C for 40 h (the reaction time was not systematically optimized). The polymerization was then stopped upon addition of an excess of acetone (ca. 2 mL), and the resulting mixture was concentrated to dryness under vacuum. MLA Be conversion was then determined from 1 H NMR analysis of this residue in acetone-d 6 . The crude polymer was next dissolved in acetone (5 mL) and dialyzed for 48 h with a dialysis membrane (MWCO of 3500 g.mol 1 ) using acetone (800 mL) which was renewed twice. The resulting polymer solution (recovered inside the membrane) was finally purified through a silica column using acetone Amphiphilic block copolymers are able to form self-assembled systems in aqueous solution by association of their hydrophobic segments. Nanoparticles formed from biodegradable and biocompatible polymers such as poly(hydroxyalkanoate) copolymers are particularly attractive for drug delivery applications. The relationship between the chemical structure/composition of the macromolecule, its self-assembly properties and its effect on cells in-vitro has to be studied. Tunable self-assembled systems were obtained by nanoprecipitation of the amphiphilic PHA-based copolymers without the use of a surfactant. Large aggregates and core-shell micelles (R h = 16 nm) were obtained depending on the polymer topology. PHB-based copolymers with f up to 50% formed highly stable micelles at 37 °C over a period of 10 days in aqueous solution.

PMLA-b-PHB as well as PTMC-b-PMLA copolymers revealed no acute in-vitro cytotoxicity. The use of PHB as hydrophobic segment enabled to minimize the non-specific scavenging by macrophages cells while the cellular uptake by hepatocytes was favored.

Les copolymères à blocs amphiphiles s'auto-assemblent en solution aqueuse grâce à l'association de leurs segments hydrophobes. Les nanoparticules formées à partir de copolymères biocompatibles et biodégradables tels que les poly(hydroxyalkanoates) (PHAs) sont particulièrement attractives pour la conception de systèmes à libération prolongée de principes actifs. La relation entre la composition/structure chimique du copolymère, ses propriétés d'autoassemblage et ses effets sur les cellules in-vitro doit être étudiée. Des auto-assemblages modulables ont été formés par nanoprécipitation des copolymères en l'absence d'agent tensio-actif. De larges agrégats ainsi que des micelles coeur-couronne (R h = 16335 nm) ont été obtenus en fonction du copolymère utilisé (dibloc vs. tribloc). Des micelles stables pendant 10 jours à 37 °C en solution aqueuse ont été obtenues pour les copolymères avec f allant jusqu'à 50%.

Les copolymères PMLA-b-PHB et PTMC-b-PMLA n'ont pas révélé de toxicité aigüe in-vitro. De plus, l'utilisation du PHB a avantageusement permis de diminuer la captation des nano-objets par les macrophages et d'augmenter la captation par les cellules hépatiques.