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Within the general context of nanomedicine, drug delivery systems based on polymers have sparked a rapidly growing interest and have arisen many efforts to tackle various diseases, among which cancer. Polyester-based nanoparticulate drug delivery systems, including polymer-drug conjugates and amphiphilic block copolymers, represent a major class with promising outcomes, especially for those derived from poly(3-hydroxybutyrate) (PHB). This review describes recent advances in drug delivery systems designed from the selfassembly of synthetic (co)polymers derived from PHB. The various strategies for the synthesis of PHB-conjugates, PHB/poly(ethylene glycol) (PEG) and other PHB-based copolymers are first summarized. Nanoparticles, micelles, microparticles, and hydrogels elaborated from these (co)polymers following various preparation methods, along with their exploitation in the encapsulation and release of various therapeutic agents, are next detailed. Finally, we discuss the synthetic challenges, drug delivery outlooks, and perspectives of PHBbased drug delivery systems. Engineered nano-scaled materials based on PHB self-assembled systems are thus anticipated to emerge as a valuable platform for original drug delivery systems. Contents 1. P(R)-HB Poly((R)-3-hydroxybutyrate) PBS Phosphate buffered saline PCL Poly(-caprolactone) PDMAEMA Poly(2-(dimethylamino)ethyl methacrylate) PEEP Poly(ethyl ethylene phosphate) PEG Poly(ethyl ethylene glycol) PEG-COOH -Carboxy poly(ethylene glycol) PF-127 or Pluronic Pluronic® F-127, (polyethylene glycol)-b-(polypropylene glycol)-b-(polyethylene glycol) PHA Poly(hydroxyalkanoate) PHB Poly(3-hydroxybutyrate) PHB diOH Poly(dihydroxypropanehydroxy-butyrate) PHBHH Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) PLA Poly(lactide) PLAGA Poly(lactic acid-co-glycolic acid) PMLA Poly(-malic acid) PMLA Be Poly(benzyl -malolactonate) PNIPAAM Poly(N-isopropyl acrylamide) PPG Poly(propylene glycol) PPO Poly(propylene oxide) PVA Poly(vinyl alcohol) RES Reticulo-endothelial system Rg Gyration radius RGD4C Cyclic peptide (amino acid sequence: ACDCRGDCFCG) Rh Hydrodynamic radius SLS Static light scattering Sn(Oct)2 Tin octoate sPEG Star poly(ethylene glycol) synt Synthetic TAM Triallyl trimesate TBD 1,5,7-Triazabicyclo[4.4.0]dec-5-ene TEM Transmission electron microscopy TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxy Tg Glass transition temperature TGA Thermal gravimetric analysis Tm Melting temperature Tween 80 Poly(ethylene glycol) sorbitan monooleate XRD X-Ray diffraction
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Introduction

Nanomedicine, the application of nanotechnology to a 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 [START_REF] Chen | Nanochemistry and Nanomedicine for Nanoparticle-based Diagnostics and Therapy[END_REF][START_REF] Janib | Imaging and drug delivery using theranostic nanoparticles[END_REF][START_REF] Kamaly | Degradable Controlled-Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug Release[END_REF][START_REF] Ma | Cancer-Targeted Nanotheranostics: Recent Advances and Perspectives[END_REF][START_REF] Min | Clinical Translation of Nanomedicine[END_REF].

Multifunctional nanoparticle-based drug delivery systems (DDSs) can contribute to improved water solubility and prolonged circulation half-life of drugs, reduced immunogenicity and enhanced biodistribution while controlling their release, and site-specific active targeting for a specific distribution [START_REF] Barreto | Nanomaterials: Applications in Cancer Imaging and Therapy[END_REF][7][START_REF] Kamaly | Targeted polymeric therapeutic nanoparticles: design, development and clinical translation[END_REF][START_REF] Lee | Multifunctional nanoparticles for multimodal imaging and theragnosis[END_REF][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 performance.

Polymer-based nanoparticulate structures used in DDSs are usually derived from dendrimers, micelles, nanoparticles or nanogels, with diameters ranging from 1 to 1000 nm [START_REF] Kamaly | Targeted polymeric therapeutic nanoparticles: design, development and clinical translation[END_REF][13][14][START_REF] Rao | Polymer nanoparticles: Preparation techniques and size-control parameters[END_REF][START_REF] Hamidi | Copolymers: Efficient Carriers for Intelligent Nanoparticulate Drug Targeting and Gene Therapy[END_REF][START_REF] Nicolas | Design, functionalization strategies and biomedical applications of targeted biodegradable/biocompatible polymer-based nanocarriers for drug delivery[END_REF][START_REF] Musyanovych | Polymer Micro-and Nanocapsules as Biological Carriers with Multifunctional Properties[END_REF]. Nanocarriers can incorporate a drug through covalent bonding to the polymer, thereby resulting in a polymer-drug conjugate [11,[START_REF] Pecher | Nanoparticles of Conjugated Polymers[END_REF][START_REF] Mura | Novel Isoprenoyl Nanoassembled Prodrug for Paclitaxel Delivery[END_REF][START_REF] Delplace | Recent trends in the design of anticancer polymer prodrug nanocarriers[END_REF][START_REF] Hudlikar | Controlled Multi-functionalization Facilitates Targeted Delivery of Nanoparticles to Cancer Cells[END_REF]. Alternatively, the drug can be embedded through hydrophobic interactions within an amphiphilic polymer platform.

Polysaccharides, poly(aminoacid)s, polypeptides and proteins, polyesters, or poly(alkyl cyanoacrylate)s are the most widely used polymers in nanocarriers [START_REF] Kumari | Biodegradable polymeric nanoparticles based drug delivery systems[END_REF]. 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) and poly(glycolic acid), and their copolymers poly(lactic-co-glycolic acid) (PLGA), have been extensively investigated in combination with poly(ethylene glycol) (PEG) [START_REF] Pounder | Towards poly(ester) nanoparticles: recent advances in the synthesis of functional poly(ester)s by ring-opening polymerization[END_REF][START_REF] Cameron | Aliphatic polyester polymer stars: synthesis, properties and applications in biomedicine and nanotechnology[END_REF]. The resulting amphiphilic block copolymers such as PLA-b-PEG and PLGA-b-PEG, selfassembled into nanoparticles, micelles or polymersomes featuring a hydrophobic PLA or PLGA core and an outer hydrophilic PEG corona [START_REF] Cheng | Formulation of functionalized PLGA-PEG nanoparticles for in vivo targeted drug delivery[END_REF][START_REF] Lassalle | PLA Nano-and Microparticles for Drug Delivery: An Overview of the Methods of Preparation[END_REF][START_REF] Saffer | Poly(lactic acid)-poly(ethylene oxide) Block Copolymers: New Directions in Self-Assembly and Biomedical Applications[END_REF][START_REF] Oh | Polylactide (PLA)-based amphiphilic block copolymers: synthesis, selfassembly, and biomedical applications[END_REF][START_REF] Locatelli | Biodegradable PLGA-b-PEG polymeric nanoparticles: synthesis, properties, and nanomedical applications as drug delivery system[END_REF][START_REF] Li | PLA/PLGA nanoparticles for delivery of drugs across the blood-brain barrier[END_REF]. Polyester-systems prepared from poly(-caprolactone) [START_REF] Wei | Biodegradable poly(ɛ-caprolactone)-poly(ethylene glycol) copolymers as drug delivery system[END_REF][START_REF] Gou | PCL/PEG Copolymeric Nanoparticles: Potential Nanoplatforms for Anticancer Agent Delivery[END_REF][START_REF] Dash | Poly-є-caprolactone based formulations for drug delivery and tissue engineering: A review[END_REF] or poly(hydroxyalkanoate)s (PHAs; vide infra), often associated with PEG, 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", inhibiting fast recognition by the immune systems (i.e., the opsonisation) and minimizing particle aggregation [START_REF] Hamidi | Copolymers: Efficient Carriers for Intelligent Nanoparticulate Drug Targeting and Gene Therapy[END_REF][START_REF] Veronese | PEGylation, successful approach to drug delivery[END_REF][START_REF] Pasut | PEG conjugates in clinical development or use as anticancer agents: An overview[END_REF][START_REF] Obermeier | Multifunctional Poly(ethylene glycol)s[END_REF][START_REF] Cruje | Polyethylene Glycol Functionalized Nanoparticles for Improved Cancer Treatment[END_REF][START_REF] Suk | PEGylation as a strategy for improving nanoparticle-based drug and gene delivery[END_REF]. However, the non-biodegradability of this polyether can impedes its application within DDSs. Moreover the immunological inertia of PEG is not demonstrated and the accumulation of PEGylated compounds in the liver has unidentified toxicological consequences over a long period of time [START_REF] Kawai | Microbial degradation of polyethers[END_REF].

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 can be formed from either naturally occurring polymers such as chitosan [START_REF] Bugnicourt | Interests of chitosan nanoparticles ionically cross-linked with tripolyphosphate for biomedical applications[END_REF] or PHAs [START_REF] Alves | Bacterial polymers as materials for the development of micro/nanoparticles[END_REF][START_REF] Wu | Medical Application of Microbial Biopolyesters Polyhydroxyalkanoates[END_REF][START_REF] Laycock | The chemomechanical properties of microbial polyhydroxyalkanoates[END_REF], or from synthetic macromolecules such as PLA, PEG, PCL or PHAs. Indeed, PHAs can be advantageously both naturally (microbial PHAs) or synthetically (chemically) produced [START_REF] Wu | Medical Application of Microbial Biopolyesters Polyhydroxyalkanoates[END_REF][START_REF] Müller | Poly(hydroxyalkanoates): A Fifth Class of Physiologically Important Organic Biopolymers?[END_REF][START_REF] Sudesh | Synthesis, structure and properties of polyhydroxyalkanoates: biological polyesters[END_REF][START_REF] Scholz | Poly(β-hydroxyalkanoates) as Potential Biomedical Materials: An Overview[END_REF][START_REF] Zinn | Occurrence, synthesis and medical application of bacterial polyhydroxyalkanoate[END_REF][START_REF] Ojumu | Production of Polyhydroxyalkanoates, a bacterial biodegradable polymer[END_REF][START_REF] Lenz | Bacterial Polyesters: Biosynthesis, Biodegradable Plastics and Biotechnology[END_REF][START_REF] Shishatskaya | Biomedical Investigations of Biodegradable PHAs[END_REF][START_REF] Lu | Mini-Review: Biosynthesis of Poly(hydroxyalkanoates)[END_REF][START_REF] Hazer | Poly(3-hydroxyalkanoate)s: Diversification and biomedical applications: A state of the art review[END_REF][START_REF] Taguchi | Poly(hydroxyalkanoate)s[END_REF][START_REF] Laycock | The chemomechanical properties of microbial polyhydroxyalkanoates[END_REF][START_REF] Nigmatullin | Polyhydroxyalkanoates, a family of natural polymers, and their applications in drug delivery[END_REF][START_REF] Li | Polyhydroxyalkanoates: opening doors for a sustainable future[END_REF]. 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) [START_REF] Carpentier | Discrete Metal Catalysts for Stereoselective Ring-Opening Polymerization of Chiral Racemic β-Lactones[END_REF][START_REF] Carpentier | Exploitation of a Chain-End-Control Mechanism for the Synthesis of Alternating Copolymers[END_REF][START_REF] Thomas | Stereocontrolled ring-opening polymerization of cyclic esters: synthesis of new polyester microstructures[END_REF]. The stereoregularity of the enchainment of -lactone units within PHB dictates its thermomechanical properties. In particular, microbial isotactic PHB is a stiff and rather brittle polymer of high crystallinity, and consequently not easily processable, thus impeding its applications such as in packaging, implantable devices, or also drug delivery applications [START_REF] Li | Polyhydroxyalkanoates: opening doors for a sustainable future[END_REF][START_REF] Vert | Polymeric biomaterials: Strategies of the past vs. strategies of the future[END_REF]. Therefore, the possibility to access various PHBs with different stereochemistries from ROP opens new venues in PHBbased DDSs [START_REF] Koosha | Polyhydroxybutyrate as a drug carrier[END_REF]. 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 [START_REF] Yamaoka | Fate of Water-Soluble Polymers Administered via Different Routes[END_REF][START_REF] Li | Micellization Phenomena of Biodegradable Amphiphilic Triblock Copolymers Consisting of Poly(βhydroxyalkanoic acid) and Poly(ethylene oxide)[END_REF][START_REF] Chen | Biodegradable nanoparticles of amphiphilic triblock copolymers based on poly(3-hydroxybutyrate) and poly(ethylene glycol) as drug carriers[END_REF][START_REF] Chen | Preparation and characterization of biodegradable nanoparticles based on amphiphilic poly(3-hydroxybutyrate)poly(ethylene glycol)-poly(3-hydroxybutyrate) triblock copolymer[END_REF][START_REF] Li | Dynamic and Static Light Scattering Studies on Self-Aggregation Behavior of Biodegradable Amphiphilic Poly(ethylene oxide)-Poly[(R)-3-hydroxybutyrate]-Poly(ethylene oxide) Triblock Copolymers in Aqueous Solution[END_REF][START_REF] Chen | In vitro cytotoxicity, hemolysis assay, and biodegradation behavior of biodegradable poly(3hydroxybutyrate)-poly(ethylene glycol)-poly(3-hydroxybutyrate) nanoparticles as potential drug carriers[END_REF][START_REF] Jeong | Characterizations and release behavior of poly [(R)-3hydroxy butyrate]-co-methoxy poly(ethylene glycol) with various block ratios[END_REF][START_REF] Loh | Synthesis of Novel Biodegradable Thermoresponsive Triblock Copolymers Based on Poly[(R)-3-hydroxybutyrate] and Poly(N-isopropylacrylamide) and Their Formation of Thermoresponsive Micelles[END_REF][START_REF] Kim | The delivery of doxorubicin to 3-D multicellular spheroids and tumors in a murine xenograft model using tumorpenetrating triblock polymeric micelles[END_REF][START_REF] Zhu | Amphiphilic star-block copolymers and supramolecular transformation of nanogel-like micelles to nanovesicles[END_REF][START_REF] Loh | Dual responsive micelles based on poly[(R)-3hydroxybutyrate] and poly(2-(di-methylamino)ethyl methacrylate) for effective doxorubicin delivery[END_REF]. Moreover, the very low critical micelle concentration (CMC) of PHB-based 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 polymers such as PEG, poly(N-isopropyl acrylamide) (PNIPAAM), poly(2-dimethylamino ethyl methacrylate) (PDMAEMA), or poly(ethyl ethylene phosphate) (PEEP). However, the latter hydrophilic polymers 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 [START_REF] Kawai | Microbial degradation of polyethers[END_REF].

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 self-assembling properties of PHB-based systems, including nanoparticles, micelles, microparticles and hydrogels, along with their characteristics, as gathered in 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 behavior (Table 3).

PHB-based (co)polymers prepared from synthetic routes

Most self-assembled systems using PHB are based on bacterial semi-crystalline poly((R)-3-hydroxybutyrate) P(R)-HB [START_REF] Wu | Medical Application of Microbial Biopolyesters Polyhydroxyalkanoates[END_REF][START_REF] Müller | Poly(hydroxyalkanoates): A Fifth Class of Physiologically Important Organic Biopolymers?[END_REF][START_REF] Sudesh | Synthesis, structure and properties of polyhydroxyalkanoates: biological polyesters[END_REF][START_REF] Scholz | Poly(β-hydroxyalkanoates) as Potential Biomedical Materials: An Overview[END_REF][START_REF] Zinn | Occurrence, synthesis and medical application of bacterial polyhydroxyalkanoate[END_REF][START_REF] Ojumu | Production of Polyhydroxyalkanoates, a bacterial biodegradable polymer[END_REF][START_REF] Lenz | Bacterial Polyesters: Biosynthesis, Biodegradable Plastics and Biotechnology[END_REF][START_REF] Shishatskaya | Biomedical Investigations of Biodegradable PHAs[END_REF][START_REF] Lu | Mini-Review: Biosynthesis of Poly(hydroxyalkanoates)[END_REF][START_REF] Hazer | Poly(3-hydroxyalkanoate)s: Diversification and biomedical applications: A state of the art review[END_REF][START_REF] Taguchi | Poly(hydroxyalkanoate)s[END_REF][START_REF] Laycock | The chemomechanical properties of microbial polyhydroxyalkanoates[END_REF][START_REF] Nigmatullin | Polyhydroxyalkanoates, a family of natural polymers, and their applications in drug delivery[END_REF][START_REF] Li | Polyhydroxyalkanoates: opening doors for a sustainable future[END_REF]. 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-3hydroxyhexanoate (PHBHH), etc.), has known a tremendous development since the early 80's [START_REF] Müller | Poly(hydroxyalkanoates): A Fifth Class of Physiologically Important Organic Biopolymers?[END_REF]. 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 [START_REF] Chen | A microbial polyhydroxyalkanoates (PHA) based bio-and materials industry[END_REF]. Nevertheless, only long-chain isotactic PHB polymers and random copolymers are obtained from this microbial strategy.

Given the aforementioned limitations of such native PHB-based materials, modified 

Chemically modified bacterial PHB-based (co)polymers

Historically, native PHB homopolymer, i.e,. P(R)-HB [START_REF] Díez-Pascual | Poly(3-hydroxybutyrate)/ZnO Bionanocomposites with Improved Mechanical, Barrier and Antibacterial Properties[END_REF][START_REF] Lins | Composite PHB/chitosan microparticles obtained by spray drying: effect of chitosan concentration and crosslinking agents on drug release[END_REF][START_REF] Shakeri | Preparation and Characterization of Carvacrol Loaded Polyhydroxybutyrate Nanoparticles by Nanoprecipitation and Dialysis Methods[END_REF][START_REF] Pandian | PEG-PHB-glutaminase nanoparticle inhibits cancer cell proliferation in vitro through glutamine deprivation[END_REF][START_REF] Bychkova | Magnetic and transport properties of magneto-anisotropic nanocomposites for controlled drug delivery[END_REF], and bacterial copolymers such as P(3HB-co-4HB) [START_REF] Chee | The influence of copolymer ratio and drug loading level on the biocompatibility of P(3HBco-4HB) synthesized by Cupriavidus sp. USMAA2-4)[END_REF][START_REF] Ying | Scaffolds from electrospun polyhydroxyalkanoate copolymers: Fabrication, characterization, bioabsorption and tissue response[END_REF][START_REF] Obata | Preparation of poly(3hydroxybutyrate-co-4-hydroxybutyrate)-based composites releasing soluble silica for bone regeneration[END_REF], PHBV [START_REF] Yagmurlu | Sulbactamcefoperazone polyhydroxybutyrate-cohydroxyvalerate (PHBV) local antibiotic delivery system: In vivo effectiveness and biocompatibility in the treatment of implant-related experimental osteomyelitis[END_REF][START_REF] Grillo | Characterization of Atrazine-Loaded Biodegradable Poly(Hydroxybutyrate-Co-Hydroxyvalerate) Microspheres[END_REF][START_REF] Pacheco | Development of an injectable PHBV microparticles-GG hydrogel hybrid system for regenerative medicine[END_REF] or PHBH and derivatives [START_REF] Hosoda | Green Composite of Poly(3-hydroxybutyrate-co-3hydroxyhexanoate) Reinforced with Porous Cellulose[END_REF][START_REF] Zhang | Preparation and characterization of novel microparticles based on poly(3-hydroxybutyrate-co-3-hydroxyoctanoate)[END_REF][START_REF] Dong | Sustained PDGF-BB release from PHBHHx loaded nanoparticles in 3D hydrogel/stem cell model[END_REF], have been used for the elaboration of self-assembled systems such as DDSs, tissue engineering scaffolds and implants [START_REF] Errico | Poly(hydroxyalkanoates)-Based Polymeric Nanoparticles for Drug Delivery[END_REF][START_REF] Naveen | Synthesis of Nonwoven Nanofibers by Electrospinning -A Promising Biomaterial for Tissue Engineering and Drug Delivery[END_REF][START_REF] Geng | Expression of Active Recombinant Human Tissue-Type Plasminogen Activator by Using In Vivo Polyhydroxybutyrate Granule Display[END_REF][START_REF] Pandian | Biologically synthesized fluorescent CdS NPs encapsulated by PHB[END_REF]. Those polymers have been 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).

Bacterial PHB homopolymers chemically modified 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) [START_REF] Lee | Tumor-specific hybrid polyhydroxybutyrate nanoparticle: Surface modification of nanoparticle by enzymatically synthesized functional block copolymer[END_REF].

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 to the PHA synthase enzyme, itself bearing the peptide, namely RGD4C-PHB. Nevertheless, no clear information was given to support this binding [START_REF] Kim | Enzymatic Surface-Initiated Polymerization: A Novel Approach for the in Situ Solid-Phase Synthesis of Biocompatible Polymer Poly(3-hydroxybutyrate)[END_REF][START_REF] Wodzinska | Polyhydroxybutyrate Synthase: Evidence for Covalent Catalysis[END_REF].

This strategy was recently used by Kim and coworkers with the aim to synthesize multi-functional PHB nanoparticles for theranostic applications [START_REF] Kwon | A multi-functional polyhydroxybutyrate nanoparticle for theranostic applications[END_REF]. Tri-fused protein A33scFv-green 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) [START_REF] Marchessault | Preparation and characterization of low molecular weight poly(3-hydroxybutyrate)s and their block copolymers with poly(oxyethylene)s[END_REF][START_REF] Ravenelle | One-Step Synthesis of Amphiphilic Diblock Copolymers from Bacterial Poly([R]-3-hydroxybutyric acid)[END_REF],

an hydrophilic and biodegradable polyether, to form amphiphilic copolymers.

Recently, bile acid deoxycholic acid (DOCA) was conjugated to a PHB-b-PEG block copolymer [START_REF] Chaturvedi | Ultra-small fluorescent bile acid conjugated PHB-PEG block copolymeric nanoparticles: synthesis, characterization and cellular uptake[END_REF]. Kulkarni, Aminabhavi and co-workers implemented a two-step route (Scheme 1). First, long-chain bacterial PHB was transesterified by PEG-OH (Mn = 4000 g.mol ) using dibutyl tin 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 analyzed by both 1 H and solid state 13 C NMR spectroscopy. This copolymer was next used for the formation of nanoparticles loaded with fluorescein isothiocyanate labelled insulin, for cytotoxicity evaluation (vide infra).

Scheme 1.

Recently, Kim and co-workers showed the 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 (Mn = 5600-9900 g.mol ), obtained from the coupling of PHB and PEG in the presence of tin octoate [START_REF] Jeong | Characterizations and release behavior of poly [(R)-3hydroxy butyrate]-co-methoxy poly(ethylene glycol) with various block ratios[END_REF]. 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 [START_REF] Li | Synthesis and Characterization of New Biodegradable Amphiphilic Poly(ethylene oxide)-b-poly[(R)-3-hydroxy butyrate]-b-poly(ethylene oxide) Triblock Copolymers[END_REF]. 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) [START_REF] Li | Micellization Phenomena of Biodegradable Amphiphilic Triblock Copolymers Consisting of Poly(βhydroxyalkanoic acid) and Poly(ethylene oxide)[END_REF][START_REF] Li | Dynamic and Static Light Scattering Studies on Self-Aggregation Behavior of Biodegradable Amphiphilic Poly(ethylene oxide)-Poly[(R)-3-hydroxybutyrate]-Poly(ethylene oxide) Triblock Copolymers in Aqueous Solution[END_REF][START_REF] Li | Synthesis and Characterization of New Biodegradable Amphiphilic Poly(ethylene oxide)-b-poly[(R)-3-hydroxy butyrate]-b-poly(ethylene oxide) Triblock Copolymers[END_REF].

First, bacterial long-chain PHB was purified upon dissolution in chloroform, filtration and precipitation in petroleum ether, to afford PHB with Mn = 87 000 g.mol and ĐM = 2.64. The next transesterification step using diethylene glycol with DBTL as catalyst in diglyme, then gave shorter ,-dihydroxy telechelic PHB (PHB diol oligomers) with a controlled chainlength ranging from 500 to 5500 g.mol [START_REF] Hirt | Telechelic diols from poly[(R)-3hydroxybutyric acid] and poly{[(R)-3-hydroxybutyric acid]-co-[(R)-3-hydroxyvaleric acid]}[END_REF]. During the latter procedure, diethylene glycol and DBTL could be replaced by ethylene glycol and tin octoate (Sn(Oct)2), respectively, 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) [START_REF] Li | Micellization Phenomena of Biodegradable Amphiphilic Triblock Copolymers Consisting of Poly(βhydroxyalkanoic acid) and Poly(ethylene oxide)[END_REF][START_REF] Li | Dynamic and Static Light Scattering Studies on Self-Aggregation Behavior of Biodegradable Amphiphilic Poly(ethylene oxide)-Poly[(R)-3-hydroxybutyrate]-Poly(ethylene oxide) Triblock Copolymers in Aqueous Solution[END_REF].

without

Scheme 2.

Pun and co-workers also reported the synthesis of PEG-b-PHB-b-PEG triblock copolymers (Mn = 12 700 g.mol ; ĐM = 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 [START_REF] Kim | The delivery of doxorubicin to 3-D multicellular spheroids and tumors in a murine xenograft model using tumorpenetrating triblock polymeric micelles[END_REF]. Following the synthetic approach previously reported, the authors further used -amine,-carboxylic PEG 

Scheme 3.

Following studies on poly(ethylene glycol-b-propylene glycol-b-ethylene glycol) (PEG-b-PPG-b-PEG also known as Pluronic F-127; PF-127, vide infra) triblock copolymers [START_REF] Kim | Evaluation of Temperature-Sensitive, Indocyanine Green-Encapsulating Micelles for Noninvasive Near-Infrared Tumor Imaging[END_REF], Pun and co-workers reported the use of a mixture of PF-127 (PEG100-PPG65-PEG100; PEG100 = 100 ethylene glycol repeating units) and PEG-b-PHB-b-PEG in filamentous micelles for tumor localization [START_REF] Kim | Filamentous, Mixed Micelles of Triblock Copolymers Enhance Tumor Localization of Indocyanine Green in a Murine Xenograft Model[END_REF]. The PEG/PHB triblock copolymers were synthesized according to the strategy developed by Li and co-workers [START_REF] Li | Synthesis and Characterization of New Biodegradable Amphiphilic Poly(ethylene oxide)-b-poly[(R)-3-hydroxy butyrate]-b-poly(ethylene oxide) Triblock Copolymers[END_REF], and characterized using NMR and SEC analyses (Mn = 13 800 g.mol -1 ; ĐM = 1.20) (Scheme 4). Thus, HO-PHB-b-PEG (presynthesized as aforementioned) was coupled with Fmoc-PEG-COOH (Fmoc = fluorenylmethyloxycarbonyl), in the presence of both DCC and DMAP, to afford the Fmocterminated triblock copolymer. The Fmoc protecting group was then removed by piperidine, using the well-known deprotection procedure by basic cleavage [START_REF] Atherton | A mild procedure for solid phase peptide synthesis: use of fluorenylmethoxycarbonylaminoacids[END_REF], liberating the amine reactive group. The molecular probe Alexa Fluor 488 succinimidyl ester dye was finally coupled with the resulting PEG-b-PHB-b-PEG-NH2, leading to the -dye triblock copolymer conjugate, Alexa Fluor 488-PEG-b-PHB-b-PEG [START_REF] Kim | Filamentous, Mixed Micelles of Triblock Copolymers Enhance Tumor Localization of Indocyanine Green in a Murine Xenograft Model[END_REF].

Scheme 4.

Li and co-workers have also studied copolymers based on PPG, PEG and native PHB segments, covalently bonded within a polyurethane polymer [START_REF] Loh | Biodegradable Thermogelling Poly[(R)-3-hydroxybutyrate]-Based Block Copolymers: Micellization, Gelation, and Cytotoxicity and Cell Culture Studies[END_REF]. PHB diol (Mn = 1100 g.mol ), obtained from the transesterification of bacterial PHB with ethylene glycol and DBTL, was mixed with PEG (Mn = 1900 g.mol 1 ), PPG (Mn = 2200 g.mol ) (PEG/PPG ratio = 2:1; PHB ratio = 3-9mol%), 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 Mn = 42 500-50 600 g.mol 1 and a narrow dispersity ĐM = 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 [START_REF] Beyerbach | Biomarkers for Isocyanate Exposure: Synthesis of Isocyanate DNA Adducts[END_REF][START_REF] Mishra | Isocyanates induces DNA damage, apoptosis, oxidative stress, and inflammation in cultured human lymphocytes[END_REF][START_REF] Mishra | Inflammatory response to isocyanates and onset of genomic instability in cultured human lung fibroblasts[END_REF].

Scheme 5.

Other chemically modified bacterial PHB-based copolymers

In order to study colloidal drug delivery systems, Pignatello, Ballistreri and coworkers synthesized copolymers from bacterial PHB (Mw = 400 000 g.mol 1 ; ĐM = 2. macroinitiator [START_REF] Cheng | Syntheses of amphiphilic biodegradable copolymers of poly(ethyl ethylene phosphate) and poly(3-hydroxybutyrate) for drug delivery[END_REF]. PHB diol (Mn = 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) [START_REF] Xiao | Kinetics and Mechanism of 2-Ethoxy-2-oxo-1,3,2-dioxaphospholane Polymerization Initiated by Stannous Octoate[END_REF]. The resulting triblock copolymers (Mn, = 3400-15 600 g.mol 1 ; ĐM = 1.47-2.23) were characterized by 1 H, 13 C{ 1 H} and N60HB17N60; N157HB17N157; N180HB17N180) were synthesized and further investigated for their ability to form micelles, and for their thermoresponsiveness (vide infra) [START_REF] Loh | Biodegradable Thermogelling Poly[(R)-3-hydroxybutyrate]-Based Block Copolymers: Micellization, Gelation, and Cytotoxicity and Cell Culture Studies[END_REF][START_REF] Loh | Novel poly(N-isopropylacrylamide)-poly[(R)-3hydroxybutyrate]-poly(N-isopropylacrylamide) triblock copolymer surface as a culture substrate for human mesenchymal stem cells[END_REF]. These properties were used for the encapsulation and controlled release of pyrene (a molecular probe). On the other hand, a range of PDMAEMA-b-PHB-b-PDMAEMA triblock copolymers with different block lengths were synthesized (D21HB21N21; D53HB21D53; D110HB21D110), and further studied for their ability to form both pH-and thermoresponsive micelles used for the encapsulation and controlled release of DOX (vide infra) [START_REF] Loh | Dual responsive micelles based on poly[(R)-3hydroxybutyrate] and poly(2-(di-methylamino)ethyl methacrylate) for effective doxorubicin delivery[END_REF]. These triblock copolymers were also evaluated as nano-vectors for gene delivery [START_REF] Loh | Incorporation of poly[(R)-3-hydroxybutyrate] into cationic copolymers based on poly(2-(dimethylamino)ethyl methacrylate) to improve gene delivery[END_REF]. PHB [START_REF] Barouti | New Linear and Star-Shaped Thermogelling Poly([R]-3-hydroxybutyrate) Copolymers[END_REF]. Microbial PHB (Mn = 59 400 g.mol 1 ) was transesterified with different alcohols, hexanol, ethylene glycol and erythritol, in the presence of DBTL as catalyst, affording linear PHB-OH and PHB-diOH and four-arm PHB-tetraOH, respectively. Those hydroxy telechelic PHB were brominated using the reported 2-bromoisobutyryl bromide-based strategy [START_REF] Loh | Synthesis of Novel Biodegradable Thermoresponsive Triblock Copolymers Based on Poly[(R)-3-hydroxybutyrate] and Poly(N-isopropylacrylamide) and Their Formation of Thermoresponsive Micelles[END_REF][START_REF] Loh | Novel poly(N-isopropylacrylamide)-poly[(R)-3hydroxybutyrate]-poly(N-isopropylacrylamide) triblock copolymer surface as a culture substrate for human mesenchymal stem cells[END_REF].

Thus PHB-Br (Mn = 1400 g.mol 1 ), linear PHB-diBr (Mn = 2500 g.mol 1 ) and four-arm PHB-tetraBr (Mn = 1700 g.mol 1 ) were used as macroinitiators for the sequential ATRP of NIPAAM followed by a one-pot ATRP of PEGMEMA and PPGMA, leading to one-arm (Mn = 26 300 g.mol 1 ; ĐM = 1.78), two-arm (Mn = 17 30020 000 g.mol 1 ; ĐM = 1.481. Scheme 8.

PHB-based copolymers prepared from ring-opening polymerization of ß -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; Tm = 175-180 °C, Tg = 9 °C), synthetic PHB can feature different stereochemical sequences (atactic (amorphous), syndiotactic (Tm unknown), or isotactic PHBs) depending on the catalytic system used [START_REF] Carpentier | Discrete Metal Catalysts for Stereoselective Ring-Opening Polymerization of Chiral Racemic β-Lactones[END_REF][START_REF] Carpentier | Exploitation of a Chain-End-Control Mechanism for the Synthesis of Alternating Copolymers[END_REF][START_REF] Thomas | Stereocontrolled ring-opening polymerization of cyclic esters: synthesis of new polyester microstructures[END_REF]. Also, ROP may be used 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 have been 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) [START_REF] Zhu | Amphiphilic star-block copolymers and supramolecular transformation of nanogel-like micelles to nanovesicles[END_REF]. This strategy was based on the complementary functionalization of PHB and PEG with alkyne and azide, respectively (Scheme 9). Hydroxy terminated sPEG was chlorinated in the presence of SOCl2 (Mn, = 4500 g.mol 1 ; ĐM, = 1.07) analyses. These short copolymers were used to form supramolecular hydrogels using -cyclodextrin (vide infra). Rheological and thermal behavior was also evaluated.

Scheme 12.

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) [START_REF] Ajellal | Encapsulation and controlled release of l-leuprolide from poly([small beta]-hydroxyalkanoate)s: impact of microstructure and chemical functionalities[END_REF].

Random copolymers were synthesized from a mixture of racemic monomers (rac-BL and racemic-allyl--butyrolactone (rac-BL allyl )) with rac-BL allyl = 7 or 11mol% (Scheme 13). The tacticity of these copolymers, as determined by 13 C{ 1 H} NMR analyses, was tuned according to the catalyst used. Polymerization of a racemic mixture of the monomers using the syndiospecific yttrium(III) catalyst led to syndiotactic copolymers (probability of racemic linkage Pr = 0.82-0.84) [START_REF] Amgoune | Highly Active, Productive, and Syndiospecific Yttrium Initiators for the Polymerization of Racemic β-Butyrolactone[END_REF][START_REF] Kramer | Polymerization of Enantiopure Monomers Using Syndiospecific Catalysts: A New Approach To Sequence Control in Polymer Synthesis[END_REF][START_REF] Jaffredo | From Syndiotactic Homopolymers to Chemically Tunable Alternating Copolymers: Highly Active Yttrium Complexes for Stereoselective Ring-Opening Polymerization of β-Malolactonates[END_REF][START_REF] Jaffredo | Highly Stereocontrolled Ring-Opening Polymerization of Racemic Alkyl β-Malolactonates Mediated by Yttrium [Amino-alkoxy-bis(phenolate)] Complexes[END_REF], whereas polymerization of such a mixture with the nonstereospecific -diketiminate zinc catalyst [START_REF] Chamberlain | Polymerization of Lactide with Zinc and Magnesium β-Diiminate Complexes: Stereocontrol and Mechanism[END_REF] resulted in the formation of atactic copolymers. Polymerizations with the -diketiminate zinc catalyst afforded isotactic copolymers (probability of meso linkage Pm = 0.96-0.97) when both enantio-pure monomers were used, namely R-BL and R-BL allyl . The PHB-co-PHB allyl (Mn = 9200-61 100 g.mol 1 ; ĐM = 1.24-1.62) were further chemically modified by reaction with osmium tetraoxide in the presence of N-methyl morpholine N-oxide, leading to the dihydroxy end-functionalized polyesters PHB-co-PHB diOH (PHB diOH = poly(dihydroxypropanehydroxybutyrate); Mn = 11 200-69 600 g.mol 1 ; ĐM = 1.28-1.76) [START_REF] Ajellal | Functional syndiotactic poly(βhydroxyalkanoate)s via stereoselective ring-opening copolymerization of rac-βbutyrolactone and rac-allyl-β-butyrolactone[END_REF]. 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, that require use with the rigorous exclusion of air and moisture.

Scheme 13.

Finally, Barouti, Guillaume and co-workers developed the synthesis of poly(hydroxybutyrate)-b-pol(-malic acid) (PHB-b-PMLA) amphiphilic copolymers for the formation of nanoparticles, further evaluated as nanovectors [START_REF] Barouti | Polyhydroxyalkanoate-based amphiphilic diblock copolymers as original biocompatible nanovectors[END_REF]. The synthesis was realized by optimization of a previously reported three-step strategy (Scheme 14) [START_REF] Jaffredo | Poly(hydroxyalkanoate) Block or Random Copolymers of β-Butyrolactone and Benzyl β-Malolactone: A Matter of Catalytic Tuning[END_REF]. First, the ROP of rac-BL was carried out in the presence of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as an organic catalyst, affording TDB-PHB-crotonate [START_REF] Nederberg | New Paradigms for Organic Catalysts: The First Organocatalytic Living Polymerization[END_REF][START_REF] Jaffredo | Controlled ROP of β-Butyrolactone Simply Mediated by Amidine, Guanidine, and Phosphazene Organocatalysts[END_REF]. This polymer was next able to initiate the ROP of benzyl -malolactonate (MLA Be ) [START_REF] Jaffredo | Poly(hydroxyalkanoate) Block or Random Copolymers of β-Butyrolactone and Benzyl β-Malolactone: A Matter of Catalytic Tuning[END_REF][START_REF] Jaffredo | -malolactone polymers[END_REF]. The growth of the PMLA Be segment gave the PHB-b-PMLA Be hydrophobic diblock copolymer (Mn = 8200-18 800 g.mol 1 ; ĐM = 1.16-1.28). At this stage, the copolymers were fully characterized ( 1 H, 13 C{ 1 H} and DOSY NMR, SEC, DSC, TGA, contact angle). The last step involved the deprotection of pendant benzyl functionalities of the MLA Be units by hydrogenolysis [START_REF] Jaffredo | -malolactone polymers[END_REF]. The cleavage of the benzylic group was carried out in the presence of Pd/C catalyst, under H2 atmosphere, affording carboxylic pending functions. Amphiphilic PHB-b-PMLA copolymers were thus isolated with various hydrophilic weight fractions (MLA = 10-82wt%) and molar mass values, which were determined by 1 H NMR, (Mn = 8100-0 200 g.mol 1 ). Thermal and micellization behavior was also evaluated. DSC showed a single glass transition (Tg = 6 to +19 °C) ranging between the Tg of both polymers (Tg, PHB = 2 °C  Tg, PMLA = +12 °C). TGA experiments confirmed the theoretical wt% of each block. Finally, water contact angles (100° to < 20°) were found to decrease with the increase of the PMLA block length, in agreement with the increase of the hydrophilicity of the copolymers.

Scheme 14.

For applications based on self-assembled systems, triblock copolymers, are interesting due to the possibility to form stable DDSs with low CMC values. Nonetheless, the synthesis of triblock copolymers is often more complicated than that of the corresponding diblock copolymers. Barouti and Guillaume developed a strategy for the synthesis of the corresponding PMLA Be -b-PHB-b-PMLA Be triblock copolymers (Mn = 3300-11 500 g.mol 1 ;

ĐM, = 1.30-1.41; measured by 1 H NMR and SEC (THF vs. polystyrene standards, respectively) [START_REF] Barouti | Polyhydroxybutyrate (PHB)-based triblock copolymers: synthesis of hydrophobic PHB/poly(benzyl β-malolactonate) and amphiphilic PHB/poly(malic acid) analogues by ring-opening polymerization[END_REF], from the ROP of rac-MLA Be using PHB diol macroinitiator [START_REF] Couffin | Selective O-acyl ring-opening of [small beta]-butyrolactone catalyzed by trifluoromethane sulfonic acid: application to the preparation of well-defined block copolymers[END_REF] in the presence of neodymium triflate (NdOTf3) as catalysts [START_REF] Barouti | Polyhydroxyalkanoate-based amphiphilic diblock copolymers as original biocompatible nanovectors[END_REF]. The characteristic signals of MLA Be and HB units in the purified samples were observed in both 1 H and 13 

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.

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 [START_REF] Kamaly | Degradable Controlled-Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug Release[END_REF][START_REF] Alexis | Nanoparticle Technologies for Cancer Therapy[END_REF][START_REF] Shi | Nanotechnology in Drug Delivery and Tissue Engineering: From Discovery to Applications[END_REF][START_REF] Wang | Nanoparticle Delivery of Cancer Drugs[END_REF][START_REF] Tong | Nanomedicines Targeting the Tumor Microenvironment[END_REF]. Currently, nanoparticles are usually made of poly(lactide) (PLA) [START_REF] Kamaly | Degradable Controlled-Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug Release[END_REF][START_REF] Kumari | Biodegradable polymeric nanoparticles based drug delivery systems[END_REF][START_REF] Oh | Polylactide (PLA)-based amphiphilic block copolymers: synthesis, selfassembly, and biomedical applications[END_REF][START_REF] Alexis | Nanoparticle Technologies for Cancer Therapy[END_REF], poly(lactic-co-glycolic acid) (PLGA) [START_REF] Kamaly | Degradable Controlled-Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug Release[END_REF][START_REF] Alexis | Nanoparticle Technologies for Cancer Therapy[END_REF][START_REF] Konstantinos | Pegylated Poly(Lactide) and Poly(Lactide-Co-Glycolide) Nanoparticles: Preparation, Properties and Possible Applications in Drug Delivery[END_REF][START_REF] Sahoo | Biodegradable PLGA/PLA nanoparticles for anticancer therapy[END_REF][START_REF] Dinarvand | Polylactide-coglycolide nanoparticles for controlled delivery of anticancer agents[END_REF], poly(alkyl cyanoacrylate) [START_REF] Andrieux | Polyalkylcyanoacrylate nanoparticles for delivery of drugs across the blood-brain barrier[END_REF][START_REF] Graf | Poly(alkycyanoacrylate) nanoparticles for enhanced delivery of therapeuticsis there real potential?[END_REF][START_REF] Nicolas | Synthesis of poly(alkyl cyanoacrylate)-based colloidal nanomedicines[END_REF] and poly(-caprolactone) (PCL) [START_REF] Kamaly | Degradable Controlled-Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug Release[END_REF][START_REF] Gou | PCL/PEG Copolymeric Nanoparticles: Potential Nanoplatforms for Anticancer Agent Delivery[END_REF][START_REF] Dash | Poly-є-caprolactone based formulations for drug delivery and tissue engineering: A review[END_REF] that are biocompatible and biodegradable copolymers. Among various available nanomaterials, PHB-based nanoparticles are promising drug delivery systems (DDSs). Indeed, the high hydrophobicity of this polyester results in the formation of stable nanoparticles with longer biodegradation times compared with other biodegradable PLA-, PLGA-or PCL-based particles [START_REF] Chen | Biodegradable nanoparticles of amphiphilic triblock copolymers based on poly(3-hydroxybutyrate) and poly(ethylene glycol) as drug carriers[END_REF].

Moreover, the synthesis of PHB by ROP of -butyrolactone enables control of the tacticity of PHB (atactic, syndiotactic or isotactic [START_REF] Carpentier | Discrete Metal Catalysts for Stereoselective Ring-Opening Polymerization of Chiral Racemic β-Lactones[END_REF][START_REF] Carpentier | Exploitation of a Chain-End-Control Mechanism for the Synthesis of Alternating Copolymers[END_REF][START_REF] Thomas | Stereocontrolled ring-opening polymerization of cyclic esters: synthesis of new polyester microstructures[END_REF]), providing a viable route to control the physico-chemical 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).

Table 2.

Preparation methods and characteristics of nanoparticles derived from PHB homopolymers

PHB homopolymers used as drug carriers are mainly naturally produced ones [START_REF] Wu | Medical Application of Microbial Biopolyesters Polyhydroxyalkanoates[END_REF].

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 [START_REF] Lee | Tumor-specific hybrid polyhydroxybutyrate nanoparticle: Surface modification of nanoparticle by enzymatically synthesized functional block copolymer[END_REF][START_REF] Althuri | Microbial synthesis of poly-3-hydroxybutyrate and its application as targeted drug delivery vehicle[END_REF] or fluorescent probes [START_REF] Kwon | A multi-functional polyhydroxybutyrate nanoparticle for theranostic applications[END_REF] (Table 2).

The microbial synthesis of PHB facilitates the control of some physico-chemical characteristics of the nanoparticles such as the hydrodynamic diameter (Dh). Indeed, the precise control of the size of the nano-object is an important issue for the design of circulating DDSs [START_REF] Sonam | Effect of Physicochemical Properties of Biodegradable Polymers on Nano Drug Delivery[END_REF]. After intravenous administration, small particles (Dh < 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 [START_REF] Loh | Incorporation of poly[(R)-3-hydroxybutyrate] into cationic copolymers based on poly(2-(dimethylamino)ethyl methacrylate) to improve gene delivery[END_REF][START_REF] Gaur | Biodistribution of fluoresceinated dextran using novel nanoparticles evading reticuloendothelial system[END_REF][START_REF] Moghimi | Long-Circulating and Target-Specific Nanoparticles: Theory to Practice[END_REF][START_REF] Gaumet | Nanoparticles for drug delivery: The need for precision in reporting particle size parameters[END_REF].

In the case of nanoparticles made of A33scFv green fluorescence protein-natural PHB conjugate (AG-PHB), the Dh values were tuned by the enzyme/(3-hydroxybutyryl-coenzyme A (3HB-CoA)) substrate ratio used during the polymerization [START_REF] Kwon | A multi-functional polyhydroxybutyrate nanoparticle for theranostic applications[END_REF]. Kim and co-workers thus reported the formation of AG-PHB nanoparticles with an average diameter ranging from 70 to 550 nm, as evaluated by dynamic light scattering (DLS), upon modulating the enzyme concentration, while maintaining the same (3HB-CoA) substrate loading. Dh 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 [START_REF] Kwon | A multi-functional polyhydroxybutyrate nanoparticle for theranostic applications[END_REF].

The formulation method implemented also plays a key role on the control of the physico-chemical properties of the self-assembled systems [START_REF] Kataoka | Block copolymer micelles for drug delivery: design, characterization and biological significance[END_REF][START_REF] Mai | Self-assembly of block copolymers[END_REF]. Nanoparticles are commonly obtained by nanoprecipitation, emulsion techniques (single or double), or electrospraying methods [START_REF] Kamaly | Degradable Controlled-Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug Release[END_REF]. 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 [START_REF] Rao | Polymer nanoparticles: Preparation techniques and size-control parameters[END_REF][START_REF] Mora-Huertas | Polymer-based nanocapsules for drug delivery[END_REF][START_REF] Grabnar | The manufacturing techniques of drug-loaded polymeric nanoparticles from preformed polymers[END_REF][START_REF] Chen | Self-Assembly Strategy for the Preparation of Polymer-Based Nanoparticles for Drug and Gene Delivery[END_REF]. For example, nanoparticles derived from folic acid (FOL)-PHB with Dh 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 [START_REF] Althuri | Microbial synthesis of poly-3-hydroxybutyrate and its application as targeted drug delivery vehicle[END_REF]. 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, Dh ranging from 142 to 208 nm (DLS) were then obtained with PVA concentrations ranging from 0.15 to 0.005% (w/v), respectively [START_REF] Althuri | Microbial synthesis of poly-3-hydroxybutyrate and its application as targeted drug delivery vehicle[END_REF].

Furthermore, it is important to note that Dh 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 Dh 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) [START_REF] Lee | Tumor-specific hybrid polyhydroxybutyrate nanoparticle: Surface modification of nanoparticle by enzymatically synthesized functional block copolymer[END_REF]. The grafting of the peptide thus increased the hydrophilic character of the polymer, then resulting in the formation of core-shell particles with higher Dh (Figure 1).

Preparation methods and characteristics of nanoparticles derived from PHBbased copolymers

The covalent association of a hydrophilic block with a hydrophobic PHB block and the control of the block lengths facilitate precise control of 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 (synthetic) PHB-based copolymers provides a viable route for the elaboration of highly tunable drug carriers. Indeed, the control of the hydrophilic weight fraction (f) of PHB-based amphiphilic block copolymers affords self-assembled systems tunable in terms of size, encapsulation efficiency, stability, and degradation time.

Upon nanoprecipitation of PHB-b-PMLA copolymers in phosphate buffered saline (PBS) solution, spherical self-assembled systems exhibiting Dh ranging from 17 to 180 nm with a narrow size distribution were obtained, as assessed by DLS and transmission electronic microscopy (TEM). The most hydrophobic copolymers (f = 10%) were found to form particles with the largest Dh, while copolymers with f up to 65% afforded self-assembled systems with Dh = 17 nm [START_REF] Barouti | Polyhydroxyalkanoate-based amphiphilic diblock copolymers as original biocompatible nanovectors[END_REF].

Furthermore, as shown by Kulkarni, Aminabhavi and co-workers, the use of PHB enabled the formation of small particles (Dh < 20 nm) [START_REF] Chaturvedi | Ultra-small fluorescent bile acid conjugated PHB-PEG block copolymeric nanoparticles: synthesis, characterization and cellular uptake[END_REF] with a highly compact hydrophobic core compared to PLA-, PLGA-and PCL-based particles [START_REF] Kamaly | Degradable Controlled-Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug Release[END_REF]. Indeed, PHB-b-PEG copolymers conjugated with deoxylic acid (DOCA) enabled to form ultra-small nanoparticles with a Dh 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) [START_REF] Chaturvedi | Ultra-small fluorescent bile acid conjugated PHB-PEG block copolymeric nanoparticles: synthesis, characterization and cellular uptake[END_REF]. 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 [START_REF] Nicolai | Dynamic polymeric micelles versus frozen nanoparticles formed by block copolymers[END_REF]. 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 [START_REF] Johnson | Mechanism for Rapid Self-Assembly of Block Copolymer Nanoparticles[END_REF]. 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 [START_REF] Nicolai | Dynamic polymeric micelles versus frozen nanoparticles formed by block copolymers[END_REF].

Several studies have reported the use of PLA-, PGA-or poly(propylene oxide) PPObased copolymers for the preparation of micelles for drug delivery applications [START_REF] Jeong | Biodegradable block copolymers as injectable drug-delivery systems[END_REF][START_REF] Jeong | Biodegradable thermosensitive micelles of PEG-PLGA-PEG triblock copolymers[END_REF][START_REF] Kissel | ABA-triblock copolymers from biodegradable polyester Ablocks and hydrophilic poly(ethylene oxide) B-blocks as a candidate for in situ forming hydrogel delivery systems for proteins[END_REF].

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. In addition, the molecular weight and the number of aggregation (Nagg) 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 [START_REF] Jeong | Biodegradable thermosensitive micelles of PEG-PLGA-PEG triblock copolymers[END_REF][START_REF] Mao | PEO-PPO-PEO Block Copolymer Micelles in Aqueous Electrolyte Solutions: Effect of Carbonate Anions and Temperature on the Micellar Structure and Interaction[END_REF]. All these observations suggested that, the use of a more hydrophobic polymer such as PHB can promote the development of micelles with more suitable characteristics (Table 2).

Preparation methods and characteristics of 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 help to inhibit electrostatic interactions of plasma components with polymer-based self-assembled systems [START_REF] Kamaly | Degradable Controlled-Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug Release[END_REF]. 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 micelles based on PHB-co-PEG with diameter ranging from 61 to 109 nm as assessed by atomic force microscopy (AFM). The increase of the hydrophilic weight fraction f from 13 to 50% influenced the self-assembly mechanism by affecting the hydrophobic interactions which induced an increase of the particle size as often observed with PEGylated self-assembled systems [START_REF] Jeong | Characterizations and release behavior of poly [(R)-3hydroxy butyrate]-co-methoxy poly(ethylene glycol) with various block ratios[END_REF]. These micelles were then used for the sustained release of Griseofulvin.

Li and co-workers and Pun and co-workers both reported the conception of promising micelles resulting from the self-assembly of PEG-b-PHB-b-PEG triblock copolymers [START_REF] Li | Micellization Phenomena of Biodegradable Amphiphilic Triblock Copolymers Consisting of Poly(βhydroxyalkanoic acid) and Poly(ethylene oxide)[END_REF][START_REF] Li | Dynamic and Static Light Scattering Studies on Self-Aggregation Behavior of Biodegradable Amphiphilic Poly(ethylene oxide)-Poly[(R)-3-hydroxybutyrate]-Poly(ethylene oxide) Triblock Copolymers in Aqueous Solution[END_REF][START_REF] Li | Synthesis and Characterization of New Biodegradable Amphiphilic Poly(ethylene oxide)-b-poly[(R)-3-hydroxy butyrate]-b-poly(ethylene oxide) Triblock Copolymers[END_REF]. Copolymers with PHB molar mass ranging from Mn 470 to 3 800 g.mol -1 and with a constant PEG block length of Mn 4750 g.mol -1 (PEG5000) were found to form spherically shaped micelles with a Dh ranging from 27 to 48 nm, as assessed by TEM analysis [START_REF] Li | Micellization Phenomena of Biodegradable Amphiphilic Triblock Copolymers Consisting of Poly(βhydroxyalkanoic acid) and Poly(ethylene oxide)[END_REF].

Conversely, the length of the PEG segments was varied from Mn 3600 (i.e., two extreme blocks of 1800 g.mol 1 each) to 9500 g.mol -1 (i.e., two extreme blocks of 4750 g.mol 1 each) while maintaining the central PHB block with Mn 800 g.mol -1 , thus resulting in a Dh value decreasing from 40 to 26 nm and from 86 to 64 nm, as measured by TEM and DLS respectively [START_REF] Li | Dynamic and Static Light Scattering Studies on Self-Aggregation Behavior of Biodegradable Amphiphilic Poly(ethylene oxide)-Poly[(R)-3-hydroxybutyrate]-Poly(ethylene oxide) Triblock Copolymers in Aqueous Solution[END_REF]. The change in the hydrophilic weight fraction (f) thus affected the hydrophobic interactions and the size of the self-assembled systems. In addition, SLS analyses showed that the gyration radius (Rg), Dh and Nagg were not significantly modified when the polymer concentration was varied from 1.4 to 11 mg.mL -1 [START_REF] Li | Dynamic and Static Light Scattering Studies on Self-Aggregation Behavior of Biodegradable Amphiphilic Poly(ethylene oxide)-Poly[(R)-3-hydroxybutyrate]-Poly(ethylene oxide) Triblock Copolymers in Aqueous Solution[END_REF]. These observations suggested that a diluted concentration regime was reached without interference from the neighboring micelles. Remarkably, the molecular weight and Nagg of the particles remained constant in the temperature range going from 10 to 50 °C. Only, Dh decreased with the temperature due to dehydration of the hydrophilic block [START_REF] Li | Micellization Phenomena of Biodegradable Amphiphilic Triblock Copolymers Consisting of Poly(βhydroxyalkanoic acid) and Poly(ethylene oxide)[END_REF]. The self-assembled 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 PEG5000-b-PHB3800-b-PEG5000 = 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 with comparable block length (CMC = 1.2-1.4.10 -4 g.mL -1 ) [START_REF] Li | Micellization Phenomena of Biodegradable Amphiphilic Triblock Copolymers Consisting of Poly(βhydroxyalkanoic acid) and Poly(ethylene oxide)[END_REF][START_REF] Jeong | Biodegradable thermosensitive micelles of PEG-PLGA-PEG triblock copolymers[END_REF].

Moreover, the CMC was also found to be non-sensitive to temperature from 23 to 45 °C (Figure 2) [START_REF] Li | Micellization Phenomena of Biodegradable Amphiphilic Triblock Copolymers Consisting of Poly(βhydroxyalkanoic acid) and Poly(ethylene oxide)[END_REF]. [START_REF] Kim | Filamentous, Mixed Micelles of Triblock Copolymers Enhance Tumor Localization of Indocyanine Green in a Murine Xenograft Model[END_REF]. All these studies suggested that linear block copolymers containing both PHB and PEG blocks were able to form interesting self-assembled systems in an aqueous medium.

Figure 3.

The macromolecular architecture of a polymer can lead to the formation of peculiar structures resulting from the arrangement of the polymer chains relatively to one another. For example, micelles with "flower" like structures were obtained with the "reverse" triblock PHB-b-PEG-b-PHB copolymers [START_REF] Chen | Biodegradable nanoparticles of amphiphilic triblock copolymers based on poly(3-hydroxybutyrate) and poly(ethylene glycol) as drug carriers[END_REF]. Indeed, such micelles were prepared by the precipitation-solvent evaporation technique without the use of any surfactant. Micelles with sizes varying from Dh = 20 to 127 nm were thus formed upon increasing the PHB block length [START_REF] Chen | Biodegradable nanoparticles of amphiphilic triblock copolymers based on poly(3-hydroxybutyrate) and poly(ethylene glycol) as drug carriers[END_REF]. Noteworthy, Dh was more affected by changing the hydrophilic weight fraction of the "reverse" copolymer than of the PEG-b-PHB-b-PEG based micelles [START_REF] Li | Micellization Phenomena of Biodegradable Amphiphilic Triblock Copolymers Consisting of Poly(βhydroxyalkanoic acid) and Poly(ethylene oxide)[END_REF][START_REF] Chen | Biodegradable nanoparticles of amphiphilic triblock copolymers based on poly(3-hydroxybutyrate) and poly(ethylene glycol) as drug carriers[END_REF][START_REF] Li | Dynamic and Static Light Scattering Studies on Self-Aggregation Behavior of Biodegradable Amphiphilic Poly(ethylene oxide)-Poly[(R)-3-hydroxybutyrate]-Poly(ethylene oxide) Triblock Copolymers in Aqueous Solution[END_REF].

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 ) [START_REF] Li | Micellization Phenomena of Biodegradable Amphiphilic Triblock Copolymers Consisting of Poly(βhydroxyalkanoic acid) and Poly(ethylene oxide)[END_REF].

The concentrations of copolymers used for the preparation of self-assembled systems are always much higher than the CMC, permitting 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 example, 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 a slight increase of the diameter was observed upon dilution of the most hydrophobic copolymers [START_REF] Chen | Biodegradable nanoparticles of amphiphilic triblock copolymers based on poly(3-hydroxybutyrate) and poly(ethylene glycol) as drug carriers[END_REF]. This was rationalized by the aggregation of particles. This phenomenon is nonetheless surprising and remains to be further confirmed by SLS measurements. The molecular weight values of the nanoparticles would then provide interesting information to confirm this hypothesis.

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 [START_REF] Jain | On the Origins of Morphological Complexity in Block Copolymer Surfactants[END_REF][START_REF] Rajagopal | Curvature-Coupled Hydration of Semicrystalline Polymer Amphiphiles Yields flexible Worm Micelles but Favors Rigid Vesicles: Polycaprolactone-Based Block Copolymers[END_REF]. 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 Nagg (1030-6314) and a high molecular weight (30-185.10 3 g.mol -1 ) corresponding to "nanogellike large micelles". The star-shaped structure of the adamantyl-PHB-b-sPEG conjugate copolymer led to the formation of original and stable structures considered as micellar objects with Dh 154-264 nm [START_REF] Zhu | Amphiphilic star-block copolymers and supramolecular transformation of nanogel-like micelles to nanovesicles[END_REF] much higher than those obtained with PEG-b-PHB-b-PEG linear copolymers (64-86 nm) as assessed by SLS measurements [START_REF] Li | Dynamic and Static Light Scattering Studies on Self-Aggregation Behavior of Biodegradable Amphiphilic Poly(ethylene oxide)-Poly[(R)-3-hydroxybutyrate]-Poly(ethylene oxide) Triblock Copolymers in Aqueous Solution[END_REF]. 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)--cyclodextrin (DM--CD).

Nano-sized vesicles with diameters ranging from 200 to 500 nm were thus obtained due to polymer/CD host/guest interactions [START_REF] Zhu | Amphiphilic star-block copolymers and supramolecular transformation of nanogel-like micelles to nanovesicles[END_REF]. 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.

Figure 4.

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 [START_REF] Kawai | Microbial degradation of polyethers[END_REF].

Preparation methods and characteristics of PHB-based stimuli-responsive micelles

The recent interest in stimuli-responsive polymers [START_REF] Zhang | Recent advances in stimuli-responsive degradable block copolymer micelles: synthesis and controlled drug delivery applications[END_REF][START_REF] Yu | Stimuli-responsive cancer therapy based on nanoparticles[END_REF][START_REF] Karimi | Smart micro/nanoparticles in stimulus-responsive drug/gene delivery systems[END_REF] and the unique properties of micelles containing a PHB core promoted the development of PHB-based stimuliresponsive drug carriers [START_REF] Li | Polyhydroxyalkanoates: opening doors for a sustainable future[END_REF][START_REF] Tong | Anticancer polymeric nanomedicines[END_REF][START_REF] Cheng | Stimuli-responsive polymers for anti-cancer drug delivery[END_REF]. Indeed, thermo-or pH-responsive copolymers enable to tune the physico-chemical properties of the micelles and also to modify the drug release profile [START_REF] Liu | Recent advances and challenges in designing stimuli-responsive polymers[END_REF][START_REF] Stuart | Emerging applications of stimuli-responsive polymer materials[END_REF][START_REF] Cabane | Stimuli-Responsive Polymers and Their Applications in Nanomedicine[END_REF][START_REF] Hoffman | Stimuli-responsive polymers: Biomedical applications and challenges for clinical translation[END_REF][START_REF] Schattling | Multi-stimuli responsive polymers -the all-in-one talents[END_REF].

Poly(N-isopropyl acrylamide) (PNIPAAM) (low critical solution temperature (LCST) = 32-34 °C) [START_REF] Motokawa | Thermosensitive Diblock Copolymer of Poly(N-isopropylacrylamide) and Poly(ethylene glycol) in Water: Polymer Preparation and Solution Behavior[END_REF][START_REF] Kim | Synthesis and phase separation of poly(N-isopropyl acrylamide-co-methoxy polyethyleneglycol monomethacrylate)[END_REF], poly(propylene glycol) (PPG) (LCST = 15-45 °C) [START_REF] Loh | Biodegradable Thermogelling Poly[(R)-3-hydroxybutyrate]-Based Block Copolymers: Micellization, Gelation, and Cytotoxicity and Cell Culture Studies[END_REF], and poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) (LCST = 50-52 °C) [START_REF] Cho | Temperature-induced phase transition of poly(N,N-dimethylaminoethyl methacrylate-co-acrylamide)[END_REF], 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 [START_REF] Motokawa | Thermosensitive Diblock Copolymer of Poly(N-isopropylacrylamide) and Poly(ethylene glycol) in Water: Polymer Preparation and Solution Behavior[END_REF]. or PCL-b-PNIPAAM-b-PCL (CMC = 34-42.10 -6 g.mL -1 ) [START_REF] Chang | Fabrication of thermosensitive PCL-PNIPAAm-PCL triblock copolymeric micelles for drug delivery[END_REF], thus supporting the formation of enhanced systems in the case of the former PHB copolymers, thanks to the high hydrophobicity of the PHB segment.

Figure 5.

In addition, the micellization process is entropy driven, thus making it strongly dependent on the hydrophilic/hydrophobic balance of the copolymer [START_REF] Loh | Biodegradable Thermogelling Poly[(R)-3-hydroxybutyrate]-Based Block Copolymers: Micellization, Gelation, and Cytotoxicity and Cell Culture Studies[END_REF][START_REF] Jeong | Biodegradable thermosensitive micelles of PEG-PLGA-PEG triblock copolymers[END_REF]. Also, it is generally admitted that the micellization process is favored by a high hydrophobic content as it is mainly driven by hydrophobic interactions [START_REF] Lee | Self-Assembly and Nanotechnology: A Force Balance Approach[END_REF]. In this regard, Li and coworkers reported that the micellization entropies of poly(PEG/PPG/PHB urethane) 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) copolymers-based micelles was found to depend on f. Thus, worm-like structures resulted from copolymers exhibiting a 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 [START_REF] Loh | Biodegradable Thermogelling Poly[(R)-3-hydroxybutyrate]-Based Block Copolymers: Micellization, Gelation, and Cytotoxicity and Cell Culture Studies[END_REF].

Stimuli-responsive polymers constitute a smart strategy to deliver a molecule nearby tumoral cells. For example, 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 [START_REF] Gao | pH-Responsive Nanoparticles for Drug Delivery[END_REF]. Therefore, the use of pH-responsive copolymers is extremely attractive [START_REF] Tong | Anticancer polymeric nanomedicines[END_REF][START_REF] Cheng | Stimuli-responsive polymers for anti-cancer drug delivery[END_REF][START_REF] Lee | Self-Assembly and Nanotechnology: A Force Balance Approach[END_REF][START_REF] Gao | pH-Responsive Nanoparticles for Drug Delivery[END_REF]. 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 [START_REF] Loh | Dual responsive micelles based on poly[(R)-3hydroxybutyrate] and poly(2-(di-methylamino)ethyl methacrylate) for effective doxorubicin delivery[END_REF]. These copolymers exhibited a LCST in the range of 29- g.mL -1 ) [START_REF] Cheng | Syntheses of amphiphilic biodegradable copolymers of poly(ethyl ethylene phosphate) and poly(3-hydroxybutyrate) for drug delivery[END_REF] was lower than that of the PEG-b-PHB-b-PEG copolymers (1.3.10 -5 -1.1.10 -3 g.mL -1 ) [START_REF] Li | Micellization Phenomena of Biodegradable Amphiphilic Triblock Copolymers Consisting of Poly(βhydroxyalkanoic acid) and Poly(ethylene oxide)[END_REF]. 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.

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 [START_REF] Legrand | Sphéroiides et formes vectorisées[END_REF]. 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 [START_REF] Kamaly | Degradable Controlled-Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug Release[END_REF]. 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 were 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)

were prepared by the solvent evaporation method, simply upon changing the stirring method.

Nanoparticles with Dh 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 [START_REF] Pignatello | Poly(3-hydroxybutyrate-co-ɛ-caprolactone) copolymers and poly(3-hydroxybutyrateco-3-hydroxyvalerate-co-ɛ-caprolactone) terpolymers as novel materials for colloidal drug delivery systems[END_REF].

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.

In addition, 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 (Dh 200-300 nm) than the ones formed with P(HB-co-CL) [START_REF] Pignatello | Poly(3-hydroxybutyrate-co-ɛ-caprolactone) copolymers and poly(3-hydroxybutyrateco-3-hydroxyvalerate-co-ɛ-caprolactone) terpolymers as novel materials for colloidal drug delivery systems[END_REF].

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 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 release and degradation profile [START_REF] Nakamura | Bioabsorption of polylactides with different molecular properties[END_REF][START_REF] Cai | Effects of physical aging, crystallinity, and orientation on the enzymatic degradation of poly(lactic acid)[END_REF][START_REF] Hurrell | The effect of initial polymer morphology on the degradation and drug release from polyglycolide[END_REF]. 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 microparticles with a Dh ranging from 10 to 100 µm, as assessed by SEM images [START_REF] Ajellal | Encapsulation and controlled release of l-leuprolide from poly([small beta]-hydroxyalkanoate)s: impact of microstructure and chemical functionalities[END_REF]. 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 section below.

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 [START_REF] Moon | Temperature-responsive compounds as in situ gelling biomedical materials[END_REF][START_REF] Buenger | Hydrogels in sensing applications[END_REF][START_REF] Vashist | Recent advances in hydrogel based drug delivery systems for the human body[END_REF][START_REF] Sivaram | Nanogels for delivery, imaging and therapy[END_REF][START_REF] Caló | Biomedical applications of hydrogels: A review of patents and commercial products[END_REF][START_REF] Wu | Engineering Bioresponsive Hydrogels toward Healthcare Applications[END_REF][START_REF] Liow | Thermogels: In Situ Gelling Biomaterial[END_REF]. However, PHB-based hydrogels used as DDS remain quite rare in comparison to the PHB-based nanoparticles, micelles or microparticles.

The reactive extrusion modification of an additive-free PHB (1400 kg.mol -1 , ÐM = 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 [START_REF] Kolahchi | Chain extended poly(3-hydroxybutyrate) with improved rheological properties and thermal stability, through reactive modification in the melt state[END_REF]. 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) was higher (65%) in formulations featuring high gel contents, whereas the glass transition temperature (Tg) of the cured formulations was slightly lower. No further studies from this modified PHB have been reported so far.

Well-defined low molar mass (Mn,SEC = 4500 g.mol -1 , ÐM = 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 PEG68 block (PHB12,24,30-PEG68-PHB12,24,30) formed strong hydrogels with -cyclodextrin (CD) molecules, the latter preferentially covering the PEG segment [START_REF] Liu | Elucidating rheological property enhancements in supramolecular hydrogels of short poly[(R,S)-3-hydroxybutyrate]-based amphiphilic triblock copolymer and [small alpha]-cyclodextrin for injectable hydrogel applications[END_REF][START_REF] Liu | Threading α-Cyclodextrin through Poly[(R,S)-3hydroxybutyrate[END_REF]. 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 [START_REF] Loh | Biodegradable Thermogelling Poly[(R)-3-hydroxybutyrate]-Based Block Copolymers: Micellization, Gelation, and Cytotoxicity and Cell Culture Studies[END_REF][START_REF] Loh | New Biodegradable Thermogelling Copolymers Having Very Low Gelation Concentrations[END_REF]. 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 featured 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 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).

Figure 6.

Other thermoresponsive copolymers with various macromolecular architectures were used to form original self-assembled systems as described by Guillaume, Loh and co-workers Copolymers with four arms exhibited interesting characteristics with high storage modulus (up to 460 Pa). The formed supramolecular structures were then used as biocompatible DDS of doxorubicin.

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

Drug delivery systems are developed to encapsulate an active pharmaceutical ingredient (API) (a drug, 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 [START_REF] Kamaly | Degradable Controlled-Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug Release[END_REF][START_REF] Alexis | Nanoparticle Technologies for Cancer Therapy[END_REF][START_REF] Langer | New methods of drug delivery[END_REF]. These mechanisms are governed by the Brownian motion of molecules and by the osmotic pressure gradient. In addition, 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 [START_REF] Kamaly | Degradable Controlled-Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug Release[END_REF][START_REF] Alexis | Nanoparticle Technologies for Cancer Therapy[END_REF][START_REF] Langer | New methods of drug delivery[END_REF]. 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 [START_REF] Kamaly | Degradable Controlled-Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug Release[END_REF][START_REF] Alexis | Nanoparticle Technologies for Cancer Therapy[END_REF][START_REF] Langer | New methods of drug delivery[END_REF]. Classically, drug delivery profiles obtained from polymeric self-assembled systems are 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 [START_REF] Kamaly | Degradable Controlled-Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug Release[END_REF][START_REF] Fredenberg | The mechanisms of drug release in poly(lactic-co-glycolic acid)-based drug delivery systems-A review[END_REF]. In some particular cases for which a pulsatile drug release is preferred, the burst release is voluntary triggered [START_REF] Bussemer | Pulsatile Drug-Delivery Systems[END_REF][START_REF] Sharma | Nanoparticle based insulin delivery system: the next generation efficient therapy for Type 1 diabetes[END_REF]. 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 [START_REF] Kamaly | Degradable Controlled-Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug Release[END_REF][START_REF] Alexis | Nanoparticle Technologies for Cancer Therapy[END_REF]. 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).

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% [START_REF] Althuri | Microbial synthesis of poly-3-hydroxybutyrate and its application as targeted drug delivery vehicle[END_REF]. 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 [START_REF] Althuri | Microbial synthesis of poly-3-hydroxybutyrate and its application as targeted drug delivery vehicle[END_REF].

Several studies reported the encapsulation of fluorescent molecules such as 

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.

Encapsulation and drug release from PHB/PEG-based micelles

Triblock copolymers formed core-shell micelles with different structures depending 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 was increased with longer PHB blocks [START_REF] Chen | Biodegradable nanoparticles of amphiphilic triblock copolymers based on poly(3-hydroxybutyrate) and poly(ethylene glycol) as drug carriers[END_REF]. Micelles formed from the "reverse" triblock structures (PEG-b-PHB-b-PEG) gave a DOX DLE of 64% [START_REF] Kim | The delivery of doxorubicin to 3-D multicellular spheroids and tumors in a murine xenograft model using tumorpenetrating triblock polymeric micelles[END_REF]. 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 [START_REF] Kim | Filamentous, Mixed Micelles of Triblock Copolymers Enhance Tumor Localization of Indocyanine Green in a Murine Xenograft Model[END_REF]. 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 [START_REF] Chen | Biodegradable nanoparticles of amphiphilic triblock copolymers based on poly(3-hydroxybutyrate) and poly(ethylene glycol) as drug carriers[END_REF][START_REF] Jenkins | Book Review: Contemporary polymer chemistry[END_REF]. 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 [START_REF] Jenkins | Book Review: Contemporary polymer chemistry[END_REF]. Therefore, one major drawback of naturally produced isotactic PHB is its too high crystallinity.

Encapsulation and drug release from other PHB-based micelles

As aforementioned, the DLE of a polymeric system is strongly dependent on the , inversely correlated to f = 65-86%) [START_REF] Loh | Micellization and phase transition behavior of thermosensitive poly(N-isopropylacrylamide)-poly(εcaprolactone)-poly(N-isopropylacrylamide) triblock copolymers[END_REF], thus highlighting the higher hydrophobicity of PHB compared to PCL. The K values thus obviously increased with the length of the hydrophobic block.

partition
In addition, DLE and drug release rate also depend on the surrounding conditions.

Indeed, the hydrophobicity of the copolymers is 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. In addition, 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) [START_REF] Loh | Dual responsive micelles based on poly[(R)-3hydroxybutyrate] and poly(2-(di-methylamino)ethyl methacrylate) for effective doxorubicin delivery[END_REF]. 

Targeting approaches associated with PHB-based self-assembled systems

The circulation time of a drug carrier in the organism is 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 [START_REF] Yamamoto | Long-circulating poly(ethylene glycol)-poly(d,l-lactide) block copolymer micelles with modulated surface charge[END_REF][START_REF] Canelas | Top-down particle fabrication: control of size and shape for diagnostic imaging and drug delivery[END_REF][START_REF] Longmire | Biologically Optimized Nanosized Molecules and Particles: More than Just Size[END_REF]. 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 [START_REF] Yamamoto | Long-circulating poly(ethylene glycol)-poly(d,l-lactide) block copolymer micelles with modulated surface charge[END_REF][START_REF] Longmire | Biologically Optimized Nanosized Molecules and Particles: More than Just Size[END_REF]. 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 through steric and hydration effects [START_REF] Fredenberg | The mechanisms of drug release in poly(lactic-co-glycolic acid)-based drug delivery systems-A review[END_REF]. 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 reticulo-endothelial system (RES), are commonly reported [START_REF] Longmire | Biologically Optimized Nanosized Molecules and Particles: More than Just Size[END_REF]. 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 [START_REF] Gref | Biodegradable long-circulating polymeric nanospheres[END_REF][START_REF] Jones | Polymeric micellesa new generation of colloidal drug carriers[END_REF][START_REF] Suh | PEGylation of nanoparticles improves their cytoplasmic transport[END_REF].

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 [START_REF] Longmire | Biologically Optimized Nanosized Molecules and Particles: More than Just Size[END_REF]. 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 [START_REF] Kwon | A multi-functional polyhydroxybutyrate nanoparticle for theranostic applications[END_REF]. The uptake of A33scFv-GFP-PHBbased nanoparticles by colon cancer cells took place through specific interactions between the anti-body and the A33 antigen. Such an approach remains 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 example, 90% of ovarian carcinomas over-express FOL receptors [START_REF] Sudimack | Targeted drug delivery via the folate receptor[END_REF]. Binod and co-workers 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 [START_REF] Althuri | Microbial synthesis of poly-3-hydroxybutyrate and its application as targeted drug delivery vehicle[END_REF].

An alternative method consists in using a specific peptide to produce protein-polymer hybrid particles. Proteins do form a layer at the surface of particles facilitating stabilization of the self-assembled systems. For example, 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 [START_REF] Lee | Tumor-specific hybrid polyhydroxybutyrate nanoparticle: Surface modification of nanoparticle by enzymatically synthesized functional block copolymer[END_REF]. 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 fluorescence rate after 3h of incubation [START_REF] Chaturvedi | Ultra-small fluorescent bile acid conjugated PHB-PEG block copolymeric nanoparticles: synthesis, characterization and cellular uptake[END_REF]. However, internalization of non-conjugated PHB-b-PEGbased 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

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

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 [START_REF] Elsaesser | Toxicology of nanoparticles[END_REF]. 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 viability of cells incubated with the polymeric self-assembled polymeric nanoparticles just mentioned above (50-500 µg.mL -1 ) [START_REF] Elsaesser | Toxicology of nanoparticles[END_REF][START_REF] Ronzani | Viability and gene expression responses to polymeric nanoparticles in human and rat cells[END_REF]. Interestingly, the levels of DNA replication and apoptosis were evaluated on proliferating HepaRG cells, respectively (Figure 8). These results revealed that the proliferation rate of cells was decreased as the incorporation of bromodesoxyuridine (BrdU), a labeled nucleoside involved in cells proliferation, was slightly decreased, thus indicative of a cytostatic effect.

Nevertheless, no death of cells was induced as the caspase activity remained equal to that of the negative control [START_REF] Barouti | Polyhydroxyalkanoate-based amphiphilic diblock copolymers as original biocompatible nanovectors[END_REF].

Figure 8.

The cytotoxicity is 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 [START_REF] Loh | Biodegradable Thermogelling Poly[(R)-3-hydroxybutyrate]-Based Block Copolymers: Micellization, Gelation, and Cytotoxicity and Cell Culture Studies[END_REF]. The IC50 of particles based on PDMAEMA-b-PHB-b-PDMAEMA was found to depend on the temperature and the pH conditions. The IC50 was decreased from 27 to 17 µg.mL -1 by decreasing the temperature from 37 to 20 °C. The IC50 was also modified by the surrounding as the pH conditioned the DOX release rate.

Interestingly, spheroids are 3-D cell cultures that are efficient models providing drug accumulation and diffusion mechanisms transposable to solid tumors [START_REF] Kim | The delivery of doxorubicin to 3-D multicellular spheroids and tumors in a murine xenograft model using tumorpenetrating triblock polymeric micelles[END_REF][START_REF] Sutherland | Cell and environment interactions in tumor microregions: the multicell spheroid model[END_REF][START_REF] Hall | Comparative efficacy of novel platinum(IV) compounds with established chemotherapeutic drugs in solid tumour models[END_REF][START_REF] Goodman | 3-D Tissue Culture Systems for the Evaluation and Optimization of Nanoparticle-Based Drug Carriers[END_REF][START_REF] Bryce | Accumulation of an anthraquinone and its platinum complexes in cancer cell spheroids: the effect of charge on drug distribution in solid tumour models[END_REF]. 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 3-D-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 9) [START_REF] Kim | The delivery of doxorubicin to 3-D multicellular spheroids and tumors in a murine xenograft model using tumorpenetrating triblock polymeric micelles[END_REF]. The cytotoxicity of DOX loaded micelles was next determined through the IC50 (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 of 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 [START_REF] Kim | The delivery of doxorubicin to 3-D multicellular spheroids and tumors in a murine xenograft model using tumorpenetrating triblock polymeric micelles[END_REF].

insert Fig 9.
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 [START_REF] Loh | Biodegradable Thermogelling Poly[(R)-3-hydroxybutyrate]-Based Block Copolymers: Micellization, Gelation, and Cytotoxicity and Cell Culture Studies[END_REF][START_REF] Loh | New Biodegradable Thermogelling Copolymers Having Very Low Gelation Concentrations[END_REF]. 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 formed a gel depot in-situ upon subcutaneous injection, or for tissue engineering applications or 3-D 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 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 10). In addition, 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. For example, DOX was detected beyond 4 hr with the use of such DOX loaded miscelles, whereas the half-life of free DOX in the blood of mice is commonly around 10 min [START_REF] Chytil | New HPMA copolymer-based drug carriers with covalently bound hydrophobic substituents for solid tumour targeting[END_REF]. Remarkably, the size of the tumor was also significantly reduced without any adverse effects on the treated mice [START_REF] Kim | The delivery of doxorubicin to 3-D multicellular spheroids and tumors in a murine xenograft model using tumorpenetrating triblock polymeric micelles[END_REF]. 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 which degradation product, 3-hydroxybutyric acid, is a normal constituent of blood within concentrations ranging from 0.3 to 1.3 mM [START_REF] Bonartsev | Polymers in medicine: microbial poly(3-hydroxybutyrate): synthesis, properties, applications[END_REF]. Nevertheless, PHB is not always combined with fully biodegradable moieties; indeed, many polymers cited here, including PEEP, PNIPAAM, PDMAEMA or PEG are not biodegradable. In reported studies, the length of these latter hydrophilic blocks were purposely restricted to Mn ≤ 20 000 g.mol -1 to facilitate easy excretion of the final fragments [START_REF] Loh | Synthesis of Novel Biodegradable Thermoresponsive Triblock Copolymers Based on Poly[(R)-3-hydroxybutyrate] and Poly(N-isopropylacrylamide) and Their Formation of Thermoresponsive Micelles[END_REF][START_REF] Loh | Incorporation of poly[(R)-3-hydroxybutyrate] into cationic copolymers based on poly(2-(dimethylamino)ethyl methacrylate) to improve gene delivery[END_REF], although the renal elimination of PEG blocks was reported with a molar mass up to 30 000 g.mol -1 [START_REF] Yamaoka | Fate of Water-Soluble Polymers Administered via Different Routes[END_REF][START_REF] Yamaoka | Distribution and Tissue Uptake of Poly(ethylene glycol) with Different Molecular Weights after Intravenous Administration to Mice[END_REF]. 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 can occur; these include in particular hydrolysis or biodegradation by enzymes such as the PHB depolymerize or the more common esterase [START_REF] Goodman | 3-D Tissue Culture Systems for the Evaluation and Optimization of Nanoparticle-Based Drug Carriers[END_REF][START_REF] Wang | Enzymatic Hydrolysis of Chemosynthesized Atactic Poly(3-hydroxybutyrate) by Poly(3-hydroxyalkanoate) Depolymerase from Acidovorax Sp. TP4 and Ralstonia pickettii T1[END_REF]. 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 [START_REF] Wang | Enzymatic Hydrolysis of Chemosynthesized Atactic Poly(3-hydroxybutyrate) by Poly(3-hydroxyalkanoate) Depolymerase from Acidovorax Sp. TP4 and Ralstonia pickettii T1[END_REF]. However, Yu and co-workers reported that the biodegradation of fully amorphous PHB in core-shell micelles based on PHB-b-PEGb-PHB was possible by PHB depolymerase and by esterase from porcine liver [START_REF] Chen | In vitro cytotoxicity, hemolysis assay, and biodegradation behavior of biodegradable poly(3hydroxybutyrate)-poly(ethylene glycol)-poly(3-hydroxybutyrate) nanoparticles as potential drug carriers[END_REF].

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 For example the direct monitoring of the degradation.

Hydroxybutyrate (HB) oligomers, monomer (dominant), dimer and trimer, are formed during the degradation process of PHB-b-PEG-b-PHB by PHB depolymerase, as evidenced by NMR spectroscopy analyses [START_REF] Chen | Biodegradable nanoparticles of amphiphilic triblock copolymers based on poly(3-hydroxybutyrate) and poly(ethylene glycol) as drug carriers[END_REF]. Noteworthy, HB monomer was the major degradation product while HB trimer was formed in the lowest amount. Moreover, after 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 [START_REF] Chen | In vitro cytotoxicity, hemolysis assay, and biodegradation behavior of biodegradable poly(3hydroxybutyrate)-poly(ethylene glycol)-poly(3-hydroxybutyrate) nanoparticles as potential drug carriers[END_REF]. These results suggested that the degradation behavior was dependent on the enzyme used.

The degradation kinetic profile is 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 of nanoparticles based on PHB-b-PEG-b-PHB into HB oligomers of PHB, increased with the PHB depolymerase concentration and decreased with the concentration of the nanoparticles, as monitored by the pyrene fluorescence [START_REF] Chen | Biodegradable nanoparticles of amphiphilic triblock copolymers based on poly(3-hydroxybutyrate) and poly(ethylene glycol) as drug carriers[END_REF][START_REF] Chen | Preparation and characterization of biodegradable nanoparticles based on amphiphilic poly(3-hydroxybutyrate)poly(ethylene glycol)-poly(3-hydroxybutyrate) triblock copolymer[END_REF][START_REF] Chen | In vitro cytotoxicity, hemolysis assay, and biodegradation behavior of biodegradable poly(3hydroxybutyrate)-poly(ethylene glycol)-poly(3-hydroxybutyrate) nanoparticles as potential drug carriers[END_REF]. 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 11). 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), resulting in the incomplete degradation of the PHB segment [START_REF] Chen | Biodegradable nanoparticles of amphiphilic triblock copolymers based on poly(3-hydroxybutyrate) and poly(ethylene glycol) as drug carriers[END_REF].

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 DDSs 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 reveal 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 control of the drug release rate makes these natural PHB homopolymer-based materials unsuitable for drug delivery applications. Copyright 2016. Reproduced with permission from American Chemical Society. Reproduced with permission from American Chemical Society. 
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  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 DCC and DMAP as catalyst, finally affording the PEG-b-PHB-b-PEG triblock copolymer (Mn = 4500-13 400 g.mol ; ĐM = 1.04-1.21) [78]. The PHB block length was modulated from 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 (Tm ca.

(

  H2N-PEG-COOH) for the synthesis of fluorescein-conjugated PEG-b-PHB-b-PEG triblock copolymers (Scheme 3). The amine group of H2N-PEG-COOH reacted with the isothiocyanate derivative of fluorescein, in the presence of trimethylamine as a catalyst, leading to the formation of the fluorescein-PEG-COOH via a thiourea bonding. The latter prepolymer was then reacted with the PEG-PHB-OH diblock copolymer, previously formed by esterification of PHB diol and PEG-COOH using DCC/DMAP, to ultimately give the fluorescein-conjugated PEG-b-PHB-b-PEG triblock copolymer. The copolymer was purified by ultrafiltration to remove unreacted fluorescein and then lyophilized. This copolymer enabled the evaluation of DOX-loaded PEG-b-PHB-b-PEG micelles to diffuse through tumorlike tissues (vide infra) [71].

  10) or PHBV (24mol% HV; Mw = 177 000 g.mol1 ; ĐM = 1.70), and poly(-caprolactone) (PCL) (Mw = 120 000 g.mol 1 ; ĐM = 1.70)[START_REF] Pignatello | Poly(3-hydroxybutyrate-co-ɛ-caprolactone) copolymers and poly(3-hydroxybutyrateco-3-hydroxyvalerate-co-ɛ-caprolactone) terpolymers as novel materials for colloidal drug delivery systems[END_REF]. 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-toluene sulphonic acid. Different initial ratios of pre-polymers were used, affording random copolymers (Mw = 4600-25 900 g.mol 1 ; ĐM = 1.31-1.72). Matrix-assisted laser desorption/ionization -time of flight mass spectrometry (MALDI-ToF MS) was used to identify 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-PHB-b-PEEP) by the ROP of ethyl ethylene phosphate (EEP), using PHB diol as a
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  71) and four-arm (Mn = 17 700 g.mol 1 ; ĐM = 1.88) corresponding PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA) (Scheme 8). The triblock copolymers, presenting a PHB content from 6 to 11wt%, were characterized by 1 H, 13 C J-MOD NMR, SEC, TGA, and DSC analyses. While spectroscopic analyses confirmed the composition of the copolymers, thermal analyses supported their proposed topology. The two thermal transition phenomena recorded from DSC analyses (Tm = 3538 °C; 135-150 °C) correspond to the PPEGMEMA block and to the overlap of the melting transition of PHB with the glass transition of PNIPAAM, respectively. TGA experiments showed a two stage degradation process, with first the degradation of PHB and PEGMA segments in the 250--325 °C temperature range, and second the degradation of PNIPAAM and remaining PEGMA-PEGMEMA segments in the 325-445 °C temperature range. Such multi-arm PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA) have shown good thermogelling behavior (vide infra).
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  C{ 1 H} NMR spectra. DOSY NMR measurements confirmed the presence of a single macromolecular species in the sample, and that the triblock copolymer was not contaminated by homopolymer. DSC experiments revealed a glass transition temperature for each segments (Tg = 1 and 26 °C for PHB and PMLA Be segment, respectively). Finally, the corresponding amphiphilic PMLA-b-PHB-b-PMLA (Mn = 2800-7100 g.mol 1 ; measured by 1 H NMR) triblock copolymers were obtained through hydrogenolysis of PMLA Be -b-PHB-b-PMLA Be , in presence of activated palladium. The amphiphilic copolymers were similarly characterized by 1 H, 13 C{ 1 H} and DOSY NMR spectroscopy, DSC and TGA analyses, which fully supported the formation of these well-defined triblock copolymers. The relevance of the hydrophilic weight fraction of the copolymer in its chemical composition-architecture-solution behavior relationship was highlighted. Noteworthy, these copolymers represent, the first examples of PHA-PHB-PHA triblock copolymers.
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  Li and co-workers reported the formation of thermoresponsive micelles based on PNIPAAM-b-PHBb-PNIPAAM (Dh = 287-844 nm) dissolution in aqueous solutions at 25 °C. The hydrophobicity of the PNIPAAM segments increased with the temperature resulting in the collapse of the corona, thus reducing the size of the micelles (Dh = 140-550 nm, DLS) and their polydispersity above 35 °C (Figure 5) [70]. The CMC of these PNIPAAM-b-PHB-b-PNIPAAM systems (CMC = 1.5-41.10 -6 g.mL -1 ) was lower than that of other PNIPAAMbased copolymers such as PNIPAAM-b-PCL-b-PNIPAAM [175,176] (CMC = 1.5-5 g.mL -1 )
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 3123 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 Dh of the micelles. Indeed, at pH 7.4 and at 20 °C, two populations of particles with Dh of 10-20 nm and aggregates with Dh 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 thermoresponsive behavior of the copolymer, an increase of the temperature up to 40 °C at pH 7 resulted in a single population with a Dh of 700 nm as assessed by DLS [73]. It appeared that the large size (> 200 nm) of the micelles in physiological conditions made them non-ideal drug carriers for systemic injections. Preparation methods and characteristics of micelles derived from other PHBbased 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 Dh ranging from 30 to 70 nm as determined by TEM analysis [82]. The CMC (measured by pyrene fluorescence) of these systems (3.6-7.0.10 -6
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 85 . Linear and star-shaped (poly([R]-3-hydroxybutyrate)-b-poly(N-isopropylacrylamide)-b-[[poly(methyl ether methacrylate)-g-poly(ethylene glycol)]-co-[poly(methacrylate)-gpoly(propylene glycol)]] (PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA))-based copolymers formed micellar solutions and gels, respectively. The mechanical properties of the gels varied according to the number of arms of the copolymers (from two to four arms).

  Did Oil), calcein, or fluorescein isothiocyanate labeled insulin into PHB-based copolymers, permitting visualization of the particles by several imaging techniques after cells internalization[75-77,81,91].

  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%) [80] were higher than the ones of PNIPAAM-b-PCL-b-PNIPAAM micelles-based solution (3.1.10 4 -2.46.10 5
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  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 )
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  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 DDSs 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 bespoke 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 presents a comprehensive state-of-the-art view on synthetic PHB-based DDSs. Accounts on the various suitable routes for the chemical modification of PHB into amphiphilic (co)polymers have been addressed. This includes the grafting and the copolymerization carried out from naturally produced PHB, as well as the synthesis through ROP, with precise control of the PHB microstructure. However, the prodrug route certainly remains nowadays under-explored with PHB 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 sitespecific 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. Progress in this field are still on-going and future developments on -butyrolactone ring-opening (co)polymerization will also certainly contribute to improve the design of fine-tuned PHBbased copolymer platforms. Therefore, other biocompatible and biodegradable hydrophilic polymers ought to be investigated for original biocompatible and biodegradable PHB-based nanoparticulate systems to unveil innovative performant DDS.
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  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 ofespecially 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 from 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 .

 1 

). Note that Table

1

only gathers the most relevant features of the PHB-based copolymers. The objective of this Table

1

being the comparative evaluation of PHB-based copolymers, it is not devised to include all the reported properties. The reader is invited to refer to the original work for other sparingly available data.

Table 1 .

 1 Characteristics of PHB-based copolymers prepared from synthetic routes.

	PHB (co)polymer	Natural or Synthet ic PHB	PHB (co)polymer Mn ; ÐM (g.mol 1 )	Molar mass (g. mol 1 ) PHB	Other segment	PHB content (wt%)	Thermal Properties (° C)	Ref.
	2.1. Chemically modified bacterial PHB-based (co)polymers					
	2.1.1. Bacterial PHB homopolymers chemically modified into PHB-conjugates					
	AG-PHB	nat	-	-	-	-	-	[75]
	RGD4C-PHB	nat	-	-	-	-	-	[76]
	2.1.2. Chemically modified bacterial PHB/PEG-based copolymers					
	DOCA-PHB-b-PEG-DOCA	nat	-	-	4000	-	-	[77]
	PHB-co-PEG	nat	5600-9900 (SEC); -	3500-5000	750-5000	4187	-	[69]
	PEG-b-PHB-b-PEG	nat	450013 400 (SEC vs PEG); 1.041.21	5005500	18004750	759	Tm = 54, 147	[64,67,78]
	PEG-b-PHB-b-PEG	nat	12 700 (SEC vs PEG); 1.13	2500	4900	51	-	[71]
	Fluorescein-PEG-b-PHB-b-PEG	nat	-	-	-	-	-	[71]
	PEG-b-PHB-b-PEG	nat	13 800 (SEC vs PEG); 1.20	2300	4900	48	-	[79]
	Alexa Fluor 488-PEG-b-PHB-b-PEG	nat	-	-	-	-	-	[79]
	poly(PEG/PPG/PHB urethane)	nat	42 50050 600 (SEC vs PEG); 1.371.56	1100	PEG : 1900 PPG : 2200	28	-	[80]
	2.1.3. Other chemically modified bacterial PHB-based copolymers					
	PHB-co-PCL	nat	460025 900 (SEC vs PS); 400 000(Mw) 120 000(Mw)	2881	-	[81]
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system is reduced, thus reflecting either mild or acute cytotoxicity. The half maximal inhibitory concentration (IC50) which corresponds to the concentration at which 50% of the incubated cells are killed, is often determined.

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

Food and Drug Administration (FDA) induce 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 [START_REF] Althuri | Microbial synthesis of poly-3-hydroxybutyrate and its application as targeted drug delivery vehicle[END_REF]. 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 IC50 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 [START_REF] Elsaesser | Toxicology of nanoparticles[END_REF]. The cytotoxicity of most particles based on PHB copolymers evaluated by MTT assays on various cell lines, often showed a lower induced cytotoxicity as assessed by the high IC50 values compared with values commonly reported for polymeric nanoparticles (50-500 µg.mL -1 ) [START_REF] Elsaesser | Toxicology of nanoparticles[END_REF][START_REF] Ronzani | Viability and gene expression responses to polymeric nanoparticles in human and rat cells[END_REF]. Indeed, the IC50 of nanoparticles based on PEEP-b-PEG-b-PEEP evaluated on HEK293 cells were higher than 1 mg.mL -1 [START_REF] Cheng | Syntheses of amphiphilic biodegradable copolymers of poly(ethyl ethylene phosphate) and poly(3-hydroxybutyrate) for drug delivery[END_REF]. 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 [START_REF] Loh | Synthesis of Novel Biodegradable Thermoresponsive Triblock Copolymers Based on Poly[(R)-3-hydroxybutyrate] and Poly(N-isopropylacrylamide) and Their Formation of Thermoresponsive Micelles[END_REF].

Likewise, the cytotoxicity of amphiphilic PMLA-b-PHB copolymers was evaluated by MTT assays on SK-MEL-28 melanoma cells and HepaRG hepatoma cells [START_REF] Barouti | Polyhydroxyalkanoate-based amphiphilic diblock copolymers as original biocompatible nanovectors[END_REF]. The IC50 was determined as 175 µg.mL -1 , thus indicating a mild cytotoxicity in the range of IC50 values of 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 PLGA 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 nontemperature-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 independent on temperature changes. The few targeting approaches developed on PHB-based DDSs in order to provide efficient vectors against various cancers cells, are quite relevant. Indeed, the grafting of a 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. Results reported so far evidence this targeting approach as a promising, although challenging, route. Finally, the degradation behavior and the biological efficiencies of these DDS are demonstrated in-vitro and/or in-vivo in terms of IC50 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 transition from in-vitro to in-vivo. Although it is encouraging to see that the development of chemically modified PHB-based self-assemblies affords new perspectives for the improvement of the physicochemical properties of drug delivery carriers, their clinical use is still quite far, yet reasonably triblock copolymer (▲, EPH1; , EH2; , EPH3; ×, EPH5; , EG100PG65EG100). [START_REF] Loh | Biodegradable Thermogelling Poly[(R)-3-hydroxybutyrate]-Based Block Copolymers: Micellization, Gelation, and Cytotoxicity and Cell Culture Studies[END_REF],

Copyright 2009. Reproduced with permission from American Chemical Society. Release dependent on the PHB microstrcuture Drug delivery [START_REF] Ajellal | Encapsulation and controlled release of l-leuprolide from poly([small beta]-hydroxyalkanoate)s: impact of microstructure and chemical functionalities[END_REF]