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NMP and methacrylic esters ... 

INTRODUCTION

In many branches of science, nanotechnologies brought, a few decades ago, revolution in terms of conceptualization and technological developments, yet futuristic at that time. This new vision of building objects from the molecular scale for nano-to macroscopic properties seems now to have reached maturity, and some tremendous applications are on their ways with the promise of major lifestyle transformations and progresses.

This degree of precision found a particular echo in the biomedical field, via the nanomedicine and the nanobiotechnology for which advanced materials, functionalizable architectures and designed self-assemblies are innovative tools of great interest to engineer controlled interactions with living systems. Beside applications in surface materials and tissue engineering, these new technologies revealed themselves especially useful for designing imaging or drug-delivery systems, bringing a list of original nano-objects and challenging curiosities, such as nanoparticles, nanotubes, nanofibers, nanocages or nanoswitches. Among the good reasons to make use of such approaches in nanomedicine, one can mention the needs of compound deliveries, drug metabolism prevention, specific tissue targeting or controlled release. As an example, encapsulation of drugs into nanocarriers has proven to be an efficient way of improvement for cancer treatments, supported by the enhanced permeability and retention (EPR) effect for localized accumulation in diseased tissues, and additional features such as active targeting (incorporating ligands for receptor-mediated increased accumulation) and theranostic (encapsulating both drug and diagnostic agent in a two-in-one device) are subject to intensive research as promising strategies.

From a chemical point of view, these systems simply comprise a content to deliver (e.g., drug, therapeutic peptide, etc) and a material likely to form a stable nano-structure. So, for the most part, designing new nanodevices consists in developing new materials, aware of the biological requirements, undergoing nano-assemblies with advanced properties of entrapment, functionalization and even stimuli-responsiveness. In this matter, Chemistry offers on one hand inorganic materials, with functionalizable metal-based (gold, silica, titanium and so on) colloidal systems, and on the other hand macromolecular approaches mostly made from lipids (liposomes, solid lipid nanoparticles, etc) or synthetic polymeric materials. These latter synthetic materials, made from a wide variety of polymerization techniques and, above all, a great diversity of monomers, afford unrivaled flexibility and versatility with almost unlimited combinations of properties, making them suitable to answer the many needs of the field.

More specifically, a brief overview of the different polymerization techniques available highlights the important role that could be played by controlled radical polymerization (CRP) in the development of innovative biomaterials. Essentially represented by atom-transfer radical polymerization (ATRP), reversible addition-fragmentation chain transfer (RAFT) polymerization and nitroxide-mediated polymerization (NMP), CRP techniques allow the synthesis of structures with a precise control over the polymer chain length and both endgroups, thanks to a radical mechanism based on reversible deactivation reactions. These processes make possible and easy the synthesis of amphiphilic materials, with desired endconjugation properties from designed functional initiators, which is especially interesting for biomedical applications. From comb-like and star polymers to hyperbranched or cyclic macrostructures, a great range of innovative architectures has been set by CRP, illustrating the remarkable advantages of these building tools.

But, if CRP is a means of innovative structures, the biomaterial properties result mostly from the monomers in use, and a radical propagating mechanism necessitates exclusively vinyl monomers such as styrenics, (meth)acrylic esters, methacrylamides, or dienes. A considerable list of derivatives can be made from this short list of monomer families, giving access to numerous characteristics (thermo-responsiveness, hydrophobicity/hydrophilicity, conjugation ability, crosslinking, labelling and so on) that can be further assembled for a remarkable choice of on demand physicochemical features. Designing biomaterials should take into account from the beginning the biocompatibility of the system but also additional properties specific to the desired application. For instance, nanomedicine faces biological constraints related to the immune system response. In this particular case, nanocarriers should be able to bypass the opsonization process to be stealth to the mononuclear phagocyte system (MPS)

and freely circulate to the targeted tissue, which depends on the biomaterial in use. Such materials can be synthesized by CRP, using certain commercially available hydrophilic vinyl monomers bearing pending oligo(ethylene glycol) chains to mimic PEG or phosphorylcholine moieties to mimic cell membranes, that lead to stealth structures when polymerized.

Despite their great potential for biomedical applications and existing examples of biocompatible advanced architectures, vinyl polymers are not readily degradable due to carbon-carbon backbones that resist degradation. This may hinder further developments, in the field of drug delivery in particular, where questions rise about the limited excretion and long-term toxicity of such materials.

This interesting challenge acted as starting point of this project, aiming at synthesizing degradable PEG-based polymers by CRP as building blocks to design innovative biomaterial for drug delivery applications. Among the CRP techniques, NMP was selected as one of the most environmentally-friendly polymerization method (no catalyst or sulfur-based compounds required), allowing the synthesis of PEG-based polymers from methacrylate or acrylate derivatives. One efficient strategy to make degradable polymers via a radical mechanism is the radical ring-opening polymerization (rROP) of cyclic ketene acetal (CKA) monomers, which are known as ester precursors. This project will therefore focus on combining NMP of PEG-based monomers with rROP of CKAs for the synthesis of degradable PEG-based copolymers.

In this thesis, an exhaustive list of the strategies allowing the production of (bio)degradable vinyl polymers will be first exposed, underlining the promising use of the radical ringopening polymerization (rROP) of cyclic ketene acetals (CKAs). Once their homopolymerizations by NMP presented as a preamble, the copolymerization of CKAs with PEG-based methacrylates will be carefully studied, leading to the first example of controlled, degradable and non-toxic PEG-based architectures by NMP. A side project about the design of a new functionalized alkoxyamine initiator for NMP will be also presented for the further potential synthesis of functionalizable degradable copolymers for bioapplications. These results will be finally put in perspective with the recent trends in the design of anticancer polymer prodrug nanocarriers, as potential use to come, before discussing the results as a whole and conclude. 

Abstract

Vinyl polymers are attractive materials owing to their ease of synthesis and their broad diversity of architectures, composition and functionality, a result of intensive research over the past few decades. However, their carbon-carbon backbones are extremely resistant to degradation. This may have prohibitive consequences especially in biomedical applications.

Thus synthetic strategies enabling complete or partial degradation of vinyl polymers are of great importance. This review article captures the most recent and promising approaches to design (bio)degradable vinyl polymers and discusses their relevance in particular for bioapplications.

Résumé

Les polymères vinyliques sont des matériaux synthétiques qui séduisent par la facilité de leur synthèse et du grand choix d'architectures, de compositions et de fonctionnalités qu'ils offrent, résultat de dizaines d'années de recherches intensives. Cependant, leurs chaînes carbonées sont extrêmement résistantes à la dégradation. Ceci pourrait avoir pour conséquence de limiter leur usage et de freiner leur développement dans certains domaines, et tout particulièrement celui des applications biomédicales. Ainsi, la mise au point de stratégies de synthèse permettant l'obtention de polymères vinyliques partiellement ou entièrement dégradables semble être de la première importance. Cet article de revue traite des plus récentes et prometteuses approches pour la conception de polymères vinyliques (bio)dégradables et discute de leur pertinence, en particulier pour les bioapplications.

I. Introduction

After more than 50 years of continuous growth, worldwide production of synthetic polymers in 2012 was of about 300 Mt, 1 about half of which (~45% of the manufactured plastic materials and ~40% of the synthetic rubbers) was obtained by free-radical polymerization (FRP) of vinyl monomers. FRP is certainly the most versatile and robust polymerization method as it requires undemanding synthetic conditions, is compatible with many organic solvents and water, and tolerates a wide variety of functional monomers; which altogether make it relatively easy to translate to an industrial plant. In addition to the major industrial polymer families that are mainly devoted to structural applications (e.g., low-density polyethylene, poly(vinyl chloride), polystyrene, poly((meth)acrylic esters), poly(vinyl acetate)

and fluoropolymers), vinyl-based polymers are also employed in an increasing number of higher-added-value and specialty applications, especially in the area of biomaterials, for which (bio)degradability and biocompatibility are essential.

The term biodegradation denotes degradation occurring in a biological environment, for instance by the action of enzymes. Biodegradability is a key safety issue when choosing materials for biomedical applications. The nature of the degradation products is also crucial since their toxicity will determine the ultimate biocompatibility of the materials. Implantable biomedical devices must be biocompatible but stable in biological environments in order to perform their functions in the long term. Conversely, polymers for tissue engineered implants or as nanocarrier materials for drug delivery applications need to degrade at a certain point in order to enable excretion (a commonly accepted renal excretion limit is ~40-60 kDa), 2 so that no polymer remains in the body after the treatment. This eliminates the risk of complications associated with the long-term presence of a foreign material. For tissue engineering applications, the timescale of degradation should be comparable to the tissue healing processes (from weeks to years), whereas for drug delivery purposes, it should ideally occur after the nanocarriers have reached the diseased site (from hours/days to months). Once the nanocarriers are in place, polymer degradation can facilitate drug delivery by enabling the release of physically encapsulated drugs.

Although vinyl materials have always aroused great interest in the biomedical field, their carbon-carbon backbones resist degradation, unlike those of polyesters and polypeptides.

Thanks to the presence of labile groups in their main chain, the latter can readily be cleaved into small pieces in a biological environment by hydrolysis or enzymatic degradation.

Consequently, if degradation is a prerequisite, this severe limitation of vinyl materials may hamper their translation to clinical setting and eventually to the market. This would be unfortunate in regards to the massive amount of work devoted to macromolecular synthesis, especially since the advent of controlled radical polymerization (CRP). [3][4][5][6] This general term gathers several techniques that enable a high degree of control (e.g., predictable molar mass, low molar mass distribution, high chain-end fidelity, etc.) and functionalization to be reached, while maintaining all the advantages of FRP (e.g., ease of use, applicability to a broad range of vinyl monomers, tolerance to numerous processes such as bulk, solution, emulsion, dispersion, etc.). As a result of these advanced polymerization methods, the last few years have been marked by a surge in the design of innovative and more sophisticated vinyl materials intended to find applications in different bio-related areas such as drug delivery, diagnostic or tissue engineering. Despite significant advances from synthetic and conceptual points of view, some very encouraging results and even improved performance compared to other systems, the persistence and non-biodegradability of the vast majority of these materials may cause unwanted immune responses and toxicity, and eventually represent a deadlock regarding regulatory requirements and the benefit-risk balance analysis.

In this very demanding context, strategies conferring (bio)degradability to vinyl materials are of paramount importance and may represent the missing link between the design of advanced vinyl biomaterials and their safe use in biomedical applications. While the primary focus of this review is on biodegradable materials, some important strategies leading to chemically degradable materials will also be highlighted as they may have important applications for sustainable development.

II. Degradation of the polymer backbone

The obvious approach to confer degradability to macromolecules is to introduce labile units within the polymer backbone. A small number of degradable links can cause a significant decrease in molar mass, providing they are homogeneously distributed along the chain. For instance, a single cleavable unit will reduce M n by half after degradation. While multiple cleavable units are necessary for a complete degradation, some applications require only partial degradation, and can be designed by combining degradable and non-degradable blocks.

Discrete insertion of main-chain degradable groups

The insertion of a single, typically central, degradable functionality into a vinyl polymer backbone became possible with the advent of CRP techniques such as nitroxide-mediated polymerization (NMP), 3 atom-transfer radical polymerization (ATRP) 4,5 and reversible addition-fragmentation chain transfer polymerization (RAFT). 6 The high degree of structural control and chain-end fidelity of CRP-derived polymers allows for the use of difunctional initiators containing a cleavable function, followed by divergent chain growth under CRP conditions, to position one degradable junction between two polymer blocks (Figure 1a). In this instance, the disulfide bond, which can be cleaved under the action of reducing agents, nucleophiles, electrophiles or even photochemically, has drawn most of the attention owing to its biodegradation and the reversibility of the redox cleavage. 7,8 Other difunctional CRP initiators were also considered (Figure 1b), based either on a Diels-Alder adduct (thermal degradation), 9 a hemiacetal ester group (acid hydrolysis), 10 or an O-nitrobenzyl moiety (photodegradation). 11 Interestingly, the photocleavable nature of the latter enables the use of a non-invasive method of degradation that can be temporally and spatially controlled. 12,13 One can also take advantage of the susceptibility of trithiocarbonate to aminolysis as a means to centrally cleave polymers made from symmetrical trithiocarbonate RAFT agents. 14 Due to the simultaneity of the divergent chain growth, the use of cleavable difunctional initiators is restricted to the design of polymer blocks of the same nature, leading to symmetric architectures with a central degradable function. For instance, a single polymerization step will give a homopolymer whereas consecutive polymerizations of different monomers will lead to an ABA triblock copolymer. 15,16 This has been illustrated by the design of disulfide- The method can also be adapted to multifunctional initiators containing degradable moieties in order to access complex architectures. For instance, tetrafunctional ATRP initiators with a central disulfide linkage and four ester groups bearing the initiating sites yield 4-arm star polymers with two levels of degradability: reductive environments cleave the polymer into two symmetric parts whereas alkaline conditions cut the 4 arms off. 18 This concept is welladapted for drug delivery applications as increasing the number of cleavable arms can result in unimolecular, biodegradable drug delivery vehicles such as PEG-based star-comb polymers 19 or star-shaped polymers made of a -cyclodextrin core and multiple polymethacrylate chains. 20 Macromolecular coupling approaches are also very convenient to prepare polymers embedding central cleavable groups. A typical example are thermo-labile alkoxyamine functionalities, that cleave at high temperature, and that can be inserted by a variety of different techniques. [21][22][23] In a more biorelevant context, disulfide groups can also be positioned at the junction of AB diblock copolymers, thus enabling degradation under mild, reducing conditions. The methodology relied on the synthesis of two different ATRP-derived pyridyldisulfide (PDS) -functional polymers; one of them being further reduced in order to react with the one still containing a PDS functionality to form the disulfide bridge. 24 Due to the broad variety of different PDS-terminated polymers that can be designed, multi-stimuli sensitive amphiphilic block copolymers have been prepared by connecting together a temperature-responsive block and a pH-responsive one. 25 Supramolecular interactions can also efficiently connect two polymer chains together, thereby affording dynamic and reversible structures, whose cleavage can be governed by a broad range of stimuli (e.g., redox potential, electric field, temperature, competitive ligand). 26 In the field of vinyl materials, most recent work stems from the design of well-defined polymers end-terminated by complementary moieties from the supramolecular toolbox (e.g., hydrogen bonding, metal coordination, host-guest interaction) that are further reacted together. [27][28][29][30] The robustness of this approach has especially been illustrated by a one-pot orthogonal selfassembly using two concomitant orthogonal hydrogen-bonding recognition pairs, leading to supramolecular ABC triblock copolymers. 31 Such a strategy may find applications as stimuliresponsive colloidal structures for drug delivery. 32 They can be formed and disassembled on demand upon alternate UV/vis light exposure or electric stimulation, as shown for the latter with polystyrene--cyclodextrin (PS-CD)/poly(ethylene oxide)-ferrocene (PEO-Fc) supramolecular vesicles (Figure 2). 33 

Multiple insertions of main-chain degradable functionalities

Multiple insertions of main-chain degradable functionalities are required to achieve significant/complete degradation, which is particularly relevant for biomedical applications where the polymer material must be excreted in the end from a living organism. For this purpose, some of the previously shown strategies for inserting a single degradable unit can be adapted to produce multisegmented degradable polymers by using difunctional precursors.

For instance, alkoxyamine-containing multisegmented polymers can be obtained by atom transfer nitroxide radical coupling (ATNRC) from ATRP-derived ,-dihalogenated polymers and dinitroxides 34 or by nitrone-mediated radical coupling (NMRC) from similar polymer precursors. 35 Dinitroxides can also contain ester or disulfide moieties, thus conferring additional chemical and redox degradable properties, respectively. On the other hand, disulfide-containing multisegmented polymers can readily be obtained by reacting together dithiol-terminated polymers under FeCl 3 or O 2 oxidation. 7,36 These materials are generally synthesized by ATRP (after nucleophilic substitution of the halide group of the corresponding dibromo-terminated polymers) 7 or by RAFT (after aminolysis of the RAFT end-groups). 36,37 Multisegmented polymer chains can also result from the incorporation of multiple degradable moieties in the polymer backbone. This has been achieved by atom transfer radical polyaddition of divinyl monomers with dibromo-compounds bearing disulfide or ketal functionalities, 38 or by multiple insertions of an enzymatically degradable peptide sequence (GFLG) in a vinyl polymer chain. The latter approach was applied to water-soluble poly(N-(2-hydroxypropyl) methacrylamide) (PHPMA) coupled to doxorubicin (Dox), 39 which was the first polymer prodrug to enter clinical trials. 40 However, the non-degradable PHPMA-Dox prodrug showed marginal efficacy during phase II trials, possibly due to the relatively low molecular weight tested (~28 kDa). Conferring biodegradability to this system enabled the administration of higher molecular weight polymers, which were still excretable after degradation, and resulted in enhanced polymer prodrug accumulation in the tumor tissue by the enhanced permeability and retention (EPR) effect. To do so, ,-telechelic PHPMA chains prepared by RAFT polymerization were linked together by means of a difunctional GFLG sequence via copper-catalyzed azide-alkyne Huisgen cycloaddition (CuAAC, see

Figure 3) or thiol-maleimide coupling. 41,42 This versatile method allows for additional GFLG sequences to be inserted in the polymer structure; either in the middle of each PHPMA chain by using a GFLG-containing difunctional RAFT agent, or on the side chain between each drug and the polymer scaffold to promote the drug release. The system has been applied to various anticancer agents (e.g., doxorubicin, gemcitabine, paclitaxel, platinum drugs) [43][44][45][46][47] and prostaglandin E1 as an anabolic agent in bone. 42 Star PHPMA polymer drug conjugates have also been prepared by linking PHPMA chains to poly(amidoamine) (PAMAM) dendrimers via GFLG sequences acting as degradable spacers. 48 To circumvent the inherent constraints of consecutive macromolecular coupling reactions (e.g., multistep processes, high dispersities), which may limit their applicability, new polymerization concepts have emerged with the common feature of directly inserting multiple degradable functionalities in the course of the polymerization. Not only does this simplify the synthetic pathway, but it also gives more flexibility and robustness to the polymer design. In this respect, metal-catalyzed step-growth radical polymerization of monomers possessing unconjugated C=C and active C-Cl bonds is an appealing strategy. 49 Such monomers can incorporate ester groups, leading to degradable vinyl homopolymers, 50 but they can also be copolymerized with traditional vinyl monomers using an ATRP catalyst (the method is then termed simultaneous chain-and step-growth radical polymerization) for novel degradable architectures. 49,51 Although this system suffers from broad molar mass distributions (which is inherent to step-growth polymerization), it has been applied to the design of self-degradable antibacterial polymers via the copolymerization of an amine-functionalized acrylate. 52 Interestingly enough, though molecular oxygen is frequently viewed as inimical to radical polymerization, its copolymerization with vinyl monomers by oxidative polymerization affords polyperoxides that degrade at high temperatures (T ~60-150 °C). 53 These copolymerizations can also proceed under controlled/living radical conditions 54 and produce biocompatible materials that can be biodegraded by enzymatic degradation of the -O-Osequence. 55 The use of polytrithiocarbonates, which can be seen as "poly-RAFT agents", can lead to welldefined polymers with multiple cleavable trithiocarbonate functionalities in the backbone after a single polymerization step. The number of cleavable junctions is governed by the degree of functionality of the polyRAFT agent. Inherent to this approach is the synthesis of multiblock copolymers with ordered block sequences when a second polymerization step is performed using another monomer. 56 Despite these achievements, radical ring-opening polymerization (rROP) of cyclic monomers remains the polymerization technique of choice for incorporating backbone degradable groups and enabling complete degradation. Thanks to its radical ring-opening mechanism, rROP possesses both the versatility of radical polymerization and the ability to introduce functional groups into the polymer backbone. The resulting polymers show low shrinkage, which is important for applications where constant volume is desirable such as tooth fillings, coatings and accurate molding of electrical and electronic components. Several very different classes of cyclic monomers capable of undergoing rROP have been developed. Cyclic ketene acetals (CKAs) are the most-studied family (Figure 4a) and were the subject of extensive research by Bailey and co-workers in the early 80s. 57 Although homopolymerization of CKA is not straightforward, these monomers have aroused renewed interest over the last decade, as comonomers to confer biodegradability to vinyl polymers, via insertion of ester groups (Figure 4b). 58 The advantages offered by this approach are many: (i) various structures of CKA can be synthesized (even mimicking traditional polyester repeat units once opened), thus offering great flexibility regarding the materials properties; (ii) despite unfavorable reactivity ratios requiring a large excess of CKA in the comonomer feed, these monomers can be copolymerized with traditional vinyl monomers both by free-radical polymerization and CRP techniques, for designing well-defined, complex macromolecular architectures such as block, grafted or star copolymers and (iii) CKAs are randomly distributed into the copolymer backbone, which enables fine-tuning of the degradability of the materials simply by adjusting the monomer feed. The versatility of this approach has been illustrated by the synthesis of a variety of different copolymer structures, [59][60][61][62][63][64] which are intended to find applications in drug delivery, tissue engineering, hydrophobic coatings, or as other kinds of structural biomaterials. Other families of cyclic monomers for performing rROP have been investigated

as well, but to a lesser extent. Beside several methylene-dioxolane derivatives that lead to the insertion of ketones with potential photodegradability, 65 cyclic allylic sulfides have shown promising results, especially since they can be used to incorporate ester, thioester and disulfide functionalities into the polymer backbone under controlled/living radical copolymerization conditions with traditional vinyl monomers. 66,67 While radical polymerization has captured most of the attention, living cationic polymerization can also be used to copolymerize naturally occurring aldehydes and vinyl ethers for the synthesis of alternating, degradable copolymers bearing acetal functions. 68 It is noteworthy that, due to the alternating structure, degradation upon acid hydrolysis is observed down to monomer-unit molecular weight. Also, the broad structural diversity of vinyl ethers gives access to a wide range of different copolymers exhibiting water-solubility, pH-and thermo-responsiveness. Synthesis of (bio)degradable polymers by radical copolymerization between a vinyl monomer and a cyclic monomer polymerizing by ring opening polymerization (rROP).

Copolymers with non-vinyl degradable blocks.

Another way of producing (bio)degradable vinyl-based materials consists in combining a CRP technique with a polymerization method leading to degradable polymer segments such as ring-opening polymerization (ROP), either of lactones or N-carboxyanhydrides. Although here the vinyl block is persistent, the resulting copolymer will contain fully degradable polyester or polypeptide chains, thus ensuring substantial degradability of the whole material.

In addition, by varying the combination of polymerization methods, the nature of the monomers and the synthetic strategies, a large range of degradable architectures with unique properties thanks to structurally different blocks can be designed. For example, hydroxyl/amine functional CRP initiators can be used for combining ROP and CRP by divergent chain growth to produce partially degradable diblock copolymers, [70][71][72][73] and for some of them in a one-step process providing appropriate conditions are applied (Figure 5a). 74 Starting from a difunctional polyester macroinitiator for CRP, this strategy can be extended to ABA triblock copolymers comprising a degradable central block. 75,76 From that point, potential biomedical applications have been suggested from such degradable block copolymers, including nanoparticles, 77 micelles, 70,78 nanocages 79 and porous membranes 76 for drug delivery, and hydrogels 75 for tissue engineering. Other partially degradable morphologies have also been investigated. For instance, a range of selectively degradable core cross-linked star (CCS) copolymers that can find applications in drug delivery or membrane formation have been synthesized including arm-degradable CCS, partially arm-degradable CCS and core-degradable CCS (Figure 5b). 80,81 The multiplicity of the possible grafting strategies not only enables great variation of the final macromolecular structure but also ensures different levels of degradation. A typical example are bottle-brush macromolecules, which received considerable attention due to their potential for intramolecular nanoengineering, such as templates for inorganic nanoparticles or nanowires. Three efficient pathways have been developed for the synthesis of degradable bottle-brushes: (i) the "grafting from" method, for which vinyl chains are grown under ATRP conditions from degradable polymer scaffolds based on halogenated ROP monomers such as α-chloro-ε-caprolactone (α-Cl-ε-CL) or N-ε-bromoisobutyryl-L-Lysine N-carboxyanhydride (Br-Lys-NCA), 82 (ii) the "grafting from" method, conversely on hydroxyl-decorated vinyl backbones suitable for initiating ROP, 83 and (iii) the "grafting through" method, that relies on the CRP of degradable macromonomers such as (meth)acrylate-terminated poly(D,L-lactide) and PCL. 84 By combining and permuting different coupling/polymerization (ROP and CRP) steps, all kinds of partially degradable vinyl-based brushed architectures are virtually accessible. 83,85 It should be noted that the polycondensation technique combined with ATRP also received some attention as a mean to prepare degradable block copolymer nanocarriers. 

III. Degradation of the polymer side chain

Side-chain cleavage of vinyl polymers is an important lever to confer degradation, especially to nanoparticulate systems. Even though the average chain length of the polymer is not affected, the substantial structural modifications that occur can either make the polymer hydrophilic, thus leading to nanoparticle degradation, or directly trigger the disassembly of colloidal structures. This facilitates their excretion from the body and thus makes them well adapted for drug delivery applications, for instance when employed as drug nanocarriers.

Degradation leading to water-solubility

Certain acrylic polymers can exclusively undergo ester side-chain hydrolysis in vivo and become water-soluble. The only two polymers that fall into this category are poly(methylidene malonate) and poly(alkyl cyanoacrylate) (PACA) (Figure 6a). The presence of two electron-withdrawing groups in the -carbon to the double bond makes the corresponding monomers extremely reactive toward nucleophiles, such as anions or weak bases, resulting in quasi-instantaneous anionic polymerization. 87 Initially used as surgical glue (Dermabond®) or super glue for do-it-yourself activities (Loctite®), PACA polymers from long alkyl cyanoacrylate monomers (e.g., n-butyl, isobutyl, isohexyl, etc.) have been extensively investigated as drug nanocarrier materials since the 80s (Figure 6b). 88 A typical example is the development of doxorubicin-loaded poly(isohexyl cyanoacrylate) nanoparticles obtained by emulsion polymerization that are currently under phase III clinical trials for the treatment of primary liver cancer. 89 A downside to the high reactivity of these monomers is the notable difficulty to design engineered and functionalized (co)polymers.

This obstacle can however be bypassed by using cyanoacetate derivatives as monomer precursors, of the desired nature and bearing the desired functionality. By tandem Knoevenagel condensation-Michael addition, the corresponding cyanoacrylate monomers are obtained in situ and can be further polymerized (Figure 6c). For instance, by using a mixture of hexadecyl cyanoacetate, rhodamine cyanoacetate and poly(ethylene glycol) cyanoacetate, this method enabled the formation of amphiphilic fluorescent copolymers that self-assembled into narrowly dispersed PEGylated nanoparticles, useful for cell imaging and tracing purposes. 90,91 Increased sophistication was witnessed by positioning at the extremity of the PEG chains some targeting ligands directed against overexpressed cancer cell receptors or the amyloid- peptide. This resulted in a versatile, biodegradable nanoparticulate platform that exhibited stealth, fluorescent and in vitro targeting abilities against cancer and Alzheimer's disease, respectively. 92 

Cleavage triggering colloidal disassembly

Side-chain cleavage can also conduct to rapid colloidal disassembly. For instance, amphiphilic diblock copolymers comprising a hydrophobic polymethacrylate block bearing pendent disulfide linkages can form drug-loaded micelles upon self-assembly and release their load due to complete disintegration in response to excess of thiols. 93 The system is versatile as an equimolar thiol amount leads to core-crosslinked nanoparticles via thiol-disulfide exchange reactions. Cleavable side chains are also attractive for gene delivery applications. Brushed copolymers composed of a methacrylate backbone onto which poly(2-(dimethylamino)ethyl methacrylate)s (PDMAEMAs) were grafted via a hydrolyzable carbonate linker were shown to condense plasmid DNA into positively charged polyplexes of about 100-200 nm. 94 Reduction triggered the disintegration of the polyplexes and the subsequent release of plasmid DNA. The molecular weight of the degradation product was found very close to that of the starting PDMAEMA, which is likely below the renal excretion limit. The method has been adapted to the grafting of cleavable PDMAEMA brushes onto biodegradable polyaspartamide backbones. 95 

IV. Connecting polymer chains via degradable junctions

Instead of introducing degradable units in the polymer main or side chains, an appealing alternative consists in connecting polymer chains together via degradable/reversible linkages.

This can result in a variety of different architectures and structures that can be degraded at the chain connection sites. They can therefore find applications in the biomedical field providing the main chains are small enough to be below the renal excretion limit.

Degradable crosslinkers

A straightforward strategy to connect polymer chains together relies on the use of difunctional vinyl comonomers, usually termed crosslinkers. In the field of (bio)degradable vinyl polymers, a significant amount of work has been devoted to the development of crosslinkers embedding labile functionalities in order to implement the degradability of the resulting materials. It offers significant advantages over other approaches: (i) a broad range of different crosslinkers are readily accessible by varying the nature of both the polymerizable group and the degradable functionality; (ii) the resulting polymer is rather easy to obtain as the synthesis only requires the introduction of the crosslinker in the monomer feed and (iii) depending on the experimental conditions, different architectures and nano-objects can be prepared.

For instance, star polymers with a degradable core are obtained via the "arm first" method, which either generates the core of the star macromolecule by coupling monofunctional "living" polymeric chains with cleavable crosslinkers, 96 or alternatively by direct copolymerization of a macromonomer with a degradable crosslinker. The latter approach was illustrated by the copolymerization of a PEG-based macromonomer with a disulfide methacrylate and 2-(dimethylamino)ethyl methacrylate (DMAEMA) as a cationic vinyl monomer. The goal was to prepare biocompatible star copolymer for small interfering RNA (siRNA) delivery able to degrade into individual polymeric chains under redox conditions (Figure 7). 97 Similar difunctional vinyl comonomers can also lead to (hyper)branched structures, which have recently received much attention due to their numerous applications in which a large density of functionalities is desirable, including reactive adhesives and coatings, imaging and drug delivery. For the latter, conferring them with biodegradable features appears essential.

Interestingly, the branching process is better controlled if the synthesis is performed under CRP conditions. For instance, when a redox sensitive crosslinker is employed in combination with ATRP or RAFT, the fully degraded polymer exhibits a nearly similar molecular weight distribution as the linear counterpart obtained in the absence of any divinyl reagent. 98,99 Careful selection of the primary chain length enabled the production of biodegradable poly(hydroxylethyl methacrylate) (PHEMA) fibers by electrospinning with potential biomedical applications. 100 If experimental conditions enable the gel point to be exceeded, fully crosslinked 3D polymeric networks with elastic properties are obtained. Among these, hydrogels have attracted most attention for controlled drug delivery applications and as scaffold materials, on account of their similarity to soft biological tissues and their highly tuneable mechanical properties. Recent achievements in degradable (hydro)gels employed FRP 101-103 and CRP techniques. 75,101,[104][105][106][107] CRP generally provides more homogeneous structures compared to those obtained by FRP and they also lead to predetermined molecular weights and narrow molecular weight distributions of the decomposed fragments. 101 This is particularly relevant for hydrogels as it reduces the likelihood of residues being released on decomposition with a molecular weight above the renal threshold. This was especially illustrated by the ATRP of HEMA, 75 NIPAM 106 or DMAEMA 101 in the presence of divinyl PCL as a biodegradable macromolecular crosslinker, leading to hydrogels with different mechanical and physicochemical properties. Notably, the degradation rate can be controlled by the crosslinking density, the PCL chain length and the vinyl polymer backbone chain length. 75 Original strategies leading to more sophisticated hydrogels have also been reported; among them the use of a divinyl tetrapeptide sequence (CYKC) as a crosslinker for the preparation of protease-responsive hydrogels, 108 the incorporation of poly[oligo(ethylene glycol) methyl ether methacrylate] (POEGMA) crosslinked nanoparticles into a larger 3D matrix to design nanostructured hybrid hydrogels 107 and the crosslinking of PVA macromonomers. 109 When the copolymerization between a traditional vinyl monomer and a degradable divinyl crosslinker is performed in aqueous dispersed media (e.g., dispersion, suspension, emulsion, etc.), degradable particulate systems that can find application as drug carriers are obtained. A typical example are acid-degradable polyacrylamide microparticles for vaccine development synthesized by inverse (micro)emulsion polymerization in the presence of acetal crosslinkers (Figure 8). 103,[110][111][112][113] These particles, whose diameters range from 0.2 to 1 m, are of great interest as both protein and plasmid can be encapsulated, and they can degrade under the mildly acidic conditions found in the phagosomes of antigen-presenting cells (APCs). By using ovalbumin as a model antigen, the system performances were further enhanced by the co-encapsulation 114 or surface attachment 115 of immunostimulatory CpG DNA to better mimick actual pathogens, and by the design of cell-penetrating peptide (CPP)-modified microparticles to improve cell uptake. 116 (Bio)degradable nanoparticulate hydrogels (often termed nanogels), synthesized by inverse miniemulsion ATRP of OEGMA and a reducible divinyl crosslinker, also represent a promising system. 117 Not only they have demonstrated high drug loading capabilities and efficient release upon degradation, 118,119 but they can also be surface functionalized with biologically active moieties. 119 Acetal crosslinkers can also be used on preformed block copolymer nanoparticles obtained by self-assembly in aqueous solution, 120 which represents a valuable alternative to the direct polymerization in aqueous dispersed system.

Other strategies to insert degradable junctions

Many additional pathways have been proposed to connect polymer chains together in a degradable fashion. The use of degradable inimers (a molecule having both an initiator and monomer fragment) is appealing for its simplicity and robustness, as it readily enables the production of degradable hyperbranched structures. This has been notably illustrated by the use of a disulfide-containing ATRP inimer 121 or by the combination of two monomers that polymerize by different chemistries (ROP and ATRP) and bear initiating centers for the opposite types of chemistry, leading to a concurrently one-step polymerization process. 122 Biodegradability was also conferred to polymeric capsules formed by layer-by-layer (LbL) assembly. 123 A useful approach for the synthesis of LbL capsules relies on the stabilization of the different layers using covalent crosslinking. Therefore, cleavable sites have been introduced between the different multilayers by using a bisazide linker containing a disulfide bond, via 'click' chemistry. 124 This way, deconstruction of the capsules can occur through exposure to a reducing environment, comparable to that found into the intracellular cytosolic space. The concept has been further extended to the design of subcompartimentalized LbL capsules with selectively degradable carriers and subunits in response to multiple chemical stimuli, simply by implementing degradable crosslinkers with different labile functionalities (e.g., disulfide bond, vicinal diol group). 125

V. Cleavable conjugates

Although on the fringe of biodegradable vinyl materials, polymer chain cleavage from organic substrates can also be seen as a form of degradability. This concept takes on its full meaning in the case of biological substrates, such as therapeutics proteins or peptides. Covalent modification of proteins with poly(ethylene glycol) (PEG), termed PEGylation, confers indisputable pharmacological advantages to native proteins such as improved solubility and stability, extended circulation times and reduced proteolytic degradation. 126 However, their biological activity is often decreased because of stable polymer attachment. Therefore, it could be desirable to efficiently release the protein therapeutics from the PEG chains to enhance their biological performances. Also, if the molecular weight of the released polymer is below the renal filtration threshold, its complete removal from the body will likely occur, which will not be the case for a stable linkage.

The "grafting to" technique

Even though several linear PEGs have been attached to proteins via biodegradable linkages, 127 allowing for the gradual release of the target protein and thereby overcoming the normal limitation of PEGylation, one can also take advantage of CRP techniques to design functional vinyl polymers for reversible protein bioconjugation. 128 In this sense, disulfide linkages have been advantageously utilized. A common strategy is to prepare pyridyl disulfide (PDS) end-terminated polymers for subsequent coupling under mild conditions with free cysteine-containing biological macromolecules, such as proteins (Figure 9) 129,130 or siRNA. 131 Due to the flexibility of CRP, the PDS moiety can also be positioned at the polymer midchain leading to branched bioconjugates with an expected improvement in masking the protein surface due to the so-called "umbrella-like effect". 132 For the targeting of lysine residues, the disulfide functionality is incorporated in between a lysine-reactive moiety and the polymer chain. 133 This was illustrated by the design of thiazolidine-2-thione endterminated POEGMA via RAFT polymerization. After cleavage of the polymer chains from the conjugates, the released lysozyme displayed a marked increase in bioactivity. 

The "grafting from" technique

The polymer chain also can be grown from the substrate by grafting a PDS-based ATRP initiator 134 or a RAFT agent, 135 prior to the polymerization step. This "grafting from" approach offers valuable advantages compared to the previously described "grafting to" method. For instance, the efficiency of the conjugation should be nearly quantitative due to negligible steric hindrance and the purification of the conjugate might be easier since only the unreacted monomer has to be removed, as opposed to a preformed polymer. Importantly, the conjugates exhibited equivalent activities to that of the unmodified proteins, meaning that the polymerization process is not detrimental to the biological substrates. 134

VI. Summary and outlook

This Review has summarized the recent progress in the development of groundbreaking strategies to confer (bio)degradability to vinyl polymers, a feature of paramount importance in biomedical applications but also concerning sustainable development. The vast majority of these achievements has been made possible by harnessing the robustness and versatility of controlled polymerization methods and/or efficient ligation strategies to design systems incorporating discrete or multiple cleavable functionalities. Beyond enabling partial or complete (bio)degradation of vinyl materials, which is crucial for toxicity concerns, intelligent placement of labile groups in a polymer structure can also trigger colloidal disassembly. This dual role is particularly relevant for drug delivery applications where the drug release from polymer nanocarriers should be governed by endogenous stimuli such as the pH or the presence of specific enzymes.

Among the different options to introduce labile groups in vinyl polymers, rROP seems the most promising but for decades received only intermittent attention. In recent years, however, there has been a real resurgence of interest, which could perhaps be explained by the possibility to copolymerize traditional vinyl monomers with monomers that polymerize by rROP, either by conventional or controlled radical polymerization. However, the full potential of this technique has not yet been fully exploited. The diversity of suitable monomers is still rather poor and there is a crucial lack of hydrophilic and functionalized structures which are capable of complete ring-opening. In copolymerization, due to unfavorable reactivity ratios, a large excess of these monomers is required to incorporate significant amounts in the resulting copolymer. More importantly, their homopolymerization is not straightforward and often fails to be controlled. Thus a substantial amount of work remains to be done especially in the design of new monomers for rROP, able to be efficiently homo-or copolymerized, ideally under controlled conditions. These significant advances are required to allow rROP to approach the versatility of ROP, which is still unparalleled in the biomedical context in terms of synthesis, properties and biodegradability.

SYNTHESIS TOOLBOX

Reviewing the different strategies available for synthesizing degradable PEG-based polymers from vinyl monomers led to the conclusion that one of the best options may be the copolymerization of oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA) with cyclic ketene acetals (CKAs) by a controlled radical polymerization (CRP) technique, among which is the nitroxide-mediated polymerization (NMP). This part aims at giving a short overview of the polymerization mechanisms and technical terms extensively used in the context of the thesis.

I. Controlled radical polymerization

Conventional radical polymerization is a widely-employed polymerization technique due to its relative ease-of-use, the broad range of vinyl monomers which can be polymerized by a radical mechanism and the numerous processes that can be implemented (bulk, solution, emulsion, dispersion, etc.). However, a conventional radical polymerization mechanism implies rapid irreversible termination reactions forming uncontrolled dead polymer chains of various sizes. So, the major challenge when working on the synthesis of vinyl-based macromolecular architectures is to keep control over the molecular weight, the dispersity and the end-chain functionalities. In this purpose, controlled radical polymerization (CRP)

techniques, also called reversible deactivation radical polymerization (RDRP) techniques, have emerged fifteen years ago, bringing new mechanistic concepts.

These techniques are all based on an activation-deactivation equilibrium between dormant species, for which propagation is impossible, and regular propagating macroradicals. The key point of CRP is to shift the equilibrium toward dormant species to lower the instantaneous concentration of active radical centers. Consequently, this drastically decreases the probability of irreversible termination reactions and transfer, thus allowing a good control over the polymer chain formation.

An ideal living polymerization system should exhibit: (i) a linear evolution of ln [ 

) N-tert-butyl-N-[1-diethylphosphono-(2,2-dimethylpropyl)] (SG1).
The most efficient procedure to perform NMP is to use a preformed alkoxyamine, which undergoes reversible thermal homolysis to produce an initiating radical and a persistent nitroxide. In particular, N-

(2-methylpropyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-O- (i) TEMPO (ii) TIPNO (iii) SG1 (a) (b) 
(2-carboxylprop-2-yl) hydroxylamine (Blocbuilder MA, Scheme 3a), based on SG1, is one of the most potent alkoxyamines developed so far. Its use has led to significant advances in the control of bulk/solution and emulsion polymerizations, and the preparation of functionalized polymers (Scheme 3b). Various vinyl monomer classes (styrenics, acrylates, dienes, etc.) could be controlled by NMP to produce well-defined architectures, showing the versatility of this polymerization technique. For the NMP of methacrylic esters, however, the activation-deactivation equilibrium strongly favors the production of propagating radicals resulting in a high level of irreversible termination reactions leading to high dispersities and low molar masses.

Nevertheless, it has been shown that the addition of a small amount of either acrylonitrile (AN) or styrene (S) during the SG1-mediated polymerization of methacrylates (they are therefore termed 'controlling' comonomers), allowed for the synthesis of well-defined and living PMMA-rich copolymers. A copolymerization system that will be used to synthesize PEG-based copolymers from commercial PEG-based methacrylates. This project aims at inserting ester functions in the main chain (backbone) of PEG-based polymethacrylates by NMP for inducing degradability. To do so, the NMP of methacrylatic esters will be combined to the radical ring-opening (rROP) of cyclic ketene acetals (CKAs), a second radical polymerization technique which will be briefly presented below.

III. Radical ring-opening polymerization of cyclic ketene acetals

As introduced in the previous part of this thesis, a promising tool for inserting degradable units in vinyl polymer backbone is the rROP of CKAs. Radical ring-opening polymerizations make use of the ability of certain alkene-substituted cyclic monomers to open up via a radical mechanism. This allows for the insertion of various functionalities (alkene, ketone, ether, carbonate and so on) from a limited number of monomer classes, such as methylenesubstituted spiro ortho carbonates, vinyl cyclopropanes or 4-methylene-1,3-dioxolanes (see Scheme 4).

Scheme 4. Main monomer families undergoing radical ring-opening polymerization (rROP).

Among these monomer families, the cyclic ketene acetals (CKAs), drew particular attention owing to a radical propagating mechanism involving the formation of ester functions in the main chain of the polymer, which gives a good chance to induce biodegradability. These monomers are constituted of 1,3-dioxo-heterocycles (5-membered ring: 1,3-dioxolane; 6- 

Abstract

The ring-opening polymerization of cyclic ketene acetals (CKA) by controlled radical mechanisms attracts considerable research interest since it presents an alternative route for the synthesis of aliphatic polyesters. Whereas the ATRP and RAFT polymerization of 5,6 -benzo-2-methylene-1,3-dioxepane (BMDO) and 2-methylene-4-phenyl-1,3-dioxolane (MPDL) were already studied, their homopolymerization using nitroxide-mediated polymerization was not investigated. We thus used the commercially available BlocBuilder MA alkoxyamine to initiate the polymerization of both BMDO and MPDL. Various experimental conditions, i. e.

the temperature, nature of solvent, nature of the alkyl initiating radical has been varied to find the optimized conditions in terms of kinetics and living character of the final polymer. PS-b-P(BMDO) and P(BMDO)-b-PS were then prepared to ensure that block copolymers comprising a CKA block could be synthesized using NMP. The occurrence of side reactions has been checked by 31 

I. Introduction

Nowadays, there is a considerable interest to prepare block (co)polymers (BCP) containing a degradable (also called sacrificial) block. Such complex macromolecular architectures have proven to be attractive precursors for nanoporous polymer matrixes due to their ability to selfassemble into mesoscopically organized structures. [1][2][3][4][5][6] The mild and selective removal of the degradable block can produce a scaffold with well-controlled porosity that could find applications for microelectronics, 7 membrane synthesis 8 , 9 and biomaterials. [10][11][12] Usually these kind of block copolymers are prepared by the sequential combination of the "coordinationinsertion" ring-opening polymerization (ROP) method with various controlled radical polymerization techniques. 13,14 The ring-opening polymerization of cyclic ketene acetals (CKA) by free radical or controlled radical mechanisms attracts considerable research interest since it presents an alternative route for the synthesis of aliphatic polyesters 15,16 (Scheme 1) and this will let possible the preparation of such block copolymer by the same polymerization mechanism.

Among the whole data published on radical ring-opening polymerization, the controlled homopolymerization of CKA monomers is less studied since the propagating radical derived from the ring opening of the CKA monomer has to be stabilized enough to ensure that an equilibrium between active and dormant species (key step of all CRP techniques) could occur. 15 For that purpose, only the 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) and 2methylene-4-phenyl-1,3-dioxolane (MPDL) were studied in either RAFT 17 or ATRP 18,19 processes. In both cases, the controlled and living character of the polymerization were evidenced. However, less attention has been paid to the combination of radical ring opening polymerization and nitroxide-mediated polymerization (NMP).

Scheme 1. Mechanism of the radical ring-opening polymerization of cyclic ketene acetals (CKA).

Compared to other CRP techniques, NMP represents the technique of choice regarding biomaterials, as it does not require any transition metal catalyst or sulfur-based compounds. 20 Indeed, although an intensive work is devoted to develop ATRP processes with lower amounts of catalyst 21 or efficient RAFT end-group removal procedures, 22,23 NMP is still believed to be one of the most environmentally-friendly polymerization method. Concerning the polymerization of CKA, only one group did some experiment using the TEMPO nitroxide and three different CKA monomers. 24,25 In all cases the results were not very conclusive since there was no clear increase of the M n versus conversion on a correct range of molar masses and no evidence of the living character of the polymerization.

Scheme 2. Nitroxide mediated polymerization of 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) and 2-methylene-4-phenyl-1,3-dioxolane (MPDL) initiated by the BlocBuilder MA alkoxyamine.

The use of more efficient nitroxides such as the SG1 nitroxide could thus lead to better results. The aim of this work is thus to investigate the nitroxide mediated polymerization of BMDO and MPDL using the commercially available BlocBuilder MA alkoxyamine. Various experimental conditions, i. e. the temperature, nature of solvent, nature of the alkyl initiating radical has been varied to find the optimized conditions in terms of kinetics and living character of the final polymer. Moreover the occurrence of side reactions has been checked and DFT calculations have been performed to assess the hypotheses envisioned. Finally reinitiation tests with styrene have been carried out to ensure the possibility to prepare block copolymers.

Materials

All reagents and solvents were purchased from Sigma-Aldrich and Acros Organics and used as received, except for tetrahydrofuran (THF) which was distilled from Na/Ph 2 CO before use.

BMDO was synthesized in three steps following the procedure described by Wickel et al. 26 MPDL was synthesized in two steps following the procedure described by Bailey et al. 27 BlocBuilder MA alkoxyamine and SG1 nitroxide were kindly provided by Arkema. SG1 and TEMPO-based alkoxyamines were prepared as previously described. 28

Polymerization

In a typical bulk polymerization reaction, 38 mg (0.1 mmol) of BlocBuilder MA, 1 g (6.2 mmol) of BMDO and 0.5 ml of toluene were placed in a flask and the solution was stirred until homogenized. Equal samples of 0.2 ml of the mixture were placed in several wheaton prescored ampules of 2 ml. After the mixtures were degassed by three cycles of freeze-pumpthaw, toluene was evaporated under vacuum and the ampules sealed. The ampules were then placed in a preheated oil bath at 120 °C. At various times along the polymerization, ampules were removed, put into ice water and then opened. The reaction mixture were dissolved in CDCl 3 to obtain 1 H, 13 C and 31 P NMR spectra of the crude polymers and then dried and redissolved in THF to obtain SEC distributions. At last, the solutions were precipitated in cold EtOH/hexane (1:1 v:v).

Characterization

1 H, 13 C and 31 P NMR spectra were obtained on a Bruker Avance DPX 300 MHz spectrometer at 300 MHz ( 1 H), 75.5 MHzd ( 13 C) and 121.5 MHz ( 31 P). Tetramethylsilane (TMS) was used as internal standard. The 1 H chemical shifts were referenced to the solvent peak for CDCl 3 (δ = 7.26) and the 13 C chemical shifts were referenced to the solvent peak for CDCl 3 (δ = 77.16).

The SEC analyses were performed using an EcoSEC system from TOSOH equipped with a differential refractometer detector. THF was used as an eluent with 0.25 vol.% toluene as flow marker at a flow rate of 0.3 mL.min -1 after filtration on Alltech PTFE membranes with a porosity of 0.2 μm. The column oven was kept at 40 °C, and the injection volume was 20 μL.

One ResiPore Pre-column (50 mm, 4.6 mm) and two ResiPore columns (250 mm, 4.9 mm) from Polymer Laboratories were used in series. The system was calibrated using polystyrene (PS) standards in the range 100-400,000 g.mol -1 , purchased from Agilent. Liquid Chromatography at Critical Condition of polystyrene analysis were performed on a PL-GPC-120 system from Agilent equipped with a differential refractometer detector. DMF was used as an eluent at a flow rate of 0.8 mL.min -1 after filtration on Alltech Nylon membranes with a porosity of 0.2 μm. The column oven was kept at 81 °C and the injection volume was 20 μL.

Two Nucleodur C 18 columns (110 Å, 3 μm and 110 Å, 5 μm) were used in series. Highresolution MS experiments were performed using a QStar Elite hybrid quadrupole time-offlight mass spectrometer (Applied Biosystems SCIEX, Concord, ON, Canada) equipped with an electrospray ionization (ESI) source operated in positive mode. The capillary voltage was set at +5500 V and the cone voltage at +75 V. In this hybrid instrument, ions were measured using an orthogonal acceleration time-of-flight (oa-TOF) mass analyzer. Air was used as the nebulizing gas (at a pressure of 10 psi) while nitrogen was used as the curtain gas (at a pressure of 20 psi). Instrument control, data acquisition and data processing of all experiments were achieved using Analyst software (QS 2.0) provided by Applied Biosystems. The polymer sample was dissolved in dichloromethane and further diluted (1:10, v/v) in a methanolic solution of sodium chloride (1 mM). This solution was introduced in the ionization source at a 5 μL.min -1 flow rate using a syringe pump. Accurate mass measurements were performed using various sodiated PEG as internal standards.

Computational details

All calculations were performed on a HP cluster composed of 16 HP Proliant BL460c computing nodes. For each alkoxyamine, the lowest-energy geometry was first determined by simulated annealing with the semiempirical AM1 method of the Ampac 9.2 software and Density Functional Theory (DFT) calculations were then performed with Gaussian 09 package 29 to obtain energy values. As proposed by Gaudel-Siri 30 for that kind of calculations, the geometry optimization and the calculation of vibrational frequencies were performed at the B3LYP/6-31G(d) level with a scale factor of 0.9603 and the energy was then calculated with a single point at the B3P86/6-311+ +G(d,p) level.

III. Results and Discussion

BMDO Polymerization

To find the optimized experimental conditions in the case of NMP, the Fischer diagram is usually used. [31][32][33] This approach nevertheless used a wide range of kinetic rate constants that are hardly known for such monomer. We thus performed the first polymerization in bulk at 120 °C following the classic procedure used for styrene. The polymerization was then very slow with 70 % conversion obtained in 70 hours. As the propagating radical during the polymerization of BMDO is benzylic, it is expected that the NMP equilibrium is shifted toward dormant species compared to the styrene polymerization and thus we investigate the influence of the temperature on the kinetics of the polymerization. As expected (Figure 1), there was a strong increase of the kinetics at 140 and 160 °C, reaching 70 % of conversion in 15 and 3 hours respectively. The 20 °C temperature increase did not lead to any change for the control of the polymerization (Figure 2). At 160 °C, we could nevertheless observe a plateauing of the conversion that could be due to a loss of livingness throughout the polymerization. Recently, many authors highlighted the importance of the initiating radical structure on the control of the polymerization. [34][35][36] In particular, fast decomposing alkoxyamine could be detrimental for the control if the first radical addition is slow or if the initiating radical is prone to undesired interactions. Thus we studied the bulk BMDO polymerization at 140 °C using various SG1-based alkoxyamines bearing a benzyl, styryl, methyl propionate (MONAMS) and we compared it to the BlocBuilder MA (Figure 3). At 140°C, the use of either polar secondary alkyl moiety bearing by the MONAMS alkoxyamine and the tertiary one bearing by the Blocbuilder MA or primary non-polar benzyl and secondary non-polar styryl moiety give exactly the same kinetics and control of the polymerization (Figure 4). In a complementary experiment, ampules were put in the oil bath at room temperature before rising the temperature to 140 °C in order to check the effect of a temperature ramp as proposed for Blockbuilder MA. 35 No modification of the polymerization behavior was observed. The dissociation of alkoxyamine is known to be solvent dependant and thus we investigated if the introduction of various solvents with different polarities could help to increase both the kinetics and the control of the polymerization. Polymerizations were then carried out in bulk, tert-butyl benzene and anisole. The kinetics was slowed down in both solvents and the polarity of the solvent did not lead to a drastic change (Figure 5). Concerning the control of the polymerization, similar M n and Ð values were obtained (Figure 4). The best experimental conditions were thus the bulk polymerization of BMDO at 140 °C targeting relatively low M n , i. e. M n < 10,000 g.mol -1 . In that case, below 50 % conversion, the obtained polymer showed a good shift versus higher M n (Figure 6) with conversion keeping a Ð value below 1.5. Above this threshold value, the conversion and the M n still increase but the Ð increases as well due to undesired side-reactions, leading to a partial loss of livingness.

Nevertheless the Poly(BMDO)-SG1 prepared up to 50 % conversion could be used to prepare block copolymers. 

MPDL Polymerization

Compared to styrene, the main feature of the BMDO polymerization is related to its benzilic propagating radical that lead to a relatively strong NO-C bond when end-capped by the SG1 nitroxide. This led us to polymerize BMDO at 140 °C for a long period of time, allowing side-reaction to occur. Another CKA monomer that could be homopolymerized by NMP is MPDL since after opening the propagating radical is styrenic, similar to the one obtained for styrene polymerization. This MPDL monomer is also a five-membered ring CKA and thus care has to be taken to avoid undesired cationic polymerization. 19 Polymerization of MPDL in bulk at 120 °C was then performed (Figure 7). Polymerization were also carried out with and without pyridine (3 wt.%) used as proton scavenger. The use of pyridine or triethylamine as proton scavenger is compulsary when using this kind of CKA since an increase of conversion combined with a second population with a high M n appeared on the SEC chromatogram (see ESI for details). When compared to BMDO, the kinetics of MPDL polymerization is lower and above all, a plateauing of the conversion is obtained whatever the temperature. This feature is drastically different from the BMDO polymerization and the reason for such difference will be discussed in the last part of the paper. The evolution of M n and Ð versus conversion is similar to the one obtained using the BMDO (Figure 8) and thus no improvement of the control could be noticed even using a usually well-controlled styrenic propagating radical instead of a benzilic one. 

Block copolymerization

As discussed above, the aim of such work is to ensure that CKA monomers could be homopolymerized by NMP and in that case the goal is to prepare block copolymer containing a degradable (also called sacrificial) block. Two possibilities arise: (i) first preparing the degradable block and thus reinitiating the polymerization of a classic vinyl monomer such as styrene and (ii) using a classic NMP-made polymer to initiate the polymerization of CKA. To prepare such block copolymers, only BMDO will be used since the MPDL polymerization presented a rapid plateauing of the conversion that comes from a loss of the living character of the obtained polymer. A P(BMDO) synthesized using BlocBuilder MA for 6 hours at 140 °C (47 % conversion, M n = 2,900 g.mol -1 , Ð = 1.77) was isolated by precipitation in pentane/EtOH and thus used as macroinitiator of the styrene polymerization at 120 °C for 2 hours. After precipitation of the crude medium, a clear shift of the SEC chromatogramm could be observed proving the reinitiation of the P(BMDO) precursor (Figure 9). The low Ð obtained for the block copolymer after reinitiation is also a good proof of the living character of the starting P(BMDO). It has to be noted that a part of the macroinitiator did not reinitate the polymerization. This could come from the side reaction occurring along the polymerization process and that will be discussed in the last part of the manuscript. Even if the reinitiation is not complete a block copolymer has been obtained. To check the efficiency of a block polymerization using a classic NMP-made polymer as precursor, we choose polystyrene as model. A PS-SG1 (M n = 5,800 g.mol -1 , Ð = 1.1) was used as macroinitiator for the bulk BMDO polymerization at 140 °C for 24 hours. The shift of the SEC Chromatogramm (Figure 10), clearly showed a good reinitiation of the PS block. Nevertheless as already observed above, it is not possible to reach high M n for the P(BMDO) block and therefore there was no important shift toward very high M n with increasing BMDO connversion (Figure 10). 

Mechanism and side-reaction

Since the polymerization of both BMDO and MPDL present unusual NMP feature, i. e.

plateauing of the conversion for MPDL and increase of Ð with conversion for both monomers, we investigated experimentally the possible side reactions using 31 P NMR and ESI-MS. The 31 P NMR analysis of the crude samples during the BMDO polymerization showed first the peak at 24.52 ppm that is characteristic of living chains (peak at 24.45 ppm for the model benzyl-SG1 alkoxyamine (Figure 11). During the polymerization process, other peaks appeared at in particular 19.5 and at a lower extent at -0.9 ppm, both becoming more and more intense with conversion. After precipitation in pentane/EtOH, the purified polymer still presented the peaks at 24.52 and 19.5 ppm. This feature is unusual during the NMP of other vinyl monomers but similar results are obtained during the polymerization of MPDL (see ESI for details). ESI-MS analyses were then performed to explain this results. The living polymer chains were detected as singly charged (with DP n =2-9) and doubly charged (with DP n =7-16) species, as respectively indicated by filled and open triangles in Figure 12. Two other major distributions of singly sodiated BMDO oligomers were also observed. Peaks designated with filled squares in Figure 12 would correspond to sodium adducts of BMDO molecules carrying the 1-carboxy-1-methylethyl initiating group and H as the α and ω endgroups (m α +m ω = 88 Da). Based on mass calculation and assuming the SG1 moiety as the ω end-group, sodiated BMDO oligomers designated with filled circles in Figure 12 would hold a diethylphosphonate moiety as the α group (m α +m ω = 431 Da). Accordingly, the fourth minor distribution was proposed to consist of PBMDO oligomers holding a diethylphosphonate moiety and H as end-groups. These structural assumptions were supported by accurate mass measurements (Table S1, see ESI for details). The lower accuracy (as compared to the three main distributions) associated to mass measurements of ions of the last distribution (relative errors ~ 10 ppm) was expected owing to their very low abundance. 37 Triethyl phosphonoacetate was analyzed by 31 P NMR since we supposed that this compound could have a similar structure to the one we expected during the initiation of P(BMDO) chains by the diethyl phophonyl radical. The chemical shift obtained is in good agreement with the peak at 19.5 ppm we assigned to the diethyl phosphonyl group that initiated some polymer chains. This side reaction has never been identified during the NMP of other monomers. The first explanation (Scheme 3) of such results is related to the relative unstability of the SG1 nitroxide at high temperature. The half-life of the SG1 at 120 °C has been measured to 20 hours under inert atmosphere and 15 hours under air. 38 As the polymerization duration is very long (70 hours at 120 °C) compared to 2-5 hours for the NMP of styrene or acrylates, 35 we could envision a thermal degradation of the SG1 nitroxide that releases a diethyl phosphonyl radical in the medium.

The electrophilicity of such radical is known to lead to a very efficient radical addition onto electron-rich alkenes. 39 It was shown recently that the hydroxylamine of the SG1, i. e. SG1-H was very unstable and that the only phosphorous compound that is recovered after the decomposition is the diethyl phosphite. 40 This supported the assumption of the relatively low stability of the C-P bond and thus a thermal degradation of the SG1 by a release of the diethyl phosphonyl radical. There is another explanation of such side reaction. During the polymerization of CKA, the life time of the ketal-based macroradical is not very long but this species could be eventually trapped by the SG1 nitroxide (Scheme 4). The obtained macroalkoxyamine is a priori very crowded but the alkyl moiety is functionalized by two heteroatoms in the α-position to the NO group.

Calculations were performed on vinyl acetate-based SG1 alkoxyamines and showed a hyperconjugation between the lone pair of the nitroxyl oxygen and the adjacent antibonding α* orbital. 30 The C-ON bond is then strengthened while the CO-N bond is weakened. This could explain that some nitroxides reacted with the ketal-based macroradical during the polymerization process and such macroalkoxyamine species would not be able to redissociate but instead decomposed by a CO-N dissociation. As the released aminyl radical should not be stable such compound should degrade by a C-P bond dissociation into diethyl phophonyl radical and the corresponding imine (Scheme 4). Since both mechanisms are possible, DFT calculations were then performed to determine theoretically the different bond dissociation energies (BDE). The calculations were carried out with various level of theory (B3LYP, B3P86 and BMK) since it was shown that the method used could lead to drastic difference with experimental data. 41,42 These level of theory are less-time consuming than the G3MP2RAD level of theory recommended by Coote 41 but was very useful to determine the relative BDE of either the C-ON and CO-N bond of alkoxyamines. It was in particular reported that B3LYP and B3P86 in certain cases overestimate the stabilization effect on BDE. 41 The BMK method seems more efficient and provide reasonable predictions of BDE. 41 In the literature, Gaudel-Siri and coworkers 43 used the B3P86/6-311++g(d,p) methodology after optimization of the geometry and the calculation of vibrational frequencies using the UB3LYP/6-31G(d) level of theory, whereas Marque and coworkers 44 used B3LYP/6-31G (d). Whatever the level of theory, the trends for both BDE(CO-N) and BDE(C-ON) are similar and only the absolute values of BDE differed.

BMK/6-31G(d) was found to be the level of theory that best matches the experimental data for styryl and benzyl-based SG1 alkoxyamines and therefore this level of theory will be the one considered for the comparison of the various alkoxyamines. The results are summarized in Table 1 and all the details are gathered in Table S2.

The calculations show first that alkoxyamines based on "classic" vinyl type model Two conclusions could be established with these calculations. The first one is that once opened, MPDL-based alokoxyamine is rather similar to the styryl-SG1 alkoxyamine unlike the BMDO-based alkoxyamine where the chain located in ortho position on the benzyl ring decreases the BDE(C-ON) of the alkoxyamine and thus the decomposition rate of this compound is halfway between a benzyl and a styryl-based alkoxyamine. Nevertheless, the main information of such DFT calculation is that SG1 could effectively trap the ketal-based macroradical and this species is stable enough to irreversibly consumed some nitroxide.

Secondly this species should decompose by a CO-N cleavage and release the aminyl radical.

Other DFT calculations were performed to have a rough idea of the strength of the C -P bond since ESI-MS experiments proved the presence of diethyl phosphonyl radical in the medium.

The BDE(C-P) in the SG1 nitroxide is close to 175 kJ.mol -1 whereas this value decreases to 60 kJ.mol -1 in the case of the aminyl radical. For comparison, the BDE(C-P) of the BMDObased alkoxyamines have also been determined and led to very strong bonds. Since the DFT calculations showed that the two mechanisms are still plausible, PREDICI modelings have to be performed to discriminate the phenomenon responsible for the loss of control and livingness. Many kinetic rate constants are necessary to establish the kinetic scheme and unfortunately very few data are available for CKA monomers. We then performed conventional radical polymerization of BMDO initiated by an azo initiator (Vam111) at 120 °C and determine all the kinetic data (k rop , k p , k t , k add ,…, Scheme 5) with this experiment before taking the NMP equilibrium into account (Figure 13a). The complete kinetic scheme and all the kinetic rate constants used for PREDICI modeling are presented on Scheme 5 and Table 2. The detailed discussion of the values used for such PREDICI modelings is given in ESI.

Scheme 5. Kinetic scheme used for PREDICI modelings.

The first result that is given by the modelings is that conversion should be very low even for long polymerization time (<10 % after 120 hours) if no side reaction is taken into account. If we consider the degradation of SG1 producing a diethyl phosphonyl radical that could initiate extra chains in the medium, the half-life time that has to be used to fit the experimental data is 2.5 hours, a 5 or 10 time higher value that the one determined experimentally by Fischer 38 (Figure S3). Besides, the evolution of M n and Ð versus conversion are not in good agreement with the experimental data (See Figure S4 andS5). The only occurrence of the SG1 thermal degradation to explain the polymerization results seems not possible. The second mechanism is then tested by adding to the SG1 thermal degradation the trapping of the ketal-based radical by the SG1 and the CO-N dissociation of the resulting alkoxyamine. 
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a The discussion about the choice of the kinetic rate constant values is given in ESI The evolution of conversion versus time, M n and Ð versus conversion and the living fraction versus conversion considering the second mechanism are described in Figure 13 and 14. It has to be noted that the aim of these modelings is not to determine kinetic rate constants by fitting experimental data since there is too many approximations but rather to discriminate between two side reactions.

The addition of the irreversible trapping of ketal-based radical followed by a CO-N bond dissociation led to a rather good agreement of both the conversion versus time (Figure 13a)

and M n , Ð versus conversion (Figure 14). The evolution of the living fraction, i. e. the ratio of the living chains over the total polymer chains is continuously decreasing with around 30 % at 40 % conversion in the case of BMDO.

This value is only a modeling and cannot be rigorously compared to the experimental data, nevertheless the block copolymer synthesis is in agreement with this low living fraction value when conversion reached 50 % conversion. Using this kinetic scheme, we could also investigate the MPDL polymerization in presence of SG1. Even if less data are available for such monomers, the modeling is in rather good agreement with the experimental data. The increase of equilibrium constant K, i. e. an increase of k d value and decrease of k c value compared to BMDO due to a styryl based radical instead of a benzilic one, led to an increase of SG1 concentration in the medium. Thus the irreversible trapping of the SG1 nitroxide by the ketal-based macroradical would be more pronounced and therefore the living fraction will be lowered compared to the P(BMDO) (Figure 13b).

All the polymer chains cannot be reactivated after 40-50 % conversion that corresponds to the plateauing of the conversion versus time plot. The PREDICI modeling of the MPDL polymerization confirms the mechanism based on the irreversible trapping followed by the irreversible CO-N dissociation.

Conclusions

The aim of this study was to investigate the homopolymerization of cyclic ketene acetals (CKA) by nitroxide mediated polymerization. 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) and 2-methylene-4-phenyl-1,3-dioxolane (MPDL) were chosen since their propagating radical is stabilized enough to be used using controlled radical polymerization techniques. Various experimental conditions, i. e. the temperature, nature of solvent, nature of the alkyl initiating radical have been varied to find the optimized conditions in terms of kinetics and living character of the final polymer. It was shown that the bulk polymerization of BMDO at 140 °C initiated with the commercially available BlocBuilder MA alkoxyamine, targeting relatively low M n , i. e. M n < 10,000 g.mol -1 led below 50 % conversion to a reasonable kinetics combined with a good shift of the molar mass distribution with conversion, keeping a Ð value below 1.5. Above this threshold value, the conversion and the M n still increased but the Ð increased as well due to undesired side-reactions, leading to a partial loss of livingness. The MPDL polymerization presented a similar behavior for the evolution of the molar mass distribution but presented also a plateauing of the conversion at 40%, showing less interest for using this monomer for the NMP homopolymerization of CKA monomers.

PS-b-P(BMDO) and P(BMDO)-b-PS were then prepared to ensure that block copolymers comprising a CKA block could be synthesized using NMP. Providing that the BMDO conversion is kept below 50 %, the P(BMDO) was able to reinitiate the styrene polymerization although deactivated short BMDO chains were still present. PS-SG1 was able to initiate the BMDO polymerization.

The progressive loss of control of the BMDO polymerization has been investigated by 31 Electronique Supporting Information can be downloaded from the following address: http://www.rsc.org/suppdata/py/c3/c3py00719g/c3py00719g.pdf

Polymers intended for biomedical applications must meet the following criteria: (i) uniformity in polymer chain length and polymer composition to ensure a reproducible biological response; (ii) biocompatibility and biodegradability, especially for administered materials;

and (iii) functionalizability with biologically active ligands (e.g., drugs, targeting moieties) and fluorescent probes for therapeutic and diagnostic/tracing purposes, 1,2 respectively. As part of controlled/living radical polymerization (CLRP) methods, nitroxide-mediated polymerization (NMP) 3 has already proven to give access to some of these advanced properties. Indeed, with the advent of more potent alkoxyamines and nitroxides, 4,5 most monomers, including styrenics 5,6 acrylates, 5,6 acrylic acid, 7 methacrylates, 8-11 dienes 5,12-14 and others, have been successfully polymerized, giving well-controlled and complex architectures.

Moreover, the design of functional alkoxyamines and monomers with reactive side chains has led to various functionalized and bioconjugated polymers. [15][16][17] Linear degradable PEGs containing pH-sensitive acetal 18,19 or vinyl ether 20 moieties have previously been prepared by anionic ring-opening polymerization. In radical polymerization, degradable polymers have been prepared by incorporating ester [21][22][23][24][25][26][27][28][29][30][31][32][33] or disulfide 34,35 linkages into the polymer backbone.

Most effort has focused on radical ring-opening polymerization (rROP) of cyclic monomers as a convenient way to incorporate labile groups. 36,37 Cyclic ketene acetals (CKAs) are the most-studied family of monomers for rROP 38 and were the subject of extensive research by Bailey and co-workers in the early 80s. [39][40][41][42] These monomers have aroused renewed interest over the past decade, as comonomers to confer biodegradability to vinyl polymers via freeradical polymerization 21,24,[27][28][29][30][31]33 and CLRP techniques, such as atom-transfer radical polymerization (ATRP) 22,23,25,26,32 and reversible addition-fragmentation chain transfer (RAFT) polymerization. 26 For instance, Lutz et al. copolymerized by ATRP 5,6-benzo-2methylene-1,3-dioxepane (BMDO) with oligo(ethylene glycol) methacrylate derivatives to prepare thermoresponsive copolymers. 23 The copolymerization approach was also extended to degradable polymer brushes prepared via surface-initiated ATRP by Klok and co-workers. 25 A second family of monomers, the cyclic allylic sulfides, 43,44 have also been used to incorporate cleavable ester, thioester, and disulfide functionalities into the polymer backbone through RAFT copolymerization with traditional vinyl monomers. 35 In contrast to RAFT and ATRP, the few studies that have been carried out on nitroxide-mediated radical ring-opening polymerization (NMrROP) have shown limited success. 38,45 Using 2,2,6,6-tetramethyl-1piperidinyloxy (TEMPO) as a nitroxide, partial control of the polymerization of 2-methylene-1,3-dioxepane (MDO) or 2-methylene-1,4,6-trioxaspiro [4,4]nonane was reported showing increasing molar masses and decreasing dispersities, but with limited monomer conversions, multimodal molar mass distributions, and no clear evidence of living character. [46][47][48] Nitroxidemediated radical ring-opening copolymerization of ring-opening and conventional monomers has never been reported, and, most importantly, there has been no assessment of degradability from NMP-derived materials. These are critical issues that must be investigated before the benefits of this CLRP technique can be applied to the field of biomaterials. Such materials should be indeed well-suited to biological applications, as NMP is governed only by a thermal process and does not require a transition metal catalyst or the use of sulfur-based chaintransfer agents. Moreover, the SG1 nitroxide (N-tertbutyl-N-(1-diethylphosphono-2,2dimethylpropyl) nitroxide), a highly efficient and versatile controlling agent for NMP, is non cytotoxic, even at very high doses. 49 This context prompted us to investigate the nitroxidemediated radical ring-opening copolymerization of CKAs with oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA) as a convenient way to prepare degradable, PEG-based copolymers for biomedical applications (Figure 1). Like other CLRP techniques, [50][51][52][53][54] NMP of MeOEGMA 49,55 or its acrylate 56 counterpart enables the preparation of tailor-made combshaped poly(meth)-acrylates with PEG side chains. Such branched/comb-shaped PEG polymers can provide benefits in PEGylation compared to linear PEGs, such as resistance to proteolysis or reduced antibody production, resulting in lower immunogenicity due to the "umbrella-like" effect. 57,58 Additionally, degradable PEG-like structures might be a suitable solution to address concerns about the potential toxicological effect (i.e., immunogenicity) and fate of PEGs used for PEGylated biologicals. [59][60][61][62] In this study, copolymerizations in bulk or in solution under SG1 control were performed with different CKAs (2-methylene-1,3-dioxepane (MDO), BMDO, and 2-methylene-4-phenyl-1,3-dioxolane (MPDL), see Figure 1), followed by hydrolytic degradations, as well as cytotoxicity assays on three different cell lines. In all cases, comprehensive kinetic analyses of the copolymerizations and the hydrolytic degradations were undertaken in order to have a clear picture of our copolymerization system. This allowed us to extract preliminary structure/control/degradability/cytotoxicity relationships, which are of high importance regarding the rational design of degradable polymers for biomedical applications. Our results show that MPDL, a scarcely studied CKA that is easier to synthesize than BMDO, was the best candidate as it enabled the synthesis of well-defined PEG-based copolymers wtih adjusatble amounts of ester groups in the main chain, leading to near-complete hydrolysis. This work represents the first study of nitroxidemediated radical ring-opening copolymerization and allows the design of well-defined PEGrich degradable copolymers as novel precursors for PEGylation and bioconjugation via the NMP technique. hydrolytic degradation of the purified copolymers calculated according to (M n,0 -M n,f )/M n,0 . h %closed CKA = 1.1% (expt. 1) and 1.6% (expt. 2). i % MDO was not determined due to peak overlay.

Materials

Oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA, M n = 300 g.mol -1 ), styrene (S, 99%) and acrylonitrile (AN, 99+%) were purchased from Aldrich and used as received.

The different cyclic ketene acetals (CKAs) used in this study, 2-methylene-1,3-dioxepane (MDO), 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) and 2-methylene-4-phenyl-1,3dioxolane (MPDL), were synthesized according to previously reported methods. 39,40,63 Deuterated chloroform (CDCl 3 ) was obtained from Eurisotop. All other solvents were

purchased from Carlo-Erba. The 2-methyl-2-[N-tert-butyl-N-(1-diethoxyphosphoryl-2,2- dimethylpropyl
) aminoxy]propionic acid alkoxyamine (BlocBuilder MA, 99%) was kindly supplied by Arkema. 

Analytical Techniques

Methods

a. Bulk Polymerizations. Synthesis of P(MeOEGMA-co-AN) Copolymer

A typical bulk copolymerization procedure (expt. 5, Table 1) is as follows. In a 5 mL vial, fitted with a rubber septum and a magnetic bar, a mixture of MeOEGMA (1. M w /M n = 1.27 (raw copolymer).

d. Synthesis of P(MeOEGMA-co-AN-co-CKA) Copolymer

A typical solution terpolymerization procedure (expt. 14) is as follows. In a 5 mL vial, fitted with a rubber septum and a magnetic bar, a mixture of MeOEGMA (0.758 g, 2.53 × 10 -3 mol), AN (0.014 g, 2.60 × 10 -4 mol), MPDL (0.299 g, 1.84 × 10 -3 mol), the BlocBuilder MA alkoxyamine initiator (0.015 g, 4.00 × 10 -5 mol), and anhydrous toluene (1.063 g, 1.23 mL)

was deoxygenated under stirring by nitrogen bubbling for 15 min at room temperature. The mixture was then immersed in a preheated oil bath at 90 °C, corresponding to the time zero of the reaction (according to the small volume of solution and its quasi-instantaneous heating).

Samples were periodically taken and dried to follow MeOEGMA conversion by 1 

e. Hydrolytic Degradation

In a 5 mL vial, 50 mg of copolymer was dissolved in 5 mL of 5 % KOH aqueous solution and stirred at room temperature. 23 Samples were periodically taken, neutralized with 1 M HCl aqueous solution and lyophilized. A total of 2 mL of chloroform was then added, allowing filtration of the salts. Finally, the solvent was removed under reduced pressure and the degradation products were analyzed by 1 H NMR spectroscopy and SEC.

f. Cell Culture

Embryonic murine fibroblast (NIH/3T3) and human endothelial umbilical vein cells (HUVEC) were cultured in Dulbecco's modified Eagle medium (DMEM, Lonza) supplemented with 50 U mL -1 penicillin, 50 U mL -1 streptomycin and 10 % fetal bovine serum (FBS, Lonza, Belgium). The J774.A1 murine macrophage-monocyte cell line was cultured in RPMI 1640 medium (Lonza) supplemented with 50 U mL -1 penicillin, 50 U mL -1 streptomycin, and 10 % heat inactivated FBS. All cell lines were obtained from ATCC and maintained at 37 °C in a humidified 5 % CO 2 atmosphere.

g. Cytotoxicity Studies

The in vitro cytotoxic activity of the copolymers was evaluated on the three cell lines, using 

Solution Copolymerizations a. Copolymerizations in Toluene

To improve the control of the polymerization, solution NMP in an aprotic solvent, anhydrous toluene, was investigated. Previously, nitroxide-mediated copolymerizations of MeOEGMA with a controlling comonomer (AN, f AN,0 = 0.09) have been carried out in ethanol/water MeOEGMA. These polymerizations, which were carried out without addition of free SG1, resulted in similar Đ values as previously reported polymerizations, 49 which were carried out in the presence of free SG1, indicating that the addition of SG1 is not essential for the control of MeOEGMA/AN polymerizations in toluene.

Based on these results, solution copolymerizations of MeOEGMA, AN, and CKAs with 50 wt.% toluene were studied, with the aim of inserting hydrolyzable units to produce a degradable, well-defined copolymer. The influence of the nature of the CKA on the copolymerization was investigated using three different monomers, and varying their initial amount in the feed (expts. 9-15, Table 1). structures (Figure 4). The relative stabilization of these radicals and their adducts with SG1

will affect the kinetics of the whole polymerization. The kinetics, conversions, and M n characteristics of all three polymerizations are compared in Figure 5. Interestingly, Figure 5 shows a specific behavior for each monomer inserted. With BMDO at f BMDO,0 = 0.2, the polymerization approached 60 % MeOEGMA conversion in 14 h, but was dramatically slower for f BMDO,0 = 0.4, plateauing at 25 % MeOEGMA conversion, similarly to what was previously observed in bulk. Copolymerizations with MDO initially proceeded at similar rates, but the rate of MeOEGMA conversion slowed as the reaction proceeded, and was limited to 64 % for f CKA,0 = 0.2. In both cases for f CKA,0 = 0.2, good control was obtained with Đ ~ 1.3 at 55-65 % MeOEGMA conversion, whereas higher Đs were obtained for higher initial CKA fractions. 

Livingness

A chain-extension experiment was then performed from the MPDL-containing copolymer from expt. 15, used as a macroinitiator for the polymerization of styrene, in order to have a preliminary evaluation of the livingness of such a system. We selected the copolymer containing the highest number of inserted MPDL (% MPDL = 29 mol.%) in order to underline the potential influence of the presence of MPDL in the copolymer over its livingness. Chain extension was performed at 120 °C for 8 h in order to enable a strong shift of the SEC trace toward a higher molar mass. As expected, a nearly complete shift of the SEC peak was observed, indicating that most chains were still living (Figure 7). SEC of the resulting P(MeOEGMA-co-AN-co-MPDL)-b-PS diblock copolymer gave M n = 29590 g.mol -1 with a dispersity of 1.84. The relatively high dispersity is a result of the experimental conditions of the chain extension, which were not optimized for well-controlled growth of the second block.

Thermal initiation of S and the relatively low dissociation rate constant of the P(MeOEGMAco-AN-co-MPDL)-SG1 macroalkoxyamine may also have contributed. These results show that MPDL, likely due to its styrene-like propagating radical which favors dissociation of the MPDL-SG1 adduct (Figure 4c), is the best candidate for synthesis of controlled/living PEG-based degradable copolymers under SG1-mediated control.

Conversely, BMDO and MDO both inhibited the copolymerization reaction, probably

because of their open radical structures that favored irreversible termination reactions (Figure 4a,b). The consequences of these different radical structures for the degradability of the resulting polymers are described in the following sections.

Hydrolytic Degradation

Hydrolytic degradation of the copolymers was performed in 5 % KOH aqueous solution and monitored over a period of 24 h to estimate the kinetics of hydrolysis. Importantly, copolymers without CKA units (expts. 5-8) were not degraded, thus, ruling out the occurrence of ester side-chain hydrolysis of MeOEGMA units under the experimental conditions. This could be a result, at least in part, of steric hindrance from the bulky PEG chain, which hampers hydrolysis of the ester linkage.

Copolymers made from bulk copolymerizations (expts. 1-4) with BMDO and MPDL, while poorly controlled compared to the solution polymerizations, did contain hydrolyzable ester groups in the copolymer backbone. After 24 h, decreases in M n ranging from 25 to 49 % were observed depending on the nature and the molar fraction of CKA in the copolymer.

Kinetics of hydrolytic degradations, including BMDO-, MDO-, and MPDL-containing copolymers, were monitored from copolymers made by solution copolymerizations with an initial molar fraction of 0.2 for each CKA (expts. 9, 11, and 13, Figure 8). Similar to bulk experiments, moderate hydrolyses were observed, in good agreement with the comparable %CKA inserted in the copolymers (Table 1). Because of a limited CKA insertion, dispersities of hydrolyzed products were not much affected and stayed in the 1.25-1.35 range all along the degradation. Due to too slow polymerizations and too low M n obtained when increasing the initial amount of BMDO and MDO up to 40 mol.%, those copolymers were not representative for a point-by-point comparison, and their hydrolysis was therefore not undertaken. Interestingly, despite containing a similar mole fraction of BMDO to similar copolymers synthesized by ATRP, 23 a smaller decrease in molecular weight was observed on hydrolysis. Indeed, a BMDO-containing copolymer synthesized by ATRP 23 M n decreases of 93 % (expt. 15) and 71 % (expt. 14) represent ~ 14 and ~ 4 hydrolyzed units in the copolymer, respectively, assuming that most of the chains are terminated by an MPDL unit (which is likely to be the case due to the slow dissociation of the MPDL-SG1 adduct). If one supposes that the molar fraction of AN in the copolymer is similar to the one obtained during a MMA/AN copolymerization performed under nearly identical experimental conditions (i.e., F AN = 0.077), 10 the copolymers have the following average compositions: P(MeOEGMA 33 -co-MPDL 14 -co-AN 3 ) and P(MeOEGMA 39 -co-MPDL 4 -co-AN 3 ), which is in reasonable agreement with the molar fractions determined by 1 H NMR (Table 1). Because BMDO and MDO favored irreversible termination reactions with SG1 due to their open radical structures (that also leads to copolymers ending with a CKA-SG1 sequence), similar calculations with copolymers obtained from f CKA,0 = 0.2 (expts. 9, 11, and 13, Table 1) were undertaken. This gave approximately 1.4-1.7 CKA units inserted per chain, which correlates well with the moderate hydrolysis rate observed for these copolymers.

Cytotoxicity Studies

PEG-based polymers are extensively used for biopharmaceutical purposes due to the stealth feature and other important benefits PEG chains provide when linked to a substrate (e.g., therapeutic protein/peptide, nanoparticles). 57,58,66,67 Comb-like poly(oligo(ethylene glycol))based polymers have recently been employed for PEGylation of therapeutic peptides/proteins. [68][69][70][71][72] However, they are not (bio)degradable. Conferring them with the ability to be degraded in a hydrolytic environment might be a significant advance, provided that the chemical modification required to achieve this goal does not induce a cytotoxic effect.

Endowing poly[oligo(ethylene glycol)]-based polymers with CKAs not only leads to insertion of ester groups in the polymer backbone, but also new chemical functions coming from the CKA itself, such as alkyl, phenyl, or styryl moieties. Moreover, hydrolysis of ester functions is a source of carboxylic acid groups, which can have detrimental interactions with cells.

Therefore, cytotoxicity tests are required to confirm the innocuousness of our CKAcontaining copolymers.

The potential toxicity of different copolymers has been tested on three cell lines: (i) murine fibroblasts (NIH/3T3); (ii) human umbilical vein endothelial cells (HUVEC); and (iii) murine macrophages (J774.A1) which represent important mammalian cell types. Whereas NIH/3T3 cells are one of the most commonly used fibroblast cell lines, high sensitivity and rapid response to external stimuli of the HUVEC cell line make it a useful in vitro model for polymer cytotoxicity evaluation. 73,74 J774.A1 cells, which play a key role in phagocytosis, were chosen to highlight possible toxicity of the copolymers after being engulfed by macrophages.

To evaluate in vitro cytotoxicity, an MTT assay was performed at copolymer concentrations of 0.1 and 1 mg.mL -1 . The relatively high concentration of 1 mg.mL -1 was chosen in order to overexpress any cytotoxic effect arising from the different structures of the CKA-containing copolymers or their degradation products. A model P(MeOEGMA-co-AN) without any CKA (expt. 7) was used as a control experiment; the cytotoxicity of P(MeOEGMA-co-AN) having been already investigated. 49 Copolymers containing BMDO (expt. 9), MDO (expt. 11), and MPDL (expts. 13 and 14) with M n ~ 11000 g.mol -1 were tested (Figure 10). MTT assays showed high cell viabilities for the three cell lines and for all tested copolymers, from ~ 75 % up to 100 %. No clear trend was observed between the copolymers, even at 1 mg.mL -1 . Incubation at this concentration showed a slightly higher sensitivity of the HUVEC cells to copolymers 7, 13, and 14 (meaning that there is no influence of inserted MPDL units over cell viability), while in the case of macrophages, a modest reduction of cell viability was observed after exposure to MDO-containing polymers (expts. 9 and 11). The copolymer with the highest number of inserted MPDL (expt. 15) was not tested due to its limited solubility in aqueous solution. While the copolymer from expt. 15 provided the highest degradability ( 93% decrease in M n ), the copolymer from expt. 14 combined acceptable degradability (M n decrease of 71 %) with good solubility in aqueous solution.

Cell Morphology

The cells were then monitored by microscopy for potential modifications of morphology and evidence of toxic effects (Figure 11). NIH/3T3 (Figure 11B-F) and J774.A1 Figure 11N-R) cells mostly show regular cell proliferation, compared to untreated cells (Figure 11A and 11M, respectively), with no difference in size, shape, or cell density, despite the high concentration tested. Full cell spread was observed also after exposure of HUVEC cells (Figure 11H-L) to all copolymers; cells maintained their cobblestone morphology and were identical to untreated cells (Figure 11G). All these results were in good agreement with the MTT results previously obtained and therefore confirmed the innocuousness of the different P(MeOEGMA-co-AN-co-CKA) copolymers synthesized in this study. 

IV. Conclusion

For the first time, the synthesis of degradable PEG-based copolymers by the NMP technique is reported. Three different CKAs were copolymerized with MeOEGMA and a small amount of AN (or S) under SG1 control as a way to furnish well-defined, degradable PEG-rich copolymers. This was followed by hydrolytic degradations, as well as cytotoxicity assays, on three different cell lines, which allowed to extract preliminary structure/control/degradability/cytotoxicity relationships. Among the CKAs tested, it was shown that MPDL enabled the synthesis of well-defined PEG-based copolymers wtih adjustable amounts of ester groups in the main chain, leading to almost complete hydrolysis.

Furthermore, all copolymers led to high cell viability (>75 %) on three different cell lines (i.e., NIH/3T3, HUVEC, and J774 cells) at concentrations up to 1 mg.mL -1 , thus, representing a promising approach for the design of degradable precursors for PEGylation via the NMP technique. Further investigations concerning the chain-end analysis and the living character of such copolymers, together with the design of amphiphilic block copolymers from CKAcontaining, PEG-based macroinitiators are under progress and will be the topic of a forthcoming article.

CHAPTER 2

Nitroxide-mediated radical ring-opening copolymerization: chain-end investigation and block copolymer synthesis 

I. Introduction

Controlled/living radical polymerization (CLRP) techniques, such as nitroxide-mediated polymerization (NMP), 1 atom-transfer radical polymerization (ATRP), [2][3][4] and reversible addition-fragmentation chain transfer (RAFT) polymerization, 5 have received tremendous interest for the design of functional polymers and complex macromolecular architectures 6 as well as stimuli-responsive 7 and bio-related materials. 8,9 However, degradability of vinyl (co)polymers has always been challenging. In radical polymerization, most effort has focused on radical ring-opening polymerization (rROP) of cyclic monomers as a convenient way to incorporate hydrolysable groups. 10,11 Cyclic ketene acetals (CKAs) are the most-studied family of monomers for rROP 12 and were the subject of extensive research by Bailey and coworkers in the early 1980s. [13][14][15][16] Over the last decade, these monomers have aroused renewed attention as comonomers to confer (bio)degradability to vinyl polymers, via free-radical polymerization [17][18][19][20][21] and CLRP techniques, mainly ATRP [22][23][24][25] and RAFT. 24 Conversely, the few studies that have been carried out on nitroxide-mediated radical ring-opening polymerization (NMrROP) have shown limited success, 26 and have mainly focused on CKA homopolymerization controlled in the presence of first-generation nitroxides in bulk conditions at high temperatures. [27][28][29] Furthermore, hydrolysis of such polymers has never been investigated.

Recently, our group reported nitroxide-mediated radical ring-opening copolymerization 30 by using three CKAs (2-methylene-1,3-dioxepane (MDO), 5,6-benzo-2-methylene-1,3dioxepane (BMDO), and 2-methylene-4-phenyl-1,3-dioxolane (MPDL)), that have been copolymerized with oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA) and a small amount of acrylonitrile (acting as a controlling comonomer) 31,32 at 90 °C, as a convenient way to prepare degradable PEG-based copolymers for potential biomedical applications (Figure 1). We have shown that MPDL, a CKA which has rarely been investigated until now, 14,33,34 allows high monomer conversions to be reached and welldefined PEG-based copolymers wtih adjusatble amounts of ester groups in the main chain (≈7% -29%) to be synthesized. 30 The styrene-like structure of its ring-opened radical was postulated to be the key to the success. Finally, the copolymers were shown to be noncytotoxic on different cell lines and can be nearly completely degraded by hydrolysis. The purpose of the present study is first to characterize, from both a qualitative and a quantitative point of view, the copolymer chain-ends deriving from each CKA in order to give important insights into the nature of the copolymer terminal sequences and the living chain fractions (LFs). In a second step, chain extensions will be performed from different CKAcontaining macroinitiators to prepare (amphiphilic) block copolymers comprising a degradable segment. This is the first preparation of such polymers using exclusively radical polymerization techniques.

II. Experimental Section

Materials

Oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA, M n = 300 g.mol -1 ), styrene (S, 99%), methyl methacrylate (MMA, 99%) acrylonitrile (AN, 99+%), and diethyl phosphite (98%) were purchased from Aldrich and used as received. The different cyclic ketene acetals (CKAs) used in this study, 2-methylene-1,3-dioxepane (MDO), 5,6-benzo-2-methylene-1,3dioxepane (BMDO), and 2-methylene-phenyl-1,3-dioxolane (MPDL), were synthesized according to previously reported methods. 13,14,35 

Analytical Techniques

Methods a. Synthesis of P(MeOEGMA-co-AN) Copolymer

A typical solution copolymerization procedure (expt. 1) is as follows. In a 5 mL vial, fitted with a rubber septum and a magnetic bar, a mixture of MeOEGMA (3.376 g, 1.12×10 -2 mol), AN (0.067 g, 1.26×10 -3 mol), BlocBuilder MA alkoxyamine initiator (0.050 g, 1.30×10 -4 mol), and anhydrous toluene (3.402 g, 3.94 mL) was deoxygenated under stirring by nitrogen bubbling for 15 min at room temperature. The mixture was then immersed in a preheated oil bath at 90 °C, corresponding to the time zero of the reaction (due to the small volume of solution and its quasi-instantaneous heating). Samples were periodically taken and dried to follow MeOEGMA conversion by 1 H NMR spectroscopy and molar mass evolution by SEC.

The copolymer was then precipitated once in cold diethyl ether and dried under high vacuum until constant weight. Conv. (6 h) = 56%, M n , SEC = 12 750 g.mol -1 , M w /M n = 1.35 (raw copolymer).

b. Synthesis of P(MeOEGMA-co-AN-co-CKA) Copolymer

A typical solution copolymerization procedure (expt. 6) is as follows. In a 5 mL vial, fitted with a rubber septum and a magnetic bar, a mixture of MeOEGMA (0.750 g, 2.50×10 -3 mol), AN (0.013 g, 2.53×10 -4 mol), MPDL (0.299 g, 1.84×10 -3 mol), the BlocBuilder MA alkoxyamine initiator (0.015 g, 4.01×10 -5 mol), and anhydrous toluene (1.064 g, 1.23 mL)

was deoxygenated under stirring by nitrogen bubbling for 15 min at room temperature. The mixture was then immersed in a preheated oil bath at 90 °C, corresponding to the time zero of the reaction (according to the small volume of solution and its quasi-instantaneous heating).

Samples were periodically taken and dried to follow MeOEGMA conversion by 1 

c. Chain Extension from P(MeOEGMA-co-AN-co-CKA) Macroinitiator

A typical chain extension is as follows. The P(MeOEGMA-co-AN-co-MPDL)-SG1 macroinitiator (from expt. 5) 0.098 g, 6.02×10 -6 mol) and S (0.537 g, 5.16 ×10 -3 mol) were placed in a 5 mL vial and sealed with a rubber septum. The mixture was then stirred and deoxygenated by nitrogen bubbling for 15 min at room temperature, and finally placed in a preheated oil bath, at 120 °C, triggering the block copolymerization. After 6 h, the polymerization was stopped by cooling down the reaction medium. S conversion was estimated by gravimetric analysis. Conv. (6 h) = 78 %, M n , SEC = 101 500 g.mol -1 , M w /M n = 2.01 (raw copolymer).

d. Synthesis of P(MMA-co-AN-co-CKA)-b-PS Diblock Copolymer

A typical polymerization procedure is as follows. The P(MMAco-AN-co-MPDL)-SG1 macroinitiator (from expt. 15; 0.152 g, 8.8×10 -6 mol), S (0.203 g, 1.92×10 -3 mol) were placed in a 5 mL vial and sealed with a rubber septum. The mixture was then stirred and deoxygenated by nitrogen bubbling for 15 min at room temperature, and finally placed in a preheated oil bath, at 110 °C, triggering the block copolymerization. After 3 h, the polymerization was stopped by cooling down the reaction medium. 

e. Synthesis of PS Homopolymer

In a 5 mL vial, fitted with a rubber septum and a magnetic bar, a mixture of S (4.808 g, 4.62×10 -2 mol) and BlocBuilder MA alkoxyamine initiator (0.060 g, 1.56×10 -4 mol) was deoxygenated under stirring by nitrogen bubbling for 15 min at room temperature. The vial was placed in a preheated oil bath at 120 °C, triggering the polymerization. After 2 h, the polymerization was stopped by cooling down the reaction medium. S conversion was estimated by gravimetric analysis. Conv. (2 h) = 53 %, M n , SEC = 15 260 g.mol -1 , M w /M n = 1.21 (raw copolymer). (expt. 17)

f. Hydrolytic Degradation

In a 5 mL vial, 20 mg of copolymer was dissolved in 2 mL of 5 % KOH aqueous solution and stirred at room temperature. 30 After 48 h, the reaction medium was neutralized with 1 M HCl aqueous solution and lyophilized. A total of 2 mL of chloroform was then added, allowing filtration of the salts. Finally, the solvent was removed under reduced pressure and the degradation products were analyzed by SEC. For PMMA-based copolymers only, the reaction medium was 5 % KOH in H 2 O/THF (50/50) and the degradation was performed for one week at 30 °C.

III. Results and Discussion

A small library of well-defined P(MeOEGMA-co-AN-co-CKA) copolymers was first prepared by SG1-mediated polymerization by varying the nature of the CKA (either MDO, BMDO, or MPDL) and its initial amount in the monomer feed (expts. 1 -6, Table 1 ) for further analyses by 31 P NMR spectroscopy. Indeed, the chemical shift of the phosphorous atom in the SG1 moiety is highly sensitive to its environment, 36 making it a useful probe for the determination of both the nature of the copolymer terminal sequences and the LFs of NMP-derived materials. 37,38 The 31 P NMR spectra of these copolymers were compared to those obtained from a P(MeOEGMA-co-AN) copolymer, a PS homopolymer and a benzyl- macroalkoxyamines as the copolymerizations proceed, at the expense of more labile AN-SG1 terminal sequences. For instance, with MDO as a CKA, this accumulation is sharp and concomitant with a marked decrease of the polymerization rate, as illustrated in Figure S2 (Supporting Information) where the relative proportion of MDO-SG1 terminal sequences relative to AN-SG1 is given as a function of the monomer conversion. These observations are in good agreement with the very slow kinetics observed in the presence of these two CKAs (that led to a reaction plateauing for initial BMDO and MDO contents in the monomer feed as low as 0.2) and the limited number of inserted CKA units in the resulting copolymers. 30 The identical singlet peaks observed for BMDO and MDO-containing copolymers could be assigned to symmetrical opened radical structures. Conversely, 31 At an intermediate initial content of MPDL (f MPDL,0 = 0.4), the P(MeOEGMA-co-AN-co-MPDL) copolymer exhibited the two main terminal sequences (i.e. , MPDL-SG1 and AN-SG1), with a similar order of magnitude (Figure 2 c). When increasing the initial amount of MPDL up to f MPDL,0 = 0.7, the obtained 31 P NMR signal was very similar to the one obtained from a PS-SG1 homopolymer due to the prevalence of MPDL-SG1 terminal sequences (MPDL exhibits a styrene-like ring-opened radical form). This observation may be explained by the lower lability of the MPDL-SG1 bond compared to the AN-SG1 bond, likely due to the loss of the penultimate effect when MPDL is the terminal unit (i.e., the opening of the cyclic monomer separates the radical center from the penultimate unit). As a result, the interchange between AN-SG1 and MPDL-SG1 terminal units favors MPDL-SG1 units and the higher the initial content of MPDL, the higher the proportion of MPDL-SG1 chain ends. All P(MeOEGMA-co-AN-co-CKA) copolymers (expts. 1-6) were employed as macroinitiators and chain-extended with styrene at 120 °C for 6 h (Figure 3).

As expected due to the high living chain fractions as previously observed, 30 nearly complete shifts of the SEC peaks toward higher molar masses were obtained, indicating that most chains were still living, whatever the nature of the CKA (although MDO led to a slightly less efficient reinitiation) and its initial amount in the feed. Note that no particular care was given to the quality of control, which was not the aim here. This shows that, whatever the nature of the terminal sequence (i.e., CKA-SG1, AN-SG1, and mixture of thereof), all P(MeOEGMAco-AN-co-CKA) copolymers were able to be successfully reinitiated. Additionally, the shift in the SEC trace observed for the CKA-containing polymers resembled that obtained from the CKA-free P(MeOEGMA-co-AN)-SG1 copolymer (Figure 3 sequence compared to AN-SG1 regularly increased with time: 43 % (6 h), 50 % (15 h), 76 % (f MPDL,0 = 0.2, 0.4, and 0.7) was then synthesized under identical experimental polymerization conditions (expts. 14-16). M n ranged from 15 to 21 kg.mol -1 and dispersities were low (Ð = 1.20 -1.24). As expected, the fraction of MPDL with respect to MMA was in good agreement with its initial amount in the monomer feed: 6.8, 14.9, and 30 mol.% for f MPDL,0 = 0.2, 0.4, and 0.7, respectively. The proportion of chains containing the SG1 moiety attached to the copolymer terminal unit (i.e., MPDL-SG1 + AN-SG1) was estimated at 74 % (expt. in this copolymer may induce a significant change in the relationship between molecular weight and hydrodynamic volume, with the result that the PMMA calibration is no longer valid. The proportion of terminal MPDL-SG1 was determined for each polymer (Figure S4, Supporting Information), and as for MeOEGMA-based copolymers, the higher the initial amount of MPDL, the higher the proportion of terminal MPDL-SG1: 39 % (f MPDL,0 = 0.2), 50 % ( f MPDL,0 = 0.4), and 78 % (f MPDL,0 = 0.7). The P(MMA-co-AN-co-MPDL)-SG1 copolymers (expts. 14-16) were then employed as macroinitiators for the synthesis of well-defined P(MMA-co-AN-co-MPDL)-b-PS diblock copolymer comprising a degradable segment. Whatever the amount of inserted MPDL (from 7 % to 30 % with respect to MMA), the resulting diblock copolymers exhibited low dispersities (Ð = 1.25 -1.38) for M n ranging from 16-25 kg.mol -1 , which was supported by the clean shifts of the SEC traces toward higher molar masses (Figure 4). Importantly, the quality of control was similar to that obtained with a P(MMA-co-AN)-SG1 macroinitiator (expt. 7), suggesting that the presence of MPDL, even at high contents, did not affect the formation of diblock copolymers. After degradation in H 2 O/THF (50/50), conditions promoting solubility of the copolymers, SEC traces were shifted toward lower molar masses, in good agreement with the calculated MPDL contents in the copolymers. In particular, degradation of the copolymer from expt. 16 (≈30 mol.% MPDL) led to a strong shift of the main peak toward lower M n values with the appearance of low-molar-mass polymer chains (for indication: bimodal distribution with overall M n = 350 g.mol -1 , Ð = 21.5).

IV. Conclusions

Well-defined copolymers obtained from nitroxide-mediated radical ring-opening copolymerization of methacrylic esters (MeOEGMA or MMA), a small amount of acrylonitrile (acting as a controlling monomer) and cyclic ketene acetals of different structures (BMDO, MDO, or MPDL), were qualitatively and quantitatively characterized by 31 P NMR spectroscopy. Whatever the nature of the CKA, high living chain fractions were calculated. In addition, the competition between AN and CKA for being the last monomer unit was followed and it was shown that most of the copolymer chains were terminated by CKA-SG1 sequences. The high degree of livingness of these systems was then illustrated by the synthesis of diblock copolymers from P(MeOEGMA-co-AN-co-CKA)-SG1 and P(MMAco-AN-co-CKA)-SG1 macroinitiators. However, only MPDL allowed high and tuneable CKA contents (≈ 7-30 mol.%) to be reached in the macroinitiator structures, resulting in efficient hydrolytic degradation of the macroinitiating blocks for f MPDL = 0.4 and 0.7. This study gave crucial information about the structure of copolymer chain-ends, which is of high importance regarding the design of degradable block copolymers by NMP, and lays the foundations of a forthcoming work focused on degradable amphiphilic block copolymer nanoparticles. Reversible deactivation radical polymerization (RDRP) techniques enable the synthesis of well-defined, complex and functional macromolecular architectures. 1 Among them, nitroxidemediated polymerization (NMP) 1c is perhaps the simplest as it solely relies on a thermal equilibrium orchestrated by reversible deactivation of propagating radicals by a nitroxide to form a dormant alkoxyamine end-functionality. Although early drawbacks of NMP (e.g., requirement for high temperatures, applicability to a limited number of monomers), have been substantially overcome by the development of second-generation nitroxides, 2 the control of methacrylic esters is still a challenge. With the nitroxide SG1, the overlarge activationdeactivation equilibrium constant (K) results in a high concentration of propagating radicals, thus favoring the occurrence of irreversible termination reactions. 3 Therefore, the polymerization rapidly stops and polymers with high dispersities are obtained, with no predictable evolution of their molecular weights. The control can be greatly improved by adding a small amount (typically from 2 to 9 mol.%) of a suitable comonomer exhibiting favorable kinetic parameters (i.e., low K and low cross-propagation rate constant) such as styrene (S), 4 acrylonitrile (AN) 5 or 9-(4-vinylbenzyl)-9H-carbazole. 6 Most of the polymer chains were shown to be terminated by the controlling comonomer unit, which explained their high degree of livingness. 4b

As a result of the flexibility and the robustness offered by RDRP methods, the last few years have been marked by a surge in the design of innovative and more sophisticated vinyl materials intended to find applications in different bio-related areas such as drug delivery, diagnostic or tissue engineering. 7 However, because their carbon-carbon backbones resist degradation, these materials may cause prohibitive toxicity, which will hamper their translation to the clinical setting and eventually to the market. On this basis, innovative strategies to confer different levels of (bio)degradability to vinyl polymers have emerged. 8 Among them, radical ring-opening polymerization (rROP) of cyclic ketene acetals (CKA) appeared to be one of the most efficient to incorporate backbone degradable groups, enabling complete degradation of the polymer. 9 In recent years, there has been a real resurgence of interest in CKAs, which may be explained by their ability to copolymerize with traditional vinyl monomers by both free-radical polymerization and RDRP techniques. The versatility of this approach has been illustrated by the synthesis of a variety of different copolymer structures, 10 which are intended to find applications in drug delivery, tissue engineering, hydrophobic coatings, or as other kinds of structural biomaterials.

Herein, we report the discovery that 2-methylene-4-phenyl-1,3-dioxolane (MPDL), a scarcely studied CKA, 11 is able to both act as a controlling monomer for the NMP of methacrylic esters and to confer tuneable degradability to the resulting copolymer with non-cytotoxic degradation products (Scheme 1). This was applied to the SG1-mediated polymerization of 

II. Experimental section 1. Material

Oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA, M n = 300 g.mol -1 ), styrene (S, 99%), acrylonitrile (AN, 99+%), diethyl phosphite (DEP, 98%), chloroacetaldehyde dimethyl acetal (99%), (+/-)-1-phenyl-1,2-ethanediol, (97%), Dowex® 50WX8 hydrogen form, potassium tert-butoxide (95%), tert-butanol anhydrous (≥99.5%) and toluene anhydrous (99.8%) were purchased from Sigma-Aldrich and used as received. The 2-methylene-4phenyl-1,3-dioxolane (MPDL) was synthesized as described elsewhere. 1 

Analytical techniques a. Nuclear magnetic resonance spectroscopy (NMR)

1 H NMR spectroscopy was performed in 5 mm diameter tubes in CDCl 3 on a Bruker Avance-300 (300 MHz) spectrometer. The chemical shift scale was then calibrated on the basis of the solvent peak (δ = 7.26 ppm). 31 P NMR spectroscopy was performed in 5 mm diameter tubes in CDCl 3 on a Bruker Avance-400 (400 MHz) spectrometer. Diethylphosphite (DEP) and its characteristic peak (δ = 7,1 ppm) was used as internal reference to calibrate the chemical shift scale.

b. Size exclusion chromatography (SEC)

SEC was performed at 30 °C with two columns from Polymer Laboratories (PL-gel MIXED-D; 300 × 7.5 mm bead diameter, 5 μm linear part, 400-400 000 g.mol -1 ) and a differential refractive index detector (Spectrasystem RI-150 from Thermo Electron Corp.), using chloroform (CHCl 3 ) as eluent, at a flow rate of 1 mL.min -1 , and toluene as a flow-rate marker.

The conventional calibration curve was based on poly(methyl methacrylate) (PMMA) standards (peak molar masses, M p = 625-625 500 g.mol -1 ) from Polymer Laboratories. This technique allowed M n (number-average molar mass), M w (weight-average molar mass), and M w /M n (dispersity, Đ) to be determined.

c. Synthesis of polystyrene (PS)

In a 5 mL vial, fitted with a rubber septum and a magnetic bar, a mixture of S (4.808 g, 4.62 × 10 -2 mol) and BlocBuilder MA alkoxyamine initiator (0.060 g, 1.56 × 10 -4 mol) was deoxygenated under stirring by nitrogen bubbling for 15 min at room temperature. The vial was placed in a preheated oil bath at 120 °C, triggering the polymerization (according to the small volume of solution and its quasi-instantaneous heating). After 2 h, the polymerization was stopped by cooling down the reaction medium. The S conversion was determined by 1 H NMR spectroscopy and the molar mass and the dispersity was determined by SEC. Conv. ( 2h) = 53%, M n,SEC = 15 260 g.mol -1 , M w /M n = 1.20 (raw copolymer). (expt. 5)

d. Hydrolytic degradation

In a 5 mL vial, 30 mg of copolymer was dissolved in 3 mL of 5% KOH aqueous solution and stirred at room temperature. Samples of 1 mL were periodically taken, neutralized with 1 M HCl aqueous solution and lyophilized. 2 mL of chloroform was then added, allowing filtration of the salts. Finally, the solvent was removed under reduced pressure and the degradation products were analyzed by SEC.

Cytotoxicity study a. Cell lines and cell culture

The embryonic murine fibroblast (NIH/3T3) was cultured in Dulbecco's Modified Eagle Medium (DMEM, Lonza) supplemented with 50 U.mL -1 penicillin, 50 U.mL -1 streptomycin and 10% fetal bovine serum (FBS, Lonza, Belgium). The J774.A1 murine macrophagemonocyte cell line was cultured in RPMI 1640 medium (Lonza) supplemented with 50 U.mL -1 penicillin, 50 U.mL -1 streptomycin and 10% heat inactivated FBS. Both cell lines were obtained from ATCC and maintained at 37 °C in a humidified 5% CO 2 atmosphere.

b. Cytotoxicity assay

The in vitro cytotoxic activity of chosen copolymers and their degradation products was evaluated on both cell lines, using the 3- 

III. Results and discussions

MPDL is a 5-membered ring CKA which is easier to synthesize than than other widely used CKAs, such as 2-methylene-1,3-dioxepane (MDO) 13 and 5,6-benzo-2-methylene-1,3dioxepane (BMDO). 14 We recently revisited the use of MPDL to prepare degradable P(MeOEGMA-co-AN-co-MPDL) terpolymers. 10a, 15 In particular, in-depth 31 P NMR spectroscopy analyses highlighted the competition between AN and MPDL for being the last monomer unit and showed that most of the copolymer chains were terminated by MPDL-SG1 sequences. 15 This set us thinking: could MPDL act as a controlling comonomer itself for the NMP of methacrylic esters and confer degradability to the resulting polymers?

The polymerization of MeOEGMA with a variable amount of MPDL (f MPDL,0 = 0-70 mol.%) was performed at 90 °C in 50 wt.% toluene without any free SG1 (Fig. 1). As expected, the terminal sequence was confirmed as its spectrum was very similar to that of a PS-SG1 (Fig. S3). This analogy in structures between the open radical forms of S and MPDL may also explain the ability of MPDL to act as a controlling comonomer for the NMP of MeOEGMA.

By 1 H NMR, the molar fraction of MPDL in the copolymer, F MPDL , with respect to

MeOEGMA was determined to be 3.6, 11.3 and 24.8 mol.% for expts. 2 (f MPDL,0 = 0.2), 3

(f MPDL,0 = 0.4) and 4 (f MPDL,0 = 0.7), respectively. Similarly to the vast majority of CKAs, unfavorable reactivity ratios impose large concentrations of MPDL in the comonomer feed to end up with substantial amounts in the resulting copolymer. The reactivity ratios were determined by fitting the integrated form of the copolymer composition equation to the monomer feed composition vs conversion data using the visualization of the sum of squares method, 16 assuming non-negligible errors in both variables. This procedure gave a point estimate of 6.95 for r MeOEGMA and 0 for r MPDL , with a 95% joint confidence region spanning the range of 6.3-7.9 for r MeOEGMA and 0-0.038 for r MPDL (Fig. S2). The values obtained are typical for copolymerizations of methacrylate monomers with ring-opening monomers such as MDO (r MMA = 34, r MDO = 0.057), 17 1,1-dichloro-2-vinylcyclopropane (r MMA = 11, r VCP = 0.07) 18 and 7-methylene-2-methyl-1,5-dithiacyclooctane (r MMA = 6.3, r MDTO = 0.52), 19 and reflect the lack of radical-stabilizing substituents on the double bond of the cyclic ketene acetal. Hydrolytic degradation of the copolymers was performed in 5% KOH aqueous solution and monitored over a period of 24 h to estimate the kinetics of hydrolysis (Fig. 2a). Adjustable incorporation of MPDL in the copolymer enabled fine tuning of the level of degradation, which reached its steady state after only a few hours (typically 5 h). Whereas the copolymer with the lowest amount of MPDL (expt. 2) led to modest degradation (~30 % of M n decrease for F MPDL = 0.036), significant and even complete degradations were observed for greater amounts of MPDL. When F MPDL = 0.113 (expt. 3), the decrease in M n was 81% whereas it reached 95% for F MPDL = 0.248 (expt. 4). The complete hydrolysis of the latter was supported by the SEC chromatograms during hydrolysis which shifted toward lower molar masses (Fig. 2b). Note that the polymer without MPDL (expt. 1) led to perfect chemical stability, thus ruling out potential ester side chain hydrolysis.

The theoretical decrease in M n of these copolymers can also be calculated from the average sequence length of PMeOEGMA blocks in each copolymer. This can be estimated directly from the copolymer composition, as due to the very low r MPDL , the probability of finding a sequence of two or more MPDL units is negligible. From the MPDL content of the polymers it corresponds to, on average, 1 MPDL unit for every 26.8, 7.8 and 3.0 MeOEGMA units.

These lengths correspond to M n of 8030, 2350 and 910 g.mol -1 . These values are in rather good agreement with those obtained for the degraded polymers (12590, 3460 and 770 g.mol -1 , respectively), especially the one with the highest amount of MPDL, thus confirming complete hydrolysis of the main chain ester groups. Conferring PEG-based polymers with the ability to be degraded in a hydrolytic environment might be a significant advance compared to traditional linear PEG or non-degradable comblike PEG that are both resistant to degradation. However, neither the degradation products nor the chemical modification required to achieve this goal may be cytotoxic. The latter point is crucial as it will determine the ultimate biocompatibility of the materials. The potential toxicity of different copolymers has been tested on two representative mammalian cell types: murine fibroblasts (NIH/3T3) and murine macrophages (J774.A1). Whereas NIH/3T3 cells are one of the most commonly used fibroblast cell lines, J774.A1 cells, which play a key role in phagocytosis, were chosen to highlight possible toxicity of the copolymers after being engulfed by macrophages. The cytotoxicity was evaluated in vitro by MTT assay at two copolymer concentrations (0.1 and 1 mg.mL -1 ). Incubation of undegraded P(MeOEGMA-co-MPDL) copolymer (expt. 3, F MPDL,0 = 0.113) with both cell lines resulted in cell viabilities >95% at 0.1 mg.mL -1 . At 1 mg.mL -1 cells viabilities were still high; 83% with NIH/3T3 cells and 72% with J774.A1 cells. More importantly, MTT assays revealed no cytotoxicity from the degradation products whatever the cell line and the copolymer concentration. Cell viabilities were in the 97-99% range at 0.1 mg.mL -1 and 86-92% at 1 mg.mL -1 . These results indicate the absence of obvious toxicity from the copolymer and from the products, which is a very encouraging indication of their biocompatibility and their safe use as biomaterial building blocks. 

I. Introduction

Nitroxide-mediated polymerization (NMP) 1,2 is a very simple yet efficient reversible deactivation radical polymerization (RDRP) technique. With atom-transfer radical polymerization (ATRP) 3,4 and reversible addition-fragmentation chain transfer (RAFT) 5,6 polymerization -to mention only the most widely used-these techniques have revolutionized the field of macromolecular synthesis by enabling the design of well-defined, complex and functional architectures. The most efficient procedure to perform NMP is to use a preformed alkoxyamine, 1 which undergoes reversible thermal homolysis to produce an initiating radical and a persistent nitroxide. The NMP mechanism is then governed by a reversible activationdeactivation equilibrium where the role of the nitroxide is to reversibly deactivate the growing radicals into an alkoxyamine dormant functionality. 1,7 Early drawbacks of NMP (e.g., requirement for high temperatures, applicability to a limited number of monomers), have been substantially overcome by the development of more active (the so-called second generation) alkoxyamines derived from 2,2,5-trimethyl-4-phenyl-3azahexane-3-oxyl (TIPNO), 8 

N-tert-butyl-N-[1-diethylphosphono-(2,2-dimethylpropyl)]

nitroxide (SG1), [9][10][11] or other structures. [12][13][14] Yet, among the different aspects of NMP that would benefit from some improvements is the easy access to functionalized alkoxyamines for direct coupling. Compared to the broad range of readily-available functionalized ATRP initiators and RAFT agents, a very limited number of second-generation, functionalized alkoxyamines have been reported. For instance, the Blocbuilder MA alkoxyamine based on the SG1 nitroxide (Scheme 1a), which is one of the most potent alkoxyamines developed so far, 11,[15][16][17][18] possesses a carboxylic acid moiety that enables, under carbodiimide catalysis 19 or after deprotonation with strong bases, a low to moderate degree of coupling with various alcohols. Low observed yields are likely due to the crowded structure of the carboxylic acid moiety. To confer greater coupling abilities, a convenient approach is to transform the BlocBuilder MA alkoxyamine into its N-succinimidyl (NHS) ester derivative (Scheme 1b), 20 which is susceptible to reaction with bulkier amine-containing substrates such as peptides/proteins 21 or silica particles. 22,23 Moreover, this NHS alkoxyamine can be further derivatized with a variety of different amine-containing linkers bearing functional groups, such as alkene for thiol-ene coupling, 24 hydroxyl for initiating the ring-opening polymerization of lactide, 20 or (3-amino propyl)triethoxysilane 19 for the surface grafting of silica particles. Alternatively, the use of very efficient coupling agents such as (benzotriazol-1-yloxy)tris(pyrrolidino)phosphonium hexafluorophosphate (PyBOP) 25 allows the direct coupling of Blocbuilder MA to various amines, in particular the N-terminus moiety of peptides. However, despite these achievements, all previously-mentioned synthetic strategies lack simplicity as the functionalized alkoxyamines are either obtained after multi-step syntheses or require the assistance of expensive coupling agents (which therefore generate byproducts). In consequence, even though the coupling performance of NHS-derived alkoxyamines could be improved by reducing the steric hindrance around the reactive group, 19,21 the direct synthesis of functionalized alkoxyamines is still an important challenge that needs to be overcome. Azlactones are lactone-based functional groups that undergo ring-opening reactions in the presence of nucleophiles such as primary amines, alcohols, or thiols. 26 In the field of polymer chemistry, azlactones are very attractive and exhibit several key advantages compared to traditional reactive groups. Polymers bearing azlactone moieties, either as side groups along the polymer backbone or positioned on the -chain end, can react rapidly, at room temperature, and in the absence of a catalyst (or the generation of byproducts) with primary amine-functionalized (macro)molecules. [27][28][29][30] Coupling of azlactone-functionalized polymers proceeds in a broad range of organic solvents as well as in aqueous solution. Additionally, the azlactone group is relatively stable to hydrolysis, a substantial advantage compared to activated ester polymers containing NHS groups.

In this context, we report the one-pot synthesis of azlactone-functionalized SG1-based alkoxyamine for the design of functional polymers by NMP (Scheme 1c). Importantly, an early attempt reported the synthesis of an azlactone-functionalized alkoxyamine based on the 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) nitroxide. 31 However, no control was obtained (Ð ~2) for the NMP of styrene. Therefore, the present work represents not only an important step toward easy access to functionalized, SG1-based alkoxyamines, but it is also the first time that the azlactone moiety is successfully used in combination with NMP, which advantageously diversifies the possible coupling methods of the NMP toolbox. standards (peak molar masses, M p = 625-625 500 g•mol -1 ) or polystyrene (PS) standards 32 (peak molar masses, M p = 162-523 000 g mol -1 ) from Polymer Laboratories. This technique allowed M n (number-average molar mass), M w (weight-average molar mass), and M w /M n (dispersity, Đ) to be determined.

II. Experimental part

Methods a. Synthesis of azlactone-functional SG1-based alkoxyamine (AzSG1)

In a 10 mL round-bottom flask, 731 mg of 

N-tert-butyl-N-(1-diethylphosphono-2,2- dimethylpropyl) nitroxide (SG1,

c. Polymerization of styrene (S)

A typical bulk styrene polymerization procedure (expt. 2) is as follows. In a 5 mL vial, fitted with a rubber septum and a magnetic bar, a mixture of S (2.0 g, 1.92 × 10 -2 mol) and AzSG1 (25.3 mg, 5.82 × 10 -5 mol) was deoxygenated under stirring by nitrogen bubbling for 10 min at room temperature. The vial was placed in a preheated oil bath at 120 °C, corresponding to the time zero of the reaction (according to the small volume of solution and its quasiinstantaneous heating). Samples were periodically taken and dried to follow S conversion by 1 H NMR spectroscopy, and molar mass and dispersity evloutions by SEC (PS calibration).

The homopolymer was then precipitated once in cold methanol and dried under high vacuum until constant weight. Conv. (3 h) = 57 %, M n , SEC = 23 070 g.mol -1 , M w /M n = 1.23 (raw polymer). The same procedure was followed for expts. 1 and 3 with 1.31 × 10 -4 mol and 4.60 × 10 -5 mol of AzSG1, respectively.

d. Polymerization of n-butyl acrylate (nBA)

A typical solution polymerization procedure (expt. 4) is as follows. In a 5 mL vial, fitted with a rubber septum and a magnetic bar, a mixture of nBA (802 mg, 6.25 × 10 -3 mol), the AzSG1 (20.1 mg, 4.62 × 10 -5 mol) and anhydrous toluene (806 mg, 0.93 mL) was deoxygenated under stirring by nitrogen bubbling for 10 min at room temperature. The mixture was then immersed in a preheated oil bath at 110 °C, corresponding to the time zero of the reaction (according to the small volume of solution and its quasi-instantaneous heating). Samples were periodically taken and dried to follow nBA conversion by 1 H NMR spectroscopy, and molar mass and dispersity evloutions by SEC (PS calibration). The copolymer was then precipitated once in cold diethyl ether and dried under high vacuum until constant weight. Conv. (3 h) = 64 %, M n , SEC = 9 690 g•mol -1 , M w /M n = 1.31 (raw polymer). The same procedure was followed for expts. 5 and 6 with 4.55 × 10 -5 mol and 2.32 × 10 -5 mol of AzSG1, respectively.

e. Copolymerization of methyl methacrylate (MMA) with a small amount of acrylonitrile (AN)

A typical solution copolymerization procedure (expt. 9) is as follows. In a 5 mL vial, fitted with a rubber septum and a magnetic bar, a mixture of MMA (1.521 g, 1.52 × 10 -2 mol), AN (80 mg, 1.50 × 10 -3 mol), AzSG1 (10.1 mg, 2.32 × 10 -5 mol) and anhydrous toluene (1.600 g, 1.85 mL) was deoxygenated under stirring by nitrogen bubbling for 10 min at room temperature. The mixture was then immersed in a preheated oil bath at 90 °C, corresponding to the time zero of the reaction (according to the small volume of solution and its quasiinstantaneous heating). Samples were periodically taken and dried to follow MMA conversion by 1 H NMR spectroscopy, and molar mass and dispersity evloutions by SEC (PMMA calibration). The copolymer was then precipitated once in cold diethyl ether and dried under high vacuum until constant weight. Conv. (8 h) = 50 %, M n , SEC = 26 620 g•mol -1 , M w /M n = 1.30 (raw copolymer). The same procedure was followed for expts. 7 and 8 with 4.55 × 10 -5 mol and 4.64 × 10 -5 mol of AzSG1, respectively.

f. Conjugation of benzylamine to AzPMMA

In a 5 mL vial, fitted with a rubber septum and a magnetic bar, 49.8 mg of an AzPMMA (expt 7, M n = 12 090 g.mol -1 , 4.12 × 10 -6 mol) and 5.0 mg of benzylamine (4.7 × 10 -5 mol, 11 eq) were dissolved in 2.5 mL of THF and reacted together for 3 days at 30 °C, under stirring. The product was then purified by precipitation in cold diethyl ether and dried under high vacuum until constant weight, prior to analysis by SEC and 1 H NMR in acetone-d 6 .

Synthesis of azlactone-functionalized SG1-based alkoxyamine (AzSG1)

Among the different strategies that have been developed for the synthesis of alkoxyamines, 1,34 the combination of an alkyl radical (generated in situ) with a stable nitroxide radical is the most popular. [35][36][37] The alkyl radical is typically generated by homolytic scission of alkyl halides by reaction with CuBr (either generated in situ by comproportionation of Cu(0) and CuBr 2 , or directly added in combination with Cu(0)). In line with this concept, we recently proposed an optimized procedure using solely copper metal and necessitating only a stoichiometric amount of Cu(0) with respect to the alkyl bromide. 38 The reaction was successfully applied to the preparation of a wide range of alkoxyamines from nitroxide radicals and activated alkyl bromides at room temperature and proceeded very rapidly in polar solvents.

We decided to apply this optimized synthetic method to the SG1 nitroxide and the 2-(1bromoethyl)-4,4-dimethyl-4H-oxazolin-5-one (AzBr) moiety as the functional alkyl halide (Figure 1). AzBr has recently been used as precursor of multifunctional coupling agents that could find interesting applications in different areas of bioconjugation (e.g., labelling, diagnostic). 39 Therefore, we thought it could be advantageous to prepare a SG1-alkoxyamine functionalized with the Az moiety. AzBr was reacted overnight at room temperature with the SG1 nitroxide in the presence of Cu(0) in stoichiometric conditions with 2 eq of 2,2'bipyridine (Bipy) as the ligand in acetonitrile. The formation of the desired alkoxyamine was observed by NMR spectroscopy and mass spectrometry (see experimental part). For instance, the 1 H NMR spectrum showed all the characteristic peaks of the AzSG1 alkoxyamine (Figure 1). The purified AzSG1 alkoxyamine was obtained as a mixture of two diastereoisomers (see peaks in the 3.25-3.45 ppm region) with an overall yield of 40 %. This demonstrates the versatility of the synthetic pathway employed here as functional halide moieties can be directly linked to nitroxides to form functional alkoxyamines in one step. We then determined the dissociation rate constant (k d ) of the AzSG1 alkoxyamine. The k d value of the initiating alkoxyamine is of paramount importance for the control of the polymerization whereas the nature of the nitroxide is essential for the livingness of the polymerization. 11 It is already known that k d is driven by the structure of the alkyl moiety, with a combination of polar, steric and stabilization effects. 36 The introduction of the strong electrophilic Az group could then have a significant influence on the k d value. The release of the SG1 nitroxide from the alkoxyamine upon heating was monitored by ESR using oxygen as radical scavenger to prevent the recombination reaction. The experiment was carried out twice and the activation energy E a was estimated using the averaged frequency factor A = 2.4 ×10 14 s -1 , as already discussed in the literature. 33 At 347.7 K, the k d value was determined to be 2.72 × 10 -4 s -1 , leading to E a = 119.5 kJ.mol -1 . Importantly, this E a value is the lowest value reported for a secondary alkoxyamine since the E a for the ester analogue (the so-called MONAMS) is 128.4/130.8 kJ.mol -1 for the two diastereoisomers. 40 The 10 kJ.mol -1 difference would induce for example a 20 times higher k d value at 120 °C for the AzSG1 alkoxyamine decomposition. Such a low activation energy E a is usually related to SG1-based alkoxyamines with a higher steric hindrance such as tertiary alkyl moieties (for instance with BlocBuilder, E a = 112.3 kJ.mol -1 ) 11 or secondary alkyl moiety with a penultimate unit that increases the steric hindrance. 41 As a consequence, due to its fast dissociation, the AzSG1 alkoxyamine was anticipated to be a good initiator for the NMP of a wide range of monomers.

NMP of vinyl monomers initiated by the AzSG1 alkoxyamine

We then investigated the ability of the AzSG1 alkoxyamine to control the polymerization of different vinyl monomers under their respective optimized polymerization conditions. To study the flexibility of the synthesis, the initial monomer/AzSG1 molar ratio was varied in order to target different molecular weights.

a. NMP of styrene (S)

We first performed the bulk polymerization of styrene (S), which is one of the most widelyused monomers in radical polymerization. Polymerizations were performed at 120 °C without any addition of free SG1 (expts. 1-3, Table 1). S conversions of 50-65 % were achieved in 3 h and first order kinetics were obtained for the all three targeted DP n (Figure 2a,b), indicating constant concentrations of propagating radicals throughout the polymerizations, as already observed for fast dissociating alkoxyamines. 11 As measured by the slope of the different ln[1/(1-conv.)] vs. time curves, higher polymerization rates were obtained when lower DP n were targeted, in good agreement with the equation describing the kinetics of NMP. 1 The evolution of the M n with the monomer conversion were linear and in excellent agreement with the predicted values, giving very high initiating efficiencies of 86-95% (Figure 2c,d).

Dispersities decreased with the monomer conversion and were as low as 1.18-1.33 at the end of the polymerizations. Altogether, these results established that S polymerization initiated by the AzSG1 alkoxyamine was well controlled. 

b. NMP of acrylic esters

SG1 has also been shown to be an efficient controlling agent for the polymerization of a broad variety of different acrylic esters. 1 A representative monomer of the acrylic ester family is nbutyl acrylate (nBA). Many studies have reported the SG1-mediated polymerization of nBA in many different conditions. 15,[42][43][44] The NMP of nBA was thus performed in toluene under the initiation of the AzSG1 alkoxyamine at 110 °C which is a suitable temperature to undertake NMP under SG1 control. Similarly to S, the NMP of nBA initiated with the AzSG1 alkoxyamine yielded fairly high conversions in 3 h (up to ~65 %) and first order kinetics (Figure 3a,b). The polymerizations proceeded in a controlled fashion, leading to linear evolutions of M n vs. nBA conversion in good agreement with the theoretical values, and decreasing dispersities in the 1.3-1.4 range (Figure 3c,d). To obtain lower dispersities, one can still add free SG1 to the polymerization medium. 11,43 A similar experiment performed under a slight excess of free SG1 (10 mol.%) led to a drastic decrease in the polymerization rate (21 % after 4h) but gave substantially better control (M n = 4300 g.mol -1 , Ð = 1.23, initiation efficiency = 96 %) when compared to expts. 4-6 at a similar monomer conversion. These results are in good agreement with previous work describing the importance of the initiation on the control of the polymerization in the presence of alkoxyamines. 11 Polymerizations of nBA initiated with the MONAMS alkoxyamine without excess free nitroxide usually fail due to the too low rate of decomposition of MONAMS.

Conversely, the same polymerizations initiated by the BlocBuilder alkoxyamine gave good control due to a 100 times increase of the k d value. Although the AzSG1 alkoxyamine has a secondary initiating group such as MONAMS, it exhibits a 20 times higher k d . It is a fast dissociating enough alkoxyamine to good control of the polymerization of nBA, though the Ð values are higher than with the BlocBuilder alkoxyamine. As reported for the MONAMS, the addition of extra SG1 is beneficial for the control, but decreases the polymerization rate.

c. NMP of methacrylic esters

The NMP of methacrylic esters has always been challenging. With SG1, the activationdeactivation equilibrium strongly favors the production of propagating radicals, 45,46 resulting in a high level of irreversible termination reactions (both homotermination between propagating radicals and -hydrogen transfer from the propagating radical to the nitroxide). 17,[46][47][48] Therefore, the polymerization rapidly stops and the formation of polymers with high dispersities and low molar masses is observed. However, it has been established that the addition of a small amount of S during the SG1-mediated polymerization of methyl methacrylate (MMA) initiated with a high dissociation rate constant alkoxyamine, such as the BlocBuilder MA, allowed for the synthesis of well-defined and living PMMA-rich copolymers. 17,49 This was explained by the drastic decrease of the average activationdeactivation equilibrium rate constant, <K>, due to favorable kinetic parameters of S (i.e., low K and low cross-propagation rate constant). 17,50 This copolymerization approach was shown to be versatile as it has then been successfully extended to other methacrylic esters [51][52][53][54][55][56] and 'controlling' comonomers. 57,58 We have therefore been interested to check whether the AzSG1 alkoxyamine was also suitable to control the polymerization of methacrylic esters via the copolymerization approach. We selected acrylonitrile (AN) as a 'controlling' comonomer 57 and performed the copolymerization of MMA and AN (f 0 = 9 mol.%) in toluene at 90 °C without added free SG1. Whatever the targeted DP n , the different polymerizations exhibited all the feature of a controlled system. First order kinetics were obtained for the three polymerizations (Figure 4a,b). Linear evolutions of the experimental M n , in good agreement with predicted values, along with decreasing dispersities (reaching 1.3 after 50 % conversion) were also observed as the polymerization proceeded (Figure 4c,d). This is an important result as the AzSG1 is

shown to dissociate at sufficiently low temperature to quantitatively initiate the copolymerization of MMA and AN, giving well-defined polymers, despite its secondary carbon radical attached to the nitroxide. Good control in NMP is dependent on the ability of the initiating alkoxyamine to fully decompose at the beginning of the polymerization.

Therefore, its k d should be higher or at least similar to the one of the corresponding macroalkoxyamine. For the NMP of MMA in the presence of a small amount of AN, the dissociation rate of the macroalkoxyamine is governed by the MMA-AN-SG1 end group. 50,57 Although the E a of this terminal sequence has not been measured, it should be higher by a few kJ.mol -1 than that of MMA-S-SG1, according to the overall kinetics of polymerization. A model compound HOOC-C(CH 3 ) 2 -S-SG1, similar to the MMA-S-SG1 macroalkoxyamine,

gave an E a of 115.5 kJ.mol -1 . 41 We can thus expect the E a of MMA-AN-SG1 to be in the 117-122 kJ.mol -1 range, similar to that of AzSG1, which would explain the ability of AzSG1 to control the polymerization of the MMA in the presence of a small amount of AN (or S).

A strong influence of the targeted DP n on the evolution of the dispersity was also noticed (i.e., the higher the targeted DP n , the lower Ð), which could be explained by a decrease in radical concentration when [AzSG1] 0 was decreased, thus leading to a higher concentration of released SG1 due to the persistent radical effect. This behavior has already been observed experimentally 17,57 and also confirmed by kinetic modeling. 59 These results showed that under comparable experimental conditions, the AzSG1 alkoxyamine gave a level of control similar to that which could be obtained using the BlocBuilder alkoxyamine.

Determination of the living chain fraction

To investigate the end-group fidelity of the resulting polymer, 31 P NMR spectroscopy was performed. This has proven to be a convenient and reliable method to quantify the presence of the phosphorus-containing SG1 nitroxide end-group by comparison with diethyl phosphite (DEP) as internal reference, and therefore to determine accurately the living chain fraction (LF). 49,60 A purified Az-PS-SG1 (expt. 2) gave a spectrum typical of PS-SG1 61 and its LF was calculated to be 90%, which clearly demonstrates the living nature of the polymer (Figure 5a).

Similarly, the LF of an Az-PnBA-SG1 polymer (expt. 4) was 93 % (Figure 5b). This value is similar to those of previous reports using other SG1-based alkoxyamines 11 and also confirms that the livingness is driven by the structure of the nitroxide and is independent of the nature of the initiating alkyl moiety. For P(MMA-co-AN)-SG1 copolymers, LF values of ~90 and ~70% were calculated for polymers deriving from expts. 7 (targeted DP n =185) and 8

(targeted DP n = 360), respectively (Figure 5c). This not only confirms their living character, but also is an excellent agreement with both theoretical predictions and experimental LF values for a P(MMA-co-S)-SG1 copolymer (which is similar to a P(MMA-co-AN)-SG1 copolymer in terms of kinetics) initiated by similar concentrations of the BlocBuilder alkoxyamine. 49,50 Increasing the initial concentration of alkoxyamine (i.e., targeting lower DP n ) results in a significant increase of the reversible termination reactions and therefore gives higher LF. 

Availability of the Az functionality for coupling

Using an alkoxyamine bearing a functional group on the initiating moiety enables the design of -functional polymer chains. According to the generally high LF values we previously obtained from the series of polymerizations performed with different monomers, we can therefore anticipate the synthesis of well-defined ,-functional polymers exhibiting an Az starting moiety and a high proportion of SG1 end group. To probe the availability of the Az functionality toward reactive groups, we reacted an Az-P(MMA-co-AN)-SG1 polymer with benzylamine, a convenient model amine-containing molecule due to its aromatic protons that facilitate the characterization of the resulting conjugates (Figure 6a). The Az-P(MMA-co-AN)-SG1 copolymer (expt. 7, M n = 12 kg.mol -1 , Ð = 1.3) was reacted with 10 eq of benzylamine for 3 days at 30 °C in THF. After a precipitation step in cold diethyl ether to remove the excess of benzylamine, the conjugate was analyzed by SEC and 1 H NMR in acetone-d 6 . SEC qualitatively confirmed the successful coupling, as shown by the increased UV trace of the conjugated polymer compared to that of the unreacted product (Figure 6c). By NMR, aromatic protons are clearly shown in the 7.0-7.5 ppm region. From the purified copolymer composition determined by SEC and NMR, and from the aromatic protons of the benzylamine moiety, a nearly quantitative coupling yield of 98 % was calculated (Figure 6b).

This result confirmed the availability of the Az moiety and the possibility of easy conjugations to azlactone-initiated polymers by NMP. A new SG1-based alkoxyamine bearing an azlactone moiety was synthesized in one pot and employed as an initiator for the NMP of styrene, n-butyl acrylate and methyl methacrylate with the addition of a small amount of acrylonitrile. Despite its secondary structure, there was no need to perform the polymerization in the presence of excess free SG1 and first order kinetics together with good control, low dispersities and high livingness were observed in all cases. The conjugation to a model molecule was shown to be quantitative, opening the door to easy functionalization and bioconjugation. Thus the present work represents not only an important step toward the easy access to functionalized, SG1-based alkoxyamines, but also the first time that the azlactone moiety has successfully been used in combination with NMP, which advantageously diversifies the possible coupling methods of the NMP toolbox.

The medical application of nanotechnology, nanomedicine, has given a crucial impulse to the development of nanocarriers for drug delivery and imaging. [1][2][3][4][5][6][7] Tremendous effort has been focused on the engineering of nanosized materials, such as liposomes, micelles or nanoparticles, able to serve as efficient diagnostic and/or therapeutic tools against severe diseases including cancer, infectious and neurodegenerative disorders.

Nanocarriers based on polymers have attracted much attention due to the flexibility offered by macromolecular synthesis methods, the broad diversity of polymers in terms of nature, properties and composition, their ease of functionalization, 8,9 and the possibility to confer them with stimuliresponsiveness. 4 Polymer-based engineered nanocarriers represent one of the most promising opportunities for in vivo diagnosis and treatment of many diseases. 8,10 These nanocarriers are typically obtained by drug encapsulation during the self-assembly of amphiphilic copolymers in aqueous solution.

In the past few years, very promising results have been reported in the literature. 8,10 However, many drug delivery systems face strong limitations which may hamper their further translation to clinical tests and therefore to the market: (i) the 'burst release', in which a large fraction of adsorbed drug is quickly released post-administration, can lead to prohibitive toxicity in vivo; (ii) the encapsulation of poorly soluble drugs exhibiting a high tendency to crystallization often requires the use of additional organic co-solvents during nanocarrier preparation; (iii) the poor drug loading, generally only a few percent, usually necessitates a high concentration of nanocarriers to obtain a noticeable therapeutic effect, which can itself be harmful to patients.

In order to overcome these important obstacles, inspiration can be taken from the prodrug approach, 11,12 whereby the drug is covalently linked to a (macro)molecule. The inactive prodrug is further metabolized in vivo into an active metabolite. In the case of molecular prodrugs, this strategy improves drug solubility, prolongs in vivo circulation and reduces adverse effects; the last feature being of paramount importance in many chemotherapy treatments.

A relevant illustration of the prodrug strategy applied to polymers can be found in the field of cancer therapy, which certainly represents the most studied pathology in drug delivery. Indeed, various anticancer agent-polymer conjugates have been designed in order to circumvent all the previously mentioned issues. In the present review, the design of polymer prodrug nanoparticulate systems for anticancer therapy is reviewed with special attention on recent achievements and emerging trends. Due to the massive amount of work in the field of polymer prodrugs in general, the review will only focus on small chemotherapeutic agents linked to macromolecules, leading to micelles, vesicles or nanoparticles.

II. General considerations

Ideally, the delivery of drugs loaded into nanodevices (i.e., liposomes, nanoparticles, polymer micelles, metal-based nanostructures etc.) should: (i) protect the drug from degradation/metabolization; (ii) address the pharmacologically active molecule to the target tissue or cell; 13 (iii) if needed, lead to the intracellular penetration of the drug to reach the specific subcellular organelles (e.g., cytoplasm, lysosomes, nucleus); (iv) control the drug release, eventually with the help of exogenous (i.e., temperature, magnetic field, light etc.) or endogenous (i.e., pH, enzymes, redox etc.) stimuli 4 and (v) even combine a therapeutic functionality with an imaging capability (the socalled 'nanotheranostic' approach). 14 In addition, the materials used for the construction of drug nanocarriers must be nontoxic, biocompatible and cleared from the body, for instance by biodegradation or bioerosion. This is the reason why most of the nanomedicines currently available or in late clinical stages are made from natural, biomimetic or biodegradable materials. For instance:

 Doxil ® (liposomal doxorubicin), Caelix ® (PEGylated liposomal doxorubicin) and Ambisome ® (liposomal formulation of amphotericin B) are made of phospholipids;

 Abraxane ® is made of albumin-bound paclitaxel;

 Transdrug ® nanoparticles (phase III clinical trial) are made of biodegradable poly(alkyl cyanoacrylate) polymer. 15 However, the above-mentioned criteria are not often combined in these marketed nanoformulations, probably because the more functionalities you confer to the nanocarriers, the more complex they are and the more difficult their pharmaceutical development will be. In addition, as previously highlighted, the physical entrapment of drugs into those nanodevices, especially when they are based on polymers, suffers from rather poor drug loadings.

In this regard, a great deal of effort has been paid to the design of polymer nanocarriers able to safely transport various kinds of drug to their site of action. Among the different investigated strategies, the prodrug concept has been extensively applied. In analogy to polymer synthesis, it is possible to distinguish three main strategies for drug-polymer conjugate-based colloids: (i) conjugating a drug to a pre-synthesized polymer ("conjugation to") (ii) conjugating a drug to a monomer prior to polymerization ("conjugation through") and (iii) growing a polymer chain from a functionalized drug ("drug-initiated"). Recent achievements belonging to these strategies will be detailed in the following sections.

III. The 'conjugation to' approach

The conjugation of a drug to a polymer scaffold represents the most widely employed approach to achieve drug-polymer nanoparticulate systems. Although the most direct strategy is to link drugs to preformed amphiphilic copolymers (either in organic solution prior to the formation of nanoparticles or on preformed nanoparticles), the conjugation of hydrophobic drugs on the side chains of hydrophilic polymers has also been intensively investigated. Table 1 and Table 2 respectively gather organic and platinum anticancer drugs that have been linked to preformed polymers and the coupling strategies that have been used.

Conjugation to amphiphilic copolymers

Most of the work has been devoted to the grafting of drugs to preformed amphiphilic block copolymers. In this regard, different positionings of the drug on the copolymer have been attempted in order to modify its spatial distribution in the resulting nanocarriers. This could have a strong influence on the drug release kinetics. For instance, the higher degree of solvation of the drug when positioned at the core-corona interface of the nanocarrier may increase its rate of hydrolysis and could be beneficial to achieve a rapid inhibition of the tumor. The main strategies are depicted in Fig. 1 and will be discussed thereafter. 

a. PEG-polyester block copolymers

PEG-polyester diblock copolymers possibly represent the system of choice for drug delivery applications due to their biodegradability and biocompatibility. For instance, PLGA has been approved by the Food and Drug Administration (FDA) for micro-and nano-particles and for a number of therapeutic devices such as grafts, sutures, implants and prosthetic devices.

i.

Coupling on amphiphilic copolymers.

PLA-b-PEG or PLGA-b-PEG amphiphilic block copolymers, generally obtained either from ROP initiated by a hydroxy-terminated PEG or from the coupling of the preformed blocks, 8 represent a nearly ideal system on which drug conjugation can be performed. Indeed, the terminal hydroxyl group of the polyester block enables the drug coupling by traditional ligation chemistry, thus leading to one drug per copolymer chain (Fig. 1a). 33 For instance, doxorubicin-conjugated PLGA-b-PEG or PLA-b-PEG micelles have been successfully

prepared through hydrazone 16 or carbamate 34 linkages. The resulting 60-100 nm micelles exhibited ~ 4-fold higher drug payloads than the traditional system containing physically entrapped Dox, together with a more sustained drug release profile (no 'burst release'). 34 This synthetic pathway has been recently extended to PLA-b-PEG-Ptxl 40,52 and PLA-b-PEGcurcumin 50 nanoparticles, for which similar conclusions concerning the benefits provided by the prodrug approach have been established.

To enhance specific cell uptake, targeting features can also be conferred to these systems by grafting biologically active ligands intended to be recognized by receptors overexpressed at the surface of cancer cells. 8 The main approach is based on the co-self-assembly of the different functional copolymers; for instance FA-PEG-b-PLA with PEG-b-PLA-Dox 35 or PEG-b-PLA-Ptxl with a FA-PEG succinate derivative. 41 Functionalization with ligands can also be achieved onto preformed PEGylated PLGA-Dox nanoparticles as shown with the cRGD peptide. 36 These targeted nanocarriers generally demonstrated greater cell uptake, a sustained drug release profile and higher cytotoxicity on cancer cells than the free drug at the same concentration.

ii. Coupling on preformed nanocarriers.

A recent trend to achieve drug coupling onto amphiphilic block copolymers consists of grafting the drug onto preformed PEG-polyester nanoparticles. The drug is generally modified with a linker that permits the coupling to the nanocarriers into its core to protect the drug from degradation and to avoid altering particle surface hydrophilicity. This has been achieved by the encapsulation of a Ptxl-based, bisazido-crosslinker during the emulsification process of acetylene-functionalized PLA, which then reacted by copper-catalyzed azide-alkyne Huisgen cycloaddition (CuAAC) with the side chains of the polymer block forming the core of the nanoassembly. 45 The resulting 50 nm nanoparticles exhibited considerable degradation in proteinase K solution within 1 week. Alternatively, coupling of a cisplatin(IV) prodrug modified with two axial succinic acid moieties (Pt1, Table 2) to PLL segments of PEG-b-PCL-b-PLL micelles led to core-crosslinking through lysine residues. 53 In vivo studies showed that these micelles led to higher accumulation of Pt species in the tumor site and exhibited systematic toxicity compared to free cisplatin(II) and cisplatin(IV). The opposite strategy, which consists of the surface coupling of a hydrophobic drug was also attempted to promote the linker cleavage. Poly(2-methyl-2-carboxytrimethylene carbonate-co-D,L -lactide)-g-PEG nanoparticles exhibiting surface furan moieties were subjected to functionalization by Diels-Alder coupling chemistry with both targeting anti-human epidermal growth factor receptor 2 (anti-HER2) antibodies and Dox for targeted intracellular delivery of Dox. 17 While free Dox showed similar cytotoxicity against both cancerous SKBR-3 cells and healthy HMEC-1 cells, the dualfunctionalized nanoparticles were significantly more cytotoxic against SKBR-3 cells than HMEC-1 cells.

iii.

Functional monomers for ROP.

The constraint of end grafting to hydroxyl-terminated polyesters, leading to only one drug per polymer chain, prompted the development of new functionalizable (co)monomers for ROP (M1-M7, Table 3), allowing drugs (e.g., daunorubicin, Dox, cisplatin, Ptxl) to be linked all along the polyester block (Fig. 1b). This represents a suitable alternative to the synthesis of the PEG-b-PCL-b-PLL triblock copolymer, whose PLL block can react with drugs (Pt2, Table 2) through amidation reaction. 54 Functionalized monomers for ROP were modified with various moieties such as allyl (from 2-methyl-2-allyloxycarbonyl-propylene carbonate (M1, MAC) 37 ), hydroxyl (from 2,2-dihydroxymethylpropylene carbonate (M2, DHP) 18 ), benzyl (from 2-methyl-2-benzoxycarbonyl-propylene carbonate (M3, MBC), 39 α-benzylcarboxylate-3-caprolactone (M4, ε-BCL) 69 or 3-(benzyloxymethyl)-6-methyl-1,4-dioxozone-2,5-dione (M5), 55 that can be deprotected to give carboxyl or hydroxyl functions, or benzyl malolactonate (M6, MABz) 19 further substituted with hydrazide groups) and alkyne (from acetylene-functionalized LA M7 that can be employed for CuAAC). 45,46 For instance, the PEG-b-PBCL block copolymer that resulted from the ROP of ε-BCL (M4) from a hydroxyl-PEG was the subject of intensive research. 20,21,30,42,70 Ptxl and Dox (the latter to a greater extent) were core-conjugated to the unprotected PEG-bpoly(α-carboxyl-ε-caprolactone) (PEG-b-PCCL) by carbodiimide chemistry, either through amide, 20,30,70 ester, 42 or pH-sensitive hydrazone linkages. 20,21 In general, lower drug releases were observed with the prodrug systems as well as lower cytotoxicity than the physically encapsulating system or the free drug. Targeted PEG-b-PCCL copolymer nanocarriers were also conceived. 20,21,30 Notably, co-delivery of siRNA and Dox from the surface-grafted integrin-specific ligand (RGD-like) RGD4C-PEG-b-P(CL-Hyd-Dox) micelles (Fig. 2) for active cancer targeting was reported. 21 Due to the additional functionalization with the TAT peptide, the dual functionalized nanocarriers demonstrated significant cellular uptake, improved Dox penetration into nuclei, and enhanced Dox cytotoxicity toward Dox-resistant cells. In order to significantly improve the drug release profile from amphiphilic block copolymer nanocarriers, which is generally rather low, new strategies modifying the drug distribution/positioning within the nanocarrier have been attempted. This was made possible due to novel macromolecular architectures and original drug grafting strategies (Fig. 1c-e).

The first strategy is to use multifunctional initiators/molecules. For instance, by using a trifunctional initiator, the therapeutic agent can be positioned at the junction of the two blocks in a Y-shaped structure (Fig. 1e). Therefore, the drug would be located at the interface between the hydrophobic core and the hydrophilic outer shell of the nanocarrier, giving supposedly a better access to the labile bond for a more efficient drug release. This was first illustrated by the use of a di-protected (a)-Z-Lys(NHBoc)-COOH initiator to ultimately furnish ~ 200 nm PEG-b-Lys(Dox)-PLA micelles. 32 However, only a partial drug release study was reported. Similarly, Bourissou et al. prepared Y-shaped PEG-bdiglycolyl(cabazitaxel)-PLA by organocatalyzed ROP. 47 No 'burst effect' was observed, as generally expected for covalent conjugates, with an interesting dependence of the release profile on the conjugate architecture of the copolymer conjugate. Cabazitaxel (CBz) was indeed released about twice faster from Y-shaped copolymer nanoparticles compared to the linear counterparts (47 % vs. 24 % in 24 h).

The second strategy is to perform a double functionalization of the drug, one by each of the two polymer blocks. This was applied to Ptxl by taking advantage of the distinct reactivities of its two most reactive hydroxyl groups (20 and 7) to achieve a PLA-g-Ptxl-PEG grafted amphiphilic copolymer by a combination of ROP and CuAAC of azido-Ptxl-PEG on acetylene-functionalized PLA (from acetylene-functionalized LA (M7)). 46 The resulting bottle-brush copolymer (Fig. 1d) self-assembled into 8-40 nm, showing multiple hydrolysis reactions at pH 5.5 that were assigned to Ptxl release and cleavage of the PLA backbone.

Bi-functional drugs can also lead to U-shaped block copolymer architectures (Fig. 1c). For instance, Bi(PEG-b-PLA)-Pt(IV) was obtained from hydrazine-terminated PLA-b-PEG and a bifunctionalized cisplatin analogue (Pt3, Table 2), and further self-assembled into sub-100 nm nanoparticles (Fig. 3). 56 This strategy enabled well-controlled cisplatin loading yields, acid-functionalities for establishing a pH-sensitive Dox linkage (from M9, ethyl glycinate methacrylamide (EGMA)) 22 and (iii) coumarin methacrylate (M10, CMA) for photochemical [2 + 2] addition of 5-fluorouracil (5-FU). 49 Controlled drug releases from the resulting nanocarriers were achieved in the presence of β-glucuronidase, mild acidic environment and UV irradiation (254 nm), respectively.

Other combinations of monomers have been selected to achieve prodrug micelles by RAFT:

(i) oligo(ethylene glycol) methacrylate (OEGMA) and a mixture of styrene and Alternative materials to PEG-polyesters have also been investigated as nano-particulate prodrug scaffolds. Among them, PEG-b-polyphosphoesters obtained from M13a (allyl ethylene phosphate, AEP) 24 and poly(2-methyl-2-allyloxy carbonyl-propylene carbonate)graft-12-acryloyloxy dodecyl phosphorylcholine (PMAC-g-ADPC) 94 with side-chain pHsensitive linkers were employed for Dox conjugation. The resulting nanocarriers successfully responded to the intracellular pH environment in vitro via acid-triggered intracellular Dox release. In a similar way, a PEG-b-polyphosphoester using M13b (butynyl phospholane, BYP) further functionalized by Ptxl-alkyne prodrugs under CuAAC led to micelles with 65 wt.% drug loading and in vitro anticancer activity on different cancer cell lines. 82 Polyethers also attracted some attention and especially PEG-b-poly(allyl glycidyl ether) (M14, AGE), that permitted side-chain Dox conjugation via hydrazine bonds. 25 The in vivo study showed promising therapeutic efficiency against the EL-4 T-cell lymphoma where 75% of tumorbearing mice were cured. Pluronic mimicking poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide) (PEO-b-PPO-b-PEO) triblock copolymer micelles having multiple hydroxyl groups in the PPO middle block for further drug coupling with Dox were also designed. 38 The conjugation of cis-dichlorodiammineplatinum(II) (cisplatin, CDDP) on amphiphilic block copolymer was also reported by ring-opening metathesis polymerization (ROMP). 58 A linearbrush diblock copolymer was synthesized from two monomers, oxanorbornenyl anhydride (M15, ONB-An) and ω-oxanorbornenyl-PEG (ONB-PEG), followed by hydrolysis of the anhydride moieties in order to form di-acid functionalities, which are pH-responsive and can also bind CDDP (Pt5, Table 2 and Fig. 4). After self-assembly and 'thiol-ene' crosslinking, cisplatin was further conjugated into the core of the resulting polymer vesicles with a drug loading as high as ~ 19 wt.%. In vitro CDDP release was reported to follow a first-order kinetics.

'Drug-induced' self-assembly

Conversely to the previous section focused on amphiphilic copolymers, this part refers to water-soluble (co)polymers to which hydrophobic drugs are linked. Depending on the nature and the characteristics of the hydrophilic (co)polymer, its conjugation with hydrophobic drugs on the side chains may result in two distinct species: (i) water-soluble/dispersible conjugates (or aggregates of conjugates), or (ii) amphiphilic conjugates that can self-assemble into nanoparticles or micelles (termed here 'drug-induced' self-assembly). Indeed, the change of solubility provided by coupling hydrophobic drugs to water-soluble polymer scaffolds is of crucial importance as this will govern the self-assembly of the conjugate into nanocarriers. In this regard, the amount of drugs to be linked and their positioning on the copolymer should be carefully chosen. Whereas the first topic mainly resulted from the pioneering work of Kopeček on poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA), 95 recently illustrated with other drug/polymer pairs, 43,96,97 it appears out of the scope of this review which mainly focuses on nanoparticulate systems (e.g., micelles, vesicles and nanoparticles), and therefore will not be discussed. After deprotection via benzyl group removal, giving back the carboxylic acid moieties, the resulting polymer blocks (i.e., poly(aspartic acid) (PAsp) or poly(glutamic acid) (PGlu)) can be further subjected to side-chain functionalization with hydrophobic drugs. 74 This was successfully applied to Dox through the side-chain positioning of an acid-sensitive hydrazine (Hyd) linker on PAsp that can be cleaved at pH ~ 5-6, thus representing a perfect window for intracellular drug release in the acidic endocytotic compartments such as endosomes (Fig. 5). 26 The resulting PEG-b-P(Asp-Hyd-Dox) polymeric micelles demonstrated intracellular pH-triggered drug release capability, tumor-infiltrating permeability, and effective antitumor activity with extremely low toxicity. 75 This pH-sensitive system was further improved by positioning folic acid (FA) moieties at the distal ends of PEG chains in order to selectively target cancer cells. 27,28 Indeed, vitamins such as FA or biotin, have proved to be valuable ligands to perform active targeting due to the well-known overexpression of folate binding proteins (FBP) or biotin receptors at the surface of many cancer cells. [98][99][100] The resulting micelles selectively controlled intracellular environment-sensitive drug release in vitro and significantly enhanced drug delivery efficiency due to FA-mediated uptake. 27 Although FA-decorated micelles induced an extremely small change in tumor accumulation of the micelles, they showed lower in vivo toxicity and higher antitumor activity over a broad range of the dosage from 7.5 to 26.2 mg.kg -1 , which was 5-fold broader than with the free drug. 28 The same concept was applied to the design of the FA-PEG-b-PBLG-b-PEG triblock copolymer with conjugated Dox onto the partially deprotected PBLG segment (to ensure micelle formation) using a pH-sensitive hydrazone bond. In that case, polymersomes were formed in which encapsulation of hydrophilic SPIOs was achieved to perform MRI imaging. 29 Side-chain hydroxyl groups can also be created from a PEG-b-PBLA copolymer, by aminolysis of ester bonds of benzyl groups using 2-aminoethanol. 76 The resulting hydrophilic PEG-b-PHAA block copolymer was then reacted with methotrexate (Mtx) up to 20-45 mol.% and formed 14 nm micelles upon self-assembly due to the amphiphilic nature of the PEG-b-PHAA-Mtx copolymer. The versatility of the 'drug-induced' self-assembly from PEG-bpolypeptide block copolymers was nicely illustrated with the use of Ptxl 44 and CDDP 59 as anticancer drugs. In order to finely tune Ptxl release profile, PEG-b-P(Asp-Hyd) was modified using either levulinic acid (LEV) or 4-acetyl benzoic acid (4AB) attached via hydrazone bonds, and further reacted with Ptxl. 44 hydrolysis of the ester bond of LEV-Ptxl and 4AB-Ptxl. Metal-complex formation was also found to be a driving force for the micellization of block copolymers, as shown with CDDP. [59][60][61][62] CDDP was linked to PEG-b-PAsp 59,61,62 or PEG-b-PGlu60 through ligand substitution (Pt6, Table 2) in aqueous solution leading to spontaneous formation of ~ 20-30 nm PEG-b-P(Asp-CDDP) and PEG-b-P(Glu-CDDP) micelles, respectively. They effectively accumulated in solid tumors (Lewis lung carcinoma cells) thanks to the passive targeting mechanism (20-fold higher than free CDDP), and a significant antitumor activity in C26bearing mice compared with non-treated mice was obtained. 60 Importantly, they recently reached phase I clinical trials during which the nanocarrier toxicity was less severe and less frequent compared with free CDDP, particularly nausea/vomiting, anorexia, alopecia, and haematological toxicity. 77 Seven patients out of seventeen even demonstrated stable disease after 6 weeks of treatment.

Phytosphingosine (PHS), a natural sphingolipid metabolite that is believed to play a vital role in strong anticancer therapeutic efficacy for various types of cancer cells, was connected to the folate-grafted poly(2-hydroxyethyl-L-aspartamide) (PHEA) polymer through an acidlabile carbamate linkage (Fig. 6). 51 The spontaneous nano-sized (10-20 nm) spherical FA-PHEA-g-carbm-PHS micelles formed in aqueous media displayed high drug contents (~ 10 wt.%) and improved cytotoxicity of HeLa cells to the extent of 68 % at 6 h incubation.

Notably, confocal microscopy observations revealed that FA-decorated micelles had the ability to deliver Dox into nuclei of HeLa cells to a greater extent than non-targeted counterparts, which were predominantly shown in cytosol. This established a synergistic effect as FA-decorated micelles exhibited the highest cytotoxicity among the investigated formulations. Monomethacrylate (M18, G2MA). 48 The resulting amphiphilic PEG-b-P(G2MA-Ind) selfassembled in the presence of free Ind into micelles or vesicles. The morphology was governed by both the amount of linked Ind (which ranged from 15 to 49 wt.%) and by the PG2MA chain length. The release of Ind was shown to be pH-dependent; under mild acidic conditions, a sustained release was observed. Block copolymers based on poly-(hydroxyethyl acrylate) (PHEA, from M19) with deacetylated auranofin, a gold complex with a sugar ligand, on side chains were prepared by a combination of RAFT and a post-modification step in order to form polymer-gold complexes. 71 Micellization of the resulting amphiphilic block copolymers containing Au(I) units produced 75 nm nanoparticles with an increased anti-proliferative effect against OVCAR-3 human ovarian carcinoma cells.

In a series of papers, Stenzel and co-workers reported in-depth investigations of various platinum drug delivery polymer nanocarriers made by the RAFT technique. Broadly speaking, the starting materials were copolymers of HEMA (M20) and OEGMA on the side chains of which bifunctional chelating moieties for platinum drugs 72,73 were positioned. In a first attempt, statistical or block copolymers were prepared and functionalized by thiol-yne and thiol-ene 'click' chemistry to position carboxylate functionalities, further reacted with CDDP (Pt7a,b, Table 2) as shown in Fig. 7. 63 Whereas CDDP release was higher from soluble statistical copolymers, block copolymers with CDDP on side chains led to micelle formation, which could even be cross-linked for stabilization purposes, leading to better uptake by A549 lung cancer cells. Adapted with permissions from ref. 63 .

Another synthetic pathway consisted of the sequential polymerization of OEGMA and a methacrylate monomer with a neighbouring protected carboxylate moiety (1,1-di-tert-butyl 3-

(2-(methacryloyloxy)ethyl) butane-1,1,3-tricarboxylate, M21, MAETC). 64 In the latter approach, it was shown that the micelles with the shortest PMAETC block length had the highest toxicity, which may be assigned to the fastest cisplatin (Pt8, Table 2) release when compared to longer PMAETC block counterparts. The effect of the spacer length (two, four, and six methylene groups between the ligand and the vinyl functionality) on the tumor cell viability was also investigated. Increasing the spacer length led to a lower hydrophilicity and consequently to an increase in micelle stability. 65 The uptake of the drug carrier by tumor cells was significantly enhanced with increasing stability, which led to a substantial enhancement in anticancer activity. Notably, the activity of the micelles with the longest spacer was improved compared to the parent drug carboplatin and almost as efficient as free cisplatin. The system was further modified by inserting an acid-cleavable (hydrazone) linker to perform pH-triggered release of platinum (Pt9, Table 2) 67 or implementing the micelles with a ketal diamino acid-degradable crosslinker for Pt8. 66 Both strategies individually showed enhanced in vitro anticancer activity due to faster drug release at mild acidic pH.

A recent strategy to deliver platinum drugs in a targeted manner from reversible attachment of FA at the surface of micelles was also reported by the group of Stenzel (Fig. 8). 68 A watersoluble copolymer of POEGMA-b-PMAA with a dopamine end group was prepared by RAFT (from tBuMA, M22) and subsequently reacted with oxoplatin (Pt10, Table 2) and FAderivatized with a phenylboronic acid moiety. The FA-decorated micelles resulting from the drug-induced self-assembly, which could even be further cross-linked, showed higher activity in FR (+) OVCAR-3 cells but not in FR (-) A549 cells.

Figure 8. Synthesis of platinum(IV) complex containing POEGMA-b-PMAA block copolymers using dopamine-terminated dithiobenzoate RAFT agent, followed by attachment of oxoplatin and self-assembly into targeted (cross-linked) micelles. Adapted with permissions from ref. 68 .

c. Other systems

The two hydroxyl groups of curcumin, a molecule which presents potent antioxidant and antiinflammatory activities, 101 have been advantageously used to perform polycondensation reaction using various dianhydrides and di-propionic acids, leading to a series of backbonetype curcumin-derived polymers. Once grafted with hydrophilic PEGs on side chains to reach the appropriate hydrophilic/hydrophobic balance, the resulting amphiphilic copolymer formed core-shell nanostructures with average diameters between 100 and 400 nm and showed promising results in vivo; 68 % decrease in tumor growth (SKOV-3 xenograft tumor model) compared to the control group.

The 'conjugation through' strategy

The 'conjugation through' strategy consists of grafting a drug on a monomer prior to its polymerization. It requires a functional group on the monomer able to react with no sidereactions from/on the chemical function involved in the polymerization mechanism. This technique theoretically enables even higher drug-loadings than the 'conjugation to' approach, by avoiding steric hindrance and accessibility limitation, leading necessarily to polymers with drugs on side-chain positions.

Most of the attempts toward drug delivery systems based on this strategy have been carried

out by ROMP. Although different antitumor agents, including chlorambucil and 2-(4aminophenyl)-6-methylbenzothiazole, have been coupled to norbornene (NBE) derivatives prior to ROMP, 102 only indomethacin (Ind), Dox and cisplatin were studied for chemotherapeutic polymer-based nanocarriers using functional NBE monomers (M15, M23-M25, Table 3). Ind was introduced either at the periphery or in the core of PEGylated PNBE nanoparticles based on P(NBE-PEG)-b-PNBE or P(NBE-PCL)-b-PEG amphiphilic block copolymers. 78 Ind coupling was achieved either directly on a hydroxyl NBE derivative (M23)

or on its PEGylated derivative. Both strategies led to nanoparticles of approximately 300 to 600 nm, with more than 80 % of the drug released after 48 h under acidic conditions (pH 3).

Similarly, amphiphilic diblock copolymers containing covalently linked Ind on the side chains of the hydrophobic block and hexaethylene glycol monomethyl ether on the side chains of the hydrophilic one, were synthesized. 79 The authors used M24 as a precursor of side-chain amino groups for further Ind coupling. Nguyen et al. also reported high-density Dox-conjugated polymeric nanoparticles, with the drug covalently attached to norbornene via a carbamate linker (using exo-5-norbornene-2-ol, M25, as a starting material) and reinitiated with a watersoluble hexa(-ethylene oxide)-substituted norbornene monomer NBE-PEG (Fig. 9). 81 The resulting nanoparticles released almost 50 % of the drug load after 24 h at pH 4. A similar strategy was reported with a hydrazone bond between Dox and the polymer scaffold obtained from the use of ONB-An (M15). 80 In addition to a consistent 40-50 % release under acidic conditions, significant cell growth inhibition was observed on two different cancer cell lines (Hela cells and 4T), whereas no significant inhibition was observed on the human embryonic kidney cell line (HEK-293 cells) at a concentration range of 25-50 mg.mL -1 . 

The 'drug-initiated' method

An alternative synthetic pathway to anticancer polymer prodrug nanoparticles, termed the 'drug-initiated' method, relied on the use of chemotherapeutics as initiating groups for subsequent polymerization of the desired monomer. This can be achieved either by using native functional groups of the drug (e.g., hydroxyl group for ROP) or by its derivatization with CLRP moieties (e.g., alkoxyamine for NMP, chain transfer agent for RAFT). This emerging approach offers valuable advantages compared to the traditional 'conjugation to' method: (i) the efficiency of the conjugation should be nearly quantitative as all the drugs should be retained at the chain ends; (ii) the purification of the conjugate might be easier since only the unreacted monomer has to be removed as opposed to a preformed polymer and (iii) fine tuning of the conjugate molecular weight (and therefore the drug loading) can be readily achieved. It is noteworthy that this strategy has been applied to prepare water-or organosoluble polymer prodrugs by ATRP. 96,103 a. Hydrophobic polymer prodrugs A general methodology to prepare polymer-drug conjugates by the 'drug-initiated' method has been developed by Cheng and co-workers, and consists of the use of hydrophobic anticancer drugs as initiators for the ROP of cyclic esters using Zn-or Mg-based catalysts. This approach is very versatile as it can be applied to other drugs, such as Dtxl, 104 CPT, 104,108 Dox, 105 as well as other polyesters such as poly(δ-valerolactone), 106 poly(trimethylene carbonate) 106 and poly(ε-caprolactone). 106 ROP of phenyl O-carboxyanhydride (Phe-OCA) from CPT was also reported and conducted on CPT-poly(Phe-OCA) conjugated nanoparticles with higher colloidal stability than PLA-based counterparts. 109 Its versatility was also illustrated by its application to other pathologies. For instance, when the immunosuppressive agent cyclosporine A (CsA) was used as a drug, the resulting PLA-CsA Adapted with permissions from ref. 113 .

Interestingly, these conjugates can also be encapsulated into lipid nanocarriers. For instance, PEGylated Doxo-PLA and CPT-PLA conjugates were successfully loaded with various ratios into PEGylated lipidic nanoparticles in order to perform co-delivery to cancer cells. 111 When Ptxl-PLA was encapsulated into 60 nm functionalized core-shell hybrid nanoparticles comprising a lipidic interface, the PEG corona and surface displayed ligands able to target injured vasculature. 112 These nanocarriers demonstrated injured vasculature targeting and exhibited controlled drug release over approximately 10-12 days in vitro.

b. Amphiphilic polymer prodrugs

Hydrophilic drugs can also serve as initiators to perform CLRP and furnish amphiphilic polymer prodrugs able to self-assemble into selfstabilized nanoparticles. Nicolas et al.

employed NMP and RAFT to prepare well-defined polymer prodrug nanoparticles with in vitro and in vivo anticancer activity. 113,114 The method consisted of functionalization of gemcitabine (Gem), a hydrophilic anticancer drug, to grow a short polymer chain from it by CLRP to furnish polymer prodrugs of tuneable molecular weight. Due to the relative hydrophilicity of Gem and the hydrophobicity of the employed polymer, the amphiphilic nature of the resulting conjugates enabled their self-assembly into stable nanoparticles without the need for an external surfactant or stabilizer.

This was first applied to polyisoprene (PI) which was selected for its interesting properties such as chemical 115,116 and enzymatic 117 degradability, as well as its biocompatibility 118 and its structural similarity with natural polyisoprenoids. Gem was functionalized with a SG1-based alkoxyamine initiator and short PI chains were grown under suitable NMP conditions (Fig. 11a). 119,120 Well-defined Gem-PI conjugates of tuneable M n were obtained. Gem-PI conjugates led to well-defined and stable nanoparticles of 130-160 nm in diameter with narrow PSD and remarkable colloidal stability. 113 Importantly, this approach permitted very high drug contents to be reached, ranging from 10.5 to 31.2 wt.%, depending on the M n .

Gem-PI nanoparticles showed significant anticancer activity on various cancer cell lines such as L1210, CCRF-CEM, Mia-PaCa-2 and A549 cells, with IC 50 in the nanomolar range. More importantly, Gem-PI nanoparticles exhibited significant anticancer activity in vivo against the human pancreatic (MiaPaCa-2) carcinoma xenograft model in mice (Fig. 11b). Whereas untreated mice, non-functionalized PI NPs and free Gem gave a rapid tumor growth, treatment of mice with Gem-PI NPs at the same Gem-equivalent dose led to a considerable decrease in the tumor progression. Importantly, the higher the M n of the Gem-PI conjugate, the higher the anticancer activity. In addition, Gem-PI treated mice maintained or slightly increased their body weight (~ +3 %), which supports both the efficient anticancer activity of Gem-PI polymer prodrug nanoparticles and the disappearance of Gem-related adverse effects.

This method was also applied to the RAFT polymerization of a methacrylate monomer based on squalene, 114 a naturally occurring isoprenoid which is a lipidic precursor in cholesterol biosynthesis widely distributed in nature (note that squalene can also be employed to construct molecular prodrug nanoassemblies 121,122 ). A trithiocarbonate RAFT agent was functionalized by Gem and the polymerization of squalenyl methacrylate (SqMA) led to welldefined macromolecular prodrugs comprising one Gem at the extremity of each polymer chain (Fig. 12). The resulting Gem-poly(squalenyl methacrylate) (Gem-PSqMA) conjugates self-assembled into long-term stable and narrowly dispersed nanoparticles with significant anticancer activity in vitro on various cancer cell lines. Interestingly, the co-self-assembly of Gem-PSqMA with a squalene-PEG derivative enabled obtaining PEGylated nanoparticles that were internalized in cancer cells to a greater extent than their non-PEGylated counterparts. 

IV. Conclusions

This review highlighted the recent advances in the field of polymer prodrug nanoparticulate systems against cancer. In the past few years, sophisticated nanocarriers have been prepared

and served as efficient scaffolds for small anticancer drug conjugation. It is noteworthy that these achievements have been considerably facilitated by the use of advanced polymerization techniques (i.e., ROP, ROMP and CLRP) that enabled the design of well-defined, functional and complex macromolecular architectures constituting the nanocarriers. In particular, CLRP techniques have encountered tremendous success in this area, due to their ease of use, their robustness as well as the direct access to functional materials. However, it is important to note that, in contrast to polymers derived from ROP, (bio)degradability and biocompatibility of most of vinyl polymers still represent a critical issue that may hamper their further development to reach the clinic. In this view, a judicious selection of the polymers should be made and strategies to confer (bio)degradability to these materials must be implemented.

Consequently, materials derived from ROP, such as polyesters or polypeptides, still possess a significant advantage.

Regarding the different strategies offered by modern polymerization techniques to design polymer prodrug nanocarriers, each of them provides benefits but also faces some drawbacks.

Whatever the selected route, one has to bear in mind all the constraints that a potential pharmaceutical development would require. In this matter, simplicity and reproducibility of the synthetic pathway, use of biodegradable/biocompatible materials, use of undemanding reaction conditions and ability to scale up are among the most important parameters that should govern the selection of one strategy compared to another.

Most of the polymer prodrug nanocarriers developed so far has demonstrated sustained drug release from the polymer scaffolds (i.e., the absence of 'burst release') and significant in vitro cytotoxicity on various cancer cell lines. Even though in vitro evaluation is a necessary step that gives preliminary information regarding the biological activity of a drug delivery system, a lower number of studies reported in vivo evaluations on tumor bearing animal models. In vivo testing is indeed more relevant as it is better suited for observing the overall effects of a drug delivery system on a living subject. Xenograft tumor models, usually developed by subcutaneous injection of cancer cells, are extensively used in the literature but appear to be less representative of the pathological conditions in humans. In this regard, the effort must now focus on orthotopic tumor models, consisting of implanting tumor cells in their tissue of origin, which show a greater degree of complexity compared to conventional subcutaneous ones.

Compared to the physical encapsulation of drugs into nanocarriers, the 'prodrug' approach is, by definition, more dependent on the enzymatic biological environment since the activation of the prodrug is a pre-requisite for the pharmacological activity to occur. Therefore, the preclinical to clinical translation may be still less predictable than with the other nanomedicines, since the enzymatic content in small rodents may be far from that in humans. Therefore, in vitro investigations on human fluids (blood or serum) and human cell lines or tissues deserve to be encouraged.

Studied and developed by Bailey in the 80s, 17 rROP could be used to insert various types of chemical functions on/into a radical polymer (alkene, ketone, disulfide, halogen atoms and so on), 15 but has been mostly employed for introducing ester functions, which is a well-known means of degradability, from a family of monomers called CKAs. Therefore, combining the NMP of PEG-based polymethacrylates with the rROP of CKAs might lead to degradable vinyl polymers with interesting properties for biomedical applications (Scheme 1). 16 Scheme 1. Project strategy, consisting in a combination of NMP and rROP of CKAs.

First degradable PEG-based copolymers by NMP a. Literature and preliminary works

The combination of the NMP and the rROP mechanisms had been barely investigated before, with altogether four articles in the literature dating from the late 90s, a time when alkoxyamines were not commonly used yet. [18][19][20][21] Therefore these works were focusing only on controlled free radical homopolymerization process controlled by a free stable nitroxide (the 2,2,6,6-tetramethylpiperidin-1-yl)oxy (TEMPO) nitroxide), applied to a CKA called 2methylene-1,3-dioxepane (MDO), 18,19 8,9-benzo-2-methylene-1,4,6-trioxaspiro [4,4]nonane (BMTN) 20 and 2-methylene-1,4,6-trioxaspiro [4,4]nonane (MTN). 21 It should be emphasized that no degradation studies were performed on these homopolymers giving no demonstrated example of degradable polymers by this technique. Also, they provided no information about the copolymerization behavior of the CKAs with traditional monomers.

From the well-established PEG-based polymethacrylates, the first step of the project was to select the best CKA for copolymerizations with PEG-based methacrylates by NMP, that would allow for preserving the NMP properties (control, livingness, functionalization) as well as those of PEG-based polymers (non-cytotoxicity, water solubility), while inserting enough ester functions for a satisfactory degradation of the copolymer backbone.

Three CKAs were selected from the literature as good candidates, already widely-used and/or studied in other CRP systems: the 2-methylene-1,3-dioxepane (MDO), 22 the 5,6-benzo-2methylene-1,3-dioxepane (BMDO), [23][24][25] and the 2-methylene-4-phenyl-1,3-dioxolane (MPDL). 26 Conversely, MPDL showed a great ability to copolymerize at any initial mol.% tested, in a range of 20 to 70 mol.%, and so without losing the characteristic control and livingness of a classic synthesis by NMP (Figure 2). Thus, a P(MeOEGMA-co-AN-co-MPDL) terpolymer leads to dispersities of ~1.3, similar to a reference poly(MeOEGMA-co-AN) polymerized in the same conditions of solvent and temperature (50 wt.% toluene at 90°C). Despite the low reactivity of the MPDL, desired contents of MPDL in the final copolymers (from 7 to 30 mol.%) could be obtained from the adjustable initial monomer ratio, leading to an adjustable number of ester functions, known as chemical precursors of degradation. The careful study of these three different CKAs, as potential comonomers for inserting degradable units in methacrylate-based structures, highlighted the special ability of the MPDL to copolymerize at any monomer ratio by NMP.

c. Chemical hydrolysis of MPDL-containing copolymers

As emphasized before, although previously tested on two CKAs, review of the literature showed no demonstrated example of a degradable polymer backbone obtained by NMP. The adjusted amount of inserted MPDL should then not only show for the first time such degradation but also degradation as a function of the MPDL content. The effect of the low reactivity of MPDL on the repartition of the degradable units is important as it might insert MPDL mostly at the end of the polymer chains as a gradient copolymer, preventing an important decrease of the copolymer molecular weight. However, adjustable content means also high MPDL contents possible, to compensate for this drawback. The investigations of the chemical hydrolysis of the copolymers from different initial monomer ratios show the expected relationship between the MPDL amount inserted and the M n decrease (Figure 3). A high content of 70 mol.% MPDL leads to a quasi-complete degradation of the copolymers but is quite CKA-consuming, when 40 mol.% appears to allow for a satisfactory M n decrease of 70%. Interestingly, the degradation confirmed also the radical ring-opening of MPDL as major propagating mechanism compared to the unwanted vinyl propagation one, which can only be approximatively estimated by 13 C NMR. The complete kinetic study of various CKA copolymerizing with methacrylic esters underlined the particular behavior of the MPDL as the only suitable one for nitroxidemediated copolymerizations, resulting in the synthesis of the first degradable copolymers by NMP. These exciting, although unexpected, results encouraged further investigations of the copolymerization mechanism of each CKA, through deep and careful analyses of their control and livingness properties.

Combining NMP and rROP: a new understanding by 31 P NMR

SG1 nitroxide, in addition to afford good control over various families of vinyl monomers, contains a phosphorus atom that can be probe by 31 P NMR to give useful information about the polymer end-chains: (i) the shift of the signal and its multiplicity help determining the nature of the last monomer units and (ii) by using an internal reference such as the diethyl b. MPDL, the reason of success MPDL was studied the same way to fully understand the difference in behavior of the three CKAs observed during the nitroxide-mediated radical ring-opening copolymerization. As expected, 31 P NMR revealed another copolymerization behavior. Contrary to MDO and BMDO, even with an initial amount of 40 mol.% MPDL and a high MeOEGMA conversion, the characteristic peaks of (AN-SG1)-terminated chains remain and new peaks attributed to (MPDL-SG1) appear aside. This means that MPDL is not blocking the end-chains as seen with MDO/BMDO, but competes with the controlling comonomer (AN). This way, both comonomers can be observed by 31 

Toward degradable controlling comonomers

Styrene has been reported in the literature as a good controlling comonomer for the synthesis of polymethacrylates by NMP. 27 The open styrene-like structure of the propagating MPDL and the competition observed between AN and MPDL for terminating the poly(MeOEGMAco-AN-co-MPDL) polymer chains were two arguments in favor of a potential controlling comonomer behavior for the MPDL itself. The next step was then to remove the AN from the terpolymerization system to go back to a simple copolymerization strategy for which MPDL plays the roles of both controlling comonomer and degradation precursor.

The low reactivity of the MPDL, previously underlined in this discussion, makes a high amount of MPDL necessary for controlling the copolymerization, with a minimum of 40 mol.% MPDL required. Also, the MeOEGMA conversions are rather limited (~50%) with slightly higher dispersities of ~1.4. Nonetheless, the controlled character of the polymerization compared to a poly(MeOEGMA) without controlling comonomer is not questionable (figure 5). The degradation study of the controlled poly(MeOEGMA-co-MPDL) led to M n decreasing of 80 to 95%, close to the theoretical value expected, confirming the quantitative ring-opening mechanism of MPDL and the degradable feature induced. These results support the concept of a "two-in-one" degradable controlling comonomer for the synthesis of degradable polymethacrylates by NMP.

In vitro study of the cytotoxicity

Biomedical applications require non-toxic materials and this project was designed from the beginning to be applied to PEG-based polymethacrylates, known as non-toxic and even potentially stealth to the mononuclear phagocyte system (MPS) for setting innovative drug delivery nanocarriers. 6 Inserting CKA units may modify the toxicity of the polymers, especially when using MPDL which holds a phenyl group often said to be detrimental for such applications. Therefore the innocuousness of the new degradable systems needed to be confirmed.

The cytotoxicity of the degradable poly(MeOEGMA-co-MPDL) was tested on two different cell lines, using 3-[4,5-dimethylthiazol-2-yl]-3,5-diphenyltetrazolium bromide (MTT) assays for the cell viability evaluation. A poly(MeOEGMA-co-AN) was used as a reference and compared to a soluble poly(MeOEGMA-co-MPDL) containing 12 mol.% of CKA units. The results for MPDL-containing copolymers differed little from the reference, with cell viabilities systematically higher than 80 % on fibroblast cells and higher than 70 % on macrophages. Also, it seemed judicious to show the innocuousness of their degradation products, which is a prerequisite for any new degradable biomaterial, by degrading the polymers prior to a similar study in vitro. The degradation of ester-functions may indeed induce a slight change of the pH due to the carboxylic acids formed, potentially affecting the cells. This in vitro study actually showed even higher cell viabilities than those observed for the former non-degraded polymer (figure 6), possibly due to a local increase of the hydrophilicity or the decrease of the M n . In conclusion, a new degradable PEG-based system by NMP has been successfully set, mainly thanks to the discovery of the unique ability of MPDL to be a degradable controlling comonomer for the synthesis of polymethacrylates, which is due to its styrene-like propagating structure. The demonstrated chemical hydrolysis and the innocuousness in vitro make it suitable biomaterial suitable for biofunctionalization and which may be used for drug delivery applications.

Azlactone-functionalized polymers

Modern macromolecular synthesis tends toward controlled and living systems usable as userfriendly building blocks to play with for advanced architectures, but aims also at simpler ways of functionalizing the macromolecules for even more versatility. 28,29 The need of functional materials is particularly true for the biomedical applications, especially for drug delivery "nano"-strategies for which some of the actual challenges concern the burst-release effect (according to which a large fraction of adsorbed drug is quickly released post-administration), the low drug-loading (usually only a few percents) or the active targeting (which consist in incorporating ligands for receptor-mediated cell internalization), all potentially solvable by covalently binding the drug or the targeting agent of interest to its nanocarrier.

In parallel with the project concerning degradable polymers by NMP presented above, a side project was developed in collaboration with Prof. Laurent Fontaine and Dr Sagrario Pascual from the Institut des Molécules et Matériaux du Mans of the University of Maine, about a new functional alkoxyamine initiator containing an azlactone-moiety which is known to react quantitatively with amino-functionalized molecules at room temperature with no catalyst required. [30][31][32] This initiator could then be used for polymer synthesis by NMP to produce azlactone-functionalized polymers for bioconjugation purposes. oxazolin-5-one (AzBr) and SG1 nitroxide, using a procedure recently developed in the lab which only necessitates an additional stoichiometric amount of copper metal and the appropriate ligand. 33 Although usually almost quantitative, this synthetic pathway led to a rather low yield in azSG1 initiator (40 %), possibly due to the limited ability of one of the two isomers to recrystallize in pentane during the last purification step. This might also explained the variable final ratios of stereoisomers observed by 1 H NMR (ranging from 3/10 to 1/2) as a function of the time of recrystallization. Still, a highly pure product was obtained, allowing for polymer syntheses.

initiator, experiments at the the Institut des Molécules et Matériaux du Mans will be soon performed on protein and RNA strand conjugations.

The limited results obtained so far on the synthesis of AzP(MeOEGMA-co-AN) copolymers are likely to prevent (although not tested yet) the use of this new alkoxyamine as an initiator for the copolymerization of OEGMA with MPDL, initially intended for setting the first example of functionalizable degradable PEG-based copolymers by NMP. Other coupling strategies which will not be further developed in this thesis, such as the "drug-initiated approach", are under study as alternative routes for functionalizing P(OEGMA-co-MPDL) copolymers.

II. Critical insight, limitations and possibilities

Building a thesis on published or submitted works left only little room for both problems faced at the bench and exciting developments coming. However, as any challenging project, many questions remain unanswered, and even more concepts rose from the understanding of the nitroxide-mediated radical ring-opening copolymerization. The last part of this general discussion aims at giving a more critical point of view on the strategy adopted and highlighting the limitations but also the new possibilities open up.

Biomedical applications: CLRPs vs the rest of the world

When working in the biomedical field, making use of a CRP as polymerization technique does not readily appear as a preferable approach. Indeed, the question of the biocompatibility of the vinyl-based polymers is important and takes years of expensive experiments to be answered while a list of existing biocompatible structures is already available. As exposed earlier, it's even more true for setting biodegradable materials, which is obviously still arduous whereas naturally occurring polysaccharides and ionic ring-opening polymerizations provide architectures that are well-known to be biodegradable and even FDA-approved for some of them. These two reasons explain the large supremacy of the lactone polymers as biomaterials for drug delivery so far, and righlty so. 34 The high control over the molecular mass of the material, although interesting, is not a sufficient argument per se, since it appears not prerequisite for most of the bioapplications and some other polymerization techniques afford it as well. But the recent concepts of prodrug nanocarrier, active targeting or even stimuli-responsive release, all require more advanced and flexible polymer architectures, mostly in terms of synthesis and conjugation, which are made much easier with CRP techniques. For instance, attempts of side-chain functionalizable polymers using either lactone or N-carboxyanhydride (NCA) ring-opening polymerizations showed limited success due to sensitive monomers and rather constraining polymerization conditions (oxygen and protic conditions prohibited, preventing the use of any hydroxyl-and amino-functionalized molecules), despite some interesting examples in the literature. [35][36][37] On the other hand, polymers from CLRPs could be functionalized either on end chains or on side chains (using functional initiators and functional monomers), both before or after the polymerization. 38,39 This user-friendliness is also ultimately a great advantage from an industrial point of view.

Finally, the livingness of such polymers for straightforward amphiphilic block copolymer synthesis is also an attractive feature, especially for nanoparticle synthesis. So, the CLRPs may possibly one day catch up with the classic ring-opening techniques as good tools for biomedical applications mainly for their conjugation ability, assuming the difficult question of biodegradability settled.

Synthesis and limitations a. NMP and methacrylic esters

Among the CLRP techniques, we decided to work on the nitroxide-mediated polymerization (NMP), which is a choice that can be questioned. Among the three leading techniques, NMP 1 drew less attention than ATRP 2 and RAFT, 4 maybe due to control and livingness properties not exactly as good as those of the others, but most likely because of their faster developments and earlier industrializations of some of the reagents required. To date, only few alkoxyamines and free stable nitroxides are commercially available, quite expensive also, slowing its expansion in the polymer field. Nevertheless, NMP appears very simple to set up, with a one-component initiation, a thermal control over the polymerization, no need of catalyst, easy purifications of both new alkoxyamines and polymers, and works in versatile conditions. Also, it is interesting to notice that copolymerization of CKAs with traditional monomers by ATRP or RAFT for biomedical applications had been barely developed, leaving room for better understandings and innovations.

Biodegradability, the remaining question

Proving the biodegradability of a new material actually appears far more difficult than its degradability and remains to date the biggest issue encountered for the system we developed.

This term generally refers to polymer degradation under biological conditions (using from slightly acidic to neutral pH, enzymes, body temperature) but advances in biomaterials may necessitate also to include degradation under other stimuli that are compatible with biological conditions (photodegradation, moderate heating and so on), and in all cases implies the nontoxicity of the degradation products.

a. Enzyme hydrolysis

The chemical hydrolysis in 5% KOH solution is generally accepted to demonstrate the degradability of materials as accelerating conditions of its potential hydrolysis under more conventional pH, as we did; a good hint for its biodegradability but which is of course far from any biological conditions. Therefore, once the chemical hydrolysis demonstrated, true biodegradation of our system was attempted by using commercially available enzymes. For degrading our ester-containing polymers, a list of purified esterases has been tested at 37 °C in phosphate buffered saline (PBS) solution (5 mg.mL -1 polymer solution) for up to a week, using successively the following experimental conditions inspired by other successful biodegradable rROP-based strategies: (i) immobilized Candida Antartica lipases (10 mg.mL - 1 ), 23 (ii) lipase from Pseudomonas Pig liver esterase (100 µl of a 16.5 mg.mL -1 ) 40 and (iii) lipase from Pseudomonas Cepacia (10 mg.mL -1 with 0.2 mg.mL -1 NaN 3 ). 41 Unfortunately, none of these experiments showed observable degradation, despite a polymer architecture very similar to the demonstrated examples. And a reference enzyme-degradable copolymer, synthesized strictly as described in the literature, showed actually no enzyme degradation in the reported conditions neither, highlighting the possible random efficacy of this type of enzymatic degradation. This could be explained by the high selectivity of the enzymes tested, which are known to adopt specific three-dimensional conformations, bearing the catalytic active site deep into their globular protein structure. This way, such catalysis has only little chance to occur on a synthetic material, and even less in our case, being possibly sterically hindered by the comb-like structure of the macromolecules tested. Also, due to their (methacrylate-co-MPDL) backbone, these polymers are locally hydrophobic even though PEG-based, which may prevent the meeting of the active site and the ester functions to cleave.

These results, although disappointing, seem quite logical in this regard and only a cocktail of various enzymes or a test on actual cells may lead to the desired fast biodegradation. Further tests with microsomes from liver as a rich source of drug metabolizing enzymes are on-going, hoping to finally settle this question.

b. Long-term hydrolysis

Another accepted way of proving the biodegradation is the long-term degradation of materials in aqueous solution at neutral pH (often in PBS). This technique is usually used for hydrophobic polymers for which the low water accessibility to the ester linkage naturally prohibits any good enzyme activity, thus slowly degrading by surface or bulk erosion. 42 The long-studied aliphatic polyesters prepared by ring-opening polymerizations of lactones represent an interesting reference in this matter. For example, poly(lactic-co-glycolic acid)

(PLGA) has a degradation rate that has been shown to depend on molecular weight, copolymer composition and crystallinity, ranging from 1-2 months for 50 mol.% glycolide up to 5-6 months for 15 mol.% glycolide. 43 Interestingly, now aliphatic polyesters are in general assumed to be good candidates as degradable biomaterials for biomedical applications despite some very slow hydrolysis, such as poly(ε-caprolactone) (PCL) of wich degradation takes years (> 24 months). Once again, the degradation rate should fit with the desired application for which the biomaterial aimed to be used. For nanomedicine applications, it should be emphasized that drug release is barely related to the nanocarrier degradation itself but rather to its disassembly or diffusion/swelling mechanisms, and the biodegradation of the material is often only a question of toxicity and excretion. These observations encouraged us to recently launch a long-term hydrolysis study, and promising results, although very preliminary, already indicated some good signs of biodegradation, opening the way to new developments.

New possibilities

The initial goal of this project was to design a degradable comb-like PEGylating polymer and compare it to linear PEGs when used for amphiphilic block-copolymer self-assemblies 

a. Toward new CKAs and new architectures

First of all, if the great potential of CKAs was highlighted by successfully copolymerizing MPDL with methacrylic esters, its ability to copolymerize with other monomers (such as acrylic esters, styrene or isoprene), as a universal degradability precursor, has not been shown yet.

Also, as emphasized earlier, MPDL suffers from being relatively unstable which makes it hard to use. Conversely, MDO and BMDO are rather stable monomers partly owing to their 7-membered rings. Therefore, a hybrid CKA constituted of a 7-membered-ring dioxepane and a phenyl group on the 4-position (similar to MPDL) would allow for both monomer stability and copolymerization ability by NMP.

It is also now possible to see further, with comonomers bringing either hydrophilicity or sidechain functionalities (fluorescence, click chemistry, crosslinking and so on) in addition to induce degradability. These monomers will require open structures enabling proper radical propagations (mainly from cyclisized vinyl monomers) and such cyclic molecules will certainly need new synthetic pathways to be developed. Finally, it should be noted that the challenges of CKAs with good abilities to homopolymerize (faster polymerizations, lower dispersities) or better copolymerize with traditional vinyl monomers (higher reactivity ratios) remain unresolved.

b. Prodrug nanocarrier

But the most imminent developments following the works presented in this thesis will make use of the new degradable P(MeOEGMA-co-MPDL) copolymer to synthesize innovative nanocarriers. Indeed, the MPDL phenyl group induces hydrophobicity into the copolymer architecture, which at high MPDL contents may lead to random amphiphilic copolymers able to self-assemble, and a preliminary work on nanoparticle synthesis from this raw material seems to support this hypothesis. Such strategy could then be combined to a functional 

  This work was financially supported by the French National Research Agency (ANR JCJC BioPolyPEG ANR-11-JS08-0005) and the French National Center of Scientific Research (CNRS), in close collaboration with Dr Yohann Guillaneuf and Dr Didier Gigmes from the Institut de Chimie Radicalaire of the Aix-Marseille University. STATE OF THE ART Breaking good: (bio)degradable vinyl polymers for bioapplications ( To be submitted )

  based thermoresponsive poly(N-isopropyl acrylamide-b-poly(2-methacryloyloxyethyl phosphoryl choline)-b-poly(N-isopropyl acrylamide (PNIPAM-b-PMPC-b-PNIPAM) triblock copolymer gelators for which central cleavage caused irreversible dissolution of the micellar gel (Figure 1c).
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Figure 1 .

 1 Figure 1. (a) Insertion of mid-chain degradable functionalities within a polymer backbone from cleavable CRP difunctional initiators. (b) Representative cleavable difunctional ATRP initiators containing disulfide, Diels-Alder, O-nitrobenzyl ester and hemiacetal ester groups. (c) Synthesis of a disulfide-based thermoresponsive poly(N-isopropyl acrylamide-b-poly(2methacryloyloxyethyl phosphorylcholine)-b-poly(N-isopropyl acrylamide (PNIPAM-b-PMPC-b-PNIPAM) triblock copolymer gelator from a cleavable difunctional ATRP initiator.

Figure 2 .

 2 Figure 2. Structure of polystyrene-β-cyclodextrin (PS-βCD) and poly(ethylene oxide)ferrocene (PEO-Fc), and representation of the voltage-responsive controlled assembly and disassembly of PS-β -CD/PEO-Fc supramolecular vesicles.

Figure 3 .

 3 Figure 3. Synthesis of multisegmented N-(2-hydroxypropyl) methacrylamide (HPMA) copolymer by a combination of RAFT and copper-catalyzed azide-alkyne Huisgen cycloaddition (CuAAC) between poly(N-(2-hydroxypropyl) methacrylamide) (PHPMA) and ,-diazide GFLG petidic sequence.
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Figure 4 .

 4 Figure 4. (a) Radical ring-opening polymerization (rROP) of cyclic ketene acetals (CKA) and structures of three representative CKAs (MDO = 2-methylene-1,3-dioxepane, BMDO = 5,6benzo-2-methylene-1,3-dioxepane and MPDL = 2-methylene-phenyl-1,3-dioxolane). (b) Synthesis of (bio)degradable polymers by radical copolymerization between a vinyl monomer and a cyclic monomer polymerizing by ring opening polymerization (rROP).
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Figure 5 .

 5 Figure 5. (a) Simultaneous nitroxide-mediated polymerization (NMP) of styrene (S) and ringopening polymerization (ROP) of -caprolactone (CL) for one-step approach to PS-b-PCL diblock copolymers. (b) Selectively degradable core cross-linked star (CCS) polymer formation and subsequent hydrolysis to remove the labile component (MMA = methyl methacrylate).

Figure 6 .

 6 Figure 6. (a) General structure and degradation pathway of poly(alkyl cyanoacrylate) polymers. (b) Structure of three representative alkyl cyanoacrylate monomers (nBCA = nbutyl cyanoacrylate, IBCA = isobutyl cyanoacrylate, IHCA = isohexyl cyanoacrylate). (c) Design of functionalized, PEGylated nanoparticles by tandem Knoevenagel condensation-Michael addition from hexadecyl cyanoacetate (HDCA), poly(ethylene glycol) cyanoacetate (PEGCA) and its functionalized counterpart.

Figure 7 .

 7 Figure 7. Synthesis of biocompatible PEG-based star polymers with a cationic and degradable core of 2-(dimethylamino)ethyl methacrylate (DMAEMA) for small interfering RNA (siRNA) delivery. MEOEGMA = poly(ethylene glycol) methyl ether methacrylate.

Figure 8 .

 8 Figure 8. Synthesis of acid-degradable polyacrylamide microparticles for protein-based vaccines by inverse emulsion copolymerization between acrylamide and a degradable crosslinker.

Figure 9 .

 9 Figure 9. Bioreversible conjugation of cysteine-containing proteins from pyridyl disulfide (PDS) end-terminated poly(hydroxylethyl methacrylate) (PHEMA) prepared by ATRP.

Scheme 3 .

 3 Scheme 3. a) Formation of SG1 nitroxide from BlocBuilder MA alkoxyamine initiator, upon heating. b) NMP initiated by an alkoxyamine initiator for the synthesis of nitroxideterminated functional polymers.

membered ring: 1 , 3 -Scheme 5 .

 135 Scheme 5. Mechanism of the radical ring-opening polymerization (rROP) of cyclic ketene acetals (CKAs).

Scheme 4 .

 4 Scheme 4. Examples of CKA structures from the literature; a) 2-methylene-1,3-dioxepane (MDO), b) 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) and c) 2-methylene-4-phenyl-1,3dixolane (MPDL)

Figure 1 .

 1 Figure 1. Bulk BMDO polymerization initiated with BlocBuilder MA ([BMDO] 0 : [BlocBuilder] 0 = 62:1) at 120°C (), 140°C () and 160°C ().

Figure 2 .

 2 Figure 2. Evolution of number-average molar mass (M n full symbols) and dispersity index (Ð empty symbols) vs conversion for the bulk BMDO polymerization initiated with BlocBuilder MA ([BMDO] 0 : [BlocBuilder] 0 = 62:1) at 120°C (), 140°C () and 160°C (). The solid line corresponds to the theoretical M n .

Figure 3 .

 3 Figure 3. Bulk BMDO polymerization ([BMDO]0 : [Alkoxyamine]0 = 62:1) at 140 °C initiated with BlocBuilder MA (), MONAMS (), benzyl-SG1 (), styryl-SG1 ().

Figure 4 .

 4 Figure 4. Evolution of number-average molar mass (M n full symbols) and dispersity index (Ð empty symbols) vs conversion for the BMDO polymerization at 140°C initiated with various alkoxyamines ([BMDO] 0 : [Alkoxyamine] 0 = 62:1) and using various solvents. The solid line corresponds to the theoretical M n . BlocBuilder MA in bulk (); MONAMS in bulk (); benzyl-SG1 in bulk (); styryl-SG1 in bulk (); Blocbuilder MA in tert-butylbenzene (1:0.8 w/w) (); in anisole (1:1 w/w) ().

Figure 5 .

 5 Figure 5. Kinetics of the BMDO polymerization with Blocbuilder MA ([BMDO] 0 : [Alkoxyamine] 0 = 62:1) at 140 °C in bulk (), in tert-butyl benzene (1:0.8 w/w) (), and (1:1 w/w) anisole ().

Figure 6 .

 6 Figure 6. Molar Mass Distribution obtained from the bulk BMDO polymerization initiated with BlocBuilder MA. (black solid line 9 % conversion); (green dotted line 30 % conversion); (blue dashed line 47 % conversion); (red dotted dashed line 74 % conversion).

Figure 7 .

 7 Figure 7. Kinetics of the BMDO and MPDL bulk polymerizations initiated with MONAMS ([CKA] 0 : [Alkoxyamine] 0 = 62:1). BMDO at 140 °C (); BMDO at 120 °C (); MPDL at 140 °C (); MPDL at 120 °C (); MPDL at 120 °C with 3 wt.% pyridine ().

Figure 8 .

 8 Figure 8. Evolution of number-average molar mass (M n full symbols) and dispersity index (Ð empty symbols) vs conversion for the bulk BMDO or MPDL polymerizations initiated with the MONAMS ([CKA] 0 : [Alkoxyamine] 0 = 62:1). The solid line corresponds to the theoretical M n . BMDO at 120 °C (); MPDL at 140 °C (); MPDL at 120 °C + 3 wt.% pyridine/monomer ().

Figure 9 .

 9 Figure 9. Molar Mass Distribution of the PBMDO macroinitiator (M n = 2,900 g.mol -1 , Ð = 1.77) and the obtained block copolymer PBMDO-b-PS). (blue solid line macroinitiator); (red dashed line precipitated PBMDO-b-PS); (black dotted line deconvoluted pure PBMDO-b-PS) (M n = 24,000 g.mol -1 , Ð = 1.34).

Figure 10 .

 10 Figure 10. Molar Mass Distribution of the PS-SG1 macroinitiator (M n = 5,800 g.mol -1 , Ð = 1.1) and the obtained block copolymer PS-b-PBMDO (black solid line macroinitiator); (red dotted line 45 % conversion); (blue dashed line 50 % conversion).

Figure 11 .

 11 Figure 11. 31 P NMR (CDCl 3 ) spectra of the BMDO polymerization with BlocBuilder MA ([BMDO] 0 : [Alkoxyamine] 0 = 62:1) at 120 °C in bulk. Insert: reference benzyl-SG1 alkoxyamine, triethyl phosphonoacetate and isolated PBMDO.

Figure 12 .Scheme 3 .

 123 Figure 12. Positive mode electrospray mass spectrum of the PBMDO sample, displaying four distributions of BMDO oligomers adducted with either one (filled symbols) or two (open symbols) sodium, and characterized by a sum of the end-group masses of 381 Da (triangles), 88 Da (squares), 431 Da (circles), and 138 Da (arrows).

Scheme 4 .

 4 Scheme 4. Proposed mechanism of the BMDO NMP taking into account the SG1 thermal degradation and the trapping of the ketal-based macroradical.

  alkoxyamines have always BDE(C-ON) lower that BDE(CO-N) and thus selective dissociation of the C-ON bond occurred during the NMP process of classic monomers. When an heteroatom is present in the α position to the radical center, anomeric stabilization inverted the bond dissociation mechanism and led to BDE(C-ON) lower that BDE(CO-N) for the vinyl acetate based-alkoxyamine. A similar behavior is then obtained for alkoxyamines based on a ketal-based radical, whatever the structure of the ketal-based radical (i.e. BMDO or MPDL).

Figure 13 .

 13 Figure 13. a) Kinetics of the BMDO and MPDL polymerization at 120 °C in bulk. (★) BMDO initiated with VAM 111 (3mol.%); () BMDO initiated with BlocBuilder MA ([CKA] 0 : [Alkoxyamine] 0 = 62:1); () BMDO initiated with MONAMS ([CKA] 0 : [Alkoxyamine] 0 = 62:1); () MPDL initiated with MONAMS ([CKA] 0 : [Alkoxyamine] 0 = 62:1) with 3 wt.% pyridine. The lines correspond to the PREDICI modelings. The dashed violet line corresponds to the modeling of BMDO polymerization taking into account the NMP equilibrium without any side reactions. b) Evolution of the Living Fraction obtained using PREDICI versus conversion (short dotted blue line) MPDL; (short dashed red line) BMDO initiated by BlocBuilder MA; (short dashed dotted red line) BMDO initiated by MONAMS.

Figure 14 .

 14 Figure 14. Evolution of number-average molar mass (M n full symbols) and dispersity index (Ð empty symbols) vs conversion for the bulk BMDO or MPDL polymerization ([BMDO] 0 : [Alkoxyamine] 0 = 62:1). The solid line corresponds to the theoretical M n . () BMDO initiated by BlocBuilder MA; () BMDO initiated with MONAMS; () MPDL + 3 wt.% pyridine initiated with MONAMS; (short dotted blue line) PREDICI modeling of MPDL; (short dashed red line) PREDICI modeling of BMDO initiated with BlocBuilder MA; (short dashed dotted red line) PREDICI modeling of BMDO initiated with MONAMS.

  PNMR and ESI-MS analyses. The results showed that besides the expected initiating moiety, the diethyl phosphonyl groups were found to initiate extra chains. SG1 and a hydrogen were found to be the ω end-groups. Two mechanisms were postulated to explain such results. The first one is based on the thermal degradation of the SG1 nitroxide whereas the second one is based on the irreversible trapping of the SG1 nitroxide by the ketal-based radical followed by the CO-N dissociation of the corresponding macroalkoxyamine. The aminyl radical degraded easily into the diethyl phosphonyl radical that initiate extra chains. According to DFT calculations, both mechanisms seemed possible and in particular the unusu al behavior of the ketal-based macroalkoxyamines were highlighted. PREDICI modelings were then carried out to discriminate the different mechanisms. The second one was shown to be the most plausible and explained also the decrease of the living fraction with increasing conversion.

Figure 1 .

 1 Figure 1. PEG-based copolymers from nitroxide-mediated radical ring-opening copolymerization of oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA), acrylonitrile (AN), and cyclic ketene acetals (CKAs). MDO = 2-methylene-1,3-dioxepane, BMDO = 5,6-benzo-2-methylene-1,3-dioxepane, and MPDL = 2-methylene-4-phenyl-1,3dioxolane.

1 H

 1 NMR spectroscopy was performed in 5 mm diameter tubes in CDCl 3 on a Bruker Avance-300 (300 MHz) spectrometer. The chemical shift scale was then calibrated on the basis of the solvent peak (δ = 7.26 ppm). Size exclusion chromatography (SEC) was performed at 30 °C with two columns from Polymer Laboratories (PL-gel MIXED-D; 300 × 7.5 mm; bead diameter, 5 μm; linear part, 200-400 000 g.mol -1 ) and a differential refractive index detector (Spectrasystem RI-150 from Thermo Electron Corp.), using chloroform (CHCl 3 ) as eluent, at a flow rate of 1 mL.min -1 , and toluene as a flow-rate marker. The conventional calibration curve was based on poly(methyl methacrylate) (PMMA) standards (peak molar masses, Mp = 625-625 500 g.mol -1 ) from Polymer Laboratories. This technique allowed M n (numberaverage molar mass), M w (weight-average molar mass), and M w /M n (dispersity, Đ) to be determined. These results should be interpreted with caution, as a conventional calibration does not allow absolute M n and M w of MeOEGMA-based copolymers to be determined.

  694 g, 5.65 × 10 -3 mol), AN (0.033 g, 6.19 × 10 -4 mol), and the BlocBuilder MA alkoxyamine initiator (0.025 g, 6.52 × 10 -5 mol) was deoxygenated under stirring by nitrogen bubbling for 15 min at room temperature. The mixture was then immersed in a preheated oil bath at 90 °C, corresponding to the time zero of the reaction (according to the small volume of solution and its quasi-instantaneous heating). Samples were periodically taken and dried to follow MeOEGMA conversion by 1 H NMR spectroscopy and molar mass evolution by SEC. The copolymer was then precipitated once in cold diethyl ether and dried under high vacuum until constant weight. Conv. (3.5 h) = 61 %, M n ,SEC = 14350 g.mol -1 , M w /M n = 1.46 (raw copolymer).b. Synthesis of P(MeOEGMA-co-S-co-CKA) CopolymerA typical bulk terpolymerization procedure (expt. 1) is as follows. In a 5 mL vial, fitted with a rubber septum and a magnetic bar, a mixture of MeOEGMA (3.378 g, 1.13 × 10 -2 mol), S (0.114 g, 1.10 × 10 -3 mol), BMDO (0.500 g, 3.08 × 10 -3 mol), and the BlocBuilder MA alkoxyamine initiator (0.050 g, 1.69 × 10 -4 mol) was deoxygenated under stirring by nitrogen bubbling for 15 min at room temperature. The mixture was then heated at 90 °C in a preheated oil bath, taking the immersion time as time zero of the reaction (according to the small volume of solution and its quasi-instantaneous heating). Samples were periodically taken and dried to follow MeOEGMA conversion by1 H NMR spectroscopy and molar mass evolution by SEC. The copolymer was then precipitated once in cold diethyl ether and dried under high vacuum until constant weight. Conv. (2 h) = 50%, M n ,SEC = 11020 g.mol -1 , M w /M n = 1.51 (raw copolymer).c. Solution Polymerizations. Synthesis of P(MeOEGMA-co-AN) CopolymerA typical solution terpolymerization procedure (expt. 7) is as follows. In a 5 mL vial, fitted with a rubber septum and a magnetic bar, a mixture of MeOEGMA (1.694 g, 5.65 × 10 -3 mol), AN (0.031 g, 5.97 × 10 -4 mol), and the BlocBuilder MA alkoxyamine initiator (0.025 g, 6.40 × 10 -5 mol) and anhydrous toluene (1.70 g, 1.97 mL) was deoxygenated under stirring by nitrogen bubbling for 15 min at room temperature. The mixture was then immersed in a preheated oil bath at 90 °C, corresponding to the time zero of the reaction (according to the small volume of solution and its quasi-instantaneous heating). Samples were periodically taken and dried to follow MeOEGMA conversion by 1 H NMR spectroscopy and molar mass evolution by SEC. The copolymer was then precipitated once in cold diethyl ether and dried under high vacuum until constant weight. Conv. (6 h) = 67%, M n ,SEC = 12820 g.mol-1 , 

  Figure 6 (expts. 13-15). Synthesis of P(MeOEGMA-co-AN-co-MPDL)-b-PS BlockCopolymer. The P(MeOEGMA-co-AN-co-MPDL)-SG1 macroinitiator (from expt. 15; 0.195 g, 1.60 × 10 -5 mol) and S (1.168 g, 1.12 × 10 -2 mol) were placed in a 5 mL vial and sealed with a rubber septum. The mixture was then stirred and deoxygenated by nitrogen bubbling for 15 min at room temperature, and finally placed in a preheated oil bath, at 120 °C, triggering the block copolymerization. After 8 h, the polymerization was stopped by cooling down the reaction medium. S conversion was estimated by gravimetric analysis. Conv. (8 h) = 80 %, M n ,SEC = 29590 g.mol -1 , M w /M n = 1.84 (raw copolymer).

the 3 -

 3 [4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) test. Cells were seeded in 100 μL of growth medium (HUVEC and J774.A1 8 × 10 4 cells.mL -1 , NIH/3T3 4 × 10 4 cells.mL -1 ) in 96-well microliter plates (TPP) and preincubated for 24 h. After appropriate dilutions, 100 μL of terpolymer solution in cell medium was added over the cells and incubated for 48 h (NIH/3T3) or 72 h (HUVEC and J774.A1). Initial cell density and incubation time were determined to allow cells to remain in exponential growth and to undergo two cell-doubling times during the assay. At the end of the incubation period, 20 μL of a 5 mg.mL -1 MTT (Sigma-Aldrich) solution in phosphate buffered saline was added to each well. After 2 h of incubation, the culture medium was removed and replaced by 200 μL of dimethyl sulfoxide (DMSO), in order to dissolve the formazan crystals. The absorbance of the solubilized dye was measured spectrophotometrically with a microplate reader (LAB System Original Multiscan MS) at 570 nm. The percentage of viable cells for each treatment was calculated from the ratio of the absorbance of the well containing the treated cells versus the average absorbance of the control wells (i.e., untreated cells). All experiments were set up in triplicate to determine means and SDs. Cell Morphology Observations. For optical microscopy observations, cells were seeded on 9.2 cm 2 tissue culture dishes (TPP) for 24 h, prior to an incubation with copolymer solutions (1 mg.mL -1 ) in cell growth medium. Cell morphology was observed after 48 h (J774.A1 cells) or 72 h (NIH/3T3 and HUVEC cells) of

Figure 2 .

 2 Figure 2. Bulk NMP of poly(ethylene glycol) methyl ether methacrylate (MeOEGMA), acrolynitrile (AN) or styrene (S) and CKAs, initiated by the BlocBuilder alkoxyamine at 90 °C, as a function of the nature of the CKA and its initial amount: •, expt. 1 ( f BMDO,0 = 0.2; S as comonomer); ■, expt. 2 ( f BMDO,0 = 0.4; S as comonomer); ▲, expt. 3 (f MPDL,0 = 0.2; AN as comonomer); ⧫ , expt. 4 ( f MPDL,0 = 0.4; AN as comonomer). (a) Ln[1/(1conv)] vs time (conv = MeOEGMA conversion). (b) Number-average molar mass M n , and dispersity, M w /M n , vs conversion. The full line represents the theoretical M n and the dashed ones represent the best fit of the linear domains.

Figure 4 .

 4 Figure 4. Structures of propagating radicals deriving from BMDO (a), MDO (b), and MPDL (c) polymerizations.

Figure 5 .

 5 Figure 5. Solution NMP of poly(ethylene glycol) methyl ether methacrylate (MeOEGMA), acrolynitrile (AN), and CKAs, in 50 wt.% toluene, initiated by the BlocBuilder alkoxyamine at 90 °C, as a function of the CKA and its initial amount in the feed. BMDO (a) and (b): •, expt. 9 (f BMDO,0 = 0.2); ■, expt. 10 ( f BMDO,0 = 0.4). MDO (c) and (d): •, expt. 11 ( f MDO,0 = 0.2); ■, expt. 12 (f MDO,0 = 0.4). MPDL (e) and (f): •, expt. 13 (f MPDL,0 = 0.2); ■, expt. 14 (f MPDL,0 = 0.4); and ▲, expt. 15 ( f MPDL,0 = 0.7). For each set of experiments: Ln[1/(1conv)] vs time (conv = MeOEGMA conversion) and number-average molar mass, M n , and dispersity, M w /M n , vs conversion. The full line represents the theoretical M n and the dashed ones represent the best fit of the linear domains.

Figure 6 .

 6 Figure 6. 1 H NMR (300 MHz) spectra in the 8-0 ppm region in CDCl 3 of the purified P(MeOEGMA-co-MPDL-co-AN) copolymers from expts. 13 (a), 14 (b), and 15 (c).

Figure 7 .

 7 Figure 7. Size-exclusion chromatograms of poly[oligo(ethylene glycol) methyl ether methacrylate-co-acrylonitrile-co-(2-methylene-4-phenyl-(1,3)-dioxolane)]-b-polystyrene (P(MeOEGMA-co-AN-co-MPDL)-b-PS) diblock copolymer resulting from chain extensions from the P(MeOEGMA-co-AN-co-MPDL)-SG1 macroalkoxyamine (expt. 15).

from MeOEGMA containing 4 - 5

 45 OE units with f BMDO,0 = 0.2 (conv. (5 h) = 80 %, M n = 8930 g.mol -1 , Đ = 1.9, F BMDO = 4.7 mol.%) led to only ~ 30% of M n decrease on hydrolysis after 24 h. This may be due to steric hindrance of the hydrolyzable ester groups caused by the longer PEG chains used in this study.

Figure 8 .

 8 Figure 8. Evolution of the number-average molar mass, M n , and the dispersity, M w /M n , of poly[oligo(ethylene glycol) methyl ether methacrylate-co-acrylonitrile-co-cyclic ketene acetal] (P(MeOEGMA-co-AN-co-CKA) copolymers as a function of the nature of the CKA with f CKA,0 = 0.2: •, expt. 9 (BMDO); ▲, expt. 11 (MDO); and ■, expt. 13 (MPDL).

Figure 9 .

 9 Figure 9. a) Evolution of the number-average molar mass, M n , and the dispersity, M w /M n , of poly[oligo(ethylene glycol) methyl ether methacrylate-coacrylonitrile-co-(2-methylene-4phenyl-(1,3)-dioxolane] (P(MeOEGMA-co-AN-co-MPDL) as a function of the initial molar fraction of MPDL: ■, expt. 13 ( f MPDL,0 = 0.2); ▲, expt. 14 (f MPDL,0 = 0.4); and •, expt. 15 ( f MPDL,0 = 0.7). b) Evolution of the SEC chromatograms at different time for expt. 15 during degradation.

Figure 10 .

 10 Figure 10. Cell viability (MTT assay) after incubation of NIH/3T3 cells (a), HUVEC cells (b), and J774.A1 cells (c) with expts. 7 (P(MeOEGMA-co-AN)), 9 (P(MeOEGMA-co-ANco-BMDO), f BMDO,0 = 0.2), 11 (P(MeOEGMA-co-AN-co-MDO), f MDO,0 = 0.2), 13 (P(MeOEGMA-co-AN-co-MPDL), f MPDL,0 = 0.2), and 14 (P-(MeOEGMA-co-AN-co-MPDL), f MPDL,0 = 0.4), at 0.1 and 1 mg•mL -1 . Results were expressed as percentages of absorption of treated cells (±SD) in comparison to that of untreated ones as a control.

Figure 11 .

 11 Figure 11. Morphology of NIH/3T3 cells (first column, A-F), HUVEC cells (second column, G-L), and J774.A1 cells (third column, M-R) monitored by optical microscopy, after a 48 h (J774.A1 cells) or a 72 h incubation (NIH/3T3 and HUVEC cells) with copolymers from expts. 7 (P(MeOEGMA-co-AN)), 9 (P(MeOEGMA-co-AN-co-BMDO), f BMDO,0 = 0.2), 11 (P(MeOEGMA-co-AN-co-MDO), f MDO,0 = 0.2), 13 (P(MeOEGMA-co-AN-co-MPDL), f MPDL,0 = 0.2), and 14 (P(MeOEGMA-co-AN-co-MPDL), f MPDL,0 = 0.4), at 1 mg•mL -1 . Scale bar = 50 μm.
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Figure 1 .

 1 Figure 1. Synthesis of degradable PEG-based copolymers by SG1-mediated radical ring opening copolymerization of oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA), acrylonitrile (AN) and different cyclic ketene acetals (CKAs); 2-methylene-1,3-dioxepane (MDO), 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) and 2-methylene-4-phenyl-1,3dioxolane (MPDL).

1 H

 1 NMR spectroscopy was performed in 5 mm diameter tubes in CDCl 3 on a Bruker Avance-300 (300 MHz) spectrometer. The chemical shift scale was then calibrated on the basis of the solvent peak (δ = 7.26 ppm). Size exclusion chromatography (SEC) was performed at 30 °C with two columns from Polymer Laboratories (PL-gel MIXED-D; 300 × 7.5 mm; bead diameter: 5 μ m; linear part: 400 -4 × 10 5 g.mol -1 ) and a differential refractive index detector (Spectrasystem RI-150 from Thermo Electron Corp.), using chloroform (CHCl 3 ) as eluent, at a flow rate of 1 mL.min -1 , and toluene as a flow-rate marker. The conventional calibration curve was based on poly(methyl methacrylate) (PMMA) standards (peak molar masses, M p = 625-625 500 g.mol -1 ) for MeOEGMA-and PMMA-based macroinitiators as well as PMMAbased diblock copolymers, or polystyrene (PS) standards (peak molar masses, M p = 162-523 000 g.mol -1 ) for chain extension experiments from MeOEGMA-based macroinitiators, from Polymer Laboratories. This technique allowed M n (number-average molar mass), M w (weightaverage molar mass) and M w /M n (dispersity, Ð) to be determined.31 P NMR spectroscopy was recorded in CDCl 3 at 25 °C, on a Bruker Avance 400 spectrometer operating at the frequency of 161.9 MHz with a 5 mm gradient BBI probe ( 31 P -109 Ag/ 1 H). Spectra were recorded with proton decoupling with a spectral width of 32362 Hz, an acquisition time of 1 s and a relaxation delay of 34 s. The chemical shift scale was calibrated based on added diethyl phosphite at δ = 7.1 ppm.

S conversion was estimated by 1 H

 1 NMR. Conv. (3 h) = 47 %, M n , SEC = 25 450 g.mol -1 , M w /M n = 1.25 (raw copolymer).

  SG1 alkoxyamine. P(MeOEGMA-co-AN-co-CKA) copolymers containing BMDO or MDO (expts. 2 and 3) exhibited nearly identical singlets at 24.3 ppm (FigureS1b,c, Supporting Information), similar to the signal obtained for a benzyl-SG1 alkoxyamine (FigureS1a, Supporting Information), whereas the P(MeOEGMA-co-AN) copolymer (expt. 1) showed a triplet at 22.5 ppm, indicating different chain-end structures (FigureS1d, Supporting Information). This demonstrated that when AN and BMDO (or MDO) are simultaneously used as comonomers, polymer chains are mainly terminated with CKA-SG1 sequences, likely due to accumulation of low dissociation rate constant BMDO-SG1 or MDO-SG1

  P NMR spectra of MPDLcontaining copolymers (expts. 4-6) exhibited a marked difference compared to BMDO-and MDO-containing counterparts (Figure 2 b-d). As the initial amount of MPDL in the monomer feed was increased from 0.2 to 0.7, the 31 P NMR signal, initially quite similar to that of a MPDL-free P(MeOEGMA-co-AN) copolymer (Figure 2 a, 22-23 ppm), is progressively transformed into a signal resembling that of a PS-SG1 homopolymer (Figure 2 e, 23.5-25.5 ppm).

Figure 2 .

 2 Figure 2. 31 P NMR spectra in CDCl 3 of: a) P(MeOEGMA-co-AN)-SG1 (expt. 1); b) P(MeOEGMA-co-AN-co-MPDL)-SG1 (f MPDL,0 = 0.2, expt. 4); c) P(MeOEGMA-co-AN-co-MPDL)-SG1 (f MPDL,0 = 0.4, expt. 5); d) P(MeOEGMA-co-AN-co-MPDL)-SG1 (f MPDL,0 = 0.7, expt. 6) and e) PS-SG1 (expt. 20).

  a). These amphiphilic P(MeOEGMA-co-AN-co-CKA)-b-PS diblock copolymers (expts. 1-6) were then subjected to hydrolytic degradation in 5% KOH. Whereas the CKA-free P(MeOEGMA-co-AN)-b-PS copolymer (expt. 1) was unaffected (Figure 3 a), diblock copolymers obtained from f CKA,0 = 0.2 (expts. 2-4) showed marginal degradations in good agreement with both the low amount of inserted CKA obtained for such a low initial molar fraction and the respective lengths of the two polymer blocks (Figure 3 b-d). When f MPDL,0 was increased up to 0.4 (expt. 5) and 0.7 (expt. 6), degradations of the CKA-containing blocks were quantitative, as assessed by the variations of M n values (Figure 3 e,f). Indeed, within the error given by the use of PMMA and PS conventional calibrations for SEC analyses, the decrease of M n upon hydrolytic degradation for these two copolymers matched the M n of the CKA-containing block.MMA was then used as the main monomer in place of MeOEGMA in order to have a more accurate determination of the M n (calculated from SEC based on a conventional calibration with PMMA standards). The amounts of less labile BMDO-and MDO-SG1 terminal sequences together with the LFs of the resulting copolymers were simultaneously measured during the polymerization by31 P NMR spectroscopy (using the known amount of diethyl phosphite acting here as an internal reference). For instance, during the copolymerization of MMA, AN (f AN,0 = 0.09) and MDO (f MDO,0 = 0.2) (expts. 8-11), the proportion of MDO-SG1

Figure 4 .

 4 Figure 4. SEC traces of P(MMA-co-AN-co-CKA)-SG1 macroinitiators, P(MMA-co-AN-co-CKA)-b-PS diblock copolymers obtained from chain extension with S at 110 °C, and the resulting copolymers obtained after hydrolytic degradation in 5% KOH in H 2 O /THF (50/50) solution for one week at 30 °C as a function of the nature of the CKA and its initial molar fraction in the macroinitiators: (a) no CKA (expt. 7); (b) MPDL, f MPDL,0 = 0.2 (expt. 14); (c) MPDL, f MPDL,0 = 0.4 (expt. 15) and (d) MPDL, f MPDL,0 = 0.7 (expt. 16).

Figure S3. 31 P

 31 Figure S3.31 P NMR spectra in CDCl 3 of (a) P(MMA-co-AN)-SG1 after 15 h (expt. 7) and P(MMA-co-AN-co-MDO)-SG1 for f MDO = 0.2 at different time intervals: (b) 6 h (expt. 8); (c) 15 h (expt. 9); (d) 24 h (expt. 10) and (e) 30 h (expt. 11).

Figure S4. 31 P

 31 Figure S4. 31 P NMR spectra in CDCl 3 of: (a) P(MMA-co-AN)-SG1 (expt. 7); (b) P(MMAco-AN-co-MPDL)-SG1 (f MPDL = 0.2, expt. 14; (c) P(MMA-co-AN-co-MPDL)-SG1 (f MPDL = 0.4, expt. 15) and (d) P(MMA-co-AN-co-MPDL)-SG1 (f MPDL = 0.7, expt. 16).

12 Scheme 1 .

 121 Scheme 1. Synthesis of poly[(oligo(ethylene glycol) methyl ether methacrylate)-co-(2methylene-4-phenyl-1,3-dioxolane)] (P(MeOEGMA-co-MPDL)) by nitroxide-mediated polymerization (NMP), degradation and cytotoxicity study performed pre-and postdegradation.

  Deuterated chloroform (CDCl 3 ) was obtained from Eurisotop. All other solvents were purchased from Carlo-Erba. The 2-methyl-2-[N-tert-butyl-N-(1-diethoxyphosphoryl-2,2-dimethylpropyl) aminoxy]propionic acid alkoxyamine (BlocBuilder MA, 99%) and the N-tert-butyl-N-(1diethylphosphono-2,2-dimethylpropyl) nitroxide (SG1, 85%) were kindly supplied by Arkema.

  [4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) test. Cells were seeded in 100 μL of growth medium (NIH/3T3, 3 × 10 4 cells.mL -1 ; J774.A1, 6 × 10 4 cells.mL -1 ) in 96-well microliter plates (TPP) and preincubated for 24 h. After appropriate dilutions, 100 μL of copolymer solution in cell medium was added over the cells and incubated for 72 h. Initial cell density and incubation time were determined to allow cells to remain in exponential growth and to undergo two cell-doubling times during the assay. At the end of the incubation period, 20 μL of a 5 mg.mL -1 MTT (Sigma-Aldrich) solution in phosphate buffered saline (PBS) was added to each well. After 2 h of incubation, the culture medium was removed and replaced by 200 μL of dimethyl sulfoxide (DMSO), in order to dissolve the formazan crystals. The absorbance of the solubilized dye was measured spectrophotometrically with a microplate reader (LAB System Original Multiscan MS) at 570 nm. The percentage of viable cells for each treatment was calculated from the ratio of the absorbance of the well containing the treated cells versus the average absorbance of the control wells (i.e., untreated cells). All experiments were set up in triplicate to determine means and SDs.

  homopolymerization of MeOEGMA (f MPDL,0 = 0) was very fast but rapidly stopped, yielding polydisperse PMeOEGMA (M n = 12200 kDa, Ð = 1.55) with no possibility of control over the molecular weight. When 20 mol.% of MPDL was added in the comonomer feed, the situation significantly changed; although the copolymerization stopped earlier (32 % vs 44 % without MPDL), a slight evolution of the M n with the conversion was noticed with substantial improvement of the dispersities, which reached 1.42 for a 9.1 kDa P(MeOEGMA-co-PMDL) copolymer. Increasing further the initial amount of MPDL resulted in first order kinetics with linear evolutions of M n with monomer conversion over a wide range of values (~2800-14000 kDa), matching quite well the calculated ones, and decreasing dispersities. For instance with f MPDL,0 = 0.7, Ð was as low as 1.35 at 20 % conversion for M n = 7600 kDa. P(MeOEGMA-co-MPDL) copolymers were characterized by31 P NMR spectroscopy. Due to the styrene-like open radical form of MPDL, the preferential formation of the MPDL-SG1

Figure 1 .

 1 Figure 1. NMP of oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA) and 2methylene-4-phenyl-1,3-dioxolane (MPDL) in toluene initiated by the BlocBuilder alkoxyamine at 90 °C, as a function of the initial amount of MPDL: ♦, expt. 1 (f MPDL,0 = 0); ▲, expt. 2 (f MPDL,0 = 0.2); •, expt. 3 (f MPDL,0 = 0.4); ■, expt. 4 (f MPDL,0 = 0.7). (a) Ln[1/(1conv.)] vs time (conv. = MeOEGMA conversion). (b) Number-average molar mass M n , and dispersity, M w /M n , vs conversion. The full line represents the theoretical M n and the dashed ones are guides for the eye only.

Figure 2 .

 2 Figure 2. Hydrolytic degration, in 5% KOH solution, of poly[oligo(ethylene glycol) methyl ether methacrylate-co-(2-methylene-4-phenyl-1,3-dioxolane)] (P(MeOEGMA-co-MPDL) as a function of the content in MPDL: ♦, expt. 1 (F MPDL,0 = 0); ▲, expt. 2 (F MPDL,0 = 0.036); •, expt. 3 (F MPDL,0 = 0.113); ■, expt. 4 (F MPDL,0 = 0.248) (a) Evolution of the number-average molar mass, M n with time. Dashed lines are guides for the eye only. (b) Evolution of the SEC chromatograms at different time for expt. 4 during degradation.

Figure 3 .

 3 Figure 3. Cell viability (MTT assay) after incubation of NIH/3T3 cells and J774.A1 cells with P(MeOEGMA-co-MPDL) copolymer (expt. 3, F MPDL,0 = 0.113) at 0,1 and 1 mg.mL -1 . Results were expressed as percentages of absorption of treated cells (±SD) in comparison to that of untreated ones as a control.

Figure

  Figure S2. a) Mole fraction of MPDL in monomer feed as a function of conversion. Circles represent experimental data, lines the predictions of the copolymer composition equation with reactivity ratios of r MPDL = 0, r MeOEGMA = 6.95. b) 95 % joint confidence region (JCR) for reactivity ratios of MeOEGMA and MPDL. Internal contours represent 50 %, 70 % and 90 % JCRs.

Figure S3. 31 P

 31 Figure S3. 31 P NMR spectra in CDCl 3 of: a) PS-SG1 (expt. 1); b) P(OEGMA-co-MPDL)-SG1 (f MPDL,0 = 0.4, expt. 3).

Scheme 1 .

 1 Scheme 1. Structure of the BlocBuilder MA (a), NHS-BlocBuilder (b) and Azlactonefunctionalized SG1-based (AzSG1) alkoxyamine (c).
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 47164 85 %, 1.71 × 10 -3 mol ), 401 mg of AzBr (1.71 × 10 -3 mol ) and 526 mg of 2,2'-bipyridine (3.37 × 10 -3 mol) were introduced and dissolved in 5 mL of acetonitrile. The solution was fitted with a rubber septum, a magnetic bar and deoxygenated under stirring by nitrogen bubbling for 5 min at room temperature. 107 mg of copper wire (1.69 × 10 -3 mol) were then added and the solution was deoxygenated again under stirring by nitrogen bubbling for 5 min at room temperature. The solution was finally stirred overnight under nitrogen. To purify the product, the mixture was first diluted in 100 mL of ethyl acetate and filtered. The solution was then washed 3 times with 50 mL of water, 3 times with 50 mL of a 5 % CuSO 4 solution and 3 times with 50 mL of a saturated NaCl solution. The colorless organic solution was dried over MgSO 4 and filtered before evaporation of the solvent to obtain a mixture of a crystallized white powder and a sticky brown compound (both diastereoisomers of the final product). An additional recrystallization of a week at -20°C in pentane was performed to eliminate the free SG1, giving 632 mg of pure products (Yield: 40 %).1 H NMR (300 MHz, CDCl 3 , δ, ppm): 1.0-1.2 (m, C(CH 3 ) 3 , 18 H), 1.2-1.35 (dt, PCH 2 (CH 3 ) 2 , 6H), 1.35-1.45 (s, NC(CH 3 ) 2 , 6H), 1.57-1.63 (d, OCCH 3 , 3H), 3.25-3.45 (dd, N(CH)P, 1H), 3.9-4.3 (dq, PCH 2 (CH 3 ) 2 , 4H), 4.85-5.05 (dq, NOCH(CH 3 ), 1H). 13 C NMR (300 MHz, CDCl 3 , δ, ppm): 181.4 (O-C=O), 163.3 (O-C=N), 74.0 (OCHCH 3 ), 70.2 (CP), 65.1 (NC(CH 3 ) 2 ), 61.8 (NC(CH 3 ) 3 ), 61.8 and 59.4 (OCH 2 CH 3 ), 35.5 (CHC(CH 3 ) 3 ), 30.PCHC(CH 3 ) 3 ), 28.4 (NC(CH 3 ) 3 ), 24.5 and 24.1 (NC(CH 3 ) 2 ), 17.8 and 18.3 (OCHCH 3 ), 16.POCH 2 CH 3 ). 31 P NMR (400 MHz, CDCl 3 , δ, ppm): 23.49 and 24.29. MS (ESI): 435 (M+H) + . Calc. for C 20 H 40 N 2 O 6 P + : 435.4. b. Determination of the dissociation rate constant (k d )Electron spin resonance (ESR) experiments were performed on a Bruker EMX 300 spectrometer. The appearance of the nitroxide was followed during the thermolysis of AzSG1 alkoxyamine ([AzSG1] 0 = 1.0 ×10 -4 M) in tert-butylbenzene as solvent (0.5 mL). O 2 was used as radical scavenger. The time evolution of the doubly integrated ESR signal of the SG1 nitroxide radical was followed by ESR spectroscopy at 347.7 K for 10 h. A first order fit of the signal allows the determination of the k d value. The activation energy E a was calculated from k d via the Arrhenius' equation with A = 2.4 × 10 14 s -1 .33 

Figure 1 .

 1 Figure 1. Synthesis of the azlactone-functionalized SG1-based alkoxyamine (AzSG1) and 1 H NMR spectrum in CDCl 3 in the 0.9-5.2 ppm region.

Figure 2 .

 2 Figure 2. Bulk NMP of styrene initiated by the azlactone-functionalized alkoxyamine (AzSG1) at 120 °C, as a function of the targeted number-average degree of polymerization (DP n,th ): ■, expt. 1 (DP n,th = 148); ♦, expt. 2 (DP n,th = 331); ▲, expt. 3 (DP n,th = 627). (a) Evolution of S conversion (conv.) with time (t); (b) evolution of ln[1/(1-conv.)]) with time (t); (c) evolution of the number-average molar mass (M n ) with conv. and (d) evolution of the dispersity (Ð) with conv. The full lines represent the theoretical M n and lines connecting data points are guides for the eye only.

Figure 3 .

 3 Figure 3. Solvent NMP of nBA initiated by the azlactone-functionalized alkoxyamine (AzSG1) at 110 °C, as a function of targeted number-average degree of polymerization (DP n,th ): ■, expt. 4 (DP n,th = 135); ♦, expt. 5 DP n,th = 274); ▲, expt. 6 (DP n,th = 536). (a) Evolution of nBA conversion (conv.) with time (t); (b) evolution of ln[1/(1-conv.)]) with time (t); (c) evolution of the number-average molar mass (M n ) with conv. and (d) evolution of the dispersity (Ð) with conv. The full lines represent the theoretical M n and lines connecting data points are guides for the eye only.

Figure 4 .

 4 Figure 4. Solvent NMP of methyl methacrylate (MMA) with a small amount of acrylonitrile (AN, f 0 = 9 mol.%) initiated by the azlactone-functionalized alkoxyamine (AzSG1) at 90 °C, as a function of the targeted number-average degree of polymerization (DP n,th ): ■, expt. 7 (DP n,th = 185); ♦, expt. 8 (DP n,th = 360); ▲, expt. 9 (DP n,th = 720). (a) Evolution of MMA conversion (conv.) with time (t); (b) evolution of ln[1/(1-conv.)]) with time (t); (c) evolution of the number-average molar mass (M n ) with conv. and (d) evolution of the dispersity (Ð) with conv. The full lines represent the theoretical M n and lines connecting data points are guides for the eye only.

Figure 5 .

 5 Figure 5. 31 P NMR spectra in CDCl 3 of (a) Az-PS-SG1 (expt. 2); (b) Az-PnBA-SG1 (expt. 4) and (c) Az-P(MMA-co-AN)-SG1 (expt. 7) synthesized by SG1-mediated polymerization from AzSG1 alkoxyamine.

Figure 6 .

 6 Figure 6. (a) Coupling reaction between benzylamine and a Az-P(MMA-co-AN)-SG1 copolymer. (b) 1 H NMR spectrum in acetone-d 6 in the 0-7.5 ppm region of the benzylamine-P(MMA-co-AN)-SG1 copolymer. (c) Size exclusion chromatography traces (normalized on the RI signal) of the Az-P(MMA-co-AN)-SG1 copolymer (expt. 7) and the benzylamine-P(MMA-co-AN)-SG1 copolymer.

Figure 1 .

 1 Figure 1. Different structures of amphiphilic graft copolymers used for drug conjugation.

Figure 2 .

 2 Figure 2. Structure of the RGD4C-PEG-b-P(CL-Hyd-Dox) copolymer. Adapted with permissions from ref. 21 .

Figure 4 .

 4 Figure 4. Synthesis of cross-linked polymer vesicles and their drug conjugation with cisplatin. Reproduced with permissions from ref. 58 .

Figure 5 .

 5 Figure 5. Preparation of polymeric micelles from self-assembling acid-sensitive PEG-b-P(Asp-Hyd-Dox) amphiphilic block copolymers in aqueous solution (a). Release of Dox under acidic conditions(b). Adapted with permissions from ref.26 .

  Whereas PEG-b-P(Asp-Hyd-LEV-Ptxl) micelles exhibited faster LEV-Ptxl release than PEG-b-P(Asp-Hyd-4AB-Ptxl), mixed polymeric micelles, resulting from the co-nanoprecipitation of the two copolymer prodrugs, moderated the release of LEV-Ptxl, owing to the hydrophobicity of PEG-b-P(Asp-Hyd-4AB-Ptxl). By simply playing with the stoichiometry of the copolymer blend, the drug release profile could be readily adjusted. It has been shown by cytotoxicity experiments that all analogues of Ptxl retain cell growth inhibitory activity against MCF-7 and SK-OV-3 cancer cells, assessing

Figure 6 .

 6 Figure 6. Structure of FA-PHEA-g-carbm-PHS prodrug micelles loaded with Dox, followed by the pH-sensitive release of Dox and PHS. Adapted with permissions from ref. 51 .b. Vinyl polymer-based nanocarriers

Figure 7 .

 7 Figure 7. Design of platinum drug delivery carriers, from statistical copolymers to crosslinked micelles, by a combination of RAFT and 'thiol-ene'/'thiol-yne' coupling chemistry.Adapted with permissions from ref.63 .

Figure 9 .

 9 Figure 9. Synthesis of high-density Dox-conjugated polymeric nanoparticles by ROMP. Reproduced with permissions from ref. 81.

  104- 106 By reacting [(BDI)MgN-(TMS) 2 ] (BDI = 2-((2,6-diisopropylphenyl)amino)-4-((2,6diisopropylphenyl)imino)-2-pentene, TMS = trimethylsilyl) in the presence of Ptxl, the resulting complex initiated the ROP of lactide leading to well-defined Ptxl-PLA conjugates with quantitative regioselectivity and chemoselectivity as well as high drug-loading (typically in the 6-28 wt.% range); the latter being governed by the PLA chain length (Fig.10).Nanoprecipitation of the conjugates furnished narrowly disperses sub-100 nm nanoparticles with a controlled release profile (i.e., no 'burst' release) and in vitro anticancer activity on PC-3 cancer cells. The cytotoxicity was correlated with the drug loading; the higher the drug loading, the lower the IC 50 . Whereas nanoparticle aggregation occurred immediately after PBS addition, perfect colloidal stability was obtained after their PEGylation with PLGA-b-PEG as a macromolecular surfactant. PEGylated Ptxl-PLA nanoparticles were also surface functionalized by aptamers and successfully utilized for prostate-cancer targeting in vitro.107 

Figure 10 .

 10 Figure 10. Synthesis of PEGylated Ptxl-PLA nanoparticles by Ptxl-initated lactide ROP in the presence of [(BDI)MN-(TMS) 2 ] (M = Mg or Zn), followed by nanoprecipitation and surface modification with PLGA-b-PEG. Adapted with permissions from ref. 104 .

  nanoparticles showed remarkable ability to control the sustained release of CsA in vitro and suppress T-cell-mediated immune responses.110 

Figure 11 .

 11 Figure 11. Synthetic strategy for gemcitabine-polyisoprene (Gem-PI) conjugate nanoparticles by nitroxide-mediated polymerization (NMP) (a). In vivo anticancer activity of Gem (-▼-, 7 mg.kg -1 ), Gem-PI nanoparticles [-•-(1.5 kDa) and --•--(2.5 kDa), 7 mg.kg -1 Gemequivalent dose], control (-■-, saline 0.9%) and PI nanoparticles [-▲-, (1.5 kDa) and --▲--, (2.5 kDa), same dose of polymer as Gem-PI] following intravenous treatment (on days 0, 4, 8 and 12) of mice bearing MiaPaCa-2 subcutaneous tumors: tumor progression as function of time (b). White arrows point to the position of the implanted tumor on representative mouse at end point for Gem-treated group (insert 1) and Gem-PI (2.5 kDa)-treated group (insert 2). Adapted with permissions from ref. 113 .

Figure 12 .

 12 Figure 12. Design of macromolecular prodrug nanoparticles based on squalene as a naturally occurring isoprenoid, via the reversible addition fragmentation chain transfer (RAFT) technique for anticancer therapy. Reproduced with permission from ref. 114 .

Scheme 2 .Figure 1 .

 21 Scheme 2. CKAs synthesized and studied for the copolymerization with: a) 2-methylene-1,3dioxepane (MDO), b) 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) and c) 2-methylene-4phenyl-1,3-dioxolane (MPDL).

Figure 2 .

 2 Figure 2. Solution NMP of poly(ethylene glycol) methyl ether methacrylate (MeOEGMA), acrolynitrile (AN) and MPDL, in 50 wt.% toluene, initiated by the BlocBuilder alkoxyamine at 90 °C, as a function of the initial amount of MPDL in the feed: •, f MPDL,0 = 0.2) ■, f MPDL,0 = 0.4 and ▲, f MPDL,0 = 0.7. Ln[1/(1-conv)] vs time (conv = MeOEGMA conversion) and number-average molar mass, M n , and dispersity, M w /M n , vs conversion. The full line represents the theoretical M n and the dashed ones represent the best fit of the linear domains.

Figure 3 .

 3 Figure 3. a) Evolution of the number-average molar mass, M n , and the dispersity, M w /M n , of poly[oligo(ethylene glycol) methyl ether methacrylate-coacrylonitrile-co-(2-methylene-4phenyl-(1,3)-dioxolane] (P(MeOEGMA-co-AN-co-MPDL) as a function of the initial molar fraction of MPDL: ■, f MPDL,0 = 0.2 ▲, f MPDL,0 = 0.4 and •, f MPDL,0 = 0.7. b) Evolution of the SEC chromatograms at different time during degradation of a copolymer containing 29 mol.% of MPDL.

  P NMR, up to a certain initial amount of MPDL (70 mol.%) for which only (MPDL-SG1)-terminated chains appear (Figure4). Going further in these investigations, it's worth mentioning that (MPDL-SG1)-terminated copolymers have peaks close to those of a reference PS by NMP. This similarity is due to the styrene-like open structure of the successful CKA and finally may explain the specific ability of the MPDL to copolymerize well with methacrylic esters.

Figure 4 .

 4 Figure 4. Difference in copolymerization behavior of (a) MDO/BMDO and (b) MPDL in NMP.

Figur 5 .

 5 Figur 5. NMP of oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA) and 2methylene-4-phenyl-1,3-dioxolane (MPDL) in toluene initiated by the BlocBuilder alkoxyamine at 90 °C, as a function of the initial amount of MPDL: ♦, fMPDL,0 = 0 ▲, f MPDL,0 = 0.2 •, f MPDL,0 = 0.4 ■, f MPDL,0 = 0.7. (a) Ln[1/(1-conv.)] vs time (conv. = MeOEGMA conversion). (b) Number-average molar mass M n , and dispersity, M w /M n , vs conversion. The full line represents the theoretical M n and the dashed ones are guides for the eye only.

Figure 6 .

 6 Figure 6. Cell viability (MTT assay) after incubation of NIH/3T3 cells and J774.A1 cells with P(MeOEGMA-co-MPDL) copolymer (F MPDL,0 = 0.113) at 0,1 and 1 mg.mL -1 . Results were expressed as percentages of absorption of treated cells (±SD) in comparison to that of untreated ones as a control.

Scheme 4 .

 4 Scheme 4. Project strategy for azlactone-functionalized polymers by NMP.

(

  typically PEG-b-PLA nanoparticles), bearing in mind a possible replacement of traditional PEGs by a new degradable version of it. This was, of course, all before falling into issues, faced with limited CKA copolymerizations dragging us to the necessary deep understanding of NMrROP mechanisms. Now that a successful system has been set, as a reliable tool for degradable polymers by NMP, many interesting possibilities of research are opening, from new CKAs and copolymer systems to biomedical applications.

  initiating system, such as the azlactone-functionalized SG1-based (AzSG1) alkoxyamine, for the synthesis of functional self-assembling copolymers allowing for the original design of a CONCLUSION GENERALE La nanomédecine, appliquée en particulier au traitement du cancer, suscite depuis une quinzaine d'années un intérêt grandissant, développant des stratégies innovantes pour le ciblage spécifique de tissues malades. De nouveaux progrès en la matière sont encore à venir, mais nécessitent de nouveaux matériaux offrant une grande flexibilité en termes de synthèse, ainsi que la possibilité de fonctionnalités et de propriétés physicochimiques variées ; avantages tous présentés par l'utilisation des techniques de polymérisation radicalaire contrôlée (CRP). Ces techniques de polymérisation ont déjà démontré leur fort potentiel à travers différents systèmes nanoparticulaires à base de prodrogues de polymère, mais aucun d'entre eux ne s'avère dégradable ce qui pourrait empêcher à l'avenir leur utilisation et leur développement.Anticipant les besoins, ce projet a eu pour but la synthèse de polymères PEGylés dégradables par la technique de polymérisation contrôlée par les nitroxydes (NMP), travail très en amont de l'habituel procédé d'élaboration d'un nouveau nanomédicament. Pour ce faire, la NMP du méthacrylate de méthyl éther oligo(éthylène glycol) (MeOEGMA) a été combinée à la polymérisation radicalaire par ouverte de cycle (rROP) des acétals de cétène cyclique (CKAs), connus comme précurseurs de fonctions esters.Parmi trois CKAs étudiés, le 2-méthylène-4-phényl-1,3-dioxolane (MPDL) a montré une capacité unique à copolymériser avec les dérivés de méthacrylates, grâce à sa structure ouverte de type « styrènique » permettant son utilisation en NMP. A travers une étude approfondie des propriétés de contrôle et de caractère vivant de ces copolymères, le MPDL s'est également révélé être le premier comonomère de contrôle des méthacrylates à être dégradable. Un lien direct entre dégradabilité et quantité de MPDL insérée a été démontré, permettant jusqu'à l'hydrolyse complète des matériaux. Ces copolymères n'ont montré aucune cytotoxicité, et ce sur trois types de cellules différents (fibroblastes, cellules endothéliales et macrophages), et une étude similaire sur la toxicité de leurs produits de dégradation a permis d'aboutir à la même conclusion, soulignant la possible biocompatibilité de ces nouveaux matériaux qui, si confirmée, permettrait leur utilisation pour des applications biomédicales.Parallèlement, un second projet portant sur la mise au point d'une nouvelle alcoxyamine à base du nitroxide SG1 et présentant une fonction azlactone, baptisée AzSG1, a été développé pour la synthèse de polymères fonctionnalisables par NMP. Utilisant l'alcoxyamine AzSG1 comme amorceur, les NMPs du styrène, de l'acrylate de n-butyle et du méthacrylate de méthyle ont été réalisées avec succès, ainsi que le couplage quantitatif de la benzylamine comme preuve de concept de la possible fonctionnalisation. Dans un avenir proche, utiliser cet amorceur fonctionnalisable pour la synthèse de copolymères à base de MeOEGMA et de MPDL pourrait ainsi permettre l'élaboration de copolymères PEGylés, dégradables et fonctionnalisables par NMP, pour des applications dans le domaine de la bioconjugaison et du drug delivery.
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	KOH RAFT k p RDRP	Potassium hydroxide Reversible addition-fragmentation chain transfer ABBREVIATIONS propagation rate constant Reversible deactivation radical polymerization
	AN k t ROP	Acrylonitrile termination rate constant Ring-opening polymerization
	ATRP LF rROP	Atom-transfer radical polymerization Living fraction Radical ring-opening polymerization
	Az MDO S	Azlactone 2-methylene-1,3-dioxepane Styrene
	AzSG1 MeOEGMA SEC	Azlactone-functionalized SG1-based alkoxyamine Oligo(ethylene glycol) methyl ether methacrylate Size-exclusion chromatography
	Bipy MMA SG1	2,2'-bipyridine Methyl methacrylate N-tert-butyl-N-[1-diethylphosphono-(2,2-dimethylpropyl)]
	BlocBuilder M n TEMPO	2-methyl-2-[N-tert-butyl-N-(1-diethoxyphosphoryl-2,2-number-average molar mass 2,2,6,6-tetramethylpiperidinyl-1-oxy
	MONAMS THF	dimethylpropyl)aminoxy]propionic acid (also called MAMA-SG1) methyl 2-[N-tertiobutyl-N-(1-diethoxyphosphoryl-2,2-Tetrahydrofurane
	BMDO TIPNO	5,6-benzo-2-methylene-1,3-dioxepane dimethylpropyl)aminoxy] propionate 2,2,5-trimethyl-4-phenyl-3-azahexane-3-oxyl
	CDCl 3 MPDL	Deuterated chloroform 2-methylene-4-phenyl-1,3-dioxolane
	CHCl 3 MTT	Chloroform 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
	CKA M w	Cyclic ketene acetal weight-average molar mass
	CRP nBA	Controlled radical polymerization n-butyl acrylate
	CuAAC NCA	Copper-catalyzed azide-alkyne Huisgen cycladdition N-carboxyanhydride
	Ð NHS	dispersity (M w /M n ) N-hydrosuccinimide
	DEP NIPAM	Diethyl phosphite N-isopropyl acrylamide
	DFT NMP	Density functional theory Nitroxide-mediated polymerization
	DMSO NMR	Dimethyl sulfoxide Nuclear magnetic resonance
	DP NMrROP	Degree of polymerization Niroxide-mediated radical ring-opening polymerization
	DPn OEGA	Average-number degree of polymerization Oligo(ethylene glycol) methyl ether acrylate
	EPR PACA	Enhanced Permeability and retention Poly(alkyl cyanoacrylate)
	EtOH PBS	Ethanol Phosphate buffer saline
	f PCL	molar fraction of monomer Polycaprolactone
	FRP PDS	Free-radical polymerization Pyridyldisulfide
	HCl PEG	Hydrogen chloride Poly(ethylene glycol)
	HMPA PEO	N-(2-hydroxypropyl) methacrylamide Poly(ethylene oxide)
	K PMMA	activation-deactivation equilibrium constant Poly(methyl methacrylate)
	k AA PS	homopropagation rate constant of monomer A Polystyrene
	k c PyBOP	(Benzotriazol-1-yloxy)tris(pyrrolidino)phosphonium recombination rate constant hexafluorophosphate
	k d	dissociation rate constant
		14
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Scheme 1. Macromolecular architectures available from controlled radical polymerizations. Functionalities Compositions Topologies II. Nitroxide-mediated polymerization

  

	linear increase of the number-average molar mass, M n , with monomer conversion; (iii) low
	dispersity indexes, M w /M n (Ðs), with M w the weight-average molar mass; (iv) a quantitative
	-and -functionalization and (v) the possibility for polymer chains to grow again when Among the CRP techniques, one can mention the nitroxide-mediated polymerization (NMP)
	additional monomer is introduced, allowing block copolymers to be synthesized. These which is based on an activation-deactivation equilibrium governed by free stable nitroxide,
	characteristics enable a large range of macromolecular architectures to be built, with various which are N,N-disubstituted NO • stable radicals. While the formation of dinitroxide dimers is
	compositions, topologies and functionalities (Scheme 1). very unlikely due to thermodynamically unfavored O-O formation, these compounds could
	reversibly react with propagating radicals to form a dormant macroalkoxyamine moiety.
	Reactivating the growing chains is a purely thermal process which allows to control the
	polymerization rate by simply changing the temperature (Scheme 2 a). Various nitroxides
	have been developed for successfully polymerizing the different vinyl monomer classes,
	among which 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO) nitroxide, 2,2,5-trimethyl-4-
	phenyl-3-azahexane-3-oxyl (TIPNO) nitroxide and N-tert-butyl-N-[1-diethylphosphono-(2,2-
	dimethylpropyl)] (SG1) could be cited as some of the most representative ones (Scheme 2 b).
	Scheme 2. a) Activation-deactivation equilibrium in nitroxide-mediated polymerization
	(NMP). b) Representative nitroxides for NMP: i) 2,2,6,6-tetramethylpiperidinyl-1-oxy
	(TEMPO) nitroxide; ii) 2,2,5-trimethyl-4-phenyl-3-azahexane-3-oxyl (TIPNO) nitroxide and
	iii
	1/(1 -
	conversion)] with time, accounting for a constant propagating radicals concentration; (ii) a

  P NMR and ESI-MS analyses. DFT calculations as well as PREDICI modelings were performed to assess the hypotheses envisioned.

	Résumé
	La polymérisation par ouverture de cycle des acétals de cétène cyclique par un mécanisme
	radicalaire contrôlé suscite un intérêt tout particulier en tant que potentielle voie alternative
	pour la synthèse de polyesters aliphatiques. Alors que les polymérisations par ATRP et par
	RAFT du 5,6-benzo-2-méthylène-1,3-dioxépane (BMDO) et 2-méthylène-4-phényl-1,3-
	dioxolane (MPDL) ont déjà été étudiées, leurs homopolymérisations respectives par la
	technique de polymérisation contrôlée par les nitroxydes (NMP) n'ont jusqu'à présent pas fait
	l'objet de travaux. Ainsi, nous avons utilisé l'alcoxyamine commerciale BlocBuilder MA
	pour amorcer la polymérisation à la fois du BMDO et du MPDL. Différentes conditions
	expérimentales (la température, la nature du solvant ainsi que la nature du radical alkyle
	amorceur) ont été testées pour déterminer les conditions optimales en termes de cinétique et
	de caractère vivant du polymère final. L'étude d'extension de chaînes de types PS-b-
	P(BMDO) et P(BMDO)-b-PS a été menée pour démontrer la possible synthèse de
	copolymères à blocs comprenant un segment à base de CKA par NMP. Différentes
	hypothèses ont été formulées quant à la nature de certaines réactions secondaires sur la base
	de résultats par RMN du phosphore et analyses ESI-MS. Enfin, des calculs par DFT et des
	modèles par PREDICI ont été réalisés pour évaluer la pertinence de ces hypothèses.

Table 1 :

 1 Calculated a Bond Dissociation Energies (BDE) of both the C-ON and CO-N dissociation occurring in SG1-based alkoxyamines and C-P occurring in the SG1 nitroxide and the corresponding aminyl radical.

	SG1-based Alkoxyamine	BDE (C-ON) (kJ/mol)	BDE (CO-N) (kJ/mol)	BDE (C-P) (kJ/mol)
	Benzyl	142.2 b 182.1	-
	Styryl	124.0 163.0	-
	VAc	178.3 152.7	-
	BMDO	134.5 175.5	312.4
	MPDL	124.4 159.0	-
	BMDO ketal	171.5 156.0	307.7
	MPDL ketal	188.4 168.4	-
	SG1	-	-	175.7
	Aminyl	-	-	56.6 d

a BMK/6-31G

(d

). b experimental E a value 134.6 kJ.mol -1 . c experimental E a value 124.4 kJ.mol -1 . d Theoretical B3LYP/6-31G(d) E a = 50 kJ.mol -1 .

Table 2 :

 2 Kinetic rate constants used for the PREDICI modelings

a BMDO MPDL

Table 1 .

 1 Experimental Conditions for the SG1-Mediated Bulk Copolymerization at 90 °C of Poly(ethylene glycol) Methyl Ether Methacrylate (MeOEGMA), Acrylonitrile (AN) or Styrene (S), a and Cyclic Ketene Acetals (CKAs).

		experimental conditions			copolymer characteristics			hydrolytic degradation
	expt.	Toluene (wt.%) b	CKA c nature	d (mol.%) f CKA,0	MeOEGMA conv. % / time (h)	M n (g.mol -1 ) e	Ð e	f (mol.%) % CKA	% M n	g
	1		BMDO	20	50 / 2	11 020	1.51 6.6 h	-25	
	2		BMDO	40	31 / 2	7 090	1.39 10.2 h	-49	
	3		MPDL	20	38 / 1	8 640	1.48 6.4	-35	
	4		MPDL	40	54 / 2	6 510	1.85 12.3	-40	
	5		-	0	61 / 3.5	14 350	1.46 0	~0	
	6		-	0	65 / 6	13 290	1.34 0	~0	
	7		-	0	67 / 6	12 820	1.27 0	~0	
	8		-	0	39 / 6	7 940	1.25 0	~0	
	9		BMDO	20	56 / 15	10 070	1.28 6.4	-32	
	10		BMDO	40	23 / 15	4 430	1.34 n.d	n.d.	
	11		MDO	20	64 / 20	11 000	1.31 n.d. i	-42	
	12		MDO	40	31 / 15	7 180	1.37 n.d. i	n.d.	
	13		MPDL	20	71 / 15	11 460	1.33 6.9	-29	
	14		MPDL	40	65 / 20	12 450	1.28 13.6	-71	
	15		MPDL	70	58 / 30	9 530	1.26 29.0	-93	
	dioxepane (MDO), 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) and 2-methylene-phenyl-1,3-dioxolane (MPDL).				

a S was used as a comonomer only for expts. 1 and 2, [AN or S] 0 /([AN or S] 0 + [MeOEGMA] 0 ) = 0.09. b Initial overall weight fraction of toluene. c Cyclic ketene acetal: 2-methylene-1,3d Initial molar fraction of CKA in the monomer feed. e Determined by size exclusion chromatography (SEC) calibrated with PMMA standards before copolymer purification. f Molar fraction of CKA in the copolymer with respect to MeOEGMA. g M n decrease after

  Deuterated chloroform (CDCl 3 ) was obtained from Eurisotop. All other solvents were purchased from Carlo-Erba. The 2-methyl-2-[Ntertbutyl-N-(1-diethoxyphosphoryl-2,2-dimethylpropyl) aminoxy] propionic acid alkoxyamine (BlocBuilder MA; 99%) was kindly supplied by Arkema.

Table 1 .

 1 Experimental Conditions and Characteristics of the Copolymers Synthesized in This Study. Initial molar fraction of CKA in the monomer feed. d M n and Ð of the purified copolymers were determined by size exclusion chromatography (SEC) calibrated with PMMA standards. e Molar fraction of CKA in the copolymer with respect to MeOEGMA or MMA. f Living fraction (LF) determined by 31 P NMR spectroscopy. g Proportion of CKA-SG1 terminal sequences determined by 31 P NMR spectroscopy.

		Experimental conditions a		Macromolecular characteristics	
	Expt.	Main monomer CKA b	f CKA,0 (mol.%) c	Conv% / time (h)	M n d (g.mol -1 ) Ð d	% CKA e (mol.%)	LF f (mol.%)	CKA-SG1 g (mol.%)
	1	MeOEGMA -	0	56 / 6 14 520	1.27 0	-	-
	2	MeOEGMA MDO 20	52 / 15 16 090	1.23 n.d	-	-
	3	MeOEGMA BMDO 20	56 / 15 12 520	1.23 6.4	-	-
	4	MeOEGMA MPDL 20	72 / 15 12 890	1.26 3.77	-	-
	5	MeOEGMA MPDL 40	55 / 20 16 230	1.29 13.8	-	-
	6	MeOEGMA MPDL 70	56 / 30 17 520	1.26 29.0	-	-
	7	MMA	-	0	39 / 6 10 240	1.25 0	n.d.	-
	8	MMA	MDO 20	20 / 6 18 590	1.42 n.d	78	43
	9	MMA	MDO 20	32 / 15 15 210	1.25 n.d	79	50
	10 MMA	MDO 20	28 / 24 12 810	1.23 n.d	82	76
	11 MMA	MDO 20	32 / 30 14 790	1.30 n.d	58	94
	12 MMA	MDO 40	16 / 24 22 460	1.40 n.d	84	86
	13 MMA	BMDO 20	19 / 15 10 820	1.36 7.8	72	80
	14 MMA	MPDL 20	45 / 15 14 970	1.24 6.8	74	39
	15 MMA	MPDL 40	42 / 20 17 300	1.20 15.5	77	50
	16 MMA	MPDL 70	52 / 30 21 320	1.23 30.0	61	78
	17 h S	-	-	71 / 15 15 060	1.20 -	77	-
	a All copolymerizations were performed at 90°C in the presence of a small amount of
	acrylonitrile, AN ([AN] 0 /([AN] 0 + [Main monomer] 0 ) = 0.09. b Cyclic ketene acetal: 2-
	methylene-1,3-dioxepane (MDO), 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) and 2-
	methylene-phenyl-1,3-dioxolane (MPDL).			

c h PS synthesis was performed in bulk at 120°C.

  These high proportions, especially for expts. 14 and 15, indicated high degrees of livingness, making such copolymers suitable for chain extensions and block copolymer synthesis. The lower LF observed for the copolymer from expt. 16 could be due to inaccurate determination of the M n value by conventional SEC calibration with PMMA standards. The relatively high concentration of MPDL units (≈30 %)

14), 77 % (expt. 15), and 61 % (expt. 16).

  SEC) was performed at 30 °C with two columns from Polymer Laboratories (PL-gel MIXED-D; 300 × 7.5 mm; bead diameter, 5 μm linear part, 400-4x 10 5 g.mol -1 ) and a differential refractive index detector (Spectrasystem RI-150 from Thermo Electron Corp.), using chloroform (CHCl 3 ) as eluent, at a flow rate of 1 mL•min -1 , and toluene as a flow-rate marker. The conventional calibration curve was based on poly(methyl methacrylate) (PMMA)

	diethylphosphono-2,2-dimethylpropyl) nitroxide (SG1, 85 %) was kindly supplied by
	Arkema. Bromo-azlactone (AzBr) was synthesized as reported elsewhere. 28
	2. Analytical Techniques
	1 H NMR spectroscopy was performed in 5 mm diameter tubes in CDCl 3 on a Bruker Avance-
	300 (300 MHz) spectrometer. The chemical shift scale was then calibrated on the basis of the
	solvent peak (δ = 7.26 ppm). 31 P-NMR spectroscopy was performed in 5 mm diameter tubes

1. Materials

Sodium hydroxide (≥ 98 %), 2-methylalanine (98 %), hydrochloric acid (37 %), triethylamine (TEA, ≥ 99 %), ethyl chloroformate (97 %), 2-bromopropionyl bromide (97 %), oligo(ethylene glycol) methyl ether methacrylate (OEGMA, M n = 300 g.mol -1 ), methyl methacrylate (MMA, 99 %), n-butyl acrylate (BA, ≥ 99 %), styrene (S, 99 %), acrylonitrile (AN, 99+ %), diethyl phosphite (DEP, 98 %), benzylamine (99 %), copper wire (1.0 mm diam., 99.9+ %), magnesium sulfate (MgSO 4 , ≥ 99.5 %), sodium chloride (NaCl 4 , ≥ 99.5 %), and anhydrous toluene (99.8 %) were purchased from Sigma-Aldrich and used as received.

Copper (II) sulfate (CuSO 4 ) and 2,2'-bipyridine (Bipy) were purchased from VWR and used as received. Deuterated chloroform (CDCl 3 ) was obtained from Eurisotop. All other solvents were purchased from Carlo-Erba and used as received. The N-tert-butyl-N-

(1- 

in CDCl 3 on a Bruker Avance-400 (400 MHz) spectrometer. Diethylphosphite (DEP, δ = 7,1 ppm) was used as internal reference to calibrate the chemical shift scale. Size exclusion chromatography (

Table 3 :

 3 Structure Of Functional Monomers For The Design Of Polymer Prodrug

	Nanocarriers.					
	Entry	Structure	Ref.	Entry	Structure	Ref.
	(acronym)			(acronym)		
			Monomers for ROP	
	M1		37	M2		18
	(MAC)			(DHP)		
	M3		39	M4		20-21,30,42,69-70
	(MBC)			(ε-BCL)		
	M5		55	(MABz) M6		19
	M7		45-46			

IV. Conclusions

We have demonstrated that MPDL, a barely studied CKA, can both act as a controlling comonomer for the SG1-mediated polymerization of MeOEGMA and confer tuneable degradability to the resulting copolymer. By adjusting the comonomer feed, up to complete degradation was observed. No significant toxicity was shown, either from P(MeOEGMA-co-MPDL) or from its degradation products. Not only does this broaden the range of suitable controlling comonomers for the NMP of methacrylic esters, but it adds significant value to the copolymerization approach due to the degradability of the resulting copolymer.

PREAMBLE

Abstract

Three cyclic ketene acetals, 2-methylene-1,3-dioxepane (MDO), 5,6-benzo-2-methylene-1,3dioxepane (BMDO), and 2-methylene-4-phenyl-1,3-dioxolane (MPDL), have been copolymerized with oligo(ethylene glycol) methyl ether methacrylate and a small amount of acrylonitrile (or styrene) at 90 °C by nitroxide-mediated radical ring-opening polymerization, as a convenient way to prepare degradable PEG-based copolymers for biomedical applications. MPDL was the best candidate, enabling high monomer conversions to be reached and well-defined PEG-based copolymers wtih adjusatble amounts of ester groups in the main chain to be synthesized, leading to nearly complete hydrolytic degradation (5% KOH aqueous solution, ambient temperature). The non-cytotoxicity of the obtained copolymers was shown on three different cell lines (i.e., fibroblasts, endothelial cells and macrophages), representing a promising approach for the design of degradable precursors for PEGylation and bioconjugation via the NMP technique.

Résumé

Trois acétals de cétène cyclique, le 2-méthylène-1,3-dioxépane (MDO), le 5,6-benzo-2méthylène-1,3-dioxépane (BMDO) et 2-méthylène-4-phényl-1,3-dioxolane (MPDL), ont été copolymérisés avec un méthacrylate de méthyl éther oligo(éthylène glycol) en présence d'une faible quantité d'acrylonitrile ou de styrène à 90 °C par la technique de polymérisation radicalaire par ouverture de cycle contrôlée par les nitroxydes ; un moyen pratique pour la préparation de copolymères dégradables PEGylés pour des applications dans le domaine biomédical. Le MPDL s'est révélé être le meilleur candidat, permettant d'atteindre des taux de conversion élevés ainsi que la synthèse de copolymères PEGylés bien définis, contenant une quantité ajustable de fonctions esters au sein de sa chaîne principale pour une hydrolyse presque totale (testée dans une solution de KOH à 5%, à température ambiante). La noncytotoxicité des copolymères obtenus a été démontrée sur trois lignées cellulaires différentes (fibroblastes, cellules endothéliales et macrophages), mettant en avant une approche prometteuse pour la synthèse de précurseurs dégradables pouvant servir à l'élaboration de systèmes PEGylés et fonctionalisables par NMP. incubation with a Leitz Diaplan microscope equipped with a Coolsnap ES camera (Roper Scientific). Images were processed using QED capture software (MediaCybernetics).

III. Results and discussion

Bulk Copolymerizations

CKAs are highly sensitive to the presence of traces of water and protic solvents. 63 Therefore, SG1-mediated copolymerizations of MeOEGMA and different CKAs were initially performed in bulk (expts. 1-4, Table 1). 10,49 The too high activation-deactivation equilibrium rate constant observed during the polymerization of methacrylic esters controlled by secondgeneration nitroxides such as SG1 results in an increased concentration of propagating radicals, thus favoring the occurrence of irreversible termination reactions and therefore the formation of high dispersity, low molar mass polymers. 64 Due to the lack of suitable peaks in the NMR spectrum of the polymer, it was not possible to determine the relative amounts of ring-opened and ring-closed structures in MPDL-containing polymers. It is likely that near complete ring-opening occurred, as free-radical copolymerization of MPDL with methyl methacrylate gives essentially complete ringopening. 39 BMDO copolymerized mainly via a ring-opening mechanism as shown by 1 H NMR spectroscopy, with only 16 mol.% of closed form among inserted BMDO units (expts.

1 and 2, Table 1), in good agreement with previous results related to atom-transfer radical copolymerization of BMDO with oligo(ethylene glycol) methyl ether methacrylates. 23 As expected, the higher the f BMDO,0 , the higher the final molar fraction of BMDO in the final copolymer with respect to MeOEGMA. It accounted for 6.6 and 10.2 mol.% for expts. 1 and 2, respectively, corresponding to F BMDO = 4.3 and 9.5 mol.%. Similar values were obtained with MPDL-containing copolymers (expts. 3 and4). solutions. 49 Thus, preliminary experiments in toluene solution were performed, focusing on the influence of the initial amount of solvent on the control. The comparative results are presented in Figure 3. 

Abstract

Well-defined, degradable copolymers are successfully prepared by nitroxide-mediated radical ring-opening polymerization (NMrROP) of oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA) or methyl methacrylate (MMA), a small amount of acrylonitrile (AN) and cyclic ketene acetals (CKAs) of different structures. Phosphorous nuclear magnetic resonance allows in-depth chain-end characterization and gives crucial insights into the nature of the copolymer terminal sequences and the living chain fractions. By using a small library of P(MeOEGMA-co-AN-co-CKA) and P(MMA-co-AN-co-CKA) as macroinitiators, chain extensions with styrene are performed to furnish (amphiphilic) block copolymers comprising a degradable segment.

Résumé

Des copolymères dégradables de structures bien définies ont été synthétisés avec succès par polymérisation radicalaire par ouverture de cycle contrôlée par les nitroxydes (NMrROP) du méthacrylate de méthyl éther oligo(éthylène glycol) ou du méthacrylate de méthyl (MMA), en présence d'une faible quantité d'acrylonitrile et d'acétals de cétène cyclique (CKAs) de différentes structures. L'utilisation de la résonnance magnétique nucléaire (RMN) du phosphore a permis une caractérisation approfondie des fins de chaîne, permettant l'étude des séquences terminales de ces copolymères ainsi que de leurs taux de chaînes vivantes. A partir d'une petite librairie de macroamorceurs de type P(MeOEGMA-co-AN-co-CKA) et P(MMAco-AN-co-CKA), des extensions de chaînes à base de styrène ont été réalisées pour obtenir des copolymères à blocs amphiphiles comprenant un segment dégradable.

(24 h), and 94 % (30 h) (Figure S3, Supporting Information) in good agreement with previous expectations. High LF values were calculated (≈80 %) and stayed constant up to 24 h, indicating a high degree of livingness, but then dropped down to 58 % after 30 h (which accounted for 78 % decrease of AN-SG1 chain-ends vs. 13 % for MDO-SG1 counterparts), suggesting the prevalence of irreversible termination reactions and the more stable MDO-SG1 terminal sequences. For f MDO,0 0.4 (expt. 12), this effect was even more pronounced with 86 % of MDO-SG1 sequence after 24 h (LF 84 %). With BMDO (f BMDO,0 = 0.2) after 15 h (expt. 13), LF was 72 % and the amount of BMDO-SG1 sequences was as high as 80 %, which is in good agreement with the slower polymerization observed with BMDO than with MDO . 30 A series of three P(MMA-co-AN-co-MPDL)-SG1 copolymers with varying initial amounts of MPDL Supporting Information Figure S1. 31 

Résumé

Le 2-Méthylène-4-phényl-1,3-dioxolane (MPDL) a été copolymérisé avec succès avec le méthacrylate de méthyl éther oligo(ethylene glycol) (MeOEGMA) par la technique de polymérisation radicalaire contrôlée par les nitroxydes (NMP), permettant la synthèse de copolymères à base de PEG de structures bien définies et dégradables. Cette stratégie permet d'introduire une quantité ajustable de fonctions esters dans la chaîne principale, et la nontoxicité in vitro de ces copolymères ainsi que de leurs produits de dégradation a été démontrée.

Methods a. Synthesis of poly[oligo(ethylene glycol) methyl ether methacrylate] (PMeOEGMA)

In a 5 mL vial, fitted with a rubber septum and a magnetic bar, a mixture of MeOEGMA (1.696 g, 1.65 × 10 -3 mol), BlocBuilder MA alkoxyamine initiator (0.025 g, 6.5 × 10 -5 mol) and anhydrous toluene (1.698 g, 1.97 mL) was deoxygenated under stirring by nitrogen bubbling for 15 min at room temperature. The mixture was then immersed in a preheated oil bath at 90 °C, corresponding to the time zero of the reaction (according to the small volume of solution and its quasi-instantaneous heating). Samples were periodically taken over a period of 6 h and dried to follow the MeOEGMA conversion by 1 H NMR spectroscopy and the evolution of the molar mass and the dispersity by SEC. The copolymer was not purified.

Conv. (6 h) = 44%, M n,SEC = 12 250 g.mol -1 , M w /M n = 1.54 (raw copolymer). (expt. 1)

b. Synthesis of poly[(oligo(ethylene glycol) methyl ether methacrylate)-co-(2methylene-4-phenyl-1,3-dioxolane)] (P(MeOEGMA-co-MPDL)

A typical solution copolymerization procedure (expt. 3) is as follows. In a 5 mL vial, fitted with a rubber septum and a magnetic bar, a mixture of MeOEGMA (0.712 g, 2.37 × 10 -3 mol), MPDL (0.253 g, 1.56 × 10 -3 mol), the BlocBuilder MA alkoxyamine initiator (0.009 g, 2.37 × 10 -5 mol) and anhydrous toluene (0.949 g, 1.03 mL) was deoxygenated under stirring by nitrogen bubbling for 15 min at room temperature. The mixture was then immersed in a preheated oil bath at 90 °C, corresponding to the time zero of the reaction (according to the small volume of solution and its quasi-instantaneous heating). Samples were periodically taken and dried to follow the MeOEGMA conversion by 1 H NMR spectroscopy and the evolution of the molar mass evolution and the dispersity by SEC. The copolymer was then precipitated once in cold diethyl ether and dried under high vacuum until constant weight.

Conv. (20 h) = 42%, M n,SEC = 12 840 g.mol -1 , M w /M n = 1.48 (raw copolymer). 1 H NMR spectra of the purified copolymer can be found in Supporting Information (Figure S1). The same procedure was followed for expts. 2 and 4 with 3.06 × 10 -5 mol and 3.19 × 10 -5 mol of BlocBuilder MA alkoxyamine initiator, respectively. 

Supporting information

Abstract

The one-pot synthesis of azlactone-functionalized SG1-based alkoxyamine (AzSG1) for the design of functional polymers by nitroxide-mediated polymerization (NMP) is reported. At 347.7 K, its dissociation rate constant, k d , was determined to be 2.72 × 10 -4 s -1 , leading to an activation energy, E a , of 119.5 kJ.mol -1 , which represents the lowest value ever reported for a secondary SG1-based alkoxyamine. The AzSG1 alkoxyamine was successfully used for the NMP of styrene, n-butyl acrylate and methyl methacrylate with the addition of a small amount of acrylonitrile as a comonomer, without the need for free SG1. In all cases, first order kinetics, good control with low dipersities (Ð = 1.2-1.4) and high living chain fractions (LF ~90 %) were obtained. As a proof of concept, the conjugation of benyzlamine on an azlactone-functionalized polymer was performed and led to a quantitative yield. 

Résumé

Abstract

In this thesis, two projects were developed concerning new ways for synthesizing degradable and/or functional polymers by NMP. These two features are particularly interesting for developing new polymer prodrug nanocarriers as highlighted by the following chapter. Indeed, nanocarriers based on polymers have attracted much attention to perform drug delivery, especially in cancer therapy.

Although significant advances have been reported, important obstacles still remain with the use of encapsulated anticancer drugs in polymer nanoparticles (e.g., 'burst release', poor drug loading, low miscibility of certain drugs with the polymer matrix). To solve these issues, synthetic strategies orientated toward the prodrug approach, whereby the drug is covalently linked to the polymer scaffold, have been investigated and are detailed in the present review. It will focus on recent synthetic strategies to achieve drug-polymer conjugate nanoassemblies as well as their biological evaluations.

Résumé

Au cours de cette thèse, deux projets ont été développés, concernant de nouvelles voies de synthèse pour l'élaboration de polymères dégradable et/ou fonctionnalisables par NMP. Ces deux caractérisitques sont particulièrement intéressantes pour le développement de nouveaux nanovecteurs à base de prodrogues de polymère comme l'illustre le chapître suivant. En effet, les nanovecteurs à base de polymères suscitent un grand intérêt pour leur utilisation dans le domaine de la délivrance de principe actif, et tout particulièrement pour le traitement du cancer. Bien que de grands progrès aient été faits en la matière, d'importants obstacles restent à franchir pour la mise en oeuvre d'agents anticancéreux encapsulés dans des nanoparticules de polymères (comme le 'burst release', le faible taux d'encapsulation ou encore la faible miscibilité de certains principes actifs avec la matrice polymère). Pour résoudre ces différents problèmes, de nouvelles stratégies de synthèse basées sur l'approche 'prodrogue', selon laquelle le principe actif est lié covalemment au polymère, ont été développées et feront l'objet du présent article de revue. Ce dernier s'intéressera aux récentes stratégies de synthèse aboutissant à des auto-assemblages de polymères auxquels des molécules de principes actifs ont été liées, ainsi qu'à leurs évaluations biologiques. Side-chain PEG-b-P(LA-co-DHP) 18 H40-(PMAco-PCL)-b-PEG, 19 PEG-b-PCL, 20-21 PEG-b-P(HEMA-co-EGMA), 22 PPDSM-b-PHPMA, 23 PEG-bpolyphosphoesters, 24 PEG-b-PAGE, 25 PEG-b-PAsp, [26][27][28] PEG-b-PGlu-b-PEG 29 

Carbodiimide

Side-chain PEG-b-PCL, [20][21]30 PEG-b-P(HPMAmLac 2 -co-AzEMA), 31 Y-shape PLA-Lys-b-PEG 32 Carbamate End-chain PLGA, 33 PLA-b-PEG, 16 PLGA-b-PEG [34][35][36] Side-chain PEG-b-P(LA-co-DHP), 18 PEG-b-P(LAco-MAC), 37 

b. Amphiphilic vinyl copolymers.

Due to the carbon-carbon backbone of vinyl-based polymers, these systems are not readily (bio)degradable, unless hydrolyzable groups are incorporated in the main chain, for instance by radical ring-opening copolymerization of cyclic ketene acetals. [83][84][85][86][87] Despite this limitation in regard to biomedical applications, vinyl-based polymers represent an attractive platform to furnish drug-loaded macromolecular nanocarriers, especially since the advent of CLRP techniques such as nitroxide-mediated polymerization (NMP), 88,89 atom-transfer radical polymerization (ATRP) 90,91 and reversible addition-fragmentation chain transfer (RAFT) 92,93 polymerization, that enable complex and functional macromolecular architectures to be synthesized.

A convenient strategy to prepare amphiphilic vinyl block copolymers for further drug coupling is to initiate the polymerization of hydrophobic methacrylate or methacrylamide (co)monomers from linear functionalized PEGs, either by conventional polymerization using PEG 2 -ABCPA (4,4-azobis-(4-cyanopentanoic acid)), 31 ATRP by using PEG halides, 49 or RAFT by using chain transfer agent-terminated PEGs. 22 Various vinyl monomers have been used for side-chain drug coupling, exhibiting functionalities such as: (i) azide groups from azEMA (M8) for subsequent CuAAC with alkynated Dox-glucuronide; 31 (ii) hydrazide

GENERAL DISCUSSION

After having highlighed in the introductive chapter the most recent and promising strategies to confer (bio)degradability to vinyl polymers, this thesis was dedicated to combine the nitroxide-mediated polymerization (NMP) with the radical ring-opening polymerization (rROP) of cyclic ketene acetals (CKAs) for the synthesis of functionalizable, degradable and non-toxic PEG-based copolymers.

I. Project overview and comments 1. Picking the good strategy

Pursuing new tools for bioapplications, controlled radical polymerizations (CRP) appear to be the most suitable radical polymerization techniques owing to their ability to produce various architectures (block copolymers above all), their versatility (with a large range of vinyl monomer classes easy to derivatize) and their ease of functionalization. [1][2][3][4] Among the CRP techniques, NMP 1 was chosen as a starting point of reflection due to the user-friendliness of the method (no catalyst, thermal mechanism, simple purification process) and interesting past examples of functionalizable, non toxic, yet non degradable PEG-based polymethacrylates) from which to work. 5,6 To obtain degradable vinyl polymers, various techniques have been developed. Some of them only aim at the insertion of a single cleavable function (using bifunctional degradable initiators 7 or single end-chain coupling 8 /trapping processes 9 ), interesting for certain applications but that does not fully answer the challenge to tackle. For inserting multiple degradable units, some others are simply not fully compatible with NMP (requiring the use of vinyl ether 10 or methyl viny ketone 11 for instance) or show limitations still to overcome in terms of disperisity and/or monomer conversion as it is the case for the simultaneous chain and step-growth copolymerization, 12 the multicoupling of oligomers 13 or the use of O 2 . 14 The most convenient approach was then a combination of CRP and rROP, 15 which had already been proven possible, although mainly with the atom transfer radical polymerization (ATRP). 16 hypothetical mechanisms all related to the degradation of the SG1 nitroxide. No significant difference in behaviors was observed on the two monomers studied when homopolymerizing by NMP in the conditions studied.

b. Copolymerization of methacrylates and CKAs by NMP

The three synthesized CKAs were then copolymerized by NMP with a oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA) of M n = 300 g.mol -1 using the commercially

propionic acid alkoxyamine (BlocBuilder MA, 99%) initiator, in 50 wt.% toluene. It should be noted that methacrylate derivatives are not controlled in NMP due to a too high dissociation rate constant of the propagation radical shifting the equilibrium of the activationdeactivation mechanism toward the active state and favoring the termination reactions. The use of a controlling comonomer is then necessary and 9 mol.% acrylonitrile (AN) was systematically added to the system.

Contrary to the results on the homopolymerization by NMrROP previously described, the copolymerization system showed a clear difference in behavior between the different cyclic monomers. When working with MDO or BMDO, the initial content of CKA could not exceed 20 mol.% due to a loss of livingness observed for greater fractions with low conversion plateaus (~20-30 % MeOEGMA conversion) (Figure 1). In these limited conditions, the low reactivity ratios of the CKAs with methacrylates led to modest backbone hydrolysis only, with M n decreasing of 30 to 40%.

phosphite, the peak integrations give the fraction of nitroxide-terminated polymer chains (namely the living fraction, LF), providing the M n of the polymer is accurately known.

Initiating the copolymerization by the BlocBuilder MA alkoxyamine, which is based on the SG1 nitroxide, allows then for such analyses.

a. MDO/BMDO copolymerization mechanism

To investigate the control and livingness of the nitroxide-mediated radical ring-opening copolymerization as a function of the CKA in use, the 31 Coming investigations may soon answer this question.

c. Conjugation to azlactone-functionalized polymers

Azlactone-functionalized polymers theoretically allow for the easy conjugation of aminofunctionalized (macro)molecules. To confirm the conjugation ability, a first test was performed with benzylamine as a reference amino-compound. 10 equivalents of benzylamine were reacted with an AzPMMA for 3 days at room temperature, to give a quantitative coupling observable in 1 H NMR. For further examplifying the use of this new functional CKAs are known to undergo better ring-opening polymerization at high temperatures, therefore one can ask why not studying their copolymerization by NMP with acrylic esters such as oligo(ethylene glycol) methyl ether acrylates (MeOEGAs), polymerizing at 110-120 °C. The main reason is precisely the temperature, for a system that we wanted to symbolically set up under 100 °C (or even below), as a good industrial argument. One can also mention usual lower dispersities for the methacrylic esters by NMP (providing the addition of a small amount of controlling comonomer, such as AN or S) and a rather good expertise of the lab in this matter. It is worth noting that preliminary hydrolysis tests on PEG-based acrylic-ester homopolymers showed partial degradation due to the cleavage of some ester functions on side chains, which would have made difficult the proper analysis of the CKA contribution.

b. Untold stories

As any research project, the synthesis of P(MeOEGMA-co-MPDL) copolymers came with unpleasant surprises and unexpected limitations that should be highlighted too. First of all, the synthesis of MPDL itself happened to be quite a tricky process. The monomer is highly sensitive to any acidic traces and self-polymerize easily due to the low stability of its 5membered ring, which requires washing the glassware with pyridine prior to use and stringent precautions (hence, sodium metal is often suggested to be used as a preservative). As for PEG-based polymethacrylate macroinitiators, a limited ability to control block polymer was revealed, whatever polymer chain to grow, with high dispersities far exceeding those of a similar MMA-based system for the same experimental conditions (targeted M n , conversion and so on). Such a difference of properties between MMA and MeOEGMA is not fully understand yet and would probably deserve in-depth investigations. Finally, although the use of MPDL as controlling comonomer led to less efficient control over the dispersities of PEGbased polymethacrylates compared to AN or S, it gives a significant value-added due to the degradability of the resulting copolymer.

All these considerations should, however, not relegate the main results to a position of secondary importance. And if control and livingness properties give crucial information about the quality of the strategy employed, these are not to be considered as truly limiting parameters for biomedical applications. Conversely, concrete biodegradation of the new degradable copolymers is required for any further developments and, therefore, needs to be demonstrated.

new type of polymer nanocarrier. As illustrated in the chapter 7, CRPs have been playing a major role in the most recent strategies toward anticancer polymer prodrug nanocarriers, but still many of the examples highlighted show no consideration for biodegradability. From this point of view, the coming applications of our new degradable device may have highly interesting consequences, as an unprecedented tool in drug delivery.

GENERAL CONCLUSION

Nanomedicine, especially for cancer treatment, has attracted much interest over the last fifteen years, developing innovative strategies for targeting diseased tissu es. Further improvements of these approaches will require advanced new materials affording versatility, functionalities and specific physico-chemical properties, all advantages offered by the controlled radical polymerization (CRP) techniques. These radical polymerizations already showed their great potential through various efficient anticancer polymer nanocarriers but all lacking of degradability, which may hinder any actual developments.

Anticipating the needs, this project focused on the synthesis of degradable PEG-based polymers by nitroxide-mediated polymerization (NMP), as an early stage in the usual process of nanocarrier design. To do so, NMP of oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA) has been for the first time combined to the radical ring-opening polymerization (rROP) of various cyclic ketene acetals (CKAs), known as ester precursors.

Among three CKAs tested, 2-methylene-4-phenyl-1,3-dioxolane (MPDL) has shown a unique ability to copolymerize with methacrylate derivatives, likely due to a styrene-like open structure allowing for its use in NMP. Through a careful study of the control and livingness properties of these copolymers, MPDL was also demonstrated to be the first degradable controlling comonomer for polymethacrylate synthesis. The degradability of the resulting PEG-based copolymers was proven to be proportional to the adjustable amount of MPDL inserted, up to complete degradation. These copolymers showed no cytotoxic effect on various cell types (fibroblasts, endothelial cells and macrophages), and an additional study of the innocuousness of their degradation products led to similar results, underlining their potential biocompatibility which, if confirmed, would allow these materials to be used for biomedical applications.

A second project about a new azlactone-functionalized SG1-based alkoxyamine (AzSG1) was also set up, as initiator for the synthesis of functionalizable polymers by NMP. Using the AzSG1 alkoxyamine, the NMP of styrene, n-butyl acrylate and methyl methacrylate were successfully performed, as well as a quantitative coupling of benzylamine as proof of concept.

In the near future, making use of this functionalizable initiator for copolymerizing MeOEGMA with MPDL may allow the easy synthesis of functionalized degradable copolymers by NMP, for bioconjugation and drug delivery applications.

Abstract

Nitroxide-mediated polymerization of PEG-based methacrylates has been combined to the radical ring-opening polymerization of cyclic ketene acetals for the synthesis of PEG-based, degradable copolymers. These materials showed an adjustable chemical degradation and their innocuousness in vitro was demonstrated. A new azlactone-functionalized alkoxyamine initiator has been synthesized for new developments of functionalized polymers by nitroxidemediated polymerization.
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Résumé

La polymérisation radicalaire contrôlée par les nitroxydes de méthacrylates à base de PEG a été combinée à la polymérisation radicalaire par ouverture de cycle d'acétals de cétène cyclique pour la synthèse de copolymères à base de PEG et dégradables. Ces matériaux ont montré une dégradabilité ajustable sans toxicité in vitro sur plusieurs lignées cellulaires. Une nouvelle alcoxyamine fonctionalisée par un groupement azlactone a également été synthétisée pour le développement de polymères fonctionnalisables par polymérisation radicalaire contrôlée par les nitroxydes.
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