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Nowadays, degradation of polymeric material is a hot topic, it is either related to environmental considerations to avoid pollution accumulation, or to biomedical applications to reduce the toxicity or to facilitate the excretion of foreign agents in the body. Functionalization is a promising and interesting method to tune polymers degradation kinetics and profiles in a robust and controllable way depending on the targeted application. The incorporation of a functionality to a macromolecule occurs through mainly two strategies: direct functionalization of the corresponding monomers before their polymerization, and post-polymerization modifications that can occur on the side, main or/and end chains of the polymers. Ideally, the lifespan of a material is restricted to the duration of the application, whom mechanical and chemical properties do not deteriorate and which do not produce toxic byproducts over the degradation process. This review presents the latest advances in polymer functionalization strategies in terms of their impact on the degradation process. Special considerations are given to the main classes of polymers including polyesters, polyurethanes, polyacetals, as well as vinyl-based and phosphorous-derived polymers.

Introduction

No macromolecule can last forever. Degradation of a polymer happens when chains are broken into smaller units. It can occur on the surface or in the bulk, depending on whether the reaction rate is greater or smaller than the diffusion of the chain cleaving reagent within the matrix; the size of the materials, the polymer Mw, density and diffusion coefficient of water. During time, polymers undergo physical and chemical changes in their structure in a process called degradation. For that matter, it is possible to determine the lifespan of macromolecules under certain environmental conditions. Ideally, the lifespan of the material has to be adapted to the duration required by the sought application. Outside this time frame, the remanence of the material may constitute a source of pollution. As a negative example, certain petroleum-based polymers such as polyethylene (PE) and polyvinyl chloride (PVC) exhibit very desirable properties especially regarding their mechanical resistance, however, they are highly recalcitrant to the degradation. Thereby, when they are used in short-timed applications and their disposal is carried out incorrectly, they may accumulate in the environment where their complete degradation may take up to centuries or even millenia [START_REF] Chamas | [END_REF]2] . Another issue related to the degradation process is the generation of toxic byproducts that often bioaccumulate due to their increased solubility and reduced molecular size. [START_REF] Lambert | Freshwater Microplastics[END_REF] Many types of degradation pathways have been reported. They are studied in accordance to the desired applications for which the material is earmarked. Hereby, degradation may be carried out through hydrolytic reaction in acidic, basic or neutral conditions, or through ozonolysis. [START_REF] Zolnik | [END_REF]5] Physical techniques involving ultrasound fragmentation, heat treatment and mechanical abrasion, as well as through exposure to electromagnetic radiations like microwave, UV, X-rays and gamma rays, have also been reported. [6][7][8][9][10][11][12] When carried out through biological actionthat of enzymes or macro-and microorganismsthis process is called biodegradation and it is often a key parameter to study in order to determine the fate of the macromolecules in the environment. [13,14] Although it is important to differentiate the different steps the biodegradation encompasses which have to be carried out for the degradation process to be complete: the cleaving of the macromolecules through mechanical and enzymatic ways into smaller unites, the assimilation of these units by the organisms and their metabolization to finally form inogarnic compounds like CO2.

Adjustment of degradation to the duration of the target application is therefore necessary particularly for short-time processes or where the degradation has to be carried out at a certain rate. In such processes, controlling the degradation process is essential. One way to do so is through the functionalization of the polymer prior to its utilization.

Functionalization refers to the addition of functional groups to a compound through a chemical reaction or physical treatment, it can be done through covalent bondingsometimes refered as covalent functionalizationor through weak bonding such as hydrogen and Van der Waals interactions. In addition to facilitate the degradation, functional groups can be added to render the polymer more adhesive, or biocompatible which enabled favorable cell responses. Two main approaches exist to obtain functionalized polymers, depending on the stage where the modification is carried out in the overall polymer formation reaction (Figure 1). Nonetheless, there is a range of functionalities that cannot be introduced by direct functionalization since the functional groups may prevent the polymerization process, notably through their participation in side reactions during the polymerization reaction. This way, post-polymerization may offer increased possibilities in terms of reaction versatility. [15] • Direct incorporation of functionality: through the polymerization of monomers containing the desired functional groups or by using functional initiator.

• Post-polymerization modification of pre-existing chain-or/and side-ends.

Moreover, the post-polymerizatoin functionalization can involve main-chain functional groups which occasionally exist. Usually, functional main and side-chain groups on the polymer may react all along the polymer backbone whereas polymers containing functional end-chain groups, also known as "telechelic macromolecules", have their functional site at the extremity of the main chain. Typical usage of such molecules includes cross-linkers, chain extenders and precursors for block, graft and star-shaped copolymers. [START_REF] Kiskan | Handbook of Benzoxazine Resins[END_REF] Figure 1. Common approaches for polymer functionalization.

Another interesting point to consider is the link between green chemistry and polymer functionalization, notably regarding the use of bio-based platform molecules as building blocks.

These compounds usually contain more functional groups than their petroleum-based counterparts. After polymerization, these residual functional groups act as potential postpolymerization sites, thus expending the possibilities in terms of polymer properties and potential applications. [START_REF] Farmer | [END_REF] This way, for a given macromolecule, functionalization opens a wide range of new possibilities. Indeed, the diversity of degradation rates obtained through the functionalizations of one single polymer may be useful in a wide diversity of different applications including construction, catalysis, optics, electronics, packaging, to name a few. [18- 20] However, because of the crucial aspect of the degradation profile and kinetics of polymeric material in the human body, medical applications represent one of the major fields of investigation regarding the control and the modulation of polymer degradation. [21] In surgery, sutures used to maintain soft tissues and ligate blood vessels constitute the largest group of material but products also involve dressings to protect the epidermal and dermal tissues against microorganisms while maintaining favorable moisture and oxygen conditions during the regeneration processes after a wound or a burn. [22,23] Still in surgery, bioresorbable polymersi.e. material that can undergo a bulk degradation in physiological conditions and to be excreted naturally from the bodyare of primary importance. Once implanted into tissues, degradation of the newly implanted material prevents the need for another surgical intervention and also avoids the negative reactions in the body with long-term foreign material implantation. For that matter, regulation exists to insure that criteria such as biocompatibility are satisfied: the initial compound and all the degradation byproducts that will be produced during the process have to be non-toxic, non immunogenic and non carcinogenic. [24] This review aims to offer an overview of the recent development in the field of functionalization of polymers to tune and control the degradation kinetics and profile of the corresponding materials. Each principal section corresponds to the main polymer families and describe the direct or post-polymerization functionalizations and their impact on the degradation process, especially the hydrolytic degradation under in vitro physiological conditions in phosphatebuffered saline (PBS) solution with a pH of 7.4 and at 37 °C, those conditions being the most studied in the litterature since they correspond to a first step for the evaluation of a potential biomedical application. Tables that sum up the reported functionalization, the functional groups involved, as well as their influence on the overall degradation process are also provided at the end of each corresponding section.

Polyesters

For medical applications, aliphatic polyesters such as poly(glycolic acid) (PGA), polylactide (PLA), poly(ε-caprolactone) (PCL), poly(β-hydroxybutyrate) (PHB) and their related copolymers are largely used worldwide as materials and devices in surgery (e.g., orthopedic devices, sutures, stents, tissue engineering, adhesion barriers) and in pharmacology (e.g., control drug delivery). Indeed, polyesters are considered as the most commercially competitive materials for these applications, notably thanks to their bioresorbable aspect. [25][26][27] 

Poly(ε-caprolactone)

PCL is a semi-crystalline polyester that has interesting biocompatibility but its long-term degradation under physiological conditions (up to 3-4 years) moved the commercial interest on faster resorbable polymers like PGA. This slow degradation rate is notably due to its crystallinity and hydrophobicityitself depending on the oxygen/carbon ratio in the backbone structure, the higher this ratio is, the more likely the molecule is to form hydrogen bondsthat impede the hydrolytic action of water molecules on the ester bonds. And because mammal cells do not have the enzymes for direct enzymatic depolymerization, they rely merely on the hydrolytic process. [28] Huang et al. (2006) determined that after 770 days in physiological conditionsin solution in phosphate-buffered saline (PBS) at 37 °Ctheir PCL homopolymer films lose only 2% of their initial weight. Although it is not functionalization, using PLA-PCL-PLA and polyethylene glycol (PEG) PEG-PCL-PLA triblock copolymers, they registered mass losses of around 45 and 50% in 280 days, respectively. These results were consistant with the fact that those copolymers had a lower crystallinity than PCL homopolymer. [29] 

Post-polymerization functionalization

Post-polymerization functionalization of chain ends through the introduction of urethane groups into PCL chain disrupted the crystalline regions of PCL homopolymer and turned them into amorphous regions. With the degradation depending on the hydrolysis of the ester bonds in both amorphous and crystalline regionswhich is much slowerit is expected that PCL/4,4methylenebis(cyclohexyl isocyanate) copolymers (P1) with higher urethane groups would have faster degradation rates (Scheme 1A, Table 1). However, these PCL/aliphatic diisocyanate copolymers with varying ratios of 4,4-methylenebis(cyclohexyl isocyanate) coupling agents showed that, although having an improved biodegradability when compared to PCL homopolymer, there was a PCL/4,4-methylenebis(cyclohexyl isocyanate) optimum ratio of 7625:1. Beyond this optimum and even though the copolymers had a lower crystallinity, no improvement of the in vivo degradation in rat tissues has been observed albeit the degradation remained faster than for the neat PCL. Indeed, higher presence of urethane groups in the PCL chain (ratios of PCL/4,4-methylenebis(cyclohexyl isocyanate) of 1:5250 and 1:2650) led to close intermolecular arrangements because of hydrogen bonds that formed between neighboring molecules. In vivo degradation of this polymer in rat cells showed a complete degradation after 6 months whereas, under the same conditions, PCL homopolymer had a degradation of 53.25% after 12 months. [30] The copolymerization can also be carried out to favor further main-chain post-polymerization functionalization, thereby an ε-caprolactone and globalide copolymer allows the subsequent polymer modification thanks to the alkene groups brought by the globalide. Guindani et al. (2020), covalently conjugated N-acetylcysteine on these olefins through thiol-ene coupling (P2, Scheme 1B, Table 1). This group increased the overall hydrophilicity of the polymer which consequently increased both the hydrolysisin physiological conditionsand enzymatic degradation rates. Samples with a higher degree of functionalization exhibited higher degradation degreeswith lipase. Copolymers with ratio of 25% and 10% of functionalization had a mass loss percentage of 80% and 40%, respectively.

They also studied the degradation of the functionalized copolymer in activated sludge and showed no toxic effect on the microflora. This is an interesting point as many polymers used in biomedical applications may end up in wastewater treatment facilities. [31] This approach based on copolymerization followed by post-polymerization functionalization was also applied to produce cationic polymers, which are being extensively studied for biomedical applications due to their capability to form electrostatic complexes with anionic molecules such as nucleic acids and proteins. Fully degradable PCL-based cationic polymers have been obtained through different methods: ROP and copper-catalyzed azide-alkyne cyclo-addition click reaction followed by a main-chain post-polymerization thio-bromo click reaction with a thiol bearing a tertiary amino group (P3, Scheme 1C, Table 1). [32] Scheme 1: Post-polymerization functionalization of PCL-based polymers. Reproduced with permission. [30][31][32][33] 1: Summary of the poly(ε-caprolactone) post-functionalization and its impact on the degradation.

Polylactide

PLA is an aliphatic, biocompostable polyester, usually obtained by ring-opening polymerization of lactide, a cyclic ester synthesized through the fermentation of renewable biomass. [34] PLA is a suitable biobased candidate to substitute petroleum-based polymers such as PE and polystyrene (PS) in packaging applications. [35] Although some of its physical properties are considered disadvantageoussuch as poor melt properties, mechanical brittleness, low heat resistance, and slow crystallization among other thingsthis compound is usually included in more complex formulations through copolymerization, blending or plasticization modifications to overcome these drawbacks. Concerning its degradation, during its hydrolysis, the amorphous regions of the polymer are degraded preferentially over the crystalline ones. After the chain scission, the generated carboxilic terminal groups act as hydrolytic catalyst, in a self-maintained reaction. [36] In vitro hydrolysis in physiological conditions in PBS solution revealed that neat PLA mats reached a weight loss of 14.7 % after a mounth. Moreover, in vivo study showed that scaffold of neat PLA introduced subcutaneously in mice showed a weight loss of 16.67 % after 16 weeks. [37] Functionalized polymer 

P3

Main chain 2-(dimethylamino)ethane-1-thiol Fully degradable in acidic conditions [32] Post-polymerization functionalization Hydrogels are three-dimensional macromolecular crosslinked structures able to trap large amounts of water or biological solutions thanks to the presence of hydrophilic functions in the polymer chains. Depending on the contribution of these groups in the network and the surrounding aqueous environment, the polymer can be hydrated to various degrees, reaching sometimes values superior to 90% water content. [38] For their embedding properties, biodegradable hydrogels can act as nanocarriers and thus offer a promising approach for the control of the kinetics of release of active molecules and drugs and their effective distribution in target areas in the body. Crosslinkers are essential in the degradation rate of the hydrogel as they determine the swelling and pore size of the matrix. Various studies have highlighted the potential of PLA to tune the cleavage of hydrogels structure through crosslinking action. [39,40] A study on PEG-PLA-dimethacrylate (DM) hydrogels showed it was possible to tune the hydrolyzation of the gels by modulating the ratio of PLA repeats (P4, Scheme 2B, Table 2).

This way, PEG-PLA5-DM hydrogels were completely cleaved after 3 days whereas variable ratios between PEG-DM and PEG-PLA5-DM precursors (20 and 50 %) were degraded up to 20%, and 50 % over 28 days. Hydrogels that contained only PEG-DM did not degraded. [41] In other cases, functionalization focuses on the decrease of the degradation rate. For medical applications, Gangolphe et al. (2019) designed a photocrosslinkable star-shaped block copolymer composed of an 8-armed PEG core and PLA side arms. The 8-armed copolymer increased the number of reactive sites per molecule of crosslinker. This star block copolymer was further functionalized with 4-azidobenzoic acid to obtain the multi(aryl azide) photocrosslinker (P5, Scheme 2B, Table 2). This functionalized cross-linker was then used to crosslink a triblock PLA50-Pluronic © -PLA50 copolymerthat exhibits promising properties for soft tissue engineering of ligamentsin order to obtain biodegradable scaffolds. During a month, the degradation was monitored under physiological hydrolytic conditions and revealed that regardless of the ratio between the triblock PLA50-Pluronic © -PLA50 copolymer and the star block copolymer (except for the scaffold with the highest PLA50-Pluronic © -PLA50 copolymer ratio), the degradation rate was faster for the non-crosslinked macromolecules -35% and 10%

weight loss reduction for the non-crosslinked and crosslinked compounds, respectively -, highlighting the positive impact of functionalization on the overall stability of the scaffolds in physiological conditions. Moreover, the degradation rate is faster when the ratio of star block copolymer increased in the scaffold, due to increased hydrophilic portions brought by the PEG segmentsafter 30 days of physiological hydrolysis, 90 and 95 % of remaining mass were observed, respectively for scaffolds containing 50 and 25% of star block copolymer. [42] Nonetheless, the use of PLA as biomedical material may be limited due to its degradation during the sterilization process with heat which takes place at 121 °C during 30 min for a steam sterilization procedure. One possible way to overcome this shortcut is through the formation of stereocomplex through the strong interaction between L-lactyl and D-lactyl units that notably enhances the thermal-resistance of the material (with Tm passing from 170-190 to 220-230 °C for PLA and stereocomplex). [43] Adding functionality to this stereocomplex without modifying the backbone structure, that may otherwise cause its loss of the desirable thermal properties, has been carried out by Asano et al. ( 2021) through end-chain post-polymerization modification using cinnamic acid derivatives (P6, Scheme 2C, Table 2). The authors showed that the functionalization improved the thermal degradation as the stereocomplex functionalized with a terminal diacetyl caffeic acid group showed 100% degradation at 370 °C versus 310 °C in the case of non-functionalized stereocomplex. Moreover, for the end-chained functionalized stereocomplex, the thermal degradation did not change even after 8 days of hydrolytic degradation in alkaline conditions. [44] Scheme 2: End-chain post-polymerization functionalization of PLA-based polymers.

Reproduced with permission. [41,42,44] . a: 365 nm light, 10 min; b: dichloromethane, 45 °C, 144 h; c: dichloromethane, pyridine, 0 °C, 1.5 h.

Table 2: Summary of the polylactide end-chain post-polymerization functionalization and its impact on the degradation

Poly(β-hydroxybutyrate)

PHB is a microbial polyester that belongs to the class of the polyhydroxyalkanoates (PHAs).

Its hydrolysis under physiological conditions reveals that the degradation process depends on the Mw of the polymer: for a molecule of 150 kDa, the percentage of weight loss is 10.5% after 3 months, whereas it reached 3-4% in the case of polymers with Mw ranging between 350 and 1000 kDa. This degradation was even more reduced in the case of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) copolymer with a Mw of 1050 kDa with a value <1%. [45] Although PHBV exhibits interesting levels of biocompatibility, this polymer shows uncontrollable degradation rates that impede its use for medical applications where the degradation has to be a controllable process. [46] Direct functionalization For biomedical purposes, the absence of nontoxic and nonacidic biodegradation end-products is also mandatory. For that matter, the measurement of the pH during physiological hydrolysis is important to check that there is no acidification of the medium that may result in an inflammatory response in the body, especially in the case of polyesters for which the hydrolysis produces carboxyl groups. [47,48] To avoid this issue, a new type of PHB has been obtained with Passerini multicomponent polymerization of AB monomer (E)-4-oxobut-2-enoic acid with an isocyanide, followed by hydrogenation (P7, Scheme 3, Table 3). Indeed, under both acidic and neutral hydrolytic degradation conditions, the nonacidic γ-butyrolactone derivative was obtained as a single degradation product. Moreover, functionalization can be modulated through changing the isocyanide component during the reaction although the influence of this functionalization on the degradation kinetics has not been studied. [48] Scheme 3: Direct functionalization of PHB-based polymers. Reproduced with permission. [48] a: tetrahydrofuran, 30 °C, 72 h; b: Pearlman's catalyst, ethyl acetate, 30 °C, 12 h. carried out to produce nanocomposite films (P8, Scheme 4A, Table 4). Cellulose nanocrystal citrates had more hydroxyl groups that resulted in increased interfacial bonding with the PHBV matrix in comparison with the other cellulose nanocrystals that were tested. For that reason, PHBV reinforced with cellulose nanocrystal citrates had better mechanical and thermal properties: higher tensile strengh, higher Young's modulus and higher elongation at break when compared with pure PHBV. This was also observed in the case of hydrolytic and soil degradation studies, which revealed that the improved interfacial interactions of the cellulose nanocrystal citrates with the PHBV matrix acted as an efficient physical barrier, reducing the degradation. [49] A similar approach using metallization has also been used to improve the thermal stability of PHB . It has been showed that the thermal stability of PHB could be reduced through the addition of silver sulfide nanoparticles in the polymer (the Tm of Ag2S/PHB50 and neat PHB were 143 and 172 °C, respectively) (P9, Scheme 4B, Table 4). [50] Scheme 4: Side-chain post-polymerization functionalization of PHB-based polymers.

Reproduced with permission. [49,50] Table 4: Summary of the poly(β-hydroxybutyrate) side-chain post-polymerization functionalization and its impact on the degradation

Polyitaconates

Fungal itaconic acid has interesting structural similarities with petroleum-based acrylic acid, however, its polycondensation to form poly(itaconate)s takes place at a temperature above 150 °C which damages the molecular integrity, especially that of the vinyl moiety which is interesting for further introduction of molecular complexity, making biocatalysed polymerization a convenient way to obtain poly(itaconate)s with fully preserved vinyl groups.

Another stategy involves the use of diester derivatives of itaconic acid that do not undergo dehydration reactions and thus maintain their structure when thermally processed. [51] Itaconic acid also gained attention in immunology as it is an important regulator of inflamation and infection. Indeed, the presence of this compound in the organism significantly promoted the pentose phosphate pathway, which subsequently led to significantly higher NADPH oxidase activity and more reactive oxygen species production. This production increased the expression of an anti-inflammatory gene which in turn decreased the production of inflammatory cytokines. [52] Itaconic acid is also secreted by mammalian macrophages during infection to inhibit the isocitrate lyase, the key enzyme of the glyoxylate shunt, a pathway essential for bacterial growth under low nutritional conditions. [53] This way, the release of itaconic acid from polyitaconate is of great interest in biomedical applications.

Direct functionalization

To optimized the release of itaconic acids with therapetic values in the body, Shou et 

P9

Silver sulfide nanoparticles Thermal degradation Weight loss Complete degradation: Neat PHB (control): 320 °C Ag2S/PHB2000: 300 °C Ag2S/PHB50: 255 °C [50] increased the Mw of the obtained polymers and reduced the hydrolytic degradation under alkaline conditions (2 M NaOH during 2 weeks) (P10, Scheme 5, Table 5). [54] Scheme 5: Direct functionalization of polyitaconate-based polymers. Reproduced with permission. [54] a: Sn(Oct)2 catalyst, 4-methoxyphenol, 130 °C, 19 h.

Table 5: Summary of the polyitaconate direct functionalization and its impact on the degradation

Post-polymerization functionalization

Degradation versatility of polyitaconate can also be obtained from the introduction of primary amines into the polymer through Aza-Michael addition triggers, under mild conditions, the formation of secondary amine that undergoes spontaneous degradation through intramolecular cyclizationlactamizationand subsequent pyrrolidone formation. After obtaining poly(itaconate)s through enzymatic polycondensation, Guarneri et al. (2019) showed that it was possible to tune the spontaneous degradation of their polymers after primary amines addition, by varying their chain rigidityusing different comonomers such as dimethyl itaconate, cyclic diol cyclohexanedimethanol or linear 1,4-butanediol (P11, Scheme 6A, Table 6). This allowed certain flexibility of response of degradation for the same class of molecules. The more rigid copolymer containing diol cyclohexanedimethanol degraded slower than its 1,4-butanediol- containing counterpart. Namely, after 456 min, copolymer containing diol cyclohexanedimethanol achieved 30% spontaneous degradation while the linear 1,4butanediol-containing copolymer achieved 52% of spontaneous degradation at 40 °C. [55] High molecular weight polyesters based on itaconic acid have also been synthesized through ADMET polymerization of a di(10-undecenyl) itaconate monomer. Afterwards, sequential side-chained post-polymerization functionalization of this polymer was first carried out with a primary amine, i.e., sec-Butylamine, through Aza-Michael addition reaction with the itaconate vinyl groups of the chain. Secondly, another functionalization was performed with a mercaptan, i.e., dodecyl mercaptan, following the same Michael addition reaction with itaconate vinyl functions (P12, Scheme 6B, Table 6). This functionalization allowed to to obtain a versatility of response in terms of spontaneous degradation depending on the temperature and the polymer form (solid or in solution). Indeed, the polymer degraded spontaneously through intramolecular cyclization of the secondary amine at 37 °C with the formation of a five-membered lactam. The authors observed that the degradation was faster in solution when compared with the one in bulk. They also observed that the polymer remained stable at 0 °C. [56] Scheme 6: Side-chain post-polymerization functionalization of polyitaconate-based polymers. Reproduced with permission. [55,56] a: in the case of hexamethylenediamine: 40 °C, Table 6: Summary of the polyitaconate post-polymerization functionalization and its impact on the degradation

Maleic acid-based polymers

A possible alternative to the PLA slow biodegradation rate in the body are the maleic acidbased polymers. These water-soluble polymers readily biodegrade into its maleic acid monomer, which is an intermediate in the citric acid cycle and a naturally occurring non-toxic molecule.

Moreover, the presence of a free carboxylic acid group in the polymer chain allows potential main-chain post-polymerization functionalization. [57] Post-polymerization functionalization

Post-polymerization functionalization of a high molecular weight polyester synthesized by the acyclic diene metathesis polymerization of di(10-undecenyl) maleate (a diene monomer) has been carried out with three β-amino mercaptans (i.e., 2-aminoethanethiol, L-cysteine methyl ester, and 2-(butylamino)ethanethiol) through thiol-Michael addition reaction with the maleate vinylic double bonds (P12, Scheme 7, Table 7). Because the main phenomenon during the thermal degradation is the intramolecular cyclization, the presence of β-amino mercaptans introduces pendent amino groups, which may act as nucleophiles to react with the nearest main backbone polymer ester group, breaking the chain to form a six-membered ring lactam derivative. Differences in steric hindrance and the nucleophilicity due to the different amino groups resulted in a broad variability in the temperature of degradation for the polymers. [58] .

Functionalized polymer Functionalization type

Functional group Type of degradation

Monitoring of the % of degradation

Degradation achieved

Ref. Scheme 7: Main-chain post-polymerization functionalization of maleic acid-based polymers.

P11

Reproduced with permission. [58] a: triethylamine, 0 °C, 2 h.

Table 7: Summary of the maleic acid-based main-chain post-polymerization polymer functionalization and its impact on the degradation

Polyurethane

Polyurethanes (PUs) are one of the most versatile materials thanks to the widely diverse number of applications they can be applied to. One of the main aspects that makes this material so desirable is its durability that contributes significantly to the long lifetimes of many products. [59] However, under certain conditions, PU can undergo uncontrolled degradation, resulting in modified properties or even complete failure of the material during its usage. [60] Functionalization may hereby be interesting to get more precise control over the degradation kinetics and profiles for PU-containing material. PU containing PLA as soft segments and triisopropylsilyl acrylate pendant groups (P13) was used as an antifouling agent which is an essential topic in the marine industry, as underwater structuressuch as pipelines and ship hullsare constantly subjected to the adhesion of fooling sealife (Scheme 8, Table 8). To overcome this problem, one possible strategy is the use of selfpolishing polymers as a coating agent, for which controlled degradation allows the removal of the adhesive fouling organisms. It was shown that when triisopropylsilyl acrylate is added, the surface of the polymer is renewed timely thanks to the degradation in the main chain and in the side group. Increased proportions of hydrolyzable triisopropylsilyl acrylate reduced the algae fouling of the material: after 1 month, material with 16, 10 and 4 % of triisopropylsilyl acrylate had an algae cover of 5, 10 and 15 %, respectively. Under seawater conditions and when coated with butenolidea natural compound that inhibits the attachment of algaethe timely surface renewal of the material released the antifouling agent in a controlled and continuous way. [61] Scheme 8: Direct functionalization of PU-based polymers. Reproduced with permission. [61] 9). Although no difference in the degradation profiles could be observed for the two cyclic acetals they tested -(2-(norbornene)-1,3-dioxane-5,5-diyl)dimethanol and (2-phenyl-1,3dioxane-5,5-diyl)dimethanolunder accelerated degradation conditions, the authors further investigated the degradation of thermoplastic PU containing (2-(norbornene)-1,3-dioxane-5,5diyl)dimethanol modified through post-polymerization modifications with the hydrophilic small molecules -O-(2-azidoethyl)-O′-methyl-triethylene glycol and 1-thioglycerol. They observed that this post-polymerization functionalization led to an increase in the surface hydrophilicity of the materials that modified the percentage of swelling of the polymers, which increased from 7% to 13% after modification, characteristic of increased ingression of the aqueous degradation media into the polymeric network. During their degradation study in concentrated alkaline conditions they observed that after 120 days of exposure, the polymer with the O-(2-azidoethyl)-O′-methyl-triethylene glycol functionalization was degraded up to 70% whereas the -thioglycerol-fonctionalized polymer reached 63% degradation. In comparison, the control polymer without post-polymerization functionalization was degraded up to 75% [62] Functionalized Reproduced with permission. [61,62] a: TEG-azide, dimethyl sulfoxide, 90 °C, 12 h; b: thioglycerol, dimethyl sulfoxide, 2,2-dimethoxy-2-phenylacetophenone, UV light, 30 min.

Direct Functionalization

Table 9: Summary of the polyurethane Side-chain post-polymerization functionalization and its impact on the degradation impact

Benzoquinone-based polymers

Degradation can be triggered upon specific biologically relevant stimuli. Some macromolecules, as a response to external stimuli, can undergo end-to-end backbone depolymerization, those are qualified as "self-immolative polymers". [63] Trimethyl benzoquinone (TMBQ) is a functional moiety that exhibits unique sensitivity to the redox environment. Indeed, in presence of a reducing agent, it undergoes a cyclization process to form a lactone. [64] This function, once introduced in a macromolecule through direct functionalization, allows redox-dependent degradation reaction. However, quinone derivatives are usually known to be inhibitors for radical-mediated polymerizations.

Direct functionalization

Geiselhart et al. ( 2021) developed a trimethyl-locked benzoquinone-based polymer (P15) through acyclic diene metathesis (ADMET) polymerization of TMBQ-based α,ω-diene monomers (Scheme 10A, Table 10). Upon exposure to the reducing agent Na2S2O4, the main chains of P15 were cleaved at the TMBQ sites in a manner similar to that of self-immolative polymers and released lactones as the sole by-product. The half-reaction time of the lactonization was inferior to 1 h in the presence of 10 equivalent of Na2S2O4. Such behavior may be useful to tune the release rate of encapsulated drugs in tumor hypoxia conditions for example. [65] Using a similar mechanism, some enzymes that are overexpressed in cancer cells, act as a stimulus to induce the cyclization of the TMBQ groups. NAD(P)H:quinone oxidoreductase-1 are one of those, this enzyme is overproduced in lung and liver cancer cells as a way to maintain the intracellular redox balance and counter the oxidative stress after the generation of reactive oxygen species by quinone derivatives. Using an amphiphilic block copolymer of TMBQpropionic acid PCL and PEG (P16), which act as hydrophobic and hydrophilic constituents, respectively, Park et al. (2021) formed self-assembled micelles in aqueous conditions that, through the action of NAD(P)H:quinone oxidoreductase-1 and subsequent cascade two-step cyclization, led to the removal of hydrophobic block segments and complete dissociation of the micellar structures thus releasing anticancer drug in the target cancer cells (Scheme 10B, Table 10). [33] Scheme 7: Direct functionalization of benzoquinone-based polymers. Reproduced with permission. [33,65] a: 1. lithium hydroxide (1M), tetrahydrofuran:water (1:1), 2 h, 2. HCl (6M), room temperature; b: 1. 1,1'-carbonyldiimidazole, tetrahydrofuran, room temperature, 1 h, 2.

10-undecen-1-ol, tetrahydrofuran, 50 °C, 72 h; c. Hoveyda-Grubbs second-generation catalyst, 80 °C, 5 h; d: Sn(Oct)2, toluene, 120 °C, 40 h. Acetal linkages have been used in the development of pH-responsive drugs carriers as they are rapidly cleaved in acidic conditions. Moreover, this hydrolysis generates alcohols and aldehydes which are biocompatible by-products that do not acidify the tissue locally. [66] The polymers usually obtained through ring-opening metathesis polymerization (ROMP) have carbon backbones and are thus recalcitrant to degradation, especially under physiological conditions. On the other hand, even if polymers obtained using ADMET may have good overall degradability, this reaction is limited by the step-growth mechanism, hindering the full control of the molecular weight of the final product.

Direct functionalization

Because degradation is favored when the polymer exhibits functions like ester or acetal in its backbone, an alternating ROMP involving a third-generation Grubbs ruthenium catalyst allowed the copolymerization of cyclic acetal monomers with bicyclo[4.2.0]oct-1(8)-ene-8carboxamide monomers to form degradable macromolecules (P17) under acidic conditions (Scheme 11A, Table 11). Interestingly, the degradation rate was dependent on the R group carried out by the acetal function: under mild acidic conditions (pH = 5, 37 °C), H-carrying acetal-based copolymer revealed no degradation even after several days whereas phenylcarrying acetal-based copolymer was fully degraded after 35 h. Moreover, when compared to the all-carbon backbone polymer, the obtained heteroatom-containing backbone copolymers had different mechanical properties [67] . Scheme 11: Direct functionalization of polyacetal-based polymers. Reproduced with permission. [67] a: dichloromethane, Grubbs third-generation catalyst (10 mM), 40 °C. 12). [68] Scheme 12: Main-chain post-polymerization functionalization of polyacetal-based polymers.

Table 11: Summary of the polyacetals direct functionalization and its impact on the degradation

Post-polymerization functionalization

Reproduced with permission. [67,68] a: dichloromethane, room temperature, 2 h. 

Polyphosphoesters

Polyphosphoesters are a class of polymers with repeating phosphoester bonds in the backbone.

They are biocompatible and degradable through both hydrolysis under physiological conditions and enzymatic biodegradation through the action of phosphoesterases. Indeed, they degrade inherently to metabolizable phosphates. [START_REF] Wang | Polymer Science: A Comprehensive Reference[END_REF][START_REF] Henke | [END_REF] Being water-soluble, polyphosphoesters are currently discussed as a potential alternative to PEG in numerous biomedical applications. [71] 

Direct functionalization

A polyphosphoester (P19) was obtained by ROP of ethylene glycol vinyl ether-pendant cyclic phosphotriester monomers with poly(ethylene glycol). The obtained amphiphilic diblock copolymers (P19) exhibited a pH-dependent hydrolysis, with an increased degradation in acidic pH (P19 completetely degraded in a pH 5 solution after 39 days). Moreover, the presence of vinyl ether moieties in the ethylene glycol vinyl ether-pendant cyclic phosphotriester monomer allows a good versatility of reaction for post-polymerization functionalization (Scheme 13, Table 13). The authors explored 3 possibilities: thiol-ene "click" reaction with 2-(2methoxyethoxy)-ethanethiol, acetalization with 4-methylbenzyl alcohol, and thio-acetalization with 4-methylbenzyl mercaptan although the impact of these modifications were not studied on the degradation. [72] Functionalized Scheme 13: Direct functionalization of polyphosphoester-based polymers. Reproduced with permission. [72] a: dichloromethane, 1,8-diazabicyclo[5.4.0]undec-7-ene, 6 min.

Table 13: Summary of the polyphosphoesters direct functionalization and its impact on the degradation

Polyphosphazenes

Polyphosphazenes are hybrid organic-inorganic polymers. They possess very diverse properties due to the wide array of possibilities regarding the substitution with organic functions. [73] As biodegradable materials, linear polyphosphazenes are rapidly degraded in physiological hydrolytic conditions but exhibit poor mechanical properties.

Post-polymmerization functionalization

In order to improve these mechanical properties, Cui et al. ( 2004), through post-polymerization of the main chain, synthesized micro-crosslinked polyphosphazenes with (hydroxyethyl)methacrylate (HEMA) or acrylic acid (P20) and were able to delay the hydrolytic degradation rate, with the HEMA crosslinked molecules having a slower rate than the one with acrylic acid (Scheme 14A, Table 14). One hypothesis to explain this result is that acrylic acid may have played a role as a potential catalyst to the degradation reaction. [74] A possible way to stabilize polyphosphazenes is through the addition of stimuli-responsive protection groups. Hereby, it is only upon the perception of triggering stimulus and subsequent removal of the caging moiety that the hydrolysis of the polyphosphazene is carried out. Iturmendi et al. (2017), through post-polymerization functionalization of arylboronate pincacol ester as a self-immolative caging group attached on the phosphorous atom (P21), were able to stabilize the polyphosphazene backbone (Scheme 14B, Table 14). In a second step, they added a second substituent on the same phosphorous atom, a second amine used to modulate the chemical and physical properties of the resulting polymer. Oxidative stimulus, in this case a biologically relevant concentration of H2O2, triggers the oxidation of the phenylboronic acid ester into the corresponding phenol. However, the complete detachment of the phenol only started after 3 days and was still incomplete after 5 days suggesting that the degradation rate may be slow for certain applications and that possible ameliorations have to focus on the degradation kinetics. [75] Scheme 14: Post-polymerization functionalization of polyphosphazene-based polymers.

Reproduced with permission. [74,75] a: THF, 25 °C, 6 h; b: tetrahydrofuran, 50°C, 12 h; c: 12 h at 0 °C and then 12 h at 30 °C; e: azobisisobutyronitrile, tetrahydrofuran, 70 °C, 30 min; f: azobisisobutyronitrile, tetrahydrofuran, 70 °C, 30 min g: THF, room temperature, 16 h. Table 14: Summary of the polyphosphazenes post-polymerization functionalization and its impact on the degradation.

Polyoxazoline

Poly(2-n-alkyl-2-oxazoline) possess chemical structures isomeric to polypeptides and are thus valuable polymers with numerous applications in biology justified by their low toxicity and biocompatibility. They also exhibit similar properties as PEG regarding hydrophilicity and biocompatibility. However, as for PEG, poly(2-n-alkyl-2-oxazoline) is not biodegradable. 15). Starting from poly(2-ethyl-2-oxazoline), they carried out hydrolysis in acidic conditions to obtain the linear poly(ethylene imine) which was then oxidized in presence of hydrogen peroxide to incorporate amide groups in the polymer backbone. They showed that the obtained polymer was degradable under both drastic acidic hydrolytic and mild enzymatic conditions using proteinase K. In addition to the better overall degradability, the obtained polymer had also enhanced biocompatibility in comparison with linear poly(ethylene imine). [76] Scheme 15: Main-chain post-polymerization functionalization of polyoxazoline-based polymer. Reproduced with permission. [76] a: hydrochloric acid solution (6 M), 90 °C, 24 h; b: methanol, aqueous hydrogen peroxide solution (30% w/w), room temperature, 72 h; c: triethylamine, acyl chloride solutions, dimethylformamide, room temperature, 24 h. Table 15: Summary of the polyoxazoline main-chain post-polymerization functionalization and its impact on the degradation

Post-polymerization functionalization

Vinyl polymers

Vinyl polymers are a group that gathers polymers derived from substituted vinyl monomers, their backbone is therefore constituted of an alkane chain. Due to their ease of synthesis, it is one of the most produced classes of polymers in terms of annual production volume and is found in a wide variety of applications. [START_REF] Coates | Polymer Science: A Comprehensive Reference[END_REF] Nonetheless, their carbon-carbon backbones are usually very resistant to degradation. To overcome this shortcut, strategies of insertions of degradable functionalities in the polyvinyl main chain or to form copolymers with non-vinyl degradable blocks exist. [START_REF] Delplace | [END_REF] 16). After having degraded the bridges, the remaining coating surface was broken and self-renewed. Higher PCL bridges content in the copolymer resulted in a higher mass loss in artificial seawater. The same tendency could be observed in alga attachment study. Indeed lower percentage of area attachment of Phaeodactylum tricornutum is observed as PCL content increased: around 23% for P(MMA-CL0.87), 5% for P(MMA-CL0.39) and 57% for the control epoxy after 14 days. [79] For biomedical applications, vinyl polymer-based stereocomplex hydrogels made of copolymers of poly(N-(2-hydroxypropyl)methacrylamide) poly(HPMA) connected to oligo(lactic acid) side chains of opposite chirality through an ester linkage (P23) showed longer and versatile degradation times in physiological hydrolytic conditions than those previously observed for dextran-based hydrogels with the same side chains: from 1 week to almost 3 months by changing the grafting density of the polymers (Scheme 16B, Table 16). Degradation tunability could also be observed through changing the ends of the cross-linking side chains with acetyl or hydroxyl. Degradation of the hydrogel was faster when the chain is terminated with a hydroxyl group because nonacetylated chains hydrolysis occurs through rapid chain end scission (backbiting), whereas, the hydrolysis of acetylated oligomers is initiated by slow random chain scissions. [80] Moreover, modifications of the steric and electronic environment at the site of degradation in the crosslinker may result in great versatility of degradation kinetics. Poly(HPMA) hydrogels crosslinked with a single lactate ester on each side of the succinate core was completely degraded in 30 days, in comparison its unmethylated homologuethus containing glycolatewas completely dissolved after 14.6 days (P24, Scheme 16C, Table 16). [81] Regarding biomedical applications, one of the main concern related to the use of biomaterial and especially polyesters, is the generation of acidic byproducts during their hydrolysis which may cause inflammatory responses in the body. To overcome this issue, Undin et al. (2014) showed it was possible to tune the degradation rate and thus possibly reduce the byproducts generation by copolymerizing 2-methylene-1,3-dioxepane and glycidyl methacrylatewith different monomer feed ratiosto form an amorphous poly(ester-acrylate)-based material (P25, Scheme 16D, Table 16). [47] Moreover, tuning the hydrolysis rate was also possible through the modulation of the ratio of the methylene-1,3-dioxepane units during the copolymerization reaction with vinyl bromobutanoate (P26) which led to improved hydrolysis rate as the number of ester repeat units brought by the methylene-1,3-dioxepane increased in the copolymer backbone (Scheme 16E, Table 16). Although the authors did not investigate further the degradation of their copolymers, it is worth mentioning that the degradation of the vinyl bromobutanoate-based polymer could also be improved through post-polymerization functionalization [82] .

Direct functionalization

Conclusion

The degradation of a polymeric material is a topic of primary importance regarding the growing interest of the public surrounding environmental and health-related topics. Functionalization of a given material can generate a wide variability of reproducible and robust degradation responses in order for this material to match the best with the ever-growing high standard requirements of sustainability (e.g., respectful of the environment, non-toxic and, if possible, associated with cheap production costs). For a single polymer, the functionalization approach thus multiplies the possibilities and opens a new broad range of potential applications. From a green chemistry perspective, it also underlies the concept of maximum functionality, that states the more a compound maximizes a function while minimizing chemical or material mass supporting this functionin the present case, restricting the lifespan of a material to the strict duration of its usethe more it improves the sustainability associated to this compound. To illustrate this point, an interesting perspective potentially addressed by functionalizationand for which the studies are still very scarceis the possibility to answer positively to the challenge of waste recycling. Indeed, whether they are from packaging, furniture or construction, an emphasis is given to maximize the recycling of the materials and this particular point is made difficult when the waste is composed of a mixture of different materials (plasticizers, mixtures of natural and synthetic fibers, etc.). Functionalization would potentially help to reach the aimed application while reducing the number of different materials usually involved. Although it seems to be promising especially in the field of medical applications, the degradation protocols are still superficial. In a majority of studies, the degradation potential is measured through in vitro hydrolysis under physiological conditions (37 °C in PBS) which obviously is not sufficient to simulate the degradation of a given material in the body. As this topic grows, more robust protocols are nonetheless be expected to rise to give a better vision of the degradation mechanisms involved and the possible reactions with the tissues in the body.
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  Scheme 8: Direct functionalization of PU-based polymers. Reproduced with permission.[61] a: tetrahydrofuran, 70 °C, 1 h; b: dibutyltin dilaurate, tetrahydrofuran, 80 °C, 1 h; c: tetrahydrofuran, 3h; d: TEG-azide, dimethyl sulfoxide, 90 °C, 12 h.
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 9 Scheme 9: Side-chain post-polymerization functionalization of PU-based polymers.
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  et al. (2019) synthesized acetal-containing enyne monomers with two points of modification for potential post-polymerization functionalization and carried out ROMP to form polymers with pH-dependent hydrolytic degradation. Further post-polymerization functionalization with triazolinedione (P18) allowed decreasing greatly -11% degradation after the functionalization versus 100% degradation beforethe degradation rate under the same acidic conditions (Scheme 12, Table

  Göppert et al. (2020), synthesized degradable poly(2-n-alkyl-2-oxazoline) through the integration of amide bonds into the polymer backbone (P21, Scheme 15, Table

  n-alkyl-2-oxazoline) with amide bonds integrated in the backbone (poly(ethylene imineco-glycine) An example of copolymers with non-vinyl degradable block was highlited for anti-biofouling purpose. Yang et al. (2020) combined the advantages of the methyl acrylate (MMA) resins, which are commonly used as self-polishing antifouling coatings, and PCL to form a highly branched copolymer in which the poly(MMA) chains are bridged by vinyl functionalized PCL (P22, Scheme 16A, Table
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 3 Summary of the poly(β-hydroxybutyrate) direct functionalization and its impact on the Side chain post-polymerization addition through hydrogen bonds of cellulose nanoparticles fillers with different amounts of hydroxyl groupsincluding pure cellulose nanocrystals, cellulose nanocrystal formates, or cellulose nanocrystal citratesinto the PHBV matrix was
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	P7	tert-butyl isocyanide	Hydrolytic	NMR of degradation products	After 10.5 days:	[48]
		tert-butyl	degradation in		P7: 100%	
		isocyanoacetate	acidic conditions at		P4HB: 100%	
			37 °C		PCL: 14%	
	Post-polymerization functionalization			
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	Degradable Redox-Responsive	Trimethyl-locked	Degradation	upon	Mn reduction		After 1h:			
	polyolefins	benzoquinone	exposure to reducing	NMR	of	10 equiv Na2S2O4: 100%		
	P15		agent Na2S2O4		degradation		3 equiv Na2S2O4: 80%		
					products					
	TMBQ-propionic acid PCL and	γ-trimethyl-locked	Degradation	upon	NMR	of	Polymer	nanocarrier	was	com
	PEG	benzoquinone propionic	exposure	to	degradation		degraded in presence of the enzyme
	P16	acid-ε-caprolactone	NAD(P)H:quinone	products					
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 12 Summary of the polyacetals functionalization and its impact on the degradation impact

	Functionalized polymer name	Functional group	Type of degradation	Monitoring of the	Degradation achieved
				degradation	
	P17	Acetal carrying function	Hydrolytic	Degradation	After several days:
		(with different R: H and	degradation in acidic	products	Poly(1a-alt-3a)20 copolymer: 0%
		Ph)	condition in sodium	apparition (SEC	
			phosphate buffer, (pH	and HPLC)	After 35h:
			5) at 37 °C		Poly(1a-alt-3b)20: 100% degradation

Received: ((will be filled in by the editorial staff))

Revised: ((will be filled in by the editorial staff))

Scheme 16: Direct functionalization of vinyl-based polymers. Reproduced with permission. [47,79,80,82] a: dichloromethane 5-7 °C for 1 h and then room temperature for 12 h; b: iodine (0.10 mmol), sodium iodide (0.10 mmol), tetrahydrofuran, diethylene glycol dimethyl ether, 70 °C; c: dioxane, 2,2-azobis(isobutyronitrile), 80 °C, 2 h; d: ammonium persulfate, N,N,N,N-tetramethylethylenediamine, 4 h; e: 2,2-azobis(isobutyronitrile), 60 °C, 3 h; f: benzene, azobis(isobutyronitrile), 60 °C, 16 h.