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Thanks to their wide range of biological activities, peptides have been extensively used to afford designed materials with tailored properties. Peptides can be associated to polymers combining the properties of various polymer backbones with those of bioactive peptide sequences. Such conjugates find promising applications in medical devices, tissue engineering, drug targeting and delivery.

Improvement of existing polymers by post-modification peptide grafting is achieved through an extensive range of organic reactions, involving the prior preparation of functional polymers displaying suitable anchoring functions. Alternatively, peptides can be used as initiators of polymerization yielding a chimeric molecule bearing a single peptide at the end of macromolecular chains. Finally, novel polymer materials can be designed when the peptide itself is used as a macromonomer. In that case, the unmatched level of repetition of the peptide sequence or/and its self-assembly properties allow to access very high functionalization degree, original structures and bioactivities.

Introduction

Synthetic polymers have been widely developed in life sciences for the design of medical devices, drug delivery systems, implants, biosensors or scaffolds for tissue engineering and regenerative medicine. [START_REF] Deming | Synthetic polypeptides for biomedical applications[END_REF][START_REF] Kanasty | Delivery materials for siRNA therapeutics[END_REF][START_REF] Waterhouse | Amyloid Fibrils in Bionanotechnology[END_REF][START_REF] Hoffman | Bioconjugates of smart polymers and proteins: synthesis and applications[END_REF][START_REF] Klok | Biological-synthetic hybrid block copolymers: Combining the best from two worlds[END_REF][START_REF] Harris | Effect of pegylation on pharmaceuticals[END_REF][START_REF] Rösler | Nanoscale Structure of Poly(Ethylene Glycol) Hybrid Block Copolymers containing Amphiphilic β-Strand Peptide Sequences[END_REF][START_REF] Shi | Nanotechnology in Drug Delivery and Tissue Engineering: From Discovery to Applications[END_REF][START_REF] Bae | Preparation and Biological Characterization of Polymeric Micelle Drug Carriers with Intracellular pH-Triggered Drug Release Property: Tumor Permeability, Controlled Subcellular Drug Distribution, and Enhanced in Vivo Antitumor Efficacy[END_REF][START_REF] Brem | Biodegradable polymer implants to treat brain tumors[END_REF] Some of them, like polyethylene glycol (PEG), poly(methylmethacrylate) (PMMA) or polylactic acid (PLA) have been extensively studied and used for medical devices approved by the Food and Drug Administration (FDA). [START_REF]CFR[END_REF] Polymers can be used as the only component (for example polydimethylsiloxane (PDMS) for the fabrication of soft prosthesis, PLA for stents, and PMMA for dental devices) or associated with other components to add functional (bioactivity, imaging, etc.) or physical properties (mechanical, solubility, stability, etc.) to the desired material. Conjugated to drugs or oligonucleotides, polymers can be used to form particles for gene [START_REF] Pichavant | Thermosensitive polynorbornene poly(ethylene oxide) nanoparticles loaded with oligoDNAs: an innovative approach for acting on cancer-associated pain[END_REF] or drug [START_REF] Lee | Doxorubicin loaded pH-sensitive polymeric micelles for reversal of resistant MCF-7 tumor[END_REF] delivery. They can be grafted on the surface of inorganic nanoparticles (NPs) to yield organic-inorganic hybrid NPs. [START_REF] Mout | Surface functionalization of nanoparticles for nanomedicine[END_REF] Polymers associated with cells, tissue inducing molecules and porous three dimensional scaffolds are the main players to prepare hydrogels for tissue engineering. [START_REF] Echalier | Modular bioink for 3D printing of biocompatible hydrogels: sol-gel polymerization of hybrid peptides and polymers[END_REF][START_REF] Khan | Fabrication of polymeric biomaterials: a strategy for tissue engineering and medical devices[END_REF] Although biocompatible, most of these synthetic polymers are bioinert, in a sense that they do not exhibit any specific bioactivity by themselves. They have to be functionalized to get additional biological properties. This functionalization can be done by two main ways: either by physisorption (non-covalent) or chemisorption (covalent) modification.

The non-covalent functionalization is usually achieved by adsorption via weak interactions on activated, or non-activated polymers. The adsorption can result from spray coating, dip-coating or incubation. It is noteworthy that the polymer's surface can be treated to enhance the adsorption. For instance, plasma treatment generates hydrophilic moieties on PDMS helping in the establishment of hydrogen bonds with biomolecules of interest. [START_REF] Martin | Silicone grafted bioactive peptides and their applications[END_REF] Non-covalent functionalization of polymers by biomolecules is usually mediated through weak and reversible interactions (e.g. electrostatic, hydrogen bonding, aromatic, hydrophobic) or specific affinity interactions (ligand-receptor pairing when the polymers have been previously functionalized by adsorption of a protein). [START_REF] Goddard | Polymer surface modification for the attachment of bioactive compounds[END_REF] Such specific non-covalent interactions can be very strong: as the one between biotin-adivin for example. [START_REF] Moy | Intermolecular forces and energies between ligands and receptors[END_REF] The main advantages of the non-covalent functionalization over the covalent one relies on its simplicity and, in the case of drug delivery systems, the easier release of the active molecules. [START_REF] Robertis | Advances in oral controlled drug delivery: the role of drug-polymer and interpolymer non-covalent interactions[END_REF][START_REF] Pollino | Non-covalent side-chain polymers: design principles, functionalization strategies, and perspectives[END_REF][START_REF] Yang | The role of non-covalent interactions in anticancer drug loading and kinetic stability of polymeric micelles[END_REF] However, in general, non-covalent attachment leads to less stable functionalized polymers.

On the other hand, covalent functionalization, concerns a large number of polymers and biomolecules. Once conjugated with the desired biomolecules, polymers are then referred in literature as 'hybrid polymers' ('bio hybrid polymers' if the associated molecule is a biomolecule). For clarity purposes, in this review, the term "hybrid" is dedicated to hybrid inorganic/organic silylated molecules or materials. Biomolecules could be attached to the polymers either directly or via a spacer. The role of the spacer is to ensure an optimal interaction between the bioactive molecule and its target but can also play a part in the final polymer morphology. In the case of the grafting to strategy (described below) the biomolecules are connected either by a direct grafting on the active groups present in the polymer, or by a first step of specific activation of the surface followed by the modification (Figure 1). Several types of biomolecules can be attached to polymer surfaces depending of the desired application. For example, enzymes and antibodies can be conjugated to polymer surfaces in order to design biosensors or hybrid materials used for tissue engineering or the preparation of antimicrobial surfaces. [START_REF] Goddard | Polymer surface modification for the attachment of bioactive compounds[END_REF][START_REF] Hwang | Patterned Immobilization of Biomolecules on a Polymer Surface Functionalized by Radiation Grafting[END_REF][START_REF] Jiang | Biomolecule-functionalized polymer brushes[END_REF] Fig. [START_REF] Deming | Synthetic polypeptides for biomedical applications[END_REF]

. Multistep covalent biofunctionalization of polymer via (i) activation, (ii) grafting of spacers and (iii) conjugation of the spacers with biomolecules (e.g. peptide).

This review will focus on polymers functionalized covalently with peptides, i.e. peptide-polymers.

Peptides are one of the most common biomolecules conjugated to polymers, mainly for their antimicrobial and cell adhesion properties. The preparation of peptides and analogues is well mastered thanks to efficient solid phase peptide synthesis (SPPS) protocols widely spread among many laboratories. Combined to the numerous existing polymers, the large variety of structures and functions of peptides enables the design of an unlimited range of peptide-polymers. [START_REF] Robson Marsden | Polymer-Peptide Block Copolymers -An Overview and Assessment of Synthesis Methods[END_REF] The diversity offered by each component combined with the structure of the polymer (i.e. linear, branched or even comb like) offers an additional level of adjustability.

Three different synthetic strategies are described for the preparation of covalent peptide polymer conjugates: grafting to, grafting from and grafting through (Figure 2). [START_REF] Wilson | Synthesis and Applications of Protein/Peptide-Polymer Conjugates[END_REF] The grafting to strategy is a multistep process in which the peptide is covalently coupled to the polymer after its synthesis. In the grafting from approach, the peptide is the initiator of the polymerization, which can be either Reversible Addition Fragmentation chain-Transfer polymerization (RAFT), Atom Transfer Radical Polymerization (ATRP) or Nitroxide Mediated radical Polymerization (NMP). Lastly, the grafting through method is using a Peptide Containing Macromonomer (PCM), leading to homopolymers (resulting from a single monomer), block copolymers (two different monomers polymerized one after the other) or random copolymers (two different monomers polymerized simultaneously). 

2.

Grafting to strategy: Post-functionalized polymers

Grafting to strategy 2.1.1 General strategy

Grafting to or post-functionalization, to this day is the most common and the most used strategy to prepare peptide-polymers conjugates. This non-direct strategy requires two or more steps, depending on the activation and grafting chemistries applied.

First, the polymer is prepared by conventional polymerization methods, allowing the control of the desired size and structure. Then, the polymer can be isolated, fully characterized and activated for the next step. At this stage, two situations are possible. Either the polymer contains reactive groups (e.g. on its backbone or at its ends) able to reacts for further grafting. In this case, the grafting is operated straightforwardly after the polymerization, eventually adding reagents for the conjugation with the peptide. If the polymer does not present any suitable reactive functions to attach the peptide, it has first to be modified to display a suitable moiety to react either directly with the peptide or through a linker that will present the required active group (Figure 1).

In summary, grafting to strategy leads to peptide-polymer conjugates based on well-controlled and characterized polymer backbones. Besides, researchers can make a selection among the numerous conjugation strategies described so far that offer a high chemoselectivity when unprotected peptides displaying reactive side-chains are used. [START_REF] Paik | Responsive hybrid (poly)peptide-polymer conjugates[END_REF] Indeed, a peptide may display several types of reactive groups on its lateral side chains and its N and C termini. Therefore, in the case of unprotected peptides, the conjugation chemistry has to be chemoselective in order to avoid any undesired side reactions. Finally, the efficiency of the conjugation in the grafting to strategy might be low. Some of the polymer's functions might be difficult to reach by the peptides to be reacted with, especially when they are situated in the core of the polymer.

The overwhelming majority of grafting to examples were performed on four major types of polymers: PMMA, PLA, PDMS and PEG.

Examples of common grafted polymers

PMMA was utilized in numerous encapsulation systems, as drug delivery system or in cosmetic applications, thanks to its high chemical stability and mechanical properties adapted to the formation of shells (high Young's modulus and low elongation at break). [START_REF] Ahangaran | Material encapsulation in poly(methyl methacrylate) shell: A review[END_REF][START_REF] Teeka | Preparation of Poly (methyl methacrylate) Microcapsule with Encapsulated Jasmine Oil[END_REF] On the other hand, as a biodegradable and nontoxic polymer, PLA is widely used in tissue engineering and in the design of implantable and resorbable medical devices. [START_REF] Lasprilla | Poly-lactic acid synthesis for application in biomedical devices -A review[END_REF] On the contrary, PDMS displays remarkable stability and is one of the most used polymers to make soft prosthesis and catheters. [START_REF] Bhatt | Low and atmospheric plasma polymerisation of nanocoatings for bio-applications[END_REF] It is also biocompatible and shows stability over thermic and oxidative stress, great gas permeability and very good dielectric property. Additionally, PDMS possess high viscoelasticity enabling it to be easily deformed but rarely in a permanent way. [START_REF] Vlassov | Adhesion and Mechanical Properties of PDMS-Based Materials Probed with AFM: A Review[END_REF][START_REF] Wolf | PDMS with designer functionalities-Properties, modifications strategies, and applications[END_REF][START_REF] Eduok | Recent developments and applications of protective silicone coatings: A review of PDMS functional materials[END_REF][START_REF] Courtney | Mechanical Behavior of Materials[END_REF] PEG has shown high interest in the synthesis of biomaterials mainly due to its biocompatibility, high hydrophilicity and antifouling properties. In the design of nanocarriers, it is widely used as a stealth agent against opsonization of delivery systems. [START_REF] Harris | Effect of pegylation on pharmaceuticals[END_REF][START_REF] Samad | PCL-PEG graft copolymers with tunable amphiphilicity as efficient drug delivery systems[END_REF][START_REF] Otsuka | PEGylated nanoparticles for biological and pharmaceutical applications[END_REF][START_REF] Chawla | A novel low-friction surface for biomedical applications: Modification of poly(dimethylsiloxane) (PDMS) with polyethylene glycol(PEG)-DOPA-lysine[END_REF] The conjugation of a peptide on a single PEG chain results into PEGylated peptides. In some cases, the PEGylated peptides can be subsequently attached to various polymeric structures depending on the final application (e.g. micelles, nanotubes, hydrogel). [START_REF] Klok | Biological-synthetic hybrid block copolymers: Combining the best from two worlds[END_REF][START_REF] Luo | A self-destructive nanosweeper that captures and clears amyloid β-peptides[END_REF][START_REF] Novelli | Curcumin loaded nanocarriers obtained by self-assembly of a linear d,l-octapeptide-poly(ethylene glycol) conjugate[END_REF][START_REF] Singh | Enhanced lubrication on tissue and biomaterial surfaces through peptide-mediated binding of hyaluronic acid[END_REF][START_REF] Kao | Murine macrophage behavior on peptide-grafted polyethyleneglycolcontaining networks[END_REF][START_REF] Remmler | On the way to precision formulation additives: 2D-screening to select solubilizers with tailored host and release capabilities[END_REF][START_REF] Cheng | One-pot synthesis of pH-responsive hyperbranched polymer-peptide conjugates with enhanced stability and loading efficiency for combined cancer therapy[END_REF][START_REF] Samsoninkova | Precision compatibilizers for composites: in-between self-aggregation, surfaces recognition and interface stabilization[END_REF][START_REF] Rho | Probing the Dynamic Nature of Self-Assembling Cyclic Peptide-Polymer Nanotubes in Solution and in Mammalian Cells[END_REF][START_REF] Sallam | Sequence and Conformational Analysis of Peptide-Polymer Bioconjugates by Multidimensional Mass Spectrometry[END_REF][START_REF] Sun | Thiol Michael addition reaction: a facile tool for introducing peptides into polymer-based gene delivery systems[END_REF][START_REF] Donahoe | Ultralow Protein Adsorbing Coatings from Clickable PEG Nanogel Solutions: Benefits of Attachment under Salt-Induced Phase Separation Conditions and Comparison with PEG/Albumin Nanogel Coatings[END_REF][START_REF] Chandna | Multifunctional Tumor-Targeted Polymer-Peptide-Drug Delivery System for Treatment of Primary and Metastatic Cancers[END_REF] However, PEGylated peptides are closest to modified peptides than peptide-modified polymers and consequently will not be covered in this review.

The key point of the grafting to strategy is the chemical reaction between the polymer and the peptide involving two mutually reactive moieties present on the peptide and on the polymer (Figure 3). If one (or both) of these two types of functions is also present on the peptide (side chains or N or C-terminus), regioselectivity cannot be achieved except if suitable protecting groups are placed on the peptide before conjugation. Unfortunately, the presence of protecting groups might lower the peptide solubility and requires an additional deprotection step after the peptide conjugation. On the contrary, biorthogonal reactions can be performed on unprotected peptides.

The main coupling chemistries used for the synthesis of peptide-polymer by grafting to approach are presented in Figure 3, and will be detailed in this chapter.

10 Fig. 3. Examples of chemical reactions applied to peptide-polymer conjugates by grafting-to strategy.

Michael addition (non-radical thiol-ene chemistry)

The most common chemical reaction for the synthesis of peptide polymer conjugates is the Michael addition, [START_REF] Luo | A self-destructive nanosweeper that captures and clears amyloid β-peptides[END_REF][START_REF] Sun | Thiol Michael addition reaction: a facile tool for introducing peptides into polymer-based gene delivery systems[END_REF][START_REF] Wang | Multitargeting Peptide-Functionalized Star-Shaped Copolymers with Comblike Structure and a POSS-Core To Effectively Transfect Endothelial Cells[END_REF][START_REF] Sethuraman | TAT peptide-based micelle system for potential active targeting of anticancer agents to acidic solid tumors[END_REF] which is based on the creation of a bond between a nucleophile, the donor, and an α,β unsaturated system, which can be an acrylate, vinyl or maleimide group as example, the acceptor.

When applied to peptide polymer conjugation, thiols are generally used as the nucleophilic donor in the Michael addition, and is classified as thiol-ene reaction, albeit with nucleophilic attack mechanism (Figure 4). [START_REF] Baker | Nitro-fatty Acid Reaction with Glutathione and Cysteine: KINETIC ANALYSIS OF THIOL ALKYLATION BY A MICHAEL ADDITION REACTION[END_REF] This reaction is chemoselective and proceed usually between a thiol group on the peptide (unprotected Cys side chain), and an alkene function, displayed by the polymer. Michal addition was extensively used to prepare PEG-based peptide polymers. For example, hydrogel network was obtained using Cys-containing peptides with self-assembly properties (i.e. forming coiled coil dimers and tetramers) conjugated to both extremities of PEG chain modified by two maleimide groups as Michael acceptors (Figure 5). [START_REF] Jing | Self-Assembling Peptide-Polymer Hydrogels Designed From the Coiled Coil Region of Fibrin[END_REF] This conjugation lead to the formation of a physical viscoelastic hydrogel network. A multifunctional hydrogel network with cell adhesion properties and enzyme-triggered degradability was prepared using the same chemistry (Figure 6). [START_REF] Tsurkan | Defined Polymer-Peptide Conjugates to Form Cell-Instructive starPEG-Heparin Matrices In Situ[END_REF] It combined two types of polymers : star-PEG bearing four maleimide at their end of their arms and a heparin bearing pendant maleimide groups to prepare hydrogels. Both were linked through maleimide ligation with cell-adhesion peptides bearing a single cysteine: a laminin derivatized peptide H-SIKVAVGWCG-OH (in green) was coupled on the star-PEG and the fibronectin derivatized peptide H-GCWGRGDSP-OH (in purple) was conjugated on the on the heparin. Both polymers were crosslinked using the peptide H-GCGGPQGIWQGGCG-NH2 (in blue) which display a sequence recognized by metalloproteinases flanked by two cysteine residues allowing the reaction with PEG and heparin.

Fig. 6. Cys/maleimide Michael addition strategy to design hydrogel from Star-PEG (blue lines) and heparin (brown lines) using MMP sensitive peptides as cross-linker(blue peptide) and cell adhesion peptides (green and purple peptides).

Besides hydrogels, peptides were also attached to either fully organic polymeric nanoparticles, [START_REF] Zhao | Tunable, Injectable Hydrogels Based on Peptide-Cross-Linked, Cyclized Polymer Nanoparticles for Neural Progenitor Cell Delivery[END_REF] or nanoparticles with an inorganic core. [START_REF] Wang | Multitargeting Peptide-Functionalized Star-Shaped Copolymers with Comblike Structure and a POSS-Core To Effectively Transfect Endothelial Cells[END_REF] In the first case, laminin derivatized peptide modified by thiol function at each extremity was able to cross-link polymeric NPs together by thiol-Michael reaction thanks to the acrylate pendant function present in the polymeric NPs. The cross-linking of these NPs led to the formation of macroscopic gels used for cell encapsulation conferred by the peptides' bioactivity. In another case, polymeric NPs consisted of a biocompatible polyhedral oligomeric silsesquioxane core functionalized by pendant 2-(dimethylamino)ethyl methacrylate and poly(ethylene glycol) monomethacrylate chains polymerized by ATRP. Then, two peptides, H-CAGYGRKKRRQRRRPKKKRKV-OH and H-CAGW-OH, were grafted to the NPs via cysteine residues present in their sequences, in order to improve the cell penetration and cell adhesion of the NPs, and thus to afford efficient gene delivery systems. [START_REF] Wang | Multitargeting Peptide-Functionalized Star-Shaped Copolymers with Comblike Structure and a POSS-Core To Effectively Transfect Endothelial Cells[END_REF] Besides PEG, other polymers have been grafted with peptides thanks to thiol-Michael reaction. RGD based peptide was modified with biotin and Cys residues, i.e. H-CYGGGRGDSK(biotin)-NH2. It was then coupled to the maleimide function at the extremity of a poly(caprolactone) (PCL). [START_REF] Camacho | 3D printing with peptidepolymer conjugates for single-step fabrication of spatially functionalized scaffolds[END_REF] The resulting polymer was 3D printed and possessed cell adhesion property due to the presence of the RGD sequence.

In another example, a thiol-modified peptide, HS-(CH2)2CO-YGRGD-OH, was attached to the acrylate group of the pendant chain of the PHEMA block of PMAA-b-PHEMA-b-PMAA copolymer by thiolacrylate Michael addition. This conjugation was performed to enhance the cell adhesion of the polymer in the field of tissue engineering. [START_REF] Li | Manipulation of cell adhesion and dynamics using RGD functionalized polymers[END_REF] In other studies, Cys containing peptides were conjugated via thiol-ene Michael addition to hyperbranched polymers. For example, an antimicrobial peptide, H-CGLFDIVKKVVGALC-NH2, was conjugated to a modified hyperbranched polyglycerol (HPG). [START_REF] Kumar | Antimicrobial Peptide-Polymer Conjugates with High Activity: Influence of Polymer Molecular Weight and Peptide Sequence on Antimicrobial Activity, Proteolysis, and Biocompatibility[END_REF] The HPG was first modified by a Nglycidyl phthalimide via an epoxy function present in its sequence. Then, the N-glycidyl phthalimide group present in the HPG was removed and the obtained amine was conjugate to bifunctional maleimide linker that was then coupled to the Cys-peptide (Figure 7). In another example, a Cys-containing proapoptotic peptide H-CGGG(KLAKLAK)2-OH, and a PEG chain were conjugated to hyperbranched poly(β-thioesters). [START_REF] Cheng | One-pot synthesis of pH-responsive hyperbranched polymer-peptide conjugates with enhanced stability and loading efficiency for combined cancer therapy[END_REF] The resulting peptide-polymer conjugate had the ability to form NPs, to load drugs and contain acid labile linkage on the PPHD part, enabling the release of the drug and the peptide once inside the cells endosomes.

Alternatively, the authors used also peptides which did not contain any Cys residue, neither thiol function and performed the Michael addition through the primary amine at the N-terminus of the peptide sequence.

Some other examples of bioconjugation by Michael addition which do not involve sulfhydryl moieties have been reported. For example, H-RGD-OH peptide was conjugated to vinyl sulfone modified dextran through reaction with the peptide N-terminal amino group, forming a hydrogel for cell delivery. [START_REF] Riahi | Impact of RGD amount in dextran-based hydrogels for cell delivery[END_REF] As already stated, most of Michael addition-based conjugations proceeded with the donor on the peptide and the acceptor on the polymer. However, some reverse strategies were also described as the work from Danial et al. which describes polystyrene (PS) -peptide conjugates prepared from a thiol modified PS and a cyclic peptide bearing an allyloxycarbonyl (Alloc) protection on the side chain of a Lysine residue. [START_REF] Danial | Janus cyclic peptide-polymer nanotubes[END_REF] 

Thiol-yne chemistry

The thiol-yne reaction occurs between a thiol function and an alkyne instead of an alkene as in the case of thiol-ene reactions (Figure 8). Compared to thiol-ene Michael addition, thiol-yne offers the possibility of a double addition. [START_REF] Pan | A mannosylated PEI-CPP hybrid for TRAIL gene targeting delivery for colorectal cancer therapy[END_REF] Indeed, after a first addition of a thiol to the alkyne, the formation of a vinyl radical allows the formation of a new thiyl radical and subsequently a second thiol addition to the thiol-alkene intermediate. Compared to double bonds, the alkyne function is less sensitive to its environment. Indeed, for the thiol-yne radical reaction, the reactivity of the radical formed is depending on the obtained alkene bond stability thus leading to a vinylthioether able to continue with a thiol-ene reaction due to its high reactivity toward thiyl radicals. [START_REF] Lowe | Thiol-yne 'click'/coupling chemistry and recent applications in polymer and materials synthesis and modification[END_REF] As for thiol-ene conjugation, thiol-yne is also chemoselective. 

Radical thiol-ene reaction

Non-radical Michael addition is not the only thiol-ene reaction used to prepare peptide polymer conjugates. Radical thiol-ene reactions were also described. The reactions occurs between a thiol and an alkene, most of the time an acrylate derivative, through a radical mechanism. [START_REF] Echalier | Chemical cross-linking methods for cell encapsulation in hydrogels[END_REF] In this case, a photoinitiator is involved, that forms free radical species upon UV irradiation. Then, by reacting with a thiol containing molecule, such as Cys-containing peptides, a thiyl function is created. Then the thiyl reacts with the alkene in order to generate a radical that convert into alkane and generates another thiyl radical which is able to continue the conjugation (Figure 9). This radical reaction stops as soon as one of the two precursors is consumed.

Fig. 9. Radical thiol-ene reaction mechanism applied to a Cys-containing peptide.

The most common example of radical thiol-ene reaction is the cystein lipidation on a peptide or amino acid (CLipPA). [START_REF] Williams | Solid-Phase Thiol-Ene Lipidation of Peptides for the Synthesis of a Potent CGRP Receptor Antagonist[END_REF][START_REF] Yang | Replacement of the Acrid tert-Butylthiol and an Improved Isolation Protocol for Cysteine Lipidation on a Peptide or Amino Acid (CLipPA)[END_REF][START_REF] Yang | Lipidation of Cysteine or Cysteine-Containing Peptides Using the Thiol-Ene Reaction (CLipPA)[END_REF] This reaction has never been applied so far to peptide-polymer conjugate (but only to peptide-lipid conjugates. It is performed between an unprotected Cyscontaining peptide and an alkene-containing lipid in order to obtain a lipopeptide. For example, an antimicrobial lipopeptide was synthesized following this technique. [START_REF] Hermant | Synthesis of Antimicrobial Lipopeptides Using the "CLipPA" Thiol-Ene Reaction[END_REF] In an elegant study, the radical thiol-ene reaction was applied to a poly(2-alkyl-2-oxazoline) (Pox) based polymer, to conjugate it with a Cys-containing peptide (Figure 10). [START_REF] Liebscher | In Situ Polymer Analogue Generation of Azlactone Functions at Poly(oxazoline)s for Peptide Conjugation[END_REF] The Pox analog polymer was functionalized by a radical thiol-ene reaction on its alkene-containing side chain. Then, an intramolecular reaction afforded an azlactone function on the functionalized side chains. The azlactone function was finally able to conjugate with a Cys-containing peptide by a non-radical ring opening reaction followed by an S-N transfer rearrangement. Another interesting application of radical thiol-ene reaction was reported for the photo-click crosslinking of hydrogels by peptides. [START_REF] Lin | Thiol-norbornene photoclick hydrogels for tissue engineering applications[END_REF] A macromonomer modified by a norbornene function (e.g. PEG chain, hyaluronic acid etc.) reacted chemoselectively with Cys-containing peptide linker to provide a hybrid hydrogel. This photoclick orthogonal crosslinking reaction is light-mediated (either UV or visible light), thanks to a low concentration photoinitiator. In most of peptide-polymer hydrogels cross-linked by thiol-ene photopolymerization described in the literature, the norbornene modified macromonomer is a PEG or a star PEG and the peptide is used as cross-linker thanks to its thiol functions, usually afforded by Cys residues. The application of such hybrid hydrogel resides in the possible biodegradability due mainly to the peptide's properties such as chymotrypsin sensitivity, [START_REF] Shih | Cross-Linking and Degradation of Step-Growth Hydrogels Formed by Thiol-Ene Photoclick Chemistry[END_REF] elastase sensitivity, [START_REF] Aimetti | Poly(ethylene glycol) hydrogels formed by thiol-ene photopolymerization for enzyme-responsive protein delivery[END_REF] photolabililty [START_REF] Ki | Facile preparation of photodegradable hydrogels by photopolymerization[END_REF] and other protease sensitivities. [START_REF] Ki | Thiol-ene hydrogels as desmoplasia-mimetic matrices for modeling pancreatic cancer cell growth, invasion, and drug resistance[END_REF] Such hydrogels were used for tissue engineering, cell encapsulation, cell culture or differentiation.

Native chemical ligation

Originally developed by Kent et al. in 1994 [START_REF] Dawson | Synthesis of Proteins by Native Chemical Ligation[END_REF] for protein synthesis [START_REF] Shah | Mechanism for the enhanced reactivity of 4mercaptoprolyl thioesters in native chemical ligation[END_REF], native chemical ligation (NCL) was more recently applied for peptide-polymer conjugation.

This reaction involves the chemoselective formation of a 'native' peptide bond between a thioester, which can be present at the C-ter of a peptide for example, and a cysteine placed at the N-ter of another peptide, through an intermolecular transthioesterification followed by a S-N acyl shift. A great advantage of the NCL is that it proceeds chemoselectively and can be used with fully unprotected peptides, in water allowing the assembly of large peptides and proteins (Figure 11).

For the moment, NCL was used to prepare peptide-polymer conjugates by reacting peptide C-ter thioesters and Cystein-modified polymers and not the opposite, although the preparation of Cterminal peptide thioesters is not an easy task. Indeed, the instability of thioester in conditions used during common Fmoc/tBu solid phase peptide synthesis represent a synthetic challenge and numerous strategies and dedicated linkers have been developed for that purpose in the recent years as summarized by several reviews. [START_REF] Agouridas | Native Chemical Ligation and Extended Methods: Mechanisms, Catalysis, Scope, and Limitations[END_REF][START_REF] Aimoto | Contemporary Methods for Peptide and Protein Synthesis[END_REF][START_REF] Aksakal | Thioester functional polymers[END_REF] It is worth noting that a cysteine residue is not mandatory to perform NCL conjugation as the βamino thiol motif is enough to allow the N-S shift. As example, an acrylate-based polymer modified at its extremity by RAFT single unit insertion of N-Boc allylamine moiety was prepared. After aminolysis of the trithiocarbonate, the Boc protecting group was removed to yield the β-amino thiol motif required for ligation with a thioester peptide (Figure 13). [START_REF] Isahak | Single addition of an allylamine monomer enables access to end-functionalized RAFT polymers for native chemical ligation[END_REF] Fig. [START_REF] Lee | Doxorubicin loaded pH-sensitive polymeric micelles for reversal of resistant MCF-7 tumor[END_REF]. NCL applied to acrylate-based polymer and peptide modified by ethyl 3-mercaptopropionate.

Amide coupling

Amide formation, involving primary amine and carboxylic acid functions, is commonly used to link peptides and polymers. This reaction occurs via the carboxylic acid activation, mainly as an active ester, followed by the nucleophilic substitution by an amine. Typically this activation can be done with the combination of a carbodiimide and an auxiliary nucleophile, such as the EDC/NHS combination (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide). This reaction can be performed either in water or in organic solvent. Theoretically, any carboxylic activation method may be employed and the use of peptide coupling reagent such as uroniums (e.g. 3-

[Bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-oxide hexafluorophosphate: HBTU or (1- [Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate
HATU) in the presence of a tertiary amine (e.g. DIEA, TEA) were reported (Figure 14).

Fig. 14. Amide coupling between a carboxylic acid containing polymer and the primary amine function of a peptide by HATU activation

The amine can be either on the polymer or on the peptide, the carboxylic acid being on the other partner. Despite its apparent simplicity and straightforwardness, amide coupling is not trivial. First, it is worth reminding that C-terminal activation of a peptide results in epimerization and should be considered cautiously. [START_REF] Amblard | Methods and protocols of modern solid phase peptide synthesis[END_REF] Glu and Asp side chain activation main also lead to unwanted intramolecular cyclization. [START_REF] Amblard | Methods and protocols of modern solid phase peptide synthesis[END_REF] On top of that, amide coupling is not chemoselective. Peptides may contain several free amino groups, carboxylic acids as well as other reactive groups such as alcohol or thiol functions, leading to unspecific conjugation and a range of unwanted intra and intermolecular reactions. Even if amines are more reactive than alcohols at physiological pH, ester bonds can be formed if the hydroxyl is not protected and the activated acid is in excess. All this means that potentially reactive function need to be protected during conjugation with then polymer, necessitating addition of deprotection step to insure regioselectivity.

The choice of reactive moieties (i.e. amine or carboxylic acid) enlarges the scope of the possible polymers to be conjugated by an amide formation. As examples, primary amine functions of the polymer were used in chitosan, conjugated to silk fibroin peptide, for the design of wound healing dressings. [START_REF] Min | Enzymatic synthesis of quaternary ammonium chitosansilk fibroin peptide copolymer and its characterization[END_REF] HMPA Polyacrylate peptide-polymer conjugates, obtained by amide coupling between the carboxylic acid function of the polymer and the amine function of the peptide, have been described for the design of tumor targeting and drug delivery systems. [START_REF] Larnaudie | Cyclic Peptide-Polymer Nanotubes as Efficient and Highly Potent Drug Delivery Systems for Organometallic Anticancer Complexes[END_REF][START_REF] Larnaudie | Cyclic peptidepoly(HPMA) nanotubes as drug delivery vectors: In vitro assessment, pharmacokinetics and biodistribution[END_REF][START_REF] Mitra | Polymer-peptide conjugates for angiogenesis targeted tumor radiotherapy[END_REF][START_REF] Line | Targeting Tumor Angiogenesis: Comparison of Peptide and Polymer-Peptide Conjugates[END_REF][START_REF] Wright | Enzyme-Induced Kinetic Control of Peptide-Polymer Micelle Morphology[END_REF] Others examples of acrylate-based peptide-polymers have been reported. The poly(N-vinyl-2-pyrrolidone-co-acrylic acid)-peptide (P(VPcoAA)) conjugated though EDC activation of the carboxylic acid function of the polymer was used as melanoma cancer vaccine prototype [START_REF] Kızılbey | An In vivo study: Adjuvant activity of poly-n-vinyl-2-pyrrolidone-co-acrylic acid on immune responses against Melanoma synthetic peptide[END_REF] or rabies vaccine system [START_REF] Arayici | Rabies Virus 31D Peptide-[P(VPco-AA)] Conjugates: Synthesis, Characterization and Cytotoxicity Evaluation[END_REF]. A monolith support for the immobilization of enzymes was prepared by reacting a polyacrylate presenting NHS ester functions with the amino groups of a enzymes, such as the trypsin. [START_REF] Elsner | Miniaturized biocatalysis on polyacrylate-based capillary monoliths[END_REF] PEG and Pox derivatives, activated with NHS on the carboxylic acid function present at the end of the polymer chain, were also coupled to the amine function of the pendant chain of a Lys residue of peptides. [START_REF] Song | Pyridyl Disulfide Reaction Chemistry: An Efficient Strategy toward Redox-Responsive Cyclic Peptide-Polymer Conjugates[END_REF][START_REF] Hartlieb | Stimuli-responsive membrane activity of cyclic-peptide-polymer conjugates[END_REF] For the preparation of polymer/peptide/drug conjugates was used a carboxymethyl dextran presenting carboxylic acid functions as pendant chains. A peptide was then conjugated to the modified dextran after an EDC activation. In this example, the peptide, H-PVGLIG-OH, was used as an enzyme cleavable linker between the two components to design a tumor targeting system: the dextran as polymeric carrier, the peptide as cleavable linker and Methotrexate as the drug.

Methotrexate enables first the targeting and then the chemotherapeutic properties once released after the peptide cleavage. [START_REF] Chau | Antitumor efficacy of a novel polymer-peptide-drug conjugate in human tumor xenograft models[END_REF][START_REF] Chau | Synthesis and Characterization of Dextran-Pepide-Methotrexate Conjugates for Tumor Targeting via Mediation by Matrix Metalloproteinase II and Matrix Metalloproteinase IX[END_REF] Polystyrene (PS) was also conjugated with peptides by amide coupling. [START_REF] Aveyard | Linker-free covalent immobilization of nisin using atmospheric pressure plasma induced grafting[END_REF] As example, PS surface was treated with He plasma to create carboxylic acid functions which were activated by EDC/NHS in order to link the 34-amino acid antibacterial peptide Nisin. It is worth noting that this conjugation proceeded randomly as Nisin contained several Lysine residues besides its free N terminus. The resulting peptide-modified PS surface shows antimicrobial properties. The same EDC/NHS activation has been described to get an acrylate-based polymer with antimicrobial peptides. [START_REF] Xiao | Pathogen-Specific Polymeric Antimicrobials with Significant Membrane Disruption and Enhanced Photodynamic Damage To Inhibit Highly Opportunistic Bacteria[END_REF] The peptide H-TGRAKRRMQYNRR-OH known as Ubiquicidin, was also conjugated with the polymer's end carboxylic acid function through one of its amino groups. The acrylate polymer was a copolymer composed of an hydrophobic part (poly(butyl methacrylate)) and an hydrophilic part (poly(2-(dimethylamino) ethyl methacrylate-co-eosin)) which contains a dye : the eosin Y, also used as a photosensitizer for the photodynamic therapy. The association of the hydrophobic and hydrophilic part enabled the formation of micelles with antimicrobial and photodynamic abilities.

Pyridyl disulfide reactions

Asymmetric disulfide bridges can be formed between peptides and polymers chemoselectively by using S-pyridylsulfenyl activated disulfides. Resulting disulfide linkage present an attractive feature as it can be cleaved in mild reductive conditions allowing disassembly. As an example, a cyclic peptide presenting both a cysteine residue and a primary amine-containing side chain, was conjugated first, with a PEG carboxylic acid activated by NHS ester, and secondly with a pyridylsulfenyl containing-pPEGA, in order to form an asymmetric hybrid cyclic peptide-polymer. [START_REF] Song | Pyridyl Disulfide Reaction Chemistry: An Efficient Strategy toward Redox-Responsive Cyclic Peptide-Polymer Conjugates[END_REF] As already stated, the disulfide bridge created between the cyclic peptide and the pPEGA polymer is a reversible covalent bond. Hence, once the disulfide bridge cleaved by reduction, the peptide-PEG conjugate, freed from pPEGA, was able to self-assemble into nanotubes. This strategy allowed the preparation of new smart redox-responsive polymer. The substrate of the GST enzyme, glutathione (GSH) was coupled by disulfide bond formation through pyridyl disulfide substitution reaching 95% of conjugation in 30 minutes. [START_REF] Zhao | Synthesis of well-defined conjugated copolymers by RAFT polymerization using cysteine and glutathione-based chain transfer agents[END_REF] The conjugate specifically binds to the GST via its GSH part and the complex is then thermoprecipated upon heating thanks to the pNIPAAm properties. This purification method is mild and efficient for GST fusion proteins. 

Other nucleophilic substitutions involving amines

Besides the amide formation, other nucleophilic substitutions involving primary amine functions of peptides have been used to modify polymers. Some examples of ring opening reactions can be found in the literature, targeting for example an epoxide moiety displayed by the polymer. [START_REF] Velander | Polyoxazoline-Peptide adducts that retain antibody avidity[END_REF][START_REF] Zhang | Development of antithrombotic nanoconjugate blocking integrin α2β1-collagen interactions[END_REF] They are all initiated by a primary amine function on the peptide and are non chemoselective since any free amine group of the peptide may react. [START_REF] Zhang | Development of antithrombotic nanoconjugate blocking integrin α2β1-collagen interactions[END_REF] Another possibility is the direct conjugation on the terminal group at the extremity of a Pox, the 2-Ethyloxazoline, by the primary amine at the N-ter amine function of the peptide (Figure 17). [START_REF] Velander | Polyoxazoline-Peptide adducts that retain antibody avidity[END_REF] No ring opening polymerization (ROP) can be observed in these previous examples, since there is no initiator, catalyst or radical activation/propagation. All these examples used a single conjugation.

Another example of such conjugation can be given with the N-terminal amine of a peptide that substituted halogen atoms of poly(dichlorophosphazene) to lead to a biodegradable polyphosphazene functionalized peptides. [START_REF] Linhardt | Biodegradable Polyphosphazene Based Peptide-Polymer Hybrids[END_REF] Fig. 17. Peptide polymer coupling via termination step of the polymerization

Huisgen dipolar cycloaddition

Huisgen dipolar cycloaddition is a widely used click chemistry reaction for post-functionalization of polymers by peptides. Usually the polymer bears the alkyne function while the peptide displays the azide one. It is a chemoselective reaction forming a 1,2,3 triazole linking the two components (Figure 18). [START_REF] Echalier | Chemical cross-linking methods for cell encapsulation in hydrogels[END_REF] In contrast to copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC), the thermal Huisgen 1,3-dipolar cycloaddition leads to the formation of regioisomers (Figure 19). The copper catalysis prevents this side reaction therefore leads to biorthogonal coupling but unfortunately copper presence in the final polymers might lead to cytotoxicity. Interestingly, this type of ligation may proceed in water, at neutral pH, in physiological conditions. CuAAC has been done on diverse polymers, mainly acrylate-based ones. As example, cyclic peptides bearing azide moiety at their side chain, usually due to the incorporation of Lys(N3) residue, and displaying self-assembly properties were conjugated with the alkyne functions of a poly(n-butyl acrylate) or poly(hydroxy ethyl acrylate) in order to self-assemble into well-structured nanotubes. [START_REF] Chapman | Modular design for the controlled production of polymeric nanotubes from polymer/peptide conjugates[END_REF][START_REF] Chapman | Synthesis of Self-assembling Cyclic Peptide-polymer Conjugates using Click Chemistry[END_REF][START_REF] Koh | Hierarchical Assembly of Branched Supramolecular Polymers from (Cyclic Peptide)-Polymer Conjugates[END_REF][START_REF] Koh | Study of (Cyclic Peptide)-Polymer Conjugate Assemblies by Small-Angle Neutron Scattering[END_REF] Poly(2-hydroxyethyl methacrylate) (PHEMA) was copolymerized with propargyl acrylate leading to p(HEMA-co-PgA), a copolymer wearing an alkyne function on its pendant chain. This alkyne function was reacted by CuAAC with the azide function of a fluorescent RGD peptide. [START_REF] Nishimura | Photocleavable Peptide-Poly(2-hydroxyethyl methacrylate) Hybrid Graft Copolymer via Postpolymerization Modification by Click Chemistry To Modulate the Cell Affinities of 2D and 3D Materials[END_REF] Interestingly, the azido moiety was separated from the peptide sequence by a photocleavable linker allowing a photo responsiveness of the cell adhesion properties by UV irradiation: the photocleavable linker cut the peptide in two parts when irradiated and so turns off the cell adhesion ability of the polymer.

This technique was also applied to Pox. As example, two alkyne modified Pox were conjugated with azide-modified peptides, such as a polyTyrosine azide leading to aqueous and non-aqueous stable micelles; [START_REF] Bose | Amphiphilic polypeptide-polyoxazoline graft copolymer conjugate with tunable thermoresponsiveness: Synthesis and self-assembly into various micellar structures in aqueous and nonaqueous media[END_REF] and a cRGD derivative, providing a radiotherapy targeting system. [START_REF] Luxenhofer | First poly(2-oxazoline)-peptide conjugate for targeted radionuclide cancer therapy[END_REF] In a similar way, superparamagnetic NPs were functionalized by hydroxymethylenebisphonates (HMBP) bearing an alkyne function. Then an azido cRGD peptide was conjugated to the polymer yielding integrin targeting NPs. [START_REF] Bolley | Carbodiimide versus Click Chemistry for Nanoparticle Surface Functionalization: A Comparative Study for the Elaboration of Multimodal Superparamagnetic Nanoparticles Targeting αvβ3 Integrins[END_REF] Alternatively, the azide function can also be present on the polymer and the alkyne function on the peptide. For example, an acrylate-based polymer with azide functions was conjugated to alkynemodified gramicidin S peptide by CuAAC. [START_REF] Canalle | A Comparison of Triazole-forming Bioconjugation Techniques for Constructing Comb-Shaped Peptide-Polymer Bioconjugates[END_REF] This reaction has also been performed directly on solid support after the SPPS synthesis of a peptide. [START_REF] Santis | Switchable length nanotubes from a self-assembling pH and thermosensitive linear l,d-peptide-polymer conjugate[END_REF] A 8-mer peptide, (D-Val-L-Val)4 has been synthesized on support by SPPS and then directly modified by 4-pentynoic acid before being conjugated to azide end-functionalized poly(dimethylaminoethyl methacrylate). This peptidepolymer conjugate is able to self-assembly into nanotubes after cleavage from the resin. These nanotubes can have various length and are pH and thermo-responsive.

In another example, an alkyne end-modified block copolymer PLA-PEG was coupled to an azido cRGD derivative. [START_REF] Karandish | Peptide-targeted, stimuliresponsive polymersomes for delivering a cancer stemness inhibitor to cancer stem cell microtumors[END_REF] The resulting peptide-polymer was able to form polymersomes with targeting and drug loading properties. An alternative to the CuAAc is the strain-promoted azide-alkyne cycloaddition (SPAAC), avoiding the use of cytotoxic copper catalyst. This strategy presents a high reaction speed and conversion efficiency.

Canalle et al. reported the use of cyclooctyne to replace the simple alkyne function, which enables a copper-free coupling by SPAAC. [START_REF] Canalle | A Comparison of Triazole-forming Bioconjugation Techniques for Constructing Comb-Shaped Peptide-Polymer Bioconjugates[END_REF] This technique was applied to a cyclooctyne derivatized gramicidin S peptide, a PEG chain and a coumarin in order to conjugate them to an azide modified acrylate-based polymer. However, due to the steric hindrance of the cyclooctyne, lower degree of grating was observed with the copper-free strategy.

Also by SPAAC, an azide modified peptide, JR2EK-Az at position 22, was conjugated to a cyclooctyne functionalized PEG anchored on hyaluronic acid biopolymer leading to peptide-hyaluronan hydrogel (Figure 20). [START_REF] Selegård | Folding driven self-assembly of a stimuli-responsive peptide-hyaluronan hybrid hydrogel[END_REF] Liu et al. showed that azadibenzocyclooctyne (DBCO) functionalized microbubbles, made from human serum albumin (HAS) were functionalized by SPAAC reaction with fluorescent rGFP-PEG-azide protein in 5 minutes at 37°C. [START_REF] Liu | Rapid conjugation of nanoparticles, proteins and siRNAs to microbubbles by strain-promoted click chemistry for ultrasound imaging and drug delivery[END_REF] Such microbubbles can be useful for real-time imaging or as a drug-delivery system. This cargo strategy is adaptable to many different self-assembled systems (liposome [START_REF] Gai | A bio-orthogonal functionalization strategy for site-specific coupling of antibodies on vesicle surfaces after selfassembly[END_REF] or micelle [START_REF] Guo | Surface Modification of Polymeric Micelles by Strain-Promoted Alkyne-Azide Cycloadditions[END_REF]) and different grafted peptides/proteins (RGD or antibody) as targeting ligand. 

Thio-Bromo click reaction

The thio-bromo click reaction is another strategy used for peptide-polymer conjugation. This reaction is based on a thiol containing polymer and a bromo functionalized peptide. An amyloid bromo modified peptide Br-CH(CH3)CO-LVFF-OMe, was conjugated to two type of polymers : a poly(diethylene glycol methyl ether acrylate) obtained by RAFT [START_REF] Kumar | One-Pot Synthesis of Thermoresponsive Amyloidogenic Peptide-Polymer Conjugates via Thio-Bromo "Click" Reaction of RAFT Polymers[END_REF] or a monomethyl ether PEG (Figure 21). [START_REF] Kumar | Thio-Bromo "Click" Reaction Derived Polymer-Peptide Conjugates for Their Self-Assembled Fibrillar Nanostructures[END_REF] In both cases, the peptide was synthesized in solution and functionalized by 2-bromopropionyl bromide (Figure 18). In the first example, the thiol function was provided by the thiocarbonylthio group that was used as chain transfer agent. The final peptide-polymer system was thermo-responsive and able to self-assembly into micelles. In the second example, the thiol function was present at the end of the mPEG chain. This functionalization was operated by three successive reactions: the initial hydroxyl termination was mesylated, then turned into a thioacetate-cap and finally the hydrolysis of the acetyl group released a thiol function. The peptide-polymer conjugate obtained was able to self-assembly into fibrillary nanostructure. 

Reductive amination

Imine formation is extensively used to prepare peptide-polymer conjugates (see next chapter).

However, this reaction is reversible, and hydrolysis gives back starting materials. To achieve an irreversible linkage between an aldehyde polymer and peptide presenting one primary amine function, a reductive amination reaction can be performed. Typically, after the imine formation, NaBH3CN mediated reduction in water affords secondary amine. This reaction was performed to conjugate the peptide hormone oxytocin H-c[CYIQNC]PLG-NH2, to acrylate-based polymer containing Pox pendant chain: p(OEtxMA) (Figure 22) and presenting an aldehyde group at one extremity of the backbone. [START_REF] Collins | Comb Poly(Oligo(2-Ethyl-2-Oxazoline)Methacrylate)-Peptide Conjugates Prepared by Aqueous Cu(0)-Mediated Polymerization and Reductive Amination[END_REF] The aldehyde function was obtained after TFA/H2O (1/1, v/v) removal of the acetal of the initial Acetal-p(OEtOxMA).

Fig. 22. Reductive amination coupling of a peptide at the extremity of p(OEtxMA).

Shiff-base and boronate linkages: dynamic covalent ligations

The last examples of peptide-polymer conjugation take advantage of the specific reactivity of aldehydes and ketones; and boronates. Imine, oxime and hydrazone ligations involve an amino, aminooxy and a hydrazine moieties respectively, and allow chemoselective reaction in water with aldehydes and ketones . Imine, oxime and hydrazone ligation are reversible dynamic covalent bonds and submitted to an equilibrium. Their formation is possible at acidic or neutral pH (Figure 23) and rate-determined by the dehydration step of the tetrahedral intermediate. However, if the medium pH is too low, the nucleophilic group can be protonated leading to an oxynium or hydrazinimum ion, thus decreasing its reactivity and disfavoring the oxyme/hydrazone formation. Theses conjugates gain in stability with the electronegativity of the β-heteroatom and the steric hindrance of the carbonyl group (stability: oxyme > hydrazone and ketone > aldehyde). The reverse-reaction (hydrolysis) is acid catalyzed and initiated by the protonation of the imine nitrogen. However, the oxime and hydrazone formation can be promoted with an excess of a nucleophile. For example, oxime ligation was performed with different peptide vectors, functionalized at their N terminus by aminooxyacetyl (Aoa) group (e.g. Aoa-LEEEEEAYGWMDF-NH2 ). [START_REF] Chelushkin | Oxime ligation in acetic acid: efficient synthesis of aminooxy-peptide conjugates: Oxime Ligation in Acetic Acid: Rapid Conjugation of Aminooxy-Peptides[END_REF] All these Aoapeptides were conjugated to two different polyvinylpyrrolidone block copolymers, bearing various ratio of pyruvoyl groups. The oxime ligation kinetic was studied and showed a rapid and complete conversion: up to 95% ligation after 2h. Interestingly, all these reactions are reversible and the formed linkage is still sensitive to hydrolysis in acidic conditions

An elegant example of dynamic hydrazine linkage was reported by Wang et al. with the preparation of a thermosensitive cross-linked hydrogel. [START_REF] Wang | Covalently Adaptable Elastin-Like Protein-Hyaluronic Acid (ELP-HA) Hybrid Hydrogels with Secondary Thermoresponsive Crosslinking for Injectable Stem Cell Delivery[END_REF] A hydrazine-modified elastin-like protein (ELP-HYD) comprising cell-adhesive domain (RGD) was linked to an aldehyde-modified hyaluronic acid (HA-ALD) via a dynamic covalent hydrazine bond, allowing a rapid gelation at room temperature (Figure 24).

This reversible hydrazine strategy allows to automatically back cross-link after a mechanical cleavage of the system. This hydrogel enables the protection of stem cell during syringe injection and its selfhealing property provided by the reversible hydrazine bond allowed the conservation of its structural integrity and homogenous repartition of the stem cells incorporated in its network. Above 37°C, the thermoresponsive ELP aggregates itself leading to the thickening of the hydrogel network. This hydrogel reinforcement provides a tenfold higher erosion resistance permitting the survival and proliferation of cells inside the gel 3 weeks after injection. Thus, this hydrogel is promising for stem cell transplantation and tissue regeneration. The bifunctional network is crosslinked by thiol-ene Michael addition of the dithiol matrix metalloprotein (MMP)-sensitive peptide and the thiol function of RGD peptide on the acrylate function of oxidized acrylated hyaluronic acid (OAHA). Then, the imination of the aldehyde part of the OAHA by amino group of N-carboxyethyl chitosan (CEC) led to the self-healing network CEC-OAHA-MMP (Figure 25). Some modules of this CEC-OAHA-MMP with different ratio of MMP-sensitive crosslinker and RGD were conjugated together for 20 minutes at 37°C (leading to the gradient). The self-healing property led to robust gradient hydrogel , which can be handled and lifted without fractures and is injectable at 37°C. Thanks to its injectable and self-healing properties, this customizable gradient hydrogel can mimic spatiotemporal gradient cues of tissues to study and guide cellular response to their microenvironment. As previously introduced, dynamic covalent ligations can provide some interesting properties such as self-healing. Moreover, dynamic covalent bonds can be used to develop some stimulus responsive materials (pH responsive, thermosensitive, photosensitive, etc.) leading to intelligent polymer/peptide materials.

For example, an acido-labile hydrazone bond was used by Quader et al. to develop pH-sensitive polymeric micelles to deliver a peptidyl proteasome inhibitor MG132 (Z-Leu-Leu-Leu-H). [START_REF] Quader | Selective intracellular delivery of proteasome inhibitors through pH-sensitive polymeric micelles directed to efficient antitumor therapy[END_REF] The peptidyl aldehyde was linked to a copolymer PEG-b-poly(hydrazine-aspartamide) through an hydrazone reversible bond. After conjugation, the loaded copolymer self-assemble in water to form stable micelles with a PEG shell and MG132-loaded core. In vivo, this loaded polymeric micelle was dissociated in the late endosomal compartment of tumoral cells and the hydrazine linkage was then hydrolyzed in the endosomes acid medium to regenerate the bioactive peptidyl aldehyde. In addition, this method avoided drug leakage and protect the aldehyde functional group until reaching the targeted cancer cells.

A similar strategy was applied for the delivery of bortezomib, a peptidyl boronic acid proteasome inhibitor for for cancer bone-metastasis therapy. [START_REF] Zhu | Bortezomib-catechol conjugated prodrug micelles: combining bone targeting and aryl boronate-based pH-responsive drug release for cancer bonemetastasis therapy[END_REF] An acido-labile aryl boronate reversible linkage was used to introduce the peptidyl drug on a functionalized PEG 1,2-benzendiol (cathechol) via condensation of the aryl diol with the boronic acid group. Associated with alendronate (a bone targeting material), a mixed micelle was obtained. In the acid medium of bone metastasis, the micelle was disassembled and the dynamic aryl boronic ester released the original peptidyl boronic acid.

Dynamic covalent ligations are thus applicable in different manners for vectorization, targeting and drug delivery, and promise some more incoming application. [START_REF] Ulrich | Growing Prospects of Dynamic Covalent Chemistry in Delivery Applications[END_REF] In summary, all the grafting to conjugation techniques lead to covalent attachment between polymers and peptides. Most of them do not all allow the use of unprotected peptides. As example, even in thiol-ene and thiol-yne reactions, other nucleophiles than thiol groups, such as primary amines, may also react on unsaturated moieties. [START_REF] Müller | Hydroamination: Direct Addition of Amines to Alkenes and Alkynes[END_REF] Thus, it is important to pay attention to the use of excess of thiol or to keep primary amines of the peptide protected. On the contrary, some reactions such as NCL or Thio-Bromo click proceed chemoselectively with unprotected peptides. Only one function of the peptide can react with the associated function of the polymer: a thioester and a cysteine for the former; a thiol and Bromo functionalized peptide for the later. This avoids tedious deprotection steps and purification after the conjugation.

Besides chemoselectivity, another criterion has to be considered to choose the appropriate conjugation technique: the toxicity of the reagents, catalysts or initiators. Indeed, for biological applications, biocompatible conjugations are preferred and toxic components, such as copper catalyst for the Huisgen dipolar cycloaddition, have to be avoided. Additionally, the reaction conditions, such as the solvent and the pH, could be of uppermost importance in the case cell encapsulation. Biorthogonal reactions, able to be performed in water at physiological pH without any toxic reactant, such as NCL or SPAAC, are required in this case. The steric hindrance is also a parameter to be taken in account. For example, the cyclooctyne functionalization leads to higher steric issue than the amide coupling.

Finally, the ease of introduction of the functional group on the polymer or the peptide is often a limiting factor. Ideally, the introduction of the reactive groups should be straightforward, costeffective and compatible with certain purifications steps. The conjugation step itself has to be extremely efficient in order to allow the fine control of the desired grafting density. Indeed, some of the functional groups are particularly difficult to obtain and/or purify, as the azlactone function for example. Therefore, simpler moieties such as carboxylic acids or primary amines, are favored since they are easier to display on both peptides and polymers.

No doubt that the grafting to strategy will benefit from the novel biorthogonal reactions developed in the field of chemical biology. These should be chemo-selective, proceeding in water in biocompatible conditions at neutral pH and allowing the use of unprotected peptides, with non-toxic components. Enzyme-based reaction, such as sortase ligation could be also investigated to prepare peptide-polymer conjugates. [START_REF] Mao | Sortase-Mediated Protein Ligation: A New Method for Protein Engineering[END_REF] 3. Grafting from strategy: Peptide as initiator of the polymerization

Grafting from strategy

Instead of being post-functionalized with peptides, the polymers can be generated from peptides, which take part in the polymerization as initiators. In other words, the difference between "grafted to" and "grafted from" techniques resides in the fact that the peptide is involved in the polymerization and is not added afterwards. [START_REF] Wilson | Synthesis and Applications of Protein/Peptide-Polymer Conjugates[END_REF] In this approach, as the conjugation is done during the polymerization process, the polymer characteristics (e.g. size, composition) cannot be modulated as easily as in grafting to approach. However, the significant size difference between the peptide, the residual monomer and the peptide-polymer allows the later recovery of the desired conjugate.

Polymerizations that can be initiated by a peptide include ATRP, RAFT and NMP; all of them being classified as Reversible Deactivation Radical Polymerizations (RDRP). RDRPs have the advantage to enable a good control of the final molar mass as well as the chain functionalities of the polymer and will be summarized in the following section of this review. [START_REF] Shipp | Reversible-Deactivation Radical Polymerizations[END_REF] 

Atom Transfer Radical Polymerization (ATRP)

ATRP is a living radical polymerization catalyzed by a transition metal complex, which generates radicals from an initiator molecule containing one or several halogen atoms: the initiator is usually an alkyl halide (Figure 26). Each halogen in the initiator structure is the seat of a polymer chain elongation. The crucial factor of this polymerization process is the equilibrium between propagating radical and dormant species. This equilibrium is based on the formation of the radical through the dormant species and then the exchange of the radical with the transition metal complex. ATRP is well controlled and thus leading to polymers with low polydispersity index (D) meaning that the polymer chains obtained are about the same size. This polymerization method also gives access to high molar mass polymers. [START_REF] Ran | Atom transfer radical polymerization (ATRP): A versatile and forceful tool for functional membranes[END_REF] Fig. 26. Equilibrium established during ATRP and example of supported synthesis of polyacrylate by ATRP.

The way for a peptide to take part in this polymerization is to play the role of the initiator. Indeed, modified peptides bearing halogen at one or several positions (e.g. Br functionalization by 2bromoisobutyric acid coupled on Lys side chains, Figure 27) have been successfully used as initiators for ATRP. [START_REF] Mei | Solid-Phase ATRP Synthesis of Peptide-Polymer Hybrids[END_REF][START_REF] Rettig | Atom Transfer Radical Polymerization with Polypeptide Initiators: A General Approach to Block Copolymers of Sequence-Defined Polypeptides and Synthetic Polymers[END_REF][START_REF] Ayres | Peptide-polymer vesicles prepared by atom transfer radical polymerization[END_REF][START_REF] Loschonsky | Synthesis of Peptide/Polymer Conjugates by Solution ATRP of Butylacrylate Using an Initiator-Modified Cyclic D-alt-L-Peptide[END_REF] The geometry and the number of halogen atoms on the functionalized peptide control the structure of the resulting polymer. 

Reversible Addition-Fragmentation chain Transfer polymerization (RAFT)

RAFT is another radical polymerization method, which enables the synthesis of well controlled polymers in term of size (Mw), polydiserpsity D and even architecture. [START_REF] Reyhani | Redox-Initiated Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization[END_REF] RAFT polymerization needs a radical source, such as azobisisobutyronitrile (AIBN) and a chain transfer agent, such as thiocarbornylthio or thiocarbamate groups. The radical initiates the polymerization by activating the monomer and thus enabling the growth of the chain by transfer of the radical from the chain to another monomer. The chain transfer agent plays an important role in this process, as it ensures the propagation of the radical to activate another monomer (Figure 28). Peptides can be coupled to the chain transfer agent thus playing the role of initiator for the RAFT polymerization. [START_REF] Hentschel | Easy Access to Bioactive Peptide-Polymer Conjugates via RAFT[END_REF][START_REF] Larnaudie | pH-Responsive, Amphiphilic Core-Shell Supramolecular Polymer Brushes from Cyclic Peptide-Polymer Conjugates[END_REF][START_REF] Chen | Syntheses and effectiveness of functional peptide-based RAFT agents[END_REF] As an example, two cyclic peptides were modified by thiocabornylthio groups in order to become RAFT initiators. Then, they enabled a grafting from polymerization on its modified side chain (Figure 29). However, cyclic peptides are not the only possibility; H-GGRGDS-OH was also modified at its Nterminus with S-1-dodecyl-S'-(R,R'-dimethyl-R''-acetic acid) trithiocarbonate to initiate RAFT polymerization (Figure 29) and provided a linear peptide-polymer conjugate. [START_REF] Hentschel | Easy Access to Bioactive Peptide-Polymer Conjugates via RAFT[END_REF] This example lead to a peptide-polymer conjugate with cell adhesion properties. In addition, this technique has been applied to cell penetrating peptides, such as Transportan 10, modified by 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid . [START_REF] Chen | Cell-Penetrating, Peptide-Based RAFT Agent for Constructing Penetration Enhancers[END_REF] Once polymerized with acrylate-based amphiphilic block, the resulting copolymer was able to self-assemble into vesicles or rod-like structure showing enhanced cellular internalization properties. It is noteworthy that the thiocarbonylthio group of the RAFT agent is conserved in the final polymers. 

Nitroxide-Mediated radical Polymerization (NMP)

The last example of RDRP polymerization is the NMP polymerization. It is also based on propagating and dormant species, as in ATRP. However in this case, initiators are alkoxyamines that undergo homolysis into nitroxide and a radical active species: the initiating radical. [START_REF] Sciannamea | In-Situ Nitroxide-Mediated Radical Polymerization (NMP) Processes: Their Understanding and Optimization[END_REF] The initiating radical is responsible for the propagation. At some point, the radical species are captured again by the nitroxide species, and then equilibrium is created with the resulting dormant polymer chain and the propagation (Figure 30). The most common initiator for NMP is 2,2,6,6-tetramethylpiperidinyloxy (TEMPO). The polymerization process has the advantage to be metal free and the resulting polymer can be used without any purification. However, this type of polymerization can be slower than RAFT or ATRP.

The alkoxyamine groups can be introduced to chosen position in the peptide sequences allowing them to be used as initiator of the polymerization. [START_REF] Becker | Peptide -polymer bioconjugates : hybrid block copolymers generated via living radical polymerizations from resin-supported peptides[END_REF][START_REF] Becker | Functionalized Micellar Assemblies Prepared via Block Copolymers Synthesized by Living Free Radical Polymerization upon Peptide-Loaded Resins[END_REF] Noteworthy, it is also possible to grow two different polymers on an unique peptide initiator still anchored on solid support (Figure 31). In all the cases, these three types of polymerization afforded polymers (or copolymers) conjugated with a single peptide sequence. Interestingly, the peptides can contribute to the structural organization of the resulting hybrid polymer. Indeed, even when simple single peptide-polymer blocks are obtained, the physicochemical properties of the peptides (ex: charge, polarity) or their inner self-assembling properties can yield to supramolecular arrangements such as core-shell cylinders, micelles or nanotubes. [START_REF] Ayres | Peptide-polymer vesicles prepared by atom transfer radical polymerization[END_REF][START_REF] Loschonsky | Synthesis of Peptide/Polymer Conjugates by Solution ATRP of Butylacrylate Using an Initiator-Modified Cyclic D-alt-L-Peptide[END_REF][START_REF] Larnaudie | pH-Responsive, Amphiphilic Core-Shell Supramolecular Polymer Brushes from Cyclic Peptide-Polymer Conjugates[END_REF] In some cases, the cyclic peptide self-assembles, driving the global supramolecular arrangements into core-shell cylinder instead of polymeric micelles, that is the result of the basic block copolymer assembly (Figure 32). [START_REF] Larnaudie | pH-Responsive, Amphiphilic Core-Shell Supramolecular Polymer Brushes from Cyclic Peptide-Polymer Conjugates[END_REF] In a very elegant study, the group of S. Perrier used a diamine functionalized cyclic hydrophobic selfassembling peptide (SAP), c[KLWLKLWL], as the initiator for RAFT polymerization. [START_REF] Rho | Dual self-assembly of supramolecular peptide nanotubes to provide stabilisation in water[END_REF] First, a hydrophobic butyl acrylate polymer was attached to the SAP to form the hydrophobic core followed by RAFT addition of the hydrophilic dimethyl acrylamide (DMA) to provide hydrophilic shell. The obtained peptide-polymer conjugates self-assembled in well-defined nanotubes with remarkable stability combined with solubility in water, biocompatibility and ease of derivatization. It is important to note that in this example the peptide was the driving force that determined the final morphologies of the nano-objects. In summary, using peptides as initiators change the paradigm of peptide polymers by letting the peptide part playing the first role during the polymerization process, even having impact on the final polymer structure. Indeed, the peptide can also be the templating element that manages the final macro-architecture. For example, in the case of the ARTP, the number of halogen functions present on the peptide will drive the number of polymer chains and in some cases their spatial arrangement.

As seen in some examples of this polymerization strategy, there is a complementary interplay between peptide's and polymer's physical properties that can define final morphologies such as nano-tubes. Amazingly, in this case a single peptide sequence goes beyond simple derivatization of the polymer and becomes a instrumental structuring factor.

The three most used techniques for grafting from strategy, ATRP, RAFT and NMP, are applicable to a wide range of monomers. Depending on the desired applications, each technique could present an advantage. The most versatile one is the ATRP, thanks to its catalyst, which can be applied to almost every monomer whereas for the RAFT and the NMP, each polymerization agent is applicable to only a small set of monomers. However, their catalyst, copper halide or amine-based ligand, is usually present in high concentration and hard to wash off. This factor is implying toxicity and so limiting commercial and biological applications. [START_REF] Borman | Polymers with safe amounts of copper[END_REF] Research is actually ongoing to limit the quantity and thus the toxicity of such catalysts. Besides the catalyst problem, the ATRP is often air sensitive, while RAFT and NMP are not, and not applicable to aqueous media. The main advantage of ATRP is the easy preparation of the peptide initiator, the good control of the resulting architecture as well as the possibility to manage the final end chain functionalization thanks to the presence of the halogen.

Also the ATRP is highly responsive to external light stimulation and has a good tolerance over functional groups, and thus does not need protections on the peptide initiator. [START_REF] Fors | Control of a Living Radical Polymerization of Methacrylates by Light[END_REF] The RAFT polymerization is also widely used in the case of peptide-polymer conjugations. However, RAFT agents are not as universal as ATRP ones and have to be chosen in function of the monomers.

These agents can be quite complex to synthesize and purify, thus leading to residual sulfur traces as well as unwanted color in the resulting polymer. [START_REF] Moad | Living Radical Polymerization by the RAFT Process -A Second Update[END_REF] Fortunately, they can both be eliminated by purification steps. [START_REF] Perrier | Reversible Addition-Fragmentaion Chain Transfer Polymerization: End Group Modification for Functionalized Polymers and Chain Transfer Agent Recovery[END_REF] The advantages of the RAFT technique is that it is metal free and can be performed in water, which allows the use of this technique with hydrophilic peptides as initiators and its use for biological applications. In addition, this technique allows a good control over the end chain polymer function, which is useful if any post-functionalization is planned. Finally, the NMP is the less versatile of the three techniques described here. Indeed, the alkoxyamine and nitroxide initiating system are applicable only to a small range of monomers. Research is currently ongoing to bypass this limitation and obtain a reversibly modified alkoxyamine or nitroxide system, either covalently or by supramolecular interaction in order to obtain an universal initiator. [START_REF] Grubbs | Nitroxide-Mediated Radical Polymerization: Limitations and Versatility[END_REF] Still the NMP polymerization has one main advantage over ARTP and RFAT, it is free of purification. [START_REF] Hasirci | 1.22 Polymer Fundamentals: Polymer Synthesis☆[END_REF] 4. Grafting through strategy: peptide as macromonomer (PCM)

Using a peptide as monomer is undoubtedly much more demanding in terms of chemical requirements than 'grafting' strategies. Indeed, the peptide needs to be functionalized with at least one 'polymerizable' moiety. This reactive group has to be introduced in the peptide sequence in order to (co)polymerize according to the chosen polymerization method without interfering with the other functional groups of the biomolecules. PCM (peptide-containing macromonomer) are usually called "macro-monomers" due to their relatively high molar mass. The use of PCM allows the synthesis of polymers with a higher level of peptide repetitions than grafting from approaches, yielding completely new characteristics to the final polymer deriving from the peptide properties (i.e.

structure, self-assembly, biological properties). The backbone of the final polymer, on the other hand, is the result of the type of polymerizable moieties.

Chain growth polymerization of acrylate-peptide macromonomer

The most common reaction used with PCM is the poly-addition of acrylate or PCM, which is also the most common strategy for the grafting to method. Numerous research projects utilize biomolecules such as saccharides [START_REF] Lowe | The direct polymerization of 2-methacryloxyethyl glucoside via aqueous reversible addition-fragmentation chain transfer (RAFT) polymerization[END_REF][START_REF] Albertin | Well-Defined Diblock Glycopolymers from RAFT Polymerization in Homogeneous Aqueous Medium[END_REF][START_REF] Bernard | Synthesis of Various Glycopolymer Architectures via RAFT Polymerization: From Block Copolymers to Stars[END_REF][START_REF] Albertin | Chemoenzymatic Synthesis of Narrow-Polydispersity Glycopolymers: Poly(6-O -vinyladipoyl-d -glucopyranose)[END_REF], nucleotides [START_REF] Spijker | Atom Transfer Radical Polymerization of Adenine, Thymine, Cytosine, and Guanine Nucleobase Monomers[END_REF][START_REF] Spijker | Synthesis and assembly behavior of nucleobasefunctionalized block copolymers[END_REF][START_REF] Spijker | Unusual rate enhancement in the thymine assisted ATRP process of adenine monomers[END_REF] or peptides that are modified with a methacrylate or acrylate group. [START_REF] Lutz | Modern trends in polymer bioconjugates design[END_REF] The acrylate or methacrylate moiety can be introduced in solution or on solid support either at the Cterminal COOH function or at the N-terminal NH2 function (Figure 33 and Figure 34) in order to generate an acrylate-based polymers with amino acids as pendant chains. [START_REF] Ayres | Elastin-Based Side-Chain Polymers Synthesized by ATRP[END_REF] It is noteworthy that the acrylate or methacrylate functionalization of peptides has to be done on protected peptides, otherwise more than one acrylate group would be anchored on the macromonomer and the polymerization would lead to a 3D network instead of linear polymers. Then the acrylate/methacrylate-peptide monomers are able to react in the same way as methyl methacrylate (MMA) [START_REF] Wu | Novel Synthesis of HPMA Copolymers Containing Peptide Grafts and Their Self-Assembly Into Hybrid Hydrogels[END_REF] by RAFT or ATRP polymerization. Peptides are then incorporated as pendant chains along an aliphatic backbone (Figure 34). Noteworthy, this strategy is particularly useful to set up polymer-induced self-assembly (PISA) approaches (Figure 35). [START_REF] Ladmiral | Synthesis and characterization of poly(amino acid methacrylate)-stabilized diblock copolymer nano-objects[END_REF][START_REF] Das | Synthesis of zwitterionic, hydrophobic, and amphiphilic polymers via RAFT polymerization induced self-assembly (PISA) in acetic acid[END_REF] Methacrylate or acrylate modified amino acids, (functionalized at the C-ter, e.g. cysteine, alanine [START_REF] Bauri | Polymerization-induced self-assembly driving chiral nanostructured materials[END_REF]), and short peptides, such as cationic antimicrobial peptides, have been copolymerized with 2-hydroxypropyl methacrylate (HPMA) by RAFT. [START_REF] Chu | Multivalent display of pendant pro-apoptotic peptides increases cytotoxic activity[END_REF] The resulting block copolymers comported a hydrophilic (the peptide) and hydrophobic (pHPMA) part. This amphiphilicity and the hydrophobic/hydrophilic balance was the driving force leading to supramolecular self-assembly into spheres, worms or vesicles as a function of the ratio of both parts of the resulting copolymer. Noteworthy, a linker is often introduced between the peptide and the polymerizable moiety that brings additional properties to the resulting material, favoring the selfassembly of the peptides [START_REF] Ahmed | Peptides, polypeptides and peptide-polymer hybrids as nucleic acid carriers[END_REF] or bearing a cleavable bond (e.g. disulfide bridge) for potential peptide delivery applications. [START_REF] Shi | Engineering biodegradable and multifunctional peptide-based polymers for gene delivery[END_REF] Recently, Dao et al. reported for the first time the RAFT PISA polymerization of self-assembling peptides (SAP) containing monomers. The so-called SAPPISA methodology combined the selfassembling properties of SAP and the PISA process to get novel hybrid organized polymer-peptide structures. [START_REF] Dao | Self-Assembling Peptide-Polymer Nano-Objects via Polymerization-Induced Self-Assembly[END_REF] In a first study, the authors synthetized the short but extensively reported Phe-Phe SAP sequence [START_REF] Marchesan | The Phe-Phe Motif for Peptide Self-Assembly in Nanomedicine[END_REF] connected to metacrylic acid via a glycine linker providing the MA-Gly-Phe-Phe (MA-GFF) monomer. The ability of this peptide to still self-assemble was first confirmed followed by its statistical RAFT copolymerization with the globally hydrophilic monomer glycerol monomethacrylate (GMA) to provide the targeted hydrophilic SAP-containing macromolecular chain transfer agent (macro-CTA). This hydrophilic polymer was then chain extended with the hydrophobic 2-hydroxypropyl methacrylate (HPMA) under aqueous dispersion PISA to afford the P(GMA65-stat-(MAm-GFF)7)-b-PHPMA28 polymer that self-assembled into fibrous structures not reported previously for PISA-prepared nano-objects. It was impressive that the PISA self-assembly was influenced by the introduction of only about six SAP moieties. In addition, these novel polymers showed thermosensitivity in both size and morphology.

In a subsequent study, the SAP monomers MA-Gly-Phe-Phe and MA-Phe-Glys-Asp were introduced in the hydrophobic core of PISA polymers to afford a wide range of novel morphologies. [START_REF] Dao | Nano-assemblies with core-forming hydrophobic polypeptide via polymerization-induced self-assembly (PISA)[END_REF] As in the previous work from the same group, the SAP sequences played a pivotal role in the determination of the macromolecular architectures. 

Ring Opening Polymerization (ROP) of peptide macromonomers (NCA)

Besides ATRP and RAFT on acrylate PCM, ring-opening polymerization (ROP) was also used to polymerize peptide sequences. ROP was initiated by a nucleophilic attack (e.g. amino group or primary alcohol) which in turn, unmask another nucleophilic function suitable for further chain elongation. It implies that this strategy is not suitable with some unprotected amino acid having nucleophilic groups as side chains or at the peptide's extremities.

Noteworthy, homopolymers obtained from ROP of amino acid lactones [START_REF] Rossignol | Synthetic poly(beta-hydroxyalkanoates) with carboxylic acid or primary amine pendent groups and their complexes[END_REF] or amino acid Ncarboxyanhydrides (NCA) [START_REF] Kricheldorf | Polypeptides and 100 Years of Chemistry of α-Amino Acid N-Carboxyanhydrides[END_REF][START_REF] Hadjichristidis | Synthesis of Well-Defined Polypeptide-Based Materials via the Ring-Opening Polymerization of α-Amino Acid N-Carboxyanhydrides[END_REF][START_REF] Koga | Structural Regulation of a Peptide-Conjugated Graft Copolymer: A Simple Model for Amyloid Formation[END_REF] were reported in the literature. These are not peptide polymer as defined in this review as they are not composed of well-defined peptide sequences. For example, Serine lactones were applied to the synthesis of Ser and homologated Ser homopolymers. [START_REF] Tailhades | From polyesters to polyamides via O-N acyl migration: an original multi-transfer reaction[END_REF] It is noteworthy that the obtained polyesters can be converted into polyamides via a multi O-N acyl transfer reaction.

NCA of Lys and Met were extensively used to obtain homo-oligomers as polyLys or polyMet. [START_REF] Subra | Functionalised mesoporous silica: a good opportunity for controlled peptide oligomerisation[END_REF][START_REF] Verdie | Oxyfold: A Simple and Efficient Solid-Supported Reagent for Disulfide Bond Formation[END_REF] Derivatives of polyglutamic acid such as poly(benzyl-L-glutamate) (pBLG) or poly(stearyl-L-glutamate) (pSLG) were also obtained by polymerization of side-chain-modified Glu NCA (Figure 36). [START_REF] Maeda | Poly(phenylacetylene)s Bearing a Peptide Pendant: Helical Conformational Changes of the Polymer Backbone Stimulated by the Pendant Conformational Change[END_REF][START_REF] Sanda | Helical Polymer Carrying Helical Grafts from Peptide-Based Acetylene Macromonomers: Synthesis[END_REF][START_REF] Audouin | Star polymers by cross-linking of linear poly(benzyl-Lglutamate) macromonomers via free-radical and RAFT polymerization. A simple route toward peptide-stabilized nanoparticles[END_REF] ROP of two NCA modified amino acids, Lys and Val, have led to a direct grafting on hyperbranched polyamide amine NPs. [START_REF] Zhao | Nanoengineered Peptide-Grafted Hyperbranched Polymers for Killing of Bacteria Monitored in Real Time via Intrinsic Aggregation-Induced Emission[END_REF] The ROP of a Pox monomer lead to a polyamide whose structure was close to a peptide backbone. In order to obtain peptide-like polymer with amino acids as pendant chain, peptide sequences were grafted on the amine-modified polyoxazoline from the N or C-terminal peptide's extremities, while all other reactive group remained protected. [START_REF] Cesana | First Poly(2-oxazoline)s with Pendant Amino Groups[END_REF][START_REF] Hoogenboom | Poly(2-oxazoline)s: A Polymer Class with Numerous Potential Applications[END_REF] The only example reported so far of PCM associated with Pox is issued from the ROP of NCA functionalized peptide or amino acids, copolymerized with oxazoline monomer. Indeed, different NCA amino acids (e.g. Phenylalanine, protected Glutamic acid, glycosylated Serine) were copolymerized with Pox monomer to obtain block copolymer including a block with a peptide as pendant chain. [START_REF] Tsutsumiuchi | Synthesis of Polyoxazoline-(Glyco)pepide Block Copolymers by Ring-Opening Polymerization of (Sugar-Substituted) α-Amino Acid N-Carboxyanhydrides with Polyoxazoline Macroinitiators[END_REF][START_REF] Tsutsumiuchi | Synthesis of novel glycopeptide-polyoxazoline block copolymers by direct coupling between living anionic and cationic polymerization systems[END_REF] All the previously cited examples do not correspond, strictly speaking, to peptide-polymers as defined in this introduction. Indeed, the peptide part is not a well-defined sequence but a polyamide formed by the random repetition of amino acids. In contrast to ROP of lactones or Pox which was never used to polymerize well defined peptide sequences, peptide-NCA derivatives were designed and engaged in polymerization to yield to well defined comb-like peptide-polymers with a pendant peptide sequence (Figure 37). [START_REF] Enomoto | Synthesis of peptidegrafted comb polypeptides via polymerisation of NCA-peptides[END_REF]. In the described strategy, the NCA ring was directly generated on solid support at the end of the SPPS thanks to the introduction of a glutamic acid coupled though its side chain on the N-terminus of the peptide sequence. In order to ensure the selective formation of the NCA of the glutamic acid, performed by cyanuric chloride, the side chain protections of the peptide have to be kept. After cleavage from the resin, the NCA-peptide macromonomer was then ready to polymerize. It is noteworthy that unprotected Lys residues could not be used in this strategy as they would also have initiated the ROP, leading to side reactions. 

Ring Opening Metathesis Polymerization (ROMP) of norbornene-peptide macromonomers

The only reported example of Ring Opening Metathesis Polymerization (ROMP) relies on norbornene-containing monomers whose alkene function undergo a ring opening catalyzed by ruthenium based Grubb's catalyst. Interestingly Norbornene derivatives can be obtained from precursors displaying a primary amine function after oxalyl chloride activation of the norbornene group (Figure 38). [START_REF] Biagini | Ruthenium initiated ring opening metathesis polymerisation of amino-acid and -ester functionalised norbornenes and a highly selective chain-end functionalisation reaction using molecular oxygen[END_REF] Prior to polymerization, norbornenyl-amino acid and esters, have to be synthesized. Consequently, and as it was the case for NCA, norbornenyl-amino acid, such as Gly, Ala, Phe and Asp, were first polymerized this way in the 90's leading to homooligomers. [START_REF] Biagini | The synthesis of Nnorbornenyl-amino acids and esters: Monomers for the preparation of well defined polymers[END_REF] Fig. 38. Example of preparation of the activated norbornene reactive block to be coupled on an amino group of a peptide.

Interestingly, the chemoselectivity of the metathesis reaction enabled the polymerization of welldefined unprotected peptide sequences, conjugated at the N-terminus to a norbornene moiety. The polymerization of norbornene resulted in a comb-like hybrid peptide polymer (Figure 39). [START_REF] Kammeyer | Polymerization of Protecting-Group-Free Peptides via ROMP[END_REF] As example, the polymerization of such macromonomer led to a norbornene-based polymer bearing as pendant chains, elastin-like cyclic peptides (H-c[KVPGGGVPGLG], the peptide sequence being cyclized between the side chain of the Lys and the C-ter COOH). This peptide exhibits thermal-responsive properties responsible of its crystallization ability. Enzymatic treatment of endopeptidase thermolysin opened the peptide cycle thus decreasing the thermal response and the polymer crystallization ability. [START_REF] Wang | Enzyme-regulated topology of a cyclic peptide brush polymer for tuning assembly[END_REF] Other N-terminus norbornene-modified peptides such as Nor-KGKGK-OH, Nor-GPLGLAGGWGERDGS-OH or Nor-KLAKLAKKLAKLA-OH were copolymerized to obtain amphiphilic peptide-polymer with self-assembly properties. [START_REF] Callmann | Poly(peptide): Synthesis, Structure, and Function of Peptide-Polymer Amphiphiles and Protein-like Polymers[END_REF] Fig. 39. Norbornene functionalized peptide macromonomer polymerized by ROMP.

Copolymerization with norbornene-modified PEG monomers lead to interesting PEG-peptidecopolymer with high water solubility. [START_REF] Biagini | Investigation into the ROMP copolymerization of peptide-and PEGfunctionalized norbornene derivatives[END_REF][START_REF] Blum | Activating peptides for cellular uptake via polymerization into high density brushes[END_REF] Specific structures such as spherical or cylindrical micelles, were obtained by copolymerization of norbornene PEGylated peptides with hydrophobic norbornene monomers. [START_REF] Chien | Programmable Shape-Shifting Micelles[END_REF] These results paved the way to apply ROMP in PISA protocols (ROMPISA) to obtain amphiphilic polymer nanostructures such as micelles, worms or vesicles in function of the ratio of the peptide block over the PEG one [START_REF] Wright | ROMPISA: Ring-Opening Metathesis Polymerization-Induced Self-Assembly[END_REF] or enzyme-responsive polymer NPs by action of the thermolysin on the GPLGLAGGWGERDGS sequence thanks to the presence of the recognition sequence PLGLAG. [START_REF] Wright | Enzyme-Responsive Polymer Nanoparticles via Ring-Opening Metathesis Polymerization-Induced Self-Assembly[END_REF] 4.4 Poly-condensation of diacid chloride with diamino-peptide macromonomer ('peptidenylons')

Despite the wide utilization of nylons in industry and in every-day life, the covalent introduction of peptide sequences in a polyamide polymer remained nearly unexplored. Introduction of unnatural amino acids in nylon 3 was reported in 2009 by the group of S. Gellman leading to antibacterial materials, [START_REF] Mowery | Structure-acivity Relaionships among Random Nylon-3 Copolymers That Mimic Antibacterial Host-Defense Peptides[END_REF] but the synthesis of nylon 6,6 analogues with peptide sequences was only disclosed very recently by our group. [START_REF] Jebors | Turning peptides into bioactive nylons[END_REF] They were obtained by substituting the classical aliphatic diamine (e.g. diaminohexanoic) by peptides bearing two primary amino groups; one of them being the Nterminal amine and the other one afforded by a Lys side chain or by a diamino spacer placed on the C-terminus (Figure 40). [START_REF] Martinez | Process for Preparation of Bioorganic Nylon Polymers and Their Use as Antibacterial Material[END_REF] This strategy allowed the design of customable peptide nylons, resulting in either linear or comb-like polymers in function of the structure of the peptide macromonomer.

Thus, the composition of the polymer is controlled by the quantity of peptide macromonomer incorporated related to the diaminohexane. Polymerization proceeded at the interface of DCM and KOH solution leading to Cell-adherent or antibacterial nylons depending on the peptide sequence chosen (i.e. Arg-Arg or Arg-Gly-Asp-Ser, respectively). Noteworthy, this strategy was not suitable for peptides bearing other unprotected amino groups than the two involved in the polymerization. 

Nitroxide Mediated Polymerization (NMP) of peptide macromonomers

NMP was performed with a peptide macromonomer. [START_REF] Nishimura | Facile Synthesis of Multiblock Copolymers Containing Sequence-Controlled Peptides and Well-Defined Vinyl Polymers by Nitroxide-Mediated Polymerization[END_REF] A cyclic peptide, opened by heat, leads to both a reactive carbon radical and a nitroxide radical respectively at the N-terminus and the Cterminus of the peptide (Figure 41). The reactive carbon radical was able to initiate NMP while the nitroxide one was trapping radicals of growing polymer chain to terminate it but in a reversible way.

Usually used as an additive, TEMPO was here directly incorporated into the peptide chain thanks to Fmoc/tBu SPPS, using Fmoc-TEMPO-COOH. A copolymerization by NMP with vinyl monomers yielded a hybrid block peptide-polymer. 

Poly-condensation of silylated peptide macromonomers ('peptide-silicone')

Silylated peptide macromonomers were developed for many applications ranging from the synthesis of hybrid mesoporous silica catalyst [START_REF] Jebors | Bioorganic hybrid OMS by straightforward grafting of trialkoxysilyl peptides[END_REF] to hydrogels for cell encapsulation [START_REF] Echalier | Sol-gel synthesis of collageninspired peptide hydrogel[END_REF] and 3D

printing [START_REF] Echalier | Modular bioink for 3D printing of biocompatible hydrogels: sol-gel polymerization of hybrid peptides and polymers[END_REF]. Versatility of silicon chemistry was also utilized to prepare silicone containing peptides by several pathways.

First, monosilylated peptides were successfully used in grafting to approach. As example, antibacterial peptides were immobilized on silicone catheter after plasma activation in order to get antimicrobial properties [START_REF] Pinese | Simple and Specific Grafting of Antibacterial Peptides on Silicone Catheters[END_REF] and wound healing peptides were grafted on silicone dressing. [START_REF] Pinese | Bioactive peptides grafted silicone dressings: A simple and specific method[END_REF] Such kind of peptide macromonomers as well as the resulting materials are qualified as 'hybrid' because they presented a silicone atom acting in inorganic sol-gel polymerization.

As example, peptide macro monomers bearing a silyl groups for grafting to approach were prepared by reacting an isocyanate derivative with the N-terminus of a peptide, in solution or on solid support (Figure 42). Of course, other reactive moieties should be protected at this stage. Grafting through strategy was also explored using hybrid peptides-silicon macromonomers. The first reported example concerned the hydrolysis and condensation of bi-functionalized dimethylcholorosilane peptides that yielded Si-O-Si bridged polymerized peptide sequences (Figure 43-A). [START_REF] Jebors | A New Way to Silicone-Based Peptide Polymers[END_REF] This condensation proceeded chemoselectively towards AA side chains, thus enabling the use of unprotected peptides. Another advantage of this methodology is that the polymerization can be performed in water at very mild conditions. This strategy provided not only linear peptide polymers but also comb-like peptide polymers when using an N-terminus bi-functionalized Lysine residue (Figure 43-B). [START_REF] Shipp | Reversible-Deactivation Radical Polymerizations[END_REF] On the other hand, by using mono functionalized dichloromethylsilane peptides, comb-like polymers were obtained along a PDMS-like backbone (Figure 43-C). [START_REF] Jebors | A New Way to Silicone-Based Peptide Polymers[END_REF][START_REF] Jebors | Turning peptides in comb silicone polymers[END_REF] 
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Thanks to the versatility of silane chemistry, different hybrid macromonomers can be copolymerized in a single step to yield multifunctional PDMS-analogues. For example, mono functionalized dichloromethylsilane bioactive peptides, Ahx-Arg-Arg for antimicrobial purposes and RGD peptide for cell adhesion, were incorporated into a PDMS oil by copolymerization with dichlorodimethylsilane to obtain a bioactive PDMS. [START_REF] Martin | Direct synthesis of peptidecontaining silicone. A new way for bioactive materials[END_REF] Therefore, two different hybrid monomers, dichloromethylvinylsilane or dicholromethylsilane, at various ratio, were also copolymerized with dichlorodimethylsilane, to get modified PDMS multifunctional material by a cross-linking that followed a Karsted catalyst hydrosilylation (Figure 44). One PDMS oil contained the bioactive peptide, an antimicrobial or a cell adhesive peptide along with a vinyl-silane moiety afforded by dichlormethylvinylsilane monomer.

The other PDMS oil contained a H-silane function afforded by dichloromethylsilane monomer. The hydrosilylation of these two oils together lead to solid PDMS material, still demonstrating the bioactivity of the initial peptide: either antimicrobial or enhanced cell-adhesion property. 
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In summary, the polymerization of a peptide macromoner is undoubtly highly attractive in a first sight. This strategy is theoretically customable as since different peptides bearing a polymerisable moiety can be combined in a desired ratio and copolymerized altogether with the same chemistry. It enables, the combination of the properties of several different peptides involved in the polymerization process. However, in function of the desired application, some strategies are favored over others.

Those polymerizations based on a radical activation impose some limitation for the polymerization conditions. Indeed, the presence of the radical can lead to side reactions and restrain the possibility for the peptide to bear any other alkene function in the case of acrylate-based macromonomers. Also to our experience, peptides cannot contain Tyrosine residues as they behave as radical traps. In the same way, most of the presented polymerization strategies require that peptide sequences stay protected. Alternatively, some amino acids have to be avoided such as the Lys for the NCA and the 'peptide-nylons'. This impairs the customable aspect of these techniques. Moreover, purification, can be troublesome as not all monomers are stable during HPLC preparative isolation. As examples, NCA peptide monomers hydrolyze very quickly and hybrid alkoxysilane peptides have the tendency to react covalently with silica-based stationary phase of columns. Hopefully, most peptide-containing monomers can be prepared on solid support and thus are subject of easy washings steps, which can possibly help to skip the final purification step. As already discussed for the grafting to or grafting through strategies, toxic catalysts and reagents have to be avoided if a biological application is envisioned. For example, the use of ruthenium catalyst in ROMP implies a careful purification to remove any traces of metal in the final peptide-polymer.

In contrast, some biorthogonal strategies do not require the use of toxic catalyst or neither present limitations about the choice of the peptide sequence to be polymerized. This is the case for the solgel hydrolysis and condensation between silylated macromonomers. Proceeding in physiological conditions [START_REF] Echalier | Sol-gel synthesis of collageninspired peptide hydrogel[END_REF][START_REF] Montheil | Inorganic Sol-Gel Polymerization for Hydrogel Bioprinting[END_REF], it allows the direct incorporation of sensitive biological compounds, such as proteins, nucleic acids, or even living cells, in the resulting hybrid system (i.e. hydrogel [START_REF] Echalier | Sol-gel synthesis of collageninspired peptide hydrogel[END_REF][START_REF] Valot | Biocompatible Glycine-Assisted Catalysis of the Sol-Gel Process: Development of Cell-Embedded Hydrogels[END_REF],

bioink [START_REF] Montheil | Inorganic Sol-Gel Polymerization for Hydrogel Bioprinting[END_REF][START_REF] Valot | Biocompatible Glycine-Assisted Catalysis of the Sol-Gel Process: Development of Cell-Embedded Hydrogels[END_REF], particle [START_REF] Tourne-Peteilh | Combining sol-gel and microfluidics process for the synthesis of protein-containing hybrid microgels[END_REF]).

Interestingly, ROP of lactones or Pox peptide macromonomers, have never been described so far although examples of polymerization of amino acids by these strategies can be found in literature. In the same way, other conjugation techniques, such as NCL and SPAAC, could be used as an inspiration to develop new polymerization strategy for peptide-macromonomers in soft and biocompatible conditions. However, the design of a photo-polymerizable systems should favor more straightforward biological applications in particular in bioprinting. It could be applied in vivo for the synthesis of implants that could be formed directly where needed by polymerization following a light-written pattern.

Noteably, the establishment of dynamic covalent bonds between peptide macromonomers could be another promising strategy to obtain smart peptide-based materials. In a seminal example, Dynamic In all these bottom up approaches, peptides take even more critical part in the control of the final morphologies as illustrated by the recent PISA polymerizations of self-assembling peptides. The obvious advantage of the grafting trough strategy is the ability to position the peptide sequences either in the core or in the shell of the obtained polymer architectures with very high efficiency, which could be very challenging for the other two reported strategies. Once again, the peptides can play a dual role in either providing a function to the polymer or driving the template of its structural organization. In another example, the role of the peptide in the structural organization is also highlighted in the self-mineralization concept where bis silylated PhePhe pseudodipeptide undergoes inorganic polymerization. The morphology of the resulting peptide-based material is driven by the controlled self-assembly of the peptide, during the polymerization. [START_REF] Jebors | Self-mineralization and assembly of a bis-silylated Phe-Phe pseudodipeptide to a structured bioorganic-inorganic material[END_REF] 

Conclusion

A large choice of strategies to obtain peptide-polymers has been described in recent years. First, often following a polymer modification, peptides can be grafted on the polymer by diverse conjugation techniques. On the other hand, peptides can take part of the polymerization as an initiator. In that case, only a single peptide sequence playing the role of initiator is incorporated in the polymer. At last, the peptide may play an even more important role as a macromonomer, leading to polymers incorporating several copies of well-defined peptides along their backbone.

For a long time, peptides have been relegated to a second role in peptide-polymer conjugates, only considered as a way to improve the polymer properties, by post-functionalization for example. If the biological activity and bioavailability of peptides was extensively used to provide polymers with functions, the exploitation of their structural and recognition features is in development. The recent literature demonstrates that peptides have to be considered as attractive starting blocks for the design of novel macromolecular and biomimetic materials. They can drive and determine the final morphologies of the peptide containing polymers while also conferring them thermo-sensitivity, pH sensitivity and self-healing properties. Inspired by protein structural features and predictive weak interactions networks, the tremendous progress performed in the field self-assembling peptides will certainly fuel the research of well-defined functional peptide polymers.
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 4 Fig. 4. Mechanism of the thiol-ene (Nu) Michael addition on an α,β unsaturated system.
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 5 Fig. 5. Thiol-ene Michael addition forming a thioether bond between a Cys-containing peptide and a maleimide functionalized polymer.
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 7 Fig. 7. Coupling of a thiol containing peptide on a maleimide functionalized polymer.
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 8 Fig. 8. The thiol-yne mechanism applied to Cys-containing peptide.
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 10 Fig. 10.Conjugation of a Cys-containing peptide on an azlactone functionalized polymer
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 11 Fig. 11. Principle of native chemical ligation applied on C-terminal thioester peptide and Cysteine modified polymer.
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 12 Figure 12: Example of NCL applied to a cysteine-functionalized poly(2-ixazoline)s and peptide thioester [82].
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 15 Fig. 15. Self-assembly of cyclic PEG-ylated peptide after reduction.
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 16 Fig. 16. Conjugation of Glutatione peptide with a pyridylsulfenyl functionalized pNIPAAm by disulfide formation.
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 18 Fig. 18. Comparison of catalyst for Huisgen cycloaddition.
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 19 Fig. 19. Huisgen dipolar copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) of a alkyne-functionalized polymer and an azido peptide.
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 20 Fig. 20. SPAAC coupling of an azide-peptide on a cyclooctyne modified polymer.
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 21 Fig. 21. Thio-Bromo click reaction of a Bromo-modified peptide on a thiol-polymer.
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 23 Fig. 23. Conjugation of an amine terminated peptide on an aminooxyacetyl functionalized polymer by oxime ligation.
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 24 Fig. 24. Hydrazone dynamic ligation A. Synthesis of hydrazine-peptide B. Synthesis of Hyaluronic acid aldehyde C. Crosslinking of the hydrogel and its thermal assembling

  In another study, Stair et al. developed a sensor material for the detection of protease by using a diamine peptide (H-AAPVAAK-OH) as crosslinking agent by imine linkage with aldehyde functionalized dextran.[START_REF] Stair | Sensor materials for the detection of proteases[END_REF] 
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 25 Fig. 25. Imine ligation as reversible crosslinking strategy.
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 27 Fig. 27. Example of cyclic peptide used as initiator for ATRP polymerization of acrylate based polymer.
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 28 Fig. 28. Mechanism of RAFT polymerization.
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 29 Fig. 29. Example of peptide functionalization with S-1-dodecyl-S-(R,R-dimethyl-R-acetic acid) trithiocarbonateinitiator and RAFT polymerization by grafting from strategy.
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 1433031 Fig. 30. Nitroxide-Mediated radical Polymerization polymerization.
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 32 Fig. 32. Example of supramolecular arrangement issued from peptide-polymer based of grafting from strategy.
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 33 Fig. 33. Example of peptide modification at the C-terminus and N-terminus: synthesis of methacrylate functionalized protected peptide. A) Synthesis of COO-methacrylate-peptide monomers B) Synthesis of N-methacrylate-peptide monomers.
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 34 Fig. 34. Polymerization by RAFT or ATRP of acrylate or methacrylate functionalized peptide macromonomer at its N (left) or C-terminus (right).
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 35 Fig. 35. Example of acrylate functionalized macromonomers polymerized by RAFT and self-assembled into polymeric micelles by PISA: Copolymerisation of hydrophilic DMAPS with hydrophobic peptide monomers and amphiphilic stabilizer of the micelle.
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 36 Fig. 36. Example of ROP of BLG: synthesis of polymer-poly(benzyl-L-glutamate) copolymer.
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 37 Fig. 37. Synthesis and polymerization of an NCA modified peptide macromonomers.
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 40 Fig. 40. Poly-condensation of diacid chloride with diamino-peptide macromonomer.
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 41 Fig. 41. Example of NMP polymerization of a cyclic peptide macromonomer.
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 42 Fig. 42. N-terminus peptide silylation by reaction with an isocyanate.

Fig. 43 .

 43 Fig. 43. Inorganic polymerization of silylated peptide macromonomers. A: Condensation of bi-functionalized dimethylcholorosilane peptides after hydrolysis. B: Condensation of N-terminus bi-functionalized Lysin-peptide after hydrolysis. C: Condensation of mono functionalized dichloromethylsilane peptides after hydrolysis.
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 44 Fig. 44. Copolymerization and cross-linking by hydrosilylation of bioactive peptide containing PDMS.

  disulfide bonds have already been used to induce reversible self-assembling of a peptide. A cysteine containing amphiphilic peptide n-pentadecane-CO-NH-CCCCGGGS(H2PO3)RGD-OH has been designed by Hartgerink et al. to form nanostructured fibrous scaffold under oxidative condition.[212] The reversible intermolecular disulfide bonds can regenerate free thiol cysteine by reduction and induce the disassembling.
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