The fourth chapter deals with the electrotriggered self-assembly of metal-polyphenol films.

Tannic acid, already widely used to functionalize surfaces, was electro-crosslinked through coordination bonding with Fe(III). Indeed, tannic acid is known to form complexes with metal ions, such as Fe(III) thanks to its gallol moities. Fe(III), the morphogen here, is generated by the oxidation of Fe(II) and induces the assembly of tannic acid from the surface. The influence of some relevant parameters, the chemical composition and the morphology of the films are analyzed. The resulting coatings appear to be stable even at reductive potential. Moreover, the concept is generalized to other phenolic molecules: gallic acid and rosmarinic acid.

Application to biosensing of the systems developed in third and fourth chapter is discussed in the last chapter. Our goal was to immobilize an enzyme on an electrode by a morphogenic process and keep its activity. In a first part, we try to electro-crosslink alkaline phosphatase through quinone/amine covalent bonding. Different phenolic molecules were used: biscatechol, tannic acid, and a gallol-modified dendrimer. The second part introduces a different strategy: the physical entrapment of alkaline phosphatase in the electrotriggered assembly of metal-polyphenols films.

List of abreviations

General introduction

Surface coatings are studied since the first quarter of the XXth century and are largely present in our day life conferring to materials new functionalities such as magnetic, electrical, optical properties, biocompatibility, protection towards corrosion or catalytic properties, etc. Many processes were developed in the last decades to functionalize all types of materials (metals, ceramics, polymers) depending on the desired property.

Electrodeposition of soft matter, a process in which an electrical "signal" is used to direct the assembly of thin films, attracts an increasing attention because it offers broad opportunities for a diverse range of applications. Compared to other polymer coating processes, it presents the advantage of being fast, easily applicable on conductive materials with complex geometries.

Moreover, the electrical signal can be applied with a perfect spatiotemporal selectivity, therefore, allowing sequential assembly of different components at separate electrodes.

Five years ago, our team introduced a new concept based on the electrochemical generation of a catalyst gradient triggering the covalent assembly of polymer films: the morphogenic selfconstruction of films. In biology, morphogenesis, from the Greek morphê (shape) and genesis (creation), encompasses the rules describing the formation of the shape and the structure of a biological organism. In 1952, the mathematician Alan Turing published a seminal article called "The Chemical Basis of Morphogenesis" (Philosophical Transactions of the Royal Society, Vol 237, 1953) where he introduced a model to explain the formation of patterns during the creation of living organisms. According to this model, the conjunction of chemical reactions and molecular diffusion of reactive species, called morphogens, leads spontaneously to spatial variations of the concentrations of these species resulting in the formation of stripe or stain patterns. To illustrate this model, Turing used the examples of cheetah coat spots, hydra's tentacles positioning as well as a phase of embryo development called gastrulation.

In chemistry, a morphogen can be defined as a molecule or ion generated at an interface, that diffuses into the solution leading to a gradient and which locally induces a chemical process. This concept was applied to build polymer films composed of two polymers interacting through covalent bonding. Copper (I), the morphogen here, electrochemically produced at an electrode from copper (II) reduction, catalyzed the click reaction between alkyne and azide bearing polymers leading to their assembly, localized at the electrode. (Angewandte Chemie International Edition, Vol 123, 2011) The purpose of this PhD was to extend this strategy to other systems using a bio-inspired approach. The one-pot morphogen concept was applied to electro-triggered self-construction of polymer and polyphenols films based on mussel-inspired and polyphenols biochemistry. In comparison to the previously described system, the morphogen in this work is not a catalyst that induces a buildup but is an integral part of the final assembly.

The PhD manuscript is divided in five chapters. The first chapter gives a review of the state-ofthe-art of the mussel-inspired and polyphenols-based materials and surface coatings as well as the different electrodeposition processes described in the literature. The second chapter presents the material and methods used for this work. The third chapter introduces the self-construction of covalent polymer films triggered by mussel-inspired molecule oxidation. The fourth chapter deals with the electro-induced self-assembly of polyphenols films based on ionic bonds coordination. The application to biosensing of both systems developed is exposed in the last chapter.

The first chapter is subdivided into two parts. A first part aims to present our inspiration which comes from the mussel adhesion phenomenon and the polyphenols role in plants, both based on the phenolic chemistry through catechol or gallol moieties. Materials and coatings that came out from the understanding of these phenomena are also introduced. The second part reviews the different electrodeposition processes, which can be separated on three categories based on the deposition mechanism: electrodeposition through macromolecules precipitation, polyelectrolytes self-assembly and covalent bonds formation between polymers.

The materials and methods used during this PhD are introduced in the second chapter. The commercial and synthesized molecules are described. The characterization and experimental techniques (electrochemical quartz crystal microbalance, cyclic voltammetry, atomic force microscopy and X-ray photoelectrons spectroscopy) are detailed.

The third chapter concentrates on the morphogen electrochemically triggered self-construction of polymer films based on mussel-inspired chemistry. A bis-catechol spacer, acting as the morphogen, was used to electro-crosslink a polyamine. Indeed, catechols can be oxidized into quinone moieties which are reactive towards amine functions. Thus, bis-quinone active molecules diffuse from the electrode reacting on both sides with polyamine leading to the buildup of a film on the surface. The influence of some relevant parameters such as the morphogen concentration or the scan rate was studied. The chemical composition and the morphology of the films are also discussed.

Phenolic and Polyphenolic biomimetism

Biomimetism aims at understanding natural phenomena in order to not only broaden our knowledge of Nature but also to find ideas to create new concepts particularly in materials science. Even if tremendous technological advances were made by mankind during the past centuries, nature is still far way beyond us. Therefore, it has been ages since man has been trying to mimic nature for his advantage. Leonardo da Vinci was already trying to design a flying machine mimicking flying birds. Since da Vinci, numerous examples of biomimetic concepts were created. Spiker silk which presents unique mechanical properties has drawn great attention in order to replace Kevlar. Lotus flea's microstructure allowed to create superhydrophobic surfaces. Geckos are able to walk on every surface without falling, leadings to the design of new adhesives. Velcro © was inspired by the tiny hooks on the surface of burs.

In this work, our inspiration comes from two observations: the unique capacity of mussels to adhere on all type of surfaces in water in extremely harsh conditions, and the fact that polyphenols are able to coordinate metals contributing to the coloration of plants. Both phenomena are based on the diversified chemistry of catechol and gallol moieties (Figure 1.1).

Catechols are benzene derivatives with two ortho-hydroxyl groups and are widespread in nature. For example, dopamine is a well-known neurotransmitter, and Dopa is the amino-acid responsible of the strong adhesive properties of the proteins involved in mussel adhesion.

Gallols have a chemical structure very similar to catechol, with three neighboring hydroxyl groups instead of two. Along with catechols, they are present in the plant polyphenols. Firstly, we will give a simplified understanding of these two natural phenomena that inspired us and the biomolecules implied. Secondly, we will overview the functional materials inspired by them. 

Marine adhesive proteins in mussels

Mussels are bivalve molluscs of the marine family Mytilidae. These organisms have the property to stick to all kind of materials (glass, wood, organic surface, metal…) under extremely harsh conditions: they endure huge changes of temperature in seawater, fluctuations of salinity, and mechanical solicitation due to waves and currents.

In order to attach to surfaces, mussels secrete a bundle of radially distributed threads called byssus (Figure 1.2). The byssus can be divided into four parts: the attachment plaques in direct contact with the surface, the threads, the stem and the root. The threads are joined to the stem, which inserts into the base of the foot. The byssal tension and movement are controlled by 12 byssal retractor muscles. In order to understand how the mussel can adhere to any kind of surfaces, we will focus on the analysis of the chemical composition and the structure of the byssal plaques which are responsible for the strong adhesion of the organism. Around seven different proteins are present in the plaque, five of them are specific: mefp-2, -3, -4, -5, and -6. 1 Having different peptidic sequences, they present a high content in the amino acid 3,4-dihydroxyphenyl-L-alanine (Dopa) (Figure 1.3b). These proteins are generally called marine adhesive proteins and were observed in other organisms such as tube worms, 2 and barnacles. The mefp-3, -5 proteins, localized in the adhesive part of the plaque in contact with the surface, have the highest Dopa content. 4 Dopa amino acids present catechol moieties (Figure 1.3) which are responsible for the strong adhesion of the plaque. Indeed catechol can interact with atoms or chemical functions in different ways (Figure 1.4): it can form hydrogen bonds, metal-ligand complexes especially with Fe(III) ions, 5 charge-transfer complexes, and covalently react with nucleophiles (amines, thiol) when oxidized. 6 Because of the numerous possible interactions of catechols with various atoms and chemical functions, and the diversity of the adhesive proteins contained in the byssus, the mechanism of mussel adhesion has not been fully understood. Yet, important advances were made during the past decades notably with the pioneering works of Herbert Waite. Different methods such as gel electrophoresis, 7 high-performance liquid chromatography [8][9] and MALDI-TOF, [9][10] were used to determine the chemical structure of the adhesive proteins and the chemical composition of the interface attachment plaque/surface: It has been highlighted that catechol moieties in marine adhesive proteins can be oxidized whether by auto-oxidation or by a catechol oxidase enzyme which converts catechol into orthoquinones. 6 Converted quinones contribute to adhesion in two ways. They enhance the insolubility of the plaque mainly by reacting covalently with amine functions from lysine residues or with catechol moieties (through radical reaction) of other marine proteins (Figure 1.5). 2,[10][11] Quinones also enhance adhesion of the plaque on organic surfaces mainly by Michael addition on nucleophilic groups of the surfaces. 2) Dopa-quinone reacts with Dopa by a reverse dismutation process to form semiquinone free radicals. 3) Free radicals couple through a ring-ring C-C bond. 4) Di-Dopa is reoxidized once or twice to a diquinone. 5) Schiff-base addition of Dopa-quinone on amine function of lysine. 10 The ability of catechols to complex metals also highly contributes to the capacity of catechol bearing molecules to adhere to a surface in a reversible way. Mussel are known to capture high concentrations of metal ions, such as Fe(III) or Ca(II), from seawater 12 . Firstly, ions complexation by Dopa-catechol allows adhesion of the mussel on a surface containing metallic atoms. 4 Secondly, complexation of metallic ions by Dopa or oxidation of Dopa-catechol into Dopa-quinone by the ions induces reinforcement of the matrix byssus whether it is in the plaque, 13 or in the thread. 14 The interaction Dopa-surface will be different depending on the nature of the surface. For example on TiO2 surfaces, Dopa interacts with the surface through Ti atom complexation while on mica surfaces the interaction is made through H-bonding. 15 This adhesion can be defined as a "chemical adhesion" because it is due to covalent bonds or coordination bonding. It can be opposed to a "physical adhesion" where adhesion is based on a nanostructuration of the surface which adheres, and weak interactions.

It should be noted that catechols are also involved in other natural phenomena such as neurotransmission with dopamine and others catecholamines. 16 

Polyphenols in plants

Polyphenols are a wide class of biomolecules which are present in huge amounts in plants.

Nowadays plant polyphenols are known because of their beneficial effect on human health [17][18][19] and of their presence in fruits, vegetables and in derived beverages or food (wine, chocolate…).

It can be explained roughly by their strong antioxidant property and are thus, widely used in the industry. A simple definition would be to include all molecules with several phenolic functions, yet in 1962 E.C Bate Smith, Tony Swain and Edwin Haslam gave a clear definition of the term "polyphenols" as water-soluble plant phenolic compounds having molecular masses ranging from 500 to 3000-4000 Da and possessing 12 to 16 phenolic hydroxyl groups on five to seven aromatic rings per 1000 Da or relative molecular mass. 20 More recently, the definition has been enlarged to other plant phenols. According to Haslam, polyphenols can be divided into three classes depending on the reactions from which they derive 21 (Figure 1.6): the proanthocyanidins also called condensed tannins (1), the gallo-and ellagitannins also called hydrolyzable tannins (2), and the phlorotannins (3). 1) condensed tannins, ( 2) hydrolyzable tannins and ( 3) phlorotannins. 21 Polyphenols are secondary plant metabolites, which means that they don't contribute directly to the living of the organism's cells but they ensure important ecological functions at different levels. They are involved in the coloration of the leaves and fruits through their phenolic moieties. For example, the color of some blue flowers is attributed to delphinidin. 22 Delphinidin glycosides have a spectral maximum of 535 nm. They thus require a copigment to shift the spectrum to blue (580 nm). The interaction between delphinidin and its copigment is based on hydrogen bonding. More recently, Kondo et al highlighted the fact that blue coloration of flowers is mainly attributed to the formation of anthocyanins/metals complexes through phenol/metal complexation. 23 Anthocyanins are a class of polyphenols and more specifically a class of flavonoids. As other polyphenols, they are able to coordinate metals such as magnesium, iron or aluminum. Figure 1.7 represents the anthocyanin called commelinin responsible for the color of a plant called Commelina communis. 23 Polyphenols have also a role of protection against ultraviolet radiation of the sun. UV radiation is divided into three bands, with different energies and different ecological impacts. UV-B (280-315 nm) is the band of highest energy. It can penetrate through the ozone layer and causes damage to plant life. Polyphenols and more specifically flavonoids shield plant from UV-B because, they generally absorb in the 280-315 nm region and are capable of radical scavenging. 22,24 Polyphenols ensure other functions in the plant metabolism such as enhancing nutrients intake [25][26] , ensuring protection against microbial attacks and insects 22,27 , and interaction with other organisms.

Bio-inspired phenolic based materials

Phenomena associated with mussel adhesion and with the presence of polyphenols are based on phenol properties of catechol and gallol moieties leading to an increasing interest of the scientific community on these functions.

Mussel-inspired catecholic functional 3D materials

Inspired by the exceptional ability of mussels to adhere on any kind of surface in water and by the catechol based biochemistry behind this adhesion, a huge community of researchers designed different functional materials.

Adhesives are an integral part of our lives but are still limited by one main factor: working in water or in moist air. 28 In order to overcome this limitation, understanding how a simple mollusk can overpass this drawback is a real challenge. Mussel-inspired gels were mainly developed for adhesive applications. In order to create adhesives with properties similar to the mussel "glue", the first studies were devoted to find synthesis pathways to create polypeptide mimics, pionnered by Hiroyuki Yamamoto. [29][30] In 1998, Deming et al reported the synthesis of water soluble copolymers of Dopa and L-Lysine, amino-acids present in marine adhesive proteins, with a controlled composition and molecular weight. 31 These copolymers were able to form cross-linked gels which displayed moisture-resistant properties upon oxidation with air (oxygen), NaIO4, H2O2 and mushroom tyrosinase. Payne and co-workers improved the mechanical properties of chitosan hydrogels by enzymatically oxidizing catechols functionalized chitosan. 32 More precisely, tyrosinase was added to a dopamine-modified chitosan hydrogel to oxidize catechols moieties of dopamine leading to their reaction with amine groups of chitosan (process of tanning) increasing the viscosity and the mechanical properties of the hydrogel.

Messersmith's group greatly contributed to this field during the past twenty years. Many strategies were elaborated to create gels with high Dopa content to enhance their adhesive properties. For example, adhesive copolymers with Dopa amino acids which are able to photopolymerize under UV irradiation in less than one minute were synthesized. Once exposed to UV irradiation, these copolymers form quickly a gel with high Dopa content and thus which exhibits good adhesion properties on titanium. 33 More recently, new mimic hydrogels were designed by photopolymerization of dopamine methacrylamide, 2-methoxyethyl acrylate and ethylene glycol dimethacrylate monomers. 34 Ethylene glycol dimethacrylate was used as a cross-linker to create gels with catechol moieties, presenting good mechanical and adhesion properties.

In order to obtain new materials with magnified adhesion properties, combined mussel and gecko inspired surfaces were developed. 35 These hybrid surfaces were obtained in two steps: electron-beam lithography was used to create gecko-foot-mimetic nanopillar arrays and a marine adhesive protein mimic was deposited on the nanostructured polydimethylsiloxane (PDMS) (Figure 1.8). A hybrid nanoadhesive surface was obtained with combined chemical (mussel) and physical (gecko) adhesion. 35 In 2007, on the contrary to the previous examples, Wilker and co-workers designed a new polymer (copolymer from styrene and 3,4-dihydroxystyrene monomers) based on catechol functions. 36 In order to obtain gels with relevant mechanical and adhesion properties, oxidizing agents such as Fe(III), NaIO4 and Cr2O7 2-have to be used to crosslink those polymers. An extend of this study was to add a third ammonium-containing monomer in order to make the copolymer cationic. 37 Doing so, electrostatic adhesion was added to the catechol adhesion with enhancement of underwater bonding. The same authors have optimized the 3,4dihydroxystyrene/styrene ratio of the copolymer in order to get the best adhesion properties on various type of surfaces. 38 Injectable composite hydrogels were designed by mixing catechol-grafted hyaluronic acid (HA-DN on Figure 1.9a) with thiol-modified pluronic (Plu-SH on Figure 1.9a). 39 Indeed as mentioned above, quinones (oxidized catechol moieties) are known to react with various functional groups such as thiol (Figure 1.9b). These gels have the property to be slightly cross-linked at room temperature keeping an almost liquid state and making them injectable (Figure 1.9a). When brought to the human body temperature (37°C), the cross-linking is enhanced and the mixture goes through a sol-gel transition, leading to gel formation in the organism. In this case, no oxidizing agents are needed to trigger the gelation. The mechanism of Michael-type addition between a quinone on HA and a thiol group on Pluronic. 39 A very similar strategy was developed by the same authors with a catechol-grafted chitosan instead of hyaluronic acid for the same application. 40 Mussel mimetic gels based on catecholmodified PEG were also used for biomedical applications such as islet transplantation in the context of diabetes diseases. 41 A novel approach was designed lately based on the pH-triggered cross-linking of a Dopamodified PEG by Fe(III) ions (Figure 1.10a). [START_REF] Holten-Andersen | Ph-Induced Metal-Ligand Cross-Links Inspired by Mussel Yield Self-Healing Polymer Networks with near-Covalent Elastic Moduli[END_REF] Indeed, Fe(III)/catechol complexes are pH dependent (Figure 1.10b). At low pH values, mono-complexes (catechol/iron ratio 1:1) are formed. Going through more basic pHs, bis-complexes (ratio 2:1) and then tris-complexes (ratio 3:1) are observed. These complexes are notably characterized by green, blue and red colors respectively. In order to avoid the precipitation of iron hydroxide at basic pH, the mixture of the Dopa-modified PEG and Fe(III) was prepared at pH 5. The resulting mixture is a dark green solution (Figure 1.10c). A drop of this solution was deposited on a surface near a drop of alkaline solution. By mixing both droplets, the viscosity of the mixture drastically increased leading to first a dark blue/purple viscous liquid (bis-complexes) and then a dark red gel (triscomplexes). Based on the same principle, gels were assembled with titanium instead of iron ions. [START_REF] Holten-Andersen | Ph-Induced Metal-Ligand Cross-Links Inspired by Mussel Yield Self-Healing Polymer Networks with near-Covalent Elastic Moduli[END_REF] pH responsive PEG gels were also formed through boronate-catechol complexation. 43 Catechol can form complexes with boron atoms at basic pH. Thus, by mixing branched catecholmodified PEGs with 1,3-benzenediboronic acid, gels can be obtained at pH =9. If the pH is brought at 3, these gels go back to a liquid state. These gels present self-healing properties.

PEGs were also modified with nitrodopamine. 44 The originality of this work is that the onitrophenyl ethyl moieties are photocleavable (Figure 1.11a). Thus, these nitrodopaminemodified PEGs can form photo-destructible gels by adding Fe(III) ions or oxidizing agents to the mixture (Figure 1.11b). Patterned gels were formed by using an UV light combined with a template of the desired pattern. 

Mussel-inspired catecholic functional surfaces

Polydopamine and its properties

In 2007, Messersmith and co-workers introduced a mussel-inspired coating based on the polymerization of dopamine. [45][46] Obtained by dip coating of a substrate in an alkaline solution of dopamine, dopamine polymerization into polydopamine occurs at the surface of the object and in solution according to the mechanism described in Figure 1.12a. The coating deposited reached a maximum thickness of 50 nm after 24h (Figure 1.12c). This technique can be applied on any type of surfaces (metal, ceramic, polymers) even with complex geometries. The resulted coatings present free catechol/quinone groups that can be used for electroless metallization through catechol/metal complexes formation and for functionalization with organic species through quinone reaction with thiol or amine functions. Some examples will be given page 22. 45 Recently, polydopamine was used as an ink through microcontact printing to create patterned coatings of polydopamine. 47 A PDMS substrate with the desired pattern was dipped into a solution of dopamine which polymerizes according to the mechanism introduced before (Figure 1.13). Then, the polydopamine-modified PDMS substrate was removed from the solution and printed on a surface. The resulted patterned polydopamine coating can then be used for spatially controlled cell adhesion, protein adsorption and metal deposition. 47 Polydopamine coatings are hydrophilic and this property was used to deposit by spray silver nanowires on stretchable polydopamine-modified elastomeric substrate. [START_REF] Akter | Reversibly Stretchable Transparent Conductive Coatings of Spray-Deposited Silver Nanowires[END_REF] The hydrophilic character of polydopamine allows to transform superhydrophobic surfaces into hydrophilic ones. [START_REF] Kang | One-Step Modification of Superhydrophobic Surfaces by a Mussel-Inspired Polymer Coating[END_REF] Moreover by using soft lithography combined with microfluidic apparatus, patterned superhydrophobic surfaces can be designed. To do so a patterned PDMS mold was applied on a superhydrophobic surface (Figure 1.14a). The empty spaces between surface and the PDMS were filled with a dopamine solution which then was polymerized into polydopamine. When the PDMS was removed, only the polydopamine pattern remained on the surface. These coatings allowed to spatially localize droplets onto the surface which kept their position even when the surface was tilted (Figure 1.14c and d). The water droplet on the polydopamine-micropatterned superhydrophobic surface remained attached even when the surface is tilted at 90° and 180°. [START_REF] Kang | One-Step Modification of Superhydrophobic Surfaces by a Mussel-Inspired Polymer Coating[END_REF] Li-ion batteries mainly use polyethylene as separator but polyethylene still lacks compatibility with conventional liquid electrolytes due to its hydrophobic character. Therefore, polyethylene separators were coated with polydopamine making the modified surface hydrophilic. [START_REF] Ryou | Mussel-Inspired Polydopamine-Treated Polyethylene Separators for High-Power Li-Ion Batteries[END_REF] Moreover, polydopamine improved the electrolyte uptake and the ionic conductivity allowing enhanced battery performance compared to batteries with uncoated separators. Furthermore, polydopamine films have an amphiphilic character: it can be negatively charged by deprotonation of catecholic hydroxyl groups or positively charged by protonation of indolic nitrogen atoms. This aspect was used for the creation of electrodes with pH tunable ion permeability. [START_REF] Yu | Pdop Layer Exhibiting Zwitterionicity: A Simple Electrochemical Interface for Governing Ion Permeability[END_REF] Au-coated Si wafers functionalized with polydopamine occurs to selectively block cations at pH<3 and anions at pH>11. Recently, Lu and coworkers used polydopaminemodified clay in order to incorporate it in an epoxy resin. [START_REF] Yang | A Biomimetic Approach to Enhancing Interfacial Interactions: Polydopamine-Coated Clay as Reinforcement for Epoxy Resin[END_REF] The polydopamine coating allows first to promote dispersion of clay into the epoxy matrix through hydrogen bonding between catechol and epoxy, but also to boost its thermomechanical properties (viscosity, storage modulus). Dopamine was also used as reducing agent for graphene oxide reduction. [START_REF] Xu | Dopamine-Induced Reduction and Functionalization of Graphene Oxide Nanosheets[END_REF] Dopamine not only reduces graphene oxide but also polymerizes on the surface of graphene oxide sheets allowing for further functionalization. This process was also achieved with norepinephrine. [START_REF] Kang | Simultaneous Reduction and Surface Functionalization of Graphene Oxide by Mussel-Inspired Chemistry[END_REF] Polydopamine can also be used to promote cell adhesion in surface-mediated drug delivery systems. [START_REF] Lynge | Polydopamine/Liposome Coatings and Their Interaction with Myoblast Cells[END_REF] Surfaces coated by poly(L-lysine) and liposomes were coated with polydopamine (Figure 1 .15). Polydopamine promotes cell adhesion and viability and depending on the thickness of the polydopamine layer, allows to control the drug release from lyposome.

Figure 1.15:

Schematic illustration of adsorption of liposomes, on PLL precoated glass slides (i) followed by the deposition of a polydopamine PDA layer (ii) and the adhesion of myoblast cells on these surfaces (iii). [START_REF] Lynge | Polydopamine/Liposome Coatings and Their Interaction with Myoblast Cells[END_REF] As mentioned previously, polydopamine coatings are extremely versatile platforms for secondary functionalization in order to confer diverse functions to a surface. As quinone moieties are reactive towards nucleophiles, biomolecules such as trypsin or growth factors (vascular endothelial growth factor (VEGF) and bone morphogenetic protein (BMP)) can be easily immobilized on polydopamine-coated surfaces. [START_REF] Lee | Facile Conjugation of Biomolecules onto Surfaces Via Mussel Adhesive Protein Inspired Coatings[END_REF][START_REF] Poh | The Effect of Vegf Functionalization of Titanium on Endothelial Cells in Vitro[END_REF][START_REF] Lai | Surface Functionalization of Tio2 Nanotubes with Bone Morphogenetic Protein 2 and Its Synergistic Effect on the Differentiation of Mesenchymal Stem Cells[END_REF] This was achieved for trypsin on various types of surfaces. [START_REF] Lee | Facile Conjugation of Biomolecules onto Surfaces Via Mussel Adhesive Protein Inspired Coatings[END_REF] VEGF functionalized surfaces allowed to enhance human dermal microvascular endothelial cells adhesion and viability making them suitable for bone healing and regeneration applications. [START_REF] Poh | The Effect of Vegf Functionalization of Titanium on Endothelial Cells in Vitro[END_REF] BMP functionalized TiO2 nanotubes via polydopamine promoted cell growth, differentiation and mineralization with potential application for coated titanium implants with bone regeneration properties. [START_REF] Lai | Surface Functionalization of Tio2 Nanotubes with Bone Morphogenetic Protein 2 and Its Synergistic Effect on the Differentiation of Mesenchymal Stem Cells[END_REF] Neural interfaces are devices allowing to monitor a neural signal and transform it into an electric signal that can be read by a computer.

Microelectrode arrays of different types (gold, platinum, ITO…) were coated with polydopamine to functionalize them first with poly-D-lysine and then with neural cells. [START_REF] Kang | A Biofunctionalization Scheme for Neural Interfaces Using Polydopamine Polymer[END_REF] These neuron-adhesive modified-electrodes, allowed to record neural activity from the neuronal network making them suitable for neural interfaces applications.

In biomedicine, an Au/polypyrrole actuator was covered with polydopamine to enhance bacterial adhesion and accumulation from physiological media. [START_REF] Liu | Polypyrrole Actuator with a Bioadhesive Surface for Accumulating Bacteria from Physiological Media[END_REF] Polydopamine was also used as the basis for triazine-based polymers cross-linked through thioether linkages in order to create a fiber-reinforced adhesive patch for fixation of bones fractures. 61 As polydopamine appears to be biocompatible, it was used to encapsule yeast cells in order to protect them. 62 In this case, the surface of the cell wall has the role of initiator of polydopamine coating by covalent bonding between polydopamine and amine or thiol functions of proteins present in the cell wall. The entrapped cells maintain their biological activity while being protected. Moreover by using the ability of polydopamine to be functionalized with organic molecules, coated cells were modified with streptavidin for specific immobilization on biotinmodified surfaces. Polydopamine was also used to coat magnetite nanoparticles in the presence of a protein. 63 By removing the protein with an acetic acid rinsing, a coating with the protein print was created making these particles suitable for protein recognition. Recently, Woisel and coworkers used polydopamine as a platform for cyclodextrin-modified polymer immobilization to create drug-release coatings on CoCr vascular stents 64 and TiO2 implants. 65 Polydopamine occurs also to be a good reducer for silver ions. For example, fibrous structured bacterial cellulose was coated with polydopamine in order to incorporate silver nanoparticles to form an antimicrobial network. 66 Silver nanoparticles were also immobilized on cotton fabrics through polydopamine cotton functionalization to create antibacterial textiles. 67 The "dopamine concept" can be applied with other derivatives of dopamine as norepinephrine 68 or catechol/amine synthetic polymers such as a copolymer from N- (3,4-dihyroxyphenethyl) methacrylamide and aminoethylmethacrylamide monomers which was used as a DNA immobilization platform for DNA hybridization. 69 

Mussel-inspired layer-by-layer assemblies

Marine adhesive mimic polymers were also used in Layer-by-Layer (LbL) assemblies.

Introduced by Decher, the LbL process consists in the exposure of a substrate alternatively to a polycation and polyanion solution with rinsing steps between each deposition step. 70 The buildup process relies on the charge overcompensation observed at each deposition step. A marine adhesive mimic polymer was used in a LbL process in order to create hybrid composite films with nacre structuration. 71 These films were based on an alternate deposition of inorganic nanometer-sized sheets of Montmorillonite clay and a Dopa-Lys-PEG polymer (Figure 1.16a).

Fe(III) post treatment induced a cross-linking, and allowed to obtain a removable film with exceptional mechanical properties compare to the classic nacre inspired assembled coatings (Figure 1.16c). LbL assemblies were also realized with a positively charged copolymer bearing catechol moieties and colloidal synthetic layered silicate. [START_REF] Faure | Clay and Dopa Containing Polyelectrolyte Multilayer Film for Imparting Anticorrosion Properties to Galvanized Steel[END_REF] These assemblies were used for anticorrosion applications: catechols are corrosion redox inhibitors and clay gives barrier properties to the films. Mussel-inspired LbL assemblies were also notably used for antibacterial coating design. For example, catechol grafted poly(ethyleneimine) (PEI) and hyaluronic acid (HA) LbL allowed to obtain well controlled assemblies on any kind of substrate, even polymeric ones. [START_REF] Lee | Substrate-Independent Layer-by-Layer Assembly by Using Mussel-Adhesive-Inspired Polymers[END_REF] Using the redox activity of the catechol moieties, silver nanoparticles were deposited on these coatings conferring them anti-microbial properties. Mussel-inspired LbL films containing silver nanoparticles for antimicrobial applications were also built with polystyrene sulfonate and a copolymer from N-methacrylated Dopa and cationic methacrylate monomers. [START_REF] Charlot | Allin-One Strategy for the Fabrication of Antimicrobial Biomimetic Films on Stainless Steel[END_REF] In 2011, Detrembleur and coworkers used quinone-grafted poly(methacrylate) with poly(allylamine hydrochloride) (PAH) allowing cross-linking between quinones and amine functions of the PAH ensuring a long time stability to the LbL film. [START_REF] Faure | Sustainable and Bio-Inspired Chemistry for Robust Antibacterial Activity of Stainless Steel[END_REF] Going further Nisin, an anti-bacterial peptide, was used instead of PAH creating a robust anti-bacterial coating.

Catechol-mediated anchoring for surfaces functionalization

As catechol moieties are known to interact with different type of surfaces, they were widely used as anchors for surface modification both for macroscopic planar surfaces, or for nanoscale surfaces of particles. In 2005, Messesmith and coworkers introduced a surface-initiated atom transfer radical polymerization (SI-ATRP) by using a biomimetic initiator. [START_REF] Fan | Biomimetic Anchor for Surface-Initiated Polymerization from Metal Substrates[END_REF] Starting from dopamine (1 in Figure 1.17), they designed a bifunctional molecule (2 in Figure 1.17) with a catechol on one side (mussel mimetism) for anchoring on the surface and an alkyl bromine to initiate ATRP (3 to 4 on Figure 1.17). The obtained surfaces were anti-fouling towards cell adhesion. By using a Ti substrate coated with pattern photoresist through standard photomask lithography, the biomimetic initiator was selectively anchored on the bare Ti area allowing to spatially control the SI-ATRP. More recently, PEG dendrimers with a catecholic anchor were immobilized on TiO2 surfaces. [START_REF] Gillich | Self-Assembly of Focal Point Oligo-Catechol Ethylene Glycol Dendrons on Titanium Oxide Surfaces: Adsorption Kinetics, Surface Characterization, and Nonfouling Properties[END_REF] The obtained films were less hydrated that the ones build from linear PEGs and showing good non-fouling properties for proteins.

Figure 1.17: Synthesis and anchoring of the biomimetic initiator and subsequent SI-ATRP. [START_REF] Fan | Biomimetic Anchor for Surface-Initiated Polymerization from Metal Substrates[END_REF] Other bio-inspired antifouling surfaces were designed. An antifouling peptidomimetic polymer was synthesized to be immobilized on metallic surfaces. [START_REF] Statz | New Peptidomimetic Polymers for Antifouling Surfaces[END_REF] It was composed of two parts: a short functional peptide domain made of alternate Dopa and Lysine residues which allows anchoring of the polymer on a metallic surface and an N-substituted glycine oligomer of different size, resistant to protein and cell adhesion. Saxer et al. designed a copolymer poly(L-lysine) grafted with 3,4-dihydroxypehenylacetic acid (DHPAA) and PEGs that was assembled in monolayer on TiO2 surfaces. [START_REF] Saxer | Surface Assembly of Catechol-Functionalized Poly(L-Lysine)-Graft-Poly(Ethylene Glycol) Copolymer on Titanium Exploiting Combined Electrostatically Driven Self-Organization and Blomimetic Strong Adhesion[END_REF] Immobilization operates via the catechol moiety of DHPAA (strong binding) and lysine residues (long range electrostatic interactions) while bacterial and cellular adhesion were prevented by PEG chains. Dopamine modified surfaces via catechol anchoring were used to further immobilize the tripeptide Arg-Gly-Asp (RGD) and collagen on a surface. [START_REF] He | The Effect of Adhesive Ligands on Bacterial and Fibroblast Adhesions to Surfaces[END_REF] These functional surfaces were used to study the effect of the type of adhesive ligand (RGD or collagen) on the bacterial and fibroblast adhesion in order to create a selective antifouling surface that inhibits bacterial activity while promoting cell adhesion.

Catechol-driven anchoring was used to design antimicrobial coatings. For example, a hybrid molecule was developed by Gademann and coworkers with an anachelin chromophore linked to vancomycin through a PEG linker. [START_REF] Wach | Antimicrobial Surfaces through Natural Product Hybrids[END_REF] The anachelin chromophore presents a catechol moiety to immobilize the molecule on a surface and vancomycin is an antibiotic giving the desired antimicrobial property against Bacillus subtilis. Antimicrobial functional surfaces were also created by dip-coating of a surface in a solution of a copolymer synthesized by free-radical polymerization from dodecyl quaternary ammonium, catechol and methoxyethyl containing monomers. [START_REF] Han | Immobilization of Amphiphilic Polycations by Catechol Functionality for Antimicrobial Coatings[END_REF] Catechol-driven anchoring allows to functionalize not only macroscopic planar surfaces but also nano-scaled surfaces. Its ability to coordinate metals make it a suitable candidate for metallic nanoparticle functionalization. Magnetite nanoparticles (Fe3O4) were functionalized with different catechol-modified PEG to improve their biocompatibility, [START_REF] Amstad | Ultrastable Iron Oxide Nanoparticle Colloidal Suspensions Using Dispersants with Catechol-Derived Anchor Groups[END_REF][START_REF] Na | Multidentate Catechol-Based Polyethylene Glycol Oligomers Provide Enhanced Stability and Biocompatibility to Iron Oxide Nanoparticies[END_REF] catechol-modified porphyrin for cancer therapy, [START_REF] Gu | Synthesis and Cellular Uptake of Porphyrin Decorated Iron Oxide Nanoparticles -a Potential Candidate for Bimodal Anticancer Therapy[END_REF] catechol-conjugated bisphosphonate for uranyl ions removal treatment in blood, [START_REF] Wang | A Biocompatible Method of Decorporation: Bisphosphonate-Modified Magnetite Nanoparticles to Remove Uranyl Ions from Blood[END_REF] catechol-anchoring mediated luminescent terbium complexes for imaging applications, [START_REF] Wang | Coupling of Luminescent Terbium Complexes to Fe3o4 Nanoparticles for Imaging Applications[END_REF] and dopamine-grafted biotin for the formation of heterodimers of magnetite and silver nanoparticles. [START_REF] Gu | Heterodimers of Nanoparticles: Formation at a Liquid-Liquid Interface and Particle-Specific Surface Modification by Functional Molecules[END_REF] PEG functionalized magnetite nanoparticles were used as reducers of non-specific uptake by cell macrophages. [START_REF] Xie | Controlled Pegylation of Monodisperse Fe3o4 Nanoparticles for Reduced Non-Specific Uptake by Macrophage Cells[END_REF] Catechol-stabilized iron oxide nanoparticles were used as MRI contrast and anticancer agents. [START_REF] Gao | Multifunctional Yolk-Shell Nanoparticles: A Potential Mri Contrast and Anticancer Agent[END_REF] HA modified with dopamine was immobilized on magnetite nanoparticles. [START_REF] Lee | Bioinspired Surface Immobilization of Hyaluronic Acid on Monodisperse Magnetite Nanocrystals for Targeted Cancer Imaging[END_REF] HA is known to interact with specific receptors giving a targeting functionality to the coated particles. Dopamine-modified magnetite nanoparticles were used to create magnetic and transparent composites by covalently grafting it (through amine functions of dopamine) in a polymethylhydrosiloxane network modified with crystal liquids. [START_REF] Song | Magnetic and Transparent Composites by Linking Liquid Crystals to Ferrite Nanoparticles through Covalent Networks[END_REF] Dumbbell nanoparticles are two nanoparticles of different chemical nature that are linked to each other.

Magnetite-gold dumbbell nanoparticles were functionalized with an antibody through catechol anchoring for magnetite and with PEG through thiol anchoring for gold. 93 Through the antibody functionality, these particles acted both as magnetic and optical probes. Recently, Sun and coworkers coupled a rhodamine derivative, N(rhodamine-6G)lactam-ethylenediamine (Rh6G-LEDA, 1a on Figure 1.18) to PEG-dopamine modified magnetite nanoparticles (1b on Figure 1.18). 94 Rh6G-LEDA were bound to metal ions such as Fe(III) (1c on Figure 1.18) which enhanced greatly its fluorescence. Thus, these particles were used for Fe(III) sensing applications. Rh6G-LEDA (1a), its coupling with PEG-Fe3O4 NP (1b), and its complex with Fe(III) (1c) along with the structural change that enhances its fluorescence property. 94 TiO2 nanoparticles were functionalized with dopamine in a first step and then biotin in a second step by covalent reaction of the valeric acid chain of biotin with the amine function of dopamine. 95 These modified TiO2 nanoparticles were deposited on an ITO electrode to further immobilize avidin on the coated electrode. TiO2-entrapped Chlorella cells were also functionalized through catechol chemistry. 96 TiO2 nanorods were functionalized with a diblock polymer with a catechol anchor to form hairy rod mesogens (Figure 1.19) which can be aligned under application of an electric field leading to liquid crystals formation. 97 Along the same idea, ZnO nanorods were functionalized with dopamine-modified polystyrene. 98 In order to functionalized MoS2, nanoparticles Tahir et al. synthesized a polymer grafted with nitrilotriacetic (NTA) and dopamine groups acting as two different anchor functions. 99 A Ni atom act as an "anchoring ion", it is partially coordinated by NTA on one side and by the surface S atoms of the external part of the MoS2 nanoparticles. The modified nanoparticles, soluble in polar solvents, were immobilized through catechol groups of the ligand on surfaces to create hybrid materials with diverse functionalities. Gold nanoparticles were coated with dopamine-modified fluorescein-hyaluronic acid in order to probe reactive oxygen species formation in macrophage cells. 100 Indeed, reactive oxygen species induce cleavage of HA chains and thus a fluorescence recovery signal which can be measured. Alumina nanoparticles were also functionalized with PEGs but through gallol anchoring instead of catechol, allowing to disperse them in a solution at higher concentrations. 101 Recently, Hirsemann et al. modified kaolinite with catechol (covalent grafting) and a Ruthenium complex (ion exchange). 102 This bi-modification allows to enhance the difference in chemical nature of the two opposited basal surfaces of kaolinite expressing the Janus character of the mineral. As it was recalled before, dopamine promotes reduction of graphene oxide into graphene. Dopamine modified with an alkyne function on the amine side was used to reduce graphene oxide into graphene and further functionalize it through click reaction between alkyne and azide functions (Cu(I) catalyzed) 103 or alkyne and thiol functions. 104 Azide-modified dopamine were used for ZnO nanoparticle functionalization with alkyne-modified poly(3-hexylthiophene), 105 magnetite nanoparticle functionalization, 106 nanodiamond particle modification with poly-Nisopropylacrylamide. 107 Magnetite nanoparticles were also modified with maleimide-grafted dopamine for functionalization through click reaction between maleimide and thiol functions. 108 Catecholic polymers were also used as adhesive re-inforcers of carbon nanotube fibers. 109 A star-branched catechol-grafted (PEI) was infiltrated in the carbon nanotube fibers during the post spinning treatment. Then by evaporation of the solvent and curing at 120°C a final densification of the carbon nanotubes through the PEI-catechol was obtained. This process allows to produce carbon nanotubes fibers with greatly improved tensile and mechanical strength.

Figure 1.18: Structural illustration of

The mussel-inspired chemistry and the new materials described here are far from being exhaustive. Ss some recent reviews give a more complete state of the art on this topic. 110-111

Tannic acid coatings and hydrogels

Tannic acid (TA) is a polyphenol present in abundance in nature and easily accessible. Mankind used the properties of TA and others polyphenols for a very long time. Polyphenols are called "tannins", a word that comes from the action "to tan", a process already used by the antique greek civilization. This process consists in the use of natural substances issued from plants in order to turn animal skins into leather (Figure 1.20).

Figure 1.20: Traditional process of tanning 112

During the past decade, TA draw a great attention from the scientific community in the nanoscience field. In 2005, Lvov and coworkers were the first to used TA in LbL assemblies. 113 TA was used as negatively charged molecule in combination with two different polycations: poly(dimethyldiallylamine) and PAH in order to build nanofilms on planar surfaces. The interactions between TA and polycations are based on electrostatic interactions and hydrogen bonding. Two years later, it was shown that tea polyphenols interact with polymers via different types of interactions: hydrogen bonding, hydrophobic effect (Van der walls) and π-π stacking depending on the chemical structure of the polymer. 114 TA was used to create hydrogen-bonded LbL assemblies with neutral polymers. The resulted coatings were stable at high pH in contrary to others H-bond based LbL. 115 Hammond and coworkers exploited this ability to create LbL assemblies through H-bonding to design a drug delivering surface. 116 Block copolymer micelles of poly(ethylene oxide)-block-poly(2hydroxyethylemethacrylate) were conjugated with a chemotherapeutic agent: doxorubicin. These micelles were assembled with TA at pH=7.4 through H-bonding mediated LbL assembly (Figure 1.21). The carbamate linkage between doxorubicin and the polymer backbone is pH sensitive and is cleaved at acidic pHs. Thus when micelles film were brought in contact with an acidic medium, doxorubicin release was triggered. Doxorubicin was also entrapped in TApoly(N-vinlypyrrolidone) (PVP) H-bonded multilayer capsules. 117 Hammond and co-workers showed that as other H-bond based LbL assemblies, TA-containing LbL assemblies can also be dissolved electrochemically when deposited on electrodes by electrochemically producing OH -ions. 118 Oxygen reduction at the coated-electrode leads to the formation of a hydroxyl gradient from the surface and thus a localized increase of the pH which triggers the dissolution of the film. H-bonded TA LbL were also realized with poly(Nisopropylacrylamide) and poly(2-isopropyl-2-oxazoline). 119 TA/thrombin LbL were deposited onto porous gelatin sponges which were shown to promote hemostasis making these functional materials potential coatings to prevent hemorrhage. 120 Hydrogen-bonded TA LbL assemblies were built on silica microparticles in order to create microcapsules by removing the silica. 121 The permeability of the resulting capsules was pH responsive and thus could be tuned, making them suitable for the loading or the releasing of functional molecules. The mechanical properties of these capsules were studied in dry and liquid states. 122 They had an elastic modulus of 700 MPa in dry state and around 0.5 MPa when swollen. The value in liquid could be enhanced and tuned by adding a pre-layer of PEI to the construction and by using a PVP of greater molecular weight. PVP/TA LbL films were deposited on cell surfaces. 123 These coatings are biocompatible and the entrapped cells showed good viability. Moreover, gallol groups of tannic acid allowed surface immobilization of the cells.

In 2013, Caruso and coworkers introduced a new concept: the one-pot assembly of tannic acid/Fe(III) films and capsules. 124 As catechol moieties, gallols coordinate metals such as Fe(III) in a pH dependent manner. Thus by mixing Fe(III) and TA in solution, dipping any substrate (planar surface, microparticles) in this solution and then increasing the pH, a film of TA cross-linked by Fe(III) is assembled on the surface (Figure 1 .22). As TA has an affinity with various types of materials, this process is versatile and can be applied to any kind of substrate. The concept was extended to others metallic ions such as aluminum, vanadium, chromium, cobalt… 125 and to small phenolic molecules: gallic acid, pyrogallol and pyrocatechol. 126 As mono-complexes are formed at acidic pH, these capsules can be diassembled in acidic medium. TA/Fe(III) capsules are permeable to macromolecules. Thus, it is possible to load them with drugs and then diassemble them at acidic pH for drug release applications. 127 Europium and terbium/TA capsules can be used for imaging applications. LbL were developed based on the same principle. 129 In that case, Fe(III) and TA are not mixed together in solution and the deposition occurs by dipping a substrate alternatively in TA and Fe(III) solutions resulting in a layered organized coating compared to the randomly distributed one-step coating. Recently, Jia and coworkers studied the influence of different parameters on the behavior of TA/Fe LbL films. 130 They showed that the order of addition of TA and Fe(III) greatly changes the film growth. When NaOH is added to the mixture, no significant effect on the thickness of the films was observed. However, the morphology of the films changes going from large aggregates to smaller ones, and the stability of the films was greatly improved. This effect is attributed to the formation of tris-complexes (ratio Fe/gallol: 1/3). Finally, they observed that surfaces with low wettability promote film formation due to hydrophobic effect between the surface and TA. Another study showed that when films are assembled at pH 5, the interaction between Fe(III) layers and TA layers is dominated by electrostatic interactions and not metal-ligand interactions. 131 TA/Fe(III) were mixed with graphene oxide to improve the late one's mechanical properties. 132 Indeed, this process creates cross-links between the graphene oxide sheets, enhancing their cohesion. TA/Fe(III) films were also deposited on living cells. 133 The films present good cytocompatibility, and cytoprotection towards UV-irradiation, bacterial binding and silver nanoparticles. Moreover, the shell can be easily removed (Figure 1.23) if needed as TA/Fe(III) are easily degradable. A melamine sponge was also functionalized with TA/Fe(III) films. 134 Free gallol groups were used for a second step functionalization of the sponge with 1-dodecanethiol through covalent bonding between thiol and oxidized catechol conferring superhydrophobic and fire-resistant properties to the material.

Tannic acid was also used to create 3D gels, by mixing it with Fe(III) and PAH. 135 The process is very similar to the one introduced by Messersmith in 2011 (see above). [START_REF] Holten-Andersen | Ph-Induced Metal-Ligand Cross-Links Inspired by Mussel Yield Self-Healing Polymer Networks with near-Covalent Elastic Moduli[END_REF] All three compounds are mixed at acidic pH and the mixture is then brought to more basic pH by adding NaOH. As mentioned before, basification of the solution triggers formation of bis-and tris-gallol/Fe(III) complexes, but also enhances catechols oxidation into quinones which further react on the amine functions of PAH. Thus, the resulting 3D-network is composed of PAH chains covalently cross-linked by TA while TA itself is cross-linked by Fe(III). TA is mixed only with PAH or Fe(III), no gel can be obtained. DNA-TA gels can also be designed. 136 Indeed by simply adding TA to a DNA solution, a hydrogel is spontaneously formed by cross-linking of DNA by TA through hydrogen bonding (Figure 1 .24). These gels can be dissolved by TA's ester bond hydrolysis at basic pH, creating a DNA release. TA was also used as an intermolecular crosslinker through hydrogen bonds in PEG hydrogels. 137 Polyphenols, in particular TA, can form coatings. 138 The principle is quite simple and consists in the dip coating of a substrate in a solution of polyphenol during several hours without stirring followed by a rinsing step. TA, pyrogallol, epicatechin gallate, epigallocatechin gallate and epigallocatechin, as well as crude extracts of red wine, cacao bean and green tea, were used on various kinds of substrates (metals, polymers etc) and with different shapes (planar surface, particles) (Figure 1.25). Even if the mechanism is not fully understood, it seems to occur through self-polymerization of polyphenols by radical reaction between oxidized phenolic moieties. These coatings allow to immobilize PEG chains for antifouling applications and metals for plasmonic tuning applications. The redox properties of polyphenols can also be used for the design of anti-oxidant coatings. 138 It appears that not all polyphenols can form coatings in these conditions. 139 Other polyphenols were used to create functional materials. For example, epigallocatechin-3gallate (EGCG) was grafted on collagen fibers used as support for palladium nanoparticles through catechol-metal complexation, creating a catalytic network of collagen. 140 More recently, EGCG was used to create assemblies for cancer therapy. 141 More precisely, Herceptin (an anticancer protein) forms nano-micelles through complexation with EGCG. This core was functionalized with EGCG-modified PEG chains to form a protective shell. Herceptin carriers showed greater anticancer impact than the protein alone. Tea polyphenol were also used to create hybrid metal-organic nanostructures. 142 To do so, tea polyphenols were directly extracted from tea leaves, and were mixed with either silver or gold ions. Self-assembly was then triggered by microwave-assisted oxidation leading to covalent cross-linking between tea polyphenols. The resulting nanostructures were made of metallic core and self-polymerized tea polyphenols around the metallic core. Ag/tea polyphenols structures display good antibacterial activity without expressing cell toxicity.

Electrodeposition of Macromolecules towards the morphogenic approach

Functional materials are predicted to have an enormous impact on many aspects of society, including next generation health care and energy-related technologies. Control of the interactions between material surfaces and their environment can be achieved by tailoring their surface properties, especially through the application of coatings. Bottom-up approaches, using self-assembly principles, are increasingly considered to be one of the most appropriate routes for functional materials design. 143 Different techniques of surface functionalization forming a thin film on a surface, such as Langmuir Blodgett, self-assembled monolayer, adsorption or grafting of polymer and LbL deposition of polymers, have been developed depending on the nature of both the material and the deposited molecules or macromolecules. Since almost 40 years, numerous complex and hierarchical structures have been described. 144 Still, almost all the structures obtained by mixing molecules were realized in solution. Molecular architectures that spontaneously grow exclusively near a surface are rare. This comes from the fact that the molecules composing the architectures generally interact one with the other immediately or rapidly in solution forbidding self-assembly exclusively on a surface. Using a localized stimulus seems to be the best way of inducing a film buildup. Electrodeposition is a process in which imposed electrical "signals" are employed to direct the buildup of thin films. Electrotriggered formation of films can be divided into three categories: precipitation of macromolecules, selfassemblies of polyelectrolytes or physical gel and electrodeposition of polymeric films based on covalent bonds. We will rapidly review them here.

Electrodeposition through macromolecule precipitation 1.2.1.1 Electrodeposition of paints

Electrodeposition of macromolecules through precipitation is a process that has been discovered almost a century ago and is now referenced as electrodeposition of paints. Indeed, some patents from the first half of the XX st century describe examples of electropainting on conductive surfaces. [145][146][147] All the processes were based on the deposition of natural resinous materials, such as rubber. Finding no application in the industry, research on this topic was somehow forgotten. 148 During the 1950s, coating processes were greatly needed with the explosion of the car industries in order to protect metallic surfaces from rust. Thus, parallel researches were made between Ford Motor & Company and several paints companies in order to develop water-soluble paints that could be electrodeposited. The deposition of a cathodic paint is based on the use of a water-soluble polymer at acidic pH which becomes insoluble at basic pH by deprotonation. A gradient of hydroxyl ions is generated from the electrode by water electrolysis obtained at potential above -2 V, leading to a pH increase and thus to polymer deposition. Anodic paints were also developed corresponding to soluble polymers at basic pH and insoluble at acidic pH. In this case, a gradient of protons is generated by water electrolysis at 50-400 V. Cathodic paints are mostly polycationic and anodic paints are polyanionic. Cathodic paints are mainly used to prevent corrosion in car industry. 149 Numerous papers and reviews, published at the end of the XX st century, describe the fundamental aspect of the electrodeposition process, [150][151][152][153][154] and the chemistry of the paints and the binders. [155][156] In 2002, Schuhmann and co-workers found new applications of paint electrodeposition in the field of enzymatic biosensors. 157 Indeed, the electrodeposition process allows to co-deposit enzymes by physical entrapment in the coating. It was done for several enzymes or molecules such as glucose oxidase, 157-165 alcohol oxidases, 166-167 alkaline phosphatase 164 and metalloporphyrins. 168 Bi-enzymes sensors were also designed for ATP detection 169 and alcohol sensing. [170][171] In order to improve the electron transfer in the coating, redox polymers were used such as osmium functionalized polymers. 164,166,[170][171][172][173][174][175][176][177] Different types of electrodes can be functionalized using this process: micro-electrodes, 157 tip-like electrodes 160 or porous electrodes. [163][164] Enzyme loaded electrodeposited films can also be used for biofuel cell applications. 178 It should be noted that electrodeposition of paints were also used to coat Janus particles by bipolar electrodeposition. 179 Janus anisotropic particles could be used in applications such as e-paper, sensing and photovoltaics. The mechanism can be divided into two parts: (i) the electrophoretic motion of charged chitosan chains under the electric field, 184 and (ii) chitosan precipitation due to pH change in the vicinity of the electrode. Using a microfluidic device with sidewall electrodes under an optical microscope, the presence of a pH gradient has been confirmed near the electrode. This gradient triggers the precipitation of chitosan. 185 The electrodeposited chitosan hydrogel has a semi-a b c crystalline nature. 186 Electrochemically inactive, it is permeable to cationic and anionic probes. 187 Moreover, anionic probes can be confined inside the gel. The deposited thickness is controlled by different parameters such as the time of deposition or the applied current density. 180,188 The morphology (pores size and connection) of chitosan gels can be tuned by changing the pH, the salt concentration or the nature of the acidic solution used to solubilize chitosan, i.e. acetic solution, malonic acid or citric acid. [189][190] Built at high salt concentration, chitosan gels are less homogeneous. The spatial control of the deposition was shown using a wire electrode, 191 a patterned template with an edge sharpness of 0.5-1.0 µm 192,188,193 and confined micropores with a diameter of 3-8 µm (Figure 1.29). 194 Photoconductive cathodes were used to produce hydroxide ions by light illumination and to produce electrochemically patterned chitosan by patterned light. 195 

Electrochemical deposition of chitosan hydrogels

Chitosan co-deposition and applications

Since its discovery, electrodeposited chitosan was used for applications in various fields. Codeposition allows the design of hybrid organic/inorganic coatings for diverse applications. A wide range of enzymes were also entrapped in electrodeposited chitosan for biosensing applications.

Hybrid electrodeposited chitosan

As chitosan can be electrodeposited with various inorganic components, it is an ideal candidate for the microfabrication of nanoparticle platforms. These platforms can be used for electrochemical sensing, in vivo imaging, fluorescent labeling and nanocomposite devices.

Chitosan was co-deposited with latex nanoparticles, 196 ZnO particles, 197 ZnS quantum dots, 198 carbon dots 199 or magnetic nanoparticles. 200 ZnS quantum dots electrodeposited with chitosan allowed to build fluorescent patterned coatings (Figure 1.30). 198 The fluorescence intensity can be tuned by controlling the deposition parameters such as the deposition time and the concentration in quantum dots.

Figure 1.30: Illustration of electrodeposition of ZnS quantum dots and chitosan on gold electrode. 198

Manganese dioxide nanowires were deposited with chitosan for cysteine sensing. 201 Trichloroacetic acid and nitric oxide sensors were designed by depositing chitosan with silver nanoparticles 202 and hemin, and with an iron containing porphyrin, and carbon nanotubes, 203 respectively. Very recently, Payne and co-workers created magnetic soft matter by depositing magnetic nanoparticles with chitosan while applying both electric and magnetic fields leading to the formation of magnetic nanoparticle channels in a chitosan matrix. Moreover, the nanoparticles assembly was reversible and can be removed. 200 These magnetic interfaces could be used for sensing and separation of magnetic beads-modified biological species. Molecularly imprinted hybrid films for p-nitrophenol sensing were developed using phenyltrimethoxysilane, having the ability to self-condensate and to cross-link with chitosan, HAuCl4 salt, as precursor of gold nanoparticles obtained by electrochemical reduction, and p-nitrophenol, as a template, establishing H-bond interactions with chitosan (Figure 1.31). 204 Chitosan was also co-deposited with alginate and Prussian blue in order to build a microbial fuel cell 205

Biosensors

Electrodeposited chitosan films were widely used in order to develop biosensors by codeposition with enzymes. 206 The first examples of glucose biosensors were based on chitosan electro-co-deposited with glucose oxidase and inorganic nanomaterials, such as gold nanoparticles, 207-211 carbon nanotubes, [212][213][214] MnO2 particles [215][216] , nickel nanoparticles 217 and graphene oxide. [218][219] The co-deposition of inorganic nanomaterials improves biosensors properties. Prussian blue modified electrodes [220][221] or ionic liquids [222][223][224] allow to improve the sensitivity and the stability of the response. Scanning electrochemical microscopy was used to locally immobilize glucose oxidase, 225 horseradish peroxidase [226][227] and carbon nanotubeschitosan hybrid materials for cytosensing, 228 the impedance of electronic transduction being related to the amount of the adhered cells. Acetylcholine, choline, polyphenol, superoxide anions and adrenaline biosensors were created by co-deposition of chitosan with acetylcholine esterase, [229][230][231][232][233][234] choline oxidase, 235 laccase, 236 superoxide dismutase, 237 and tyrosinase. 238 More recently, bi-enzyme sensors were created with both glucose oxidase and horseradish peroxidase 239 or β-glucanase. 240 An immunosensor can be designed by cross-linking a specific antibody to chitosan 241 and using chitosan grafted with ferrocene to improve its performance. 242

Biosensors were also developed by post-functionalization of electrodeposited chitosan with oligonucleotides, virus, phenol or catechol bearing molecules, proteins and enzymes. DNA probes can be cross-linked on the film through glutaraldehyde chemistry. [243][244] A filamentous virus, the tobacco mosaic virus was assembled on patterned chitosan through nucleic acid hybridization. 245 It should be noted that DNA hybridization was also detected by depositing chitosan and an oligonucleotide-probe on a cantilever. 246 By using a chitosan chemically modified with biotin moieties, streptavidin was adsorbed on microelectrodes allowing spatial selectivity of biotinylated protein assemblies. 247 Proteins can be grafted on chitosan gels by electrochemistry. Electrogenerated reactive mediators, such as HOCl and OCl -obtained at 0.9 V (anodic potential) in the presence of NaCl, can oxidize chitosan to generate aldehydes which react with primary amines through Schiff base formation to cross-link proteins, 248 such as glucose oxidase. 249 Azide-tagged proteins were cross-linked on chitosan gels by electro-click chemistry based on Cu(I) catalyzed Huisgen reaction. 250 Cross-linking of phenol or catechol based molecules to chitosan was done by applying an anodic potential [251][252][253][254] or by tyrosinase, an enzyme known to oxidize catechol. 255 Oxidized phenol and polyphenol can react with amino groups of chitosan, improving the mechanical 251, 256 and the electrochemical 252 properties of chitosan gels. Catechol modifiedchitosan gels present a redox activity and allow to amplify the electrochemical signal of redox probes. 257 Even if the catechol-modified chitosan is not conductive, it improves redox signal detection through exchange of electrons with redox probe and the catechol moieties (Figure 1.32). These gels can be considered for electrons storage applications.

Figure 1.32: Schematics and thermodynamic profile of the two mediators (Fc and Ru(III)) that can engage oxidative and reductive redox-cycling mechanisms between the phenolic film (QH2/Q) and ITO electrode. 258

The reactivity of phenolic compounds (containing catechol moieties) with chitosan was used to develop an antioxidant phenol film. 259 The phenolic compounds diffuse through the chitosan film to the electrode where they are anodically oxidized and undergo reactions with the chitosan film. This reaction has an effect on the optical properties of the colorless and transparent chitosan gels. The properties of catechol modified chitosan was used to detect a redox bacterial metabolite, the pyocyanin, 260 for clozapine sensors, [261][262][263] natural phenols (melanin, lignin and humic acid), 258 to develop insoluble clove 264 and antipsychotics. 265 GFP proteins, [266][267] gelatin, [268][269] tyrosine-peptides [268][269] and chlorogenic acid 270 with catechol moieties were crosslinked to chitosan gels using tyrosinase. Crosslinking of caffeic acid improved the mechanical and redox properties of the electrodeposited chitosan gel. 271 A fusion protein, named HLPT and bearing tyrosine, was covalently cross linked to a chitosan electrodeposited film in order to electronically induced collective bacterial behavior. 272

Biomedical applications

Hydroxyapatite (Hap) which is a natural mineral, is the major mineral constituent of tooth enamel, dentin and bones and is widely used in biomedical applications. Chitosan is known to be biocompatible. Thus hybrid biocompatible coatings were developed by electro-deposition of chitosan and Hap, [273][274][275] poly(ethylene oxide), 276 gelatin 277 and bioactive glass. [278][279][280][281] Electrochemical studies of chitosan co-deposited with Hap, 273,[282][283] in combination with silica 284 , CaSiO3 particles 285 , carbon nanotubes [286][287] and halloysite nanotubes, 288 show the prevention of corrosion of the substrate. Different bioactivities were implemented in chitosan gels by incorporation of carbon nanotubes and proteins to enhance cell adhesion, 289 of hexagonal boron nitride, 290 TiO2, 290 silver nanoparticles 291-292, 293 294 and antibiotic 295 to confer antimicrobial properties and heparin to improve blood compatibility. 296 Electrodeposited chitosan gels were co-deposited to create drug delivering surfaces, with bioglass and an antibiotic, 297 298 gelatin loaded with ampicillin, 299 insuline and layered double hydroxide 300 and ibuprofen. [301][302] The release of ibuprofen is obtained by dissolving the film with the application of an anodic potential. A micro-robotic drug-delivery device was developed by co-depositing a model drug: the Brilliant Green, in intravitreous injections capsules used by a robotic device. 303

Electrochemical deposition of other polymers

Others polysaccharides were electrodeposited. Alginate 304 or hyaluronic acid 305 were also electrodeposited but by applying an anodic potential, leading to a pH decrease in the vicinity of the coated electrode. Indeed, alginate in contrary to chitosan is soluble at basic pH and insoluble at acidic pH. An amperometric biosensor was created by co-deposition of alginate with horseradish peroxidase. 306 As for chitosan, these composite films were prepared by electro codeposition with other compounds such as carbon nanotubes, 286 cellulose nano-crystals, 307

PHBV microspheres, 308 bioactive glass, 309 nanostructured TiO2, 310 and hydroxyapatite. 311 A multilayer system can be created by applying alternatively a cathodic potential for chitosan electroprecipitation and an anodic potential for alginate electrodeposition 312 . It should be noted that electrodeposition was also carried out for chiral polymers such as poly(L-lysine) and poly(L-ornithine) 313 . Other polymers were also electrodeposited, such as poly[-3(3-N,Ndiethylaminopropoxy)thiophène] and poly [9,9-bis(diethylaminopropyl)-2,7-fluorene-co-1,4phenylene], [314][315] poly(acrylic acid). 316-317

Electro-precipitation of enzymes

Electro-precipitation of enzymes is a process based on the application of an electric potential to induce the precipitation of an enzyme on the surface of an electrode. Two different processes are described in the literature: the electrochemical deposition and the electrophoretic deposition of enzymes. 318 Both are based on the electrolysis of water which generates a proton gradient in an enzymatic solution and thus leads to the aggregation and precipitation of enzymes when the local pH reaches the isoelectric point (pI) of the enzyme.

Electrochemical deposition of enzymes

Electrochemical deposition of enzymes is based on the application of relatively low constant voltages (0-2V) and on the use of highly conductive solution. Buffer with high ionic strength are often used to screen the enzyme surface charge which limits its motion in an electric field.

Only enzymes present in the vicinity of the electrode are deposited leading to thin coatings (few hundreds of nm). Electrochemical deposition of enzymes was introduced by Wang et al. to create collagen-enzyme biocatalytic membranes. 319 The process was also performed for various enzymes or proteins such as glucose oxidase, 320-323 horseradish peroxidase, 324 laccase, 325 or avidin. 326 Electrochemical deposition of enzymes can be coupled with electropolymerization of conductive polymers to physically entrap enzymes in a conductive matrix. 327 It was done with polyaniline, 328 polypyrolle, [329][330][331] poly (3,4-ethylenedioxythiophene), 332 poly-oaminophenol, 325,333 or poly(o-phenylenediamine). 334 These coatings were mainly used for biosensors and micro-biofuel cell application. 335 To improve the performance of the obtained coatings, enzymes were codeposited with other compounds such as anionic clay, 336 carbon nanotubes, 236, 332 palladium nanoparticles 337 or redox mediators/polymers. 335,338 Electrochemical deposition was processed on various conductive substrate such as porous copper films, 339 platinum black modified electrode, [340][341] or colloidal gold solutions. 342

Electrophoretic deposition of enzymes

Electrophoretic deposition of enzymes is based on the electrophoretic motion of enzymes. In this process, high voltage (few hundreds of volts) are applied using low ionic strength solutions of enzymes. 343 Having a high surface charge due to low charge screening, all the enzymes present in solution contribute to the film buildup. The obtained coatings are much thicker (several µm) than the one deposited by electrochemical deposition. Electrophoretic deposition of enzymes was introduced in 2009 by Ammam and coworkers using glucose oxidase. 344 Different enzymes, such as β-galactosidase, 345 laccase, 346-347 catalase, [347][348] or glutamate oxidase 349 were immobilized using this process for biosensing and micro-biofuel cell applications. Electropolymerization of polypyrrole was coupled with electrophoretic deposition. 346, 349

Electrogelation of silk

Recently, the electrogelation of silk, obtained from silkworm, has been developed using high potentials (up to 30 V). [350][351] By applying the electrical potential, silk gels were deposited from a silk solution around the positive electrode (Figure 1.33). 350 The gel, stable when the electrical potential is stopped, can be dissolved by reversing the polarity of the electrode while a new gel is created on the other electrode (Figure 1.33). Theoretical finite-element electrodiffusion model using classic diffusion and ion migration equations under an electrical potential supports experimental pH measurement. 356 These models confirm that silk electro-gel construction is governed by the proton gradient generated from the electrode. Such gels can be deposited on different electrode materials such as copper, aluminum, gold or platinum with various geometries. 350 By using a ring-shaped electrode a thin transparent film with no underlying surface was obtained. 357 This new fabrication process allows to confer three dimensionality and crystallinity to the gels which was not reached with the previously described processes. Their mechanical properties can be tuned with the time of application or the intensity of the electric potential. [358][359] Mainly in random coil state, silk gels are lacking thermal and mechanical stability for biomedical applications. Cross-linking of the gel was obtained chemically by using glutaraldehyde and physically by inducing β-sheet crosslinks through ethanol dehydration. 360 Very recently, these gels were studied as potential coatings for bone implants 361 . To add a biological activity to the gel, silk fibroin was chemically modified with tetracycline, an antibiotic. Making the protein positively charged, electrophoretic deposition was proceed on a titanium cathode. 362 These coatings show acceptable cell affinity and good antibacterial activity.

Electrochemical deposition through polyelectrolytes selfassembly 1.2.2.1 Electric-field assisted Layer-by-Layer

A derivate technic of the LbL process, the electric-field directed layer-by-layer assembly (EFDLA), was introduced by Gao and co-workers in 2002. 363 EFDLA allows to design enzyme/polyelectrolytes multilayers for biosensing applications, 367- 368 multilayers functionalized membranes for isopropanol-water separation, 369-370 multilayers sensors for pH measurement, 371 PEI/Graphene Oxide multilayers for ultrahigh hydrogen barriers, 372 conductive multilayer assemblies, 373 hydrophobic films by depositing chitosan/lignosulfonate multilayers 374 or quantum-dots modified electrodes as photoelectrochemical device for reduction of carbon dioxide. 375

Electro-self-assembly of polyelectrolytes

First studies about the adsorption of macromolecules by the application of an electric potential deals mainly with proteins. [376][377][378][379][380][381] Already in these results, a surprising phenomenon was observed: adsorption of positively charged proteins occurs also when a positive potential is applied on the surface. In 2003, the adsorption of poly(vinyl pyrolidone) on an electrode was studied with the application of different electric potentials. [382][383] These articles underline the fact that the adsorption of polyelectrolytes on a charged electrode (obtained during the potential application) is not only driven by electrostatic interactions. Indeed even when the electrode is positively charged, poly(vinyl pyrolidone) still adsorbs on the surface. This counterintuitive result was also observed for poly(L-lysine)-grafted-poly(ethylene glycol) under a range of anodic potentials going from 0 to 1.5 V (vs Ag/AgCl), 384 during the buildup of poly(L-Lysine)/dextran sulfate (PLL/DSX) and poly(allylamine)/poly(styrene sulfonate) (PAH/PSS) 385 multilayers at potentials ranging from 1.0 to 2.0 V (vs Ag/AgCl), and for PLL/DNA multilayers at 1.2 V (vs Ag/AgCl). 386 The following argument was raised: when no electric potential is applied, polyelectrolytes adopt a flat conformation on the surface preventing further adsorption of polymers while under an applied potential, they adopt a random coil conformation allowing more material to be immobilized on the surface and thus to thicker layers. Van Tassel and coworkers highlighted a phenomenon of continuous adsorption of a polyelectrolyte during the application of a potential (between 1.2 to 1.5 V (vs Ag/AgCl)). 387 A continuous adsorption applying an anodic potential (positive) was observed for several polycations such as PLL, poly(L-ornithine) and PAH. These results were explained by a polymer-polymer binding due to weak interactions (Van der Walls, close-range) and counterion condensation. 388 In 2012, Van Tassel wrote a review to make a summary of the influence of an electrical potential on assembly and disassembly of polyelectrolytes. 389

Very recently, our team introduced a new way to electrotrigger the assembly of oppositely charged polyelectrolytes by using a charge shifting polymer. 390 More precisely a polycation, (PAH) was modified with dimethylmaleic functions turning the polycation into a charge shifting polyanion PAHd (Figure 1.37a).

Figure 1.37: (a) Principle of the charge-shifting polyelectrolytes: PAHd (negatively charged) hydrolyzes under acidic conditions into PAH (positively charged). (b) Schematic representation of the one-pot self-assembly of the PAH/PSS film triggered by the application of a constant current leading to a pH decrease, transforming PAHd into PAH that complexes with PSS present in the solution near the electrode. 390

PAHd is negatively charged at basic pH. When the pH is decreased, PAHd is hydrolyzed into positively charged PAH. PAHd was mixed with another polyanion, poly(styrene sulfonate) (PSS). Due to electrostatic repulsion, there is no interactions. In the presence of hydroquinone in the polyanionic mixture, the application of an anodic current allows generating protons by oxidation of hydroquinone leading to an acidic pH gradient in the vicinity of the electrode. The hydrolysis of PAHd into PAH is obtained in a confined area and triggers the localized assembly of PAH and PSS through electrostatic interactions on the electrode (Figure 1.37b). Another charge shifting polymer was also used for the electrotriggered self-assembly of polyampholytes using the same strategy. 391

Electro-self-assembly through ionic activation

Self-assembly of alginate gel can be obtained by an ionic activation. Alginate is an acidic polysaccharide that forms a biocompatible hydrogel in the presence of divalent cations, such as calcium ions. These cations ionically crosslink carboxylate groups of alginate, leading to a gel formation. 392 In 2009, Payne and co-workers found a way to build a calcium alginate gel from a surface under an electrical potential (Figure 1.38a). 393 An electrode is immersed in a mixed solution of alginate and insoluble calcium carbonate CaCO3. An anodic current is applied to induce by water electrolysis a pH gradient near the anode. The protons reach out CaCO3 particles to dissolve them (partially) releasing free calcium ions. Then, calcium ions interact with alginate to form a gel from the surface. 394 Going further, these gels can be co-deposited with cells or bacteria on patterned surfaces in microfluidic devices allowing in-time visualization of the film growth (Figure 1.40a). [396][397] Cells or bacteria entrapped in an electrodeposited calcium alginate gel remain viable. 393,397 Moreover, different types of bacteria can be deposited simultaneously or separately in multilayers. By using a patterned ITO electrodes, Matsue et al. achieved to obtain cells spheroids culture in alginate gel microwells. 398 Because these gels are highly hydrated, molecules and macromolecules can diffuse within the gel. Thus, cells and bacteria remains sensitive to chemical stimuli allowing to design model biofilms to study cell signaling 397 or immunoanalysis. 399 Alginate was co-deposited with hemoglobin onto a porous Co-Ni film to obtain drug delivery platforms. 400 It should be noted that vascular-like structures were developed by co-deposition of alginate calcium with cells on a platinum wire electrode. 401 In 2013 to obtain CaCO3 particles free alginate gel, Payne and co-workers improved their method. 402 A first layer of electrodeposited alginate/CaCO3 particles gel was used as a reservoir of calcium ions to form a second layer of alginate when put in contact with a calcium free alginate solution (Figure 1.41). Very recently, the electrodeposition of alginate was coupled with a magnetic device in order to create 3D organized assemblies of cells in the alginatecalcium electrodeposited gel. 403 Electropolymerization is a field itself and will not be discussed in detail here as it was already done in several of reviews. 407-409

Electrochemical-Coupling Layer-by-Layer

Electrochemical-coupling Layer-by-Layer (ECC-LbL) consists in an enhanced version of LbL assembly, where an electrotriggered cross-linking of the polymer layers is added between each deposition step. In 2010, the first example described was based on two polyelectrolytes bearing 

Electro-crosslinking of polymers

In 2011, our group introduced a new concept in the field of electrodeposition of polymers that can be named electro-crosslinking of polymers. 415 No example of electrodeposition of preexisting polymers assemblies based on covalent bonds were described previously.

Electrotriggered Cu I -catalyzed click reaction between azide and alkyne functionalized polymers solution was used . 416 When an electric potential (cyclic voltammetry from 0.35 V to 0.5 V vs Ag/AgCl) is applied, Cu (II) is reduced to Cu (I) and the reaction between the azide and the alkyne functions is triggered leading to the film assembly from the surface of the electrode. The same principle was also used with an alkyne-grafted polymers and a short azide-modified ethylene glycol spacer. 417 By playing with the size of the ethylene glycol spacer, the thickness and the morphology can be tuned. Different type of polymers can also be used, for example mixture of alkynylated chitosan and azidated chitosan can be electro-crosslinked in presence of Cu (I). 418 Click-based electrocrosslinking of polymers was also used to assemble films based on supramolecular interactions. [419][420] Figure 1.43: One-pot formation of films using electrochemically controlled click chemistry. 415 Another system based on another chemical reaction was described by Payne and co-workers in 2012. Using a solution containing chloride ions, the application a constant current density ( 4A/m 2 ) induces the electrogeneration of chlorine species. In the presence of chitosan, chlorine partially oxidize the polysaccharide forming aldehydes that can further react covalently with amine moities present in chitosan structure (Figure 1.44). 421 Recently, redox polymers were electro-crosslinked by using short protected bis-thiol or bis-amine spacers, which deprotect in acidic or basic conditions. 175 Thus, by generating a proton or hydroxyl gradient by water electrolysis, the spacers were activated in the vicinity of the electrode leading to the crosslinking of the redox polymers on the surface. 

Material and sample preparation

All the solutions were prepared using ultra-pure water with a resistivity of 18.2 MΩ.cm (Milli-Q-plus system, Millipore). were purchased from Sigma-Aldrich. Tannic acid (TA) and gallic acid (GA) were purchased from Alfa-Aesar. Table 2.1 gives a view of the structures of all the molecules used.

Low molecular weight molecules

Tannic acid and iron (II) sulfate heptahydrate were prepared at 1 mg/mL in 150 mM KPF6 solution at pH = 3, unless otherwise stated. Rosmarinic acid, gallic acid were prepared at 1.3 mg/mL and 5.3 mg/mL in 150 mM KPF6 solution at pH = 3 respectively. 100 mM EDTA solutions were prepared in 150 mM KPF6 solution at pH = 3 or pH = 7.4.

Synthesized molecules

Bis-catechol

Bis-catechol is an original molecule displaying a catechol group at each end of a linear oligoethylene oxide chain, prepared in five steps from dopamine and3,6,9 General information: All starting materials were obtained from commercial suppliers and were used without further purification. Dopamine hydrochloride was purchased from Aldrich.

TUDA was purchased from Iris Biotech. All dried solvents were purchased from Acros

Organics. 4, 146.2, 144.6, 132.2, 121.1, 116.9, 116.3, 79.9, 43.3, 36.6, 28.8.

N-tert-Butoxycarbonyl-3,4-dibenzyloxyphenylethylamine

Boc-dopamine (5.35 g, 21.1 mmol, 1.0 eq.) was dissolved in acetone (150 mL) under Ar. Then K2CO3 (20.4 g, 147.7 mmol, 7.0 eq.) was added in one portion followed by BnBr (12.6 mL, 105.5 mmol, 5.0 eq.). The flask was wrapped with Al foil and the resulting mixture was stirred under Ar for 15 h. The crude was filtered to remove K2CO3 and rinse with additional acetone.

The filtrate was evaporated and the residue was purified by recrystallization (AcOEt / n-Hex)

to give the desired product as a white solid (7.84 g, 85%); FTIR (neat, cm -1 ) 3378, 3069, 1679; 3, 132.4, 128.4 (two carbons overlapped), 127.8, 127.7, 127.4, 127.3, 121.7, 116.0, 115.5, 79.2, 71.5, 71.4, 41.8, 35.7, 28.4.

Trifluoroacetate salt of 2-(3,4-bis-benzyloxyphenyl)-ethylamine

N-tert-Butoxycarbonyl-3,4-dibenzyloxyphenylethylamine (6.74 g, 15.5 mmol, 1.0 eq.) was dissolved in CH2Cl2 (40 mL) and treated with TFA (5 mL) for 4h. The resulting reaction mixture was then concentrated under reduce pressure to give the desired product as a colorless oil (7 g, quantitative yield) which was used in the next step without further purification. (m, 20H); 13 C NMR (CDCl3, 100 MHz) δ 169. 5, 149.1, 147.7, 137.3, 137.2, 132.2, 128.4, 128.4, 127.8, 127.7, 127.32, 127.26, 121.6, 115.8, 115.4, 71.44, 71.37, 70.7, 70.5, 70.1, 40.0, 35.1.

Bis-catechol

Debenzylation of benzyl protected bis-catechol (4.63 g, 5.43 mmol, 1.0 eq.) in THF (60 mL) was carried out under H2 atmosphere 24 h at room temperature in the presence of 10 % palladium on carbon (130 mg). The reaction mixture was filtered through Celite and the solid was washed with THF. Evaporation of the filtrate afford the desired product as a white highly hygroscopic solid (2.7 g, quantitative yield). FTIR (neat, cm 5, 146.3, 144.8, 131.8, 121.1, 116.9, 116.4, 71,8, 71.2, 71.1, 41.6, 35.7. ). 13 C NMR (CDCl3, 100 MHz) δ 71. 50, 75.39, 109.94, 124.34, 127.70, 128.20, 128.29, 128.43, 128.73, 128.79, 136.79, 137.62, 143.48, 152.83, 171.20. HRMS (ESI) m/z calculated for C78H115N12O33 (M+H) + 1747.768, found: 1747.770

Gallol

N-(2-{2

Polymers

Poly(allylamine hydrochloride) (PAH) and poly(diallyldimethylammonium chloride) (PDADMA) were purchased from Sigma-Aldrich. 

Enzyme

Alkaline phosphatase (AP) with an isoelectric point between 4.4 and 5.8 was purchased from Tokyo Chemical Industry. 

Methods

Electrochemical Methods

Different electrochemical methods have been used in order to trigger the self-construction of films from an electrode: cyclic voltammetry (CV), chronopotentiometry and chronoamperometry. All these methods are described in the following paragraph.

Three-electrode electrochemical set up

In order to perform electrochemical measurements in our system, the quartz crystal microbalance has been coupled with an electrochemical workstation (CHI660E) and a threeelectrode set up. We first describe a classic set up in electrochemistry which consists of a working electrode, a reference electrode and an auxiliary electrode (Figure 2.3).

Figure 2.3: A typical 3-cell electrode used in cyclic voltammetry

Working electrode: the WE is made of a quartz crystal coated on both side with a conductive layer, gold or indium tin oxide (ITO) in our case. More precisely the working electrode is the top layer of the crystal which is in contact with the solution containing the electro-active species.

Reference electrode: the RE usually contains a redox couple which has a stable and well-known potential. Thus, when a potential difference is measured, knowing the reference electrode potential, one obtains the potential of the working electrode. It is conventionally accepted that redox couple 2H + /H2 has 0V standard potential (at pH=0 and p(H2)=1 atm) and the potential of other redox reactions are referred to it. This redox couple is defined as standard hydrogen electrode (SHE). However, it is rarely used as RE due to its complicated set up. For this work, we used a silver chloride electrode based on the Ag/AgCl redox couple as reference electrode.

Its standard potential is 0.208 V SHE at 25°C (vs hydrogen electrode). Hence, all the potential in the manuscript are referred to Ag/AgCl electrode.

Counter electrode: the CE is made of platinum in our case and its role is to provide the second electrode to pass the current in WE-CE circuit, i.e. to polarize WE (note that no current can be passed in WE-RE circuit in order to keep the potential of RE constant). In galvanostatic/galvanodynamic methods, the current passes through WE-CE circuit and the potential of WE is measured from WE-RE voltage. In potentiostatic/potentiodynamic methods, the potential of WE (controlled via WE-RE voltage) is adjusted to a certain value by passing a current in WE-CE circuit.

Cyclic voltammetry

Cyclic voltammetry is a method that uses the three electrode set-up in order to characterize oxydo-reduction reactions at electrode/electrolyte interface. A potential of WE is changed linearly in time and the current flowing through WE is measured as a function of the applied potential. The measured current contains the contribution from the charging of interfacial layer by adsorbing/desorbing electrolyte ions (forming so-called interfacial double layer, see also The equilibrium potential for a redox couple is given by the Nernst equation:
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Where E, the equilibrium potential is in V, E0 is the standard potential characteristic of the redox . In contrast to this case, if the electron transfer rate is slow, the peaks separation is larger than 0.2 V and the system is called irreversible. Also, if one of the electrochemical processes (reduction or oxidation) is much slower, oxidation and reduction peaks of very different intensities are observed: the system is also called irreversible.

Voltammetry showing peaks with a potential difference between them larger than BC DE is characteristic of a quasi-reversible system.

Capacitive and faradic currents

The intensity of the current measured during a cyclic voltammetry experiment is attributed to two phenomena at the electrode|solution interface: the capacitive current and the faradic current.

Thus, the current can be written with the following equation:
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Where i is the measured current and if and ic are the faradic and capacitive current intensities, respectively.

The capacitive current is due to a molecular organization of the solvent and the ions at the electrode|solution interface. Because they are charged species, ions in the vicinity of the electrode surface order themselves under the application of an electric potential and compensate the electrode surface charge. This is described by the "electrochemical double-layer" model also called Stern model 1 which is represented in Figure 2.6.

Figure 2.6: Schematic representation of the Stern model.

As it is mentioned in its name, this model separates the electrode|solution into two layers. A first dense layer, called Helmholtz layer, which is composed of desolvated ions of opposite charges with respect to the electrode surface. These ions, which have a low ionic mobility, screen the electrode surface charge and so decrease the electrode surface charge. Thus, this layer behaves as a resistance but as it is very thin it is negligible. The second layer is a diffuse layer of a few (or up to tens of) nanometers composed of ions. In this layer, the concentration of ions of opposite charges with respect to the electrode surface charge is higher than in the rest of the solution. These ions feel less the surface potential than the ones in the Helmholtz layer.

As the distance from the surface increases, the heterogeneous ion composition decreases to reach a homogeneous ion composition (solution). At low ionic strength, the ion distribution is predicted by Boltzmann-Hückel theory. The diffuse layer has an electric charge capacity and thus electrode/electrolyte interface behaves as a capacitor.

An analogy can be made between the charging of electrode|solution interface and a classic

Resistance-Capacitor (RC) circuit: the current of charging ic passing after application of potential step ΔE can be calculated with the following same equation for both systems:
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Here R is the total resistance of the electrode/electrolyte interface (mainly due to the diffuse layer and bulk electrolyte) and C is its capacitance.

A faradic current is observed when an electroactive molecule is present in solution, and that an effective electronic transfer occurs between the electrode and the electroactive molecule. Thus, an electrochemical reaction must take place at the electrode to measure a faradic contribution.

Electroactive species have to diffuse from the solution to the WE and adsorb onto it. Hence, diffusion of the electroactive species is of primary importance because the faradic current measured results from an interplay between the speed of consumption of the species at the electrode/solution interface and the diffusion of these species to the electrode. Once the electronic transfer has occurred, the oxidized or reduced species desorb from the electrode and diffuse into the solution.

When the concentration of the electro-active compound is very low, the capacitive current cannot be neglected but in our case the capacitive current is of the order of several microAmperes while the faradic current is of the order of hundreds of microAmperes. Thus, only the faradic part of the current resulting from electrochemical reactions at the WE will be considered.

Quartz Crystal Microbalance with Dissipation coupled to an electrochemical modulus (EC-QCM-D)

Quartz Crystal Microbalance is a device which allows following mass deposition on a surface with a detection limit of the order of 1 ng/cm 2 . Depending on the nature of the material deposited on the surface (metal, polymer…) and on the environment (air, water), different mathematical models allow to calculate the mass and the thickness of the deposit. It should be noted that the thickness calculated is valid for homogenous deposits and one must be cautious for inhomogeneous deposits.

Quartz Crystal Microbalance basics

The Quartz Crystal Microbalance (QCM) was developed by Sauerbrey in the early 60 th . It is based on the piezoelectric properties of a quartz crystal. Indeed, as other piezoelectric materials, when quartz is submitted to an electrical field, it is mechanically deformed (Figure 2.7) and vice versa. A quartz crystal sandwiched by two conducting layers of gold is used in our device. This system behaves as a harmonic oscillator with an associated resonance frequency fr which can be written:
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where k is the stiffness constant of the quartz crystal in N/m and M is its mass in kg. Hence, one can see that if the mass of the crystal is changed by depositing material on it, unavoidably its resonance frequency will decrease (Figure 2.8). By following the evolution of the resonance frequency of the crystal, it is therefore possible to follow the mass deposited on the crystal. In the case of a small amount of material deposited, on top of the crystal, of a mass m with m<<M , the resonance frequency can be written:
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Therefore, the difference of frequency Δf can be written as:
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with C a characteristic constant of the crystal also called "Sauerbrey's constant" defined as:

Y = 8S M N
By measuring the resonance frequency shift of the system during an experiment, QCM allows to determine the mass deposited on the crystal with a precision of ng/cm 2 . It is also possible to measure the frequency shifts of the odd harmonics during an experiment. The Sauerbrey equation can thus be written:
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with ν the number of the considered harmonic. This equation is valid in the case where uniform and rigid layers are deposited in air or in aqueous solutions. 2 The validity of Sauerbrey's relation can be estimated from the fact that the normalized frequency shift
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9measured is independent of the harmonics. However, it cannot be applied for viscous layers which is the case in this work.

The QCM-D also allows the determination of a viscous dissipation factor D which corresponds to the sum of all the losses in the system. This parameter is defined by the proportion of dissipated energy at each oscillation with respect to the total stored energy: 3 ^= 9 1 "/__/56$`"96$9`67a9b_7/cc6$/bD 8P1 _$bN`"

This dissipation factor is measured by exciting the quartz crystal at its fundamental frequency and the odd harmonics and then by measuring the time needed to relax while its energy is dissipated in the crystal, in the deposit and in the medium in contact (see figure 2.9). The D factor gives an indication about the viscoelastic character of a coating. If it is superior to a few tens units, the viscous modulus of the deposit cannot be neglected and the Sauerbrey relation is not valid anymore.

Coupling of the QCM-D with an electrochemical modulus: EC-QCM-D

The coatings on top of the QCM-D crystals which are in contact with the solution can be either conducting or insulating. When this coating is conducting, the crystals can be used as a WE for electrochemistry experiments. Thus, the crystal surface is both used as the substrate for deposition and as a WE. The two main conducting coatings available are gold and indium tin oxide (ITO). These two coatings have both benefits and drawbacks: the ITO coated crystals are transparent and support a pdiff going from -0.5 to several V whereas the gold ones are opaque and support a pdiff ranging from -2 V to 0.8 V. Furthermore, the ITO coated crystal surfaces exhibit an AFM topography with large grain size (Figure 2.10, Rms = 2.7 nm) whereas the gold ones haves a topography with small grain size (Figure 2.10, Rms = 0.9 nm). The interest of coupling the QCM-D to an electrochemical modulus lies in the fact that we can both measure the frequency shift of the quartz crystal and its dissipation factor while measuring or applying a pdiff or a current.

The frequency shift quantitatively indicates if a mass is depositing on the surface of the crystal and the dissipation factor D relates it to its visco-elastic character.

EC-QCM-D working principle

The instrument used is the Q-Sense E1 model (Q-Sense AB, Göteborg, Sweden). It is equipped with a QEM 401 electrochemical modulus and with a CHI 660E (CH Instrument, Austin, Texas) potentiostat/galvanostat. The apparatus is composed of a Peltier thermostated cell and includes a three-electrode electrochemical setup. The electrochemical cell is connected on one hand to a control electronic interface controlled by a software (QSoft) which measures the frequencies shift and the dissipation factors and on the other hand to a potentiostat/galvanostat monitored by the CHI software.

The quartz crystal, used as a sensor, is excited by a sinusoidal tension generator. The excitation frequency corresponds to the fundamental and odd harmonic resonance frequencies and is applied for a few microseconds. At each excitation stop, the crystal oscillates freely at the fundamental and harmonic frequencies thus inducing the apparition of electric oscillations.

These are then collected and treated by the QSoft software in order to obtain the frequency shifts and the dissipation factors of the quartz crystal.

Experimental protocol

The quartz crystals used in this work are QSX 301 (Q-Sense) crystals coated with a gold layer of 100 nm and QCM-ITO (Microvacuum, Budapest Hungary) coated with an ITO layer. They possess a fundamental resonance frequency f1 at 5 MHz as well as odd harmonics at 15, 25 and 35 MHz respectively noted as f3, f5, and f7 in the rest of this manuscript. The crystals are treated by UV ozone during 15 minutes to make them hydrophilic before each experiment.

Cyclic voltammetry cycles are then applied between 0 mV and 600 mV with a scan rate of 50 mV/s during 4 cycles in an aqueous buffer solution. The capacitive current is measured in a first place. Figure 2.12 shows an example of the capacitive current on a bare gold crystal. polluted. If this is the case, it is possible to decontaminate the crystal by applying a voltammetry cycles between -0.5 and 0.7 V in the presence of 0.6M sulfuric acid H2SO4 with a flow rate of 1 ml/min. If the capacitive current is smaller than 10 µA, the WE is not polluted and can be used for an experiment.

In order to ensure that the potentials measured during the experiments are correct, the RE is tested. An aqueous solution of 0.5 mg/ml of tetrapotassium (II) hexacyanoferrate ( K4FeCN6) is injected in the electrochemical cell. A cyclic voltammetry procedure between 0 mV and 600 mV at 50 mV/s is applied for 4 cycles. These characteristic peaks should be obtained at 160 and 250 mV to ensure that the RE is well calibrated. If these two peaks are shifted, i.e. separated by more than 100 mV or located in a lower or higher potential range, the RE is shifted due to an imbalance between silver (Ag + ) and silver salt (AgCl) species. In this case, it is necessary to clean it and to establish the equilibrium between both species. The RE electrode is then first immersed in a sulfuric acid solution at 0.6 M during 20 min and then rinsed to dissolve the possible organic polluting species. After that, it is necessary to re-establish the equilibrium between Ag + silver ions in excess and the metallic silver by proceeding to an electrochemical setup. The goal of this step is to form again metallic silver and the silver chloride on the electrode. It is done in a beaker by applying a pdiff of -2 V between the Ag/AgCl reference electrode and the platinum during few cycles of 15 s in the presence of an aqueous solution of potassium chloride (KCl) at 3M until the stabilization of the measured current. The setup is the following: the Ag/AgCl electrode is connected to the "working electrode" output of the potentiostat while the platinum electrode is connected to the "reference electrode" and "counter electrode" output of the potentiostat.

Once it is confirmed that the two electrodes are not contaminated, the electrochemical setup can be used for the experiment.

The internal temperature is then thermostated at 22°C by means of the QCM-D software. Prior to the injection of the polymer solutions, a measurement of the frequency shifts is taken during at least 15 min until stabilization of the signal in contact with the buffer solution. This serves as a baseline before any material deposition. Once the baseline is done, the solution containing the functional molecules is then injected in the cell. Once the signal stabilizes, the electrochemical stimulus is applied. The mass and the viscoelastic properties of the molecular assembly is characterized in real time by the QCM-D.

Atomic Force Microscopy

Developed in the early 80's by Binnig, Quate and Guerber 4 to overcome the limitation of the scanning tunneling microscope to conducting samples, the atomic force microscope (AFM) is a close field microscopy technique. This technique is based on the interactions between a thin tip in silicon nitride (Si3N4) and the surface of the sample to analyze.

The apparatus is constituted of a piezoelectric sample holder and of a thin tip fixed at the extremity of a lever of known stiffness constant kc (cantilever). The top of the tip reflects a laser beam detected by a four quadrant photodiode. The sample is placed on a magnetized piezoelectric crystal, called piezo tube, which is able to displace itself in three dimensions (x,y,z). When the tip is close enough of the surface, it interacts with it leading to a deflection of the cantilever. This deflection of the laser changes the position of the laser spot on the four quadrant photodiode. The spot displacement is transduced by a change in the electrical tension proportional to the tip height variation. The force F exerted between the tip and the sample can be related to the vertical deflection d following the Hooke law:

< = R 7 × -
The apparatus resolution is of the order of a tens of nanometer in the sample displacement plane (x,y) and of the order of the nanometer range on the z axis. When the tip approaches the surface, different interactions take place between the tip and the sample (e.g: Van der Waals, capillarity, electrostatic, solvation forces, etc). These interactions are attractive at first and when the tip gets closer to the surface, they become repulsive.

The AFM allows to study samples in dry or liquid medium and can be used in several modes (non-contact, intermittent contact, contact), depending on the interaction -and hence the distance-between the tip and the sample. The choice of the mode is made depending on the sample studied and the interaction force tip-sample wanted. Contact mode: the cantilever is in physical contact (repulsive interactions) with the surface of the sample to analyze. In this mode, two possibilities exist: the first one is called at "constant height", in this case the surface is scanned in the plane without changing the height of the cantilever (d varies) and the image is taken by measuring the variations of the deflection of the tip. In the case of the second one called "constant force", the force -and so the deflectionbetween the sample and the tip is maintained constant (d constant) and the image is taken by measuring the displacement of the piezo-tube holding the sample. The second case is the most common used because imaging at constant height implies that the vertical deflection of the cantilever varies while scanning. This can result in damaging the sample and/or the tip when the sample surface is rough. In constant force imaging, the tip-sample distance is maintained constant which allows the tip to follow the surface topography while avoiding a partial destruction of the sample. This mode is particularly adapted to analyze rigid and robust samples.

Non-contact mode: this mode is based on the attractive interactions between the tip and the surface. In this case, the tip is oscillating near the surface without having any physical contact with it. The interaction between the tip/surface can be attractive or repulsive depending on the distance tip/surface and affect the measured oscillation frequency. This mode has the advantage not to destroy the sample by applying a stronger force than necessary. It is however the less convenient mode to use because the interaction tip-sample is weak and can be easily lost while imaging.

Intermittent contact mode or tapping mode: this mode, similar to the non-contact mode, consists in measuring oscillations of the tip closer to the surface and is the most widely used. The lower point of this oscillation makes contact with the sample surface through a repulsive interaction.

The lateral forces exerted on the cantilever are much lower than in contact mode considering the small amount of tip-sample contact time. This mode is essentially used to obtain high resolution on fragile sample.

During this work, a Veeco Multimode Nanoscope IIIA microscope from Digital Instrument (Santa Barbara, USA) was used. All the images were taken in contact mode with silicon nitride Si3N4 cantilevers possessing a curvature radius of 20 to 40 nm and a stiffness constant of kc= 0.6 N/m. The AFM images intend to show the surface state (homogeneity, roughness) of the coatings and their thickness by imaging a scratched area of the sample.

X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is an analytical technique which was developed in the 60's by Turner, Price and Siegbahn. 6 Theoretical basis of XPS relies on the photoelectric effect discovered in 1906 by Einstein. A monochromatic source of X-rays with an energy hν is used to excite the atom's core electrons of the sample. The ejected electrons have a kinetic energy T given by: ; = de W 1 f W g with T the kinetic energy of the emitted electron, EL the corresponding binding energy and W the electron extraction work in the vacuum (tabulated value). The emitted electrons can be classified depending on their kinetic energy T with respect to the incoming energy hν (Figure 2.16). This gives access to the corresponding binding energy EL for each electron. Since all the atomic orbital energies are classified and specific for each element (ex: N1s: 400 eV, C1s: 285 eV, O1s: 540 eV), it is possible to obtain an elementary analysis of the sample and to know the oxidation state of the atom.

Given the weak free mean path of the incident and emitted rays, the whole measure must be done in a high vacuum of 10 -2 torr for the irradiating chamber where the sample is exposed and 10 -5 torr for the kinetic energy analyzer. The penetration depth for organic samples is estimated to be of the order of 9 nm. Thus, XPS gives an insight of the chemical composition of the sample surface.

For this work, two apparatus were used. For the results presented in chapter 3, a Thermo VG Scientific spectrometer equipped with an Al Kα (hν= 1486. 

Abstract

Inspired by the strong chemical adhesion mechanism of mussels, a catechol based electrochemically triggered self-assembly of films based on short ethylene glycol chains bearing catechol groups on both sides and denoted as bis-catechol molecules was designed.

Unable to interact together, commercially available poly(allylamine hydrochloride) (PAH) chains and bis-catechol molecules are mixed in an aqueous solution and brought in contact with an electrode. By application of defined potential cycles, bis-catechol molecules undergo oxidation leading to molecules bearing "reactive" quinone groups which diffuse towards the solution. In this active state, the quinones react with amino groups of PAH through Michael addition and Schiff's base condensation reaction. The application of cyclic voltammetry (CV) between 0 and 500 mV (vs Ag/AgCl) of a PAH/bis-catechol solution results in a fast selfconstruction of a film that reaches a thickness of 40 nm after 60 min. The oxidized bis-catechol molecules thus play the role of a morphogen and, in contrast to previously investigated systems, they are also one of the constituents, after reaction, of the film. The films present a spiky structure which is attributed to the use of bis-functionalized molecules as one component of the films. XPS measurements show the presence of both PAH and bis-catechol cross-linked together in a covalent way. We show that the amine/catechol ratio is an important parameter which governs the film buildup. For a given amine/catechol ratio, it does exist an optimum CV scan rate leading to a maximum of the film thickness as a function of the scan rate.

Introduction

During the last decades, nature has gradually become an important source of inspiration in science. The study of natural phenomena not only allows understanding the world around us but also permits designing new materials with specific properties. Mussels are common molluscs that can stick to all kinds of materials such as rocks, wood, metals and glass even under extreme conditions (low temperature, salted water). Catechol bearing proteins appear to be directly involved in the adhesion mechanism. 1,2 Inspired by this extremely strong natural adhesive, researchers attempt to mimic this bio-glue. 3,4 Catechols present a broad panel of possibilities for chemistry. 5 In particular, they can be oxidized into quinones which undergo Michael addition and Schiff's base formation with nucleophilic groups such as amines or thiols.

Several synthetic approaches were developed for the design of novel catechol-based polymer materials and for functionalization of surfaces. 6 

CHAPTER 3: MORPHOGEN ELECTROCHEMICALLY TRIGGERED SELF-CONSTRUCTION OF POLYMERIC FILMS BASED ON MUSSEL-INSPIRED CHEMISTRY 124

Surface functionalization allows controlling the interaction of materials with their surrounding environment. Catalysis, molecular recognition or cell adhesion are typical examples of such interactions. During the last decades, progress in surface science allowed modifying and tuning material's surface properties in a highly controlled way by the development of new coating methods. Among them, the use of an external stimulus, such as an electric signal or light, appears as a convenient way of inducing a film buildup in a one pot manner. Electrochemicallytriggered formation of polymeric films can be divided into three categories: (i) precipitation of polyelectrolytes, 7,8,9 (ii) self-assemblies of polyelectrolytes, 10,11 polysaccharides 12,13 or proteins 14,15,16,17 and (iii) electropolymerization. 18 Recently, we introduced a forth category of polymeric-film electro-constructions based on the formation of covalent bonds between polymers 19,20,21,22,23 induced by an electro-generated gradient of "active" molecules called "morphogens". First introduced by Turing, 24 morphogens are specific molecules to which cells respond in a concentration-dependent manner. 25 This definition has been extended to filmbuildups on a surface where morphogens are molecules or ions that induce a chemical reaction or interaction in a confined space near a surface. In a first study, we used the Huisgens -Sharpless click reaction to induce the reticulation between two polymers by electro-reduction of Cu 2+ into Cu + . 19 Generated at the surface of the electrode, Cu + ions (the morphogens) diffuse from the surface to the solution and catalyze the click reaction between azide and alkyne functionalized polymers. As this reaction takes place only in the presence of Cu(I), all the constituents can be mixed in a single solution and the film formation takes place by the simple application of an electrical stimulus. In 2012, Payne and co-workers electro-generated chlorine species (HOCl) to partially oxidize chitosan forming aldehydes that can react covalently with amines (from chitosan itself or proteins) present simultaneously in solution. 26 Inspired by the chemical versatility of the catechol group to crosslink suitable polymers, we report here a new example of morphogen driven film construction based on short ethylene glycol chains bearing catechol groups on both sides. These molecules will be denoted as biscatechols (Figure 3.1a). Unable to crosslink together, a commercially available poly(allylamine hydrochloride) (PAH) and these bis-catechol molecules will be mixed in an aqueous solution and put into contact with an electrode. By application of a defined electrochemical potential, the bis-catechol molecules will undergo an oxidation at the electrode, transforming into an "active" state (bis-quinone) (Figure 3.1b). In this active state, the bis-quinone molecules can react with the amino groups of PAH through Michael addition and Schiff's base condensation (Figure 3.3). The film buildup, occurring exclusively near the electrode, is by far not obvious because (i) the diffusion of bis-catechol molecules towards the electrode has to be ensured all along the buildup process, even after the beginning of the film formation, and (ii) the two ends of the bifunctionalized molecules could react with the same polymer chain and thereby become unavailable to continue the self-construction process. In contrast to previously reported morphogen driven film constructions, this constitutes the first example of such a film buildup where the morphogen is also an essential component of the film. This represents an extension of the morphogen definition introduced in 2011. 19 

Figure 3.1: (a) Chemical structures of bis-catechol and poly(allylamine hydrochloride) (PAH). (b) Principle of the one pot self-construction of polymeric film based on oxidation of an organic morphogen (bis-catechol).

Synthesis of bis-catechol

Bis-catechol is an original molecule displaying a catechol group at each end of a linear oligoethylene oxide chain. This hydrophilic molecule is stable and water soluble. Bis-catechol was prepared in five steps from dopamine and 3,6,9-trioaundecandioic acid (TUDA), both commercially available starting materials (Figure 3.2). Briefly, first dopamine is modified in three steps according to the literature 27 

Electro-triggered self-construction of PAH/bis-catechol films

We first investigated the electrochemical response of bis-catechol molecules (Figure 3.4a) by cyclic voltammetry. A couple of redox peaks can be observed which corresponds to the transformation of catechols to quinones and vice versa (see Figure 3.3 step 1).

Figure 3.3: Schematic representation of the two chemical steps of the self-construction buildup leading to covalent crosslinking between PAH and bis-catechol.

The oxidation and reduction peaks are respectively at 0.4 V and -0.03 V (vs Ag/AgCl). This is in good accordance with the literature. 28,29,30 The self-construction of PAH (Mw = 58 000 g/mol) and bis-catechol films was studied by EC-QCM allowing to follow in-situ the buildup of the film during the application of the electrical stimulus. PAH and bis-catechol mixtures were prepared in 10 mM HEPES -150 mM NaNO3 aqueous buffer at pH 7.4. The HEPES buffer compensates the production of H + from oxidation of catechol into quinone. Indeed, quinone moieties cannot react with amine functions in acidic conditions. Argon was flushed through all the PAH/bis-catechol solutions to prevent oxidation in solution due to dissolved oxygen. Figure 3.5 shows a typical QCM signal relative to the buildup obtained with a catechol/amine ratio of 0.38 (molar ratio of each chemical group). After injection of the PAH/bis-catechol mixture, a small increase of the normalized frequency is observed due to PAH electrostatic adsorption (polycation) and coordination bonding between catechol and gold. The application of cyclic voltammetry (CV) between 0 and 500 mV (vs Ag/AgCl, scan rate of 50 mV/s) results in a fast increase of the normalized frequency shift reaching a plateau at 1100 Hz after 80 min. This may be due to the Donnan potential in the film generated by the positive charges from PAH. 31 The decrease of the current intensity during film construction must originate from the increased limitation of the bis-catechol to diffuse towards the electrode as build up proceeds.

This then prevents further oxidation of catechols into quinones, hindering further film buildup.

Indeed when a solution of potassium ferrocyanide is putted in contact with the film and a cyclic voltammetry is performed, no peaks of oxidation or reduction are observed. Tough, even a small molecule can't diffuse through the film to be oxidized or reduced at the electrode (Figure 3 When a PAH solution is used with the same self-construction set up, the QCM signal remains stable (Figure 3.5). In the case of a bis-catechol solution, a small increase of the frequency shift These different control experiments prove that the increase of the QCM signal in the simultaneous presence of PAH and bis-catechol molecules is due to a chemical reaction between both components. Moreover, the self-construction can be stopped and triggered again at any time before the maximum thickness is reached. Figure 3.9 shows the buildup of a biscatechol/PAH followed by QCM-D where two successive CV of 5 min are applied. When the CV is stopped, the increase of the normalized frequency shift drastically decreases but does not reach zero. After stopping the CV, freshly oxidized molecules still diffuse from the surface of the electrode to the surface of the film and thus continue to contribute to a "slow" selfconstruction. When a new cyclic voltammetry is applied the buildup starts again with the same speed as previously. 

AFM characterization of self-constructed PAH/biscatechol films

AFM measurements were performed in contact mode and liquid state to characterize the topography of the self-constructed films and also their thicknesses after scratching (Figure 3.10). buildup examples which involve one component which is a small bis-functionalized molecules. 22, 34 It is thus tempting to correlate this spiky structure with the use of bis-functional ethylene glycol spacers.

Chemical analysis of the self-constructed PAH/biscatechol films

XPS analysis provides chemical information about the atomic and the chemical group composition of surface coating. Such analysis has been recently reported for bio-inspired coatings based on catecholamine derivatives. 35,36 A film self-constructed for 60 min from PAH and bis-catechol according to parameters described in chapter 2 section (described under) has been analyzed by XPS. Representative high-resolution spectra of N 1s, C 1s and O 1s regions of this film are shown in Figure 3.12. The energies and chemical group assignment for each measured peak are listed in Table 3.1 and are similar to the values reported in the literature. In some cases, there is an overlap of peaks corresponding to atoms involved in several chemical groups. To avoid wrong conclusions we did not calculate any percent contribution coming from the decomposition of the experimental peaks. remain present in the self-constructed film as in the case of catecholamine derivatives polymerization leading to a high proportion of stable quinone groups. 35,36 This presence of quinones is in agreement with our proposed model of a self-constructed film based on catechol oxidation. In summary, the XPS analysis of the self-constructed film reveals the presence of both PAH and bis-catechol covalently linked through secondary amines formation. The presence of quinone groups, resulting from the electro-oxidation of bis-catechol molecules in the close vicinity of the electrode and highlights the concept of morphogens (i.e. oxidized biscatechol) allowing the self-construction of the film.

Influence of the physico-chemical conditions on the selfconstruction

The influence of catechol/amine ratio of the PAH/bis-catechol mixture was first studied.

According to the conditions previously described, the mixtures were prepared at 1 mg/mL in PAH and bis-catechol corresponding to a catechol/amine molar ratio of 0.38. Keeping the PAH concentration constant, the bis-catechol concentration was tuned from 0.06 to 2.5 mg/mL, corresponding to catechol/amine molar ratios ranging from 0.02 to 0.95. Figure 3.13a represents the normalized frequency shift obtained after 60 min of self-construction at each studied ratio.

The mass deposited increases linearly with the catechol/amine ratio until it reaches a plateau at a ratio of 0.3. This corresponds approximatively to 7 amine functions from PAH for one biscatechol molecule i.e. 7 amine functions for 2 catechol groups. Above a ratio of 0.3, no change of the buildup kinetic is observed. The limited buildup is thus probably due to the fact that the film becomes dense and that the bis-catechol molecules can no longer diffuse through. This is also suggested by the evolution of the current intensity during the film buildup (figure 3.4b). The influence of the scan rate of the CV was also investigated. 50 mV/s in scan rate was applied in all the results reported so far. Figure 12b shows the normalized frequency shift obtained after 60 min of self-construction for the different scan rates at a fixed catechol/amine ratio of 0.23. place. Therefore it can be assumed that at slow scan rates one forms dense films near the electrode. Because they are dense, the films rapidly reduce the diffusion of further bis-catechol molecules through. On the other hand, at very high scan rates, the each oxidation period is rapidly followed by a reduction period. The oxidized quinone molecules are then rapidly reduced back into their catechol "non-active" form. Thus the flux of quinone molecules diffusing towards the solution, responsible for the interaction with PAH and for the formation of the film, would become small. In the limit of a very small flux, no film would form. Indeed, the rare catechol molecules that would diffuse into the solution would react with PAH chains without being able to form a network. There must thus exist an intermediate scan rate where the flux of quinones is sufficient to form efficiently a network with the PAH chains, forming a film that is not very dense at the beginning and thus allowing diffusion of catechol molecules through. Such a film will thus reach a thickness that is larger than at very low scan rates and of course larger than what is expected at very high scan rates. Yet as the buildup process goes on, the catechol molecules continue also to interact with the PAH chains near the electrode. This film becomes thus also denser with time and correlatively the diffusion of catechol molecules through is reduced. After a while this diffusion is hindered and the film buildup stops.

Finally, the effect of the molecular weight of PAH and of bis-catechol molecule on the selfconstruction was studied. All the previous results were obtained with PAH with a molecular weight of 58 000 g/mol. Figure 3.15 shows the normalized frequency shift obtained during the self-construction of PAH/bis-catechol mixture for two different PAH molecular weights (Mw = 58 000 and 15 000 g/mol) at the same catechol/amine ratio of 0.38. By using a PAH with a smaller molecular weight, the self-construction still takes place but the kinetic of buildup is smaller. Indeed after 60 min of self-construction, a frequency shift of 200

Hz with PAH (Mw = 15 000 g/mol) is measured in comparison to 1000 Hz in the case of a PAH (Mw = 58 000 g/mol). This can be explained by the fact that PAH is the main building block of the assembly (in term of mass adsorbed). Then for the same kinetic of reaction between bis- catechol and PAH, a smaller mass is adsorbed in the case of small PAH chains (Mw = 15 000 g/mol) than in the case of long PAH chains (Mw = 58 000 g/mol).

Conclusions

We designed a catechol based electrochemically triggered construction of films based on an organic morphogen, bis-catechol. By CV application, the oxidized bis-catechol spacers react with PAH forming a polymeric film that self-constructed exclusively on the surface of the electrode. A fast buildup is obtained that reaches a plateau after 20 min. These films present a spiky structure. This is attributed to the use of bifunctional molecules as film constituent. We

show that the amine/catechol ratio is an important parameter which governs the film buildup.

For a given amine/catechol ratio there exists an optimum CV scan rate leading to a maximum of the film thickness as a function of the scan rate. Smaller molecular mass of PAH leads to slower kinetic of buildup and a longer bis-catechol prevents the self-construction.

Introduction

Supramolecular and molecular nanostructures attract increasing interest since they allow the design of new types of self-assembling materials with widespread applications ranging from tunable electronics, up to biomaterials. 1 A large variety of supramolecular interactions, including hydrogen bonding, hydrophobic interactions, 2 π-π stacking, 3 electrostatic interactions, 4 and metal-ligand coordination 5 were used to self-assemble molecular architectures on surface. Individual metal-ligand coordination sites can provide stable, yet reversible, crosslinking points between polymers to achieve the self-assembly. Incorporating metal-ions into a supramolecular architecture gives also access to their rich properties with potential applications for magnetic, electric and optical devices. 6 Most often the reported supramolecular self-assembly processes take place in the bulk whereas in Nature such processes are often generated locally. One prominent example in Nature is the formation actin fibers induced by focal adhesions during cell adhesion. 7 Localized self-assembly of compounds all present in solution represents a real challenge since the compounds present in solution are prone to interacting. Localized self-assembly thus requires the presence of a local stimuli to initiate the self-assembly process. Electrotriggered reactions constitute one way to address this challenge. Electrotriggered formation of films can be divided into three categories: (i) precipitation of polyelectrolytes, [8][9][10] (ii) self-assemblies of polyelectrolytes, [11][12] physical gel 13- 14 or proteins 15-18 and (iii) formation of covalent bonds between monomers (electropolymerization). 19 In 2011, we introduced the morphogenic self-construction of films based on electrogenerated ions that induce the buildup of a film: a new concept in the field of electrodeposition of polymers. In order to induce the cross-linking between two polymers chains, we first used the Cu I -catalyzed click reaction between azide and alkyne. 20 More recently, we described the electrotriggered assembly of polyelectrolytes by using charge shifting polymers allowing for the localized deposition of active enzymes. 21 Inspired by the exceptional ability of mussels to adhere on almost any type of surfaces and by the catechol based biochemistry behind this adhesion, a huge community of researchers designed different functional materials. Catecholic ligands with Fe(III) is one particular metalligand interaction widely observed in Nature. For instance, the stability constant of ferric ion complexes with enterobactin (tripodal tris-catecholate siderophore from E. coli) is equal to 10 52 .

This corresponds to a free energy 2 orders of magnitude higher than that of a single hydrogen bond, 3 times as high than that of the the biotin/avidin noncovalent interaction, and comparable to a covalent bond. The cuticle of the mussel byssal thread employs dopamine residues to establish catechol-based Fe(III) crosslinks. In addition to its strength and dynamic nature, catechol-Fe(III) complexation is highly pH-dependent. Binding stoichiometry changes from a 1:1 catechol:Fe(III) mono-complex at low pH to a highly stable 3:1 tris-complex at increased pH. Tannic acid (TA) is a polyphenol, composed of galloyl and catechol moieties present in abundance in nature and easily accessible. As catechol moieties, galloyl coordinates metals such as Fe(III) in a pH dependent manner. At high pH values (above its pKa 8.5), TA behaves as a rigid polyanion and can also form polyelectrolytes complexes with polycations like quaternized poly(4-vinylpyridine). 22 Using metal-polyphenol coordination, TA/Fe(III) multilayer films were designed having an enormous potential for biomedical applications. [23][24][25] In 2013, Caruso and coworkers introduced a new concept: the one-pot assembly of TA/Fe(III) films and capsules. 5 By mixing Fe(III) and TA in solution at basic pH, TA/Fe(III) coating was self-assembled by a simple dipping of the material (planar surfaces or microparticles). The concept was extended to others metallic ions such as aluminium, vanadium, chromium, cobalt 26 and to small phenolic molecules, such as gallic acid, pyrogallol and pyrocatechol. 27 Using mussel-inspired chemistry, we showed in the previous chapter the electro-cross-linking deposition of polymers based on the confined oxidation of bis-catechol homobifunctional molecules. 28 Here, we go one step further in this field and introduce a new electrotriggered morphogenic self-assembly based on polyphenol -metal ion interactions, using a polyphenol (TA) and its ability of coordinating Fe(III) ions. A mixture solution of TA and Fe(II), forming a water-soluble ferrous complex, 29 was used as building solution in contact with a working electrode. The application of an anodic current allows to oxidize Fe(II) into Fe(III) in a confined

Electro-triggered self-assembly of TA/Fe(III) films

In order to induce and control the self-assembly, the gradient of morphogens, Fe(III), was generated at the electrode surface by electrochemical oxidation of Fe(II) obtained galvanostatically. This method allows controlling the amount of exchanged charges and thus the quantity of morphogen generated at the working electrode. The application of a current allows to control the quantity of morphogens generated. Argon was flushed in all Fe(II) based solutions to prevent any oxidation in solution due to dissolved oxygen. The supporting electrolyte was a 150 mM KPF6 buffer solution at pH 3 (unless otherwise stated). QCM was used to monitor in situ the self-assembly of TA/Fe(III) film during the application of an anodic current (galvanostatic conditions) with the ITO-QCM crystal acting as working electrode.

When a TA/Fe(II) solution ( 2 As soon as a current of 6.25 µA/cm 2 (corresponding to an applied current of 5 µA) was applied, the opposite of the normalized frequency shift increased, in first approximation, linearly with time showing the self-assembly of a TA/Fe(III) film (Figure 4.3b). When the application of the current is interrupted followed by a rinsing step, the evolution of the resonance frequency was The constant roughness is due to the self-assembly of TA/Fe(III) complexes in the solution in the vicinity of the electrode which adsorb on the surface along the process. This is in accordance with AFM image where the film seems to be a homogeneous assembly consisting in 30 nmdiameter nanoparticles (Figure 4.3b). The electro-controlled generation of morphogenic Fe(III) from the electrode allows to control the self-assembly of TA/Fe(III) on its surface simply by adjusting the time over which the potential is applied. It is interesting to compare these electrogenerated TA/Fe(III) self-assembled films to the films obtained by Ejima et al. in one pot process by using pH changes of TA/Fe(III) solution. At similar iron ions/TA molar ratios, the roughness of both films are in the same range. O-Fe provide the evidence that Fe(III) and TA are coordinated through phenol groups from gallic acid units as previously reported in the literature. 23,35 The presence of Fe-O-H can be explained by the coordination of water molecules with Fe(III). This means that the six coordination sites of some Fe(III) atoms involved into the self-assembled architecture of the film are not all occupied by phenol groups from TA. This is in agreement with the atomic Fe/TA ratio calculated using C76H52O46 as chemical formula of TA: by integration of the elemental peaks of Fe and C (with respect to their individual sensitivity factors) the Fe/TA ratio is about 1:2 which correspond to bis-coordinated complexes (1 Fe complexed by 2 TA). 4.8). Surprisingly, XPS analysis of the TA/Fe(III) self-assembled film lead to an atomic ratio C-O/C=O of 2.80, a value indicating a higher proportion of C=O compared to C-O. This value is independent of the Fe(II)/TA molar ratio of the building solution used to self-assemble the film. The presence of more C=O groups than expected can be explained by the oxidation of some phenol groups into quinones either due to the current applied to self-assemble the film, to dissolved oxygen or to iron ions acting as catalysts. 36 It is interesting to note that polyphenol-based coatings such as polydopamine films always contain a small proportion (20-30%) of stable quinone groups into their architecture coming from the oxidation of phenol. 37 

Influence of the physico-chemical conditions on the selfassembly

To gain more mechanistic insight into the self-assembly process, several parameters that might influence the buildup process were varied. The current intensity was varied from 1.25 to 31.25 µA/cm 2 while keeping the pH of the mixture solution at 3. It comes out that the TA/Fe(III) film self-assembly kinetic strongly depend on the applied current: higher current intensities lead to a faster buildup kinetic (Figure 4.9a). Higher current intensity leads to higher quantity of electrogenerated Fe(III) ions, the morphogen, in the vicinity of the working electrode leading to the assembly of more TA molecules on the surface and thus making the film thicker. A level During the effective self-assembly of TA/Fe(III), the potential required to maintain the current constant in the electrochemical cell increases until a threshold value that is below 0.6 V (Figure 4.9b). Above this value, the buildup of TA/Fe(III) film slows down until a plateau is reached.

Before the frequency shift plateau is reached, most of the current corresponds to Fe(II) oxidation into Fe(III). The increase in potential above 0.6 V is related to the oxidation of TA molecules, present in the self-assembled film, that probably cross-link on the surface of the electrode (Figure 4.2b-c). [38][39] Interestingly, a thicker film is formed, before reaching the blocking plateau, with a slower self-assembly kinetic, i.e. with lower current intensities. During the buildup, a shift of the applied potential toward more oxidative conditions occurs, so that the current in the system remains constant. This result suggests that the electronic transfer becomes less favorable while the film growth because the diffusion of Fe(II) to the electrode is too slow.

For systems reaching 0.6 V or above, the measured frequency shift levels off, indicating the end of the film growth (Figure 4.9b). At this potential, the oxidation current is predominantly due to the oxidation and cross-linking of TA present in the self-assembled film, leading to lower quantity of electrogenerated Fe(III) and thus leading to a slower buildup until no more buildup, when the film becomes impermeable to Fe ions. The influence of the pH and the Fe(II)/TA molar ratio of the building solution were also investigated for an applied current of 6.25 µA/cm 2 (Figure 4.10). Below pH 3 with a Fe(II)/TA molar ratio of 2.5, a small buildup is obtained (about 25 Hz). Above pH 3 until pH 9, there is no influence of the pH and the frequency shift observed is around 1600 Hz after 30 min of selfassembly (Figure 4.10a). The coordination between TA and Fe(III) is pH-dependent leading to mono-complex at pH < 2, di-complex at 3 < pH < 6 and tris-complex at pH > 7. 5 For a pH buildup below 3, the electrogeneration of Fe(III) does not lead to film self-assembly due to the formation of mono-complex mainly. Above this pH value, the pH has thus almost no influence on the self-assembly of TA and Fe(III). Next, keeping the applied current intensity fixed (6.25 µA/cm 2 ), the Fe(II)/TA molar ratio of the buildup mixture was varied from 0 to 10 with TA concentration fixed at 10 mg/mL. Thicker TA/Fe(III) films are obtained with higher Fe(II)/TA molar ratio reaching a plateau for a Fe(II)/TA molar ratio of 8 (Figure 4.10b). We performed XPS measurements on three different self-assembled films obtained with Fe(II)/TA molar ratios of 0.5, 2.5 and 10 in the buildup mixture (Figure 4.8). The Fe/TA molar ratio of the selfassembled film is about 1:2 independently of the Fe(II)/TA molar ratio of the buildup mixture.

The relative percentages of Fe(III) and Fe(II) are also similar for the three tested films. By keeping the applied current intensity fixed, the same quantity of Fe(III) is electrogenerated in the solution. However, the kinetic of the self-assembly increases by increasing Fe(II)/TA ratio (Figure 4.11). In the building solution, monomeric Fe(II)/TA soluble complexes are formed. 

Stability of the coating

To test the stability of TA/Fe(III) self-assembled films, EDTA solutions, known to chelate metal cations, were put in contact with films obtained at two different pHs: pH 3 and pH 7.4.

The pH of the EDTA solution was similar to that of the film buildup solution. We found previously that the same mass is deposited on the electrode at these two pHs. After 55 min of contact with EDTA, the percentage of the remaining film was about 56% at pH 7.4 and 30% at pH 3 (Figure 4.12a). The film seems thus to be more stable when self-assembled at pH 7.4 than at pH 3. This is consistent with the fact that the number of coordination bonds increases with the pH leading to more stable TA/Fe(III) complexes. 5 When a cyclic voltammetry was performed on TA/Fe(III) self-assembled films at pH 3 and pH 7.4, we observed a similar irreversible oxidation peak of TA (between 0.7 and 0.8 V) and the peak of oxido/reduction of iron (at 0.2 V and 0.1 V) (Figure 4.12b). However, the Fe(III)/Fe(II) oxidoreduction peaks are more visible at pH 3 than at pH 7.4 in the potential range of 0 V and 0.3 V.

This result is in accordance with the fact that di-coordinated complexes are mainly formed at pH 7.4. Self-assembly of TA/Fe(III) at pH 7.4 leads to more coordinated and thus less sensitive Fe(III) ions than at pH 3. Indeed, mono-coordinated complexes of catechol, similar to galloyl moieties, can be involved in electron transfer reactions in contrast to di-or tris-coordinated complexes that prevent redox reactions. 40 The stability of TA/Fe(III) coating was also tested by 

Generalization of the concept and Conclusion

To generalize the concept, two other polyphenols, gallic acid and rosmarinic acid ( In summary, a new electrotriggered self-assembly of metal-polyphenol nanocoatings was developed using a morphogenic approach. TA/Fe(III) nanofilms were self-assembled using a mixture of Fe(II) and TA on which an anodic current was applied leading to the oxidation of Fe(II) into Fe(III) at the surface of an electrode. The confined electro-generated gradient of Fe(III) allowed to control the buildup of TA/Fe(III) film based on di-coordinated complexes independent of the pH and Fe(II)/TA molar ratio of the building solution. The film thickness and the self-assembly kinetic could be tuned by the application time, the value of the current and Fe(II)/TA molar ratio of the building solution. We showed that this strategy should be applicable to a wide range of polyphenols. 

Abstract

During my PhD, we focused on the design of an enzyme-based electrode using electrotriggered film self-construction based on the two strategies developed so far. The idea was to immobilize an enzyme on the electrode using the cross-linking strategy based on the self-construction by catechol/gallol oxidation and the physical entrapment strategy based on the self-assembly of TA/Fe(III) by coordination bonds. In the first case, bis-catechol was used has an electroactivated crosslinker of enzymes through chemical reaction between quinone of the oxidized bis-catechol and amine functions of the enzyme. In the second case, we attempt to physically entrap enzymes in TA/Fe(III) self-assembled films by co-deposition.

Introduction

Environmental monitoring, food industry or clinical analyses require the development of selective tools for biomolecule detection. Biosensors can be regarded as complementary tools to classical analytical methods (e.g. high performance liquid chromatography) due to their unique feature, their inherent simplicity, relative low cost, rapid response and miniaturization, thereby allowing continuous monitoring. A biosensor is a device composed of two intimately associated elements: (i) a bioreceptor, that is an immobilized sensitive biological element (e.g. enzyme) recognizing the analyte (e.g. enzyme substrate). (ii) a transducer, that is used to convert the (bio)chemical signal resulting from the interaction of the analyte with the bioreceptor into an electronic one. The intensity of the generated signal is directly or inversely proportional to the analyte concentration. Transduction of the biological activity of the functional surface into a quantifiable electric signal can be performed by different ways, depending on the chemical or physical interaction substrate/receptor (Figure 5 Electrodeposition of polymers, widely used for biosensing applications, is a simple and attractive approach for the controlled immobilization of enzymes on electrode surfaces. [3][4][5] It presents many advantages such as localized and fast deposition, working in soft conditions and offers the possibility of co-deposition with others components such as enzymes or nanomaterials. Enzymes are mainly physically entrapped in an electrodeposited film. [6][7] Only few examples of one-pot covalent cross-linking of enzymes exist. 8

Electrocrosslinking of enzyme through catechol/gallol oxidation

Introduction and concept

As it was shown in the third chapter, bis-catechol designed in our group can be used for the electro-crosslinking of a polyamine. The principle of this process is based on the reaction of oxidized bis-catechol (bis-quinone) molecules with amine functions of the polymer. We can imagine to use this process to electro-crosslink other compounds bearing amine moieties, such as enzymes. We used alkaline phosphatase (AP) as an enzyme with the same experimental conditions as in chapter 3 (Figure 5.2). Bis-catechol and AP are unable to crosslink together mixed in an aqueous solution. In contact with an electrode where a defined electrochemical signal is applied, bis-catechol molecules are oxidized into bis-quinones which further react with the amino groups of AP through Michael addition and Schiff's base condensation.

Electrocrosslinking using bis-catechol

First, we tried to electrocrosslink AP using the same optimal conditions, determined for the PAH/bis-catechol system (see Chapter 3). AP (1 mg/mL) and bis-catechol (1 mg/mL) mixtures were prepared in 10 mM HEPES -150 mM NaNO3 aqueous buffer at pH 7.4. Figure 5.3a shows a typical QCM signal relative to the obtained buildup. After the injection of AP/bis-catechol mixture or bis-catechol alone, a small increase of the normalized frequency is observed due to coordination bonding between catechol and gold QCM crystal. The application of a cyclic voltammetry (CV) (0 -500 mV, vs Ag/AgCl, scan rate of 50 mV/s) results in a very slow increase of the normalized frequency shift in both cases. After 60 min and a rinsing step, the frequency shift reached 40 Hz for AP/bis-catechol mixture and bis-catechol alone in solution. In comparison when a PAH/bis-catechol mixture is used in the same conditions, a frequency shift of almost 800 Hz was obtained (Chapter 3, Figure 3.5). The mass deposited with biscatechol solution can be explained by the electroreticulation of the molecule. [9][10] Indeed, bisquinone can react with bis-catechol leading to the formation of a free radical that can further react with bis-catechol molecules. 11 As a similar buildup is obtained with and without the enzyme, AP is probably entrapped in the cross-linked bis-catechol matrix. Electrocrosslinking of AP is not possible in this condition. In comparison with PAH, AP, and more generally enzymes, have much lower amine functions density involved in their conformational structure which limits their accessibility for chemical reactions with bis-quinone. [12][13] This could explained the lower adsorbed mass of AP/bis-catechol mixture during the electrodeposition. To increase the probability of cross-linking between bis-catechol and AP, we first increase the concentration of AP and the pH of the solution. The oxidation of catechol is improved at high pH values and amine moieties of AP are deprotonated favoring the reaction with quinone. 14 Figure 5.3b shows the QCM signals obtained during the application of CV (0 -500 mV, vs Ag/AgCl, 50 mV/s) in the presence of AP (6 mg/mL) and bis-catechol (1 mg/mL) mixture, prepared in the same buffer at pH 8. A similar buildup is obtained in the previous conditions. Thus, increasing AP concentration and the pH does not favor the buildup.

In order to increase the probability of reaction between bis-quinone and amine functions of AP, the concentration of bis-catechol was increased until its limit of solubility maintaining the pH of the solution at 8. When AP (1 mg/mL) and bis-catechol (3 mg/mL) mixture prepared at pH 8 is used and the CV applied for 60 min, the normalized frequency increases until a value of 650 Hz before the rinsing step (Figure 5.4). However, the rinsing step induced a decrease of the frequency shift of almost 350 Hz. The final frequency shift reaches 250 Hz after the rinsing step when using bis-catechol solution. Even if the deposition of AP/bis-catechol mixture is twice faster than the deposition of biscatechol, a similar mass is deposited with and without the presence of the enzyme. Increasing the concentration in bis-catechol allows to deposit more material on the surface due to its polymerization. [9][10] The decrease in mass at the rinsing step, observed for both buildups, is probably due to loosely adsorbed polymerized bis-catechol on the surface of QCM crystal.

Using bis-catechol at higher concentration favors its polymerization. AP is probably physically entrapped in the bis-catechol matrix instead of cross-linked.

Electrocrosslinking using others phenol molecules

Using the same strategy, we used polyphenol molecules having more phenolic moieties (gallol) and a better solubility to improve the electrotriggered crosslinking of AP. Tannic acid (TA) and a dendrimer bearing gallol moieties synthesized in our laboratory were used with AP.

TA is a polyphenol bearing 5 gallol moieties which is soluble at high concentration (2850g/L).

As catechol, gallol can be electrochemically oxidized to react covalently with nucleophilic functions such as amine. 15 We first tried to electrodeposit PAH as a proof of concept. TA was mixed at different concentrations with PAH (1 mg/mL) in NaNO3 150 mM HEPES 10 mM at pH = 7.4. The mixture of TA/PAH were always turbid due to strong electrostatic interactions 16 and were thus filtrated with 0.20 µm filters. CV were applied between 200 and 700 mV because TA is oxidized at a higher potential compared to bis-catechol (see Chapter 3, Figure 3. After the validation of the process with PAH/TA mixture, AP/TA mixture were prepared with AP at 1 mg/mL and TA at 10 mg/mL, in NaNO3 150 mM HEPES 10 mM at pH = 7.4. As soon as both compounds are mixed, the solution becomes turbid. This is due to the complexation between the enzyme and TA. [18][19][20] A filtrated solution was used for the following experiments.

After 1 h of potential application (1.0 V) followed by a rinsing step, the measured frequency shifts are of 40 Hz for AP/TA mixture and 60 Hz for TA in solution (Figure 5.7). As with biscatechol, AP does not contribute to the film buildup in these conditions. Moreover, a similar decrease of QCM signal at the rinsing step is observed for both TA/AP and TA solutions, probably related to loosely adsorbed material. In order to avoid the complexation of AP by TA due to its numerous gallol moieties and the other phenolic functions in its structure, a gallol-dendrimer was synthesized by Dr. Paolo

Luppatelli, post doctorant in the team (Figure 5.8). Presenting three gallol moieties, galloldendrimer does not form aggregates with AP in solution. To check the incorporation of AP, we tested the activity of the coating. To do so, a multidetector spectroscope UV (Xenius XC, SAFAS, Monaco) equipped with a microplate reader was used to monitor the catalytic activity of AP within the film. Paranitrophenyl phosphate (PNPP) solution substrate of AP was prepared at 10% w/w with NaNO3 150mM -10 mM HEPES buffer at pH 7.4. The enzymatic reaction yields para-nitrophenol, a yellow soluble product monitored at the wavelength of 405 nm (Figure 5.11). The coating appears to be active (data not shown), meaning that AP might be physically entrapped in the film.

Entrapment of enzymes in electrodeposited TA/Fe(III) films

Introduction concept

As a second approach, we tried to physically entrap enzymes in the self-assembled TA/Fe(III) films. More precisely, enzymes were mixed with TA and Fe(II) in solution and were putted in contact with an electrode. By applying an oxidant potential, the self-assembly of TA and Fe(III) films is triggered in the presence of the enzyme (Figure 5.10). AP was used. It should be remembered that TA interact with enzymes, thus AP/TA/Fe(II) mixtures were turbid. In contrast to previous experiments, the solutions were not filtrated. In the presence of AP, TA/Fe(III) self-assembly is slowed down. In comparison, the normalized frequency shift measured is of 2500 Hz for TA/Fe(III) solution for the same duration (1h).

Moreover during the current application, a potential of 1.2 V (the limit of potential at which the potentiostat stops) is reached at the normalized frequency shift of 1000 Hz, leading to the current stop. The increase in potential leads to the oxidation of gallol moities of TA, inducing TA self-polymerization. Due to the non-desired precipitation of AP substrate (PNPP), we were not able to test the enzymatic activity of the film.

Outlook

As it was mentioned in the first part of this chapter, electro-crosslinking of AP by phenolic crosslinkers was not possible because of the low density of amine functions of AP and because of self-polymerization of phenolic crosslinker (which occurs through radical formation). It is known in literature that hydroquinone prevents radical species formation. 21 Electrocrosslinking of AP through catechol/gallol oxidation could be performed in the presence of hydroquinone in order to limit the self-polymerization of phenolic crosslinker and promote the crosslinking of the enzyme.

Conclusions and outlooks

Electrotriggered one-pot self-assembly through morphogenic approach has proven to be a very efficient way of surface functionalization. Here, we generalized the pioneering work made in our team in this field to new systems showing the versatility of this process. To do so, we looked at natural phenomena proving once again that nature, far from being obsolete, grants us ideas towards new technological advances. The mussel adhesion phenomenon and the role of polyphenols in nature are both based on the chemical properties of catechol and gallol moieties. Two systems based on this biochemistry were successfully designed by a morphogenic approach during my PhD. The first one relies on the redox properties of catechol moieties. We developed a system based on the electrotriggered covalent self-construction of a polyamine: PAH by a bis-catechol spacer (the morphogen). Oxidation of both catechol moieties into quinones leads to a gradient of activated bis-quinone molecules from the electrode. Bis-quinone reacts on both sides on amine functions of PAH leading to selfconstruction of a film on the surface. In the second system, the ability of gallol moieties of TA to coordinate Fe(III) was exploited. By applying an oxidant potential in the presence of a TA/Fe(II) mixture, Fe(II) ions were oxidized into Fe(III) ions, the morphogens here, from the surface of the electrode leading to the self-assembly of TA on the surface through coordination bonding with Fe(III). In the last part, we tried to use both systems to immobilize enzymes for biosensing applications.

In the first part of this work, the electrotriggered self-construction of polymer films by catechol oxidation was studied. We showed that bis-catechol molecules, when electrochemically activated by oxidation of catechol into quinone, are able to covalently react on amine functions of PAH leading to the buildup of a film. In this case, cyclic voltammetry was performed to trigger the self-construction. However, the buildup of these films is limited at some point due to the limited diffusion of bis-catechol molecules to the electrode all along the film buildup. Indeed, compared to other morphogens (ions) used in the previous works, bis-catechol is much bigger and its diffusion into the film is prevented. XPS analysis confirmed both presence of bis-catechol and PAH covalently linked through Michael addition and imine formation. Films imaged by AFM appeared to be extremely rough, due to the use of homobifunctional catechol molecule. A study of the effect of the concentration in morphogen (bis-catechol) and of the scan rate of the CV showed optimal buildup conditions at a catechol/amine ratio of 0.3 and at a scan rate of 50 mV/s.

In the second part of my Ph.D, we demonstrated the electro-self-assembly of TA through coordination bonding with ions. In this part, morphogens, Fe(III) ions generated by oxidation of Fe(II), induce an assembly of a TA/Fe(III) network on the surface of the electrode through coordination bonding between gallol moieties of TA and Fe(III). A anodic current was applied in this case. Compared to the previous developed system, AFM study showed that thicker and smoother films are built, probably due to the small size of TA/Fe(III) complexes that assembled on the surface. The chemical composition of the self-assembled film, studied by XPS, proved the presence of both TA and iron, mainly Fe(III) ions and a small amount of Fe(II) ions, confirming our concept. The film buildup kinetic, and so the thickness, can be tuned by controlling the current applied and TA/Fe(II) molar ratio of the buildup solution. The buildup turns out to be pH independent. Finally, the stability of the films was tested by contact with EDTA or application of a reductive potential. The contact with an EDTA solution partially dissolves the self-assembled TA/Fe(III) film. In contrast, the film is stable under reductive potential.

In the last chapter, we tried to use both systems developed for biosensing applications. The idea was to immobilize an enzyme on the electrode using the cross-linking strategy using the self-construction by phenol oxidation and the physical entrapment strategy using the selfassembly by coordination bonds. Firstly, different phenolic cross-linkers (bis-catechol, TA and a dendrimer gallol) were used to electro-crosslink alkaline phosphatase (AP) by reaction of oxidized catechol or gallol moieties with amine functions of AP. Yet, no significant buildup with the enzyme/phenolic crosslinker solution was observed. This could be due the low density and accessibility of amine functions on AP. By increasing the concentration of catechol/gallol based molecules, a competitive self-polymerization was observed preventing the crosslinking of AP. Secondly, we tried to entrap AP in the electrodeposited TA/Fe(III) network by co-deposition. In the presence of the enzyme, the buildup kinetics is slower compared to TA/Fe(III) film and the morphogen diffusion limit is reached probably due to crosslinking between TA and the enzyme. Yet, because of experimental issues, no activity of the enzyme was measured.

The first outlook of this work would be to dig further in the immobilization of an enzyme by a morphogenic approach notably by using hydroquinone to limit the self-polymerization of phenolic cross-linker while increasing the concentration of the late one. Indeed, preliminary results showed that hydroquinone can suppress self-polymerization of bis-catechol during the application of a CV. Other strategies could be implemented to override the low amine density of the enzyme: electrocrosslink of PAH/enzyme complexes, chemical modification of enzyme to increase its amine functions density, using cluster of enzymes... Moreover, other applications could be considered. Indeed, XPS measurement showed that the electrodeposited films present free catechol (first system) or free gallol (second system) moieties. As it is described in Chapter 1, these functions can promote further immobilization of biomolecules, or nanoparticles. Thus, the developed films could be used as immobilization platforms of antimicrobial peptides or silver nanoparticles for the design of antimicrobial surfaces. Moreover, these films might have relevant anticorrosion properties.

Finally, the last but not the least outlooks would be to move towards more complex electrotriggered morphogenic systems. In Turing's model, formation of patterned assemblies from unpatterned ones is always induced by at least two morphogens whereas in our case one morphogen is used. Designing systems based on two morphogens would allow to create complex structures with peculiar properties. Plus précisément, un gradient de protons, de pH, est généré depuis l'électrode par électrolyse de l'eau (-2 V). Ceci va mener à la déprotonation des groupements amines du chitosan dans le voisinage de l'électrode et donc à une précipitation du polymère sur la surface.

Résumé de Thèse
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Il est à noter que ce procédé a également été appliqué aux enzymes. 6 Deux procédés sont décrits dans la littérature : la déposition électrochimique et la déposition électrophorétique des enzymes. Ils sont tous deux basés sur la génération d'un gradient de proton par électrolyse de l'eau dans une solution enzymatique ce qui déclenche l'agrégation et la précipitation des enzymes quand le pH atteint le point isoélectrique de l'enzyme au voisinage de l'électrode.

L'auto-assemblage de polyélectrolytes par électrochimie L'auto-assemblage de polyélectrolytes regroupe plusieurs procédés :

• La méthode assistée de multicouches par champ électrique qui consiste à améliorer les interactions électrostatiques entre des polyélectrolytes et une surface en appliquant un potentiel électrique. 7

• L'électro-auto-assemblage de polyélectrolytes, mis en évidence par Van Tassel. Cette rugosité constante est due à l'auto-assemblage de complexes TA/Fe(III) en solution dans le voisinage de l'électrode qui s'adsorbent sur la surface tout au long du processus. Ceci est en accord l'image topographique AFM représentant le film comme un assemblage homogène constitué de nanoparticules de 30 nm de diamètre (Figure 12b). Nous montrons ici que la génération de Fe (III), électrocontrôlée depuis l'électrode, permet le contrôle de l'autoassemblage de TA/Fe (III) sur la surface simplement en ajustant le temps pendant lequel le courant est appliqué. Il est intéressant de comparer ces films de TA/Fe (III) électro-générés à ceux obtenus par changement de pH en solution par Ejima et al. A des ratios molaires Fe/TA similaires les rugosités des deux films sont dans le même ordre de grandeur. 17 Les films construits sont stables même si un potentiel réducteur (-0,4V) est appliqué. Une étude par XPS a mis en évidence la présence de l'acide tannique et du fer (III) dans le film.

L'influence de certains paramètres de construction a également été étudiée. La densité de courant appliquée a été variée de 1,25 à 31,25 µA/cm² et l'épaisseur du film augmente avec celui-ci. Le ratio Fe(II)/TA a également un impact sur la construction, l'épaisseur des films augmente avec celui-ci jusqu'à atteindre un plateau pour des ratios supérieurs à 8. Le type de complexe formé étant dépendant du pH de la solution, l'effet de ce dernier a aussi été examiné.

Il a été montré que le pH n'a pas de répercussions sur la construction pour des pH supérieurs à En comparaison, quand un mélange PAH/bis-catéchol est utilisé dans les même conditions, une variation de fréquence de 800 Hz est mesurée (Figure 7). La masse déposée avec la solution de bis-catéchol peut être expliqué par l'électroréticulation de la molécule. 18 
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 11 Figure 1.1: Chemical structure of catechol and gallol moieties with examples of natural phenomena in which they are involved.

Figure 1 . 2 :

 12 Figure 1.2: Adhesion in the marine mussel Mytilus californianus. a) Adult mussel (5cm length) displaying an extensive byssus. b) Schematic representation of a mussel on a half-shell. Each byssus is a bundle of threads tipped with adhesive plaques. 1
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 13 Figure 1.3: a) Distribution of the mepfs in the attachment plaque or pad. b) The amino acid sequences of mefp-3 and mefp-5, have the highest known Dopa content. The insight shows the chemical structure of Dopa as it appears in the tri-Dopa sequence of mefp-5. 4
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Figure 1 . 4 :

 14 Figure 1.4: Chemical pathways of different interactions that catechol moieties (red square) are capable of forming. 6
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Figure 1 . 5 :

 15 Figure 1.5: Proposed pathway of Dopa-based cross-linking in plaque proteins. 1) Dopa is converted to Dopa-orthoquinone by catalysis or auto-oxidation. 2) Dopa-quinone reacts with Dopa by a reverse dismutation process to form semiquinone free radicals. 3) Free radicals couple through a ring-ring C-C bond. 4) Di-Dopa is reoxidized once or twice to a diquinone. 5) Schiff-base addition of Dopa-quinone on amine function of lysine. 10
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 16 Figure 1.6: Representative examples of (1) condensed tannins, (2) hydrolyzable tannins and (3) phlorotannins.21 

Figure 1 .

 1 Figure 1.7: a) Picture of the Commelina communis. b) Chemical structure of the commelinin. c) X-ray crystallographic structure of the commelinin complex with Mg 2+ .23 

Figure 1 . 8 :

 18 Figure 1.8: Schematic representation of the fabrication of a hybrid wet/dry nanoadhesive.35 

Figure 1 . 9 :

 19 Figure 1.9: Schematic representation of HA/Pluronic hydrogels. a) Slightly cross-linked 3-D network formation of HA/Pluronic hydrogels and their sol-gel transition behavior. b) The mechanism of Michael-type addition between a quinone on HA and a thiol group on Pluronic.39 

Figure 1 .

 1 Figure 1.10: a) Chemical structure of the Dopa-modified polyethylene glycol. b) The pH-dependent stoichiometry of Fe(III)-catechol complexes. c) Physical state and color of Dopa-PEG gels in mono-(green), bis-(purple), and tris-complexes (red).[START_REF] Holten-Andersen | Ph-Induced Metal-Ligand Cross-Links Inspired by Mussel Yield Self-Healing Polymer Networks with near-Covalent Elastic Moduli[END_REF] 

Figure 1 . 11 :

 111 Figure 1.11: Structure of nitrodopamine derivatives and their photocleavage mechanisms. a) Photolytic reaction of the o-nitrophenyl ethyl moiety. b) Different strategies used to trigger bonding (through oxidation of the catechol unit to quinone and further reaction, or through formation of metal complexes) and debonding upon exposure of nitrodopamine derivatives to light. Catechol reactions may lead to other polymerization products, but the photoreaction cleaves the linked chains in every case.44 

Figure 1 .

 1 Figure 1.12: a) Proposed structural evolution and polymerization mechanisms of dopamine. Under an oxidative condition, e.g. alkaline pH, dihydroxyl group protons in dopamine are deprotonated becoming dopamine-quinone, which subsequently rearranges via intramolecular cyclization to leukodopaminechrome. Further oxidation and rearrangement leads to 5,6-dihydroxyindole, whose further oxidation causes inter-molecular cross-linking to yield polydopamine. b) A schematic illustration of thin film deposition of polydopamine by dip-coating an object in an alkaline dopamine solution. c) Thickness evolution of polydopamine coating on Si measured by AFM.45 
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Figure 1 .

 1 Figure 1.13: a) Schematic illustration of microcontact printing of polydopamine (PDA) patterns. b) SEM image of imprinted PDA patterns on silicon substrates.47 

Figure 1 . 14 :

 114 Figure 1.14: Micropatterning of superhydrophobic surfaces and wetting properties. a) Schematic description for preparing polydopamine-patterned superhydrophobic surfaces. b) ToF-SIMS images of the polydopamine-patterned superhydrophobic surface: CN -(left) and C8H5N2O -(right). Scale bar is 100 µm. c,d) Rolling vs.stationary water droplets: c) the water droplet on the unmodified superhydrophobic rapidly rolled down when the surface is tilted (4°). d)The water droplet on the polydopamine-micropatterned superhydrophobic surface remained attached even when the surface is tilted at 90° and 180°.[START_REF] Kang | One-Step Modification of Superhydrophobic Surfaces by a Mussel-Inspired Polymer Coating[END_REF] 

Figure 1 .

 1 Figure 1.16: a) Molecular structure of Dopa-PEG-Lys polymer. b) Digital photograph of 300 bilayers Dopa-PEG-Lys/Clay films on microscope glass slide with (left) and without (right) Fe(III) crosslinking. c) Digital photograph of a Fe(III) crosslinked 300 bilayers Dopa-PEG-Lys/Clay free-standing film. 71
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 119 Figure 1.19:Buildup of defined diblock copolymers with an anchor and a soluble block for the functionalization of TiO2 nanorods to form the hairy rod mesogen.97 

Figure 1 . 21 :

 121 Figure 1.21: Schematic representation of hydrogen-bonding LbL assembly of doxorubicin-containing micelles with TA. 116

Figure 1 . 22 :

 122 Figure 1.22: Schematic illustration of the one-step assembly of coordination complexes on various types of substrates. 128

Figure 1 . 23 :

 123 Figure 1.23: Schematic representation for controlled formation and degradation of the TA-Fe(III) shell on individual S. cerevisiae. 133
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 124 Figure 1.24: Schematic description of the formation and degradation of DNA-TA hydrogels.

Figure 1 . 25 :

 125 Figure 1.25: Schematic illustration of compositions, deposition conditions and potential applications of plant polyphenol inspired multifunctional coatings. 138
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 1 26 represents the principle of cathodic electrodeposition of paint.

Figure 1 . 26 :

 126 Figure 1.26: Mechanism of the deposition of a cathodic electrocoating. 149

  Payne and co-workers opened a new page in the field of electrodeposition of polymers. Instead of using synthetic polymers, they used chitosan, a natural polysaccharide. 180 Chitosan has the same property as a cathodic paint: soluble at pH < pKa (about 6.3) 181-182 due to protonation of the amino groups and insoluble at pH > pKa (Figure 1.27).

Figure 1 . 27 :

 127 Figure 1.27: Chemical pathway between soluble and insoluble chitosan.180

Figure 1 .

 1 Figure 1.28 shows the mechanism of cathodic electrodeposition of chitosan. As for cathodic electrodeposition of paints, a pH gradient is generated from the electrode by water electrolysis (at -2 V) leading to deprotonation of amino groups of chitosan and precipitation in the vicinity of the electrode.

Figure 1 . 28 :

 128 Figure 1.28: (a) Mechanism of cathodic electrodeposition of chitosan, with pictures of (b) chitosan deposited on a microfluidic device and (c) chitosan hydrogel peeled from an electrode 183 .

Figure 1 . 29 :

 129 Figure 1.29: Spatially selective deposition of fluorescently labeled chitosan, in response to an applied voltage, (a) onto a patterned gold surface, the widths between electrodes are 50 µm, 193 (b) and on a curved geometry pattern. 192 (c) Electrodeposition of chitosan on a wire using on/off application of a voltage. 191

Figure 1 . 31 :

 131 Figure 1.31: Schematic representation of the fabrication protocol of the p-NP imprinting and imprinted CS/PTMS/AuNPs/GCE for sensing p-NP. 204
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 133134 Figure 1.33: Electrogelation of silk using pencil-lead electrodes: a) the gel forms around the positive electrode for 3 min; b) gelation is reversed with the application of reversed polarity DC voltage. 350In order to understand the gel deposition mechanism, one must have notions on silk fibroin's structure. Silk fibroin is a high molecular weight block copolymer made of heavy and light chains linked by a single disulfide bond.352 The heavy chain consists of alternating arrays of 12 repetitive hydrophobic peptide domains, rich in alanine and glycine residues, and 11 small hydrophilic charged amorphous domains. The N terminus and the amorphous domains contain acidic groups, whereas only the last amorphous domain and the C terminus contain basic groups.353 For a pH above its pI (4.2), silk protein is negatively charged, and intermolecular self-assembly is prevented by electrostatic repulsion (Figure1.31). When the pH value decreased in the vicinity of the positive electrode due to proton generation from water

Figure 1 . 35 :

 135 Figure 1.35: Morphology of electrodeposited gels using pencil lead electrodes: (a) SEM; (b) AFM; (c) inside structure of large microspheres in the gel; (d) magnified images of microspheres in the gel. 355

Figure 1 .

 1 36 shows a schematic illustration of the EFDLA, based on the enhancement of the electrostatic interactions between polyelectrolytes and the substrate by the application of an electric potential.364 When a polycation (linear poly(ethyleneimine), LPEI) is putted in contact with the electrode, a negative potential is applied to render the surface negatively charged. When the polyanion (poly(acrylic acid), PAA) is adsorbed the applied potential is reverse to a positive value to render the surface positively charged. In comparison with the classic LbL process, patterned multilayers can multilayers shows that EFDLA leads to more adsorbed amount of materials on the surface than the classic LbL process.366 

Figure 1 . 36 :

 136 Figure 1.36: Schematic illustrations of (A) electric-field assisted layer-by-layer assembly and (B) pattern formation 364 .

Figure 1 .

 1 Figure 1.38: a) Mechanism for calcium alginate electrodeposition. b) Electrodeposition of calcium alginate gel on an ITO-coated glass slide for 5 min at a current density of 3 A/m 2 . 393

Figure 1 .

 1 Figure 1.35b shows an electrodeposited calcium alginate gel with a thickness of 6 µm. The thickness is tunable by changing the deposition time and the current density.[393][394] The opacity of the gel is due to entrapped CaCO3 particles. A major advantage of the electrodeposition is the ability to spatially control the film deposition using patterned electrodes. Thus, calcium alginate was deposited on a patterned chip(Figure 1.39). It is even possible to use an insulating paper to induce the formation of the gel with a define shape depending on the pattern on the paper.395 

Figure 1 . 39 :

 139 Figure 1.39: Spatial selectivity of calcium alginate electrodeposition on a patterned chip. a) The chip is a silicon wafer with two patterned gold electrodes. b) Fluorescence photomicrograph of electrodeposited calcium alginate gels with entrapped fluorescent microparticles. c) Confocal fluorescence image from the middle depth of the alginate gel with entrapped fluorescent microparticles. 393

Figure 1 . 40 :

 140 Figure 1.40: Schematic representation of (a) microfluidic device and (b) cells assembled on one sidewall electrode in a microfluidic device. (c) Fluorescence micrograph of living cells, fluorescently labeled in green, encapsulated in an electrodeposited alginate hydrogel. 396

Figure 1 .

 1 Figure 1.41: a) Schematic illustration of the method to deposit an optically clear alginate gel at an electrode surface. b) Calcium alginate gel formed by the bilayer method. 402

Figure 1 . 42 :

 142 Figure 1.42: Molecules used for electrochemical-coupling layer-by-layer (ECC_LbL) assembly through cross-linking of peripheral N-alkylcarbazole units. 411

Figure 1 .

 1 43 illustrates the concept based on two chemically modified polymers, one bearing azide functions and one bearing alkyne functions. These two polymers are putted together in solution with Cu (II) and are unable to interact with each other.

Figure 1 . 44 :

 144 Figure 1.44: Mechanism for anodic electrodeposition of chitosan. 421

  -trioaundecandioic acid (TUDA) by Dr. Tony Garnier (post doctorant). The general synthetic pathway to get biscatechol is shown in Figure 2.1.

Figure 2 . 1 :

 21 Figure 2.1: Synthetic pathway to prepare bis-catechol in five steps from commercially available dopamine and TUDA.

  d 2.65 (t, J = 7.2 Hz, 4H), 3.40 (t, J = 7.1 Hz, 4H), 3.58 (s, 8H), 3.94 (s, 4H), 6.52 (dd, J = 2.1, 8.0 Hz, 2H), 6.64 (d, J = 1.9 Hz, 2H), 6.68 (d, J = 8.0 Hz, 2H); 13 C NMR (CD3OD, 100 MHz) δ 172.

  tris(benzyloxy)benzoate (1.500 g, 3.30 mmol, 1 eq.) was dissolved in CH3OH/dioxane 1:1 (80 mL) and KOH(1.85 g, 33.00 mmol, 10 eq.) was added in small portions. The reaction mixture was stirred at reflux for 1 hour. The solvents were removed, the residue dissolved in water (60 mL), the organic layer was extracted with ethyl acetate (3 x 50 mL), washed with aqueous 1M HCl (30 mL), brine (3 x 50 mL), dried with MgSO4, filtered and evaporated. The desired product was obtained as white solid (1.400 g, 97% yield) and used without further purification.1 H NMR (CDCl3, 400 MHz) δ 5.14 (brs, 6H),7.26 (brs, 2H), 7.32- 7.43 (m, 15H

  tris(benzyloxy)benzoic acid (0.400 g, 0.90 mmol, 1.1 eq.), and H2N-PEG11-N3 (0.290 g, 0.82 mmol, 1.0 eq.) were dissolved in anhydrous THF(20 mL). The solution was kept at T = 0°C and Et3N (0.164 g, 228 µL, 1.64 mmol, 2.0 eq.) was slowly added. Then 2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronoium hexafluorphosphate (HBTU, 0.466 g, 1.23 mmol, 1.5 eq.) was added in small portions. The reaction mixture was stirred at r.t. for 24 hrs.Then the solvent was removed by evaporation and the resulting oil was purified by SiO2 column chromatography, eluting with CH2Cl2 / CH3OH 90:10 to give the desired product as a colorless oil (0.475 g, 75%).1 H NMR (CDCl3, 400 MHz) δ 3.33 (dd, J1 = J2 = 5.0 Hz, 2H), 3.55-3.65 (m, 26H), 3.55 (brs, 4H), 3.58 (m, 10H), 3.61 (m, 6H), 3.63 (m, 6H), 5.07 (s, 2H), 5.13 (s, 4H), 5-Tris-{1-[2-(2-{2-[2-(2-{2-[2-(3,4,5-Tris-benzyloxy-benzoylamino)-ethoxy]-ethoxy}ethoxy)-ethoxy]-ethoxy}-ethoxy)-ethyl]-1H-[1,2,3]triazol-4-ylmethoxy}-benzene (0.320 g, 0.12 mmol) was dissolved in CH3OH/THF 9/1 mixture (25 mL). Pd,C 10% (0.030 g) was added and the reaction mixture was purged with H2. The mixture was kept stirring under H2 (ca. 1 atm.) for 18 hrs. The mixture was then filtered on a celite path and the solvents were evaporated.The resulting oil was purified by SiO2 column chromatography, eluting with CH2Cl2 / CH3OH / AcOH 4:1:0.5 to give the desired product as an oil (0.147 g, 70%).1 H NMR (CD3OD, 400 MHz) δ 3.57 (m, 72H), 3.88 (dd, J1 = J2 = 5.0 Hz, 6H), 4.59 (dd, J1 = J2 = 5.0 Hz, 6H), 5.13 (s, 6H),6.34 (s, 3H), 6.89 (s, 6H), 8.11 (s, 3H).

Figure 2 . 2 :

 22 Figure 2.2: Model representation of alkaline phosphatase

  chapter2.2.1.3). When an electrochemical reaction (oxidation or reduction) occurs at the WE, an additional current is recorded. The range of potentials (Ei and Ef) and the scan rate of the potential ! = |"#| "$ are chosen by the operator. The cycle of potential applied is a triangular signal represented on Figure 2.4. One cycle can be divided into two steps: a first step where the potential increases linearly from an initial potential Ei to a final potential Ef and a second step where it decreases linearly from Ef to Ei. The number of cycles is also chosen by the operator.

Figure 2 . 4 :

 24 Figure 2.4: Potential cycles applied at the working electrode as a function of time.A simple redox system can be described by the following chemical equation:

Figure 2 . 5 :

 25 Figure 2.5: Typical voltammogram of a reversible system displaying one oxidation peak Epa of intensity ipa and one reduction peak Epc of intensity ipc.The potential ranges from a minimum value Ei to a maximum value Ef. For the reversible redox reaction introduced above, two current peaks are observed: a first one at a potential Epa with an intensity ipa corresponding to an oxidation and a second one at a potential Epc with an intensity ipc corresponding to a reduction. The redox potential characteristic of the redox couple is determined with the following equation:

12

 12 

  couple (i.e. potential of redox couple with standard concentrations of Ox and Red) in V, R the perfect gas constant, T the temperature in K, n the number of the electrons involved in the electrochemical reaction, F the Faraday constant in C/mol and [Ox] and [Red] are respectively the concentrations of the oxidizing and the reducing species. The oxidation reaction corresponds to an electronic transfer of an electroactive molecule in the vicinity of the electrode surface. The current intensity observed in Figure 2.5 decreases beyond the Epa potential. This is due to a diffusion limitation of the Red: it is consumed much faster than it diffuses toward the electrode. Thus, when the potential exceeds Epa, its concentration at the interface decreases and the current decreases too even if the reaction is more favored. The same mechanism happens in the second half cycle with the oxidized molecule. The voltammogram allows the qualitative evaluation of the electron transfer reversibility: it can be irreversible, quasi-reversible or reversible. Reversible electron transfer reaction is the case of fast electrochemical reaction; the shape of voltammogram is determined in this case by the conditions of mass transport of Red and Ox species. This results in a symmetrical voltammogram (for the same concentrations of Red and Ox) with peaks potential separation exactly close to BC DE

Figure 2 . 7 :

 27 Figure 2.7: Schematic representation of a sandwiched quartz crystal submitted to an electric field and vibrating in the lateral direction.

Figure 2 . 8 :

 28 Figure 2.8: Schematic representation of the frequency shift measured by QCM during the adsorption of material on the crystal.

Figure 2 . 9 :

 29 Figure 2.9: Schematic representation of the time evolution of the potential difference at a quartz crystal in the case of a rigid and visco-elastic coating. The damping observed for a rigid film is low while the damping corresponding to the adsorption of a visco-elastic layer is high due to the dissipative nature of the visco-elastic film towards the acoustic wave generated by the resonator. The dissipation factor D higher for a viscoelastic substrate deposited on the quartz crystal than for a rigid one.

Figure 2 . 10 :

 210 Figure 2.10: AFM surface topographies obtained in contact mode of (a) a gold coated quartz crystal with thin grain size and (b) of an indium tin oxide coated quartz crystal with large grain size. Depending on the range of the pdiff used, both types of crystals were used for this work. In the electrochemical three-electrode setup, an Ag/AgCl electrode was used as the RE and a platinum electrode was used as the CE.Figure 2.11 schematically represents the EC-QCM-D electrochemical cell.

Figure 2 . 11 :

 211 Figure 2.11: Schematic representation of the three electrode EC-QCM-D electrochemical cell.

Figure 2 . 12 :

 212 Figure 2.12: Example of a bare Au quartz crystal voltammogram which does not display any oxidation or reduction peak.This voltammogram should not display any peaks because this would mean that an electrochemical reaction is taking place in the vicinity of the WE and thus that the electrode is

Figure 2 .

 2 13 shows the obtained voltammogram which should display two peaks corresponding to the oxidation and reduction of the electrochemical probe (K4FeCN6).

Figure 2 . 13 :

 213 Figure 2.13: Voltammogram of K4FeCN6 at 0.5 mg/ml on QCM Au coated crystals. One oxidation and reduction peak are respectively observed at 250 and 160 mV.

Figure 2 .

 2 14 schematically shows the working principle of an AFM.

Figure 2 . 14 :

 214 Figure 2.14: Schematic representation of an atomic force microscope. 5

Figure 2 .

 2 15 represents the different modes of the AFM with respect to the distance d between the tip and the sample.

Figure 2 . 15 :

 215 Figure 2.15: Schematic representation of the contact, non-contact and intermittent contact modes of the AFM.

Figure 2 . 16 :

 216 Figure 2.16: Schematic representation of the X-ray photoelectron spectroscopy.7 

CHAPTER 3 :

 3 6 eV) x-ray source at 225 W was used with a source/analyzer angle of 90°. The analysis was done in two times. A first low resolution spectrum was done with an energy of 50 eV in order to give a general atomic composition of the sample. Then, to distinguish the different component, high resolution spectra based on atomic transition were performed with an energy of 20 eV. Spectra are represented as a function of the number of photoelectrons detected for a given binding energy. The signal depends on the number of analyzed atoms. Data are treated with the Avantage V.2.26 and CasaXPS software. For the results presented in chapter 4, the analyses were performed with a PHI Quantera SXM (ULVAC-PHI) spectrometer, equipped with an Al Kα X-ray source (1486.6 eV). It operated at 100 W under ultrahigh vacuum (pressure lower than 5.0×10 -8 mbar).The incidence angle and the source-to-analyzer angle were set to 45° . The probing depth of the technique was estimated to range from 5 to 8 nm. The survey scans were collected from 0 to 1100 eV with pass energy of 280 eV and the high resolution scans were performed with the pass energy adjusted to 55 eV. Raw areas determined after background subtraction were corrected according to Scofield sensitivity factors(C 1s: 1.00, N 1s: 1.80 and O 1s: 2.93). The curve fitting was performed with CasaXPS software, by using a convolution of Gaussian and Lorentzian line shapes with a typical ratio of 60:40. This peak-fitting procedure was repeated until an acceptable fit was obtained with consideration of peak position and full width at half--TRIGGERED SELF-CONSTRUCTION OF PAH/BIS-CATECHOL FILMS ............................................ 3.5 AFM CHARACTERIZATION OF SELF-CONSTRUCTED PAH/BIS-CATECHOL FILMS ....................................... 3.6 CHEMICAL ANALYSIS OF THE SELF-CONSTRUCTED PAH/BIS-CATECHOL FILMS .....................................MORPHOGEN ELECTROCHEMICALLY TRIGGERED SELF-CONSTRUCTION OF POLYMERIC FILMS BASED ON MUSSEL-INSPIRED CHEMISTRY 123

  to get the trifluoroacetate salt of 2-(3,4-bis- benzylyoxyphenyl)-ethylamine 1 in 84% overall yield. Then, in the presence of a half equivalent of trioxaundecanedioyl chloride 2 (prepared in one step from TUDA) in basic conditions, the benzyl-protected bis-catechol 3 is obtained in 82%. Finally, a last hydrogenolysis step provides bis-catechol in a quantitative way. The overall yield of this synthesis is 68% and it has been realized on a multigram scale. The synthesis of the molecule was done by Dr Tony Garnier (post-doctorant) and the description of the total synthesis is given in the Material and Methods chapter.

Figure 3 . 2 :

 32 Figure 3.2: Synthetic pathway to prepare bis-catechol in five steps from commercially available dopamine and TUDA.

Figure 3 . 4 :

 34 Figure 3.4: Cyclic voltammograms with (a) 1 cycle of bis-catechol (1 mg/mL) solution and (b) 180 cycles (1h, 20s between each cycle) of bis-catechol (1 mg/mL) and PAH (1 mg/mL) mixture solution (catechol/amine ratio of 0.38) over the potential range of -0.5 to 0.7 V (vs Ag/AgCl, scan rate 50 mV/s). The supporting electrolyte was 10 mM Hepes-150 mM NaNO3 buffer solution at pH 7.4.

Figure 3 . 5 :

 35 Figure 3.5: Evolution of the normalized frequency shift, measured by EC-QCM, as a function of time of (blue lines) PAH/bis-catechol mixture (0.38 in catechol/amine molar ratio), (red line) bis-catechol and (black line) PAH solutions during the application of CV between 0 and +500 mV (vs Ag/AgCl, scan rate 50 mV/s). After injection of the solutions, CV was applied as indicated by the respective colored arrows. The grey arrows correspond to the end of CV application.

Figure 3 .Figure 3 . 6 :

 336 Figure 3.4b represents the evolution of the electrochemical signal during the self-construction of a PAH/bis-catechol film. The oxidation currents decrease with the number of cycles to reach the capacitive current after 30 cycles. At the first cycle, the oxidation and reduction peaks of bis-catechol are at 0.37 and 0.10 V, respectively. The oxidation peak shift during the selfconstruction towards positive values while the reduction peak shift towards the negative value (Figure 3.6a). The overall apparent redox potential, E1/2= 1 2 ! "# $% & + # '() & *, shifts towards more positive values (Figure 3.6b).

  130 Hz after 2 h of CV application. This could be due to a polymerization reaction of bis-catechol as already observed in the literature for catechol-derived compounds.32, 33 Poly(diallyldimethylammonium chloride) (PDADMA) is a polycation bearing only quarternary amines which cannot react with quinones. When PAH is replaced by PDADMA in the mixture solution keeping the same catechol/amine ratio, no buildup occurs(Figure 3.8).

Figure 3 . 8 :

 38 Figure 3.8: Evolution of the normalized frequency shift of (black line) PAH/bis-catechol mixture and (grey line) PDADMA/bis-catechol mixture during CV application between 0 and +500 mV (vs Ag/AgCl, scan rate 50 mV/s). The inset is a zoom-in of the evolution of the normalized frequency shift overtime of the system of PDADMA/bis-catechol; the black arrow indicates the injection of PDADMA/bis-catechol mixture into the QCM Cell.

Figure 3 . 9 :

 39 Figure 3.9: Evolution of the normalized frequency shift, measured by EC-QCM, as a function of time for a PAH/bis-catechol mixture (0.38 in catechol/amine molar ratio) during the application of two successive CV (black arrows)between 0 and +500 mV (vs Ag/AgCl, scan rate 50 mV/s, 5 min).

Figure 3 . 10 :Figure 3 .

 3103 Figure 3.10: Typical AFM 3D images, obtained in contact mode (liquid state), and their respective cross-section profiles of a scratched PAH/bis-catechol film, obtained after (a) 5 min, (b) 10 min, (c) 20 min and (d) 60 min of self-construction. The film buildup was performed with PAH/bis-catechol solution at 0.38 in catechol/amine molar ratio by applying a CV between 0 and +500 mV (vs Ag/AgCl, scan rate 50 mV/s). The white dashed-lines show the line corresponding to the profiles presented on the right.

Figure 3 . 11 :

 311 Figure 3.11: Evolution of the thickness and the roughness, measured by AFM in contact mode and liquid state, as a function of time of the self-constructed film obtained from a PAH/bis-catechol mixture solution at 0.38 in catechol/amine ratio by applying a CV between 0 and +500 mV (vs Ag/AgCl, scan rate 50 mV/s). The roughness was calculated on a 10 µm × 10 µm AFM images.After 5 min of CV application, the PAH/bis-catechol film covers uniformly the whole substrate with a thickness of 9 nm. The film thickness increases as a function of the application time of the CV, reaching 35 nm after 60 min of self-construction. One can notice that the thickness of the film increases in the same manner as the normalized frequency shift, i.e a high increase during the first 15 min of self-construction followed by a much slower increase. One can also remark that the films are quite rough and that the roughness increases during the film buildup process (Figure3.11b). Interestingly similarly rough films, corresponding to the presence of a large number of spikes, were obtained for other electrochemically triggered morphogen film
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Figure 3 . 12 :

 312 Figure 3.12: High-resolution XPS spectra of (a) N 1s, (b) C 1s and (c) O 1s regions of a self-constructed film obtained from a PAH/bis-catechol solution at 0.19 in catechol/amine molar ratio by applying a CV between 0 and +500 mV (vs Ag/AgCl, scan rate 50 mV/s) for 60 min.

Figure 3 . 13 :

 313 Figure 3.13: (a) Evolution of the normalized frequency shift of a PAH/bis-catechol mixture, obtained after 60 min of CV application between 0 and +500 mV (vs Ag/AgCl, scan rate 50 mV/s), as a function of catechol/amine ratio. (b) Evolution of the normalized frequency shift of a PAH/bis-catechol mixture (at 0.23 in catechol/amine ratio), obtained after 60 min of CV application between 0 and +500 mV (vs Ag/AgCl) as a function of the scan rate. The lowest scan rate corresponds to 1 mV/s.

Figure 3 .

 3 Figure 3.14a, b and c shows the evolution of the normalized frequency shifts and of the potential during the application of the first four potential-cycles at 1, 50 and 100 mV/s in scan rate, respectively.

Figure 3 . 14 :

 314 Figure 3.14: Evolution of (black line) the potential applied and (red line) the normalized frequency shift of a PAH/bis-catechol mixture (at 0.23 in catechol/amine ratio) during the CV application between 0 and +500 mV (vs Ag/AgCl) at a) 1 mV/s in scan rate, b) 50 mV/s in scan rate and c) 100 mV/s in scan rate.By decreasing the scan rate from 50 mV/s to 1 mV/s, the mass deposited decreases. Likewise, when the scan rate increases to 200 mV/s the mass deposited decreases. An optimum of the buildup is obtained for a scan rate of 50 mV/s. The existence of an optimum scan rate in the film buildup reflects the fact that the buildup process must be governed by at least two antagonistic effects. During a CV cycle, catechol molecules near the electrode are oxidized into quinones during the period of the cycle corresponding to oxidation conditions. These quinones can be reduced back into catechols during the time of the cycle which corresponds to reduction conditions. At a slow scan rate, during one cycle both the oxidation and reductions periods are long. Large amount of oxidized molecules are formed before reduction of these molecules takes

Figure 3 . 15 :

 315 Figure 3.15: Evolution of the normalized frequency shift of a PAH/bis-catechol mixture (at 0.38 in catechol/amine ratio) with a PAH of 15000 g/mol (grey line) and 58000 g/mol (black line), during a CV application between 0 and +500 mV (vs Ag/AgCl, scan rate 50 mV/s).

  .5 in Fe(II)/TA ratio at pH 3) was brought in contact with the ITO-QCM crystal, a small frequency shift (20 Hz) was observed corresponding to TA adsorption (Figure 4.3a).

Figure 4 . 3 :

 43 Figure 4.3: (a) Evolution of the normalized frequency shift, measured by QCM at different frequencies, as a function of time of Fe(II)/TA mixture (2.5 in Fe(II)/TA ratio at pH 3) during the application of 6.25 µA/cm 2 . (b) Evolution of the normalized frequency shift, measured by QCM-D, as a function of time of (black line) Fe(II)/TA mixture (2.5 in Fe(II)/TA ratio at pH 3), (red line) Fe(II) and (green line) TA solutions during the application of 6.25 µA/cm 2 . (c) AFM image, obtained in contact mode and liquid state, of self-assembled TA/Fe(III) film obtained after 30 min.

stopped (Figure 4 .

 4 3a). In the sole presence of TA or Fe(II), smaller frequency shifts (less than 30 Hz) were observed (Figure 4.3b). The presence of both partners is thus required which strongly indicates the self-assembly of a TA/Fe(III) film. The morphology of the deposited film was characterized by Atomic Force Microscopy (AFM) in contact mode and liquid state (Figure 4.3c).

Figure 4 . 4 :

 44 Figure 4.4: Typical AFM 3D images, obtained in contact mode and liquid state, and respective crosssection profiles of a scratched TA/Fe(III) film, obtained after (a) 5 min, (b) 10 min, (c) 20 min and (d) 70 min of self-assembly. The film buildup was performed with a TA/Fe(II) solution at(2.5 in Fe(II)/TA ratio at pH 3) by applying a current value of 6.25 µA/cm 2 .

Figure 4 .

 4 Figure 4.3b shows a typical topography corresponding to a TA/Fe(III) film self-assembled for 30 min with an applied current of 6.25 µA/cm 2 . The film appears grainy with a roughness (root mean square roughness calculated on 10 × 10 µm 2 AFM images) of about 5.2 ± 1 nm. After

Figure 4 . 5 :

 45 Figure 4.5: Evolution of the thickness and the roughness, measured by AFM in contact mode in liquid state, of the self-assembled TA/Fe(III) film, after scratching, as a function of time. TA/Fe(II) mixture solution (2.5 in Fe(II)/TA ratio at pH 3) was putted in contact with the electrode with an applied current of 6.25 µA/cm 2 . The film roughness was calculated on a 10 × 10 µm 2 AFM images. The data represents the mean and the standard deviation of three measurements. Lines are used to guide the eye.
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 5 Chemical analysis of the self-assembled TA/Fe(III) filmXPS investigation of self-assembled films allowed to determine both the atomic and chemical functions composition. A typical analysis of a TA/Fe(III) self-assembled film is given through a buildup obtained from a TA/Fe(II) solution(2.5 in Fe(II)/TA ratio at pH 3) in contact with an ITO-QCM electrode with an applied current of 6.25 µA/cm 2 for 30 min. Following atoms were detected in the XPS spectrum: carbon (C), oxygen (O) and iron (Fe)(Figure 4.6a-b). The C 1s peak at 285 eV (used as an internal calibration peak) represents 70% of the elemental composition of the self-assembled film and confirms the presence of TA in the resulting film because it is the only one carbon-containing compound in the starting TA/Fe(II) solution. The position of Fe 2p1/2 and Fe 2p3/2 peaks, centered at 725.5 eV and 711.9 eV respectively, indicated the presence of Fe(III) species in the self-assembled film (Figure4.6c).34 By deconvolution of both peaks, the relative proportion of Fe(III) and Fe(II) were evaluated at 80-85% and 20-15%, respectively. These values of Fe(III)/Fe(II) ratio are in agreement with deconvoluated peaks of Fe 3p observed at 56.8 eV (Figure 4.7a). The presence of Fe(III) in major proportion validates our proposed model of film buildup based on the gradient of Fe(III) generated in situ from the electrode surface. In addition, by deconvolution of O 1s signal, two peaks centered at 533.5 eV and 531.8 eV can be attributed to H-O-Fe and O-Fe species, respectively (Figure 4.7b). Entities

Figure 4 . 6 :

 46 Figure 4.6: XPS spectra of TA/Fe(III) self-assembled film (a, b) survey spectrum and (c) Fe 2p corelevel spectrum. Experimental data are drawn in dotted black line. TA/Fe(III) self-assembled film was obtained with TA/Fe(II) mixture solution(2.5 in Fe(II)/TA ratio at pH 3) in contact with an ITO-QCM electrode with an applied current of 6.25 µA/cm 2 for 30 min.

Figure 4 . 7 :

 47 Figure 4.7: XPS analysis of (a) the Fe 2p and (b) O 1s core-level spectrum of TA/Fe(III) self-assembled film. Experimental data are drawn in dotted black line. TA/Fe(III) self-assembled film was obtained with TA/Fe(II) mixture solution (2.5 in Fe(II)/TA ratio at pH 3) in contact with an ITO-QCM electrode with an applied current of 6.25 µA/cm 2 for 30 min. According to the chemical structure of TA displayed in Figure 4.1a, the theoretical atomic ratio C-O/C=O is 3.60, a value close to the experimental ratio of 3.55 that we measured by XPS on pure TA powder (Figure 4.8). Surprisingly, XPS analysis of the TA/Fe(III) self-assembled film

Fe

  

Figure 4 . 8 :

 48 Figure 4.8: High resolution spectra of C1s peaks measured by XPS analysis of TA/Fe(III) selfassembled films obtained from building solutions with Fe(II)/TA molar ratio of 0 (pure TA), 0.5, 2.5 and 10 (black dotted line). Peaks obtained after decomposition are drawn in blue and their sum in red. In all spectra, four components localized respectively at 291 eV, 288.9 eV, 286.3 eV and 284.8 eV were found. They are respectively attributed to π-π* satellite, O=C-O, O-C and C-C bonds. Corresponding peak ratios between O=C and O-C are presented in the table.

  off of TA/Fe(III) self-assembly occurs after reaching a characteristic value in frequency shift and in time. Both values depend on the applied current and the measured potential (Figure4.9b).

Figure 4 . 9 :

 49 Figure 4.9: (a) Evolution of the normalized frequency shift, measured by EC-QCM, and (b) of the potential during the self-assembly of TA/Fe(III) film as a function of time performed at different current intensities. TA/Fe(II) mixtures were prepared with 2.5 in Fe(II)/TA ratio at pH 3.

Figure 4 . 10 :

 410 Figure 4.10: Evolution of the normalized frequency shift during TA/Fe(III) self-assembly as a function (a) of the buildup pH with 2.5 in Fe(II)/TA molar ratio and (b) of Fe(II)/TA molar ratio with a buildup pH of 3. The applied current intensity was fixed at 6.25 µA/cm 2 for 30 min.

  Taking into account the molecular formulae of TA, 10 moieties (5 pyrogallol and 5 catechoyl moities) per TA molecule can be complexed with Fe(II). By increasing the Fe(II)/TA molar ratio in the building solution, each molecule of TA will be complexed with an increasing number of Fe(II) ions until saturation (Fe(II)/TA = 10). A the saturation, all TA molecules present in the bulk and in contact with the electrode are surrounded by Fe(II) ions which increases the probability of the electro-generated Fe(III), from Fe(II), to interact with TA. These experiments highlight the crucial role of the Fe(II)/TA molar ratio on the self-assembly of the film.

Figure 4 . 11 :

 411 Figure 4.11: Evolution of the normalized frequency shift, measured by QCM, as a function of time of TA/Fe(II) mixtures at pH 3 at different Fe(II)/TA ratio during the application of 6.25 µA/cm 2 .

Figure 4 . 12 :

 412 Figure 4.12: (a) Percentage of remaining TA/Fe(III) films, self-assembled at (black curve) pH 3 and (red curve) pH 7.4, as a function of time when putted in contact with 100 mM EDTA at the buildup pH. The percentage is calculated from the frequency shift obtained by QCM signal at the injection of the EDTA solution. (b) First cycle of the cyclic voltamogramm of TA/Fe(III) films after self-assembly (black curve) at pH 3 and (red curve) at pH 7.4. The cyclic voltammetry was performed in contact with 150 mM KPF6 solution between -0.2 V and 1.5 V at 50 mV/s. The self-assembled films were obtained using an applied current of 6.25 µA/cm 2 for 30 min with 2.5 Fe(II)/TA ratio mixture solution.

  the application of reductive potentials to induce the reduction of Fe(III) into Fe(II) (Figure4.13).

Figure 4 . 13 :

 413 Figure 4.13: Evolution of the normalized frequency shift, measured by QCM, as a function of time of TA/Fe(II) mixture(2.5 in Fe(II)/TA ratio at pH 3) during the application of 6.25 µA/cm 2 followed by the application of three reductive potentials.No visible dissolution of the film was observed at -0.4 V indicating the stability of TA/Fe(III) complexes. To go further, several cycles of cyclic voltammetry have been applied on both selfassembled films(Figure 4.14).

Figure 4 . 14 :

 414 Figure 4.14: Cyclic voltamogramms of TA/Fe(III) films after self-assembly at (a) pH 3 and (b) pH 7.4. The cyclic voltammetry was performed in contact with 150 mM KPF6 solution between -0.2 V and 1.5 V at 50 mV/s (5 cycles). The first cycle is represented in Figure 4.12b. The black arrows indicate the evolution of the signal during the cyclic voltammetry. The self-assembled films were obtained by using an applied current of 6.25 µA/cm 2 for 30 min with 2.5 Fe(II)/TA ratio mixture solution.After the first cycle (Figure4.12b), the oxidation peak of TA decreases about 10 fold followed by a slower continuous decrease during the following cycles. This indicates an irreversible TA oxidation, probably at the vicinity of the electrode. At the same time, the oxido-reduction signal of Fe(II)/Fe(III) increases. This could be explained by the release of Fe(III) from di-coordinated complexes simultaneously with the irreversible oxidation of galloyl moieties of TA. The oxidation of TA seems to be partially reversible at pH 3 (presence of a reduction peak of TA at 0.8 V) in comparison to pH 7.4. This may be tentatively explained by the better oxidation of pyrogallol at higher pH.41 

  Figure 4.15a- b), were used in mixtures with Fe(II) to self-assemble a film.

Figure 4 .

 4 15c-d demonstrates that the concept of electrochemically induced self-assembly of TA can be generalized to other polyphenols.

Figure 4 . 15 :

 415 Figure 4.15: Chemical formulae of (a) gallic acid and (b) rosmarinic acid. Evolution of the normalized frequency shift as a function of time of (c) gallic acid/Fe(II) mixture, 1:2 Fe(II)/gallic acid molar ratio at pH 3 (black curve) and gallic acid (red curve), at an applied current of 62.5 µA/cm 2 (d) rosmarinic acid/Fe(II) mixture, 1:1 Fe(II)/rosmarinic acid molar ratio at pH 3, (black curve) and rosmarinic acid (red curve) at an applied current of 6.25 µA/cm 2 .
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2 Figure 5 . 1 :

 251 Figure 5.1: Schematic representation of the general working of biosensors.(www.jaist.ac.jp) 

Figure 5 . 2 :

 52 Figure 5.2: Principle of the one pot self-construction of AP film based on the oxidation of bis-catechol molecules.

Figure 5 . 3 :

 53 Figure 5.3: Evolution of the normalized frequency shift, measured by EC-QCM, as a function of time of (a) AP/bis-catechol mixture with bis-catechol (1 mg/mL) and AP (1 mg/mL) (black curve) and biscatechol (1 mg/mL) solution (grey line) and (b) AP/bis-catechol mixture with bis-catechol (1 mg/mL) and AP(6 mg/mL) during the application of CV between 0 and +500 mV (vs Ag/AgCl, scan rate 50 mV/s).

Figure 5 . 4 :

 54 Figure 5.4: Evolution of the normalized frequency shift, measured by EC-QCM, as a function of time of AP/bis-catechol mixture (black line) and bis-catechol (grey line) with AP at 1 mg/mL and bis-catechol at 3 mg/mL during the application of CV between 0 and +500 mV (vs Ag/AgCl, scan rate 50 mV/s).

  4a and Chapter 4, Figure 4.2b).

Figure 5 .

 5 6a shows QCM signals measured during the application of 700 mV, vs Ag/AgCl, 50 mV/s) for TA/PAH mixture and TA solution both with TA at 3 mg/mL. As soon as the CV is applied, the normalized frequency shift starts to increase in both cases. After one hour of CV, the frequency shift reached 120 Hz for the TA/PAH mixture and 70 Hz for TA alone. As catechol, oxidized gallol moieties of TA can react between each other leading to a deposition of mass.17 Yet, a better mass deposition is obtained in the presence of PAH. Both compounds are needed to measure a significant mass deposition on the crystal.In order to improve the mass deposition, the concentration of TA was increased at 10 mg/mL and we used a fixed potential of 1.0 V (vs Ag/AgCl) to induce the buildup (Figure5.6b). ITO coated QCM crystals were used to be able to work at this potential. The normalized frequency shift reached 350 Hz for the TA/AP mixture and 100 Hz for TA alone in solution. Working at higher concentrations and at a constant potential of 1.0 V allows to deposit thicker films. These results show that TA can be used as an electro-activated crosslinker of polyamine.

Figure 5 . 6 :

 56 Figure 5.6: Evolution of the normalized frequency shift, measured by EC-QCM, as a function of time of (a) TA/PAH (black line) and TA (grey line) mixture during the application of CV between +200 and +700 mV (vs Ag/AgCl, scan rate 50 mV/s).(b) TA/PAH (black line) and TA (grey line) during the application of +1.0 V (vs Ag/AgCl) for 1h alternated with OCP.

Figure 5 . 7 :

 57 Figure 5.7: Evolution of the normalized frequency shift, measured by EC-QCM, as a function of time of TA/AP (black line) and TA (grey line) from a filtrated mixture during the application of a constant potential of +1.0 V (vs Ag/AgCl, 1h).

Figure 5 . 8 :

 58 Figure 5.8: Molecular representation of the gallol-dendrimer.

Figure 5 . 9 :

 59 Figure 5.9: (a) Evolution of the normalized frequency shift, measured by EC-QCM, as a function of time of a gallol-dendrimer/AP (black line) and gallol-dendrimer (grey line) mixture during the application of CV between -500 mV and +700 mV (vs Ag/AgCl, scan rate 50 mV/s). (b) Cyclic voltammogram with 90 cycles (30 min, 20s between each cycle) of gallol-dendrimer (1 mg/mL) solution over the potential range of -0.5 to 0.7 V (vs Ag/AgCl, scan rate 50 mV/s).

Figure 5 . 10 :

 510 Figure 5.10: Principle of the physical entrapment of enzymes in one pot self-assembled Fe/TA films.

Figure 5 . 11 :

 511 Figure 5.11: Evolution of the normalized frequency shift, measured by EC-QCM, as a function of time during the application of a constant current of 5µA for TA/FeII/GO mixture a) at pH = 3. b) at pH = 7.4.

Figure 1 :

 1 Figure 1 : Structure chimique des groupements catéchols et gallols.

Figure 2 : 1 . 2 )

 212 Figure 2 : Les différentes interactions possibles que les catéchols (encadré rouge) peuvent former. 2

Figure 3 :

 3 Figure 3 : (a) Mécanisme d'électrodéposition du chitosan avec photos (b) du chitosan déposé d'un système micro-fluidique et (c) d'un hydrogel de chitosan décollé d'une électrode.5 

L

  'électrodéposition de polymères par formation de liaisons covalentesCes procédés regroupent : l'électropolymérisation qui se base sur l'utilisation d'un potentiel électrochimique pour oxyder des monomères, les transformant en espèce radicalaire réactive qui polymérise pour former un film, 10 les multicouches couplées par électrochimie introduite par notre équipe en 2010 11 et enfin l'électro-réticulation de polymères. Comme mentionné précédemment, cette dernière a été introduite dans notre en groupe en 2011.12 

Figure 4 : 2 )

 42 Figure 4 : Formation « une-étape » de films par chimie click contrôlée électrochimiquement. 12 Dans ce cas, la réaction click entre les fonctions azotures et les alcynes de polymères fonctionnalisés a été exploitée. La Figure 4 illustre le concept d'électroréticulation basé sur

Figure 5 :

 5 Figure 5 : (a) Structure chimique du bis-catéchol et du poly(allylamine hydrochlorure) (PAH). (b) Principe de l'autoconstruction en « une étape » d'un film de polymères basée sur l'oxydation d'un morphogène (biscatéchol).

Figure 6 :

 6 Figure 6 : CV de -0,5 à 0,7V (vs Ag/AgCl, vitesse de scan 50 mV/s) avec (a) un cycle de solution de biscatéchol (1 mg/mL) et (b) 180 cycles (1h, 20s par cycles) d'un mélange de biscatéchol (1 mg/mL) et PAH (1 mg/mL). Réalisé dans un tampon 10 mM Hepes-150 mM NaNO3 à pH = 7,4.Les pics d'oxydations (tirets bleus) et de réduction (tirets rouges) sont mesurés respectivement à 0,4V et -0,03V (vs Ag/AgCl). Ces valeurs sont en accord avec celles dans la littérature.13 

Figure 7 :

 7 Figure 7 : Evolution de la fréquence normalisée, mesurée par EC-QCM, en fonction du temps (ligne bleue) d'un mélange PAH/biscatéchol (catéchol/amine ratio de molaire 0,38), (ligne rouge) d'une solution de biscatéchol et (ligne noire) d'une solution de PAH pendant l'application d'une CV entre 0 et +500 mV (vs Ag/AgCl, vitesse de balayage 50 mV/s). Après injections des solutions, une CV a été appliquée aux temps marqués par des flèches de couleurs respectives. Avant d'appliquer la CV, une solution contenant un mélange de PAH et de bis-catéchol à pH = 7,4 est injectée, une légère augmentation de la fréquence est observée (Figure 7) due à l'adsorption électrostatique du PAH sur le cristal d'or. Lors de l'application de la CV, la fréquence normalisée augmente due au dépôt de film. La construction ralentit avant la fin de la durée de la CV. Cet effet est dû à la formation d'un film isolant sur le substrat qui limite la diffusion du bis-catéchol. La Figure 7 montre également les expériences de contrôle réalisées avec le PAH seul et le bis-catéchol seul en solution. Aucune construction n'est obtenue. Un mélange de PAH et bis-catéchol est donc nécessaire pour observer une autoconstruction.

Figure 8 :

 8 Figure 8 : Evolution de l'épaisseur et de la rugosité, mesurées par AFM en mode contact et à l'état liquide, en fonction du temps d'autoconstruction d'un film obtenu à partir d'un mélange PAH/biscatéchol avec un ratio catéchol/amine de 0,38 en appliquant une CV entre 0 et + 500 mV (vs Ag/AgCl, vitesse de scan 50 mV/s). La rugosité a été calculée à partir d'images AFM de dimension 10 µm × 10 µm.Après 5 min d'application de la CV, le film PAH/bis-catéchol couvre entièrement et uniformément le substrat avec une épaisseur de 9 nm. L'épaisseur du film augmente avec la durée d'application de la CV, atteignant 35 nm après 60 min d'autoconstruction. On peut remarquer que l'épaisseur du film évolue de la même façon que la variation de fréquence mesurée en QCM, i.e une augmentation rapide pendant les 15 premières minutes de la construction suivie d'un pseudo plateau. On peut également remarquer que les films sont très rugueux et que la rugosité augmente tout au long du processus (Figure8b). Des films rugueux similaires, caractérisés par la présence de nombreux pics, ont été obtenus dans d'autres exemples de constructions morphogéniques par électrochimie impliquant une petit molécule bi-fonctionnel.14 Il semble donc logique de corréler cette structure en pic avec l'usage d'espaceurs éthylène glycol bi-fonctionnels. L'influence de deux paramètres a été étudié : le ratio catéchol/amine et la vitesse de balayage de la CV. Après 60 minutes de construction, la variation de fréquence mesurée en QCM augmente avec le ratio catéchol/amine jusqu'à atteindre un palier pour un ratio de 0,25 (Figure9a). Cet effet peut être expliqué par une gêne stérique qui empêche tous les groupements amines d'être réticulés par les catéchols oxydés. La Figure 9b montre l'influence de la vitesse de balayage sur la construction. Un optimum est observé pour une vitesse de 50 mV/s. A vitesse de balayage supérieur, moins de temps est laissé au bis-catéchol pour qu'il soit oxydé et qu'il diffuse depuis l'électrode pour réticuler les chaînes de PAH. Dans ce cas c'est la diffusion du bis-catéchol qui est limitante. A faible vitesse de balayage c'est l'effet inverse qui se produit, le bis-catéchol a beaucoup de temps pour être oxydé

Figure 9 : 3 )

 93 Figure 9 : (a) Evolution de la fréquence normalisée mesurée en EC-QCM d'une solution de PAH/biscatéchol obtenue après 60 min d'application d'une CV entre 0 et +500 mV (vs Ag/AgCl, vitesse de balayage 50 mV/s) en fonction du ratio molaire catéchol/amine. (b) Evolution de la fréquence normalisée mesurée en EC-QCM d'une solution de PAH/biscatéchol avec un ratio catéchol/amine de 0,23, obtenue après 60 min d'application d'une CV entre 0 et +500 mV (vs Ag/AgCl) en fonction de la vitesse de balayage.

Figure 10 :Figure 11 :

 1011 Figure 10 : (a) Structures chimique de l'acide tannique. (b) Principe de l'autoconstruction en « une étape » d'un film d'acide tannique basé sur l'oxydation d'un morphogène (ion Fer (III)).Nous avons tout d'abord étudié la réponse électrochimique du Fe(II), de l'acide tannique et du mélange des deux composés par CV sur un cristal de QCM recouvert d'ITO et agissant comme électrode de travail (Figure11). Le voltamogramme des ions ferriques présente un couple de pics redox correspondant aux transitions redox Fe(II)/Fe(III). Les pics d'oxydation et de réduction sont situés à 1,2 V et -0,05 V (à 50 mV/s) respectivement (Figure11a). Ces valeurs sont très différentes de celles retrouvées dans la littérature sur des électrodes d'or (0,70 V et 0,29 V respectivement) probablement à cause d'une plus faible conductivité de l'ITO par rapport à l'or.15 On observe une augmentation du courant mesurée et donc un début d'oxydation du Fe(II) pour les potentiels supérieurs à 0,2 V. Le voltamogramme du TA montre une oxydation irréversible oxydation à 0,93 V (Figure11b). Aucun pic de réduction n'est observé ce qui signifie que la réaction électrochimique est irréversible comme décrit dans la littérature.16 Tout comme pour le Fe(II), le pic d'oxydation du TA en CV sur l'ITO est décalé par rapport aux valeurs données dans la littérature (0,44 V). Le mélange Fe(II)/TA montre un premier pic d'oxydation à 0,25 V, attribué à l'oxydation du Fe(II), suivi d'un pic plus large à 0,80 V correspondant à l'oxydation des gallols (Figure11c). Un pic de réduction de faible intensité est visible à 0,12 V qui peut être attribué à la réduction du Fe(III). D'après ces voltamogrammes on peut anticiper que travailler à des potentiels entre 0,1 et 0,5 V permet d'oxyder le Fe (II) en Fe (III) tout en limitant l'oxydation des gallols du TA.

Figure 12 :

 12 Figure 12 : a) Evolution de la fréquence normalisée, mesurée par EC-QCM, en fonction du temps (ligne rouge) d'un mélange fer (II)/TA (ratio fer/TA de 2.5), (ligne noire) d'une solution de TA, (ligne bleue) d'une solution de fer (II) pendant l'application d'une densité de courant de 6.25 µA/cm². b) Image AFM obtenue en milieu liquide et en mode contact d'un film TA/Fer(III) autoconstruit pendant 30 minutes.La morphologie des films déposés a été caractérisée par AFM en mode contact à l'état liquide.La Figure12bmontre une topographie caractéristique d'un film TA/Fe(III) auto-assemblé pendant 30 minutes avec une densité de courant appliquée de 6,25 µA/cm². Le film présente des grains avec une rugosité aux environs de 5 nm. Une fois le film rayé, son épaisseur a pu être déterminée et ce, à différents temps de construction (Figure13). Après 5 min d'auto assemblage, le film couvre uniformément tout le substrat avec une épaisseur de 16 nm et une rugosité de 6,3 nm. L'épaisseur du film augmente avec le temps d'application du courant jusqu'à atteindre 263 nm à 70 min. On peut remarquer que la rugosité du film reste presque constante atteignant 6,8 nm après 70 min.

Figure 13 :

 13 Figure13 : Evolution de l'épaisseur et de la rugosité d'un film auto-assemblé de TA et de Fe(III) mesurée par AFM après rayure en mode contact et en milieu liquide, en fonction du temps. Un mélange TA/Fe (II) (ratio Fe(II)/TA de 2,5 pH =3) a été mis en contact avec l'électrode et une densité de courantde 6,25 µA/cm² a été appliquée. La rugosité du film a été calculée à partir d'images AFM de dimensions10 µm × 10 µm.
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 24 A pH=2 et en dessous, aucune construction n'est observée ce qui est attribué à la formation de mono-complexes de Fe (III)/TA et donc l'absence d'assemblage sur la surface. Application des nouveaux procédés d'électrodéposition aux biocapteurs Un des objectifs majeurs de ce travail était la création d'une électrode fonctionnalisée avec une enzyme en utilisant les deux stratégies d'autoconstruction de films induit par électrochimie présentées précédemment. L'idée était d'immobiliser une enzyme sur l'électrode soit par réticulation via l'oxydation de catéchols/gallols, soit en piégeant l'enzyme dans un autoassemblage de TA et de Fe (III). Dans le premier cas, le biscatéchol, une fois activé par l'application d'un potentiel, a été utilisé pour réticuler enzymes réaction chimique entre les quinones du biscatéchol oxydé et les fonctions amines de l'enzyme. Dans le deuxième cas, nous avons essayé de piéger physiquement l'enzyme par co-déposition avec un film TA/Fe(III) autoassemblé. Comme il est montré dans la deuxième partie de ce résumé, le biscatéchol créé dans notre équipe peut être utilisé pour électroréticulé un polyamine. Nous pouvons donc imaginer utiliser ce procédé pour électroréticuler d'autres composés présentant des fonctions amines, ce qui est le cas pour les enzymes. Nous avons utilisé la phosphatase alcaline (AP) comme enzyme dans les mêmes conditions optimales déterminées pour le système PAH/bis-catéchol (voir partie 2). La Figure 14a montre un signal typique de construction obtenue en EC-QCM. Après l'injection du mélange AP/biscatéchol ou du biscatéchol seul, une légère augmentation de la fréquence normalisée est observée due à la coordination de l'or du crystal de QCM par les catéchols. L'application d'une CV (0-500 mV, vs Ag/AgCl, vitesse de scan 50 mV/s) induit une très lente augmentation de la fréquence normalisée dans les deux cas. Après 60 minutes et une étape de rinçage, la variation de fréquence a atteint 40 Hz pour le mélange AP/biscatéchol et le biscatéchol seul en solution.

Figure 14 :

 14 Figure 14 : Evolution de la variation de fréquence normalisée mesurée par EC-QCM en fonction du temps pendant l'application d'une CV entre 0 et +500 mV (vs Ag/AgCl, vitesse de scan 50 mV/s) pour un mélange AP/biscatéchol à 1 mg/mL en biscatéchol et 1 mg/mL en AP.

  Une construction similaire étant obtenue avec ou sans enzyme, celle-ci n'est probablement pas piégée dans le matrice de bis-catechol réticulé. Il est donc impossible d'immobiliser l'enzyme dans ces conditions. L'AP et les enzymes en général possède une densité d'amine assez faible (en comparaison avec le PAH) avec une accessibilité limitée par leur conformation ce qui défavorise la réaction avec les fonctions quinones du bis-catechol.19 Notre deuxième approche a été d'essayer de piéger physiquement l'enzyme dans le film autoassemblé TA/Fe(II). Plus précisément, l'AP a été mélangée avec le TA et le Fe (II) en solution et le mélange a été mis en contact avec une électrode. En appliquant un potentiel oxydant, l'auto-assemblage de films TA et de Fe (III) des films est induit en présence de l'enzyme. La Figure 15 montre l'évolution d'un signal de QCM mesuré pendant l'application d'un courant constant de 5 µA (densité de courant 6,25 µA/cm²) pour des mélanges AP/TA/Fe(II) à pH = 3 et à pH = 7,4. Dans les deux cas après une heure, une variation de fréquence normalisée d'approximativement 1000 Hz est atteinte.

Figure 15 :

 15 Figure 15 : Evolution de la variation de fréquence normalisée mesuré en EC-QCM en fonction du temps pendant l'application d'un courant de 5µA (densité de courant 6.25 µA/cm²) pour un mélange TA/Fe(II)/AP à a) pH = 3 et b) pH = 7,4.En présence d'AP, l'auto-assemblage de TA/Fe(III) est ralenti. En comparaison, la variation de fréquence normalisée est de 2500 Hz pour une solution de TA/Fe (III) pendant la même durée (1h). A cause de la précipitation du substrat test de l'AP (PNPP), nous n'avons pas été capables de tester l'activité enzymatique du film et de vérifier la présence de l'AP dans le film.
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  1 H NMR and13 C NMR spectra were recorded on Bruker Advance DPX400 (400 Silica gel 60 (particle: 40 -60 µm) was used for flash chromatography. High-resolution mass spectra (HRMS) were recorded with an MicroTOF-Q (BRÜKER) mass spectrometer at the Service de Spectrométrie de Masse de la Faculté de Chimie (University of Strasbourg) and are given in m/z.

	N-tert-Butoxycarbonyl-3,4-dihydroxiphenylethylamine
	Dopamine hydrochloride (4.00 g, 21.1 mmol, 1.0 eq.) was dissolved in MeOH (100 mL). Ar
	gas was bubbled through the solution during dissolution to remove oxygen gas (few minutes).
	MHz) spectrometers. The NMR chemical shifts are reported in ppm relative to
	tetramethylsilane (DMSO-d6, CDCl3 or MeO-d4) or tert-butanol (1.24 ppm) in D2O (s: singlet,

t: triplet, q: quadruplet, dd: doublet of doublet, m: multiplet, br: broad). The 1 H NMR chemical shifts in deuterated water are reported in ppm relative to tert-butanol

(1.24 ppm)

. Infrared spectra were obtained on a Vertex 70 spectrometer (Bruker, Germany). The spectra were recorded in the Attenuated Total Reflection (ATR) mode. Merck RP-18 F254S plates were used for analytical thin layer chromatography.

Then, Et3N (3.24 mL, 23.2 mmol, 1.1 eq.) was added followed by Boc2O (5.06 g, 23.2 mmol, 1.1 eq.). The reaction mixture was stirred under Ar for 1h and the solvent was removed under reduce pressure. The remaning residue was dissolved in CHCl3 (200 mL) and quickly washed with a 1M aqueous HCl (2 × 50 mL) and brine (100 mL). The organic layer was then dried over MgSO4, filtered and evaporated to give the desired product (5.35 g, quantitative yield) as a white solid which was used in the next step without further purification; FTIR (neat, cm -1 ) 3486, 3375, 3061, 1675; 1 H NMR (CDCl3, 400 MHz) d 1.44 (s, 9H), 2.66 (t, J = 6.9 Hz, 2H), 3.32 (bs, 2H), 6.60 (dd, J = 1.8, 8.0 Hz, 1H), 6.71 (d, J = 1.8 Hz, 1H), 6.79 (d, J = 8.0 Hz, 1H);
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C NMR (CD3OD, 100 MHz) δ 158.

Table 2 .

 2 2 represents the structures and gives the molecular weight of each polymer used. For all polymers, the molecular weights Mw were supplied by the provider. PAH has a pKa of 8.5 and PDADMA is a strong polycation. Polymers

	were solubilized in aqueous solution of 10 mM HEPES -150 mM NaNO3 pH=7.4 buffer at a
	concentration 1 mg/mL, unless otherwise stated.

Table 2 . 2
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	:	Molecular	representation	of	poly(allylamine	hydrochloride)	and
	poly(diallyldimethylammonium chloride).				

Table 3 .

 3 

1: XPS peak binding energy assignments and corresponding references.
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construction et auto-assemblage bio- inspirés de films organiques par électrochimie

  Les revêtements de surfaces sont étudiés depuis le début du XXème siècle et sont présents en abondances dans notre vie quotidienne. Ils nous permettent de conférer aux matériaux de nouvelles fonctionnalités, par exemple des propriétés magnétiques, électriques, optiques, de biocompatibilité, etc. Un grand nombre de procédés ont été développés pendant ces dernières années pour modifier la surface de tout type de matériaux en fonction de la propriété voulue (métaux, céramiques, polymères).L'électrodéposition de matière molle est un procédé se basant sur l'utilisation d'un signal électrique pour déclencher et contrôler l'assemblage de films minces qui offre de nombreuses opportunités pour diverses applications et attire de plus en plus l'attention du monde scientifique. En effet, ce procédé a l'avantage d'être rapide et facile à mettre en place sur des matériaux conducteurs présentant des géométries complexes. De plus, le signal électrique pouvant être appliqué avec une sélectivité spatiotemporelle parfaite, il permet l'assemblage séquentiel de différents composants sur des électrodes micro ou nano-structurées.Le but de ma thèse était d'étendre cette stratégie à d'autres systèmes en utilisant une approche bio-inspirée. Le concept du morphogène a été appliqué à l'autoconstruction de films de polymères et d'acide tannique en se basant sur une biochimie inspirée des moules et des Le biomimétisme a pour but de comprendre des phénomènes naturels afin non seulement d'élargir notre connaissance de la Nature, mais également de trouver des idées afin de créer de nouveaux concepts, particulièrement en science des matériaux. Bien que l'humanité ait réalisé Les catéchols sont des dérivés du benzène présentant deux groupes hydroxyles en ortho. Ils sont répandus dans le monde animal et végétal, par exemple la dopamine est un neurotransmetteur bien connu, et le L-Dopa est l'acide aminé responsable des fortes propriétés d'adhésion de protéines sécrétée par moule. Les gallols ont une structure chimique très proche des catéchols, avec trois groupes hydroxyles au lieu de deux. Avec les catéchols, ils sont présents dans les polyphénols des plantes.

	polyphénols.
	1) Introduction Bibliographique
	1.1) La Nature : notre inspiration
	présentée par
	Clément MAERTEN
	Auto-Directrice de thèse : Dr. Fouzia Boulmedais
	Institut Charles Sadron, CNRS
	En chimie, un morphogène peut être défini comme une molécule ou un ion généré à une
	interface qui diffuse en solution produisant la formation d'un gradient, ce gradient induisant un
	processus chimique localisé. Ce concept a été appliqué pour construire des films composés de
	deux polymères interagissant par création de liaisons covalentes par chimie click. Le Cu (I), le

Il y a cinq ans, notre équipe a introduit l'autoconstruction morphogénique de films : un nouveau concept basé sur la génération électrochimique d'un gradient de catalyseur déclenchant l'assemblage covalent de films polymériques. En biologie, la morphogénèse englobe les théories décrivant le développement de la forme et de la structure d'un organisme biologique. En 1952, le mathématicien Alan Turing a publié un article fondateur appelé « The Chemical Basis of Morphogenesis » (Philosophical Transactions of the Royal Society, Vol 237, 1953) où il a introduit un modèle expliquant la formation de motifs pendant la création d'organismes vivants. D'après ce modèle, la conjonction de réactions chimiques et de la diffusion moléculaire d'espèces réactives appelées morphogènes mènent spontanément à des variations spatiales de concentration de ces espèces induisant la formation de motifs en raies ou en taches. Pour illustrer ce modèle, Turing utilise l'exemple des taches de la fourrure du guépard, la position des tentacules de l'hydre ainsi que la phase du développement embryonnaire appelé gastrulation. morphogène, est produit par électrochimie, i.e par réduction du Cu (II) à une électrode, et catalyse la réaction click entre les fonctions alcynes et azotures des deux polymères créant un assemblage localisé à la surface de l'électrode (Angewandte Chemie International Edition, Vol 123, 2011). d'énormes progrès pendant les derniers siècles, la nature possède encore une avance considérable. Cela fait déjà plusieurs siècles que l'homme essaye d'imiter la nature : Leonard de Vinci par exemple, qui essaya de créer une machine volante imitant les oiseaux. Depuis de Vinci, de nombreux exemples de concepts biomimétiques ont été créées. La soie d'araignée présente des propriétés mécaniques exceptionnelles et pourrait remplacer le Kevlar. La microstructure des feuilles de Lotus a inspiré la création de surfaces super hydrophobes. Les geckos sont capables de marcher sur n'importe quelle surface sans tomber, encourageant la création de nouveaux adhésifs.

Pour ce travail, notre inspiration provient de deux observations : la capacité unique des moules à adhérer à tout type de surface dans l'eau et dans des conditions extrêmes, ainsi que la capacité des polyphénols a coordiner les métaux contribuant à la coloration des plantes. Ces deux phénomènes sont basés sur la chimie diversifiée des groupements catéchols et gallols (Figure

1

).
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Fe(II) and TA electrochemical characterization

We first investigated the electrochemical response of Fe(II), Tannic Acid (TA) and Fe(II)/TA mixture by cyclic voltammetry on an ITO coated QCM acting as the working electrode (Figure 4.2). The voltammogram of iron ions exhibits a couple of redox peaks which corresponds to the redox transitions Fe(II)/Fe(III). Oxidation and reduction peaks are centered at 1.2 V and -0.05 V (at 50 mV/s), respectively (Figure 4.2a). These values are quite different compared to the literature which are measured on a bare gold electrode (0.70 V and 0.29 V, respectively). 30 The wider separation of redox peaks is probably related to slower kinetics of Fe(II)/Fe(III) transition on ITO comparing to gold. 31 The oxidation of Fe(II) is already observed for potentials above 0.2 V. The voltammogram of TA exhibits an irreversible oxidation at 0.93 V (Figure 4.2b). The reduction peak is lacking, meaning that the electrochemical reaction is irreversible as described in the literature. 32 Electrochemical-quartz crystal microbalance with dissipation (QCM) was used to monitor in situ the evolution of frequency shift related to the deposition of mass on the ITO-crystal (Figure 4.2c). An increase of the frequency shift is observed during the application of the cyclic voltammetry (5 cycles at 50 mV/s). The irreversibility of the electrochemical signal
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coupled with the increase of the mass might be due to chemical reactions between TA molecules, probably through aryloxy radical formation, 33 leading to an electro-cross-linking of TA (Figure 4.2c). Similarly to the CV signal of Fe(II), the oxidation peak of TA on ITO is shifted compared to values reported in literature (0.44 V). Fe(II)/TA mixture shows a first peak of oxidation at 0.25 V, attributed to Fe(II) oxidation, followed by a second larger peak at 0.80

V, corresponding to galloyl oxidation (Figure 4.2d). A small reduction peaks is visible at 0.12 V, which can be assigned to Fe(III) reduction. According to the cyclic voltammograms, it can be anticipated that by working at potentials between 0.1 and 0.5 V, the oxidation of Fe(II) to Fe(III) occurs while the oxidation of TA can be limited. 

Résumé en français suivi des mots-clés en français

Les architectures moléculaires qui se forment exclusivement sur une surface sont encore rares. L'électrodéposition est un procédé exploitant des « signaux » électriques afin de déclencher et contrôler l'assemblage de films. Récemment, une nouvelle méthode : l'autoconstruction de films en « une étape » par l'utilisation d'un morphogène (un gradient de catalyseur généré depuis une électrode), a attiré l'attention de la communauté scientifique. En effet, elle permet l'auto-assemblage rapide de films polymériques robustes. The purpose of this work was to extend this strategy to other systems using a bio-inspired approach. The one-pot morphogen concept was applied to design two new electrotriggered self-construction concepts. The first one is based on the self-construction of covalent polymer films triggered by mussel-inspired molecule oxidation. The second one is based on the electro-self-assembly of polyphenols films based on ionic bonds coordination. Finally, we tried to apply these concepts in order to electrochemically immobilize an enzyme on an electrode to create a biosensor.

Keywords : polymer, electrodeposition, enzyme, catechol, polyphenol, surface-chemistry, functionalization