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GENERAL INTRODUCTION

For almost a century, the researchers have been making important efforts in order to bring new properties to materials and nowadays surface modification of materials is more than ever a very attractive research subject related to a variety of promising industrial applications. The development of simple methodology to characterize biomolecular interactions has been, over the years, an indispensable technology to support researches in the areas of biology and microbiology due its high degree of sensitivity [START_REF] Wang | Immobilisation of DNA probes for the development of SPR-based sensing[END_REF] . Various physical and chemical techniques were developed depending on the type and the nature of the material support. Surface modification by chemical coating is a promising solution to obtain well-defined properties such as optical reflectivity, antibacterial, self-cleaning, friction resistance, biocompatibility, anticorrosion, hydrophobicity etc… Thus, performant biosensor and membrane were developed.

That race against the time to develop that kind of device is due to the urgent necessity to expedite diagnoses, performed through support of complementary methods, to prevent the development of diseases. Specially disease resulting to the presence of opportunistic pathogens, such as bacteria [START_REF] Rosay | Pseudomonas aeruginosa Expresses a Functional Human Natriuretic Peptide Receptor Ortholog: Involvement in Biofilm Formation[END_REF] .

In development since the beginning of 1990 [START_REF] Bhalla | Introduction to biosensors[END_REF] , biosensors are devices able to provide quantitative analytical information based on a biological recognition between two elements linked to a transduction system [START_REF] Marquart | Surface Plasmon Resonance and Biomolecular Interaction Analysis: Theory and Practice[END_REF] . Biosensors are characterized by high selectivity and sensitivity, fast reaction process associated to a low cost device [START_REF] Bhalla | Introduction to biosensors[END_REF][START_REF] Singh | Surface Plasmon Resonance (SPR) and cyclic voltammetry based immunosensor for determination of teliosporic antigen and diagnosis of Karnal Bunt of wheat using anti-teliosporic antibody[END_REF] . There is a wide range of biosensors in the research and development fields, and they can be classified in function of the transducer type [START_REF] Marquart | Surface Plasmon Resonance and Biomolecular Interaction Analysis: Theory and Practice[END_REF] . This present study is focused on optical biosensors development due to its applicability in Surface Plasmon Resonance (SPR) [START_REF] Marquart | Surface Plasmon Resonance and Biomolecular Interaction Analysis: Theory and Practice[END_REF] . That is a high-quality technique used to measure biomolecular interactions in real time in a label free environment. The ligand is covalently immobilized on the sensor surface and the analyte circulate in solution [START_REF] Marquart | Surface Plasmon Resonance and Biomolecular Interaction Analysis: Theory and Practice[END_REF] . In few decades, numerous studies have been developed in SPR due its possibility to carry out kinetics measurements of biomolecular interactions with a high degree of sensitivity [START_REF] Wang | Immobilisation of DNA probes for the development of SPR-based sensing[END_REF] . The SPR analysis are mandatory performed on a flat substrate or a microfluidic device covered with a thin layer of gold. To be robust, an SPR chip should be sensitive, resistant to oxidation and experimental conditions, compatible with biomolecules, protect from unwanted adsorption and suitable for biomolecular grafting.

Until now, the development of robust SPR chip is still under investigation and in this thesis, I proposed to modify the gold surface of the chip with organic layers in order to increase the performance of the analytical tool. This organic layer shall facilitate the attachment of selected biomolecules and limited the unwanted adsorption. Our strategy will study the feasibility of gold solid surface functionalization using a chemistry based on aryldiazonium salts. These salts could be electro-or chemically reduced to obtain a radical moiety which could then covalently grafted to gold surface. This chemistry should be more stable than thiol adsorption used in existing SPR biochip. Since many years, industrial activities are responsible for a pollution of the atmospheric gas concentration, the water and the soil pollution, drastically increasing the demand for sustainable energy [START_REF] Figueroa | Advances in CO2 capture technology-The U.S. Department of Energy's Carbon Sequestration Program[END_REF][START_REF] Azar | Carbon Capture and Storage From Fossil Fuels and Biomass -Costs and Potential Role in Stabilizing the Atmosphere[END_REF] . Different methods such as gas adsorption on solid surface, bio sorbents for water heavy metal and dyes removal and different kinds of soil remediation are available to limit these pollutions. The presence some toxics gases in the atmosphere such as CO, CO2, H2S and hydrocarbons cause damage to the environment and public health [START_REF] Bargougui | Improvement in CO2 adsorption capacity of cocoa shell through functionalization with amino groups and immobilization of cobalt nanoparticles[END_REF] . Although different greenhouse gases were involved in atmospheric pollution, CO2 is still one of the most important due its high concentrations in the atmosphere and due to its ability to induce serious health disease. The CO2 capture on solid materials has become an interesting research topic for governments and industries in order to minimize the CO2 quantity in the atmosphere.

Several studies in the literature have demonstrated that some adsorbents such as activated carbons, basic functionalized silica sieves, zeolites, etc. [START_REF] Bargougui | Improvement in CO2 adsorption capacity of cocoa shell through functionalization with amino groups and immobilization of cobalt nanoparticles[END_REF] are commercial but still sophisticated and expensive limiting their application. However, there is still a need to capture CO2 for activities with limited operating cost.

The objective of this study is to promote the cocoa shell, an agrowaste resource ready to use and easy to modify, as low-cost materials for CO2 adsorption, applying a chemical treatment to modify its physic-chemical properties. Another possible application of this treatment is using the cocoa shell to remove toxins from industrial waste in solution, such as heavy metals and paint residues, which is now one of the major challenges in the textile industries.

In chapter I is presented the bibliography part. The chapter II is mainly dedicated to surface functionalization of gold for application in the Surface Plasmon Resonance (SPR) technique.

In the last chapter, I investigated the functionalization of two surfaces for different applications, the first one is a polymer, i.e. cyclic olefin copolymer, and the second one is an agrowaste material, i.e. cocoa shell.

CHAPTER I

BIBLIOGRAPHIC STUDY

What is surface modification and why to study it?

Surface properties are responsible for the behavior of any material at the solid-liquid, solidgas or solid-solid interface. The surface modification of the materials is the strategy that consist in modifying the surface to obtain different optical, mechanical or electrical properties [START_REF] Vilan | Molecular functionalization of surfaces for device applications[END_REF] , as for example biocompatibility, adhesion, protection against corrosion, hydrophobicity/hydrophilicity, wear resistance, etc. (Figure 1). The act of adding new characteristics to the preexisting properties of the material could help to valorize a material for any application. 

Antioxydation

There are many advantages of modifying a material (Figure 1) such as reduce corrosion impact through passivation step. Today, the world suffers great economic losses due to the effects caused by the corrosion of materials resulting from the pre-disposal of certain materials to the oxidation, as is the case of metals. Due to so many losses, scientists are constantly studying the development of techniques capable of reducing or avoiding corrosion, such as the use of protective paints [START_REF] Vazirinasab | Application of superhydrophobic coatings as a corrosion barrier: A review[END_REF] , the production of stainless steel [START_REF] Vazirinasab | Application of superhydrophobic coatings as a corrosion barrier: A review[END_REF] , galvanizing [START_REF] Nazeer | Potential use of smart coatings for corrosion protection of metals and alloys: A review[END_REF] , etc.

One strategy for the surface modification is to functionalize it, which means adding new chemical group suitable for different purposes. Thus, the way used for this purpose is to attach molecular species with specific functionality, in a controlled way, to the surfaces.

Surface molecular functionalization combines many challenges: from synthetize a modified material, characterize its properties, and validate its performance for the dedicated application.

The study of the surface properties of materials by organic coatings is of great interest from an industrial point of view, and a wide range of techniques have been developed over the years [START_REF] Belanger | Electrografting: a powerful method for surface modification[END_REF] .

Among requirements for organic coatings, its stability under usage conditions is one of the most important parameters. There are different organic coating available, that are usually classified according to the type of interactions created between the substrate and the organic film [START_REF] Lu | Pentacene on Au(1 1 1), Ag(1 1 1) and Cu(1 1 1): From physisorption to chemisorption[END_REF] . Gathered as physisorption, these techniques giving only physical interaction (such as Van der Waals force) between the organic components and the substrate resulting in some case in limited stability [START_REF] Belanger | Electrografting: a powerful method for surface modification[END_REF] . On the contrary, chemisorption methods include grafting techniques in which the organic layer is covalently bound to the surfaces [START_REF] Arnold | A dynamic duo: pairing click chemistry and postpolymerization modification to design complex surfaces[END_REF] . In this type of interaction we have two approaches, the "grafting to" or the "grafting from" [START_REF] Kango | Surface modification of inorganic nanoparticles for development of organic-inorganic nanocomposites-A review[END_REF] . The "grafting to" consist in adsorbing a polymer layer to form a covalent bond with a surface and the "grafting from" involves a mechanism of polymerization coming from the surface [START_REF] Minko | Grafting on Solid Surfaces: "Grafting to" and "Grafting from[END_REF] .

Surface studies are very important because chemical reactions with closed environment of the material occurred at interfaces. Various materials such as polymers [START_REF] Brisset | Surface functionalization of cyclic olefin copolymer with aryldiazonium salts: A covalent grafting method[END_REF] , gold [START_REF] Liu | The modification of glassy carbon and gold electrodes with aryl diazonium salt: The impact of the electrode materials on the rate of heterogeneous electron transfer[END_REF] , bio sources [START_REF] Fioresi | Chemical modification of the cocoa shell surface using diazonium salts[END_REF][START_REF] Li | Covalent Grafting of Organic Molecules onto Activated Carbon by a Single Step[END_REF] , among others can be modified by chemical grafting and used as supports for different applications.

Surface modification applied to the development of biosensors

The deposit of thin layers of molecular species on surfaces allows the formation of chemically defined surfaces and the control of surface functionality [START_REF] Arnold | A dynamic duo: pairing click chemistry and postpolymerization modification to design complex surfaces[END_REF] . These types of modified surfaces are considered useful for a wide range of applications, such as biotechnology [START_REF] Liu | The modification of glassy carbon and gold electrodes with aryl diazonium salt: The impact of the electrode materials on the rate of heterogeneous electron transfer[END_REF][START_REF] Shewchuk | Comparison of diazonium salt derived and thiol derived nitrobenzene layers on gold[END_REF] , sensor development [START_REF] Liu | The modification of glassy carbon and gold electrodes with aryl diazonium salt: The impact of the electrode materials on the rate of heterogeneous electron transfer[END_REF][START_REF] Ruffien | Covalent immobilization of oligonucleotides on paminophenyl-modified carbon screen-printed electrodes for viral DNA sensing[END_REF] , molecular electronics [START_REF] Liu | The modification of glassy carbon and gold electrodes with aryl diazonium salt: The impact of the electrode materials on the rate of heterogeneous electron transfer[END_REF][START_REF] Shewchuk | Comparison of diazonium salt derived and thiol derived nitrobenzene layers on gold[END_REF] corrosion inhibition [START_REF] Abdellaoui | Biomolecules Immobilization Using the Aryl Diazonium Electrografting[END_REF][START_REF] Combellas | Spontaneous Grafting of Iron Surfaces by Reduction of Aryldiazonium Salts in Acidic or Neutral Aqueous Solution. Application to the Protection of Iron against Corrosion[END_REF] , among others. The use of modified surfaces to several applications is becoming increasingly popular and indispensable.

This study focuses on:

-The functionalization of polymeric and metallic surface by diazonium salt to develop original biochip dedicated to characterization of biomolecular interaction.

-The functionalization of biomass by diazonium salt and silane to capture pollutants from the environment.

A biosensor is a device with a recognition mechanism designed to measure biological or chemical reactions [START_REF] Bhalla | Introduction to biosensors[END_REF] . It must be able to transform molecular recognition into a measurable physical signal through association between a biochemical component (antibodies, DNA, protein, cell, bacteria…) and a transducer [START_REF] Justino | Recent developments in recognition elements for chemical sensors and biosensors[END_REF] . The intensity of the measured signal is proportional to the concentration of the analyte 8 . This kind of devices are currently used in various fields such as medical (as for example glucose biosensor for diabetes), environment (as in pollutant measurements), food (as in safety control) and also in the military field (as in detection of explosives) [START_REF] Bargougui | Improvement in CO2 adsorption capacity of cocoa shell through functionalization with amino groups and immobilization of cobalt nanoparticles[END_REF] .

Biosensors play important roles in our daily processes, especially in health diagnostics, biomedical engineering, pharmaceutical analysis [START_REF] Voon | Physical Surface Modification on the Biosensing Surface[END_REF] . In the biomedical field, bio detection is a very important element in the fight against the COVID-19. Based on the rapid increase in the rate of human infection, the World Health Organization (WHO) has classified the COVID-19 outbreak as a pandemic [START_REF] Ragab | The COVID-19 cytokine storm; what we know so far[END_REF] . Because no specific drugs or vaccines for COVID-19 are yet available at this date, early diagnosis and management are crucial for containing the outbreak [START_REF] Seo | Rapid Detection of COVID-19 Causative Virus (SARS-CoV-2) in Human Nasopharyngeal Swab Specimens Using Field-Effect Transistor-Based Biosensor[END_REF] . Thinking about solving this problem, researchers of Korea developed a biosensor field-effect transistor (FET)-based biosensing device for detecting SARS-CoV-2 in clinical samples [START_REF] Seo | Rapid Detection of COVID-19 Causative Virus (SARS-CoV-2) in Human Nasopharyngeal Swab Specimens Using Field-Effect Transistor-Based Biosensor[END_REF] . The biosensor was produced by coating graphene sheets of the FET with a specific antibody against SARS-CoV-2 spike protein.

The history of biosensors dates back to 1906, when M. Cremer studied the measurement of the potential difference through a glass membrane separating the unknown solution from a known reference solution, which is what we called nowadays of pH metro [START_REF] Bhalla | Introduction to biosensors[END_REF] . Years later, in 1962, Leland C. Clark allowed the glucose level to be measured by oxidation using an enzyme attached to an electrode. The signal obtained was therefore a measurement of an electric current at the electrode [START_REF] Bargougui | Improvement in CO2 adsorption capacity of cocoa shell through functionalization with amino groups and immobilization of cobalt nanoparticles[END_REF] . However, only in 1975 the first commercial biosensor was developed by a company called Yellow Spring Instruments (YSI) [START_REF] Bargougui | Improvement in CO2 adsorption capacity of cocoa shell through functionalization with amino groups and immobilization of cobalt nanoparticles[END_REF] . This tool consists basically of three components, the output system (display), the transducer part that provide measurable information, which will be chosen for its accuracy and compatibility with the target to be detected and then the detection part of the target, a biological detection system which will be chosen for its affinity with the target to be identified or detected in the analyte [START_REF] Bargougui | Improvement in CO2 adsorption capacity of cocoa shell through functionalization with amino groups and immobilization of cobalt nanoparticles[END_REF] . The transduction signal must be simple, sensitive and reliable, and may be of various nature. The selectivity and precision are two important features of a biosensor [START_REF] Bargougui | Improvement in CO2 adsorption capacity of cocoa shell through functionalization with amino groups and immobilization of cobalt nanoparticles[END_REF] . An ideal biosensor should be easy to use, small and with a minimal cost for easy large scale development [START_REF] Bhalla | Introduction to biosensors[END_REF] . In the two distinct zones of the transducer, numerous combinations are possible, which will make it possible to have biosensors that are more or less sensitive to a particular target or even sensors that allow the simultaneous detection of several biological targets. To be selective for a specific biological compound, the surface of the sensitive interface has to be modified with the bioreceptor.

As described in Table 1, the transducer part of a biosensor can measure various physicochemical parameters that can be classified by families.

Table 1. Types of transducers used for biosensor applications [START_REF] Gs | Biosensors: A Modern Day Achievement[END_REF] . The performance of the sensor was determined using antigen protein, cultured virus, and nasopharyngeal swab specimens from COVID-19 patients [START_REF] Janissen | InP nanowire biosensor with tailored biofunctionalization: ultrasensitive and highly selective disease biomarker detection[END_REF] . Moreover, this technology of bio detection could be adapted for diagnosis of other emerging viral diseases for example.

Types of transducers

To study bio interaction

Life is based on biomolecular interaction! DNA, RNA, proteins, sugar chain… need to interact directly or indirectly to define complex answer (metabolism, immune defense…). To define medicine, we need to understand how these different species communicate together and identify if the signal is transferred through a direct interaction or mediated by another molecule.

Among the biosensors, immunoassays are based on the direct interaction between antigen and antibody. These biosensors are sensitive, but both of the partners need to be known. DNA, RNA or protein chips could be also used as biosensors. They are interesting because they can be used for high-throughput screening of different targets in a complex solution (Serum, saliva, urine). Unfortunately, these techniques required a reporter strategy (fluorescent dye for instance) to see the interaction. In parallel of these biosensors, SPR biosensors are a promising alternative for quantitative analysis of molecular binding. These biosensors had the advantage of a label free technique, in real time, and ready for high-throughput screening.

Surface modification to remove pollutant from environment

In recent years, the potential of renewable sources to either produce energy or added value materials is a challenge in all fields of research. Focusing on biomass waste, its conversion into valuable products is particularly interesting, especially if the process allowing its transformation can be classified into the so-called green chemistry [START_REF] Román | Surface Interactions during the Removal of Emerging Contaminants by Hydrochar-Based Adsorbents[END_REF] .

The growth of science and technology over the world has led to the establishment of various industries which has helped the industrial, technological, and agricultural development of many nations. Environmental pollution from a variety of toxic derivatives, particularly heavy metals and minerals, aromatic molecules and dyes in wastewater posed a great danger to human, plants, and aquatic creatures [START_REF] Scognamiglio | Biosensors for effective environmental and agrifood protection and commercialization: from research to market[END_REF] .

A common example of a case that pollutes the environment are the organic dyes which can bring and firm color to other substances. Synthetic dyes usually have a complex aromatic molecular structure which possibly comes from coal tar-based hydrocarbons such as benzene, naphthalene, anthracene, toluene, xylene, etc. The complex aromatic molecular structures of dyes make them more stable and more difficult to biodegrade [START_REF] Gong | Effect of chemical modification on dye adsorption capacity of peanut hull[END_REF] . The conventional methods for dye removal from wastewaters include coagulation and flocculation, oxidation or ozonation, membrane separation and adsorption. Activated carbon is popular and effective dye sorbent, but its relatively high price, high operating costs and problems with regeneration hamper its large-scale application. Therefore, there is a growing need in finding low cost, renewable, locally available materials as sorbent for the removal of dye colors [START_REF] Gong | Effect of chemical modification on dye adsorption capacity of peanut hull[END_REF] .

1.2.1.

Liquid phase 70% of the Earth's surface is covered with water and only a small fraction (2.5%) is freshwater compatible with terrestrial life.

Sustainable water supply is an increasing demand in today's word. In addition to water amounts needed for agriculture, water quality is fundamental for human life and the whole earth ecology.

According to the European Environmental Agency Report, only around 40% of surface waters (rivers, lakes, and transitional and coastal waters) are in good ecological status or potential, and 38% are in good chemical status.

An intensive use of chemicals in everyday activities and unrestricted access to medicines has resulted in increased waste production and an intense emission of typical as well as new organic compounds into the surrounding environment [START_REF] Peteffi | Ecotoxicological risk assessment due to the presence of bisphenol A and caffeine in surface waters in the Sinos River Basin-Rio Grande do Sul-Brazil[END_REF] . The impact of these chemicals on living organisms is generally unknown but the experiments have proved their negative influence on vitality, life span, and reproductive success [START_REF] Bókony | Toads phenotypically adjust their chemical defences to anthropogenic habitat change[END_REF] .

Water treatments are most often based on biological processes which are now conveniently installed in all the developed countries. The main remaining problem concerns nonbiodegradable compounds most often coming from industrial or agricultural activities. Besides very harmful dissolved heavy metal, most of these pollutants are organics, and may be very dangerous for human health.

Adsorption on activated carbon for achieving high water purification is widely used, and is often preferred as a post treatment as its cost would be excessive for concentrated pollution [START_REF] Dąbrowski | Adsorption of phenolic compounds by activated carbon-a critical review[END_REF][START_REF] Fierro | Adsorption of phenol onto activated carbons having different textural and surface properties[END_REF][START_REF] Pan | Adsorption mechanisms of organic chemicals on carbon nanotubes[END_REF][START_REF] Ahmed | Encapsulation by spray drying of bioactive components, physicochemical and morphological properties from purple sweet potato[END_REF] .

The main drawback of activated carbon is its cost, its regeneration has to be improved to become sustainable.

Various methods of preparation of activated carbon based on carbonization and post activation are described in literature.

Gas phase

The energy demand from our industrial way of life result in a huge increase in carbon dioxide emissions. Due to this, the capture of pollutants from the atmosphere has become an important field of research.

The pollutants are classified in two classes, the first one are called primary pollutants [START_REF] Elbir | Estimation of emission strengths of primary air pollutants in the city of Izmir, Turkey[END_REF] that resulting from changes in natural emissions from the biosphere and are introduced directly into the atmosphere where many of them will react chemically, especially under the influence of solar radiation, and give rise to new constituents or secondary pollutants [START_REF] Fu | Emission inventory of primary pollutants and chemical speciation in 2010 for the Yangtze River Delta region, China[END_REF] , which are often more aggressive to the environment than those where they came from. These secondary pollutants include strong acids, such as sulphuric acid and nitric acid, as well as strong oxidants such as ozone (O3). Thus, the atmosphere is the site of intense chemical activity, between compounds that are mostly in trace amounts.

The pollutants interaction causes serious environmental problems, such as haze, photochemical smog, acid rain etc., which can cause serious risks to human health and environmental ecology [START_REF] Lin | Flue gas treatment with ozone oxidation: an overview on NOx, organic pollutants, and mercury[END_REF] .

According to World Health Organization (WHO) economic cost of the health impact of air pollution in Europe is the first assessment of the economic burden of deaths and diseases resulting from outdoor and indoor air pollution in the 53 countries of the Region.

Currently there are many technologies for air pollution control and gaseous waste treatment such as:

-The gas washing technology 2 that consists of transferring the gaseous pollution into a washing solution, then the pollutant passes from the gas phase to liquid where it is retreated.

-The treatment by recovery of solvents [START_REF] Barth | Process and apparatus for the recovery of solvents[END_REF] , a technology that allows the recovery of solvents by adsorption-desorption on activated carbon, in this case the recovered solvents can thus be reused.

-The thermal/catalytic oxidation technology [START_REF] Yu | The performance analysis of a purified PV/T-Trombe wall based on thermal catalytic oxidation process in winter[END_REF] which is a treatment consisting in thermally treating Volatile Organic Compounds (VOCs) by catalytic or regenerative route.

-The biofiltration technology [START_REF] Mohamed | Biofiltration technology for the removal of toluene from polluted air using Streptomyces griseus[END_REF] , where the gaseous compounds are degraded by bacteria fixed on an organic or inorganic medium.

-The adsorption technology, where we have the capturing polluting gases on an adsorbent support (such as activated carbon) [START_REF] Rao | A technical, economic, and environmental assessment of amine-based CO2 capture technology for power plant greenhouse gas control[END_REF] .

Our study is based on this last technology, where the operating principle is based on the adsorption of the pollutant on the surface of adsorbent. Thus, the polluted gas passes through an adsorbent mass made up of activated carbon, zeolite, biomass... The pollutant developed physical and chemical interaction with the surface of the adsorbent and then the cleaned gas is rejected. When the adsorbent is saturated with pollutant, it was extracted to be unload before next processing.

The chemistries used in surface functionalization

There are many different ways to activate or modify material surfaces to improve their properties. To be efficient, a surface treatment has to increase the energy level of the surface to facilitate chemical or physical interaction. The type of the interactions with the environment is mainly dependent of the chemical groups available at the surface. In function of the material used, surfaces could be physically activated using temperature, plasma or ozone treatment or directly chemically modified. are processes where the material is alternatively heated and cooled in order to modify its microstructure and significantly change its properties. Heat treatments are mainly applied with metal and organic biomass. The most common reasons that metals undergo heat treatment are to improve their strength, hardness, toughness, ductility, and corrosion resistance. In general, such treatments could be applied at the surface but also in the core of the material.

Heat treatment could be also combined with addition of other atoms which are allowed to diffuse to the surface of the material to modify it (carbone, nitrure treatments of ferric sample for instance).

Pyrolysis and carbonization of organic materials could be also identified as a heating treatment because of the elevated temperature (600-900°C), inert atmosphere (nitrogen, argon) used and the irreversibility. Pyrolysis are used to convert carbonaceous sample (bamboo, cocoa, wood) in char residues with small pore and high surface area. In some cases, chemicals (such as salt, strong acid or base) are added before, during or after the thermal treatment to bring out new chemical group at the surface of the char. In this case, temperatures of carbonization are used in the range of 400 to 900°C [START_REF] Ahmad | The effects of CO2 activation, on porosity and surface functional groups of cocoa (Theobroma cacao) -Shell based activated carbon[END_REF] . Biochars could be also post-treated with chemicals to obtain functionalized biochar.

Gas treatment

Plasma treatment or corona discharge are used to clean and prepare surfaces prior to any coating or bonding. They are obtained when gas is exposed to a high energy source (electricity or microwave) and became a mixture of ions, electrons, radicals and other types of molecular fragments. It should be noted that in low pressure plasma treatment, just a limited elevation of temperature is required. When these molecules hit the surface material, they altered the chemical organization and composition of the surface. In corona discharge, the power and the density of the plasma is low could result in a short reactivity of the surface. Various material such as polymers, glass and ceramics could be treated by plasma treatment.

2.2. Chemical treatment

Coating

During coating, the attached molecules are simply held by physical forces such as Van der Waals forces. In this case, the heat of adsorption is low, and the adsorption process is reversible. The molecular coating could be achieved by a simple immersion in the corresponding organic solution (molecule, polymer). The organic solution could be also sprayed brushed or obtained by chemical reduction of ions to the surface. The thickness of the coating could range from nm to hundreds of µm. Thus, steel alloy could be galvanized by zinc in acidic bath. For aluminum foils, samples have to be immersed in a solution of chromium to be oxidized and then protected from corrosion. In some cases, electrical potentials are applied at the surface in addition to the acidic treatment to remove inorganic pollutant and obtain a sample polishing. In this case, the contaminants are converted in ions and the surface is cleaned.

Acidic and basic solutions are often used to treat lignocellulosic material in order to improve their adsorption properties. Thus, sugarcane and agave bagasse, radish cake, eucalyptus seed, carrot waste, leaves of Melia azedarach L [START_REF] De Quadros Melo | Chemical modifications of lignocellulosic materials and their application for removal of cations and anions from aqueous solutions[END_REF] and Aleppo pine have been pretreated with acidic solutions (tartaric, nitric, sulfuric, citric or hydrochloric acid) to remove organic moiety from the environment.

If we are looking for an enhancement of the surface roughness and exposure, it is recommended to pretreat the natural fiber with basic solution (such as sodium hydroxide for instance). To complete, this overview, it should be note that some works investigate the performance of their fiber impregnated with small molecules (such as urea, EDTA (ethylenediaminetetraacetic acid), benzene, ethanol, methanol, formaldehyde, acetone) or with polymers (Polyethylene imine (PEI), k-carrageenan, polyaniline, polysiloxane triton X-100…) [START_REF] Montemore | A unified picture of adsorption on transition metals through different atoms[END_REF] .

Glass surface could be also coated with polymers (Polyethylene oxide (PEO), polyvinyl alcohol (PVA), PEI, polyacrylamide, polyamine) to limit unwanted molecular adsorption on capillary wall or modulate its charge density [START_REF] Cordova | Noncovalent polycationic coatings for capillaries in capillary electrophoresis of proteins[END_REF][START_REF] Hardenborg | Novel polyamine coating providing non-covalent deactivation and reversed electroosmotic flow of fusedsilica capillaries for capillary electrophoresis[END_REF][START_REF] Lucy | Non-covalent capillary coatings for protein separations in capillary electrophoresis[END_REF] .

Covalent grafting

Different methods were developed to immobilize functional groups on the surface of inorganic or organic substrates. For modification of metal, diazonium chemistry are well described [START_REF] Pinson | Attachment of organic layers to conductive or semiconductive surfaces by reduction of diazonium salts[END_REF][START_REF] Mahouche-Chergui | Aryl diazonium salts: a new class of coupling agents for bonding polymers, biomacromolecules and nanoparticles to surfaces[END_REF][START_REF] Belmont; Bureau | Patents and Industrial Applications of Aryl Diazonium Salts and Other Couping[END_REF][START_REF] Pinson | Aryl Diazonium Salts: New Coupling Agents in Polymer and Surface Science[END_REF] . For gold substrates, functional thiols could be also applied for various applications in biodevices (surface plasmon resonance (SPR), biochip, electrochemical biosensor). For cellulosic sample and oxides (silicon, alumina, titania… oxides), the surface reactivity is based on reaction with the hydroxyl groups present at the surface. So, the main covalent strategy is the covalent grafting of silane derivates by silylation or silanization.

Nevertheless, it could be note that diazonium salts have been also successfully grafted on cellulosic (cocoa shell, olive pit) and polymeric [START_REF] Mévellec | Grafting Polymers on Surfaces: A New Powerful and Versatile Diazonium Salt-Based One-Step Process in Aqueous Media[END_REF][START_REF] Chehimi | Surface modification of polymers by reduction of diazonium salts: polymethylmethacrylate as an example[END_REF][START_REF] Mévellec | Grafting Polymers on Surfaces: A New Powerful and Versatile Diazonium Salt-Based One-Step Process in Aqueous Media[END_REF][START_REF] Samanta | Antibacterial flexible biaxially oriented polyethylene terephthalate sheets through sequential diazonium and hydrophilic polymer surface chemistries[END_REF][START_REF] Brisset | Surface functionalization of cyclic olefin copolymer with aryldiazonium salts: A covalent grafting method[END_REF] (Cyclic olefin copolymer, Teflon, polyethylenterephtalate, polymethylmethacrylate) surface.

Thiol

Sulfur adsorption is suitable for modification of different noble metal such as gold, silver, palladium. Thiol deposition has been used to link organic, and biological materials to planar gold (Au) surfaces or gold nanoparticles (AuNPs). Indeed, alkanethiol are widely used on Au surfaces as a building blocks for the fabrication of different type of devices. One of the advantages of thiol adsorption is their organization at the solid-liquid or solid-gas interface. The gold-sulfur interaction is so important that thiolated molecules are organized as a Selfassembled monolayers (SAMs). In fact, SAM formation is a two-steps-process: Firstly, thiols are chemically adsorbed on gold and the molecules are lying parallel to the substrate. Then, when the surface coverage is increased, molecules stand up perpendicularly to the surface to form dense and stable thiol lattice. In function of the nature of thiol (aromatic, number of carbon), the angle between gold substrate and molecules adsorbed could be different [START_REF] Pensa | The chemistry of the sulfur-gold interface: in search of a unified model[END_REF] . It is generally considered that thiol sorption on gold followed a chemisorption process due to the strength of interaction which is measured at 40-50 kcal.mol -1 . In 2014, Xue et al. tried to measure the strength of the gold thiol interaction by measuring its rupture force. They found that the force was comparable to Au-Au bond at 1.4 nN [START_REF] Xue | Quantifying thiol-gold interactions towards the efficient strength control[END_REF] . The suggested process of chemisorption could be considered as an oxidative addition of the S-H bond to gold, followed by reductive elimination of the hydrogen.

But this hypothesis of chemisorption has been recently challenged by Inkpen et al. who estimate that gold-thiol is not a molecular junction but physisorption [START_REF] Inkpen | Non-chemisorbed gold-sulfur binding prevails in self-assembled monolayers[END_REF] .

In all of cases, thiol sorption is the main method used to functionalize gold surfaces for SPR applications [START_REF] Liu | The modification of glassy carbon and gold electrodes with aryl diazonium salt: The impact of the electrode materials on the rate of heterogeneous electron transfer[END_REF] . Unfortunately, thiol sorption on gold is sensitive to certain physicochemical parameters such as temperature, solvent, etc [START_REF] Shewchuk | Comparison of diazonium salt derived and thiol derived nitrobenzene layers on gold[END_REF] . So, diazonium salts could be an alternative to thiol-mediated immobilization because they are resistant to these physicochemical parameters [START_REF] Shewchuk | Comparison of diazonium salt derived and thiol derived nitrobenzene layers on gold[END_REF] and graftable the metal surfaces [START_REF] Liu | Diazonium salts: Stable monolayers on gold electrodes for sensing applications[END_REF][START_REF] Liu | The modification of glassy carbon and gold electrodes with aryl diazonium salt: The impact of the electrode materials on the rate of heterogeneous electron transfer[END_REF][START_REF] Abdellaoui | Biomolecules Immobilization Using the Aryl Diazonium Electrografting[END_REF] .

Silane

Organosilane coupling agents were studied since few decades [START_REF] Plueddemann | Silane coupling agents[END_REF][START_REF] Rye | Mechanistic aspects of alkylchlorosilane coupling reactions[END_REF] . As they are studied since a long time, there are many functionalized coupling agent commercially available with different functional groups (amino, alkane, thiol, methacrylic, epoxy…) [START_REF] Haensch | Chemical modification of self-assembled silane based monolayers by surface reactions[END_REF] . These molecules are based on a silicon atom which is able to create 4 linkages (general formula: R-Si-(OR')3). To be useful the coupling agent should have different terminal groups at these ends. In general, the coupling agent is connect through a hydrocarbon chain to a pendant terminal functional group "R"

RSH + Au → RS -Au + H + + e -

suitable for post-functionalization [START_REF] Jal | Chemical modification of silica surface by immobilization of functional groups for extractive concentration of metal ions[END_REF][START_REF] Ifuku | Effect of a silane coupling agent on the mechanical properties of a microfibrillated cellulose composite[END_REF] . At the other ends, the coupling agent should have some alkoxy groups or halogen group R'. In presence of water or humidity, these groups are hydrolysable to create silanol group which are crucial for chemical grafting on the material surface. In presence of others hydroxyl groups from (organic or inorganic surface), a condensation step will be developed, and a linkage O-Si-O will be created. So, silanization is a two-step process where the leaving group depends on the initial composition of the linker (Cl, CH2-CH3, CH3). The performance of the silanization depends on experimental conditions (gas or liquid phase, concentration, pH, organic or aqueous phase, purity, temperature) and on the nature of the coupling agent (mono, di or trialkoxysilane). There is also some alkoxysilane with four alkoxylgroup but they are rarely used because not they are not suitable for orthogonal post-functionalization. (Figure 4) presents a surface silanization using a trialkoxysilane. (d) a third nPTMS molecule has reacted only with a methoxy group. This molecule is tied into the silane film network, but is not directly bound to the surface [START_REF] Ratner | Introduction -Biomaterials Science: An evolving, multidisciplinary endeavor[END_REF] .

When the intermediate structure (Figure 4b) is fully condensate, the reaction stops. The reaction needs some pendant alkoxy or chlore group to continue and create some interaction with closed silane. In the best conditions, researchers are able to create a single silane monolayer at the surface of the material [START_REF] Pomerantz | Coverage of Si substrates by self-assembling monolayers and multilayers as measured by IR, wettability and X-ray diffraction[END_REF] . However, if the amount of water, the concentration of silane, the reaction time or the solvent are not well adapted a thicker silane layer can be formed consisting of both Si-O groups bonded to the surface, and silane units participating in a "bulk" 3D polymerized network.

It is interesting to note that the reactivity of amino-terminated silane is weakly affected by the experimental conditions and fully water-miscible. In this case, the amine group induced a selfcatalysis leading to a good condensation of the molecule on the substrate used [START_REF] Vandenberg | Structure of 3-aminopropyl triethoxy silane on silicon oxide[END_REF] .

One of the limitations of surface modified by silanization, is its weakness against hydrolysis which could reverse the condensation and free the coupling agent. It is important for coupling silane agents which are not miscible in water.

Even if, Gandini et al. showed that silane coupling agents that include an amino group at the R group display a good affinity toward cellulosic substrate [START_REF] Abdelmouleh | Modification of cellulosic fibres with functionalised silanes: development of surface properties[END_REF][START_REF] Abdelmouleh | Interaction of Silane Coupling Agents with Cellulose[END_REF] , the interaction between silane and hydroxyl group from cellulose is less evident and less described in literature than with silica. As cellulosic fibers are unreactive to many chemicals, the OH groups of the fiber have very low accessibility and weaker acidity [START_REF] Xie | Silane coupling agents used for natural fiber/polymer composites: A review[END_REF] , the reactivity between cellulose and silane is limited even at high temperature. In general, researchers focused their works to ascertain the impact of these modifications on the mechanical properties of the ensuing composites. The group of Herrera is one of the first research group focusing his work to study the chemical reaction between cellulose derivates and silane [START_REF] Cazaurang-Martinez | Physical and mechanical properties of henequen fibers[END_REF] .

The strategy consists in activation of the alkoxysilane by hydrolyzing the alkoxy groups of the surface to form more reactive silanol groups. Thus, the following mechanism is generally accepted to describe the chemical reaction. Some pre-hydrolyzed silanes (from diluted solution of silane coupling agent) adsorbed on cellulose surfaces. At this stage, silane simply covered the cellulose surfaces and it is only maintained by physical interactions. Hydrogen interactions between hydroxyl groups of silanes and those of cellulose should be the main interaction. So, if a cleaning step with ethanol is applied, all the silanes are removed from the surface. If the first step is followed by heat treatment (120°C, inert atmosphere), the condensation occurred between OH group from surface and from hydrolyzed silane giving Si-O-C and Si-O-Si couplings, respectively. These reactions ensured efficient and irreversible chemical bonding of the silane onto the cellulose surface.

Diazonium salts

Although the tendency to modify surfaces using thiol compound, the low long term stability due to the easy oxidation of thiol, the small electrochemical window (range -1 V to +1 V vs SCE) in the case of electrochemical reduction, and the lower bonding energy of S-Au with respect to the C-C bond has led to the use of diazonium as an alternative for the development of a stable surface based on covalent bonding 8 . This system offers the advantage of facile preparation, rapid reduction and the possibility of the introduction of different functional groups [START_REF] Bargougui | Improvement in CO2 adsorption capacity of cocoa shell through functionalization with amino groups and immobilization of cobalt nanoparticles[END_REF] .

In order to study all the advantages of this chemical compound, this present work is focused in the gold surface functionalization from diazonium salts.

History

A diazonium salt is an aliphatic, aromatic or heterocyclic compound, in which a -N2 + group is covalently linked to a carbon atom (R-N + ≡N) [START_REF] Asri | Corrosion and surface modification on biocompatible metals: A review[END_REF] .

As showed in the (Figure 4), the aromatic diazonium compound ArN2 + X -was developed by a

German industrial chemist and an early pioneer of organic chemistry called Johann Peter Griess at year of 1858 during the elaboration of a test for the detection of nitrite ions, by assaying with an amine which led to the formation of a colored compound [START_REF] Nazeer | Potential use of smart coatings for corrosion protection of metals and alloys: A review[END_REF] .

The conjugation of π electrons with the aromatic ring makes aryldiazonium ions much more stable than their aliphatic counterparts rarely used in classical organic chemistry. The diazonium group (N2 + ) is known as the most electron-withdrawing substitute [START_REF] Nazeer | Potential use of smart coatings for corrosion protection of metals and alloys: A review[END_REF] .

The diazonium ions are most often formed by nitrosation of primary amines in an acidic medium [START_REF] Asri | Corrosion and surface modification on biocompatible metals: A review[END_REF] , however only the aromatic diazonium salts are stable in the medium term (several hours) [START_REF] Asri | Corrosion and surface modification on biocompatible metals: A review[END_REF] .

After its discovery the diazonium salts have been widely used for the preparation of azo dyes [START_REF] Belanger | Electrografting: a powerful method for surface modification[END_REF] , an important commercially compound on the textile, leather and foods industry.

It was mainly due to this discovery that Griess is considered an important figure in the formation of the modern dye industry. Subsequently to the discovering of diazonium salts, these highly reactive chemical functions were used for the development of new synthesis of aromatic organic molecules (Figure 5) [START_REF] Kango | Surface modification of inorganic nanoparticles for development of organic-inorganic nanocomposites-A review[END_REF] .

The N2 + is an excellent leaving group, it could be involved during various nucleophilic substitution reactions, as showed at the (Figure 5), such as the Sandmeyer reaction [START_REF] Kango | Surface modification of inorganic nanoparticles for development of organic-inorganic nanocomposites-A review[END_REF] (halogenation, 1884), the Gomberg-Bachmann reaction [START_REF] Vazirinasab | Application of superhydrophobic coatings as a corrosion barrier: A review[END_REF] (benzyl coupling, 1924), the Schiemann reaction [START_REF] Balz | Über aromatische Fluorverbindungen, I.: Ein neues Verfahren zu ihrer Darstellung[END_REF] (fluoridation, 1927), the Meerwein reaction [START_REF] Kochi | The Mechanism of the Sandmeyer and Meerwein Reactions[END_REF] (arylation, 1939), among others. 

Synthesis

Usually, two synthetic routes are used for the synthesis of aryldiazonium. The first route uses a counter-anion which stabilize diazonium and allow its isolation as a salt; the second route consist in the synthesis and the in-situ use of the diazonium function.

Different anions could be used to stabilize and isolate aryldiazonium salts:

1) The use of tetrafluoroboric acid in the presence of sodium nitrite allows to synthesize nitrous acid in situ and to carry out the diazotization reaction in an aqueous solution (Figure 7). This reaction is generally carried out between -5 and 0°C [START_REF] Gam-Derouich | Highly hydrophilic surfaces from polyglycidol grafts with dual antifouling and specific protein recognition properties[END_REF][START_REF] Kullapere | Electrochemical properties of aryl-modified gold electrodes[END_REF][START_REF] Mahouche | Tandem diazonium salt electroreduction and click chemistry as a novel, efficient route for grafting macromolecules to gold surface[END_REF][START_REF] Polsky | Electrically addressable diazonium-functionalized antibodies for multianalyte electrochemical sensor applications[END_REF] . Then, the salts are stored at -20°C. The HBF4 -is known as a stabilizer to diazonium salts and as a catalyst for alkylations and polymerizations. 2) The second method is to use directly the nitrosonium ion, provided by NOBF4 in organic medium to obtain the desired product (Figure 8). This reaction, making it possible to overcome the presence of reaction by-products, but it required greater precaution because it is carried out at -40°C [START_REF] Floch | Electrochemical signature of the grafting of diazonium salts: A probing parameter for monitoring the electro-addressed functionalization of devices[END_REF][START_REF] Harper | Maleimide-activated aryl diazonium salts for electrode surface functionalization with biological and redox-active molecules[END_REF] . 3) Another possible way to obtain stable salts is using the tosyl anion (p-TsO -) by using a dry mixture (p-TsOH/NaNO2 ) on aniline, mixing manually in a mortar [START_REF] Gorlushko | Iodination of aryl amines in a water-paste form via stable aryl diazonium tosylates[END_REF] . According to these studies, these diazonium salts remain stable after one month at room temperature in a desiccator. These different synthesis routes allow to obtain the salts, which can be isolated, preserved and characterized.

But in the case where the diazonium function only serves as an intermediate for obtaining an aryl radical, it is then possible to dispense with a stabilizing counter-anion such as a chloride ion (introduced by the use of hydrochloric acid). This kind of synthesis is generally carried out in an aqueous solvent by reacting an acid (often HCl) with sodium nitrite. The presence of chloride ion, as counter-anion, is not sufficient to stabilize the diazonium cation, it will react quickly [START_REF] Lyskawa | Direct modification of a gold electrode with aminophenyl groups by electrochemical reduction of in situ generated aminophenyl monodiazonium cations[END_REF][START_REF] Mévellec | Grafting Polymers on Surfaces: A New Powerful and Versatile Diazonium Salt-Based One-Step Process in Aqueous Media[END_REF] . In an organic solvent, the use of tert-butyl nitrite will be preferred to sodium nitrite for better solubility for synthesis and in-situ use at room temperature [START_REF] Baranton | In situ generation of diazonium cations in organic electrolyte for electrochemical modification of electrode surface[END_REF] . This route can be considered when the aryldiazonium is poorly soluble in aqueous solvents.

The position and the nature of the functional groups on the benzene ring carrying the diazonium function influences both the synthesis of the aryldiazonium salts but also the formation of the products due to the electronic delocalization of the N2 + function. The mesomeric and inductive effects affect the salt stability.

As showed in the Figure 10, the aryldiazonium salts can be also used for the grafting of aromatic layers on surfaces. Steric hindrance must therefore be taken into account when the aromatic ring is congested during a reaction between the molecule and a surface (S) that completely prevents grafting [START_REF] Combellas | Sterically hindered diazonium salts for the grafting of a monolayer on metals[END_REF] . 

Spontaneous grafting

There is the possibility of working without electric current, by spontaneous electroreduction, particularly with metallic surfaces. In this case, the atoms of the metallic surface gave the electrons required for the reduction of the diazonium salts and its grafting to the surface [START_REF] Floch | Electrochemical signature of the grafting of diazonium salts: A probing parameter for monitoring the electro-addressed functionalization of devices[END_REF][START_REF] Stewart | Direct covalent grafting of conjugated molecules onto Si, GaAs, and Pd surfaces from aryldiazonium salts[END_REF][START_REF] Girard | SiGe derivatization by spontaneous reduction of aryl diazonium salts[END_REF][START_REF] Mangeney | Electroless ultrasonic functionalization of diamond nanoparticles using aryl diazonium salts[END_REF][START_REF] Mangeney | Electroless ultrasonic functionalization of diamond nanoparticles using aryl diazonium salts[END_REF][START_REF] Lehr | Spontaneous grafting of nitrophenyl groups to planar glassy carbon substrates: evidence for two mechanisms[END_REF][START_REF] Allongue | Phenyl layers on H-Si (111) by electrochemical reduction of diazonium salts: monolayer versus multilayer formation[END_REF][START_REF] Lehr | Patterning of metal, carbon, and semiconductor substrates with thin organic films by microcontact printing with aryldiazonium salt inks[END_REF][START_REF] Sun | Investigation of the Covalently Attached Multilayer Architecture Based on Diazo-Resins and Poly (4-styrene sulfonate)[END_REF] .

For non-conductive materials (as will be presented in the form of a scientific article in chapter III), electrons could not come from the surface, so some chemical reducing agent have to be added in the solution.

Chemical reduction

For aryldiazonium salts bearing a redox potential close to 600mV, the chemical reducers must have a lower standard potential (Figure 11) [START_REF] Floch | Electrochemical grafting on SOI substrates using aryl diazonium salts[END_REF] . Among the different possible chemical reducers, we use hypophosphorous acid (H3PO2) which has a standard potential (E°) of -0.499 V/SHE [START_REF] Floch | Electrochemical grafting on SOI substrates using aryl diazonium salts[END_REF] providing two electrons during the reduction. It has been already described in literature to reduce aryldiazoniums 100,101 

Electrochemical reduction or oxidation

After a long period destined to be used almost exclusively as a dye, the electrochemistry of diazonium salts was described by Elofson, using mercury electrodes [START_REF] Belanger | Electrografting: a powerful method for surface modification[END_REF] . So, after 1992 the azo compounds began to be used to modify surfaces 102 .

The electrochemistry, by the supply of electrons in the medium, allows us to obtain radicals which are going to be formed by loss of a molecule of dinitrogen, and will thus react with the conducting surface which is used as a working electrode (Figure 12).  Metals: Electroreduction on gold is often used 103,[START_REF] Polsky | Electrically addressable diazonium-functionalized antibodies for multianalyte electrochemical sensor applications[END_REF][START_REF] Harper | Maleimide-activated aryl diazonium salts for electrode surface functionalization with biological and redox-active molecules[END_REF][START_REF] Lyskawa | Direct modification of a gold electrode with aminophenyl groups by electrochemical reduction of in situ generated aminophenyl monodiazonium cations[END_REF][START_REF] Mévellec | Grafting Polymers on Surfaces: A New Powerful and Versatile Diazonium Salt-Based One-Step Process in Aqueous Media[END_REF]104,105,106,107,108 but we can also use it as a point of attachment to gold nanoparticles 109 . Other metals are also used such as iron 110,111,112,113,114,115 , steel 116,108,117,118,119,120 , silver 120 , palladium [START_REF] Stewart | Direct covalent grafting of conjugated molecules onto Si, GaAs, and Pd surfaces from aryldiazonium salts[END_REF] , platinum 121 , titanium 122 or copper 123,124 .

 Carbon: We have at our disposal many forms of carbon such as vitreous carbon (GC) [START_REF] Polsky | Electrically addressable diazonium-functionalized antibodies for multianalyte electrochemical sensor applications[END_REF]125,108,126,127,109,128,103,129 , graphite 130 , in "printed" form 131 or in highly oriented pyrolytic form (HOPG) 128 . We also have in the form of nanotubes, directly or via the use of bulky paper (a kind of thin sheet composed of an assembly of nanotubes) 132 or even on microelectrodes printed in graphite 133 .

 Silicon, widely used in electronics, requires surface preparation, allowing the transformation of the passivation layer (Si-O-Si and Si-OH bonds) present on the surface into reactive Si-H functions [START_REF] Stewart | Direct covalent grafting of conjugated molecules onto Si, GaAs, and Pd surfaces from aryldiazonium salts[END_REF]134,[START_REF] Girard | SiGe derivatization by spontaneous reduction of aryl diazonium salts[END_REF]135,[START_REF] Mangeney | Electroless ultrasonic functionalization of diamond nanoparticles using aryl diazonium salts[END_REF][START_REF] Lehr | Spontaneous grafting of nitrophenyl groups to planar glassy carbon substrates: evidence for two mechanisms[END_REF][START_REF] Allongue | Phenyl layers on H-Si (111) by electrochemical reduction of diazonium salts: monolayer versus multilayer formation[END_REF][START_REF] Lehr | Patterning of metal, carbon, and semiconductor substrates with thin organic films by microcontact printing with aryldiazonium salt inks[END_REF][START_REF] Sun | Investigation of the Covalently Attached Multilayer Architecture Based on Diazo-Resins and Poly (4-styrene sulfonate)[END_REF][START_REF] Floch | Electrochemical grafting on SOI substrates using aryl diazonium salts[END_REF]136, (Figure 13).  And other semiconductor materials, such as indium tin oxide (ITO) 108,137, , germanium 138,139,93, titanium and its oxide (TiO2) 135 , or SiGe [START_REF] Girard | SiGe derivatization by spontaneous reduction of aryl diazonium salts[END_REF] and GaAs [START_REF] Stewart | Direct covalent grafting of conjugated molecules onto Si, GaAs, and Pd surfaces from aryldiazonium salts[END_REF] alloys.

The electrochemical functionalization can be done by oxidation on vitreous carbon, platinum or gold 140,141,142,143 . However, the latter process is limited by the incompatibility of the surfaces with electro-oxidation. It is for this reason that the electroreduction pathway is more developed with vinyl compounds 143 and mainly with aryldiazonium salts 144. The main limitation of the electrochemical approach is the requirement of a conductive surface.

In this work, I will modify:

-Gold surface with diazonium salt to develop SPR biosensor (chapter 2); -And organic surface with silane moieties and diazonium salts to develop CO2 and organic sorbents (chapter 3).

Introduction

The chapter II is mainly dedicated to surface functionalization of gold surface for application in the Surface Plasmon Resonance (SPR) technique. Our strategy about this chapter was to modify gold surface with diazonium salts and then use it for SPR applications.

After a short presentation of the SPR technology and the different surface modifications involved for this application, I will present the 2 strategies of modification I applied: The electroreduction and the chemical reduction of the aryldiazonium salt. I will present the influence of different parameters (number of cycles in electrochemistry, diazonium concentration…) on the plasmon sensitivity. Then, I will demonstrate the proof of concept using a well-known antibodies/antigen couple. Finally, I will validate our strategy with an original application based on CNP-AmiC interaction. To conclude, I will present an innovative approach to develop a new biosensor suitable for the next generation of SPR instrument.

Presentation of the Surface Plasmon Resonance technique

Surface plasmon resonance (SPR) is a well-established technique for studying affinity between biomolecules at the liquid/solid interface 145 . The sensitivity of this real time technique is due to the gold sensing surface used. Thus, SPR succeeded in measuring the affinity constant between protein-DNA, protein-protein or small molecule-protein 146,147 .

The SPR physical process occur when a plane-polarized light hits a metal film under total internal reflection conditions [START_REF] Marquart | Surface Plasmon Resonance and Biomolecular Interaction Analysis: Theory and Practice[END_REF] . In the process, a glass interface located between two very different refractive index media and a gold surface is illuminate with a polarized monochromatic light. Then, these conditions make it possible to obtain a phenomenon of total internal reflection due to the illumination of the surface with an angle of incidence greater than the limit angle (from which all the light is reflected). Thus, no refraction was obtained but an evanescent wave (electromagnetic component of the light) propagates perpendicularly to the interface over a distance equal to its wavelength. The presence of a metal surface will make it possible to obtain a resonance between the plasmons of gold and the evanescent wave by loss of light energy at the level of the beam reflected at a particular angle called the resonance angle (Figure 14).

For being use on the SPR technique, the metal must have construction band electrons capable of resonating with the incoming light at a suitable wavelength [START_REF] Marquart | Surface Plasmon Resonance and Biomolecular Interaction Analysis: Theory and Practice[END_REF] . Metals that satisfy to this condition are silver, gold, copper, aluminum, sodium and indium. In addition, the metal on the sensor surface must be free of oxides, sulphides and not react to other molecules on exposure to the atmosphere or liquid. Of the metals, indium is too expensive, sodium too reactive, cooper and aluminum too broad in their SPR response and silver too sensitive to oxidation. This leaves the gold as the most practical metal. This angle is sensitive to the refractive index of the medium in which the evanescent wave propagates. So, any modification on the gold surface will influence the propagation of the evanescent wave. The use of the SPR technique for biosensor purposes has been proposed by Liedberg et al. in 1983 4,148 . The changes in mass on the surface of the sensor which take place during the association or dissociation of the biomolecular complex in the detection zone induce a modification of the angle of resonance of the incident light, see Figure 14.

Thus, to evaluate the interactions between two molecules, we have to immobilize a ligand into a microfluidic or planar surface and inject the analyte in a liquid phase. These systems make it possible to follow the mass changes on the gold surface, induced by the formation then the dissociation of molecular complexes, that allows to go back to the association and dissociation constant between ligand and analyte.

The SPR sensors can be coupled with image capture tools that allow observing in real time the changes induced by the differences on the surface, which we call SPRi (i for image generation) 149 . So, the advantages of the SPRi system is that analytical technique does not require a labeling of the targets, it is very sensitive (detection of the interaction from approximately 1 pg of protein), and the acquisition is done in real time.

The experimental analyzes were made on a SPRi-Plex II device from the manufacturer Horiba-Genoptics. We work with a bare crystal prism on which is placed a movable planar substrate including the functionalized metallic layer (in our case, a gold layer). The contact between the prism and the gold surface is ensured by a special optical oil with a refractive index equal to that of the prism. Once the sample holder is inserted into the instrument, the system is locked by the contact of a seal holding the system at its periphery, allowing the passage of the buffer solution (containing or not the analytes studied) without any leakage. The running buffer (Phosphate buffered saline (PBS buffer), 10 mmol L -1 , pH 7.4) will go through the microfluidic circuit under a constant flow of 50 µL / min to the gold surface and then be discarded. The reflectivity measurement is carried out at a fixed angle after defining the optimal working angle 150 . A Surface Plasma Resonance system basically works as follows (Figure 14), the excitation ray passes through a high density medium (a glass prism) which will modify the speed and the vector of the incident light wave (kin) as we can see in the Equation 1. In the Equation 2we have the angular frequency of the surface plasmon (ωsp), the dielectric constant of the metal film (εm) and the speed of light c. So, that the plasmonic wave propagates at the metal and the insulator interface, kin must correspond to ksp. So that part of the photon energy is transferred to the surface. When a ligand is immobilized on gold surface, the dielectric constant of the metal film is modified. So, this constant is sensitive to the thickness of the molecular deposition and consequently to the interaction between ligand and analyte. During the experiment, we recorded the reflective intensity. Thus, we are able to monitor different event such as association/dissociation of the molecular complex (Figure 15). As SPR is a real time method, it is possible to monitor the kinetic of association and dissociation according to the modification of the dielectric constant of the surface (reflectance of the signal).

Thus, the equilibrium constant K could be determined by the Equation 3. The concentration of the ligand-analyte complex (LA) is determined from the SPR signal, the concentration of the analyte (A) is defined by the user, and the concentration of total ligand grafted to the surface The development of nanomaterials led to the appearance of the so-called localized SPR 149,155 .

The plasmonic properties of nanoparticles of metals such as gold or silver make the optical signals obtained stronger and more controllable 156 . For example, a metallic film that comprises nano-orifices does not require an ATR to activate the SPR, a conventional light source and a microscope are sufficient to analyze this surface 157 . All of the latest advances in SPR biosensors have been reviewed recently by Singh et al 158 .

Modification of the SPR surface

Different strategies were investigated in the literature to immobilize biomolecules on gold surface such as physical adsorption, embedding in polymer, sol-gel entrapment, self-assembly method and layer by layer deposition 159 . Indeed, Biacore sell a commercial SPR biochip modified with carboxymethylated dextran hydrogel. Physical adsorption mediated by BSA and self-assembly methods are the most used in SPR. The alkanethiol chemistry was extensively studied because the sulfur-gold bond involved in the coating process formed spontaneously a densyl self-assembled monolayer (SAM) on the gold surface 160 . Even if, SAM helps to limit the non-specific adsorption of the analyte to the surface, unwanted adsorption is still a problem.

To limit this interaction and enhance the S/N, the used of mixed SAM (with free and capped group), polymer coating and post-functionalization using protein or amino acid coating have been tested 161 .

Horiba sell some SPRi biochip pre-functionalized with SAM and dextran. Different free groups (thiol, amine, acid, alcohol) are available for covalent immobilization of the ligand. In comparison with other techniques, Thus, some carboxy-PEG based SAM were developed and present an oriented immobilization of the ligand and a limited nonspecific adsorption 162 .

Despite its advantage, thiolated surfaces were still sensitive to experimental conditions because the gold-sulfur interaction is labile, yielding the coating unstable under specific condition. Thus, in 2002, Raitman et al. suggested to adsorb the electrografted-polyaniline polymer on gold surface and applied it in SPR experiment 163 .

My strategy

Commercial SPR biochips are really expensive and the chemistry available to immobilize molecule on gold surface were limited. The main objective of this work was to develop a new SPR biochip bearing a diazonium chemistry which is simple to produce and more stable than conventional commercial chip. As a proof of concept, different devices will be developed with carboxybenzene diazonium moieties in this thesis: Electrografted, chemically grafted, and strip electrografted biochip and these chips will be compared to thiolated biochip. The best device will be tested in collaboration with the Laboratory of Microbiology -Signals and Microenvironment (LMSM), EA 4312 in Evreux with a test complex Ovalbumine/antiovalbumine and an original complex AmiC/CNP.

The choice of the diazonium salt

On gold surface, the diazonium coating is promising as an alternative to the thiol coating because the carbon-gold interaction is more stable, and the electro-reduction is a fast process 164,165,166,[START_REF] Abdellaoui | Biomolecules Immobilization Using the Aryl Diazonium Electrografting[END_REF] . Although the diazonium salts being widely used to functionalize gold surface for electrode application, they are still few studies in SPR.

Aryldiazonium salts (Scheme 14) could be converted in an aryl radical by sonication, photoinduction, chemical or electrochemical reduction. Then, this radical react with the narrow surface incubated in the solution. In the literature, various surfaces have been modified by aryldiazonium salts [START_REF] Mévellec | Grafting Polymers on Surfaces: A New Powerful and Versatile Diazonium Salt-Based One-Step Process in Aqueous Media[END_REF]167 .

In this work, I would like to immobilize proteins, so I decide to functionalize the surface with a diazonium salt bearing a carboxylic acid. Then, the carboxylic acid will interact with NH2 from protein to create an amide function. The stability of the carboxybenzenediazonium salts is limited so there are not commercially available. For this reason, I choose to synthetize my own diazonium salt from the reduction of the carboxyaniline (scheme 1). 

The substrates selected to develop the SPR biochip

Gold is very resistant to oxidation and other atmospheric contaminants but is compatible with many chemical modification systems. The thickness of the gold should be + 50 nm. The thickness of the metal layers is of great importance. Above an optimum, the dip in reflective light becomes shallow, bellow the optimum the dip becomes broader [START_REF] Marquart | Surface Plasmon Resonance and Biomolecular Interaction Analysis: Theory and Practice[END_REF] .

The gold surfaces are purchased from Schott (Switzerland), Arrandee (Germany) and Horiba (France). These surfaces consist of a glass slide covered with an adhesion layer of chrome which then allows to deposit a layer of gold (Figure 16). 

The optical performance requested for a SPR biochip

Previously, we indicated that the plasmon which are confined to the plane of the gold film were parallel to the surface and sensitive to the liquid/solid interface 4 (Figure 17). To be efficient, an SPR biochip should have a prism/liquid interface limited to 300 nm 4 to be sensitive. So, the surface we developed should be relatively thin (around ~ 2 nm) to measure molecular binding.

The reflectivity should be as high as possible (at around 25%), the plasmon angle should be as homogenous as possible and close to the optimal value at 60°. So, the developed biochip should respect these conditions. 

The SPR biochip developed

The grafting of diazonium salts on surfaces is fast and can be carried out by two techniques: chemical reduction 169, [START_REF] Fioresi | Chemical modification of the cocoa shell surface using diazonium salts[END_REF] and electrochemical reduction [START_REF] Liu | Diazonium salts: Stable monolayers on gold electrodes for sensing applications[END_REF] . Both of them will be presented in the next topics.

Surface functionalization by chemical reduction

During his PhD thesis Dr. F. Brisset [START_REF] Brisset | Surface functionalization of cyclic olefin copolymer with aryldiazonium salts: A covalent grafting method[END_REF] worked on polymeric and gold surfaces. He focused his work on the chemical reduction of diazonium salt to modify these surfaces. He demonstrated that a chemical reducer in acidic solution is enough to graft diazonium on gold while a UV irradiation has to be added for polymeric surfaces. I applied his conditions to evaluate if these conditions are suitable for the SPR analysis. The chemical reduction was realized as described in the experimental part. We tested 3 different initial concentrations of carboxybenzene diazonium (20, 50, 100 mmol L -1 ) and we fixed the other parameters (9 mL of HCl 0.5 mol L -1 , 1 mL of hypophosphorous acid (50% H3PO2 w/v) and 1 hour of reaction. During the experimental, the chemical reduction could be observed with the formation of gas (N2) (Figure 18) and a color change of the solution.

The conductivity is one of the characteristics of a metallic surface. Thus, we used cyclic voltammetry with a ferrocene redox system to compare the electrical performance of modified CBD biochip and unmodified gold biochip.

As we can see in Figure 19, the current intensity decreased when the concentration of CBD increased indicating that the surface was passivated by the organic layer. The passivation was maximum for 100 mmol L -1 of CBD. saw that the grafting doesn't seems to be homogenous with different traces and holes visible.

For the plasmon analysis, we tried to select different area with similar appearance. The tested area is highlighted in Figure 20a, 21a, 22a. Despite this precaution, we observed in Figure 20b, 21b, 22b that the reflectivity and the plasmon angle are strongly modified. However, it could be noted on Figure 20b, that the distribution of the plasmon angle was lower with biochip prepared from 100 mmol L -1 of CBD than the biochips prepared from 20 or 50 mmol L -1 of CBD. It was probably because a high initial concentration of diazonium could be associated to a large amount of aryl radical created and a fast adsorption and grafting. So, 100 mmol L -1 of CBD should be preferred for to obtain SPR biochip. Then, to obtain sensitive SPR biochip, the intensity of the reflectivity is also important and has to be monitored. The 100 mmol L -1 CBDbiochip had a reflectivity at around 43% which is much weaker than the wanted value at around 25%. For this parameter, biochip prepared from 20 or 50 mmol L -1 of CBD will be better.

Consequently, if we combined both of these parameters, the preparation of biochip by chemical reduction didn't seems to be adapted to develop efficient SPR biochip (at least in the tested conditions). The distribution of the values of the plasmon angle confirmed that the coatings were not homogenous all over the surface. 

Surface functionalization by electrografting

In this process, the surface to modify is used as the working electrode in a 3-electrode assembly. So, only conductive surface could be modified by this technique. To limit uncontrolled oxidation, the electrochemical reaction is mainly performed in organic solvents (acetonitrile in our case) and a potentiostat is used to apply current [START_REF] Belanger | Electrografting: a powerful method for surface modification[END_REF] . The details of the electroreduction of diazonium salt is described in the experimental part (annex). Briefly, a conventional three-electrode setup (Figure 23a) and a VersaSTAT3 potentiostat (Princeton Applied Research) are used. Platinum wires were used as auxiliary and reference electrodes whereas gold surface was used as working electrode. As we can see at the Figure 24a, only half of the surface is modified with aryldiazonium while the other half is kept intact. Thus, we have on the same device, a control and a study zone. The carboxybenzene diazonium salt is prepared at 5 mmol L -1 in an electrolyte solution of 100 mmol L -1 of tetrabutylammonium hexafluorophosphate (acetonitrile solution). Then, solution is degassed with N2 gas and cyclic voltammetry was performed at 0.1 V/s. For a specific electrical potential, diazonium salt was converted in an aryl radical which could react quickly with the electrode surface by a covalent bond 170, 171 (Figure 23b).

Under optimized conditions, it is possible to reach a single monolayer of benzene moieties but in the other cases, the aryl radicals will continue to attack the first layer formed and thus create multilayers of different thicknesses (Figure 23b). So, we developed different biochips by electroreduction of CBD. To evaluate the influence of the number of cyclic voltages, we fixed the initial CBD concentration at 10 mmol L -1 and we tuned the number of cycles from 3 to 5 and 10. The figure 26 illustrates that the higher is the number of cycles, lower is the current intensity. However, the decrease was limited and not proportional from 3 to 10 cycles. So, for an initial concentration of CBD 10 mmol L -1 , it appeared that the number of cycles had a limited influence on the passivation of the electrode. Thus, the organic layer should be thin and mainly influenced by the first cycle of voltage. To evaluate the influence of the initial concentration of CBD, we fixed the number of cycles to 3 and we modulated the initial CBD concentration from 5 to 20 mmol L -1 . Results could be observed in Figure 27. It is clear that all the prepared biochips were correctly grafted because their current intensity were lower than unmodified biochip. The reduction of the current intensity was more important with the biochip prepared from 20 mmol L -1 the other biochips. In fact, a larger concentration of diazonium salt during the first electrochemical reduction, generate a larger amount of aryl radical which react quickly with the molecules in their neighborhood. Thus, the aryl radical could bond covalently with the gold surface but also with the 4-carboxybenzene layer already attached forming a better coverage of the surface or a multilayer profile 164,165 .

This conclusion fit well with the fast reduction process observed in Figure 25. To evaluate the influence of the previous parameters on the SPR signal, the plasmon signal was measured for the different conditions. We observed in Figure 28 that the shape of the reflectivity and the plasmon angle of the biochip surface was strongly modified when the initial concentration of CBD is higher than 10 mmol L -1 . So, the liquid/solid interface is highly modified and measuring the biomolecular interaction at this interface in these conditions seems to be impossible. So, the concentration of CBD before electrografting has to be lower than (or equal to) 10 mmol L -1 to keep a good reflectivity. The influence of the number of cyclic voltages seems to be less important (Figure 29) than the influence of the initial concentration. As previously, the CBD-biochips present a shift of the plasmon angle to lower value as compared to the gold surface. For a low number of cycles, this shift is limited indicating that the 4-carboxybenzene layer is closed to a monolayer coating.

When the concentration of CBD increased to 10 cycles, a multilayer coating was created modifying drastically the plasmon angle. Table 2 presents the different parameters important for SPR biochip. Clearly, the reflectivity and the plasmon angle stay close to unmodified gold surface if the surface coverage stays lower than 920 pg/mm² corresponding to 5 cycles of cyclic voltammetry applied on a 5 mmol L -1 CBD solution. In these cases, the variation of reflectivity was limited to 0.5%. Then, for higher values of surface coverage, the plasmon angle and the intensity of reflectivity were strongly affected.

From all of these remarks and conclusions, I estimated that the best candidate biochip for SPR analysis should be prepared with 3 cycles of cyclic voltammetry and an initial concentration of 5 mmol L -1 of CBD. 

The characterization of the best candidate

To characterize the biochip prepared with 3 cycles of cyclic voltammetry and an initial concentration of 5 mmol L -1 of CBD as a good candidate for SPR biochip, we studied the surface properties by cyclic voltammetry, IRTF spectroscopy and SPR analysis for instance.

As previously, the biochip was prepared by electroreduction in a 3-electrode assembly (Figure 30). 

Cyclic voltammetry with ferrocene

To confirm the surface modification, the biochip was used as a cathode to analyze the reference redox couple (Ferrocene/ferrocenium). The oxidation of this couple Fc + /Fc is reversible and could be investigated by cyclic voltammetry at 0.1 V/s. As we can see on the voltammogram (Figure 31), Fc + is reduced at 0.1 V/Ag/AgCl for modified and unmodified electrode. The intensity of the Fc + /Fc system is lower with the modified biochip than with the gold surface indicating that the electron transfer is limited with the modified electrode. This result confirmed that the gold surface is passivated by the organic aryl layer after the electrografting of the diazonium salt. We used another variant of infrared spectroscopy, widely used for surface analysis, IR spectroscopy by attenuated total reflection (ATR-IRTF).

The ATR-IRTF (Attenuated Total

Reflection) spectroscopy

The principle of this method is based on the total reflection of infrared radiation on the material analyzed. The analysis beam propagates through a crystal with a high refractive index, which is in contact with the sample to be analyzed. This beam is then fully reflected at the interface between the crystal and the sample. An evanescent wave is created at this interface, which will be absorbed by the surface of the sample. The attenuation of this wave will be transmitted to the reflected IR ray and then collected by the detector at the output of the crystal (Figure 32) The contact between the sample and the crystal is very important because the evanescent wave only extends over a few microns (0.5 µm -5 µm). This optimal contact between the crystal and the sample is maintained by a press to allow the passage of the wave and therefore the transmission of vibrational and rotational information of the chemical groups of the sample. IR spectroscopy by ATR is therefore interesting for the analysis of flat surfaces and the monitoring of their chemical modification, but also for the analysis of liquids or powders directly placed on the crystal.

One of the limitations of this method is the penetration depth of the evanescent wave. Indeed, as the wave penetration is only a few microns on the sample surface, we do not have quantitative information on the whole of the substrate.

The surface characterization by ATR-IRTF

The measurements were carried out on a Tensor 27 spectrometer from Bruker-Daltonic equipped with an ATR germanium (Ge) crystal and a DTGS detector at room temperature. The spectra are acquired via the OPUS 6.5 software allowing spectra from 4000 to 650 cm -1 to be obtained with a resolution of 4 cm -1 (20 Scans). For our measurements, air was selected as a reference to remove CO2 and water contamination. To evaluate the surface modification, the surface of the SPR biochip was compared to the raw gold surface. The main digital processing is the automatic baseline correction, and in the case of very thin layers, an additional subtraction of CO2 and water vapor could be required.

IRTF spectroscopy was not a destructive technique but ATR tool required a very close contact between gold and crystal surface. So, the biochip has to be pressed and the physical contact could damage the aryl layer. For this reason, the device tested in ATR-IRTF can't be used for further test. Figure 33 represents the intensity of the transmittance peaks referring to the gold surface before (green curve) and after (purple curve) the diazonium grafting. We note the appearance of very intense bands on the surface (Figure 33) corresponding to:

• Large band between 3600 and 3200 cm -1 O-H stretching vibration (carboxylic acid)

• Band around 1600 cm -1 C=C stretching vibrations (aromatics)

• Band around 1440 cm -1 O-H bending vibrations (carboxylic acid)

• Band around 1070 cm -1 C-O stretching vibrations (carboxylic acid)

We can also notice that the band corresponding to N2 + usually observed at 2200 cm -1 is not present on the electrografted surface confirming that diazonium salt is not just adsorbed. Thus, ATR-IRTF confirmed the grafting of the carboxybenzene moieties on the SPR biochip.

Unmodified gold surface Gold surface after CBD grafting 3.2.3.

SPR Plasmon Curves

Plasmon curves were used to evaluate the homogeneity of the aryl layer grafted on gold surface. As only a part of the biochip was grafted with CBD, we were able to compare directly in one analysis the reflectivity and the plasmon angle between unmodified (yellow curve) and grafted surface (blue curve). It is important to note that these curves were a mean of different measurement points. In figure 34, we can see that the aryl layer deposit is really homogenous on the gold surface because there is no dispersion of the plasmon curves. The resonance angle was measured at 59,8° for the control part and it was characteristic for a commercial SPR biochip. This value was shifted to 59,7° for the CBD-treated surface confirming the modification observed by ATR-IRTF and cyclic voltammetry. This difference in reflectivity was associated to a surface coverage estimated at 55 pg/mm². 

Application of the gold functionalized surface in SPR analysis

The CBD-biochip were tested with different molecules to evaluate its performance in SPR analysis. To obtain a real time analysis, we need to immobilize a partner on the solid surface CBD and the target biomolecules has to be injected in solution. As a proof of concept, we started with a classical antibody/antigen interaction and then we tested an unknown protein/peptide interaction.

Antibody-antigen

SPR is a relevant technique to identify the presence of an antigen in a complex solution. So, the antibody has to be immobilized at the biochip surface. In this experiment, we choose to immobilize the anti-ovalbumin immunoglobulin G (anti-OVA) and we perfused the ovalbumin (OVA) in a liquid phase.

The developed SPR biochip was prepared with a carboxybenzene surface, so different chemical group such as (primary amine, hydroxyl or thiol group) could be aimed to immobilize the anti-OVA by covalent linkage. In this work, we decided to aim the primary amine of the antibody because it was presented at the N-terminal of the peptidic chain and at the end of the lysin.

To increase the reactivity of the carboxylic surface, we have to activate the carboxylic acid to obtain an activated ester. This intermediate could be easily replaced by primary amine through nucleophilic attack. Thus, an amide bond (a kind of cross-link 164 ) is obtained between the surface and anti-OVA. In our case, we choose to work with cabodiimide (EDC) as activating agent but as the Acylisourea intermediate is unstable we also used sulfo-N-hydroxysuccinimide (NHS) as a coupling agent. This second agent gave a NHS ester which is more stable.

Moreover, the presence of the SO3 group improve the water solubility of EDC. The activation was achieved after an incubation of 30 minutes in phosphate buffer (PBS) at pH 7.4 and at room temperature. Then, anti-OVA was prepared at 200 µg/mL in NaAcetate buffer and incubated at different spots for 30 minutes (Figure 35). In order to optimize this step, different antibodies concentrations (50; 100; 200; 300 g/mL) and pH (4; 4.5; 5; 6) were tested. Antibodies were immobilized at 200 µg/ml in NaAcetate 10 mmol L -1 pH 4.5.

To limit the antigen adsorption out of the defined spots, different active or passive strategies were described in literature 172 . In our case, we choose to work with Bovine serum Albumin (BSA) as a blocking protein. This protein was selected because it was accessible and inexpensive. The blocking was achieved after 30 minutes of incubation with bovine serum albumin (BSA) at 200 µg/mL in PBS 10 mmol L -1 173 . We also deactivate the unreacted carboxylic groups on the surface with ethanolamine.HCl (ETA) at 1 mol L -1 pH 8.5 during 30 minutes 174 . For this work, we decided to select the CBD-gold surface to use as a negative control. It can be observed in Figure 35 that after anti-OVA incubation, the plasmon angle was shifted to lower value confirming that anti-OVA was correctly immobilized on the defined area. [START_REF] Singh | Surface Plasmon Resonance (SPR) and cyclic voltammetry based immunosensor for determination of teliosporic antigen and diagnosis of Karnal Bunt of wheat using anti-teliosporic antibody[END_REF] When the preparation of the anti-OVA-CBD biochip was finished, we started the kinetic experiment. As SPR imaging was a real time technique, it was possible to monitor the association/dissociation between the immobilized anti-OVA and OVA. If there are no difference in response on Figure 36 after OVA injection, it means no interactions were observed. OVA were present at the solid/liquid interface when the concentration of OVA increased. The dissociation part (after 400 s) is also informative because it indicates that some molecules of OVA are still present at the interface after washing with the buffer. So, there is a direct interaction between OVA and anti-OVA at the solid/liquid interface. From these SPR kinetics (Figure 36c), it was possible to extract some important data such as the association rate constant (ka) and the dissociation rate constant (kd). The reflectivity responses were expressed in % of reflectivity, where 1% of reflectivity corresponding to 185 pg/mm 2 following Horiba Scientific-Genoptics instructions 175 . So, it was possible to extract some information to estimate the dissociation constant (KD) (Figure 36d) because the reflectivity responses were increased with the concentration of OVA during the association and the dissociation steps. A KD of 1.09 nmol L -1 was obtained with our CBD-biochip. This value was comparable with the previously reported by HORIBA and in literature with thiol biochip 176,177,178 . Antibody orientation is important to obtain a correct binding to antigen (Figure 36b). Brogan et al. demonstrated that the dissociation rate constant is more important on thiol biochip with randomly orientated antibodies than orientated antibodies resulting in a poor binding efficiency. In this study, the kd of 1.88 x 10 -4 s -1 was obtained with antibodies randomly attached to the diazonium surface.

This result was comparable to the 1.88 x 10 -4 s -1 described in literature for protein A immobilized immunosurface 178 .

In SPR, a biochip should be available for successive analysis, so, the complex OVA/ Anti-OVA obtained from a previous experiment has to be displaced to obtain a ready to use anti-OVA surface. For this regeneration, different solutions (Sodium Dodecyl Sulfate, Octyl-Glucoside, Glycin) were tested 179 . SDS was recommended to remove hydrophobic interaction and Glycin was advised for acidic interaction. The best regeneration solution should displace OVA without damaged the surface chemistry and the anti-OVA immobilization.

As we can see in the Figure 37, three different zones were tested (anti-OVA spot; BSA passivated area; CBD-Au surface). The Figure 38 show the kinetics associated to the injected SDS and OG solutions. As we can see the surface chemistry and also the antibodies immobilized on this surface did not changed in function of the injections. It means that these solutions didn't damage the CBD chemistry surface and the BSA passivated surface. Unfortunately, these solutions were not strong enough to displace OVA and regenerate the anti-OVA surface. 

The CNP-AmiC interactions

Pseudomonas aeruginosa is an opportunistic pathogen involved in a large number of diseases such as septicemia, urinary tract infections, pancreatitis, dermatitis, and keratitis mostly in immunocompromised patients [START_REF] Rosay | Pseudomonas aeruginosa Expresses a Functional Human Natriuretic Peptide Receptor Ortholog: Involvement in Biofilm Formation[END_REF] . These bacteria had a high adaptability and became resistant to antibiotherapy. So, new therapeutic approach has to be developed. The team of Pr. Olivier Lesouhaitier from LMSM is strongly involved in the research of new strategies and they recently focused their work on the role of the natriuretic peptide in the process of adaptation. Thus, they demonstrated in 2015 that Pseudomonas aeruginosa are able to detect the presence of these eukaryotic hormones and to adapt their virulence as an answer [START_REF] Rosay | Pseudomonas aeruginosa Expresses a Functional Human Natriuretic Peptide Receptor Ortholog: Involvement in Biofilm Formation[END_REF] . This detection could be mediated by different interaction or induced by a direct interaction with a specific receptor. They identified the bacterial receptor AmiC as a candidate. indeed, when the bacterial DNA was mutated to block the production of this receptor, the bacteria was not sensitive to natriuretic peptide. So, AmiC was a good candidate but they have to control if the interaction was direct or mediated. So, we used our CBD-SPR biochip to measure this potential interaction between the C-Type Natriuretic Peptide (CNP) and the bacterial protein AmiC. Our results will be compared to datas obtained by Microscale Thermophoresis (MST).

In this study, we choose to immobilize the CNP to the surface and to inject the bacterial protein AmiC prepared by LMSM team. As previously, CBD surface were activated with EDC/SulfoNHS for 30 minutes and then CNP were incubated for 30 minutes. To evaluate the influence of the pH, CNP solutions were prepared at pH 4 (green spots), 5 (blue spots) and 6

(red spots on Figure 40). Finally, the surface was blocked with BSA and deactivated with ethanolamine. Surface" (SGS) (Figure 43). This biochip had two non-interconnected metal parts, that means, separated by an insulating medium (glass). So, it was possible to electrograft different diazonium salts on each gold surface or test two conditions of grafting in one analysis. This SGS biochip is perfectly adapted for the Xelplex system. So, I contacted (with the help of Dr. As previously, we used OVA and anti-OVA to evaluate the potential of SGS biochip for SPR analysis. Here, as showed in the Figure 45 As it was presented in Figure 46a, the Xelplex instrument is able to monitor different plasmon curves and kept the best angle for SPR kinetics (Figure 46b). Then, the kinetic are carried out under a flow rate of 50 µL/min in PBS 10 mmol L -1 pH 7.4. The injections are carried out with 200 µL sample loop injection (240s) containing OVA. Figure 47 present the multiplex Kinetics analysis where all the spots are evaluated separately but during the same time. Thus, the SPR analysis became much faster and economic than conventional technique. So, the SGS biochip is ready to use with this new technology. 
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Conclusion

Biosensors became essential analytical tools due to their higher performances compared with currently available diagnostic devices. The refinement studies for this type of technology are becoming necessary in today's world to answer the challenges of the medical and pharmaceutical areas. This project implements that the aryldiazonium chemistry was an efficient alternative to prepare SPR biochip. I demonstrated that the use of diazonium salts for biosensors development is convenient, simple, fast and low cost. Diazonium with different organic function could be grafted and in this work, I demonstrate the proof of concept with carboxylic acid. I demonstrated that the grafting could be achieved by chemical and electrochemical grafting on gold and that only the electrochemical grafting was suitable for SPR experiment. After optimization of the experimental conditions of electrografting, I was able to obtain a surface with optical characteristics close to commercial biochip. Then, I demonstrated through two different applications that my biochips were available to study antigen/antibody and protein/peptide interaction. This diazonium approach was so promising that Horiba decided recently to commercialize SPR biochip prepared by electro addressing of diazonium salt.

For biologist, SPR is interesting but complicated and too long because one of the partners has to be immobilized onto the surface and some optimization step are requested. Recently, the Microscale Thermophoresis (MST) technique gave some attention and we demonstrated in this work that comparable result could be obtained by both of these techniques.

To develop SPR techniques, HORIBA developed a new multiplex platform. This platform permits to test different conditions simultaneously reducing time and cost. The commercial biochip available at this date are not adapted for this new technology so, we developed a new SGS biochip and we demonstrate its potential for multiplex experiment.

Introduction

Surface modifications are used to modify chemical, physical or biological properties of any materials to protect them from corrosion [START_REF] Vazirinasab | Application of superhydrophobic coatings as a corrosion barrier: A review[END_REF] or to improve their chemical resistance, biocompatibility, wettability, etc.… 180 . In parallel, surface modification of materials is frequently used to develop sensors for environmental and medical applications [START_REF] Vilan | Molecular functionalization of surfaces for device applications[END_REF]181 .

In last chapter, I demonstrate that it was possible to graft diazonium salts on gold slide surface for biological applications. Recently, some research works demonstrated that it is also possible to graft diazonium salts on polymeric surface [START_REF] Brisset | Surface functionalization of cyclic olefin copolymer with aryldiazonium salts: A covalent grafting method[END_REF][START_REF] Mévellec | Grafting Polymers on Surfaces: A New Powerful and Versatile Diazonium Salt-Based One-Step Process in Aqueous Media[END_REF][START_REF] Mahouche-Chergui | Aryl diazonium salts: a new class of coupling agents for bonding polymers, biomacromolecules and nanoparticles to surfaces[END_REF] . However, we observed that it could be difficult to confirm a covalent grafting process on polymeric surfaces using ATR-IRTF spectroscopy. Some expensive techniques such as XPS spectroscopy may help us to evaluate the immobilization process but we do not have this equipment in the Normandy region. Massive are the challenges of functionalizing a surface. The characterization, especially, is even more difficult. In a few decades, numerous studies have been conducted in order to develop efficient tools for the analysis of surfaces.

In my institute, the team of Pr. C. Alfonso was equipped with a new Mass spectroscopy instrument which is hyphenated with ionic mobility and mass spectrometry (IM-MS). They recently demonstrated that this technique is suitable to analyze liquid polymer 182,183 . This equipment is highly sensitive, so maybe it could be used to characterize our grafted surface.

The strategy used to validate this hypothesis, called ASAP-IM-MS, is summarized in the first following article, entitled "Atmospheric Solid Analysis Probe-Ion Mobility Mass Spectrometry: An Original Approach to Characterize Grafting on Cyclic Olefin Copolymer Surfaces". In order to validate the concept, the COC surface was modified covalently by different diazonium salts.

Then, ASAP-IM-MS experiments highlighted specific ions according to the aryl layer grafted onto the COC surface. ASAP-IM-MS allow to work directly with COC sample without any further preparation. Chemical datas obtained from ATR-IRTF and ASAP-IM-MS were compared depending on the nature of the aryl layer. In some cases, chemical grafting was difficult to evidence by IRTF spectroscopy while it was easily detected by ASAP-IM-MS. Moreover, this new technique appeared complementary information as compared to IRTF spectroscopy. Indeed, ASAP-IM-MS give some information on the structure of the grafting layer highlighting the multilayer shape of the aryl coating already described by Pinson et al [START_REF] Belmont; Bureau | Patents and Industrial Applications of Aryl Diazonium Salts and Other Couping[END_REF] .

In parallel, I investigated if diazonium salts could be grafted on natural materials such as agrowastes. As we known, the use of modified natural materials is becoming a trend in modern civilization 184 , especially when it comes to environmental clean-up. Several technologies are available to remove contamination from environment such as precipitation, membrane separation, reverse osmosis 185,186,187 . These strategies are effectives, but they are expensive and difficult to transfer to a large scale. The use of agrowastes biomass (AWB) as adsorbents has been studied as cost effective and efficient alternative materials for removal of diverse types of pollutants from water and wastewaters 188 . Various AWB parts have been used including straws, shells, leaves, seeds, stalks and husks. Therefore, during my PhD studies, thinking about the possibility of reuse of these agrowastes, my team developed a partnership with the team of Pr E. Djoufac Woumfo, of the Yaoundé University 1 (Cameroun), which are experts in cocoa shell preparation.

The cocoa shell agrowaste is a lignocellulosic material which composes the outer portion of the cocoa bean produced in large scale without any reuse. The strategy is to modify the surface of this residue to add new chemical function to this natural material in order to valorize this product through environmental application.

In order to promote this product, I suggested developing two strategy to modify the surface of cocoa shell. One approach using diazonium salt and another using silylation. In the second article, entitled "Chemical modification of the cocoa shell surface using diazonium salts", we presented the grafting process and the characterization we used to demonstrate the covalent grafting of diazonium salt on cocoa shell. The grafting process is made in HCl solution and in presence of a chemical reducer. Thus, diazonium salts are chemically reduced in aryl radical which is able to graft spontaneously and covalently the cocoa shell surface. The surface characterization has been investigated mainly by ATR-IRTF spectroscopy, SEM imaging and its chemical resistance was also evaluated by causing a pH variation. All of the characterization confirmed the surface modification and the chemical resistance of the modified material.

In article 3, entitled "Cobalt nanoparticles embedded into polydimethylsiloxane-grafted cocoa shell: Functional material for CO2 capture", we demonstrated that silylation and chemical post modification are suitable to transform this agrowaste in a CO2 sorbent. We incorporated some metallic particles on cocoa shell to enhance the adsorption process. Each one of these functionalization stages has been characterized to see the providing modifications. It was the first time that the functionalization of the cocoa shell using APTES and PDMS with the insertion of cobalt nanoparticles was studied.

SCIENTIFIC PAPER I

Atmospheric Solid Analysis Probe-Ion Mobility Mass Spectrometry: An Original Approach to Characterize Grafting on Cyclic Olefin Copolymer Surfaces

SCIENTIFIC PAPER III

Cobalt nanoparticles embedded into polydimethylsiloxane-grafted cocoa shell: functional agrowaste for CO2 capture

Conclusion

In these three papers, were investigated the functionalization of two kinds of surfaces for different applications, the first one a polymer, i.e. cyclic olefin copolymer, and the second an agrowaste material, i.e. cocoa shells. The functionalization of COC and cocoa shell by diazonium salts, in the first two papers, were performed following similar protocols indicating that diazonium reduction is really versatile. Taking into account the advantage of the diazonium chemical reduction, including high reactivity, low cost and a fast process, we performed the covalent grafting of these two surfaces in acidic solution in the presence of a chemical reducer.

Parameters such as temperature influence, reagent concentration and light irradiation time, in the case of COC functionalization, were tested in order to provide optimal conditions for the covalent functionalization.

The use of methods such as SEM-EDX, AFM and ATR-IRTF for surfaces characterization, allowed us to show the aryldiazonium grafting through the presence of a thick layer onto the surface, and also prove it to be strong enough to withstand ultrasonic treatment, meaning that the aryldiazonium salts were covalently grafted into the both surfaces.

However, as we showed in the first paper about the COC surface, although we ensure the effectiveness of grafting through the classical methods, some important functions such as carbon-sulfur and carbon-halogen are still difficult to evidence due to the ambiguity presented by the results. It was thinking about it, we decided to combine the classical techniques with two different coupled methods. The Ion mobility Mass Spectrometry (IM-MS) and the Atmospheric Solid Analysis Probe Ionization (ASAP) which give rise to the ASAP-IM-MS, where these functions previous mentioned were easily detected. In addition to being able to identify and characterize a small lateral chain in the para position on the phenyl ring, limiting a possible growth of multilayers and so influencing the film formation. After these conclusive studies, we may introduce the ASAP-IM-MS as a new complementary technique to classical characterization of COC surfaces. Dedicated to the direct analysis of solid samples without sample preparation.

In the parallel studies of functionalization of the cocoa shell surface, in the second paper, we could observe solid evidence of the reaction between the salts of diazonium and the surface of cocoa shell already at the beginning of the experiments. That evidence was given due to the changes in the color of the solution from transparent to yellow-orange and also in the fact that the cocoa shell grains had moved from the bottom of the beaker up to the liquid surface during the reaction process. Which can be attributed to morphological modifications at the cocoa shell surface caused by the attachment of the nitro groups from the diazonium salts on the CS surface.

The efficacy of grafting was confirmed through results obtained using classical surface characterization methods, such as ATR-IRTF spectroscopy. Its chemical resistance was also evaluated by causing a pH variation, where no modification was observed.

After these satisfactory results with the cocoa shell and considering a better use of this raw material, with a complete work and elaborated with the intention of meeting the demands with the current environmental problems of CO2 capture, we developed the CS-APTES-PDMS-Co functional agrowaste, as shown in the third paper. Where we compared the CO2 absorption at each stage of CS functionalization, from the beginning with the APTES following by grafting with the PDMS until the incorporation of cobalt nanoparticles, with unmodified CS. The results showed that, besides both CS-APTES-PDMS and CS-APTES-PDMS-Co had shown an increased in the CO2 adsorption capacities as compared to unmodified cocoa shells, the CO2retention capacity measured in this study are significantly higher compared to published results.

CONCLUSION AND PERSPECTIVES

This thesis was achieved thanks to the financial support of the Erasmus EBW + program, the Laboratoire en Chimie Organique, Bioorganique, Réactivité et Analytique (COBRA -UMR 6014), the Laboratoire de Microbiologie -Signaux et Microenvironnement (LMSM -EA 4312) and the University of Rouen Normandie.

The aim of this thesis was to study the functionalization of different surfaces using the diazonium salts and we were able to show the feasibility of a direct grafting of aryldiazoniums on different substrates.

The first part of the study was dedicated to the development of an innovative protocol for the grafting of new chemical functions on a surface known for its chemical inertness and optical properties, the gold. The objective was to apply the diazonium chemistry to develop an original SPR biosensor. We succeed to graft diazonium by chemical and electrochemical reduction and after optimization to obtain a carboxybenzene SPR biosensor. The performance of the biochip was demonstrated with antigen/antibody complex and with protein/peptide complex. This work was helpful to Pr. O. Lesouhaitier to validate that the bacterial protein AmiC and CNP hormone were in interaction. We also developed a new generation of SPR biochip promising for the future of the SPR technology.

The perspectives for this research are to determine others unknown dissociation constants (KD) between proteins couples but also with DNA or RNA molecules. The regeneration step has also to be improved to work with complex solution.

The second part of the study was dedicated to environment depollution, such as contaminated waters and air (capture of polluting atmospheric gases). We investigated the functionalization of two kinds of surfaces for different applications, the first one a polymer, i.e. cyclic olefin copolymer, and the second an agrowaste material, i.e. cocoa shells.

The functionalization of COC and cocoa shell by diazonium salts, in the first two papers, were performed following similar protocols indicating that diazonium reduction is really versatile.

Taking into account the advantage of the diazonium chemical reduction, including high reactivity, low cost and a fast process, we performed the covalent grafting of these two surfaces in acidic solution in the presence of a chemical reducer. Different parameters and diazonium were grafted and the grafting was confirmed through different techniques (SEM, DSC, ATR-IRTF spectroscopy). Now, different perspectives could be emphasized to these works. For instance, COC is suitable for microfluidic application but his chemical inertness was an important problem. So, we can use our diazonium strategy to modulate the surface charge of the microfluidic channel and allow flow migration by electroosmosis. For cocoa shell, the grafting condition has to be optimized to obtain an amino or carboxylic surface suitable to facilitate the adsorption of inorganic or organic pollutant.

As the first analysis with cocoa shell modified by diazonium salt was not satisfactory, we decided to modify this raw material with silane derivates and metallic particles. So, we developed an original modified cocoa shell called CS-APTES-PDMS-Co. This material present interesting properties to capture CO2. We demonstrated that CS-APTES-PDMS and CS-APTES-PDMS-Co show an increased in the CO2 adsorption capacities as compared to unmodified cocoa shells. The perspective of this work will be to transfer this strategy of modification to activated carbon or other material and to see if APTES could be replaced by aminobenzene diazonium salt.

1.

Prepare 100 mL of an electrolyte solution in 0.1 mol L -1 of acetonitrile. The salt can be either N, N, N-tributyl-1-butanaminium tetrafluoroborate (Bu4N + , BF4 -) or N, N, N-tributyl-1-butanaminium hexafluorophosphate (Bu4N + , PF6 -).

2.

Prepare 25 mL of a 0.001 mol L -1 solution of ferrocene in the electrolyte. This solution acts as a reversible electrochemical probe and allows us to visualize the passivation of the surface after deposition.

3.

Prepare 10 mL of a 0.005 mol L -1 solution of aryldiazonium salts in the electrolyte. It is in this solution that the electrodes will be immersed (gold surface is used as working electrode, platinum as counter electrode and Ag/AgCl as reference electrode).

4.

The gold surface used for the grafting is analyzed by ATR-IRTF, by cyclic voltammetry in the presence of ferrocene before and after the experiment (ferrocene redox system), and by plasmonic curves after grafting.

5.

A first analysis by cyclic voltammetry is carried out in the electrolyte degassed by bubbling nitrogen, with 3 scanning cycles between -0.3 V and 1 V, at 0.1 V/s. This analysis makes it possible to verify the conductivity of the surface and the cleanliness of the electrolyte.

6.

A second analysis in the ferrocene of 3 cycles between -0.3 V and 0.5 V per interval of 0.1 V/s makes it possible to determine the E 0 of our cell. Note that the electrodes are rinsed between each analysis with acetonitrile for HPLC.

7.

The diazonium salt reduction experiment takes place by cyclic voltammetry.

8. An analysis in ferrocene (ferrocene redox system) of 3 cycles between -0.3 V and 0.5 V, at 0.1 V/s, makes it possible to verify the passivation of the surface.

It should be noted that from step 6, the gold surface is rinsed with acetonitrile between each step to minimize the contaminations that could occur if impurities were present in the electrolyte Mots clés : Chimie des surfaces, fonctionnalisation chimique, sels de diazonium, silanes, biocapteurs, résonance plasmonique de surface, agro-déchets.

SURFACE MODIFICATION OF DIFFERENT MATERIALS FOR BIOLOGICAL AND ENVIRONMENTAL APPLICATIONS

For almost a century, the researchers have been making important efforts in order to bring new properties to materials and nowadays surface modification of materials is more than ever a very attractive research subject related to a variety of promising industrial applications. The Since many years, industrial activities are responsible to the pollution of the atmosphere.

Although different greenhouse gases being involved in atmospheric pollution, CO2 is still one of the most important due its high concentrations in the atmosphere and due to its ability to induce serious health disease. Several studies in the literature have demonstrated that some adsorbents such as activated carbons, basic functionalized silica sieves, zeolites, etc.. although commercially available are still sophisticated and expensive limiting their application.

However, there is still a need to capture CO2 for activities with limited operating cost. The objective of this study is to promote the cocoa shell, an agro-waste resource ready to use and easy to modify, as low-cost materials for CO2 adsorption and toxins removal from industrial waste in solution applying a chemical treatment from diazonium salts and silane compounds to modify its physic-chemical properties.

Keywords: Surface chemistry, chemical functionalization, diazonium salts, silanes, biosensors, surface plasmon resonance, agro-waste.
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Figure 1 :

 1 Figure 1: Properties obtained after surface modification.

Figure 2 .

 2 Figure 2. General Scheme of an optical biosensor 29 .

  Figure 3 below shows how the capture and the analysis are carried out through the biosensor.

Figure 3 .

 3 Figure 3. Schematic diagram of COVID-19 FET sensor operation procedure. Graphene as a sensing material is selected, and SARS-CoV-2 spike antibody is conjugated onto the graphene sheet via 1pyrenebutyric acid N-hydroxysuccinimide ester, which is an interfacing molecule as a probe linker.

Figure 4 :

 4 Figure 4: Modification of an hydroxyl surface by silanization: (a) a hydroxylated surface is immersed in a solution containing n-propyl trimethoxysilane (nPTMS); (b) one of the methoxy groups of the nPTMS couples with a hydroxyl group releasing methanol; (c) two of the methoxy groups on another molecule of the nPTMS have reacted, one with a hydroxyl group and the other with a methoxy group from the first nPTMS molecule;

Figure 5 :

 5 Figure 5: Brief history of the use of diazonium 77 .

Figure 6 :

 6 Figure 6: Scheme of the uses of aryldiazonium in organic synthesis (R = Substitute group, • = Radical 80 .

Figure 7 :

 7 Figure 7: Synthesis of aryldiazonium tetrafluoroborate with HBF4.

Figure 8 :

 8 Figure 8: Synthesis of aryldiazonium tetrafluoroborate with NOBF4.

Figure 9 :

 9 Figure 9: Synthesis of aryl diazonium tosylate salts (color).

Figure 10 :

 10 Figure 10: Influence of aromatic ring substitution on organic layer grafting on a surface 91 .

Figure 11 :

 11 Figure 11: Standard potential of the species used.

Figure 12 :

 12 Figure 12: Electrodeposition of aryl nuclei on a surface.

Figure 13 :

 13 Figure 13: Reaction between an aryl radical and a silicon surface 136 .

Figure 14 :

 14 Figure 14: Principle of SPR measurement 151 . a) with HORIBA system; b) with BIACORE system 152 .

Equation 1 : 2 :

 12 Equation of the incident light wave.λ is the wavelength of the excitation light, θ is the angle of incidence and εp is the dielectric constant of the prism153,154 . We can describe the wave vector (ksp) of the surface plasmon propagating Equation of the wave vector.

Figure 15 :

 15 Figure 15: a) Kinetic of association and dissociation of the analyte/ligand complex. b) Variation of the SPR signal in function of the concentration of injected analyte 152 .

  analyte concentration (nM) (L) is obtained from the maximum SPR signal. This value is determined from Figure15bwhen the curve fraction of bound receptor in function of analyte concentration reached saturation. Equation 3: Steady state equation.

Schema 1 :

 1 The 4-Carboxybenzene diazonium synthesis I obtained the diazonium salt with a yield of 80%. It was characterized by IRTF, 1 H-NMR and then stored in the freezer until use.

Figure 16 :

 16 Figure 16: Composition of the gold support available.

Figure 17 :

 17 Figure 17: Diagram presenting the use of a surface plasmon 168 .

Figure 18 :Figure 19 :

 1819 Figure 18: Chemical grafting of caboxybenzene diazonium on gold surface.

Figure 20 :Figure 21 :

 2021 Figure 20: Microscopic image a) and SPR Plasmon curves b) for the biochip prepared by chemical reduction of CBD 100 mmol L -1 .

Figure 22 :

 22 Figure 22: Microscopic image a) and SPR Plasmon curves b) for the biochip prepared by chemical reduction of CBD 20 mmol L -1 .

Figure 23 :

 23 Figure 23: a) Electrochemical cell. b) 4-Carboxybenzene diazonium (CBD) reduction on the gold surface.

Figure 24 :

 24 Figure 24: a) SPR biosensor obtained by electrografting. The dark side is unmodified by CBD and the bright part is modified by CBD. b) SPR biosensor observed by SPR camera.

1 .

 1 Influence of the electroreduction parametersTo evaluate the influence of the CBD concentrations (5-20 mmol L -1 ) and the number of cycles during the electrochemical process (3-10 cycles) different experiments were driven. Figure25illustrated the reduction of CBD for different cyclic voltage. The broad peak starting at 0 V/Pt corresponding to a one-electron transfer with a redox potential at -0.331 V/Pt was typical for CBD reduction.

Figure 25 :

 25 Figure 25: Electrodeposition of CBD 20 mmol L -1 by cyclic voltammetry. Au surface as WE, Pt as CE and RE. Scan rate: 0.1 V/s vs. Pt from -0.6 to 0 V. Electrolyte: NBu4PF6 0.1 mol L -1 in CH3CN.

Figure 26 :

 26 Figure 26: Cyclic voltammograms of ferrocene for the unmodified (black curve) and the modified gold surface from 3 (green curve) to 5 (purple curve) and 10 cycles (blue curve). The CBD concentration was fixed at 10 mmol L -1 . Electrolyte: NBu4PF6 0.1 mol L -1 in CH3CN; scan rate of 0.1 V/s from -0.3 to 0.5 V. Gold surface as work electrode, Platinum as counter electrode and Ag/AgCl as reference electrode.

Figure 27 :

 27 Figure 27: Cyclic voltammograms of ferrocene for the unmodified (black curve) and the diazonium modified gold surface (from 5 (yellow curve) to 10 (green curve) and 20 mmol L -1 (red curve)).Electrolyte: NBu4PF6 0.1 mol L -1 in CH3CN; scan rate of 0.1 V/s from -0.3 to 0.5 V. Gold surface as work electrode, Platinum as counter electrode and Ag/AgCl as reference electrode.

Figure 28 :

 28 Figure 28: SPR Plasmon curves presenting the influence of the CBD concentration on the surface reflectivity at 3 cycles.

Figure 29 :

 29 Figure 29: SPR Plasmon curves presenting the influence of the number of cycles on the surface reflectivity at CBD 10 mmol L -1 .

Figure 30 .

 30 Figure 30. Cyclic voltammetry of carboxybenzene diazonium salt on gold surface. (a) first and (b) third cycle. Au surface as WE, Pt as CE and RE. Scan rate: 0.1 V/s vs. Pt from -0.6 to 0 V. Electrolyte: NBu4PF6 0.1 mol L -1 in CH3CN.

Figure 31 .

 31 Figure 31. Cyclic voltammogram of 1 mmol L -1 Fc + /Fc system with unmodified (black curve) and modified carboxybenzene (red curve) gold surface. Electrolyte: NBu4PF6 0.1 mol L -1 in CH3CN; scan rate of 0.1 V/s from -0.3 to 0.5 V. Gold surface as work electrode, Platinum as counter electrode and Ag/AgCl as reference electrode.

Figure 32 :

 32 Figure 32 : Principle of multi-reflection IR-ATR spectroscopy 103 .

Figure 33 :

 33 Figure 33: ATR-FTIR spectra for gold surface (green) and electrografted gold surface (purple).

Figure 34 :

 34 Figure 34: SPR Plasmon curves for the unmodified (yellow curve) and modified electrografted biochip (CBD 5 mmol L -1 , 3 cycles; blue curves).

Figure 35 .

 35 Figure 35. SPR plasmon curves of anti-OVA (IgG) spots (red curve) and negative CBD surface (blue curve).

Figure 36 .

 36 Figure 36. (a) SPRi images of anti-OVA spot (200 µg/ml) on the CBD-Au grafted SPRi biochips at 5 mmol L -1 , 3 cycles. (b) Scheme of the anti-OVA grafted onto the CBD-surface in interaction with the circulating ovalbumin (OVA). (c) Kinetics reflectivity for different concentrations of injected ovalbumin. (d) dose-response curve of different antigens concentrations.

Figure 37 :

 37 Figure 37: Microscopic images for anti-OVA (green spot), BSA (red sport) and CBD areas (black spots).

Figure 38 :

 38 Figure 38: Kinetics reflectivity variation of the three studied areas (Green curve: Zone of immobilized IgG protein. Red curve: Zone passivated with BSA. Black curve: Zone of the CBD-Au). Injections of different detergents and Ovalbumin.

Figure 39

 39 Figure 39 present the surface regeneration with glycine 23, 4 at 10 mmol L -1 pH 2.5. As the glycine solution is acide, the global charge of anti-OVA and OVA should change resulting in a dissociation of the complex.

Figure 39 :

 39 Figure 39: Kinetics reflectivity on different areas after injection of Glycine 10 mmol L -1 pH 2,5 during 1 min.

Figure 40 .

 40 Figure 40. (a) SPRi images of the immobilized CNP prepared at pH 4 (green spots), 5 (blue spots) and 6 (red spots). Black spots were used as negative control.

Figure 41 .

 41 Figure 41. SPR plasmon curves of immobilized CNP hormone spot at 100 µg/mL on the CBD-Au grafted SPR biochip.

Figure 42 .

 42 Figure 42. Kinetics reflectivity of the studied couples (CNP/AmiC). Different concentration of AmiC were injected. CNP was immobilized at 100 µg/mL. Injection volume: 200 µL, flow rate: 50 µL/min.

W

  . Boireau), Karen Mercier and Nathalie Volmer from the research center of Horiba to test our SGS biochip.

Figure 43 :

 43 Figure 43: Strip gold surface (SGS).

6 (

 6 Zone A) and 4 cycles (Zone B) of electroreduction of CBD by cyclic voltammetry.

Figure 44 :

 44 Figure 44: Strip gold surface (SGS) grafted with CBD 5 mmol L-1 at 4 and 6 electrochemistry cycles.

  we tested simultaneously 2 different concentrations of anti-OVA (100 µg/mL (spot IgG 2A and IgG 2B) and 200 µg/mL (spot IgG 1A and IgG 1B) on two different surfaces (areas A: 4 cycles of reduction; areas B: 6 cycles of reduction). This design was impossible to use with conventional SPR system.

Figure 45 :

 45 Figure 45: SPRi images of immobilized anti-OVA spot at 100 (2A; 2B) and 200 µg/ml (1A; 1B) on electrografted CBD surface prepared with 6 (Zone A) or 4 cycles (Zone B) of reduction.

Figure 46 :

 46 Figure 46: SPR Xelplex plasmon curves (a) and the selection of the studied angles (b).

Figure 47 :

 47 Figure 47: Kinetics reflectivity of the studied couples (anti-OVA/OVA) with the SGS biochip and the Xelplex system. Injection volume: 200 µL, flow rate: 50 µL/min.

  The electro-reduction grafting procedure of diazonium saltsMODIFICATION DE SURFACE DE DIFFÉRENTS MATÉRIAUX POUR LES APPLICATIONS BIOLOGIQUES ET ENVIRONNEMENTALESDepuis près d'un siècle, les chercheurs déploient des efforts importants pour apporter de nouvelles propriétés aux matériaux et aujourd'hui la modification de surface des matériaux est plus que jamais un sujet de recherche très attractif lié à une variété d'applications industrielles prometteuses. Le développement d'une méthodologie simple pour caractériser les interactions biomoléculaires a été, au fil des ans, une technologie indispensable pour soutenir les recherches dans les domaines de la biologie et de la microbiologie en raison de son haut degré de sensibilité. La fonctionnalisation de surface par revêtement chimique est une solution prometteuse pour obtenir de nombreuses propriétés bien définies. Cette étude présente la faisabilité de la fonctionnalisation de la surface de l'or en utilisant une chimie basée sur les sels d'aryldiazonium pour le développement de biocapteurs appliqués à la technologie de résonance plasmonique de surface (SPR). Une technique de haute qualité utilisée pour mesurer les interactions biomoléculaires en temps réel dans un environnement label-free. Depuis de nombreuses années, les activités industrielles sont responsables de la pollution de l'atmosphère. Bien que différents gaz à effet de serre soient impliqués dans la pollution atmosphérique, le CO2 reste l'un des plus importants en raison de ses concentrations élevées dans l'atmosphère et de sa capacité à provoquer des maladies graves. Plusieurs études dans la littérature ont démontré que certains adsorbants tels que les charbons actifs, les tamis basiques de silice fonctionnalisés, les zéolithes, etc. bien que disponibles dans le commerce sont encore sophistiqués et coûteux limitant leur application. Cependant, il est toujours nécessaire de capter le CO2 pour des activités à coûts d'exploitation limités. L'objectif de cette étude est de valoriser l'écorce du cacao, une ressource d'agro-déchets prête à l'emploi et facile à modifier, en tant que matériaux peu coûteux pour l'adsorption du CO2 et l'élimination des toxines des déchets industriels en solution appliquant un traitement chimique à partir des sels de diazonium et des composés de silane pour modifier ses propriétés physico-chimiques.

  development of simple methodology to characterize biomolecular interactions has been, over the years, an indispensable technology to support researches in the areas of biology and microbiology due its high degree of sensitivity. Surface functionalization by chemical coating is a promising solution to obtain numerous well-defined properties. This study presents the feasibility of gold surface functionalization using a chemistry based on aryldiazonium salts to the biosensors development applied to Surface Plasmon Resonance (SPR) technology. A high-quality technique used to measure biomolecular interactions in real time in a label free environment.

  

Table 2 :

 2 Experimental parameters extracted from reflectivity curves for unmodified and modified CBD biochip. ( a ΔR: variation of reflectivity; Γ b : molecules quantities per surface unit).

  One of the limitations of SPR technique came from the plasmon angle. Indeed, this angle has to be correctly selected before any experiment to obtain a good sensitivity. Consequently, it was impossible to work with different plasmon angles at the same time except if we selected one angle at the expense of the other or a mean value which is correct for no one. To solve this problem, Horiba developed a new generation of SPR instrument called Xelplex. This instrument is a multiplex platform allowing to work simultaneously with different plasmon angle.So, it was possible to define a specific plasmon angle for each spot to obtain the best sensitivity for each area. Therefore, this instrument is well adapted to work with diazonium chemistry. To go further, we choose to define a new design for a SPR sensor. One of the limitations of diazonium or thiol chemistry is the difficulty to graft different chemical groups in defined area.So, we worked with Dr Rabah ZEGGARI from Femto engineering to design a new "Strip Gold

	4.3. The next generation of biochip -Strip Gold Surface (SGS)
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CHAPTER II

FUNCTIONALIZATION OF SURFACE APPLIED TO BIOCHEMISTRY

Methodology and results

The perspective of this SPR biochip development will be:  To improve the regeneration step to emphasize to work with different injected solution in one biochip.

 We have also to evaluate our chemistry with more complex solution such as blood, saliva, etc.…  We have also to develop the potential of the SGS biochip. Different diazonium salts could be grafted to obtain different chemical group at the surface to immobilize a protein with different orientation. This approach could be also used to evaluate the affinity for different antibody using orthogonal chemistry.

CHAPTER III

FUNCTIONALIZATION OF SURFACES APPLIED TO DEPOLLUTION OF THE ENVIRONMENT

SCIENTIFIC PAPER II

Chemical modification of the cocoa shell surface using diazonium salts

EXPERIMENTAL PART Schema 2: The 4-Carboxybenzene diazonium synthesis

The preparation of the compound was conducted according to the method described by Brisset et al. [START_REF] Brisset | Surface functionalization of cyclic olefin copolymer with aryldiazonium salts: A covalent grafting method[END_REF] . The 4-aminophenylacetic acid (2.077g, 17 mmol, 1 eq) was dissolved in tetrafluoroboric acid (11.5 mL, 180 mmol) in a three-necked round-bottomed flask. After cooling down the solution to 0°C with an ice bath, a solution of sodium nitrite (1.173 g, 17 mmol, 1 eq.) in 3 mL of water was added over 20 minutes and the reaction was stirred for 15min. The solution was then kept at -18°C for minimum 3 hr. After precipitation, the diazonium salt was collected as a light brown solid by vacuum filtration. It was washed with cold diethyl ether, dried, and stored at -18°C. The compound was obtained in 84% yield (m = 3.50 g). *Chemicals: All the chemicals were purchased from Sigma Aldrich. All the solutions were prepared from double distilled water 18.2 MΩ.cm (Millipore Thermo Scientific).

Antibodies immobilization steps

 Washing the gold biochip with MilliQ deionized water and then drying it;  In a becker, incubation for 30 min with a mixture of EDC (400 mmol L -1 /120 μL) and Sulfo/NHS (100 mmol L -1 /120 μL) [START_REF] Marquart | Surface Plasmon Resonance and Biomolecular Interaction Analysis: Theory and Practice[END_REF]189,190 ;  Washing the gold biochip with MilliQ deionized water and then drying;  Anti-OVA (200 μg/ml) incubation in Acetate buffer (10 mmol L -1 /pH 4.5) 4 in humid atmosphere in order to prevent drying 4 :  Deposited as spots (the drop size is dependent of the deposition method. For this deposit is used an automatic spotter (Microarray) of the Horiba's company that allows to do spots of diameter 500 µm) during 16 hours 4 ;  The pH immobilization is dependent of the surface. Initially, after to EDC/SulfoNHS activation a pre-concentration test is performed to determine the correct pH. The shift to the left in the plasmon curves give an indication of the amount of immobilized antibody [START_REF] Marquart | Surface Plasmon Resonance and Biomolecular Interaction Analysis: Theory and Practice[END_REF] .

Protocol for antibodies immobilization on SPRi biochips

 Washing the gold biochip with MilliQ deionized water and then drying;  In a becker, incubation during 30 min with bovine serum albumin (BSA) 200 μg/mL without agitation, in order to passivate the areas where there is no antibody. This passivated area is used as negative control [START_REF] Li | Covalent Grafting of Organic Molecules onto Activated Carbon by a Single Step[END_REF] ;

 Washing the gold biochip with MilliQ deionized water and then drying; After bonding with Oil index HORIBA, the gold biochip on prism is inserted into the SPR instrument in order to measure the interaction constants between the two couples. The activation and calibration of the SPR are performed using PBS 10 mmol L -1 and PBS 12.5 mmol L -1 4 .

On the SPR, are performed injections (using a syringe/200 μL) of ovalbumin (several concentrations in order to saturate the antibodies) during 4 min at 50 μL/min.

For antibodies regeneration, it is used glycine at 10 mmol L -1 pH 2 during 4 minutes [START_REF] Marquart | Surface Plasmon Resonance and Biomolecular Interaction Analysis: Theory and Practice[END_REF] .
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