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Foreword : The invisible work

The main text of this manuscript presents a (hopefully logical and clear) synthesis of the most relevant part of the work conducted during the 3 years that I have spent as a PhD student. Upon reading (or quickly browsing through) these pages, one might get the impression that they are a direct reflection of the work and results obtained throughout this time.

Nothing could be further from the truth. In making this synthesis I have picked only the work that I found most interesting. This filtering, made for the sake of presenting a "clear story", intentionally ignores many months of work devoted to alternative ideas or side-projects which ended up in a lack of significant results.

If you are interested in knowing about "all the things that did not work (well enough)", I invite you to read appendix D. 

Introduction Générale

Le développement actuel des nanotechnologies implique de plus en plus des surfaces nanostructurées avec différents matériaux. Les biocapteurs plasmoniques, notamment, longtemps basés sur l'exaltation de plasmons de surface (SPR, de l'anglais Surface Plasmon Resonance) propagatifs sur une couche mince métallique approchent leur limite de sensibilité 1 qui reste en deça des performances nécessaires pour certaines applications (détection de traces de contaminants ou marqueurs biologiques). De ce fait, ces capteurs sont en train de connaître actuellement le passage d'une structuration 1D (couche mince continue ; « SPR classique ») à des structurations 2D et 3D avec des « points chauds » nanométriques provenant de l'excitation de plasmons localisées (LSPR ; voir Fig. 1).

Si ces nanostructures semblent prometteuses pour une transduction localisée et davantage exaltée, une telle architecture n'a de sens que si les biomolécules ciblées sont effectivement localisées sur ces « points chauds ». En effet, toute molécule adsorbée ailleurs sur la surface ne contribue pas au signal et donc représente une baisse de sensibilité effective du capteur (voir Fig. 2).

Parallèlement, la synthèse de nano-objets colloïdaux de différentes géométries (sphères, bâtonnets, tubes) et matériaux (organique, semi-conducteur, métallique, hybrides) est très prometteuse tant ces nano-objets ont démontré des propriétés physico-chimiques intéressantes (par exemple : supraconductivité des nanotubes de carbone ou superparamagnétisme et fonctionnalités de surface des latex magnétiques). Cependant, encore une fois, l'intégration de ces nano-objets dans des systèmes complexes nécessite souvent de les placer à des endroits précis d'une surface nano-structurée (eg : nanotube conducteur placé entre deux microélectrodes ou particule fluorescente placé sur nano-antenne) (voir Fig. 3).

Ces deux exemples (biocapteurs plasmoniques et placement de nano-objets colloïdaux) montrent que la localisation précise de « cibles » (allant de la petite molécule -quelques nmà la particule colloïdale -jusqu'à quelques microns-) provenant d'une phase continue complexe (milieu biologique, dispersion colloïdale) vers des zones nanométriques prédéfinies sur un substrat plan hétérogène représente un défi majeur dans l'évolution des nanotechnologies. S'il existe différentes méthodes pour répondre à ce défi, notamment pour les « gros » objets colloïdaux (méthodes physiques telles que l'assemblage par forces capillaires, diélectrophorèse ou pinces optiques entre autres), la fonctionnalisation chimique de surface apparaît comme une méthode spécialement adaptée qui peut par ailleurs se combiner aux méthodes « physiques » susdites. La fonctionnalisation chimique de surface consiste à modifier les groupements chimiques des différents matériaux présents à la surface pour permettre l'ancrage sélectif des « cibles » sur des zones spécifiques. 1 Cette modification peut se faire de différentes manières, que nous avons détaillées ailleurs : 2 xvi Figure 3 -Localisation de nano-objets colloïdaux sur un système ayant une surface nano-structurée. 2 1. En utilisant directement les groupements chimiques disponibles en surface (ex : silanols sur une surface de silice), modifiés par le biais d'un flux d'électrons ou d'ions par exemple. 3 2. En adsorbant différents polymères ou autres macromolécules (« fonctionnalisation 3D »). [4][5][6] 3. En greffant de manière covalente des -petites-molécules dont une extrémité se lie au substrat et l'autre peut être choisie pour fixer ou repousser sélectivement une cible. Ces molécules peuvent recouvrir plus ou moins la surface et acquérir une organisation plus ou moins cristalline par interactions de Van der Waals entre les chaînes adjacentes. Dans certains cas (par exemple, alkylthiols sur Au(111) monocristallin) ces molécules forment une monocouche auto-assemblée (SAM, de l'anglais Self-Assembled Monolayer) avec une organisation pseudo-cristalline bien définie. 2 Cette troisième méthode présente certains avantages par rapport aux deux autres en termes de :

-Versatilité : l'extrémité disponible ou fonctionnelle peut être choisie parmi un grand nombre de groupements chimiques (théoriquement infini), contrairement à la première méthode qui est très limitée aux possibilités du substrat. -Taille : Pour des applications biocapteurs à ondes évanescentes notamment, il peut être intéressant de limiter l'épaisseur de la couche d'accroche afin que la biomolécule à détecter soit au plus près de la surface métallique, c'est à dire du maximum de champ électrique. De ce fait une monocouche moléculaire de quelques nanomètres peut être préférable à l'emploi de polymères ou autres macromolécules de quelques dizaines de nanomètres.

2. Le terme de SAM est souvent employé et pourra l'être dans le cours de ce manuscrit par simplicité ou abus de langage pour d'autres systèmes où les molécules ne forment pas forcément une monocouche et les degrès d'autoassemblage sont probablement moindres (par exemple, poly(ethyelene glycol)-trialkoxysilanes sur silice amorphe). En outre, la relation entre l'organisation de la couche organique et sa réactivité est un sujet de recherche complexe. Nous ne l'aborderons pas en détail ici mais il convient de signaler que le cas « idéal » de la monocouche autoassemblée parfaitement cristalline ne semble pas être forcément optimum pour la réactivité globale de la surface. -Séléctivité : Par rapport à l'adsorption plus ou moins spécifique de polymères, le greffage covalent de certains groupements chimiques sur des surfaces avec lesquelles ils ont une grande affinité (par exemple : thiols sur or ou silanes sur silice) assure une meilleure sélectivité de la fonctionnalisation Nous avons choisi d'utiliser le greffage covalent de petites molécules (quelques nanomètres) avec une terminaison fonctionnelle pour le ciblage précis de biomolécules et colloïdes sur des zones prédéfinies d'un substrat hétérogène. Sauf mention contraire, dans la suite de ce travail, les termes « fonctionnalisation », « fonctionnalisation de surface » ou « fonctionnalisation chimique de surface » feront référence à la modification d'une surface par le greffage covalent de petites molécules. Comme expliqué précedemment, par simplicité et à défaut d'un meilleur terme nous parlerons alors de la formation d'une SAM, bien qu'il soit important de garder à l'esprit que les couches organiques ainsi formées ne soient ni forcément complètes (remplissage sub-monocouche) ou uniques (multi-couches) ni forcément cristallines (orientation des chaînes adjacentes plus ou moins déterminée).

Une fonctionnalisation orthogonale des différents matériaux, c'est à dire l'élaboration de deux SAMs complémentaires, l'une assurant l'ancrage des cibles sur un des matériaux et l'autre repoussant celles-ci de la surface environnante, permet ce ciblage précis qui peut être utilisé pour améliorer effectivement la sensibilité d'un biocapteur plasmonique (voir Fig 4) ou pour le placement de nano-objets sur un microsystème (voir Fig. 3). Ce travail se concentre sur des surfaces hétérogènes or/silice, notamment des micro et nanostructures d'or sur un substrat de silice (ou verre). Ce choix de matériaux correspond à la vaste majorité des transducteurs plasmoniques. Il est cependant envisageable d'étendre ce travail à d'autres matériaux, notamment d'autres couples métal / oxyde.
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General Introduction

The current evolution of nanotechnology stresses the importance of patterned surfaces with different materials. Plasmonic biosensors for instance, long based on the resonant excitation of surface plasmons (SPR) of a continuous metallic thin film are approaching their theoretical limits of detection 1 which remain too high for some practical applications. Thus, such sensors are turning from a 1D structuration (homogeneous thin film ; "classic SPR") to different 2D and 3D patternings with nanometric "hot spots" emerging from the excitation of localized surface plasmons (LSRP ; see Fig. 5).

However, in order to take full advantage of such nanopatterned transducers, it is crucial to selectively place the target biomolecules onto the different "hot spots". Otherwise, any target molecule adsorbed elsewhere will not contribute to the final signal and will thus skew the overall sensitivity of the biosensor (see Fig. 6).

Simultaneously, nanofabrication has evolved into the synthesis of colloidal nano-objects with different geometries (spheres, rods, tubes) and materials (organic, semi-conducting, metallic, hybrid). These nano-objects are very promising for their unprecedented physico-chemical properties (e.g : supraconductivity of carbon nanotubes -CNTs-or superparamagnetism and surface functionalities of magnetic latexes). However, again, the integration of such nanoobjects onto complex systems implies their precise placement onto a patterned surface (e.g : nanotube bridging two microelectrodes or fluorescent bead onto a plasmonic nano-antenna) (see Fig. 7).

These two examples (LSPR biosensors and localization of colloidal nano-objects) show how the precise placement of "targets" (going from small molecules -few nanometers-to colloïds -up to few microns-) coming from a complex phase (biological medium, colloidal dispersion) onto predefined nanometric regions of a heterogeneous planar substrate constitutes a major challenge on the evolution of nanotechnology. There are different methods to answer this challenge, specially for the bigger colloidal objects (physical methods such as capillary force assembly, dielectrophoresis or optical tweezers can be used). Nonetheless, surface chemical functionalization (which can be used in conjunction with the aforementioned physical methods) appears as a specially appropriate manner to overcome this technological bottleneck. Surface chemical functionalization consists in modifying the chemical surface groups of different materials to allow the selective binding of "targets" onto specific regions. 3 Such modification can be done in several ways that we have detailed elsewhere : 2 1. Chemical groups present at the surface (e.g : silanols on a silica surface) can be readily modified by an electron or ion beam. 3 Figure 5 -A classic SPR sensor (1) uses a homogeneous thin metal layer supporting surface plasmons. These plasmons are intense electric fields, evanescent in the z direction, whose properties vary with the presence of molecules at the surface. This explain their use as a biosensor transducer. In this configuration plasmons are propagative waves in the x and y directions. Novel architectures present 2D (2) and 3D (3) patternings allowing the excitation of localized surface plasmons. These architectures should lead to an increase in sensitivity.

Figure 6 -Schematic representation of a nanopatterned surface where the transduction only happens on the yellow nanostructure. If the targets do not specifically bind onto the nanostructure the total signal is proportional to the amount of molecules (A and B). However, if the targets are made to bind only on top of the nanostructure, the sensibility is enhanced.

xxii Figure 7 -Precise localization of colloidal nano-objets onto a nano-patterned surface. 2 2. Polymers and other macromolecules can be adsorbed at the surface ("3D functionalization"). [4][5][6] 3. Eventually, small molecules (ca. 1-2 nm) can be covalently grafted on the surface by one of their terminal headgroups, while using the available headgroup to allow specific coupling or repelling with the target. These molecules can form organic layers of different compacities and ordering on the surface. In some cases (e.g : alkylthiols on monocrystalline Au (111)) they adopt a well-defined crystalline structure and form a so-called Self-Assembled Monolayer (SAM). 4 This third method has some advantages over the former, such as : -Versatility : The available headgroup can be chosen among a wide range of chemical groups (theoretically infinite), as opposed to the first method which is limited to the substrate's intrinsic possibilities. -Size : Specially for plasmonic biosensors, based on evanescent waves, it may be interesting to limit the thickness of the anchoring layer. Indeed, if the target molecule is located closer to the metallic surface, it will be in a position of higher field intensity and thus give a stronger signal. Therefore, a molecular monolayer of few nanometers may be preferable to the use of polymers and other macromolecules (tens of nanometers). -Specificity : Covalent grafting through high affinity of different chemical groups towards different materials (eg : thiols on gold, silanes on silica) allow highly specific surface functionalization, whereas the adsorption of polymers may be highly non-specific leading to lower reproducibility on the final applications. Given the above mentioned reasons, we have chosen to use the covalent bonding of small molecules (few nanometers) with a functional headgroup for the precise targeting of biomolecules and colloids onto predefined regions of a heterogeneous substrate. Unless otherwise specified, the words "functionalization", "surface functionalization" and/or "surface chemical functionalization" will refer to the modification of a surface by the covalent bonding of small organic molecules. As previously stated, for simplicity's sake we will talk about the formation of a SAM, though it is important to keep in mind that the so-formed organic layers may not represent an exact monolayer (sub-monolayer or multi-layer coverage) and may not be perfectly crystalline (orientation of adjacent chains more or less defined). Orthogonal functionalizations, ie : the building of two complementary SAMs, one ensuring the anchoring of targets onto one material while the other repels them from the surrounding surface, allows a precise targeting on a heterogeneous substrate. This can be used to enhance the sensitivity of a plasmonic biosensor (see Fig. 8) or for the placement of nano-objects onto a microsystem (see Fig. 7).

The present work deals with heterogeneous gold/silica surfaces, namely gold micro and nanostructres on a silica (or glass) substrate. These materials correspond to the wide majority of plasmonic transducers. It is however possible to expand this work to other materials, specially other metal / oxide couples. The first chapter of this manuscript presents the state of the art on the precise targeting of molecules and colloids through physical and chemical methods, followed by an in-depth presentation of gold and silica chemical functionalizations and applications of orthogonal functionalizations. Characterization methods are also highlighted. The second chapter presents in detail the materials and methods used during this PhD to obtain the results that are presented on the third chapter. These results deal first with rather fundamental studies of functionalization on gold, silica and mixed substrates, followed by different applications to the placement xxiv of colloids and biomolecules detection. Eventually, a general conclusion is given to summarize the obtained results and place them in today's scientifical and technological context to suggest different possible evolutions. 

Glossary

Activation SAMs may have a functional headgroup that requires to be modified in order to react with a target. This process is called activation. In this manuscript, unless otherwise specified, activation refers to the derivatization of carboxylic acids into NHS-ester for subsequent covalent coupling with an amine to form an amide bond. 54

Biosensor Device that aims at detecting and possibly quantifying a biological entity (eg : biomolecule) present in an analyte solution. Biosensors can be roughly presented as the coupling of a bioreceptor ensuring the biochemical recognition of the target entity and a transducer translating this biochemical recognition into a measurable signal (eg : electronic tension). 24, 49, 53, 135

Characterization Determination of a sample's structural and/or physicochemical properties. Unless otherwise specified, refers to the properties of surfaces in this manuscript. x, 44-46, 51, 53, 54, 78, 84, 86, 94, 114 Functionalization Also referred to as surface functionalization or surface chemical functionalization. Functionalization is the process of modifying a surface to give it a specific function, such as to capture a given biomolecule. Functionalization may be performed in different ways. However, unless otherwise specified, we shall only refer to the covalent grafting of small linear molecules (ie : 1-2 nm long) on the surface. We will consider that these molecules form a so-called self-assembled monolayer (see corresponding glossary entry for more details). xxxv, 1, 11-13, 16, 22-25, 35-37, 42-44, 49-51, 53, 54, 80, 81, 86, 94, 114, 115, 117, 120, 121, 123, 138 Orthogonal (in orthogonal functionalizations). Selective functionalizations of two different materials of a heterogeneous substrate with two different SAMs. In this manuscript, it refers to the thiolation and silanization of patterned gold on silica substrates. Other uses in the literature may include the building of different SAMs on a homogeneous substrate (e.g., through micro-contact printing and back-filling). However, unless otherwise specified, we will refer only to heterogeneous substrates with material-selective functionalizations. xxxiv, xxxv, 114-117, 119, 120

Piranha Solution created by mixing sulfuric acid and oxygen peroxide in ratios around 7/3 (v/v). Widely used to remove organic contamination of surfaces. 81, 83, 94, 142

Self-assembled monolayer Pseudo-crystalline molecular arrangement arising from a self-assembly process of small organic molecules onto a solid surface. This term is often used for any thin (ie : few nm) organic layer covalently grafted onto a surface, disregarding the actual degree of ordering or surface coverage. 

Résumé du Chapitre 1

Pour répondre à la problématique posée dans cette thèse, à savoir : Comment positionner précisément un ensemble de biomolécules ou de colloïdes provenant d'un milieu complexe sur une pluralité de régions micro et nanométriques prédéfinies sur une surface ? l'étude de la littérature apporte certaines réponses.

Tout d'abord, il existe des méthodes que nous pouvons qualifier de « méthodes physiques » telles que la diélectrophorèse, les pinces optiques ou magnétiques ou encore l'assemblage par forces capillaires. Ces méthodes peuvent être adaptées pour des particules relativement grandes (en général au dessus de quelques dizaines de nanomètres jusqu'à quelques microns) mais difficilement pour la localisation de molécules individuelles de quelques nanomètres à quelques dizaines de nanomètres (oligonucléotides ou protéines). De plus, les méthodes physiques connaissent certaines limitations même dans le cas de la localisation de colloïdes : d'une part, pour les pinces optiques ou électroniques ((di-)électrophorèse) elles fonctionnent uniquement sous l'application d'un champ externe (tension électrique ou laser) et donc ne permettent pas de piéger un objet de manière définitive (après avoir éteint le champ) ; d'autre part, pour l'assemblage par forces capillaires, les objets à piéger doivent en général être commensurables en taille avec les « pièges » ; finalement, ces méthodes impliquent souvent des contraintes dans les matériaux des objets à localiser comme par exemple le caractère ferro ou paramagnétique pour les pinces magnétiques. La fonctionnalisation chimique de surface, tel qu'expliqué dans l'introduction générale, apparaît alors comme une méthode pouvant palier à ces défauts tout en se combinant éventuellement avec ces méthodes physiques pour plus d'efficacité.

Étant donné les applications visées (biocapteur photonique), nous nous sommes intéressés notamment aux fonctionnalisations des surfaces d'or et de silice. L'abondante littérature cumulée depuis quelques dizaines d'années sur ce sujet (fonctionnalisation des surfaces d'or et de silice prises séparément) montre la diversité de molécules et de protocoles pouvant être utilisés à ces fins. Certaines tendances se dégagent cependant. Pour la fonctionnalisation de l'or, de nombreux articles présentent l'utilisation d'alkylthiols d'une longueur d'environ une dizaine de groupements méthylènes, dissouts dans l'éthanol. L'utilisation des SAMs mixtes associant deux thiols différents dans la même couche, l'un permettant de greffer des biomolécules et l'autre limitant l'adsorption non spécifique, est parfois préconisée pour améliorer la réactivité globale de la SAM. 1 De même, l'utilisation de chaînes oligo(ethylene glycol) (OEG) est aussi mise en avant dans certains articles. [2][3][4][5][6][7][8][9][10][11] Celles-ci sont aussi bien préconisées pour améliorer la réactivité d'un groupement fonctionnel (ex : COOH) 11 que pour leur effet passivant (réduction de l'adsorption non-spécifique) dans le cas d'un groupement hydroxy ou methyl. [12][13][14][15][16][17][18][19][20][21][22][23][24][25][26] Sur silice, l'utilisation d'alkoxy et chlorosilanes semble le plus répandu. En revanche, contrairement à l'or, les protocoles semblent diverger davantage dans la littérature. Ceci est probablement dû au fait que les silanes peuvent polymériser en solution (pour les di-et trivalents) ce qui rend le processus plus complexe et qui amène à s'intéroger davantage sur l'influence du taux d'humidité dans la solution ainsi que sur l'importance d'étapes de recuit à haute température. La caractérisation des ces couches organiques apparaît alors comme un sujet primordial, intrinsèquement lié au développement de la fonctionnalisation de surface. Différentes techniques permettent d'évaluer ces couches sous différents aspects tels que leurs propriétés physicochimiques globales (angle de contact, ellipsométrie), leur composition et structuration moyenne (spectroscopies infrarouge, de photoémission ou de masse) ou encore leur composition et structuration à l'échelle nanométriques (microscopies à champ proche telle que la microscopie à force atomique -AFM-, la microscopie tunnel à balayage -STM-ou la spectroscopie Raman exaltée par pointe -TERS-).

Si l'étude de la fonctionnalisation de surfaces d'or et de silice séparément date de plusieurs dizaines d'années (bien que ce soit toujours un sujet de recherche actif, notamment avec le développement de nouveaux outils de caractérisation), la fonctionnalisation orthogonale de surfaces micro ou nanostructurées pour la localisation de colloïdes ou biomolécules est un sujet en plein essor, notamment depuis environ 2010. 27,28 Les publications parues sur ce sujet montrent l'intérêt de cette méthodologie mais révèlent par la même occasion un certain nombre de points à approfondir pour l'amélioration et la généralisation de ce concept. En premier lieu, il existe souvent un manque de caractérisation chimique « directe » prouvant l'orthogonalité des fonctionnalisations, souvent relégué à une mesure « en fin de processus », c'est à dire à la lecture d'un signal SPR ou à l'observation par microscopie du dépôt de colloïdes. De plus, les fonctionnalisations utilisées récemment pour certains biocapteurs plasmoniques 28,29 peuvent être grandement améliorées tant sur la sélectivité des groupements permettant l'ancrage sur l'un ou l'autre matériau que sur l'épaisseur de ces couches, qui doivent être le plus fines possibles dans le cas d'un transducteur à ondes évanescentes. En outre, si la plupart des démonstrations effectuées à ce jour demeurent sur des cas relativement « simples » (interactions streptavidine/biotine ou dépôt de colloïdes d'or sur structures d'or) nous pouvons espérer des applications plus complexes et intéressantes d'un point de vue des biocapteurs (par ex : détection de marqueurs cancéreux ou placement de carboxylatex fluorescents sur nano-antennes plasmoniques).

L'analyse de l'état de l'art ci-dessus nous conduit naturellement aux objectifs précis de cette thèse. Ces objectifs incluent la fonctionnalisation de surfaces d'or et de silice ainsi que de surfaces mixtes or/silice structurées à différentes échelles (macro, micro et nanostructures d'or sur silice) avec une emphase particulière portée à la caractérisation chimique de ces couches organiques. Ces fonctionnalisations seront faites à l'aide de différents thiols (pour la capture de biomolécules ou colloïdes sur or) et silanes (pour la passivation de la silice environnante), basées sur une reconnaissance biotine/avidine mais aussi sur une chimie -COOH et NHS-ester pour la capture de molécules aminées. Cette capture sélective sur or sera appliquée à la localisation de carboxylatex magnétiques ou fluorescents ainsi qu'à la détection de biomolécules (ADN ou protéines) par LSPR. 

Introduction to the state of the art

As explained in the general introduction to this manuscript, the issue that we are about to discuss can be summarized as follows :

Given a heterogeneous solid surface with predefined micro and nanometric sites and given a complex medium with target molecules or colloidal nano-objects, how can we ensure that the targets are deposited onto the predefined sites while avoiding non-specific adsorption on the surrounding surface ?

This question is especially relevant in the increasing field of localized-plasmon based sensors as previously explained. However, it is not limited to this field and can be seen as a major current issue in nanofabrication. Indeed, especially for colloids, answering this question is a major step in bridging the gap between bottom-up built nano-objects and top-down defined substrates. This chapter presents the state of the art concerning this subject.

First, we will review different physical approaches to answer the stated issue. We will highlight the theoretical and experimental limitations of these methods to conclude on the need of reliable orthogonal chemical functionalizations. Second, we will present in greater detail the chemical functionalizations of gold and silica surfaces with an emphasis on characterization tools. Third, we will present the orthogonal functionalizations of heterogeneous gold/silica (or, more generally, metal/oxide) substrates, 5 with recent demonstrations of this method's capabilities on the precise targeting of molecules and colloids reported in the literature. Eventually we will conclude on the state of the art and present the choices that were taken for the following work.

1.1 Physical approaches and their limitations for the precise placement of targets onto patterned substrates

1.1.

Introduction

Before discussing surface chemical functionalization, we will review different physical approaches to answer the main issue of this work. The following review is adapted from our previous publication on this subject. 30 This review deals only with colloids (spherical particles, nanorods, nanowires, nanotubes and other objects, see Table 1.1), often bigger than 100nm and not single molecules. This is one of the major drawbacks of these methods, as we will discuss at the end of this section, to introduce the need of surface functionalization. Eventually, the methods presented here require a preliminary condition : colloid stabilization in the bulk liquid volume. This issue and the corresponding DLVO theory is presented in appendix B.

Aspect ratio = 1 (spherical) particles

Aspect ratio > 1 rods and other structures Aspect ratio >> 1 wires and tubes

Organic

Latex beads 31,32 rare rare Silica SiO 2 beads 33 rare rare

Semiconductor Quantum Dots 34,35 CdSe nanorods 36 Semi-conductor nanowires 37 Carbon Nanotube (CNT) 38 

Hybrid

Core(Au)-shell(SiO 2 ) 39 Janus 40 Core-shell nanorod 41 Organo-silica nanowires 42 

Metallic

Au beads 43 Au nanorod 44 Au nanowire 45 CNT 38 Table 1.1 -Different types of objects considered in this chapter.

Different trapping forces

A particle in a colloidal dispersion will naturally be subject to two transport phenomena : diffusion and sedimentation (which takes into account gravity, viscous drag and Archimede's force). Depending on the particle size and density, these phenomena might not be strong enough to make the particle reach a given surface in an acceptable timescale. Most importantly, these phenomena will bring the particles everywhere on the surface and not specifically onto certain regions of interest. Therefore, external stimulation is needed to achieve this.

Colloidal particles can be driven onto specific nanosites of a substrate by applying different external fields. The most common ones used in the literature are either hydrodynamic or electromagnetic.

Of course, the choice of one or another method lies on the physico-chemical properties of the particles, which often depends on its material and geometry, as we will see in the different examples. 

Capillary force assembly

Probably the most straightforward mean to address nano-objects on specific regions of a substrate is to drag them by hydrodynamic forces and have them trapped on topographically defined regions by CFA, sometimes referred to as Template-Assisted Self Assembly (TASA). 46,47 In CFA, a meniscus is created between the colloidal solution and the substrate. As the meniscus (contact line) advances at the surface (substrate dewetting) the particles are deposited by capillary forces in the topographically defined regions. The creation and relative movement of the meniscus can be achieved by various techniques including drop-casting, 32 spin-coating, [48][49][50] dip-coating 32,51 or confined solution between fixed plate and moving substrate 32,[52][53][54][55][56] (See Fig. 1.1).

In some cases, capillary and contact forces (Van der Waals) are strong enough to make the particles adhere exclusively to the topographically defined regions (holes) while in other cases topography patterning is coupled with surface functionalization 57 (see section 1.1.3.2) to avoid non-specific adsorption. It is interesting to note that in some cases CFA is used to deposit particles on a Poly(dimethyl siloxane) (PDMS) substrate that can be later used as a stamp for micro-contact printing. [53][54][55] Alternatively, some papers present a substrate with a patterned layer of polymer ; after deposition of particles everywhere, the ones on the polymer layer are removed by dissolution of the polymer, as a standard lift-off technique (see Fig. 1.2). 50 To the best of our knowledge, CFA was first demonstrated in 1997, when Van Blaaderen et al. 58 trapped single 525nm radius silica particles with this technique. Many papers have reported CFA in the last 15 years with isotropic 32, 33, 46, 48-50, 52-55, 57, 59, 60 and anisotropic 51,[61][62][63] objects. Good reviews on CFA can be found in the literature. 47,[64][START_REF] Rivera | Assemblage convectif de colloides par forces de capillarité en milieu confiné : applications en plasmonique[END_REF][START_REF] Cerf | Assemblage dirigé de nano-objets[END_REF][START_REF] Velev | [END_REF][68] Spherical particles can be trapped in trenches (eg : V-grooves 33 ) or in individual traps (as isolated particles or small aggregates). In the latter case, a summary of different published results can be found in Fig. 1.3.

Electronic tweezers

Electric fields can induce movement of colloidal particles via electrophoresis (coulombic interaction of a DC field with a charged particle) and/or dielectrophoresis (polarization effects of a non-uniform DC or AC field on a polarizable particle -charged or not-). Some reviews on electrophoresis and dielectrophoresis with their uses for micro and nanoparticle trapping can be found in the literature. [START_REF] Velev | [END_REF][69][70][71][72][73][74] 1.1. Physical approaches and their limitations for the precise placement of targets onto patterned substrates 1.1.2.2.1 Electrophoresis A charged particle placed in a DC field will accelerate until reaching a final velocity at which the electrophoretic force and the viscous drag compensate each other. We can then define the electrophoretic mobility µ EP = v E , where v is the velocity and E is the electric field magnitude. Different expressions for µ EP can be found depending on the particle size :

µ EP = 2εε 0 ζ 3η Hückel equation, for r λ D µ EP = εε 0 ζ η Helmholtz-Smoluchowski equation for λ D r
where ε and ε 0 are the dielectric permittivity of the media and vacuum, η is the fluid dynamic viscosity, ζ is the electrostatic potential at Stern's plane (see section B.2) and r and λ D are the particle radius and Debye's length. Electrophoresis has been used in the 90's to deposit different micro and nanoparticles such as gold, latex and silica on macroscopic anodes. [75][76][77][78][79] These papers concentrate on the crystallike 2D arrangement of particles, but the substrate remains macroscopic with no individual trapping.

With the evolution of microfabrication techniques, namely UV and e-beam lithography, it has been possible to create individually addressable microelectrodes on an insulating substrate. Thus, in 2007 and 2009, Dehlinger and co-workers [START_REF] Dehlinger | Small (Weinheim an der Bergstrasse[END_REF][START_REF] Ryu | [END_REF] used a 400-microelectrodes (55µm diameter) array to globally position polystyrene particles (40nm diameter) functionalized with biotin or neutravidin. The functionalization played two roles : first, making the particle surface become negatively charged so that it responded to electrophoresis and second, allowing biochemical recognition on the streptavidin-functionalized substrate as discussed in section 1.1.3.2. They formed uniform nanoparticle layers on the electrodes while only a few percent surface coverage was observed in between the electrodes in only 15s.

Electrophoresis has also been used with CNT whose precise placement is an important challenge in microelectronics. It has been found that Multi-Wall Carbon Nanotubes (MWCNTs) 82 as well as Single-Wall Carbon Nanotubes (SWCNTs) 83 in isopropyl alcohol accumulate at the anode with applied voltage around 0.7V. Alignment of these CNTs has also been demonstrated using AC voltage, 83,84 suggesting that the implied phenomenon is not only electrophoresis but rather dielectrophoresis, which is specially relevant for anisotropic particles as we will see now.

Dielectrophoresis

Dielectrophoresis (DEP) results from the polarization of a neutral particle placed in a non uniform electric field. A good explanation of this phenomenon with references to its use in nanotechnology can be found in Burke's review. 74 The electric field polarizes the particle whose induced dipole moment interacts with the external field, so that, for a spherical particle we can determine : 85

F = 2πr 3 ε * m α r ∇( E 2 rms )
Where ε * m is the complex medium dielectric constant, r is the particle radius and α r is the real part of Clausius-Mossotti factor :

α r = Re ε * p -ε * m ε * p + 2ε * m
Where ε * p is the particle dielectric constant. From the expression of α r we can see that it can be either positive, inducing particles to move toward maximum electric field region (positive dielectrophoresis) or negative, inducing particles to move toward minimum electric field region (negative dielectrophoresis). Moreover because of dispersion we have ε * = ε * (σ , ω) = εj σ ω , (σ being the conductivity and ω the field frequency) which means that the same particle in the same medium may experience positive or negative dielectrophoresis depending on σ and ω 86 (the frequency for which α r (ω) = 0 is called the crossover frequency). For a further study on this subject and on the role of the electric double layer, one may read Hughes' article from 2002. 87 The first description and preliminary results of dielectrophoresis were given by Herbert Ackland Pohl in the 50's 88,89 with a more comprehensive study in 1978. 90 Since then, and specially with improved lithography techniques for microelectrode design, dielectrophoresis has been widely used for particle trapping. Since the late 90's, most reported results in the literature have been obtained with latex beads. The reasons for this relate to the fact that they are commercially available in different sizes and can be fluorescently labeled. 74 Many experimental results were presented mainly by Fuhr's and Morgan and Hughes' groups. In these papers 31,85,86,[91][92][93][94][95][96][97][98][99][100][101][102][103] nanoparticles ranking from 14nm 93 to 93nm 96 have been trapped using different electrode geometries and voltages. From the beginning of the years 2000's until today, DEP has been used with organic latexes in a certain number of papers [START_REF] Dehlinger | Small (Weinheim an der Bergstrasse[END_REF][START_REF] Ryu | [END_REF] but these contributions mainly focus on the application of DEP to biological samples (cells, viruses, biomolecules...) and on ever more complex systems. Dielectrophoretic trapping of metallic and semiconductor nanoparticles has also been reported and remains a field of active research. In 1997, Bezryadin and Dekker 130,131 demonstrated the possibility of bridging Pt nanoelectrodes with gaps as small as 4nm with Pd colloids (as small as 17nm) trapped individually. Further work has been conducted with 60nm and 40nm gold nanoparticles (Clausius-Mossotti factor can be assumed to be equal to +1 in most cases) 132 by Krahne et al. 133,134 to fill a 10nm gap. Similar results were found independently by Amlani, Rawlett et al. [135][136][137] Other groups used 20nm beads to bridge gaps of different sizes ranging from 5 to 150nm. 43,138,139 These papers also demonstrate the gap-size-dependency of the previously noticed 134 threshold voltage. 138 Two interesting approaches were described by Khondaker and Yao 140 who used 50nm gold colloids to bridge a large gap (400nm bridged by a collection of particles and 45nm bridged by a single particle) and subsequently broke that bridge by applying a strong DC voltage, thus resulting in sub-10nm gaps. Zheng et al. 104 used carbon nanotubes as the electrodes for DEP trapping of gold colloids as small as 2nm, albeit not as single particle trapping. Finally, gold colloids have also been trapped as dimers, linked by dithiol. 141,142 We have seen how spherical particles can be trapped by DEP. Nonetheless it is obvious that particles having a geometrical anisotropy (nanorods, nanowires and nanotubes) are perfect candidates for dielectrophoretic trapping as the polarization can occur preferentially along the long axis. Moreover, DEP trapping is often used for the purpose of bridging two electrodes. Thus, one needs a particle with one dimension larger than the others in combination with metallic or semiconducting properties.

For all these reasons, extensive literature can be found on DEP using nanowires that can be either metallic (such as Au, 44,45,[143][144][145] Ag, 146 NiSi 147 and Rh 148,149 ), semiconducting with different energy gaps (Si, 144,[149][150][151] ZnO, [152][153][154][155][156][157][158] SnO 2 , 146,159 GaN, 146,[160][161][162][163][164][165][166] InAs, 167 SiC 168 and Ga 2 O 3 146 among others) or more complex materials. 169 In the past 5 years, different pa- pers have demonstrated parallel single nanowire trapping using DEP, with different trapping yields and trap densities, as summarized in Fig. 1.4. DEP has also been thouroughly used to trap carbon nanotubes. 38,84,136,137,156, A review by Huang et al. can be found on this subject. 195 Among these papers, some achieved single CNT trapping 173-175, 178, 185, 192, 194 and parallel trapping (single or bundled) on arrays. 172,173,175,178,182,192,194 The main results for parallel CNT trapping are summarized in Fig. 1.5.
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Photonic and plasmonic tweezers

Much has been written about optical trapping since Ashkin and Dziedzic's seminal work in the 70's and 80's. [196][197][198] From a physical point of view, an "optical field" is no more than an oscillating electromagnetic field. In that sense, optical tweezers can be viewed as DEP tweezers operating at different frequencies : typical DEP operates in the megahertz range while visible light is in the hundreds of terahertz. Thus, it is not strange to find that the optical force for a spherical particle is such that F ∝ vα∇E 2 , where v is the volume of the particle and α is the polarizability, as for DEP.

Optical tweezers resulting from a focused gaussian beam have proven their ability to trap particles in the Rayleigh (r λ) and Mie (λ r) regimes -r and λ being the particle radius and the optical wavelength-and extensive references can be found in different reviews. [START_REF] Ashkin | Selected Topics in Quantum Electronics[END_REF][200][201][202][203][204][205][206][START_REF] Homola | Surface plasmon resonance based sensors[END_REF][208] However, in order to have global self-assembly of a colloidal dispersion onto pre-defined regions of a substrate, one should be able to pattern optical traps on the substrate. This has become possible with the advent of plasmonic traps using arrays of structures (eg : gold nanodisks) supporting surface plasmons that can be excited globally with an external beam. Theory of plasmon physics can be found in Homola's book [START_REF] Homola | Surface plasmon resonance based sensors[END_REF] and an excellent review on "plasmon nano-optical tweezers" is available in Juan's review. 208 The first experimental demonstration of particle (1µm polystyrene and 500nm gold) trapping with an evanescent field was presented, to the best of our knowledge, by Kawata et al. in 1996. 209 However, in this paper trapping is not achieved in 3D but 2D with movement along a channel. Later, numerical simulations have shown the possibility of 3D trapping by creating a shallow potential dwell (strong field gra- dient) either between a substrate and a tip [210][211][212] or around a nanoaperture. 213 An experimental demonstration was made by Kwak in 2004 214 using 200nm polystyrene beads. Eventually, the global excitation of surface plasmons on an array of metallic nanodots on glass (individual nanodots or paired to form nano-antennas), was proposed 215 and demonstrated 216,217 by Quidant et al. It has been the most extensively used configuration for particle trapping. 70,[216][217][218][219][220][221][222][223] The main results for global trapping using plasmonic dots are summarized in Fig. 1.6.

Eventually, holography has also been used for parallel trapping [224][225][226][227] but this will not be investigated in further detail here.

Magnetic tweezers

Magnetic trapping only concerns ferromagnetic and (super-)paramagnetic materials. Unlike dielectrophoresis or photonic/plasmonic trapping, the force exerted by a magnetic field on a particle is not proportional to the field gradient squared but to the product of the field and its gradient, so that for a spherical particle :

F = V ∆χ µ 0 ( B.∇) B
Where V is the volume of the particle, χ = χ particleχ medium is its effective susceptibility and

µ 0 = 4π × 10 -7 N .A -2
is the magnetic permeability of free space. 228 Further theoretical developments can be found in the literature. [228][229][230][231][232][233][234] This force has been widely used to drive and separate magnetic particles in fluidic channels or aggregate them along long wires. [261][262][263][264][265] Magnetic manipulation of micro and nanoparticles has been reviewed by Gijs in 2010. 266 The patterned traps are usually nickel, cobalt or permalloy based micropillars. trapping of spherical [267][268][269][270][271][272][273][274][275][276] and anisotropic [277][278][279][280][281][282] particles using such devices has been successfully achieved. In the case of spherical particles, parallel trapping in large arrays has been achieved by different groups as shown in Fig. 1.7. 
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Discussion and conclusion 1.1.3.1 Comparison of the above mentioned methods

A combination of Figs. 1.7, 1.6 and 1.3 can be found in Fig. 1.8, which also shows the performance limit based on close-packing only. Some remarks can be made about this figure which presents the performances of spherical particle trapping using different methods :

1. Capillary assembly seems to yield the best results, according to the references studied in this chapter, without the need of electromagnetic stimulation. However, the differences are not so important that one method can be presented as clearly superior or inferior to the others.

2. Plasmonic trapping over large arrays is not yet as developed in terms of number of publications as capillary force assembly or magnetic trapping.

3. Most importantly, a gap is still left under the close-packing limit on the left side (ie, for particles smaller than 100nm).

Aside from the performances in terms of trap density and particle size, we should highlight that the use of one or the other method can be strongly influenced by the surface and/or the nano-object to be trapped. Indeed each method has its own limitations as summarized in table 1.2 :

We have reviewed the main methods used in the literature to draw colloidal particles onto nanometric scale sites of a substrate. However, few other papers have demonstrated similar results using different approaches. Among them, we can cite the use of thermal gradients [START_REF] Braun | [END_REF]287 or acoustic fields. [288][289][290][291][292] To the best of our knowledge these approaches have not yet proven the same performances as the electromagnetic or fluidic methods but they may play an important role in the future.

One of the main concerns about the methods investigated so far is that, in most cases, they only work under external stimulation. This means that once the external field has been switched off, the particle is no longer captured (this is not true for permanently magnetized microtraps or CFA after solvent evaporation). Another problem not mentioned so far is nonspecific adsorption (particle adsorbed at the surface outside the traps) resulting from contact forces (Van der Waals, see appendix B.1). Furthermore, these techniques are demonstrated on relatively big objects and it is not straightforward that such approaches can be downscaled to the size of a small molecule (few nanometers). Without entering in too much detail, there are important technological bottelenecks (generating big enough fields and field gradients) as well as scientifical issues (CFA fluidic principle validity with traps of few nm ?) that make these approaches not readily available for single molecule trapping. In order to overcome these problems, surface functionalization can be used. 20 Note that typical binding sites take less than 1nm 2 while trap' dimensions are often over 100x100 nm (figure is not to scale), meaning that there are many binding sites for one trap.
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Surface functionalization

Surface functionalization can tune the short-range interaction between the surface and the target, enabling a given region to capture a target while making the rest of the surface repel it. Functionalization refers to grafting complementary molecules (or not-complementary for avoiding non-specific adsorption) on the particles' and substrate's surfaces (See Fig. 1.2). The interaction can be electrostatic [293][294][295][296][297] (eg : -COO -/ -NH + 3 ), covalent binding 298, 299 or based on specific biological recognition 27,300,301 (e.g., DNA/DNA, biotin/avidin, and antigene/antibody).

The main advantages of surface functionalization as a mean of colloid trapping are that : (i) it works without the need of an external stimulation (i.e., no need to apply an external field) and (ii) it is only material-selective and therefore highly versatile in terms of substrate patterning. Indeed, the traps can have virtually any shape and size. However, surface functionalization on its own cannot drag the particles from the bulk to the surface (no long range interactions). Nonetheless, functionalization can be used in combination with any of the aforementioned physical methods for an enhanced trapping when diffusion and sedimentation are not enough to ensure the particle transfer from the bulk to the surface.

In the following paragraphs, we will consider the case of heterogeneous gold/silica substrates where gold micro and nanostructures are to be used as traps surrounded by silica where non-specific adsorption is to be avoided. 

Chemical functionalizations of gold and silica

Chemical functionalizations of gold and silica

"Self-assembled monolayers (SAMs) provide a convenient, flexible, and simple system with which to tailor the interfacial properties of metals, metal oxides, and semiconductors." 302 In many applications such as biosensing, surfaces play a decisive role on the whole system performances. Indeed, biosensors are usually based on the ability to bind a target molecule (e.g : oligonucleotide, peptide, protein) from a complex medium (eg : blood) onto a planar substrate ; this event being then transduced into a measurable physical signal.

Molecular monolayers and SAMs can be built on a wide range of solid surfaces in order to tune their physicochemical properties, specially in regards to target-molecule binding in the development of biosensors. A SAM is a 2D structure composed of organic molecules that are spontaneously bound from a liquid or gas environment onto a solid surface, usually by a covalent bond between one of the molecule's headgroups and the surface (see Fig. 1.10 for an "ideal" representation of a SAM). The remaining available headgroup, separated from the former by a spacer chain (usually alkyl or alkyl-Poly(Ethylene Glycol) (PEG)) can be choosen to fulfill a specific function (eg : bind a specific target molecule). This process is therefore referred to as chemical surface functionalization. 6 In the following paragraphs we will quickly review the state of the art of gold and silica surface functionalization with SAMs.

Gold functionalization

Gold is a standard material for many biosensing applications due to its physicochemical properties, e.g., conducting, supporting surface plasmons, stable in biological environment, and non-cytotoxic. etc. Therefore, many groups have investigated the ability to chemically modify gold surfaces with SAMs, specially with the aim of using it for biosensing.

The present literature review is greatly based on different already published reviews on this subject. [302][303][304] Chapter 1. State of the art

Different molecules

As we have seen in Figure 1.10, the molecules that form a SAM have three main elements :

1. A substrate-binding headgroup 2. A spacer chain

A functional headgroup

Let us investigate now the reported possibilities for each of the aforementioned elements in the case of gold surface functionalization.

Gold-binding headgroup

Some of the chemical groups reported in the literature to bind an organic molecule onto a gold surface can be found in Table 1 The spacer between the gold-binding headgroup and the functional headgroup is usually an alkyl chain : (CH 2 ) n , sometimes followed by an OEG or PEG chain :

(CH 2 -CH 2 -O) m .
In the case of an alkyl spacer, different lengths8 are reported in the literature (some of the following relate to simulation only). The reader can find hereafter references for the use of alkylthiols HS -(CH 2 ) n -X, with n= :

-320-330 -331, 332 -324, 333-339 -324 - 322, 328, 331, 333, 340, 341 -340, 342 -10 321, 322, 334, 336-338, 340, 342 -11 1, 320, 323-325, 329, 330, 334-336, 339, 341-352 -12 322, 331, 340, 342, 345-347, 353, 354 -13 342 -14 327,342 -15 342 -16 1, 322-326, 331, 342, 349, 351, 352, 354-359 -17 342 -18 331,332,342,[355][356][357] -19 342 -20 342 -22 348,350 Two main facts are reported in the literature concerning the alkyl length of thiols forming SAMs on gold :

1. Longer alkyl spacers (n 10) form better arranged SAMs than shorter ones (n 10) due to Van der Waals interactions between chains. 302 2. For CH 3 -terminated thiols in an all-trans configuration, those with an odd number of methylenes form SAMs with higher free energy than those with an even number of methylenes. This is known as the "odd-even" effect and is a consequence of the different projection of the terminal methyl group on the surface (see Fig. 1.11). 302,[360][361][362] As mentioned above, the spacer chain may include an oligo-or polyethyleneglycol chain in addition to an alkyl chain. Reported chain lengths, in ethylene glycol units (( PEG chains are often used to passivate the surface (ie : avoid non-specific adsorption of biomolecules or colloids). [12][13][14][15][16][17][18][19][20][21][22][23][24][25][26] In this case the functional headgroup is a passivating one (OH or CH 3 ; see Table 1.4). In conjunction with the passivating properties of these headgroups, the PEG chain is believed to contribute to the non-specific adsorption reduction by means of steric repulsion. The widespread explanation is that PEG chains have numerous degrees of freedom and therefore repel any object that would constrain them. This phenomenon is also used in colloids' stabilization. 111) surface, leading to differences in hydrophilicity of the so-formed SAMs. Figure adapted from. 302 However, OEG-thiols can also be used with a target-binding headgroup (mainly COOH ; see Table 1.4). [2][3][4][5][6][7][8][9][10] In some cases, these SAMs have been found to be more reactive than those from the equivalent carboxy-terminated alkyl-thiols. This greater reactivity for the OEG-thiols has been attributed to the looser packing of the SAM, which would lead to a higher availability of the functional endgroup. 11 Eventually, PEG-thiols can be used in combination with alkylthiols to form mixed-SAMs as we will discuss later.

CH 2 -CH 2 -O) m ) include m= : -1 21 -2 17,
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Functional headgroup

Table 1.4 shows some reported functional headgroups found on SAMs on gold. These functional headgroups can be separated into three categories :

1. Those whose function is to bind a target molecule from the environment. Carboxylic acids and amines are the most widespread although other functional groups can be used.

2. Those whose function is to avoid non-specific adsorption of molecules from the environment (passivation or anti-fouling). Alcohols 1-3, 12-22, 26, 320, 324, 327, 334-336, 341, 344-352, 359, 367 and methyls 13, 21, 23-26, 322-326, 331, 332, 336-340, 342, 345-348, 350, 352, 354-357, 359, 367 are widely used. These can also serve as diluting molecules in mixed-SAMs.

3. Those having a different function, such as modifying the electrical properties of the surface. 368 Chemical group Intermediate ("activation") Target Result Target-binding headgroups

R 1 C O OH Carboxyl R 1 C O O C O R 1 Anhydride 369 R 2 NH 2 Amine R 1 C O NH R 2 Amide + R 1 C O OH Carboxyl R 1 C O O N O O NHS-ester 2, 3 R 1 C O NH R 2 Amide R 1 C O O F F (F) F F Fluorophenyl ester 4, 370 None R 1 C O O - NH + 3 R 2 Electrostatic bond R 1 C OH OH Diol R 1 C O H Aldehyde 371 R 1 C N R 2 H Imine R 1 OH H O Hydroquinone R 1 O O Quinone 372 R 2 Cyclopentadiene R 1 O R 2 O - "Diels-Alder adduct"

Chemical functionalizations of gold and silica

Chemical group Intermediate ("activation") Target Result As we have seen in the previous sections, different molecules can be used to form SAMs on gold surfaces. Thiols are, by far, the most widespread and we shall limit the following study to them. This leaves two elements to differentiate the molecules : the spacer chain and the functional headgroup. It is a common procedure to form self-assembled monolayers from two (rarely more) 387 different thiols. The SAM is therefore referred to as a mixed-SAM. A mixed-SAM may be formed by thiols with different headgroups (HG) or chain length (n) as summarized in Table 1.5.

R 1 NH 2 Amine None R 2 N C S Isothiocyanate 373, 374 R 1 NH S NH R 2 Thiourea R 2 O P OH H O O Phosphate 375 * R 1 NH P O H O O R 2 Phosphoramidate R 2 C O O N O O NHS-Ester 376 R 2 C O NH R 1 Amide R 1 NH C O S H N O H N Biotin 377 None Avidin Biotin/Avidin complex R 1 N O O Maleimide 18 None R 2 SH Thiol R 1 N O S R 2 O R 1 S S R 2 Disulfide 378-380 None R 3 SH Thiol R 1 S S R 3 Disulfide Chapter 1. State of the art Chemical group Intermediate ("activation") Target Result R 1 Vinyl 381 None R 2 Vinyl R 1 R 2 Vinylic bond R 1 N N + N - Azide 382, 383 None R 2 Alkyne R 1 N H R 2 N N Triazole ("click" chemistry) R 1 Alkyne 384 None R 2 N N + N - Azide R 2 N H R 1 N N Triazole ("click" chemistry) R 1 P EtO O O NO 2

Spacers Difference

Alkyl + Alkyl n 11, 323, 325, 329, 330, 334, 336, 342, 388 HG 1,11,12,320,334,[START_REF] Briand | Colloids and surfaces[END_REF]344,345,347,389,390 Alkyl + Alkyl-PEG n 11,12,26,364,391,392 HG 11,12,26,364,391,392 Alkyl-PEG + Alkyl-PEG n 2, 16, 26, 364 HG 2, 16, 364

Table 1.5 -Different combinations of thiolate mixed-SAMs reported in the literature.

Purpose

There are at least two purposes for building mixed-SAMs instead of single-component SAMs :

First, mixed-SAMs allow the fine-tuning of the surface's physicochemical properties by adapting the ratio between the two thiols. Thus, for instance, the mixing of different hydrophobic and hydrophilic thiols has been used to control the overall hydrophilicity of a gold surface. 333 Second, a mixed-SAM may lead to an increase in reactivity by spacing target-binding functional headgroups with non-reacting (diluting) headgroups. Though this may seem counterintuitive at first, many papers have shown that having more reactive functional headgroups at the surface did not necessarily lead to a greater overall reactivity. This is often attributed to steric hindrance or interactions (hydrogen bonding) between close-packed reactive headgroups. Thus, diluting the reactive thiols with a non-reactive one can result in an enhanced overall reactivity, due to a greater availability of the reactive sites. 1 This is also an argument in favour of introducing longer PEG chains (less rigid and close-packed than alkyl chains, therefore having headgroups more available) in shorter alkylthiol SAMs. 11 1.2.1.1.4.3 Properties Mixed-SAMs are complex systems that present interesting properties. Among them, it should be noted that the surface ratio between the two thiols in the SAM (after self-assembly) may be very different from the ratio of the thiols in solution (before self-assembly). 393 Furthermore, phase segregation can occur leading to the existence of domains enriched with one or the other thiol at the surface. 393 Studies of different alkylthiolate mixed-SAMs report that :

Chapter 1. State of the art -For methyl-terminated thiols, phase segregation occurs in ethanol when the difference in chain lengths exceeds a certain value N min which depends on the temperature. At room temperature N min ≈ 4 while at 50 • C N min ≈ 8. 331,342 Furthermore, phase segregation may occur as a function of the solvent if both molecules are not solvated equally. 393 -Concerning thiols with same length but different headgroups, reports of MUA/C9-CH3 and MUA/11-mercapto-1-undecanol (MUOH) mixed-SAMs in ethanol show that the surface ratio of both thiols is generally in good agreement with the solution ratio, as evidenced by XPS 320,[START_REF] Briand | Colloids and surfaces[END_REF]344,390 and PM-IRRAS. 336, 344, 389 -Phase segregation does not seem to occur between co-adsorbed MUA/MUOH, 344 MUA/C11-CH3 345 or MUOH/C11-CH3 in ethanol. 345 However in the last two examples, when mixed-SAMs were prepared by a gradient immersion followed by back-filling, different domains appeared. 345 -Moreover, relationship between the binding efficiency of mixed-SAMs and their composition is a matter of debate. Haussling et al. 394 used biotinylated-thiol/MUOH mixed-SAMs at different ratios and found a much greater streptavidin binding on the least biotinylated SAMs. They attributed this to the greater spacing between biotin headgroups that should minimize steric hindrance for biorecognition. As we will see in the results of this thesis, our results do not suggest the same as we achieved high streptavidin binding with a pure biotinylated SAM. The binding efficiency in our case was not improved by SAM dilution. In another report on mixed-SAMs reactivity 334 it is suggested that some mixed-SAMs may lead to a greater binding of a given protein albeit with a lower amount of subsequent biorecognition by a further antibody.

Given the above-mentioned comments on reported works on mixed-SAMs it seems reasonable to say that a general consensus on mixed-SAMs composition, structuration and specially reactivity has not been reached. Moreover, concerning reactivity towards proteins, given the complexity of the latter, it is possible that optimum conditions of the mixed-SAMs might not apply from one study to another (from one protein to another). We can rather imply that such optimization should be made for each precise case, that is for each precise biological test.

Different protocols

So far we have seen that a great diversity of thiols can be used to build SAMs on gold but we have not mentioned how this functionalization can be achieved. In the following paragraphs we will briefly summarize different protocols reported in the literature to build these SAMs from a liquid or gas phase.

From solution

An easy way to form thiolate SAMs on a gold surface is to immerse the sample (gold substrate) into a liquid solvent containing the desired thiols at room temperature. The most common solvent to form SAMs from alkylthiols as well as PEG-thiols is pure ethanol, although other solvents are also reported such as water/ethanol mixture, 19,314 THF, 390,395 chloroform, 356 DiMethylFormamide (DMF), 314,395 hexadecane, 395 carbon tetrachloride (CCl 4 ), 314,395 DiChloroMethane (DCM), 356 diethyl ether, 356 cyclooctane, 395 toluene, 395 acetonitrile, 314,356,395 ethyl acetate, 356 bicyclohexyl 396 and even a pure thiol liquid. 395 Reports on the use of different solvents 314,395 show that SAMs can be formed from all of the above. Whether one is preferable to another seems to depend on which molecule is used for the SAM as well as which Figure 1.12 -Micro-contact printing. Adapted from. 411 characteristic is desired so that general rules on this matter do not seem to be established. It is reasonable to believe that ethanol, for its commercial availability, its low dangerosity and extensive reports with this solvent will continue to be the most common solvent for building alkanethiolate SAMs on gold. In the following paragraphs we will focus on ethanolic thiol solutions.

Studies of thiolate SAM formation kinetics in ethanol as a function of thiol concentration 367,395,[397][398][399] infer the following characteristics :

-Thiols adsorb on gold very fast even at very low concentrations (less than a minute in less than 1 mM). 367 -Ordering and close-packing of the SAM takes more time than the initial adsorption. Some reports suggest that it remains nevertheless a relatively fast process, as the final physicochemical properties of the surface are quickly reached (≈ 30min in ≤ 1mM). 367 Indeed, in order to have distinct SAM islands on the surface (low coverage) from a thiol solution, the concentration and immersion time have to be very small (eg : 2µM and 10s). 399 However, others suggest that it can take several hours or days for the SAM to adopt its final crystalline configuration. 302, 304 -Thiols go through a lying-down phase before self-assembly in the standing-up phase. 397 -Thiols can also undergo lateral diffusion on the surface. 399 A survey of recent publications shows that most protocols use concentrations of 1-10mM with functionalization times of 3-24h. 389,398,[400][401][402][403][404][START_REF] Vallée | Colloids and surfaces[END_REF][406] This may be "more than needed" 367 but no evidence of a negative impact of high concentration or functionalization time is found in the literature.

Microcontact printing (µCP) 407 represents an alternative to the simple immersion method to form SAMs from a liquid solvent. µCP consists in a two step process : first, the surface of a topographically patterned elastomer (usually PDMS) stamp is brought in contact with a thiol solution (ink) and second, the PDMS surface, with its ink layer is stamped on the gold substrate (see Fig. 1.12). The result of this process is the formation of SAMs at different regions of the substrate. This can be used to form mixed-SAMs, if the non-functionalized regions are backfilled by immersion into a solution of a different thiol. 298,[408][409][410] Chapter 1. State of the art

1.2.1.2.

From gas phase

Thiolate SAMs can also be formed by adsorption from a gas phase in ultrahigh vacuum. 303,412 This method is not as widely used as the adsorption from a liquid phase though, as it is more difficult to implement and often yields less densely packed SAMs. 302 However, adsorption from a gas phase has been used to obtain fundamental information about the SAM formation mechanisms and kinetics, specially at the early stages. Some of the fundamental characteristics that will be detailed in section 1.2.1.3.2 could only be evidenced by formation from an Ultrahigh Vacuum (UHV) gas phase. Furthermore, from an UHV phase, there is no competing solvent-substrate or solvent-thiols interactions which can hinder the formation of the SAM. 302 

Summary and main characteristics of SAMs on gold

As we have seen in the previous paragraphs, gold surfaces can be functionalized with many different SAMs (see section 1.2.1.1) formed in different conditions (see section 1.2.1.2). However, since the introduction of these systems, some choices have been much more widely spread and become a sort of "standard". In the following paragraphs we will summarize these common choices and give some fundamental characteristics about the so-formed SAMs.

Towards a standard protocol for gold functionalization

From the comments and number of cited papers in sections 1.2.1.1 and 1.2.1.2 we can conclude that for most applications requiring gold functionalization (specially in biosensing technology) SAMs are formed from adsorption of thiols in ethanol at a concentration of around 1-10 mM during 3-10 h. These thiols usually have an alkyl or alkyl-PEG (specially for antifouling) spacer with common lengths of around 6-16 methylene units (10, 11 and 16 being specially common) and 3-6 Ethylene Glycol (EG) units in the case of alkyl-PEGs. The most common headgroups for biosensing applications are COOH (often activated by NHS-ester) and NH 2 for biomolecule binding and OH and CH 3 for anti-fouling. Eventually, mixed-SAMs are also widely used, often combining a target-binding thiol and a diluting one to separate the reactive sites at the surface. These are commonly formed by two alkylthiols or an alkylthiol and a PEG-thiol.

Obviously, this short summary does not mean that all the other alternatives cited in the previous sections do not deserve our attention but for reasons that probably include simplicity, previous knowledge and experience as well as economic cost, these are the most common choices made for gold functionalization.

Characteristics of thiolate SAMs on Au(111)

So far we have adopted a rather "practical" point of view and not discussed in much detail the most fundamental aspects of SAM formation. However, questions such as what is the nature of the Gold-SAM bond ? what is the nature and kinetics of the intermolecular forces that drive the formation of a close-packed SAM ? or what are the SAMs' most common defects and how do they relate to the substrate's characteristics ? have been and still are a matter of active research 302,[413][414][415][416][417][418][419][420][START_REF] Torres | DFT Study of Alkanethiol Self-assembled Monolayers on Gold(111) Surfaces[END_REF][START_REF] Wang | [END_REF][423] that we shall briefly summarize in the following paragraphs. We shall limit this study to SAMs formed by alkylthiols on Au (111) substrates, which is the most commonly obtained orientation by methods such as e-beam evaporation.

Chemical functionalizations of gold and silica

Mechanisms, energetics and kinetics of SAM formation

The formation of SAMs of alkanethiols on gold involves three kinds of interactions : 9 -Van der Waals forces between the alkyl chain and the gold substrate (physisorption), on the order of 40-100kJ/mol. 413 -Chemisorption of the sulfur atom on gold (iono-covalent bond), on the order of 80-200kJ/mol. 302,413,424,425 -Van der Waals forces between adjacent alkyl chains, on the order of 4-8kJ/mol per methylene unit. 426 The mechanism of alkanethiols SAM formation on gold has been described as a two-step process involving : 1. A "striped" phase where thiols are lying down on gold with a low surface coverage. This stage can actually be divided into two sub-stages :

(a) First, thiols (retaining their SH group) are physisorbed through Van der Waals interactions between the alkyl chains and the substrate in a metastable state.

(b) Eventually the sulfhydryl group is "activated" (dissociated) by the gold surface and the so-formed thiolate is covalently (and fully reversibly) bound onto gold (the activation energy is on the order of 30kJ/mol whereas the reverse cleavage of the Au-S bond is on the order of 120kJ/mol). 302 Thus, for chemisorption to occur, the thiol must first be sufficiently strongly physisorbed onto the surface. This explains that short alkanethiols are harder to graft on gold as their weak physisorption may kinetically prevent their subsequent dissociation into a thiolate form that could be chemisorbed (ie : they do not stick long enough). 302 It is also interesting to note that for chains longer than ca. 6 methylene units, the energy barrier to go from a physisorbed thiol to a thiolate is lower than the energy needed to desorb the thiol. 302 This discussion is best summarized in Fig. 1.13.

2. A crystalline phase where thiols are standing upright (with a given angle to the surface that will be discussed later) and the chains are close-packed (high surface coverage) by Van der Waals interactions between them. This upright phase occurs only after the completion of the lying down phase 304 and it can take hours or days depending on chain length. 304 

Surface arrangement and density on Au(111)

The pseudo-crystalline arrangement of thiols on Au (111) surfaces has been well documented. It is widely accepted that thiolate SAMs on Au (111) arrange on a √ 3 × √ 3 R30 • lattice (positions of the sulfur atoms on the gold lattice) yielding thus a surface coverage of Γ s = 1 /3 (one sulfur atom for every three gold atoms) as shown in Fig. 1.14. The orientation of the alkanethiols can be defined by three angles : the tilt angle, α, being the angle between the alkyl backbone and the surface normal ; the twist angle, β, being the angle between the plane of the CCC bond and the plane defined by the surface normal and the alkyl backbone and finally the precession angle, χ t , being the angle between the projection of the alkyl backbone on the surface and the axis between adjacent sulfur atoms in the susbstrate's cristallographic axis 303 (see Figs. 1.15a and 1.15b). Alkanethiols are found to adopt rather well-defined values for these angles : α ≈ 30 • β ≈ 55 • and χ t ≈ 14 • . As can be seen in Fig. 1.14, the alternating orientation of the alkyl chains defines a c(4 × 2) superlattice structure. This arrangement seems to be independent of the functional head group, as it has been observed not only with methyl-terminated thiols but also with COOH 428 and NH 2 429 terminated ones.

SAMs' defects

It is common to represent a SAM as a homogeneous and perfectly crystalline organic layer (see Fig. 1.10 at the beginning of this chapter). However, a more realistic representation of the self-assembly result of thiols on gold can be found in Fig. 1. 16.

Some of these defects are directly linked to the substrate : cleanliness (thiols may not be able to displace an adsorbate on the surface), grain boundaries and atomic steps being some of them. Other are in fact due to the dynamic nature of the SAM itself. Indeed thiols in SAMs may experiment different phenomena such as desorption, lateral diffusion or multi-layer adsorption. For more information about defects in SAMs the reader is referred to the corresponding paragraphs of published reviews. -The exact mechanisms involved in the cleavage of the sulfhydryl group and bonding on gold :

The transition between the physisorbed thiol on the gold surface and its subsequent chemisorption can be written as such : RSH phys Au RS -Au + 1/2 H 2 However, the exact mechanism involved in this reaction has not been clearly identified.

The most common explanation is that the process relies on an oxidative adsorption of the S-H bond by the gold substrate 430 followed by a reductive desorption of the hydrogen : RSH + Au 0 RS -Au + + 1/2 H 2 It is not explained though, what species are involved in this oxidative process (ion, radical... etc 304 ). Moreover whether the SH group is dissociated at all is still under debate for short thiols. [START_REF] Rzeźnicka | The journal of physical chemistry[END_REF] -The fate of the hydrogen atom from the cleaved sulfhydryl group :

The previous discussion on chemisorption implies a desorption of hydrogen in the form of H 2 . This has been hypothesized for a long time without clear evidence. 432 -The existence of a striped phase in solution : Striped phases have been observed in UHV. The existence of such phases in solution has been a matter of active discussion. 302,303 In-situ Atomic Force Microscopy (AFM) studies 397 have shown that thiols go through a low-coverage lying-down phase in solution too, although it is not clear if they adopt a long-range ordered structure as in UHV.

-The reconstruction of the gold surface upon SAM formation :

The exact position of the sulfur atoms in regard to the Au lattice are a matter of current debate, specially since it was suggested that the gold surface itself undergoes reconstruction presenting vacancies and adatoms upon thiolate bonding. 304 -Stability of mono and polythiols : From a more pragmatical point of view, because of the reversibility of the Au-S bond, it has been suggested that polythiols can be used to enhance the stability of the so-formed SAMs. 308 However, the stability has not been found to monotonically increase with the number of thiol head groups as competing disulfide bonds can hinder the anchoring on gold.

Silica functionalization

Silica surfaces can also be chemically functionalized by covalently grafting organic molecules. As presented for gold, these molecules typically have a surface-binding headgroup, a spacer chain and a functional headgroup. Typical spacer chains include alkyl and PEG chains, and common functional headgroups are also similar to those found on thiols and presented in section 1.2.1.1. For this reason, and also because the study of silica functionalization represents a much lesser part of the work developped during this PhD, we will not go in such a great detail of literature reports as we have done concerning gold functionalization. Nonetheless, let us briefly present those aspects of silica functionalization that depart from the gold case, namely the choice of the binding headgroup and differences in standard protocols.

Silanes

The main difference between silica and gold functionalization is obviously the choice of the headgroup used to covalently bind the molecule onto the substrate. The grafting of a molecule on silica (and other oxides) involves hydroxyl groups at the surface (silanols, Si -OH, in the case of silica).

These hydroxyl groups at the surface of the oxide can form siloxane bonds (Si -O -Si) with a silane as presented in Fig. 1.1 :

Si OH Silanol + X 1 Si X 2 X 3 R Silane Si O Si X 1 X 3 R Siloxane + X 2 H
Scheme 1.1 -Simplified reaction scheme for silanization of silica surfaces. This reaction may result from direct condensation (as shown) or with an intermediate silanol group on the silane, resulting from hydrolysis of the X 2 group (not shown).

This reaction, often referred to as silanization or silanation (of the surface), requires that at least one of the X i groups (X 2 in scheme 1.1) may be dissociated (hydrolysed). To this end, the most common X i groups are alkoxy (CH 3 -(CH 2 ) n -O) [433][434][435][436] and chlorosilanes (X=Cl). 434,[436][437][438] Furthermore, it has been suggested that nitrogen-containing head groups such as dimethylsilazane or dimethyl(dimethylamino)silane can yield better bonding. [START_REF] Dugas | Use of organosilanes in biosensors[END_REF] Eventually, because silicon is tetravalent there are, as presented in scheme 1.1, three different X i groups in alkylsilanes. This leaves the possibility of having one, two or three groups which can form siloxane bonds (the corresponding silane is often called monofunctional, bifunctional or trifunctional respectively). Multifunctional silanes can in principle bind to a greater extent on oxide surfaces while monofunctional silanes may yield sub-monolayer coverages. However, by the same hydrolysis/condensation reaction multifunctional silanes may also polymerize (siloxane bonding between silanes) in solution. Monovalent silanes may also form siloxane bonds between them but only form dimers with no X i groups susceptible to hydrolysis, so that these dimers cannot covalently bind onto the surface anymore and are therefore washed away.

Protocols

As in gold functionalization, silanization is usually carried out by immersing the sample surface into a dilute solution of silanes in an organic solvent. However the choice of the solvent and experimental conditions is somehow more delicate than for thiols on gold because of the competing hydrolysis/condensation of silanes in solution (polymerization) as already mentioned. Organic solvents used for silanization include : toluene, 435,437,438,[START_REF] Kim | [END_REF]441 ethanol, 433 xylene, [START_REF] Dugas | Use of organosilanes in biosensors[END_REF] pentane, 441 bicyclohexyl, 396 acetone, 442,443 CCl 4 , [START_REF] Dugas | Use of organosilanes in biosensors[END_REF]441 benzene, 441 cyclooctane, 441 hexadecane, 441 octane, 441 cyclohexane, 441 hexane, 441 dioxane 441 and dichloromethane. 441 These solvents are either dried, [START_REF] Kim | [END_REF] used in normal conditions (neither dried nor mixed with added water) or mixed with ultrapure water. 442,443 Additional curing steps are sometimes undertaken, heating the sample above 100 • C for cross-linking of the layer. [START_REF] Dugas | Use of organosilanes in biosensors[END_REF][START_REF] Kim | [END_REF] In order to partly circumvent some of these issues, silanization from a gas phase has also been investigated. 444,445 

Summary and main characteristics of SAMs on silica

Given the large differences in reported protocols of silanization, it is reasonable to conclude that this process is somehow more complex than gold functionalization with thiols due to the possible siloxane bonding of silanes in solution leading to polymerization (multifunctional silanes) or dimerization (monofunctional silanes). Indeed, it seems that the amount of water, the temperature, the hydroxylation of the surface and the nature of the silane (specially monofunctional vs polyfunctional) can affect the formation and stability of the organic layer. However, how exactly each of these parameters affect the final result is still a matter of debate. [START_REF] Dugas | Use of organosilanes in biosensors[END_REF] 

Chemical characterization

There are several tools to probe the chemistry of self-assembled monolayers at a solid surface. These can roughly be separated by the kind of information that they provide : 10 1. Average information on the physicochemical properties of the surface (e.g., surface charge or hydrophilicity).

2. Average chemical and structural composition of the organic layer (e.g., ratio of different molecules in mixed-SAMs or general degree of hydrogen bonding between headgroups).

3. Local information about the layer composition and organization (e.g., phase segregation in mixed-SAMs or pinhole defects).

It is not the purpose of this section to give extensive details about these techniques but rather to understand what kind of information can be obtained by them. Of all the following tools, only those that were used to obtain the results presented in this manuscript will be explained in more detail in the next chapter and corresponding appendixes.

Chemical functionalizations of gold and silica

General physicochemical properties ("macroscopic methods")

This section quickly describes macroscopic methods for the characterization of SAMs on homogeneous planar surfaces. These methods do not give direct chemical information about the surface but rather physical properties such as wettability, thickness or electrical behaviour of the SAM, which have to be linked to the chemical composition under some assumptions. The SAMs considered here are typically formed from small organic molecules (chain length of around 10 methylene units). For bigger molecules, other methods commonly employed in biosensing technology such as Surface Plasmon Resonance (SPR) 446 or Quartz Crystal Microbalance (QCM) 335 may be used.

Contact angle

The contact angle of a liquid drop with a surface directly translates the surface wettability (hydrophilicity in the case of water), which can be related to the presence and composition of a SAM. Thus, contact angle measurements (goniometry) are usually undertaken as a rapid mean to prove the success of the functionalization, followed by more in-depth characterizations such as different spectroscopies. [447][448][449] However, despite its apparent simplicity, careful examination of contact angle measurements have been used to determine important characteristics of SAMs, such as :

-The odd/even effect 302,[360][361][362] that was previously discussed within the considerations of the spacer chain lenghts in paragraph 1.2.1.1.2 and that suggests that alkanethiols of different lengths form SAMs with a well-defined tilt angle. -The relative amount and mixing of different molecules in mixed-SAMs. [450][451][452][START_REF] Shen | Colloids and surfaces[END_REF] -The effect of pH on the functional head group. [START_REF] Vallée | Colloids and surfaces[END_REF] -The effect of different parameters (time, solvent, concentration, substrate cleanliness) on SAM formation. 395 

Ellipsometry

Ellipsometry provides information about a thin film's thickness (given its refractive index) which can be used as a method for SAM characterization. The most straightforward used of this method is to link the so-measured thickness to the chain length of the molecules. It can therefore be used as a routine characterization to prove the formation of a SAM and check the absence of adsorbed multi-layers. 448 It can however also be used for more in-depth parametric investigations on SAM formation (as a function of time, concentration, solvent or substrate "cleanliness"). 395 As contact angle goniometry, ellipsometry is however rarely used as the sole characterization method of a SAM but rather followed by some spectroscopy (XPS, Infrared (IR)) to probe the chemical composition of the surface in more detail. 448,449,454,455 Eventually, it should be noted that conducting ellipsometry measurements on typical SAMs having a thickness of less than 2nm can be cumbersome as the potential errors on the measurements become close to the total measured thickness. As the values given by this technique rely on the input model given for the layer that has to be characterized, they may be more questionable than the values given by other direct techniques.

Electrochemistry

Chapter 1. State of the art

Electrochemistry -Cyclic Voltametry (CV) or Electrochemical Impedance Spectroscopy (EIS)has been used to characterize alkanethiolate SAMs on gold. It is for instance possible to link the electronic (blocking) properties of the SAM to its thickness (thicker SAMs are obviously less conducting), its packing density or the presence and nature of defects. 456 1.2.3.2 Average chemical and structural composition (spectroscopies) Spectroscopy's main advantage over the previously cited methods is that it provides relatively unambiguous information about the chemical composition of the surface. Different spectroscopies are therefore widely used in the characterization of SAMs on planar substrates, that we shall briefly describe hereafter. From a spatial resolution point of view, these techniques can be either macroscopic (the irradiated region -beam spot on the surface-being over 1mm 2 ) or offer micrometric resolution if the beam can be focused on that scale.

Infrared spectroscopy

Infrared spectroscopy is based on the absorbtion of infrared photons by chemical bonds (excitation of different vibration modes). It is therefore very useful in determining the structure of molecules grafted on a surface. Examples of typical bonds evidenced in SAMs through IR spectroscopy include CH 3 , CH 2 , O = C -NH (amide), COOH, COO -, and C -OH. Furthermore the exact position (excitation wavenumber) and shape of the peaks can yield valuable information about the environment of the molecule. For instance C = O vibration modes of terminal carboxylic acids have different positions depending on the hydrogen-bonding with an adjacent group. [457][458][459] Similarly, CH 2 vibration modes of alkyl chains shift with the presence of an adjacent chain, so that the position of the peak can translate the degree of order and close-packing in the SAM. 335,344,460 PM-IRRAS is an important development of IR spectroscopy for probing metallic surfaces, which will be discussed in the next chapter and corresponding appendix.

Raman spectroscopy

Raman spectroscopy is similar to IR spectroscopy in the sense that it uses infrared radiation to excite vibration modes of chemical bonds. However, in Raman spectroscopy, the infrared photons are scattered in an inelastic way (Stokes or anti-stokes scattering). Therefore some chemical groups may give a weaker or stronger signal in one or the other method. Surface-Enhanced Raman Spectroscopy (SERS) is an important development of Raman spectroscopy that can be very useful in the characterization of SAMs. [START_REF] Opilik | Annual review of analytical chemistry[END_REF] Moreover, Tip-Enhanced Raman Spectroscopy (TERS) is a very promising technique also based on Raman spectroscopy, but we shall discuss its potential separately in section 1.2.3.3.

XPS

XPS is another widely used method for the characterization of SAMs. XPS probes the binding energy of core-level electrons in atoms. Thus, it is in principle an elemental characterization tool as opposed to IR or Raman spectroscopies. However the exact values of these binding energies also depend on the surrounding electronic environment (chemical bonds in which the given atom takes part) ; i.e., the binding energy of 1s orbital of a carbon atom in an alkyl chain 1.2. Chemical functionalizations of gold and silica (C1s level of C-C-C) is different than that of 1s orbital of a carbon atom in a PEG chain (C1s level of C-C-O). 19 Therefore, XPS is also used to determine the chemical composition of molecules on a surface. This explains that XPS is also known as Electron Spectroscopy for Chemical Analysis (ESCA).

ToF-SIMS

ToF-SIMS, whose principle will be detailed in the next chapter, is a very sensitive surface analysis method that can be used to characterize SAMs and monitor its formation kinetics. [START_REF] Houssiau | [END_REF] 

Localized nanometric information (scanning probe microscopies)

Scanning probes microscopies, which could in fact be referred to as nanoscopies, are very important in the investigation of self-assembled monolayers. With their nanometric spatial resolution, they are specially suited to investigate such questions as the mixing or phase segregation of molecules in mixed-SAMs or the existing of a lying-down low-coverage phase in self-assembly.

STM

Scanning Tunnelling Microscopy (STM) has been widely used to study alkanethiolate SAMs on gold. 321, 322, 325-327, 331, 340, 354, 378, 463, 464 The use of STM has specially been crucial in early fundamental studies of SAM formation showing evidence of different low-coverage and highcoverage phases and crystalline arrangements as well as defects both in one-component and binary (mixed) SAMs. A review entirely devoted to such investigations by STM was published in 1997 by Gregory E. Poirier. 412 STM remains a reference tool nowadays for investigation of more complex SAMs. 465 

AFM

AFM might be the most widespread scanning probe microscopy. A reason for this is that it can work on very different materials, unlike STM which requires a conducting substrate for instance, and under different conditions (vacuum, air or liquid). AFM has been used in the past and is still widely used to characterize different SAMs. 331,332,335,466,467 The in-situ evidence of low-coverage phases during thiolate SAM formation from solution is an example of an important contribution by AFM measurements to the knowledge of SAM formation. 397 As a consequence of AFM versatility, there have been numerous variations of the standard AFM, that correspond to different functionalities of the tip such as Piezoelectric Force Microscopy (PFM) or Magnetic Force Microscopy (MFM). Among them, Chemical Force Microscopy (CFM) -not to be mistaken with Conductive Atomic Force Microscopy (C-AFM)-is specially interesting for probing surface functionalization. 468 

TERS

In a nutshell, TERS is the combination of Raman Spectroscopy and AFM. Indeed, in a TERS experiment, a far-field beam is coupled to a local probe (modified AFM tip) to irradiate only a small region (down to ca. 10nm x 10nm) of the surface that will provide a Raman signal. This technique is very promising as it combines the best of both worlds : unique spatial resolution with unique spectral signatures for identification of different molecules. A remarkable example by Stadler et al. 410 shows how TERS can clearly distinguish domains of different thiolate isomers deposited on a surface through microcontact-printing and back-filling. TERS is a rather recent method which requires very careful considerations in the tip and setup design. 469 

Summary of characterization methods

The aforementioned techniques are summarized with some of their characteristics in Table 1. 6. The values given in this table are obviously only indicative and do not reflect all the complexity of each method, whose performances may vary depending on different parameters such as the precise device technical characteristics or the exact material being probed. Building SAMs on plain gold and silica surfaces is now a rather common procedure known for a few decades (though some fundamental questions are still open to debate and optimal conditions or "standard protocols" -specially for silanization-have not been clearly shown). However, in many nanotechnology fields such as biosensing, the current trend leads to complex devices with heterogeneous (patterned) surfaces. Periodic gold nanostructres on a silica surface, for instance, can serve as an Localized Surface Plasmon Resonance (LSPR)-based biosensor. 470 The main challenge from a functionalization point of view is thus to achieve the building of different SAMs selectively onto the different materials at the surface. This process has been designated as orthogonal functionalizations 302 or site-selective patterning 471 in the literature. 11 

Chemical functionalizations of gold and silica

Reported examples of orthogonal functionalizations

Gold structures on silica (or other metallic structures on oxide) is quite a common case as it may have different applications in optics and electronics. Different uses of orthogonal functionalization on these patterned substrates can be found in the literature. We will briefly present some of them hereafter :

-Laibinis et al. 472 were the first, to the best of our knowledge, to present orthogonal functionalizations of micropatterned gold/oxyde surfaces.

-Our group reported the use of MUA and PEG-silane on patterned gold on glass (millimetric patterning) for the selective binding of magnetic bead filaments onto the gold regions. 299 -Pradier and co-workers 442 worked on 100µm diameter SiO 2 areas surrounded by gold. The silica regions were biotinylated while the surrounding gold was rendered inert with OEG. This allowed specific binding of streptavidin onto the silica regions, followed by biotinylated anti-rIgG. Eventually, the specificity of bio-recognition onto the silica regions was monitored by fluorescence (targets were fluorescently labeled). Though discarded in the article, it is however reasonable to question the lack of fluorescence quenching on possibly adsorbed targets on gold.

-Udo Bach and co-workers 27,300,473,474 used orthogonal functionalizations for the nanometric precise placement of gold colloids. Using thiolated DeoxyriboNucleic Acid (DNA) and PEG-silanes, they achieved almost single-particle capture with 40nm beads and less than 1% of non-specific adsorption (beads adsorbed on silica surrounding gold nanostructures) on millimetric overall surfaces. 27 This methodology, combined with elec-

Orthogonal functionalizations of heterogenous substrates and its applications

trostatic interactions between DNA-modified beads and aminofunctionalized gold, was used to develop a complex "Gutenberg-style printing of Self-Assembled Nanoparticle Arrays". 300 -Yutaka Majima and co-workers [475][476][477] used dithiols to bind gold nanoparticles on the gap between two gold electrodes. This methodology is surprising, since it relies on the fact that the dithiols will bind onto the colloid particle and onto the electrode, instead of binding by both endgroups onto the same surface. In fact, the dithiols were inserted into previously thiol SAMs on the electrodes, which may explain that one of the thiol extremities remained free to bind the colloidal particle instead of having the dithiol bind twice onto the electrode. Anyhow, they achieved single particle capture on the gap of the electrodes, which resulted in the realization of a Single Electron Transistor (SET) ; where the colloidal gold particle behaves as a Coulomb island. This work, however did not use functionalizations on the surrounding surface to limit non-specific adsorption.

-Höök and co-workers 28,478,479 used orthogonal functionalizations of Au/SiO 2 and Au/TiO 2 patterns to enhance the sensitivity of LSPR biosensors. They modified gold and oxide surfaces with an SH-PEG and Poly-L-Lysine (PLL)-g-PEG respectively, each of which could be biotinylated or not. Depending on which PEG beared a biotin moiety, they could control the binding of NeutrAvidin onto one or the other material, demonstrating the enhanced sensitivity of the sensor when gold was rendered "bioactive" (biotinylated).

-With the same functionalization (SH-PEG(-biotin) and PLL-g-PEG) and nitrodopamin-PEG-biotin (to bind onto TiO 2 via the catechol group), Zhang et al. 480 achieved streptavidin localization at the hotspots of plasmonic nano-antennas.

-In a similar, though simpler (and somehow more questionable) approach, Kumar et al. 29 adsorbed PLL-g-PEG on a patterned silicon nitride / gold surface, followed by streptavidin immobilization which according to the authors is meant to replace the PLL-g-PEG on the gold regions while having no effect on the silicon nitride regions. Though this assumption is questionable, the authors report it as a mean to localize biotinylated vesicles into LSPR supporting gold regions.

Conclusions and perspectives of orthogonal functionalizations

As we can see from this literature survey, the orthogonal functionalizations of patterned gold on silica (or other oxides) has already been undertaken by a few groups throughout the world. It seems that this methodology is gaining importance since 2010. Indeed, the articles of Lalander et al. 27 and Feuz et al. 28 in ACS Nano are very good examples of the issue presented in this thesis. Both show how orthogonal functionalizations can be used either for the precise placement of colloids 27 or the enhancement of LSPR-based biosensor with selective capture of target proteins on sensitive areas. 28 Despite further improvements since 2010, 300,473,474,479 a number of points can still be raised, which, to the best of our knowledge are not yet fully answered in the literature :

1. Direct chemical characterization : Most of the examples presented above lack direct chemical characterization of the functionalization step. This means that the measurements are taken at the end of the process, involving colloid deposition (assessed by SEM for instance) or SPR signal reading. The problem with such "end of process measurements" is that it is difficult to explain some of the results and point out which step may have failed and to what extent. For instance, in the work of Feuz et al., 28 the authors observe an SPR signal even when only the non-sensitive oxide regions are meant to be bio-functionalized.

In this case, in the absence of chemical characterization at the functionalization step, it is impossible to know if this signal is due to an imperfect orthogonal functionalization or to non-specific adsorption of target biomolecules (on a perfectly functionalized substrate).

It is reasonable to think that in that precise case 28 (and even more so on the paper by Kumar et al. 29 as previously explained) the chemical functionalization may have not been perfectly orthogonal, as the PLL-g-PEG used may have adsorbed on bare or functionalized gold as well as on TiO 2 , which brings us to the second point.

Selective attachment layers :

It is obviously important to achieve functionalizations that are truly orthogonal. This means that the two molecules used should be highly selective towards one or the other material. It also means that washing steps may play a crucial role in removing non-specifically adsorbed molecules.

Single-step functionalizations :

To the best of our knowledge, all the so-far reported orthogonal functionalizations involve two steps : functionalization of one material (+ washing) followed by functionalization of the second material. However, if functionalizations are truly orthogonal (material-selective), there is no reason why both functionalizations could not be operated simultaneously. This would greatly simplify the process, which in general is already complex if one takes into account all the steps from top-down fabrication to the final biological test.

4. Thin attachment layers : Moreover, for sensors based on evanescent waves (SPR), it is important that the final target be as close to the surface as possible. As such, it is important to develop chemical functionalizations with small molecules (few nm ; few hundreds g/mol) instead of -big-polymers or other macromolecules (2-3 kg/mol). 28 5. Diversity : Obviously, even if we restrict ourselves to the orthogonal functionalizations of one kind of substrate (patterned gold on silica) there are infinite possibilities that are yet to be explored, regarding the functionalization itself as well as the applications. Udo Bach and co-workers 27 nicely presented the localization of gold colloids based on orthogonal functionalizations, but the use of latex beads, possibly with added functionalities such as magnetic or fluorescent properties can be an interesting branching of this methodology, specially if these beads are placed on active regions of a surface (eg : electrodes, plasmonic antennas or microcantilevers). Similarly, the group of Höök and co-workers 28 used orthogonal functionalizations on LSPR biosensors to detect NeutrAvidin on biotinylated surfaces. Yet, with slightly different chemistry, many other proteins can be investigated, such as cancer marker proteins. In summary, we are in front of a novel methodology,

Conclusions on the state of the art and presentation of following work

As explained in the introduction, the aim of the work that is about to be presented is to investigate the orthogonal functionalizations of patterned gold on silica substrates with different self-assembled monolayers. We have seen from the literature survey above, that many choices are available for the different tasks involved in this work. It should be recalled that this general framework is developped with the intention to serve primarily in the field of plasmonic biosensors. This application implies that gold is to be functionalized primarily for biomolecule target binding whereas silica is to be functionalized primarily for anti-fouling (passivation). The main challenges of the following work can thus be presented as follows :

1. Develop chemical protocols to achieve selective and orthogonal functionalizations on patterned gold/silica substrates.

2. Demonstrate these functionalizations with appropriate characterization methods.

3. Prove the interest of such methodology for different targets' (colloids and/or biomolecules) trapping.

The following paragraphs present the choices that were made to address these challenges.

Substrates and patternings

Different substrates were used during this work (see Fig. 1.17), which we can separated into the following categories :

-Plain silica substrates -Plain gold substrates -Patterned gold on silica (or glass) substrates with different sizes for the gold structures :

-"Macro-patterned", corresponding to a ca. 1cm 2 silica or glass substrate with half of the surface covered by gold. -Micro-patterned, with structures ranging from 5µm x 5µm to 100µm x 100µm -Nano-patterned, with structures of ca. 100nm x 100nm 

Conclusions on the state of the art and presentation of following work

The reasons for working with all these different substrates can be summarized as follows : Plain substrates are the easiest to obtain and allow an easy monitoring of different functionalizations by methods such as PM-IRRAS, XPS or contact angle goniometry. They were therefore used for investigating and optimizing different protocols independent of orthogonal functionalizations (eg : NHS activation of COOH-terminated SAMs). Nano-patterned substrates are the most promising in terms of applications, namely in the field of biophotonic transducers. However given the difficulty of characterizing surface chemistry at that scale and the fact that their fabrication remains rather time-consuming, it was decided to test orthogonal functionalizations on macro and micro-patterned substrates as well.

Plain substrates were either commercial (silica on silicon wafer and glass slides) or made by deposition (e-beam evaporation for gold or sputtering for silica) of a thin film on a silicon wafer (macro-patterned substrates were made by masking half of the substrate during gold evaporation). Micro-patterned substrates were made by Ultraviolet (UV)-lithography and nano-patterned ones by e-beam lithography. These substrates were prepared either by myself or by co-workers, as explained in appendix A.

Functionalizations and applications

Two main molecules were used for gold functionalization : MUA with subsequent NHS activation and MU-Biot. These choices were made for their ability to bind amine-containing molecules (such as proteins) and avidins (neutravidin, streptavidin) respectively. Also, these thiols are long enough to ensure, in principle, well-ordered SAMs and are readily available commercially. Both thiols were used in pure SAM as well as in combination with 11-mercapto-1-undecanol to form mixed-SAMs, though no significant improvement was noticed in such binary SAMs. Other thiols investigated in collaboration with the work of Alice Goudot and Anaïs Garnier include COOH and CH 3 terminated PEG-thiols (HS-(CH 2 ) 10 -EG 3,6 -COOH and HS-(CH 2 ) 10 -EG 3,6 -CH 3 ). Eventually perfluorinated thiols (1H,1H,2H,2H-Perfluorodecanethiol) were also used, mainly for ToF-SIMS and XPS imaging.

On silica PEG-Si was used for passivation, as well as SiF mainly for ToF-SIMS and XPS element imaging.

Details on the functionalization and activation protocols are given in the next chapter. These functionalizations were tested in regards of two different applications :

1. The localized positioning of colloidal carboxylatex from solution onto previously defined regions of a heterogenous substrate.

2. The selective binding of target biomolecules onto LSPR-supporting nanostructures.

Characterizations

In the course of this PhD, the following characterization methods were used :

-For substrate characterization (prior to functionalization) :

-SEM, to ensure the presence and conformity of the patterns.

-PM-IRRAS and XPS to check the cleanliness and oxidation of the surface.

-AFM and XRD for information on roughness and crystallinity.

-For chemical characterization of SAMs -PM-IRRAS on bare gold and "macro-patterned" surfaces.

-XPS on bare gold, silica and "macro-patterned" surfaces, as well as micropatterned (element imaging). -Contact angle goniometry on bare gold, silica and "macro-patterned" surfaces.

-AFM on bare gold surfaces.

-ToF-SIMS on bare gold and micropatterned surfaces (element imaging).

-For evaluation of the target-binding applications -SEM to visualize the position of deposited nano-objects.

-SPR or LSPR for monitoring target biomolecule binding.

Ce chapitre présente l'ensemble des matériels et méthodes utilisés pour l'obtention des résultats qui seront présentés par la suite. Le lecteur trouvera en annexes A et C quelques aspects théoriques liés aux techniques de caractérisation et de fabrication des échantillons (lithographie). Plusieurs thiols et silanes ont été utilisés pour la fonctionnalisation de l'or et de la silice. Les différentes thiolations ont été conduites dans l'éthanol à des concentrations d'environ 1 à 10 mM pour des temps d'environ 4h. Les silanisations et double-fonctionnalisations (en une seule étape) ont été conduites dans le dichlorométhane a différentes concentrations et sur des temps plus longs, d'environ 48-72h. Une activation NHS-ester des groupements COOH a été conduite aussi bien dans l'eau que dans le THF avec différents protocoles optimisés pour un certain nombre de paramètres. 1 L'immobilisation de colloïdes et/ou de biomolécules sur ces surfaces fonctionnalisées a été menée dans des tampons aqueux, notamment du PBS-1X ou tout simplement de l'eau ultrapure. Différents outils de caractérisation structurale (SEM, AFM, XRD -sigles anglais-) et physicochimique (Angle de contact, PM-IRRAS, XPS, ToF-SIMS, -sigles anglais-) ont été utilisés avec des paramètres détaillés dans ce chapitre. De la même manière, différents outils ont été employés pour déterminer l'interaction (ancrage) de colloïdes et biomolécules sur surfaces fonctionnalisées (scanner de fluorescence et microscopie électronique).

Introduction to Chapter 2

This chapter presents the different materials and methods used to obtain the results presented in this manuscript. In order for the reader to find this information as simply as possible, it is given in this chapter separately from more general information about the techniques themselves. This more general information can be found in appendixes A and C.

Surface chemical functionalization 2.1.1 Substrates

Functionalization was carried on on different patterned gold and silica substrates with pattern dimensions going from 1cm to 100nm as already schematically presented in Fig. 1.17. The fabrication of these substrates (mostly through lithography processes) cannot be considered as part of the specific scientific research developped during this PhD and was mostly done by others as specified in appendix A.2. We shall however specify that, after some optimization of the cleaning protocols (see next chapter), it was decided to clean all substrates 24h prior to functionalization, by oxygen plasma with the following parameters :

-Applied (forward) power = 350W (typical reflected power was 10W) -Oxygen flow = 400 sccm -Pressure = 90Pa -Time = 5min This was conducted in an Anatech© chamber where only oxygen and nitrogen are introduced. When this process was conducted in an etching chamber with input lines of different fluorinated gases (SF 6 , CHF 3 ) fluor contamination was detected afterwards by XPS analysis (see next chapter for more details).

Chemicals

The following chemicals were used for surface functionalization (a short name is given between brackets, which may be a standard short name in the literature or unique to this manuscript) :

-Gold functionalization :

-11-mercapto- Independently of the substrate or the organic compound used for functionalization, some general considerations were always taken into account :

1. All solvents were degassed (removal of dissolved oxygen) by bubbling nitrogen. DCM and THF were also dried over freshly prepared molecular sieves.

2. All glassware was cleaned by piranha solution, rinsed with abundant water until no acid residue could be found (pH paper evaluation), dried in furnace and then rinsed once with the corresponding solvent prior to functionalization.

3. At the end of the functionalization process, samples were washed for 2x5 minutes in corresponding pure solvent under sonication, rinsed with water and dried under a stream of nitrogen.

Gold functionalization

The following protocol 12 was used for the functionalization of gold surfaces 13 with different thiols :

1. Prepare solution by dissolving thiols into ethanol at a concentration of either 10 mM (MUA, MUOH) or 1 mM (UDT, MU-Biot, MUAM, PEG-thiols).

-For biotinylated thiols previously stored at -20 • C, let it heat up to room temperature before opening.

-A short sonication (30 sec) can help dissolving the thiols 2. Gold functionalization (a) Introduce the gold sample previously cleaned by O 2 plasma (at least 24h before to avoid gold oxide) in a glass reactor.

(b) Introduce the ethanolic thiol solution into the reactor so that the gold sample is completely immersed (for MUA and PEG-thiols, add ultrapure water ; 95/5 v/v ethanol/water).

(c) Close reactor and let react for 4h, no agitation needed.

3. Wash and dry the sample

Silica functionalization

Silanization of silica surfaces with PEG-Si was conducted according to the following protocol :

1. Pure silane (liquid) is stored in a glovebox under nitrogen and only used at the moment of functionalization (no silane solution in DCM prepared beforehand). (d) Close reactor and let react for 48h -72h, no agitation needed.

Wash and dry the sample

Single-step orthogonal functionalizations

For the orthogonal functionalizations of mixed surface, a one-step protocol was used (ie : thiolation and silanization conducted at the same time -in DCM-) :

1. No solution is prepared beforehand, thiols and silanes are introduced directly into the reactor at the moment of functionalization. (d) Close reactor and let react for 48h -72h, no agitation needed.

Functionalization

Wash and dry the sample

Characterization

Activation of COOH terminated SAMs

After testing different conditions to find optimum parameters, 1 it was decided to carry out NHS-ester formation from -COOH terminated SAMs (activation) either in water or in THF with the following protocols :

1. In water, with EDC :

-Take EDC out of the freezer (-20 -In a previously cleaned (piranha) reactor, add dry THF and NHS + DIC at 100mM each.

-If needed, a short sonication (15 sec) can help dissolve NHS.

-Introduce solid sample in the reactor and let it react for 24h (activation in THF takes longer times than in water, but has some advantages such as no hydrolysis of NHS-ester or byproduct formation) -Rinse with fresh THF in clean beaker 5 min with ultrasounds + another 5 min with ultrasounds in DCM. Soak (5 sec) in ultrapure water. -Dry with nitrogen

Characterization

Substrate properties

AFM and XRD were used mainly to determine the gold surface's roughness and crystallinity before functionalization. AFM characterization was also conducted on functionalized samples, though no clear information could be extracted in our conditions (non-functionalized tip and not atomically flat gold surface). AFM characterization was carried on with the help of Francesca Zuttion and Magali Phaner Goutorbe, and XRD characterization was conducted with the help of José Peñuelas.

Atomic Force Microscopy (AFM)

The principle of Atomic Force Microscopy, with an emphasis on its uses for SAM characterization can be found in appendix C.5.

Topography and phase images were taken in air, at room temperature, using a SMENA B (NT-MDT) AFM microscope in the Amplitude Modulation (AM) AFM mode with Mikromash XSC11 with Al backside tips (resonance frequency = 80 kHz). The data analysis was performed with Gwyddion Software.

X-Ray Diffraction (XRD)

XRD allows the characterization of a material's cristallinity (grain sizes and crystalline orientations) as explained in appendix C.6.

For the characterization of gold substrates we used a Rigaku Smartlab diffractometer with a rotating anode (power = 9kW). The source emits CuKα radiation and is monochromatised by a double Ge (220) crystal to select the CuKα 1 ray (λ = 0.15406nm). The detector is a point scintillation counter.

SAM direct chemical characterization

Functionalized surfaces were characterized by contact angle measurements, PM-IRRAS, XPS, and ToF-SIMS to determine the presence of the different thiols and silanes as well as their chemical composition, environment (e.g., hydrogen-bonding between adjacent chemical groups) and relative proportions. ToF-SIMS analysis were carried on with the help of Didier Léonard at Institut des Sciences Analytiques (ISA). XPS analysis were carried on with the help of Djawhar Ferrah, Claude Botella, and Geneviève Grenet at Institut des Nanotechnologies de Lyon (INL) as well as Thierry Le Mogne at Laboratoire de Tribologie et Dynamique des Surfaces (LTDS) for XPS imaging.

Polarization-Modulation InfraRed Reflection Absorbtion Spectroscopy (PM-IRRAS)

The principle of PM-IRRAS has been described by others [2][3][4] and a summary can be found in appendix C.1.

In short, in a PM-IRRAS setup, as opposed to conventional Infrared Reflection Absorption Spectroscopy (IRRAS), the incident beam polarization is switched from p to s by a PhotoElastic Modulator (PEM) at a given high frequency. This makes it possible to acquire two different signals, corresponding to the difference and sum reflectivities :

|R p -R s | and R p + R s . The ratio ∆R R 0 = |R p -R s | R p +R s
constitutes a spectrum of the surface, without the need to acquire a background spectrum as in conventional IRRAS. However, the PEM is not efficient at all wavenumbers simultaneously which results in a low-frequency superimposition on the spectrum corresponding to a second order Bessel function. 3 Thus, the baseline was corrected each time by dividing the experimental spectrum by a spline line fitted to the regions where no peak was expected. 4,5 This method is often used as it gives the correct relative peak intensities albeit yielding arbitrary units for the Y-axis. 5,6 We used a Nicolet 6700© Fourier-Transform Infrared Spectrosocpy (FTIR) spectrometer coupled to a Hinds Instrument© PEM-100 photoelastic modulator. The optical head model is II-ZS50©. This is a ZnSe crystal, with a nominal frequency of 50 kHz (polarization switch from p to s at 100 kHz), a useful aperture of 14mm and can work as half-wave plate for different wavelengths in the range of 1µm to 10µm (10000cm -1 to 1000cm -1 ). Unless otherwise specified, the wavenumber of optimum detection (wavenumber at which the PEM works as an oscillating half-wave plate) was set at 2000cm -1 for a "full scan" (4000cm -1 -1000cm -1 ). All spectra were acquired at 8cm -1 resolution and an angle of incidence of 85 • for optimum sensitivity on gold. Further analysis on the spectra were performed with TQ Analyst© and Origin 8.0© software.

X-ray Photoelectron Spectroscopy (XPS)

The principle of XPS can be found in detail in appendix C.2.

The XPS results presented here were obtained in a Vacuum Science Workshop (VSW©) chamber equipped with a focused monochromatized X-ray source (AlK α = 1486.6eV). The acceptance angle of the hemispherical energy analyser is around 3 • . On insulating substrates, a "flood gun" was used to add low energy electrons to compensate for charging. Take-off angle was set at 90 degrees. Unless otherwise specified, spectra were acquired with a 0.025eV resolution. When possible, several scans (usually 3 to 10) were co-added to obtain a better signal-tonoise ratio. The spectra on silica were referenced by the Si2p peak at 103.6eV, while the spectra on gold were referenced by the Au4f 7/2 peak at 84.0eV.

Spectra analysis was carried out with CasaXPS©, Origin8© and Matlab© software.

Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS)

The principle of ToF-SIMS can be found in appendix C.3. ToF-SIMS measurements were performed with a Physical Electronics TRIFT III instrument (Physical Electronics©, Chanhassen, USA) operated with a pulsed 22keV Au + ion gun (ion current of 2nA) rastered over a 300µm × 300µm area. Ion dose was kept below the static conditions limits. Data were analyzed using the WinCadence™ software. Mass calibration was performed on hydrocarbon secondary ions. The maximum deviation between the measured m/z for ToF-SIMS peaks and the exact m/z for the corresponding assigned ions was 20 milli atomic mass unit. Data were normalized to the total intensity minus H +/-intensity because of its low reproducibility and expressed as percentage :

I norm = I I total -I H +/- × 100.

Contact angle

The measure of the angle between a drop of liquid and a solid surface (contact angle goniometry) can give important information about the surface's chemistry as explained in appendix C. 4.

Static water contact angles were measured on the gold surface at room temperature. A 0.8µL drop of ultrapure water was deposited on three different points throughout the surface. The contact angles were measured right after deposition with WinDrop software from GBX©.

Characterization of SAMs' target-binding and anti-fouling properties

Eventually, it was important to test the SAMs' reactivity towards different targets and assess wheter we could use surface functionalization for the selective trapping of those targets onto precise regions (traps) on the surface. To this purpose, we used mainly functionalized colloids. After depositing the colloids onto the patterned functionalized substrates with different protocols described hereafter, it was easy to assess their localization (efficiency of the selective trapping) by SEM observations. Additionally, the antifouling properties of PEGylated silica surfaces towards streptavidin could also be assessed by fluorescence scans (streptavidin was previously fluorescently labeled). These antifouling properties were found to vary upon exposure to X-rays used during XPS characterization.

Colloid trapping

Streptavidin-functionalized latex selective immobilization

Streptavidin-functionalized magnetic beads were purchased from Ademtech ("Bioadembeads Streptavidin Plus", 200nm diameter, magnetic core, polymer shell) and deposited onto a patterned biotinylated surface with the following protocol :

1. Wash the beads (a) Pour 200µL bead solution into 2mL ultrapure water in an eppendorf tube (the solution is dark brown).

(b) Perform a magnetic separation of the beads with a neodym magnet placed beside the eppendorf tube until all beads are separated (the solution is transparent again and a dark brown spot is seen close to the magnet ; ca. 5 min) (c) Remove supernatant and reintroduce fresh ultrapure water, remove the magnet for dissolving the beads (no need for vortexing and specially no need for ultrasounds that could damage the proteins).

(d) Repeat magnetic separation and removal of supernatant.

(e) Resuspend in Ademtech's immobilization buffer 1X (composition of the buffer unknown) 14 2. Immobilization (a) Introduce biotinylated solid sample in the beads solution, in the eppendorf tube. Note : all samples used were small enough (ca. 2x5 mm pieces of silicon wafer) to fit in the 2mL eppendorf tubes. Samples should be kept in a vertical position in order for the beads not to sediment onto the surface (possibly leading to high non-specific adsorption on the whole surface).

(b) Leave the sample in the bead solution overnight (shorter times may be sufficient but were not tested).

3. Wash the sample (a) Let the sample soak in fresh ultrapure water for 2x5 minutes.

(b) Dry under nitrogen flow.

Fluorescent carboxylatex selective immobilization

Fluorescent carboxylatex (polystyrene) beads were purchased from Life Technologies (Infrared (715/755) Fluospheres, 109nm diameter, product code : F8799). Micro and nanopatterned gold on silica surfaces were functionalized with MUAM leading to aminated gold patterns. This allowed the specific binding of the fluorescent carboxylatex beads on gold through electrostatic forces. It should be noted that given the small size and density (1.05g/cm 3 ) it is difficult to wash the beads either by centrifugation or filtration, which explains why the following protocol does not include such a step.

1. Dissolve 100µL of bead solution into 1mL PBS-1X (pH=7.4) in a clean flask.

2. Introduce aminated surface (in these conditions the aminated surface is charged positive NH + 3 and the beads' surface is negative COO -. 3. Let react overnight 4. Wash the samples 2x5 min in ultrapure water 5. Let the sample dry by evaporation or gently blowing nitrogen.

14. It may be possible to use Phosphate Buffered Saline (PBS)-1X instead of Ademtech's "immobilization buffer 1X" but we did not test this possibility as the commercial buffer was readily available and not expensive. 84 

Characterization

Scanning Electron Microscopy (SEM) assessment of colloid trapping

The principle of SEM can be found in appendix C.7.

The SEM used for observation (different than the one used for nanolithography) was a Mira3 Tescan. It was operated with an acceleration tension of 5kV, a current beam of ca. 250µA with a detection of secondary electrons. These observations allowed us, in the first place, to check the geometry and dimensions of the gold patterns on silica and furthermore to assess the selectivity of the colloid trapping. SEM image analysis with ImageJ software allowed us to compute quantitative data (i.e., percentages of total silica and gold surface covered by colloids).

Anti-fouling properties 2.2.3.2.1 Fluorescently labeled streptavidin adsorption

Antifouling properties of PEGylated silica before and after X-ray irradiation (during XPS analysis) were assessed by studying the adsorption of fluorescently labeled streptavidin. Alexa-Fluor-labeled streptavidin (Strepta-F555) was purchased from Life Technologies. PEGylated silica samples were immersed into a 1µg/mL (ca. 0.01 µM) PBS-1X (pH = 7.4) solution of Strepta-F555 for 30min under mild agitation. Then, they were rinsed with PBS-Tween20 0.1% for 2x5min, soaked in ultrapure water and dried under nitrogen.

Fluorescence scanning

In order to assess the adsorption of fluorescently-labeled streptavidin on different silica surfaces (irradiated or not by X-rays) we used the following protocol : After protein adsorption on two different samples (irradiated and non-irradiated), both samples were scanned simultaneously with the same parameters on a fluorescence scanner (InnoScan 710, from Innopsys). The resolution was set at 3µm and the samples were scanned with a 532nm laser. The focus was manually adjusted, laser power set to "high" (a "low" and "high" value are possible, though the exact power is not given) and PhotoMultiplier Tube (PMT) linear gain set to 80 %. For assessing the fluorescence level on both samples, a 12mm 2 region was evaluated (over 1 megapixel). Fluorescence values were converted to 8 bits and binned by 2 (128 bins) to compute the fluorescence histogram. Les protocoles détaillés au chapitre précédent ont été mis en oeuvre sur diverses surfaces d'or et de silice. Aussi, nous avons pu obtenir des résultats innovants par rapport à l'état de l'art, tant sur la fonctionnalisation chimique et la caractérisation que sur des applications comme l'ancrage sélectif de diverses nanoparticules.

Contents

Pour ce faire, nous nous sommes d'une part penchés sur la question de la compatibilité entre les processus de lithographie et de fonctionnalisation chimique de surface. Un de nos objectifs primordiaux était de nous assurer que les opérations unitaires de nanofabrication employées pour la fabrication de nanostructures diverses à l'INL pouvaient être réellement compatibles avec les protocoles de fonctionnalisation chimique de surface développés dans l'équipe Chimie et Nanobiotechnologies. Ceci impliquait d'étudier en détail l'état de surface de nos échantillons après soulèvement (« lift-off »), et de développer des méthodes de traitement de surface spécifiques. Nous avons notamment optimisé notre processus de nettoyage en fin de lithographie pour assurer le bon état de surface des échantillons avant la fonctionnalisation. En effet, il apparaît que les procédés couramment utilisés pour le lift-off des couches minces déposés sur résine laissent des traces carbonées (résidus de résine polymérique) importantes. Ces procédés basés sur la dissolution en solvant organique (acétone, alcool) ne semblent donc pas suffisants pour assurer la compatibilité des méthodes de lithographie et de fonctionnalisation de surface. De ce fait, nous avons décidé de nettoyer les échantillons au plasma d'oxygène. Si celui-ci se révèle très efficace pour enlever les résidus carbonés, deux problèmes peuvent surgir : d'une part, si ce plasma est réalisé dans un bâti de gravure avec entrées de gaz fluorés (tels que SF 6 ou CHF 3 ), des traces de fluor peuvent contaminer la surface des échantillons ; d'autre part, le plasma d'oxygène sur surface d'or crée une couche d'oxyde Au 2 O 3 qui néanmoins est instable. De ce fait, nous avons choisi de réaliser le nettoyage de tout échantillon par plasma d'oxygène dans un bâti dédié, 24h avant la fonctionnalisation. D'autre part, nous nous sommes intéressés à la fonctionnalisation de surfaces homogènes d'or et de silice et à la caractérisation de ces couches, notamment par XPS et PM-IRRAS. Ces études nous ont permis non seulement de vérifier le bon déroulement de la fonctionnalisation avec nos protocoles, mais surtout de mettre en évidence deux faits marquants :

1. Le rendement et la cinétique d'activation des groupements COOH présents à la surface des SAMs formés par du MUA (dérivation de COOH en NHS-ester) dépend de plusieurs facteurs tels que le solvant et carbodiimide utilisé ou le temps de réaction. 1 2. Les rayons X utilisés lors des caractérisations XPS induisent une dégradation des surfaces PEGylées qui peut engendrer une perte des propriétés passivantes vis-à-vis de l'adsorption de protéines.

Par ailleurs, nous avons développé des méthodes de fonctionnalisation chimique de substrats hétérogènes, plus précisément comportant deux matériaux différents en surface : l'or et la silice. Notre objectif était de simplifier autant que possible les procédures de fonctionnalisation de surface. Nous avons démontré la possibilité d'opérer une double fonctionnalisation (thio-lation+silanisation) orthogonale en une seule étape avec le protocole décrit au chapitre 2. La bonne orthogonalité de ces fonctionnalisations a été prouvée à l'échelle macro et microscopique, notamment par cartographie XPS et ToF-SIMS.

Enfin, nous avons mis à profit la fonctionnalisation sélective de micro et nanostructures d'or sur silice, afin de capturer des nanoparticules de latex sur les micro et/ou nanostructures d'or. Ces captures sélectives ont été menées en nous appuyant uniquement sur les interactions entre particules et surfaces fonctionalisées, sans emploi de pince optique ou autre champ de force externe. Nous avons prouvé que cette méthode permet le piégeage sélectif sur des matrices de nanostructures uniques qui sont conçues pour avoir des effets de nano-antennes plasmoniques. 2 

Introduction to Chapter 3

This chapter presents the main results of this thesis. First we will deal with the study of the surface prior to functionalization, specially focussing on the removal of lithography resist residues. Then we will present different results obtained with single functionalizations on plain gold or silica substrates. These results include the optimization of the NHS activation of MUA SAMs 1 and the study of PEG degradation under X-rays used during XPS characterization. Furthermore, we will present chemical characterizations to prove the orthogonal functionalizations of macro and micropatterned gold/silica substrates. Eventually, we will demonstrate how the selective functionalization of gold micro and nanopatterns on silica allows the precise trapping of different latex nanoparticles.

Surface preconditioning

Before performing surface chemical functionalizations it is important to know the state of the surface. Specially for substrates that have undergone some top-down fabrication steps, it is important to ensure that the surfaces are clean (eg : no photo or e-beam polymeric resists residues). We have therefore tested different cleaning procedures whose performances will be discussed hereafter, along with possible side-effects. Eventually gold surfaces were characterized in regards to their roughness and crystallinity.

Cleaning and (de)oxidation

Before performing surface chemical functionalizations, we must ensure that the surface is appropriately clean. However, surfaces that have undergone lithography processes involving the spin-coating and baking of different polymeric resists may yield residual carbon pollutions. 3 Different approaches can be used to remove such residues, some of which are summarized in appendix A.1.2. For simplicity and availability, we decided to investigate approaches based on organic solvents and on oxygen plasma. 15 In order to test the efficiency and side-effects of different cleaning procedures, we spincoated and baked PMMA e-beam resist on silica surfaces. We then removed the resist with the different procedures (dissolution in organic solvents or plasma ashing) and assessed the state of the surface by XPS. Figure 3.1 shows the results of such procedures which can be summarized as follows :

-Organic solvents (acetone + alcohol) could not efficiently remove the polymeric resist. Indeed, high amounts of carbon can be seen on the surface, as evidenced by the C1s peak at 285eV (see Fig. 3.1, top spectrum). -Plasma ashing conducted in a Reactive Ion Etching (RIE) machine efficiently removed PMMA (low C1s intensity) but left fluorine residues as evidenced by the F1s and FKLL peaks (see Fig. 3.1, middle spectrum). These residues probably come from the use of fluorinated gases such as SF 6 or CHF 3 in the RIE chamber, though these gases were not used here. -Plasma ashing conducted in a dedicated machine (Anatech) without lines for other gases than oxygen and nitrogen efficiently removed PMMA without leaving any other contamination (see Fig. 3.1, bottom spectrum). Thus, oxygen plasma ashing in the Anatech machine seems the best method to clean samples after lithography. However, when the same process (400 sccm oxygen flow with a plasma power of 350 W for 5 min) was used on a gold surface, this lead to the formation of gold oxide. Such oxide formation has already been reported by others under similar 4 and different 5,6 conditions. Nonetheless, this oxide layer is known to be unstable and we could follow the surface spontaneous deoxidation by XPS (see Fig. 3.2).

On the basis of these observations, we decided to clean all samples with oxygen plasma 24h prior to surface functionalization. Clean samples are stored in a closed fluoroware box during this time. Two main peaks can be seen at 87.5eV and 84.0eV corresponding to Au4f 5/2 and Au4f 7/2 of plain gold. Two more contributions are detected which are assigned to gold oxide and whose intensity decays over time. This shows that though gold oxide is formed upon exposure to oxygen plasma, the oxygen is desorbed and the surface recovers its metallic nature in ca. 1 day.

Roughness and crystallinity of deposited gold

We investigated the roughness and crystallinity of the deposited gold thin films (ca. 50nm by e-beam evaporation on silica, with an adhesion interlayer of chromium or titanium of ca. 1-3nm). AFM characterization (see Fig. 3.3a) shows that the surface topography of such deposited gold layers is formed by islands having a width of ca. 50-100nm and heights of ca. 4-8nm. The Root Mean Square (RMS) rugosity was found to be around 0.7-1nm. This rugosity was confirmed by X-ray reflectivity measurements (data not shown) and does not seem to be significantly altered by the cleaning method (e.g., oxygen plasma). This surface topography suggests that it would be difficult to obtain information on SAMs built on such surfaces through topography as the SAMs are expected to be on the order of 1nm thick. Indeed, if topography is used to obtain information on such SAMs in the literature, the gold layer is usually made to be atomically flat, 7 which greatly departs from our case. Moreover XRD characterization showed a unique (111) crystalline orientation (see Fig. 3.3b) with grain size in the order of few tens of nanometers, obtained through Scherrer's formula applied to the XRD (111) peak. The (111) gold crystalline orientation is the most widely studied for the formation of thiolate SAMs and most fundamental characteristics of these SAMs described in section 1.2.1.3.2 (e.g., chain orientation and packing density) imply such orientation, though some studies also deal with thiolate SAMs on other crystalline orientations such as (100). 8,9 (a) AFM topography image on a gold surface deposited by evaporation (50 nm) onto silica with a chromium adhesion interlayer (2 nm). 

Plain substrate functionalizations

Before working on patterned gold/silica substrates, we investigated the functionalization of plain gold and silica. This allowed us in the first place to evidence the formation of different SAMs on these surfaces (see sections 3.2.1.1 and 3.2.2). Most importantly, it allowed us to optimize the NHS activation protocol on MUA SAMs (section 3.2.1.2) and study the degradation of different PEGylated surfaces upon exposure to X-rays during XPS analysis (section 3.2.3).

Plain gold functionalization with different alkylthiols 3.2.1.1 SAMs characterization

Gold was functionalized with different thiols. Though other techniques such as ToF-SIMS, XPS and contact angle measurements have been used to characterize alkylthiolate SAMs on gold, as will be shown in the next sections, PM-IRRAS was most extensively used for this purpose. Indeed, this technique gives a more accurate chemical information than contact angle measurements yet operating in milder conditions (ambient environment) than XPS or ToF-SIMS. Therefore, we could demonstrate the success of our functionalization protocols to form SAMs on gold with alkylthiolates having different headgroups such as biotin, amine or carboxylic acid (see Fig. 3.4). In all cases, the main vibration modes for the undecyl chain can be seen in the spectra : ν MUA (Fig. 3.4, top spectrum) exhibits a main peak around 1710cm -1 corresponding to ν C=O . The broadness of this band probably indicates different contributions emerging from various degrees of hydrogen bonding between adjacent headgroups. 10,12,[15][16][17][18][19][20] The absence of a contribution around 1590cm -1 (ν assym O=C-O -) indicates the absence of carboxylates 16,17,19,20 though it is known that deprotonation occurs when functionalization is carried on in ethanol. 10 Indeed, the final soaking in ultrapure water of the MUA-functionalized samples allows for the re-protonation of carboxylates into carboxylic acids. 17 We also found that carrying the functionalization in an ethanol/water mixture (95/5 v/v) slowed the rate of MUA deprotonation (data not shown) though it did not prevent it and no clear evidence on its influence on the final SAM structure could be shown. MUAM (Fig. 3.4, middle spectrum) shows typical vibration modes associated with δ N H at ca. 1650cm -1 and 1530cm -1 . These bands are associated with the protonated form of the primary amine headgroup (NH + 3 ). 21 MU-Biot (Fig. 3.4, bottom spectrum) exhibits two dominant peaks at ca. 1690cm -1 and 1550cm -1 which correspond to amide I and amide II vibrations. 12,22,23 3.2.1.2 NHS-ester activation of MUA-functionalized gold NB : The following paragraphs are adapted from our previous publication. 1 Among the different head groups available for immobilizing biomolecules, carboxylic acids (COOH) are commonly chosen for their ability to bind amine groups (NH 2 ) that are present in proteins, peptides or amino-functionalized oligonucleotides (eg : DNA, RiboNucleic Acid (RNA) or aptamers). COOH and NH 2 , being oppositely charged in most biological buffers such as PBS 1X (pH=7.4), can interact electrostatically without further derivatization. However, if covalent binding is desired, it is necessary to activate the COOH groups. Activation commonly consists of forming a reactive NHS-ester by a two-step reaction between the acid and a carbodiimide to form O-acylurea followed by a reaction between O-acylurea and NHS to yield the activated NHS-ester 24 (see Scheme 3.1).

Given the widespread use of this methodology, 12,[25][26][27][28][29][30][31] it could be thought that a wellestablished protocol leading to efficient activation exists. However, as noted by others, 24 an important number of parameters vary greatly between studies. Indeed, activation may be performed in water with EDC 12,[25][26][27][28] but also in organic solvents such as DiMethyl SulfOxide (DMSO) 29 or THF 30 with other carbodiimides such as N,N'-DiCyclohexylCarbodiimide (DCC) 29,31 or DIC. 30 Carbodiimide and NHS concentrations as well as activation time are also found to vary greatly. 23,25,29 Furthermore, there is often no chemical characterization at this stage to prove the efficiency of the activation process. It should be noted that achieving the immobilization of a protein does not constitute a proof of an efficient activation, as proteins can be easily physisorbed and may actually bind to a greater extent on non-activated COOH rather than on NHS-ester. 32 Recent publications 24,33,34 have highlighted the fact that activation of carboxylic acids on SAMs is a complex reaction (see Scheme 3.2) which can lead not only to the desired NHS-ester formation (reaction (3)) but also to different byproducts such as N-acylurea (reaction (1)) or anhydrides (reaction (2)) :

In addition to the different possible reactions reported in Scheme 3.2, it should be noted that hydrolysis of different species can furthermore complexify the overall reaction scheme. Most importantly, carboxylic acids can be regenerated at the surface through the hydrolysis of O-acylurea 35 or NHS-ester. 36 Additionally the hydrolysis of carbodiimides and O-acylurea can also produce other byproducts such as urea derivatives. 35,37 Sam et al. 24 showed the impact of EDC and NHS concentration on the efficiency of the activation process and the appearance of the aforementioned byproducts, with a systematic infrared characterization of the different terminal groups at the surface, albeit not providing information about the kinetics of the different reactions.

ToF-SIMS and PM-IRRAS are surface-sensitive methods specially suited for this study. Indeed, as shown by Frey et al. 23 the activation process can be monitored by the presence of an infrared absorption peak at ca. 1820cm -1 . It should be noted that during the activation, other bands appear at ca. 1785cm -1 and 1745cm -1 , the latter being the most prominent one. However, these two are linked to NHS (be it covalently bonded or just adsorbed) and are therefore not representative of the activated ester (NHS covalently bonded to the acid head group).

Step 1 :

Au R 0 C O OH Carboxylic Acid + R 1 N C NR 2 Carbodiimide Au R 0 C O O C H N R 2 NR 1

O-acylurea

Step 2 :

Au R 0 C O O C H N R 2 NR 1 O-acylurea + OH N O O N-hydroxysuccinimide Au R 0 C O O N O O

NHS-ester

Scheme 3.1 -Activation of carboxylic acids by carbodiimide and NHS without byproducts. 24 Hereafter we present a methodological study on the activation process of 1-mercapto-11undecanoic acid (MUA) SAMs on gold under different conditions, characterized by PM-IRRAS and ToF-SIMS. The following results highlight the different esterification and byproduct formation kinetics depending on the nature of the carbodiimide and corresponding solvent (EDC in water vs DIC in THF) as well as the reactants' concentrations. Many features can be distinguished in these spectra, some of which relate to the presence of NHS : ν C=O triplet at 1818cm -1 , 1784cm -1 and 1743cm -1 , ν sym N CO at 1076cm -1 , ν assym CN C at 1213cm -1 and ν sym CN C at 1380cm -1 (with a possible contribution from δ rock CH 3 that will be discussed later).
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Chapter 3. Results and discussion

Au

R 0 C O O C H N R 2 NR 1 O-acylurea (1) Au R 0 C O NR 1 C H N R 2 O N-acylurea ( 2 ) Au R 0 C O O C O R 0 Au Anhydride (3) +NHS Au R 0 C O O N O O NHS-ester (4) 
To quantify the activation of carboxylic acids, it is tempting to consider the ca. 1743cm -1 band, as it is the most prominent one in succinimidyl esters. However, this band is not characteristic of the activated ester as it is also present in potentially physisorbed succinimide. Furthermore, it can be overlapped by the ν C=O of free carboxylic acids. Therefore we have quantified the area under the 1818cm -1 band, characteristic of the NHS-ester. It should be noted that this attribution implies the lack of anhydride at the surface, which is consistent with the lack of a peak at 1750cm -1 and the similar evolution and widths of the 1818cm -1 and 1784cm -1 peaks which suggest a unique contribution for both. 24 Moreover, this is consistent with the literature 24 that suggests that the direct NHS-ester formation is dominant in comparison to the anhydride intermediate at such high concentrations of NHS, although an anhydride intermediate may have been formed at the very early stages (first few minutes) of the reaction 34 and therefore not detected here. Very different behaviours were shown depending on the solvent (and corresponding carbodiimide), the concentration and time. These are summarized in Figure 3.6. One can see that activation in water occurs very fast (<30 min) at both concentrations and then decays (immediately at 20 mM ; after 2 h at 100 mM) to yield almost no activated esters at 24 h. This can be explained by the competing hydrolysis of the ester in water. 36 In THF, however, activation is only evidenced for the higher concentration (100 mM) and after ca. 1 h. After 4 h a more or less constant level is maintained until 24 h (no measurements were performed at times greater than 24 h).

It should be noted from Fig. 3.5 that the peaks corresponding to the NHS (cycle) (1784cm -1 , 1743cm -1 , 1076cm -1 , 1213cm -1 and 1380cm -1 ) evolve in the same way as the NHS-ester peak 1818cm -1 which suggests that there is no adsorbed NHS at the surface.

Concerning the other peaks present in Fig. 3.5 (activation in water and in THF), the bands at 2926cm -1 -2923cm -1 , 2856cm -1 -2853cm -1 and 1468cm -1 can be attributed to vibration modes of the alkyl chain (ν assym CH 2 , ν sym CH 2 and δ CH 2 respectively) which are independent of the activation process and therefore more or less constant in both cases.

The region between 1743cm -1 and 1468cm -1 is more interesting as it presents clear differences between water and THF as well as different evolutions in each sample. First we can see that two bands are present at 1650cm -1 and 1548cm -1 in the sample activated in water and not in THF. These bands are strongly evocative of amide I and II vibrations which suggest the presence of N-acylurea byproduct. A contribution from δ H 2 O of adsorbed water may also be possible, as noted by others in similar studies 17,34 . Such increase in hydrophilicity would be consistent with the hydrolysis of NHS-ester into carboxylic acids. 34 However, the principal assignment of this peak to N-acylurea seems more likely, considering the following characterization by ToF-SIMS as well as the fact that, in order for physisorbed water to have a significant signal by PM-IRRAS, most water molecules should have a precise orientation in regards to the surface (PM-IRRAS is insensitive to isotropic dipoles). In THF, no water or amide bands could be detected. In contrast, the carbonyl region was found to be much broader (1743cm -1 -1705cm -1 ) which suggests unreacted carboxylic acids at the surface. This is consistent with the slower kinetics of esterification in this solvent.

ToF-SIMS measurements were carried out on these surfaces for further analysis of the final products (see Fig. of CN -at m/z=26 (3.87% in THF and 6.85% in water) and of CNO -at m/z=42 (11.72% in THF and 5.82% in water). However, other signatures indicate a different nitrogen-based surface chemistry. Indeed, in THF we can observe an intense peak at m/z=98 (9.48%) which can be assigned to C 4 H 4 NO - 2 of NHS. 38 This represents only 0.35% on the sample activated in water. The m/z=114 peak in Fig. 3.7b can also be assigned to an NHS moiety (C 4 H 4 NO - 3 ) 38 and is absent in Fig. 3.7a. Conversely, in positive mode (Figs. 3.7c and 3.7d) we can see a main difference at m/z=30 which can be assigned to CH 3 NH + . This represents 5.54% in water versus 0.75% in THF. This, as well as the m/z=84 peak (C 4 H 6 NO + ) are consistent with the structure of EDC-derivated N-acylurea. These peaks could also originate from other EDC-derivatives including O-acylurea, physisorbed EDU (EDC urea derivative from hydrolysis 37 ) or plain unreacted EDC. However, the assignment to N-acylurea seems more reasonable given the high reactivity of O-acylurea and the thorough washing under sonication as well as the previously mentioned amide bands on the PM-IRRAS spectra. In summary, ToF-SIMS analysis confirm the higher amount of NHS on the sample activated in THF after 24h compared to the one activated in water and the predominance of an EDC-derivated byproduct assigned to N-acylurea on the latter. Furthermore, a shoulder to the ν assym CH 2 peak in Fig. 3.5 could be detected in both samples at 2965cm -1 -2962cm -1 . This peak may be attributed to ν assym CH 3 (the corresponding ν sym CH 3 around 2870cm -1 is likely too weak and overlapped by the ν assym CH 2 and ν sym CH 2 peaks to be clearly identified). The presence of CH 3 groups at the surface may be assigned to alkyl moieties of Nacylurea byproduct in water and unreacted O-acylurea in THF.

The 1430cm -1 peak may be assigned to δ COOH OH . Another contribution to this peak could come from ν sym O=C-O -of carboxylates (the corresponding ν assym O=C-O -at ca. 1580cm -1 is hardly detected due to the dipole's orientation to the surface). Deprotonation of carboxylic acids occur as they interact with the carbodiimide. This peak's important decrease in THF from 8h to 24h is not translated into an increase of NHS-ester but rather an increase in ν sym CH 3 and ν assym CH 3 which would suggest a higher conversion of COOH into unreacted O-acylurea.

Eventually, a peak at 1170cm -1 is present in Fig. 3.5 whose interpretation is uncertain.

NHS activation with different solvents and carbodiimides at different concentrations has been investigated by PM-IRRAS and ToF-SIMS. Our results show that, though the common procedure of activation in water with EDC/NHS does indeed lead to rapid esterification of the carboxylic acids even at 20mM concentration, these activated esters are very unstable and rapidly hydrolized. Their presence could barely be detected after 24h by the 1818cm -1 and the m/z=98 peaks (PM-IRRAS and ToF-SIMS respectively). Furthermore, especially at high concentrations of EDC and NHS, significant amounts of N-acylurea byproduct may be formed, as suggested by the infrared amide I and II bands as well as CH 3 NH + and C 4 H 6 NO + ToF-SIMS peaks. Moreover, an important increase in the 1650cm -1 band between 8h and 24h suggests the contribution of adsorbed water (increase in hydrophilicity of the surface).

In contrast, activation conducted in THF with DIC requires higher concentrations of carbodiimide and NHS and longer times ; but is more stable, and does not form N-acylurea. However, it seems that unreacted O-acylurea remained after 24h, evidenced by the methyl band at 2965cm -1 -2962cm -1 .

Plain silica functionalization with PEG-silanes

We also investigated the silanization of silica surfaces with PEG-Si to make these surfaces resistant to protein adsorption. Figure 3.8 shows an XPS spectrum of the C1s core-level of a PEGylated silica surface. The spectrum is dominated by a peak at ca. 287eV which can be assigned to the ether carbons in the OEG chain C-C-O (86.8 % of C1s peak). A second contribution can be detected at ca. 285eV corresponding to the propyl chain of the silane, though this contribution is obviously far less intense (13.2 % of C1s peak). The O1s peak is largely dominated by the contribution of the silica substrate and therefore not shown here since we could not extract the contribution of the OEG chain. Similarly, no chemical shift could clearly be identified on the Si2s and Si2p peaks linked to the silanes. The characterization of PEGylated surfaces by XPS led us to an unplanned study of the effects of X-ray irradiation on such organic layers. This study, is presented in the next section.

Effect of X-rays on PEGylated surfaces

Surfaces modified with OEG and PEG are well known for their antifouling abilities. PEGylated gold 39,40 and silica [41][42][43][44][45] surfaces are thus widely used in biosensor and microarray technologies, lowering non specific adsorption of interfering species. 46,47 In some circumstances, ethylene glycol moieties can be degraded. Modifications of PEGylated surfaces upon UV or electronic irradiation have already been described. [48][49][50] PEG can be degraded in ambient atmosphere by photo-oxydation under UV irradiation, for instance via UV photolithography, or near-field optical microscopy. 48 This causes a cleavage of ether bonds, and yields drastic modifications of the PEG film properties, such as antifouling loss. Oxidative degradation of monolayers of OEG-functionalized alkenes on silicon were performed using an AFM probe with a bias potential. 49 PEG and Poly(OxyEthylene) (POE) films can also be crosslinked with submicrometer resolution under e-beam exposure. 51 During XPS analysis, X-rays provide another type of irradiation, proven to modify polymers. This is the case with halogenated polymers -PolyVinyliDene Fluoride (PVDF), 52 Poly(Vinyl Chloride) (PVC), 53,54 PolyTetraFluoroEthylene (PTFE), 54 -or sulfonated polyethers. 55 However, to our knowledge, the effect of X-rays irradiation on OEG and PEG surfaces in ultra high vaccum during XPS measurements was never reported. Yet XPS 44,56,57 is a common method to characterize surfaces, and is commonly used for characterizing surface functionalized bioanalytical systems or biomaterials. Therefore, exploring the impact of X-rays on PEG layers may be useful for better interpreting XPS characterization of such layers, and understanding their limits.

In the present work, we explored how X-ray Photoelectron Spectroscopy measurements can directly affect the properties of PEGylated surfaces. In situ XPS was used for both characterizing and modifying PEGylated silica and gold surfaces. Other surface-sensitive techniques such as PM-IRRAS, 1,58,59 static water contact angle and fluorescence measurements provided additional characterizations of PEGylated surfaces. We demonstrated that X-rays generated during XPS measurements can damage and partially remove the ethylene glycol moieties of thiols and silanes bound on gold and silica surfaces. Eventually, we showed how this degradation directly impacts the antifouling properties of PEGylated surfaces.

The C1s XPS spectrum of molecules containing alkyl and OEG chains shows two characteristic peaks at 286.5eV (assigned to C-O of OEG chain) and 285.0eV (assigned to C-C of alkyl chain). Both of these contributions are clearly evidenced on the PEGylated silica (Fig. 3.9) and gold (Fig. 3.10) surfaces. In both cases, it can be seen that upon X-ray irradiation, the intensity of the C-O peak decreases while the intensity of the C-C is maintained. On gold, the observed decrease of the contribution at 286.5eV is accompanied by the decrease of the O1s core level intensity and an increase of the Au4f contribution to the surface, suggesting a shrinking of the organic layer (see Fig. 3.11 and Table 3.1).

As can be seen in Fig. 3.12 the relative intensities of both carbon contributions ( CO CO + CC ;

CC CO + CC

) vary over the course of the measurement. The different kinetics found on gold and silica will be discussed along with possible reaction mechanisms in a further section. These results suggest that characterization by XPS itself can be impacted. Indeed, it is common to characterize such SAMs by evaluating the relative intensities of both contributions. However, specially for silica, the degradation seems fast enough to make it difficult to achieve an authentic account of the surface. This decay of the C-O peak in XPS is consistent with PM-IRRAS characterization of the PEGylated gold surface before and after X-ray irradiation (see Fig. 3.13).

Indeed, PM-IRRAS spectra before and after X-ray irradiation show the decrease of OEGrelated vibration modes. Because of the baseline correction in PM-IRRAS, it is not straightforward to compare absolute values between both spectra. However, it is safe to compare the relative contributions of OEG and alkyl related modes. Before irradiation, the spectrum is dominated by the stretching mode of ether bonds in OEG, ν C-O-C . After irradiation this peak has severely decayed and become secondary to the stretching modes of methylenes in the alkyl chain, ν CH 2 . Other peaks also show an evolution that is consistent with the decay of OEG tails and COOH headgroups and the relative stability of alkyl chains, as can be seen in Fig. 3.13. Furthermore, static water contact angle measurements before and after irradiation of a PE-Gylated gold surface showed a decrease in hydrophilicity of the surface from cos θ = 0.778 ± 0.010 to cos θ = 0.614 ± 0.017. This is also consistent to the loss of the COOH head-group and shortening (or complete loss) of the PEG moiety.

Finally, we introduced a reference PEGylated silica sample along with the irradiated one in the XPS chamber (exposed to flood gun low energy electrons, but not irradiated by X-rays). Characterization of the surface before and after 18 hours in the chamber can be seen in Fig. 3.14. These spectra show an almost identical surface composition, dominated by carbons in OEG tails. As stated in the introduction, the widespread use of OEG chains in biosensing applications is due to the antifouling properties of such molecules. Cai and co-workers 49 used the localized OEG degradation under short electron pulses as a basis for a novel lithography process, showing that the degraded regions became prone to protein adsorption, whereas the non-degraded regions remained anti-fouling. Thus, it is interesting to evaluate whether the damage induced by X-rays has an impact on such properties. In order to assess this, we immersed non-irradiated and irradiated (3 hours) PEGylated silica samples into a fluorescently-labeled protein solution as explained in the experimental section. As shown in Fig. 3.15 the irradiated sample showed much higher fluorescence intensities translating a higher amount of adsorbed proteins. Indeed, in an 8-bit scale for fluorescence intensity, 90 % of the surface showed a fluorescence above a value of 52 out of 256 while for the non-irradiated sample, 90% of the surface showed a fluorescence intensity below 12 out of 256. This confirms that X-ray irradiation, through the shortening or total removal of the OEG moiety takes away the anti-fouling properties of PEGylated silica.

We have seen that under the course of XPS measurements, different PEGylated organic layers on solid surfaces were degraded, with their OEG tail partially or totally removed while seemingly keeping their alkyl moiety intact. Let us now discuss different possible reasons for this degradation as well as different behaviours observed on gold and silica :

First of all, it is important to note that the degradation is indeed due to exposure to X-ray irradiation and not other factors such as ultrahigh vacuum or low-energy electrons. Indeed, as shown by the spectra on the reference sample (Fig. 3.14), the surface is not changed when submitted to the same conditions (vacuum, flood gun) except for X-ray irradiation. Second, it is interesting to see that despite major differences of both surfaces (gold vs silica) : polycrystalline metallic substrate vs amorphous oxide substrate ; propyl vs undecyl chains of the molecules ; O-CH3 vs COOH headgroup and expected differences on the organic layer composition and density (with possible polymerization of the trimethoxysilane), both show a similar evolution of their XPS spectrum, with decay of the C-O peak and the stability of the C-C one. This suggests that the main phenomenon involved is the progressive shaving of the OEG moiety through ether bond cleavage under X-rays leading to volatile compounds. Such a cleavage of the ether bonds leading to progressive shortening of the OEG tail has been evidenced under electron beams 49 or UV irradiation 48 , where the comparatively stronger C-C bonds remained intact.

Third, major differences in degradation kinetics were observed on both surfaces (see Fig. 3.12). On silica, the decay of the CO peak can be fitted with an exponential function A = A 0 e -t/τ having a characteristic time τ ≈ 2h. On gold, the decay seems rather linear. As we have previously stated, there are numerous differences between the two cases (different substrates and organic molecules) which makes such differences in kinetics not surprising. In both cases, the degradation seems to be total (for gold the linear decay is maintained at longer times, not shown in Fig 3 .12 and the value of the relative CO contribution at t=9h has dropped below 30 % of the total carbon amount).

Eventually, a shift of the XPS peaks on gold was observed at the early stages (ca. 30 minutes ; see Fig. 3.16). The reason for these shifts remains uncertain. Charging phenomena could hardly be associated to these shifts considering the conducting substrate. In order to further investigate this, we conducted experiments on gold under a flood-gun, and found that the shifts were consistent. Second, PM-IRRAS characterization showed no new peaks after irradiation (see Fig. 3.13) so that it is unlikely that new chemical bonds were formed, as could happen from oxidative processes 48,50 . This is not surprising since those processes are expected to be very slow in ultrahigh vacuum.

Gold and silica surfaces were respectively modified with an alkythiol and a silane, both bearing an alkyl chain, and an oligo(ethylene glycol) moiety. We showed that on both surfaces the ethylene glycol moieties were degraded under XPS measurements while the alkyl chains remained unreacted. This led to varying ratios of CO/CC peak intensities. The reaction kinetics were found to be different for the two surfaces, as can be expected since both cases show numerous differences concerning the substrate properties as well as the organic layer. Static contact angle measurements showed a loss of hydrophilicity after X-ray irradiation. No new chemical functions were evidenced by PM-IRRAS. This suggests the partial shaving of the OEG moieties resulting in the loss of hydrophilicity. Furthermore, we have shown that the degradation of the OEG moieties directly impacts the surfaces' anti-fouling properties. Indeed, protein adsorption was found to increase as a function of exposure time to X-rays under XPS measurements. It seems crucial to investigate the effect of XPS measurements on PEGylated surfaces with a better sensitivity because it is not suitable that surface chararacterization be conducted for hours and better temporal resolution because the degradation (specially on silica) is very fast. We plan to carry this investigation focusing on the early stages of degradation with the use of a fast detector as the TEMPO beamline in synchrotron soleil. Nevertheless, our findings suggest that the characterization of such surfaces may be impacted by the degradation of the PEGylated moiety.

Orthogonal functionalizations of patterned gold/silica surfaces

As presented in the introduction to this manuscript, the main goal of the present work is to investigate the orthogonal functionalizations of patterned gold and silica substrates. In the following paragraphs we will demonstrate by direct chemical characterizations our ability to carry on these orthogonal functionalizations with different molecules and substrates. First, we will prove this orthogonality on macropatterned substrates (i.e., gold and silica regions of ca. 1cm 2 ) as these allow an easier characterization with tools having low spatial (lateral) resolution. Then, we will demonstrate orthogonal functionalizations on the microscale by XPS and ToF-SIMS imaging.

At the macroscale

Because most of the surface chemical characterization tools readily available in the lab (PM-IRRAS, XPS, contact angle) probe millimetric surfaces (spot or drop size on the surface) we decided to test the orthogonality of chemical functionalizations on "macro-patterned" surfaces. Such surfaces usually consisted of a ca. 2cm 2 silica (on silicon) substrate onto which half of the surface was covered by a gold thin film or viceversa : a 2cm 2 gold film (on glass) half-covered by a silica thin film.

Figure 3.17 shows the XPS C1s spectra of the gold and silica regions of a heterogeneous sample functionalized with MUA and PEG-Si (both functionalizations made simultaneously by mixing both molecules in DCM, as explained in Chapter 2). On gold the carbon peaks correspond to MUA (C-C-C peak at 285eV, 93.2% of total C1s area and COOH contribution at 289eV, 6.8% of total C1s area) while on silica, the spectrum is dominated by ether carbons C-C-O at 287eV (88.5 % of total C1s area) with a small contribution of the propyl chain at 285eV (11.5 % of total C1s area). The reader can see that the spectrum on the silica region of this sample -Fig 3 .17b-is very similar to the spectrum of a plain silica sample functionalized uniquely with PEG-Si -Fig. 3.8-. Because of the degradation of PEG under X-rays, the percentages of ether and alkyl carbons on silica are less certain than the deconvolution of C-OOH and C-C-C on gold.

Water contact angle measurements and PM-IRRAS also tend to corroborate the good orthogonality of the double functionalization.

The contact angles of water on gold and silica were found to change from ca. 75 • to ca. 54 • (on gold) and from ca. 22 • to ca. 38 • (on silica). This seems coherent with the orthogonal functionalizations and values given in the literature 60,61 though it should be noted that big uncertainties remain due to the fact that : 1) the reference samples' hydrophilicity changes The different carbon contributions show that MUA is selectively bound onto gold while PEG-Si is selectively bound onto silica without any detectable cross-contamination (thiols on silica or silanes on gold). On silica, a single scan was performed to limit PEG degradation. On gold, no PEG was detected after a single scan. Thus, the spectrum presented here is the result of 8 co-added scans to improve the signal-tonoise ratio. upon ageing (both, gold and silica, are found to be very hydrophilic just after oxygen plasma cleaning but become more hydrophobic in few hours of remaining in a closed box in the lab) and 2) measurements are taken in an uncontrolled environment in regards to humidity and not finely controlled in regards to temperature.

Regarding PM-IRRAS, we could identify MUA on the gold region (spectrum not shown) but we were unable to clearly identify the organic layer on silica. It is in principle not impossible to conduct PM-IRRAS characterization of an organic layer on silica if the silica layer is only a thin film on top of a metallic substrate. 58 However, one still has to appropriately substract the silica -dominant-contribution to the spectrum in order to obtain the spectrum of the organic adlayer only. Moreover, the molecular structure of PEG-Si is largely dominated by C -O -C bonds whose main vibration mode is very close to the main vibration mode of silica Si -O -Si bonds around 1100cm -1 . This makes the detection of PEG-Si by PM-IRRAS more difficult than other silanes 58 as the main peak of the organic molecule is drowned inside the signal of the underlying silica.

Single-step double functionalizations seem to be appropriately orthogonal on average over macroscopic surfaces. We therefore decided to test the orthogonality of such functionalizations on a smaller scale, which implies the use of different characterization tools as we will see in the next chapter.

At the microscale

In order to test the orthogonality of single-step double functionalizations on micropatterned surfaces, we performed XPS and ToF-SIMS analysis with lateral resolution of few to ten microns, with the help of Thierry Le Mogne at LTDS and Didier Léonard at ISA respectively.

Different micropatterned samples were prepared by UV-lithography. The surface of these samples yielded gold microsquares of ca. 90µm surrounded by silica lines of equivalent width. We then performed single-step thiolation+silanization of these patterned substrates and checked the orthogonality of the functionalizations (presence of the thiol only on the gold microsquares and presence of the silane only on the silica lines). For an easier analysis we decided to perform the double functionalizations including a perfluorinated molecule (fluorine being a strong emitter for XPS and ToF-SIMS). Two orthogonal functionalizations were conducted on different micropatterned samples :

1. AuF + PEG-Si 2. SiF + MUA If the functionalizations are truly orthogonal, we expect to find fluorine only on the gold microsquares in the first case (AuF + PEG-Si) and vice-versa in the second (SiF + MUA). This was indeed shown by XPS and ToF-SIMS.

XPS analysis

Micropatterned gold on silica substrates functionalized with either (1) AuF and PEG-Si or (2) SiF and MUA were analyzed by XPS. On both surfaces, a first image was acquired by scanning and collecting all secondary electrons (same principle as an SEM). This allows to visualize the gold microsquares (brighter) and surrounding silica lines (darker) as can be seen in Figs. 3.18 and 3.19. Then, two different regions (ca. 10µm) corresponding to gold and silica surfaces were selected to perform a "full" spectrum (1000eV-0eV). These spectra show the following : or FKLL peaks, showing the absence of the perfluorinated thiol. Furthermore, an important carbon contribution is detected through the presence of the C1s peak whose intensity cannot be only adscribed to organic contamination and therefore reflects the presence of the PEG-silane (molecular structure given on top of spectrum). -In the case where the sample is functionalized with a perfluorinated silane and an alkylthiol (Fig. 3.19), the orthogonality of the functionalization is proven by the same arguments as above, the main one being the presence of fluorine on silica and not on gold. High resolution spectra of the C1s region (ca. 300-280eV) on both regions of both samples could bring further proof of the orthogonality of such functionalizations, as different contributions could be assigned to C-F 3 (293eV), C-F 2 (290eV), C-C (285eV) and C-O (287eV) bonds. Unfortunately, we could not conduct this analysis for technical reasons (machine availability).

However, we did conduct a mapping of the surfaces in regard to gold (Au4f) and fluorine (F1s) as presented in figures 3.20 and 3.21. On the sample functionalized with AuF and PEG-Si (Fig. 3.20), fluorine is homogeneously present in the same regions as gold, demonstrating the good orthogonality and homogeneity of the surface functionalization. On the other sample (Fig. 3.21) it is less obvious that fluorine is preferentially present on the silica regions (around the squares). This is due to the overall low level in image 3.21. This low level can be partly assigned to some degradation induced by X-rays over the course of the mapping (several hours) and may also be linked to the lack of a curing step in the functionalization protocol (curing above 100 • C is often recommended for silanization 62,63 though it is not recommended in this case, since thiols could desorb at high temperature). Indeed we found (data not shown) that the level of C1s and F1s had dropped on this sample between the beginning and the end of the mapping. Thus, the poor contrast in image 3.21 reveals an issue that is not in contradiction with the good orthogonality of the functionalizations unambiguously proven by the scans showed at Fig. 3.19, performed prior to the element mapping (thus prior to a probable degradation).

ToF-SIMS analysis

Similar analysis were conducted by ToF-SIMS. Unfortunately, because of a technical issue, we could not acquire reliable full spectra on different regions such as the ones acquired with XPS (Figs. 3.18 and 3.19). However, we conducted a mapping of fluorine (m/z = 19.045 -19.05) on micropatterned substrates functionalized with AuF + PEG-Si (Fig. 3.22a) and SiF + MUA (Fig. 3.22b). In each case fluorine is only (or very predominantly) present on the gold microsquares (Fig. 3.22a) or the surrounding silica (Fig. 3.22b) but not on both, which demonstrates the good orthogonality of the single-step double functionalizations. Fluorine is expected to be found only on silica (i.e., where no gold is found). This is not obvious in the image, which presents an overall low intensity (read main text for more details). 

Applications to colloid trapping

NB : The following paragraphs are adapted from a paper currently submitted for publication. 2 Selective functionalizations of gold micro and nanopatterns on silica with different alkylthiols were used for colloid trapping. Based on the thiols' headgroup two approaches were developped (see Fig. 3.23) :

1. A bio-affinity approach based on affinity of biotinylated thiols (MU-Biot) with streptavidinfunctionalized latexes.

2. An electrostatic approach based on attractive interaction between positively charged aminothiols (MUAM) and negatively charged carboxylatex nanoparticles.

NB : The molecular structures of MU-Biot and MUAM have already been given together with their PM-IRRAS spectra in Fig. 3.4.

In both cases, non-specific adsorption was limited by electrostatic repulsive interactions between the negatively charged silica and latex particles and efficient washing steps. Indeed the isoelectric point of streptavidin, the pKa of carboxylic acids and the point of zero charge of silica are roughly equal to 5, 4 and 2 respectively, which is below the pH that was used during colloid trapping (pH=7.4). SEM observations allowed us to determine the position of the colloids on the patterned substrates and therefore estimate the efficiency of the trapping by the functionalized gold structures.

Colloid trapping on micropatterns

Figure 3.24 shows typical SEM images of micropatterned functionalized gold on silica after colloid deposition and rinsing. These images (and other similar ones not shown) were analyzed with ImageJ software to compute the trapping on gold and silica (i.e., the percentage of the gold and silica surface that was covered by colloids). This quantitative analysis is presented in Fig. 3.25 clearly shows the efficiency of the selective surface functionalization for colloid trapping : When no functionalization is made ("Ref" sample) then colloids are not significantly adsorbed on gold or silica (surface coverage of ca. 1%). However, when substrates are appropriately functionalized, surface coverage on gold increases to ca. 10-25 % while non-specific adsorption on silica remains below 2%. The results appear to be homogeneous throughout the samples (error bars represent the measured standard deviation) and reproducible (specially for the bio approach) though the number of tested samples as well as distinct measurements throughout them (3 in each case) is probably too small to have an accurate assessment of reproducibility and homogeneity.

Another approach was tested in which the carboxylatex beads were activated for a covalent amide coupling to MUAM. However, this led to particle aggregation. It must be noted that the negative charge on the carboxylatexes are responsible for their colloidal stability (see appendix B on DLVO theory). Therefore, it seems that additional precautions have to be taken into consideration when modifying the surface chemistry of colloidal nanoparticles.

Colloid trapping on large arrays of individual nanostructures

We have shown in the previous paragraphs how colloids could efficiently be trapped on micrometric gold regions by surface (bio)chemical interactions, tuned by appropriate functionalization. However, many potential applications of colloid trapping imply the anchoring of individual nanoparticles onto arrays of individual nanotraps. LSPR-based devices, for instance, imply the presence of metallic nanostructures which are commensurable to the colloids presented here (few hundreds nm).

The beads used in the electrostatic method (see Fig. 3.23b) are fluorescent infrared beads. It can be expected that the precise anchoring of such beads on an array of plasmonic nanoantennas would yield unprecedented photonic properties resulting from the coupling of the beads' fluorescence and the nano-antenna localized plasmons modes and preferential direction of emission. 16 Therefore, we decided to apply the same methodology with aminothiols to bind the fluorescent carboxylatex particles on individual nano-antennas. The nano-antennas are dimers of triangles (bow-tie), ovals and rectangles with typical dimensions of 100nm separated by a 10, 20 or 50nm gap. This geometry is based on photonic simulations that are not presented here, performed by Ali Belarouci. The samples were prepared by e-beam lithography by Pedro Rojo Romeo and Céline Chevalier.

Figure 3.26 shows a 3x4 array of dimer nano-antennas (bright ovals) surrounded by silica surface. Fluorescent nanobeads can be seen in light gray. As highlighted in green in the image, 11 out of 12 nano-antennas have at least one bead attached. Furthermore, non-specific adsorption on the surrounding silica surface is low (only three beads can be seen on the ca. 10x15µm silica surface, highlighted in yellow in the image). Indeed, in the conditions of beads' deposition (in PBS 1X at pH=7.4), only the functionalized gold structures have an attractive electrostatic interaction with the beads through the protonated amine headgroup while the silica surface is mainly negatively charged and therefore repels the beads (see Fig. 3.23b).

We took several images as the one shown in Fig. 3.26 to make a more meaningfull statistics over the millimetric sample. 75 out of 109 randomly chosen nano-antennas were found to be occupied by nano-beads (i.e., 68.8 %). There are however a certain number of additional issues that become apparent when looking more closely at the nanostructures (Fig. 3.27) :

1. At this stage, the metallic dimers do not have the desired geometry. Indeed, it appears that some dimers are bridged (Fig. 3.27b) and others have a gap bigger than 50nm (Fig.

3.27a).

2. Though it is possible to find a single bead localized on the gap of the dimer (Fig. 3.27a), we generally found 1, 2 (Fig. 3.27b) or 3 (Fig. 3.27c), not necessarily on the gap of the dimer. It does not seem reasonable to think that surface functionalization alone can finely tune the position of the beads on the nanostructures. However, a combination of surface functionalization and photonic approaches 64 may overcome this issue.

Furthermore, it must be noted that non-specific adsorption was generally higher that what can be seen in Fig. 3.26 although it remained low (few tens of beads on a 10x15µm surface). Mixing and washing procedures will have to be improved in the future, for enabling an homogeneous behaviour on large areas.

Nonetheless, these results prove that selective surface chemical functionalizations can be used to arrange different colloids onto large arrays of individual nanotraps which may serve as a general framework for the development of novel systems combining the physical properties of nano-objects and the high degree of complexity (miniaturization and diversification) allowed by lithography nanopatterning of a substrate. 

Conclusions on the experimental results

Conclusions on the experimental results

We have presented in this chapter experimental evidence of the coupling between topdown processes (lithography, thin film deposition) and bottom-up molecular self-assembled structures in 2D (SAMs) and 3D (colloids).

First of all, an efficient and non-destructive method for substrate cleaning after lithography and prior to chemical functionalization was found by oxygen plasma ashing. Indeed we found that oxygen plasma ashing was more efficient than organic solvents and UV/ozone for removing polymeric residues. Furthermore, it does not cause delamination of thin films and nanostructures as piranha solution. However, two main issues were raised in relation to the use of oxygen plasma : (1) When performed in an RIE device with lines for fluorinated gases such as CHF 3 or SF 6 , fluorine contamination was found on the surface and (2) the use of oxygen plasma on gold surfaces led to the formation of an oxide layer (Au 2 O 3 ). Therefore, it was decided to perform oxygen plasma ashing in a dedicated device (Anatech) without other gases than oxygen and nitrogen and wait 24h before functionalization in order to let the surface recover its metallic nature (the oxide layer is thermodynamically unstable in normal pressure and temperature conditions).

Second, we could prove the efficient building of different SAMs on plain gold and silica substrates by PM-IRRAS and XPS. On gold, we optimized the activation protocol of MUAterminated SAMs in water and THF. 1 We showed that activation could be conducted very quickly in water (less than 30min) albeit yielding important amounts of urea byproduct that increases as NHS-ester are hydrolized. Conversely, in THF, activation takes higher amounts of NHS and DIC but yields a more stable NHS-ester surface. Another study conducted on plain functionalized substrates showed the shaving of OEG-terminated SAMs induced by X-rays during XPS characterization. This shaving leads to a loss of anti-fouling properties of PEGylated surfaces.

Third, we showed direct chemical characterization by XPS and ToF-SIMS imaging proving the orthogonality of double functionalizations (thiolation + silanization) conducted simultaneously on micropatterned gold/silica substrates.

Eventually, we demonstrated the use of selective thiolation of micro and nanopatterned substrates to trap different latex nanoparticles. This was especially used to demonstrate the possibility of trapping individual nanobeads onto large arrays of nanostructures envisioned to work as plasmonic nano-antennas. We achieved 68.8 % trapping yield with low non-specific adsorption on the surrounding silica surface (less than one nanobead -100nm diameter-per 5µm 2 ).

Further work is under way focussing on : (1) the characterization of orthogonal functionalizations at the nanoscale through local probes, (2) the coupling of fluorescent nanobeads and plasmonic nanoantennas and (3) the use of orthogonal functionalizations for enhancing the sensitivity of LSPR-based biosensors.

Conclusion Générale

Pour conclure sur le travail développé jusqu'ici il convient tout d'abord de le resituer dans le contexte scientifique et technologique dans lequel il s'inscrit. Tel qu'expliqué dans l'introduction générale de ce manuscrit, ce contexte est celui du développement de surfaces nanostructurées 2D et 3D sur lesquelles un adressage sélectif de différentes cibles (par ex : biomolécules ou nano-objets) est souhaité. Bien que la méthodologie développée ici puisse s'appliquer dans nombreux domaines, nous nous sommes surtout intéressés au domaine des biocapteurs plasmoniques. Dans ce domaine, un des principaux verrous technologiques actuels réside dans le fait de pouvoir sélectivement ancrer les biomolécules (ou particules) cibles sur des matrices de nanostructures métalliques qui possèdent des modes plasmoniques localisés sans que ces cibles ne s'adsorbent sur la surface diélectrique environnante où la transduction ne peut pas avoir lieu. La fonctionnalisation chimique de surface est une méthode privilégiée pour permettre un tel ancrage sélectif. Il s'agit alors de modifier chimiquement la surface du métal et du diélectrique (fonctionnalisations orthogonales) pour permettre l'ancrage de la cible sur le premier tout en évitant l'adsorption non-spécifique sur le deuxième. L'étude de l'état de l'art sur ce sujet montre que malgré quelques publications notamment depuis 2010, un certain nombre de lacunes existent auquelles nous avons essayé d'apporter des réponses :

1. Caractérisation chimique directe : La caractérisation chimique directe de la fonctionnalisation est souvent négligée et reléguée à des mesures « en fin de processus », c'est à dire souvent à la lecture d'une réponse du capteur après fonctionnalisation chimique, immobilisation de biomolécule sonde et reconnaissance de biomolécule cible. Nous avons voulu présenter ici une caractérisation de surface à chaque étape démontrant le bon déroulement de la fonctionnalisation ainsi que l'activation pour les SAMs terminées NHSester (ce qui a notamment conduit à une optimisation des processus d'activation). Cette caractérisation s'est faite par différents outils, notamment PM-IRRAS, XPS et ToF-SIMS.

Il est important de noter que nous avons pu démontrer la bonne orthogonalité de diverses fonctionnalisations à l'aide de thiols et silanes à l'échelle micrométrique par cartographie XPS et ToF-SIMS.

2. Sélectivité des fonctionnalisations : Nous avons utilisé des molécules (thiols et silanes) hautement spécifiques des deux matériaux étudiés (or et silice) ce qui assure la bonne sélectivité des fonctionnalisations. Ceci est un avantage certain vis-à-vis des fonctionnalisations faites par adsorption non spécifique de divers polymères ou macromolécules, souvent rencontrées dans des publications récentes concernant les biocapteurs LSPR.

3. Fonctionnalisations en une seule étape : Grâce à cette grande séléctivité des thiols et silanes pour l'or et la silice respectivement, nous avons pu réaliser les fonctionnalisations orthogonales simultanément dans le dichlorométhane. De telles fonctionnalisations orthogonales en une seule étape n'ont jamais, à notre connaissance, été présentées dans la littérature.

4. Épaisseur de la couche d'accroche : Un autre avantage des molécules utilisées dans ce travail est leur petite taille, qui assure l'ancrage des biomolécules à détecter au plus près de la surface métallique. Ceci est évidemment très important pour augmenter la sensibilité dans le cadre d'un capteur à ondes évanescentes.

5. Diversité : Nous avons testé diverses molécules comportant des espaceurs alkyls, PEG ou perfluorés et des groupements fonctionnels tels que COOH, NH 2 , CH 3 ou biotine. Ceci montre la grande versatilité de cette approche, qui peut être appliquée pour capturer différentes cibles.

Nous avons eu l'occasion de démontrer l'intérêt de ces fonctionnalisations séléctives pour immobiliser divers nanolatex sur des micro et nanostructures d'or sur silice de manière très spécifique, tel que révélé par microscopie électronique à balayage. Nous pouvons imaginer de nombreuses débouchées et perspectives pour ce travail. À court terme, ces résultats devraient être exploités d'un point de vue photonique. En effet, nous avons d'une part réussi à localiser des nanoparticules fluorescentes sur des matrices de nanoantennes plasmoniques. Un couplage photonique de ces deux nano-objets (nanobille/nanoantenne) est escompté et en cours de caractérisation au moment où l'on écrit cette conclusion. D'autre part, la fonctionnalisation orthogonale devrait permettre un accroissement de la sensibilité d'un capteur LSPR, ce qui est également en cours de test. À plus long terme, ce travail pourra évoluer dans différentes directions. Une diversification est possible tant sur les molécules utilisées pour la fonctionnalisation que sur les matériaux à fonctionnaliser (par ex : nitrure de silicium) ou sur les applications visées (ex : biocapteurs à transduction électronique). En outre, il est important de continuer à étudier de manière plus fondamentale et méthodologique la fonctionnalisation chimique de surfaces hétérogènes. Nous n'avons malheureusement pas pu mettre en évidence par des caractérisations « directes » l'orthogonalité des fonctionnalisations à une échelle inférieure à la dizaine de microns. Cependant, l'utilisation de microscopies à champ proches dérivées de l'AFM (CFM, TERS) ou, peut-être, l'utilisation de sources synchrotron pourraient permettre d'aller plus loin dans la caractérisation, notamment en terme de résolution spatiale.

General Conclusion

The conclusions of the work presented hereby need to be drawn in regards to the scientific and technological context in which this work was developped. As explained in the general introduction to this manuscript, our aim has been to answer the following question : how can we selectively trap different targets (eg : biomolecules or nano-objects) onto previously defined regions of a patterned surface ? Though this is quite a broad issue in nanotechnology, we have mainly focused on its applications and implications in the field of plasmonic biosensors. In this field, one of the major current technological bottlenecks comes from the need to selectively anchor biomolecules (or particles) onto large arrays of metallic nanostructures which support localized plasmons while avoiding the non-specific adsorption of these targets onto the surrounding dielectric surface where no detection can happen. Surface chemical functionalization is specially well suited to answer this issue. The aim is thus to chemically modify the metal and dielectric surfaces so that the target can be bound onto the former while being repelled from the latter. The state of the art on this topic shows that despite some publications specially since 2010, a given number of issues can still be raised to which we tried to bring appropriate responses :

1. Direct chemical characterization : At the functionalization step, chemical characterization is often ommited. Instead, only the final sensor signal (after chemical functionalization, biomolecule probe immobilization and target biomolecule recognition) is taken into account. We have tried to provide surface characterizations at each step to prove the success of the functionalization and activation in the case of NHS-ester based SAMs (which has lead us to an optimization of such activation processes). This characterization has been carried out by different tools such as PM-IRRAS, XPS and ToF-SIMS. It is important to note that we were able to prove the efficiency of orthogonal functionalizations with thiols and silanes at the microscale through XPS and ToF-SIMS mapping.

Selectivity :

We have used molecules (thiols and silanes) which are highly specific to the two materials investigated (gold and silica) which ensures the good selectivity of the functionalizations. This is a clear advantage to some recently reported functionalizations in the field of LSPR biosensors, made by non-specific adsorption of different polymers and macromolecules.

3. Single-step functionalizations : This above-mentioned selectivity has allowed us to carry out both functionalizations simultaneously in dichloromethane. Such single-step orthogonal functionalizations have, to the best of our knowledge, never been reported in the literature.

4. Chemical layer thickness : Another advantage of the molecules used in this work is their small size. This means that the target biomolecules can be anchored very close to the metal surface, which is extremely important for transduction based on evanescent waves.

Diversity :

We have tested a broad range of molecules with different spacer chains including alkyl, PEG and perfluorinated, as well as different headgroups such as COOH, NH 2 , CH 3 and biotin. This shows the great versatility of this approach which can be applied to capture different targets.

Furthermore, we have shown how these material-selective functionalizations can be used to anchor different nanolatexes onto micro and nanostructures of gold on silica with very high specificity, as revealed by SEM. A lot of potential derivations of this work can be expected. In the short term, these results should be exploited from a photonic point of view. Indeed, we have been able to anchor fluorescent nanobeads onto large arrays of plasmonic nanoantennas. A photonic coupling of these two nano-objects (nanobead / nanoantenna) is expected. The appropriate photonic characterizations are under way. Furthermore, orthogonal functionalizations should be able to increase the sensitivity of an LSPR biosensor which is also being tested at the moment. In the long term, this work may know different evolutions. We can expect a diversification of the molecules used for the functionalizations as well as the substrate materials (e.g : silicon nitride) or the final application (e.g : electronic biosensors). Eventually, it is important to continue the deeper characterization of the orthogonal functionalizations on heterogeneous substrates. We could only show direct chemical evidence of this orthogonality at a rather "big" scale (> ten microns). However, the use of scanning probe microscopies derived from AFM (CFM, TERS) or, maybe, the use of synchrotron radiation could allow to go further in the chemical characterization, specially in terms of spatial resolution. for D < D 0 the total interaction is attractive ( dU dD > 0) while it is repulsive for D > D 0 ( dU dD < 0). Physically, this means that for two particles far from each other (D >> D 0 ) if the thermal energy kT is higher than U 0 , then the particles can overcome this energy barrier and aggregate due to the short-range dominating Van der Waals attractive forces. If U 0 > kT instead, then the colloids can be well stabilized by the electrostatic repulsion. Nevertheless, other phenomena can play a role in colloidal stabilization and are not taken into account in DLVO theory such as acid/base interactions 37,38 , hydration forces 39 , steric hindrance 37 or viscous drag divergence near a wall. [40][41][42] Thus, we can add other terms to U DLV O (the "new theory" is sometimes referred to as "extended DLVO").

A
In practice, to stabilize a colloidal dispersion, one can fix the ionic strength to change Debye's length. Indeed, as a rule of thumb, at 25 • C in aqueous solution, we can estimate : λ D = 0, 304 (nm) √ I (mol/L) Where I is the ionic strength of the solution in moles per liter. As an example, λ D is around 1nm in PBS 43 while it can almost reach 1µm in ultrapure water 44 . Another common method for stabilizing colloids is to graft polymers onto the particles' surfaces to ensure steric hindrance when particles come close together 37 .

C.3. ToF-SIMS

level, in other words ionisation energy of the atom) and the remaining energy is translated into kinetic energy of the expelled electron. |E input | is known and fixed by the source (eg : 1486.6eV), |E kinetic | is measured, so that the binding energy can be simply deduced

|E binding | = |E input | -|E kinetic |.
The XPS analyzer counts the number of electrons (per unit time) reaching the detector with a given kinetic energy (translated into binding energy with the aforementioned relation). Thus a typical XPS spectrum shows an intensity (in "counts per second") versus binding energy with peaks associated to the energy of electrons in atoms present at the surface. Obviously, only electrons whose binding energy is inferior to the energy of the input X-ray photons can be detected.

Most importantly, XPS is sensitive to the so-called "chemical shift". This refers to the fact that electrons at the same quantic state (same orbital) of the same element (eg : C1s orbital of a carbon atom) have slightly different binding energies depending on the chemical environment of the given atom. This means that a carbon atom participating in a carboxylic acid chemical group O=C-OH has a different XPS spectrum (C1s peak around 289.0eV) than a carbon atom in an alkyl chain CH2-CH2-CH2 (C1s peak around 285.0eV). Thus, XPS which is sometimes referred to as ESCA (Electron Spectroscopy for Chemical Analysis) is not only an elemental analysis method but also a chemical one.

C.3 ToF-SIMS

Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) is another surface sensitive (typically around 1-2nm depth) analysis method. ToF-SIMS is based on the detection of ionized molecular fragments of the molecules present at the surface sample.

A source is used to bombard the sample with a -primary-ion beam (eg : ionized gold clusters or fullerenes), thus liberating ionized fragments of the present molecules. Thesesecondary-ions are then accelerated with a constant voltage onto a time-of-flight mass spectrometer that separates the different species according to their mass-to-charge ratio (m/z) which can be determined by computing the "time of flight", that is the time between the generation of the secondary ion and its reaching the detector. Indeed, by equating the potential energy induced by the fixed voltage E electric = zV where z is the charge and V is the voltage, to the kinetic energy of the ion E kinetic = mv 2 2 , where m and v are the mass and velocity of the secondary ion, it can easily be determined that t = α √ m/z, where t is the time of flight and α is a proportionality constant that can be determined with well known ion species response (usually hydrocarbons). This technique requires that the ions have a ballistic trajectory, without collision with other species. In other words the mean free path of the ions should be large compared to the distance between the sample and the detector. Thus, it is required to operate in vacuum (ca. 10Pa).

Obviously, depending on the polarization set between the sample and analyzer only positive or negative ions can be detected simultaneously.

C.4 Contact angle goniometry

Contact angle goniometry is based on the measure of the angle θ C formed by a liquid onto a solid surface in contact with a gas environment (see Fig. 

D.2. Colloid trapping

Eventually, it is not sure that covalent coupling should lead to a stronger binding than electrostatic interactions. Indeed though a covalent amide bond is probably stronger than an a single electrostatic interaction between facing COO -and NH + 3 groups, one should also consider the total number of bonds that can be created between the bead and the surface. Knowing the dimensions of the bead and the spacing between adjacent chemical groups, it should be possible to theoretically compute the overall interaction energy. The idea is that electrostatic bonds are present even between chemical groups that are "far" from each other, while chemical coupling can only occur on a few facing headgroups.

D.2.2 Electrostatic trapping as a function of ionic strength

I conducted electrostatic trapping in PBS 10X, PBS 1X and ultrapure water at different times (30min, 1h, 2h, 24h, 72h). The idea behind this was to demonstrate the effect of the ionic strength (i.e., Debye length) on the electrostatic trapping efficiency. I expected different trapping rates as a function of ionic strength, with aggregation occurring on extreme cases. This would enable to start drawing a diagram to find optimum conditions for trapping (as a function of ionic strength and time). However, the results (assessed by SEM) did not show a very clear trend in surface coverage. As this was done only once on a single set of samples (again a "one shot" experiment due to lack of time and samples) it was difficult to make any conclusion on the experiment.

D.2.3 Combination with physical approaches D.2.3.1 Magnetic

The beads used on the bio-affinity method are magnetic latex. I tried to use the magnetic properties to enhance the trapping (surface coverage) of these beads by attracting them towards the sample surface (from the bulk liquid phase) with a macroscopic neodymium magnet. In this experiment, the sample patterned surface was placed in the center of a liquid millimetric "cell", immersed in the bead solution (few millilitres). The magnet was placed below the cell. The idea was not to rely on diffusion alone to make the beads reach the surface. However, the attraction by the magnet was stronger than expected and the beads ended up moving to the edges of the cell (i.e., far from the sample surface which was placed at the center of the cell) because they were preferentially attracted to the edges of the macroscopic magnet (border effect).

If magnetic trapping is desired it must certainly be done in a smarter and less naive way with patterned micro-magnets for instance.

D.2.3.2 Capillary Force Assembly

In a collaboration with CEA-LITEN we also tried combining the trapping of colloids based on surface chemistry and capillary force assembly (CFA). The idea was to create a dense colloid monolayer by CFA (dip-coating) and then wash the surface so that only the beads that were on a trapping region (with a matching surface chemistry) would stay on the surface while the other beads (remaining only by Van der Waals adsorption forces) would be washed away. This did not work. It is unclear if the surface functionalization was really efficient at that time. Furthermore, it is probably not a good idea to rely on building a dense particle layer first and wash away later. Indeed, it would be better to ensure that particles only "stick" to the trapping regions during the CFA (dip-coating).

Foreword:

  The invisible workx

Figure 1 -

 1 Figure 1 -Un capteur SPR classique (1) utilise une couche mince métallique continue, présentant des plasmons de surface. Ces plasmons sont des champs électriques évanescents dans la direction z et dont les caractéristiques varient avec les molécules présentes à la surface. Ceci explique leur utilisation comme transducteur dans les biocapteurs. Les plasmons de surface sont propagatifs dans les directions x et y. Cette architecture a démontré son utilité dans les biocapteurs mais les limites théoriques de détection s'avèrent insuffisantes dans certaines applications. De ce fait, des structurations 2D (2) et 3D (3) sont développées pour permettre l'exaltation de plasmons localisés qui permettent à priori une sensibilité accrue.
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 2 Figure 2 -Schéma d'une surface nanostructurée où la transduction n'a lieu que sur la nanostructure. Si les cibles ne se fixent pas de manière spécifique sur la nanostructure, le signal est proportionnel au nombre total de cibles (cas A et B). Par contre, si les cibles sont dirigées vers la nanostructure, la sensibilité est accrue.
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 4 Figure 4 -Schéma montrant comment la fonctionnalisation chimique orthogonale peut permettre la localisation de cibles et ainsi accroître la sensibilité d'un biocapteur plasmonique (signal accru à nombre de molécules constant).
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 8 Figure 8 -Schematic representation of the use of orthogonal functionalizations to enhance the sensibility of a plasmonic biosensor (enhanced signal with constant number of molecules).
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 11 Figure 1.1 -Different fluidic approaches for CFA : a) Drop-casting b) Spin-coating c) Dip-coating d) Confined solution with moving substrate.
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 12 Figure 1.2 -Schematic representation of the localized deposition of nanoparticles through e-beam lithography, CFA and lift-off. (a) E-beam resist is first patterned by lithography. (b)Micelles containing a metallic nanoparticle at their core are then deposited on the surface, some trapped on the holes defined in the e-beam resist by CFA while some remain on top of the resist layer. (c) A standard lift-off method dissolves the e-beam resist, removing the micelles adsorbed on it (outside the lithography-defined holes). (d) Eventually, the micelles remaining on the surface are dissolved to liberate their metallic nanoparticle cores. Adapted from.50 
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 13 Figure 1.3 -Trap density vs particle size using CFA.

Figure 1 . 4 -

 14 Figure 1.4 -Efficiency of parallel DEP trapping of single nanowires.
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 15 Figure 1.5 -Efficiency of parallel DEP trapping of CNTs.
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 16 Figure 1.6 -Plasmonic array traps for spherical particles.
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 17 Figure 1.7 -Magnetic array traps for spherical particles.
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 18 Figure 1.8 -Comparison of different methods for parallel trapping of spherical particles.
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 19 Figure1.9 -Schematic representation of surface functionalization and its use for particle trapping. a) and b) refer to colloid stabilization and transport phenomena, c) refers to selective binding of particle based on surface functionalization. Note that typical binding sites take less than 1nm 2 while trap' dimensions are often over 100x100 nm (figure is not to scale), meaning that there are many binding sites for one trap.

Figure 1 . 10 -

 110 Figure 1.10 -Ideal representation of self-assembled monolayers on a solid surface. Molecules from a liquid or gas phase (a) are chemically bonded onto the substrate by their substrate-specific headgroup (b) and self-arrange through Van der Waals interactions to form a pseudo-crystalline monolayer (c). A more realistic representation of SAMs can be found in Fig. 1.16 along with a discussion about the main defects in such organic layers.

Figure 1 .

 1 Figure 1.11 -Odd-Even effect. Alkanethiols with odd and even number of methylene units have different projection of the methyl endgroup on the Au(111) surface, leading to differences in hydrophilicity of the so-formed SAMs. Figure adapted from.302

Figure 1 .

 1 Figure 1.13 -Schematic representation of binding energies of thiols and thiolates on gold. Adapted from.427 
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 114 Figure 1.14 -Structural model of the commensurate adlayer formed by thiols on the gold lattice. The arrangement shown is a √ 3 × √ 3 R30 • structure where the sulfur atoms (dark gray circles) are positioned in the 3-fold hollows of the gold lattice (white circles, a = 0.288nm). The light gray circles with the dashed lines indicate the approximate projected surface area occupied by each alkane chain ; the dark wedges indicate the projection of the CCC plane onf the alkane chain onto the surface. Note the alternating orientation of the alkane chains defines a c(4×2) superlattice structure. The formal c(4 × 2) unit cell is marked (long dashes), an equivalent 2 √ 3 × √ 3 unit cell is marked by lines with short dashes. The alkane chains tilt in the direction of their next-nearest neighbors.Figure and legend originally published in.302 

303 Figure 1 .

 3031 Figure 1.15 -Tilt, twist and precession angles of alkanethiolates on gold.
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 116 Figure 1.16 -Schematic illustration of some of the intrinsic and extrinsic defects found in SAMs formed on polycrystalline substrates. The dark line at the metal-sulfur interface is a visual guide for the reader and indicates the changing topography of the substrate itself.Figure and legend originally published in.302 
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 117 Figure 1.17 -Schematic representation of samples' dimensions (not to scale).

2 .

 2 Silica functionalization (a) Introduce the dried DCM into a reactor. (b) Add PEG-Si (10µL for 25mL of DCM). (c) Introduce the silica sample previously cleaned by O 2 plasma in the reactor.

( a )

 a Introduce the dried DCM into a clean reactor. (b) Add the silanes and thiols in different amounts (given for 25mL of DCM) : -MUA / SiF : 50mg / 10µL -MUA / PEG-Si : 50mg / 10µL -AuF / PEG-Si : 100µL / 10µL (c) Introduce the sample previously cleaned by O 2 plasma (at least 24h prior to functionalization) in the reactor.
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 31 Figure 3.1 -XPS spectra of silica surfaces exposed to PMMA and cleaned with different procedures. (Top) Cleaning with organic solvents leaves polymer residues (high intensity of C1s peak at 285eV). (Middle) Plasma ashing in an RIE machine efficiently removes PMMA but leads to fluorine contamination (F1s and FKLL peaks). (Bottom) Oxygen plasma ashing in a dedicated machine (Anatech) without other gas lines than oxygen and nitrogen, leads to efficient cleaning without introducing other contaminations.
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 32 Figure 3.2 -Au4f XPS spectra of a gold sample right after undergoing oxygen plasma cleaning and 12h later.Two main peaks can be seen at 87.5eV and 84.0eV corresponding to Au4f 5/2 and Au4f 7/2 of plain gold. Two more contributions are detected which are assigned to gold oxide and whose intensity decays over time. This shows that though gold oxide is formed upon exposure to oxygen plasma, the oxygen is desorbed and the surface recovers its metallic nature in ca. 1 day.
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 33 Figure 3.3 -Gold surface roughness (a) and crystallinity (b)

assym CH 2 14 Figure 3 . 4 -

 21434 Figure 3.4 -PM-IRRAS spectra of MU-Biot, MUAM and MUA SAMs on gold. The most relevant infrared peaks of each molecules can be clearly identified on the corresponding spectrum, showing the success of the chemical functionalizations.
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 32 Scheme 3.2 -Possible derivatizations of O-acylurea in the presence of NHS, including the expected NHS-ester and main byproducts : N-acylurea and anhydride.24 
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 35 Figure 3.5 -Samples activated in (a) water and (b) THF with 100 mM concentrations of corresponding carbodiimide and NHS. Characteristic NHS absorption wavenumbers are written in bold and 1818cm -1 peak, characteristic of NHS-ester is written in bold and italics.

Fig. 3 .

 3 Fig. 3.5 show the evolution of the surface upon activation in water and THF with concentrations of 100mM in carbodiimide and NHS.
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 36 Figure 3.6 -Area of the 1818cm -1 peak for different solvents/carbodiimides, concentrations and times. Below a value of 150 a.u. the peak is barely noticeable.

  3.7) and normalized intensities (I norm = I I total -I H +/- × 100) of various characteristic ions were calculated. Figs 3.7a and 3.7b indicate the detection on both surfaces
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 38 Figure 3.8 -C1s XPS spectrum of PEGylated silica surface. Because of the degradation of such molecule under irradiation a single scan is presented instead of the usual co-addition of several scans which, in the absence of degradation, would yield a better signal-to-noise ratio.
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 39 Figure 3.9 -Evolution of the C1s spectra of PEGylated silica. Left image shows a map of the spectrum over time. The time between two scans is ca. 3.6 minutes. Right image shows 4 spectra in detail at selected times.
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 310311 Figure 3.10 -Evolution of the C1s spectra of PEGylated gold. Left image shows a map of the spectrum over time.The time between two scans is ca. 9 minutes. Right image shows 4 spectra in detail at selected times.
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 312 Figure3.12 -Relative contributions of OEG (CO peak) to the total C1s amount. On silica, the low intensity of peaks after 4h makes it difficult to fit both contributions. On gold, the normalized CO intensity continues to decay linearly reaching a value of under 0.3 after 9h (not shown here).

Figure 3 .

 3 Figure 3.13 -PM-IRRAS spectra of a PEGylated gold sample before and after 18 hours X-Ray irradiation by continuous XPS measurements.
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 314 Figure 3.14 -Spectra of PEGylated silica surface at times a) 0 hour and b) 18 hours, without irradiation between the two measurements. The surface is conserved in the XPS chamber away from the X-ray spot and under the flood gun.
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 315 Figure 3.15 -Fluorescence intensities after adsorption of fluorescently-labeled streptavidin on an irradiated and non-irradiated sample. A 12mm 2 area was scanned at 3µm resolution with fluorescence intensities converted to 8 bits and values binned by 2 (128 bins). Non-irradiated sample shows a very low fluorescence (average intensity around 7) compared to the irradiated sample (average around 100) which translates a much higher amount of protein adsorption on the irradiated sample.
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 316 Figure 3.16 -Evolution of the C1s (a) and O1s (b) peaks positions of PEGylated gold over time of continuous irradiation.

Figure 3 .

 3 Figure3.17 -XPS C1s spectra on the gold (a) and silica (b) regions of an heterogeneous sample orthogonally functionalized with MUA and PEG-Si. The different carbon contributions show that MUA is selectively bound onto gold while PEG-Si is selectively bound onto silica without any detectable cross-contamination (thiols on silica or silanes on gold). On silica, a single scan was performed to limit PEG degradation. On gold, no PEG was detected after a single scan. Thus, the spectrum presented here is the result of 8 co-added scans to improve the signal-tonoise ratio.

Figure 3 .

 3 Figure 3.18 -XPS image of a micropatterned gold on silica substrate orthogonally functionalized with AuF and PEG-Si and corresponding spectra on gold and silica. The analyzed regions for the spectra are roughly 10 microns and their approximate localization is represented on the image. Scale bar on the image is 100 microns. For further interpretation of the figure, read main text.

Figure 3 .

 3 Figure 3.19 -XPS image of a micropatterned gold on silica substrate orthogonally functionalized with MUA and SiF and corresponding spectra on gold and silica. The analyzed regions for the spectra are roughly 10 microns and their approximate localization is represented on the image. Scale bar on the image is 100 microns. For further interpretation of the figure, read main text.
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 3321 Figure 3.20 -[XPS Au4f and F1s mapping of micropatterned gold on silica surface orthogonally functionalized with AuF and PEG-Si.]XPS Au4f (a) and F1s (b) mapping of micropatterned gold on silica surface orthogonally functionalized with AuF and PEG-Si. Fluorine is only and homogeneously found in the same regions as gold, demonstrating the good orthogonality of the functionalizations.

Figure 3 .Figure 3 . 23 -

 3323 Figure 3.22 -ToF-SIMS fluorine mapping of patterned gold on silica surfaces orthogonally functionalized with AuF + PEG-Si (a) and SiF + MUA (b). In each case fluorine is predominant either on the gold microsquares (a) or the surrounding silica lines (b), which demonstrates the good orthogonality of the functionalizations.

  Figure3.24 shows typical SEM images of micropatterned functionalized gold on silica after colloid deposition and rinsing. These images (and other similar ones not shown) were analyzed with ImageJ software to compute the trapping on gold and silica (i.e., the percentage of the gold and silica surface that was covered by colloids). This quantitative analysis is presented in Fig.3.25.

Figure 3 .

 3 Figure 3.24 -SEM images of patterned functionalized samples after colloid deposition. The gold structures (lines, squares) appear brighter than the surrounding silica. Colloidal particles can be seen on the surface, with a preferential deposition on the gold regions. Images (a) and (c) are taken on bio-affinity based samples while (b) and (d) are taken on electrostatic based samples.
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 325 Figure 3.25 -Histogram presenting the surface coverage by latex nanoparticles on gold and silica regions of differently functionalized samples : "Ref" refers to a non-functionalized surface ; "Bio" refers to a biotinylated surface (streptavidin-functionalized beads) and "Elec" to an amino-functionalized surface (carboxylatex beads). Different columns correspond to different samples and error bars represent the measured standard deviation between three regions of the same sample.

Fig.

  Fig.3.25 clearly shows the efficiency of the selective surface functionalization for colloid trapping : When no functionalization is made ("Ref" sample) then colloids are not significantly adsorbed on gold or silica (surface coverage of ca. 1%). However, when substrates are appropriately functionalized, surface coverage on gold increases to ca. 10-25 % while non-specific adsorption on silica remains below 2%. The results appear to be homogeneous throughout the samples (error bars represent the measured standard deviation) and reproducible (specially for the bio approach) though the number of tested samples as well as distinct measurements throughout them (3 in each case) is probably too small to have an accurate assessment of reproducibility and homogeneity.Another approach was tested in which the carboxylatex beads were activated for a covalent amide coupling to MUAM. However, this led to particle aggregation. It must be noted that the negative charge on the carboxylatexes are responsible for their colloidal stability (see appendix B on DLVO theory). Therefore, it seems that additional precautions have to be taken into consideration when modifying the surface chemistry of colloidal nanoparticles.

Figure 3 .

 3 Figure 3.26 -3x4 array of dimer nano-antennas with fluorescent nanobeads attached through surface chemical functionalization. 11 out of 12 nano-antennas (green circles) are occupied by one, two or three nanobeads, preferentially anchored at the edges and corners. Only one nano-antenna is found unoccupied (red circle) while low non-specific adsorption (yellow circles) is found on the surrounding silica.

Figure 3 .

 3 Figure 3.27 -SEM images of single dimer nano-antennas with trapped nanobeads
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	Method	Nano-object Material Geometry	Trap surface Material Geometry
	CFA	Organic 47 Metallic 54 Silica 47	Spherical 54 Tube, wire 51	Any	Topographic holes
	Electrophoresis	(Charged) Organic 80 Metallic 138 Silica 283	Spherical 80 Tube, wire 82	Metallic	Any
	Dielectrophoresis Plasmonic	(Polarizable) Organic 85 Metallic 139 Silica 284 Organic 222 Metallic 70	Spherical 85 Tube, wire 146 Spherical 222	Metallic Metallic	Different designs for positive / negative DEP Different designs
	Magnetic	Magnetic* or with magnetic core	Spherical 267 Janus 285 Tube, wire 279	Magnetic*	Any

2 -Main limitations of the different trapping methods. * Magnetic refers to ferromagnetic or (super-)paramagnetic.

Table 1 . 3

 13 .3.7 1.2. Chemical functionalizations of gold and silica Dithiol might also refer to a thiol headgroup at each end of the spacer chain in the literature. More generally, polythiols with varying numbers of thiols headgroups can be found. * * Reported on nanoparticles319 and copper substrates. 316 * * *

	Mechanism
	Formula
	Name

-Different gold-binding headgroups. *

Table 1 .

 1 4 -Reported functional headgroups of SAMs on gold substrates. * Activated with EDC in the given reference. 375 * * For alcohol and methyls see references in the text.

									R 2
					R 2 NH				NH	C	OR 3
		None	O	H	C O Cutinase	OR 3	O	R 1 P	EtO O	O
	Phosphonate 302, 385, 386								Phosphonate
	OH	Passivating or diluting headgroups				
	R 1								
	Alcohol * * CH 3	None			None				None
	R 1								
	Methyl * *								
		Other functional headgroups				
	Fe	None	Modify work function of the surface.			None
	R 1								
	Ferrocene 368								

  • C) and let it come to room temperature. -In a previously cleaned (piranha) reactor, add ultrapure water and NHS + EDC at 100mM each. Note that as EDC is very hygroscopic it may be difficult to weight it correctly. Therefore, if possible, use a full unopened flask of EDC (exact weight given by provider) and dilute further if needed. -If needed, a short sonication (15 sec) can help dissolve NHS. -Introduce solid sample in the reactor and let it react for 30min (longer times are unwanted because of NHS-ester hydrolysis) -Rinse with ultrapure water in clean beaker 2x5 min with ultrasounds. -Dry with nitrogen 2. In THF, with DIC :
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 3 1 -Atomic percentages of oxygen, carbon and gold on PEGylated gold surfaces before and after 9h irradiation, determined by XPS. This evolution confirms the shaving of OEG moiety with the decrease of O1s and increase of gold substrate contribution. The carbon amount, though decreasing in absolute value, has roughly the same contribution to the surface composition (few nanometers) which is consistent with the stability of the alkyl chains on the surface.

Le terme de « cible » dans le domaine des biocapteurs désigne en général une biomolécule à détecter qui vient intéragir avec une biomolécule « sonde » greffée à la surface. Nous faisons ici un usage plus général de ce terme, tel que c'est expliqué dans le texte. xv

The term "target" is used in the field of biosensors to designate at biomolecule that needs to be detected, this biomolecule interacting with a "probe" biomolecule grafted on the surface. We make a more general use of this term here, as explained in the text.xxi

The word SAM is often used for simplicity's sake to refer to any "small" organic layer covalently bond onto a surface, disregarding the fact that the coverage may be sub-monolayer or multi-layer and have different degrees of ordering (eg : poly(ethylene glycol)-trialkoxysilanes on amourphous silica). Furthermore, the link between the organic layer structure and its' reactivity is a complex matter. We will not discuss it in detail but we should note that the "ideal" case of a perfectly crystalline SAM is not necessarily the optimum case for surface's reactivity.xxiii

The top-down fabrication of heterogeneous substrates is obviously a necessary condition to the aforementioned studies and a full part of the work developed during this PhD. However, as the processes used are rather standard and have not been the object of active research during this work, the details concerning this work are presented in appendix A along with the matter of residue removal at the end of the top-down processes (lithography) and prior to chemical functionalization.

Let us recall that, as stated before in this chapter, it is possible to chemically functionalize surfaces with other approaches than SAMs.

It should be noted that the molecule's name is often used for the defining headgroup. Thus, although a thiol is an organic compound with a sulfhydryl headgroup (as an alcohol presents an hydroxyl headgroup), the sulfhydryl group itself is often referred to, and will also be in this manuscript, as thiol.

OH

In the following list, n refers to the total number of carbon atoms in the chain, which may include an atom from the functional headgroup. This means that SH -(CH 2 ) 10 -COOH is counted as n=11, whereas SH -(CH 2 ) 10 -OH is counted as n=10

For thiols having a polar head group hydrogen bonding should also be considered, though the basics of SAM formation should remain the same. The importance of head group's polarity will rather be addressed when discussing phase segregation in mixed-SAMs.

Depending on the use that is made of each of these tools, different informations can be obtained which, of course, make this separation somehow questionable. However it is obvious that some tools are better suited for obtaining some information than others and it is in this "general" case of "standard" use of the tools that this classification is made.

Table 1.6 -Summary of different surface chemistry characterization tools.

From the given references, orthogonal functionalization designates a broader concept including the building of different self-assembled monolayers on a homogeneous substrate (eg : through micro-contact printing and backfilling). However, unless otherwise specified we will refer only to heterogeneous substrates with material-selective functionalizations.

1.3. Orthogonal functionalizations of heterogenous substrates and its applicationswhere the proofs of concept have been clearly exposed in the last few years. Other than the previous points, which concern improving the method, we can expect a diversification of this method with a multitude of applications, not necessarily better than the already presented, but different.

Some slight variations of this protocol were used in the different experiments, such as slightly different concentrations or reaction times.

Note that this protocol was used either on plain gold substrates or on patterned gold on silica when silica was not functionalized. When silica was also functionalized, the protocol used for orthogonal functionalizations was a single-step protocol (thiols + silanes in DCM) and is presented afterwards.

Piranha solution is often used, specially for uniform surfaces such as plain glass slides. However, previous experiences in the lab have lead to delamination of gold thin films and nanostructures, so that piranha cleaning was dismissed for the present work. UV/ozone was also tested in conjunction with the work of Alice Goudot, PhD student at that time. However, as it did not prove to give better results than oxygen plasma, it was not used further.

The coupling of a fluorescent nanobead to a localized plasmon is not straightforward. Indeed a few aspects have to be taken into consideration, especially regarding quenching of the fluorescence by the metal and distribution of the localized enhanced field. These photonic considerations will not be discussed in further detail here.
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Chapter 2 Appendix A

Materials and methods

Top-down fabrication and residue removal

A.1 State of the art "The complexity for minimum component costs has increased at a rate of roughly a factor of two per year [...] this rate can be expected to continue, if not to increase." 1 The development of micro and nanotechnology has been greatly based on the ability of creating large arrays of micro and nanometric structures on a substrate with well-defined geometries and spacings. The most emblematic example is probably the integration of higher amounts of smaller transistors on an electronic chip (Moore's law). 1 However, integrating a large number of micro and nanostructures on a substrate has many applications beyond electronics, such as the development of new photonic components (eg : photonic crystals) 2 or miniaturized and multiplexed biosensors (eg : biochips). 3,4 Lithography is probably the most widespread technique in micro and nanofabrication to allow the patterning of a solid substrate with different micro and nanostructures. In fact, lithography can be seen as an umbrella term for several different methods that are found under this denomination. In the following paragraphs we will briefly present UV and e-beam lithography and cite a number of unconventional alternatives.

Furthermore, as lithographies are based on polymer resists which can leave traces on the surface at the end of the process, we will discuss different cleaning procedures to remove these contaminations.

A.1.1 Lithographies

A.1.1.1 General principle

An overview of lithography is given in Figure A.1 (this simplified description intentionally ignores some possible steps, such as thermal annealing, multiple exposures on inversion resists or deposition of resist bi-layers or primers). At the first step (1-2), a chemical resist (polymer) is deposited by spin-coating on the substrate. Then (3-4), some regions of the resist are chemically modified by an incident beam (UV or electronic). The resist is later developed (5) meaning that either the regions that were modified or the ones that were not (depending on the resist being 5) Developing (dissolution) of exposed (vice-versa for negative resists, not shown) areas. (6) Material deposition (or etching, not shown). ( 7) Dissolution of the resist (lif-off). Figure adapted from. 5 positive or negative ; only the positive case is shown in the figure) are dissolved in a solvent. The openings created in the resist are then used, either to deposit a new material (6) or to etch the substrate (not shown). Finally, all the remaining resist is dissolved, thus leaving the desired structures on the surface (in the case of a deposited material, this step is called lift-off ).

Different resists and exposure beams can be used depending mainly on the expected resolution. Thus, two main techniques exist : UV-lithography and e-beam lithography. Specific information on both techniques will be described in the following sections and summarized in Table A.1.

A.1.1.2 UV lithography

UV-lithography (photolithography) is mainly used for large-scale, high-throughput and low-resolution patterns.

A.1. State of the art

In this technique, the resist is exposed to a UV-light (λ ≈ 300nm-400nm). In order to expose only given regions of the resist it is necessary to use a mask that is opaque to UV light except in the regions that are to be exposed. This allows the motif on the mask to be transferred to the photoresist. The steps following exposure have been described in the previous section (see Figure A.1).

Photoresists are resin polymers whose solubility in a developer (basic solvent) change when exposed to light. Photoresist chemistry is still an active research field but most common positive photoresists are based on DiazoNaphthoQuinone (DNQ)/Novolac 17 (eg : AZ-5206©) whereas negative photoresists may be epoxy-based (eg : SU-8©). These are usually developed in TetraMethylAmmonium Hydroxide (TMAH) (eg : AZ XXX MIF©).

The main advantage of photolithography is that many microstructures over a large area (several cm 2 ) can be exposed simultaneously. However, resolution is limited by diffraction, so that photolithography is mainly employed for typical sizes over 1µm. Nonetheless, recent advances in photolithography allow for better resolution (smaller size, smaller spacings and better edge control). These advances and current issues, which shall not be discussed in detail here, include the use of deep and extreme-UV, 6 interferometric lithography 7 and use of superlenses. 8, 9

A.1.1.3 E-beam lithography

Electron-beam lithography is mainly used for small-scale, low-throughput but high-resolution patterns.

In this case, the electron beam of a SEM (≈ 10keV-100keV) is used to directly expose, i.e., write, the wanted shapes on the resist. Thus, unlike photolithography, no mask is needed. Similarly to photoresists, electronic resists are resin polymers whose solubility in a developer is changed when exposed to electric charges, namely electrons. Among them, PMMA and, more recently, Hydrogen SilsesQuioxane (HSQ) are widely used. TMAH and Methyl isobutyl ketone (MIBK) are common developers in e-beam lithography.

Using an electron beam to expose the resist is an efficient way to beat the resolution of photolithography, limited by light diffraction. Thus, e-beam lithography can be used for nanometric patterns. However, the exposure process is sequential and can take several hours for small areas (≤ 1cm 2 ). Recent advances and current issues on e-beam lithography include the use of ultrahigh contrast 10 and Scanning Transmission Electron Microscope or Microscopy (STEM) lithography. 11,12 A.1.1.4 Summary on UV and e-beam lithographies

In the previous paragraphs we have seen the basic concepts of top-down substrate patterning using conventional lithography. It is not the purpose of this brief introduction to discuss lithography in detail with its many variants. For this matter, the reader can find the appropriate references in the literature. 11 Table A.1 summarizes the basics of UV and e-beam lithography.

Photolithography Electron-beam lithography Exposition source

UV light (≈ 300nm-400nm) Electron beam (2keV 13 -350keV 

Recent advances

Deep and Extreme-UV (≤ 250nm), 6 interferometry, 7 superlenses 8,9 ultrahigh contrast, 10 STEM 11,12 Table A.1 -UV and e-beam lithographies

A.1.1.5 Unconventional lithographies

Though conventional UV and e-beam lithographies are still widely used today, it should be noted that other unconventional lithographies exist, such as : focused ion beam lithography, 14 indentation lithography, 15 dip-pen lithography, 14 soft lithography, 14 colloidal-crystal lithography, 16 beam-pen lithography 17 and nanoimprint lithography. 14 As none of these have been used for the work presented in this manuscript, we shall not go into deeper detail.

A.1.2 Residue removal

As we have seen in the previous paragraphs, the lithography techniques presented here all require a polymeric layer deposited on top of the surface. The total removal of this polymer at the end of the lithography process is not always investigated thoroughly. Nonetheless, it deserves a special attention here since the surface is to be further modified by chemical functionalization.

We will review in the following paragraphs different methods for surface cleaning reported in the literature in wet and dry environments (see Tables A.2 and A.3). These methods will be screened obviously in terms of residue removal but also in terms of side-effects on the surface such as delamination, oxidation and roughness. 

Dimethyl sulfoxide

A.1.2.3 Summary on cleaning processes

As evidenced by Tables A.2 and A.3, removal of organic contamination from microfabrication processes is an active research topic with many possible answers. Although a relatively standard cleaning procedure with acetone + alcohol + water is often used, this may not result in optimum cleaning of the surface, specially when the latter has been previously coated with PMMA. 18 Other wet cleaning procedures may be used either in acidic environments (HF, piranha) or basic environments [20][21][22] (ammonia, KOH). The former are known to be very efficient but may result in delamination or dissolution of the surface, whereas the latter are reported not to be better than standard organic solvents.

Dry processes can be used instead or in addition to wet cleaning procedures. Among the different options presented in Table A.3, O 2 plasma ashing appears as a very good candidate both for its efficiency and ease of use. However, it must be noted that this procedure may lead to metal oxidation. In the case of gold surfaces, it has been reported that exposure to O 2 plasma leads to Au 2 O 3 . 28,29 However, this oxide is unstable at normal temperature and pressure. 28 The characteristic dissociation time (oxide half-life) at 20 • C is reported to be 22h and can be accelerated when rinsing with ethanol 29,30 and/or heating. 28 

A.2 Materials and methods used during this work

This section presents the protocols used for the top-down substrate patterning and cleaning. It must be noted that some of these processes were conducted partly or exclusively by others as specified below :

-Processes exclusively conducted by myself :

-Gold evaporation (plain substrate).

-Cleaning processes.

- 

A.2.1 Lithography

A.2.1.1 Photolithography

The protocol used for photolithography was the following :

1. Spin-coat the HMDS primer followed by AZ 5214 (negative) resist at 5500 rpm for 30s.

(e) Change socket to the one containing the gold.

Deposition of gold layer

(a) Set voltage to 6kV.

(b) Increase current until the deposition rate, monitored by a QCM, reaches ca. 2Å/s (a cache is "hiding" the substrate so far so that no deposition occurs on it) (c) Remove cache and wait until the deposited layer reaches 45-50nm thickness.

(d) Place cache back, decrease current slowly to 0, switch off voltage and wait for the socket to cool down.

This process was conducted in a Leybold© e-beam evaporator.

A.2.4 Substrate cleaning A.2.4.1 Organic solvents

When cleaned only with organic solvents (typically when no resist residues from lithography were expected) samples were cleaned with the following procedure :

1. Immerse in acetone under sonication for ca. 10min 2. Immerse in ethanol or isopropanol for ca. 5min 3. Immerse in ultrapure water for ca. 5min

Dry with nitrogen flow

Alternatively other organic solvents were used such as DCM and heating was also applied though this procedures were quickly abandoned in favor of a simpler and more efficient O 2 plasma, as is detailed in section 3.1.1.

A.2.4.2 O 2 Plasma

Oxygen plasma was found to be the most efficient, thus most used cleaning process. Samples were cleaned by O 2 plasma with the following parameters :

-Applied (forward) power = 350W (typical reflected power was 10W) -Oxygen flow = 400 sccm -Pressure = 90Pa -Time = 5min This was conducted in an Anatech© chamber where only oxygen and nitrogen are introduced. When this process was conducted in an etching chamber with input lines of different fluorinated gases (SF 6 , CHF 3 ) fluor contamination was detected afterwards by XPS analysis.

Appendix B DLVO and colloid stabilization

NB : The following paragraphs are adapted from our previous publication. 31 Before examining the means for globally placing individual particles on pre-defined regions of a substrate, we must ensure that these particles are stabilized, ie : not aggregated to one another or to the walls of the container. Different forces control the particle/particle (or particle/wall) interaction. These can be summarized in what is called Derjaguin, Landau, Verwey, Overbeek (DLVO) theory. In its most basic form, DLVO theory deals with two interaction forces : Van der Waals (attractive) and electric double-layer effects (repulsive) 32,33 .

B.1 Van der Waals attraction

Van der Waals forces, and more precisely London dispersion forces, are attractive forces arising from the spontaneous polarization of molecules. This polarization effect is enhanced when dealing with nano and microparticles. Indeed, the Van der Waals potential energy is proportional to the inverse sixth power of the distance (∝ D -6 ) when considering two atoms but the energy per unit area is proportional to the inverse of the distance (∝ D -1 ) for colloidal particles 34 :

R 1 and R 2 being the radii of the spheres, D the distance between them and A the so-called Hamaker constant which depends on the materials.

The derived attractive force will lead the particles to aggregate to each other and to the walls. Therefore one needs repulsive forces to separate (stabilize) the colloidal dispersion. The main repulsive force in colloidal solutions is linked to surface charge, through what is called the electric double layer.

B.2 Electric double layer repulsion

Surfaces can be charged in polar and non-polar solvents 35 by different phenomena that will not be discussed here. This surface charge induces an electrostatic potential that decays exponentially when moving away from the surface, due to the existence of a double counter-ion layer : a first layer of strongly grafted counter-ions (Stern layer) and a second "diffuse" layer with a majority of counter-ions (Gouy-Chapman layer). The mathematical derivation of the electric double layer theory can be found elsewhere 36 and will not be detailed in this review. We shall just introduce two valuable parameters : the When two equally charged surfaces are brought together (D λ D , D being the distance between the particles), their electric diffuse layers overlap and a repulsive interaction energy arises from the excess of counterions. Thus for two spheres, we have 36 :

Where R is the particle radius, Γ is the so-called reduced surface potential, k is the Boltzmann constant, T is the temperature and c 0 is the ionic concentration in the bulk.

B.3 DLVO, extensions and practical considerations

In its simplest form, DLVO just adds the interaction energies due to Van der Waals and electric double layer, which for two identical spheres separated by a distance D gives : Appendix C

Characterization tools C.1 PM-IRRAS

Polarization-Modulation InfraRed Reflection Absorbtion Spectroscopy (PM-IRRAS) can be seen as a refinement of "conventional" Infrared Reflection Absorption Spectroscopy (IRRAS), itself being a special mode of infrared spectroscopy. Let us thus briefly recall the basic principles of Infrared (IR) spectroscopy, followed by IRRAS and eventually describe the PM-IRRAS setup.

C.1.1 FTIR

Infrared spectroscopy is based on the fact that molecular orbitals (chemical bonds) can vibrate at specific resonant frequencies (or wavenumbers : 1 λ ; where λ is the wavelength) in the infrared spectrum. Thus, when a sample is on the optical pathway of an infrared beam, it will absorb part of the incident light at specific wavenumbers. By plotting the absorbtion of the sample versus the wavenumber of the light beam one obtains the infrared spectrum of the surface with characteristic peaks of the different molecular bonds in the sample. Most fundamental vibration and rotation modes of chemical bonds can be found in the mid-infrared region (ca. 4000cm -1 -400cm -1 ) as schematically shown in -Assymetric, in plane (rocking) -Symetric, out of plane (wagging) -Fermi resonance (mixing modes) can occur, shifting some peaks or creating doublets from one mode.

In order to probe the absorbtion of a sample at different wavenumbers, it is possible to shine the sample with a changing monochromatic light beam (through a dispersive spectrometer) thus probing one by one every wavenumber. Dispersive spectrometers are however rarely used anymore for infrared characterization.

Instead, most infrared spectrometers are based on Fourier-Transform Infrared Spectrosocpy (FTIR). Without going into too much detail about FTIR itself, let us say that in this configuration, a "white" light containing the whole spectrum is used. Before reaching the sample, the light beam is split through a Michelson interferometer which induces a retardation on one of the two "halves" of the beam, creating thus constructive and destructive interferences on the beam that reaches the sample. Thus, the raw data obtained by the detector is an interferogram, that is, the intensity as a function of the retardation. This interferogram is later translated into a spectrum by a Fourier Transformation, hence the name of the technique.

The spectral resolution is dependent on the amplitude of the moving mirror in the Michelson Interferometer.

C.1.2 IRRAS

IRRAS is specially suited to probe the chemistry of a highly reflective (specially metallic) surface. In an IRRAS set-up, the infrared light beam is specularly reflected at a grazing incidence onto the metallic surface to be probed. At the surface, only the p-polarized light is non-equal to zero, so that only dipoles having a component perpendicular to the surface can absorb light. However, as far from the surface the light is not polarized, isotropic absorptions due to the environment occur and alter the spectrum (requiring thus the acquisition of a background spectrum prior to probing the sample). This remark is the basis for the PM-IRRAS implementation.

C.1.3 PM-IRRAS C.1.3.1 PM-IRRAS principle, in short

In a PM-IRRAS setup, the incident beam is polarized prior to reaching the surface. Its polarization is switched from p to s at a high frequency by a PhotoElastic Modulator (PEM). Simply put, this allows the acquisition of two different signals simultaneously : the sum (R(p) + R(s)) and difference (|R(p)-R(s)|) reflectivities. By taking the ratio of these two signals :

one obtains a spectrum of the surface without the contribution of isotropic absorptions from the environment, having thus a better surface-sensitivity without the need of acquiring a background spectrum.

C.1. PM-IRRAS

C.1.3.2 The PEM

The PEM is responsible for the polarization modulation of the light beam. It is composed of a controller connected to an electronic head driving an optical head. The optical head is a piece of piezoelectronic isotropic material which can change the polarization of a light beam going through it (becomes a birefringent material when stretched). This optical head is driven by a sinusoidal voltage applied by the electronic head. The controller lets the user define the wavelength of the light beam and the desired retardation (such as 0.5 λ or 0.25 λ ; ie : half-wave or quarter-wave) at that wavelength.

NB : In a PM-IRRAS experiment, the retardation is set to 0.5λ (the optical head acts as an oscillating half-wave plate). The light beam is not monochromatic so the retardation of 0.5λ will only occur at a given wavelength (or wavenumber) set by the user on the PEM-controller. This will be the wavenumber of optimum sensitivity.

The controller also shows the frequency of the electronic head (fixed).

The PEM electronic head drives the optical head with a sinusoidal voltage V 0 cos ω m t which induces a modulation between linear p and s polarizations (half-wave plate ; retardation : 0.5 λ) at a frequency of 2 ω m 2π for one particular wavenumber λ -1 0 , determined by V 0 . For the other wavenumbers, the polarization is not perfectly linear (p and s) but elliptical. 45 λ -1 0 can be manually tuned on the PEM-controller by chosing the wavenumber while indicating a retardation of 0.5 λ. ω m 2π is fixed by the electronic head.

C.1.3.3 PM-IRRAS signal

The light reaching the detector is modulated twice : first in intensity by the interferometer and second in polarization by the PEM with different efficiencies at different wavelengths depending on V 0 .

After electronic treatment (demodulation, filtering... etc) 45 two signals can be acquired on the computer. If the selected unit on the software is % Transmittance, then the two signals are :

Where R p and R s are the reflectivies of p and s polarizations and J n is an n order Bessel function translating the inefficiency of the PEM at all wavelengths. Φ 0 "is the maximum dephasing introduced by the PEM between the i and j electric field components (Φ 0 is a function of the maximum voltage V 0 apllied to the PEM)" 45 .

NB : Because of the Bessel function superimposition, the spectra will be in arbitrary units, although the reflectivity is in % Transmission. 46 For a metallic substrate, these expressions can be simplified :

The PM-IRRAS signal can be obtained by ratioing both :

NB : For simplicity we have omitted from the equations the electronic gains that can be applied to channels A and B, as well as the possible different responses of the optical elements (PEM, detector... etc) for p and s polarized light. 45 

C.1.3.4 Baseline correction and units

In order to obtain the final spectrum ∆R R one needs to normalize the obtained spectrum to remove the J 2 (Φ 0 ) contribution. This can be done by different methods :

-A manual baseline correction dividing the spectrum by a spline function 46 fitted to the regions of the spectrum where no peak is expected is often performed. 47 This correction gives the correct relative intensities of the peaks (whereas substracting the baseline does not). 46 However this leads to arbitrary units on the Y-axis and the results are userdependant.

-A "background" spectrum with a bare substrate can be collected for proper normalization. However, this requires to have a good reference sample (identical to the test sample without the organic layer of interest). Furthermore, it takes away one of the main interests of the PM-IRRAS technique versus conventional IRRAS.

-A mathematically modelled Bessel function can be used. However, the superimposed function on the experimental ∆R R spectrum may not exactly correspond to a Bessel function, as it may include experimental biases such as an absorbing layer onto a mirror or imperfect behaviour of the PEM (eg : residual birefringence). 45 It is possible to convert the data to absorbance units which enables the comparison of the absolute intensities of the peaks. However, this is not straightforward. 46 

C.2 XPS

X-ray Photoelectron Spectroscopy (XPS) is a method that probes the energy of electrons present in atoms on a surface (ca. 10nm depth). In an XPS experiment, the sample surface is exposed to photons in the X-ray range (typical incident energy of photons of 1486.6eV for an aluminium source -AlK α radiation-). These photons interact with core-level electrons that are thus expelled from the surface with a given kinetic energy that depends on their binding energy. A simple energy equality can be written for an elastic collision :

This translates the fact that the energy of the incoming photons is converted first to overcome the binding energy of the electron (ie : bringing the electron to the vacuum If γ LG , γ SL and γ SG are the interfacial energies between the liquid and gas, solid and liquid and solid and gas respectively, Young's equation reads as follows :

The liquid used in a contact angle experiment is often ultrapure water which interacts with the surface mostly by hydrogen binding. In this case, the smaller θ C is, the more hydrophilic the surface is. More generally, the use of distinct liquids may be useful to probe different interactions such as ionic or van der waals forces.

A simple setup for a contact angle experiment consists of a syringe to deposit a droplet (ca. 1µL) onto the surface and a camera to take an image of the droplet and measure the contact angle. This is known as the sessile drop technique.

C.5 AFM

Atomic Force Microscopy (AFM) is one kind of scanning probe microscopy where a nanoscale tip (usually made of silicon, silicon oxide or silicon nitride ; curvature radius of a few nanometers) is attached at the edge of a cantilever whose height is controlled by piezoelectric materials and whose deflection is monitored by a laser beam and photodiode (see Fig.

C.3).

The AFM can be used in contact or tapping mode. In contact mode, the tip touches the surface at all times. In tapping mode, the tip is set to oscillate near its resonant frequency above the surface. In both cases, when the surface height changes either the deflection (in contact mode) or the amplitude of the oscillations (in tapping mode) of the cantilever change. Instead of measuring directly the deflection or change in amplitude of the oscillations, the AFM experiment is usually set-up to maintain these parameters constant by a feedback loop, so that it is the signal necessary to maintain them that, indirectly, gives the topography of the surface. Furthermore, a chemical difference on a surface can also be detected as it will translate into a lateral deflection of the cantilever (contact mode) or a change in the phase of the oscillations (tapping mode). This is specially interesting to probe inhomogeneities in self-assembled monolayers at a surface. Eventually, besides imaging of the surface topography and chemical changes, AFM can also be used to conduct force spectroscopy measurements where the tip is brought in contact to the surface and released, which allows plotting the interaction between the surface and the tip vs distance (force-distance curve). These curves usually show a hysteresis translating the adhesion energy between the tip and the sample.

C.5. AFM

Because of its very high resolution and versatility (operating on different materials and environments) many derivatives of the "standard" AFM which we have described so far exist. These derivatives are linked to the use of AFM tips with added properties (conductive, magnetic... etc) to probe different interactions. For the evaluation of SAMs, specially for biosensing properties, the so-called Chemical Force Microscopy (CFM) 48,49 is an interesting method in which the tip is functionalized with a probe molecule complementary to the one on the surface sample. However, specially for biological interactions, these measurements should be done in the appropriate medium which is often an aqueous buffer and not air.

C.6 XRD

X-Ray Diffraction (XRD) is a method that allows the determination of the crystallinity (crystalline orientation as well as grain size) of a material. This method is based on the elastic scattering of X-rays by the regularly arranged atoms of the sample as shown in For a given crystallinity (distance d between atom planes), scattered waves outcoming from the sample interfere destructively except for given values of θ obeying Bragg's Law :

where n is an integer and λ is the wavelength of the X-rays. Thus, in an XRD experiment θ is varied and the intensity of the scattered X-ray beam is measured at each angle. The obtained peaks relate to the different crystalline orientations (computed from the spacings d between atom planes) of the sample.

Moreover, the average grain size δ for a given orientation can be deduced from the corresponding diffraction peak with Scherrer's formula : δ = Kλ β cos θ where K is shape factor parameter (usually equal to 0.9) and β is the full width at half maximum of the diffraction peak.

C.7 SEM

In scanning electron microscopy, an electron beam is focused on the sample. This beam "scans" the surface generating secondary electrons among others. These can be driven to a detector which is sensitive to the amount of electrons reaching it. Thus, an intensity can be obtained for each "point" on the surface. The Scanning Electron Microscopy (SEM) image represents thus the mapping of this intensity as the input beam scans the sample. Contrast in an SEM image translates a difference in topography and/or material (elements with higher atomic number give more backscattered electrons, thus a brighter signal).

Appendix D

All the things that did not work (well enough)

This appendix deals briefly with a number of experiments, ideas or side-projects that unfortunately did not bring significant results to be presented in the core of the manuscript. The "failed" experiments are quickly described and different personal hypothesis are evoked hereafter. No data is presented to keep this appendix as light as possible.

D.1 Gold functionalization

Gold functionalization is probably the most important part of this PhD. Though functionalization of plain and micropatterned substrates has been demonstrated by PM-IRRAS, XPS and ToF-SIMS and functionalization of nanopatterned substrates by colloid trapping (indirect characterization), some issues concerning the functionalization could not be clearly elucidated.

D.1.1 Where is the sulfur ?

The XPS spectra of thiolated gold surfaces should reveal the presence of sulfur with a peak at ca. 162 eV (S2p). Furthermore, different contributions could be expected translating the degree of bonding of the thiols on the gold surface. 50 Unfortunately, we were not able to detect the sulfur contribution despite the co-addition of several tens of scans of the S2p region. We can only conclude that under our experimental conditions, the XPS we used is not sensitive enough to detect the (relatively low) amount of sulfur present on the surface.

D.1.2 Mixed-SAMs

The topic of mixed-SAMs would deserve a full review paper with several pages, extensive references and detailed discussions. We will do no such thing here. A brief summary of the literature reports on this topic can be found in paragraph 1.2.1.1.4. To put it simply, in the field of biosensors, many papers claim that mixed-SAMs (including thiols with an "active" headgroup like biotin and thiols with a "diluting" headgroup like alcohol) are better at capturing a target molecule (e.g., streptavidin) than monofuctional SAMs (e.g., only biotinylated thiols). I could never confirm this hypothesis.

The case of biotinylated thiols is, in my opinion, especially striking. In the words of Haussling et al. : "It was found that the higher the packing density of the biotin labels in the monolayers was, the less effective was their binding ability." 51 In other words, for a maximum target-binding efficiency one should dilute the biotinylated thiols with a non-reactive thiol as much as possible, which is coherent with the data presented by Kim et al. 52 When I first conducted colloid trapping based on biotin-streptavidin interactions (see section 3.4.1) I was aware of this literature and thus expected very poor results from a monofunctional biotynilated SAM. To my surprise, the 100% biotin-terminated SAM worked at least as well as a diluted 1/9 biotin/alcohol mixed-SAM.

Furthermore, the "steric hindrance" argument is often evoked in terms like the following : the close-packing of reactive headgroups leads to steric hindrance which reduces the targetbinding capabilities of the layer. In my own personal opinion, if this is indeed an entropic effect, it would be valuable to move from this handwaving argument to a more solid proof. Because protein immobilization seems like a very complex matter, experimental measurements on the amount of immobilized proteins may not be the best suited method to address this fundamental issue on SAMs. Maybe statistical mechanics and/or numeric simulations can inform us better on what "steric hindrance" really is or is not in this case.

D.1.3 Gold oxide silanization

We have seen (section 3.1.1) that oxygen plasma on gold surfaces leads to the formation of gold oxide and oxides can in principle be silanized. I have tried building a SAM of PEG-silane on oxidized gold but XPS revealed the absence of the PEG at the end of the process. This was a "one shot" test which I had no time to investigate further. If such a silanization of gold oxide is possible it could be very interesting from a material science point of view, especially if it could contribute to the stabilization of this oxide layer. To investigate this, it would certainly be interesting to better characterize the oxide layer, especially to know the amount of Au-OH surface groups (if any). It would also be interesting to find an environment which stabilizes the oxide during the silanization.

D.2 Colloid trapping D.2.1 Covalent coupling

I presented colloid trapping based on bio-affinity and electrostatic interactions (section 3.4.1). In all honesty, I did not think that electrostatic binding would resist washing steps and I expected to use the electrostatic-based samples as a sort of "control" or "reference" to evaluate covalent coupling (carboxylatex beads being previously activated into NHS-ester). However, when conducting the NHS-activation on the bead solution the colloidal particles aggregated. This is not surprising since the colloids are stabilized by their negative charge, COO -. What this means is that NHS-activation of carboxylatex has to be undertaken with extra care (as opposed to activation of a COOH SAM on a flat macroscopic surface). Because electrostatic coupling worked much better than expected and due to the lack of available time, the covalent coupling scheme was not studied further.

If covalent trapping of colloids on a surface through amide bonds is to be further investigated, it might be a good idea to inverse the chemical headgroups : that is, have a COOH-SAM on the flat surface and NH 2 -latex. Thus, the NHS activation can be carried on flat surface independently of the colloid dispersion (avoiding aggregation problems).

D.3 Applications beyond trapping D.3.1 Plasmonics

The title of this PhD explicitly deals with plasmonics (LSPR biosensors). However, we could unfortunately never demonstrate a plasmonic application. The "nano-antennas" presented in section 3.4.2 were tested in vain for an enhanced Raman signal (SERS). It seems that the geometry of these nanostructures (gap size of the dimers especially) does not correspond to the desired geometry for an enhancement of the electric field, due to poor lithography results. Furthermore the Piranex project for which most of this work was developed aims at developing a combined SERS/LSPR imaging biosensor with nanopatterned gold on silica samples (different from the nano-antennas mentioned above). From a photonic point of view, this has been validated by simulation but not yet with a real sample. We can only hope that when real photonic-efficient samples do come, the orthogonal chemistry developed in this PhD can be applied to direct the biomolecules onto the photonic hot-spots and lead to an enhancement of the biosensor sensitivity.

D.3.2 Recursive colloidal lithography

Colloidal or nanosphere lithography (NSL) is based on using a dense monolayer of nanoparticles on a surface as a mask for nanopatterning. Indeed, if a material is deposited on this surface and the beads are then "lifted-off", the material will remain only on the spaces between the beads. My idea was to :

1. Use nanosphere lithography to build nanopatterned gold on silica surfaces (something fairly common in the literature).

2. Functionalize this patterned surfaces in order to allow the selective trapping of a second set of beads only on the gold regions (just as I did with the nanostructures in section 3.4.2).

3. Use the selectively-immobilized beads as a mask for a second patterning (e.g., with silver) and lift-off the beads.

Unfortunately, I had this idea at the very end of my PhD with no more than a week to test it. In a sense I could say I tested this with a protocol that was the opposite of "optimized". As could be expected I failed at the very first step (could not build a monolayer of polystyrene particles on a silica surface by dip coating or spin-coating). Nonetheless I believe that with some optimization this process can be efficiently carried out.

If it were successful, other than being "fun", it could be interesting as a way to create multimaterial nanopatterning. The "strength" of this process would be that it relies only on selfassembly whereas if you were to do such a multi-material nanopatterning based on other techniques like imprint lithography, you would need to have a nanometric lateral resolution to match the first and second steps (levels) which I doubt is feasible. 
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Summary -Résumé

Orthogonal surface chemical functionalization is an efficient method for the selective trapping of different targets (biomolecules or nano-objects) onto predefined regions of a patterned substrate. This is specially interesting in the field of localized surface plasmon resonance (LSPR) biosensors, where transduction only occurs on metallic nanostructures. The aim is thus to ensure that the target molecules can be selectively anchored onto these nanostructres and not adsorbed on the surrounding dielectric surface. Thus, we have developped during this PhD different orthogonal functionalizations of micro and nanopatterned gold on silica surfaces with thiols and silanes. In regards to the state of the art in this topic, we have proposed a single-step protocol and demonstrated the good orthogonality of such functionalizations by extensive surface chemical characterization including PM-IRRAS, XPS and ToF-SIMS analysis. Furthermore, these functionalizations have been used for the selective anchoring of different latex nanoparticles onto micro and nanopatterns of gold surrounded by silica, as shown by SEM. At the moment, this methodology is being applied in two different photonic devices where we expect on the one hand a coupling between fluorescent nanobeads and plasmonic nano-antennas and, on the other hand, the increase in sensitivity of an LSPR biosensor for detecting different biomolecules.

La fonctionnalisation chimique de surfaces hétérogènes (fonctionnalisation orthogonale) est une méthode efficace pour diriger l'ancrage de diverses cibles (biomolécues ou nano-objets) sur des zones précises prédéfinies sur un substrat. Ceci est particulièrement intéressant dans le domaine des biocapteurs à plasmons localisés (LSPR) où la transduction ne peut se faire que sur des nanostructures métalliques. L'enjeu est alors d'assurer que les molécules à détecter se fixent spécifiquement sur ces nanostructures et ne s'adsorbent pas sur la surface diélectrique environnante. Dans ce but, nous avons développé dans cette thèse des fonctionnalisations orthogonales de surfaces micro et nanostructurées d'or sur silice à l'aide de divers thiols et silanes. Par rapport à l'état de l'art dans ce domaine, nous avons notamment proposé un protocole en une seule étape et démontré la bonne orthogonalité de ces fonctionnalisations par différentes méthodes de caractérisation chimique de surface (notamment PM-IRRAS, XPS et ToF-SIMS). De plus, ces fonctionnalisations sélectives ont permis l'ancrage spécifique de diverses nanoparticules de latex sur des micro et nanostructures d'or entourées de silice, démontré par MEB. Actuellement, cette méthodologie est en cours d'application dans deux composants photoniques différents où l'on attend d'une part des effets d'exaltation de fluorescence par couplage de nano-antennes et nanobilles marquées et d'autre part un gain en sensibilité d'un biocapteur LSPR pour la détection de différentes biomolécules.