Alex Sébastien 
  
Jim Jeoffrey 
  
Philippe Pierre Henrie 
  
Olivier Theodoly Thanks 
  
Laurence Borge 
  
Wendy Ling 
  
Dinesh Thanks 
  
Batoul 
  
Farah 
  
Riva Kazma 
  
Maatouk, Rim, Zeinab Ali Ahmad 
  
Issa Who 
  

I remember the first day Kheya interviewed me, we discussed the thesis subject, for the biological part, I was excited, for the physical one, I was like what am I doing here! She believed in me (I think) and since I was accepted, now I am writing this page to thank all the people who contributed to making my thesis work possible and an unforgettable experience to me. For that, I would first like to thank my thesis advisor Kheya Sengupta. The door to her office was always open whenever I ran into a trouble or had a question about my research. I express my sincere gratitude to her for the continuous support of my Ph.D study and research, for here patience, motivation, and immense knowledge. I will never forget her encouragement and advises, especially one sentence that caught my attention: "Biology and Chemistry are important but physics is ubiquitous". I would like also to express my deep and sincere gratitude to my co-supervisor Laurent Limozin who instilled in me his knowledge, rigor, attention to detail

iii

Abstract

Surface patterning strategies to dissect T-cell adhesion and actin organisation by Aya NASSEREDDINE

For an efficient immune response, an optimal interaction between T-cells and antigen presenting cells (APC) is required; it takes the form of a cell-cell contact involving different scales ranging from the molecular (1-10 nm) to the cellular (1-10 micrometer). The ligation of the special T cell receptors (TCR) to its ligands on an APC, leads to larger scale molecular reorganisation leading first to formation of TCR micro-clusters, and later to cell-scale restructuring of both the membrane and the cytoskeleton. Patterning an artificial substrate with ligand-clusters that in turn induce TCR-clustering is an important tool to understand the link between the organisation of TCR and its ligand, the organisation of the actin cytoskeleton and the impact of both on overall cell behavior including adhesion and signaling. We developed a new nanotechnology based substrate (ligand-dot size down to 250 nm) and also used an alternative strategy based on colloidal self-assembly (700 or 400 nm) to show that TCR is clearly clustered on 700 nm dots but not on smaller 400 nm dots. Actin is homogeneously distributed in the form of a network in most cells but in a few of them, it appears as dots that co-localize with the ligand clusters. However, even for cells where the actin network appears homogeneous, a novel image analysis based on deep learning strategy, developed specifically for cells on the nanotech based substrates, show that the actin organisation on the dots and outside the dots may be different at least for some of the cells. While the nature of the difference is not clear from this analysis, finer observation using stochastic optical reconstruction microscopy indicates that the dots may in fact be sites where actin bundles cross each other forming nodes that are not visible at lower resolution. This work confirms a close link between T cell receptor organisation and actin structure. An important property of any immune system is the ability to discriminate between self and non-self. In vertebrates, this system is composed of two parts: the innate immunity (or non specific immune response) which represents first line of defense against pathogens [START_REF] Grasso | Essentials of pathology for toxicologists[END_REF][START_REF] Janeway | [END_REF]; and the adaptive immune response, also refereed to as acquired immunity (or specific immunity), which is the second line of defense, and is only found in vertebrates [START_REF] Janeway | Immunobiology: the immune system in health and disease[END_REF]. An important role of this interconnected network is to protect our body from external pathogens, like viruses and bacteria, but it also plays an important role against cancer. The innate immune response consists of physical, chemical and cellular defenses against pathogen. The main purpose of the innate system is to immediately prevent the spread and movement of foreign pathogens throughout the body [START_REF] Alberts | Molecular biology of the cell; fourth edition[END_REF]. It has the ability to recognize the majority of infections at an early stage, but the disadvantage of this strategy is that the response is not necessarily adapted, is short lived and does not confer pathogen memory to the host [START_REF] Alberts | Molecular biology of the cell; fourth edition[END_REF].
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The adaptive immunity is specific to the pathogen presented [START_REF] Janeway | [END_REF]. It is implemented by white blood cells called lymphocytes. There are two broad classes of such response: antibody mediated and cell mediated [START_REF] Janeway | [END_REF], and they are carried out by different types of lymphocytes, called B cells and T cells respectively. When the organism is infected by a pathogen more than once, a quicker and enhanced response is generated the second time onward due to the immunological memory created by the adaptive immunity [START_REF] Zinkernagel | On immunological memory[END_REF]. It is an enormous challenge, leading to a very active field of fundamental and applied research, to understand how immune cells interpret and react to the specific signals received at their membrane to take a decision [START_REF] Limozin | Membrane Organization and Physical Regulation of Lymphocyte Antigen Receptors: A Biophysicist's Perspective[END_REF]. Currently, medical immunology is a very important branch of the medical and biological sciences. Nowadays, it's really important to understand the fundamentals of immunology for many reasons such as clinical or commercial application. In addition to this, it really helps in discovering new diagnostics and treatments to minimize the diseases [START_REF] Coutinho | Immunology at the crossroads[END_REF].

T lymphocytes

T lymphocytes can be considered as "soldiers" of the body [START_REF] Bruce | T cells: soldiers and spies-the surveillance and control of effector T cells by regulatory T cells[END_REF]. They coordinate the activity of other immune cells and directly carry out specific immune functions [START_REF] Janeway | Immunobiology: the immune system in health and disease[END_REF]. Given these roles, T cells are implicated in many diseases, including cancer Fig. 1.1.

T cell manipulation has therefore been proposed as a therapeutic treatment for these diseases, for example by selecting T cells with receptors specific antigens presented to the T cell. From [START_REF] Jung | Tumor immunology and immune checkpoint inhibitors in non-small cell lung Cancer[END_REF].

T cells are able to detect their ligand with very great precision and accuracy. Both false negative, resulting in lack of correct immune response, and false positives, resulting in auto-immune diseases, are harmful. There have been a lot of theoretical work to understand how T cells can identify agonists and amplify the signal [START_REF] Hopefield | Kinetic Proofreading: A New Mechanism for Reducing Errors in Biosynthetic Processes Requiring High Specificity[END_REF], [START_REF] Mckeithan | Kinetic proofreading in T-cell receptor signal transduction[END_REF], [START_REF] P Anton Van Der Merwe | The TCR triggering puzzle[END_REF], [START_REF] Van Der Merwe | Molecular interactions mediating T cell antigen recognition[END_REF] [14], [START_REF] Van Der Merwe | Mechanisms for T cell receptor triggering[END_REF], [START_REF] Valitutti | The serial engagement model 17 years after: from TCR triggering to immunotherapy[END_REF], [START_REF] He | Membrane dynamics shape TCR-generated singaling[END_REF] and [START_REF] Baumgart | How T cells do the "search for the needle in the haystack[END_REF] Effector, memory, and regulatory cells are the three main T cell subtypes. Each subtype implements a specific function during an immune response. They all express a distinct receptor, the T cell receptor (TCR) on their surface. The vast majority of T cells have TCRs with α and β chains, and are distinguished from each other by their surface markers: T helper cells, distinguished by the presence of CD4 (also known as CD4+ T cells) (as seen in Fig 1 .2) and cytotoxic T lymphocyte, distinguished by the presence of CD8 (also known as CD8+ T cells) [START_REF] Janeway | Immunobiology: the immune system in health and disease[END_REF]. Memory T cells are distinguished by the expression of a different type of the membrane glycoprotein CD45.

Role of T cells

Once activated by an APC in the lymph nodes, a CD4+ T lymphocyte will secrete interferon gamma (IFNγ) which will then activate macrophages. These will then secrete IL-12 which will activate other CD4+ T cells. The idea is that of a dialogue between different cell types (Fig. 1.1). CD4+ T cells also provide support for CD8+ T cells which destroy virus-infected cells and tumor cells. They are also the cells implicated in transplant rejection. Memory T cells are a subset of antigen-specific T cells that persist long time after an infection, they provide the immune system with memory against past infections. Regulatory T cells are crucial for the maintenance of immunological tolerance that help control and limit immune responses by suppressing auto-reactive T cells. [START_REF] Amoura | Nouvelles approches thérapeutiques des maladies auto-immunes[END_REF].

T cell receptor (TCR)

Receptors at the membrane of immune cells are the principle specific molecular actors of immunity [START_REF] Limozin | Membrane Organization and Physical Regulation of Lymphocyte Antigen Receptors: A Biophysicist's Perspective[END_REF]. From this point of view, the presence of a TCR on the surface 1.1. The Immune System 3 of T cells confer them the property of recognizing antigenic peptide associated with the protein of the major histocompatibility complex (pMHC) (Fig. 1.2). The TCR is membrane bound protein which is a disulfide linked heterodimer. It normally consists of α and β chains which form a complex with the chain molecules known as CD3 [START_REF] Janeway | Immunobiology: the immune system in health and disease[END_REF] (Fig. 1.2). T cells expressing such TCR are called α β T cells. Some T cell types express another form of the receptor, consisting of γ and δ chains, referred to as γ δ T cells. Each chain is characterized by the following different regions (Fig. 1.3) present at the two chains associated with one to the other by a disulfide bond: (i) a region V (for "variable") which will allow the recognition of the antigen and which will be at the origin of the polymorphism of the TCR. This region itself has hypervariable regions CDR (for "Complementary Determining Region") which are the areas of contact with the antigen. (ii) a region C ("for constant") which is proximal to the cell membrane, (iii) a transmembrane region, and (iv) a very short intracytoplasmic region.

The activation of TCR upon binding to its ligand initiates a signaling cascade which ultimately controls the functioning of the T cell. The natural ligands of TCR are short peptides presented by MHC class I or II molecules (MHC I for CD8 T cells and MHC II for CD4 T cells) (Fig. 1.2). However, the TCR by itself cannot activate downstream pathways to initiate T cell activation. So TCR requires CD3 and zeta chains to carry out the signal transduction in its place. In this way the MHC-TCR-CD3 interaction is necessary for the correct working of T cells. In addition, initiation of TCR signaling requires co-receptors (CD4 (Fig. 1.2) for helper T cells and CD8 for cytotoxic T cells). These co-receptors act like cellular adhesion molecules and bind to MHC molecules, thus helping to sustain the interaction of T cells and antigen presenting cells [START_REF] O'connor | Substrate rigidity regulates human t cell activation and proliferation[END_REF].

Glycocalyx of T cells

As on most animal cells, on T cells membrane there are polysacharides collectively called glycocalyx. The glycocalyx is a complex layer which decorates cell membranes and plays an important role in cell adhesion. It is composed of a large variety of glycoproteins, glycolipids, and sugar chains dangling from the membrane and it builds a complex polymeric structure exhibiting highly variable density and various degrees of branching and/or entanglement [START_REF] Robert | Tuning the formation and rupture of single ligand receptor bonds by hyaluronan induced repulsion[END_REF].

Several studies support the view that the glycocalyx has an antiadhesive role. Removal of the glycocalyx by enzymes or genetic engineering facilitates cell adhesion.

A prominent example of the role of repulsive molecules in the control of specific cell response concerns the activation of T cell during the interaction between surfaces of cells [START_REF] Robert | Glycocalyx regulation of cell adhesion[END_REF], [START_REF] Sabri | Glycocalyx modulation is a physiological means of regulating cell adhesion[END_REF].

In T cells, two important constituents of the glycocalyx are the membrane-anchored extracellular domain of CD45 [START_REF] Chang | Initiation of T cell signaling by CD45 segregation at close contacts[END_REF] and the sialophorin or CD43 which is a transmembrane cell surface protein [START_REF] Shelley | Molecular characterization of sialophorin (CD43), the lymphocyte surface sialoglycoprotein defective in Wiskott-Aldrich syndrome[END_REF]. CD45 (lymphocyte common antigen) is a receptorlinked protein tyrosine phosphatase that is expressed on all lymphocytes, and which plays a crucial role in the function of these cells (Fig. 1.4). In T cells, the TCR is dephosphorylated by CD45 if the two types of molecules are positioned close to each other. The expression of CD45 is essential for activating T cells via the TCR. [START_REF] Altin | The role of CD45 and CD45-associated molecules in T cell activation. Immunology and cell biology[END_REF], [START_REF] Liu | Fabrication of micropatterns of nanoarrays on a polymeric gel surface[END_REF].

Cytoskeleton of T cells

The cytoskeleton is a key cellular structure that is essential for cellular structure, controled movement, mechano-sensing [START_REF] Fletcher | Cell mechanics and the cytoskeleton[END_REF]. Also, cytoskeletal remodeling plays an essential role in coordinating molecular rearrangements in T cells interacting with FIGURE 1.2: Diagram of TCR engagement with the peptide antigen MHC complex using the CD4 T cell as an example. From [START_REF]An overview of T cell receptors[END_REF]. APC [START_REF] O'connor | Substrate rigidity regulates human t cell activation and proliferation[END_REF] . All eukaryotic cells have at least two cytoskeletal elements, microtubules and actin fibers [START_REF] Mcgarry | A three-dimensional finite element model of an adherent eukaryotic cell[END_REF]. Animal cells have a third element called intermediate filaments (Fig. 1.5). These three components of the cytoskeleton are long chains, or polymers of assembled protein subunits. Actin is a major cytoskeletal protein of most cells. In addition to providing structural support, microtubules and actin fibers enable the movement of substances within cells as well as changes in cell shape leading to cell spreading and migration. Actin filaments play a critical role throughout different steps of T cell activation.

A deeper discussion of the very important role of actin in T cells is presented in section 1.3. Recent advances in the field have demonstrated that the actomyosin and microtubule networks are intertwined in many ways and provide a dynamic milieu for signaling cascades downstream of TCR in the context of polarized stimulation [START_REF] Bunnell | Dynamic actin polymerization drives T cell receptor-induced spreading: a role for the signal transduction adaptor LAT[END_REF]; [START_REF] Lasserre | Ezrin tunes T-cell activation by controlling Dlg1 and microtubule positioning at the immunological synapse[END_REF] and [START_REF] Remedios | Actin and the actomyosin interface: a review[END_REF]. 

Antigen presenting cells (APC)

Antigen presenting cells (APC) are cell types that display antigens, ie. short amino acid sequences, complexed with major histocompatibility complexes (MHC) on their surfaces, dendritic cells and macrophages being prominent examples. After infection, the APC process and present the captured antigens on MHC molecules, and migrate to draining lymph nodes. In the lymph nodes, T cells recognize the antigenic peptides presented by the MHC with the help of TCR. However, T cell activation also requires the interaction of co-stimulatory molecules on APC and their ligands on T cells. Recent studies have shown that according to the APC nature and the stimuli they received, their rigidity as well as viscoelasticity may vary [START_REF] Bufi | Human primary immune cells exhibit distinct mechanical properties that are modified by inflammation[END_REF]; [START_REF] Saitakis | Different TCR-induced T lymphocyte responses are potentiated by stiffness with variable sensitivity[END_REF]. Also it has been shown that on APC, pMHC are presented in the form of clusters with a diameter between 200-300 nm. These clusters are observed independently of the interaction with T cells [START_REF] Vardhana | Supported Planar Bilayers for the Formation of Study of Immunological Synapses and Kinapse[END_REF]. These discoveries highlight the importance of taking into account mechanical properties and ligand organization in the form of clusters to understand the T cell/APC interaction.

Proteins on the surface of T cell and APC and their interaction

Understanding how receptors, together with co-receptors and adapter/signalling molecules, self-organise to induce specific recognition and controlled immune response remains a big challenge [START_REF] He | Membrane dynamics shape TCR-generated signaling[END_REF]. First, there are MHC molecules on APC membrane (Fig. 1.2) carrying the antigenic peptide which will be recognized by T cells. For example, for the dendritic cells (types of APC), there is either MHC class I which will activate CD8+ T cells or MHC class II which will activate CD4+ T cells. This interaction is considered as the first signal of activation of T cells. Moreover this activation regulates the expression of co-stimulatory molecules like B7-2 on APC which will interact with CD28 on T cells. B7-2 (CD80 or CD86) provides an important costimulatory signal binding CD28 on T cells [START_REF] Murphy | Janeway's immunobiology[END_REF]. This interaction is considered as second signal allowing a complete activation of the T cells.

Another adhesion molecule on APC, called ICAM-1 is seen in Fig. 1.6. It permits the strengthening of the adhesion between T cells and APC during the antigen recognition phase [START_REF] Ga Van Seventer | The LFA-1 ligand ICAM-1 provides an important costimulatory signal for T cell receptor-mediated activation of resting T cells[END_REF]. ICAM-1 (or CD54) is a highly glycosylated molecule that belongs to the immunoglobulin superfamily. It is composed of 5 extracellular domains which can interact with other adhesion molecules, one transmembrane domain and an intracytoplasmic tail which can interact with the cytoskeleton. ICAM-1 binds to the integrin (α 5 β 1 ) Lymphocyte Function-associated Antigen 1 (LFA-1 or CD11a,CD18), which belongs to the integrin family of cell adhesion molecules, and is present on the surface of T cells (Fig. 

Immunological synapse 1.2.1 Structure of the immunological synapse

The immunological synapse (IS) is formed as a result of the tight contact of a T cell with an APC. Traditionally the IS was considered to be the late time 'bull's eye' structure of segregation proteins but it is known now that the triggering occurs earlier, prior to the formation of this concentric pattern [START_REF] Alarcon | The immunological synapse: a cause or consequence of T-cell receptor triggering[END_REF]. The first model of the IS, suggesting molecular segregation, was proposed by Springer [START_REF] Springer | Adhesion receptors of the immune system[END_REF]. This organization in concentric segregated domains is supposed to be produced following the length 1.2. Immunological synapse of the molecular complexes formed between the T lymphocyte and the APC. This concentric organization was observed by Monks et al. who studied the interaction between a T-lymphocyte and a B-lymphocyte in presence of antigens. It has since been validated by different researchers including those who replaced the B cell by a glass supported lipid bilayer [START_REF] Monks | Threedimensional segregation of supramolecular activation clusters in T cells[END_REF]; [START_REF] Grakoui | immunological synapse: a molecular machine controlling T cell activation[END_REF]; [START_REF] Smoligovets Yu | Modulation of T cell signaling by the actin cytoskeleton[END_REF]. Nowadays, the complete organization of the 'bull's eye' IS (monocentric) has been more or less identified. As we can see in Fig. 1.7, the central zone (designed as cSMAC) is enriched in signaling molecules like the TCR on T cell surface which will interact with pMHC on APC. The cSMAC contains TCR-pMHC bond, surrounded by an adhesive ring of integrins LFA-1-ICAM bonds, and an external ring of CD45 [START_REF] Yokosuka | Dynamic regulation of T-cell costimulation through TCR-CD28 microclusters[END_REF]. Then, in the peripheral zone (designed as pSMAC), there are molecules like the co-receptors or LFA-1 which will stabilize the interaction by binding to the pMHC or ICAM-1. The last ring (designed as dSMAC) is enriched in CD43 and CD45 molecules. The exclusion of the large phosphatase CD45 from the TCR has been proposed as a mechanism of T cell activation, termed as the kinetic-segregation model [START_REF] Simon | The kinetic-segregation model: TCR triggering and beyond[END_REF]; [START_REF] Hashimoto-Tane | Dynamic regulation of TCR-microclusters and the microsynapse for T cell activation[END_REF]. 

Signaling at immunological synapse

Following proper engagement of TCR with the peptide-MHC complex, conformational changes in the associated CD3 chains are induced. It creates a different organisation in the IS. [START_REF] Balbino Alarcón | Initiation of TCR signaling: regulation within CD3 dimers[END_REF]; [START_REF] Lin | T cell receptor signalling[END_REF]. TCR form microclusters (MC) following their integration with the agonist pMHC [START_REF] Smoligovets Yu | Modulation of T cell signaling by the actin cytoskeleton[END_REF]. The TCR ζ chain is phosphorylated upon TCR engagement via their c-terminal immunoreceptor tyrosine-based activation motifs (ITAMs) by the leukocyte-specific tyrosine kinase (LCK). Phosphorylated CD3 then recruit and activate the Syk family kinase zeta-activated protein 70 kDa (ZAP70) [START_REF] Lin | The T-cell-receptor signaling network[END_REF]. Then, ZAP70 phosphorylates a membrane protein called LAT (linker for activation of T cells) [START_REF] Samelson | Signal transduction mediated by the T cell antigen receptor: the role of adapter proteins[END_REF]. LAT in turn recruits a second molecular scaffold, SH2-domain containing leukocyte protein of 76 kDa (SLP-76). SLP-76 is then phosphorylated by ZAP70 and the resulting LAT-SLP-76 complex acts as a scaffold for the recruitment Chapter 1. Introduction of signaling effector molecules [START_REF] Gary A Koretzky | SLP76 and SLP65: complex regulation of signalling in lymphocytes and beyond[END_REF]. (Fig. 1.8). Subsequently, ZAP70, actin adaptor proteins such as cytoplasmic protein NcK1, SLP-76 and actin polymerisation regulatory molecules such as Wiskott aldrich syndrom protein (WASp) and the Wiskott aldrich syndrome protein family member 2 (WAVE2) complex, are recruited to the TCR-CD3 complexes to regulate localised actin polymerisation (Fig. 1.8) [START_REF] Smoligovets Yu | Modulation of T cell signaling by the actin cytoskeleton[END_REF]. The signaling of TCR is still attracting the interest of researchers. New discoveries will no doubt explain to us more about how this signaling happen with current proteins involved in this signaling (or maybe new protein/interactions). A summary of the major aspects of TCR signaling is shown in Fig. 1.8; [START_REF] Smoligovets Yu | Modulation of T cell signaling by the actin cytoskeleton[END_REF]. Adapted from [START_REF] Smoligovets Yu | Modulation of T cell signaling by the actin cytoskeleton[END_REF].

Modulation of T cell signaling by the actin cytoskeleton 1.3.1 Actin filament organisation

As we discussed before, a major cytoskeletal protein of most cells is actin. Many molecules of globular [G] actin will join together to form a polymer called filamentous [F] actin as seen in Fig. 1.9. Actin filaments have a distinct polarity and their 1.3. Modulation of T cell signaling by the actin cytoskeleton ends (called the plus and minus ends) are distinguishable from each other. The actin G-actin binds ATP, which is hydrolyzed to ADP following filament assembly. The three dimensional structures of both individual actin molecules and actin filaments were determined in 1990 by Kenneth Holmes et al. [START_REF] Kenneth | Atomic model of the actin filament[END_REF]. Actin filaments are highly involved in the gross movement of the cell. They are dynamic, it means that they constantly polymerize at the barbed (plus) end and depolymerize at the pointed (minus) end, producing a so-called treadmilling behaviour. They become longer in a process known as actin polymerization and become shorter in a process known as actin depolymerization. These two phenomena help to move the cell, and also to divide. Within the cell, the actin filaments are regulated by actin-binding proteins [START_REF] Svitkina | The actin cytoskeleton and actin-based motility[END_REF]. One protein responsible for actin filament dissambley is called cofilin. It binds to actin filaments and enhances the rate of dissociation of actin monomers from the minus end. In addition, cofilin can severe actin filaments, generating more ends and further enhancing filament disassembly. However, profilin play a role in the exchange of bound ADP for ATP, which leads to the formation of ATP-actin monomers that can be repolymerized into filaments, including new filaments nucleated by the Arp2/3 proteins [START_REF] Cooper | The cell: a molecular approach[END_REF], (Fig. 1.10).
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Exchange of ATP for ADP ATP ATP FIGURE 1.9: Schematic represents the steps of assembly and structure of actin filaments: Actin monomers (G-actin) polymerize to form actin filaments (F-actin). Designed for this thesis based on the literature.

The role of actin in T cell receptor triggering

Actin promotes early steps of TCR signaling in at least two levels: via effects on the TCR itself, and via the assembly of TCR micro clusters, which help amplify TCR signals. The actin cytoskeleton plays a major role in the signaling cascade. Actin applies forces and re-organise molecular movements and lead to signaling, including Ca 2+ flux [START_REF] Wa | Action and Traction: Cytoskeletal Control of Receptor Triggering at the Immunological Synapse[END_REF]. Yu et al. demonstrate that actin is essential to ensure the specificity and sensitivity of T cell triggering, by enabling the rapid association-dissociation of TCR-pMHC binding [START_REF] Smoligovets Yu | Modulation of T cell signaling by the actin cytoskeleton[END_REF]. The pulling force from actin proposed is expected to increase the dissociation of TCR-pMHC, and this has been demonstrated experimentally in recent studies [START_REF] Huppa | TCR-peptide-MHC interactions in situ show accelerated kinetics and increased affinity[END_REF]; [START_REF] Huang | The kinetics of two-dimensional TCR and pMHC interactions determine T-cell responsiveness[END_REF].

The second model adopts the idea that the mechanical forces applied on TCR, must be necessary to launch T cell signaling. It means that the forces provided by actin are transmitted to the TCR-CD3 complex [START_REF] Husson | Force generation upon T cell receptor engagement[END_REF]; [START_REF] Kim | The alphabeta T cell receptor is an anisotropic mechanosensor[END_REF].

A recent study shows that TCR engagement leads to a fast and short-lived polymerisation of actin in the nucleus in order to to produce a dynamic filament network in the nucleus of CD4+ T cells. Nuclear actin polymerization in response to TCR engagement gives rise to an elevation of Ca 2+ levels and involves the nuclear Arp2/3 complex [START_REF] Tsopoulidis | T cell receptor-triggered nuclear actin network formation drives CD4+ T cell effector functions[END_REF]. The transmission of forces to the nucleus by actin is a subject of lot of current actin research.

The role of actin in formation of the immunological synapse

The importance of actin in T cell function is not limited to dictating the cell morphology and protein transportation. During the last decade our understanding of actin in T cell activation expanded broadly. Indeed, actin dynamics function plays an essential role in coordinating T cell signaling events at the IS. Additionally, the actin cytoskeleton (precisely F-actin) is dynamic and plays an important role during the formation of the IS. Indeed, protein clusters are driven by the actin centripetal flow in order to form the SMAC. In a mature synapse, actin is depleted from the center where TCR microclusters accumulate (Fig. 1.11) [START_REF] Smoligovets Yu | Modulation of T cell signaling by the actin cytoskeleton[END_REF]. At the IS, actin dynamics is characterised by polymerization in the lamellipodium, centripetal flow, and filament disassembly in the central region. Dynamic studies demonstrated that the cSMAC structure is the result of the fusion of TCR microclusters which migrated toward the center in a dependent manner [START_REF] Kaizuka | Mechanisms for segregating T cell receptor and adhesion molecules during immunological synapse formation in Jurkat T cells[END_REF]; [START_REF] Varma | T Cell Receptor-Proximal Signals Are Sustained in Peripheral Microclusters and Terminated in the Central Supramolecular Activation Cluster[END_REF].

It was also shown that there is a relation between the pushing force of actin retrograde flow in the dSMAC and the pulling force of actomyosin in the pSMAC. These phenomena drive the centripetal transport of TCR micro clusters at the IS [START_REF] Yi | Actin retrograde flow and actomyosin II arc contraction drive receptor cluster dynamics at the immunological synapse in Jurkat T cells[END_REF]. 

Cells on artificial surfaces 1.4.1 Patterned substrate

In the last decades, new approaches combining physical and biological sciences emerged, in order to deepen the knowledge concerning cellular behavior. Such approaches have also let to advances in biomedicine, which has stimulated the development of strategies for production of diverse biocompatible and cell mimetic surfaces, of which surfaces patterned with bio-molecules is an important example. Micro/nano fabrication techniques, originally developed to manufacture integrated circuits, were adapted early-on for patterning biomolecules on surfaces [START_REF] Whitesides | Soft lithography in biology and biochemistry[END_REF] and [START_REF] Filipponi | Protein patterning by microcontact printing using pyramidal pdms stamps[END_REF].

They are now increasingly used in other fields including biology, biotechnology and biomedical science and engineering [START_REF] Moon | Engineering nano-and microparticles to tune immunity[END_REF]; [START_REF] Platzman | Soft/elastic nanopatterned biointerfaces in the service of cell biology[END_REF] and [START_REF] Biswas | Advances in top-down and bottom-up surface nanofabrication: Techniques, applications and future prospects[END_REF]. In the field of cell biology, combined with surface chemistry and material science knowledge, micro/nano fabrication techniques have provided new tools to further explore and guide cellular processes such as adhesion, spreading, motility, and proliferation [START_REF] Platzman | Soft/elastic nanopatterned biointerfaces in the service of cell biology[END_REF] and [START_REF] Falconnet | Surface engineering approaches to micropattern surfaces for cell-based assays[END_REF]. A wide number of techniques have been developed for producing patterned surfaces at the micro and nano scales. These techniques will be described in section 1.6. Using micropatterns of adhesive patches of different size, the group of Ingber and Whitesides showed that cells could be switched from growth to apoptosis by controlling Chapter 1. Introduction their adhesion [START_REF] Chen | Geometric control of cell life and death[END_REF]. Moreover, they showed also that cells can vary their shape while maintaining the total cell-ECM area constant by decreasing the size and spacing between the focal adhesion points (Fig. 1.12 ) [START_REF] Chen | Geometric control of cell life and death[END_REF]. Following this study, it became clear that localization of focal adhesion points can be controlled by patterning patches of adhesive proteins [START_REF] Arnold | Induction of cell polarization and migration by a gradient of nanoscale variations in adhesive ligand spacing[END_REF]. Micro-patterning is now a standard technique in different domains of biology and biophysics [START_REF] Czöndör | Micropatterned substrates coated with neuronal adhesion molecules for high-content study of synapse formation[END_REF] and [START_REF] Thery | Micropatterning as a tool to decipher cell morphogenesis and functions[END_REF]. 

Soft substrates

Recent decades have seen considerable progress in our understanding of the mechanosensitivity of cells. Studies from the 1980s and 90's [START_REF] Harris | Silicone rubber substrata: a new wrinkle in the study of cell locomotion[END_REF] and [START_REF] Pelham | Cell locomotion and focal adhesions are regulated by substrate flexibility[END_REF] definitively established that cells apply forces to substrates they interact with. More recent development in traction force microscopy allows quantification of these forces [START_REF] Dembo | Imaging the traction stresses exerted by locomoting cells with the elastic substratum method[END_REF]. Cells apply forces and in turn react to the resistance offered by the environment. Using a hard surface such as glass as substrate for cell adhesion does not fully represent the soft physiological state of cells. Therefore, in order to better mimic this state, and to understand the role of mechanics in controlling cell behavior, soft substrates became an important tool [START_REF] Solon | Fibroblast adaptation and stifness matching to soft elastic substrates[END_REF]; [START_REF] Levental | Soft biological materials and their impact on cell function[END_REF].

The relative stiffness of the extra cellular matrix (ECM) is an important mechanical parameter for cell functions and behavior. Mechanical forces are shown to play a major role in a wide range of biological and pathogenic processes [START_REF] Vogel | Local force and geometry sensing regulate cell functions[END_REF] and [START_REF] Ingber | Mechanobiology and diseases of mechanotransduction[END_REF], and mechanobiology is becoming an emerging field in biomedical research. A wide number of experiments were reported on the capacity of the cells to sense 1.5 T cells on engineered APCs

Hybrid system for T cell studies

To study T cell adhesion and signalling at the immune synapse, it is common to form an interface between a living cell and a cell-mimetic engineered surface and to image it with advanced optical microscopy techniques. In the context of T cells, the APC has traditionally been mimicked by a supported lipid bilayer (SLB) that carries diffusing ligands, typically for the TCR complex and for integrins [START_REF] Benard | T cells on engineered substrates: The impact of TCR clustering is enhanced by LFA-1 engagement[END_REF], [START_REF] Dillard | Nano-clustering of ligands on surrogate antigen presenting cells modulates T cell membrane adhesion and organization[END_REF], [START_REF] Katarzyna | Integrins modulate T cell receptor signaling by constraining actin flow at the immunological synapse[END_REF]. Many of the results reported above for T cell/APC interactions were in fact discovered using this kind of hybrid system. The role of ligand mobility in a SLB which was clearly demonstrate recently [START_REF] Dillard | Ligandmediated friction determines morphodynamics of spreading T cells[END_REF]. Using a fluid supported lipid bilayer which mobile or immobilised ligands (anti-CD3 as TCR ligand), it was shown that cell spreading area as well as actin organization are influenced by the ligand mobility (Fig. 1.14) [START_REF] Dillard | Ligandmediated friction determines morphodynamics of spreading T cells[END_REF]; [START_REF] Dillard | Impact of ligand presentation on biophysics of T-lymphocyte adhesion[END_REF].

Micro and nano patterned surfaces

Interaction of cells with nano and micro-patterns have attracted a lot of attention [START_REF] Mossman | Altered TCR Signaling from Geometrically Repatterned Immunological Synapses[END_REF], [START_REF] Boryana | T-cell triggering thresholds are modulated by the number of antigen within individual T-cell receptor clusters[END_REF], [START_REF] Weghuber | In-vivo detection of protein-protein interactions on micro-patterned surfaces[END_REF], A new challenge in cellular context comes from the fact that cells are additionally sensitive to the compliance of their immediate environment. Further, because in cell-cell interactions the relevant proteins are embedded in the cell membrane, synthetic supported lipid bilayer (SLB) membranes are often used as surrogate cells. Patterning of soft substrates at the nanoscale, or an SLB even at the microscale, is a current engineering challenge. A lot of progress understanding the importance of spatial cues was made with the the strategy of Groves lab, who designed an hybrid live-cell-supported membrane configuration, in which a solid supported lipid bilayer (SLB) takes the place of the APC [START_REF] Mossman | Altered TCR Signaling from Geometrically Repatterned Immunological Synapses[END_REF]; [START_REF] Niña C Hartman | Cluster size regulates protein sorting in the immunological synapse[END_REF]; [START_REF] Lin | Supported membrane formation, characterization, functionalization, and patternig for application in biological science and technology[END_REF]; [START_REF] Boryana | T-cell triggering thresholds are modulated by the number of antigen within individual T-cell receptor clusters[END_REF] . They aimed to understand how the organization of receptors and signaling molecules at the cell-cell interface could have an impact on the activity of lymphocytes. For example, they have demonstrated, by confining TCR ligands within a micrometer perimeter using a barrier in the bilayer (Fig. 1.15), that receptors reorganization via actin toward the center is important for T cell signaling [START_REF] Dustin | Receptor signaling clusters in the immune synapse[END_REF]. Bio-mimetic surface bearing small protein clusters of controlled size can be made of various kinds of synthetic substrates: either protein-covered patterns on glass [START_REF] Dillard | Ligandmediated friction determines morphodynamics of spreading T cells[END_REF]; [START_REF] Doh | Immunological synapse arrays: Patterned protein surfaces that modulate immunological synapse structure formation in T cells[END_REF]; [START_REF] Deeg | T cell activation is determined by the number of presented antigens[END_REF], or nano motifs in the context of protein clusters on a supported bilayer [START_REF] Smoligovets Yu | Modulation of T cell signaling by the actin cytoskeleton[END_REF]; [START_REF] Dustin | Receptor signaling clusters in the immune synapse[END_REF]; [START_REF] Doh | Immunological synapse arrays: Patterned protein surfaces that modulate immunological synapse structure formation in T cells[END_REF]; [START_REF] Benard | T cells on engineered substrates: The impact of TCR clustering is enhanced by LFA-1 engagement[END_REF]. ). They found that T cells can be fully activated when the TCR ligands are arranged in the form of a circle that can sustain the cSMAC at the center of the interacting surface, but on other configurations the T cell struggles to spread and be activated. Later, group of Kam [START_REF] Shen | Micropatterning of costimulatory ligands enhances CD4+ T cell function[END_REF] have shown that T cells produce IL-12 when anti-CD3 dots are surrounded by CD28 whereas when both are co-localized they did not. These results highlight the importance of the organization of the ligands on the formation of the IS and the activation of the T cell.

In my host laboratory, another technique to build sub-micropatterned surface to mimic the APC was developped to look at the molecular organization at the T cell-APC interface [START_REF] Pi | Nanometric Protein-Patch Arrays on Glass and Polydimethylsiloxane for Cell Adhesion Studies[END_REF]. This technique is based on microsphere lithography. With this technique, the spacing between ligand is well controlled by the diameter of the beads, and the size of the motif can be varied to some extent [START_REF] Pi | Size-Tunable Organic Nanodot Arrays: A Versatile Platform for Manipulating and Imaging Cells[END_REF]. Moreover, the absence of metal on this substrate facilitates imaging with sensitive surface microscopy technique like TIRF, RICM or super-resolution techniques. These kinds of studies on T cell show that different molecules are influenced by dot geometry, such as TCR and kinases ZAP-70 as well as cell membrane topography (Fig. 1.17) [START_REF] Dillard | Nano-clustering of ligands on surrogate antigen presenting cells modulates T cell membrane adhesion and organization[END_REF]. Furthermore, in our lab, another kind of substrate was created: APC-mimetic synthetic patterned substrate in which the dots containing anti-CD3 are surrounded by a fluid supported lipid bilayer (SLB) [START_REF] Benard | Ligand Nano-cluster Arrays in a Supported Lipid Bilayer[END_REF]. They showed that for T cell adhesion mediated by TCR alone, in the patterned, but not in the homogeneous controls, the TCR, ZAP-70 and actin are present in the form of cluster that colocalize with the ligand dots [START_REF] Benard | T cells on engineered substrates: The impact of TCR clustering is enhanced by LFA-1 engagement[END_REF].

Moving to nano patterning, Spatz et al. developed a substrate composed of a nanoscale protein pattern on gold nano-dots whose, molecular density and distribution were controlled [START_REF] Matic | Fine Tuning and Efficient T Cell Activation with Stimulatory aCD3 Nanoarrays[END_REF]. They studied the roles of the substrate's geometrical properties and the presentation of nanoscale ligands on adhesion and T cell activation. This nano-pattern is obtained by a nanolithography technique block copolymer micellar nanolithography (BCML) which allows gold nanoparticles to be disposed on glass in an organized manner on which the proteins of interest are directly immobilized [START_REF] Delcassian | Nanoscale Ligand Spacing Influences Receptor Triggering in T Cells and NK Cells[END_REF] and [START_REF] Shen | Micropatterning of costimulatory ligands enhances CD4+ T cell function[END_REF] (discussed again in subsection 1.6.4. Similar experiments were done by Deel et al. [START_REF] Deeg | T cell activation is determined by the number of presented antigens[END_REF]. Although this substrate confirms the existence of a relationship between molecular density, ligand organization and cell adhesion and activation (Fig. 1.18), it does not allow, to our knowledge, the observation of the molecular organization at the T cell-APC interface due to its incompatibility with the TIRF (total internal reflection fluorescence) or super-resolution microscopy, especially at high densities of the gold dots. 

Patterned soft surfaces

Since the physiological state of cells is closer to soft substrates more than hard, researchers have started creating soft surfaces with pattern that better mimic the real environment of the cell. One recent technique is based on patterning soft hydrogels by employing block copolymer micelles nanolithography for the production of surface patterned with gold nanoparticles on a solid template, then transferring the pattern to a polymeric hydrogel [START_REF] Stefan V Graeter | Mimicking Cellular Environments by Nanostructured Soft Interfaces[END_REF]; [START_REF] Aydin | Polymeric substrates with tunable elasticity and nanoscopically controlled biomolecule presentation[END_REF] and [START_REF] Liu | Fabrication of micropatterns of nanoarrays on a polymeric gel surface[END_REF]. These nanoparticles are used for immobilization of active biomolecules. But this is limited by its application only to hydrogels, also by incompatibility between microscopy and gold chemistry. In our group, Pi and colleagues, reported a NL based technique, creating nanodots whose size could be tuned independently of the spacing, and used this strategy to pattern glass as well as soft elastomer (PDMS). They proceeded as follows: a primary silica bead mask was self-assembled on an hydrophilic glass substrate, resulting in two dimensional monolayer of colloidal beads, then a secondary aluminum mask was deposited by sputtering, resulting after removing of the beads, a well defined array of pits giving access to the glass substrate for further deposition 1 . They observed that by tuning the thickness of the deposited aluminum layer, the later size of the pits could be tuned. The resulting substrate was further bio-functionalized with proteins and used to study T cell adhesion or to transfer the protein pattern to the surface of soft PDMS elastomer by contact printing [START_REF] Alameddine | Printing Functional Protein Nanodots on Soft Elastomers: From Transfer Mechanism to Cell Mechanosensing[END_REF] . This technique removes the constraint of using gold particles, and provides a powerful tool for cell biology studies.

Technology for fabrication of biomimetic patterned surfaces

In order to fabricate biomimetic patterned surfaces different techniques were first developed (micro/nano) to make the integrated circuits but then it has also evolved for applications in other fields like biology, biotechnology, biomedical and engineering [START_REF] Moon | Engineering nano-and microparticles to tune immunity[END_REF]. In cell biology, this technique is used to further study cellular processes like cell adhesion, spreading, motility, proliferation and, in general, cell interaction with their environment [START_REF] Falconnet | Surface engineering approaches to micropattern surfaces for cell-based assays[END_REF]. A patterned surface can be achieved by two types of approaches either top-down or bottom-up [START_REF] Wang | Bioengineering of artificial antigen presenting cells and lymphoid organs[END_REF]. The top-down approach consist of creating micro/nano scale structures at a macroscopic scale (e.g Photolithography) and the bottom-up approach consist of assembling small structures to form a bigger one (e.g molecular self-assembly). This section describes some of the well known techniques used to fabricate micro/nano patterned surface.

Photolithography

Two approaches are possible in order to make pattern surfaces with the lithography technique: either the substrate is coated with a positive photoresist or a negative one. Then, the surface is exposed to UV light through a mask with the desired pattern. In the case of a positive photoresist, the area exposed to the UV light will depolymerize and be chemically removed during the development step. However, in the case of a negative photoresist, the area exposed to the UV light will polymerize and remain during the development process (Fig. 1.19). The remaining pattern can be used as a mask (for deposition or etching techniques) or as mold to shape polymers such as PDMS. It has several advantages such as reproducibility and the high resolution of the pattern. But it needs clean room facilities which may not be easily accessible, as well as the incompatibility with chemical functionalities and delicate ligands which will be denatured or deactivated.

Traditionally, only larger features could be done by photolithography. However, now much smaller features and multi scale patterns may be possible using deep UV laser patterning [START_REF] Leuschel | Deep-UV photoinduced chemical patterning at the micro-and nanoscale for directed self-assembly[END_REF].

FIGURE 1.19: Photolithography using positive or negative photoresist. Adapted from [START_REF] Zachary R Taylor | Independently controlling protein dot size and spacing in particle lithography[END_REF].

Contact printing

In 1993 Whitesides et al. developed micro-contact printing [START_REF] Kumar | Features of gold having micrometer to centimeter dimensions can be formed through a combination of stamping with an elastomeric stamp and an alkanethiol "ink" followed by chemical etching[END_REF], which has proved to be very popular for biological studies. Its concept is based on transferring molecules from an elastomeric stamp which is micro/nano structured to another surface. To do so, an elastomeric stamp (usually obtained using a mold fabricated by lithography) is coated with molecules of interest, typically a simple protein, which are then transferred to another surface by putting the two surfaces in contact [START_REF] Filipponi | Protein patterning by microcontact printing using pyramidal pdms stamps[END_REF]; [START_REF] Ruiz | Microcontact printing: a tool to pattern[END_REF] (Fig. 1.20). The non-coated regions can also be functionalized with another molecule [START_REF] Doh | Immunological synapse arrays: Patterned protein surfaces that modulate immunological synapse structure formation in T cells[END_REF].

The substrate need to have highly attractive interaction with the transferred material compared to the stamp to achieve the transfer of the molecules. It has several advantages as the simplicity of the processing/using and the capacity of patterning large area on various materials. But, it is limited by the possibility to denature the protein if they stay dry too long before printing or if they are particularly fragile. Adapted from [START_REF] Kumar | Surface Functionalization to Mitigate Fouling of Biodevices: A Critical Review[END_REF].

Nanoimprint lithography

Nanoimprint Lithography (NIL) technique is a mechanical deformation of a spread layer of imprint resist (it is a mixture of a polymer that can be changed (cured) by electron beam or UV light) [START_REF] Filipponi | NANOYOU teachers training kit in nanotechnologies[END_REF]. To do so, a hard mold is pressed on a thin layer of resist. Afterwards, a patterned topography is created on the resist by removing this mold. Finally, a reactive ion etching (RIE) process is used to remove the residual resist present on the compressed area (Fig. 1.21). Three usable types of NIL: either thermoplastic, photo or electrochemical methods. The thermoplastic-NIL consists of using a thermoplastic polymer. By pressing the mold and heating up above the glass transition temperature of the polymer, in order soften the polymer film. The photo-NIL, meanwhile, use a photo curable liquid resist and a transparent mold. By pressing the mold and the substrate together, the resist is exposed to UV light and becomes solid. An RIE application can subsequently remove the residual resist present on the compressed area. The third one, the electrochemical-NIL utilizes a conductive mold and applying a high voltage when the mold and the substrate are pressed together. In that case, an electrochemical etching is applied in order to pattern the surface. Here, the final imprint resist is suitable for a substrate with 3D topography [START_REF] Chou | Nanoimprint lithography[END_REF] or for a contact printing stamp [START_REF] Bernard | Printing patterns of proteins[END_REF]. However, the obtained pattern quality is uncertain due to a lack of control during the transfer step. Very small topographical features may also be deformable or fragile. 

Block Copolymer Micelles Nanolithography

Block Copolymer Micelles Nanolithography is a simple technique to fabricate nanoscale structures over large areas [START_REF] Spatz | Nano-and micropatterning by organic inorganic templating of hierarchical self-assembled structures[END_REF]. The basis of this approach is the self-assembly of polymer micelles into uniform monomicellar films on solid supports such as Si-wafer or glass cover slips. The block copolymer is composed of two polymer chains -one hydrophilic and one hydrophobic -attached by a covalent bond. These molecules form micelles in aqueous solution. Typically, a metal salt is included on the solution which is precipitated such that in the micelle a metal nano-particle is embedded. By spin coating or dipping into the micelles solution, the micelles will form a uniform hexagonally close-packed pattern on the surface. Afterwards, a plasma treatment is used in order to remove the polymer shell leaving the metal nanoparticle pattern (Fig. 1.22). In general, gold metallic nanoparticle arrays are obtained. The distance between each particle can be changed by changing the molecular weight of the block copolymer [START_REF] Glass | Micro-nanostructured interfaces fabricated by the use of inorganic block copolymer micellar monolayers as negative resist for electron-beam lithography[END_REF]. The limitation of the separation distance between individual dots or the pattern geometry is overcome by combining self-assembly of diblock copolymer micelles with pre-structures formed by photo or e-beam lithography. Also, the particle size can be independently changed by combining this technique with electroless deposition [START_REF] Lohmueller | Synthesis of quasi-hexagonal ordered arrays of metallic nanoparticles with tuneable particle size[END_REF]. This technique is used in cell biology for example to study the impact of clustering and density of ligand on cell adhesion and activation (Fig. 1.23) [START_REF] Deeg | T cell activation is determined by the number of presented antigens[END_REF]; [START_REF] Delcassian | Nanoscale Ligand Spacing Influences Receptor Triggering in T Cells and NK Cells[END_REF]. Various advantages of this technique are notable like the versatility of the technique, the easiness in using, the capacity of nanopatterning large area on different materials. Nevertheless, some disadvantages are also present, like the use of metallic particles which are incompatible with high sensitive surface microscopy technique (especially at higher density where plasmons may form) which are essential in cell biology. 

Nanosphere lithography

Nanosphere lithography (NSL) was reported for the first time by Fisher and Zingsheim in 1981. In this technique, a colloidal sphere suspension is used to form an ordered monolayer on glass, which plays the role of a lithographic mask for platinum nanostructure preparation. One of the requirements of this technique is the formation of a regular and homogeneous patterned distribution of nanoparticles. After a colloidal sphere (like polystyrene or silica particles) deposition on the substrate (e.g glass) and a drying step, molecules of polymers or proteins are deposited through the holes of the bead-mask. Finally when the spheres are removed, nanodots array on the surface of the substrate is formed (Fig. 1.24). Being metal free, this nano-scale technique is compatible with TIRF and RICM. However a serious disadvantage is that the nanospheres diameter determines the size and the inter-dot spacing, which means that the dot size cannot be independently changed in the same sample. Unfortunately, that point is an important requirement for cell studies. Different strategies have been tried to overcome this issue [START_REF] Yang | Nanomachining by colloidal lithography[END_REF]; [START_REF] Zachary R Taylor | Independently controlling protein dot size and spacing in particle lithography[END_REF] but without any conclusive outcome. In our group, a new NSL approach was developed creating nano-dots whose size can be changed, to a certain extent, independently of the spacing [START_REF] Pi | Size-Tunable Organic Nanodot Arrays: A Versatile Platform for Manipulating and Imaging Cells[END_REF]. 

Super resolution technology for visualisation of adhesion immune cells

In the last two decades, it has become possible to image beyond the diffraction limit, for which E. Betzig, S. Hell and W. Moerner were given the Nobel Prize in Chemistry 2014. This led to the evolution of commercially available super-resolution microscopy techniques. This has democratized these technologies and biologists can Recapitulative table as seen in (Fig. 1.25 and 1.26) for the principle of each one and some characteristics. These techniques go beyond the diffraction limit of resolution and can be used to analyse localisation of proteins within structures with precise detail to the 10 nm scale. 

Overview of discoveries in T cells with super resolution techniques

In the applied super resolution (SR) and biophysics, IS has proved ground for SR technique development. Cell biology has profited from the system as progress to understand the role of nanoscale molecular organization of the TCR [START_REF] Samelson | Super-resolution characterization of TCR-dependent signaling clusters[END_REF], [START_REF] Dylan M Owen | PALM imaging and cluster analysis of protein heterogeneity at the cell surface[END_REF], LFA-1 [START_REF] Baumgart | Varying label density allows artifact-free analysis of membrane-protein nanoclusters[END_REF], [START_REF] Garth L Burn | Superresolution imaging of the cytoplasmic phosphatase PTPN22 links integrin-mediated T cell adhesion with autoimmunity[END_REF], LAT [START_REF] David J Williamson | Pre-existing clusters of the adaptor Lat do not participate in early T cell signaling events[END_REF], [START_REF] Griffié | 3D Bayesian cluster analysis of super-resolution data reveals LAT recruitment to the T cell synapse[END_REF] and the nanoscale meshworks formed like actin. Hu et al. [START_REF] Ying S Hu | Superresolution imaging reveals nanometer-and micrometer-scale spatial distributions of T-cell receptors in lymph nodes[END_REF] showed for the first time that T cell receptors form nanoclusters in activated cells, which forms a group together to amplify a signal, allowing T cells for activation. Recently, it has been shown that T cell adhesion which is based around LFA1 integrin is small around 100 nm in dimater [START_REF] Garth L Burn | Superresolution imaging of the cytoplasmic phosphatase PTPN22 links integrin-mediated T cell adhesion with autoimmunity[END_REF]. Adhesions which are anchored to the ligand outside the cell and to the actin inside remain engaged from the leading edge to the lamella, but have a total life of less than 1 min. One prospect is that actin and the membrane work together to split into small units the nanoadhesions, a concept promoted by Kusumi [START_REF] Akihiro | Archipelago architecture of the focal adhesion: membrane molecules freely enter and exit from the focal adhesion zone[END_REF], [START_REF] Fujiwara | Phospholipids undergo hop diffusion in compartmentalized cell membrane[END_REF] and suggested for T cells by Lillemeier [START_REF] Ying S Hu | Superresolution imaging reveals nanometer-and micrometer-scale spatial distributions of T-cell receptors in lymph nodes[END_REF]. Lattice light sheet microscopy (LLSM) is characterised by its high spatiotemporal resolution using low laser power. IS was studied in a 3D matrix between a T cell and a dendritic cell [START_REF] Chen | Lattice light-sheet microscopy: imaging molecules to embryos at high spatiotemporal resolution[END_REF] as well as microvilli [START_REF] Cai | Visualizing dynamic microvillar search and stabilization during ligand detection by T cells[END_REF]. Baumgart et al. [START_REF] Baumgart | Varying label density allows artifact-free analysis of membrane-protein nanoclusters[END_REF] showed that PALM and dSTORM are inclined to give artefactual protein clustering because of the inhomogeneous stochastic fluorophore blinking and therefore detection of clusters due to overcounting. While it was thought that the kinase Lck forms a cluster with diameters of 50 nm [START_REF] Rossy | Conformational states of the kinase Lck regulate clustering in early T cell signaling[END_REF], Baumgart demonsrated that Lck is distributed homogeneously in both resting and activated T cells.

When Schütz and colleagues applied this approach to the TCR, they did not observe overt receptor clustering in non-activated CD4+ T cells in dSTORM and PALM experiments [START_REF] Rossboth | TCRs are randomly distributed on the plasma membrane of resting antigen-experienced T cells[END_REF]. Using STORM, Zhuang et al. showed individual actin filaments in cells and divulged three-dimensional ultrastucture of the actin cytoskeleton. They observed two vertically separated layers of actin networks with distinct structural organizations in sheet-like cell protrusions [START_REF] Xu | Dual-objective STORM reveals threedimensional filament organization in the actin cytoskeleton[END_REF].

Another lab used PALM microscopy revealed the organisation of several molecules in active jurkat T cells with a focus on LAT complexes. They found that LAT was significantly pre-clustered in the inactivated state, whereas TCR activation caused an increase in the extent and size of clustering. Similar results were seen for the TCR, images using TCR-PAmCherry [START_REF] Samelson | Super-resolution characterization of TCR-dependent signaling clusters[END_REF]. Group of fritzsche, using STED microscopy, measured the density distribution of the cortical actin cytoskeleton and the distance between the actin cortex and the membrane in live Jurkat T cells. They found an asymmetric cortical actin density distribution. Their results suggest that in some regions the cortical actin is closer than 10 nm to the membrane and a maximum of 20 nm in others [START_REF] Clausen | Dissecting the actin cortex density and membrane-cortex distance in living cells by super-resolution microscopy[END_REF].

In addition, the group of Fritzsche was interested in resting and activated T cells. They showed -using 3D STED to visualize the actin cortex, a presence of distinct filamentous structure at the contact center. They revealed a new ramified actin network in the center of activated T cells that is involved in IS formation and occur with actin reorganizations and global rearrangements at the IS interface [START_REF] Fritzsche | Cytoskeletal actin dynamics shape a ramifying actin network underpinning immunological synapse formation[END_REF].

Thesis outline

In this work, we have studied the interaction of T cells with new artificial substrates which mimics the APC. The substrate are designed to mimic a specific aspect of the APC. The major part of this work concerns the impact of ligand clustering on cell spreading and actin organisation. A small part is dedicated to the question of T cell mechanosensing, which uses soft gels as APC-mimetic support. Throughout this thesis, anti-CD3 was used as ligand against the TCR complex. The reasons for this choice are:

-The bond pMHC/TCR is weak, and it needs additional co-receptors [START_REF] Smith-Garvin | T Cell Activation[END_REF] to stabilise the adhesion, thus introducing extra complexity into the system. Anti-CD3, used alone, provides sufficient adhesion to the substrate via the TCR complex [START_REF] Dillard | Nano-clustering of ligands on surrogate antigen presenting cells modulates T cell membrane adhesion and organization[END_REF]; [START_REF] Dillard | Ligandmediated friction determines morphodynamics of spreading T cells[END_REF]; [START_REF] Bongrand | Quantitative aspects of T-cell recognition: from within the antigen-presenting cell to within the T cell[END_REF]; [START_REF] Bongrand | Ligand-receptor interactions[END_REF] and [START_REF] Bunnell | T cell receptor ligation induces the formation of dynamically regulated signaling assemblies[END_REF].

-Here we have chosen to work with with human T cells. However the specificity of their TCR is unknown and variable. Thus, the choice of using an antibody stems naturally from the choice of using human wild type cells.

-Anti-CD3 is known to elicit the same signalling cascade as pMHC (contrary to anti-TCR, for example). The choice of anti-CD3 is further justified since the CD3 domain, rather than the α or the β chains, is implicates in the mechanaosensitivity of T cells [START_REF] Bashour | CD28 and CD3 have complementary roles in T-cell traction forces[END_REF].

To investigate the effect of ligand clustering, two complementary techniques were used to create sub-micronic dots of anti-CD3, in a sea of a passive polymers. The first developed in the lab prior to my thesis, but extensively used here, is based on colloidal bead pattern (CBP). The second, essentially developed in this thesis, though based on prior pilot experiments, is based on e-beam lithography (EBL). The thesis is presented in eight chapters which are organizing as follows: Chapter 1 motivates the work and is dedicated to the state of the art. Chapter 2 describes the materials, methods, and protocols used in this work. Chapter 3 presents the characterisation of T cells on colloidal bead pattern, performed at the cellular scale. The cells were characterized in term of the cell adhesion area, actin cytoskeleton organization, and TCR distribution at level of the whole cell (around 10 microns). Chapter 4 presents the characterisation for cells on colloidal bead pattern at the scale of the pattern, that is, sub-micronic. Chapter 5 presents detailed description and characterization of the e-beam lithography based protein patterning technique that I developed. Chapter 6 is dedicated to cellular studies on substrate made with ELB method (at the cellular scale and the scale of the pattern).

Chapter 7 reports cells behavior on soft substrates. Chapter 8 concludes the manuscript with a summary of the thesis. It includes a discussion of the results, comparing the two techniques of patterning and some perspectives of our work.

Chapter 2

Materials and Methods

This chapter is dedicated to describing the proteins, polymers and other chemicals as well as cells used in this thesis. There are two different types of methods, standard methods generally used as well as developed in the laboratory will be described in this chapter [START_REF] Pi | Size-Tunable Organic Nanodot Arrays: A Versatile Platform for Manipulating and Imaging Cells[END_REF]; [START_REF] Benard | T cells on engineered substrates: The impact of TCR clustering is enhanced by LFA-1 engagement[END_REF] and specific methods developed for this thesis will be presented in chapter 5.

Substrate preparation

Substrate overview

Two major types of substrates were used in this work: one is based on self assembly of colloidal beads which we called colloidal bead pattern (CBP), the second one is based on electron-beam (e-beam) lithography pattern (ELP). For CBP, i used previously developed techniques and protocols which are described in this chapter (Fig. 2.1). For ELP, i contributed to the development and the protocol which will be described in chapter 5. However standard techniques common to both CBP and ELP are described here. Each type of substrate was compared to a positive (POS) and negative control. These controls present the same protein conditions as in the dots: in order to compare the impact of protein clustering on cell adhesion. For all types of substrates, square glass slides (24*24 mm, thickness of 0.17 mm, Hecht assistant, Germany) were used as support. After preparation of the substrate, they were mounted in a made-to-order observation chamber (see Fig. 2.2 ).

Cleaning procedures

Two different cleaning procedures were used in this thesis:

• Procedure 1: used to clean the chambers and the slides used for Pos and CBP substrate, a surfactant based procedure was used with the following steps:

-Ultra sonication in Hellmanex III (Helma analytics, Germany) solution for 30 min at 40 • C .

-Rinse 10 times with ultrapure water.

-Ultra sonication in Hellmanex III solution for 30 min.

-Rinse 10 times with ultrapure water.

-Ultra sonication in ultra pure water for 30 min.

-Rinse 10 times with ultrapure water.

-Ultra sonication in ultra pure water for 30 min.

-Rinse 10 times with ultrapure water. FIGURE 2.1: Schematic representation of the two major substrates used in this thesis. As shown, some procedure are different and some are the same between the two techniques. Enclosed inside the red contour: steps were done to make the pattern with CBP method explained in this chapter. Green rectangle: The different steps were used to create the pattern by ELP method, will be explained in chapter 5.

• Procedure 2: used to clean the slides used for ELP method:

-Ultra sonication in acetone for 10 min.

-Ultra sonication in isopropanol (IPA) for 10 min.

-Rinse 10 times with ultrapure water.

-Plasma cleaning (A Nanoplas DSB-3) was used at working pressure of about 0.5-0.8 Tor during 10 min at 150 • C.

The second procedure was important to wash the slides in the clean room due to the more accurate environment (less dust) to be sure that everything is clean before depositing other products. 

Preparation of primary colloidal bead masks

After cleaning the glass slides by procedure 1, self-assembly of colloidal beads was used to create a monolayer of beads which serves as the primary mask. Beads were either 2µm or 1µm in diameter (silicon oxide size standards, Corpuscular, USA) bought as diluted suspension, which is concentrated before use (initial concentration varies from supplier to supplier, in the current case, it is about 10 ml 5%). The concentration of the bead-suspension needs to be optimized in order to avoid multilayers of beads during deposition. The colloidal bead masks were prepared with the following protocol:

-Wash the beads by centrifugation at 2000 rpm for 4 minutes.

-Remove the supernatant and add ultrapure water.

-These 2 steps are executed 4 times.

A glass platform was prepared with an angle of 4 • , a clean glass slide placed on the platform with an angle 13 • , deposit 40 to 50 µl of the bead suspension drop by drop, the water was evaporated at room temperature (RT), we obtain one layer of beads as seen in Fig. 2.3. 

Preparation of secondary aluminum mask

Aluminum deposition

In this step, there are two different techniques to depose the aluminum, either by magnetron metal sputtering (for CBP) or by metal evaporation in vacuum (for ELP). Both of them were done in the nano-fabrication platform of CINaM (PLANET, Clean room of class, ISO 1000).

Chapter 2. Materials and Methods

• Metal sputtering

This technique of radio frequency (RF) magnetron sputtering is based on physical vapor deposition (PVD), in PVD processes the particles to be deposited will be transformed into the gaseous state by a physical process. By bombardment of ions with high level of energy, surface particles and secondary electrons will come off from target. After reaching a high vacuum of the chamber, the ejected particles, which are mainly atoms and molecules, are deposited on the substrate in order to form the film. For the deposition, the samples were placed at a distance of 105 mm onto a rotating table . A target with Aluminum with 1% of silicon (Kurt J. Lesker Company, purity 99,99%) was used.

The protocol and settings for the deposition were the following :

-A turbo-molecular pump was use to achieve a pressure of 2.6 x 10 -4 Pa in the deposition chamber.

-Argon pure atmosphere (5N, 99.999%) was introduce with a flux of 10 s.c.c.m at a pressure of 0.8 Pa (6.6 mTorr) -After switching on the RF, a sputter for 2 minutes was done with the shutter closed in order to remove eventual gas impurities from the target .

-The shutter was opened, the deposition was done for 60 minutes corresponding to aluminum thickness of 200 nm [START_REF] Pi | Size-Tunable Organic Nanodot Arrays: A Versatile Platform for Manipulating and Imaging Cells[END_REF]; [START_REF] Mubarak | Review of physical vapour deposition (PVD) techniques for hard coating[END_REF].

• Metal evaporation Evaporation (using Edward AUTO 306 evaporator, France) is a method of thinfilm deposition (in our case 50 nm). The source material is evaporated in a vacuum 10 -6 . In addition, the vacuum allows vapor particles to travel directly to the substrate, where they condense back to a solid state. It relies on two basic processes: the evaporation of a heated source and the condensation in the solid state of the evaporated aluminum on the substrate. This apparatus is calibrated depending on metal-type (gold, copper, nickel). Since the same machine is used for deposition of these different metals, sometimes cross-contamination may occur. We can avoid this by evaporating on expendable glass slide before using the machine for the first deposition. The thickness is expected to be around 50 nm, with 10 % accuracy, as estimated from calibration using the quartz crystal microbalance [START_REF] Dolotov | Apparatus for metal evaporation coating[END_REF] (This protocol was developed by the engineers of the microfabrication platform).

Bead removal

After the step of deposition of aluminium by sputtering, the beads are removed by ultrasonication in ultra-pure water during 10 seconds. At that steps of the protocole, the glass slide is an aluminum layer with empty nano-hole array as seen in Fig. 2.3. This forms the secondary mask. As expected, the distance between the holes correspond to the diameter of one bead used for forming the mask. In this thesis, two set of conditions was used : 2 µm and 1µm of beads and 160-180 nm aluminum thickness.

Preparation of protein template

The clean glass slides were either functionalized homogeneously for control experiments or were first nano-patterned (by CBP or ELP ) and then functionalized. In either case, the steps are identical and are explain below.

Organo-silane based Functionalization

3-aminopropyltriethoxysilane (APTES) is an amino-silane frequently used in the process of silanization, the functionalization of surfaces. The chemical formula of APTES is (H-2N(CH-2)-3Si(OC-2H-5)-3). APTES (Sigma-Aldrich, France) was used in order to make the glass slides hydrophobic, and to encourage protein adsorption. APTES covered slides served as basis for further functionalization. The portocole used is the following:

-Cleaned glass slides were disposed on a ceramic grid in a glass desiccator.

-In a Petri dish under the ceramic grid, 0.5 mL of APTES was deposited.

-The desiccator was then connected to a membrane pump at maximum power (8 mbar) during 30 minutes.

-After closing the valve, the desiccator was heated up for one hour at 50 • C.

Bovine serum albumin deposition

Several types of proteins were deposited on glass in order to create the protein nanodots arrays. The needed concentration of protein was prepared from a solution stored at -20 • C or -4 • C. The solution for use from the stock at -4 • C, and was used directly or stored in the refrigerator for maximum of two days. Phosphate buffer saline (pH = 7.4; molarity = 15mM) (PBS, Sigma Aldrich, France) was dissolved in deionized water to a concentration of 1X, and used to store and wash all proteins.

The different types of proteins were used to build the pattern, as will be detailed along with the concentration used in the following sections: BSA coupled to biotin (BSA-Biotin) (Sigma Aldrich, France) was used for further functionalization with biotin binding protein. Biotin is a relatively small molecule (244.3 Daltons), that can be conjugated to many proteins (such as BSA) without significantly altering their biological activity. The highly specific interactions of biotin with biotin-binding proteins make it a useful tool in assay systems designed to detect and target biological analytes.

Here, (25µg/ml) of BSA biotin was deposited during 30 minutes at RT.

Aluminium removal

The layer of aluminum was remove using phosphate buffered saline (PBS) + sodium hydroxide (NaOH) with pH 11.5. The substrate was incubated in this solution for at least 4 hours or over night until complete dissolution at room temperature.

Passivation with Polyethylene glycol

Polyethylene glycol (PEG), one of the most widely used biocompatible polymers.

Traditionally, PEG has been widely used in biological synthetic as a participating agent for proteins, other biological macromolecules and viruses, it has also been utilized since the mid 1950s for preparation of two phase aqueous systems. The length of the chain can be controlled within a desired range by the degree of polymerization of the starting polymer. One of the biological applications of PEG chemistry currently receiving the attention of researcher is surface modification with PEG to provide protein-and cell-rejecting properties. Because PEG's properties yield non-immunogenicity, non-antigenicity, Chapter 2. Materials and Methods and protein rejection (highly hydrophilic) [START_REF] Alcantar | Polyethylene glycol-coated biocompatible surfaces[END_REF]. Quite frequently, PEG is used to coat surfaces in order to prevent proteins or other macromolecular material from depositing on the surface. The general mechanism behind the effective repulsion of macromolecule from the coated surface is that if the macromolecule comes close to the surface, then the conformational degrees of freedom for the polymer are drastically reduced, and this causes an entropic repulsion between the surface and the macromolecule. PLL-g-PEG is a random graft co-polymer with a poly(L-lysine) backbone and poly(ethylene glycol) side-chains. It has been used frequently in biological issues, most important, its ability to prevent nonspecific adsorption of other proteins [START_REF] Gregory L Kenausis | Poly (L-lysine)-g-poly (ethylene glycol) layers on metal oxide surfaces: attachment mechanism and effects of polymer architecture on resistance to protein adsorption[END_REF].

Here, poly(L-lysine)(20)-graft(3.5)-poly(ethylenglycol)(5)(PLL-PEG) copolymer (Susos,Switzerland) was used by incubation in either 10µg/ml (low) or 100µg/ml (high) solution for 30 min and then washing 10 times by PBS (1x).

Functionalization with antibody

Neutravidin binding

For our studies, we chose to use neutravidin as a biotin binging protein. This choice was suitable for our experiment because it is near-neutral isoelectric (6.3) and it doesn't glycosylated, unlike avidin. Also, it is generally lower nonspecific binding than avidin and streptavidin. We use fluorescent neutravidin in order to be able to see the dots and quantify the density of the proteins in the dots. Neutravidin conjugated with three different fluorophores were employed:

• NeutrAvidin, Fluorescein isothiocyanate conjugated (NaV-FITC, Sigma Aldrich, France).

• Neutravidin, Dylight650 conjugated (NaV, Life technology, France).

• Neutravidin, Dylight488 conjugated (NaV, Life technology, France).

Neutravidin diluted in PBS to the desired concentration (typically 2µg/ml) was incubated during 30 min and then rinsed 10 times with PBS.

Final functionalization

Anti-CD3 (α-CD3) (Multi-biotinylated anti-CD3, mouse anti-human Clone (UCHT1 Beckman Coulter, France) is a monoclonal antibody that binds to the CD3 molecules on the surface of T cells. Biotinylated anti-CD3 was used in order to bind to the neutravidin via the biotin, and to further target the TCR complex. Biotinylated α-CD3 diluted in PBS to the desired concentration (typically 2µg/ml) was incubated during 30 min and then rinsed 10 times with PBS. Most of the experiments reported, Neutravidin dylight was used. Fig. 2.4 and 2.5 show profile view and 3D view respectively of the functionalisation steps and the final pattern.

Cell experiments

Lymphocytes types

Jurkat E6

Jurkat T cells (Clone E6-1, ATCC) is an acute T cell leukemia cell line originally derived from the peripheral blood of a 14-year-old boy. The original Jurkat clone was established by Schneider et al. Now Jurkat cells are widely used and frequently by researchers in the T cell signaling. It was demonstrated that signaling requirement for Jurkat T cells was fulfilled by ligation of the TCR with CD3 antibodies, and that the CD3 subunits mediated signal transduction across the plasma membrane, thus the study of Jurkat T cell activation could be achieved using anti-CD3 monoclonal antibodies instead of using a cognate antigens. As this cell line is stable and give reproductive results Jurkat E6 represent a good T cell model for in-vitro experiment.(These cells are non-adherent, they can doubling within 48 hours).

Life Act-GFP Jurkat E6

In order to study live cell imaging of the actin dynamic of T cell during their interaction with the substrate Jurkat T cells were modified. The cells were transfected with a plasmid expressing actin coupled to a fluorescent protein(GFP). First the plasmid was obtained in HEK 293T cells by co-transfecting the lentiviral plasmids (pLenti.PGK.LifeAct-GFP.W) with plasmid for packaging(psPAX2) and envelope (pMD2.G). Then Jurkat E6 were transduced by spinoculation .The transfection were performed by Martine Biarnes-Pelicot (LAI). The expression of LifeAct-GFP were checked by flow cytometry.

Cell Culture

Cells were cultured in complete RPMI 1640 medium (Life Technologies, France) with 1 % glutamax (Life Technologies, France) and 10% FBS (Life Technologies, France). This medium was prepared every two months and filtered through 0.22 µm pore filter and stored at 4 • C. Splitting is realized every two days in order to obtained a density of 0.3 millions of cells per mL.

Flow cytometry

Flow cytometry (Calibur, BD) was perform on Jurkat cells and Primary human T cells to compare the expression level of CD3. It was done by Martine BIARNES (LAI). For CD3, the antibody anti-CD3 APC (Life technologies) was used. Results show higher expression level of CD3 on Jurkat T cells than on Primary T cells.

Cell preparation

Prior to the experiments the cells were washed in order to remove the cell culture medium as follows :

-1 ml of the culture (containing about 0.6 millions of cells) was centrifuged during 4 minutes at 1100 rpm.

-950 µl of the supernatant was removed carefully.

-The pellet was re-suspend in 950 µl of observation medium : composed with PBS+0.1% of BSA (which was previously incubate at 37 • C for at least 15 minutes). The choice of the observation medium was based on its refractive index close to water, on the no intrinsic fluorescence and on the limited interactions with the substrates.

Live cell preparation

To perform live experiments, particular care was taken to ensure that the microscope and its enclosure are at 37 • C . The desired amount of cells (around 0.15 million of cells) were then introduced in the chamber. For live imaging, precautions were done to minimize the risk of phototoxicity and photobleaching of the fluorophore caused by a long exposure of the cells to light. Therefore low power (10%) and high exposure time (200 ms) were chosen. The cell can also be fixed after their use for further analysis.

Cell engagement on substrates

The cells (around 0.3 million of cells) were added drop by drop in the observation chamber in order not to stick together and form aggregate. They were left to settle in the bottom of the chamber and adhere for 30 minutes at 37 • C under at 5 % CO2.

Cell fixation

Paraformaldehyde (PFA) (Merck, France) was used to fix the adhering cells, at 37 • C with a final concentration of 2% during 30 minutes. To do so, add 400 µl of PFA 4% in the 200 µl sample. The PFA need to be introduced very gently in order to prevent the risk of detachment of the cells. Then the substrate was washed carefully 10 times with PBS(1x).

Blocking step

After fixation, a blocking step was realized to prevent any non-specific adhesion of the markers. To do so 5 mg/ml of BSA was incubated in the sample overnight at 4 • C (or at least 4 hours at RT). To do so, remove 400 µl and put 400µl of BSA at 10mg/ml. Then the substrate was washed 10 times with PBS.

Cell labeling

Prior cell labeling, a step of permeabilization of the membrane was done by incubating 0.1% of Triton X-100 (Sigma, France) for 10 minutes at RT. Then the sample was rinsed 10 times with PBS. Then, un-conjugated BSA (Sigma Aldrich, France) (10µg/ml) to prevent any non-specific adhesion of markers before the labeling of the cells for at least two hours at RT or overnight at 4 • C. After this step, the substrate was rinsed 10 times with PBS.

Labeling of actin

The actin was marked by using a fluorescent phalloidin. Differents fluorophores were used : -Alexa Fluor 488-phalloidin (dissolved in methanol, ThermoFischer, France).

-Alexa Fluor 647-phalloidin (dissolved in methanol, ThermoFischer, France). Each of them were used at 20 µg/ml in PBS and incubated during 45 minutes at room temperature. The the sample was washed 5 times with PBS.

Post-labeling of TCR

To mark the TCR cells were incubated with 5 µg/ml of FITC fluorescent Anti-Vβ8 TCR (BD biosciences, France) or Alexa Anti α-β TCR (Biolegend, France) during 30 minutes at RT. Then the sample was washed 10 times with PBS.

Pre-Labeling of TCR

For a pre-incubation marking of the TCR, the following protocol was applied: -Centrifugate the cell culture 4 min at 1200 rpm.

-Remove carefully 950 µll of the supernatant.

-Resuspend the pellet in 50 µl remaining and incubate 5 µl of 200 µg/ml of the fluorescent anti-TCR during 5 min at 4 • C.
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-Add 945 µl of observation medium.

-Wash the cells as described in subsection 3.8.

Observation buffer

After fixation and washing, cells were observed in PBS + 0.1 % BSA. The advantage of this medium thatit has a refractive index very close to water, has no intrinsic fluorescence and limited interactions with the substrates. However, another medium was used with super resolution microscopy called redox buffer (explained below).

Cytoskeleton buffer for STORM

-MES hydrate (20 mM) : N-morpho ethanesulfonic acid hydrate (C 6 H 1 3NO 4 S); MW=195.2. Used as a buffering agent (to maintain the acidity of the solution) to prevent a rapid change in pH when acids or bases are added in the buffer.

-NaCl (300 mM) :Sodium chloride blocks the development of microbes by decreasing the water activity of the product.

-EGTA (10 mM) : Ethylene glycol tetraacetic acid: aminopolycarboxilic acid, chelating agent (bonding of ions and molecules to metal ions) making it more selective for calcium ions. Useful in buffer solution that resemble the environment in living cells.

-Glucose (10 mM): Glucose is essential for the functions of many proteins and energy source in cells (aerobic respiration). -MgCl2 (10 mM): Magnesium chloride: helps protein-protein interaction, and add ions Mg. After preparation this buffer, it was filtered with 0.22 µm filter and was stored at 4 • C. Adapted from [START_REF] Leyton-Puig | PFA fixation enables artifactfree super-resolution imaging of the actin cytoskeleton and associated proteins[END_REF].

Redox buffer

To date, the composition of STORM-buffers has scarcely evolved since the first demonstration of single dye molecules controlled switching, with a combination of an enzymatic oxygen-scavenging system and a reducing agent.

-MEA (20 mM): Mercaptoethilamine used to neutralize certain gas, alkalization of water and used primarily for buffering.

-BME (100 mM): Mercaptoethanol used to reduce disulfide bonds and can act as a biological antioxidant by scavenging hydroxyl radicals.

-Also, the oxygen scavenging systems in the combination of PCD (100Nm): Protocatechuic dioxygenase and PCA (5mM): Protocatechuic acid which enabled imaging over several hours without any detectable changes in pH.

-COT (4mM): Cyclooctatetraene provide significantly increased photon yields and therefore localization precision for the dye. Adapted from [START_REF] Olivier | Resolution doubling in 3D-STORM imaging through improved buffers[END_REF].

Microscopic observation

Different types of optical microscopy were used to image and characterize the patterns and to image cells. Part of these experiments was executed in CINaM and the other part in LAI for practical reasons. To check the pattern and image the adhered cells before and after labeling, we were using the RICM, Epi-fluoresecnce and TIRF microscopy in CINaM. However, For dynamic experiments we used TIRF 360 in LAI for reasons that we will explain in coming sections. STORM microscopy was executed in CINaM with 100 mw of 488 wavelength and after we got a higher laser power of 500mw of 647 wavelength which is better to do superresolution, so we started performing the experiments in LAI.

Epifluorescence

Principle Over the past several decades, fluorescence microscopy has become an essential tool for examining a wide variety of biological molecules, pathways and dynamics in living cells. In contrast to other techniques, it is compatible with cells that are being maintained in culture. It uses the property of fluorophores to emit light when they are excited by light. When a high intensity excitation light reach the sample (Fig. 2.6) and excite the fluorophore, the excited fluorophore emit a lower energy light which will be collect and detect by a camera. The fluorescence process is due to a transition of electrons, from a excited state (S 1 ) to a ground state (S 0 )by an emission of radiation. And these is during these transition that, the fluorophore emit the fluorescence light.

Materials and settings

The fluorescent microscope is composed of : -A mercury lamp that emits a hight intensity light with a broad spectrum.

-An excitation filter what select the desired wavelength.

-A beam splitter that reflect the excitation light in order that the light arrive perpendicularly to the sample.

-An objective that focus the excitation light into the sample and collect the emitted fluorescent light of the sample.

-An emission filter that select the desired emitted wavelength.

-A CCD camera connect to a computer screen that detect the fluorescence imaging.

In our experiments, epi-fluorescence images were performed using an inverted optical microscope (Axio Observer, Zeiss,Germany) equipped with an EM-CCD camera (iXon, Andor, North-Ireland) . Acquisition was performed using Andor IQ software. Excitation was done using a metal Halide lamp XCite 120 (Excelitas Technologies, USA). Epi-fluorescence images were taken using a high magnification oil immersion Chapter 2. Materials and Methods objectives (antiflex 100X; N.A 1.4 or 100X; N.A 1.45, Zeiss Germany). Cubes were selected to perform epifluorescence in the following exciting wavelength: 365, 488, 514 and 647 nm. Epifluorescence images were taken using one of the following objectives:

-a custom objective 100 x 1.46 NA oil antiflex objective (Zeiss), -a 100 x 1.4 NA oil apochromat objective (Zeiss), With the 100x objective, the pixel size correspond to 0.16 µm , with magnification optovar 1.6 , the pixel size correspond to 0.1 µm.

Reflection Interference Contrast Microscopy(RICM)

Principle RICM is an imaging technique for measuring the shape and position of microscopic objects in solution, it has been applied to a large number of biological and biophysical systems to quantify inter-surfaces distances. It based on the interference of the light reflected when it interacts with surfaces separating media of different refractive index (n). The optical basis of RICM is represented in Fig. 2.7. In principle, an incident ray (I 0 ) is first reflected at the glass/medium interface to give the ray I 1 ; the transmitted ray is reflected further at the surface of the cell and gives rise to the ray I 2 . Rays I 1 and I 2 interfere and give rise to a resultant intensity I which depends on the cell-surface distance (h).

In our case, RICM was used to segment and quantify the adhesion area of cells which great accuracy. It was also used to discuss topographic information but not in a quantitative manner. 

Total Internal Reflection Microscopy (TIRF)

Principle TIRF has become a 'powerful tool to study the dynamics of sub-cellular structures and single molecules near substrate surfaces' [START_REF] Gi Mashanov | Visualizing single molecules inside living cells using total internal reflection fluorescence microscopy[END_REF]. The technique is typically used only to provide fluorescence excitation in a thin layer near the sample substrate as seen in Fig. 2.9 illustrating the cover-slip-sample interface. Angles are measured from the normal. The excitation beam is reflected by the sample-slip interface and an evanescent field is generated on the opposite interface side in the sample. As indicated by the green color, only fluorophores in the evanescent field are excited. The refractive index of the sample (first medium) (n 1 ) must be less than the cover slip refraction index (second medium) (n 2 ) to reach the TIR. This refractive behaviour is described by the Snell-Descartes's law: n 1 sinθ 1 = n 2 sinθ 2 When light arrives at the interface with a sufficiently high angle (named the critical angle(θ c ), is totally reflected into the first medium as the refraction direction became parallel to the interface. The reflected light creates an evanescent field identical in frequency to the incident light. Because this evanescent field decays exponentially in intensity with distance from the interface, fluorescence intensity is restricted to a region typically less than 200 nanometers from the interface.

Materials and settings

For our experiments, the set up was the same as epifluorescence microscopy (in section 2.3.1). A cube tri band-76HE was used. Objectives used were custom 100 x 1.46 NA. The settings used were the following : -Exposure time: 100 ms -Laser power: 12%, 20% and 10% for NaV, TCR and actin respectively. -EM gain: 100

TIRF 360

Classical TIRF systems suffer from non uniform illumination and interference patterns the image. "When a laser beam is focused at the back of an objective and spins to describe a circle, each point of that circle creates a parallel beam which has the same incidence angle onto the coverslip" [157]. In this manner, in TIRF and for a given wavelength, the evanescent wave resulting from each spot has a similar penetration depth. However, interference patterns depend on the azimuth of the beam.

Being able to spin the laser beam very rapidly during the exposure time of the camera will removes fringes or rings patterns.

The iLas galvonometer based motorization enables to change the TIRF penetration depth in less than a millisecond, making it compatible with "overlap" streaming acquisition. Even complex multicolor Widefield/TIRF experiments can be carried out.

The fast motorization can be used to correct the penetration depth for its wavelength dependency. Advanced acquisition functions are also available to image simultaneously severals channels even at different penetration depths. Materials and settings TIRF images were obtained using an inverted microscope (Observer 7, Zeiss) equipped with an oil immersion objective 100 (alpha Plan-Fluar, Zeiss) 1.45 NA. The microscope was coupled to a system called ILAS-2 illuminator by imposing an azimuthal rotation to the incident laser beam that controls the uniformity of the illumination of the sample and monitored the TIRF angle. The laser was filtered by a long pass edge filter (EdgeBasicTM, Semrock) letting pass light with a wavelength more than 635 nm. TIRF Fluorescence was recovered using the 635 nm laser BrightLine R (Semrock) a TIRF dichroic beam splitter. Images were obtained using a EM-CDD camera (Andor iXon) and Metamorph software. Different exposure times and laser power were tested for the images acquisition.

Stochastic Optical Reconsrtuction Microscopy (STORM) Principle

Due to the diffraction of light, the resolution in conventional light microscopy is limited, as stated by Ernst Abbe in 1873. In this context, a diffraction limited microscope with numerical aperture N.A. and light with wavelength reaches a lateral resolution of d= λ 2N.A. . The resolution for a standard optical microscope in the visible light spectrum is about 200 nm laterally. Experimentally, the attained resolution can be measured from the full width at half maximum (FWHM) of the point spread function (PSF) using images of point-like objects as seen in Fig. 2.10. The diffraction limit in optical microscopy is governed by the fact that when imaging a point source of light, the instrument produces a blurred spot in the image plane. The minimum distance at which two spots can be distinguished is limited by the edge of the circular diffraction pattern. Super-resolution is used to describe techniques that enhance the resolution of the microscope image. The prefix "super" comes from Latin and means "above" or "beyond". In other words,this imaging process consists of a series of imaging cycles. In each cycle, only a fraction of the fluorophores in the field of view are switched on, such that each of the active fluorophores is optically resolvable from the rest. This allows the position of these fluorophores to be determined with high accuracy. Repeating this process for multiple cycles, each causing a stochastically different subset of fluorophores to be turned on, enables the positions of many fluorophores to be determined and thus an overall image to be reconstructed. This cycling of dyes is commonly induced by adding different chemicals, which are combined to create a STORM buffer (Redox buffer). As optimised in [START_REF] Olivier | Resolution doubling in 3D-STORM imaging through improved buffers[END_REF], there is a proper buffer composition for Alexa-488 or Alexa 647 (These two fluorophores were used in this thesis) in order to increase the number of photons emitted per cycle by each dye and therefore enhance the resolution of STORM independently of the optical setup used.

Materials and Settings

The samples were prepared as described above till the cell fixation and actin marking stage and then the sample was washed in cytoskeleton buffer and the observation was done in redox buffer.

For our experiments, the set up was the same as the TIRF set-up. 

Image and data analysis 2.4.1 Substrate

Manual analysis

To measure the size of the nano-dots array, an intensity profile along a line drawn through several fluorescent dots in the field is represented (Fig. 2.11). From this profile, several parameters can be extracted:

-The distance between two protein dots (d): it is estimated from the distance between two peaks in the profile.

-The diameter of the protein dots: it is estimated from the Full Width at Half-Maximum (FWHM) of the peaks.

-The intensity inside (I max ) and outside (I min ) of the protein dots. It's estimated from respectively the value of the intensity of the peak for each dot and from the value of the intensity around each each dot. 

Automatized analysis

Epi-fluo images of protein nano-dots on glass were analyzed automatically, using a written macros in Fiji and Igor Pro (Wave-Matrix,USA) software packages. The analysis performed to determine the lateral size of the protein nano-dots, the distance between the dots, the intensity inside and outside the dots and on all the substrate (referred as I avg ). The fluorescence intensity is an important parameter as it is proportional to the protein density. Before analyzing the epi-fluorescent images, some corrections were done in order to remove the heterogeneity of the luminosity. This correction was achieved by making a median image of the epi-fluorescence image stack which was then used to divide each image of the stack. The corrected stack was then multiplied by the mean intensity value of the median image. As shown in Fig. 2.13, the corrections allowed the illumination to become uniform without significantly changing the measurements, however standard deviation were significantly reduced. See chapter 3 subsection 3.1.1 for how the intensity inside (I max ) and outside (I min ) automatically is calculated. 

Protein density quantification

Protein density obtained from fluorescence images of NaV density inside and outside, the dots is calculated from the respective fluorescence intensities Imax, Imin.

In order to convert fluorescence intensity value of NaV to an estimated density, a calibration was done. For this a special substrate with very low surface density of fluorescent molecules was prepared by following this protocol: -Glass slides were cleaned using procedure 1.

-Biotin-BSA was incubated at 25 µg/ml during 30 minutes.

-Rinsing 10 times with PBS.

-NaV fluorescently labeled was incubated at 0.2 µg/ml during 30 minutes.

-Rinsing 10 times with PBS. The surfaces were imaged with the same settings as the experiments. For example, 5 boxes of 50 µm 2 were drawn per field for each four fields. The number of fluorescent dots, assumed to correspond to single molecules, was counted in each of these Chapter 2. Materials and Methods boxes.The average intensity in each box was measured and corrected by background value. The number of fluorescent molecules µm was calculated, by assuming that fluorescent dots correspond to one molecule. Then for a corresponding intensity value, the surface density is known [START_REF] Dillard | Impact of ligand presentation on biophysics of T-lymphocyte adhesion[END_REF]. This density value is important in order to estimate how many molecules we have under each cell (or even per field) and therefore see if there is any relation between density and area with the different types of substrates.

Cells

Static description

Analyses of cell adhesion area

Based on RICM images, cell adhesion area was analyzed by using imageJ/Fiji macro written in house [START_REF] Dillard | Ligandmediated friction determines morphodynamics of spreading T cells[END_REF]. The macro is based on applying a spatial variance filter with a radius of 8 pixels, then the function particle analysis was applied to identify the edge of the cell followed by a thresholding step, which provides an accurate measurement of the contact area. Th variance in intensity in the featureless background is much lower then the variance with and around the image of the cell. Thus a variance threshold can successfully identify the presence of a cell (Fig. 2.13). The ROI that demarks the cell periphery was identified. The area inside this ROI is reported as spread area. 

Actin distribution

After determining the ROI corresponding to the edge of the cell as explained in the previous section, this ROI is superposed on the fluorescent image of the actin, then, a circle of 1.2 µm was traced centered on the intensity center of mass inside the ROI.

The ratio between the mean fluorescence intensity of this circle and in the periphery of the cell was calculated (the hole cell except the center) [START_REF] Benard | T cells on engineered substrates: The impact of TCR clustering is enhanced by LFA-1 engagement[END_REF]:

= I Periphery I Center
As shown in the results (chapter 3, subsection 3.2.3), if 0.6<p<1.5, the actin is homogeneously distributed, if p>1.5 the actin is peripherally distributed and if p<0.6, the actin is centrally distributed. Another parameter is the homogeneity (H) of the distribution of the actin, it is defined as:

H = StD cell

Meancell

where StD cell represents the standard deviation of the intensity of the region of interest under the cell and Meancell represents the mean intensity of the same cell.

TCR centralisation

The same definition in subsection 2.4.2 was used in order to calculate the centralisation of TCR. However, there is a difference of the chosen threshold value to determine whether the TCR is centralised or not. In case of TCR, if the value is <0.6 (as in the case of actin), TCR is still homogeneous and not centralised. For this reason, we decided after seeing the TIRF images of TCR that if the value is <0.3, it means the TCR is centralised.

TCR colocalisation

In order to see the colocalisation of TCR with NaV, a line was drawn by hand on the TCR image across several dots. The intensity profile was obtained, the same done for the corresponding NaV pattern. Then a normalisation of the intensity was done for the profile of each dot (TCR and NaV). This was important to account for the difference between these two different fluorophores therefore different scale of intensity.

I Norm = I-I min I max -I min
Where I Norm is the normalised intensity either for NaV or TCR, I is the intensity of a given pixel, I max is the maximum intensity for the profile under consideration and I min is similarly the minimum intensity.

Finally, we calculate the colocalisation parameter (C) where the sum is over all pixels under the profile and N is the number of pixels in the profile:

C = ∑ ((I TCR Norm )-(I NaV Norm )) N

Statistical analysis

Statistical tests were done using on of the two methods: (i) 

Chapter 3

Cellular scale characterisation of T cells on colloidal bead pattern

This chapter will be dedicated to the characterisation of cells spread on different patterned substrates which were fabricated using the CBP protocol described in chapter 2. Patterned substrates used in this study can be categorised into four types as seen in Table 3 

Characterisation of substrates

As described in chapter 2, anti-CD3 dots were created from templates of BSA-Biotin which were subsequently functionalized successively with NaV and anti-CD3. In all cases, the NaV was fluorescently labeled, which helps to measure the intensity inside and outside the dots, which enabled us to quantify the protein density and the size of the dot.

For the 4 substrates, there are different parameters measured in order to quantify the dots, the cell area and the density. For a given substrate distinct samples are labeled E1, E2, etc. We respect the same nomenclature in all the different analysis presented throughout this and next chapter.

Protein dot size and spacing

Spacing is determined by the choice of beads. It was shown previously in the lab that protein dot size is determined by the thickness of the aluminum layer deposited during sputtering [START_REF] Pi | Nanometric Protein-Patch Arrays on Glass and Polydimethylsiloxane for Cell Adhesion Studies[END_REF]. However, the size reaches a saturation value at a large aluminium thickness and further aluminium deposition does not change the size. In order to get consistent dot size, i decided to work at this regime where I deposit enough aluminium such that the size no longer depends on aluminium thickness.

In In the final protocol, we chose to keep the deposition duration constant (15 min, about 170 nm aluminum layer) noting that in this regime, small variations in deposition time should not lead to large variation in dot size. Fluorescent patterns were fabricated using the protocol described in Chapter 2. Fig. 3.2 shows an epifluorescence image of the obtained NaV pattern (pattern of 700 nm dot size spacing by 2 µm and pattern of 400 nm dot size spacing with 1 µm). The dot size was characterized using this type of epi-fluorescence images. I show in Fig. 3.3 zoom of a dot (a) and the profile and the fit (b). Such profiles are fitted to all the dots. From each fit, the following parameters are extracted: the value at the peak of the intensity profile (I max , the baseline around each profile (I min ), and the dot size measured 3.1. Characterisation of substrates 49 as the full width at half maximum (FWHM) (see chapter 2 section 3.3). For each parameter, first the median value for the population of dots in a field of view is determined and finally the median of all the fields in the sample are calculated. This is the value reported throughout this a other chapters. The error-bar is determined from the corresponding median average deviation (MAD). As shown in the bar plot (Fig. 3.4), the dot size for the LowP2 and HighP2 substrates is 740 ± 60 and 760 ± 72 nm respectively. The dot size for the LowP1 and HighP1 is 399 ± 32 and 412 ± 30 nm respectively. We observed that the width is reproducible between the different experiments on the same type substrate. Even if we decided to test different type of pattern by changing the pitch and the size of the dot, we tried to get the same coverage by the dots (Fig. 3.3 c) by the following equation:

S dot = A d A T 100 = (π/8)d 2 ( √ 3/4)p 2 100
where A d represents the area of a dot and A T represents the area of the equilateral triangle with each arm of length p, d is dot diameter and p is pitch. The coverage is roughly the same; for P2 (low and high) is 11% and for P1 (low and high ) is 14.5%.

Fluorescence intensity and estimation of protein density

Epi-fluorescent images were also used to extract the fluorescence intensity inside and outside the dots. The fluorescence intensity is expected to be proportional to the amount of NaV (and therefore anti-CD3). Different fluorophores and microscopy parameters were used during this thesis 1 . In this chapter, I will only report experiments done with the same camera and microscope settings and the same fluorophores (Nav dylight 650) settings. As we can see in Fig. 3.5 which shows examples of experiments done with the same camera and microscope settings, the intensity may be reproducible under these conditions: for LowP2: E3, E7, E8, E10, E13 and E15; for HighP2: E1, E2, E3 and E4. However, this was not always the case and in many experiments, substrate had widely varying intensity 2 . In case of LowP1 and HighP1 in Fig. 3.6, some samples were the same intensity: LowP1 as E1, E2, E6 and E7; for HighP1 as E3, E4 and E5, but some were very different. This variation may be due to two different reasons; either the amount of NaV or the effective power of the laser changed with out changing any parameters. We can notice that when we have two experiments in the same day (example E1; E2 and E7; E8 in (a) in Fig. 3.5), the intensity remains stable. In addition to the absolute value of the intensity, another parameter we can calculate is the contrast which is defined as below: Contrast= I max -I min I max +I min . The contrast between the dots and the surroundings may be an important parameter and is shown in Fig. 3.7. The contrast is seen to be largely stable (with a few notable exception) within a sample as well for different experiments and substrates. The median value of the contrast is 0.39, 0.32, 0.39 and 0.21 for LowP2, HighP2, LowP1 and HighP1 respectively. Noting that with low density of PEG, the contrast is higher than high density. In spite of keeping the preparation conditions unchanged, we noticed that the intensity and the contrast changed appreciably from sample to sample. However, this variation led us to see how such parameters can affect the cell area comprising the impact of protein density on the T cells behavior.

Static description of cells

Spread area

In the experiments reported in this section, T cells were studied after 30 minutes of spreading on substrates, followed by fixation with PFA (see section 2.2.4 of chapter 2). They were imaged in RICM for quantification of the area (see section 3.9 of chap-ter2).

The images of RICM revealed that on patterned surface either low or high coverage of PEG, or pattern of 2 or 1 µm, two major cell adhesion morphologies were observed: patterned or homogeneous. In the first case, the cell membrane adheres mostly on the underlying pattern which induces a topography revealed by RICM images (Fig. 3.8 B1 and C1 ). We will talk about it in details in chapter 4. Area measurements on this patterned substrate is varying from a substrate to another 3.11 (A): for LowP2 125 µm 2 ±53; for HighP2 117 µm 2 ±50; for LowP1 103 µm 2 ±42 ; and HighP1 94 µm 2 ±51, comparing to a cell spread over a positive control around 293 µm 2 ±99. Different experiments for each kind of substrates as seen in Fig. 3.9, represent the cell area distribution with the median of each experiment.

Statistical tests showed that such patterning of the cell membrane does impact the extent of spreading comparing pattern and positive as seen in Fig. 6.2 B. Using Wilcoxon-Mann-Whitney test and comparing the positive control (POS) with each type of patterned substrate, the area is significantly different (stars not shown in the plot to simplify the representation). Comparing now the patterned substrate between them, when we decrease the pattern dot size, the cell area decreases. In addition, when we use a high concentration of PEG, the cell area decreases in case of P2 but not P1. 

Impact of protein density

The analysis of the impact of protein density was done by computing the protein density under each cells and the corresponding cell area. Protein density was determined from epi-fluorescence images of NaV (see chapter2, subsection 2.4.1). To do so, the segmented ROI of each cell was superposed on the epi-fluorescence image of the underlying NaV pattern, then analyses of NaV density was done in the areas determined by the ROI. Fig. 3.12 and 3.13 represents the protein density under the cell for lowP2, highP2 and lowP1, highP1 respectively, (A1) and (B1) of each figure represents the cell area cell by cell as a function of density under each cell; (A2) and (B2) represents the mean area of each experiment as a function of mean density. Given this result, we calculate the correlation between the mean density and the mean cell area for the 4 substrates, for LowP2: 0.2; HighP2: 0.95 ; LowP1: 0.91 and HighP1: 0.81. However, the values are not the same, when we calculate the correlation between the cell area and the density cell-by-cell corresponding: 0.13, 0.39, 0.5, and 0.2 respectively for LowP2, HighP2, LowP1 and HighP1. (Fig. 3.12 A1, B1 and 3.13 A1, B1). 

TCR centralisation

TCR distribution were analyzed for cell spreading after 30 minutes of engagement on the substrate followed by fixation as the previous section. TCR molecules were revealed by labeling the beta chain of the TCR molecules with a fluorescent antibody and were imaged in TIRF microscopy. Fig. 3.14 presents comparative results of TIRF images and shows TCR centralisation observed on T cells spread on our 4 patterned substrate (Fig. 3.15 represents the corresponding RICM). Visual inspection shows that on POS anti-CD3, TCR is in the form of small clusters randomly distributed whereas on patterned substrates, T cells present TCR molecules in form of well formed large clusters. Fig. 3.16 presents the quantification of the centralisation of TCR from the ratio between the intensity of the entire cell and the intensity of the center. This parameter is calculated in order to see if there is some centralisation of TCR with the different patterned substrates comparing with a positive control. First, there is no variation within the same substrate. Second, these quantification as seen in Fig. 3.17 evinces that TCR is not centralised in all cases. Statistical tests (MWWW test) shows no significant variation. More characterization of TCR will be described in next chapter. 

Actin distribution

The structure and dynamics of actin organization and its possible modification by the patterning of TCR ligands was studied by staining fixed cells with Alexa 488 conjugated phalloidin imaged in TIRF microscopy. As discussed in the introduction (section 1.3), actin organization in spread T cells is typically ring-like or peripheral. In order to qualitatively determine the organization of the actin, two parameters extracted either the homogeneity (H) of the fluorescence or the peripherality (P) of the actin (see subsection 2.4.2 for definition). The fluorescence intensity at the center (I Center ) and in the periphery of the cell (I periphery ) is measured in order to measure the actin parameter (p) (defined in section 2.4.2 of chapter 2). In our case, when the value of actin parameter is less than 0.6, it means that the actin is more intense in a special part in the cell as we can see in Fig. 3.20 (a). When the value is between 0.6 and 1.5, the actin is homogeneous (Fig. 3.20 (b)) and above this value, the actin is peripheral. Fig. 3.18 represents TIRF images of actin organisation (with the corresponding RICM in Fig. 3.19), for the 4 substrates as well the POS. After quantification of the actin parameter (P) as seen in Fig. 3.22, except the positive control which gives a mean value of P= 1.7 corresponding to actin peripheral, all the 4 patterned substrates (LowP2, HighP2, LowP1 and HighP1) respectively shows a distribution of median value of actin parameter (0.94, 0.83, 0.97 and 0.61) wich corresponds to homogeneous cell as the definition. The same distribution of actin is seen on POS which corresponding to homogeneous network (0.64). Therefore, some cells are distributed in a way that the actin organized peripherally if we see the population above the dashed red line in Fig. 3.22 in all the different substrates. As we mentioned in chapter 3, subsection 2.4.2, we are interested in the homogeneity of the intensity of the actin. Fig. 3.23 shows the homogeneity parameter (H) for the 4 different substrates. It was estimated in order to compare it with the actin peripherality (P). The median value of the H for different substrates is 0.67 ± 0.2, 0.85 ± 0.3, 0.65 ± 0.2 and 0.87 ± 0.2 respectively for LowP2, HighP2, lowP1 and HighP1 comparing to a positive control that gives a value of 0.78 ± 0.1. There is no relation between the actin peripherality and homogeneity as seen in Fig. 3.24. 

Dynamic description of cells

Dynamics RICM

The development of the adhesion area was followed for 30 minutes for a live cell on a patterned surface using RICM. Two cells are showed in term of live experiment, both on lowP2 substrate. Each graph is composed of three stages: first, an increasing phase, illustrated by a sharp increase in the cell adhesion area (from 20 to 140 µm 2 for the first cell and from 40 to 140 µm 2 for the second one, as seen in Fig. 3.25 and 3.26 respectively). A second phase, characterized by an approximately stable adhesion area, nevertheless containing some variations (encircled in each graphs). The last phase shows stable cell adhesion, which correspond to 1776 sec (approximately 30 min) for these cells. From this point we have set our experimental fixation time at 30 min. In addition, these experiments bring us new informations about the roughness of the cells during their spreading on their own pattern as seen in Fig. 3.27. This physical property doesn't show a lot of variability for the two cells, starting simultaneously at the second phase of the adhesion area described before. Nevertheless, the circularity in Fig. 3.28 changes frequently with time, and doesn't show stability as the other physical parameters previously described.

Time series experiments

In order to understand well the variation of the actin distribution with the time, series of experiments were done using a different time of fixation of T cells spread on a positive and LowP2 surfaces (one experiment by substrate): 5, 10, 15 and 20 min. Since, there is no significant variation of actin at 30 min of fixation on patterned and positive substrates, it might be more useful to assess the variation of actin as a function of spreading time.

As seen in Fig. 3.29 and 3.30, we can see the variation in the actin distribution between homogeneous, peripherally and some actin dots from 5 min till 20 min even on POS substrate. (Red frame marks the cells with the actin dots will describe in details in the next chapter.)

Chapter 3. Cellular scale characterisation of T cells on colloidal bead pattern A) for the first cell and B) for the second one.

the mean area was 0.54, at 10 min, it was 0.79, at 15 min, it was 0.78 and finally at 20 min, it was 0.66. (Fig. 3.32). The actin distribution is significantly different between 5 and 10 min, also 5 and 15 min. It means that the actin in the beginning starts to be centralised. In the actin case, actin centralised means more dense in central part of the cell; more dense in special parts would more correspond to inhomogeneous (low H) (Fig. 3.32), then the actin at 10 and 15 min, distributes homogeneously.

To see if there is relation between the area and the actin parameter, a Pearson correlation 3 

Conclusion

From the analysis of the substrate characteristics, we can conclude that the spacing and dot-size are robust to unintentional variations during the fabrication process. However, the amount of protein in and outside the dots, as detected via fluorescence of NAV, varies both within and across different substrates. Throughout, we have assumed that this difference arises exclusively from real variations in protein density, however, variations in imaging conditions may also lead to such variations. While the setting of the microscope, laser and camera were kept strictly the same throughout, the optical-fiber in our setup was, in the past broken, which lead to variations in laser intensity with small changes in the exact way it connected to the microscope. This day-to-day variation was not taken into account in the analysis and may explain the very high or very low intensities sometimes detected. Thus the analyses that depend on comparison of density (from intensity quantification) in experiments performed over a long period, should be treated with caution. However, Further experiments with a stable laser is needed but overall we hope that the rather large variations seen in the protein density may in fact be an artifact of this problem. The cell spreading, which is a pivotal process for T cells, is seen to depend very strongly on the type and quality of the substrate. A crucial parameter is the amount of PLL-PEG. On patterned substrates with low density of PEG, the cells spread better than with high density PEG, only on P2. Since PEG is a repulsive polymer, it affects the contact of the cell from the first contact, and then it struggles to spread while searching for more anti-CD3 (maybe that explains the complex shape of the cells under High PEG). Based on this work as well as previous work in the group, we believe that the PLL-PEG not only absorbs on the bare glass outside the protein dots, but also, partly and depending on the amount of PLL-PEG in solution, it absorbs also on the proteins in the dots. Since the passivation is carried out right after BSA-biotin step, all subsequent steps from NAV onwards is affected by this. This may be one reason why pooling of area versus NAV-density data across samples does not work -since the (invisible) PLL-PEG absorption is not the same across different sample types. Overall, we partly validated the observation on linear dependence of cell spreading area on ligand density reported in [START_REF] Dillard | Nano-clustering of ligands on surrogate antigen presenting cells modulates T cell membrane adhesion and organization[END_REF]. As discussed above, the measurements may have been perturbed by a fault in the laser optical-fiber, yet a linear correlation between area and density of found (see section 3.2.1). There is may be also a weaker dependence on dot size. On the smallest dots (P1) the cells spread slightly more weakly compared to (P2), and that may be because when the dots are decreasing, the maximum area of the first contact is smaller. On the contrary, when we have big dots there will be a lot of anti CD3, which makes it easier to spread and adhere much more and in this case it will have a bigger cell area. This trend was not observed in Ref. [START_REF] Dillard | Nano-clustering of ligands on surrogate antigen presenting cells modulates T cell membrane adhesion and organization[END_REF], who had dot size and spacing (size: spacing in nm) of 300:500 (P0.5), 650:2000 (equivalent of P2) and 1600:4000 (P4). They therefore did not have any equivalent of our P1. We could argue that the PEG-sea in P0.5 is easier to bridge than for P1 and that in P4, the dot is so big that one dot alone can support a larger or multiple first contact. More experiments need to be done to confirm the weak size dependence.

The TCR distribution shows no tendency towards centralization -consistent with both [START_REF] Dillard | Nano-clustering of ligands on surrogate antigen presenting cells modulates T cell membrane adhesion and organization[END_REF] and [START_REF] Benard | T cells on engineered substrates: The impact of TCR clustering is enhanced by LFA-1 engagement[END_REF], noting that in the latter reference the passivation was via a supported lipid bilayer rather than PLL-PEG. The organization of actin, found here to be usually homogeneous and sometimes peripheral for both POS and patterned, is consistent with [START_REF] Dillard | Nano-clustering of ligands on surrogate antigen presenting cells modulates T cell membrane adhesion and organization[END_REF] and [START_REF] Benard | T cells on engineered substrates: The impact of TCR clustering is enhanced by LFA-1 engagement[END_REF]. (note that actin organization was so far not reported for the PLL-PEG passivated patterns). The dynamic imaging in RICM (Fig. 3. 25, 3.26) show an evolution in the cell spreading topography as the cell adheres. Actin images reveal that concomitantly the actin gets organized. An overview is shown in table 3.40 of some parameters for the different patterned substrates and the POS prepared by CBP method. These experiments set the stage for discussion of sub-cellular features in the next chapter. Chapter 4

Cluster scale characterisation of T cells on colloidal bead pattern

In this chapter, we will focus on the question whether and in what way T cells respond locally to the the underlying active biomolecule anti-CD3. We will show how the presence of patterned substrates has an impact on the membrane topography of T cell spreading. This observation was realized using RICM to see the topography, SEM (sub-cellular structure), TIRF (TCR and actin) and super resolution (actin). Some interpretation of the images is not trevial, and not yet optimised.

Membrane roughness

As we can see in chapter 3, Fig. 3.8, on the patterned substrate, the cells can spread either with the homogeneous adhesion zone or the adhesion zone shows roughness which by eyes seen related with the protein pattern. At first, there is really a topography as seen in first image in Fig. 4.3 because the cell makes the first contact with the dots but very soon after it establishes a large contact area which are across several dots. That's why in the end the topography is not pronounced.

TCR colocalisation

First, it should be pointed out in Fig. 3.14 and 3.15 in chapter 3, interestingly that even if the membrane is flat as illustrated by the RICM images, the TCR clusters still 

Actin organisation

As seen in Fig. 4.6, the distribution of actin changes with different fixation time. We showed that in chapter 3 in Fig. 3.29, 3.30, 3.34 and 3.35 a different example of actin distribution for the 4 different fixation time. for that purpose, we make a red contour over the cells which have actin dots. In Fig. 4.6, we illustrate the images where with at least 3 dots are counted (red arrows pointing to some of the dots) with 2 different fixation time (5 and 20 min) for two samples (POS and LowP2). These dots are sometimes but not at all are on the pattern.

In the table 4.1, we count the cells containing actin dots, and we calculate the percentage of cells over all the experiment at each time fixation. We noticed clearly that the percentage of actin dot decreases when we increase the fixation time. Consistently, in our experiments when we fixed at 30 min in the two cases of substrates either POS or LowP2, no actin dots were seen. Note that the number of actin-dots consistently higher for LowP2 comparing to POS. For technical reasons, the outpout of the super resolution image is shifted and not the same magnification with their corresponding TIRF and pattern images. It needs to be transformed and since we have not yet optimized the procedure, we did it manually: we shift the SR image to be as the TIRF image and make the same magnification. Then, we transform the pattern in the same manner to superpose it with the SR image and see if there is any relation corresponding between protein dots and actin organisation.

Actin imaged by STORM

In Fig. 4.9, we represent the node of actin bundles who has been seen colocalise with the protein dots in SR image. Since the quantification is not yet automatised, some examples with LowP2, are shown in Fig. 4.10. We see some examples of colocalisation between the nodes and the pattern (marked by white arrow when it is colocalised, or dark arrow where it is not). After threshold and make binary of the SR image. We applied the plugin in ImajeJ "Analyze Skeleton", we were able to display the branches (Fig. 4.8). We can then counts the junctions and branches and compare the difference between the center and the periphery. This analysis is in progress. 

Conclusion

First, we showed that the form of the membrane of T cells can be partially modified when it adheres to a patterned substrate. Based on RICM images, we can say that the roughness is clearly proportional with the dot size. More quantification is needed to measure from RICM images the inter-surfaces distances and get the idea on the difference in roughness with different substrates.

In addition, the TCR is clustered due to the patterning of its ligands in case of big dot size (P2, 700 nm). No such effect is evident in case of small dots (P1, 400 nm). While previously in our lab different size and spacing (size: spacing -300:500 (P0.5), 650:2000 (equivalent of P2) and 1600:4000 (P4) -all in nm) were tested, P1 was never tested [START_REF] Dillard | Nano-clustering of ligands on surrogate antigen presenting cells modulates T cell membrane adhesion and organization[END_REF]. In the previous work too, a very clear colocalization was observed for P2. For P0.5, no dots could be detected. For P4, the TCR dots make complex patterns. However, rigorous analysis had revealed that on all patterns, the TCR clusters were larger, brighter, and more numerous than on the homogenous positive control. The case of P1 should be compared to these results to understand if it follows this general trend or whether P1 is special. Moving to the cytoskeletal features at cluster scale, the time series experiments have revealed a wealth of information, including the fact that granular actin assembled to form actin dots, which tended to group in the early activation on both homogeneous and patterned substrates. The grouping of actin dots decreases with the duration of activation and finishes by an homogeneous distribution of actin after 30 min of activation. While the dots are present on both POS and P2, the latter patterned substrates exhibit more of the dots. Super resolution images divulge the same point, that the actin dots seeing in TIRF images, in fact, may be bundles of actin filaments that intersect at the dots. The super-resolution images also show that the organization at the center and periphery is different. This is interesting in the view of a recent work showing that the forces exerted at the immune-synapse are different at the center and the edges of the adhesion zone [START_REF] Kumari | Actomyosin-driven force patterning controls endocytosis at the immune synapse[END_REF]. These observations taken together point to a conclusion that in early activation, the cell forms an anchored point of actin in order to generate further cell spreading and dynamic behavior (treadmilling) and that the anchor points disappear with time due to further dynamical re-organization.

Chapter 5

Pattern fabrication using electron beam lithography

There are some limitations with the colloidal bead pattern for example changing the pitch and the size of the dots separately. Therefore, we developed another technique based on electron-beam lithography that maintains the same principle to obtain holes in an aluminum layer, because it is suitable of our cells and the observation with the microscopy. My aim is to prepare a substrate with a repeated motif (Fig. 5.1) that gives us the ability to change the pitch and the size, for example (700nm, 2µm); (400nm, 1µm), (250nm, 1µm). As a technique for fabricating these nanostructures for biological applications, we use specific materials that suit the advanced microscopy. 

Principle and previous work

E-beam lithography is a powerful nanofabrication technique that allows the tracing of a pattern on a suitable material, generally called resin, using an electron beam.

Chapter 5. Pattern fabrication using electron beam lithography E-beam lithography offers the ability to control shape and size of the motifs and of the lattice in order to get the demanded pattern on resin. Here we will use this pattern on the resin as a primary mask to then evaporate a layer of aluminum which will serve as a secondary mask. Ultimately, the aluminum mask will be used to get protein pattern as described in section.

A partially successful protocol was used previously in the host lab to prepare the substrate and will be described below (section 5.2). However, residual features on the surface resulted in several limitations (section 5.3). Consequently, an improved protocol is described in section (5.4).

Basic Protocol

Slide cleaning

In the very first step, a letter was written using a diamond pen on one side of the coverslip (square glass slides (24*24 mm, thickness of 0.17 mm, Hecht assistant, Germany) and served as a reference throughout the protocol to recognize the face on which the patterns are. The coverslides are washed for 10 min in acetone in the ultrasonic bath (in order to solubilize and eliminate the residue of carbone). This is followed by 10 min wash in a solution of isopropanol (IPA) in the ultrasonic bath (to remove the acetone). The slides are then rinsed with water and dried with nitrogen. As a final cleaning step, the coverslips are treated with oxygen plasma at 150 • C for 10 min.

Resin spin coating

Few drops of each product are used to successively spin coat at 4000 rpm for 1 min followed by baking at the temperature precised below: Layer 1: Adhesion promoter layer (to allow the resin to stick): ARN300-80 / 4000 rpm at 180 • C for 2 min. Layer 2: Negative resin: ARN7520-18/ 4000 rpm at 85 • C for 5 min. (it is a negative photoresist which can be insoluble to the photoresist developer when it is exposed to light. The unexposed portion of the photoresist is dissolved by the photoresist developer). Layer 3: Conductive layer (to evacuate the charge and make the sample conductive): SX ARPC 5000-90 /4000 rpm. A schematic representation of different layers in Fig. 5.2 after the steps of spin coating and baking. The expected thickness is known from tables compiled by the manufacturer. (All these products are from ALLRESIST GmbH, Germany).

E-beam lithography

Scanning electron microscopy (SEM, Fig. 5.3) was used to build this pattern. Briefly, this technique uses a focused beam of electrons to create a magnified image of a sample. The electron beam is scanned in a regular pattern across the surface of the sample and the electrons that come out of the sample are used to create the image. Nowadays, scanning electron microscopy is widely used in science and engineering. Some of the most common applications are in materials science (for example examining metals, alloys, ceramics, polymers...), biological science (can be used in archaeology, plant science, cell research...), medical science (for example to compare blood cells and tissue samples to determine the cause of illness) [161].

In addition, it can also be used to create physical objects and it has been used extensively in micro engineering as well as to create a nano scopic art works. Scanning electron microscopy is a remarkably versatile technique. One of the applications of SEM is to create patterns:

The sample was loaded in the SEM, then the chamber was pumped down to reach a pressure of 2.10 -5 mbar (45min), and the desired pattern was chosen in the SEM software GDSII Editor (example Fig. 5.4), the parameters to be adjusted are as follows: Aperture (30µm): a minute hole in a strip of metal that is placed in the path of the electron beam in order to restrict or limit electron progress down the machine column. An aperture stops off-axis or off-energy electrons. It also controls the size of electron beam, (the bigger aperture more current there is but the precision is less).

Working distance (8mm): The distance from the underside of the objective lens to the surface of the specimen. It is the distance recommended by the supplier that will get the machine into its highest performance while the beam is well focused. Electron dose (150µC/cm 2 ): It is the dose necessary to insulate the targeted area. It depends on the proximity of the motifs in the insulated area, the type and the thickness of resin. We tried different doses and the 150µC/cm 2 was the optimal for our substrate.

Electron high tension (EHT= 20KV): Usually a term used for the control button to turn on the electron beam and supply a chosen voltage. It represents the speed of the electrons (the higher energy, the straighter the edges and less the diffusion on the sides).

Dwell time:

The time spent collecting X-rays from each pixel in an X-ray element map. Usually milliseconds to a second. Load current: the current that is passed through the filament in the electron gun to produce the electrons for the beam. It measured each time using the faraday cup which is a conductive metal cup intended to catch charged particles in vacuum. The Chapter 5. Pattern fabrication using electron beam lithography resulting current can be measured and used to determine the number of ions or electrons hitting the cup.

Choice of pattern: we are interested in hexagonal lattice (as we obtain with beads), for that we choose the same parameters (pitch and size) to see if it reveals the same results.

The electron beam traces the desired pattern by polymerizing the negative resin Fig. 5.5. The electrons which cross-link the regions we demanded on the surface of the negative resin, become insoluble and resist the solvant. Concerning the tracing time, it depends on the pattern size chosen (for instance if the working area WA= 500 X 500 µm, for 700 nm pitch, It takes around 13 min and for 400 nm, it takes around 9 min); the wider the exposed surface, the longer the tracing time. 

Development

This step is needed to remove the part of resin not ionised by electrons: the slides are gently agitated in water for about 30 sec (to remove the conductive layer) and then in photoresist developer, AR300-47 for 1 min (to remove the non insolated resin). The slides are then rinsed with water and dried with nitrogen. At this stage, the slides have an insulated resin with posts as illustrated in (Fig. 

Evaporation

An aluminium (Al) (aluminium pellets, 99.99% pure,Kurt J. Lesker company, US) layer of around 50 nm thickness is deposited using evaporation method (using Edward AUTO 306 evaporator, France). This apparatus is calibrated depending on metal-type (gold, copper, nickel). Since the same machine is used for deposition of these different metals, sometimes cross-contamination may occur. We can avoid this by evaporating on expendable glass slide before using the machine for the first deposition. The thickness is expected to be around 50 nm, with 10 % accuracy, as estimated from calibration using the quartz crystal microbalance. Now we have glass with Al evaporated on posts as well as on the glass (Fig. 5.9). Our patterns were validated by transmission and reflection images, as seen in Fig. 5.10 , Fig. 5.11 and Fig. 5.12. 

Lift-Off

This step consists of eliminating the ionized part of resin after development ( Fig. 5.13).

The removal is traditionally done with acetone overnight, 30 min acetone ultrasonication, then 30 min isopropanol (IPA) ultrasonication and finally 10 min plasma oxygen. Note that acetone needs to be used with caution because it cannot be heated up to accelerate the lift off. As will be discussed later, this step needed to be optimised. At the end, we obtained a glass covered by Al layer with holes arranged in a hexagonal pattern Fig. 5.14 and Fig. 5.15.

Functionalization

At this stage, the slide is covered by Al and holes and the state of the substrate is exactly the same as discussed in section 2.1.5. Briefly, the steps followed for bead patterning and functionalization are: vapor deposition of APTES, deposition of bBSA from solution, removal of Al, PLL-PEG, Neutravidin and anti-CD3. At the end, we expect to obtain a NAV fluorescent pattern with a sea of PLL-PEG in between. However, we did not expect the pattern to be visible in RICM since the difference between the refractive index of PLL-PEG and the proteins is not large enough to be visualised in RICM as was verified in chapter 2.

Limitations

We observed on the surface of our substrate dots visible in RICM and were henceforth called "residual-features". These features cause several problems for our artificial substrate at different levels: First, it could cause changes in cell behavior in terms of topography, adhesion and activation because there is something on the surface other than proteins (new chemicals not suitable for the cells). Second, these features affected the quality of images we were obtaining. Finally, this will consequently distort the quantification of the pattern. Thus, it is crucial to eliminate these residual features.

Modifications of the intial protocol

To understand and eliminate the residual-features, we consider each layer separately to identify the origin of the residual-features. 

Adhesion promotor layer

The first hypothesis was that the adhesion promotor layer was not fully removed and was responsible for the residual-features, so we searched for an alternative.

Hexamethyldisilazane (HMDS)

HMDS is an organosilicon compound, it can be used in photolithography, HMDS is often used as an adhesion promoter for photoresist. So we replaced it instead of the first layer to remove the features on the surface. This was not successful idea because the RICM shows always the residual features as we can see in Fig. 5.16 

Piranha solution

Piranha is a mixture of sulfuric acid (H 2 SO 4 ) and hydrogen peroxide (H 2 O 2 ), used to clean organic residues off substrates. Because the mixture is a strong oxidizing agent, it will remove most organic matter, and it will also hydroxylate most surfaces (add OH groups), making them highly hydrophilic. We found in literature that simply cleaning the slides in this particular way can induce enough adhesion for the negative layer. Unfortunately, as we can see in Fig. 5.17, the RICM image still shows the residual-features on the surface. 

Without adhesion Promotor layer

These experiments also showed that the adhesion promotor layer was not necessary to depose the negative resin. We therefore skiped with this step and changed the protocol accordingly. This new protocol (spincoating of the layers without adhesion promotor layer) will be considered as standard henceforth. Therefore, we decide to try without adhesion promoter layer but this too was not enough to remove the residual features as we can see in Fig. 5.18 .

After eliminating the first hypothesis, we concluded that the issue isn't in the adhesion promoter layer.

Negative resin

Visually, the features in RICM which colocalise with the protein dots seen in epifluorescence, seem to be material left-over at these points. therefore, the second hypothesis we adopt is that the negative resin causes the residual-features as visualise schematically in Fig. 5.19.

If the temperature rises too much, the cross-linking degree of the resist (polymerised resin) can increase so much that the subsequent lift-off becomes difficult or impossible. When coating resist structures via evaporation, the substrate, and thus the resist structures may be heated via the radiation from the evaporator source. In this case the resist structures deform and soften and get fully coated over the entire surface. This makes the subsequent lift off more difficult or impossible.

In addition, we cannot switch the evaporation by sputtering during the step of deposition of Al because during sputtering, the deposition of the Al is more or less isotropic, resulting in the sidewalls of even greatly undercut resist structures also being coated. The lift-off medium can only dissolve the resist structures if it manages to diffuse through the coated resist sidewalls, which is limited in our case. However, the evaporation of the film is directionally which results sidewalls only being coated to a slight extent and the sidewalls of undercut resist profiles will not be coated at all. As a result, a clean lift-off is possible usually trouble-free even with thicker films. Therefore, now we are focus on trying to remove the negative layer with different tests:

N-Methyl-2-pyrrolidone(NMP)

NMP is an organic compound consisting of a 5-membered lactam (is a cyclic amide). This chemical product is generally a suitable solvent for removing photoresist layers. The very low vapour pressure of NMP allow heating to 80 • C in order to be able to remove even more cross-linked photoresist films. However, it didn't work as we can see in Fig. 5.20 the residual features in RICM. In addition, The epi-fluorescent NaV seems like inverted pattern. 

Longer lift-Off

We repeated lift-off steps twice: the first step was 30 min acetone ultrasonication, and then the second step 30 min IPA ultrasonication and finally 10 min plasma oxygen. However, the residual-features remain on the surface as in the Fig. 5.21. However, we can notice that the features appear less clear with this treatment but not enough to put cells. We need to search for another component that helps break this resist structure. 

Reducing layer thickness: diluted resin

In order to check the thickness of each layer coated, we used the profilometry (Bruker Dektak XT) as seen in Fig5.22

These measurements were not expected of the thickness of the layer of negative resin (ARN7520.18) as seen in Fig. 5.22 which is around 432 nm. Hence, to face this problem and try to remove the remaining features, we tried a diluted resin (ARN7520.9), which is thinner as we can see in the fig 5 .23. With this new diluted resin, we did the same steps in order to obtain the pattern and check with RICM and BF to see the remaining residues on the surface. DMSO is an organosulfur compound with the formula (CH 3 ) 2 SO. This colorless liquid is an important polar aprotic solvent(contains a labile H+) that dissolves both polar and nonpolar compounds and is miscible in a wide range of organic solvents as well as water. It has a relatively high melting point. DMSO heated to 60-80 • C has good performance as photoresist stripper comparable to the performance of NMP, and is a kind of "safer solvent" substitute for NMP.

As we can see in Fig. 5.24, The RICM show a clean substrate with no residual features. However, we noticed that the quality of the pattern is not good and some motifs was gone and this is due maybe that DMSO is too harsh can remove the Al as well. At the same time of DMSO, we tried an alkaline media as remover:

NaOH

Since we have an Al layer deposited, we cannot put NaOH during lift-off so we performed longer lift off (with heating) to break some polymerised resin. After deposition of our protein and during removal Al, we immersed it in NaOH (1M, 10min) to remove Al and the resist layer at the same time. As we can see in Fig. 5.25. we attained an initial success to remove the residual-features. Nevertheless, after several trials, it did not work well because it is difficult to finnd a compromise between NaOH that attack the surface and the heating of slide, which broke the slide. Therefore, we prefer to search for another solution, hence, we found that DMSO (dimethyl sulfoxide) is a solvent that removes negative resin. In addition, we found that acetone is generally not recommended for the removal of photoresist film for two reasons: 1) it cannot be heated up to accelerate the lift off.

2)quickly evaporating solvents carry the risk of the re-deposition of lifted particles on the substrate, which is difficult to removed. After trying to remove the residual features remaining on the surface of our substrate, which is due to the negative resin, we can imagine/expect the builded layer as described in Fig. 5.26. To overcome this problem, the same resin ARN7520.18 was diluted by 2-methoxy 1methylethyl acetate to obtain ARN7520.9. Every time, I checked after development and after evaporation with transmission microscopy if the plots are good as seen in 5.27. After fonctionalization, we can see in Fig5.28, the RICM is clean without any features as we saw in the beginning. Furthermore, we are able now to put cells and see how they spread over. Contrariwise, the results of the cells will describe in the next chapter. 

Characterisation of patterned substrates

Protein dot size

Same analysis of protein dot size was done as in chapter 3 (see subsection 3.3), but with this technique, we saw a difference between the demanded width and the calculated. It is due to the fact that the macro used is not able to detect well the dot size. There are 8 experiments (for example: E1, E2, ...), some substrates have two different pattern, so we represent as E3=700 and E3=400, it means 700 or 400 nm of demanded width as seen in Fig5.30. There are slightly a difference between the size we choose to do the pattern (section 5.2.3) and the dot size calculated: on the one side, the first correpond to the diameter of the circle. On the other side, the second is calculated at FWHM as see in Fig. 5.29.

Protein density

After resolving the problems discussed in previous sections, we repeated the experiment several times, first to be sure that the protocol worked well, second to try different types of lattice varying between (700 nm, 2µm);(400 nm, 1µm) and (250 nm, 1µm). Epi-fluorescent images were also used to extract the fluorescence intensity inside and outside the dots as chapter 3 on colloidal bead pattern. The fluorescence intensity is expected to be proportional to the amount of NaV (and therefore inform us about the density of anti-CD3 1 ). An important difference of intensity is observed between the fluorescence inside and outside the dots. This difference can be quantified by calculating the ratio, it is defined by the followed equation: I ratio = I in I out ; with I in representing the peak of the intensity profile for each median dot and I out the baseline around each profile. Figure 5.31 shows that the ratio varies between 2 and 1.5 for all substrates analyzed (N=10). As the PLL-PEG covers the whole area outside the dots, this ratio tells us that there is more fluorescence in the protein dots than on the PLL-PEG. The fluorescence being proportional to the protein density, this also indicates the protein ratio between the dots and the PEG. This result confirms a sufficient passivation of the PLL-PEG and validates the substrate. If this ratio is close to 1, meaning that the proteins were deposited equally on the dots and PEG, the substrate is then consider as homogeneous and is thus not validated. Another parameter we calculated (see subsection 2.4.1, chapter 3.) is the contrast as seen in Figure 5.32. 

Conclusion

In this chapter, we presented a satisfactory protocol to build a E-Beam pattern correctly. We can get now clean substrates (without the residual-features). It will be desirable to improve the reproducibility, to optimise more the passivation in order to get a better contrast. In addition, we have to try a smaller pattern. We found that the absolute density of the molecules with this technique were much more difficult to control than the case with colloidal bead pattern exemplified by the fact that the I min and I max were fairly stable, and do not change very much from sample to sample. This is one area where we need to improve by considering each step in lithography and see whether some residues remain or the glass is affected in some way (all the removal steps are not perfect). We will consider each step one by one to see if something can be done to improve the removal and cleaning of the glass surface. The second point is the contrast: comparing with the colloidal beads in the case of LowP2, the PEG passivation step did not change, therefore, it must be the treatment of the surface. We suspect that it is because of using of NaOH after deposition of bBSA. Pure NaOH (1 M) is a very strong base and may either be damaging the bBSA or it may be that the residue that it is removing in the dot, is taking some of the bBSA away. This is possibly something we need to change and find a way to replace it by a less harsh product to remove the negative resin. There is a compromise between complete removal of the features (that are visible in RICM) and the destroying of bBSA. These substrates can now be used for cell studies using both RICM and TIRF as presented in the next chapter.

Chapter 6

Cellular and cluster scale characterisation of T cells on e-beam lithography substrates

This chapter will be dedicated to the characterisation of cells spreading on different patterned substrates which were fabricated using the EBL protocol described in chapter 5. All of these substrates were prepared with low density PEG with three different dot size 700, 400 and 250 nm, spaced by 2, 1 and 1 µm respectively. Note that the calculated coverage (see subsection 3.1.1) in case of 700 is 11%, for 400 is 14.5% and for 250, it is 5.7%

Cell scale analysis

Adhesion area

As shown previously in the chapter 3, the impact of anti-CD3 dot size on cell adhesion area was studied with the method of CBP. We are interested to see whether the method EBL influences the adhesion area on LowP2 and LowP1, and how a smaller lattice (250 nm) can affect the adhesion of T cells. Fig. 6.1 shows an example of each type of patterned substrates.

As shown in Fig. 6.2, cells spread significantly more on E-700 , compared to E-400 and E-250. Statistical significance was assessed by Wilcoxon tests. The median values of cell area is the following: E-700 is (135 µm 2 ±68 ), E-400 is (107 µm 2 ±47) and E-250 is (111 µm 2 ±47). Noticethat there is no significant difference between 400 and 250 nm.

As shown in the previous chapter, the expected dot size does not exactly match the width calculated in the case of 700. And as we see in the Fig. 6.3, the variability in measured dot size in the case of 700 is high. If we look at the relation between the area and obtained dot size, we realize that once the dot size is bigger, the area gets higher. This may explain the variability in the area in the case of 700. As for the 400, since the required dot size is 400, and the calculated one for the 5 different experiments does not vary, that explains the stability in the area in the case of 400 (Fig. 6.4).

As we mentioned before, we had a persistent problem of residual features on our the surface of our substrate, for that, we confront two problems in the NaV surface either low contrast or holes in the dots (donuts) as illustrated in Fig. 6.3. 

Actin organisation

Comparing the actin peripherality (See chapter 2 , section 2.4.2) for these 3 different substrates, there is no significant variation as seen in Fig. 6.5. The median value of actin peripherality for E-700 is 1.11 ±0.5, for E-400 is 1.07 ±0.5 and for E-250 is 1.01 ±0.5. All these value show that the actin is homogeneously distributed. The analysis of the impact of the cell area on the distribution of the actin is illustrated in Fig. 6.6 separately for each substrate (700, 400, 250). We can see clearly that in case of 700 and 400 the correlation is relatively good with 0.44 and 0.69 respectively. It is not the case with 250 where the cell area does not affect the actin peripherality. Fig. 6.7 shows the value of actin peripherality as function as cell area for the three patterned substrates with a correlation value equal to 0.55.

In addition, we are interested to see if there is a relation between area and contrast, the fit (without the value of donut case) gives a value 0.69 for both contrast vs area and contrast vs actin in the case of 700 as shown in Fig. 6.8. Additionally, the fit gives a value 0.2 and 0.4 for contrast vs area and contrast vs actin respectively in the case of 400 as shown in Fig. 6.9. All these values show that there is no correlation between the contrast and (actin or area). 

Dot scale analysis

1 As exposed in the introduction, the clustering of anti-CD3 on the surface may have a local impact from the pattern on the actin cytoskeleton. However, this could be not be detected by a traditional image analysis (see also subsection 6.1.2 ). Even by eye, we did not see any difference of the distribution of the actin cytoskeleton on the POS or on the patterned substrates. We therefore decided to use artificial intelligence which is currently in strong development in contrast of today's microscopy research.

To do this, we developed an image classifier based on a deep learning algorithm in order to confirm if there is an impact from the pattern on the actin. Additionally, we designed a powerful way to localize the dots exploiting the regularity of the EBL pattern.

-From the patterned NaV images, a regular lattice was built to accurately localise 

Contrast Contrast Actin FIGURE 6.9: Right: value of the contrast as function as cell area in the case of 400. Left: value of the contrast as function as actin peripherality in the case of 400.

the dots inside the pattern and a shifted lattice was created to be as far as possible from the dots .

-Mini-images of the actin (TIRF) are cut around each dot based on the regular lattice, a positive set on the dots and a negative set outside the dots.

-Each set of mini images is divided into training data (to train the image classifier) and validation data. Each such partitioning is called a "seed".

-We obtain the accuracy value of the image classifier for each cell on the validation part, which represent the capacity of the program to classify correctly the miniimages belonging to the validation set.

-This training is repeated 100 times. This is necessary, and standard practice in the domain, due to the variation in the result from one to another (the choice of distributing the data into validation or training).

-A negative control is needed in order to precise the range of good accuracy.

Simulated Lattice

Taking the advantage of the fact that the pattern made by EBL forms a regular hexagonal lattice with a pitch that can be chosen, we can form a simulated regular hexagonal lattice with the same characteristics of the pattern that can help to ideally localize Chapter 6. Cellular and cluster scale characterisation of T cells on e-beam lithography substrates all the dots inside the pattern even in absence of a perfect images for the last. The technique begins with some basic steps on the image of the pattern using Fiji (thresholding after analyse particles) to get an approximated coordinates for most of the dots inside the lattice to form what we call the measured pattern. Although the measured pattern is far from being a regular lattice, it can help to approximate the first hexagonal lattice which then optimization to obtain the most accurate hexagonal lattice for the pattern we have.

To form the simulated lattice we need a pitch, angle and an origin that keeps the error (total distance between the initially measured dots and the simulated dots) between the simulated lattice and the measured pattern as small as possible.

-The pitch: as a starting point we will estimate the pitch value by calculating the distance between each point and it's first neighbours in the measured pattern forming a histogram Fig. 6.10.

Both the mean and the medium are around two microns and any of them can be used as a first estimation but the optimal pitch is going to be different at the end. -The angle: in the hexagonal lattice the angle between two first neighbors is sixty degree. An histogram illustrates the angle for each dot in the measured pattern in Fig. 6.11.

-The origin: it's better to chose the origin at the center in order to reduce the errors we may get from the pitch and the angle by getting the most centred point in the measured pattern (Fig. 6.12 (a)).

Aiming to reduce the difference between the simulated lattice and the measured pattern we define, as already said above, the lattice error as the difference at each point between the simulated lattice and the nearest point in the measured pattern. First we minimize the lattice error with respect to the origin to find the point we call the center. Secondly we minimize the lattice error with respect to the angle to find the best angle. Then the last and the most important is to minimize the lattice error with respect to the pitch and this is very sensitive since a small error in the pitch can be propagated from one point to the point after and the points in the corners are going to be really off-centered. With that the optimization is finished and we are now able to get a simulated lattice as seen in Fig. 6.12 (a). Mini-images of the data are produced bu cutting a square, which side equal to pitch, and center on the simulated or shifted lattice.

Deep learning in microscopy

Deep learning is part of machine learning which is by itself part of artificial intelligence. Artificial intelligence is any technique which allows machines to mimic human behaviours. Machine learning exploits statistical methods enabling the machines to improve by experience and deep learning is doing the last but with methods based on artificial neural networks.

In microscopy deep learning algorithms are usually used with multi-layer convolutional neural network (CNN) which is a class of deep neural networks, most commonly applied to work with images. CNN has been recently used in several fields of both science and industry due to its particular efficiency in image analysis including pattern recognition, face recognition and image classification. The role of the CNN is to reduce the images into a form which is easier to process, without losing features which are critical for getting a good predictions. The development of an image classifier based on CNN is is build in the lab (master student: Ahmed Sharaf), in order to see if there is a local difference between the actin organisation exactly on the center of the pattern dots and away from them.

Classification of actin images

Our deep learning strategy is to use a CNN consisting of 3 convolutional layers, which is fed the training data consisting of actin mini-images (on lattice or shifted lattice). After training for at least 1500 epochs (10000 epochs for the last analysis), the validation data consisting of mixed mini-images from lattice or shifted lattice is given to the trained CNN. The network now classifies these unknowns images as "on lattice" or "off-lattice". The accuracy, defined as the ratio of correct versus incorrect identification, is plotted for 100 seeds corresponding to 100 different randomly chosen training and validation samples. The higher the accuracy, the better the prediction. A good prediction ability shows that there is some (unknown) difference between the on-dot and off-dot actin images, implying that the ligand-dots do influence the actin structure. These steps are explained in detail below.

Generation of mini images

In order to detect the local impact of the pattern on the actin we produced two sets of mini images one corresponds to the actin on the points of the simulated lattice and the other is corresponding to the shifted simulated lattice Fig. 6.14.

To get an idea about the quality of the mini images we get the sum of the (Z projection) to see how much are they centered around the pattern dots for the simulated lattice, and away from the dots for the shifted simulated lattice Fig. 6.13.

Then we see if an image classifier can be trained to classify the two sets of mini images or not. 

Accuracy histograms

The model was not trained to simultaneously classify the mini images for all the cells due to the difference in the quality of the fluorescence from cell to cell and sample to sample. After 100 different training, corresponding to 100 seeds, each with a different validation and training samples, the results look promising and different from the random case. Fig. 6.17 shows a high accuracy which means that the actin is affected by the pattern. In Fig. 6.18 shows an intermediate value of accuracy. 

Negative controls

For a negative control, we used 2 strategies. First, a phantom cell was created beside the real cell to see if there is something in the background recognized by the classifier or not and the result came clearly negative Fig. 6.19. Second, a fake lattice was used on cells that were adhering to a homogeneous substrate(called POS in preceding chapters). This is the part of the EBL substrate where the pattern is absent. Here this will be called Neg. Fig. 6.20 shows two histograms, different colors correspond to different experiments (patterned called "test" or homogeneous called "negative"). Each line correspond to a single experiment. We noticed that the 3 tests are giving high accuracy more often what the 3 negatives are given. We noticed that only one of the negative controls is giving high accuracy more often than then rest and we ignore the reason. Pooling the three tests and the three negative each together , we obtain two lines ( black and dashed black) and the difference between them reflect the ability to the classifier to feel the impact of the pattern on the actin mini images.

After analysing all the data we have, we can see that, sometimes, the actin was not Chapter 6. Cellular and cluster scale characterisation of T cells on e-beam lithography substrates sensitive to the pattern as the accuracy was not high. Conversely, the negative gives a high accuracy in isolation cases (Neg 3). It's due to reasons that are unknown for the moment. It might be because of the pattern contrast is low, the actin labeling that is not similar for all cells, or the ligand density under the cell that was not enough to affect the cytoskeleton. However, overall, the prediction is good, even though we still cannot identify the feature that is recognising by the CNN. 

Conclusion

An overview is shown in table 6.1 of all experiments we did using EBL. As with CBP, the cell area is strongly influenced by the patterned substrate. Comparing the EBL method to CBP to prepare a patterned substrate, we see clearly the reproducibility: using CBP method; the cell area in case of LowP2 ( LowP1 (115 µm 2 ±47).

Concerning the cytoskeleton, the distribution of actin shows a similarity with the data of CBP that is, actin is almost always homogeneous. However, the fact that an image classifier is able to classify the mini images on/off-dots on the patterned substrate, is indicating the existence of local impact from the pattern on the actin organization. The nature of the impact however remains to be found. Table 6.2 and 6.3 show a summary of two experiments done with EBL with the corresponding analysis using deep learning. There is no obvious correlation between the accuracy and the other parameters reported in these tables. 

Chapter 7

Cellular scale characterisation of T cells on soft substrates

This chapter is dedicated to characterization of the spreading of T cells on soft substrates functionalized with different adhesion molecules and antibodies such as α-CD3, α-LFA-1 ( commercially available antibody m24 (BioLegend) which recognizes open activated conformation of LFA-1) and ICAM-1. As is explained in chapter1, ICAM is the natural ligand of LFA-1 presented by T cells, whereas α-CD3 and α-LFA-1 are antibodies able to form strong bonds with the CD3 domain of the TCR complex or with LFA-1 respectively.

Our main goal is to study the area of adhesion of T cell on those antigen presenting substrate and compare the different results in order to understand the influence of the adhesion molecules but also of the stiffness of the gel. Two different soft substrates were used: Polydimethylsiloxane (PDMS as elastomer) and Polyacrylamide gel (PA as hydrogel). 

Preparation and functionalization of soft substrates

Polydimethylsiloxane elastomer (PDMS)

PDMS is a silicone-based polymer. It is known for its unusual mechanical and rheological properties. Without cross-linking, the polymer acts like a viscous liquid like honey but with cross-linking, it acts like an elastic solid like rubber whose elasticity depends on the amount of croos-linker. PDMS presents several advantages for cell biology studies such as deformability. Additionally, it is chemically inert because of the methyl groups on its surface. Therefore, we have to create a biologically active substrate by functionalizing its surface Chapter 7. Cellular scale characterisation of T cells on soft substrates (Fig. 7.1).

Preperation of PDMS

Briefly, using procedure 2 (see section 2.1.2 in chapter 2), we obtain a clean glass substrate in order coated with a thin layer of PDMS by spin coating, and then cured appropriately. The thickness of the PDMS layer depends on the PDMS type and mixing ratio of the base and curing agent constituting the PDMS. Two types of PDMS were used: Sylgard 180 with ratio 1:10 which served as our 'hard' standard and Qgel with ratio 2:1 which served as the 'soft' substrate .

To create PDMS, we firstly use a silicone eslastomer base of Sylgard 184 (Dow, USA ). It is a colorless polymer base with a viscosity of 5100 cP. In order to trigger the reticulation, we add the crosslinker (we usually add an amount of the crosslinker or reticulating agent of 10% of the base mass). The reticulation is the formation of tridimensional networks within the polymer thanks to chemical or physical interactions.

We then mix the products with a vigorous agitation in order to eliminate bubbles. We put the gel into a dessicator and create a vacuum for 30 minutes. We also used another elastomer base: the Q-gel manufactured by the American company Quantum Silicones, with its own crosslinking. Q-gel can be described as a modified PDMS with a phenyl and a methyl-phenyl groups added to the polymer structure. It is also much softer than the Sylgard 184. This type of gel doesn't need the vacuum step. Regardless of the kind of gel we are using, we spread it on a clean glass slide in the most homogeneous way possible. For that we use a spin-coater. Thanks to a program we are able to edit, we can make the slide with a drop of gel on it rotate at a speed of 2000 RPM for 60 seconds. A vacuum is created under the slide so it stays fixed and stable during the rotation. The base/ cross-linker ratio used to make the gel, as well the temperature which the gel is heated are given in table 

Functionalisation with Anti-CD3, With ICAM1 or anti-LFA1

The next step of the experiment is to complete the creation of the antigen presenting surfaces in order to characterize the cell binding capacity of several molecules from the APC surface: α-CD3, α-LFA-1 and ICAM. These molecules have a strong influence in the adhesion of T cells on APC. Same steps were used in chapter 2 to functionalize the substrates with some difference during the incubation time. Except with ICAM1 which has a his-tag and was therefore been using home made BSA-NTA [164]. As usual, We also have to wash them with PBS between each step. Moreover, the neutravidin we are using is fluorescent. Table 7.2 summaries of the concentration used of each protein with their incubation time. All of these steps allow the antibodies to attach on the substrate with the same orientation, which facilitates the measure of density

Polyacrylamide gel

Polyacrylamide is a polymer formed with acrylamide and which formula is [-CH2-CH(-CONH2)-]n ,(Fig. 7.2). It is not toxic but has to be manipulated with caution because acrylamide is a very absorbent gel typically can be used in biochemistry or in molecular biology for electrophoresis.

Preparation and gel activation 0.5 ml of APTES was vapour deposited for 1 hour at 60 • C on glass cover-slides cleaned as before. Acrylamide (40% solution, Sigma, France) and bis-acrylamide (2% solution, Sigma, France) were mixed to the desired concentration in water. A small amount of acrylic acid (anhydrous, Sigma Aldrich, France) was added. The mixture was thoroughly degassed. APS which spontaneously decomposes to form free radicals (10% ammonium persulfate, Sigma, France, 1/100 total volume) and TEMED, a free radical stabilizer, is generally included to promote polymerization (2% N,N,N',N'-Methylenebisacrylamide solution, Sigma, France) was added to the gel solution. The mixture was vortexed and about 20 µl was pipetted onto the cover-slide. A flat piece of parafilm was placed on the gel-mixture to spread the gelsolution into a thin film. The films were kept for at least for 60 minutes at room temperature to allow the gels to form. Finally, the parafilm was removed carefully with tweezers and the gel was rinsed with deionized water. By focusing on the upper and lower surface of the gels, their thickness was estimated to be of the order of 6 µm.

The gel surface was activated by incubating in 200 µl: 0.015 µM EDC (1-ethyl-3-(3dimethylaminopropyl)carbodiimide) and 0.025 µM NHS (N-hydroxysuccinimide) in 0.05 µM MES (2-(N-morpholino)ethane sulfonic) acid for 60 min. Adapted from [START_REF] Michael J Poellmann | Patterned hydrogel substrates for cell culture with electrohydrodynamic jet printing[END_REF]. A table summarizes the volume needed for each stiffness 7.3.

Functionalisation of PA

The next step is to functionalise the substrates in order to spread the cells over it, to do so: Adapted from [START_REF] Tse | Preparation of hydrogel substrates with tunable mechanical properties[END_REF], [START_REF] Syed | Simple polyacrylamidebased multiwell stiffness assay for the study of stiffness-dependent cell responses[END_REF], [START_REF] Syed | Simple polyacrylamidebased multiwell stiffness assay for the study of stiffness-dependent cell responses[END_REF].

-1 mg/mL of BSA biotin is deposited for 20 minutes at RT. The sample is then rinsed 10 times with PBS.

-Fluorescent neutravidin dylight 650 conjugated (also used to quantify the protein's density) is incubated for 20 min at 25 µg/ml. The sample is then rinsed 10 times with PBS.

-Anti-CD3 is then diluted in PBS to the desired concentration (typically 2µg/ml) and incubated for 30 minutes. The sample is the rinsed 7 times with PBS-BSA. 

T cells on Polydimethylsiloxane

Before imaging, jurkat T cells are added to the chamber and allow to adhere for 20 minutes at 37 • C. They are then fixed with paraformaldehyde (PFA) for 15 minutes. Then, the substrate is washed carefully 10 times with PBS(1X). 

Comparing with anti-LFA1 and ICAM1

In the next set of experiments we explored the role of LFA-1 by dual functionalization of the substrates with anti-CD3 and ICAM-1. Consistent with past reports on glass with only ICAM-1 on the surface, with or without simultaneous stimulation with soluble anti-CD3, there is no spreading on PDMS. For the case of cofunctionalization with both anti-CD3 and ICAM-1 (Fig. 7.5 A), the cells spread the least on the softest substrates used and they spread more as the substrate stiffness is increased, already reaching a saturation value of about 400 µm 2 in the kilopascal range (Fig. 7.5 B and C). Thus, the maximal area reached here is larger than that with anti-CD3 alone. The spreading dynamics do not differ between the soft (5 kPa) and hard (2 MPa) cases (Fig. 3D). In terms of actin organization, no difference is detected between soft and hard on one hand and with or without ICAM-1 on the other hand; the actin is mainly peripheral in all cases.

Cells behavior on polyacrylamide gel

Having observed an unusual decrease in spreading on stiffness substrates with PDMS, the question was whether cells on another kind of soft substrates would show the same behaviour. In fact, some previous work indicated that the different porosity between PDMS and PA, may lead to different behaviour [START_REF] Trappmann | Extracellular-matrix tethering regulates stem-cell fate[END_REF]. We therefore used PA gels of stiffness range 0.2 kPa to 110 kPa (Fig. 7.6). Note that the softest in PA (0.2 kPa) is softer than the softest in PDMS (0.5 kPa) whereas the hardest PA corresponding to an intermediate PDMS stiffness (the stiffness of the PA gels were measured with AFM with the help of PH Puech and F Mustapha and is consistent with the expected values). The NaV density is estimated to the same for PDMS (400 molecules/ µm 2 ) and PA but as we explained before the pore existing in the PA gel may causes a decrease in the density. We note that the overall trend of first increase and then decrease of area with different stifness is the same in PA as for PDMS. The peak is roughly the same at 0.5 to 20 kPa for PA, for PDMS, it is in the range of 1-20 kPa. The maximum spreading is also lower than on PDMS maybe because NaV density is lower. However, the overall trend is very similar to PDMS. 

Conclusion

In this chapter, I presented experiments that are supplementary to the main results reported in [164]. While PDMS was the material of choice for the bulk of the experiments reported in [164], I repeated the experiments on α-CD3 coated substrate, using PA gels. The refractive index of PA is closer to water (For PDMS it is closer to glass). Therefore, a priori, it was not obvious that the RICM could be performed at all. However, with careful reduction of gel thickness, we could do RICM in many cases. It is worth mentioning that the volume and sandwiching had to be optimized for this. In many cases, we could not do RICM. A rough measure of the thickness used for Fig. 7.7 gives 6 µm. As discussed above, at same apparent fluo intensity the density is maybe less on PA compared to PDMS because of the porosity of the gel. The results presented here on PDMS substrates are complicated by the fact that the reagents were aged when some of the experiments were done. In the experiments reported in Fig. 7.4, the cell area on soft Qgel was as before but the area on hard Sylgard was much more than expected. Later experiments on new batch of Sylgard (performed in collaboration with internship student Yann Levin and not reported here) again show the expected area. The later measurements on Qgel however showed a smaller cell area than expected. Measured elasticity showed that at 20 kPa was in fact 100 kPa, it was therefore "intermediate". The stiffness of the "hard" could not be verified due to technical reasons but that may also vary. This together will explain why the difference in spreading on soft and hard α-CD3 coated PDMS is not as striking in the experiments in Fig. 7.4 as in Fig. 7.3. With this caveat, we compare spreading on soft and hard PDMS coated with α-CD3 + α-LFA1 (Fig. 7.4). The cells spread equally on both, a trend we also reported in [164] for α-CD3 and ICAM1 (Fig. 7.5). Further aging of reagents (that was diagnosed retrospectively) prevents us from presenting more statistics on these experiments, since the results were progressively more difficult to interpret. Overall, we conclude that the unusual mechanical response of T cell to TCR-ligands coated substrates does not depend on detailed chemistry or ultra-structure of the substrates, but indeed stems from mechanosensing. Addition of ligands for LFA-1, either the natural ligand ICAM1 or α-LFA1 both restore the usual monotonic response. Further experiments should be done to test the equivalence of ICAM1 and α-LFA1.
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Chapter 8

Conclusion and perspective

For an efficient immune response, an optimal interaction between T-cells and antigen presenting cell (APC) is required. In the last few decades, many researchers aimed to decipher the interaction between T-cells and APCs. Interestingly, this interaction involves many different scales, from the molecular (1-10 nm) to the cellular (1-10 µm). The first binding of the special receptors of the T-cell called the T cell receptor (TCR), to its ligands leads to larger scale molecular reorganisation and extensive cytoskeleton remodeling leading to the formation of the immunological synapse (IS), a tight extended and highly organized contact between the 2 cells. It is now recognized that TCR are micro(µ)-clustered in the cell membrane [START_REF] Stephen | T cell receptor ligation induces the formation of dynamically regulated signaling assemblies[END_REF], [START_REF] Yokosuka | Newly generated T cell receptor microclusters initiate and sustain T cell activation by recruitment of Zap70 and SLP-76[END_REF] after binding its ligand or may be even before [START_REF] Travis J Crites | TCR microclusters preexist and contain molecules necessary for TCR signal transduction[END_REF] and for that these µ-clusters are important for signaling in T cells.

In addition, on one hand, it was shown recently that the TCR-ligands are clustered on the surface of certain cells [START_REF] Lu | Endogenous viral antigen processing generates peptide-specific MHC class I cell-surface clusters[END_REF], and on the other hand, such ligand clustering is known to affect the adhesion, signalling and membrane-organization of T cells [START_REF] Deeg | T cell activation is determined by the number of presented antigens[END_REF], [START_REF] Matic | Fine Tuning and Efficient T Cell Activation with Stimulatory aCD3 Nanoarrays[END_REF], [START_REF] Dillard | Nano-clustering of ligands on surrogate antigen presenting cells modulates T cell membrane adhesion and organization[END_REF], [START_REF] Benard | T cells on engineered substrates: The impact of TCR clustering is enhanced by LFA-1 engagement[END_REF]. The importance of TCR micro-clusters and the influence of the geometry of ligand presentation on the TCR clusters, which in turn impact cell adhesion and signaling, are the two major incentives to engineer surfaces with ligand clusters. Due to the importance of the TCR µ-clusters, such ligand-pattern surfaces are an important tool to understand the link between the organisation of TCR and its ligand, the organisation of the actin cytoskeleton and the impact of both on overall cell behavior including adhesion and signaling. My thesis work is based on previous work in the lab. The overall goals were: (i) to develop a new patterning technique with the ability to make nanometric array of ligands with controlled spacing and size (down to 250 nm); (ii) to see how such clustering may impact the adhesion and global organisation of spreading T-cells; (iii) to determine the impact on the TCR organisation arising from such nano-patterning and finally, (iv) to decipher how the cytoskeletal network interacts with these clusters.

To achieve our goal, we engineered APC mimetic substrates bearing patterns of submicron sized cluster of antibodies (α-CD3) later called 'ligand' against the TCR-CD3 complex separated by a repulsive polymer (PEG) using an innovative nanotechnology (EBL), as well as more traditional self-assembly (CBP) and surface bio-chemistry.

Cell studies were done with both e-beam lithography substrates (EBL: ligand-dot size down to 250 nm) and alternative substrates prepared by colloidal self-assembly (CBP: ligand-dot size 700 or 400 nm). The motivation for putting in place the more expensive EBL technique is that once optimized, the dot-size can be reduced drastically, we believe 50 nm will be possible without changing the current protocol. The two techniques can be compared for the size/pitch of 700/2000 nm (P2) and 400/1000 (P1) nm, which have roughly the same surface coverage at 11% and 15% respectively. The comparison in terms of global averages of cell area shows that at Fig. 8.4, 8.2 and 8.3 globally the two techniques yield the same type of cell spreading: using CBP method; the cell area in case of LowP2 (125 µm 2 ±53) and LowP1 (103 µm 2 ±47). Using EBL method; the cell area in case of LowP2 (E-700) (135 µm 2 ±68) and LowP1 (E-400) (115 µm 2 ±47) This is important because the EB technique is costly and therefore it is important to have the cheaper CBP on which new cell protocols can first be tested. The global averages however hide considerable variations as discussed below. While the dot size and pitch are very robust, the measured intensity, which is expected to be proportional to the absorbed protein density is very variable. In case of CBP, the intensities for the experiments reported here could be converted to protein densities. Here, the source of day-to-day variations seen for the cell area for the same surface coverage and protein density may be: some variations of the substrate surface that we are unable to characterize, or internal variations in the cell populations (usually, but not always a POS experiment was done simultaneously to make sure that the cell spreading on POS was as expected). We believe that both effects may be minimized if we compare experiments performed on the same day. First, to comparing P1 and P2 (CBP) for high PEG, we notice that the only day when we have similar intensity on the two substrates correspond to E1 for both. As seen in Fig. 8.1, the cell area are almost identical. Next, making similar comparisons for low PEG, we find that E12 P2 and E1/E2 P1 were performed on the same day. The three substrates have different surface density and no firm conclusion can be drawn. Over all, and in agreement with [START_REF] Dillard | Nano-clustering of ligands on surrogate antigen presenting cells modulates T cell membrane adhesion and organization[END_REF], within each type of substrate, there is a fairly clear correlation between cell spread area and surface density. However, the correlation is not evident if a cell-by-cell plot is considered (Fig. 3.12; 3.13 chapter 3) -probably cell to cell variation masks the correlation. There is also a weak dependence on dot size, cells spreading slightly more on P2 than on P1. Density of PEG shows a moderate influence on the adhesion area.

For the EBL technique, the absolute ligand density could not be reported due to lack of calibration. Instead, we report the fluorescence level of the labelled α-CD3 which should be proportional to its surface density. In this case, each slide corresponding to one substrate, was designed to have more than one pattern. Comparison could be done for patterns on the same substrate. Again a comparison of P2 and P1 (EBL) shows that in spite of minor variations in the intensity, the overall spread area remains the same on the same day. Barring E1 and E2, where only 700 nm data is available and where the intensity as well as corresponding cell spreading area is very high, overall, the cells spread equally on all the substrate types. No clear dependence on size is discernable. Overall, the results largely confirm previous work with CB patterns, and built on pilot studies on EBL. However, this thesis explored further the variations in parameters and their impact on the cell area, which underlines the importance of careful control and characterization of the substrates.

For TCR, we show that the TCR is clearly clustered on 700 nm dots and it is not the case with smaller ones (400 nm). This is not consistent with previous results [START_REF] Dillard | Nano-clustering of ligands on surrogate antigen presenting cells modulates T cell membrane adhesion and organization[END_REF] from with we expected TCR colocalization with the dots for both P1 and P2. P1 was however never directly tested before -instead TCR clustering was inferred on, smaller resolution limited patterns. More work needs to be done to explore the difference between P2 and P1 in terms of TCR clustering.

The actin is found to be homogeneously distributed in the form of a network on both POS and patterns. In a few cells it forms a peripheral ring and in a handful of cells, using total internal reflection fluorescence microscopy (TIRF), actin appears as dots that co-localize with the ligand clusters. However, even for cells where the actin network appears homogeneous, a novel image analysis based on deep learning strategy, developed specifically for cells on the EBL substrates, show that the actin organisation on the dots and outside the dots is different in at least some of the cells. However, the nature of the difference is not yet clear. Detailed observation using stochastic optical reconstruction microscopy (STORM) indicates that these dots may in fact be sites where actin bundles cross each other forming nodes that appear as dots or homogeneous at lower resolution.

Overall my work confirms a close link between ligand receptor organisation and actin structure. However, to strengthen the finding of this thesis, we need to perform more experiments, especially on EBL substrates. TCR staining and super-resolution on EBL substrates are two lacunae that need to be filled. We need to also explore smaller patterns with EBL.

It is now well known that in T-cells, as in all cell types not only adhesion but also mechanosensing is mediated by actin structures. In this thesis mechanosensing is only briefly explored but combining the ideas that emerge from cluster studies with Chapter 8. Conclusion and perspective 127 mechanics, is expected to be a fruitful future direction.
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 11 FIGURE 1.1: The cancer-immunity cycle. APC: antigen presenting cell; MHC: major histocompatibility complex; TCR: T cell receptors.From[START_REF] Jung | Tumor immunology and immune checkpoint inhibitors in non-small cell lung Cancer[END_REF].
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 13 FIGURE 1.3: A T cell receptor spans the membrane and projects variable binding regions into the extracellular space to bind processed antigens via MHC molecules on APC. From [29].
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 1415 FIGURE 1.4: Schematic representation of T cell receptor signal transduction. CD4-associated Lck is reciprocally regulated by CD45 and in turn phosphorylates CD3 chain immunoreceptor tyrosine-based activating motifs (ITAMs) and ZAP-70. ZAP-70 phosphorylates additional downstream effectors, including the adaptors Slp-76 and Lat.Yellow bands represent CD3 chain ITAM domains[START_REF] Zikherman | Antigen receptor signaling in the rheumatic diseases[END_REF].
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 216 FIGURE 1.6: Schematic represents the major interactions between T cells and APC and the three signals leading to activation and expansion of T cells. Designed for this thesis based on the literature.
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 17 FIGURE 1.7: The formation of the immunological synapse: clustering patterns of TCR, CD3, LAT and LCK dictate spatiotemporal signalling events. Event (a) shows LAT (red) clusters in vesicles being recruited to the membrane to join pre-existing LAT nanoclusters upon activation of the TCR (green). (b) TCR signalling occurs mainly in the dSMAC of mature synapses. (c) Micro-and nanoclusters of high, medium and low affinity LFA-1 occur in the pSMAC, binding to cognate ligand ICAM-1 present on the APC surface. (d) clusters of TCR, CD3 and LAT which have already undergone signalling are found in the cSMAC. From [51].
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 18 FIGURE 1.8: Schematic illustration of some of the key proteins involved in linking actin to TCR signaling. Engagement of TCR with agonist pMHC molecules leads to phosphorylation of the cytoplasmic domains of CD3 by Lck. Subsequently, ZAP70, actin adaptor proteins such as cytoplasmic protein Nck1, the scaffold protein SLP-76, and actin polymerization-regulatory molecules such as WASp and the WAVE2, are recruited to the TCR-CD3 complexes to regulate localized actin polymerization. Integrins such as leukocyte LFA-1 also regulate the actin cytoskeleton through linker proteins such as talin.Adapted from[START_REF] Smoligovets Yu | Modulation of T cell signaling by the actin cytoskeleton[END_REF].
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 110 FIGURE 1.10: Cartoon representation of Activated Arp2/3 complex binds to the side of a mother actin filament to form new daughter filament. The two branches continue to grow by addition of G-actin to each Arp. Designed for this thesis based on the literature.

FIGURE 1 .

 1 FIGURE 1.11: A mechanistic overview of actin in T cell activation. (A) After T cell triggering, the actin cytoskeleton promotes cell polarization, maintains cell-cell contact and facilitates TCR signaling across the plasma membrane. TCR signaling is amplified and sustained in distinct microclusters. Actin acts as a scaffold for the clustering of proteins, drives their centripetal translocation and spatially organizes the microclusters to different domains to form the IS. In a mature IS, actin is depleted from the central area where TCR microclusters accumulate. (B) Transport of TCR microclusters and actin retrograde flow are temporally coordinated during T cell activation. In a T cell triggered by a stimulatory supported lipid bilayer, the TCR and actin are imaged simultaneously by using total internal reflection fluorescence microscopy (TIRFM) [47].

FIGURE 1 . 12 :

 112 FIGURE 1.12: Effect of ligands geometry on cell adhesion and growth (A) Different sizes of square adhesive islands coated with fribronectin. (B) Final shapes of enthodelial cells adhering to the adhesive islands. Cells adapt their shape and adhesion area according to the adhesive island. (C) Substrates used to explore the shape variation of the cell independently of the cell-ECM contact area. (D) Phase contrast images of cell spreading on the patterns shown in (C). (D) Immuno fluorescence staining of fibronectin or vinculin for cell spreading on (C). [75]
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 5 T cells on engineered APCs 13 the mechanical properties of their environment. This ability is called mechanosensing. Mechanosensing is carried out by applying forces through adhesion proteins on their surface, and traducing the force into biochemical signals in response. It is now well recognized that cells respond actively to the stiffness of their underlying substrate (Fig.1.13). Experiments to explore the stiffness dependence of cell behaviour are usually performed with non adhesive polyacrilamide (PAA) or polydimethylsiloxane (PDMS) coated with ECM proteins or other integrin ligands such as the tripeptide Arg-Gly-Asp (RGD).
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 113 FIGURE 1.13: Schematic representation of different setups for traction force microscopy. (a) Thin films buckle under cell traction, therefore this setup is difficult to evaluate quantitatively. (b) The standard setup are thick films with embedded marker beads. (c) Pillar arrays are local strain gauges and do not require any deconvolution; however, they also present topographical and biochemical patterns to cells.Adapted from[START_REF] Schwarz | Traction force microscopy on soft elastic substrates: a guide to recent computational advances[END_REF] 
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 114 FIGURE 1.14: Ligand mobility determines the T cell spread area and actin distribution Row 1: Scheme of the functionalization of the substrates with monobiotin fluorescent Anti-CD3 coupled via Neutravidin. Fix: immobilized Anti-CD3 on Supported Lipid Bilayer (SLB). Mob: mobile Anti-CD3 on SLB. Row 2: RICM images of Jurkat T cells after 15 min engagement on substrates. Row 3: TIRF images after labelling actin with Rhodamine Phalloidin. Scale bars: 5 µm. Adapted from [91]
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 115 FIGURE 1.15: Schematic of a hybrid live-cell-supported membrane junction. pMHC, ICAM1, and possibly other molecules such as CD80 can be incorporated into a supported membrane where they are free to diffuse laterally and engage their cognate receptors on the live T cell. Structures, at nanometer-scale, may be fabricated onto the underlying substrate to corral and guide the motion of these supported membrane molecules. Then, through specific receptor-ligand interactions, molecules within the living T cell become subject to the same physical constraint. From[START_REF] Dustin | Receptor signaling clusters in the immune synapse[END_REF] 

FIGURE 1 . 16 :

 116 FIGURE 1.16: Synapse array patterns template T cell surface receptor and intracellular signaling molecule accumulation at the cell-surface contact site. Top: Schematic of IS array surface pattern. In each panel there is a schematic representation of the anti-CD3/ICAM-1 substrate pattern and representative immunofluorescence images at the cellsubstrate contact plane. A and B Immunostaining of PKC-θ (green) and talin (red) (A) or TCR and LFA-1 on focal anti-CD3 patterns (B). C and D Immunostaining of PKC-θ(green) and LFA-1(red) on multifocal patterns (each anti-CD3 spot 2µm in diameter) (C) or annular anti-CD3 patterns (D)(Scale bars: 5µm.) [98]

FIGURE 1 . 17 :

 117 FIGURE 1.17: Distribution of TCR on submicro-patterned substrates. Row 1: RICM images of Jurkat cells allowed to interact with dots. B2M: dot pitch of 2µm with dot size= 640±30 nm. B4: dot pitch of 4µm with dot size= 1600±100 nm. Row 2: TIRF images of TCR clusters. On B2M, the TCR clusters are clearly visible and are usually well localized on the site of the underlying antibody dots as evidenced by FFT in the inset. On B4, the TCR clusters are usually localized on the dots but a closer inspection shows that each dot often recruits several clusters. Insets show FFT which reflects the ordering (or not) of the TCR clusters. Scale is set by the pitch of the dots(left: 2 µm, right: 4 µm. On Row 3: Underlaying TCR ligand dots.[START_REF] Dillard | Nano-clustering of ligands on surrogate antigen presenting cells modulates T cell membrane adhesion and organization[END_REF] 
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 118 FIGURE 1.18: Nano-patterned antigen arrays mimicking APC surface during T cell activation. Substrates are biofunctionalized with pMHC molecules following a spatial arrangement, local density, and orientation that are presumed to have a major impact on T cell activation.[99]
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 120 FIGURE 1.20: Schematic representation of the micro-contact printing technique (a) Liquid polymer is cast on the structured master surface. (b) Cure of the stamp (c) The elastomeric stamp after curing, (d) the stamp is inked with the solution containing the bio molecules to be printed. (e) Transfer of molecules by printing onto the substrate. (f) Removal of the stamp. (g) depicts the surface being treated with the passivating molecular solution which back-fills the bare glass.Adapted from[START_REF] Kumar | Surface Functionalization to Mitigate Fouling of Biodevices: A Critical Review[END_REF].
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 121 FIGURE 1.21: Schematic representation of the Nanoimprint Lithography technique. Adapted from [116].
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 122 FIGURE 1.22: Schematic representation of the Block Copolymer Micelles Nano-lithography technique. A scheme of stimulatory nanoarray fabrication process including substrate nanopatterning by BCML, passivation, and biofunctionalization. Adapted from[98].
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 123 FIGURE 1.23: Scanning electron microscopy image of Au pattern obtained with BCML technique. Scanning electron microscopy of (a) an extensive continuous Au nanopattern and (b) a micronanopattern; (c) fluorescent microscopy image of pMHC labeled with a fluorescent Atto-655 dye and specifically immobilized on a micronanopattern; (d) fluorescent microscopy image of the border between a functionalized Au-patterned and a nonpatterned area; fluorescently labeled pMHC only binds to the area with embedded Au particles (bottom bright side). From[START_REF] Deeg | T cell activation is determined by the number of presented antigens[END_REF] 
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 124 FIGURE 1.24: Schematic representation of the Nanosphere Lithography technique (a) Cleaning of the substrate and deposition of the colloidal suspension. (b) Self assembly of the colloidal suspension on the substrate. (c) Deposition of the material of interest. (d) Removalof the spheres. Adapted from[START_REF] Colson | Nanosphere lithography: a powerful method for the controlled manufacturing of nanomaterials[END_REF] 
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 1 Introduction do their research in the nanoworld-fields using the superesolution (SR) microscopy. For cell biology applications, super-resolution microscopy has already made considerable progress. The different types of SR microscopy include photoactivated localization microscopy (PALM), stimulated emission depletion (STED) microscopy, stochastic optical reconstruction microscopy (STORM) and Light sheet fluorescence microscopy (LSFM*) 2 .
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 125 FIGURE 1.25: Spatial resolution of biological imaging techniques. Inspired from [123].
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 22 FIGURE 2.2: A: Made-to-order teflon holders carry the slides; B: Made-to-order chamber unmounted: from botton to up, lower part with spacing to fit the coverslide, teflon ring with a rubber gasket and upper part; C: Observation chamber mounted.
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 23 FIGURE 2.3: Scheme of the CBP method, From top to bottom: Glass slide with colloidal bead mask, then Aluminum (Al) is depositd by sputtering, and finally the beads are removed by sonication, lifting off the Al deposited on top.
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 24 FIGURE 2.4: Final schema of the patterned substrates after adding all the proteins. Proteins are not to scale.
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 25 FIGURE 2.5: Scheme of the CBP method, From top to bottom: Glass slide after APTES evaporation, then deposition of BSA tagged with biotin (yellow layer) and finally removing of Al to obtain the final pattern.
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 26 FIGURE 2.6: Jablonski diagram describing the fluorescence process.1: Excitation of the fluorophore with light. 2.Excitation state of the fluorophore. 3. Emission of fluorescence by the fluorophore. Adapted from [153].
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 27 FIGURE 2.7: Interferences of the light between the surface and the cell. I0 is the incident light, I1 and I2 are the reflected lights, h the distance between the cell and the surface and n0, n1 and n2 the refractive indexes.[START_REF] Limozin | Quantitative Reflection Interference Contrast Microscopy (RICM) in Soft Matter and Cell Adhesion[END_REF] 
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 28 FIGURE 2.8: Shematic represents the set-up and the optical path of RICM. AD: apetrure diaphragm; FD: field diaphragm; QWP:quarterwave plate; SRM:semi-reflecting mirror; P:polarize; A:analyser. The circular zoom illusrates the polarization of the light with the antiflex method. [154]
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 2 FIGURE 2.9: (A) Epifluorescence. The excitation beam travels directly through the cover-slip-sample interface. All of the fluorophores in the entire sample are excited. (B) TIRF. The excitation beam enters from the left at incidence angle, which is greater than the critical angle, (indicated by the dashed line) [156].

FIGURE 2 .

 2 FIGURE 2.10: Left: Point spread function by a circular aperture (the intensity is nonlinearly enhanced to make the dim rings visible). The inner spot is called an Airy-disk. Right: profile through the center of the circular diffraction pattern. A good and measurable feature is the full width at half the maximum intensity (FWHM=d). Adapted from [158]Many researchers aimed to achieve subdiffraction limit to produce the highest resolution to apply in biological specimen. Super resolution imaging methods have revolutionized fluorescence microscopy by revealing the nanoscale organization of labeled proteins. In particular, stochastic optical recontruction microscopy based on single molecule method. It gives few ten of nanometers of resolution. Its concept based on exploiting the cycling of dyes between fluorescent and non-fluorescent states to obtain a sparse population of emitters. Then, a precise localisation was done individually in order to reconstruct the final image[159]. In other words,this imaging process consists of a series of imaging cycles. In each cycle, only a fraction of the fluorophores in the field of view are switched on, such that each of the active fluorophores is optically resolvable from the rest. This allows the position of these fluorophores to be determined with high accuracy. Repeating this process for multiple cycles, each causing a stochastically different subset of fluorophores to be turned on, enables the positions of many fluorophores to be determined and thus an overall image to be reconstructed. This cycling of dyes is commonly induced by adding different chemicals, which are combined to create a STORM buffer (Redox buffer). As optimised in[START_REF] Olivier | Resolution doubling in 3D-STORM imaging through improved buffers[END_REF], there is a proper buffer composition for Alexa-488 or Alexa 647 (These two fluorophores were used in this thesis) in order to increase the number of photons emitted per cycle by each dye and therefore enhance the resolution of STORM independently of the optical setup used.
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 211 FIGURE 2.11: Manual characterization of the protein nano-dots: (A) Epi-fluorescence image of the protein nano-dots arrays reveals by fluorescent neutravidin; (B) Intensity profile of the yellow line drawn in A; FHWM: Full width at half maximum; d: distance between the dots.
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 212 FIGURE 2.12: Segmentation of the dots; (A) Epi-fluorescent of raw image labeld with Nav dylight650; (B) Correction of the heterogeneous illumination of a nano-dot array; (C)Green ROI segmenting the dots.
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 213 FIGURE 2.13: Steps require in order to calculate area of the cells: (A) Raw RICM image; (B) Thresholding image with a pixel spatial variance filter of 8 pixels; (C) Detection of the edge odf the cell using Particle analysis macro in ImageJ.

  fact, there are two different sputtering machines in clean room, one depends on fast deposition and the other on slow deposition. In the one which was used by Pi et al.[START_REF] Pi | Nanometric Protein-Patch Arrays on Glass and Polydimethylsiloxane for Cell Adhesion Studies[END_REF] the dot size can be changed by exploiting shadow effects during metal deposition. However, I decided to use the other machine which saturates quickly and the region avoided by the atoms of Al have a constant size at the end. I showed that at different aluminum deposition times (5, 15, 25 and 35 min) which obviously lead a variation of the thickness, the size does not change as seen in Fig.3.1. Therefore, the time of deposition and consequently the thickness was not a very sensitive parameter in my experiments.

  FIGURE 3.1: (a): Fluorescence intensity of Nav inside and outside the dots for 4 conditions of sputtering of aluminium. Each case has 2 different samples. (b): Protein dot size measured from full width half maximum from epi-fluorescent images for the 8 substrates. Every experiment has 10 fields, each field has 100s of dots.
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 32 FIGURE 3.2: Epi-fluorescence images of NaV nano-dot array: Left: Fluorescent NaV dots form an uniform array with an hexagonal lattice with 2 µm pitch (LowP2), Right: Fluorescent NaV dots formed an uniform array with an hexagonal lattice with 1 µm pitch (LowP1). Inset displays Fourier transform showing the ordering of the lattice. Scale bar =10 µm.
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 33 FIGURE 3.3: Zoom of one dot. (b) Intensity profile of the dot, showing the FHWM and the maximum and minimum intensity (I max , I min ). (c) Zoom of several dots and representation of the equilateral triangle in order to calculate the coverage.
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 34 FIGURE 3.4: Protein dot size (full width at half-maximum) measured from epi-fluorescent images for the 4 types of patterned substrates. Each bar corresponds to one single experiment. Typically, every experiment has 20 fields, each field has 100s of dots. Camera and microscope settings are kept the same between experiments. Error bars are standard deviations of the dot size.
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 35 FIGURE 3.5: Fluorescence intensity of Nav I max and I min for LowP2 and HighP2. Error bars are standard deviation of the fluorescence intensity.
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 36 FIGURE 3.6: Fluorescence intensity of Nav inside and outside the dots for LowP1 and HighP1. Error bars are standard deviation of the fluorescence intensity.
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 337 FIGURE 3.7: Quantification of the contrast between dots and background in epi-fluorescence images of NAV dylight patterns obtained on the 4 substrates.
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 3839 FIGURE 3.8: Cell adhesion on LowP2, HighP2, LowP1, HighP1 and Pos of Jurkat T cell after 30 minutes engagement. For each substrates, two types of behavior of cells. Scale bar = 10 µm.
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 310 FIGURE 3.10: Experiments of LowP1 (E3, E4 and E5) show on RICM the visible pattern and Al not well removed.

FIGURE 3 .

 3 FIGURE 3.11: A: Box plot of cell area calculated; Bar = median value. B: Scatter dot plot of cell area measurements from RICM images for all the substrates; Bar= mean value. n= numbers of cells. Note that while high significance p values are indicated with ***, the difference between the LowP2 and HighP2 (**P=0.01) is of moderate significance, between LowP1 and HighP1 (*p=0.2)
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 95312 FIGURE 3.12: Impact of variation of NaV density on cell area on LowP2 and HighP2. Cell adhesion areas versus the average density under the cells are plotted. A1;B1: Each point represents one cell. A2;B2: Average of each experiment (E1, E2, etc) in A1, B1 are shown with corresponding standard deviation as error bars.

Chapter 3 .

 3 Cellular scale characterisation of T cells on colloidal bead pattern
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 313314 FIGURE 3.13: Impact of variation of NaV density on cell area on LowP1 and HighP1. A1;B1: Each point represents one cell. A2;B2: Cell adhesion areas versus the average density under the cells are plotted.
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 315316 FIGURE 3.15: RICM images correpond to images in Fig.3.14. Scale bar= 10 µm.
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 52317 FIGURE 3.17: TCR centralisation of T cells spreading on POS anti-CD3 and on patterned surface. (A) Scatter dot plot shows the centralisation of TCR on positive and patterned surface; Bar=mean (B): Box plot shows TCR centralisation as a function of each substrates ; Bar=median. (Data from Fig. 3.16 are merged to show the plot here)
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 318 FIGURE 3.18: TIRF images show actin cytoskeleton organization of T cells spreading on positive and the 4 different patterned substrates.
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 319 FIGURE 3.19: RICM images correspond to actin images in Fig. 3.18.
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 320 FIGURE 3.20: Representation of TIRF images of labeled actin centralised, homogeneously and peripherally successively: (a) in case of parameter value < 0.6; (b) in case of parameter value 0.6<p<1.5 ; (c) in case of parameter value p>1.5 ; P= peripherality paramter.
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 321322 FIGURE 3.21: Distribution of actin peripherality (P) represented by box plot for different experiments for each pattern type.
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 323324 FIGURE 3.23: Homogeneity of the actin intensity for the 4 different patterned substrates.

FIGURE 3 . 25 :FIGURE 3 . 26 :FIGURE 3 . 27 :FIGURE 3 . 28 :

 325326327328 FIGURE 3.25: Dynamic behaviour of a jurkat T cell spreading on LowP2 (example 1). Top: Fitting of the cell area during 30 min. Bottom: RICM time sequence during cell adhesion with selected frame.We fixed the zero when we start the live video. scale bar: 10 µm

Chapter 3 .FIGURE 3 .

 33 FIGURE 3.29: Actin cytoskeleton organization of T cells spreading on POS anti-CD3 at different time of fixation: 5 min (2 top rows), 10 min (2 bottom rows). Red frame represents the cell with the actin dots as will be described in the next chapter.

FIGURE 3 . 30 : 66 FIGURE 3 . 31 :FIGURE 3 . 32 :

 33066331332 FIGURE 3.30: Actin Cytoskeleton organization of T cells spreading on POS anti-CD3 at different time of fixation: 15 min (2 top rows) and 20 (2 bottom rows) min. Red frame represents the cell with the actin dots

FIGURE 3 . 33 :FIGURE 3 . 34 :

 333334 FIGURE 3.33: Actin peripherality as function as cell area on patterned substrate (POS) at different time of fixation 5, 10, 15 and 20 min. The value of the Pearson correlation is written above each chart for each case.

FIGURE 3 . 35 :FIGURE 3 .

 3353 FIGURE 3.35: Actin Cytoskeleton organization of T cells spreading on patterned substrate (lowP2) at different time of fixation 15 min, and 20 min. Red frame represents the cell with the actin dots

FIGURE 3 . 37 :FIGURE 3 . 38 :

 337338 FIGURE 3.37: Left: Scatter dot plot represents the Variation of actin parameter as a function of the fixation time of the spreading of cells on a patterned substrate (LowP2). Right: Same actin parameter as the first but in form of box plot. Bar= median.

FIGURE 3 . 39 :

 339 FIGURE 3.39: Pearson correlation as function as fixation time for the two cases: POS and LowP2.

Fig. 4 .

 4 [START_REF] Grasso | Essentials of pathology for toxicologists[END_REF] shows two examples of casual inspection of the cells on patterns revealed that two major cell adhesion morphologies are possible. The red arrow shows some example of the topography which is related to pattern (left) and other topography but not related (right). Mainly in RICM pictures, the colors indicate how close or far the cell is to the surface. Dark areas indicate close adhesion and the gray areas to the background. Bright pixels may appear when cells are not adhered well, or sometimes from internal organelles. That's why when we see several dark patches applied on dot size and spacing of the pattern, this means the cell has taken the form of the pattern[START_REF] Benard | T cells on engineered substrates: The impact of TCR clustering is enhanced by LFA-1 engagement[END_REF]. Sub-cellular structure motivate us to to investigate the detailed structure of cells and see how the cell spread over pattern or POS with SEM. We can see in Fig.4.2, a spread cell with branched edges and other smoother. I illustrate in this figure a possible correspondence between cellular structures in RICM and SEM. Third image represent a spread cell on LowP2 with below an image represent the pattern seen by SEM.

FIGURE 4 . 1 :

 41 FIGURE 4.1: RICM images of LowP2 and LowP1 show the topography of the cell area. Red arrows represent some examples of textured surface of the cell membrane look like the patterning of the substrate . Scale bar= 10 µm.

FIGURE 4 . 2 :

 42 FIGURE 4.2: SEM images show the spreading of T cell on POS comparing to images RICM may be similar. SEM image of LowP2 spread cell and the pattern corresponding.

FIGURE 4 . 3 :

 43 FIGURE 4.3: Pseudo-color RICM images of a spreading T cell. A minimum projection taken 7 frames at the time is presented to enhance the contrast between adhered and not adhered regions. Red is the darkest and blue is brightest. Note that in the first frame, two adhesion patches are separated by 2 µm corresponding to the pattern. However, in the second frame already, the initial contact is almost lost and in third frame on words, the adhesion patches grows irrespective of the pattern. Scale bar= 10 µm.

FIGURE 4 . 4 :

 44 FIGURE 4.4: TIRF image represents TCR organisation; epifluorescence image of NaV corresponds to the cells; Profil of the intensity of the white line in the images, blue and red for NaV and TCR respectively. Scale bar= 10 µm. Unit of x axis is pixel= 100nm

FIGURE 4 . 5 :

 45 FIGURE 4.5: Left: Scatter plot shows the colocalisation parameter for each substrate with the mean corresponding. Right: Dot plot for the same distribution for the colocalisation parameter with the median. Note that while high significance p values are indicated with ***, the difference between the POS and LowP1 (P=0.07) is of moderate significance. The same between LowP1 and HighP1 (P=0.02) is of moderate significance.

FIGURE 4 . 6 :

 46 FIGURE 4.6: Examples of TIRF actin fixed with different fixation time which they present dots of actin comparing to examples where is no dots. Both P2 (left and center) and POS (right) are shown. Scale bar= 10 µm.

Fig. 4 .

 4 Fig. 4.7 represents one example of super resolved image with its RICM, NaV and corresponding TIRF actin .For technical reasons, the outpout of the super resolution image is shifted and not the same magnification with their corresponding TIRF and pattern images. It needs to be transformed and since we have not yet optimized the procedure, we did it manually: we shift the SR image to be as the TIRF image and make the same magnification. Then, we transform the pattern in the same manner to superpose it with the SR image and see if there is any relation corresponding between protein dots and actin organisation.

FIGURE 4 . 9 :

 49 FIGURE 4.9: Schematic represents the actin bundles which colocalise with the protein dots visualising by STORM: (a) at least 3 branched to be counted, (b): another example visualised by SR images.

  5µm

FIGURE 4 . 10 :

 410 FIGURE 4.10: Merge channel between NaV and SR image of spread T cell on LowP2. Scale bar= 5 µm.

FIGURE 5 . 1 :

 51 FIGURE 5.1: Transmission light microscopy showing an overview of a patterned cover slip. Each square presents a different motif (the difference in color corresponds to the difference in the size and spacing of the dots; the smaller the dots, the darker the color). From left to right: size/pitch = (700nm, 2µm), (400nm, 1µm), (250nm, 1µm). Top and bottom row are equivalent.

FIGURE 5 . 2 :

 52 FIGURE 5.2: Cleaned glass slide coated with resin multi layer comprising of: adhesion promoter layer, negative resin and conductive layer.

FIGURE 5 . 3 :FIGURE 5 . 4 :

 5354 FIGURE 5.3: Simplified drawing of E-beam with its parameters.

FIGURE 5 . 5 :

 55 FIGURE 5.5: Scheme of glass supported resin multilayer from fig5.2 after exposure to e-beam. Polymerized negative resin is represented by the black grid lines.

  5.6). The indicated times for the development are recommended by the manufacturer [162]. In this step, we can check our expected pattern in transmission or reflection as seen in Fig.5.7 and Fig.5.8.

FIGURE 5 . 6 :FIGURE 5 . 7 :

 5657 FIGURE 5.6: Scheme of glass supported resin multilayer from fig 5.5 after development, showing the insolated resin with the remaining adhesion promoter layer.

  10µm

FIGURE 5 . 8 : 5 (FIGURE 5 . 9 :

 58559 FIGURE 5.8: Transmission light microscopy (left) and RICM (right) showing the pattern after development (the dots correspond to the expected pattern.)

Chapter 5 .FIGURE 5 . 10 :FIGURE 5 . 11 :

 5510511 FIGURE 5.10: Transmission light microscopy: 700 nm,2µm (left); 400nm,1µm (right) after Al evaporation.

FIGURE 5 . 12 : 6 (FIGURE 5 . 13 :

 5126513 FIGURE 5.12: SEM images represent after evaporation with different motif size (diameter =d and pitch =p). d700nm,2µm left and 400nm,1µm right.

  10µm

FIGURE 5 . 14 :

 514 FIGURE 5.14: Transmission light microscopy (left) and RICM (right)showing the pattern after lift-off.

FIGURE 5 . 16 :FIGURE 5 . 17 :

 516517 FIGURE 5.16: RICM image showing the residual-features on the left, epi-fluorescence image showing the NAV on the right. (Treatment:HMDS instead of adhesion promotor layer.)

FIGURE 5 . 18 :

 518 FIGURE 5.18: RICM image showing the residual-features on the left, epi-fluorescence image showing the NAV pattern on the right. (Treatment:without adhesion promotor layer.

FIGURE 5 . 19 :

 519 FIGURE 5.19: Schematic representation of the final substrate after lift off according to the second hypothesis(some negative resin remained)

FIGURE 5 .

 5 FIGURE 5.20: RICM image showing the residual-features on the left, epi-fluorescence image showing inverted pattern on the right. (Treatment:NMP for the lift-off)

  10µm

FIGURE 5 . 21 :

 521 FIGURE 5.21: RICM image showing the residual-features on the left, epi-fluorescence image showing pattern on the right. (Treatment:Longer lift-off.)

FIGURE 5 . 22 :

 522 FIGURE 5.22: Profilometric measurement of the thickness: 432nm for ARN 7520.18 (A) and 36 nm for ARPC 5091.02 (B).

C

  

FIGURE 5 . 23 :

 523 FIGURE 5.23: Profilometric measurement of the thickness: ARN 7520.9= 160nm

FIGURE 5 . 24 :

 524 FIGURE 5.24: RICM image on the right, epi-fluorescence image showing pattern on the left. (Treatment: DMSO for the lift-off.)

FIGURE 5 . 25 :

 525 FIGURE 5.25: RICM image on the left, epi-fluorescence image showing pattern on the right. (Treatment: N a OH for the lift-off.)

FIGURE 5 . 26 :

 526 FIGURE 5.26: (A)Scheme of APTES deposition to graft the proteins, coated with bBSA, (B)Remove Al by alkaline PBS, (C)Deposition of protein of interest anti-CD3 using labeled Nav in a sea of PLL-PEG.

Fig. 5 .

 5 Fig.5.26 shows a schematic to explain what we expect to get if the problem is indeed due to the negative layer (either very thick layer or strong cross linking).To overcome this problem, the same resin ARN7520.18 was diluted by 2-methoxy 1methylethyl acetate to obtain ARN7520.9. Every time, I checked after development and after evaporation with transmission microscopy if the plots are good as seen in 5.27.

10µmFIGURE 5 . 27 :

 527 FIGURE 5.27: Transmission after development on the left, transmission after evaporation on the right. (Treatment: Negative resin diluted to 9%)

  10µm

FIGURE 5 . 28 :

 528 FIGURE 5.28: Patterned surface in case of LowP2: RICM image on the left, epi-fluorescence image of NaV showing pattern on the right.

FIGURE 5 .FIGURE 5 . 30 :

 5530 FIGURE 5.29: (a) Schematic represent one dot drawn with the software to obtain the lattice and X represent the diameter demanded. (b) Epi-fluorescence image of pattern after functionalization with NaV. (c) Profil of the yellow line in b, represent the value calculated (FWHM) to obtain the dot size.

FIGURE 5 . 31 :FIGURE 5 . 32 :

 531532 FIGURE 5.31: Quantification of the epi-fluorescence images of NAV dylight patterns obtained with EBL in terms of I ratio . Left for (700 nm, 2µm) and right for (400 nm, 1µm).

FIGURE 6 . 1 :FIGURE 6 . 2 :

 6162 FIGURE 6.1: RICM and TIRF images of cell spreading on patterned substrates (E-700), (E-400) and (E-250) with their NaV corresponding. Scale bar= 10 µm

FIGURE 6 . 3 :FIGURE 6 . 4 :FIGURE 6 . 5 :

 636465 FIGURE 6.3: RICM and TIRF images of cell spreading on patterned substrates (E-700) with their NaV corresponding. (a) Pattern in form of donuts; (b) Pattern low contrast. Scale bar= 10 µm

Chapter 6 .FIGURE 6 . 6 :FIGURE 6 . 7 :

 66667 FIGURE 6.6: Actin peripherality as function as cell area on the three patterned substrates seperately (700, 400 and 250) with their corresponding correlations.

FIGURE 6 . 8 :

 68 FIGURE 6.8: Right: value of the contrast as function as actin peripherality in the case of 700. Left: value of the contrast as function as cell area in the case of 700.

FIGURE 6 .

 6 FIGURE 6.10: A histogram of the distance between each point in the measured pattern and it's first neighbours.

FIGURE 6 .

 6 FIGURE 6.11: A histogram of the angle the between first neighbours for each dot in the measured pattern.

FIGURE 6 .

 6 FIGURE 6.13: a: The sum of all the mini images on simulated lattice is used as a quality control (if each point of the simulated lattice is well centered in it's corresponding dot on the pattern then the quality is high and the summation of the mini images will show a clear dot); b: the intensity profile along the dotted line; c: The sum of all mini images on shifted lattice.

FIGURE 6 .FIGURE 6 . 15 :

 6615 FIGURE 6.14: (a) Representation of mini-images of pattern and the sum of it. (b) Representation of mini-images of actin and the sum of it.

FIGURE 6 . 16 :

 616 FIGURE 6.16: The training and validation accuracy for different seeds on the same cell. Left most seed (0) does not converge to high accuracy values for the validation showing that the network fails to classify the unknown images. The middle seed (1) shows intermediate accuracy levels and the right most (2) shows good convergence (0.75) meaning 75% of the unknown data is correctly classified.

FIGURE 6 . 17 :

 617 FIGURE 6.17: Histogram of 100 training steps on the same cell each with different validation and training sample, showing 3 different cells where a good accuracy is found.

FIGURE 6 . 18 :

 618 FIGURE 6.18: Histogram of 100 training on the same cell each with different validation and training sample, showing 3 different cells where an intermediate accuracy is found.

FIGURE 6 . 19 :

 619 FIGURE 6.19: Histogram of 100 training on a phantom cell each with different validation and training sample.

FIGURE 6 . 20 :

 620 FIGURE 6.20: Histogram of maximal accuracy for all available cells. Left: same histogram without any averaging. Right: Histograms with running average of the accuracy curve on 10 epochs before taking the max. Test 1, 2, 3 are on EBL pattern. Neg 3, 5, 6 are on homogeneous part of the same substrates. The black and dashed line correspond to a pool of tests and negative control respectively. The histogram are clearly show a difference between the test and Neg cells.

FIGURE 7 . 1 :

 71 FIGURE 7.1: Molecular structure of polydimethylsiloxane (PDMS) [163].
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 1 Preparation and functionalization of soft substrates 115

FIGURE 7 . 2 :

 72 FIGURE 7.2: Macromolecular and molecular structure of crosslinked polyacrylamide (polymer strands in black, cross-links in grey).Adapted from[START_REF] Peter J Holliman | Model and field studies of the degradation of cross-linked polyacrylamide gels used during the revegetation of slate waste[END_REF].

7. 2 . T cells on Polydimethylsiloxane 117 7. 2 . 1 Fig. 7 . 3 C

 21172173 Fig. 7.3 C summarizes the final cell area measured for different elastomer stiffness.Note that for the same stiffness, changing the silicone type does not affect cell area, showing that the data are independent of the details of the chemical structure of the PDMS matrix. Cells on the softest elastomer (0.5 kPa) spread moderately (area about 200 µm 2 ). The area increases as the stiffness is increased up to 5 kPa, reaching a maximum of about 300 µm 2 . Thereafter the cell spread area decreases with increasing stiffness, falling back to roughly 200 µm 2 for 2 MPa and to less than 150 µm 2 at 7 MPa. On equivalently functionalized glass, with nonspecific interactions fully blocked, the cell area is around 120 µm 2 . [164]. Next set of experiments were done in order to see the effect of adding antibody against LFA1. The substrates were functionalized with anti-CD3 alone as we can see in Fig.7.4, the cell area is significantly different between sylgard and on Q-gel with a value respectively 300 µm 2 and 350 µm 2 . However, the values are the same compared to Fig.7.3 with 20 KPa (350 µm 2 ) but with 2 MPa (200 µm 2 ), we have a higher area. We believe that this difference with [164] can be understood as an aging process of the products compared to the stiffness obtained in Wahl's experiment[164]. Moreover, this might explain the difference in the adhesion area. The actin is peripherally distributed in both cases on 20 kPa and on 2 MPa (Fig.7.3 B).

FIGURE 7 . 3 :

 73 FIGURE 7.3: Cell spread area on PDMS as quantified from RICM (0.5 kPa, n = 116, N = 4; 3 kPa, n = 92, N = 3; 4 kPa, n = 25, N = 1; 5 kPa, n = 128, N = 3; 20 kPa, n = 103, N = 3; 145 kPa, n = 91, N = 3; 300 kPa, n = 57, N = 1; 2 MPa, n = 119, N = 3; 7,000 kPa, n = 20, N = 1; 40 MPa, n = 41, N = 1; glass, n = 94, N = 4). The range of very soft (light green), soft (green), intermediate (blue), and hard (red) is color coded. Adapted from [164].

FIGURE 7 . 4 :

 74 FIGURE 7.4: T cell spreading on Q-gel and Sylgard PDMS, coated with either anti-CD3 alone or anti-CD3 as well as anti-LFA-1. (A) Schematic representation of the experiment. (B) Corresponding cell spread area as function as different stiffness and different functionalization. N and n are number of samples and cells. Student T test performed in IGOR-Pro (wavematrix).

FIGURE 7 . 5 :

 75 FIGURE 7.5: T cell spreading on PDMS elastomers, with stiffness ranging from 500 Pa to 2.5 MPa, functionalized with anti-CD3 and ICAM-1. (A) Schematic representation of the experiment. (B) T cells on such substrates imaged in BF, RICM, and TIRFM (actin) modes after 20 min of spreading and fixation. (C) Corresponding cell spread area (0.5 kPa, n = 124, N = 5; 20 kPa, n = 51, N = 2; 5 kPa, n = 59, N = 2; and 2 MPa, n = 89, N = 3). (D) Cell spread area as a function of time, with at least 100 cells for each time point and each stiffness (average area is slightly overestimated due to 30-40 non spreading cells ignored for the analysis). Data are average over all cells for a given condition, and error bars are SEM. ***P < 0.001; ns, P > 0.1 indicates no significant difference. (Scale bars, 4 µm.) Adapted from [164].
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 7 Cellular scale characterisation of T cells on soft substrates

FIGURE 7 . 6 :

 76 FIGURE 7.6: T cells spread on PA substrates imaged in RICM for 0.2, 0.5 and 20 kPa. Scale bar= 10µm.

FIGURE 7 . 7 :

 77 FIGURE 7.7: Cell spread area on hydrogel (PA) coated with anti-CD3. The stiffness ranges from 0.2 kPa to 110 kPa; from softest to hardest: N=3 n=225; N=2, n=99; N=1, n=66; N=2, n=126. Mean values are reported and error bar is SEM. ***p<0.001, **p<0.01, n.s p>0.1.

FIGURE 8 . 1 :

 81 FIGURE 8.1: Average of cell area as function as the average NaV density on HighP2 and HighP1 (Top) and LowP2 and LowP1 (Down). Blue boxes show the corresponding date of each experiment. Standard deviation as errors bars.

FIGURE 8 . 2 :

 82 FIGURE 8.2: Scatter dot plot represents the intensity under each cell (left) and the corresponding cell area (right) using CBP method to prepare LowP2 pattern (700 nm, 2µm).

FIGURE 8 . 3 :

 83 FIGURE 8.3: Scatter dot plot represents the intensity under each cell (left) and the corresponding cell area (right) using CBP method to prepare LowP1 pattern (400 nm, 1µm).

126 Chapter 8 FIGURE 8 . 4 :

 126884 FIGURE 8.4: Scatter dot plot represents the intensity under each cell (left) and the corresponding cell area (right) using EBL method to prepare patterned substrates: E700 is (700 nm, 2µm) and Low density of PEG. E400 is (400 nm, 1µm) and Low density of PEG.
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	T-cell	T Lymphocytes cell
	TCR	T Cell Receptor
	APC	Antigen Presenting Cells
	IS	Immunological Synapse
	pMHC	Peptide Molecular Histocpmatibility Complex
	SMAC	Supramolecular Activation Compex
	PLL	Poly-L-Lysine
	PEG	Poly Ethylene Glycol
	bBSA	biotynalted Bovine Serum Albumin
	NAV	Neutravidin
	APTES	3-Amino Propyl Tri Ethoxy Silane
	PBS	Phosphate Buffered Saline
	PFA	ParaFormAldehyde
	IPA	Iso Propyl Alcohol
	PA	Poly Acrylamide
	PDMS	PolyDiMethylSiloxane
	Al	Aluminium
	RICM	Reflection Interference Contrast Microscopy
	TIRF	Total Internal

  .1. We are going to call the substrate with 2 µm beads LowP2 in case of low concentration of PLL-PEG and HighP2 in case of high concentration. The same with 1 µm of beads, LowP1 with low concentration of PLL-PEG and HighP1 for High concentration. (see section 2.1 in chapter 2 for details and sample preparation).

	Name [PLL-PEG](µg/ml) Pitch(µm) Size(µm)
	1 LowP2	10	2	0.7
	2 High2	100	2	0.7
	3 LowP1	10	1	0.4
	4 HighP1	100	1	0.4

TABLE 3 .

 3 

1: Recapitulative table of the 4 types of patterned substrates. PLL-PEG concentration refers to concentration of PLL-PEG solution used to passivate the surface. Pitch is the set by choice of beads. Size is determined by analysis of fluorescence image as described in subsection 2.4.1.

  is computed. The Pearson correlation coefficient for POS are 0.39, 0.54, 0.19, 0.36 respectively for 5, 10, 15 and 20 min of T cells spreading. (Data shown in Fig.3.33).Concerning LowP2, we can see the variation of the cell area with different fixation time. At 5 min, the mean area was 157 µm 2 ±57, at 10 min, it was 169 µm 2 ±60. At 15 min, the mean area was 196 µm 2 ±56 and finally at 20 min, it was 207 µm 2 ±62.

	(Fig. 3.36). A significant difference is observed between 5 and 15 min, also 5 and 20

min. In term of actin distribution, Fig.

3

.37 represents the variation with the time, the mean value of actin peripherality is 1.23, 1.16, 0.85 and 1.19 for 5, 10, 15 and 20 min respectively. The actin is always homogeneous with all different fixation time.

TABLE 4 .

 4 

	Fixation time (min)	5	10	15	20
		n= 39	n= 73	n= 57	n= 66
	66 %	29 %		23 %	14 %
		n= 87	n= 78	n= 63	n= 50
	82.8 %	38.5 %	36.5 %	20 %

1: Table shows the number of cells in each experiment and the pourcentage of the cells present actin dots during different fixation Time.

  125 µm 2 ±53) and LowP1 (103 µm 2 ±47). Using EBL method; the cell area in case of LowP2 (135 µm 2 ±68) and

	Experiments	Name	Clac width*(nm)	Contrast Area(µm²)	Actin Perip*
	20180719	E1_700	766	0.23	175±76 0.7±0.5
	20190104	E2_700	530	0.28	244±78 1.3±0.6
	20190208-b	E3_400	389	0.14	80±19 0.8±0.7
	20190208-a	E4_700 E4_400	497 411	0.4 0.22	99±28 0.9±0.6 89±40 0.8±0.4
	20190307	E5_700 E5_250	466 -	0.08 -	149±42 1.1±0.4 135±41 0.88±0.4
		E6_700	430	0.23	117±39 0.9±0.2
	20190326	E6_400	421	0.24	118±33 0.96±0.5
		E6_250	-	-	126±30 0.9±0.5
	20190509	E7_400 E7_250	398 -	0.19 -	131±49 0.98±0.3 162±62 0.9±0.2
		E8_700	498	0.14	136±41 1.22±0.3
	20190513	E8_400	431	0.14	120±52 1.1±0.4
		E8_250	-	-	82±33 0.89±0.5
				Actin Perip*= Actin peripherality
				Clac width*= Calculated width of dots

TABLE 6 .

 6 

1: Summary table of the experiments done with EBL.

TABLE 6 .

 6 2: Summary table of experiment done with EBL with the corresponding analysis using deep learning. The sample is 20190326 in table 6.1.

	Cell	Accuracy Area Actin	I_max	I_min contrast
	1.1	0.51	102	1.10 893±212 278±45	0.53
	4.1	0.60	116	2.53 276±101 88±18	0.52
	18.1	0.52	88	0.89 391±109 162±21	0.41
	19.1	0.66	98	1.85 485±173 195±20	0.43
	24.1	0.57	144	1.50 595±210 230±27	0.44
	25.1	0.66	98	0.95 471±113 16115	0.49

TABLE 6 .

 6 3: Summary table of one experiment done with EBL with the corresponding analysis . The sample is 20190208 in table 6.1.

TABLE 7 .

 7 

1: Recapitulative table of the PDMS substrates (sylgard and Q-gel) used in this chapter.

TABLE 7 . 2 :

 72 Protocol table summarizing the concentration and time/temperature of incubation for the PDMS substrate used in this study.

TABLE 7 .

 7 3: Expected nominal elasticity of PA gel with the volume of the components used to prepare the gel. All the values are in µl.

This technique is extensively used in this thesis and will be described in chapter

in detail.

Lighsheet and lattice lighsheet offer superb temporal resolution but remain diffraction limited, and therefore do not qualify as a super-resolution technique but here I mention it because it still brings us new information

The task was also made complicated due to the fact that the laboratory had to shift twice during this thesis.

(c) Fluorescence Intensity obtained for LowP1 (d) Fluorescence Intensity obtained for HighP1

The optical fiber was broken during shifting of the lab and therefore the intensity was different from day to day without changing the parameters

A number between -1 and 1 that indicates the extent to which two variables are linearly related.

These intensities are not converted to densities due to lack of calibration.

This work was mostly performed during the Master

internship of Ahmed Sharaf.

(a)-SUM dots (c)-SUM dots shifted (b)-Profil of SUM dots
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We also followed the variation of the cell area with different fixation time. At 5 min, the mean area is 130 µm 2 ±48, at 10 min, it is 117 µm 2 ±46. At 15 min, the mean area is 132 µm 2 ±62 and finally at 20 min, it is 135 µm 2 ±50. (Fig. 3.31). No significant variation between all this area at different time.

We can see the variation of the actin parameter with different fixation time. At 5 min,

Dynamic description of cells