Les sciences [physiques] offrent un intérêt toujours renaissant, parce que toujours elles font des progrès, parce que leurs applications se varient à l'infini, se prêtent à toutes les circonstances, à tous les genres d'esprit, à toutes les variétés de caractère, comme à tous les degrés d'intelligence et de mémoire. Toutes ont l'avantage de donner aux esprits plus de justesse et de finesse à la fois, de faire contracter l'habitude de penser, et le goût de la vérité."

Introduction

The Ph.D. project I herein present gathers both biology and physics fields. Their connection represents in itself a discipline in its own right called biophysics which is inspired by soft matter, complex systems physics, and physico-chemistry, and brings new perspectives and insights to the usual biology landscape. More particularly, this Ph.D. work throws a bridge between the soft matter physics and immunology. We will see that fundamentally and practically, it is a matter of communication between these two sciences.

These studies have been realized between the Institut Pierre Gilles de Gennes pour la microfluidique in a team of ENS (Chemistry department), and the Institut Curie. They required to learn the languages of both physicists and biologists, and inevitably to understand their ways of thinking, of working, and especially their points of view. The communication at the human scale has thus been fundamental throughout these three years.

At the cellular level, the communication is an affair as complex and crucial as at the human scale. In immunology, the information transfer between two immune cells consists of the most fundamental step to lastly achieve robust and sustainable immune defenses. One of these intercellular contacts is called the B cell synapse. It represents the particular meeting between a B lymphocyte and a messenger cell called antigen-presenting cell (APC), during which APCs present and transfer the information, i.e. the antigen -the pathogen hallmark -to B lymphocyte.

The B cell synapse subsequently triggers the high-affinity antibodies secretion, hence ensures long-term immune defenses. B lymphocytes have been reported to reorganize their global intracellular organization during the synapse formation, leading to a particular phenomenon called polarization where lysosomes, among other organelles, dynamically move through the cell to reach the contact area.

APCs, gathering macrophages, dendritic cells and dendritic follicular cells, present different membrane stiffnesses which have been assumed to impact the B cell synapse. Cells membranes are also fluid and promote antigens mobility over their surface thus provide a local increase of the antigen concentration at the synapse which improves the B cell activation. We still ignore how APC stiffness and antigens mobility dynamically impact the B cell synapse formation, and especially the polarization. What is the amount of antigens needed to trigger the B cell polarization? What is the kinetic of B lymphocyte polarization under different conditions of stiffness and mobility? Answering these questions represents a real challenge. The cell-cell contact and its connection are difficult to handle, study, and quantify. Therefore, we here propose to use both soft matter and microfluidic techniques, to create tools which overcome current issues existing in the literature, that we will discuss in the manuscript. (i) Emulsion droplets mimic well cellular membrane properties -stiffness, surface mobility and concentration -thus are able to artificially replace APCs during in vitro experiments. The APC-like droplets consequently present antigens to B lymphocytes, and their specific contact models the B cell synapse. (ii) The droplet-B cell communication is observed into microfluidic devices in which we are able to isolate individual droplet-cell pairs in a controlled and biomimetic environment. Microfluidic chips herein consist of the inevitably support to ease the observation of the synapse dynamics over time.

This manuscript is divided into five chapters. As the constant communication between both soft matter and immunology have rocked the project throughout three years, I have chosen to built the document according to this particular connection: you will find physics perspectives into the biology-related chapter, and a biological outlook among the physics-related segments.

First of all, we will display the biological context within which this project has evolved. We will aim to offer readers the necessary knowledge to appreciate the issues and the perspectives we will address all along this manuscript.

A second section will focus on microfluidics, and more particularly microfluidic traps developed and used to study cell-cell interactions. It will combine both theoretical and experimental segments, which will carefully be distinguished. We will first bring physics definitions and pay attention to link those with the actual biological context. A more technical segment will display the fabrication methods leading to two-layered traps and their characterization. Finally, we will emphasize the shear stress into the such systems and compare it to physiological flow conditions.

A literature survey regarding droplets emulsions will fulfill the third chapter. We will herein aim to detail all emulsion characteristics -from droplets formation to surface functionalization -to provide the required knowledge to better understand the role of droplets in the biological context. Based on previous papers, this chapter will give keys to readers to better appreciate how functionalized droplets render the communication between soft matter and immunology possible, and more particularly why they are ideal tools to trigger specific cellular immune responses.

A fourth chapter will present the experimental results regarding the APC-like droplets formation and their properties. We will appreciate the whole process we have performed to achieve and characterize emulsions in terms of stiffness, proteins mobility and concentrations.

In a last and fifth chapter, we will inquire how these membrane properties affect the polarization triggering of B cells and modulate their kinetics. We will address these questions by quantifying the lysosomes displacement over time upon the synapse formation. We will see that stiffness, proteins mobility and concentrations play a crucial role in the B cell polarization, and we will try to understand their role by bringing quantitative measurements of such mechanics. This chapter will also highlight emerged questions and provide new perspectives regarding all the results gathered in this study.

I wish you all a pleasant reading. 

CHAPTER 1. BIOLOGICAL CONTEXT

This part aims to provide the necessary knowledge to understand the biological context within which this Ph.D. project evolved. We will point out the issues we observed in the literature, the solutions we proposed, and the questions we aim to answer all along the manuscript.

We herein intend to create a dialogue between both biologists specialized in immunology, and physicists specialized in soft matter, and more precisely in the mechanical phenomena occurring at the cellular level.

To better understand the place and the role of the B lymphocytes within the immune system, we will offer a large description of the immune system until the activation process of the B lymphocytes -from the antigen encounter to the synapse formation -and the mechanisms of antigen extraction. We will then present the three main surface properties affecting the biological events occurring during the B cell synapse. We will display a detailed overview of current APClike models, their advantages and their limitations. This first chapter ends with a short study highlighting the need for a sustainable spatio-temporal control of cell-cell encounters. These overviews aim to give readers new perspectives about the already existing materials and tools used to study the B cell synapse.

The immune system

All living organisms face abundant foreign bodies responsible for diseases. Pathogens such as viruses, bacteria or fungi, intend to cross organisms' natural barriers from organisms to invade them. Vertebrates present notably advanced protective mechanisms to stay healthy, and fight against those pathogens. They set immune defenses within which each cell plays specific roles: the ensemble of these defenses is called immunity.

Immunity gathers four main functions: (i) immune recognition, i.e. the faculty for an organism to detect the foreign body -the pathogen; (ii) fight the infection, i.e. the destruction of the related pathogen; (iii) immune tolerance, i.e. ensuring that immune defenses are not autodestructive, otherwise a immune intolerance provokes auto-immune diseases; and (iv) immune memory which helps the organism keep track of the pathogen and provide efficient defenses to fight against a second similar pathogenic attack.

Although the distinction in immune responses is not obvious, they can still be divided in two groups depending on their specificity and action duration: the innate and adaptive immunities.

We will appreciate in the next section that these two defenses are related and work together. They collectively provide efficient long-lasting defenses based on the production of memory cells and secretion of antibodies. This collaboration requires a strong inter-cellular communication called the immunological synapse, and necessitates an important cellular reorganization. This section will detail in a non-exhaustive manner the biological context related to the actual study which focuses on the B cell activation and its intra-cellular reorganization during the immunological synapse establishment.

From the innate to the adaptive immunities

Both innate and adaptive immunites are complementary processes which are closely linked and work collectively for pathogens destruction, respectively in a non-specific manner or with a very targeted strategy.

The innate immunity. The innate immunity gathers all non-specific reactions against non-self motifs, e.g. pathogenic bodies which enter the organism. Involved innate immune cells ensure the fastest response: they patrol living tissues, and are recruited at the sites of infection, for identifying and removing invaders also called non-self motifs. They consequently consist of a real barrier against invasion of pathogens. More particularly, specialized cells such as macrophages are able of phagocytosis, the internalization process during which cells destroy Natural Killers (NKs) non-specifically destroy infected and tumoral cells [2]. Tissue-residing macrophages and dendritics cells (DCs) present a reliable and efficient part in activating adaptative immunity through the antigen presentation. An antigen is a macromolecule, a protein, a peptide or a polysaccharide, present at the pathogen surface which is specifically recognized by antibodies or cellular receptors. * Macrophages and dendritic cells become APCs following the degradation of pathogens into peptides and the loading of antigens on their surface (Fig. 1.2). Mature antigen-presenting macrophages are directly present in the lymphatic network where they phagocytose and subsequently present antigens to lymphocytes.

The pathogens encounter and the presence of cytokines (hallmarks of the pathogens invasion which are secreted by other immune cells) trigger the activation of DCs. Once activated, mature DCs travel from tissue to lymph nodes through lymph vessels bringing on their surface the antigens [3]. As macrophages, they promote antigens presentation to lymphocytes [3]. Follicular dendritic cells (FDCs) are also notably capable of antigen presentation with B lymphocytes in secondary lymphoid organs (lymph nodes and spleen) [5]. Unlike macrophages and DCs coming from hematopoeitic lineage, FDCs originate from the mesenchymal branch.

The intercellular communication with B cells maintains their proliferation under inflammatory conditions. Innate response providing by macrophages and dendritic cells. Adapted from [4].

The adaptive immunity. The adaptive immunity is a highly specific defense which prevents the cognate pathogen growth, and ensures a long-term protection against the particular invader.

It is provided by both B and T lymphocytes. The high specificity of this immunity is based on the antigen-receptor recognition, through which both T and B cells are activated.

T cells constitute about 80% of lymphocytes in the blood. They differentiate into several cells subsets. (i) CD8 + T cells are cytotoxic cells and eliminate virus-infected cells and tumors. They are activated through T cells receptors (TCRs) engagement which specifically bind with antigenic peptides presented in the context of the major histocompatibility complex of class I (MHCI). (ii) Helper T cells (CD4 + ) help B cells in antibody production. The activation is triggered through TCRs which bind to major histocompatibility complex of class II (MHCII) from APCs surface. (iii) Suppressor T cells regulate other T cells or B cells activity to limit immune response once it is no longer needed. Finally, (iv) memory cells keep track of pathogen invasion to ensure a rapid and efficient immune defense in case of a second attack from the similar pathogen. T lymphocytes are involved in the cell-mediated immunity (Fig. 1.3) [6].

B cells are present at 20% in the blood. In a T-dependent process, B cells act as APCs and present antigens to T CD4 + lymphocytes which send survival signals to B cells and help in antibody secretion. In a T-independent process, they are solely activated by interacting with APCs such as macrophages, DCs, and FDCs through their B cells receptors (BCRs). As T cells, they are involved in the immunological memory by differentiating into memory lymphocytes. More particularly, B cells ensure a strong and robust long-term immunity by producing antibodies.

They are thus responsible for humoral (antibody-mediated) immunity (Fig. 1.3) [6]. 1.2. B CELLS: FROM THEIR ORIGINS TO THE ACCOMPLISHMENT OF THEIR FUNCTIONS

Origins

B cells originate from hematopoietic † stem cells (HSCs) that reside in the bone marrow (Fig. 1.4). HSCs first evolve into multipotent progenitor cells (MPP) and then common lymphoid progenitor cells (CLP) [2]. These progenitor cells generate pro-B cells, and after gene rearrangements, they will further mature into pre-B cells [2]. At this stage, pre-B cells become immature, and express a specific immunoreceptor at their surface (B Cell Receptor, BCR). Immature B cells migrate through lymph vessels and reach secondary lymphoid tissues (lymph nodes and spleen) [8]. They complete their maturation process by becoming transitional 1 and 2 B cells, and develop into mature B cells in follicles (FO) and marginal zone (MZ). A subset of B lymphocytes exits from the spleen and access lymph nodes, and lodge into follicles (Fig. 5.1).

At that point, differentiated B lymphocytes are mature, and called naive cells [8]. Adapted from [8]. † Hematopoiesis is the differentiation and the development of blood cells. It occurs from embryonic state and during adulthood development, to ensure the blood system replenishment [2]. Immune cells originate from the bone marrow where hematopoietic stem cells (HSCs) reside. HSCs are characterized by their ability to self-renew and produce various progenitors that proliferate and differentiate into mature blood cells. Differentiation and self-renewal consist of an excellent balance to ensure hematopoietic homeostasis [7].
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Maturation

B cells employ highly specific membrane BCRs immunoreceptors to elicit antigen recognition and subsequently triggers the formation of the immunological synapse. BCRs structures are antibody-like immunoglobulins: they exhibit heavy and light chains, variable and constant regions. BCRs capture antigens on their antigen binding fragment (Fab) recognition site, and anchor the B cell membrane thanks to the crystallizable fragment (Fc) (Fig. 1.6). Fc part also promotes the association with transmembrane heterodimer Igα and Igβ, triggering signaling cascades to complete the BCR engagement. During B cell differentiation, genes of immunoglobulins undergo multiple rearrangements to result in mature BCRs. Heavy and light chains are divided into loci of coding sequences named Variable (V), Diversity (D), and Joining (J) segments (Fig. 1.7). The organization of VDJ patterns governs the transition state from pro-BCR up until mature receptors, through several removal and recombination of gene segments. The V(D)J recombination is an irreversible genetic process. [9] After maturation in the bone marrow and migration to secondary lymphoid organs, B cells meet with antigens. Antigen encounter triggers the first adaptive defense: the thymus-independent (TI) response. It promotes the differentiation of short-lived plasma cells and subsequent secretion of IgM antibodies in the extrafollicular area. Meanwhile, B cells present the cognate antigen to CD4 + T cells through a major histocompatibility complex of class II (MHCII) [10]. T cells send survival and proliferative signals to B lymphocytes. This process activates the second adaptive defense: the thymus-dependent response. This defense is more efficient and promotes essential subsequent events. (i) The heavy chain of immunoglobulins presents several different 1.2. B CELLS: FROM THEIR ORIGINS TO THE ACCOMPLISHMENT OF THEIR FUNCTIONS isotopes (IgM, IgD, IgA, IgE, or IgGs). After engagement with T cells CD4 + , B cells suffer a somatic hypermutation (SHM) process in the VDJ regions of the heavy and light chains of BCRs, and also class-switching (CS). Class-switching processes correspond to rearrangements in the gene segments that codify the constant region of the heavy chain, and which drive the switch from IgM to IgG. (ii) B cells proliferate in germinal centers [11] and ensure the affinity maturation. In other words, only B cells binding with high-affinity antigens proliferate. The other B cells go apoptosis. This clonal selection drives to the differentiation of highly specific B memory cells and long-lived plasma cells (Fig. 1.8) [12]. Long-lived plasma cells subsequently secrete high-affinity IgG-type antibodies.

Light chain

V J C
Heavy chain V J C D Figure 1.7: Schematic illustration of V(D)J coding segments. The heavy chain contains Variable (V), Diversity (D), Joining (J), and Constant (C) segments, whereas the light chain only encloses V, J, and C sequences. Heavy and lights chains undergo V(D)J rearrangements along with B cell differentiation before generating mature BCR. [9] Figure 1.8: B cells migrate and reach secondary lymphoid organs within they meet antigen. After antigen stimulation, B cells proliferate into the germinal center, differentiate into plasma cells capable of antibody secretion and memory cells that provide long-lasting protection against secondary infection. Adapted from [12].

Cells lines

Studying primary cells requires their extraction from the spleen or lymph nodes. The lifespan of these cells is short and requires studying them a few hours after their extraction. Although primary cells are relevant models to study human immune system, their preparation are timeconsuming, expensive, and studying them requires killing an animal (mouse) for each experiment. We decided to perform experiments on immortalized cells, called IIA1.6 cell lines. They come from cancerous cells in a sense that they indefinitely proliferate, which make them easy to handle for culturing. As primary B cells, B cell lines are non-adherent cells thus are cultured in suspension into a medium solution enriched with serum and growth factors. IIA1.6 cells lines have been developed at the Institut Curie. They are non activated and present a phenotype of quiescent B cells expressing IgG isotype BCRs, which are engaged through the recognition with F(ab)' 2 fragments [13].

IIA1.6 present several advantages. (i) Their membrane is devoid of FcγR receptors which initially contribute to bind antibodies surrounding pathogens [14] [13]. (ii) They constitute a homogeneous population and reduce cells behaviors heterogeneity [13]. (iii) Their sizes are about two-fold larger than primary B cells (12-15 µm compared to 6-7 µm) which render their observation more convenient.

The B cell synapse

We have seen that B cells are able to form two synapses: they interact with both APCs to extract antigen and then process it, and with T cells which help for antibody production. The rest of the manuscript will only focus on the specific synapse involving APCs and B lymphocytes. In this section, we will detail the spatial reorganization of the B cell membrane receptors in order to promote optimal cellular responses during synapse establishment. We will see that the immunological synapse consists of a highly organized interface for antigen transfer, within which signaling receptors are regulated in space and time.

The antigen presentation through the immunological synapse

Antigen recognition by B lymphocytes occurs in highly networked tissues, lymph nodes and spleen, which are constantly supplied with antigens. The B cells activation is mediated by the antigen, either soluble or anchored on antigen-presenting cells. B cells either catch soluble antigens with a molecular mass less than 70 kDa that diffuse into the follicle; or extract nondiffusive proteins considerably larger than 70 kDa onto APCs membranes through immunological synapse (Fig. 1.3.1) [15]. B cells meet with membrane-tethered antigens onto macrophages in subcapsular sinus (SCS), DCs in paracortex (interior area of the cortex in the lymph node) and FDCs in germinal centers [15]. Following the interaction with SCS macrophages, specific B cells acquire antigens and migrate to the B-T border to engage with CD4 + T cells, required for maximal B cell activation [16] [17]. DCs provide efferent opsonized antigen transfer through the immune synapse [3], and FDCs ensure germinal center formation and prevent B cell apoptosis [18].

Acquiring membrane-tethering antigens through the immunological synapse is more effective than catching soluble antigens at eliciting B cell response [19]. A first hypothesis shows that B cells are surrounded by soluble antigens and to minimize autoimmunity, they ignore soluble antigens hence have less affinity with them [3]. Alternatively, B cells actively aggregate the tethered antigens via their immunoreceptors, hence increase the signaling pathway for an efficient recognition (for more details, see section 1.3.2). Oligomerization of antigens lessens the threshold for B cell activation, and reduces subsequent processes of MHCII presentation to T cells [20] [21].

CHAPTER 1. BIOLOGICAL CONTEXT Figure 1.9: Schematic illustration of antigen presentation to B cells in the lymph node in vivo. Lymphatic fluid enters the lymph node through the afferent vessel, surrounds the subcapsular sinus (SCS) through the cortex, and then exits the node via the efferent vessel. Small antigens (red circles) access the cortex to activate cognate B cells (green) into follicles either through (1) pores in the SCS or (2) conduits. Byy contrast, larger antigens (red diamonds) such as immune complexes, viruses, or bacteria can not diffuse and therefore are presented on the surface of (3) SCS macrophages (blue) to follicular B cells, (4) immigrant DCs (light green) to B cells as they enter the node in the paracortex, or (5) follicular dendritic cells (FDCs, purple) to B cells in the germinal center. Adapted from [15].

THE B CELL SYNAPSE

A new interfacial organization

Before the antigen encounter, resting B cells present monomeric and oligomeric (clustered) structures of BCR on their membrane. A first associative model proposes that B cell activation is triggered by gathering monomeric BCRs upon polyvalent antigen-binding. This process yields the formation of clusters. These microdomains are formed by the association of monomeric BCRs (Fig. 1.10a) [22]. By contrast, another model called dissociative suggests that an oligomeric structure is the autoinhibitory form of BCRs and participates in B cell activation.

A polyvalent antigen dissociates the packed assemblage, hence removes the autoinhibition and activate BCR signaling. The BCR clusters are so formed via the dissociation of the first islands (Fig. 1.10b) [23]. A last model tends to reconciliate the two first ones. It highlights the role of the actin network, the protein of the cytoskeleton, leading to B cell spreading, microcluster formation and B cell activation [24]. It also brings up the importance of the cytoskeleton on the dynamic of BCRs at the membrane.

Following the antigen encounter, the organization of the actin network establishes higherordered microdomains, within which BCR-antigens complexes are confined (Fig. 1.11) [15]. These BCR microdomains engage the activation of Lyn tyrosine kinase that triggers a cascade of subsequent signaling events [15]. The fluidity of the B cell membrane consequently allows the rearrangement of the microdomains. In addition, the membrane fluidity permits the exclusion of CD45 and CD22 co-receptors out of BCRs microdomains, leading to the exclusive cluster of BCRs at the center of the synapse [21].

The membrane spreading increases the number of microdomains acquired by the lymphocyte at the center of the synapse. The threshold of the number of antigens required to complete the activation is therefore crossed [26]. After microdomain formation at the molecular level (aggregation of individual BCRs), contraction events gather these microdomains together at a supramolecular level to the center of the synapse. The successive phenomena of spreading and contraction enhance the signaling [27]. The maturation of the synapse ends by the rearrangement of the cytoskeleton which induces spreading and contraction events of B cell membrane on the antigen-coated APC surface [26] [27]. The final central cluster of immunoreceptors acts as an interface for subsequent antigen extraction [21] [28].

The B cell activation is enhanced with a greater adhesion to APCs. Mature B cells express adhesion molecules, integrins, such as LFA-1 and VLA-4, which complementary bind respectively to ICAM-1 and VCAM-1 on the APC membrane. Interestingly, the organization of the immunological synapse presents a central supramolecular activation cluster (cSMAC), where BCRs are displayed, and the peripheral SMAC (pSMAC) where adhesion molecules take place In resting B cells, the BCR is a monomer in a closed, inactive (green) conformation at the B-cell surface. Binding of antigen (yellow) induces a conformational change (dashed arrows) of contant region part (purple) to expose a clustering interface and the opening of the cytoplasmic Igα-βheterodimer for the initiation of signaling (red).

(b) Schematic illustration of the oligomeric B-cell receptor organization and the dissociation activation model. In resting B cells, the BCR is in a oligomeric conformation (green) at the B-cell surface. Binding of polyvalent antigen (yellow) promotes the dissociation of BCR oligomers and the exposure of immunoreceptor activation for phosphorylation and signaling (red).

Figure 1.10: Presentation of the association and dissociative models. [25] (Fig. 1.3.2) [29]. This reorganization is initiated through BCR activation after antigen encounter and microdomain formation. Integrins are known to facilitate B cell activation by accentuating the adhesion to the target cell and applying co-stimulations [30], also slow the inactivation of B cell microclusters, and prevent B cell apoptosis in germinal centers [15].

Consequently, the B cell synapse is a highly organized and sophisticated communication platform within which immunoreceptors and coreceptors are actively engaged, driven by the rearrangement of the cytoskeleton. The actin network plays a crucial role in completing a full B cell activation via the diffusion and the distribution of BCRs and coreceptors throughout the membrane. Hence, the mobility of the BCRs importantly affects the formation of the immune synapse and the B cell response. 

THE B CELL SYNAPSE

Mechanisms of antigen extraction

This section will present the two mechanisms of antigen extraction. Although we will inevitably introduce the APC-like models used in certain studies to mimic membrane properties and ease the study of the immune synapse, the aim of this section remains to disclose the discrimination of the two mechanisms of antigen extraction. I will present APC-like models in a more detailed manner section 1.6.1.

A biochemical mechanism: lysosomal polarization and proteases delivery

Cellular polarity is defined as an asymmetric organization of the cell that regulates biological processes such as cell division [32], cell fate [33], and cell migration [34]. Cells, therefore, present a polarity axis that imposes the directionality of intracellular trafficking.

The cytoskeleton plays a crucial role in the B cell polarization. As mentioned above, it implies an internal cellular rearrangement leading to the exclusion of CD45 and CD22 co-receptors, that favors the exclusive aggregation of BCRs at the synapse [21]. In addition to actin, microtubules filaments also consist of a strong network that establishes an intracellular scaffold. Their motions are orchestrated by the centrosome, an organelle gathering all the threads in a common center. Lysosomes, acidic organelles promoting macromolecules degradation, move across microtubules through motor proteins such as dynein, kinesin and myosin [35] [36]. Finally, the centrosome arranges the global motion of microtubules and lysosomes, and drives them to the synapse [37][38]. This final organization leads to a cellular compartmentalization along a polarity axis from the synapse to the backside of the cell (Fig. 1.13).

In 2011, M.I. Yuseff and coworkers studied B cell polarity by observing lysosomes polarization occurring upon the contact between a B cell and an antigen-presenting surface [39]. They used antigens immobilized on polystyrene beads as APC-like model. Upon the synapse formation between a bead and a B cell, lysosomes moved across the cell to reach the contact site where antigen recognition occurred. The cell polarity is then completed 1h after the formation of the synapse, and lysosomes surround the bead within 2h (Fig. 1.14). They proved the recruitment of lysosomes is driven by the centrosome polarization to the synapse. At this stage, an enzymatic release of proteases occurs: lysosomes deliver specific proteases, called hydrolases, that degrade the bond between the antigen and the bead and promote the extraction of the immobilized antigen [39]. Consequently, lysosomes secretion at the immune synapse is critical and ensures an efficient antigen extraction. 1.4. MECHANISMS OF ANTIGEN EXTRACTION
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A physical mechanism: applied mechanical forces

The continuous cytoskeleton remodeling prompts B cells to apply mechanical forces on presenting-surfaces. E. Natkanski and coworkers studied in 2013 the internalization of antigens depending on mechanical properties of APC-like subtrates [41]. They laid B cells on flat active surfaces presenting different stiffnesses, and analyzed by fluorescence imaging the antigen internalization. They demonstrated that B cells pull on synaptic flexible APC-like membrane (Plasma Membrane Sheets, PMS) and promote antigen invagination by extracting small pieces of it [41]. By contrast, B cells do not extract antigens from a rigid surface represented by planar supported bilayers (PLB, Fig. 1.15). E. Natkanski et al. measured rigidity of the APC-like substrates with an atomic force miscroscopy (AFM). This technique consists in mapping a surface to measure a pulling force it can resist until it locally breaks. A micro-bead bore by a flexible plate and controlled by a piezomicromanipulator, specifically binds with the surface and increasingly retracts away from it. As soon as the bond between the surface and the bead breaks, we measure a rupture distance and a related rupture force (Fig. 1.16a). A deformable surface tends to resist under pulling stresses whereas a stiff one tends to rapidly break under such stresses. AFM measurements can also be realized over cells membrane as DCs and FDCs (Fig. 1.16b and 1.16c) [41] [42]. In these studies, beads are coated with streptavidin-biotin-antigens which specifically bind to live cells and APC-like substrates. PLBs and PM-PLBs present high membrane stiffnesses with a rupture force of about 30-40 pN and a rupture distance of few nanometers, whereas PMS present soft membranes with smaller rupture forces (20 pN) and higher rupture distances (hundreds of nanometers). These experiments prove that FDCs are rigid cells and DCs soft ones as they present rupture forces and distances similar to respectively PLBs/PM-PLBs and PMS.

The B cell synapses involving live DCs and FDCs have been investigated [42]. It was found that B cells extract more antigens on soft DCs membrane than onto rigid FDCs.These results suggest B cells face a broad range of APC stiffnesses and adapt their response depending on the encountered membrane. Consequently, the mechanical properties of the APC importantly affect the B cell response. These biochemical and physical mechanisms have been further investigated by K. Spillane and P. Tolar [42]. They address the question of their exclusivity, in other words, are these two mechanisms complementary or competitive? They showed that lysosomal recruitment only occurs when B cells form a synapse with stiff surfaces (PLB), while antigens are extracted by mechanical forces during the contact with soft membranes (PMS). If extraction via the mechanical pathway fails, B cells trigger the lysosomes recruitment for facilitating the antigen extraction through the biochemical mechanism. By contrast, mechanical internalization of a small piece of surface-tethered antigens is sufficient to prevent enzymatic antigen extraction and lysosomes are no longer recruited at the synapse [42]. This study importantly reveals an active inhibitory mechanism and highlights the direct link between the biochemical and physical mechanisms.

Consequently, mechanical properties of antigens-bearing surfaces trigger one pathway rather than the other.

Properties of APC affecting the B cell synapse

The next section presents subsequent studies that investigate the impact of presentingsurface properties, such as stiffness, ligand mobility and antigen concentrations, on the affinity discrimination provided by B cells.

Stiffness of APC membrane

E. Natkanski et al. showed B cell applies tension on the BCR-antigen bond to test its strength and promote high-affinity antigen discrimination. BCR-antigen bonds can either breakdown or resist pulling forces, which respectively abort or maintain antigen internalization [41].

Accordingly, K. Spillane and P. Tolar demonstrated that the mechanical tension on the soft membrane allows differentially the extraction of both high and low-affinity antigens [42] since B cell directly endocytoses small pieces of APC membrane [41]. As B cells pull on BCR-antigen bond, only the most affine antigens with BCRs are extracted. If this latter event fails, lysosomes are recruited at the synapse, and the extraction occurs through hydrolases release, initially contained into lysosomal compartments (Fig. 5.3) [43]. Stiffness of antigens-tethering surfaces, therefore, plays a critical role in selecting high-affinity antigens leading to the subsequent secretion of high-affinity antibodies in germinal centers [44] [45].

Biophysical measurements have been realized on macrophages, DCs, and FDC. As previsouly explained, AFM measurements revealed a high stiffness of FDCs membranes, which enables them to resist deformation, and a two-fold softer DCs membranes which misshape under stress [42]. Another method, which consists in trapping a cell into two glass microplates and determining the rigidity of the trapped object, reveals that the stiffness of macrophages is two-fold higher than DCs [46]. Although an absolute comparison of AFM and microplates techniques is delicate, we can consider that both macrophages and FDCs exhibit similar cell stiffness.

Several studies demonstrated the importance of APC stiffness in the celllar responses. (i) Inflammatory conditions increase APC stiffness [46], contractility [18], and surface expression of B cell integrins [46] which may help the affinity discrimination upon the immune response.

(ii) Harder substrates are more efficient than softer surfaces at eliciting B cell activation [47].

(iii) Spillane and Tolar demonstrated B cells extract more antigens on soft surfaces rather than on stiffer substrates [42]. All these studies, despite the change of model interface, highlight the critical role of APC-like membrane mechanical properties on B cell response. 2), whereas low-affinity antigens detach from the BCR upon tension and only the BCR is internalized (3). (B) On a flexible and deformable substrate, antigens are recognized by the BCR and internalized as described in A. However, because the softer substrate allows a higher degree of deformation, affinity discrimination is less stringent. (C) On nondeformable antigens (or very stiff substrates), B cells secrete hydrolases after polarization of lysosomes at the synapse (1), this promotes antigen release from the substrate (2) and subsequent internalization (3) of soluble antigens. [43] 1.5. PROPERTIES OF APC AFFECTING THE B CELL SYNAPSE
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Ligand mobility

We have previously seen that the interfacial organization of the synapse is driven by the B cell cytoskeleton. In the meantime, APCs also restrict their immunoreceptors diffusion to follow the formation of microdomains formation at the cell-cell interaction [48]. Figure 1.18 shows both antigens (green) and BCR cluster (red) at the contact site and evokes the critical diffusion of APC receptors to form a functional immune synapse [48]. The mobility of antigens on the APC membrane has been found to regulate affinity discrimination [49]. The work of Fleire et al. explains that the spreading of the B cell membrane is triggered by the interaction with high-affinity antigens (above Ka = 5.2 x 10 7 M -1 ). In this case, antigens are recruited at the center of the synapse through BCRs involvement and activate B cells. By contrast, no spreading is observed when B lymphocytes interact with low-affinity antigens (below Ka = 8.7 x 10 6 M -1 ). Consequently, if the BCR-antigen bond is not strong enough, antigens are not recruited at the synapse and the B cell activation can not be achieved.

Ligand mobility has been investigated by comparing the impact of immobile and mobile tethered antigens on B cell activation [50]. The diffusion of membrane-tethered antigens ensures the formation of large microclusters at molecular and supramolecular levels. This engages subsequent phosphorylation signaling through tyrosine-protein kinase Lyn involvement and efficiently activates B cells. By contrast, immobilized antigens restrict the exploration of BCRs, forming small and non-diffusive clusters which do not merge. This process yields an inefficient signaling. Altogether, these studies confirm the importance of antigen-receptors mobility at the APC surface.

Antigen concentration

B cells are more efficiently activated when they interact with high-affinity soluble antigens comparing with low-affinity soluble antigens [51]. A threshold number at eliciting B cell activation was evaluated at Ka 10 6 M -1 for soluble antigens [51]. Above a plateau value of affinity (Ka > 10 10 M -1 ), the B cell response does not improve anymore [51]. Altogether, these results suggest BCR/antigen bond affinity enhances the B cell activation from 10 6 to 10 10 M -1 .

The discrimination of affinity threshold is slightly lowered when soluble antigens are internalized in an oligomeric form, i.e. when the concentration is locally increased [51]. This suggests antigen concentration must overcome low affinity of BCR/antigen as Batista and Neuberger revealed: the presentation of membrane-tethered antigens reduces the affinity discrimination threshold from Ka 10 6 M -1 to 10 Fleire et al. also demonstrated that a threshold number of antigens, e.g. 75% of occupancy of the surface in antigens, must be overcome to trigger the cell spreading [49].

Altogether, these results demonstrate the antigen concentration is crucial to first trigger B cell activation and overcome low antigen affinity.

To conclude, despite the highly complex interaction occurring between B cell and APC, many studies have described the dynamic platform of antigen acquisition: the immunological synapse. We saw that stiffness of APC membranes have been clearly demonstrated to trigger one mechanism preferentially to the other, with the aim of antigen internalization. The mobility of both antigen and receptors on APC membranes is importantly required to form microclusters, and thus to ensure a functional immune synapse. Antigen concentrations have been found to regulate B cell activation and lower the discrimination of antigen affinity. Consequently, these three features play a critical role at eliciting B cell activation and also at discriminating highaffinity antigens.

Study of the B cell synapse with APC-like models

We will describe below the different APC-like substrates currently studied. We will appreciate their strength, and we will also discuss about their limitations. We will end this section by evoking the challenging imaging of cell-cell interactions, which require a spatio-temporal control of the imaging.

An overview of APC-like models: characteristics and functions

Polystyrene beads are spherical APC-like models to study the impact of immobilized antigens at the contact site. Antigens are anchored at the interface via physical bonds. In 2000, Batista and Neugeberg [20] used these solid beads to investigate the role of BCR-antigen affinity bond upon the immune synapse. In 2011, Yuseff et al. [39] used them to ensure the lysosomal polarization upon the synapse. As mentioned above, this study started the first research about lysosomal polarisation and gave rise to the model of antigen degradation on a hard surface. Due to their solid surface, polystyrene beads prevent both mobility of antigens and surface deformation.

Supported bilayers are one of the most used models for mimicking APC membrane mobility. They consist of a planar surface on which lipids of several different structures are displayed.

Planar bilayers are spontaneously formed by assembling a liposome and a clean glass substrate for instance [52]. The liposome is spread on the glass surface and remains stable as long as the surface stays wet. The resultant densities (or surface concentrations) are diverse, and their mobility can differ depending on samples [49]. PLB are utilized for ensuring a sufficient diffusion upon the synapse formation that lets B cells actively organize the interface to create cSMAC and pSMAC regions [49]. However, this mobility is restricted by the configuration of the substrate itself. The intracellular domain of transmembranes is trapped in a minimal gap between the lower side of the bilayer and the glass surface [52]. The diffusion coefficient of supported bilayers was determined with fluorescence recovery after photobleaching (FRAP) experiments. This method analyzes the surface mobility of the ligands by inducing a powerful light on a local region of the droplet that degrades fluorophores and locally remove the fluorescence. The characterized time during which fluorescence recovers the photobleached region is related to the diffusion coefficient. The diffusion of antibody-coated glass supported bilayer is equal to 0.5-1 µm 2 /s [53]. This result is biologically relevant: the diffusion coefficients of IgGs and MHCII on B cell membrane are respectively equal to 0.021 µm 2 /s and 0.15 µm 2 /s. [54]. Concerning the flexibility of supported bilayers, their surface forces were measured with AFM measurements [41]. Their rupture force is about 40 pN, which corresponds to the rupture forces of FDC membrane [42].

CHAPTER 1. BIOLOGICAL CONTEXT

Although PLB mimic ligand mobility and hard cells, they are planar thus differ from live cells membranes.

Unlike glass-supported synthetic bilayers, plasma membrane sheets are made of layers of transmembrane proteins and residuals of the extracellular matrix. Sheets bear degraded adherent cells spread out on the glass substrate on which they attach. Cells fragments adhere less on glass substrate than lipids bilayers do, PMS are more flexible than PLB, and mimic well the deformability of live cells [55]. This allows B cells to succeed on extracting antigens via the endocytosis of membranes' small pieces, as observed on live cells upon the immunological synapse formation [42].

Live cells ensure a significant tension via the cytoskeleton scaffold. Despite the very substantial structural and molecular interface, PMS may not mimic the real stiffness of live APC due to the loss of such cellular cortical network [55]. Nevertheless, PMS have been reported to exhibit the same rupture forces than DCs (20 pN) on AFM measurements [42]. As a remark, these two contradictory facts lead us to question if performed AFM measurements took into account the cortical network of the cell, or only considered its surface properties [56]. Finally, transmembrane proteins are directly attached to the glass surface that leads to an impossible diffusion of immunoreceptors.

Polyacrylamide gel substrates are planar APC-models attached to a glass cover-slip [47] or else spherical beads suspended in a liquid [57] [58]. By varying the amount of cross-linkers, gels exhibit different degrees of stiffness. There were therefore used to reveal the importance of the mechanical properties mediated by substrate stiffness in B cell activation [47]. Moreover, planar polyacrylamide gels were used to observe pulling forces occurring during the B cell synapse. These gels trap fluorescent beads and activation molecules are present at their surface. Trapped beads track the traction forces applied by B cell on gels to reconstruct the global and local organization of the interface upon the contact [28]. Although sperical polyacrilamide microparticles have been used to evaluate to applied forces during a cell-cell contact with macrophages, it is noteworthy to point out this brandnew cell-like particles in the list of relevant model [58]. In both cases, antigens are immobilized on planar and spherical gel surfaces and, therefore, their receptor diffusion is prevented.

Finally, glass substrates are mainly used as support for PLB, PMS, and hydrogels. However, they were also used to directly attach activation molecules on the glass surface via non-covalent bonds ensured by polylysine molecules. This model prevents both deformation and ligand diffusion [50]. 

Limitations of the actual models

Despite the helpfulness of these APC-like models, contradictions and issues appear through different studies.

First, concerning T cells, polyacrylamide hydrogel substrates coated with antibodies have been used to investigate the engagement of the T cell receptors (TCR). It was initially shown that stiff surfaces, about 100-200 kPa, elicit higher levels of intracellular signaling in T cells than soft ones do [61]. By contrast, soft antigen-displaying polydimethylsiloxane (PDMS) elastomer, about 100 kPa, induces higher signals than very hard substrates, about 2 MPa [62]. This result suggests either a threshold on the cellular response depending on membrane tension or a meaningful interfacial change from gels to PDMS. Indeed, we can assume these two surfaces do not present the same structural and molecular facade and therefore, could dramatically change the cellular response.

In the E. Natanski's work, the reason why antigen extraction by B cell was inefficient on PLB compared to PMS remains unclear [41]. It was suggested that the distinct physical properties exhibited by these two experimental systems lead to different B cell responses [42]. Hence, it is worth questioning if comparing the same feature from two different APC-like interfaces remains a suitable choice to quantify B cell response upon immune synapse formation.

Spatio-temporal control of cell-cell encounter

Despite of the use of APC models, the complexity of observing surface-cells interactions in terms of space and time, resides in the disorder of the meeting itself [63]. In this last section, we will see that a quantitative description of biological systems requires high-quality single-cell experiments [63], and a spatial and temporal control of the cell-cell encounter to evaluate cellular processes such as polarization.

If two distinct APCs activate a B cell in different directions, as shown in figure 5.4 [21],

it appears very difficult to establish a polarization axis and properly study the kinetic of polarization of intracellular organelles, such as lysosomes [39]. An isolation of individual APC-B cell pairs is consequently required to ensure a convenient dynamic follow-up of the the cell-cell encounter The B cell synapse has been increasingly investigated through different APC-like models, spherical such as beads [39] and planar such as supported bilayers (PLB) [42]. The cell membrane can randomly displace mobile beads, and thus change the direction of the polarization axis upon the synapse formation, as shown in figure 5.5. The movement of lysosomes appears thus to be difficult to follow over time [39]. In this case, the axis of the synapse follows the z-plane, and the bead in contact with the cell can hide a small portion of lysosomes placed immediately behind the bead, which complicates once again the follow-up of the lysosomal polarization. By contrast, the flat antigen-bearing substrates such as PLB, intrinsically impose a direction of the polarization in z-axis [42][49] [50]. However, in the plane of coverslips, B cells can quickly drift onto the substrates, rendering the time-lapse recording challenging: a highly resolutive microscopy imaging single-cells at large scale must be required to bring both temporal and spatial resolution.

(a) (b) Figure 1.20: (a) Immune synapse between several APC (red) and several B cells (green). [21] (b) Timelapse of the immuological synapse between a bead and a B cell. [39] Planar substrates guarantee the temporal control of the cell-cell interaction as the kinetic begins when B cells fall onto the antigen-coated surface [42][49] [50]. However, the time zero of 1.6. STUDY OF THE B CELL SYNAPSE WITH APC-LIKE MODELS the meeting between B lymphocytes and mobile beads is difficult to assess. Usually, both beads and cells are incubated together at 37 • C and are then fixed at different time points between a glass slide and a coverslip to be observed under a microscope [39][37] (Fig. 1.14). Experimenters observe several different cells at each time point, without no single-cell follow-up all along with the experiment. This process leads to average measurements of a large population of cells for each time point, and to generate a high heterogeneity in the measures [64]. Furthermore, we do not know when the meeting has begun: the polarization could have started between 0 and 1 hour for the second image, and between 1 and 2 hours for the third one, which is extremely imprecise. Immobilizing beads and cells would prevent such time-lapse approximations, and make the kinetic of polarization more reliable.

Conclusions and thesis objectives

We have seen that the immune system requires cellular dialogues to ensure sustainable defenses. More particularly, the activation of B lymphocytes necessitates the establishment of a very specific contact interface: the immunological synapse where APCs present antigens to B cells. This key event subsequently provides high-affinity antibodies production and thus promotes an efficient humoral immunity.

This chapter has displayed the three main APCs membrane properties affecting the B cell response. (i) Stiffness triggers the biological mechanism or the mechanical pathway both leading to antigens extraction. More precisely, stiff membranes trigger cellular lysosomal polarization promoting the degradation of the antigen-APC membrane bond through proteases release; whereas mechanical forces produced by B cells suffice to deform soft APCs membrane to extract antigens. (ii) Membrane fluidity provides antigen mobility and helps gather antigens at the synapse. This process enhances the subsequent cellular signaling and leads to an high-affinity antigen discrimination. Finally, (iii) antigen concentration, which is highly dependent of mobility, triggers B cells activation but also overcomes low antigen affinity.

Based on these previous investigations, we inquire how these three properties dynamically affect the mechanics of the B cell synapse formation. Do cell stiffness, membrane fluidity and antigen concentration impact the B cell polarization, do they trigger it? Is there a threshold of antigen concentration triggering the B cell polarization? Do they modulate the polarization kinetic? We address these questions all along this manuscript by quantifying the polarization of B cells over time. My work is therefore based on the evaluation and the quantification of the dynamics of lysosomal polarization in B lymphocytes during the synapse establishment.

However, controlling the precise formation (in time and space) and the physico-chemical properties of the cell-cell contact is challenging as we have seen in this first chapter. To control such properties and to ease the cell-cell contact, the use of APC-like models are required.

Polystyrene beads, PLB, PMS, hydrogels, and glass substrates are efficient models but they still do not simultaneously respect membrane deformability, fluidity, and control antigen coating. This issue implies the change of models to study each APC property on the cellular response, which renders their comparison questionable. In addition, a spatial and temporal control of the dynamics of cell-cell interaction is desirable to homogenize the initial conditions and to minimize the variability between different synapses. The lack of such control leads to observe different cells at different time points of the synapse formation, and to average the behaviors of 1.7. CONCLUSIONS AND THESIS OBJECTIVES a large cells population for each time points.

The mentioned issues led us to create a microfluidic platform providing both a spatiotemporal control of the cell-cell encounter and single-cells analyses. Therefore, we developed two major tools to study the B cell synapse: (i) highly defined APC-like models, functionalized oil-in-water droplets, whose surface properties simultaneously mimic the cells membrane characteristics (deformability, fluidity, and presented-antigen concentration); and (ii) microfluidic traps whose structures isolate and immobilize individual cell-droplets pairs, and therefore ease the imaging of the synapses. This highly-resolutive platform will serve for studying synapses between B lymphocytes cellular models (IIA1.6 lines) and APC-like droplets, in a controlled and well-defined biomimetic environment. We will present them in the next chapter.

CHAPTER 2. MICROFLUIDIC TRAPS TO STUDY INDIVIDUAL AND ISOLATED CELL-CELL INTERACTIONS

This second chapter focuses on the microfluidic chips we used all along the Ph.D. project. It is comprised of four sections combining both literature surveys and experimental parts. They emphasize the devices we realized and their characteristics.

The first section describes the main laws defining flow conditions in microfluidic systems, with emphasis on the applications in biology studies.

We then offer in a second section a literature survey showing the advantages of single-layered U-traps for single-cells isolation, and double-layered U-traps for cell-cell pairing. It will highlight the inevitable need of such designs to study cell-cell contacts.

The third section gives an overview of the fabrication techniques used to realize the twolayers U-traps. Based on this literature investigation, we will then disclose the microfabrication techniques we have chosen to design such traps, and also the assembling and treatment steps we performed to achieve final chips in a segment dedicated to experimental results.

Finally, the last and fourth section compares the flow conditions imposed in the device and the physiological ones. We will show that the traps systems we developed experimentally approximate the shear stress of in vivo capillaries, and are therefore ideal tools to perform biological experiments without altering cell viability and droplets stability.

Physics of microfluidics: Definitions

Microfluidics defined the science of manipulating fluids at a microscale, i.e. into channels whose widths and heights measured between 100 nm and 500 µm [65], and also the related techniques and technologies. We describe below main properties which characterize such systems: dimensionless Reynolds number, Capillary number and Weber number compare viscous, intertial and interfacial forces and determine which contribution dominates over the others. We will appreciate that at this range, physics phenomenons appear differently from the macroscopic scale.

Reynold number. First of all, the inertial and viscous forces are compared in the dimensionless Reynolds number Re. It is expressed as:

Re = ρνL µ (2.1)
where ρ is the density of the fluid, ν the velocity, L the length of the system, and µ the dynamic viscosity. Based on the equation 2.1, the Reynolds number is reduced depending on the characteristic dimensions L of the system. If Reynolds number falls below 2000, viscous forces are dominant and the system is in laminar flow regime [66]. By contrast, if Re reaches values above 4000, flows present eddies and the systems is turbulent [66].

In microfluidic devices within which water phase consists of the continuous phase and flows at a few micrometer per seconds, L ∼ 10 -6 m, ρ ∼ 10 3 kg/m 3 , µ ∼ 10 -3 Pa.s, and ν ∼ 10 -6 m/s, the Reynolds number is Re ∼ 10 -6 1. Such systems, therefore, introduce flows in the laminar regime. The viscous forces are dominant compared to inertial forces. These channels dimensions are similar to certain in vivo capillaries which induces laminar flows as well. This aspect would be discussed in the next section 2.4.2.

Capillary number. The interfacial tension is a crucial feature of the liquid-liquid boundary.

It is defined as the free energy needed to modify the interface between two immiscible fluids (physics of interface are further detailed in section 3.2.1). These forces are compared with dominant viscous forces in the laminar regime, in the Capillary number Ca is expressed as:

Ca = νµ γ (2.2)
where γ is the interfacial tension, ν the fluid velocity, and µ its dynamic viscosity. For a surface tension of 10 -2 mN/m, Ca ∼ 10 -7 .

PHYSICS OF MICROFLUIDICS: DEFINITIONS

We herein introduce the droplets generation although their aspects are better detailed in the next chapter. Droplets generation offers an ideal example to appreciate the competition between capillary contributions (surface tension) and viscous forces. A droplet can be formed by shearing a dispersed phase with two flows of continuous phases as shown in figure 2 Weber number. The dimensionless Weber number describes the balance between interfacial tension and inertial forces and is defined as:

W e = Re.Ca = ρν 2 L γ (2.
3)

The Weber number describes the deformation balance between the interfacial tension which tends to minimize the surface thus to keep a spherical shape of a droplet for instance, and inertial forces which tend to deform it. Weber number also plays a role in mode transition and droplet size in droplets generation as well as the capillary number [68] 

Microfluidic traps: literature survey

We will discuss below the necessity to use technologies for single-cells analysis, and we will present one of them: trap-based microfluidic devices. We will disclose their advantages for single-cell trapping and cell-pairing, and finally their benefits in the dynamic study of cell-cell interactions.

A large population of cells present heterogeneity at the single-cell level which can be the consequence of several reasons, such as the number of receptors per cell, the number of gene copies of the target per cell, or the number of transporter molecules for the signal [64]. The analysis of a large cells population is challenging as it could not take into account such heterogeneity: studying at large scale leads to average cellular behaviors at single-cell level [64].

Also, bulk experiments commonly prompt a concentration step, such as filtration or centrifugation. Cell pooling can induce variability in physiology and gene expression response as cells can communicate each other and send survival signals (cytokines for instance). Therefore, the results obtained can depend on the concentration step itself instead of experimental conditions under test [64]. A batch population experiment requires a high amount of cell material to overcome a detectable signal threshold, and thus can not be adapted for unculturable strains (primary cells) or rare cells [64].

These issues progressively lead to the use of devices providing single-cell analysis, such as fluorescence-activated cell sorting (FACS) [70]. FACS is an efficient high-throughput microfluidic device, based on an optical approach, which consists in selecting cells depending on their size (brightfield), and their membrane-marker (fluorescence). However, FACS does not offer a real-time analysis to follow the dynamic processes in cells, hence, reliable multifunctional platforms to transport and immobilize particles for dynamic observation have been investigated [71]. Miniaturized fluidic devices have been developed to trap, isolate, manipulate, and observe cells in real time-scale (Table 2.2) [72]. Such systems promote the simultaneous analysis of individual cell-cell contacts helping for single-cell events discrimination, under flows conditions which ensure a constant cells nourishment and prevent intercellular communication.

Approches Main application References

Hydrodynamic trap Single-cell isolation [73] 

CHAPTER 2. MICROFLUIDIC TRAPS TO STUDY INDIVIDUAL AND ISOLATED CELL-CELL INTERACTIONS

Without the addition of external forces (optic, acoustic, or magnetic), the hydrodynamicbased microfluidic device has the advantages of using simple materials, and allows the handling of individual particles without complicated circuitry [71][79]. Despite an eventual complexity of microfabrication to scale down the structures adapted to small cell types with a good resolution, the hydrodynamic workflow remains the easiest and the most used approach for cell-trapping.

The U-shaped traps have notably been developed for (i) single-cell immobilization and (ii) cellpairing, which allows subsequent cell-cell interactions studies. We will below describes such systems. [83] (Fig. 2.2), which will be used for cell-cell interaction a few years later [73].

One

The U-shaped design was initially used for T cells and yeasts analysis [83]. The authors brought the proof of concept that PDMS-based chips retain cells on weirs structures, and allow fluorescence imaging over time [83]. The same system was then optimized for high-throughput [63]. This important high-throughput characteristic simultaneously allows the dynamic observation of a high statistic of cells. Their technique consists of raising the edges of the chips to create a 2 µm-large gap between the traps and the glass side 2.2. MICROFLUIDIC TRAPS: LITERATURE SURVEY (Fig. 2.3a). This tiny gap ensures a continuous flow into the traps, which guides the streamlines through the weirs, and finally leads to the capture of the object. Once the object is captured, the streamlines are deviated to the weirs and guide the next objects out of the traps (Fig. 2.3b).

These structures lead to a high density of single-cell-trapping (Fig. 2.3c), with about 70% of efficiency [63]. The authors presented novel data on intracellular enzymatic concentration for three human cell lines, and also measured the kinetic of enzymatic inhibition in single cells over 40 min [63]. (c) Brightfield image of high-density cell-trapping. [63] Later, A. Huebner et al. optimized the previous single-layered U-shaped design by testing the trapping with oil-in-water droplets [74] . Instead of raising the whole chamber by a 2 µmlarge gap as previously mentioned, A. Huebner et al. added a hole in the middle of the weirs (Fig. 2.4a), that ensured a continuous flow all along with the chamber. As structures achieved by D. Di Carlo et al., once a droplet is trapped, the next objects deviate, preventing the loading of another droplet into the same weir (Fig. 2.4b). Such systems make possible a release of the droplets when a back-flow is applied (Fig. 2.4c) to collect droplets and perform afterwards other analyses. For instance, the authors first conducted a simple enzymatic assay into droplets by measuring the concentration of the fluorescent product over 40 min. They subsequently collected droplets out of the chip for further kinetic analyses. Measurements of each droplet fluorescence signal at the exit of the device indicated that more than 90% of droplets could be released from the chamber and analyzed afterwards [74]. 

Statistic of single-cell isolation

The one-layer U-traps designs have recently been replicated by Olivier Mesdjian, a former Ph.D. student in the lab. He investigated the impact of chip geometry to assess the efficiency of single-object trapping [84]. He compared two inlet/out positions (symmetric and asymmetric) and experimentally assessed the percentages of trapped cells. These investigations were confirmed by hydrodynamics simulations (Fig. 2.5).

He found out a symmetric inlet/outlet position reduces the number of trapped beads whereas a asymmetric inlet/outlet location increases it, for similar flow conditions and at a same time point. These results are explained by the streamlines visualized with comsol modeling: the symmetric position guides streamlines out of the traps and at the edges of the chamber, whereas the asymmetric chip focuses streamlines in the traps area. This study highlighting the optimal geometry to trap simultaneously a large number of cells. D. Di Carlo et al. analyzed the trapping distribution on each feature and compared it to a Poisson distribution [63]. It is noteworthy that this analysis can be extrapolated to the chip developed by A. Huebner et al., as both used single-layered structures [74]. In this case, D.

Di Carlo et al. counted the number of trapped cells into each weir and considered that one up to five cells could be captured. They compared their experimental results with the theoretical prediction of the Poisson distribution. In the case where the probability of trapping a particle is independent of the amount of previously trapped objects, the distribution profile must follow a Poisson distribution. By contrast, if the experimental trapping depends on the previously trapped cell, the distribution profile must deviate from such distribution [63]. As as result, the experiments revealed the probability of trapping does not follow a Poisson distribution. We observed a reduction of the probability concerning zero and greater than two cell-containing traps, compared to Poisson prediction. (Fig. 2.6) However, an enhancement of single-cell-containing traps 2.2. MICROFLUIDIC TRAPS: LITERATURE SURVEY is observed. These results confirm the cell-isolation depends on the previously trapped cells, and single-layered U-shaped structures preferentially capture one object [63]. Consequently, the microchips developed by both D. Di Carlo et al. and A. Huebner et al., provide a high-density cell-isolation for single-cell analysis, but do not ensure a cell-pairing for cell-cell interaction studies. Therefore, another trap-based microfluidic device has been developed to perform cellpairing. At first, the double-layered weir structures trap objects in the back-side capture cup (Fig.

2.7a

). Thanks to reverse flow, objects are released down directly into the opposing large capture side (Fig. 2.7b). Finally, the second cell population is directly loaded into the traps, in the same location of the previously trapped cell (Fig. 2.7c). This technique ensures thousands of cell-cell interactions into a chamber (Fig. 2.7d). The transfer is fast (< 1 s), massively parallel because of the laminar flow. The efficiency of this device is evaluated at 80% for cell-pairing of all cells (red-red, green-green, or red-green), and 70% for the interactions between two expected cells (red-green) [73]. The authors then determined the kinetic of cell fusion by imaging the fluorescence overlapping over 20 min.

The traps risen by micropillars seem to efficiently ensure both transportation and immobilization of two objects in a single integrated device. One sees that both cells or droplets could be trapped into microfluidic chips, during at least 40-min-experiments, and such systems provides cell-paring. Microfluidic traps emerge as promising tools to ease the study of simultaneous and individual droplet-cell interactions. 

Traps microfabrication

We will now describe the different techniques of microfabrication used to developed such systems, and we will disclose the final chips we experimentally obtained.

The fabrication of microdevices necessitates two main steps: (i) the fabrication of silicon mold, i.e. the replication of 3D patterns on a rigid substrate; and (ii) the fabrication of chips, i.e. the replicate of those patterns from the mold into pieces of soft polymer and their sealing on a glass substrate.

The creation of the silicon mold bearing patterns measuring between 10 and 100 µm, requires several fine and sophisticated methods. The approaches used during my studies are based on the photolithography, such as the photomask technique and the direct lithography. I therefore highlight these two techniques in the first section and then disclose the designs we experimentally developed. A surface treatment, generally recommended for a long durableness of both microfluidic systems, is presented in the a second segment. Finally, the fabrication of chips requiring the soft lithography approach, based on the replicate of micrometric patterns in a polymer, such as poly(dimethyl siloxane) (PDMS), is detailed in the a last segment. We will finally present the final chips we developed and the experiment setup we used to study droplet-cell interactions.

Fabrication of mold: Photolithography

Photolithography is one of the most employed microfabrication techniques [85]. This process consists in creating a desired pattern in a light-sensitive material, placed on a highly flat silicon wafer (Fig. 2.8). The photoresist can either be positive or negative, meaning it respectively melts or cross-links in contact with UV-light. Particularly, the epoxy-based negative SU-8 photoresist permits the generation of structures from 5 to 1000 µm in height [86].

The thickness of the resulted patterns corresponds to the depth of the photoresist layer on the silicon wafer, determined upon the spin-coating step (Fig. 2.8a). It depends on the viscosity of the photoresist, and the rotation velocity of the spin plate [86]. Then, the SU-8 cross-links upon exposure step (Fig. 2.8b), with light in the range of 350 and 400 nm. Finally, the remainder of the films (non-exposed regions) remains soluble and can be washed away during the developing step (Fig. 2.8c) with several solvents (propyleneglycol monoether acetate, ethyl acetate, and diacetone alcohol) [85].

I will detail below two methods to produce patterns on photoresists: (i) the photomask-based lithography, and (ii) the direct-writing lithography. 

Photomask-based lithography

This technique consists in placing a photomask directly onto the dried (but non crosslinked) photoresist before the light exposure (Fig. 2.9). The photomask acts as a stencil meaning it lets the light pass through transparent areas, and blocks the light with darker regions. Therefore, the resulted patterns on the photoresist derive from designs already present on the photomask. Importantly, a hard contact between the film of the photoresist and the mask is required to avoid optical distortions such as diffraction. These unwanted processes can lead to increase the length and lower the thickness of the desired structures [89]. The size and the quality of the features can be controlled with the type of photomasks [87].

For instance, plastic masks are convenient to perform large and rough microfabrication patterns and are accessible at low prices [90]. By contrast, a more expensive chrome photomask offers patterns down to micrometer dimensions with smooth edges (Fig. 2.10). [91] Additionally, opaque regions of plastic masks may leak light in the UV over time, rendering them unusable, especially for a thick layer of photoresists that requires long exposure times [91].

TRAPS MICROFABRICATION

The main advantage of photomask-based lithography is the patterning of large areas with proper resolution in a matter of minutes [90]. Both the initial cost of the mask, which can be substantial if the resolution is high, and its lack of adaptability as it cannot be modified after development, can make prototyping a new device expensive [92]. Therefore, an alternative patterning technique has been developed to overcome these issues: the direct laser-writing lithography. 

Direct-writing lithography

The direct lithography is a technique for creating patterns in photoresist without the use of photomasks. This method consists in directly writing in the photoresist with a collimated laser.

By scanning and properly modulating the laser, the negative SU-8 cross-links at the focal spot [94]. The setup consists of successive lenses which focus the laser beam on the sample (Fig.

2.11)

. The laser beam is fixed, while the stage in which the silicon wafer is placed moves on xy-plane via a piezoelectricdevice [94]. . The resulting line width on the photoresist depends on (i) the speed of the stage's displacement in the xy-plane,(ii) the laser power, and (iii) the focus position in z-plane [90]. A too rapid displacement of the stage and/or a low light power lead(s) to narrowed pattern lines. By contrast, a slow speed of displacement and/or a high power laser beam tend(s) to burn the photoresist and create(s) undesirable large patterns [90]. The focus position is also an important criteria: at the optimal focalization point (z = 0 µm) the line-height is minimized and forms patterns as large as the laser size. Otherwise, a non-focused laser increases line dimensions [90] (Fig. 2.12). The machine is composed of an optical path which collimates a 2 µm-large laser beam on the silicon mold. Precisely, the UV-laser beam scans the photoresist layer with a constant speed and a certain light power of in order obtained the 2 µm-large expected laser beam. The regions where the laser turns on correspond to reticulated areas. By contrast, the regions where the laser turns off, the SU-8 remains soluble and is washed out during the development step (Fig. 2.13). We used a 10 µm-layer of photoresist for trap fabrication (SU-8 2010 spin coated at 2000 RPM), and a 5 µm-layer for pillars (SU-8 2005 spin-coated at 3000 RPM). SU-8 is sentitive to UV-light, we therefore used the 380 nm laser beam. The speed and the power light were respectively fixed at 2 mm/s and 60%. We additionally used a filter to reduce the power down to 30% to prevent a strong exposure which might have caused the degradation of the photoresist.

The main advantage of direct lithography lies on the 2 µm-large laser beam, allowing to form well defined designs. The resulted microfluidic PDMS chips finally consisted of 5 µmlarge pillars and 10 µm-large traps, with a 2 µm-large window at the middle of the weir (Fig.

2.14).

However, Dilase presents two main disadvantages. (i) This technique does not provide an automatic focus, which restricts the z-plane at a fixed position regardless of the variation of the thickness on the SU-8 photoresist. The edges of the silicon wafer present large variations of the thickness, restricting its use to the very center of the wafer. The rest of the substrate remains unfortunately unused. A 200 µm-thick silicon wafer was therefore used because the resulted designs were not well defined on 800 µm-thick substrates. We assumed the thick silicon wafer exhibits larger surface variations, where the laser beam looses its focus. A 200 µmthick wafer is unfortunately fragile, and breaks easily. A rounded thick glass slide can be stuck below silicon molds to prevent such events. Besides, the optical path may gradually shift in the course of usages, hence the non-autofocus imposes a new calibration for each new usage, which is highly time-consuming. (i) The direct lithography on silicon wafer implies another entire long fabrication process for new mold fabrication. Due to the laser beam's low speed and high resolution, the process lasts up to 15 hours. Consequently, we decided to change the microfabrication technique and focus our work on the combination of direct lithography for chrome mask design and of photolithography for silicon mold fabrication.

Direct lithography on chrome masks and photolithography: combination of MicroPG and MJB4

We first created chrome masks with the direct lithography method using MicroPG machine.

We used two chrome masks, one for pillars and another one for traps. Chrome masks are composed of a positive photoresist and of chrome layers lying on a thick glass substrate (Fig. 2.15a).

The principle of chrome mask design resides in the photoresist melting via UV-light exposure, then the chrome etching. The final transparent regions shape the desired design as shown in figure 2.15b.

Second, the photolithography step was achieved with the high-resoluted MJB4 machine which ensures the two layers alignment. The 10 µm-large and 5 µm-large thicknesses of the photoresist were respectively used for traps and pillars. The alignment of designs from the two chrome masks was achieved with the complementary crosses displaying on three sides of the designs (Fig. 2.15b). The resolution of both microPG and MJB4 is high enough (2 µm) to obtain a fine precision of the resulted microfluidic traps (Fig. 2.16). 
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Surface treatment

One of the most important issues in the selection of an appropriate material for a device is surface chemistry. Silicon molds can be treated to avoid undesirable reactions with air or other surfaces over time and keep them for in the long run [95] [96]. We thus treated it with silanemolecules to confer new hydrophobic properties for a long-term protection [95].

The organosilanes are R n SiX (4-n) type molecules where R is a carbon chain, usually containing hydrophobic entities, and X a hydrolyzable group such as OH, -Cl, -OMe or -OEt. X moieties will further help attach silane to the substrate. Organosilane can be anchored to the silicon surface through the silanization process divided into four steps (Fig. 2.17) [96]. (i) Ph- After activation with plasma, the silicon surface is highly hydrophilic (contact angle < 90 • ), then becomes slightly hydrophobic (contact angle ∼ 90 • ) after 10 min of treatment with silanes.

The contact angle values are constant from 10 to 60 min of treatment with trichloro-methyl-
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silane, and equal to 87 • . By contrast, these values keep increasing after one hour of treatment with the trichloro-perfluoro-octyl-silane, and reaches 104 • . The contact angle of a non-treated poly(dimethyl siloxane) (PDMS) surface, the soft polymer used to replicate chips from silicon mold, is 104.0 • ± 0.7 • . We therefore chose the trichloro-methyl-silane which ensures a constant difference of 20 • between the silicon-PDMS interface. This slight difference prevents PDMS to adhere to the silicon substrate. Silanes create covalent bonds with silicone surface, thus rendering the silanization robust for a long-term protection.

Treatment time (min) Trichloro-methyl-silane Trichloro-perfluoro-octyl-silane 0 7.9 ± 0.7 7.9 ± 0. 

Fabrication of chips: Soft lithography

Soft lithography represents the second step for chip fabrication [98]. This process consists in transferring a pattern from a masterpiece, the silicon mold, into a polymer surface, such as PDMS [85].

PDMS is a polymer made of inorganic siloxane backbone and organic methyl groups attached to silicon [99]. Due to its low glass transition temperature, PDMS is liquid at room temperature [98]. Hence, it can be easily poured over the silicon master without specific conditions. PDMS is then cured with heat and peeled off, as illustrated in figure 2.19a. The obtained PDMS device structure presents the inverse pattern of the original silicon mold. The PDMS piece is then covalently sealed onto a glass substrate (Fig. 2.19b). The assembling step requires the oxidation of both PDMS and glass sides to form Si-OH bonds on surfaces via plasma treatment. The two activated surfaces are then put together, which give rise to Si-O-Si covalent bindings, leading to a robust assembling.

PDMS presents advantages applied to biological studies: (i) its good chemical stability preventing reaction or irreversible attachment with other surfaces (PDMS, silicon, glass), and (ii) its optical transparency down to 300 nm allowing the microscopy observation through thin layers of PDMS [98]. Nevertheless, PDMS presents several disadvantages. The porosity of the polymer limits its use with certain substances, as it can swell in a presence of non polar organic solvents such as toluene and hexane [98]. The softness of the elastomer limits the aspect ratio 

Experimental results: PDMS chips and their assembling on glass

PDMS is mixed with its related cross-linkers in a ratio of 10:1. The liquid PDMS is then poured onto the silicon mold, placed under vacuum to remove air bubble, and cured at 90 • C in a dedicated oven. The pieces were cut and perforated with a 0.75 mm-large puncher to create inlets and outlets. They are then embedded on a thin glass substrate specifically made for microscopy purpose (Fig. 2.21a). The chip is finally connected with a pressure controller via Tygon and PTFE tubings (Fig. 2.21b). The final chip is placed under a microscope equipped with an incubator which keeps chips and trapped droplet-cells pairs at 37 • C during the experiment.

Unmodified PDMS intrinsically presents a hydrophobic surface. The oxidation of the PDMS surface after plasma treatment is unstable in the air and reverts to hydrophobic in 30 min [101].

The poly(vinylpyrrolidone) (PVP) has been investigated to confer long-term hydrophilic prop- erties to PDMS surface and also presents the advantage of significantly inhibiting proteins adsorption and cell adhesion compared with unmodified substrates [102]. During my experiments, I coated the edges of microfluidic chips (channels and traps) with a 0.25%v/v PVP solution.

Discussion

Although we will detail the results concerning the B cell polarization in the next chapters, we herein discuss the experimental statistics of droplet-cell trapping and their acquisition, then propose new perspectives to improve the setup we have developed.

Experimentally, the statistics of trapped droplet-cell pairs in the two-layered chips was low compared to the number of traps available into one chamber. Most of the time, we captured a maximum of 20 pairs for an experiment whereas a chamber contains more than 150 traps. At a minimum, only a few synapses (∼ 5) were imaged. (i) Doublets were more likely to be captured at the beginning and the end of the chip, while the center was devoid of objects. (ii) Although a two-layered system favors the droplet-cell pairing, it also promotes a significant number of droplet-droplet and cell-cell pairs. (iii) Also, the cells insertion after the droplets trapping requires the change the tubing in the inlet. This step used to create a back-flow which removes droplets from their weirs structures.

These first points inevitably reduce the statistics of analyzed cells and increases the time of realizing an experiment. A further improvement of the chip would consist in refining the two-layered chip geometry by both modeling the hydrodynamic trapping with simulations, and developing a sustainable inlets designs to avoid changing of tubing.

Even if droplet-cell pairs would occupy all traps, microscopy constraints do not allow to image more than 50 synapses, due to a compromise that has to be made between field of view and spatio-temporal resolution. (i) Although a large scale objective can acquire the whole chamber, it must decrease the image resolution and complicate the following quantification. (ii) A high
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objective resolution improves the image quality, but also reduce the number of traps recorded in one picture. A short time frame (between 30 and 45 sec) needed to record the polarization dynamic, and a low stage displacement speed of the microscope do not collectively allow the acquisition of the complete chamber. Consequently, we would need to use either an objective with a lower magnification and a higher resolution, or a microscope ensuring a more rapid stage displacement.

Alternatively, we must decrease the chamber size thus the number of traps available, in order to occupy the whole chamber with droplet-cells pairs and allow the imaging of the entire chip.

Although a high-throughput improvement is tempting and would be necessary, we are over all satisfy with the numbers of kinetics as they are comparable to the ones obtained in cellsubstrate interactions in previous works, where they range between 20 and 30 cells in more than three experiments [49][39][50].

Shear stress and physiological flow conditions into microfluidic traps

After realizing microfluidic traps, we will inquire if shear stresses generated by continuous flow conditions into such systems can affect cells viability and droplets stability, thus alter the immunological synapse itself. We will first define the shear stress and then investigate the different flow conditions into in vivo vessels comparing to those in microlfuidic traps.

Definitions of shear stress

All materials can undergo mechanical deformation, called strain if they are subjected to external stress. This strain depends on the direction of the applied force, such as normal strain or shear strain. Normal forces induce a longitudinal elongation of the object. By contrast, shear strain is the deformation of an object in which parallel planes remain parallel but are shifted by a certain angle (Fig. 2.22) [103]. The shear strain is thus the internal distribution of strain induced by a shear stress.

The shear stress, expressed in Pa, is related to the shear rate, i.e. the degree of speed at which a flow circulates, expressed in s -1 . For a newtonien fluid, the shear stress τ is linearly correlated to the shear rate γ by the fluid viscosity η (Pa.s or cP):

τ = η. γ (2.4)
where γ is defined as:

γ = du dr (2.5)
where u is the fluid velocity, and r the radius of the circular conduit within which fluid circulates.

As a consequence, the shear stress increases with both fluid velocity and viscosity. At a constant flow rate, it increases with lower dimensions of the tube within which the fluid circulates. According to the equations 2.4 and 2.5, the shear stress is higher in smaller vessels, and is lowered in larger conduits. This is consistent with previous studies determining the shear stress into different vessels such as arterioles, capillaries, venules, but also aorta and large veins [106].

The corresponding results are reported in figure 2.23. These values are overall much lower than in blood vessels [106].

A high shear stress imposed in T lymphocytes (10-20 Pa), generates serious damages in the proliferation of cells [110] and affects their adhesiveness onto endothelial cells during their migration [111]. Diffusive large B cell lymphomas, which are lymphoproliferative tumors, proliferate better under a flow (0.13 Pa) than under static conditions. In this case, this flow imposes an ideal shear stress which does not alter cell viability, and exposes cells to nutrients mass transport that supports their survival, proliferation, and drug-resistance [112]. Consequently, flow conditions can negatively or positively affect functions of circulating cells, by respectively imposing an undesirable shear stress or bringing required nutrients for cell survival.

SHEAR STRESS AND PHYSIOLOGICAL FLOW CONDITIONS INTO MICROFLUIDIC TRAPS

Shear stress into microfluidic-trap device

Microfluidic chips are ideal devices to produce a flow into a micro-environment, and study the impact of fluid shear rate on endothelial [113] and circulating cells [19][114]. We need to keep in mind that two approximations are made to evaluate the shear forces into microfluidic systems:

(i) Flows must be Newtonian. Usually, the physiological fluids are considered to be Newtonian, i.e. the shear stress is proportional to the shear rate (see section 2.4.1). In this case, the equation 2.4 is reliable. However, this approximation is only pertinent for large blood vessels, such as arteries, where the hematocrit, i.e. the concentration of red circulating cells, is low. In the case of smaller vessels such as arterioles, or venules, the decrease of channel size increases the cells' concentration, and affects the nature of the fluid [106] which can shift to non-Newtonian. * The effort to make a fluid Newtonian into microfluidic chips thus resides in increasing the chamber size and/or decreasing the concentration of cells, and thus avoid the dramatic change in viscosity. †

(ii) Flows must be laminar. The hemodynamic inside blood vessels involves superficial stresses near the vessel walls, that induces two distinct regions within which the flow acts differently. The regions where the flow is inconsistent and present eddies correspond to a turbulent regime. Such conditions are often observed in the aorta or at arterial bifurcations [103]. By contrast, regions where flow is stable and unidirectional with no recirculation of fluid correspond to a laminar regime [107]. The laminar regime is easier to study compared with a turbulent flow which develops complicated local characteristics [103]. Also, laminar flows impose a lower fluid shear stress than a turbulent regime thus tend to reduce risks of altering cells [103]. As mentioned before, microfluidic devices usually impose laminar flows as Reynold number is low (see section 2.1), hence they only mimic physiological laminar flows [19][114] [112].

Three studies investigated shear stress on circulating T cells [114], B lymphocytes [19], and B cancer cells [112] into a microfluidic chamber. Authors successfully and respectively imposed 0.15 Pa, 0.004-0.25 Pa, and 0.13 Pa on lymphocytes, which correspond to physiological range of fluid shear stress [108][109]. Moreover, the shear stress on the microfluidic-traps device has not been directly investigated but can be determined with the flow rate and the dimensions of a rectangular chamber. The shear stress τ can be defined as: [116] * For similar concentration, blood viscosity in arteries is about 3.5 cP (i.e. 3.5 mPa.s), whereas in smaller conduits such as venules, blood viscosity can be higher than 10 cP [103].

† For instance, in 28 µm-large venules, the concentration of granulocytes is about 3.5 x 10 6 mL -1 [104], for a size average of 9.6 ± 0.5µm [115]. In microfluidic chips, much lower concentrations of circulating cells can be reached, such as 10 6 mL -1 [19] and 5 x 10 5 mL -1 [114], for about 7.4 µm-large leukocytes [115]. Dimensions of microfluidic chambers can be extended up to 0.6 cm [112].
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CELL-CELL INTERACTIONS τ = 3 2 µ Q a 2 b (2.6)
where Q is the flow rate, a the half height of the chamber, and b the width of the chamber.

With Q = 0.4 µL.min -1 , the maximum shear stress of the double-layered microfluidic-traps device of Skelley et al. [73] surrounded by water is about 0.02 Pa. This value is consistent with the previous studies evaluating the physiological range of fluid shear stress [108][109]. Consequently, the shear stress imposed in these microfluidic traps can well mimic the physiological flow.

Experimental results: Microfabricated traps do not disturb cell viability and droplet stability Shear stress into the microfluidic chip

The shear stress into the chips we developed was investigated by modeling, thanks to Nicolas Ruyssen and Rachele Allena from ENSAM (Paris) with whom we collaborated.

We investigated the velocity and the shear stress of the fluid into the two-layered microfluidic chips shown in figure 2.16. We aim to simplify the Navier-Stokes with four conditions related to the microfluidic device we used:

(i) The low dimensions of the geometry imposes a laminar flow into the chip (Re ∼10 -6 ), therefore:

ρ - → g = - → 0 (2.7)
where -→ g is the acceleration.

(ii) The fluid (culture medium) is considered Newtonian, i.e. the shear stress is proportionally related to the shear rate, thus the boundary conditions to the walls corresponds to a zero speed:

- → V walls = - → 0 (2.8)
where -→ V is the fluid velocity vector.

(iii) The fluid is incompressible, i.e. its density is constant, thus the fluid mass conservation is defined as:

div( - → V ) = 0 (2.9)
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(iv) At the stationary regime, the fluid density does not change over time:

∂(ρ - → V ) ∂t = - → 0 (2.10)
where ρ is the fluid density.

A a consequence, the Navier-Stockes equation is simplified and the velocity -→ V follows the Stokes equation:

µ∆ - → V - - → ∇P = - → 0 (2.11)
where P is the pressure and µ the dynamic fluid viscosity.

N. Ruyssen used a 2D simulation to prevent tedious equations and lower the calculation time. He only considered the pillars between which the fluid flows. The thickness of the chip is equal to 15 µm, hence can not be neglected compared to the width of the chip. We have to consider the boundary conditions at the walls following the z direction. We hence apply the shallow channel approximation, which consists in adding a fictive force per volume unit to the equation 2.11, corresponding to a frictional contribution depending on the thickness h of the chip and the viscosity µ of the fluid:

- → F = - 12µ h 2 - → V (2.
12)

The finite element method was used to perform 2D simulation. It consists in dividing the geometry with an ensemble of polyhedra, representing a mesh. Each node of this network corresponds to a velocity value. The smaller the mesh, the higher the resolution. We hence investigated the stability of the droplets we formulated into a microfluidic chip submitted to a constant flow of 1 kPa, over 40 minutes. We briefly introduced a few droplets characteristics in this section, although they will be more detailed in chapters 3 and 4. We formed Altogether these results demonstrate that the microfluidic traps we developed and the flow conditions imposed in such systems are suitable to ensure both cells viability and droplets stability. These two facts are essential to create a robust and trustworthy microfluidic platform for droplet-cell interactions studies.

Conclusions and perspectives

We have seen in this chapter that double-layered U-traps, i.e. ordered single-cell isolation arrays, ensure a spatio-temporal control of the encounter by immobilizing and compartmentalizing cell-droplet pairs in a precise location. These conditions can guarantee a fixed axis of polarization, rendering the image processing reliable, and a precise time-lapse, making the kinetic of polarization much more trustworthy for subsequent studies of droplet-cell contacts.

We have chosen highly-resolutive methods for developing such microfluidic traps. The mi-croPG technique is currently the best available technique allowing an efficient fabrication of chrome masks. The subsequent photolithography step provided by the MJB4 machine leads to a silicon-wafer mold bearing 15 µm-thick double-layered traps. We then used classical soft lithography techniques to create final PDMS chips.

Several studies showed that the physiological fluid shear stress into lymph vessels, within which circulate B cells, is 0.03-1.2 Pa. We found that the fluid inside the designed microfluidictrap devices safely transports cells to weirs and keeps them into the chamber with a in vivo-like shear stress of 0.05-0.15 Pa, which thus does not alter their lymphocytes functions. We have also seen that such flow conditions do not affect stability of proteins-coated droplets over 40 min.

As a conclusion, microfluidic traps naturally emerge as tools guaranteeing a sustainable droplet-cell pairing in a controlled microenvironment, without altering B cell functions and viability, and droplets stability. We will now better investigate the roles and functions of droplets under the scope of the B cell synapse in the next chapters.

Chapter 3

Physico-chemistry of emulsion droplets and their applications for APC-like models 

CHAPTER 3. PHYSICO-CHEMISTRY OF EMULSION DROPLETS AND THEIR APPLICATIONS FOR APC-LIKE MODELS

Before investigating the B cells synapse involving droplets, we first need to understand and appreciate the beauty of soft matter. We will then explore the physico-chemistry of emulsions droplets, all their characteristics and functions which will subsequently lead us to use them as APC-like droplets. This chapter aims to progressively link the biological context with the soft matter by bringing required knowledge to appreciate the emergence of the use of emulsions droplets interacting with cells.

To better understand the complex interface which consists of emulsions droplets, we will define the components required to form such systems. The related sections will present general laws of physics and thermodynamic governing both droplets formation and stability. Afterwards, we will disclose the techniques leading to the characterizations of the oil/water interface or directly of the formed droplets surface.

We will then focus on both lipids and proteins functionalization providing new surface properties to emulsions droplets, such as their ability to create specific contacts with cells. We will appreciate that cell-like droplets offer to experimenters new insights and perspectives of the usual in vitro cell-cell contacts, and activate cellular responses that are precisely measured and quantified. We will see that droplets present three main characteristics similar to APCs membrane: tunable deformability, lateral fluidity, and controlled ligand concentration, which make them ideal APC-like models.

Definitions

Emulsion droplets

Emulsions are all around us; we use them every day. They are omnipresent in food [117] [118], such as milk, butter, mayonnaise or a vinaigrette. The cosmetic field creates countless creams which are once again emulsions [119]. They are used as drug carriers in pharmaceutical research [120]. Finally, the petroleum industry uses knowledge of emulsion science to drill oil from the ground [121]. What exactly are they?

An emulsion is a mixture of two immiscible liquids, typically oil and water. Mixtures of these two phases only are not stable and tend to separate into two distinct phases. The introduction of a third agent, called emulsifier, is constantly required to stabilize the emulsions [122].

For example, the formation of a vinaigrette only composed of oil and vinegar (vinegar is made of 99% of water) leads to the phase separation, oil at the top and water at the bottom. Adding a little amount of mustard makes this vinaigrette homogeneous. In reality, mixing oil and vinegar with mustard leads to stable droplets, where mustard plays the role of emulsifiers which stabilize oil-in-vinegar droplets.

An emulsion is a colloidal dispersion which is defined as a two-phase system where (i) a dispersed phase, solid, liquid, or gas, bathes in (ii) a continuous liquid medium. The dispersed phase is submitted to thermal agitation. It consists of the dispersion of colloidal particles in a phase in which they do not dissolve or combine, thus in which they are stable. Three kinds of colloidal dispersion can be differentiated as [118]:

(i) A dispersion of solid particles in a liquid environment is called suspension;

(ii) A system composed of gas molecules dispersed on a liquid medium is defined as foam;

(iii) Liquid droplets bathing on a liquid phase is known as emulsion.

The process of homogenizing a dispersed phase and a continuous one with emulsifiers is called emulsification. Emulsions are consequently homogeneous at macroscopic scale as they form one and single-phase, but heterogeneous at microscopic scale since they are composed of stabilized spherical droplets bathing in a second medium (Fig. 

Emulsifiers

Emulsifiers are adsorbed in the liquid-liquid interface. They have an affinity with both dispersed and continuous phases, and shape emulsion surface in terms of stability and structure [122]. The nature of the emulsifier also determines the ease of emulsion formation and the final features of the resulting product [123]. The choice of the appropriate emulsifier is one of the most critical aspect for formulating emulsion-based products.

Nature of emulsifiers

Emulsifiers are classified into two types: surface-active agents, also named surfactants [124] and finely divided solids. Although finely divided solids are not used during the formation of emulsions we experimentally developed in these studies, I stiff briefly describe them in this section.

Surfactants. Surfactants are small molecules presenting a high affinity with both oil and water phases as they exhibit a hydrophobic tail and a hydrophilic head. They are amphiphilic. Popular surfactants are sodium lauryl sulfate (SDS), cetyl trimethylammonium bromide (CTAB), Triton X-100, Pluronics, Tweens, and Spans (Fig. 4.3). They undergo hydrophobic and hydrophilic interactions with dispersed and continuous phases. Water solvates head groups and oil exert hydrophobic attraction forces on chains. Due to the headgroup size and the chain length, but also their repulsion, surfactants present a certain area of the hydrophilic part and a particular volume of hydrophobic side [125]. Both determine the shape of the resulted emulsion (Fig. 3.3) [125].

The dominance of the hydrophilic interactions due to large headgroups, leads to the formation of oil-in-water droplets (o/w), also called direct structures. In this case, the hydrophobic chain resides in the oil droplet, whereas the hydrophilic head group resides in the aqueous phase.

By contrast, a large chains volume increased by the presence of branched chains, induces the formation of water-in-oil droplets (w/o), also called inverted structures [125]. For a w/o emul- Finely divided solids. The discovery of the particle-stabilized emulsions is attributed to Pickering, who published the first experimental study in 1907 for plant spray applications [126].

Following studies described metal salts-stabilized emulsions and their stability [127] [128], or Pickering emulsion made of clay and silica microsphere, magnetic nanoparticles and carbon nanotubes [129]. Fine solids act as mechanical stabilizers. Emulsion dimensions and stability are based on solid particles size, interactions, and wettability [129]. 
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Characteristics of surfactants

Due to their amphiphilic structure, surfactants are characterized by the balance between their hydrophilic and hydrophobic parts. The Hydrophilic-Lipophilic Balance (HLB) assigns a number for each surfactant depending the amount of their hydrophilic and hydrophobic moieties. W. C. Griffin has first proposed a simple equation for calculation of HLB of nonoinic surfactants [130]:

HBL = 20. M h M (3.1)
where M h is the molecular mass of the hydrophilic moieties of the molecule, and M is the molecular mass of the whole molecule. This HLB only concerns non-ionic surfactants, i.e.

non-charged molecules [123]. However, surfactants can carry positive or negative charges on their hydrophilic head. For instance, the head moiety of (i) anionic surfactants bears a negative charge, (ii) ones of cationic emulsifiers holds a positive charge, and (iii) zwitterionic molecules convey both positive and negative charges [131]. Their solvatation by the water phase is then improved. Therefore, J.E. Davies devised another method for calculating the HLB number for surfactants from their chemical formulae, using empirically determined group numbers [132].

HBL = 7 + (Hydrophilic groups number) + (lipophilic groups number) (3.2)
In both cases, HLB assigns a number to the surfactant between 0 and 20 [133]. The higher HLB value is, the more surfactants are hydrophilic. It is worth noting that HLB is also assigned to agents that are not considered as surfactants but are frequently used as emulsifiers, such as polymers, proteins, and phospholipids [133]. The table 3 Regardless of their nature, surfactants self-assemble and give rise to different structures.

They are initially monomers at low concentrations in the continuous phase. From a critical concentration, surfactant monomers self-assemble and create ordered aggregates, called micelles [133]. This starting point is so-called critical micelle concentration (CMC). At much higher concentrations, surfactants self-assemble in larger planar structures, bilayers, depending on their structures (Fig. 

Thermodynamic and kinetic stability

To better understand the difference between thermodynamic and kinetic stability, let's take a daily life example. Preparing a vinaigrette consists in forming emulsions. If one puts in a recipient oil (oil phase), vinegar (water phase) and mustard (surfactants), the vinaigrette will not be made without any type of stirring energy. This separated system is thermodynamically stable and needs energy to cross a barrier to form droplets (Step 1, Fig. At the interface, molecules are constraint since hydrophobic (oil) and hydroplilic (water)

entities attract and repel each other [136]. Because of the immiscibility between two phases, molecules at the interface interact less with bulk moieties than molecules in the volume (Fig.

3.7)

. The total attractive interaction per molecule is therefore lower at the interface than in volume [137], and this deficiency of attraction forces creates a significant tension, called interfacial tension γ. The higher the attraction forces in bulk are, the greater the surface tension at the interface is. Liquids tend to minimize this surface energy for better stability, therefore limit their exhibited surface. This phenomenon explains why droplets are spherical: this geometry minimizes the interfacial energy by decreasing their interfacial area [137]. Surface tension can be expressed both by the dimension of a force per unit length (N/m), or by an energy per unit area (J/m 2 ).

Hydrophilic attractive forces

Hydrophobic attractive forces

Oil-water interface Thermodynamically speaking, the interface was precisely defined by Gibbs as being the dividing line between two homogenous phases providing uniform thermodynamics properties such as density, molar mass, for instance [123]. The resultant Gibbs free energy G σ at the interface is related to the surface tension γ and the surface area of the interface A. At constant CHAPTER 3. PHYSICO-CHEMISTRY OF EMULSION DROPLETS AND THEIR APPLICATIONS FOR APC-LIKE MODELS temperature and composition, the interfacial tension is therefore defined as:

γ = ∂G σ ∂A T,n (3.3)
The free energy of formation from a two separate-phase system to an emulsion state is made of (i) an entropic component S σ related to the different configurations produced by the system, and (ii) a surface energy term related to the interfacial tension γ. The energy of formation ∆G f ormation is therefore expressed as:

∆G f ormation = -S σ ∆T + γ∆A (3.4)
where T is the absolute temperature and A the interfacial area.

Forming droplets leads to the surface area extension which increases this free energy. Forming droplets thus seems not possible. Therefore, how to form an emulsion? The system has to decrease its free energy of formation ∆G f ormation . According to the equation 3.4, two cases arise:

• If S σ ∆T γ∆A: ∆G f ormation 0. In this case, the free energy of formation is positive, hence the formation of droplets is not possible. The high surface tension between two immiscible phases, such as oil and water, prevents the formation of droplets.

• If S σ ∆T γ∆A: ∆G f ormation 0. In this case, the free energy is negative. The low surface tension and the gain of entropy promotes the droplet formation.

Surfactants, due to their amphiphilic structures, lower the interfacial tension and decrease the free energy of formation [123]. Their presence is therefore mandatory to form droplets.

For most of the cases, surfactants do not lessen enough the interfacial tension. Droplet formation is still not spontaneous. The external energy is also required for overcoming the energy barrier and creating droplets [138].

Methods of formulation

Most of the formulation techniques use mechanical forces, such as stirring methods [139],

rotor-stator devices [140], microfluidic chips [141], and membrane-based devices of emulsification [142]. Generally, droplets are obtained by shearing two immiscible fluids, which leads to the fragmentation of one phase into the other. Both the viscous resistance of fluids and the velocity of agitation increase the shear stress during the emulsification process [138]. A part of the energy of mechanical agitation is dissipated as heat. Therefore, another technique based on ultrasounds, was investigated to dissipate less energy.

DROPLET FORMATION

The creation of small droplets induces a greater expansion of the interface than that for larger one, leading to higher formation energy (see eq. 3.4). As a consequence, the emulsification of small droplets requires more surfactants (see section 3.1.2) and/or more energy than the formulation of large droplets. The droplet size highly depends on the method used [138].

Ultrasounds technique injects a larger amount of energy into the system, thus induces smaller droplets production, such as microemulsions [139]. By contrast, emulsions are formed by mechanical agitation processes.

Adding a constant energy during the emulsification step leads to form monodispersed emulsions [122], which increase droplets stability (see section 3.3) and are convenient for more advanced purposes [143].

This section aims to detail three emulsification techniques based on mechanical processes to form monodispersed emulsions, which were used during my Ph.D. studies. The following parts describe: (i) The Couette cell apparatus, (ii) microfluidic droplet generators, and (iii) the membrane emulsification technique (SPG).

Couette device: the rotor stator technique

The Couette device is based on a rotor-stator technique, developed by Mason and J. Bibette in 1997 [140]. Its name comes from the Couette flow, i.e. the flow induced by a viscous fluid trapped between two surfaces, one moving relatively to the other. Accordingly, the Couette technique consists in inserting between two metal cylinders separated by a gap of few tenth of microns, a raw, dense and polydispersed emulsion (produced by hand stirring). The coaxial rotation of these two cylinders implies a constant shear stress on the above mentioned emulsion, and break large droplets into smaller ones (Fig. 4.1). The size distribution then sharpens (Fig.

3.9). The Couette device produces large batches of droplets (5-10 mL of compact emulsion) from 3 to 20 µm. Although the rotation speed is constant and homogeneous over time, Couette cell apparatus generate droplets with a polydispersity about 15%-25% [140].

The shear force expands with a high velocity of rotation and an important viscosity from the continuous phase. For oil-in-water emulsions, small droplets are then obtained from high-speed rotation and high viscosity of the aqueous phase. By contrast, the droplet size increases with the viscosity of the dispersed phase [140] [144]. Then, elongated droplets break under shear forces, and form a monodispersed emulsion. For similar shear forces, the rates of the droplet elongation and of the breakup are higher in the case of larger droplets. [144] 

DROPLET FORMATION

Microscale flows: Microfluidic chips

As already mentioned in the previous chapter, microfluidics is the science of manipulating fluids at the microscopic level (from 5 to 500 µm). At this scale, the inertial forces are negligible compared to the viscous ones. In this line, the Reynolds number, defined as the ratio between the inertial and viscous contributions, is low (< 2000). These conditions imply a laminar regime, opposed to a turbulent regime for high values of the Reynolds number [146]. The laminar case imposes lateral flows that do not mix. This state does not present eddies as the turbulent regime The size of droplets is tuned by the interfacial tension and the flow rate of both fluids. In the case of oil-in-water droplets, water flows induce shear forces on oil phase: the greater water flow rate is, the higher shearing forces are. These parameters changes induce different modes such as dripping, jetting, and tip-streaming (Fig. 3.11) [68] and thus change the droplets size.

If the interfacial tension contribution, which tends to minimize the area of the water-oil interface, is higher than shear forces (or viscous forces), large droplets (> 15 µm) are formed by a dripping regime. By contrast, smaller droplets (between 10 and 15 µm) are formed when viscous forces tend to elongate the oil phase until its breakage. This regime is called jetting. The A fine control of both geometries and shear rates induce highly monodispersed emulsions, with a CV reaching 5% [69]. Nevertheless, flow rates are low (a few hundreds of µL/min) thus the production is not efficient. Membrane Emulsification: Shirasu Porous Glass Membrane emulsification is an interesting technique in that it combines the advantages of large batches production generated by Couette device, and monodispersity of droplets ensured by microfluidic chips [149]. This process consists in applying a pressure on the dispersed phase that passes through a microporous membrane and reaches the continuous phase directly as emulsified droplets (Fig. 3.13) [150]. Droplets grow at the pore of the membrane surface and are stabilized by surfactants present in the continuous phase. An important parameter is the critical pressure under which no permeation of the dispersed phase is possible. This pressure decreases with the increase of the pore size [150]. When the pressure applied on the dispersed phase overcomes the critical value, droplet formation at the membrane surface starts. At a certain size, they detach from the membrane (Fig. 4.3).

We herein particularly focus on the Shirasu porous glass (SPG) membrane emulsification which was developed by Nakashima in 1991 [142]. Cylindrical membranes are inserted on metallic pieces through which flows the dispersed phase until reaching the continuous phase on the other membrane size (Fig. 4.3 and 3.13). In this process, the final droplets size corresponds to three times the pore size [151]. Therefore, to obtain a narrow distribution of droplets size requires a narrow size distribution of pores and strong material to resist deformation when pressure is applied [152]. Membranes, with defined and monodispersed pore size, are commercially available (Fig. SPG emulsification membrane can produces a few microns-large droplets with a dramatic reduction of the shear stress compared to Couette cell apparatus and microfluidic devices. This characteristic does not affect biomolecules during the emulsification step. The SPG emulsification process is therefore used for biological purposes such as drug carrier droplets [149][151].

The table 3 

Stability of emulsion droplets 3.3.1 Interactions energies between droplets

Once formed, emulsion undergoes attractive and repulsive forces. Particles attract each other due to their intrinsic bulk properties that are involved in Van der Waals forces. On droplet surface, the presence of surfactants induces steric repulsion, but also electrostatic repulsion if they are charged [123] [154]. The DLVO theory and the principle of steric stabilization illustrate the balance of attractive and repulsive forces.

Attraction forces

Van der Waals forces, also known as dispersion forces, describe the distance-dependent interactions between two small particles such as atoms or molecules [154]. In this section, we will outline the Van der Waals forces in the case of emulsions, and conclude that these dispersion forces are attractive for droplets of similar properties [123].

Van der Waals equation describes forces between small particles such as atoms. Hamaker gave a macroscopic dimension at these dispersion forces by taking into account the size of bigger bodies (emulsions for instance) and the surrounding phase [155]. For a distance h between two monodispersed particles of radius r, the energy G V dW is expressed as:

G V dW = - Ar 12h (3.5)
where A is the Hamaker constant relative to the interaction between two droplets.

For droplets made of similar fluids 1 surrounded by a third medium 3, A is indicated as:

A = A 1/2 11 -A 1/2 33 2 (3.6)
In this case, A is positive hence G V dW negative. The Van der Waals forces are consequently always attractive for similar materials interacting through a media, such as oil-in-water droplets 

Repulsion forces

The electrostatic repulsion concerns the interaction between two charged particles, such as droplets covered by ionic surfactants [154]. They tend to repel each other due to similar charges they carry. Each particle is surrounded by a double layer characterized by an expansion dimension (or Debye screening length) 1/κ, and the electrostatic surface potential ψ, i.e. the potential difference between the electrolyte solution and the particle (Fig. 3.16) [155]. κ increases with ions concentration and valency, which is defined the charges number an ion carries. ψ increases closer to the particle surface. If two bodies become too close, their respective double layers overlap, and the repulsion occurs. More precisely, the electrostatic repulsion G el exponentially increases with decrease of the distance h between the two particles * :

G el = 2πε r ε 0 ψ 2 ln(1 + exp -κh ) (3.7)
where ε r and ε 0 are respectively the permittivities of the surrounding medium and free space, characterized by their ability to get polarized.

Four scientists Boris Derjaguin, Lev Landau, Evert Verwey and Theodoor Overbeek characterized the association of electrostatic repulsion and the Van der Waals attraction forces: the DLVO theory [155]. The total resulted energy G T otal is expressed as: For a negative-charged particle, the first layer contains positive charges that compensate the surface of the object. The second layer contains both positive and negative charges. The electrostatic surface potential ψ therefore decreases with the distance x of the double layer. Adapted from [156]. 

G T otal = G V dW + G el
h 0 G h G el G V dW G T otal
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According to the figure 3.17, G T otal presents an energy barrier which reaches a maximum at h 0 , where the repulsion forces are higher than the attractive ones. Thus, droplets can not exceed this critical separation distance. Their aggregation is therefore prevented. However, the addition of electrolytes in solution lowers this energy barrier, and promotes droplet agglomeration, thus emulsion instability [123].

Let's focus on steric repulsion when droplets are stablized with non-ionic surfactants. Two droplets are surrounded by long chains of length δ. The more these chains overlap, the more steric repulsion intensifies [135]. The energy of steric repulsion G ste consequently depends on the chain length δ and the distance h separating these two particles (Fig. 3.18), as: The association of steric repulsion and Van der Waals attractive forces produces the theory of steric stabilization [157]: (ii) h = 2δ: attractive forces dominate, droplets are placed on a potential well and are stabilized.

G steric ∝ δ - h 2 2 2δ + h 2 (3.9) Particle #1 Particle #2 δ h
G T otal = G V dW + G steric (3.10) 3.3. STABILITY OF EMULSION DROPLETS G min 2δ G h G steric G V dW G T otal
(i) h < 2δ: repulsive forces dominate, droplets repulse each other. Thus, surfactants prevent droplet aggregation by steric repulsion.

When polymeric surfactants are surrounded by a good solvent, meaning the medium and the polymeric chains create attractive hydrophilic or hydrophobic interactions, the length δ of the emulsifier extends. This enhances steric repulsion, and improves particle stability [158].

Emulsion stability, i.e. the ability to resist change in its properties (size, configuration), is governed by attractive and repulsive force balance. As shown previously, the presence of surfactants enhances both steric and electrostatic repulsions. However, droplet stability is still endangered by ineluctable attractive forces (see eq. 3.6). This leads to several reversible and irreversible breakdown processes that are presented in the next section.
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Stability and breakdown processes: how to increase the emulsion stability

Emulsions are metastable, hence their stability decreases over time [123][135]. This results from several breakdown processes that may appear during emulsification and storage, and that I will discuss below. The stability may be affected by the dominance of attractive forces, the disruption of liquid film formed by surfactants, the density difference between the droplets phase and the medium, and finally by a broad droplet size distribution [123].

Flocculation

Flocculation concerns aggregation of droplets without any change of size. This process is governed by the balance of attractive and repulsive forces [133]. It occurs when Van der Waals contribution is very important, and steric or electrostatic repulsion is not sufficient to keep the droplets apart from distances. The stronger the attraction forces and the weaker the repulsion are, the greater the flocculation process is.

Two main features prevent flocculation: (ii) Favoring hydrophilic/hydrophobic interactions between polymeric emulsifiers and the continuous phase: the theory of steric stabilization proves extending polymeric chains maximizes repulsion and therefore, prevents droplet aggregation [123].

Coalescence

Surfactants create a film (monolayer) at the oil-water interface, with a certain stability and thickness, which stabilize droplets [123]. In emulsion systems, this monolayer constantly face collisions and is subjected to fluctuations. These may narrow, even disrupt the interfacial film, and lead to coalescence [159][160]. This irreversible process results in the fusion of two droplets and gives rise to a larger one [160]. With time, the droplets size distribution shifts to larger values. The limits case for coalescence is the complete separation of the emulsion into two distinct liquid phases.

Two main mechanisms lead to lower the coalescence process:

(i) Electrostatic and steric repulsion prevents coalescence since they decrease surface fluctuations [123] [159]. Concretely, oil droplets bathing in phosphate buffer (PB) is more submitted to electronic repulsion than droplets in PBS, hence coalescence less. Also, two droplets bearing surfactants with long chains tend to increase their steric repulsion thus lessen coalescence.

STABILITY OF EMULSION DROPLETS

(ii) Increasing the concentration of surfactants prevents the film disruption which stabilize droplets

[123] [159].

Sedimentation and creaming

Due to their small size, droplets are also subjected to the thermal motion, called Brownian motion, that keeps them momentarily in suspension [123]. If they are large enough to be more subjected to gravitation than Brownian motion, they move to the top, or to the bottom, depending on whether their density is respectively lower or larger than that of the medium [160]. These processes are called creaming and sedimentation [123] [160]. If droplets are smaller and are more submitted to Brownian motion, they longer hold in suspension and finally slowly cream or sediment. In the limiting cases, the droplets form a close-packed array at the top or bottom of the system, and the remaining volume is occupied by the continuous phase.

In a dilute emulsion, the creaming or sedimentation velocity is defined as [160]:

v = 2gr 2 9η cont (ρ cont -ρ disp ) (3.11)
where g is the gravitational force equivalent (or g-force), r and ρ disp are respectively the ra- 

Ostwald ripening

Ostwald ripening is a process of gradual growth of larger droplets at the expense of smaller ones due to mass transport of a soluble dispersed phase through the continuous phase [161].

In the case of oil-in-water emulsion, oil is transported through water phase. The droplet size distribution shifts to larger values and in the limiting case, the system tends to a complete phase separation. This process results from the solubility of the oil in water which increases with the nature of the surfactants characterized by the surface tension γ, and the size distribution of emulsions.

[123]
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The solubility surrounding an oil-in-water droplet of radius r, S(r), is expressed as [123]:

S(r) = S(∞) exp 2γV m rRT (3.12)
where S(∞) is the solubility of oil in the water bulk, V m the molar volume of the dispersed phase, R the gas constant and T the absolute temperature.

According to the equation 3.12, the solubility of oil in water is due to the properties of emulsifiers. By using emulsifiers that greatly reduce surface tension, the oil solubility S(r) is lowered and Ostwald ripening reduced. Furthermore, the solubility of the oil phase increases with a reduction of droplet radius. The solubility of smaller droplets is higher than larger ones, and therefore favors emergence of larger droplets expansion at the expense of smaller ones. Ostwald ripening is therefore slowed down if the droplets are bigger. [123] Considering two oil droplets of radius R 1 and R 2 , bathing on the same continuous phase, it gives rise to:

S(R 1 ) S(R 2 ) = exp 2γV m RT 1 r 1 - 1 r 2 (3.13) 
Equation 3.13 shows that the larger the difference between r 1 and r 2 , the higher the rate of Ostwald ripening. In the case of broad size distribution, r 1 r 2 hence S(r 1 ) S(r 2 ). As consequence, polydispersed emulsions are highly subjected to Ostwald ripening. By contrast, in monodispersed emulsions, r 1 r 2 hence S(r 1 ) S(r 2 ), the mass transport is prevented and Ostwald process is reduced [123].

The figure 3.20 summarizes the different breakdown processes that may occur during droplet emulsification and storage. 
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Surface tension measurements

As mentioned previously, interfacial tension defines the free energy required to make a unit area of the interface between two immiscible liquids (see eq. 3.3). At a molecular level, the interfacial tension results from the loss of attraction force between the interface and the bulk phase. To lower this tension, a system tends to decrease the area of its interface [137].

This phenomenon prompts a difference in pressure between fluids on the internal and external sides of a curved interface, with the higher pressure on the concave side [138]. This pressure difference is called the Laplace pressure. It is defined as:

∆P = P int -P ext (3.14)
The relationship between the Laplace's pressure and the curvature radii R 1 and R 2 , plus the interfacial tension γ brings to the Young-Laplace equation [123]:

∆P = γ 1 R 1 + 1 R 2 (3.15) 
For instance, the interfacial tension between different oil types and water (immiscible phases) is between 30 and 60 mN/m [163], which is high values compared to water-alcool surface tensions (two miscible phases) assessed at between 2 and 4 mN/m [164] (Table 3.3). Let's discover how these surface tension values have been assessed. I will below detail two methods based on the equation 3.15: (i) a gravity-distorted drops analysis, called the pendant drop technique [165], and (ii) the micropipette method, a microtensiometry which analyses the enforced distortion of a droplet [166].

Oil

SURFACE TENSION MEASUREMENTS

Pendant drop

This technique consists in determining the interfacial tension from the dimensions of the pendant drop [165]. Both the surface tension and gravitation shape the drop profile [165][167].

As mentioned before, the surface tension tends to minimize the surface area and get the drop into a spherical shape. Laplace pressure describes this phenomenon. Gravitation, on the other hand, stretches the drop from this spherical shape into a pear-like shape results (Fig. 3.21a) [167].

The pendant technique is therefore based on the evaluation of both contribution of Laplace's pressure, and the pressure change due to gravitational forces.

To asses the surface tension with the pendant drop technique, the experimental setup requires a camera with a low-magnification lens to record the shape of the drop formed when the dispersed phase is slowly injected into a continuous phase bath (Fig. 3.21) [167]. Gravitation causes a pressure difference across the z-axis (Fig. 3.22), it is expressed as: [167] ∆p = ∆ρgz (3.16) where ∆ρ = ρ d -ρ is the difference fluid density between the internal and external sides of the drop, g the acceleration due to gravity, and z the height of the drop.

Therefore, the Laplace pressure at a certain height z is defined as:

∆P (z) = ∆P (0) ± ∆ρgz (3.17)
where P (0) is the Laplace pressure of reference at z = 0.
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The combination of these two equations gives rise to a third one, which determines the relationship between the interfacial tension and the dimensions of a droplet.

γ 1 R 1 + 1 R 2 = ∆P (0) ± ∆ρgz (3.18)
For a pendant drop the principal radii of curvature at the lowest point of the drop z = 0, are:

R 1 = R 2 = R 0 . Consequently, ∆P (0) = γ 2 R 0
. For every point above (z = 0), the drop shape is also characterized in terms of cylindrical coordinates r and z, together with the tangent angle ϕ, it holds: R 2 = x sin ϕ (Fig. 3.22). The mentioned equations lead to: The numerical fit of the theoretical drop contours the shape recorded by the camera and determines R 0 , R 1 , ϕ, z, and r [167]. This finally leads to the surface tension according to the equation 3.19.

γ 1 R 1 + sin ϕ r = γ 2 R ± ∆ρgz (3.19)
It is worth noticing that surfactants are progressively adsorbed at the interface while the pendant drop forms. This process may change the interfacial tension overtime [167]. In the case of high surfactant concentration, the interface may be quickly covered, and the surface tension 

Micropipette

Unlike the pendant drop experiment, the micropipette technique measures the interfacial tension on an already emulsified droplet [166]. The micropipette technique is based on the equilibrium in pressure during the aspiration of the object into the microtube [171]. The capillary is linked to a syringe pump or a pressure controller, which imposes a slight negative pressure on the droplet compared to the continuous phase within which it is suspended [166]. The latter undergoes a slight aspiration that induces a small droplet expansion within the capillary microtube.

The dimensions of the deformed droplet allow the determination of the interfacial tension on the particle [171][166]. As the pendant drop technique, the experiment setup contains a camera to record the deformed droplet profile (Fig. 3.24) [172]. 

∆P d = 2γ R d (3.21)
The Young-Laplace equation can also be applied to the expansion of the droplet within the pipette. The resulted Laplace pressure of the deformed droplet becomes [173]:

∆P = ∆P d + ∆P p = 2γ 1 R d + 1 R e (3.22)
where R p is the radius of the expansion and also the radius of droplet expansion (Fig. 3.25). As an observation, according to the equation 3.21, Laplace pressure increases with the droplet size's decrease. For the continuous phase similar conditions, the internal pressure of small droplets is higher than that of larger ones [138]. This is consistent with the fact that the energy required to form small droplets must be greater compared to larger droplets (see section

3.2.1).

To conclude, the pendant drop is a powerful technique to determine surface tension, but also other thermodynamic features such as the CMC and the surface concentration. However, this method is not adapted for very low surface tension (<1 mN/m), viscous liquids, [174] and large surfactants such as polymers, or phospholipids [175] which may be slowly adsorbed at the interface. To overcome these issues, micropipette directly measures the interfacial tension on the emulsified droplet. It consequently ensures an analysis of droplets stabilized with all types of molecules, such as phospholipids which act as crosslinkers for further protein functionalization.

Functionalization of droplets

The functionalization process provides an essential step for using droplets as biomimetic materials. It consists in covering a surface with active molecules [176]. This process confers new required properties to the initial material. The coating may provide a fundamental change in performance or function [176][177] [178].

Droplets exhibit a liquid-liquid interface which requires the insertion of amphiphilic molecules acting as crosslinkers for further protein functionalization [179]. Commonly, versatile and modular droplet coatings use biotinylated phospholipids linkers, for streptavidined molecule coating [180]. The very strong biotin-streptavidin bond is widely characterized [181][182], and used in advanced droplet functionalization handling [183][184]. This biotin-streptavidin combination provides the covering of ligands for specific adhesion receptors, hence enabling the targeting of specific tissues or cells [59][185] [186].

Insertion of phospholipids at the oil-water interface

Phospholipids are lipids formed by phosphate-containing polar head-groups, and non-polar hydrocarbon chains [179]. On the one hand, the phosphate groups can attach diverse functional moieties, among which the most common are phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylserine (PS) [179]. On the other hand, the type of chains also varies and depends on the number and length of chains, and the carbon saturation (Fig. 3.26) [187]. Phospholipids are bigger molecules than surfactants, therefore, their CMC are smaller than those of surfactants.

These phospholipids rearrange themselves into micelles above their CMC. As surfactants, high concentrations of phospholipids in bulk phase kinetically favor their adsorption at the interface [169]. However, the interactions of hydrocarbon chains affect micelle stability, and therefore the incorporation of monomers at the oil-water interface [169]. For instance, the unsaturations of POPC chains create attractive forces with an unsaturated oil such as squalene. The interactions between the solvent and the phospholipids lead to an easy micelle disruption and higher monomer diffusion in the oil phase. The kinetic of POPC insertion at the squalene-water interface is therefore improved [169]. By contrast, the saturated chains of DPPC strongly interact with each other, and less with the unsaturated squalene phase. The stronger interactions between chains of phospholipids decrease the rate of DPPC micelles disruption. Therefore, the insertion of DPPC is slower than POPC in squalene for the same chain length [169].
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The thermodynamic desorption of the lipids from the interface depends on phospholipids chain length. Calculations have shown the increase of carbons in the hydrophobic tail disfavor the removal of phospholipids from a bilayer [188]. The desorption of phospholipids such as DOPC, POPC or DPPC is therefore lowered by their longer chain length. By contrast, DLPC and DMPC chains are more easily desorbed from the oil/water interface [188]. 

Protein functionalization

The second step of functionalization corresponds to the protein addition. The following sections describe the use of streptavidin, a very affine protein with biotin. Their interaction consists of the strongest non-covalent bond with a dissociation constant of 10 -15 mol.L -1 , i.e. 35

kT [157][190][191].

The first method of functionalization directly uses the free acidic molecules contained in soybean oil. At neutral pH, these molecules are under carboxylic form and render the oil-water interface active. [180] The carboxylic groups of these molecules react with compounds bearing an NH 2 -moiety linked to biotin [180]. The streptavidin is then bonded to biotin. In this case, the crosslinker complex is directly composed of the oil molecules and NH 2 -biotinylated moieties (Fig. 3.27a). [192] Other protocols consist in adding polymeric biotinylated phospholipids such as DSPE-PEG 2000biotin in the bulk phase and then proceeding to the emulsification step. For soybean oil-in-water droplet, DSPE-PEG 2000 -Biotin are inserted in the dispersed phase [59] [183], and can also be mixed with the continuous medium for fluorinated oil-in-water emulsions [186] (Fig. 3.27b).

In both cases, the amphiphilic nature of phospholipids leads to their migration from the bulk phase to the interface upon the emulsification process. Then, they orientate themselves toward the interfacial boundary which renders the interfacial structure strongly dependent on the bulk phase. [193] The concentration of phospholipids into soybean oil-in-water droplets corresponds to 5 to 200 times [59][183] the DSPE-PEG 2000 -biotin CMC [194]. The lipid addition above the CMC ensures an excess of lipids in the bulk phase and maximizes their insertion rate at the interface [169]. Streptavidin addition comes after several washing steps to remove the excess of non-bonded biotin. These steps prevent the interaction between free biotinylated lipids and streptavidin in the bulk phase. [145] [195] 3.5. FUNCTIONALIZATION OF DROPLETS 

Functionalized emulsion droplets as biomimetic materials

Functionalized droplets are used for biomimetic studies for three main reasons. (i) Their liquid-liquid interface provides surface mobility which mimics the fluidity of the cell membrane.

[185] [54] (ii) Their low and tunable surface tension by the addition of stabilizers renders particle deformable. This important feature allows quantitative mechanical studies of cellular stress applied to droplets [186] [173]. (iii) Finally, the variation of surface concentration makes emulsion droplets highly tunable for cell-droplets contact [59].

This section details the different applications of functionalized droplets as biomimetic materials, through quantitative studies of droplet-surface contact to droplet-cell interaction.

Droplet-surface contact

The adhesion of droplets on a flat surface was investigated in 2008 by J. Fattaccioli et al. [180]. They used streptavidin-coated-droplets adhering on a bare coverslip to analyze nonspecific interactions upon adhesion. Afterwards, they covered the glass substrate by PEG-biotin molecules which complementary bind with streptavidin. The article authors then analyzed the specific adhesion of coated droplets on the active coverslip (Fig. 3.28a). The authors brought a robust analysis of the influence of protein surface concentration on droplet-surface adhesion.

They showed non-specific interactions increased with a larger density of adhesion proteins, and specific binding provides a positive line tension linearly increasing with the density of receptors.

They also showed the recruitment of free ligands at the contact zone between the droplets and the glass substrate. Figure 3.28a shows the fluorescence adhesive patches between coated droplets and coverslips. These adhesive patches are the hallmarks of the ligand mobility. Their surface area increases with the presence of specific interactions, meaning adhesion is enhanced by specific bindings [180]. 

Droplet-droplet contact

Pontani et al. [183] and Bourouina et al. [192] investigated the specific colloidal interactions through the biotin-streptavidin bond. They brought into contact two complementary sets of droplets exhibiting either biotin and/or a streptavidin coating on their surface (Fig. 3.29a).

The mobility of ligands has been characterized. Following the previous work, the meeting between two complementary droplets involves a fast arrangement of the biotin-streptavidin complex at the interdroplet zone [192]. This provides adhesive patches that give rise to a higher fluorescent intensity at the center of the droplet-droplet contact zone, and also a local deformation (Fig. 3.29b). Droplets are deviated from their initial spherical shape and exhibit flat contact areas. The surface area of these patches increases with external pressure [183].

The diffusion coefficients of ligands at and out of the contact zone have been determined by fluorescence recovery after photobleaching (FRAP) experiments [192]. This method analyzes the surface mobility of the ligands by inducing a powerful light on a local region of the droplet, that degrades fluorophores and locally removes the fluorescence. The characterized time for which fluorescence recovers the photobleached region is related to the diffusion coefficient.

Bourouina et al. found a coefficient equal to D f = 3 ± 2 µm 2 .s -1 and D b = 0.05 ± 0.02 µm 2 .s -1 for respectively free (out of the contact zone) and bound streptavidin (at the contact zone) molecules. These results reveal a confinement state of ligands at the contact zone, whereas unbound molecules freely diffuse onto the contour of droplets [192]. These results are consistent with a previous study showing the diffusion of transmembrane proteins in actin-rich microdomains on the cell membrane which is 3-times slower than proteins outside these microdomains [54]. Upon a cell-cell interaction, the specific contact involves the local aggregation Functionalized droplets form fluorescent patches at the contact zone, hallmark of ligand mobility and droplet adhesion. [183] Droplet-droplet adhesion has been subsequently investigated through another biological bond: E-Cadherin interaction. E-Cadherins are adhesion molecules contained onto the cell membrane which ensure junctions to bind cells to each other in living tissues [196]. L.-L. Pontani et al. [197] reveal the use of droplets as biomimetic tools to study the mechanisms, and the features affecting cell-cell adhesion on tissues, through E-cadherin interactions (Fig. 3.30). In this biomimetic system, they show that E-cadherins ensure strong adhesion and still present clustering due to the liquid-liquid interface of droplets. The strength of the interaction depends on three features. (i) A high surface tension favors parallel arrangements of cadherin-cadherin complexes. (ii) The addition of cholesterol in the monolayer membrane provides a higher order of the cadherins which promotes a stronger adhesion. (iii) The high concentration of calcium and cadherins both ensure a larger contact area [197]. Nile red is a hydrophobic fluorophore to reveal the bulk of the oil-in-water droplet. [197] 

Droplet-cell contact

The strong streptavidin-biotin complex can create a resilient bridge for anchoring other active proteins such as biotinylated antibody-like structures on the droplet surface [186]. Antibodies can also be conjugated to streptavidin, which directly binds to biotinylated phospholipids, thus reducing the number of steps [59]. In all cases, the aim is to create a controlled and functional biomimetic tool to analyze droplet-cell contact.

Droplets as mechanical probes: force transducers

Single cells are organized in collective tissues due to intercellular junctions, ensured by integrins and cadherins, that respectively bind cells with the extracellular matrix [198], and with other cells [196]. These living tissues constantly move and apply lateral forces. These stresses can be measured with coated droplets inserted into tissues, which act as mechanical probes [186]. O. Campas et al. functionalized droplets with integrins or cadherins, both to ensure cell adhesion on droplet surface through specific interactions [186].

The stress is determined from Laplace's pressure that depends on the interfacial tension and the radius of the droplet (see section 3.4). In the absence of external forces, the droplet shape is a sphere. However, droplets are deformed if the stresses generated by the cells are greater than their resistance pressure, equal to 2γ R . Therefore, the interfacial tension determines the droplet resistance to deformation -the lower the interfacial tension, the more deformable the droplets.

When cellular tissues apply large enough forces on the droplet, its shape is deviated from the sphere, and exhibits several local curvatures (Fig. 3.31). The used droplets are, therefore, soft CHAPTER 3. PHYSICO-CHEMISTRY OF EMULSION DROPLETS AND THEIR APPLICATIONS FOR APC-LIKE MODELS enough to be deformed by cellular tissues. The local stress is then computed via local curvatures of deformed droplets. [186] In a 2D image, the maximal stress σ provided by living tissues is determined by the interfacial tension γ and the maximal variation of local curvature between the resting and the deformed droplet ∆κ:

σ = γ∆κ (3.23)
In this case, the stresses of cellular tissues are equal to 1.5 nN µm 2 -3.4 nN/µm 2 depending on the nature of the tissues. This study demonstrated that the stronger the junctions, the higher the stress [186]. Mainly, droplet deformation made by a single cell has also been investigated through nonspecific interactions. In this case, droplets are not coated with any active molecules [173]. D.

Molino et al. addressed the question of the mechanical stress a cell can generate during the encounter of an obstacle while it migrates. They trapped a droplet into a 14 µm-large microchannel and analyzed its deformation when a migrating cell passes between the droplet and the wall of the microchannel [173]. The resultant stress applied by a single cell is equal to 500 Pa (γ = 8.5 mM/m), from 3 to 6 times lower than the stress applied by living tissues. Droplets must be therefore tuned to be more deformable for single-cell analysis than for tissue studies. Consequently, the mechanical transducer experiments require a specific formulation to adapt the interfacial tension, depending on the nature of the studied cells. We can also relate that specific interactions must provide a higher degree of stress than non-specific ones [180], therefore, specifically coating droplets with adhesion molecules must help generate stronger cellular mechanical forces. We note that the microscopy resolution must be also taken into account. Although droplets can be tuned depending on the forces we desire to measure, the cells may apply stress on droplets surface without being able to be imaged by a microscope. Consequently, the fact that experimenters are not able to record a local deformation does not mean a cell does not apply mechanical forces, but a either the surface is too stiff, or microscope is not resolute enough to record such stress.

FUNCTIONALIZED EMULSION DROPLETS AS BIOMIMETIC MATERIALS

Droplets as targets: activation of immune cells

Phagocytosis of macrophages. Phagocytosis is a process that consists of recognition and ingestion of particles larger than 0.5 microns, such as pathogens or senescent cells [199]. Professional phagocytes, such as dendritic cells and macrophages, which will further become antigenpresenting cells, phagocyte and destroy pathogens from the organism in the first phase following the infection [199]. Importantly, phagocytosis is only triggered by the involvement of specific interactions between the cell's immunoreceptors, and the target's ligands [59].

In 2015, K. Ben M'Barek et al. studied this receptor-mediated phenomenon through functionalized droplets acting as targets [59]. Droplets are coated with specific ligands, IgGs, which are specifically recognized by macrophages' receptors [199]. This specific interaction ineluctably leads to the phagocytosis of the functionalized droplet (Fig. 3.33). The impact of the lateral mobility of ligands on the droplet surface, compared with immobilized IgGs on the bead, have been then investigated [59]. Beads were coated with 1.3 x 10 3 IgGs/µm 2 , whereas droplets were covered by 3.0 x 10 2 IgGs/µm 2 . IgGs aggregate at the dropletcell contact, and immobilized IgGs on the bead surface are followed by fluorescence imaging (Fig. 3.34). Despite the difference of concentration in active molecules, the number of internalized droplets is two-fold higher than beads. Consequently, the creation of local IgGs clusters enhances signaling and overcomes the initial lack of active molecules in the case of low IgGs covering [59].

(a) (b) Figure 3.34: Macrophages in contact with (a) an IgG-(red) coated-bead and (b) -droplet. Bead is coated with 1.3 x 10 3 IgGs/µm 2 , whereas droplet is covered by 3.0 x 10 2 IgGs/µm 2 . Despite this difference, the number of internalized droplets is two-fold higher than beads. Scale bar: 10 µm. [59] Immune synapse with T cell. As mentioned in chapter 1, antigen-presenting cells (APCs) play a crucial role in the immune system. They degrade pathogens into smaller pieces, which become the hallmarks of the invader, and are so-called antigens. In a second phase following the infection, the APCs present antigens to B and T lymphocytes through a highly organized structure called the immunological synapse. This presentation triggers further immune responses provided by these lymphocytes. They ensure a long-term immunity in producing memory cells which keep track of the pathogen, and high-affinity antibodies, which will guarantee a fast and robust defense in case of a second pathogenic attack.

Recently, functionalized droplets have been used to mimic APCs, and model the immunological synapse with T lymphocytes [185]. Droplets were coated with biotinylated antigens which are specifically recognized by TCRs. The cell-droplet contact exhibits colocalized clusters of TCR and antigens (Fig. 3.35), which are both immobilized at the contact area [185]. We can assume that this clustering is a passive phenomenon as observed upon droplet-droplet contact (see part. 3.6.2). However, FRAP measurements demonstrated that TCRs on the cell membrane are two-fold less diffusive than antigen complexes on the droplet surface [185]. These results mean that ligand mobility on the droplet surface is driven by cell properties [185].

FUNCTIONALIZED EMULSION DROPLETS AS BIOMIMETIC MATERIALS

Afterwards, the authors evaluated the biological relevance of the antigen recognition through droplet presentation and determined the engagement of the TCRs. They performed calcium analysis upon cell-droplet contact [185], which represents a biological readout of the cellular activation. The enhancement of intracellular free calcium is one of the key triggering signals for T-cell activation by antigen [200]. Upon the droplet-cell contact, the Ca 2+ concentration increased 30 seconds after the beginning of the synapse formation, indicating that the specific biochemical signaling cascade had been triggered [185]. These results suggest that the recognition of a specific ligand presented on a liquid droplet not only triggers the modulation of cell receptors toward the cell interface, but also impacts the biochemical signaling. 

Advantages of droplets as APC-like models

Previous studies have progressively demonstrated the relevance of droplets as target cells for the activation of several immune cells. These results prompt us to use functionalized droplets as APC-like model for the study of the B immunological synapse and its mechanisms. This section details the main advantages provided by the liquid interface supported by the above mentioned studies, and by previous facts listed in chapter 1, regarding B cells.

Specific interaction

K. Ben M'Barek et al. compared the number of beads and droplets internalized by macrophages, at high concentrations in IgGs (1.5-2.0 x 10 3 IgGs/µm 2 ) [59]. In these conditions, ligand diffusion is sterically restricted on droplets, and are similar to immobilized IgGs on beads. The ligand mobility initially provided by the liquid interface can not affect subsequent cell activation. The results showed macrophages engulf two-fold more droplets than polystyrene beads [59]. Two possible phenomena can explain this significant difference:

(i) Polystyrene leads to hydrophobic areas present on the bead surface, even after protein functionalization, rendering the particles prone to non-specific adsorption of several macromolecules [201] [202]. However, immune cell activation is triggered by highly specific interaction between immunoreceptors, which bind to cognate ligands [199] [15]. We can assume that the presence of undesirable molecules can, therefore, reduce the engagement of immunoreceptors through non-specific interactions.

Non-specific adsorption can still be prevented by the addition of PEG moieties by streric repulsion [202] [186]. In the case of phagocytosis studies, droplets were functionalized with PEG, whereas beads were not. We can assume beads supplied both non-specific and specific interactions with cells, whereas droplets only contribute to specific bindings.

(ii) Polystyrene binds to active molecules in a random manner, i.e. indifferently interacts with all sides of molecular structures [203]. This can induce irregular bindings of ligands on the bead surface. However, cell receptors recognize the antigen via their Fab part, while the Fc part is attached to the cell membrane (see section 1.2.2). Therefore, ligand on presenting-surface must be correctly oriented to be recognized by the right side of the immunoreceptor. A wrong ligand presentation can, thus, significantly reduce subsequent cellular activation [59]. Conversely, due to their liquid-liquid interface where only the hydrophobic part of the amphiphilic molecules can attach to their interface, droplets solely exhibit antigens on their Fc part, which specifically bind to cell receptors. Altogether, these results revealed the droplet surface provides specific
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interactions to the cells, and are more relevant at eliciting cellular activation than polystyrene beads. Quantitatively, the mobility of ligands anchored on both droplets surface and cell membrane have been measured through several FRAP experiments. The diffusion coefficient of antibody bound to a biotin-streptavidin complex on droplet surface, and TCR on cell membrane are respectively equivalent of 1 µm 2 /s and 0.05-0.1 µm 2 /s [185]. This difference is not surprising since, unlike antibodies on a droplet surface, TCRs are linked to the cortical network of the cell, which restricts their diffusion [204]. These values are consistent with the study comparing lipids mobility supported on glass substrate versus actin-scaffold [205].

Lateral mobility

In chapter 1, we have seen that ligand mobility is an important feature governing B cell activation, and affinity discrimination of antigens. The capacity of droplets to ensure diffusion of ligands upon antigen presentation, hence appears to be relevant for further study of their contact with B cells.

Ligand concentration

The concentration in active molecules on droplet surface has been investigated through phagocytosis study [59]. K. Ben M'Barek tuned the oil/water interface by adding an increasing amount of phospholipids into the oil phase. As a result, the number of IgGs added during a subsequent functionalization step represents 10 molecules/µm 2 up to 3.3 x 10 3 molecules/µm 2 .

The titration of IgG concentrations was obtained by a precise fluorescence analysis via FACS CHAPTER 3. PHYSICO-CHEMISTRY OF EMULSION DROPLETS AND THEIR APPLICATIONS FOR APC-LIKE MODELS

technique [180]. This proves that a simple addition of phospholipids into the oil phase increases the number of free sites on droplet surface for further protein functionalization.

Chapter 1 has presented ligand concentration as an important feature triggering B cell activation, and shaping affinity discrimination. The ability to tune liquid interface in terms of concentration in active molecules seems, therefore, relevant for the study of antigen presentation to B cells through immunological synapse with functionalized droplets.

Tunable deformability

As mentioned before, Campas et al. and Molino et al. used droplets as mechanical probes to respectively measure the lateral stress of living tissues [186], and mechanical forces applied by single migratory cells when passing through restricted obstacles [173]. Cellular tissues apply a two-fold larger stress than a single cell.

According to the two previous studies, the droplet deformation occurs when the pressure inside the particle is overcome. The measured stress depends on Laplace's pressure. Thus, the ability of a droplet to get deformed depends on both the droplet's radius and the interfacial tension (see eq. 3.15). The larger the droplet is, the less it resists deformation. Droplet deformation is enhanced by a low interfacial tension, hence by the nature and the concentration of surfactants (see part. 3.1.2). The properties of droplets probes and the respectively measured stress are summarized in the table 3.4. These results show droplet properties were tuned for each studied case, depending on the force strength and the nature of cells. Table 3.4: Summary of droplets features, and measured stress.

Interfacial tension (mN

Chapter 1 explained that the stiffness of antigen-presenting cells plays a crucial role in the B cell synapse. Rigid substrates enhance the affinity discrimination of antigen and trigger the biochemical mechanism inducing the enzymatic degradation of the BCR-antigen bond. By contrast, flexible membranes lower the affinity discrimination and undergo mechanical pulling forces produced by cells to extract antigen [43].

According to the table 3.4, we can assume that droplets can present antigens to B cells, through different surface stiffnesses, by varying interfacial properties. Droplet interface could, therefore, mimic both soft membranes of DCs and rigid membranes of FDCs, which converge to a use of droplets as an APC-like model.

At this stage, two important points are worth questioning.
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(i) Can we compare the deformability of a droplet surface, with the stiffness of a live APC?

Considering the droplet deformation is only governed by interfacial tension and its dimensions remains an assumption. The features governing the deformation of a droplet has not been investigated yet, droplets have not been calibrated when they deform under stress. By contrast, microindentation experiments have been performed on cells to determine their stiffness, characterized by their Young's modulus [46]. Young's modulus is a mechanical property that evaluates the rigidity of a visco-elastic material. It is defined as the ratio between the stress and the strain on an uniaxial deformation [206]. Comparing Young's modulus and the apparent stiffness imposed by Laplace's pressure of a droplet is still unanswered question, which must confirm if droplets are a pertinent model to mimic the stiffness of a live APC. As a conclusion, droplets are thought-provoking materials for mechanical analysis. Their properties are easily tuned, which makes them deformable to induce cellular responses. However, their characterization in terms of deformability remains poor, and calibrating their stiffness remains a cogent question to validate the use of droplets as an APC-like model.

Conclusions and perspectives

We have seen in this chapter that emulsions droplets have been increasingly investigated to highlight cellular responses that experimenters can only record with difficulty during live cellcell interactions. Their adhesion with live cells can not be achieved without the functionalization of active molecules present at their surface, such as integrins, cadherins, or immunoglobulins.

They specifically target cells receptors which induce particular cellular activation. The quantification and the measurement of cell responses link the droplet properties with cells, and bring new insights regarding specific membrane properties which affect cellular behaviors.

This chapter has presented droplets as highly controlled materials in terms of deformation, specific interactions, surface mobility, and ligand concentration, on which we can play simultaneously to induce immune responses. These three membrane properties mimic well those of live cells, and thus render droplets as relevant APC-like models. In the next chapter, we will see the experimental procedure we followed to obtain highly-controlled antigens-coated droplets, and provide a precise quantification of APC-like droplets surface properties for subsequent quantification of droplet-B cell interactions.

CHAPTER 4. APC-LIKE DROPLETS: FORMULATION, FUNCTIONALIZATION, AND CHARACTERIZATION

This fourth chapter will describe all the experimental processes leading to the formation of antigens-coated oil-in-water emulsion droplets and their characterization.

We will first focus on the formulation techniques we used to perform a few micrometerslarge monodispersed droplets which correspond to a cells size.

We will then propose a new functionalization protocol which offers a precise control of protein concentrations over droplets surface, useful criteria for subsequent assessment of the droplet-B cell encounter. Such protocol will promote a fine quantification of antigens over droplets surface, that we will evaluate.

We will also form droplets both restricting and allowing ligands mobility, and assess the dynamic antigens recruitment at the B cell synapse.

Finally, we will aim to quantify the mechanical properties of functionalized droplets by using above mentioned pendant drop and micropipette techniques, but also another method: the microplates experiments, which consists in measuring dynamically the droplets and cells viscoelasticity properties. The microplates experiments will bring brand-new perspectives regarding the mechanical properties of droplets compared to live cells.

Emulsion formulation: control of APC-like droplets size and monodispersity

Although we have already introduced the techniques for droplets generation, we herein focus on the experimental protocols we followed to achieve monodispersed droplets of cells size.

Couette cell apparatus

The Couette device is a robust technique to formulate droplets in high quantity in a short time period, i.e. 10 mL of compact emulsions in 20 min. The oil is emulsified by hand in an aqueous continuous phase containing 15 wt % Pluronic F68 block-copolymer surfactant (CMC = 0.03 g•L -1 ) and 1 wt % sodium alginate. It is noteworthy that oil can be enriched with phospholipids, depending on the protocol of functionalization (see next section 4.2). The rough emulsion is then sheared in a Couette cell apparatus to fabricate quasi-monodispersed emulsion samples (Fig. 4.1a). These emulsions are diluted in the continuous phase to an oil fraction of 60 wt % with 1 wt % Pluronic F68. We essentially formed soybean-oil droplets.

We sought to form 9-11 µm-large droplets, close to the cells' size for subsequent cell-droplet experiments. We fixed the velocity of the rotor-stator system at 100 RPM. The resulting size distribution reaches a coefficient of variation (CV) of 25% (Fig. 4.1b). For biological purposes, this polydispersity may be problematic as droplets will present different curvatures to cells. To avoid any materials variability, we sought to reduce this polydispersity and we investigated other formulation techniques. 
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Microfluidic droplets generator

Microfluidic-based devices allow the formulation of very monodispersed droplets. We used the flow focusing design with which we formulated monodispersed 10 µm-large magnetic oildroplets with dripping regime, and 7 up to 10 µm-large mineral-oil droplets with jetting regime (Fig. 4.2a). In both cases, the continuous phase was composed of Pluronic F68 (>CMC) diluted in milliQ water. The resulted size histogram showed a sharp gaussian curve, with a low CV reaching 10%. As we were able to finely control flow rates, we obtained a similar CV value for smallest mineral-oil droplets that reached 7 µm. We herein describe the design used to obtain 7 µm-large droplets, which required a certain optimization time. We used a device initially developed by M. Chabert et al. to form a few microns-large water-in-oil droplets [75]. This particular design allows a long dispersed phase elongation, which favor jetting mode or tip-streaming modes. Thanks to high concentrations of F68 (40%v/v) which significantly lessen the surface tension and increase phase viscosity, we simultaneously decreased capillary forces and increase viscous ones. The high capillary number favors the jetting regime, which greatly decreases the droplets size. In addition, to obtain this size of particles requires sealing the PDMS chip on a PDMS substrate instead of glass. The material continuity between the bottom and the walls of the chip enable the regime stability. To obtain monodispersed droplets also requires the high control of flow rates for both continuous and dispersed phases. We still observed a slight variation of flow rates (5 µ L/hr over 250 µL/hr) leading to a size change. We overcame this issue by using glass syringes (SGE) and PTFE tubings which both are composed of non flexible materials, connected to a syringe-pump to push fluids into microfluidic circuit. We also precisely controlled the viscosity of PDMS chips, and slightly increased the amount of cross-linkers to generate less deformable PDMS devices The amount of the resulting droplets was low: the flow rate of the dispersed and the continuous phases respectively reached 5 µL/hr and 200 µL/hr. Consequently, we generated about 1000 droplets/sec.

It is paramount to meticulously respect all the above mentioned features to ensure the formation of highly monodispersed droplets. Also, due to a low production efficiency, we investigated another formulation technique.

SPG

Shirasu Porous Glass (SPG) combines droplet monodispersity and batch production provided by the two previous techniques, with a large accessible size panel. We purchased the membranes from SPG technology Co. Ltd, based in Japan. Each membrane was used to form precise droplets sizes, regardless of the oil type we used. Therefore, we formed (i) soybean-oil, (ii) soybean-oil enriched with phospholipids, (iii) mineral-oil, and (iv) mineral-oil enriched with oleic acid droplets of 11 µm with a membrane composed of 3.1 µm pores size.

Before each usage, membranes were cleaned with isopropanol, and acetone baths for three hours. After evaporating acetone under vacuum for one hour, membranes were baked for at least four hours at 400 • C. Once cleaned and dried, we immersed these membranes in the continuous phase to remove the trapped air from the micrometer pores. A membrane was then placed on the device around metal tubes which contained a few milliliters of oil and were afterwards connected to air tubes. Once the air was switched on and the circuit shut, we progressively closed the valve to increase the pressure inside the device. Increasing the pressure allowed the oil to pass through the monodispersed pored-membrane. The oil phase broke into oil-in-water droplets with a defined size as mentioned above.

We hereby present a 11 µm-large droplet sample (CV = 10 %) (Fig. 4.3a) with a narrow size dispersion (Fig. 4.3b). Droplets were emulsified by shearing soybean oil with a 15%v/v F68 aqueous solution.

Regardless of the formulation technique, the stable obtained droplets were finally stored at 12 • C in a Peltier-cooled cabinet for several weeks. 

Functionalization: Control of ligands concentration

The insertion of phospholipids subsequently guide the proteins functionalization over droplets surface. Proteins such as antigens, will render droplets biomimetic APC-like models and the control of their concentration is important to subsequenly control cells activation as well. Therefore, the lipids insertion step is crucial to master and understand.

We have briefly introduced two protocols of phospholipids functionalization in section 3.5.1.

We herein describe them in details, and compare them thank to a fluorescence characterization.

We will appreciate that functionalization "on surface" brings a better control of phospholipids concentration over droplets surface than functionalization "in volume", and we will try to understand why.

Functionalization "in volume"

A common functionalization protocol was used in different studies using droplets [59] [186], in which biotinylated phospholipids are directly dissolved in the dispersed phase prior to emulsification (Fig. 4.5). This is why we called this protocol a functionalization 'in volume". We first formulated DSPE-PEG(2000)-biotin-coated soybean droplets via Couette device. We prepared a DSPE-PEG(2000)-biotin solution in chloroform, adding the stock solution to soybean oil to reach a final lipid concentration of 0.05 mg.mL -1 . After evaporating the chloroform from the oil by moderate heating and sonication, we fabricated the droplets by manually shearing soybean oil containing the lipids, known to give stable and biocompatible emulsions in an aqueous solution [180][185] of a polymeric surfactant, Pluronic F68. We then added to the continuous phase a viscosifier, sodium alginate, to increase its viscoelasticity and therefore improve emulsification efficiency through an increase of shearing forces. The crude and polydispersed emulsion was then sheared in a Couette device, following the method developed by Mason and Bibette [140]. The resulted droplets measured 7.8 ± 1.7 µm, which we functionalized with fluorescent anti-biotin IgGs (Fig. 4.4), and finally assessed for their fluorescence distribution with both microscopy and flow cytometry techniques. We measured the integrated fluorescence of the droplets over several hundreds objects by using a wide-field epifluorescence microscope (Fig. 4.6a). The epifluoresence measurements were performed with a x40 objective, whose depth of field integrated the entire fluorescence signal of droplets. Figure 4.6b demonstrates that the fluorescence follows a log-normal distribution, which confirms the heterogeneity of the lipid coating. We then investigated the distribution on thousands of droplets by flow cytometer. This technique has been investigated as a method for the characterization of droplets size and fluorescence [207]. The figure 4.6c shows the fluorescence versus side scattering intensity (SSC) density plot of IgG-coated droplets. For a given SSC value, which corresponds to a population of droplets with the same diameter [207], the broad cytometry density reveals the heterogeneity of the coating.

FUNCTIONALIZATION: CONTROL OF LIGANDS CONCENTRATION

We hypothesize that the lipids are first trapped into droplets, and subsequently migrate from the bulk phase to the interface, and finally reorientate themselves into the oil/water boundary [193]. We can consider this heterogeneity comes from dispersed distribution of lipids into droplets upon emulsification process. The lipids are dissolved in the oil at concentrations above the CMC, where the size of micelles (or liposomes) may be dispersed [208] [209]. Thus, the amount of lipids trapped into each droplet may not depend on the particle's size, and the micelle disruption in favor of the droplets may create a disparity of lipids monomers into each droplet.

This hypothesis would consequently depend on the functionalization method. However, disparities in micelles size and concentration into droplets may be not significant enough to generate such fluorescence heterogeneity after functionalization. We can make an alternative hypothesis.

Although Couette cell apparatus use cylinders to impose an homogenous shear stress between rotor and stator surfaces, the experimental conditions such as the viscosity of both oil and water phases [150] [140], and the dissolution of lipids on the dispersed phase [208][140] may also change the shear force applied on lipids upon the emulsification process. This shear force heterogeneity may consequently alter the lipid structure (elongation of PEG moieties for instance) and their migration to the interface upon the emulsification process.

The heterogeneous lipid functionalization must result in a significant disparity regarding the number of active molecules in contact with cells, and must further bring up several cellular heterogeneities in signal intensity and/or temporal activation. These results and the previous hypotheses lead us to develop a new functionalization protocol which does not depend neither on the oil/water phases, nor on the used formulation technique. It consists of incorporating lipids after droplet emulsification, regardless of the oil and the fabrication technique. The lipids are dissolved in the water phase and their migration toward the oil surface is driven by the presence of a cosolvent. This new protocol leads to a homogeneous coating and offers new insights for droplet-cell quantitative studies.

FUNCTIONALIZATION: CONTROL OF LIGANDS CONCENTRATION

Functionalization "on surface"

We developed a reliable surface decoration protocol based on the incorporation of lipids after droplet emulsification, from the water phase. As previously stated, we emulsified soybean oil and formulated 7.9 ± 1.7 µm-large droplets with Couette device, stabilized by F68 surfactants. After emulsification and several rinsing steps of these droplets with an aqueous buffer containing Tween 20 at its CMC (0.06 g•L -1 ), we proceeded to the lipid insertion onto the interface. Droplets were then immersed in an aqueous solution composed of a precise amount of phospholipids DOPE-caboxyfluorescein (CF) (Fig. Soybean oil is first emulsified and then phospholipids, which were dissolved using a polar cosolvent, are added to the bulk aqueous phase. The PCs migrate to the oil/ water interface. When using functional phospholipids (e.g., biotinylated), antibodies or streptavidin can be conjugated to the droplet surface.

Following this protocol, we first incorporated fluorescent lipids, DOPE-CF on droplets surface and analyzed the resulted fluorescence distribution. These experiments revealed the lipids incorporation at the oil/water interface. 

FUNCTIONALIZATION: CONTROL OF LIGANDS CONCENTRATION

Besides, we investigated the relationship between the integrated fluorescence intensity we measured, and the droplet size. We found the integrated fluorescence intensity is proportional to the surface area of droplets (Fig. 4.11). The slope of the linear curve corresponds to the density of lipids on droplets surface. These results reveal that the surface concentration of lipids is constant on all droplet surfaces of the studied sample. We thus defined the measured fluorescence intensity < I > as a surface density, corresponding to the ratio between the integrated density < I int > and the droplet area, expressed as: 

< I >= < I int > 4πR 2 (4.1)

Titration curves

The titration analyses consist in measuring the fluorescence intensity of droplets coating depending on lipids/proteins surface concentration. We established that an equivalent corresponds to the theoretical macroscopic amount of molecules needed to saturate the droplets surface. It only depends on the size of molecules and the surface area of the droplets. Hence, a volume equivalent is defined as:

equiv. = N min C molecule M molecule N a (4.2)
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where C molecule and M molecule are respectively the bulk concentration and the molar mass of lipids or proteins, N a the Avogadro number, and N min the minimal number of molecules needed to entirely coat the droplet surface. N min is defined as:

N min = S total S molecule (4.3)
where S total and S molecule respectively correspond to the total surface area of droplets and surface of one lipid or one protein.

Here, the constant S total corresponds to a sample containing 2. corresponding to one equivalent is not enough to cover the whole surface of droplets. We thus need to add a large amount of these lipids to reach the saturation value. We assume that this significant difference is due to the thermodynamic mechanism of lipids insertion. Indeed, the equivalent unit only takes into account the steric properties of the molecules, and does not involve thermodynamic features. We consequently investigated the thermodynamic behavior of the lipids upon the functionalization process.

We observed that the two curves follow Langmuir isotherm, a relevant model in the case of lipids adsorption at the oil/water interface. Indeed, the Langmuir model explains the adsorption of free molecules, here the lipids, on a surface, the oil/water interface. We can imagine that the droplet surface contains free sites S, and has an affinity for lipids. At equilibrium, a part of the lipids is adsorbed onto the surface (L ads ), and the other part remains free in solution (L f ree ).

The adsorption and the desorption are reversible processes, which lead to the following equation:

L f ree + S L ads (4.4)
The rates of adsorption r ads and desorption r des depends on the kinetic constants k ads and k des following:

r ads = k ads [L f ree ][S] (4.5)
r des = k des [L ads ] (4.6)
At equilibrium, the rate of adsorption equals the rate of desorption. The equations 4.5 and 4.6 become:

k ads k des = [L ads ] [L f ree ][S] = K eq (4.7)
Besides, the concentration of all free sites [S 0 ] represents the sum of the free sites [S] and occupied sites [L ads ] as:

[S 0 ] = [S] + [L ads ] (4.8)
According to the equations 4.7 and 4.8, the concentration of adsorbed lipids [L ads ] becomes:

[L ads ] = [S 0 ] K[L f ree ] 1 + K eq [L f ree ] (4.9)
The concentration of all sites [S 0 ] corresponds to the total amount of lipids able to cover the whole droplet surface, hence equals to the maximum fluorescence intensity < I 0 >. Besides, the concentration of adsorbed lipids (or occupied sites) [L ads ] represents the amount of lipids incorporated at the oil/water boundary, thus are equal to the fluorescence intensity < I > assessed for each condition. Finally, the concentration of free molecules in solution [L f ree ] corresponds to the surface concentration C equivalent expressed in equivalents. We therefore obtain:

< I >=< I 0 > KC equivalent 1 + KC equivalent (4.10)
The titration curves, showing the dependence of < I > depending C equivalent , follow the fitting equation 4.10. We thus can determine the surface constant K which takes into account the affinity of lipids for the interface. We functionalized the droplets surface with the saturating value of 100 equivalents of DSPE-PEG(2000)-biotin and added an increasing amount of proteins, from 0.01 to 20 equivalents depending on the molecule type (Table 4.1). The figures 4.14a and 4.14b respectively display the titration curves of streptavidin and IgGs. The plateau is reached for 1 equivalent of streptavidin and 10 equivalent of IgGs. We deduced the thermodynamic constant K from these curves, and obtained K(streptavidin) = 6.9 ± 2.2 equiv -1 and K(IgGs) = 0.50 ± 0.18 equiv -1 . Two reasons may explain this difference. (i) IgGs are larger thus less diffusive than streptavidin molecules. They reach the oil/water interface more slowly, hence K(IgGs) must be lower than K(streptavidin). (ii) This difference is qualitatively consistent with a larger affinity of streptavidin than antibiotin IgG for biotin in bulk condition [211] [212]. Consequently, K(streptavidin) must be higher than K(IgGs). . Titration curves are fitted by a Langmuir isotherm from which we extract an apparent affinity constant between proteins and functionalized oil/water interface equal to K = 0.50 ± 0.18 equiv -1 , and K = 6.9 ± 2.2 equiv -1 , for IgGs and streptavidin, respectively. NB: Maximal bulk concentrations were limited by the amount of available lipids and/or proteins.

The table 4.2 summarizes the saturation values and surface constants K for all studied molecules.

Name

Saturation value (equiv.) K (equiv. 

Role of the surfactants in the lipids insertion

The droplet fabrication involves two surfactants: (i) Pluronic F68 to stabilize oil/water interface during the emulsification step and (ii) Tween 20, to homogeneously coat the droplet surface during the functionalization step. Prior to the addition of phospholipids, we rinsed out Pluronic F68 to reach a bulk concentration lower than its CMC (value). The presence of Tween 20 during the protein binding step is important not only to avoid droplet coalescence on the microtube walls, but also to obtain a droplets homogeneous coating by dissociating small streptavidin and IgG aggregates. The presence of surfactants in bulk solution helps prevent an eventual desorption of surfactants from the oil/water interface to the continuous phase.

The protocol we developed differs from the previous one in that phospholipids are added in the water solution, already composed of Tween 20 and F68. We therefore investigated the role of these two surfactants in the aqueous phase during the DSPE-PEG(2000)-biotin functionalization. Influence of the surfactant nature and concentration used during biotinylation step on the fluorescence distribution of the IgG-coated droplets (Diameter = 5.5 ± 1.1 µm). Pluronic F68 and Tween 20 bulk concentrations are expressed with respect to their CMC. Sample 3 was chosen as a reference to ease the comparison of results. *relative to the sample #3)

Role of the DMSO as co-solvent

We then assessed the impact of DMSO concentration upon lipid functionalization step. We We subsequently inquired if other aprotic polar solvents may have also increased the rate of lipids adsorption. We therefore assessed the fluorescence intensity in the cases of DOPE-CF (Fig. 4.16a) and DSPE-PEG(2000)-biotin/IgGs (Fig. 4.16b) coatings. It is noteworthy that acetonitrile degrades the carboxyfluorescein moiety. We were thus not able to observe the fluorescence of droplets coated with DOPE-CF. These experiments do not demonstrate a significant change of fluorescence intensity when dipolar moment increases. Altogether, these experiments show that lipid insertion is optimal in the presence of a polar solvent in the continuous phase regardless of the variety. We kept using DMSO as co-solvent, as it is used for biological purposes such as cryopreservation [213] and control experiments [214].

Phospholipids form stable liposomes at concentrations above the CMC [215]. We presume that the presence of aprotic polar solvents degrade liposomes in monomers, facilitating their incorporation at the oil-droplet surface. Indeed, aprotic polar solvents, such as DMSO and DMF, have been found to successfully release bilayer membrane from milk globules [216] by displacing water molecules from the hydrophilic parts [217]. They consequently solvate the lipid polar head groups. The higher solvatation provided by aprotic polar solvents lower the energy barrier for the transfer of the liposome to oil droplet. Polar solvents increase the speed rate of transfer. Moreover, DMSO is also known to permeate bilayer membrane [218]. It may thus create 

Oil changes

The possibility to functionalize droplets made of more complex oils has been consequently explored. We formulated monodispersed magnetic droplets with microfluific flow-focusing devices. The oil is composed of ferromagnetic nanoparticles (magnetite) stabilized by oleic acid, and bathed into mineral oil. Oleic acid is a small molecule acting as surfactant, which highly decreases the surface tension. Thus, the resulted surface tension reaches a value lower than 1 mN/m. The stated droplets are stabilized with F68 surfactants. Following our protocol, we functionalized magnetic droplets with DSPE-EG(2000)-biotin/IgGs complexes. The functionalized droplets are stable under magnetic field and successfully orientate themselves following the streamlines (Fig. 4.17).

The results related to the development of the functionalization protocol and the concerned analyses were published in Langmuir (2018) [189].

The table 4.4 summarizes the different types of droplets formed and used during my studies. These results were published in 2019, in the Biophysical Journal [219].

FUNCTIONALIZATION: CONTROL OF LIGANDS CONCENTRATION

Second, the functionalization protocol has also been used to enrich droplets with a tailormade fluorescent mannolipid, consisting of a naphthalimide fluorophore (lipophilic part), a C-11 spacer, and of a mannose (hydrophilic head group). Macrophages receptors target polysaccharide patterns with terminal mannose. The mannolipid was successfully attached on the droplet surface and then presented to macrophages. The phagocytic index was also assessed in the case of mannose-coated droplets. Titration curves revealed a maximum coverage at 4 equivalents of mannolipids and the competitive effect between free and droplet-anchored mannose with concanavalin A. The variation of mannolipids from 0 to 1 equivalent on the droplet surface intensively increased the phagocytosic index from 0.03 to 1.4.

These results were published in 2019, in the ACS Applied Bio Materials [220].

The great advantages of the protocol we developed lie in the homogeneous large possibilities of lipid/protein coating and the high control of their surface density on droplets. This functionalization routine does not depend on formulation technique (Couette device, SPG, microfluidic), neither on the type of oil (soybean, mineral, magnetic). It was increasingly used in different projects to ensure a sustainable contact with cells.

Quantification of the antigen concentration 4.3.1 Relative concentration

We herein study the B cell lines (murine IIA1.6) whose BCR specifically bind to F(ab)' 2

(goat anti-mouse) fragments antigen. This BCR-antigen recognition triggers the subsequent B cell activation. F(ab)' 2 antigen is also biotinylated in order to bind with a streptavidin molecule.

Hence, F(ab)' 2 is anchored at the droplet surface via a biotin-streptavidin bridge. The final antigen functionalization generates droplet covered by DSPE-PEG(2000)-biotin/Streptavidin/F(ab)' 2 complexes (Fig. 4.18). These F(ab)' 2 -coated droplets are subsequently presented to B cells.

We used the functionalization protocol we developed to robustly control and precisely tune the antigen concentration presented to B cells [189]. We thus ensured that each cell in contact with a droplet interacted with the same number of antigens. This outcome guaranteed a robust reproducibility of cellular activation over several experiments. indicates that the affinity binding constant K reaches 1.7 ± 0.7 equiv -1 . This value is close to K(IgGs-streptavidin), and lower than K(streptavidin-biotin) mentioned above. The F(ab)' 2 affinity binding constant is therefore consistent with the lower affinity of biotinylated antibody
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(such as F(ab)' 2 ) with streptavidin compared to biotin-streptavidin binding affinity [221]. By contrast, the affinity of biotinylated antibody with streptavidin remains higher than the binding between anti-biotin monoclonal antibody (IgGs) and d-biotin [221]. The affinity binding values we measured on curved surface are therefore consistent with previous published works achieved into a volume system. According to the curve displayed in figure 4.19, the plateau -representing the surface coverage -is reached for 4 equivalents of F(ab)' 2 . Therefore, one equivalent of F(ab)' 2 represents 65% of the total surface coverage.

The table 4.5 sums up the features of F(ab)' 2 insertion at the droplet surface.

Name C (mg/mL) S (µm 2 ) M (mg/mol) equiv. (µL) Saturation value (equiv.) K (equiv. 

Absolute concentration

The functionalization protocol we developed only scales with equivalents, i.e. the macroscopic amount of proteins needed to entirely cover the droplet area. We herein determine the conversion of equivalents to the absolute number of antigens per unit surface.

First, the titration curve of streptavidin binding to DSPE-PEG(2000)-biotin, on mineral-oil droplets, and formulated with SPG has been investigated. Results are presented figure 4.20a.

We found that the affinity surface constant reaches K = 9.1 equiv -1 , which is similar to the value of DSPE-PEG(2000)-biotin/streptavidin on Couette-made soybean-oil droplets (K = 6.9

equiv -1 ). The interaction between the two molecules, biotin and streptavidin, has not changed.

Since the affinity constant is similiar for both mineral-oil droplets made with SPG and soybeanoil Couette-made droplets, we assume that the number of free sites available for lipids during functionalization process is similar in these both cases. Consequently, neither the type of oil nor the formulation technique affect the protein insertion at the droplet surface. These results are important for the subsequent study of droplets oil nature during the B cell synapse formation. [19]

We note that we only use one equivalent of F(ab)' 2 for the next experiments which corresponds to 65% of droplet surface coverage, i.e. 100 F(ab)' 2 /µm 2 . As a conclusion, a saturated oil-droplets bears 100 F(ab)' 2 /µm 2 , regardless of the nature of the oil. 

Antigen mobility and concentration: Two linked parameters

We here call mobility the active motion of molecules or proteins on the droplets surface. At the synapse, this mobility occurs thank to the global reorganization of the B cells cytoskeleton which promotes the antigens cluster. The antigen mobility is followed in microscopy by the motion of the fluorescent streptavidin bearing the antigens. The antigen mobility is thus visible, and quantified, when a fluorescent patch appears at the droplet-cell contact zone. O. Mesdjian already showed that BSA-coated-droplets prevent antigen mobility, whereas F(ab)' 2 fragmentscoated-droplets promote this active antigen clustering [84]. These results prove the fluorescent patch appear only when cells are specifically activated through their BCRs.

We intend to bring a characterization of the antigen mobility and the related concentrations at and out the synapse. We will also discuss about the kinetic of antigens clustering over time.

Control of the antigen mobility

We first created four droplets types and we observed their impact on the antigens clusters upon the B cell synapse. We formed: (i) Couette-made, (ii) SPG-made soybean-oil droplets where lipids were inserted before emulsification following the T. G. Mason's protocol [140],

(iii) Couette-made, and (iv) SPG-made soybean-oil droplets where lipids were inserted after emulsification following our protocol [189] (Table 4

.6).

Formulation technique

Functionalization technique These four emulsions were presented to B lymphocytes. The antigen recruitment was then followed by epifluorescence microscopy over 20 min. The results are shown in figure 4.21. We observed that B cells are able to aggregate antigens at the synapse solely if they interact with certain droplets conditions. Fluorescent patches only occur in cases (i) and (ii), i.e. when B cells interact with droplets whose lipids are inserted before the emulsification step. By contrast, droplets whose lipids are inserted after the emulsification process, i.e. cases (iii) and (iv) do not generate any patch at the contact zone. Altogether, these results demonstrate that the antigen mobility is functionalization procedure dependent, regardless of the formulation technique. For the following experiments, we used emulsions (i) and (iv) (according to table 4.6 and figure 4.21) to respectively allow and restrict antigen mobility.

(i) Couette Before emulsification [T. G.

Kinetic of the antigen mobility over the droplet surface

According to the calibration presented section 4.3, we were able to determine the surface concentration over droplets at and out the fluorescence patch when B cells interact with mobile antigens.

First, we assessed the fluorescence intensity via epifluorescence microscopy of the patch at t < 0 (before the contact with a B cell) on droplets allowing antigen mobility. The resulting mean fluorescence intensity was assessed to 328.9 ± 23.9 (a.u.), corresponding to 0.05 streptavidin equivalent (Fig. 4.20a). We then converted this value into F(ab)' 2 absolute concentration per 

Discussion

Our results show that, depending on the protocol chosen, droplets can both allow or impair antigen mobility. We argue that surfactants play a crucial role in restricting the antigen mobility on droplets surfaces. Indeed, droplets are solely formed and stabilized if the required amount of interfacial molecules cover the water-oil interface. By inserting phospholipids from the dispersed phase prior to emulsification, droplets are stabilized by surfactants, but also by DSPE-PEG(2000)-biotin lipids which play the role of both stabilizers and cross-linkers for subsequent protein functionalization. By contrast, droplets are already formed and stabilized by the required amount of surfactants when lipids are inserted subsequent to the emulsification process.

Adding phospholipids on the formed and surfactants-stabilized droplets thus may pack DSPE-PEG(2000)-biotin lipids and surfactants together, and may restrict their diffusion.

We note that droplets functionalized with the protocol we developed, which thus restrict mobility, do not prevent the formation of clusters during a contact between a macrophage a IgGs-coated droplet. We assume either the contractility force applied by macrophages, or the affinity between their receptors and the presented antigens, are higher than B cells during their synapse with F(ab)' 2 -coated droplets [49] [222] (Appendice 5.6).

The time necessary for a B cell to aggregate the antigens is about 5 min. This value is consistent with former investigation of Olivier Mesdjian [84] and the work of S. Fleire which assessed the antigens accumulation mediated by B cells on PLB surfaces [49].

We also showed the surface mobility allows the local antigens increase from 50 to 75 F(ab)' 2 /µm 2 upon the synapse formation. We note that the final concentration at the contact zone remains lower than the one on the droplets restricted the mobility, previously assessed to be equal to 100 F(ab)' 2 /µm 2 . Do these concentrations are consistent with the number of BCRs over a cell membrane? A primary human T cell carries about 30 000 receptors [223]. For a 7 µm-large cell, it comes about 50 receptors/µm 2 . Therefore, if we consider both lymphocytes (indifferently primary cells and cells lines) bear similar amount of receptors, the number of antigens coated over droplets surface (between 50 and 100 antigens/units surface) matches with the amount of BCRs on B cells membrane.

Droplets and cells mechanical characterization

After having assessed antigen mobility and concentration properties, we will focus below on the mechanical properties of such droplets.

Surface tension and zeta potential measurements

We formulated droplets with several surface tensions, which thus exhibit different stiffness (see section 3.4). We formulated three emulsions types: (i) soybean-oil droplets, (ii) mineral-oildroplets, and (iii) mineral-oil-droplets enriched with oleic acid. Oleic acid was used to greatly decrease the surface tension, thus to form deformable droplets. It was initially mixed into the oil phase before the emulsification process. These three oils types were similarly emulsified with SPG technique, stabilized with F68 (15%v/v).

Surface tension measurements.

We analyzed the surface tensions between continuous (water) and dispersed (oil) phases with the pendant drop technique. The results are gathered table 4.7.

Oil phase

Water Soybean oil presents a higher surface tension with water solution (F68 15%v/v) than mineral oil and mineral oil enriched with oleic acid. Soybean oil therefore provides a stiffer interface than that of successively mineral oil and mineral oil plus oleic acid. At equal size, Laplace pressure for soybean-oil droplets is thus higher that mineral-oil droplets, and even greater that mineral-oil/oleic acid droplets.

We investigated the influence of the DPSE-PEG(2000)-biotin on already formed droplets with micropipette experiments. We analyzed DPSE-PEG(2000)-biotin coated and uncoated emulsion droplets. To keep experimental conditions homogeneous, we similarly washed droplets with a buffer solution containing Tween 20 at its CMC. We functionalized one of the droplets
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batches with phopholipids following the protocol we developed [189]. The micropipette experimental conditions make the use of vegetal and mineral oils, less dense than water, difficult to handle. Therefore, we used a halogenated commercial oil called lipiodol (Guerbet, Lipiodol R Ultra Fluide), denser than the continuous phase. The related results do not show a significant change in surface tension between coated and uncoated emulsions, meaning the addition of DSPE-PEG(2000)-biotin does not affect the droplets deformability (Table 4.7). The values of soybean-oil surface tensions measured by pendant drop and micropipette techniques were respectively extracted from K. Powell et al. [224] and D. Molino et al. works [173].

We here note that interfacial tensions between pendant drop and micropipette measurements present significant differences. For instance, the lipiodol/water (F38) surface tension measured with the micropipette technique is 2.5 fold higher than the one assessed with the pendant drop technique. This difference may originate from the partitioning of surfactants in the water phase, which completely differ between a flat interface or an emulsified droplet [225].

Zeta potential measurements.

Zeta potential corresponds to the electrical charge at the interface between the particle surface, covered with ions, and the neutral medium environment (for more details, see section 3.3.1). The zeta potential plays a role on the colloidal dispersions stability. The higher the charge is, the higher the stability is. We therefore assessed the zeta potential on mineral-oil droplets with and without oleic acid, soybean-oil droplets, and lipiodol droplets surfaces. We also investigated the influence of the phospholipids/antigens complexes on droplets. We observed that mineral and lipiodol-oil droplets present the same charge at their surface, which approximates -5 mV. By contrast, soybean-oil exhibit a more negative surface of -17 mV.

Adding oleic acid into mineral oil does not change the final surface charge. The same noneffect is observed for the functionalization of DPSE-PEG(2000)-biotin/streptavidin/F(ab)' 2 over soybean-oil droplets.

Altogether, these results reveal that only the oil type significantly affect the zeta potential, whereas functionalization does not change the surface charges.

Single-cell and droplet mechanics

We aim to characterize the stiffness of B cells and functionalized droplets. We inquire if droplets are biologically relevant in terms of deformability, thus if they well mimic APCs deformability. However, the comparison of droplets and cells properties remains a challenging question. Indeed, droplets are defined by their Laplace pressure, a pressure involving interfacial tension, and cells are defined by their visco-elastic properties [46].

The immune cells mechanics have already been assessed via microplates technique [46], developed by A. Asnacios and N. Desprat [226]. They determined the Young modulus of live APCs such as macrophages and dendritics cells. We propose in this section to use the microplates technique to determine the mechanical properties of both B cells and functionalized oil-in-water droplets. On the one hand, knowing the B cells features will bring a concrete idea of which stiffness these cells face toward live synapses with APCs. On the other hand, knowing the mechanical features of APCs-like droplets will allow the comparison between droplets' stiffnesses and the live APCs' rigidities, measured in the same experimental conditions, and thus lead us to conclude on their relevance to mimic APCs in terms of deformability [46].

The experiments described in the following sections have been performed with Atef and Sophie Asnacios at the MSC lab, Paris Diderot.

Presentation of the microplate setup

The microplates technique was developed to manipulate single cells and access their mechanical properties [226]. It consists in catching a cell between two parallel glass plates (Fig. This setup presents three different methods for evaluating the visco-elastic behavior of cells: creep, relaxation experiments, and dynamic rheometry [228].

For B cells and droplets mechanical characterization, we used the dynamic analysis protocol which consists in applying a controlled sinusoidal stress or strain at different frequencies on the cell via the flexible plate, while measuring the complementary visco-elastic response provided by the cell. The visco-elastic modulus is thus noted G * and corresponds to:

G * = G + iG (4.12)
The storage modulus G denotes for the elastic-like behavior and corresponds to the storage of energy, while the loss modulus G represents the viscous-like response and corresponds to the energy dissipation. 

B cell mechanical stiffness

Dynamic oscillatory measurements on cells have already showed that the elastic G and viscous G moduli both follow a power law depending on increased frequencies. [229] Therefore, according to the previous studies [226][229], the storage G and loss G moduli are described as:

   G (f ) = G 0 f α G (f ) = G 0 f α (4.13)
where G 0 and G 0 are the prefactors of respectively G and G , and do not depend on frequencies f .

As G * = G + iG", the resulted norm |G * 0 | is defined as:

|G * 0 | = (G 0 2 + G 0 2 )f 2α = (G 0 2 + G 0 2 )f α = G 0 f α (4.14)
where G 0 is also a prefactor depending on both G 0 and G 0 .
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These relationships exhibit an equal parameter power coefficient α ≈ 0.2. This α parameter, which sets the relative importance between elastic and viscous-like behaviors (G and G ratio) is weakly dependent on either the cell type, the nature of the protein complex which transmits the mechanical stress, or the typical length scale of the experiment [229]. However, storage and loss moduli prefactors depend on cell types. They thus are considered as the hallmarks of cells stiffness, i.e. of their visco-elastic behavior. 

G G G (f ) = G 0 f α G (f ) = G 0 f α Frequency (Hz) G'/ G" (Pa)
(f ) = G 0 f α and G (f ) = G 0 f α , where α ≈ 0.22.
According to the previous results, we found that over 17 cells the storage G 0 , the loss G 0 , and the global visco-elastic G 0 moduli of B cells are respectively equal to 140 Pa, 80 Pa, and 160 Pa. The G 0 value illustrates the soft membrane of B cells compared to live APC (Table 4.9). B cells are 3 times more deformable than DCs, and about 6 times softer than macrophages. By 4.9: Experimental (a) and published (b) [46] values for storage G 0 , loss G 0 and global viscoelastic G 0 moduli for B cells, T cells, DCs, and Macrophages.

Droplets stiffness analyses

We herein display the assessment of mechanical properties of functionalized droplets via microplates experiments. Droplets are inert and non-adherant objects. We therefore coated glass microplates with PLL 0.01% and functionalized droplets with streptavidin to ensure non-specific adhesion. The reflection interference contrast microscopy (RICM) analyses were performed in order to validate the interaction between a flat PLL-coated glass support and streptavidinfunctionalized droplets. With a 0.01% PLL solution, 8 µm-large droplets stick to the surface with a surface contact of about 1.85 µm (Fig. 4.27). The droplets non-specifically interact with plates, which prevents their detachment during oscillatory pulses. As micropipette experiments, the microplate technique requires the use of sinking droplets.

We thus formulated lipiodiol oil-in-water droplets, functionalized with a saturating amount of DSPE-PEG(2000)-biotin/streptavin complexes following the protocol we developed. We additionally used oleic acid at 5%v/v in oil to lower the interfacial tension (Table 4.7), with the aim to obtain very soft droplets and observe a large range of possible deformations.
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As achieved with B cells, droplets were individually trapped between two glass microplates, where the flexible one oscillated at frequencies from 0.1 to 6.4 Hz. The input oscillated signal was applied with an amplitude of 1 µm on each droplet, and for several increased stresses for which the flexible plate was displaced of a given and constant value (Fig. 4.28). We recorded the output signal, and determined the storage and loss moduli. We interestingly found that both G 0 and G 0 do not follow a power law. The elastic modulus G 0 remains constant, while the viscous modulus G 0 fits linearly with frequencies (Fig. The observed droplets' behavior corresponds to the Kelvin-Voigt model, which describes the visco-elastic behavior of a solid. This model represents a solid as a pure damper and a pure spring connected in parallel (Fig. 4.30). The strain in each component is equal while the stress σ is divided through both damper and spring. These features promote:

T otal = D = S (4.15) σ T otal = σ D + σ S (4.16)
From these two relationships comes the differential equation:

σ(t) = E (t) + η d (t) dt (4.17)
where E is the elastic modulus and η the viscosity.
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10 -1 10 0 10 1 10 0 10 1 During a dynamic stimulus, such as an oscillatory stress, the complex dynamic modulus of the visco-elastic material following the Kelvin-Voigt model is defined as:

10 2 10 3 10 4 G G G (f ) = G 0 G (f ) = G 0 f + β Frequency (Hz) G'/ G" (Pa)
E * (f ) = E + iηf (4.18)
where the real part represents the elastic contribution and the imaginary part the viscous force.

The droplets mechanical behavior follow the equation:

G * (f ) = G 0 + iG 0 f (4.19)
where G 0 = E and G 0 = η.

According to the equations 4.18 and 4.19, the slope of the linear viscous contribution represents the droplets oil viscosity η. This apparent viscosity experimentally approximates 54 Pa.s over 10 droplets. However, the lipiodol viscosity is equal to 25 cP at 37 • C, i.e. 0.025 Pa.s.

The apparent viscosity is therefore higher than the one expected. We thus consider that another viscous force is recorded during the experiments. Indeed, the flexible microplate measures a few CHAPTER 4. APC-LIKE DROPLETS: FORMULATION, FUNCTIONALIZATION, AND CHARACTERIZATION centimeters, and is inevitably submitted to the medium viscous forces. We therefore hypothesize that the water viscosity has a significant effect on the droplets' viscosity measurements. The droplets' loss modulus is consequently lower than the measured one which takes into account the water viscosity.

In addition, the loss modulus G 0 is already much lower than G 0 (Fig. 4.29). Altogether, these results demonstrate that the elastic contribution predominates over viscous forces. Droplets are thus pure elastic objects. As experimentally observed, droplets as pure elastic solids, turns back to its initial shape after an stress (Fig. 4.31). As a consequence, these results lead us to only take into account the storage modulus over the loss one. For the rest of the manuscript, we will therefore consider:

G(f ) = G (4.20)
where G" << G (4.21) We subsequently studied the droplets elastic apparent moduli depending on the applied strain or indentations (Fig. 4.32). The droplets strain is defined as:

= D 0 -L D 0 = I D 0 (4.22)
where D 0 represents the size of resting droplets, L the compression length or the distance between the microplates, and I the indentation. is a dimensionless number, varying from 0 to 1.

Figures 4.32 show that G 0 decreases depending on droplets size. However, it is unclear that G 0 is constant over the applied strain. Large droplets present a modulus decreasing above = 0.1, whereas smaller droplets do not display any decrease.

We therefore sought to determine the global values of forces applied on droplets depending on strain. We analyzed F as: where k is the bending stiffness of the flexible microplate, ∆B and ∆P the variations from respectively the base and the tip of the flexible microplate. ∆B represents the displacement imposed by the piezoelectric micromanipulator, and ∆P is measured from the microscopy image.

F = kδ = k(∆B -∆T ) = k[(B -B 0 ) -(T -T 0 )] (4.23) 
B 0 and T 0 are respectively the positions of the free microplate's base and tip, meaning without trapped droplet.

According to the equation 4.23, it comes the stress σ as:

σ = F S = k(∆B -∆T ) S contact (4.24)
where S contact represents the contact surface between the droplet and the microplates.

The droplets stresses depending on strains were determined over five droplets (Fig. 4.33).

For droplets smaller than 50 µm, the stress linearly follows the strain. For the 50 µm-large droplet, the stress linearly follows the strain below = 0.1 and becomes constant above = 0.1.

As F is a global value, and strain determined by F/S contact is proportional to the stress, the local value G 0 can be determined as:

σ = G 0 . (4.25)
where G 0 is constant.

Therefore, we determined mean G 0 for each droplet and plotted G 0 depending on the resting droplet's dimensions D 0 (Fig. 4.34). The 54 µm-large droplet, whose G 0 decreases depending on was not taken into account. Also, regarding the 50 µm-large droplet, only G 0 for which < 0.1 was considered. We found that G 0 decreases following 1/D 0 . Following the fitting curve figure 4.34, a droplet as large as a cell (12 µm) presents a modulus of about 2265 Pa. Which is much higher than stiff live APCs such as macrophages [46]. These results suggest that 12 µm-large lipiodol-oil droplets, exhibiting a surface tension of about 1 mN/m, are more than two-fold stiffer than live macrophages.

Conclusions

This chapter offered the entire process -from droplets formulation to functionalization -to create a relevant APC-like model with which experimenters can vary stiffness, antigen mobility and concentration.

We formed 10 µm-large droplets thanks to the Couette apparatus, the microfluidic and the SPG techniques. We appreciated the experimental advantages and limitations of these methods, and concluded that SPG technique offered the best efficiency in terms of time and droplets production.

We proposed a new functionalization protocol which highly improved the droplets coating homogeneity, and allowed the fine quantification of the proteins surface concentrations. Thanks to this protocol, we were able to determine that, in our experiments, droplets were functionalized with Fab' 2 antigens from 15 to 145 molecules/µm 2 .

We formed droplets which can both restrict or allow antigen mobility. We found that, when B cells interacted with 50 mobile antigens/µm 2 , they aggregated until 75 antigens/µm 2 . Such antigens recruitment kinetic followed an exponential curve which reached a plateau 15 min after the cell-droplet encounter. Based on these assessments, we chose to use droplets coated with 50 and 100 immobile antigens/µm 2 . We subsequently evaluate the impact of both antigen mobility and concentration during the B cell synapse.

Also, we created droplets with a surface tension varying from 1.7 mN/m to 12 mN/m thus present several stiffnesses, depending on the oil type and the presence of oleic acid. We assessed their mechanical properties with the microplates experiments, and found that droplets were pure elastic materials, hence were only characterized by their surface properties and their size.

As a conclusion, we have seen that droplets are a swiss-army-knife-model for assessing the impact of each individual property upon the B cell synapse. We will discover in the next chapter how such stiffness, antigen mobility and concentration differences affect the cell behaviors during the synapse formation by quantifying the intra-cellular polarization of B cells.

CHAPTER 5. STUDY OF THE B CELL SYNAPSE WITH DIFFERENT APC-LIKE DROPLETS SURFACE PROPERTIES

After having characterized the APC-like droplets stiffness, antigen mobility and concentrations, we will investigate the impact of such properties on the B cell responses during the synapse formation. We will address these questions by observing and quantifying the B cell polarization over time thank to the microfluidic platforms we developed.

We will first describe the setup used to observe the B cell polarization and their characteristics.

The second and third sections will emphasize the properties affecting the trigger and the kinetic modulation of polarization. We will appreciate how stiffness plays a crucial role in both processes, whereas antigens and mobility only impact the polarization triggering. We will aim to understand the mechanisms of the B cell synapse involving droplets, and integrate our results in the frame of the past literature. Discussion parts will highlight the results obtained in each section and bring new insights regarding the mechanisms of the B cell synapse.

A fourth section will point out the non-polarization events occurring with soft droplets, which makes way to mechanical forces during the cell-cell interactions. We will intend to bring a model to quantify such forces and discuss the resulted values. A discussion part will subsequently follow during which we will aim to offer new outlooks regarding the role of soft APCs during in vivo cell-cell contacts.

Finally, in the last section, we will try to bring new perspectives and ideas about emulsion formulation to investigate other biological questions.

Introduction of the setup

Previous works studied B cell polarization by observing a large cells population and averaging the total of analyzed cells without discriminating cells subsets. We here propose to use the microfluidic platform combining functionalized droplets and microfluidic traps, to precisely quantify the B cell responses during the synapse formation with APC-like droplets. We follow the behaviors of several cells over time and simultaneously at a single-cell scale.

After having characterized the APC-like droplets stiffness, antigen mobility and concentrations, we now aim to investigate the impact of such properties on the B cell responses during a synapse formation. We address these questions by observing and quantifying the B cell polarization over time. We herein focus on the two specificities of the B cell response: the trigger of polarization and the modulation of polarization kinetic.

We will follow the cells polarization through the active displacement of lysosomes. Lysosomes are intra-cellular organelles which participate in the cellular reorganization when B lymphocytes are activated through their BCRs. They have been investigated over several studies and represent a relevant biological readout for analyzing the B cell polarization. The polarization is observed when lysosomes gather at the MTOC and move to the synapse area [19][49]. We thus measure their displacement over 45 min (Fig. 5.7a), time during which the polarization occurs as it has been previously reported [37][49] [50].

We formed five droplets types to assess the impact of APC membrane properties on the B cell polarization. B cells interact with stiff and soft droplets, allowing and restricting antigen mobility, and presenting distinct antigen concentrations: we created (i) droplets bearing 100 immobile antigens/µm 2 and exhibiting a medium stiffness, (ii) soft droplets bearing 100 immobile antigens/µm 2 , (iii) stiff droplets bearing 100 immobile antigens/µm 2 , (iv) stiff droplets bearing 50 immobile antigens/µm 2 , and (v) stiff droplets bearing 50 mobile antigens/µm 2 . All these conditions are summarized table 5.1. As a remark, we will not explicit these conditions for the rest of the manuscript, we will only refer to the number assigned for each droplets condition detailed above and in the following table.

INTRODUCTION OF THE SETUP

Droplets were first inserted into microfluidic traps and B cells came afterwards. As assessed previously, the pressure in the microfluidic chamber does not exceed 10 mBar which corresponds to a fluid velocity of 1.6 mm/s and a shear stress of 0.5 Pa. As soon as the first B cell meets with a droplet, the acquisition began. We kept low flows conditions (pressure less than 10 mBar) in order to (i) avoid intercellular communication, (ii) ensure a continuous nutriment replenishment, and (iii) avoid the doublets to escape the traps. Antigen mobility were followed in GFP (tagged streptavidin, Fluoroprobes 488) and lysosomes with TexasRed (Lysotracker DND 647). As an example, the figure 5.1 shows two cells in contact with mobile and immobile antigens.

In the next sections, we will present the results we obtained for the trigger of polarization and its kinetics. In each part, we will discuss about the related results and bring new perspectives accordingly. Another section will focus on the non-polarization events and the cellular forces occurring during the synapse with soft droplets.

The triggering of polarization: Statistics analysis of the cellular behaviors

We observe three cellular behaviors. Most of the cells create a synaptic polarization, meaning lysosomes move to the synapse area (Fig. 5.7) and fewer cells form an anti-synaptic polarization where lysosomes move to the back of cells (Fig. 5.7b). Although we observed the anti-synaptic polarization less frequently, we still decided to highlight and describe this event.

Finally, we also observed a non-polarization when lysosomes do not move on a side of the polarization axis (Fig. 5.2c). B cells can be either non-activated, or non-responsive.

For the rest of the manuscript, we will use the polarization and anti-polarization terms instead of synaptic polarization and anti-synaptic polarization to define the two opposite cell behaviors described earlier. Although the polarization term may be confusing as it also defines a neutral cellular behavior leading to the creation of two poles, we decided to use such appellations when it is necessary to simplify the reading.

Analyzing the trigger of cell polarization consists in counting B cells having polarized, antipolarized and not having polarized at the end of the experiment, i.e. 45 min after the droplet-cell encounter. The percentages related to each cell behavior are disclosed in the graph figure 5.8.

We analyzed at least 29 cells for each of the five droplets condition. An antigen concentration decrease (from 100 to 50 immobile antigens/µm 2 ) significantly lessens the percentages of polarized cells from 51% to 36% (comparison of (iii) and (iv) conditions). Interestingly, when B cells interact with 50 mobile antigens/µm 2 and are able to aggregate them up to 75 F(ab)' 2 /µm 2 , the percentage of polarized cells increases again from 36% to 49%

(comparison (iv) and (v) conditions). Percentages of polarized cells interacting with mobile antigens bounces back to results observed at high antigen concentration and low mobility conditions.

This result shows that B cells recover its maximum faculty to polarize above 75 antigens/µm 2 .

We conclude that antigen concentration triggers B cell polarization above a threshold value of 75 antigens/µm 2 and antigen mobility only helps trigger polarization when presented antigens are lacking.

Anti-synaptic polarization

Unlike polarization, the anti-polarization phenomenon is not affected by the stiffness change:

whether B cells interact with soft, medium or stiff droplets the percentage that anti-polarizes is always about 25%. By contrast, the decrease of antigen concentration from 100 to 50 antigens/µm 2 lessens the statistics of polarized cells to 3%. Also as previously described, the mobility helps recover the percentage of activated cells: the amount of anti-polarized cells increases again to 25%. Altogether, these results reveal that stiffness does not affect the anti-polarization process whereas the antigen concentration triggers it. Once again, mobility helps trigger the antipolarization when presented antigens are lacking. stiffness [47]. The enhanced BCRs signaling is transmitted to the nucleus and affects downstream gene expression changes as quantified by the intensified expression of the B cell activation marker CD69 [47]. We can presume that such activation enhancement is linked to a stronger acto-myosin contractility as it has been observed for other cells types [231]. Consequently, our experiments reveal a significant mechano-sensitivity of B cells depending on the effective stiffness of the droplets we developed (see chapter 4 for the relation between tension and stiffness).

Interestingly, the stiffness does not affect the trigger of anti-synaptic polarization, suggesting that synaptic and anti-synaptic polarization events must come from two different mechanisms.

Antigen mobility and concentration. Previous experimental results show that the maximal trigger of polarization occurs for an antigen concentration above 75 molecules/µm 2 . More precisely, the concentration threshold is between 50 and 75 antigens/µm 2 as we observed a maximal percentage of polarized cells in contact with 75 antigens/µm 2 compared to 50 antigens/µm 2 .

We consider such threshold is at least 75 antigens/µm 2 . As a remark, we can further refine the threshold value by evaluating the percentage of polarized cells interacting between 50 and 75 molecules/µm 2 . S. Fleire et al. found that antigen concentration from 15 to 150 antigens/µm 2 modulates B cell activation: B cells interacting with a higher amount of antigens trigger a more important calcium signaling [49]. We herein show that the amount of polarized cells does not change when they interact with antigens from 75 to 100 molecules/µm 2 . We interpret this as follows : the percentages of polarizing cells depends on antigen concentration below a threshold of 75 antigens/µm 2 . Above this threshold the (possible) signal enhancement upon BCR engagement has no effet on the percentages of polarized cells. Similar interpretations can be done regarding anti-synaptic polarization: the trigger of such events is maximized above 75 antigens/µm 2 and seem to be related to the initial number of BCRs involved at the synapse only below this threshold.
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In the literature, many works have demonstrated that B cells interacting with mobile ligands displayed significantly greater signaling because of the formation, the accumulation, and the merging of BCRs microclusters [50][24] [15]. We herein show that the antigen mobility does not directly affect the B cell polarization but, in allowing the local increase of antigen concentration at the synapse, it helps B cells overcome the lack of antigens (below 75 antigens/µm 2 ) and trigger the polarization. These results suggest that an accumulation of 75 antigens/µm 2 at the synapse does not enhance the trigger of polarization compared to 100 immobilized antigens/µm 2 . We thus presume that the BCRs clustering related to such antigens accumulation does not improve the triggering of polarization, and the number of BCRs microclusters in both these conditions are similar. Consequently, to validate these hypotheses, we need to investigate the number of BCRs bore by a B cell population, those involved at the synapse, and the number of BCR cluster formed at the synapse for such conditions.

An unexpected anti-polarization compared to T cells. The anti-polarization phenomenon has also been observed on T cells and has been called the anti-synapse [232]. This anti-synapse occurs on the early stage of the T cell/APC contact and can be independent of antigen recognition and TCRs engagement [232]. This approach differs from the results we obtained regarding the B cell antipolarization. The statistics displayed in figure 5.8 demonstrate that anti-polarization is only triggered above 75 antigens/µm 2 . It thus depends on antigen concentrations and consequently on BCRs engagement below this threshold. Moreover, the anti-synapse is subsequently followed by an usual synapse beginning 3 min after the cell-cell interaction, where T cells polarize at the contact zone [232]. Statistics have been herein collected 45 min after the beginning of the droplet-cell encounter, meaning that the B cell anti-polarization is not followed by an usual polarization as observed in T cells.

Synaptic polarization is known to regulate assymetric division which importantly shapes subsequent cells fate (memory lymphoytes, plasma cells) [233][234] and is, therefore, crucial for the effectiveness of immune responses. We herein intend to highlight why B cells antipolarize in our experiments in light of the previous literature.

Two assumptions emerge from the literature: (i) either the cell anti-synapse sequesters negative regulators proteins which would impede cell activation away from the forming immune synapse (CD43, Rho-GDI, ERM proteins) [235], or (ii) the anti-synapse represents a signaling complex in its own right since it also aggregates signaling molecules which are involved in the signalosome formation (Lck, ZAP70) [236]. Comparing the proteins implicated in the proximal and distal poles both during the polarization and the anti-polarization formation would reveal whether the anti-synapse is governed by usual signaling machinery, or is shaped by an show an increased accumulation of lysosomes in the uropod (back of the cell) which prevents cells chemotaxis. The authors show that the unusual anti-polarization is very likely due to impaired fusion [237]. We thus can hypothesize that a significant percentage of B cells abnormally anti-polarize due to an impair fusion as well, which does not allow them to release proteases at the leading edge with the droplet. This hypothesis would link to the first assumption where the B cell anti-polarization is the place for sequestering negative regulators away from the synapse.

Cell behavior heterogeneity. Overall, such heterogeneity is still unexpected since IIA1.6 have been published to present a reproducible amount of BCRs [13]. We hypothesize that the differ- This first section displayed the results obtained at the end of the synapse establishment, and clearly demonstrated which APC-like droplets characteristics affect the triggering of polarization. In the next section, we will investigate the impact of these properties on the modulation of the polarization over time upon the synapse formation. We will thus focus on the lysosomes polarization during the B cell synapse, from time zero to 45 min.

Modulation of polarization: Kinetics of cellular behaviors

As soon as a cell polarizes, we are able to determine the front (the mid region in contact with the droplet) and the back of the cell following the polarization axis. We named I f ront and In both cases, p is the plateau and τ the characteristic time.

I
We will below aim to compare the kinetics of polarization for the five described conditions (Table 5.1). For each condition, we will disclose the polarization and the anti-polarization kinetics regardless of the previous statistics (Fig. 5.8). We will compare the characteristic times for each cell populations analyzed and conclude on the significance of droplet properties on the B cell synapse in terms of polarization and anti-polarization kinetics. We do not compare the plateaus because their values are related to the lysosomes concentration, and the microscopy technique we use (epifluorescence) and the objective resolution (40x) do not allow us to track the appearance/disappearance of individual lysosomes on the field of view. Nevertheless, we can investigate this question by using a spinning disk microscope and proceeding to a z-stack recording on the entire cell volume. that the difference in characteristic times is significant (Fig. 5.6). These results are also confirmed by a complementary curve showing a linear kinetic observed for a B cells subset interacting with soybean-oil droplets (Fig. 5.7), while no linearly polarized cell is observed during a synapse with mineral-oil droplets. Likewise, we observed cells subset adopting a linear polarization in contact with droplets from conditions (iv) and (v) as well, made with soybean oil thus whose stiffness is high (Table 5.2). Altogether, these results suggest that B cells are able to discriminate stiffness change, and significantly adjust their polarization speed depending on such surface properties. The amount of antigens therefore does not modulate the polarization kinetic.

Antigen mobility. Finally, we measured the polarization kinetic of B cells interacting with mobile surface droplets. In this case, droplets were initially covered by 50 F(ab)' 2 /µm 2 . As assessed previously, the antigen concentration increased up to 75 F(ab)' 2 /µm 2 during the synapse formation because of the B cell contractility which leads to an antigens cluster (Fig. 5.9a).

We compared polarized cells from condition (iii) and (v). The kinetic curve related to the condition (iii) has been previously reported in figure 5.5a, and the one related to the conditions (v) is showed figure 5.9a. We observed that their characteristic times are similar (Fig. 5.9b), meaning that the B cell polarization is maximal for 75 antigens/µm 2 , and does not get faster even when 100 antigens/µm 2 are involved at the synapse. The mobility, therefore, does not modulate the B cell polarization kinetic as well as antigen concentrations.

We also inquired if polarization is faster when B cells aggregate an increasing amount of antigens at the synapse. We thus investigated the relationship between the characteristic times of B cells interacting with mobile antigens and their final concentration at the synapse. The DROPLETS SURFACE PROPERTIES The table 5.2 summarizes the percentages of B cells polarized in contact with each droplets condition. 

MODULATION OF POLARIZATION: KINETICS OF CELLULAR BEHAVIORS

Anti-synaptic polarization

We herein focus on the anti-polarization events. As an example, figure 5.11a shows the anti-polarization kinetic curve of B cells interacting with droplets from the condition (iii). We then display the comparison of related characteristic times for each droplets conditions in figure 5.11.

As previously observed for polarization process, antigen mobility and concentration does not affect the anti-polarization kinetic. This result confirms that the speed of lysosomes transport onto microtubules is independent of the amount of BCRs involved at the synapse between 50 and 100 antigens/µm 2 . However, stiffness still modulates the B cell anti-polarization similarly to polarization: stiff surfaces (conditions iii) slow down the anti-polarization speed. As observed for the synaptic polarization, soft surfaces (conditions ii) do not affect such kinetics compared to droplets presenting a medium stiffness (condition i).

The table 5.3 summaries all the statistics of B cells observed during synapses involving five different types of APC-like droplets.

MODULATION OF POLARIZATION: KINETICS OF CELLULAR BEHAVIORS

defines the droplets stiffness. We will discuss this point below in the next section.

Soft droplets. We have found that 3% of cells interacting with soft droplets (γ = 1.7 mN/m) do polarize with a kinetic similar to medium-stiff droplets (γ = 4.8 mN/m). Both droplets types were formulated with mineral oil, and oleic acid were only added to form soft droplets. We thus consider that either the amount of oleic acid was unusually low in 3% of soft droplets, thus they are stiffer than presumed, or the related B cells are softer (or less contractile, or less responsive?) than droplets, thus they unexpectedly experience stiffer surfaces. The lack of statistics does not allow us to conclude on these two hypotheses. However, higher statistics of anti-polarized cells involving into synapses with soft droplets (25%), also present similar kinetics to those interacting with mineral-oil ones. These results suggest that amount of oleic acid is not particularly low, and B cells are not unusually softer. They confirm that such soft droplets do not affect the rate of polarization and anti-polarization. Does another contribution overcome the droplets softness and trigger another mechanism which outperforms cellular mechano-sensitivity?

Antigen mobility and concentration. We also have found that neither antigen concentration nor mobility affect the polarization kinetic. These results are unexpected compared to the literature. S. Fleire et al. showed that an increasing antigen concentration enhances the B cell activation through Ca 2+ signaling and subsequently increases the area of membrane spreading [49]. As antigen-BCRs engagements trigger signaling cascades providing an intra-cellular reorganization, we expected that polarization speed would change depending on the amount of antigens B cells interact with, as Ca 2+ signaling and membrane spreading. Although this comparison is delicate since the authors used bilayers as APC-like model and not droplets, we expected that cellular behaviors would follow a similar tendency. Therefore, we can argue that the speed of lysosomes transport onto microtubules is independent of the initial amount of signals through BCRs engagement. Similar interpretations can be suggested for anti-polarization events as well. To validate these hypotheses necessitates to investigate the amount of BCRs involved at the synapse.

A surprising depolarization. A depolarization is surprisingly observed in the kinetic curves of mineral-oil droplets after 35 min. We hypothesize that after antigen extraction, the synaptic reorganization may stop and lysosomes may spread again throughout the cell. Does this depolarization follow an antigen extraction? We can address this question by following the antigen extraction over time. Although this idea is attractive, the antigen extraction over droplets surface remains challenging to assess.

Soft droplets and the B cell forces: Preliminary results

This section focuses on the non-polarized B cells interacting with acid oleic/mineral-oil droplets. We assume that cells trigger another mechanism instead of polarization: the mechanical pathway [42] [43]. We inquire if cells apply forces on droplets while they do not polarize.

We therefore investigated the droplet deformation caused by B cells on soft droplets.

We first wondered if B cells are activated even if no polarization is observed, as it is the case for synapses involving soft droplets. We aimed to validate the cellular activation through antigens clustering during the synapse [185]. Therefore, we tried to create soft droplets providing antigen mobility. We dissolved DPSE-PEG(2000)-biotin into to mineral oil enriched with oleic acid according to the functionalization protocol developed by T.G. Mason et al. [140]. This functionalization failed as no phospholipid was presented at the droplets surface. We hypothesize that oleic acid and phospholipids interact together, thus lipids were unable to reach the interface. We consequently cannot conclude on the activation of B cells involved in a synapse with soft droplets presenting mobile antigens.

Nevertheless, about 20% of cells interacting with soybean or mineral-oil droplets do not polarize: either cells are not activated at all or, although cells are activated, they no do present the expected polarization behavior. We thus consider that about 20% of cells in contact with soft droplets are not activated or do not follow the main cellular behavior as well. Consequently, we presume that a larger percentage of cells interacting with soft droplets, about 80%, corresponds to the activated B cells and does follow the main cellular behavior.

We formed soft droplets bearing 100 immobile antigens/µm 2 , which were incorporated into microfluidic traps while B cells came afterward (Fig. 5.12). On a very few cases, we observed deformations applied by B cells on droplets. We hence sought to quantify these local cellular forces. where ∆P = P out -P in , κ is the mean curvature of the interface, and σ nn the normal stress applied by cells on droplets.

The mean curvature κ is defined as:

κ = 1 R + 1 R ⊥ = κ + κ ⊥ (5.2)
where R and R ⊥ are both main curvature radii.

The pressure ∆P remains constant between a resting and a deformed droplet. Since the oil and the droplets environment (culture media) are similar in both cases, and the main droplet surface remains non-deformed, P in equals P out . Therefore:

∆σ nn = γ.∆(κ + κ ⊥ ) (5.3) 
According to the figure 5.12, cell is only oriented toward the in-plane radius (R ). The deformation thus only occurs following this axis. The perpendicular curvature κ ⊥ remains constant and solely κ changes between the resting and the deformed droplets state. These conditions consequently yield:

∆σ nn = γ.∆κ (5.4)

Image analyses

Based on the equation 5.4, we aimed to determine the curvature κ within the focal plane of observation. We used the 2D analysis proposed by D. Molino et al.. [173] This analysis consists in first applying a median filter (radius 2.0) on the image to homogenize their aspect and ease the segmentation. The image is then scaled-up without interpolation ‡ in order to increase the pixel resolution without averaging pixels colors. This rescaling allows an accurate shape contouring (E.Snake B.I.G. EPFL) to extract the resulted (x,y) Cartesian coordinates of the droplet profile in 2D (Fig. 5.14a) [173]. The pixelization of the contour coordinates is suppressed with a lowpass 1D FFT filtering both on the x and y coordinates, to get the interpolated model droplet. We finally compute the local curvature of droplets shape from the (x, y) Cartesian filtered data, as shown in figure 5.14b [173]. ‡ Precisely, an image interpolation consists in inserting new pixels computed by interpolating the surrounding ones as shown in figure 5.13.

SOFT DROPLETS AND THE B CELL FORCES: PRELIMINARY RESULTS

The code provided in the previous work was adapted in Python and is available in appendices 5.6. We compute the droplet's curvature in polar coordinates as shows the heat map graph in figure 5.15, for two time lapses. The applied force F depends on the contact area at the synapse S contact and the normal stress ∆σ nn . It is defined as: F = ∆σ nn .S contact (5.5) where S contact = πR 2 contact .

The surface area measures 72.3 µm 2 with a contact diameter of 4.8 µm. This results in F = 41.0 nN. Knowing that the stall force per actin filament is equal to 7.7 pN [240], we are able to determine that about 5000 actin filaments are involved toward the synapse with soft droplets.

In comparison, contractile forces applied by fibroblasts have been assessed at 300 nN [241] and T cells generate pushing forces about 400-500 pN [242]. Although macrophages represent the stiffest APC, they induce forces less than 20 nN [243]. The forces promoted by B cells in our experiments seem to be in the range of T cells.

Although the results presented in this section are preliminary and must be carried out several times to achieve sustainable statistics, we show that B cells are able to deform droplets displaying a soft interface and their deformations can be analyzed. Droplets can thus be used as mechanical probes to determine the pushing forces B cells apply on a substrate. Quantification of such forces using the model provided by D. Molino et al. suggest that B cells are able to apply significant forces on droplets, in the rough estimate than migrating cells [173] and cellular tissues [186].

SOFT DROPLETS AND THE B CELL FORCES: PRELIMINARY RESULTS

Discussion

This section concludes that soft droplets (γ = 1.7 mN/m) prevents the B cell polarization and are deformed by cellular forces. Intriguingly, we have found that similar droplets (γ = 1 mN/m) present a modulus much higher than stiff live APCs: microplates experiments revealed that a 12 µm-large droplet exhibits an apparent modulus of 2600 Pa whereas macrophages present a stiffness of 970 Pa [46]. Macrophages have been reported to trigger polarization for releasing proteases close to antigens and thus prevent antigens extraction via mechanical forces. However, DCs prevent such polarization during a B cell synapse, as the soft droplets we formed do.

Therefore, we expected to find an apparent modulus of soft droplets similar to DCs stiffness properties assessed at 530 Pa [46]. We herein inquire why a droplet assessed to be stiffer than a macrophage triggers the opposite B cell behavior upon the synapse formation i.e. prevents the polarization. This droplet seems to be unexpectedly soft in contact with a cell compared to previous visco-elasticity measurements assessed with glass microplates.

One explanation for this unexptected value could be the contribution of adhesive force. A. According to this work, forces applied on droplets gather two contributions: (i) the Laplace pressure and adhesion (ii), which are respectively repulsive and attractive forces. The global force is thus defined as:

F = πR 2 3 1 R 1 + 1 R 2 -2πR 3 sin θ γ (5.6)
The equation 5.6 divided by the contact surface generates: As we found that a droplet's elastic modulus G 0 is constant depending on strain , it results in:

F S contact = σ = γ 1 R 1 + 1 R 2 - 2 R 3 sin θ (5.
G 0 = σ = γ 1 R 1 + 1 R 2 - 2 R 3 sin θ (5.8)
Based on this equation, the droplets apparent modulus G 0 arise from the contribution of two terms that depend respectively on the Laplace pressure and on adhesion. G 0 decreases when adhesion increases. In other words, adhesion reduces droplets stiffness properties, and may have a crucial impact on the B cell polarization during the synapse formation with droplets.

These assumptions lead to different questions: what kind of adhesion does affect the cellsubstrate interaction? Specific interaction such as the receptor-antigen affinity, the number of adhesion molecules involved at the interface or their affinity with the substrate; or non-specific interaction such as electrostatic adhesion provided by opposite surface charges? All these questions will be addressed in the next section in which we will discuss all the results gathered in this study, and try to provide new perspectives regarding these assumptions.

General discussion and perspectives

An unexpected role of adhesion. Droplets interact in a non-specific manner with glass microplates, whereas specific and stronger antigen-receptor interactions are involved during a synapse. The apparent modulus, initially determined as 2600 Pa between two glass microplates, is lessened by the strong antigen-receptors bond whereby B cells interact with droplets during the B cell synapse. This specific adhesion may thus decrease the droplets modulus at the cell/droplet contact, which could explain the unexpected deformation and the absence of polarization in such synapses. These results suggest that adhesion may play a crucial role during the synapse formation. Complementary microplates experiments involving receptor-antigen bond must be performed to validate such hypotheses. The elastic modulus of droplets interacting with glass microplates via strong adhesion bonds should be compared to values obtained when droplets non-specifically adhere on such plates. In a similar manner, we would measure G 0 for several droplets sizes and strains. To verify this hypothesis. it would be interesting to perform the measurements of the stiffness with microplates (as described in section 4.5.2) using high adhesion bond. Ideally, this should be done with F(ab)' 2 antigens fragments and BCR to ensure a specific and strong bond. A more realistic approach would consist in measuring modulus of streptavidin-coated droplets binding with biotin-coated microplates which present a Kd about 10 -14 M.

In these experiments, we expect streptavidin/biotin adhesion to reduce the effective rigidity of the droplet. If, on the contrary, the droplets did not exhibit a lower apparent modulus, we would deduce that the cellular signals triggering acto-myosin contractility must be certainly responsible for decreasing the droplet effective stiffness during the B cell synapse. This points out to a crucial role of the signaling regulation downstream of the BCR.

Also, adhesion could explain the surprising difference in polarization kinetics between soybean and mineral-oil droplets. As a quick reminder, we observed that lysosomes displacement reached a plateau more rapidly when B cells interacted with medium-stiff droplets (5.87 min) rather than with stiff ones (16.49 min). There should be no difference in steric repulsion as both droplets are functionalized in the same way, both in terms of surfactants and PEG chain length.

A significant difference between these two interfaces remains on their surface charge: soybean is more negative than mineral oil, -17 mV compared to -5 mV. According to Maroudas et al.,

serum is greater adsorbed on negative surface, hence creates a thin coating promoting a better cell adhesion [245]. Adhesion molecules better bind with the serum layer and form a rigidityresponsive complex at the leading edge [246]. Since adhesion decreases the droplets apparent modulus, B cells experience softer substrates when they interact with antigens-coated soybean-CHAPTER 5. STUDY OF THE B CELL SYNAPSE WITH DIFFERENT APC-LIKE DROPLETS SURFACE PROPERTIES oil droplets. Consequently, at constant forces, we presume that B cells are able to better deform soybean-oil droplets than mineral-oil ones, and hence exhibit lower the polarization speed.

We mentioned the role of adhesion by discussing antigen-receptor affinity and non-specific interactions between integrins and serum. Directly analyzing the impact of adhesion molecules such as ICAM-1 and VCAM-1, which respectively bind to LFA-1 and VLA-1 on B cells membranes, would be interesting. Do ICAM-1 and VCAM-1 on droplets surface lower the apparent droplets stiffness and impact the B cell polarization? To address this question, we would suggest to add ICAM-1 over droplets surface and analyzing the related B cell polarization. Although this idea is attractive, the protocol is complex. First, we have tried to insert in vain GPI-ICAM over droplets surface. Usually, GPI moieties are used to form liposomes and allow their functionalization with proteins such as ICAM. Regarding droplets, we did not succeed in inserting such molecules between surfactants over droplets surface (see appendices 5.6). The reason may reside on steric repulsion interaction. Second, we intented to functionalozed biotinylated ICAM-1 on DPSE-PEG-biotin whose functionalized has already been assessed. Unfortunately, they are not commercially available, only histidin-tagged ICAM-1 are. We thus tried to bind a poly-histidin-tagged ICAM-1 with Ni-NTA moeties attached to phospholipids DSPE (DPSE-NTA-Ni). Ni-NTA is an octaedric complex which binds to two histidins. We succeeded in this protocol (described in appendices) and revealed the presence of ICAM-1 with FITC-labeled anti-ICAM-1. However, we did not obtain a stable ICAM-1 coating and the final amount functionalized ICAM was low, barely quantifiable (see appendices 5.6). We therefore thought about two solutions:

1. Attaching His-tag ICAM-1 on commonly used DSPE-PEG(2000)-Biotin lipids. This protocol consists in chemically binding (i.e. creation of covalent bonds) between lysins from ICAM-1 and biotin from phospholipids. Lysins are present all over ICAM-1 proteins thus ICAM-s can attach on phospholipids with different sides. As ICAM-1 proteins present an antibody-like structure, they can be anchored over droplets surface indifferently with their Fc or Fab part. This integrins-coating is thus non-reproducible and hardly quantifiable.

2. The second solution consists in generating a plasmid in order to obtain a biotinylated and GFP-labeled ICAM-1. We considered that at this time, we had not enough studied the simplest droplets model with B cells, and decided to wait until achieving a sustainable quantification of B cell synapses with antigens-coated droplets.

To further extend the analysis of the B cells synapse on droplets presented here, we would suggest to make the surface more biomimetic and adding ICAM-1 proteins. Although this addition require a precise quantification of ICAM-1 proteins as we have done for F(ab)' 2 fragments, the measurements of the cellular behaviors during the B cell synapse formation involving ICAM-1
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would bring very interesting results regarding the synergic role of both ICAM-1 and F(ab)' 2 .

We therefore suggest to implement the second solution which consists in creating a recombinant protein. Fluorescent ICAM would specifically bind to phospholipids on their Fc part. This process would bring a better controllable ICAM functionalization. According to previous results, we would expect a high adhesion lessens polarization kinetics.

Altogether, these questions suggest to be very careful in interpreting the results between droplets and cells even without adhesion molecules involved at the synapse. We stress the following points: (ii) B cells must differently adhere on substrates which do not exhibit the exact surface properties, such as soybean and mineral-oil droplets. In this context, changing model to study one parameter must not be relevant. Antigens-coated plasma membrane sheets, exhibiting cellular membrane fragments which intrinsically bear adhesion molecules (IgCAM, cadherins, integrins, selectins) may induce a stronger adhesion than planar lipids bilayers, which only carry antigens and phospholipids. These two models inevitably differ in terms of adhesion, and thus may not be comparable for stiffness investigations. However, these substrates remains useful to bring a qualitative point of view to the global cell-cell contact landscape.

A significant in vivo softness. In an inflammatory state, live APCs stiffness decreases. DCs almost reach T cell stiffness for instance [46], and is in the range of the B cell one (∼ 250 Pa).

Hence, are mechanical forces a more important pathway in inflammatory conditions, than biochemical degradation via proteases release to extract the antigens? As a remark, soft substrates In this context, we can also discriminate the whole system stiffness and the tension itself (local surface contact) by (i) changing the droplets size without changing the apparent modulusthe surface tension must be adjusted; or (ii) changing the surface tension without changing the apparent modulus -the droplets size must be adjusted. We would answer if B cells better experience the whole system stiffness, or the local stiffness properties.

Similar questions can arise regarding in vivo cells. Macrophages are 3-fold bigger than lymphocytes but also present irregularities on their membrane, thus B cells either face a low curved surface, or very locally curved layers. Mature DCs exhibit dendrites which can be similar to flat or highly curved surfaces. Also, biggest APC present stiffest properties because of an increasing actin scaffold [46]. Altogether, the previous discussed experiments would bring new insights regarding the mechano-sensitivity of B cells facing in vivo local APC membranes structures, or the entire cells stiffness due to their cortical network.

Finally, is there a cell-to-cell distance at which polarization is triggered or modified? Membrane properties take into account antigen mobility and concentration, adhesion, antigen-receptors affinity, and also the distance between membrane molecules (BCRs, integrins) and antigenspresenting surface. We already investigated two properties in these Ph.D. studies: we have seen that (i) antigen concentration triggers the B cell polarization but does not affect the polarization kinetic; and (ii) antigen mobility helps trigger the polarization and does not modulate the kinetic as well. The antigens affinity with BCRs and adhesion, thank to integrins, have been reported

to increase the B cell activation [19][49]. The distance between the surface and the cell has not been investigated in B cells. In macrophages, the substrate-cell distance strongly impacts the cellular decisions which trigger phagocytosis [247]. A low chain length separating a PLB and an antigen, promotes mechanical stimuli of adhesion molecules (integrins, CD45) which 

Conclusions

This chapter presented the results we obtained regarding the cellular behavior upon the B cell synapse with antigens-functionalized droplets.

We demonstrated that B cells are sensitive to stiffness of droplets having a surface tension above 5 mN/m. We showed such mechano-sensitivity allows the discrimination of stiff surface which promotes the change in polarization kinetics. Although we have discussed the important role of contractility in such processes, the molecular nature of the mechano-sensor machinery of B cell should be further investigated.

We also pointed out the crucial role of adhesion in cell-cell contacts in that specific or nonspecific interaction may soften the droplet effective properties, which may regulate the trigger and the speed of polarization. The adhesion should be further investigated as well, in coating integrins over droplets surface and correlate such interactions with the B cell polarization kinetics.

We have shown that B cells exert measurable forces on the droplets. Although the results are preliminary, we demonstrated the role of droplets as mechano-probes when B cells interact with soft droplets. We suggest to take into account adhesion interaction to improve current models allowing the determination of mechanical forces.

We demonstrated that antigen concentration affect the polarization trigger, whereas does not induce kinetics change. The maximal number of polarized cells was triggered above 75 antigens/µm 2 . Above this concentration, the statistics of polarized cells did not increase. We have found that a high antigen concentration did not enhance the polarization speed: as soon as a cell was polarized, its the characteristic was assessed at 15 min.

Other results revealed the antigen mobility only helps for triggering the B cell polarization.

These results suggest the active antigens clustering locally increase the concentration and thus activate the polarization. However, we did not investigate the number and the intensity of microclusters gathered at the synapse during synapse with mobile and immobile antigens. We still ignore if a similar amount of microclusters is aggregated when B cells interact with 75 mobile and immobile antigens/µm 2 . This point should be pointed out and elucidated.

Overall, droplets can be used to explore other questions such as how local/global is the mechanosensing of B cells. Several outcomes have been discussed such as the change of curvature by analyzing different droplets sizes, or the change of viscosity by using reticulated oils.

We think that emulsions droplets offer experimenters who are interested in playing with the physico-chemistry of droplets, a great potential to raise more questions in the biophysical field.

Conclusion

Robust materials for studying the B cell synapse Once this platform was fully functional, we focused on imaging, quantifying and characterizing the B cell synapse and its mechanics at a single-cell resolution. We intended to quantify the impact of each APCs membrane property on both the trigger and the speed of polarization.

We demonstrated that stiffness and antigens concentration both affect the polarization triggering. Antigens mobility was found to overcome the initial lack of antigens thus improve 5.6. CONCLUSIONS the B cell polarization triggering in case of low antigens concentration. The polarization trigger was found to be maximal above 75 antigens/µm 2 and B cells only polarized in contact with 12 µm-large droplets having a surface tension superior to 5 mN/m in our experiments.

We have revealed that the dynamics of B cells followed an exponential polarization over time. The characteristic times resulted from each curve brought a precise quantification of polarization speeds for every individual cells. We concluded that antigens mobility and concentration do not change the polarization kinetics. However, the speed of lysosomes polarization depends on droplets stiffness. These results highlighted the mechano-sensitivity of B cells whose signaling pathway is worth investigating.

Moreover, we showed that 25% of B cells anti-polarized independently of the droplet stiffness or antigen mobility. However, a low antigens concentration lessens the total amount of anti-polarized B cells, meaning such phenomenon is BCRs engagement-dependent. Also, stiffness affects the anti-polarization speed, as observed for polarization.

Droplets have also been used as mechanical probes to assess the forces applied by a B cell during the synapse formation. These preliminary results confirmed that B cells used mechanical forces when they do not polarize, and are consistent with previous in vivo studies. They herein affirm the relevance of using droplets as APC-like models.

We discovered a large cellular heterogeneity, provided three different responses, that we assessed as well. We supposed such unexpected cells variability might come from the difference in the initial amount of BCRs.

Finally, we pointed out the unexpected role of adhesion in lessening droplets effective stiffness. We found that adhesion might change the effective stiffness of the droplet. It might involve specific and non-specific interactions respectively provided by surface charges, and integrins engagement. We think that the impact of such adhesion on the B cell synapse represents the next challenge to address.

A high-throughput microfluidic chip

Although the microfluidic platform enabled us to address such biological questions, it presents limitations which are worth discussing. As the amount of studied synapses must be high enough (over 1000) to bring robust results for each cellular behavior, the number of trapped synapses (droplet-cell pairs) in our setup remains not sufficient. Although we created more than 250 traps in each chamber, we did not simultaneously image 250 synapses for several reasons.

(i) Each single trap did not capture a droplet-cell pair, some of them remained empty, or were 5.6. CONCLUSIONS hours) until observing a potential symetric or assymetric cell division, and study the cells fate.

We can even imagine the observation of triplets, from the antigens presentation over droplets surface to a B cell, to a second presentation to a T cell through MHCII molecules provided by the previously engaged B cell. Although such devices can not capture too elongated cells such as neurons, or too adhering ones such as macrophages, they can trap a large number of non-adhering cells, and can be over-or down-scaled depending on the analyzed cells size.

(ii) Functionalized droplets have proven their efficiency at eliciting immune response with B cells in these studies, therefore, I think similar studies should be performed with T cells in a more advance context. T lymphocytes are cells of interest during vaccination processes as they induce cell-mediated immunity and help B cells to provide humoral immunity. One of the currently developed method is mRNA-based vaccines which consists in transfecting a synthetic viral RNA in a body to trigger adaptive immunity. The absorption into human cells is proceeded via two pathways: (i) by loading such mRNA into dendritic cells which subsequently present the antigens to T cells (ex-vivo method), or (ii) by encapsulating mRNA in oil-nanoparticles (100 nm) which deliver it directly to the cells. Lipids nanoparticles are composed of biocompatible oil, and surrounded by DSPC phospholipids, cholesterol and PEG-lipids § . In addition to these nanoparticles, the droplets we developed ensure a specific recognition with targeted immune cells, and can display the optimal formulation to ensure the most efficient immune response.

In this context, a complementary droplets formulation should be investigated to (i) replace the surfactants we used (Tween 20 and F68) with cholesterol, (ii) potentially encapsulate mRNA sequences in the oil phase or load it over droplets surface as it has already be performed with ADN fragments, and (iii) possibly decrease the droplets size from a micro-to a nano-scale depending on the delivery purposes. The uptake of such antigens-coated droplets or the antigens extraction by immune cells can be first assessed in microfluidic traps, and in a longer-term, directly in lymph nodes. § The protocol and the characterization of ARNm encapsulation in lipids nanoparticles are available in the paper [248]. 

Résumé en français

Le travail de thèse que j'ai menée durant plus de trois ans est un projet interdisciplaire alliant la physique et de la biologie, ce que l'on appelle communément la biophysique. Ce champ disciplinaire est inspiré de la science de la matière, des principes physico-chimiques qui en découlent, mais aussi de la physique des systèmes complexes. Il apporte ainsi de nouvelles perspectives à la vision que nous portons sur les aspects usuels de la biologie. Nous verrons tout au cours de la lecture de ce manuscrit, que ce projet lie plus particulièrement la physico-chimie de la matière ainsi que l'immunologie. Fondamentalement et expérimentalement, ce sujet de thèse est une affaire de communication entre ces deux sciences. 

Modèles de CPA couramment utilisés: leurs avantages et leurs limites

Pour simplifier la synapse immune, plusieurs groupes de recherches ont utilisé des outils physico-chimiques comme modèles de CPA tels que des billes de polystyrènes [21], des hydrogels [20] et des bicouches lipidiques [20]. Cependant, la fluidité [39] et la déformation [42] des membranes des CPA sont indispensables pour garantir le bon fonctionnement de la synapse 
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 1 THE IMMUNE SYSTEM particles or micro-organisms with their very acidic organelles called phagosomes [1] (Fig. 1.1).

Figure 1 . 1 :

 11 Figure 1.1: Scheme of phagocytosis by a macrophage. 1. Pathogen-macrophage recognition. 2. Pathogen engulfement/Creation of phagosomes. 3. Pathogen degradation in peptides: creation of antigens. 4. Antigens loading onto the cell membrane for subsequent presentation to lymphocyte. 5. Release of leftover antigens.

  Figure 1.2: Innate response providing by macrophages and dendritic cells. Adapted from [4].

Figure 1 . 3 :

 13 Figure 1.3: Humoral versus cell-mediated immunity.

1. 2 BFigure 1 . 4 :

 214 Figure 1.4: Overview of hematopoiesis. In bone marrow, HSCs differienciate into MPPs and give rise to myeloid (CMPs) and lymphoid (CLPs) lineages. CLPs mostly differentiate into lymphocytes (T cells, B cells and NKs) which migrate from bone marrow to lymph nodes when they mature. Meanwhile, CMPs differenciate into myeloid cells progenitors (MEPs, GMPs, MPs and CDPs) giving rise to most of the cells consisting of the innate immunity (mekaryoytes, platelets, erythrocytes, granulocytes, monocytes and immature DCs). They circulate in blood vessels. By contrast, mature DCs and mature monocytes (macrophages and osteoblasts) migrate to tissus after activation. Only CDPs come from the two lineages. Steps of differenciation between HSCs and MPPs development are not detailed in this scheme and are represented by two black arrows. These cells present self-renewal capacity and loose it along of development process. Adapted from [2]. HSC: Hematopoietic Stem Cell, MPP: MultiPotent Progenitor, CMP: Commun Myeloid Progenitor, CLP: Commun Lymphoid Progenitor, MEP: Mekaryote-Erythrocyte Progenitor, GMP: Granulocyte-Monocyte Progenitor, Monocyte Progenitor, CDP: Commun Dendritic Progenitor, NK: Natural Killer, DC: Dendritic Cell. Adapted from [2].

Figure 1 . 5 :

 15 Figure 1.5: B cell development from bone marrow to secondary lymphoid organs, spleen, and lymph nodes. Adapted from [8].

Figure 1 . 6 :

 16 Figure 1.6: Schematic illustration of a BCR. Y-shape transmembrane protein is anchored in the B cell membrane via the Fc part and capture antigens through the Fab recognition part. BCR is associated with proteins Igα and Igβ, which undergo phosphorylation after antigen engagement and trigger the signaling cascades that guarantee subsequent B cell activation.

( a )

 a Schematic illustration of the monomeric B-cell receptor and the conformation-induced oligomerization model.

Figure 1 . 11 :

 111 Figure 1.11: Illustration of the formation of BCR microclusters. (a) In the resting B cell membrane, BCR (green) diffusion is initially gouverned by the cytoskeleton network (brown). (b) Upon antigentethereing (red) encounter, BCR engagement triggers local reorganization of the cytoskeleton network, leading to the microclusters formation. (c) Over time, the tyrosine kinase Lyn (blue) is recruited and activated that converge to further cascade of signaling events. The resultant microsignalosomes formed trigger subsequent reorganization of the cytoskeleton network, restricting the diffusion of BCRs into the microcluster. APC are not shown for more clarity. [15]

Figure 1 . 12 :

 112 Figure1.12: Representation of the steps of the B cell IS formation. First, the binding of the BCR to the cognate antigen-tethered triggers initiation of IS formation. Then, B cell spreads over the APC and forms antigen/BCR signaling microclusters. Finally, the membrane contracts and gathers the microsignalosomes in the central cluster (cSMAC). A top-view of the concentric structure of the IS represents antigen and BCR-rich cSMAC and actin-rich pSMAC. Adapted from[31].

Figure 1 . 13 :

 113 Figure 1.13: Scheme of cell polarity in B cells. MicroTubules Organizating Center (MTOC, or centrosome) join Microtubules (MTs) over which migrate lysosomes. Upon synapse formation, these intracellular components move in the contact area along the polarity axis (black dashed line). Adapted from [40].

Figure 1 . 14 :

 114 Figure 1.14: Microcospy image of a immunological synapse formed by a B cell in contact with an antigencoated polystyrene bead, at t=0, 1h and 2h. Lysosomes are stained with LAMP-1, in red. Scale bar: 5µm. [39]

Figure 1 . 15 :

 115 Figure 1.15: Synaptic contact between B cells and two APC-like models: Plasma Membrane Sheets (PMS) and Supported Bilayers (PLB). B cell membrane (B220, blue) extract antigens (Ag, green) from the PMS surface by endocytosing membrane pieces (DiI, red). By contrast, B cells recruit lysosomes at the antigen-coated PLB. Arrows represent the location of the planar antigen-bearing surfaces. Scale bars: 2 µm.[41] 

  Figure 1.16: (a) Scheme of atomic force microscopy (AFM). (b) Rupture forces depending on rupture distances for plasma membrane sheets (PMS), planar lipid bilayers (PLB), PLBs prepared from PM (PM-PLB), and dendritic cells (DC) [41]. (c) Rupture forces depending on rupture distances for follicular dendritic cells (FDC) and DC [42]. PLB, PM-PLB, and FDCs exhibit highest stiffness whereas PMS and DC present softest membranes.

Figure 1 . 17 :

 117 Figure 1.17: Antigen extraction by B cells depends on the physical properties of the antigen-coated surface. (A) On a rigid deformable substrate, antigens are recognized by the BCR and gathered into microclusters. (1) Mechanical forces pull on antigen-BCR complexes. (2 and 3) High-affinity antigens are internalized into vesicles coated by a specific protein, clathrin (2), whereas low-affinity antigens detach from the BCR upon tension and only the BCR is internalized (3). (B) On a flexible and deformable substrate, antigens are recognized by the BCR and internalized as described in A. However, because the softer substrate allows a higher degree of deformation, affinity discrimination is less stringent. (C) On nondeformable antigens (or very stiff substrates), B cells secrete hydrolases after polarization of lysosomes at the synapse (1), this promotes antigen release from the substrate (2) and subsequent internalization (3) of soluble antigens.[43] 

Figure 1 . 18 :

 118 Figure 1.18: Immunological synapse formation after incubation of antigen-coated targets cell (AC) and B lymphocytes. Antigens (IC, green) and BCRs (IgM, red) are colocalized at the contact site [21].

Figure 1 . 19 :

 119 Figure 1.19: APC-like models currently used in previsous works. (a) Epifluoresence/brighfield image of a polystyrene bead (coated with IgGs, red) in contact with a macrophage [59]. Scale bar: 10 µm. (b)-(d) SEM images of a B cell laid on antigen-coated (b) glass[28], (c) gel[28], and (d) lipid bilayer[49]. Scale bars: 5 µm. (e) Epifluorescence image of a B cell (cyan) on an antigens (red)-coated PMS[55]. Scale bar: 5 µm.

. 1 .

 1 Viscous forces provided by continuous phases, increase with both the phase viscosity and velocity and tend to elongate the inner phase (Ca ∼ 1, Fig. 2.1a). By contrast, the interfacial contribution tends to minimize the surface contact area between both the dispersed and the continuous phases, thus breaks the thin elongated flow of the inner phase earlier in the channel (Ca 1, Fig. 2.1b). As a remark, the droplets size depends on the balance between both inertial and viscous forces.

Figure 2 . 1 :

 21 (a) Elongation of the dispersed phase due to high viscous forces promoting the continuous phases. (b) Early breakage of the dispersed due to interfacial forces which tends to minmize the surface contact area between both fluids. Adapted from[67].

  -layer U-traps: Single-cell trapping Presentation of the designs Single-cell trapping was progressively developed since 2003, where A. Wheller et al. designed a complex microfluidic device based on valves and pumps, to trap one cell at the time [80]. Another generation of microfluidic chips finally offers a new perspective of highthroughput single-cell analysis in 2015, based on coil designs [81] [82]. A particular celltrapping retains our attention: the U-shaped microchip devices developed in 2004 by Li et al.

  trapping by D. Di Carlo et al. in 2006 [63], and A. Huebner et al. in 2009 [74] for enzymatic reaction analysis through fluorescent detection.

Figure 2 . 2 :

 22 (a) Schematic layout of microfluidic design chip. (b) Brighfield image of yeast cells trapped into microtraps. Scale bar: 75 µm. [83] D. Di Carlo et al. first reproduced the single-layered U-shaped in a larger scale to place more than 200 traps into a chamber

Figure 2 . 3 :

 23 Scheme of single-cell isolation. (a) The 2 µm-large gap between the glass substrate and the PDMS-structure ensures a continuous flow all along in the chamber. This fact guides the streamlines through the weirs, and finally leads to the trapping of the object. (b) Once the object is captured, the streamlines are deviated to the weirs, preventing the next objects from being trapped into the same weir.

Figure 2 . 4 :

 24 Figure 2.4: (a) Schematic flow profile of a droplet approaching and residing in a trap. An object (green) following the lateral streamlines (light blue) is trapped, whereas an object (red), which is guided by the derivated streamlines (dark blue), deviates from the weir. As soon as a droplet occupies a trap, additional droplets pass outside the weir. This mechanism ensures a single trapped droplet per feature. (b) Highdensity single-cell isolation. Scale bar: 75 µm. (c) Release of droplets by inducing a back-flow (white arrow) after 2 seconds. [74]

Figure 2 . 5 :

 25 Figure 2.5: Experimental and theoretical analyses of single-object trapping in two different inlet/outlet positions: a symmetric (left) and an asymmetric (right) configurations. Scale bars: 50 µm. Simulations have been done with comsol software.[84] 

Figure 2 . 6 :

 26 Figure 2.6:The distribution of trapped cells is plotted along with a Poisson distribution for the same average value. An enhancement of single-cell-containing traps and a reduction of zero and greater than two cell-containing traps are observed above the random process.[63] 

Figure 2 . 7 :

 27 Three-step loading protocol. (a) Cells are trapped onto the back-side capture cup. (b) Due to backflow, cells are transferred 'down' into the main front-side capture weir. (c) The second population of cells is finally trapped in front of the first cell type. (d) Fluorescence image of cell-pairing. [73]
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 228 Photomask

Figure 2 . 9 :

 29 Figure2.9: Process of photolithography. A mask with opaque regions in the desired pattern is used to selectively illuminate a light-sensitive photoresist.[85] 

Figure 2 . 10 :

 210 Thick photoresist patterning with (a) plastic and (b) chrome masks. Plastic masks generate rough and irregular patterns, whereas chrome ones promote smooth and very regular edges of patterns.[93] 
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 2 MICROFLUIDIC TRAPS TO STUDY INDIVIDUAL AND ISOLATED CELL-CELL INTERACTIONS

Figure 2 . 11 :

 211 Figure 2.11: Setup of the direct laser writing system. Adapted from [94].

Figure 2 . 12 :

 212 Figure 2.12: Linewidth of micropatterns depending on speed of stage displacement and light power at two z-positions. Adapted from [90].

2

 2 Experimental results: Two-layered silicone mold Direct lithography on silicon mold: Dilase We first designed microfluidic with Dilase, a direct lithography technique-based machine.

Figure 2 . 13 :

 213 Figure 2.13: Scheme of laser path following trap designs on Dilase machine.

CHAPTER 2 .

 2 MICROFLUIDIC TRAPS TO STUDY INDIVIDUAL AND ISOLATED CELL-CELL INTERACTIONS (a) (b) Figure 2.14: SEM images of microfluidic traps. (a) Scalebar: 50 µm. (b) Scalebar: 10 µm. As a remark, we notice the laser lines on the edges of the traps.

2 .

 2 Photoresist development -Basic solution 3. Chrome etching -Acid solution 4. Photoresist removal -Organic solvents (a) (b) Figure 2.15: (a) Scheme of chrome mask design steps. (b) (Photo of photomasks) Photo of resulted chrome masks for two-layered microfluidic chips fabrication.

Figure 2 . 16 :

 216 SEM images of microfluidic traps built with chrome mask-based photolithography. (a) Scalebar: 50 µm. (b) Scalebar: 10 µm.
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 2 MICROFLUIDIC TRAPS TO STUDY INDIVIDUAL AND ISOLATED CELL-CELL INTERACTIONS ysisorption: the organic molecules contained in the reactive solution of silane gradually adsorb onto the water layer [95][97]. (ii) Hydrolysis: the organosilane head groups hydrolyze and form silanols. (iii) Covalent grafting: Si-OH bonds from both silicon surface and organosilane react together and produce Si-O-Si covalent bindings. (iv) Reticulation: remained Si-OH bonds from organosilane form intermolecular bridges, which give rise to polysiloxane [96].

Figure 2 . 17 :

 217 Figure 2.17: Steps of silanization. (a) Physisorption: there is an initial water layer present on the substrate onto which the organic molecules contained in the reactive solution can gradually adsorb. (b) Hydrolysis: the organosilane head groups hydrolyze and form silanols. (c) Covalent binding: Si-OH bonds from both silicon surface and organosilane react together and produce Si-O-Si covalent bindings. (d) Reticulation:remainder Si-OH bonds from organosilane form intermolecular bonds, which give rise to polysiloxane.[96] 

Figure 2 . 18 :

 218 Molecular structures of (a) trichloro-methyl-silane and (b) trichloro-perfluoro-octyl-silane.

Figure 2 . 19 :

 219 of microstructures as illustrated figure 2.20. The height (h), the length of holes (d), and pillars (l) are respectively in the range of 0.2-20 µm, 0.5-200 µm, and 0.5-200 µm. When the aspect CHAPTER 2. MICROFLUIDIC TRAPS TO STUDY INDIVIDUAL AND ISOLATED CELL-CELL INTERACTIONS Schematic representation of (a) soft lithography step and (b) assembling. [100]ratio h/d is too high or too low, the elastomeric character of PDMS will cause deformation or distortion of structures and generate defects in the pattern[98].

Figure 2 . 20 :

 220 Figure 2.20: Possible distorsion of PDMS microstructures due to high or low aspect ratio h/d. Adapted from [98].

Figure 2 . 21 :

 221 Experimental setup. (a) Connected microfluidic chip under a video-miscroscope. (b) Pressure controller connected with the microfluidic chip.

Figure 2 . 22 :

 222 Figure 2.22: Deformations induced by normal and shear forces. [103]

Figure 2 . 23 :

 223 Figure 2.23: Shear stress values in various vessels. [103]

  Thanks to this technique, N. Ruyssen determined the relationship linking the fluid velocity and the pressure gap between the inlet and outlet of the chip. The fluid velocity profile depending on the chip length is shown in figure2.24. The large lengths correspond to the gaps between two traps (∼ 45 µm), and the small lengths represent the distance between two pillars from the same trap (∼ 18 µm). The resulted flow velocity around the weirs corresponds to 0.4 to 1.6 mm/sec for a pressure between 250 and 1000 Pa. We experimentally confirm these data in measuring cells' speed in the chip, under a pressure from 200 Pa to 1 kPa. The related speed of displacement of cells corresponds to 0.5-1.5 mm/sec. These results reveal the pertinence of the model to simulate the flow conditions transporting cells into the microfluidic traps we designed. As a remark, we herein consider the linear correlation between the fluid velocity (thus cells velocity) and the inlet pressure as the system is in steady flow, density is constant, and we hypothesize no change occurs in the internal energy.

CHAPTER 2 .

 2 MICROFLUIDIC TRAPS TO STUDY INDIVIDUAL AND ISOLATED CELL-CELL INTERACTIONSWe then investigated the shear stress that directs the fluid into microfluidic traps, using 2D finite elements methods and shallow channel approximation. The resulted simulation is shown in the figure 2.25. Considering the maximum pressure of 1 kPa and a flow velocity of 1.6 mm/sec, the shear stress into the chip goes from 0.05 Pa to 0.3 Pa. We herein specify that these values are maximal. Experimentally, I used pressures from 2 to 1 kPa. The shear stress values are importantly consistent with the live flow into lymph vessels, which were evaluated from 0.03 to 0.15[109]. These results suggest that cells circulating into the chips we designed are not altered by flows conditions and microfluidic chips are biologically relevant to study lymphocytes.It is worth noting that the simulation displayed in figure2.25 reveals a similar drop in shear stress in front of every single trap. This fact demonstrates a homogeneous variation of stress in all parts of the chip, hence each trapped cell is submitted to an equal shear stress.

Figure 2 . 24 :Figure 2 . 25 :

 224225 Figure 2.24: Fluid velocity into microfluidic traps. Velocity values were evaluated with 2D finite elements methods and shallow channel approximation. As the chip is symmetric, only the mid-region has been represented in this profile.

2. 4 .

 4 SHEAR STRESS AND PHYSIOLOGICAL FLOW CONDITIONS INTO MICROFLUIDIC TRAPS Droplet stability under flow conditions Huebner et al. investigated in 2009 the trapping of oil-in-water droplets into microfluidic weirs. They observed a leakage of droplets overtime: the droplets decreased in size under flow conditions over 40 min, which may be problematic for cell viability [74].

  10 µm-large oil-in-water droplets with differents oils such as soybean oil, mineral oil and mineral oil enriched with oleic acid. They were subsequently coated in surface with fluorescent proteins (GFP streptavidin) as observed in figure 2.26a. For each conditions, we assessed their size over time (Fig.2.26b).Functionalized droplets were first trapped into weirs (Fig.2.26a). We demonstrated that their sizes remained constant over 40 min even if the droplets were submitted to a constant flow of 1 kPa (Fig.2.26b), corresponding to a shear force of 0.3 Pa. These results consequently show that droplets we formulated are stable over time under flow conditions compared to those studied by Huebner et al., and can be used for biological assays.

Figure 2 . 26 :

 226 (a) Mineral-oil droplets trapped into a microfluidic chamber. Scalebar: 20 µm. (b) Normalized droplet area as function of time, for mineral-oil droplets with (N = 6) and without oleic acid (N = 6), and soybean-oil dorplets (N = 6). Any types of droplets decrease overtime under flow conditions (1 kPa).
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  3.1) [117][118].

Figure 3 . 1 :

 31 Figure 3.1: Droplet formulation. Emulsions are formed from the stirring of two immiscible phases and emulsifiers. The resulted emulsions are composed of a dispersed phase (yellow) and a continuous one (blue).

CHAPTER 3 .

 3 PHYSICO-CHEMISTRY OF EMULSION DROPLETS AND THEIR APPLICATIONS FOR APC-LIKE MODELS sion droplet, the hydrophilic group(s) reside(s) in the water droplet, whereas the lipophilic part resides in the hydrocarbon phase (Fig. 3.4).

Figure 3 . 2 :

 32 Figure 3.2: Molecular structures of (a) sodium lauryl sulfate (SDS), (b) cetyl trimethylammonium bromide (CTAB), (c) Trion X-100, (d) Pluronic, (e) Tween 20, and (f) Span 60.

Figure 3 . 3 :Figure 3 . 4 :

 3334 Figure 3.3: Scheme of surfactant structure and interactions occurring at the oil-water interface. Adapted from[125] 

Figure 3 . 5 :

 35 Figure 3.5: Steps of micelle and droplet formation. The dispersed phase is oil (yellow), and the continuous medium is water (blue). (a) At low surfactant concentration, monomers are immersed in water (top panel), or they cover the oil-water interface (bottom panel). (b) The surfactants entirely coat the interface; monomers then occupy the water phase. (c) Above the Critical Micellar Concentration (CMC), monomers gather and form micelles in the water phase (top and bottom panels). (d) All the oil phase is stabilized by surfactants.[134] 

  3.6). Once the energy barrier crossed, the formed oil-droplets are suspended into the water phase (Step 2, Fig.3.6). Over time, this mixture tends to separate again and reach the two-phases system again as the energy barrier is lower and necessitates less energy to cross it (Step 3, Fig.3.6). Emulsion is therefore thermodynamically unstable (they separate into to phases again) and kinetically stable (they are stable in during a limited time). The kinetic stability and thermodynamic instability is called metastability. Large emulsions, such as macroemulsions, are therefore metastable. Conversely, due to their small size, microemulsions are thermodynamically stable[134].

Figure 3 . 6 :

 36 Figure 3.6: Scheme of droplets formation and stability.

3. 2

 2 Droplet formation 3.2.1 Physical chemistry of emulsion formationAn interface is a contact area between two phases such as liquid/liquid, liquid/gas or solid/solid. Interfaces are very thin hence their thickness is negligible. They present significant interactions affecting the interfacial tension [135].

Figure 3 . 7 :

 37 Figure 3.7: Difference of attraction forces between molecules at the interface and in the bulk. Adapted from[137].
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 3 PHYSICO-CHEMISTRY OF EMULSION DROPLETS AND THEIR APPLICATIONS FOR APC-LIKE MODELS (a) (b) Figure 3.8: (a) Top view and (b) side-view of the Couette device. The fixed cylinder corresponds to the stator, and the rotating cylinder to the rotor. ω is the angular speed, and indicates the rotation of the rotor relative to the stator. The fluid corresponds to the initial raw emulsion injected from the bottom part to the top through small gap between the stator and the rotor. The velocity profile is represented by black arrows. Longer arrows indicate a greater velocity of the emulsion between the two cylindrical surfaces.[145][144] 

Figure 3 . 9 :

 39 Figure 3.9: Principle of the Couette emulsification device. Elongation of three droplets with different sizes. The low interfacial tension γ induced by the presence of surfactants helps to the droplet elongation.Then, elongated droplets break under shear forces, and form a monodispersed emulsion. For similar shear forces, the rates of the droplet elongation and of the breakup are higher in the case of larger droplets.[144] 

Figure 3 . 10 :

 310 Figure 3.10: Three main microfluidic structures for droplet generation. (a) T-junction, (b) co-flow, and (c) flow focusing. The blue and the white media respectively represent the dispersed and continuous phases.The black arrows represent the flow direction.[141] 

CHAPTER 3 .

 3 PHYSICO-CHEMISTRY OF EMULSION DROPLETS AND THEIR APPLICATIONS FOR APC-LIKE MODELStip-streaming mode represents an extreme jetting regime where the thin and elongated oil flow produces droplets between 5 and 10 µm[148]. These three regimes occur in the cases of co-flow and flow-focusing designs. The T-junction configuration does not induce tip-streaming mode, but only dripping and jetting ones[69].

  Figure 3.11: Three main modes of droplet generation. (a) Dripping, (b) jetting, and (c) tip streaming modes. [69]

  3.14).

Figure 3 . 12 :

 312 Figure 3.12: Principle of membrane emulsification. (a) Below the critical pressure, the dispersed phase does not pass through membrane micropores. (b) and (c) At the critical pressure value and above, the dispersed phase forms emergent droplets which grow up, and surfactants coming from the continuous phase surround them. (d) When droplets reach a certain size depending on pore dimensions, they detach from the membrane surface, and arrive directly into the continuous phase. Adapted from [151].

Figure 3 . 13 :

 313 Figure3.13: Principle of SPG emulsification membrane. The dispersed phase in inserted in a reservoir connected by a pressure valve. When pressure is applied to the dispersed phase, the latter reaches the porous membrane. As soon as the applied pressure overcomes a critical value, droplets formation occurs. The continuous phase undergoes constant stirring motions to dispersed emulsified droplets. Adapted from[150].

Figure 3 . 14 :

 314 Figure 3.14: Electron microscopy image of micrometric pores into a SPG membrane. From SPG Technologies Co., Ltd website. Scale bar: 20 µm.

(A ∼ 10 Figure 3 . 15 :

 10315 Figure 3.15: Graphical representation of Van der Waals attraction forces

Figure 3 .

 3 Figure3.16: For a negative-charged particle, the first layer contains positive charges that compensate the surface of the object. The second layer contains both positive and negative charges. The electrostatic surface potential ψ therefore decreases with the distance x of the double layer. Adapted from[156].

Figure 3 . 17 :

 317 Figure 3.17: Mathematical representation of the DLVO theory.

Figure 3 . 18 :

 318 Figure 3.18: Schematic illustration of steric repulsion between two non-charged particles, stabilized with long surfactants of length δ and separated of a distance h. In this case, h < 2δ hence droplets undergo steric repulsive forces. Adapted from [135].

Figure 3 . 19 :

 319 Figure 3.19: Mathematical representation of the theory of steric stabilization.

Figure 3 .

 3 Figure 3.19 shows that: (iii) h > 2δ: repulsive and attractive forces inhibit each other. Droplets do not interact.

  (i) Keeping electrolyte concentrations low in the continuous phase: DLVO theory predicts that the addition of salts in solution decreases the energy barrier, and therefore favors droplets aggregation [123].

  dius and the density of the droplet, ρ cont and η cont are respectively the density and the viscosity of the continuous phase.Creating tiny droplets to enhance Brownian motion leads to decrease the velocity of creaming or sedimentation. Equation3.11 shows that the velocity of these processes decreases with a reduction in the droplet size r. A high value of |(ρ cont -ρ disp )| induces a greater velocity. Decreasing density difference between the dispersed and continuous phases consequently reduces creaming or sedimentation processes [123][160]. The creaming speeds of a 10 and 50 µm-large mineral-oil droplets are respectively 5x10 -12 m/s and 10 -10 m/s, meaning a difference of 40 µm affects the creaming speed of 1.5 orders of magnitude.

Figure 3 . 20 :

 320 Figure 3.20: Breakdown processes occurring during emulsification step or/and storage. Adapted from [162].

Figure 3 . 21 :

 321 (a) Measured droplet. Scale bar: 1 mm. (b) Experimental setup.[167] 

Figure 3 . 22 :

 322 Figure 3.22: Pendant drop profile and dimensions. The shaded area represents the image region captured by the camera, which is not necessarily aligned with the drop shape. Adapted from [167].

3. 4 .

 4 SURFACE TENSION MEASUREMENTSrapidly reaches a saturation value. For a similar rate of adsorption, if surfactants are present in the continuous phase at low concentration, they may cover the interface more slowly[168][169].In this case, droplet size increases, and its dimensions change over time. The interfacial value is thereby determined at the equilibrium when no particle growth occurs.At equilibrium, the interfacial tension measurement allows the determination of the critical micellar concentration (CMC)[123]. According to the Gibbs adsorption isotherm[123], the relationship at the equilibrium between the interfacial tension γ and the surfactant concentration in the continuous phase C surf promotes:dγ d log(C surf ) = -ΓRT (3.20)where Γ is the number of surfactants per unit area (surface concentration), R the gas constant, and T the absolute temperature. The figure 3.23 graphically represents the equation 3.20. It presents the surface tension as function of surfactant concentration. Below the CMC, the interfacial tension decreases with the addition of surfactants. The surface concentration Γ is therefore determined by the linear fit before the CMC [123]. According to the equation 3.20, the slope of the straight line a is a = -ΓRT . At the CMC, the interface is entirely coated by surfactants, thus the interfacial tension does not increase with the addition of emulsifiers [170]. Monomers cover the interface and aggregate in micelles into the continuous phase. No adsorption of surfactant at the interface occurs anymore, which explains the constant value of the interfacial tension at the CMC [123][170].

CHAPTER 3 .Figure 3 . 23 :

 3323 Figure 3.23: Graphical representation of the relation between the surface tension and the surfactant concentration. (a) Below the CMC, surfactants absorbed at the interface. The surface tension increases with the increase of surface concentration Γ. (b) At the CMC, the surface tension is minimal. Surfactants entirely cover the interface. Γ reaches the saturation value. (c) Below the CMC, no additional surfactant adsorption occurs. γ and Γ are constant. Adapted from [170].

Figure 3 . 25 :

 325 Figure 3.25:Pendant drop profile and dimensions.[173] 

Figure 3 . 26 :

 326 Figure 3.26: DLPCs, DMPC, DPPC, POPC, DOPC and DSPE structures. Adapted from [187].

Figure 3 . 27 :

 327 Functionalization of streptavidin via (a) the combination of free acidic molecules contained in the oil phase plus NH 2 -biotin moieties, and (b) the insertion of DSPE-PEG 2000 -Biotin at the droplet surface. Adapted from [59] [180] [183] [195].

3. 6 .

 6 FUNCTIONALIZED EMULSION DROPLETS AS BIOMIMETIC MATERIALS (a) (b) Figure 3.28: (a) Scheme of adhesion between biotin-streptavidin coated droplets and the active surface. (b) Adhesive fluorescence patches (green) of non-specific (left panel) and specific (right panel) interactions.The equatorial view of the droplets is represented in red. The size of patches increases with the presence of specific binding. Scale bar: 5 µm.[180] 

CHAPTER 3 .

 3 PHYSICO-CHEMISTRY OF EMULSION DROPLETS AND THEIR APPLICATIONS FOR APC-LIKE MODELSof actin filaments in the cytoskeleton, which induces a lower diffusion of the transmembrane proteins[15].

Figure 3 . 29 :

 329 Figure 3.29: Specific interaction between droplets through streptavidin-biotin bond. (a) Scheme of droplet-droplet adhesion through biotin-streptavidin binding. The SDS molecules are anionic surfactants which provide electostatic repulsion of droplets. EPC phospholipds are used as stabilizers. DPSE-PEG-Biotin acts as crosslinkers for biotin(-streptavidin) functionalization. (b) Fluorescence image of the droplet-droplet specific contact. The fluorescence is insured by fluorophore-conjugated streptavidin.Functionalized droplets form fluorescent patches at the contact zone, hallmark of ligand mobility and droplet adhesion.[183] 

3. 6 .

 6 FUNCTIONALIZED EMULSION DROPLETS AS BIOMIMETIC MATERIALS (a) (b) Figure 3.30: (a) Scheme of adhesion between two E-cadherin coated droplets. The SDS molecules are anionic surfactants which provide electrostatic repulsion of droplets. EPC phospholipids are used as stabilizers. DOGS-NTA-Ni acts as crosslinkers for E-Cadherin functionalization via a histidine binding. (b) Adhesive fluorescence patches of specific interactions between complementary E-cadherin moieties.

Figure 3 . 31 :

 331 Deformation of functionalized droplets (red) by embryonic tissues (blue). (a) No deformation occurs. Droplets are at the equilibrium and are spherical. (b) Forces applied by cells are greater than the internal pressure of droplet, equal to 2γ R . Droplets are deformed and therefore present several local curvatures.[186] 

Figure 3 . 32 :

 332 Figure3.32: Droplet deformation when a migrating cell (nucleus: blue, actin: green) passes between the droplet (red) and the microchannel. Scale bar: 5 µm.[173] 

Figure 3 . 33 :

 333 Figure 3.33: Brighfield image of droplet phagocytosis by a macrophage. Droplet is coated with IgGs that trigger phagocytosis. As soon as the recognition occurs, the cytoskeleton is extended and cover the whole object (0 min). The macrophage totally engulfs the functionalized droplet in 6 min. Scale bar: 5 µm [59]

Figure 3 . 35 :

 335 Figure 3.35: Immunological synapse between a functionalized droplet and a T cell.[185] 

  Both K. Ben M'Barek et al. and N. Bourouina et al. demonstrated droplet-cell interaction induces the aggregation of active molecules at the contact area [59] [185]. Immunoreceptors and antigens clusters appear to be significantly similar upon cell-cell and droplet-cell contact (Fig.3.36).

Figure 3 . 36 :

 336 Immunological synapses between (a) live APCs (green) and B cells (red), and (b) a functionalized droplet (red) and a T cell (green). In both cases, immunoreceptors and antigens colocalized in the are represented[21] [185] 
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  ii) Mechanical measurements have been performed on live APCs and substrates mimicking APC stiffness, such as PLB and PMS [41][42]. Precisely, N. Bufi et al. demonstrated that Young's modulus of macrophages and DCs are respectively equal to 930 Pa and 500 Pa. However, the question regarding the ability of B cell to resist deformation has not been addressed yet. We consequently still do not know what the range of stiffness B cells can quantitatively discriminate, in comparison with its surface properties. In other words, is macrophages membrane stiff for B cell? Does 500 Pa correspond to a soft surface? What is the threshold of stiffness which triggers the biochemical degradation of the antigen-BCR bond preferentially to the antigen extraction via mechanical forces?

Figure 4 . 1 :

 41 (a) Brighfield image of rough emulsion droplets mixed by hand (left, scalebar: 80 µm) and homogenized emulsions (right, scalebar: 40 µm). (b) Normalized size histogram of resulted droplets formulated via Couette device. CV=25%.

Figure 4 . 2 :

 42 (a) Brighfield images of droplets formulated via formulated via microfluidic devices. Droplets can either be emulsified with dripping mode (top, scale bar: 20 µm) or jetting mode (bottom, scale bar: 40 µm). (b) Normalized size histogram of the resulted emulsion droplets from dripping mode device. CV=10%.

CHAPTER 4 .

 4 APC-LIKE DROPLETS: FORMULATION, FUNCTIONALIZATION, AND CHARACTERIZATION(2:10 cross-linker: liquid PDMS).

4. 1 .

 1 EMULSION FORMULATION: CONTROL OF APC-LIKE DROPLETS SIZE AND MONODISPERSITY (a) (b) Figure 4.3: (a) Brighfield image and (b) normalized size histogram of resulted emulsion droplets formulated via Shirasu Porous Glass (SPG). Scalebar: 40 µm. CV=10%.

Figure 4 . 4 :

 44 Figure 4.4: Scheme of a droplet functionalized with a DSPE-PEG(2000)-biotin lipid and an anti-biotin IgGs

Figure 4 . 5 :

 45 Figure 4.5: Schematic representation of the previous functionalization protocol used to coat the emulsion droplets with phospholipids. Soybean oil containing functional phospholipids is directly emulsified.

Figure 4 . 6 :

 46 (a) Wide-field epifluorescence pictures of droplets (7.8 ± 1.9 µm, see Figure S1C) functionalized with biotinylated phospholipids and further conjugated to fluorescent antibiotin IgGs. Scale bar: 20 µm. (b) Normalized fluorescence distribution of a droplet subsample (mean diameter: 7.9 ± 0.5 µm) coated with antibiotin IgGs. Experimental data are fitted with a log-normal distribution (µ = -0.31, σ = 0.78). Fluorescence intensities are normalized with respect to the average value of the whole population. (c) Density plots FL1 (fluorescence) vs SS obtained by flow cytometry in the case of IgG-coated droplets obtained following the protocol where lipids are diluted in the oil before emulsification

  4.7) or DSPE-PEG(2000)-biotin, and of a polar cosolvent, usually DMSO at a volumic ratio of 10% (Fig. 4.8). Droplets incubate in this solution at room temperature for one hour. Oil-in-water droplet DOPE Carboxyfluorescein

Figure 4 . 7 :Figure 4 . 8 :

 4748 Figure 4.7: Scheme of a droplet functionalized with a DOPE-caboxyfluorescein

Figure 4 .

 4 10 shows a representative spinning-disk confocal image of the droplets in which the droplets have a homogeneous fluorescent interface and a near black center. The resulted surface fluorescence profile (Fig. 4.10b), along with the dashed white line on figure 4.10a, proves that fluorescent phospholipids are present at the droplet surface, where the fluorescence intensity is maximal.

CHAPTER 4 .

 4 APC-LIKE DROPLETS: FORMULATION, FUNCTIONALIZATION, AND CHARACTERIZATION We then performed fluorescence assay with both an epifluorescence technique and a flow cytometer. The resulted coating is homogeneous (Fig. 4.10a): in both the sharp gaussian fluorescence intensity distribution (Fig. 4.10b) and the narrow cytometer profile (Fig. 4.10c). As compared to the measures on droplets figure 4.6, the difference is striking with a clear advantage to the functionalization routine we proposed.

Figure 4 . 9 :

 49 (a) Representative image of DOPE-CF-functionalized droplets recorded by spinning disk confocal microscopy. Scale bar: 15 µm. (b) Fluorescence line profile of a droplet along the dotted line shown in (a).

Figure 4 . 10 :

 410 (a) Representative image of DOPE-CF-functionalized droplets (2.5 equiv) recorded by spinning-disk confocal microscopy. Scale bar: 20 µm. (b) Fluorescence distribution of an emulsion subsample with a diameter of 7.9 ± 0.5 µm. Experimental data are measured from wide-field epifluorescence microscopy and are fitted with a normal distribution (CV = 9%). Fluorescence intensities are normalized with respect to the average fluorescence value of the subset. (c) Density plot FL1 (fluorescence) vs SS (side scattering) obtained by flow cytometry in the case of IgG-coated droplets (100 equiv DSPE-PEG(2000)-biotin, 10 equiv IgGs) obtained following the protocol with a 10 vol % concentration of DMSO is used as a cosolvent to insert lipids into the interface after emulsification

Figure 4 . 11 :

 411 Figure 4.11: Integrated fluorescence intensity of emulsion droplets coated with DOPE-CF lipids (5 eq.) as a function of droplet surface area and measured by epifluorescence microscopy. Experimental data are fitted by a linear function (R 2 = 0.99).

Lipid insertion.Figure 4 . 12 :

 412 Figure 4.12: Titration curves of droplets (average size: 8 µm) functionalized with DOPE-CF (10 vol % DMSO). (a) Fluorescence density of the droplets is plotted as a function of the bulk concentration in DOPE-CF and expressed as a surface equivalent with respect to a monolayer. The titration curve is fitted by a Langmuir isotherm from which we extract an affinity constant between DOPE-CF and oil/water interface K = 0.6 ± 0.25 equiv -1 . (b) Titration curve of droplets functionalized with DSPE-PEG(2000)biotin with respect to the biotinylated lipid bulk concentration. After insertion of the nonfluorescent biotinylated lipid, fluorescent IgGs are added to the bulk aqueous phase at a saturating concentration of 5 equiv. The curve follows a Langmuir isotherm with an apparent affinity constant K = 0.03 ± 0.015 equiv -1 .

4. 2 .

 2 FUNCTIONALIZATION: CONTROL OF LIGANDS CONCENTRATIONAccording to the figures 4.12a and 4.12b, K(DOPE-CF) = 0.6 ± 0.25 equiv -1 and K(DSPE-PEG(2000)-biotin) = 0.03 ± 0.015 equiv -1 , respectively. These results mean that DOPE-CF entirely saturates the droplets surface with 20 times less equivalents in bulk solution than DPSE-PEG(2000)-biotin. Two reasons can explain this significant difference. First, DOPE-CF is smaller than DSPE-PEG(2000)-biotin thus also more diffusive than DSPE-PEG(2000)-biotin and its diffusion time is higher. Consequently, its rate of adsorption is greater than DSPE-PEG(2000)-biotin, which causes a greater thermodynamic constant K. Second, droplets are made with soybean oil, which is composed at more than 80% of mono-and poly-unsaturated fatty acids[210]. The unsaturated lipids DOPE may create stronger attractive interactions with the oil by contrast with saturated DSPE lipids (see section 3.5.1). The desorption rate of DOPE-CF might thus be lower than that of DSPE-PEG(2000)-biotin, and according to the equation 4.7, the constant K(DOPE) is higher than K(DSPE).Protein functionalization. We functionalized two kinds of proteins on the above mentioned DSPE-PEG(2000)-biotin coated droplets: (i) anti-biotin IgGs or (ii) streptavidin (Fig.4.13).The titration curves have been investigated for each case. Oil-in-water droplet DSPE PEG(2000) Streptavidin Biotin

Figure 4 . 13 :

 413 Figure 4.13: Scheme of a droplet functionalized with a DSPE-PEG(2000)-biotin lipid and a streptavidin molecule.

Figure 4 . 14 :

 414 Titration curves for (a) antibiotin IgG-coated biotinylated droplets, (b) streptavidin and (c) F(ab)' 2 coated droplets, measured by epifluorescence microscopy. Soybean oil droplets are functionalized with 100 equiv of DSPE-PEG(2000)-biotin and an increasing bulk concentration of IgGs and streptavidin for (a) and (b)

  ± 0.18 equiv -1

4. 2 .

 2 FUNCTIONALIZATION: CONTROL OF LIGANDS CONCENTRATION We functionalized droplet surface following the functionalization "on surface". For each condition, we mixed 100 equivalents of DPSE-PEG(2000)-biotin on a buffer solution composed of 10%v/v of DMSO, and different concentrations of Pluronic F68 and Tween 20. After the lipid insertion, we added 10 equivalents of fluorescent IgGs bathing in a buffer solution of Tween 20 (CMC), and assessed the fluorescence intensity for each sample. The table 4.3 displays the resulted fluorescence intensity for five cases: when DPSE-PEG(2000)-biotin are incorporated over the droplet surface with no additional surfactant in solution (1), in presence of Pluronic F68 or Tween 20 at concentrations equal to (2 & 4) and much larger (3 & 5) than their respective CMCs. We arbitrary chose the sample #3 as reference, and accordingly determined the mean fluorescence intensity. The samples #1, #2 and #4 exhibit highest fluorescence intensities, whereas samples #3 and #5 present the lowest values. These results show that mixing phospholipids with surfactants below their CMC does not change the fluorescence intensity, i.e. the surface density of lipids at the liquid-liquid interface. By contrast, increasing the surfactant concentration of F68 and Tween 20 above their CMC significantly decreases the number of lipids incorporated on droplets surface.The presence of surfactants at high concentrations is therefore detrimental to the insertion of lipids at the interface. We assume that surfactant micelles compete with the droplet surface for lipid insertion, and capture phospholipids that would have otherwise been able to migrate to the oil/water interface. Consequently, both Pluronic F68 and Tween 20 micelles might prevent the insertion of DSPE-PEG(2000)-biotin on droplet surface.

  assessed the fluorescence intensity as a function of DMSO concentration in solution from 0%v/v to 15%v/v and over 24h (Fig. 4.15a). The experimental kinetic curve fits with an exponential equation. We thus extracted the characteristic rate constant k, and a saturation value corresponding to the plateau reached at 24h. All the kinetic curves are pooled figure 4.15b, where black squares represent rate constants and black dots maximum fluorescence values from 0%v/v to 15%v/v of DMSO. The constant k increases with DMSO concentration, whereas maximal value of fluorescence intensity remains constant. These results mean DMSO plays a kinetic role in accelerating the rate of reaction. By contrast, DMSO does not influence the thermodynamic lipid adsorption since the liquid-liquid interface saturates in each case over 24h.(a) (b) Figure 4.15: (a) Kinetics of the adsorption process onto the droplets measured by cytometry, for a DOPE-CF concentration of 2.5 equivalent and a DMSO bulk concentration from 0 to 15 vol %. The integrated fluorescence of droplets has been measured by flow cytometry. Experimental data are fitted by an exponential function. (b) Reaction rate constant k (min -1 ) of the adsorption process ( ) and final fluorescence droplet intensity (•) plotted as a function of the DMSO bulk concentration ranging from 0 to 15 vol %. The reaction rate is fitted by a bounded exponential (R 2 = 0.998).

4. 2 .

 2 FUNCTIONALIZATION: CONTROL OF LIGANDS CONCENTRATION pores on droplet membrane stabilized by Pluronic F68 and Tween 20, and ease the insertion of larger lipids at the surface. Consequently, both liposomes degradation and droplet membrane permeation provided by DMSO may able the incorporation of lipid monomers at the oil/water interface. (a) (b) Figure 4.16: Total fluorescence intensity measured by flow cytometry of (a) 2.5 equiv DOPE-CF and (b) 100 equiv DSPE-PEG(2000)-biotin coated droplets in different polar aprotic cosolvents during the lipid insertion step. The droplet diameter is 7.9 ± 1.7 µm, and IgGs were used at 5 equiv to reveal the presence of the biotinylated lipid. Lipids were diluted directly in the cosolvents, whose volume fraction has been set for all experiments to 10 vol %.

Figure 4 . 17 :

 417 Figure 4.17: Fluorescent images of monodispersed magnetic droplets (diameter = 14.7 µm ± 2%) produced with a microfluidic flow-focusing device. Droplets are biotinylated and further conjugated to fluorescent antibiotin IgGs. In the absence of magnetic field (left), droplets are randomly distributed in the observation chamber, whereas when a magnetic field is applied (right), droplets align in its direction. Scale bar: 30 µm.

4. 2 . 3

 23 The functionalization "on surface" protocol for biological studies This protocol renders other studies possible. First, a quantitative analysis of lipid droplets phagocytozed by macrophages has been performed by L. Montel. Droplets were functionalized by DPSE-PEG(2000)-biotin/anti-biotin IgGs complexes following the protocol we developed. In the related experiments, macrophages engulfed monodispersed 3, 5.5 and 8 µm-large droplets but also polydispersed lipid particles (mix of the three cited sizes). For each case, L. Montel evaluated the phagocytic index corresponding to the ratio between the number of the engulfed droplets and the total number of cells. The results finally demonstrate that macrophages invaginated smaller monodispersed targets in greater numbers, and objects of different sizes presented simultaneously are internalized without preferred size. The total surface engulfed by the cell is thus the main factor limiting the uptake of particles, regardless of their nature or size. This quantitative analysis would not have been possible without the functionalization protocol we developed, which provides a low variability of IgG amount over droplets. This protocol hence activates cells with a great regularity. Droplets were saturated in anti-biotin IgGs, meaning the droplets directly and uniformly presented the same required amount of IgGs to trigger cell activation.

Figure 4 . 18 :

 418 Figure 4.18: Scheme of droplets functionalized with DSPE-PEG(2000)-biotin/Streptavidin/F(ab)' 2 .

Figure 4 . 19 :

 419 Figure 4.19: Titration curve of F(ab)' 2 insertion on streptavidin. Soybean-oil droplets were functionalized with 100 equivalents of DSPE-PEG(2000)-biotin, 1 equivalents of streptavidin and an increasing amount of F(ab)' 2 . The affinity surface constant K is equal to 1.73 ± 0.74 equiv -1 .

  Second, we determined a calibration linear curve by assessing the fluorescence intensity on calibration beads (DynaBeads) (Fig. 4.20c). The fluorescence intensity of those beads was first analyzed by epifluorescence microscopy and related to the Molecules of Equivalent Soluble Fluorochrome (MESF) given by the company (Fig. 4.20c, blue dots). We then added the fluorescence intensity of streptavidin-coating-mineral-oil droplets values from the figure 4.20a on the calibration curve figure 4.20c (red dots). Finally, we converted the MESF values on absolute F(ab)' 2 molecules per surface unit, considering that analyses were performed on a monodispersed batch of 12 µm-large droplets, and each streptavidin molecule bears two fluorophores. These results show that a droplet covered by 1 equivalent of streptavidin can bear between 15 F(ab)' 2 /µm 2 (0.01 equivalents of F(ab)' 2 ) and 145 F(ab)' 2 /µm 2 (4 equivalents of F(ab)' 2 ). These values are in the same range of antigen concentration used to assess antigen affinity in the work of Y. Carrasco et al.: the antigen presentation has been investigated from 15 to 150 antigens/µm 2 .

4. 3 .Figure 4 . 20 :

 3420 QUANTIFICATION OF THE ANTIGEN CONCENTRATION (a) Titration curve of mineral oil droplets, formulated via SPG technique. The droplets were functionalized with 100 equivalents of DSPE-PEG(2000)-biotin and from 0.02 to 2 equivalents of streptavidin molecules. The experimental data fit with a Langmuir isotherm where K = 9.713 ± 4.713 equiv -1 . (b) Calibration curve obtained by analyzing commercial Dynabeads coated with different amount of FITC fluorophores. Only bead #3 and #4 were bright enough to be observed with epifluorescence and the point 0,0 was artificially added (blue dots). The calibration curve was first built with the relationship between the measured fluorescence of bead and their MESF, corresponding to the number of fluorophores beared by a bead, given by the company. The theoretical data from (a) were added on the calibration curve (red dots). We finally determined the related MESF. (c) Titration curve relative to the equation from (a). Each streptavidin equivalent was converted into absolute value of F(ab)' 2 surface density via MESF. A streptavidin-saturated droplet bears 145 F(ab)' 2 per µm 2 .

Figure 4 . 21 :

 421 Figure 4.21: Mobility on droplets surfaces during the B cell synapse. Each droplet is composed of soybean oil and functionalized with F(ab') 2 fragments. The B cell synapses were imaged at 17.5 min. Only the formulation (Couette or SPG) and functionalization techniques (Lipids inserted before or after the emulsification process) changed over the four presented emulsions types. A fluorescent patch, hallmark of antigen mobility, is only observed at the droplet-cell contact zone if lipids were inserted on droplets surface before the emulsification step. Streptavidin molecules are tagged in green, Fluoroprobes 488. Scale bar: 10 µm.

Figure 4 . 22 :

 422 units surface. According to the figure 4.20c, 0.05 equivalent of streptavidin corresponds to 50 F(ab)' 2 /µm 2 . This result shows that droplets allowing antigen mobility present 50 F(ab)' 2 /µm 2 to B cells at t = 0. Second, by comparing I min and I max , respectively corresponding to the fluorescence intensity at t < 0 and over time (Fig. 4.22a), we also assessed the fluorescence intensity into the antigens cluster during the B cell synapse formation. The figure 4.22b displays the I max I min ratio over time. It is equal to 1 at t < 0, where I min corresponds to the minimal concentration C min = 50 F(ab)' 2 /µm 2 . The plateau value represents the maximal fluorescence intensity reached at the contact zone. We can therefore determine the antigen concentration C max at the droplet-cell contact knowing I min , I max(plateau) , and C min . The experimental data fits an exponential curve CHAPTER 4. APC-LIKE DROPLETS: FORMULATION, FUNCTIONALIZATION, AND CHARACTERIZATION y = (p -1)(1 -exp(-t/τ )) + 1, where p is the plateau value. Likewise, we analyzed the antigen recruitment kinetic over 18 cells (Fig. 4.23). We found a plateau value being equal to p = 1.5 in 15 min (3τ ). The antigen concentration at the droplet-cell contact consequently reaches: 1.5 × 50F (ab) 2 /µm 2 = 75F (ab) 2 /µm 2 (4.11) (a) Assessment method of the antigen clustering. (b) I max /I min ratio kinetic curve over 45 min. The analyzed cell corresponds to the one displayed in figure 5.1a. The fitting curve follows y = (p -1)(1 -exp(-t/τ )) + 1, where p is the plateau value.

Figure 4 . 23 :

 423 Figure 4.23: Kinetic of antigen recruitment at the droplet-cell contact. N = 18. The fitting curve also follows y = (p -1)(1 -exp(-t/τ )) + 1, where τ = 4.7 ± 0.6 min and p = 1.49 ± 0.06. Error bars represents the standard deviation over 18 droplets, and 8 independent experiments.
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 4 ANTIGEN MOBILITY AND CONCENTRATION: TWO LINKED PARAMETERS

4. 24 )

 24 . A flexible plate acting as a spring of calibrated bending stiffness k, and a rigid plate about 1000 times stiffer than the flexible. During the experiments, the flexible plate is oscillated applying oscillating stress on the studied cell and compressing it sinusoidally against the rigid plate [227]. The microplates are placed on an inverted microscope, which images the side view of the cell caught between them. Micrometric displacements of plates are controlled via highly-resolutive piezoelectric micromanipulators. A photosensitive detector (PSD) measures the flexible plate deflection δ, and brightfield image records cell shape and deformation. The tip displacement δ is related to the force F exerted by the cell by F = kδ where k is the bending stiffness of the flexible plate.

Figure 4 . 24 :

 424 Figure 4.24: Scheme of microplate experimental setup. A cell is caught between two glass parallel plates one flexible, of calibrated bending stiffness k, and the other one rigid, in practice often 1000 times stiffer than the flexible plate. A controlled sinusoidal stress or strain at different frequencies is applying on the cell via the flexible plate, while measuring the complementary visco-elastic response provided by the cell.

G

  and G are determined with the comparison of the input sinusoidal pulse D(t), characterized by D(t) = D 0 e iωt , and the resulted output signal d(t) defined as d(t) = d 0 e iωt+φ (Fig. 4.24). The ratio D 0 d 0 and the phase shift φ lead to the elastic G and viscous G moduli. Both are expressed in Pascal.

B

  cells (IIA1.6 lines) were caught between two glass microplates initially coated with poly-L-lysin (PLL) 0.01% to enhance non-specific cellular adhesion (Fig. 4.25). Once the cell is trapped, it was submitted to oscillatory pulses from 0.1 to 1.6 Hz. The resulted variations of G 0 and G 0 for a cell are displayed figure 4.26. As expected, both moduli follow a power law, where the coefficient α reaches 0.22 (Fig. 4.26).

Figure 4 . 25 :

 425 Figure 4.25: Brightfield image of a B cell during an experiment. Scalebar: 15 µm.

Figure 4 . 26 :

 426 Figure 4.26: Single cell analysis. G 0 and G 0 moduli as function of frequencies. Both G 0 and G 0 follow a power law as G (f ) = G 0 f α and G (f ) = G 0 f α , where α ≈ 0.22.

4. 5 . 190 ±

 5190 DROPLETS AND CELLS MECHANICAL CHARACTERIZATION contrast, they are about 2 fold stiffer that T cells. These results demonstrate that as T cells, B lymphocytes interact with live APCs exhibiting a large panel of stiffnesses. It is therefore worth investigating their impact throughout the B cell synapse. 30 510 ± 20 Macrophages b 900 +100/-100 350 ± 30 930 ± 40 Table
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 427 RICM images of streptavidin-functionalized-droplets on (a) uncoated and (b) PLL-coatedglass support. The dark center corresponding to the contact surface between droplets and glass plates, only appears on PLL-coated-glass substrate. Scale bar: 15 µm.
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Figure 4 . 28 :

 428 (a) A droplet trapped between two microplates. Scale bar: 15 µm. (b) Microplate experiments scheme. A constant oscillated signal with an amplitude of 1 µm was applied for several increased stresses for which the flexible plate was displaced of a given and constant value ∆x.

Figure 4 . 29 :

 429 Figure 4.29: Single droplet analysis. Droplets G and G moduli depending on frequencies. G remains constant while G linearly fits with frequencies.

Figure 4 . 30 :

 430 Figure 4.30: Kelvin-Voigt model represents a visco-elastic material as a pure damper and a pure spring connected together in parallel. Adapted from [230].

Figure 4 . 31 :

 431 Figure 4.31: Timelapse of droplets submitted to oscillated forces. The droplet turns back to its initial shape after a period. Scale bar: 30 µm.

4. 5 .Figure 4 . 32 :

 5432 DROPLETS AND CELLS MECHANICAL CHARACTERIZATION Elastic modulus G 0 depending on (a) e and (b) I. Each color corresponds to a droplet size, and each point represents the modulus G 0 at a given strain . Note: •: 15.15 µm-large droplet, •: 19.3 µm-large droplet, •: 22.6 µm-large droplet, •: 23.6 µm-large droplet, •: 30.3 µm-large droplet, •: 32.5 µm-large droplet, •: 40.9 µm-large droplet, •: 50.0 µm-large droplet, and •: 54.0 µm-large droplet.

Figure 4 . 33 :

 433 Figure 4.33: Stress/strain relationship. Stresses were determined from the equation 4.25. Note: •: 19.3 µm-large droplet, •: 23.6 µm-large droplet, •: 32.5 µm-large droplet, •: 40.9 µm-large droplet, and •: 50.0 µm-large droplet.

Figure 4 . 34 :

 434 Figure 4.34: Mean elastic modulus G 0 depending on D 0 . Note: •: 15.15 µm-large droplet, •: 19.3 µm-large droplet, •: 22.6 µm-large droplet, •: 23.6 µm-large droplet, •: 30.3 µm-large droplet, •: 32.5 µm-large droplet, •: 40.9 µm-large droplet, and •: 50.0 µm-large droplet.
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 552 STUDY OF THE B CELL SYNAPSE WITH DIFFERENT APC-LIKE DROPLETS SURFACE PROPERTIES Time lapse images of two B cells (a) polarizing, (b) anti-polarizing and (c) non-polarizing upon a contact with a saturated soybean-oil droplet bearing 100 F(ab)' 2 /µm 2 . Scale bar: 10 µm. 5.2. THE TRIGGERING OF POLARIZATION: STATISTICS ANALYSIS OF THE CELLULAR BEHAVIORS First of all, several controls have been performed. We intended to validate the non-polarization of B cells trapped into microfluidic chip and under flow conditions. (i) Single B cells trapped into microfluidic devices, i.e. which are not involved in a droplet-cell synapse, have been first analyzed (Control # 1 Fig. 5.8). These cells are placed in a chamber apart of any droplet-cell contact to investigate the impact of the flow alone, without any potential interaction with antigens. We did not observe any polarization on non-interacting lymphocytes under a maximal flow of 1.6 mm/s. This first control showed that B cells are not activated by the flow of culture media surrounding the cells, which confirms previous theoretical analyses shown in section 2.4.4. (ii) We then intended to check if soluble antigens coming from the functionalization step, might activate lympocytes. We thus analyzed B cells non-interacting with droplets in the presence of other antigens-coated droplet-cell pairs in nearby traps (Control # 2 Fig. 5.8). Once again, we did not observe any polarization meaning that B cells are not affected by the eventual presence of soluble F(ab)' 2 into microfluidic chips. (iii) Finally, we analyzed polarization when lymphocytes interact with droplets covered by BSA instead of antigens * . We observed B cells did not polarize, therefore, we conclude that polarization is only triggered through BCRs engagement as expected [20][49][37] (Fig. 5.8).

Figure 5 . 3 :

 53 Figure 5.3: Summary: statistic of the three cell behaviors observed during the B cell synapse formation. Note: medium, soft, and stiff droplets respectively correspond to mineral-oil droplets, mineral oil plus oleic acid-droplets, and soybean-oil droplets.

5. 2 .

 2 THE TRIGGERING OF POLARIZATION: STATISTICS ANALYSIS OF THE CELLULAR BEHAVIORS5.2.3 DiscussionDroplets stiffness. Based on the results above presented, we deduce that B cells create a synaptic polarization when they interact with substrates presenting a surface tension superior to 5 mN/m. These results are interesting according to previous literature papers. They first bring absolute values related to surface stiffness triggering the B cell polarization, without changing the APC-like model, thus the interfacial surface molecules[42]. Also, they confirm the mechano-sensitivity of B cells already observed in several works. Z. Wan et al. demonstrated that B cells activation is regulated by stiffness properties of APC-like substrates: stiff surfaces enhance accumulation and recruitment of BCRs, pSyk, and pTyr signaling molecules into the B cell synapse as compared with lymphocytes recognizing antigens over substrates with lower

  ence in cellular behaviors comes from different amounts of BCRs over cells surface. Therefore, we must first check the number of BCRs involved at the synapse with stiff droplets, conditions which induce polarization. We can use the stream-FACS technique to analyze a large amount of B cell-droplet pairs and quantify the fluorescence intensity 45 min after the dropletcell encounter. This technique necessitates to force the contact in bulk conditions instead of in microfluidic traps, thus requires to find the good ratio cells:droplets for unique cell-droplet pair establishment. Exclusive cell-droplet contacts remain difficult to handle in such random bulk conditions, we thus must restrict antigen mobility to prevent clusters formations and antigen concentrations change if several cells meet with a droplet. Alternatively, we can follow the dynamics of BCRs during the synapse formation into microfluidic platform we developed, and quantify the fluorescence intensity of BCRs at and out the contact area before and 45 min after the droplet-cell encounter beginning. Although the number of droplet-cell contacts must be statisticaly lower than that during FACS experiments, a dynamic follow-up must bring a real-time kinetic of BCRs recruitment at the synapse and bring complementary results regarding the cells surface reorganization during cell-droplet contacts. Further improvements of the chip to increase the statistical analyses are discussed in sections 2.3.6 and 5.6.

  back the fluorescence intensities corresponding to the mid-areas respectively located at the contact with the droplet and located in the back of the cell (Fig. 5.9a). For each time point, we analyzed the ratio I f ront I back normalized by I f ront(t=0) I back(t=0) (Fig. 5.9b and 5.9c). Consequently, the first polarization ratio point is equal to 1. A ratio increase represents the lysosomes displacement to the synapse, thus corresponds to the B cell polarization. By contrast, a ratio decrease represents the lysosomes displacement to the back of the cell, meaning the B cell anti-polarizes.Finally, a ratio remaining equal to 1 represents a non-polarization, where lysosomes stay scattered throughout the cell.

Figure 5 . 4 :Figure 5 .

 545 Figure 5.9b presents the individual polarization kinetic curve of a B cell interacting with a soybean-oil droplet functionalized with 100 antigens/µm 2 . The curve follows an exponential fit y = (p -1)(1 -e -t/τ ) + 1. Likewise, the figure 5.9c displays the individual anti-polarization kinetic curve of a B cell interacting with a similar droplet. It also follows an exponential fit as y = (1 -p)(1 -e -t/τ ) + 1. In both cases, p is the plateau and τ the characteristic time.

5. 3 . 1

 31 Synaptic polarization Droplets stiffness. We first emphasize polarization events providing by B cells in contact with droplets from conditions (i) (ii) and (iii), exhibiting different surface tensions thus droplets stiffness properties. The resulted polarization kinetic curves are shown in figure 5.5.
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 55 Polarization curves of cells in contact with (a) soybean-oil droplets (N = 15, from 6 independent experiments), (b) mineral-oil droplets (N = 15, from 9 independent experiments), and (c) mineral-oil droplets enriched with 5%v/v of oleic acid (N = 2, from 6 independent experiments). The curves (a)-(c) fit with an exponential with characteristic times τ reaching 17.7 ± 4.4 min, 5.9 ± 1.1 min, 3.8 ± 0.4 min, respectively. The exponential fit corresponds to the mean of individual fits. We observe that the characteristic times τ are equal to 17.7 ± 4.4 min and 5.9 ± 1.1 min † for B cells interacting with respectively soybean and mineral-oil droplets (Fig. 5.5a and 5.5b), meaning the polarization speed is lower for cells in contact with stiff droplets (γ = 12 mN/m) † The error values are defined as σ/ √ N . CHAPTER 5. STUDY OF THE B CELL SYNAPSE WITH DIFFERENT APC-LIKE DROPLETS SURFACE PROPERTIES than for those in contact with softer droplets (γ = 4.8 mN/m). A p-values determination shows

Figure 5 . 6 :

 56 Figure 5.6: Polarization characteristic times of the B cells interacting with soybean-oil droplets (N=15, i.e. 50% of cells, from 6 independent experiments) and mineral-oil droplets (N=15, i.e. 52% of cells, from 9 independent experiments). p-values were determined via Mann-Whitney test.
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 57 Figure 5.7: Polarization curve of cells subset in contact with soybean-oil droplets (N = 7, i.e. 32% of polarized cells, from 6 independent experiments).

Figure 5 .

 5 Figure 5.8b reveals similar characteristic times for both conditions, suggesting that once polarization is triggered, its speed is maximal at 30 min regardless of the antigen concentration.

Figure 5 . 9 :

 59 (a) Polarization kinetics of B cells in contact with droplets presenting 50 mobile F(ab)' 2 /µm 2 (and B cells aggregate up to 75 antigens/µm 2 ) (N = 18, i.e. 90% of polarized cells, from 9 independent experiments). τ = 8.2 ± 5.1 min. (b) Polarization characteristic times of B cells interacting 100 immobile and 50/75 mobile immobile antigens. p-values were determined via Mann-Whitney test.results disclosed in figure5.10, do not show any correlation between the increase of antigen concentration and the polarization speed. These results first confirm that even with mobility, polarization speeds do not depend on final antigen concentrations. They also suggest that among a given cells subset, averaging both τ and antigen concentrations is relevant. Hence, the average value corresponding to the threshold of antigen concentration for which the trigger of polarization is maximal, correctly represents 75 antigens/µm 2 .

Figure 5 . 10 :

 510 Figure 5.10: Characteristic times of polarization kinetics depending on the final antigen concentration, among the B cells polarizing in contact with 50 mobile antigens/units surface.

Figure 5 . 11 :

 511 (a) Anti-polarization kinetic curve of B cells interacting with droplets from conditions (iii) (N = 11, i.e. 26% of total cells). τ = 14.0 ± 2.9 min. (b) Characteristic times related to the anti-polarization kinetics of B cells in contact with five droplets conditions: (i) τ = 7.4 ± 1.7 min (N = 8), (ii) τ = 9.6 ± 2.8 min (N = 10), (iii) τ = 14.0 ± 2.9 min (N = 11), (iv) τ = 15.8 ± 6.2 min (N = 2) and (v) τ = 14.6 ± 6.2 min (N = 6).

Figure 5 . 12 :

 512 Figure 5.12: Deformation experiment. A soft and saturated droplet in contact with a B cell. Scale bar: 15 µm.

Figure 5 . 13 :Figure 5 . 14 :

 513514 Scheme of image scale-up with and without interpolation. (a) a 5x5 image, (b) the 25x25 scaled-up image without interpolation, (c) the 25x25 scaled-up image with a bilinear interpolation, and (d) the 25x25 scaled-up image with a bicubic interpolation. Workflow of droplet segmentation. (a) Fiji/ImageJ segmentation procedure: the contour of microscopy images are first homogenized with a median filter. Pictures are scaled 10 times without interpolation. An active contour (E.Snake B.I.G. EPFL) allows the recording of (x, y) Cartesian coordinates of the droplet surface. (b) Matlab curvature computation: the pixelation of the contour coordinates is suppressed with a low-pass 1D FFT filter. The local curvature of droplets shape is finally computed from the filtered data. Pictures show a zoomed area of the droplet contour. [173]5.4.3 InterpretationAccording to the previous data analysis in figure5.15, the curvature radius approximate 3 µm hence ∆κ 0.33 µm -1 . The equation 5.4 gives the local normal stress σ nn which approximates 567 N.m -2 i.e. 567 Pa, with a surface tension of 1.7 mN/m. This local stress value is similar to gels stiffness (500 Pa) used to analyze the traction force applied by B cell upon a synapse [28]. CHAPTER 5. STUDY OF THE B CELL SYNAPSE WITH DIFFERENT APC-LIKE DROPLETS SURFACE PROPERTIES (a) (b) Figure 5.15: Droplet deformation by B cell. (top) Microscopy image of a resting and deformed droplet at 3 min (left) and 11 min (right). Scale bar: 5 µm. (bottom) Analyzed curvature radius. The maximum curvature radius reaches about 8.5 µm.
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  scheme is showed in figure5.16. 

Figure 5 . 16 :

 516 Figure 5.16: Deformed droplets and its radii. Adapted from [244].

7 )CHAPTER 5 .

 75 STUDY OF THE B CELL SYNAPSE WITH DIFFERENT APC-LIKE DROPLETS SURFACE PROPERTIES(i) Laplace pressure depends on droplets geometry where R 1 represents the longitudinal radius droplet's equator and R 2 the curvature radius in a plane through its axis of symmetry (Fig.5.16). At equilibrium, R 1 and R 2 are equal. (ii) The adhesion term depends on both the surface contact area of radius R 3 , and the contact angle θ.

( i )

 i Analytical models used to determine cellular forces generation on droplets surface, must take into account adhesion between cells and deformed substrates. So far the main experiments where droplets have been used to measure forces do not consider this. Campas et al. coated droplets with E-Cadherin to increase the adhesion between droplets surface and surrounding cellular tissues. The model they propose in their work seems to not integrate adhesion contribution. Molino et al. use a similar model to quantify forces applied by migrating cells onnon-coated droplets. In this particular case, specific adhesion is not involved at the cell-droplet contact. Without a careful modeling of the adhesion contribution it might be impossible to compare results in different biological systems. Accordingly, the model presented in section 5.4.1 must take into account the cellular adhesion involved between the cell and the droplet it faces as well. The force extracted from the change of droplet's curvature, which only depends on droplets properties described by Laplace pressure, must be, therefore, overestimated. Indeed, we surprisingly found that B cells pushing forces are of the ten nanonewton whereas the pushing forces mediated by T cells are of the ten piconewton. Nevertheless, such model may be used for qualitative study of the impact of substrate properties or drugs in the cellular forces.

5. 5 .

 5 GENERAL DISCUSSION AND PERSPECTIVES in contact with droplets exhibiting same surface properties and different bulk viscosities would answer the question regarding the discrimination of surface/volume mechanical properties. Also, we assessed the modulus of an entire droplet for different sizes from 15 to 60 µm and concluded the stiffness is correlated to the droplets dimensions: the Laplace pressure impacts the apparent droplets modulus, thus as both surface tension and droplets dimensions. We already assessed the B cell polarization according to the surface tension by comparing mineral-oil and mineral-oil-enriched with oleic acid droplets. We can also discriminate whether B cells experience a change of curvature (dimensions change), or of the surface tension by assessing the polarization when B cells face droplets with different sizes. These experiments would bring new perspectives regarding the use of planar APC-like models, and they would reveal if B cells are more sensitive to the model size and/or its membrane molecular structure (surface tension).

CHAPTER 5 .

 5 STUDY OF THE B CELL SYNAPSE WITH DIFFERENT APC-LIKE DROPLETS SURFACE PROPERTIES trigger the micro-sphere engulfment. Likewise, we can inquire if the specific antigens-BCR recognition only suffices at eliciting B cell polarization, or if stimuli of adhesion molecules are also required. In a more general context, is a close substrate-cell contact necessary to trigger or affect the polarization? To address these questions, we would suggest to first compare cellular behavior when B cells interact with antigens separated by a large layer of inert molecules, hence we would use different lipids chain length. The PEG moieties from DSPE-PEG-biotin are commercially available from 600 to 20 000 MW and increasing PEG length may change the distance between the B cell and the droplets, and distant B cells from the surface they interact with. These experiments would bring new perspectives about mechanics of B cells during the early stage of synapse formation.

  In this Ph.D. project, we provided a new model to better understand the cell-cell contact, and brought a new quantification of biophysical quantities in a complex inter-cellular communication: the B cell synapse. The quantification of the cellular behaviors heterogeneity can only be achieved by eliminating any external variability. Therefore, we developed a fully characterized and controlled model which did exhibit a minimal variability. Although it might present limitations, we were able to quantify, understand and master them. In this context, we created a platform which combines both microfluidic traps and functionalized oil-in-water droplets to ensure single-cells observation with a spatio-temporal high-resolution, and control the surface properties that B cells experience during the whole synapse formation. More specifically in the course of this thesis we developped:(i) Functionalized emulsion droplets combining antigens mobility, concentration and surface stiffness properties in a unique APC-like model, three main features which have been intensively studies in the literature. We optimized and characterized droplets surfaces properties in order to built a highly biomimetic model: (i) they presented apparent stiffnesses which induced similar immune responses than those provided by macrophages and DCs, (ii) they allowed the formation of in vivo-like antigens clusters but they could restrict them as well, and (iii) they bore from 50 to 100 antigens/µm 2 corresponding to the amount of receptors over an immune cell.(ii) Microfluidic traps ensuring a spatio-temporal of droplet-cell encounter without disturbing cells viability and droplets stability. They offered a sustainable microenvironment providing similar flow conditions found in lymph vessels where B cells circulate. In addition, flows prevented intercellular communication promoting resilient single-cells analyses, and ensured a constant nutrient replenishment.
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J 5 . 3 Figure 5 . 1 :

 5351 Figure 5.1: Schéma du développement et de la migration des lymphocytes B. HSC : cellule hématopoïétique, MPP : cellule progénitrice multipotente, pro-et pre-B : cellules immatures avant et après avoir subi un réarrangement génétique des récepteurs membranaires (BCRs), T1 et T2 : cellules matures de types 1 et 2, FO : lymphocytes B matures migrant dans les follicules des noeuds lymphatiques et de la rate, MZ : lymphocytes B matures migrant dans les zones marginales de la rate. Adapté de [8].
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 5253 Figure 5.2: Schéma résumant la capture d'antigènes par les lymphocytes B dans les noeuds lymphatiques en fonction de la taille des antigènes [15].

Figure 5 . 4 :

 54 Figure 5.4: Image de microscopie électronique montrant l'agrégation d'antigènes à la synapse entre une CPA et un lymphocyte B [21].

Figure 5 . 5 : 5 . 4

 5554 Figure 5.5: Image de microscopie électronique montrant la synapse entre une bille de polystryrène (vert) et un lymphocyte B. Le suivi spatial de la rencontre est rendu difficile par le constant mouvement de la bille. Ainsi, l'axe de polarisation des lysosomes (rouge) est également fastidieux.

Figure 5 . 6 :

 56 (a) Image de microscopie en épifluorescence montrant un ensemble de gouttes fonctionnalisées par des protéines fluorescentes portant les antigènes. Échelle : 20 µm. (b) Image de microscopie électronique à balayage montrant un ensemble de pièges de la taille d'une cellule au sein d'une puce microfluidique. Échelle : 30 µm. (c) Vue d'un piège unique contenant un couple cellule (lysosomes, rouge) -goutte fonctionnalisée (protéine fluorescence, vert). Échelle : 10 µm. li 5.5 Influence des propriétés membranaires sur la polarisation des lymphocytes B au cours de la synapse immune Rentrons maintenant dans le vif du sujet. Comment les propriétés membranaires précédemment caractérisées affectent-elles la réponse cellulaire des lymphocytes B ? Nous nous attarderons sur l'analyse de deux aspects de la polarisation : son déclenchement et la modulation de sa cinétique. Autrement dit, quelles sont les propriétés membranaires déclenchant la polarisation chez les lymphocytes B, et quelles sont celles modulant dynamiquement la vitesse de polarisation ? Pour cela, nous étudirons à la fois le nombre de cellules ayant polarisé en fin d'expérience, i.e. après 45 min, temps pour lequel la polarisation a été analysée dans la littérature [49][37]; et la vitesse de polarisation durant la formation synaptique, de 0 à 45 min. Trois mécanismes de polarisation ont été observés durant ces expériences: (i) les lysosomes se déplacent vers la synapse, formant une polarisation synaptique (Fig. 5.7a); (ii) les lysosomes se déplacent vers la région opposée à la synapse, formant une polarisation anti-synaptique (Fig. 5.7b); et (iii) les lysosomes restent dilués de manière aléatoire au sein de la cellule, ne formant aucune polarisation. Pour simplifier les termes, nous parlerons de polarisation pour qualifier la polarisation synaptique, et de d'anti-polarisation pour qualifier la polarisation anti-synaptique. Nous avons formé cinq types de gouttes dont les propriétés sont résumées dans le tableau 5.1.

Figure 5 . 7 :

 57 Images de microscopie de cellules (a) polarisant and (b) anti-polarisant au cours d'un contact avec une goutte de condition (iii). Échelle : 10 µm. Déclenchement de la polarisation. Nous estimons dans un premier temps l'impact du flux sur la polarisation des lymphocytes. Nous remarquons que le contrôle # 1, où les cellules n'interagissent avec aucune goutte et sont isolées dans une puce à part afin d'éviter un quelqueconque contact avec un antigène soluble, n'active aucune polarisation. De même pour le contrôle #2 où les cellules n'intéragissent avec aucune goutte mais ne sont pas isolées d'un contact avec un antigène soluble. Ces premières expériences démontrent de la non ingérence du système microfluidique et du flux continu dans les résultats biologiques. Aussi, nous avons voulu vérifier que la polarisation n'est déclenchée qu"à travers l'activation des BCRs. Nous avons donc étudié la polarisation de clelules en contact avec des gouttes recouvertes de BCRs à la place d'antigènes, et dans ce cas encore, les cellules ne polarisent pas. Nous montrons qu'une plus grande quantité de cellules polarisent lorsqu'elles interagissent avec une grande concentration d'antigènes i.e. 100 antigènes/µm 2 . Au contraire, une faible concentration en antigènes telle que 50 antigènes/µm 2 diminue le nombre de cellules polarisant. La fluidité membranaire aide cependant à retrouver un nombre maximal de cellules polarisées lorsque celles-ci intéragissent initialement avec 50 antigènes/µm 2 et augmente localement cette concentration jusqu'à 75 antigènes/µm 2 . Nous avons également trouvé qu'une grande rigidité liii 5.5. INFLUENCE DES PROPRIÉTÉS MEMBRANAIRES SUR LA POLARISATION DES LYMPHOCYTES B AU COURS DE LA SYNAPSE IMMUNE des gouttes déclenche la polarisation tandis que des gouttes déformables la restrictent. Nous déduisons de ces résultats que la concentration en antigènes et la rigidité des gouttes déclenchent la polarisation lorsque les gouttes présentent plus de 75 antigènes/µm 2 et une tension de surface de plus de 5 mN/m. La fluidité membranaire, quant à elle, aide à déclencher cette polarisation uniquement dans le cas d'une faible concentration en antigènes (50 antigènes/µm 2 ) réunis au coeur de la synapse. De même, nous montrons que la concentration d'antigènes déclenche l'anti-polarisation et la fluidité membranaire aide à ce déclenchement lorsque la concentration d'antigène vient à manquer au sein de la synapse. En effet, nous observons la même diminution du nombre de cellules anti-polarisées que polarisées 45 min après le début de la rencontre cellule-goutte. En revanche, la rigidité des gouttes ne semble pas affecter le déclenchement de l'antipolarisation puisque le nombre de cellules anti-polarisées est idendique dans les trois premières conditions.
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 58 Figure 5.8: Summary: statistic of the three cell behaviors observed during the B cell synapse formation. Note: medium, soft, and stiff droplets respectively correspond to mineral-oil droplets, mineral oil plus oleic acid-droplets, and soybean-oil droplets.
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 59510 Figure 5.10: Analyses statistiques des temps caractéristiques des courbes de polarisation des cellules en contact avec chaque type de gouttes. Les p-values ont été obtenues avec une analyse de type Mann-Whitney.

  

  

  

  

  

  5 M -1[51]. Fleire et al. confirmed the previous work and showed a high concentration of low affinity antigens tethered onto membranes still active B cells: the aggregation of low affinity antigens (Ka = 8.7 x 10 6 M -1 ) from 15 to 75 molecules/µm 2 suffices to create a Ca 2+ signaling[49].

  1.6. STUDY OF THE B CELL SYNAPSE WITH APC-LIKE MODELS All cited APC-models are summarized in figure 1.19 and table 1.1.

	APC-like model	Studies	Publication
	Polystyrene beads	Antigen concentrations	[20]
		Cell polarity	[39][37][60]
	Glass	Non-diffusion of immunoreceptors	[50]
	Polyacrylamides gels	Deformability	[47]
		Traction force	[28]
	Supported bilayers	Diffusion of immunoreceptors	[50][49]
		Stiffness	[42]
	Plasma membrane sheets	Softness	[42]
		Endocytosis	[42]

Table 1 . 1 :

 11 Summary of APC-like models used for the study of B cell synapse.

Table 2 . 1 :

 21 Summary of dimensionless parameters in microfluidic systems. Adapted from[69].

Table 2 . 2 :

 22 Summary of cell-trapping techniques.

Table 2 .

 2 

	7

3: Contact angle values of a water drop on silicon surfaces treated with trichloro-methyl-silane or trichloro-perfluoro-octyl-silane.

Table 3 .

 3 

1: Classification of surfactants according to their HLB values.

[123] 

Table 3 . 2 :

 32 Summary of emulsification techniques used to formulate droplets.

Table 3 . 3

 33 

: Examples of surface tension between immiscible (oils) and miscible (alcool) compounds with water.

Table 4 .

 4 4 millions of 8 µm-large droplets. It therefore equals to 9.64x10 8 µm 2 . We specify that an equivalent represents an amount of molecules which hence can be expressed either in number of molecules per surface area (surface density), or in volume containing a precise number of molecules which is adsorbed on the droplet surface. The table 4.1 discloses the surface equivalent as the volume of molecules

	Name	C (mg/mL)	S (µm 2 )	M (mg/mol) equiv. (µL)
	DSPE-PEG(2000)-biotin	10	1.26 x 10 -5 3.017 x 10 6	0.0358
	DOPE-CF	1	5 x 10 -7	1.116 x 10 6	3.328
	Streptavidin	1	1.66 x 10 -5 6.000 x 10 7	5.404
	IgG	0.8	1.2 x 10 -4	1.500 x 10 8	2.336

C needed to cover the whole droplet surface. For instance, if we assume that all DOPE-CF entities are incorporated at the oil/water interface, only one equivalent of these lipids suffices to coat the available surface area. We thus add 3.328 µL of an initial DOPE-CF solution at 5 mg/mL in a suspension containing 2.4 millions 8 µm-large droplets. By contrast, if the surface area saturates at a greater number than one equivalent, an excess of lipids remains in the water solution and does not reach the interface. Therefore, a higher volume of desired entities must be added in the mixture to saturates the whole surface area. 1: Summary of equivalent values DPSE-PEG(2000)-biotin, DOPE-CF, streptavidin, IgGs and F(ab)' 2 according to the equation 4.2.

Table 4 . 2

 42 

: Summary of saturation values and surface constants of DPSE-PEG(2000)-biotin, DOPE-CF, streptavidin, and IgGs, according to the titration curves fitted with Langmuir isotherm, equation 4.10.

Table 4 . 3 :

 43 

	Sample Surfactant in solution	Conc.	Mean fluorescence * SD CV (%)
	1	none		13.90	2.47	17.8
	2	Pluronic 68	CMC	13.15	2.58	19.6
	3	Pluronic F68	15x CMC	1.00	0.09	9.1
	4	Tween 20	CMC	14.81	2.48	16.8
	5	Tween 20	10x CMC	2.86	0.56	19.5

Table 4 .

 4 

4: Summary of droplets obtained via different techniques of formulation and functionalization.

Table 4 . 5

 45 

: Summary: equivalent values of F(ab)' 2 according to the equation 4.2 (part II chap 1), and saturation values and surface constants according to the titration curves fitted with Langmuir isotherm, equation 4.10 (part II chap 1).

Table 4 . 6 :

 46 Summary: formulation and functionalization techniques of antigen-coated droplets.

Table 4 . 7 :

 47 Summary: surface tension obtained with pendant drop and micropipette experiments.

a Data extracted from

[224] 

and b from

[173]

.

Table 4 . 8 :

 48 Summary: zeta potential for different droplets, with and without functionalization.

  Droplet stiffness Antigen mobility Antigen concentrations (/µm 2 ) # exponential kinetic # linear kinetic # Total of polarized cells

	Medium	-	100	15 (100%)	0 (0%)	15
	Low	-	100	2 (100%)	0 (0%)	2
	High	-	100	15 (68%)	7 (32%)	22
	High	-	50	20 (80%)	5 (20%)	25
	High	+	50/75	18 (90%)	2 (10%)	20

Table 5 . 2 :

 52 Summary of polarized cells in contact with the five droplets types presented in table 5.1.

Table F . 1 :

 F1 Summary of baking times, exposure times, and development times related to 2005 and 2010 SU-8. *Only for photolithography.

Table 5 . 1 :

 51 Résumé des types de gouttes présentant les antigènes aux lymphocytes B.

lii APPENDIX I. PROTOCOLS OF BIOLOGICAL EXPERIMENTS

1.7. CONCLUSIONS AND THESIS OBJECTIVES

2.5. CONCLUSIONS AND PERSPECTIVES

* The length of a droplet bathing into a phosphate buffer solution (PB) of 20 mM must approximate 2 nm, which must be higher than a droplet surrounding by a phosphate buffer saline (PBS). Consequently, the repulsion force G el between two oil droplets increases in the presence of PB and decreases with PBS. We will see in the next sections that decreasing repulsion forces leads more rapidly to droplets coalescence.

* Controls performed thanks to Judith Pineau

Discussion

Stiff droplets. The fact that polarization kinetic changes depending on droplets stiffness suggests that the rate of polarization is affected by the mechano-sensitivity of B cells. We have already discussed the mechano-sensitivity regarding the polarization trigger. We herein intend to explain the kinetic change of polarization itself. Mitrossolis et al. investigated, in real time, the rate at which cells apply forces [238]. The experiment consists in imposing sudden effective stiffness changes (∼ 20 times) on a cell while measuring its responsive traction forces. The authors disclose that cells are able to adapt the rate of their forces in real time depending on successive changes of effective stiffness: cellular forces change quicker when cells are submitted to higher stiffness, while the rate of such forces is reduced for low stiffness. Likewise, J.

Husson et al. demonstrated that the pulling forces applied by T cells on an antigen-coated bead increased with the micropipette stiffness bearing the bead [239]. Such results show the cellular contractility adaptation when cells face different stiffness properties. As contractility has been reported to enhance B cell activation, we can therefore, presume that contractility enables B cells to discriminate differences in droplets stiffness or surface tension, and to adapt the rate of polarization accordingly.

As previously mentioned, stiff surfaces are better at eliciting B cell activation [47] thus B cell polarization as our results demonstrate section 5.2. Hence, we expected the stiffer the droplet is, the quicker the kinetic is. Surprisingly, we observed the exact opposite: we found a slower polarization speed (τ = 17.7 min) when B cells interacted with stiff droplets (soybean-oil droplets, γ = 12 mN/m) compared to the B cells involving into a synapse (τ = 5.9 min) with softer droplets (mineral-oil droplets, γ = 4.8 mN/m). Similar results have been found for the anti-polarization. Consequently, we wonder if the surface tension is the only property which (i) F(ab)' 2 fragments are not fluorescent. We have tried to attach an His-tag ATTO onto their structure following the protocol described in appendices. We succeeded in attaching the fluorophore on the F(ab)' 2 fragments whereas the intensity was too low, either the concentration was insufficient or the fluorophore's quantum yield inefficient (see appendices 5.6). In both cases, a high laser intensity was required which could affect cells during live experiments. At that point, we decided to stop such optimization until building a resilient setup and achieving complete experiments regarding the B cell polarization. Now, the optimization of fluorescent F(ab)' 2 is worth investigating to correlate the number of antigens extracted on droplets and their surface properties. Also, the observation of antigens extraction would bring new insights on the mechanics of such events during our experiments.

(ii) Antigen extraction over an APC-like surface must result from either an engulfment of substrate's small pieces as observed for PMS [42], or from the degradation of antigen-substrate bond as assessed for PLB [42]. On the one hand, we do not observe any break of the oil-water interface during the synapse with B cell and soft droplets. On the other hand, we were pessimistic regarding the cellular degradation of the antigens-streptavidin or streptavidin-biotin bonds which both present a dissociation constant of 10 -14 M. Therefore, we ordered and received a solution of low-affinity streptavidin with only present a Kd of 10 -8 M that we did not use so far. We decided to wait until the achievement of the whole microfluidic platform and results regarding B cell polarization since the company which has developed this particular streptavidin does not produce it anymore.

Currently, we suggest that the protocol of fluorescent F(ab)' 2 must be further optimized using other fluorophore or in increasing the concentration of fluorophores on the F(ab)' 2 fragments, if they are not already saturated. As soon as this step is achieved, the fluorescent antigens must be attached on low-affinity streptavidin for subsequent quantification of their extraction.

After having analyzed the B cell polarization and anti-polarization, we will investigate the non-polarization events when B cells interact with soft droplets in the next section.

CHAPTER 5. STUDY OF THE B CELL SYNAPSE WITH DIFFERENT APC-LIKE DROPLETS SURFACE PROPERTIES

lower the high-affinity antigens discrimination [43] and the aggregation of BCRs tend to reduce the threshold of such affinity discrimination as well [51][49]. Thus, is the discrimination of high-affinity antigens relevant in an inflammatory state? Most of the studies focused on stiff substrates which trigger an important and eye-catching cellular reorganization. However, focusing on very soft substrates may also bring relevant in vivo behaviors, where mechanical forces are crucial. To address these questions, we must determine the apparent softness of droplets, considering in vivo adhesion such as integrins forces and receptor-antigen affinity. If needed, we must optimize emulsions formulation in order to achieve droplets presenting a similar modulus than DCs under inflammatory conditions. To know which forces B cells are able to apply on APC surface requires recording the mechanical stress applied on soft droplets.

Although the results we presented previously are preliminary, the setup using soft droplets as mechano-sensors is worth being optimized. In particular microscopy imaging should be improved to include z-stack of the entire droplets. We would suggest to use a spinning disk and imaging several z-planes on the entire droplet. A 3D reconstruction must be generated to extract forces on each z-plan. These experiments would bring strong insights regarding the nonpolarizing cellular behavior, often overlooked. At that point, we would be able to bring absolute values of the modulus that B cells experience during the synapse, and correlate this modulus with the forces they applied to extract antigens.

A necessary surface/volume discrimination? We have found that the droplets we developed present only a storage modulus, where viscous forces are not significant compared to elastic ones. Polarization was thus analyzed when B cells face a pure elastic modulus. However, APCs as all cells, present both viscous and elastic properties. Hence, we will inquire if B cells are able to experience the surface of a cell or a material, or also the whole volume (viscous) contribution. In other words, do B cells polarize the same way when they interact with highly viscous micro-spheres having similar surface properties (surface tension and charges) than droplets?

This surface/volume discrimination would lead us to investigate on the relevance of droplets stiffness as biological readout.

We would suggest to study the polarization when B cells interact with highly viscous liquidliquid droplets by increasing the viscosity of oil, without changing the surface tension and the These perspectives would lead to create a high-throughput microfluidic platform for simultaneous imaging of a high quantity of synapses. We think this promising platform could compete with well-known techniques such as FACS, while bringing the great advantage to record the dynamics of cell-cell interactions. Inevitably, these improvements require a strong and fast image analysis. During these studies, the image analysis process consisted in contouring the cells shape by hand, and launch a macro which computed the cells polarization at each time point. As you can imagine, the first step is time-consuming thus strongly necessitates an automatic method which segment the cells involved in a synapse.

Long-term perspectives

Once improved, the microfluidic devices and functionalized droplets will consist of robust tools to study the dynamics and the mechanics of other synapses such as those involving T cells, in particular in two major domains: the immunotherapy and the vaccination. Characteristics of lymph vessels 

Macrophage-droplet contact

We created a specific contact with macrophages (RAW 264.7 murine cells line) and SPGmade soybean-oil droplets for another project. Droplets were functionalized following the protocole we developed with anti-biotin IgGs. Hence, the surface mobility was restricted. Despite the low mobility provided by these experimental conditions, macrophages are able to aggregate IgGs at the droplet-cell contact. The forces applied on droplets surface by macrophages might be higher than that of B cells. [ r ' $0$ ' , r ' $ \ p i / 2 $ ' , r ' $ \ p i $ ' , r ' $3 \ p i / 2 $ ' , r ' $2 \ p i $ ' ] ) p l t . y l a b e l ( ' C u r v a t u r e r a d i u s ' ) p l t . s u b p l o t ( 2 2 4 ) p l t . p l o t ( t h e t a _ r e f , k_2 ) p l t . x t i c k s ( [ 0 , p i / 2 , p i , 3 * p i / 2 , 2 * p i ] ,
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