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Understanding the locomotion and transport of microorganisms through complex environments is of great importance in the biomedical field or the food industry. From a fundamental point of view bacteria are considered as a model system of active particles in which interactions with each other or with the surrounding medium can lead to non-trivial behavior. In particular, the suspending medium can trigger the emergence of new collective or individual bacterial dynamics. In this context, we seek to understand how bacteria motility is modified by geometrical frustration induced by the environment. Interesting spatio-temporal patterns have recently been observed in nematic liquid crystals, where the motion of bacteria is directed by the orientational molecular order of the liquid crystal or director field. In this work, we investigate the swimming mechanism and collective dynamics emerging when E. coli bacteria are dispersed in a lyotropic chromonic liquid crystal (LCLC). First, we study the swimming mechanism of a single bacterium constrained to move in a planar cell, where the director field of the LCLC is uniformly aligned along a given direction. In this anisotropic medium, the spontaneous "run and tumble" motion of the bacterium is suppressed, since elasticity prevents flagella from unbundling. Interestingly, we find that in order to reorient, bacteria execute a reversal motion along the director field, driven by the relocation of a single flagellum on the other side of the bacterium: a frustrated tumble. We observe that the interaction between multiple bacteria makes them form chains to minimize the elastic distortion of the director. Their equilibrium length depends on the bacterial activity (motile/non motile) and concentration. Surprisingly, these chains collectively swim at a speed almost comparable to individual bacteria swimming speeds. In that case, the propulsion is assured by a "super flagellar bundle" resulting from the self-assembly and synchronization of the flagella of single bacteria. Finally, we investigate bacterial activity in curved geometries, such as droplets and shells. The latter allows us to get the "active temperature" of the bacterial suspension through the analysis of the movement of a small oil droplet jiggling inside a confined active bath. In such curved geometries, with fluid boundaries, we find interesting dynamical patterns resulting from the coupling between bacterial motion and a director field, which is no longer static. These results open the door for new studies regarding the interaction between bacteria and topological defects, which are necessarily present in these curved geometries.

Résumé

Comprendre le déplacement et transport de micro-organismes dans des environnements complexes est d'une grande importance dans le milieu de la médecine et de l'agroalimentaire. D'un point de vue fondamental, les bactéries sont considérées comme un système modèle de particules actives, dont les intéractions entre elles ou avec le milieu environnant mènent à des comportements non triviaux. En particulier, le milieu environnant peut déclencher l'émergence de nouvelles dynamiques collectives et individuelles. C'est dans ce contexte que nous cherchons à comprendre comment la motilité bactérienne est impactée par des frustrations géométriques induites par l'environnement. D'intéressants motifs spatio-temporels ont été récemment observés dans des cristaux liquides nématiques, où le déplacement d'une bactérie est dirigé par l'orientation moléculaire du cristal liquide, nommé le directeur. Ici nous étudions le mécanisme de nage de la bactérie E. coli ainsi que la dynamique collective d'une population qui apparait lorsque les bactéries sont immergées dans du cristal liquide chromonique et lyotrope (LCLC). En premier, nous étudions la nage individuelle d'une bactérie isolée contrainte à nager dans une cellule planaire, où le directeur du LCLC est imposé de manière uniforme selon une direction donnée. Dans ce milieu anisotrope, le mouvement spontané connu sous le nom de "run and tumble" et caractérisé par une marche aléatoire est supprimé, puisque l'élasticité de cristal liquide ne permet pas au faisceau de flagelle de s'ouvrir. Nous observons que pour se réorienter, la bactérie réalise une inversion de sa direction de nage selon le directeur, à l'aide d'une flagelle qui se déplace vers le côté du corps, opposé au faisceau de flagelles : c'est le "tumble" frustré. L'interaction entre plusieurs bactéries mène à la formation de chaînes linéaires, visant à diminuer les déformations élastiques du directeur.

La longueur des chaînes à l'équilibre dépend de l'activité des bactéries (motiles/nonmotiles) et de leur concentration. De manière surprenante, ces chaînes nagent à des vitesses comparables aux vitesses de bactéries individuelles. Dans ce cas, la propulsion de la chaîne est assurée par un "super faisceau de flagelles" résultant de l'assemblage et de la synchronisation entre les flagelles de bactéries individuelles. Finalement, nous étudions l'activité bactérienne dans des géométries courbes comme des gouttes et des coques. Ces dernières nous permettent de mesurer une "température active" de la suspension de bactéries grâce aux mouvements d'une petite goutte d'huile s'agitant dans la suspension active confinée. Dans ce type de géométries, avec interfaces fluides, nous trouvons d'intéressants motifs dynamiques, conséquences d'un couplage entre le mouvement des bactéries et du directeur du cristal liquide qui n'est plus statique.

Ces résultats ouvrent des portes pour de nouvelles recherches concernant l'interaction entre les bactéries et les défauts topologiques, naturellement présents dans les cristaux liquides dans des géométries courbes.

Mots-clés : Matière active, cristaux liquides vivants, bactéries, "run and tumble", flagelles, auto-assemblage, défauts topologiques.

Introduction

Microorganisms, such as bacteria, are not only of great importance in biomedicine or the food industry, but they also constitute fascinating active fluids. Bacteria are sensitive to the environment and to external stimuli that can lead to behavioral changes. Their natural environment is most likely complex, viscous, elastic, micro-structured or containing obstacles. We can cite for example sperm cells in mucus with crystalline order or bacteria in soils [1,2,3,4,5,6,7,8,9].

Over the last years the investigation of the swimming dynamics of bacteria in liquid crystals (LCs) has attracted a lot of attention [10,11,12,13,14,15,16]. LCs constitute a particularly interesting environment as they are inherently anisotropic and their elasticity strongly constrains bacteria motion. They are well studied and perfectly controlled experimental model systems, but serve at the same time to understand bacteria motion in biological structured fluids, as for example mucus [17].

Studies performed so far in nematic liquid crystals have demonstrated that bacteria swimming gets oriented along the director field and thus becomes constrained to one dimension [10,18]. These studies have also highlighted the particularly rich interactions of bacteria with defects in the liquid crystal director field [19,20]. However, most studies were performed in planar configurations, where defects are not stable or where specific patterns or obstacles have to be introduced to stabilize the latter. In addition, despite the large number of spectacular observations made, some important aspects on bacteria locomotion in liquid crystals were still missing, as for example the exact role of flagella dynamics on some of the observed phenomena.

In this study we aim at elucidating some of the still missing aspects of bacteria swimming in liquid crystals. To this purpose a collaboration has been initiated between the groups of Teresa López-León at Gulliver lab, ESPCI, specialised in liquid crystals, geometrical frustration and topological defects and of Anke Lindner at PMMH, ESPCI, specialised in complex fluids, active matter i and microfluidics. The current PhD is the first common work between the two groups and has also benefited from continuous collaboration with Éric Clément (PMMH, ESPCI). These two groups are particularly well positioned to tackle two aspects of bacteria swimming in liquid crystals. First, Teresa López-León's group has developed several strategies to control the formation of topological defects in thin spherical shells of liquid crystals. By tuning different parameters, they have been able to produce a rich variety of defect structures, which are not only stable, but also re-configurable. These systems thus constitute a very interesting geometry to investigate and control interactions between bacteria and defects in liquid crystals. Second, a 3D Lagrangian tracking method developed at PMMH gives access to precise bacteria tracks while resolving in parallel the full flagella dynamics. This is a very powerful tool to investigate the role of the flagella bundle on bacteria swimming dynamics in liquid crystals. In this work, we observe experimentally the swimming mechanism of a single bacterium, E. coli, that is constrained to move along the director field of a biocompatible lyotropic chromonic liquid crystal (LCLC).

We first work with planar cells and investigate the swimming mechanisms and in particular swimming direction reversals of individual bacteria in this configuration. We then address the question of bacteria self-assembly induced by elasticity mediated attractive interactions in the liquid crystal, for motile and non-motile bacteria. In both cases, specific attention will be payed to the role of the bacteria flagella. We then present our first results regarding bacteria in confined curved geometries, as droplets or shells, in the presence or absence of liquid crystals.

The following manuscript is structured as follows :

State of the art

The most relevant observations from literature are presented as a background to our study in this chapter. They are structured around three main topics: i) bacterial motility, ii) fundamentals about liquid crystals properties and finally iii) what has been termed "living liquid crystals", the combination of passive liquid crystals with active bacteria.

Materials and Methods

This PhD work has required the use of many different experimental techniques that have been summarized in this chapter. More specific details are given in the chapters presenting the results where necessary. First, E. coli bacteria culture, staining and the protocol to obtain non-flagellated bacteria are described. Then the preparation of the different solutions used, the choice of the adequate liquid crystal and the working conditions are given. The different types of experimental geometries used are presented, as well as the technique chosen to obtain well-defined molecular anchoring of the liquid crystal at the bounding glass slides, while remaining compatible with the chosen liquid crystal and E. coli bacteria. Microscopic observation techniques, including the 3D tracking method are introduced in the following part. Finally, the microfluidic set-up used for the fabrication of double emulsions is presented. The chapter concludes on the image treatment procedures employed.

Individual swimming dynamics of E. coli bacteria in liquid crystals in planar cells

In this chapter, detailed observations on individual swimming, in particular run and tumble dynamics in a simple viscous fluid are presented, serving as a benchmark for the observations made in liquid crystals. Then, swimming in a liquid crystal planar cell is investigated for individual bacteria. The observation of nearly one hundred bacteria tracks revealed a new mechanism of swimming direction reversals. The flagella rearrangements at its origin are discussed.

Self-assembly of motile and non-motile bacteria in liquid crystals

In this chapter, we describe the self-assembly of E. coli bacteria mediated by attractive interactions induced by the liquid crystal elasticity. The bacteria form self-propelled linear chains, whose lengths and velocities are investigated as a function of bacterial concentration and bacterial activity. The influence of bacterial activity is addressed by comparing motile and non-motile bacteria. For the active bacteria, the role of the presence of flagella in the bacterial chain is addressed via direct observations.

Swimming of bacteria under confinement iii

In this chapter, we study situations where the bacteria are confined to spaces with spherical curvature. First, the case of an isotropic bacterial suspension dispersed to a spherical shell is considered. The emergence of collective behaviors, specifically vortex structures at the thin part of shell, is reported. Then, we show how the shell geometry can be exploited to measure the activity of a bacterial active bath. This part of the thesis was done in collaboration with the group of Maria Luisa Cordero and Rodrigo Soto from the University of Chile. Finally, the experimental challenge of producing a living liquid crystal shells is addressed, providing a promising strategy for future research.

I have supervised several interships during this PhD. I have worked with Nihal Maherzi on the fabrication of liquid crystal shells, the work on bacterial chain formation has been initiated with Anumita Jawahar and we are currently working with Guillaume Sintès on improving the experiments on bacterial chain formation. Their contributions will be mentioned in the corresponding chapters. I have also collaborated with two visiting students, Gabriel Ramos-Peroni and Cristian Villalobos from the University of Chile, on bacterial suspensions confined to a spherical shell.

Several collaborations with groups expert in modeling have been initiated during this PhD. We have a collaboration with Alexander Morozov from Edinburgh University (UK) on the propulsion mechanisms of E. coli bacteria with different spatial organization of flagella bundles. We are discussing with M. Ravnik and S. Copar, from the University of Ljubljana (Slovenia), to model the dynamics of bacteria self-assembly in liquid crystals in the presence of activity. Finally, we collaborate with Rodrigo Soto and Maria Louisa Cordero from the University of Chile, as mentioned above.

Chapter 1

State of the art

In this chapter we describe the observations made in the literature most relevant for this PhD work. Points of general importance for the following are discussed here, but in addition every following chapter starts with a small literature review for the specific question treated in the latter.

Bacterial motility

There is a huge diversity of microorganisms in nature, particularly of bacteria. Some of them are marine, some terrestrial, some have flagella and some others have special bodies enabling motion. The most studied bacteria are either peritrichous or monotrichous. Peritrichous bacteria have their flagella randomly dispersed all over the body, while monotrichous ones have a single flagellum at one extremity of the body. For example, E. coli and Salmonella are peritrichous bacteria, while Vibrae are monotrichous bacteria [21]. Less well known are the lophotrichous and amphitrichous bacteria, having multiple flagella at one pole of the body, or 2 single flagella at opposite poles, respectively. Besides the diversity stemming from the number and position of external flagella, certain bacteria can also have internal flagella (endoflagella). This is the case of Spirochetes bacteria, whose internal flagella deform the bacterium spiraled body to produce motion [22]. For more details check the book Brock Biology of Microorganisms by Madigan [23].

From a physicist point of view, a bacterium can be considered as a tiny machine, a micro-swimmer. In this work, we are interested in the bacterial swimming mechanism rather than in the biological transformations and processes behind. However, biological processes and locomotion are both connected. For this reason, in this section we will introduce some specific biological concepts 1 Chapter 1. State of the art necessary to explain bacterial motion in detail. We will focus on E. coli, typically considered as a model bacteria. E. coli has a body of around 1-2 µm in length to which helical flagella are attached, usually between 3 to 5 of them. These flagella are 10 µm long and 20 nm wide in average and are dispersed randomly over the bacterium body. Flagella are built out of monomer proteins pumped by the export apparatus, which is at the base of the flagellar motor [24].

The flagellar motor

The flagellar motor is a quite universal feature of all flagellated bacteria. Its functioning is comparable to a classical motor, but instead of being powered by fuel, it is powered by a flux of protons. Figure 1.1 shows a schematic representation of the flagellar motor. It is composed of a stator (highlighted in red), which is embedded in the cellular membrane of the bacterial body, and a rotor (highlighted in blue), which is made of a set of rings. The motor is connected to the flagella by a universal joint called the hook. The hook is flexible and enables flagellar bundling when the bacterium swims. As discussed later, the hook can be also responsible for specific swimming strategies. The motion of the rotor, which can turn clockwise (CW) or counterclockwise (CCW), makes the flagellum rotate.

All the rings of the motor are composed of protein subunits (replicated in circles) that interact with each other. In a recent work [25], Chang et al. reached an incredible level of precision concerning the understanding of the functioning of these proteins. The study was about explaining how the motor switches the sens of rotation of the flagellum. They identified the specific structure and combination of proteins responsible for such a change, which occurs in a time-scale of milliseconds. Specifically, they found that the CheY-P protein, responsible for the chemotactic signaling system of the bacterium, attaches to the rotor to make the whole protein assembly translate and rotate. Consequently, the attachment point of the rotor FliG protein with the stator changes from the external to the internal side of the MotA protein. During a tumble, while the stator always turns CW, the attachment is on the internal part of the stator and induces a CCW rotation of the rotor. The Figure 1.2 describes this switch at the protein level.

It is also at this level that the motor torque is generated. More precisely, (c,d,g,h) details of the interactions between the stator MotA and rotor FliG proteins. This interaction determines the rotor sense of rotation. Image from [25].

it is generated from the interaction between the protein FliG of the rotor and the protein MotA of the stator. In the 80's, a lot of work was done, mainly by Berg et al. [26,27,28], concerning the relationships between motor torque, Chapter 1. State of the art rotation speed and frequency of switching. Today we know that the motor has a typical torque-speed curve similar to that of a classic macroscopic motor. The torque-speed relationship has two regimes: the high load (the plateau) and the low-load (the linear decrease) regimes, see Figure 1.3 . The maximum torque is exerted at the lowest motor speed. Such high torque remains mostly the same as the speed increases (high-load regime), until it reaches a linear regime (low-load regime) at which it decreases with the rotation speed. The torque eventually reaches zero for a maximal rotation speed, referred to as the zero-load point. Therefore, increasing the load applied to a motor, for instance by increasing the viscosity of the medium, results in a decrease of the rotation speed and an increase of the torque, until the maximal torque is reached, probably when all the motor subunits are at work, at which the torque-speed curve finds a plateau [29]. 3: Torque as a function of the motor rotation speed (thick line), with two load lines (solid and dashed lines). S 1 , S 2 and S 0 are the speeds at which the motor will rotate under the associated load. The S 0 speed is called the zero-torque speed. Image from [28].

At a fixed load, the bacterium's swimming speed is proportional to the flagellar rotation frequency [30] which is in turn proportional to the proton flux passing through the motor [START_REF] Gabel | The speed of the flagellar rotary motor of Escherichia coli varies linearly with protonmotive force[END_REF]. Small variations in the torque can impact the overall swimming pattern of the bacterium by triggering switches of the motor direction of rotation [START_REF] Xing | Torque-speed relationship of the bacterial flagellar motor[END_REF][START_REF] Darnton | On Torque and Tumbling in Swimming Escherichia coli[END_REF][START_REF] Yuan | Switching of the Bacterial Flagellar Motor Near Zero Load[END_REF]. Indeed, at high loads, the CW sense of rotation intervals are longer than usual [START_REF] Fahrner | Bacterial flagellar switching under load[END_REF]. These variations can also trigger changes in the flagellum shape called polymorphic transformations [START_REF] Darnton | Force-Extension Measurements on Bacterial Flagella: Triggering Polymorphic Transformations[END_REF][START_REF] Vogel | Rotation-Induced Polymorphic Transitions in Bacterial Flagella[END_REF].

Flagellar polymorphism

Bacterial motility

In 1976, Calladine [START_REF] Calladine | Design requirements for the construction of bacterial flagella[END_REF] theoretically predicted 12 possible different shapes for a flagellum, which are shown in Figure 1.4. A flagellum is built from the base of the motor, inside the cell body, by the self-assembly of protein units. The final part consists of 11 helical protofilaments, which are associated side by side to make a hollow tube. Each protofilament can be in 2 different conformations, which leads to the 12 possible configurations shown in the Figure 1.4. Only some of them have been observed experimentally [START_REF] Turner | Real-Time Imaging of Fluorescent Flagellar Filaments[END_REF]. Polymorphic transformations, i.e. transformations between different protofilament configurations, can be triggered either by external stimuli of the environment, or by the artificial application of a force with optical tweezers while pulling/pushing on tethered flagella [START_REF] Darnton | Force-Extension Measurements on Bacterial Flagella: Triggering Polymorphic Transformations[END_REF]. Vogel and Stark [START_REF] Vogel | Rotation-Induced Polymorphic Transitions in Bacterial Flagella[END_REF] have also simulated rotation induced transitions by applying a torque on the flagellar motor. [START_REF] Hasegawa | Quasi-and Nonequivalence in the Structure of Bacterial Flagellar Filament[END_REF]). Upper panel from [START_REF] Darnton | Force-Extension Measurements on Bacterial Flagella: Triggering Polymorphic Transformations[END_REF].

For E. coli bacteria, the flagella are in the normal shape (polymorphism number 2 in Figure 1.4) most of the time, turning CCW. They are brought together in a bundle by hydrodynamic interactions. In this bundle, flagella can rotate independently without intertwisting. Interestingly, the bundle can be stable even with torque differences among the flagella, as shown by a recent simulation work [START_REF] Macnab | Bacterial flagella rotating in bundles: a study in helical geometry[END_REF][START_REF] Kim | A macroscopic scale model of bacterial flagellar bundling[END_REF]. However, when these differences are important, the flagella can undergo a phase shift, which causes unbundling and the consequent reorientation of the bacterium [START_REF] Reigh | Synchronization, Slippage, and Unbundling of Driven Helical Flagella[END_REF].

Chapter 1. State of the art

The "run and tumble"

Variations at the flagellar level actually affect the effective swimming of the cell. Usually the swimming pattern of peritrichous bacteria is described by the Berg's model of "run and tumble", illustrated here in the Figure 1.5. In the run phase, the bacterium is propelled by a bundle of CCW turning flagella. The tumble is triggered when at least one flagellum starts to turn CW. This makes the flagellum separate from the bundle and undergo a polymorphic change. In order to maintain the total torque to zero, the body responds by changing its orientation. Eventually, the flagellum rotation switches back to CCW, which makes it come back into the bundle. This is the onset of the new run phase, where the overall swimming direction has changed. Typical time scales for the run and tumble phases are 1 s and 0.1 s, respectively [START_REF] Berg | Chemotaxis in Escherichia coli analysed by Three-dimensional Tracking[END_REF][START_REF] Darnton | On Torque and Tumbling in Swimming Escherichia coli[END_REF]. Although the run and tumble model provides a general description of the bacterial reorientation mechanism, more and more studies tend to qualify this description too simplistic, since the variations of chemotactic proteins are shown to be stochastic on the long term [START_REF] Min | High-resolution, long-term characterization of bacterial motility using optical tweezers[END_REF]. Indeed, researchers have found high behavioral variability and long tails in the run time distribution [START_REF] Figueroa-Morales | 3D Spatial Exploration by E. coli Echoes Motor Temporal Variability[END_REF] in contrast to the findings by Berg et al. [START_REF] Berg | Chemotaxis in Escherichia coli analysed by Three-dimensional Tracking[END_REF][START_REF] Darnton | On Torque and Tumbling in Swimming Escherichia coli[END_REF], or alternative scenarios of swimming in specific conditions: surprising strategies to escape traps [START_REF] Mitchell | The Energetics and Scaling of Search Strategies in Bacteria[END_REF][START_REF] Hintsche | A polar bundle of flagella can drive bacterial swimming by pushing, pulling, or coiling around the cell body[END_REF][START_REF] Son | Bacteria can exploit a flagellar buckling instability to change direction[END_REF][START_REF] Kühn | Bacteria exploit a polymorphic instability of the flagellar filament to escape from traps[END_REF][START_REF] Xie | Bacterial flagellum as a propeller and as a rudder for efficient chemotaxis[END_REF], as well as specific swimming patterns in extreme conditions of viscosity, elasticity and also in biological fluids like mucus [17] have been reported.

The goal of this thesis is to study how the molecular orientational order of a nematic liquid crystal influences bacterial swimming, at the level of both a single bacterium and a whole bacterial suspension.

About liquid crystals

About liquid crystals

First identified by Otto Lehmann in 1900, liquid crystals (LC) are nowadays widely known for their use in display technology. Reorienting in space by the action of external electric fields, LCs can let pass the light or block it. Besides the application side, it is primarily a fundamental state of matter. Fascinating for its multiple properties, assigned for both liquid and crystalline states. LCs flow like liquids and at the same time present elasticity and birefrengence, known to be physical properties of anisotropic solids.

At the microscopic level, liquid crystals are composed of anisotropic units called mesogens. In the nematic phase, those mesogens align with respect to each other, along a specific direction, called the director -→ n , as depicted in the Figure 1.6. The nematic state is the most symmetric LC phase, but a diversity of phases with different degree of order have been observed [START_REF] Borshch | Nematic twist-bend phase with nanoscale modulation of molecular orientation[END_REF][START_REF] Chen | Twist-bend heliconical chiral nematic liquid crystal phase of an achiral rigid bent-core mesogen[END_REF][START_REF] Cestari | Phase behavior and properties of the liquid-crystal dimer 1,7-bis(4cyanobiphenyl-4-yl) heptane: A twist-bend nematic liquid crystal[END_REF]. For instance, in the smectic phase, the mesogens are not only aligned but also organised in equidistant layers, developing positional order along one direction.

As the positional organization is extended to other dimensions, the LC can develop a columnar phase, and eventually a crystalline phase. Liquid crystals are typically classified in two different categories: thermotropic and lyotropic liquid crystals. Thermotropic liquid crystals are those in which phase transitions are triggered by temperature. As temperature increases, the systems goes through a series of mesophases, from the crystalline solid state to the isotropic liquid state, with a decreasing degree of order. These mesophases typically include a nematic phase at higher temperatures and different types of smectic phases at lower temperatures, as illustrated in the Figure 1.7. 4-N-pentyl-4'-cyanobiphenyl (5CB) and 4-N-octyl-4'-cyanobiphenyl (8CB) are commonly used thermotropic liquid crystals, since they display nematic and smectic phases, respectively, at room temperature. Lyotropic LCs are typically two-component systems in which dispersed molecules form organized structures within a continuous phase. In these systems, phase transitions are triggered by changes in concentration, although the critical concentrations at which the phase transitions occur can also depend on temperature. The dispersed entities are usually amphiphilic or polyaromatic molecules.

In this thesis, we will focus on lyotropic chromonic liquid crystals (LCLCs), which are suspensions of aromatic disk-like molecules in water. As concentration increases, these disk-like molecules self-assemble into columns that align parallel to each other, acting as mesogens of a nematic phase. At higher concentrations, the columns start organizing themselves into regular lattices, forming the so called columnar phases, before reaching the crystalline state [START_REF] Lydon | Chromonic review[END_REF], as depicted in the Figure 1.8. LCLCs have recently attracted much attention due to their tendency to twist [START_REF] Jeong | Chiral symmetry breaking and surface faceting in chromonic liquid crystal droplets with giant elastic anisotropy[END_REF] and their compatibility with living microorganisms [START_REF] Helfinstine | Lyotropic liquid crystal as a real-time detector of microbial immune complexes[END_REF]. Two commonly used LCLCs are Sunset Yellow (SSY), a food dye, and Disodium Cromolyn (DSCG), used in inhalation for asthma. While SSY is genotoxic in the nematic phase [START_REF] Woolverton | Liquid crystal effects on bacterial viability[END_REF][START_REF] Sweeney | Evidence for direct-acting oxidative genotoxicity by reduction products of azo dyes[END_REF], DSCG is compatible with bacterial life. For this reason, most of the studies shown in the present work have been done with DSCG.
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1-2 nm 0. 33 nm Figure 1.8: Illustration of the phase transitions for lyotropic chromonic liquid crystals, with increasing concentration and decreasing temperature. The dimensions are given for DSCG [60].

About liquid crystals

Elastic properties of liquid crystals

Elasticity is one of the "solid-like" properties of liquid crystals, stemming from their long-range molecular orientational order. Any distortion in the director field increases the overall free energy of the system. In a nematic, the free energy density associated to bulk elastic distortions is characterized by the Frank-Oseen free energy density equation :

f = 1 2 K 1 ( - → ∇ • - → n ) 2 + 1 2 K 2 [ - → n • ( - → ∇ ∧ - → n )] 2 + 1 2 K 3 [ - → n ∧ ( - → ∇ ∧ - → n )] 2 (1.1)
Where -→ n is the nematic director, K 1 , K 2 and K 3 are the elastic constants associated with splay, twist and bend distortions respectively, see Figure 1.9. The values of these elastic constants are typically within the range of K i ≈ 1 -10 pN [START_REF] Zhou | Elasticity, viscosity, and orientational fluctuations of a lyotropic chromonic nematic liquid crystal disodium cromoglycate[END_REF]. The minimal energy state corresponds to the situation where there is no constraints on the system, and thus, no distortions in the director field. Whenever the systems is put out of equilibrium, a restoring elastic torque brings it back to equilibrium, as in a spring.

BEND TWIST SPLAY

.9: Illustration of the bend, twist and splay elastic distortions for a nematic liquid crystal.

Molecular anchoring

The orientation of a liquid crystal in the bulk can be influenced by the confining interfaces via molecular anchoring, i.e. the preferential molecular orientation at the interface. Any violation of this preferential orientation entails an energy penalty, as postulated by the Rapini-Papoular anchoring potential:

f s = f 0 + 1 2 W a sin 2 (θ s -θ 0 ) (1.2)
where θ 0 and θ s denote, respectively, the preferential and actual molecular orientation at the surface, while f 0 corresponds to the minimum free energy density of the interface when θ s = θ 0 . The anchoring energy W a indicates the strength of the anchoring and it is typically 10 -3 -10 -2 mJ/m 2 . We speak of weak anchoring when the minimization of bulk elastic distortions can induce anchoring violation, while we speak of strong anchoring when the preferential molecular orientation at the boundaries is always respected. At a surface, the anchoring can be planar (tangential to the surface), homeotropic (perpendicular to the surface) or tilted.

Topological defects

Constraints imposed to the liquid crystal can lead to the formation of topological defects, i.e. points, lines or surfaces where the director is ill-defined. In a 2D nematic, topological defects are characterized by their strength or topological charge, which is defined as the ratio m = γ 2π , where γ is the angle by which the director -→ n rotates along a circular path around the defect. The Figure 1.
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shows examples of point defects with different topological charges. 

About liquid crystals

Topological defects were initially considered as a problem to avoid, since they could compromise, for instance, the quality of LC displays. Today we know that they are powerful tools to control the properties of a material. They can increase the stiffness of a material by orders of magnitude [START_REF] Wood | A Self-Quenched Defect Glass in a Colloid-Nematic Liquid Crystal Composite[END_REF], guide the selfassembly of micro-particles [START_REF] Muševič | Two-Dimensional Nematic Colloidal Crystals Self-Assembled by Topological Defects[END_REF][START_REF] Muševič | Nematic colloids, topology and photonics[END_REF] or control the flows in a microfluidic device [START_REF] Sengupta | Topological Microfluidics : Nematic Liquid Crystals and Nematic Colloids in Microfluidic Environment[END_REF]. Therefore, designing strategies to control the number and distribution of topological defects in liquid crystals has become an active area of research. This aspect is also relevant in the context of this work, since we are interested in studying the swimming of bacteria in liquid crystal and their interaction with topological defects.

Topological defects randomly nucleate after an isotropic-nematic phase transition. However, they are very unstable: in the absence of external constrains, positively and negatively charged defects annihilate by pairs, leading to a defectfree director field, which is the ground state of the system. Confining the liquid crystal to a closed curved surface provides an interesting route to stabilize topological defects, since under certain situations topological defects become part of the ground state of the system. Indeed, according to the Poincaré-Hopf theorem [START_REF] De Gennes | The Physics of Liquid Crystals[END_REF], the total topological charge of a closed surface with a certain geometry follows the following expression :

i m i = 2(1 -g) (1.3)
Where m i are the individual topological charges of the defects populating the surface and g is the genus of the considered geometry. The genus can be seen as the number of holes in the geometry: it is g = 0 for a sphere, g = 1 for a torus, g = 2 for an eight-shape, and so on. In a spherical nematic, the total topological charge is +2. This topological constraint can be satisfied in different ways: by the presence of a single +2 defect, a pair of +1 defects, four +1/2 defects, or many other defect configurations combining positive and negative defects. Among those configurations allowed by topology, the liquid crystal adopts the one minimizing energy. A plethora of different defect structures have been experimentally obtained by confining the liquid crystal between two nested spherical boundaries, in a shell-geometry. The type of defect configuration in the system depends on the molecular anchoring at the boundaries, thickness of the shell (see Figure 1.11), elastic constants of the liquid crystal, symmetry of the mesophase [START_REF] Lopez-Leon | Drops and shells of liquid crystal[END_REF], presence of external fields, etc. These results have provided us with a toolbox to produce defect structures in a controlled way. 

Chapter 1. State of the art

Nematic colloids

For the reasons explained above, topological defects necessarily appear when dispersing a spherical microparticle on a liquid crystal. In 1997, Poulin et al. [START_REF] Poulin | Novel Colloidal Interactions in Anisotropic Fluids[END_REF] reported the existence of defect-mediated anisotropic interactions between micro-droplets dispersed in an aligned nematic LC. Indeed, they observed that water droplets with homeotropic anchoring formed elongated chains aligned along the nematic director field, as shown in Figure 1.12. This pioneering work yielded a new research topic, named "nematic colloids", in the field of LCs. Introducing a bacteria in a nematic LC is then expected to lead to the same kind of interactions, since the bacterium elongated body and the sphere share the same topology.

The topological defects guiding the self-assembly of nematic colloids result from the conciliation of the LC preferential anchoring on the particle surface with the uniform far field. Different types of surface anchoring lead to the 1.2. About liquid crystals Figure 1.12: Cross-polarized image of water droplets dispersed in a LC: because of the LC elasticity, the droplets self-assemble and form a linear chain, from [START_REF] Poulin | Novel Colloidal Interactions in Anisotropic Fluids[END_REF].

formation of different types of topological defects, and thus, different types of colloidal anisotropic interactions. For instance, introducing a particle with homeotropic anchoring is equivalent to introduce a +1 defect in the LC, as shown in Figure 1.13, where the extension of the director field from the particle surface towards the inside gives rise to the formation of a virtual +1 defect at the center of the particle. To conserve the total topological charge in the system, a -1 defect needs to be generated in the LC, next to the particle. This type of three-dimensional defect created in the LC bulk is called a hedgehog.

The particle and its associated defect form an elastic dipole that interacts with similar dipoles through an elastic attractive potential, leading to the formation of chains aligned with the far field. Decreasing the anchoring strength make the hedgehog destabilize into a defect ring around the particle [START_REF] Stark | Director field configurations around a spherical particle in a nematic liquid crystal[END_REF], called Saturn ring [START_REF] Škarabot | Interactions of quadrupolar nematic colloids[END_REF]. In the case of planar anchoring, the interaction potential has a quadrupolar symmery and two -1/2 surface defects, called boojums, are generated at two extremities of the particle, resulting in a total topological charge of -1. The interaction also results in chain formation, with an attraction cone that induces an angle between the particles, the chains are reffered as kinked. This type of interaction is the one expected for E. coli, which induces planar anchoring in DSCG chromonic liquid crystals. This part will be developed in Chapter Self-assembly of motile and non-motile bacteria in LCs. . Upper part from [START_REF] Muševič | Nematic Liquid-Crystal Colloids[END_REF] and bottom adapted from [START_REF] Poulin | Inverted and multiple nematic emulsions[END_REF].

Living liquid crystals : bacteria swimming in

LCLCs

The term "living liquid crystals", introduced for the first time in 2013, refers to a new class of active LCs [10]. Unlike those based on motile actin filaments [START_REF] Kumar | Tunable structure and dynamics of active liquid crystals[END_REF], living liquid crystals are passive LCs in which living biological microorganisms, namely bacteria, are dispersed, as illustrated in Figure 1.14. This system has attracted a lot of interest because of the intriguing bacterial dynamics resulting from the coupling between bacterial motion and LC elasticity [18]. Indeed, as explained at the beginning of this section, bacterial motion has essentially been studied in isotropic fluids like water, or eventually in more viscous fluids, where the bacterial swimming mechanism remain fundamentally the same. Living liquid crystals highlighted the existence of original swimming patterns and 1.3. Living liquid crystals : bacteria swimming in LCLCs behaviors that have just started to be explored [12]. Interesting results have been reported in the last years. First, Kumar et al. [10] observed the suppression of random walk in wild-type E. coli swimming in a lyotropic chromonic liquid crystal (DSCG). The trajectories followed by the bacteria in the nematic were all straight and aligned with the director field, with average velocities almost 10 times smaller than those of E. coli in water : around 3 µms -1 for the nematic DSCG, against 30 µms -1 in water [START_REF] Berg | Movement of microorganisms in viscous environments[END_REF].

The same year, Mushenheim et al. [11] reported the same behavior for P. Mirabilis bacteria. In addition, they observed the formation of anisotropic aggregates of bacteria (chains) in DSCG . They showed that the body of P.

Mirabilis induces planar anchoring in the LC, and thus, as passive nematic colloids, the bacteria interact with attractive anisotropic pairwise potentials. Their results will be discussed in more detail in chapter Self-assembly of motile and non-motile bacteria in LCs.

In 2014, Zhou et al. [18], published the article entitled Living liquid crystals, where they investigated the flows emerging in the liquid crystal as a result of the activity of the B. Subtilis bacteria, a phenomenon sometimes qualified as "active turbulence". When an oxygen gradient was imposed to the bacteria, wavy patterns emerged with the generation of semi-integer defects, moving in the sample. The shear induced by the B. Subtilis bundle, was able to locally melt the nematic order, making possible a real time measurement of the bundle rotation frequency from the visible periodic wake, as shown in the Figure 1.15. The flow around the bacterium in the liquid crystal was found to be quadrupolar [START_REF] Sokolov | Individual behavior and pairwise interactions between microswimmers in anisotropic liquid[END_REF] whereas in water it is a force dipole [START_REF] Drescher | Fluid dynamics and noise in bacterial cell-cell and cell-surface scattering[END_REF].

The prospect of using living liquid crystals as a new technology to control active matter has motivated recent experimental works. Such technology could enable interesting applications in bio-medicine. For example, bacteria have been shown to be able to push cargo in an aligned nematic field [START_REF] Sokolov | Individual behavior and pairwise interactions between microswimmers in anisotropic liquid[END_REF], or swim following a pre-designed path printed on a substrate [19], as shown in Figure 1. 16. Topological defects have proved to be powerful tools to direct the swimming of bacteria, since positive defects tend to attract bacteria, while negative ones tend to push them away. Theoretical studies support the experimental observations. In 2015, Krieger et al. [16] demonstrated that the swimming speed of bacteria in an anisotropic 1.3. Living liquid crystals : bacteria swimming in LCLCs fluid is enhanced when the elastic forces are larger than the viscous forces (low Ericksen number). A pusher swimmer, as it is the case of E. coli, experiences the lower viscosity when aligned with the nematic director [14] and its velocity magnitude is the highest in that direction [START_REF] Kos | Elementary Flow Field Profiles of Micro-Swimmers in Weakly Anisotropic Nematic Fluids: Stokeslet, Stresslet, Rotlet and Source Flows[END_REF]. However a pusher bacterium can also swim perpendicular the director, as shown by Zhou et al. [START_REF] Zhou | Dynamic states of swimming bacteria in a nematic liquid crystal cell with homeotropic alignment[END_REF] for experiments done in homeotropic cells.

It is a rich system, with still a lot to be discovered and understood. Namely the influence of the LC environment on the bacterial chemotactic response responsible for the run and tumble motion. It was only in 2017 [START_REF] Zhou | Dynamic states of swimming bacteria in a nematic liquid crystal cell with homeotropic alignment[END_REF] that the ability of bacteria to reorient in the LCLCs was reported, and its mechanism is not clear. The pairwise bacterial interaction giving rise the chain formation is also an interesting self-assembly of active particles problem that has not been fully characterized, as for the system evolution in time and with respect to the bacterial concentration. The interaction with topological defects can be deepened by playing with the system topology. Indeed, the pre-designed printed surfaces made to guide bacteria in a certain direction are frozen systems, and the printing itself is not trivial. Working in a shell geometry could enable easy defect fabrication and tuning for more investigation of the bacteria-defect interactions.

Chapter 2

Materials and methods

In this chapter we present the materials and methods used during this PhD work. We will first introduce the bacterial strains used and explain their culture protocols. Then we will describe how the liquid crystal type has been chosen and characterize its phase diagram, we will also introduce a viscous Newtonian solvent to be used for control experiments. The microfluidic geometries employed and the microscopic observation techniques will be described. Finally we will end with a quick overview of the image treatment processes we developed.

Bacterial strains and culture

The E. coli is a peritrichous bacterium, meaning that is has external flagella, randomly dispersed on the body. They are usually 3 to 5 flagella, of around 10 µm long, 40 nm thick, as illustrated in the Figure 2.1. They have a helical shape, with different possible radii and pitches. Most of the time an E. coli bacterium swims with flagella in the normal shape with a pitch of 2.3 µm and radius of 0.4 µm . The body radius is 0.5 µm , for a length of 1-2 µm [80]. The flagella assemble in a bundle that propel the cell by rotating CCW at 100 Hz in water, while the body rotates CW at 10 Hz [START_REF] Turner | Real-Time Imaging of Fluorescent Flagellar Filaments[END_REF]. E. coli bacteria swim in average at 30 µms -1 in water, according to a run and tumble motion, which allow them to explore more space. The run usually last for 1 s and the tumble 0.1 s [START_REF] Berg | Movement of microorganisms in viscous environments[END_REF].

For all experiments we will use E. coli bacteria as already intensively studied on the group. Different strains have been chosen as a function of the questions asked and are presented below. In all cases we used phosphate motility buffer for the observation solution, to which we add L-serine so that the bacteria can overcome the absence of oxygen in the sample and continue to be motile for a longer time. Typically, without L-serine, bacteria loose their motility after 30 minutes, and with the addition of L-serine this duration is extended to 3-4 hours. If necessary, also 1% of PVP polymer was added to the final bacterial solution to reduce the sticking of bacteria to the glass. The recipes for all culture medium and solutions are found in the Appendix E.

Wild-type E. coli : RP437

For bacterial observations, where it is sufficient to only see the body of the bacterium, we used a commonly used wild type E. coli strain RP437, derived from the K12 strain [START_REF] Parkinson | Complementation analysis and deletion mapping of Escherichia coli mutants defective in chemotaxis[END_REF]. It expresses the yellow fluorescent protein from a plasmid (YFP), staining the body fluorescently. Its excitation wavelength is 513 nm and the emission is at 527 nm. Under the microscope, only the bodies are visible, as shown in the Figure 2.2 for RP437 in water. The standard protocol of culture in order to grow 1-2 µm bacteria, motile and identical individuals, starts with an overnight culture : a very small amount of frozen bacterial solution is collected by means of a tip cone, and put in 10 mL of culture medium M9G with 10 µL of chloramphenicol antibiotic, then put in the incubator, at 30 • C and 250 RPM. The next morning, the optical density is measured on a spectrometer to characterize the bacteria density. We aim for an optical density (OD measured at a wavelength of 600 nm) of 0.5

where it has been shown in the group that the bacteria are at the end of the exponential growth curve (see Figure 2.3, for another strain of E. coli, but derived from the K12 strain). The bacteria recovered at this stage of growth are more monodisperse and motile than on the plateau. The solution is then centrifuged at 5000 RPM for 6 minutes, rinsed in motility buffer MB, centrifuged a second time and finally re-suspended in MB. The final re-suspension in the MB will define the final OD of the bacterial solution, and so its concentration in bacteria. For one OD600 unit, there is 2.66 × 10 9 bacteria per mL [START_REF] Yap | Direct E . Coli Cell Count At Od600[END_REF].

Wild-type E. coli with colored flagella: ABAD62

For experiments where it is necessary to visualize the body as well as the bacteria flagella we use a two color staining. This type of bacteria has been used in the group by Gaspard Junot [83] in his PhD work on the micro-hydrodynamics and transport properties of bacteria in micro-channels. He tracked bacteria during their trajectories and thanks to the flagella information, could detect tumble event by directly observing flagellar unbundling. The previous tumble statistics were done by deduction from the velocity and body orientation, necessarily based on an imposed threshold, thus less complete [START_REF] Berg | Chemotaxis in Escherichia coli analysed by Three-dimensional Tracking[END_REF][START_REF] Berke | Hydrodynamic Attraction of Swimming Microorganisms by Surfaces[END_REF].

These bacteria are a wild type strain of E. coli (ABAD62, derived from K12) that was developed by Angela Dawson. It has an encoded GFP production for the bacteria body and special flagella receptors for fluorescent dye and can thus be used to stain bacteria with two different colors. The GFP is excited at 395 nm and emits at 509 nm. The Alexa fluorescent dye that we use is excited at 649 nm and emits at 671 nm. Thus, in order to see both the body and the flagella at the same time, a beam-spliter was added to the observation microscope, enabling illumination in blue for the body and red for the flagella. The Figure 2.4 shows an observation image of dyed ABAD62, after image reconstruction, in gray scale and colors to distinguish bodies from flagella.

For the culture, bacteria were first inoculated in a growth culture medium LB with ampicillin antibiotic for the night at 30 • C and 250 RPM. In the next morning 10% of the bacterial solution was suspended in TB growth medium for 4-5 hours, until it reached an optical density of 0.5. As shown in the Figure 2.3, the exponential phase of the growth curve ends as the bacterial solution reaches an optical density of around 0.6, and is followed by a plateau. Like for RP437, it is better to recover the bacteria in the late stage of the exponential phase Chapter 2. Materials and methods in order to have the best monodispersity and motility. The bacteria were centrifuged at 5000 RPM for 6 minutes twice in Berg's motility buffer (BMB) and rinsed with BMB in between. At this point Alexa dye (Maléimide Alexa Fluor™ 647 C2 purchased from ThermoFisher scientific) was added to the bacterial solution and the sample was put on a rotation plate for 2 to 3 hours. Finally the bacteria were washed (centrifuged and re-suspended in motility buffer) three times to remove the excess of dye, re-suspended and ready to use. The same method was applied to the E. coli smooth swimmer ABAD63 strain modified to suppress tumbles. Its mutations disable the CheY-P protein information to be received. As this protein is responsible for the chemotactic response of the bacterium, this suppresses so tumble events [START_REF] Turner | Temperature-induced switching of the bacterial flagellar motor[END_REF]. In this PhD, this strain has been used once, to verify if reorientation events happen in liquid crystal when the bacterium is a smooth swimmer. 

Bacterial strains and culture

Non flagellated E. coli

In order to understand the role of E. coli motility on bacteria chain formation in liquid crystals, we performed experiments with non flagellated bacteria. We used the RP437 strain and mechanically removed the flagella.

The bacterial solution was grown according to the protocol above, then put in a vortex shaker for 20 min up to 1 h and centrifuged at 5000 RPM for 6 minutes. The flagella broke under the strong shear of the shaker and are too light to be centrifuged at this rate. Consequently they can be removed with the supernatant. A test with two-colored ABAD62 was done using this method in order to make sure that there are no flagella anymore after this treatment, even if due to the fact that these are two different bacteria strains this is not a strict proof the flagella have been perfectly removed for the RP437 strain. Indeed in some rare cases we see a small remaining bacteria activity indicating that flagella removal was not total. The percentage of bacteria showing such weak activity remains very small. This indicates that the non-flagellated bacteria are Chapter 2. Materials and methods mostly non motile but still alive and were used in experiments as passive objects in liquid crystal. However, we do not know what are the exact consequences of such strong steering on the bacterial membrane for example and if these could have an impact on the bacterial chain formation. Ideally one would use a special genetically non-flagellated bacteria strain. In the present case we could not have access to such strain.

Solutions preparation

In this section we describe the suspending fluids used to study bacterial motion. First we explain the choice of a liquid crystal compatible with E. coli bacteria and its optimal operation conditions have been determined. We have also worked with an isotropic simple fluid matching the viscosity of the liquid crystal solution used for control experiments.

Liquid crystal: DSCG

The liquid crystal chosen was cromolyn sodium salt also known as DSCG, or Intal, an antiasthmatic drug with the chemical name disodium 5,5'-[(2hydroxy-1,3-propanediyl) bis(oxy)] bis[4-oxy-4H-1-benzopyran-2-carboxylate], which molecular structure is shown in the Figure 2.5. It was purchased from Sigma-Aldrich. In the last chapter in particular, another liquid crystal was used called Sunset Yellow FCF (SSY), an azo dye with chemical name disodium salt of 6-hydroxy-5-[(4-sulfophenyl) azo]-2-naphthalenesulfonic acid. This choice was motivated by the previous SSY characterization in the group by Kunyun He. However we stopped using it because of its toxicity to bacteria [START_REF] Sweeney | Evidence for direct-acting oxidative genotoxicity by reduction products of azo dyes[END_REF][START_REF] Woolverton | Liquid crystal effects on bacterial viability[END_REF]. DSCG on the other hand is bio-compatible and has been used in previous studies of bacterial motion in liquid crystals, as detailed on the State of the art chapter. 

Solutions preparation

DSCG is water soluble but in order to preserve bacterial motility it is here dissolved directly in the mobility buffer. It has to be mixed with a vortex shaker and gently heated in order to help the dissolution. The observation sample should be well sealed to prevent any water evaporation that could induce an increase of the DSCG concentration. The phase transitions of this liquid crystal have been characterized previously in water [START_REF] Lydon | Chromonic review[END_REF]. In our experiments we dispersed the DSCG molecules in a bacteria motility buffer, instead of pure water, which could shift the liquid crystal phase transitions. For this reason, we established the phase diagram for our DSCG system, which is shown in the Figure 2.7 done by Anumita Jawahar, intern in the laboratory.

On this phase diagram, when the isotropic fraction equals one, the LC is in a fully isotropic phase. For a zero isotropic fraction the LC is in a fully nematic phase. In between, the DSCG has mixed regions of isotropic and nematic, like shown in the Figure 2.6 during a temperature-induced phase transition from nematic to isotropic. When the phase is not completely nematic, it presents isotropic domains called tactoids, in a shape of elongated droplets, in black on the cross-polarized images. In our case, we want to avoid tactoids because they disturb bacterial motion [START_REF] Zhou | Elasticity, viscosity, and orientational fluctuations of a lyotropic chromonic nematic liquid crystal disodium cromoglycate[END_REF]. The goal of establishing a new phase diagram was to choose the best experimental parameters to get a nematic liquid crystal, without tactoids, in a concentration and temperature range that are compatible with bacterial motility. In the nematic phase the system has a long-range orientational order and we want to study its impact on the swimming of bacteria. E. coli exhibit their highest motily at at 30 • C [START_REF] Maeda | Effect of temperature on motility and chemotaxis of Escherichia coli[END_REF], and at that temperature, the DSCG solution has to be concentrated above 16 wt% to be nematic. Nevertheless, high LC concentration also implies high viscosity. The DSCG viscosity could not be measured with a simple rheometer since it is anisotropic and time dependent as Chapter 2. Materials and methods it has been shown by Habibi et al. [START_REF] Habibi | Passive and active microrheology of a lyotropic chromonic nematic liquid crystal disodium cromoglycate[END_REF]. They used micro-rheology to characterize this liquid crystal and measured viscosities in the direction parallel to the LC director. In the other directions the fluid has a complex and strongly time dependant behavior and they were not able to derive an associated effective viscosity from their measurements. For a concentration of Φ =11.9 wt%, the viscosity is µ = 18.5 mPa.s and for Φ =13.3wt %, µ = 63.5 mPa.s, which is 63 times more viscous than water! It has been shown that the viscosity to immobilize flagellated bacteria like E. coli is 60 mPa.s [START_REF] Greenberg | Motility of flagellated bacteria in viscous environments[END_REF]. From our experiments, E. coli ceased to be motile from Φ =13wt %, which is in agreement with the corresponding viscosity.

According to the phase diagram, a fully nematic phase (with a zero isotropic fraction) can be obtained by decreasing the temperature. However, below 20 • C bacterial motility is decreased [START_REF] Maeda | Effect of temperature on motility and chemotaxis of Escherichia coli[END_REF], thus fixing the lower temperature threshold. 

Solutions preparation

The appropriate conditions necessitate to choose the lowest DSCG concentration resulting in a full nematic phase, above 20 • C. Thus, the experiments were performed either at Φ =11 wt% when temperature control was possible, and Φ =12 wt % otherwise, when the room temperature was not controlled, thus slightly higher (21 • C to 25 • C), namely for most of the experiments shown in this manuscript.

To prepare a solution of liquid crystal containing bacteria, 5% of the bacterial solution is added to the liquid crystal, which initial concentrations have to be 11.58 wt% and 12.63 wt% in order to obtain final concentrations of 11 wt% and 12 wt% respectively. For experiments requiring a higher concentration of bacteria in the sample, like in Chapter Self-assembly of motile and non-motile bacteria in LCs, the quantity of bacterial solution was increased to 30% and the initial DSCG solution concentration to 17.15 wt%.

Viscous fluid: Ficoll 400

The study of bacterial motion in viscous fluids was controversial until recently because of very diverse results among the researchers, as it will be discussed in the next chapter Individual swimming of bacteria in LCLCs. Responsible for this disparity : the viscous solution. Indeed, making a viscous fluid requires to either add glycerol, or polymers to the solution. Some additives like glycerol can be metabolized by bacteria [START_REF] Doi | Glycerol metabolism and its regulation in lactic acid bacteria[END_REF], thus increasing their swimming velocity, and polymers structure in networks, which also impacts the swimming.

Since the goal here is to consider a viscous fluid for a control experiment, as in water but matching the liquid crystal viscosity, a Newtonian fluid needed to be used. To obtain a viscous but Newtonian fluid it is necessary to perform a dialysis and remove the small polymer fragments. The polymer used was Ficoll 400, purchased from Sigma-Aldrich and already dialyzed. It is a powder that has to be dispersed in water, or MB in our case. We estimated that in order to get a Ficoll solution of similar viscosity as the DSCG µ DSCG = 18 mPa s , it had to be concentrated at 17 wt% [START_REF] Qu | Effects of shear-thinning viscosity and viscoelastic stresses on flagellated bacteria motility[END_REF]. In order to be sure that the small polymer fragments were removed, a dialysis was performed on the Ficoll 400 solution, during a week.

Finally, experiments were performed in both non-dialyzed and dialyzed Ficoll solutions, with respective measured constant viscosities of µ F icoll400 = 11 mPa s and µ F icoll400-dialyzed = 18 mPa s. The viscosities were measured with an Anton Paar MCR 501 rheometer, with a conical geometry CP60-0.5.

Chapter 2. Materials and methods

Observation cell preparation

In all the experiments, the liquid crystal was forced to align with a preferred direction, imposed by the observation cell. The observation chambers were made of either two glass slides, or a glass slide and a cover slip, separated by a spacer and sealed.

Over the time, different techniques were used in order to align the LC. At first, raw glass slides and cover slips were rubbed manually on velvet to create micro-scratches. This technique is commonly used with thermotropic liquid crystals like 5CB, however in that case a PVA polymer layer is applied to the glass slide and this softer layer is then scratched. This method cannot be directly transposed for DSCG due to the slightly hydrophobic behavior of PVA. Scratching raw glass did not align the LC perfectly, but enough to observe individual bacteria with high magnification (x63), swimming in a locally aligned region.

For perfectly aligned LC, we used another kind of glass slides sent to us by Geonhyeong from Prof. Yoon's group in Korea. These are well controlled diamond-scratched glass surfaces [START_REF] Suh | Nanoscratching technique for highly oriented liquid crystal materials[END_REF]. However, observations with the x63 objective with water immersion was not possible, since its working distance is smaller than the glass slide thickness of 1 mm. They were observed with a x63 air objective, giving images of lesser quality, which was not important for 3D automatic tracks of bacteria.

Thus, different types of cells were prepared, with a gradient of LC alignment quality : -manually scratched glass slides facing also manually scratched cover slip of 0.17 mm, used for the image quality, and observed through the x63 water immersion objective.

-a mix of manually scratched cover slip of 0.17 mm facing a diamond scratched glass slide, resulting in a better alignment and good quality image since observed with the x63 water immersion objective.

-two diamond-scratched glass slides of 1 mm thick each, with very good alignment but less image quality through x63 air objective.

For the timelapse experiments of Chapter Self-assembly of motile and nonmotile bacteria in LCs, the field of view was larger than for individual tracking, in order to capture the collective system evolution, thus necessitating well aligned LC on large regions. In that case we used the third type of cells, with The glass surfaces were separated either by beads (20 µm ), two-sided tape of controlled thickness (80 µm ) , or parafilm squeezed in between the glass under heat, giving an average thickness of 30 µm . The samples were sealed to prevent external flows and evaporation, with either epoxy glue, nail polish or wax.

Overall, we can summarize two types of samples as illustrated in Figure 2.8 : the method 2 was used in experiments necessitating high magnification, essentially in Chapter Individual swimming dynamics of E. coli bacteria in liquid crystals in planar cells. It provides good image quality at the expense of the alignment quality. The method 1 was used in the experiments necessitating very well aligned nematic director (at the expense of image quality for high magnification), essentially in Chapter Self-assembly of motile and non-motile bacteria in LCs. For the particular case of timelapse experiments, wax was the preferred method to seal the sample for its fast drying and reversibility. The parafilm strips helped to prepare a small channel (smaller than the other samples with cover slips), so that the LC relaxed in an equilibrium aligned state faster. Chapter 2. Materials and methods

Microscopy

Basic observations and timelapses

The observations of RP437 E. coli were done at first with a Nikon Ni-U microscope in the Gulliver laboratory. It is equipped with a fluoresent turret, an analyzer unit, and a temperature controlling system composed of an Instec mK1000 temperature control unit and a TS64 thermal stage for heating the samples directly under the objectives.

For the timelapses, the experiments were performed in the PMMH laboratory, using a Zeiss microscope equipped with a controllable motorized stage, a fluorescent lamp associated with a cube filtering cyan color of wavelength 511 nm. Pictures were taken with a Hamamatsu Orca flash 4.0 camera, under a x40 long working distance objective.

3D tracking and beam splitter

For experiments in two colors, with ABAD62 and ABAD63 E. coli bacteria with dyed flagella, we used Éric Clement's setup, composed of an inverted microscope (Zeiss-Observer, Z1 with an objective C-Apochromat 63×/1.2W) and Colibri LED illumination. The particularity of this experiment lies in the ability to see the bacteria in its entirety thanks to a beam splitter and track it inside the sample at the same time. Both the bodies and the flagella are excited in their corresponding wavelength given in the bacterial culture section, and each part of the emitted signal is send to a part of the camera sensor (Hamamatsu Orca-flash 4.0 camera), as shown on a raw observation image of dyed ABAD62 bacteria in the Figure 2.9. On the upper part of the screen only the flagella are visible, while on the bottom part it is the bodies. The images then need to be superimposed, treated and analyzed using a custom MATLAB code and some ImageJ features, resulting in the types of images from the Figure 2.4. By dividing the image sensor, the tracking based on the bacterial body movements is not disturbed by the flagella. The 3D tracking device was developed in the laboratory [START_REF] Darnige | Lagrangian 3D tracking of fluorescent microscopic objects in motion[END_REF] and can be used without the beam-spliter. A scheme of the set-up is shown in Figure 2.10. The videos were recorded at 30, 80 and 100 Hz. 

Microscopy

Microfluidics: Phantom fast camera

Encapsulated droplets, also called double emulsion, were produced using a glass microfluidic device, composed of glass capillaries. Their production is very rapid thus is it observed at a rate of 16000 fps with a fast camera Phantom v711 and a x10 objective. The camera is mounted on a Nikon Ti-U inverted microscope. The produced shells can be visualized on the computer screen, as shown in Figure 2.13.

2.5. Production of droplets and shells of liquid crystal 2.5 Production of droplets and shells of liquid crystal

Droplets

The liquid crystal droplets were obtained by shaking a mixture of 12 wt% DSCG in hexadecane oil containing 1 wt% of Span 80 surfactant. All the chemicals where purchased from Sigma-Aldrich. A small amount of the solution was put between a glass side and cover slip. The sample was separated by double sided tape with designed holes of 1 cm of diameter and thickness from 80 µm to 160 µm depending on the number of tape layers, in order to have sealed observation chambers. The observations were done under the inverted Nikon microscope equipped with an analyzer and polarizer for cross-polarized microscopy.

To form droplets of liquid crystal containing bacteria, a small amount of bacteria was added to the DSCG solution (prepared with bacterial motility buffer instead of pure water), then shaken with oil like previously.

Shells, of bacterial suspension and living liquid crystals

To fabricate double emulsions we used a microfluidic device, composed of cylindrical capillaries facing each other inside a square capillary, as shown in Figure 2.12 [START_REF] Utada | Monodisperse Double Emulsions Generated from a Microcapillary Device[END_REF]. This method allows to produce double emulsions in a single step. The three capillaries are filled with fluids, which are pumped at precise flow rates using three independent syringe pumps (Harvard apparatus Pump 11 Elite). The capillary with the smaller exit orifice is the injection capillary, containing the inner solution of the double emulsion. For water/oil/water (W/O/W) double emulsions (DE), the injection capillary is filled with water. The collection capillary facing the injection one has a larger orifice, usually twice the radius of the injection one. In the square capillary, and co-flowing with the inner fluid, we inject the middle phase of the double emulsion (the shell). In the case of (W/O/W) DE, it is an oil-like liquid. The continuous phase is injected on the other side of the square capillary and flow-focuses the inner and outer fluids in the collection capillary. For (W/O/W) DE, the continuous phase is water as well. To avoid wetting problems, the injection capillary must be silanized to become hydrophobic.

For inverse DE, it is the contrary. We have oil as the inner and outer fluids, and water as the middle fluid. A scheme of the device is shown in the Figure In order to make living shells, the bacterial suspension was injected as middle phase in the device. To stabilize the shells, 3 wt% of PVA polymer was added to the bacterial solution. The shells were recovered in square capillaries, treated with Aquapel, and sealed with parafilm. This geometry facilitates the shell observations with the tilted confocal microscope. Having a narrow chamber limited the sedimentation of the shells. For the inner phase we used hexadecane oil with 2 wt% of Span 80 surfactant, and mineral oil with 2 wt% of Span 80 for the continuous outer phase.

The best flow rates to produce shells with 50 µm outer diameter and 40 µm inner diameter are written in the Table 2.1. The first column flow rates give thinner shells than the second one, so by varying the flow rates one can change at will the sizes of the shell.

The production of liquid crystal shells is very similar. Both are inverted double emulsions. The oils are the same as for the bacterial suspension shells. The main difference is the absence of polymer in the middle phase, the liquid crystal is pure without additives because it perturbs the orientational order of the nematic. The flow rates are very similar. The Figure 2.13 shows an example of shells being produced in the device. 

Image treatment and analysis

From the various experiments done in this PhD, a lot of work was put in the writing of image analysis code. Each experiment necessitated an appropriate and custom analysis. The codes were written on Matlab and from scratch, for image treatments, reversals detection from 3D tracks in individual swimming, chain detection and timelapse analysis. Exception made of the flagella shape detection code that was written by Francesco Bonacci from the PMMH lab, and the particle tracking code designed to track elongated objects like chains that was kindly given to us by Alexandre Vilquin, from Gulliver.

Image processing from experiments using the beamsplitter

The raw images obtained from the camera when the beam-splitter is used have twice the same framing, displaying on the upper part the flagella and on the bottom part the corresponding bodies as shown in the Figure 2.9.

Chapter 2. Materials and methods

In order to reconstruct the bacterium, the images need to be cut in two, translated in order to match the exact positions and superimposed. The translation distance was estimated from a calibration slide photograph, that was always taken at the beginning of each experiment. Since the beam-splitter components (mirror, filter etc) need to be manually mounted and dismounted, between the experiments the alignment of the two sensor parts changes.

A custom Matlab code was written in order to do that and enhance the images. The final image can display chosen colors, usually we represent the flagella in red and the bodies in green or blue, in order to better distinguish both. However in this manuscript a black and white representation was preferred. Black flagella over white background have a better contrast and it is easier to observe the flagella shapes, as it can be seen in the Figure 2.4 showing the results of both processings.

Reversals detection

From the 3D tracks, we get the x,y and z components of a bacterial trajectory, from which we derive the velocities. The challenging part of the code analysing bacterial trajectories was the reversals detection. During a track the bacterium stays in the center of the image and visual detection of the unbundling as Gaspard Junot did in his PhD was not possible. From the trajectories a manual detection is not trivial either, in addition, we had almost a hundred of tracks. Thus, the detection had to be automatic.

Different approaches were used, in particular a detection based on the trajectory angle with a threshold value above which the point was considered at a change of swimming direction. This method worked quite well but it was not precise enough.

The final version of the detection code is based on the swimming velocity sign, depending on the overall trajectory direction. If the bacterium swims horizontally, a reversal will be detected when the velocity V x changed sign, and similarly if the bacterium swims vertically. A disadvantage of this method is its sensitivity to any small velocity variations, resulting in artefacts. These were removed by applying a threshold on the minimum distance between two reversals, that is higher than the motorized stage spatial resolution. Thanks to this threshold of 500 nm, all the reversals detected that were abnormally close to each other (smaller than the spatial resolution of the tracking device) were discarded.

Image treatment and analysis

Generally, reversal detection worked very well. Unfortunately is was not applicable to detect tumbles in Ficoll because they are too smooth in space. Since there were only 16 tracks, the detection was made visually from the images.

Frequency analysis

The flagella rotation frequencies were measured using ImageJ software, on previously processed images. The frequency was derived from a spatio-temporal graph of pixels along a defined line, perpendicular to the flagella. When the flagellum rotates, its wave propagates in space, thus the graph presents a wavy pattern. The abscissa being time, by measuring the separation between two peaks, one can get the frequency.

It is not a very precise method since the spatio-temporal graph depends strongly on the bacterial movement so the bacterium and flagella must be as steady as possible for the duration of the measurement. The images were preferentially combined (superimposed according to the protocol described above) then rotated to obtain a horizontal flagella at each frame and translated to stay at a fixed position. The written Matlab code rotated the image either by an angle previously measured in ImageJ or established an angle from a binary shape analysis (less precise but usefull for long videos were the flagella moves a lot in the image). The translation was based on the bacteria centroid detection, and replaced according to the first coordinates, so that the bacterium stays perfectly fixed in the image.

An attempt of making the shape detection automatic using Francesco Bonacci's code was made, but the image quality was not good enough to extract good information from it.

Chain detection and particle tracking

For the analysis of static and uncorrelated images of bacterial population in LCLCs presenting elongated clusters, a custom Matlab code was also written in order to detect the objects, count and sort them by category : individual bacterium, isolated chain, chain in a cluster or another aggregate. Details on this detection code are given in the Section 4.2.3 of the Chapter Self-assembly of motile and non-motile bacteria in LCs In order to measure the velocity associated with the different categories of clusters, a code with temporal and spatial correlation was needed. We used a Particle Tracking code version written by Alexandre Vilquin. It is a very complete and powerful tool, but also long and time-consuming so we did not have enough time to exploit it thoroughly.

Chapter 3

Individual swimming dynamics of

E. coli bacteria in liquid crystals in planar cells

In contrast to many laboratory experiments where bacteria are investigated swimming in motility buffer, a medium very close to water, locomotion of microorganisms very rarely takes place in simple and low viscosity fluids in biological environments.

For example, bacteria are involved in a number of diseases with viscous biological fluids as substrates [3,4,5,6,7,8]. Understanding bacterial locomotion in complex fluids can for example help to control procreation, indeed, sperm cells swimming in mucus experience a change of environment over a cycle [2].

In this chapter we will give a short introduction on swimming in viscous and complex but isotropic fluids, as polymer solutions and remind some basic observations made in anisotropic environments as liquid crystals. We will then present our detailed observations on individual swimming and run and tumble dynamics in a simple viscous fluid, serving as a benchmark for the observations made in LC and presented at the end of the chapter.

Swimming in simple and complex viscous fluids -From the literature

Over the years, there has been controversy on the way that bacteria swim in highly viscous fluids, because of the disparity of experimental results. For flagellated bacteria an increase of velocity with viscosity followed by a decrease was observed for a variety of viscous fluid [START_REF] Schneider | Effect of Viscosity on Bacterial Motility[END_REF][START_REF] Shoesmith | The Measurement of Bacterial Motility[END_REF] and only for the flagellated Pseudomonas aeruginosa bacteria a monotonic decreases was observed with increasing viscosity [START_REF] Greenberg | Motility of flagellated bacteria in viscous environments[END_REF].

Chapter 3. Individual swimming of E. coli in planar cells of LCLCs Also theoretically, it has been shown that viscoelasticity decreases the swimming speed and changes the beating or rotating frequency of flagellated microorganisms, for beating filaments as well as rigid helices [START_REF] Fu | Theory of Swimming Filaments in Viscoelastic Media[END_REF] [START_REF] Lauga | Propulsion in a viscoelastic fluid[END_REF]. Interestingly, under certain conditions, bacterial velocity can be also enhanced by the medium [START_REF] Leshansky | Enhanced low-Reynolds-number propulsion in heterogeneous viscous environments[END_REF][START_REF] Teran | Viscoelastic Fluid Response Can Increase the Speed and Efficiency of a Free Swimmer[END_REF][START_REF] Liu | Force-free swimming of a model helical flagellum in viscoelastic fluids[END_REF]. In particular, a strong dependence on the Deborah number, characterizing the relaxation time, has been shown. The enhancement of swimming speed with respect to the speed in buffer is seen for low Deborah numbers, comparing the relaxation time of the fluid with the rotation frequency of a helix. It reaches a peak for De = 1, when the rotation rate of the helix is similar to the relaxation time, followed by a decrease for higher De, and so for more viscoelastic fluid with a longer relaxation time. This has been shown both exprimentally [START_REF] Liu | Force-free swimming of a model helical flagellum in viscoelastic fluids[END_REF] and theoretically [START_REF] Lauga | Propulsion in a viscoelastic fluid[END_REF][START_REF] Teran | Viscoelastic Fluid Response Can Increase the Speed and Efficiency of a Free Swimmer[END_REF].

The main difference over these studies lies in the nature of the viscous solution used : solutions of gelatin, carragheenin, dextran, methylcellulose, PVP polymer, Ficoll. They are either branched or unbranched polymers, considered as Newtonian or viscoelastic, heterogeneous or homogeneous, etc. The type of solution and its structure is crucial for the understanding of the swimming speed variations. Indeed, in a solution of long-unbranched polymer like methylcellulose forming a network, a bacterium is able to push against it, resulting in a swimming speed increase with viscosity, up to a certain threshold. However, in solutions of more homogeneous branched polymers like Ficoll, the swimming speed monotonically decreases with viscosity, when the solution is purified of the small fragments that can be metabolized by the bacteria and increase their velocity [START_REF] Martinez | Flagellated bacterial motility in polymer solutions[END_REF][START_REF] Qu | Effects of shear-thinning viscosity and viscoelastic stresses on flagellated bacteria motility[END_REF].

In 2014, Martinez et al. [START_REF] Martinez | Flagellated bacterial motility in polymer solutions[END_REF] realized that low-molecular-weight impurities in polymer solutions could serve as food for microorganisms and thus increase their swimming speed without this change being linked to the viscoelastic properties of the surrounding fluid. They highlighted the importance of purifying the viscous solutions by dialysis in order to remove the low-molecular-weight impurities and demonstrated that indeed no velocity peak is observed once the impurities removed. They showed that, in purified solutions, increasing the viscosity of Ficoll 400, a Newtonian fluid, decreases the bacterium's velocity, in a monotonic manner. This opened the path for ambiguous experimental investigation of fluid properties on bacteria swimming and explained the earlier controversies.

Since then, the focus has been put on the details of the swimming mechanism in such purified viscous media. Patterson et al. [START_REF] Patteson | Running and tumbling with E. coli in polymeric solutions[END_REF] observed the suppression 3.2. Swimming in a simple fluid of high viscosity of tumble events over extended periods of time. Qu et al. [START_REF] Qu | Effects of shear-thinning viscosity and viscoelastic stresses on flagellated bacteria motility[END_REF] observed a variety of behaviors, that they linked to the flagella bundling time. In particular they find that the shear-thining character of the non-Newtonian fluid is mostly responsible for the swimming speed enhancement, whereas the viscoelastic contribution is lesser. In addition, the shear-induced stresses decrease the bundling time of the flagella, thus impacting the swimming speed distributions.

Liquid crystals are a very specific type of complex fluid, as they are viscous and elastic in an anisotropic manner as shown in the State of the Art chapter. Their anisotropy is characterized by the spatial alignment along the director field in the nematic phase and they thus impose a strong geometrical frustration. They also represent a model for biological fluids with an internal structure as for example mucus where bacteria swim in tunnels and reverse direction more easily. Also, it has been shown that when they hit an obstacle, the reorientation is a consequence of bundle buckling under the compression and thus unbundling, leading to a bundle reformation at the other side of the bacterium [17].

Previous studies of bacterial swimming in LCs have shown interesting behaviors never observed before, like trajectories following the nematic director, that can be straight or predesigned with patterns [10,11,18,19]. Very recently, in 2017, Zhou et al. [START_REF] Zhou | Dynamic states of swimming bacteria in a nematic liquid crystal cell with homeotropic alignment[END_REF] observed that bacteria can change their swimming direction by 180 degrees, perpendicularly to the nematic director. However, the mechanism by which they do has not been explained yet. In the present chapter, we will expose a characterization of these swimming direction reversals, and propose an explanation for the underlying mechanism.

Swimming in a simple fluid of high viscosity

In this section, we investigate the swimming of a wild type E. coli bacteria (ABAD62 strain enabling body and flagella staining) in an isotropic viscous medium. This will serve as a reference for the results obtained in liquid crystals, an anisotropic medium displaying viscosity and elasticity at the same time. But we will also take advantage of the fact that bacteria dynamics are slowed down in a more viscous environment to obtain precise information on the flagella dynamics during run and tumble motion.

The experiments were performed by dispersing E. coli bacteria in a solution of Ficoll 400 of fixed viscosity. The bacterial culture, solution preparation and sample preparation are fully described in Chapter Materials and methods. At 17 wt%, the viscosity of the Ficoll solution, measured with a rheometer, was µ F icoll400-dialyzed = 18 mPa s. This viscosity was chosen such as to match the viscosity along the director field of the LC used in the next chapter. The cell used is only 20 microns high (imposed by beads) and the bacteria trajectories are thus confined to a nearly two dimensional plane.

For the velocity measurements, the 3D tracking set-up was used. However, for tumble observation, the field of view was kept static to increase the chances of such an event to occur. Indeed, in the viscous solution, tumbles were rare, as already observed by Patteson et al. [START_REF] Patteson | Running and tumbling with E. coli in polymeric solutions[END_REF] and Fahrner et al. [START_REF] Fahrner | Bacterial flagellar switching under load[END_REF] for example. Over 88 videos recorded for 2 hours and 30 minutes, we observed 24 tumbles. If we consider that a tumble lasts for 3 s as discussed below, it means that tumbles lasted for 0.8% of the experiment duration. The Figure 3.1 shows snapshots of a run and tumble in Ficoll. From these pictures, shown at time intervals of 0,5 s it can be seen very clearly how the flagella bundle opens up and several individual flagella become visible. At the end the bundle is fully formed again. It is also clear from these snapshots that the bacteria orientation has changed during the tumble. Since the bacterium is not tracked, it is moving on the laboratory reference frame and its displacement is the real displacement. One can also remark that the tumble, defined as the time the flagella bundle is open, represented here took about 3 s which is longer than previous observations in water as it has been established in the State of the art chapter. Note that no polymorphic transformation is seen during this tumble. 

Trajectories and velocities

Overall, 16 bacteria were tracked automatically in Ficoll 400, their trajectories are shown in the Appendix B. The velocity distribution is shown in Figure 3.2 for all points and tracks. The resulting mean velocity for a bacterium swimming in this very viscous Newtonian fluid is 1.22 ± 1.24 µm s -1 , which is 3.2. Swimming in a simple fluid of high viscosity in agreement with the previous studies mentioned above. The estimated error corresponds to the standard deviation of the velocity vector. At 21 • C room temperature E. coli swimming speed in buffer is around 20 µm/s [START_REF] Maeda | Effect of temperature on motility and chemotaxis of Escherichia coli[END_REF], thus, it is 20 times slower for a viscous solution of 18 mPa.s, which is in agreement with the fact that the velocity is inversely proportional to the viscosity. In Ficoll the long tail in the velocity distribution is an artefact from the tracking set-up, which has not been designed to detect such small velocities. For this reason, it sometimes looses track of the bacterium. When this happens, the microscope stage accelerates in the z direction to change the focus and finds the bacterium again, resulting in artificially high velocities that can be ignored in the interpretations. However because of their small number they were not removed from the average calculations. 

The flagella rotation and torque

We have seen that with increasing viscosity the flagella rotation rate decreased in agreement with Berg et al. [START_REF] Berg | Movement of microorganisms in viscous environments[END_REF] enabling tumbling events to be experimentally observed in detail. Indeed, in classic conditions of low viscosities, close to the viscosity of water, the tumbling event is estimated to last 0.1 s for a 1 s run phase, which is very fast [START_REF] Berg | Chemotaxis in Escherichia coli analysed by Three-dimensional Tracking[END_REF]. One must have a very high time resolution to see the details of the tumbling clearly. In the seminal paper by Turner et Chapter 3. Individual swimming of E. coli in planar cells of LCLCs al. [START_REF] Turner | Real-Time Imaging of Fluorescent Flagellar Filaments[END_REF] an acquisition rate of 60 Hz was used, and while bundle and flagella shapes could be very nicely visualized the time dependent dynamics of flagella rotating at 100 Hz could not be resolved. In 2006, Darnton et al. [START_REF] Darnton | On Torque and Tumbling in Swimming Escherichia coli[END_REF] reached a temporal resolution of 500 Hz but were able to record for only 1 s at a time, and did not capture a tumble event during that short time. However, they measured rotation frequencies of the bundle and body during a run. In addition, they studied individual flagella turning in different directions for cells stuck on the glass. Thus, a fully 3D tumble event of a free swimmer has not been characterized with the sufficient temporal resolution yet. Using Ficoll allows us to track bacteria at a reasonable frame rate (80 Hz) and so for a longer time than a second, typically few minutes, thus increasing the probability to capture a tumble event. The flagella rotation rate is inversely proportional to the viscosity, and estimated at less than 10% of the rotation rate in water [START_REF] Berg | Movement of microorganisms in viscous environments[END_REF], which gives 10 Hz, in agreement with our observations, as it will be discussed later. Thus our temporal resolution is enough to capture the flagella rotating.

A difficulty however relates to the 3D nature of the motion, the bacterium often gets out of focus while tumbling. Here, in Ficoll, the tumble is slowed down drastically to a few seconds and the trajectory is confined to a nearly two dimensional plane. The different steps of the tumbling mechanism become thus accessible for a fully free swimming bacterium.

The Figure 3.3 shows the trajectory of a tracked bacterium at a recording frequency of 80 Hz. One can see that over the duration of the track, the bacterium is most of the time in a tumble state. It has been shown that the mean tumble time increases with viscosity [START_REF] Patteson | Running and tumbling with E. coli in polymeric solutions[END_REF], as well as the probability of the flagellar motor to turn CW when the rotation rate is below 50 Hz (high-load regime), which happens during a tumble [START_REF] Fahrner | Bacterial flagellar switching under load[END_REF]. During that phase, the bundle is open and disorganized, and short run phases occur in between tumbles. One can see that at the end of the second run (in blue, corresponding to the image 4), an abrupt change of direction is visible on the trajectory but the tumble occurs later. Such variations are artefacts from the tracking device, which is not adapted for very low velocities (below 0.5 µm s -1 at the abrupt change). For each phase, considered as run or tumble, an image capture of the bacterium is shown. On the images, only the flagella are visible, and not the bacterium's body. In fact, the focus was made manually on the flagella in order to get sharp images of their shapes, as a result the bacterium head is often out of focus during a tumble. Superimposing this image to that of the flagella would blur the whole image. Just as it was shown by Turner et al. [START_REF] Turner | Real-Time Imaging of Fluorescent Flagellar Filaments[END_REF], during a tumble, the flagella can change their shape by performing a polymorphic transformation. In the image 1, one can clearly see two different shapes of the flagellum : the normal shape and the curly shape with a smaller pitch and radius. Most of the time, the flagellum that leaves the bundle is of curly shape.

Since the flagella are not sharp enough an error of 5 pixels, corresponding to 0.75 microns, on each extremity can be estimated for the measurements of the characteristic sizes. For the pitch and radii the error is estimated to ±0.2 µm.

In average, from the images, the measured pitches and radii of normal flagella are respectively 3.4 ± 0.2µm and 0.5 ± 0.2µm. For the curly shape, the pitch is 1.5 ± 0.2µm and the radius 0.3 ± 0.2µm, with a length of 10 ± 1.5µm for both Chapter 3. Individual swimming of E. coli in planar cells of LCLCs shapes. The pitch values are slightly larger than those reported in the literature for the normal shaped E. coli flagella with a pitch of 2.3 µm and radius of 0.4 µm [80].

By analysing the videos, according to the method described in the Materials and method chapter, it is possible to get the flagella rotation frequency and their shape at different moments of the track, characterizing their dynamics further. As an example we show in Figure 3.4 the parts of the track that were analysed (in grey). The choice was made according to the quality of the image: the flagellum in focus for at least a few rotations. Since the flagella move in 3D, it is not trivial to get a period long enough for frequency analysis. However, we were able to extract some values for the different flagella shapes, at different moments of the bacterium motion. In order to measure the frequency, all the individual images composing the videos were first rotated to have a steady horizontal bundle, or flagellum. Then a spatio-temporal graph was generated with ImageJ, according to a line perpendicular to the flagella. This graph shows the pixel variation in the line over time. In 2D, the rotation is visible by a wave propagation along the filament, thus resulting in a wavy spatio-temporal graph. The frequency corresponds to the inverse of the period between two peaks, and the error is defined as the inverse of the ∆t duration of the measurement. 

Swimming in a simple fluid of high viscosity

During the first tumble phase, we measured a frequency for different flagella configurations, numbered from n°1 to n°4. For n°1, we measured a frequency for both the normal flagella and the curly flagellum to be 2±2.1 Hz and 8.5±2.1 Hz respectively. At n°2, still during the tumble, all the flagella ended up normal but disorganized, with one rotating faster than the other, which seems to be dragged by the body rotation. One flagellum turns at a frequency of 6 ± 0.6 Hz and the second one at 2 ± 0.6 Hz, just like the normal shaped flagella estimated previously from the snapshot n°1. It is likely that the curly flagellum transformed to normal, but it is hard to confirm. At the stage n°3, the curly flagellum rotated at 7.7 ± 0.4 Hz whereas the normal at 3.6 ± 0.4 Hz. During the run phase of n°4, the bundle turns at 5 ± 0.2 Hz.

According to previous studies, the average rotation of an E. coli flagellum in water is around 100 Hz [START_REF] Turner | Real-Time Imaging of Fluorescent Flagellar Filaments[END_REF] but at a high viscosity the load on the motor is higher, resulting in lower rotation rate, as discussed above. In the present case we estimate the torque experienced by the flagella motor to be equal to the stall torque since the flagella motor rotate below 50 Hz corresponding to a high load regime, where the torque is constant with rotation rate [27,28,[START_REF] Xing | Torque-speed relationship of the bacterial flagellar motor[END_REF].

In summary, for this particular bacterium, at this particular moment, considering the errors, the rotation frequencies for the curly shaped and normal flagellum during the tumble are constant in the errors range. The fastest normal flagellum rotates almost at the same frequency as the bundle during the run phase. Note that the shapes are dynamic in the tumble phase, with flagellum changing from normal to curly.

The table 3.1 summaries the measured frequencies for other tracks of bacteria in Ficoll. Each line corresponds to one track, and the 3rd line corresponds to the bacterium used as example in the Figure above. During the run phase, the bundle is tight and made of normal shaped flagella. The bundle frequency before and after a tumble event are observed to be comparable, but fluctuations are observed between different bacteria. The frequencies measured during a tumble are generally lower compared to the run phase and when several flagella rotation frequencies are measured simultaneously, the normal shaped flagellum turns typically faster than the curly one.

Furthermore, when the bacterium is in focus for a long enough time, a second and lower frequency can be extracted from the spatio-temporal graphs, as shown in Figure 3.5. This frequency is about 1 Hz and can be associated with the head's rotation [START_REF] Bianchi | Holographic imaging reveals the mechanism of wall entrapment in swimming bacteria[END_REF].

While these measurements are noisy and for the moment only a restricted number of trajectories could be analyzed they constitute the very first simultaneous measurement of flagella morphology and rotation frequency before, during and after a tumble for a same bacterium under free swimming conditions.

A collaboration has been engaged with Alexander Morozov from the University of Edinburgh in order to simulate the flagella rotation using Resistive Force Theory. Based on the measured frequencies, the geometrical parameters of the helices and rheological parameters of the fluids, it is possible to calculate the torque related to different stages of a bacterium's trajectory. Ideally, deriving a torque applied to a flagellum, before, during and after a tumble, for both normal and curly shapes. The following part concerning the model has been done by Guillaume Sintes, intern in the group. These simulations will help us to understand the rotation frequency variations and to estimate the forces and torques occurring during the morphological transformations.

Flagella torques and forces -modeling

Some orders of magnitude of the force and torque exerted by the flagella can be predicted. If the flagella bundle is moving along its long axis at velocity v and rotating around the same axis at angular velocity ω, the force F f and the torque N f are given by:

F f = -Av + Bω (3.1) N f = -Bv + Dω (3.2)
where A, B and D, are resistance coefficients given by resistive force theory. From Chattopadhyay et al. [START_REF] Chattopadhyay | Swimming efficiency of bacterium Escherichia coli[END_REF] :

A = L cosΨ K n sin 2 Ψ + K t cos 2 Ψ (3.3) B = L λ 2π sin 2 Ψ cosΨ [K n -K t ] (3.4) D = L λ 2π 2 sin 2 Ψ cos 3 Ψ K n cos 2 Ψ + K t sin 2 Ψ (3.5)
where

K t = 4πµ 2ln cλ r -1 (3.6) K n = 8πµ 2ln cλ r + 1 (3.7)
are the tangential and normal friction coefficients. L is the length of the flagellum, λ its pitch, Ψ the pitch angle, µ is the viscosity of the fluid, here µ = 11.5 mPa s, for tracked bacteria, in non-dialyzed Ficoll solution, and r is the filament thickness, from Chattopadhyay et al. [START_REF] Chattopadhyay | Swimming efficiency of bacterium Escherichia coli[END_REF], r = 20 nm. For c, the aspect ratio of the helix, we used c = 2 like Gray and Hancock, but we also tried c = 0.18 like Lighthill proposed and the results are similar. Here v is considered positive if the flagellum is swimming in the direction from the flagellum to the body and ω is positive when it rotates in "its" sense, meaning counter-clockwise for a right-handed filament and clock-wise for a left-handed filament.

The angle Ψ used here can be related to the radius R and pitch λ measured with:

R = λ 2π tanΨ (3.8)
Using the measured characteristics of the flagellum in both the normal and curly shape, the coefficients A, B and D can be determined and by coupling this with the measured velocity and the frequency of the flagellum, we predict the forces and torques for normal bundles in the run phase (Table 3.2). Values of force of the order of 1 pN and torques of the order of 1 pN µm were found, which are consistent with literature [27,28,[START_REF] Xing | Torque-speed relationship of the bacterial flagellar motor[END_REF][START_REF] Darnton | On Torque and Tumbling in Swimming Escherichia coli[END_REF]. We are not yet able to predict the force or torque during the tumble phase, since the flagella are not aligned with the velocity, it is hard to find the correct projection on the flagella and to take into account the drag generated perpendicular to the flagella, we are still investigating on that matter.

We can go further by including the resistance of the body and writing the noforce and no-torque conditions which will enable the prediction of body rotation Chapter 3. Individual swimming of E. coli in planar cells of LCLCs Bacteria Velocity (µm.s -1 ) Flagellum frequency (Hz) Force (pN ) Torque (pN.µm) velocity, and so force and torque using only the measured rotation frequency of the flagella. The body is considered as a sphere of radius a = 0.75 µm and we write [START_REF] Martinez | Flagellated bacterial motility in polymer solutions[END_REF]:

F 0 = -A 0 v (3.9) 
N 0 = -D 0 Ω (3.10)
where F 0 and N 0 are respectively the force and torque exerted by the body, and Ω is the body angular velocity. A 0 and D 0 are the resistance coefficients of the body:

A 0 = 6πµa (3.11) D 0 = 8πµa 3 (3.12)
Combining (3.1) and (3.2) with (3.9), and (3.10) by writing the no force and torque conditions and neglecting the flow interactions between the body and flagella bundle, one can relate the body rotation velocity and the velocity with the flagellum rotation frequency by:

Ω = D(A 0 + A) -B 2 D 0 (A 0 + A) ω (3.13) v = B A 0 + A ω (3.14)
Body rotation frequency are found between 0.5 Hz and 2 Hz which are always smaller than the frequency of the bundle as expected (Ω < ω). We can check the consistency of our theory by comparing the velocity measured using the tracking device and the velocity calculated using the flagellum rotation frequency. As shown in the Figure 3.6, both values are of the same order of magnitude, but it is surprising that calculated values are always higher. This could be due to the resistance matrix used for the body which is not actually spherical. It should be changed with the resistance matrix of an ellipsoid. Another reason of these discrepancy could be that the velocity measured with the tracking device (originally designed for faster bacteria swimming in water) is underestimated.

We will further exploit these results to investigate typical forces and torques occurring during morphological transition as well as to analyse more complex bundle arrangements and their influence on bacteria swimming in liquid crystals as presented below.

Morphological transformations

An additional observation, made thanks to the high time resolution of the videos is the polymorphic transformation of a flagella visible for a free swimmer. Snapshots are shown in Figure 3.7, where the angle θ between a normal shaped portion of the flagellum and a curly portion is visible. The angle results from the association of two different pitches and radii, and it has been observed for tethered cells [START_REF] Darnton | Force-Extension Measurements on Bacterial Flagella: Triggering Polymorphic Transformations[END_REF]. Unfortunately because of the movement and poor focus, it was not possible to measure the rotation frequency of the flagellum during this polymorphic transformation with a duration of 0.2 s.

It is also important to notice that in the present experiments performed in viscous Ficoll solution, only two shapes of flagella have been observed. In previous studies, a third shape named semi-coiled is often observed, however it is not the case here [START_REF] Turner | Real-Time Imaging of Fluorescent Flagellar Filaments[END_REF][START_REF] Darnton | Force-Extension Measurements on Bacterial Flagella: Triggering Polymorphic Transformations[END_REF]. 

Conclusion

In conclusion, increasing viscosity does not alter the fundamental dynamics of bacterial motion as described by Berg [80]. Indeed, even at very high viscosity bacteria still perform a succession of run and tumbles, however slower and with longer duration of CW flagellar rotation [START_REF] Fahrner | Bacterial flagellar switching under load[END_REF][START_REF] Patteson | Running and tumbling with E. coli in polymeric solutions[END_REF]. Slowing down of the bacteria dynamics made it possible to make first time resolved observations of flagella dynamics and morphology during run and tumble events. In the next section, a geometrical constraint is added to the viscous load on the bacteria, by means of a particular medium: the liquid crystals.

Individual swimming in liquid crystals

Previous work on bacteria swimming in LC has shown that the direction of motion of bacteria gets aligned with the director field [10,11,18,19]. Some first observations indicated reversals of the swimming direction along a straight trajectory [START_REF] Zhou | Dynamic states of swimming bacteria in a nematic liquid crystal cell with homeotropic alignment[END_REF] possibly linked to the run and tumble mechanism. These observations were however done in a cell of homeotropic alignment, where bacterial motion is extremely constrained, in contrast to the geometry used here, where bacteria have larger freedom to move along the director. A full picture was thus still missing.

Here we investigate what we will call a frustrated run and tumble motion in more detail. We work with the wild type ABAD62 E. coli strain, enabling observation of the bacterial body and details of the flagella bundle at the same time. In addition for most of our observations we take advantage of the Lagrangian tracking technique to follow bacteria over long trajectories and giving 3.3. Individual swimming in liquid crystals access to precise velocity measurements. We will describe the exact kinematics of the reorientation process and discuss a mechanism that could be at the origin of this reorientation.

The reorientation, 180°reversals

We perform experiments of bacteria swimming in the nematic liquid crystal in a cell of 18 x 18 mm and a director alignment ensured by rubbing the bounding glass slides on velvet or diamond paper. In some experiments necessitating good alignment of the LC, well controlled diamond-scratched glass slides were used, at the expense of image quality because of their thickness (1 mm), another objective had to be used (all the details are given in the Chapter Materials and methods for bacterial culture and cell preparation). Note that the sample is sealed to prevent any external flow. In the nematic liquid crystal, bacteria are highly constrained and we indeed observe swimming along one preferred direction. The Figure 3.8 shows bacteria trajectories oriented along the nematic director, defined by the cell alignment. The trajectories are straight and bacteria are observed to swim in both directions : up or down with equal probability. We know that bacteria are oriented along the director field and that their trajectories are aligned with the latter, as shown by the trajectories in the Figure 3.8. We thus imagine them as if swimming along virtual tubes. For a nematic liquid crystal, the viscosity is anisotropic and lowest along the director, for DSCG it is several orders of magnitude smaller than in the other directions [START_REF] Zhou | Elasticity, viscosity, and orientational fluctuations of a lyotropic chromonic nematic liquid crystal disodium cromoglycate[END_REF], strongly viscoelastic and time dependent [START_REF] Habibi | Passive and active microrheology of a lyotropic chromonic nematic liquid crystal disodium cromoglycate[END_REF]. The viscosity component parallel to the director field can be estimated to be µ = 18 mPa s for our concentration of Φ =12 wt % DSCG, based on the microrheology measurements of Habibi et Chapter 3. Individual swimming of E. coli in planar cells of LCLCs al. [START_REF] Habibi | Passive and active microrheology of a lyotropic chromonic nematic liquid crystal disodium cromoglycate[END_REF]. This is similar to the viscosity of the non-dialyzed Newtonian Ficoll solution and identical to the dialyzed one, used in the previous paragraph.

By looking closely at individual bacteria, we observed that they can change their swimming direction only along the liquid crystal director, meaning that bacteria are constrained to swim only back and forth. In the previous observations by Zhou et al. [START_REF] Zhou | Dynamic states of swimming bacteria in a nematic liquid crystal cell with homeotropic alignment[END_REF] mentioning reversals, they were executed perpendicularly to the nematic director. In the literature, we often find that bacteria capable of such types of reorientation are marine polar bacteria, having only one flagellum. In their case changing the sense of rotation, CW or CCW reverses the swimming direction [21]. In the case of E. coli, such a process is not possible as they swim using a bundle of flagella. Hydrodynamic interactions keep the bundle of flagella closed, but only as long as flagella handedness and rotation direction are compatible [START_REF] Kim | A macroscopic scale model of bacterial flagellar bundling[END_REF]. So even if it was possible to reverse all flagella motors of an E. coli bacteria simultaneously this would not simply reverse swimming direction as reversing rotation direction would lead to the unbundling of the flagella and bacteria propulsion would be lost. Note that recent work on bacteria swimming in mucus, where bacteria also follow specific one dimensional tracks, has revealed changes in swimming direction when bacteria encounter an obstacle, a situation different from the one observed here [17]. In the latter case the whole flagella bundle buckles under the compression and rearranges on the opposite side of the bacteria body leading to the reversal of swimming direction.

In order to understand the mechanism behind the bacterium swimming direction reversals by 180 degrees, we performed experiments using E. coli with dyed flagella. The Figure 3.9 represents snapshots of a video where the bacterium swims downwards at first, then upwards. The time separation of 0.5 s between two frames on the montage is constant, so one can note that the swimming velocity appears to be the same before and after the bacterium reverses direction.

From these pictures one can see that a single flagellum has changed side during the observation period. This flagellum appears on the other side of the bacteria head as soon as the reversal of the swimming direction starts.

Closer inspection indicates that the filament changing sides seems to be longer compared to the flagella bundle, as one can already distinguish it while the bacteria is still swimming downwards. Right after direction reversal one sees the filament appear on the other side and one has the impression it unfolds until it reaches again a straight conformation. Note that during the whole 3.3. Individual swimming in liquid crystals process we never see the filament leaving the alignment of the bundle and bacteria body. We know that bacteria alignment is given by the director field and this observation indicates that the side changing filament maintains alignment with the director field at all times. This behavior is very different from flagella unbundling observed during a bacteria tumble, where typically one flagella, triggered by a change in rotation direction, leaves the bundle, forming a finite angle with the latter.

We observed in many experiments that a change in swimming direction was correlated with a relocation of a flagellum to the other side of the body. Flagella relocation thus seems to trigger the reversals of the swimming direction.

Three main interrogations appear from this observation. What triggers the change of side of the flagellum? How can it undergo the strong deformation necessary to change sides in the constraint environment of the liquid crystal? And how can a single filament induce a change in swimming direction, "against" the flagella bundle on the other side of the bacteria head. We will investigate these questions in the following. In agreement with the above observation, over the experiments we found that there are two swimming configurations: the normal and the bipolar configuration. As depicted in Figure 3.10, the normal configuration corresponds to having one bundle, whereas in the bipolar configuration the bacterium swims with a bundle separated in two, at each poles of the body. A bundle always propel the cell forward, but in the bipolar case, the cell can be propelled from one or the other side, from experimental observations. However, in a majority of videos the cell is propelled forward by the relocated flagellum.

By tracking almost 70 bacteria in 3D, we have extracted their trajectories and determined the corresponding velocities. A customized Matlab code has been written in order to detect bacteria reversals. Several attempts were made, using different techniques, but at last, the most faithful results were based on the change of sign of the velocity. In addition visual observation reveals whether the bacteria swims in a normal or in a bipolar configuration.

An example is shown in Figure 3.11, for a bacterium doing two reversals marked with crosses. The snapshots display normal and bipolar configurations. The swimming velocity is comparable for both swimming directions and so for both normal and bipolar configurations. All tracks have been sorted according to the swimming configuration as well as the occurrence or not of reversals and are shown in the Appendix C.

The disparity of kinematic behaviors makes the data challenging to analyse. We therefore proceeded in two steps. First we considered the global velocity averages, for different kind of tracks: pure runs, where the bacterium does not reverse its swimming direction, and the tracks containing reversals. Over the 64 exploitable tracks, in 36 tracks with an average duration of 30 ± 33 s bacteria performed pure run. For 28 tracks of 53 ± 40 s average duration (with standard deviation as error), bacteria performed reversals along their trajectory.

For tracks in a pure run mode, the bacterium can be either in a normal or bipolar configuration, and this for the whole duration of the track. In the normal configuration, a bacterium swims in average with a velocity of V = 4±1 µm s -1 , and V = 2 ± 0.5 µm s -1 in the bipolar configuration. Swimming in the bipolar configuration thus seems slower, but the difference is small. Combing the two configurations a mean velocity of V = 3 ± 0.75 µm s -1 . The velocity error corresponds to the standard deviation.

We next analyse trajectories where reversals are observed and where the bacterium thus switches from one configuration to the other, from normal to bipolar and vice versa. The values for average velocities for the whole duration of a track, including both normal and bipolar, is V = 1.7 ± 0.9 µm s -1 . In order to make the distinction during a track, one has to know in which configuration the bacterium is before and after a reversal. From the videos it was possible to get the initial condition configuration, with possible errors concerning the tracks in very well aligned cells, for which the image quality made it difficult. However, even with the initial condition, one cannot be sure that the bacterium does not stay in a bipolar configuration after a reversal, which has been seen in the videos. In that case, a flagellum switches sides, but the bundle composed of several flagella was divided in a bipolar manner. Thus, a method based on time intervals was used, and the corresponding normal and bipolar velocity averages were estimates. The method will be explain further, but we can already give the velocities here, which are V = 1.3 ± 0.55 µm s -1 for a supposed normal configuration, and V = 1 ± 0.57 µm s -1 for the bipolar configuration. The lower overall velocity for bacteria performing reversals could be due to the bundling/unbundling processes and flagella rearrangements during which the "run" swimming speed cannot be reached. However, in average, the bipolar and normal configuration seem to propel at the same speed, meaning that it does not depend on the number of flagella rotating (in the bipolar configuration, the bundle is divided so less flagella propel), nor their shapes, as we will see in the next section.

The probability distribution function of all velocites in LCLCs and Ficoll is shown in the Figure 3.12. The distribution is wider for LCLCs, showing that some bacteria are able to reach higher speed, as compared to the average speed in Ficoll for example. Overall the bacterial speed observed in the liquid crystal as well as in the Ficoll solution is divided by 10 compared to the value of 30 µm s -1 obtained in water, but is in good agreement with the experiments performed in a viscous fluid of identical viscosity presented above. One of our hypothesis is that the change in side of the flagellum is triggered by a change in rotation direction, similar to the initiation of a tumble during bacteria swimming in isotropic fluids. The normal configuration would then correspond to the run phase with a closed flagella bundle and the bipolar configuration to the tumble phase where at least one flagellum leaves the flagella bundle. To better characterize our system and to compare to known run and tumble dynamics, we have estimated the average duration bacteria spend in the normal or bipolar configuration. Average run times have been given by Berg et al. [START_REF] Berg | Chemotaxis in Escherichia coli analysed by Three-dimensional Tracking[END_REF] to be around 1 s and average tumble times for 0.1 s in water. However, it is by now well known that the run and tumble time distributions do not result from simple Poisson statistic with a single typical time scale, but that in particular the run time distributions are very large [START_REF] Figueroa-Morales | 3D Spatial Exploration by E. coli Echoes Motor Temporal Variability[END_REF]. For simplicity we will nevertheless compare our findings here to the seminal findings by Berg.

Considering the succession of swimming in normal and bipolar states as successive run and tumbles, we can extract the associated time scales by measuring the duration of each configuration from the bacteria tracks. As shown in Figure 3.13 for a particular track, normal and bipolar configurations alternate and are separated by reversals. The configurations are symbolized by different colors in the graph. As explained above, it is difficult to know exactly in which configuration the bacterium is before and after the reversal, because of possible error in the initial configuration determination (bad image quality) and also because a reversal can be performed while staying in a bipolar configuration. Instead as a first estimation, we averaged the duration for even and odds intervals, resulting in two values for each trajectory. We then made global averages grouping the larger values and the shorter values per trajectory. We found an average long duration interval of t = 6.7 s, where bacteria swim at V = 1.3 ± 0.55µm s -1 , and short duration interval of t = 2.3 s, with V = 1 ± 0.57µm s -1 . In the hypothesis where the normal configuration is the run and bipolar configuration is the tumble, it is natural to consider that the long intervals are associated with runs, and the short ones with tumbles. Note that our statistics are limited and that we did not take the specific properties of run or tumble time distributions into account and so the average values given here should only be considered as first indications. Comparing the values obtained in such a way to the values given by Berg et al. [START_REF] Berg | Chemotaxis in Escherichia coli analysed by Three-dimensional Tracking[END_REF] in water, we find that characteristic times run and tumble motion for bacteria in liquid crystals are 10 times bigger than in water. A more meaningful comparison is with our experiments performed in Ficoll, where the tumbling frequency observed is very low, even if we lack statistics to give a precise value. These results are in agreement with previous studies in viscous fluids, where the average duration of both run and tumble phases was increased with viscosity, leading them to the conclusion that tumbles were suppressed with increasing viscosity [START_REF] Patteson | Running and tumbling with E. coli in polymeric solutions[END_REF]. In addition, the duration of CW rotation, inducing a tumble in a high-load regime is also increased [START_REF] Fahrner | Bacterial flagellar switching under load[END_REF].

Even if our statistics are limited we observe that times spent in normal configuration and times spent in bipolar configuration are not in disagreement with the normal configuration corresponding to a run and the bipolar configuration to a tumble as hypothesized above. This just supports the idea that the change of side of one flagella that leads to a reversal of swimming direction is indeed triggered by the initiation of a tumble and thus the change in rotation direction from CW to CCW of the flagella in question. Finally, one can say that in LC bacteria are 10 times slower and tumble 10 times less than in water, the swimming pattern is executed in slow motion.

The reorientation mechanism

We have seen that the mechanism of reorientation is based on the flagella relocation from one side to the other side of the body. As one can see on Figure 3.14, presenting snapshots of a bacterium swimming, its flagella are perfectly vertical, aligned with the nematic director of the liquid crystal, also vertical but not visible on the picture. Like in Figure 3.9 the bacterium is not being tracked, it moves in the laboratory reference frame.

At first the bacterium is in a bipolar configuration, with the bundle on one side and a single flagellum on the other, and becomes normal when this single flagellum moves to the opposite side of the body. In this example the relocation until the flagellum is fully deployed on the bundle side lasts for 1.4 s, while the bacterium is almost immobile. Interestingly, the flagellum is strongly deformed during the relocation. However it is known that the most flexible part is the hook, whereas the filament itself is known to be rather rigid with a bending stiffness of the order of 3.5 pN µm 2 [START_REF] Darnton | Force-Extension Measurements on Bacterial Flagella: Triggering Polymorphic Transformations[END_REF], thus it is surprising to see such strong deformation. As the flagellum is deployed on the other side of the body, the deformation kink propagates at a speed of v = 7.3 ± 1 µm s -1 .

Deformations along a flagellum can appear during a polymorphic transformation, when two shapes are present [START_REF] Darnton | Force-Extension Measurements on Bacterial Flagella: Triggering Polymorphic Transformations[END_REF]. At the junction, the difference of pitches and radii creates a defect, a kink. While the flagellum changes shape, this kink propagates from the free end to the base of the flagellum. In section 1.1.2, Figure 3.7 we showed an example of such propagation for a free swimmer in viscous solution, and the strong change in shape observed on Fig. 3.9 could very well be due to such a morphological transformation.

We will now investigate the flagella morphologies observed more closely to detect possible morphological transformations. We will classify the flagella using the classification of different shapes and associated pitches and radii by Berg [START_REF] Darnton | Force-Extension Measurements on Bacterial Flagella: Triggering Polymorphic Transformations[END_REF] as shown on Figure 3 The Figure 3.16 shows an example of a flagellum having two shapes simultaneously. One can see on image B that the part colored in red has a smaller pitch and radius compared to the part colored in blue. We have determined the characteristics from these parts from the pictures to identify their morphological state.

The morphology with the larger radius and pitch corresponds to a normal state and the one with the smaller radius and pitch corresponds to a curly state. We recall that the measured pitches and radii of normal flagella are respectively 3.37 ± 0.2 µm and 0.47 ± 0.2 µm. For the curly shape, the pitch is 1.47 ± 0.2 µm and the radius 0.25 ± 0.2 µm. Generally it is hard to distinguish curly I and curly II from the images as their radius and pitch only differ by 0.1 µm , which is lower than the measurement error. However, based on the flagella length, all measurements indicate that the curly shape length is the same as for the normal shape and equals to 10 ± 1.5 µm , which indicates a curly II shape.

Rarely another shape than curly and normal has been observed, but in the image D, one can see a almost straight flagellum, a shape known to be unstable and never observed previously. In the images B and C, the flagellum seems curly at the base and normal towards the end. The resulting angle at the junction is less visible than in the case of bacteria in an isotropic medium shown before. But due to the 3D geometry of the observed phenomena and the fact that we only see a projection of the flagella it is not possible to measure the kink angle unambiguously, thus we cannot conclude on its value here. These observations confirm that morphological transformations take place during flagella relocation as we expected. It happens that the flagellum relocation is not complete, and it instantaneously returns to the bundle, without disturbing the trajectory. The Figure 3.17 shows an example of such an aborted reversal. As a flagellum is being deployed on the other side of the cell, the characteristic deformation resembling a kink is very visible. Over all the bacterium is almost immobile. Our hypothesis based on our observations described above, concerning the mechanism of the flagellar relocation is illustrated in Figure 3.18. At first the bacterium is in a normal configuration, with flagella turning all in CCW direction and the body CW, to maintain zero torque. As one flagellar motor changes its sense of rotation, it is dragged to the opposite side of the body and the bacterium reverses its swimming direction. It has been shown by Hintsche et al. [START_REF] Hintsche | A polar bundle of flagella can drive bacterial swimming by pushing, pulling, or coiling around the cell body[END_REF] that changing the motor sense of rotation is enough to propel the bacterium, enabling the swimming with a flagellum coiled around the body (for polar bacteria). In our experiments we indeed observe a change in the swimming direction as soon as the flagellum relocation is initiated. Additionally, it is known that in order to propel the cell, flagella have to be either left handed and turning CCW, or right-handed and turning CW. If the cell is propelled by the relocated flagellum turning CW, the later must be right-handed. From a 2D projection is it difficult to measure directly the handedness, nevertheless, the relocation is often accompanied with a polymorphic transformation from normal to curly (or vice versa). The different discrete flagella shapes are associated with the handedness, as shown in Figure 3.15, a curly flagellum can only exist as right handed, whereas a normal flagella is left handed. In most experimental observations, the flagellum first changes shape (normal to curly or vice-versa), and consequently handedness, then relocates to the other side of the body.

In Figure 3.18, it is shown that the hypothesis is based on a coherent scenario in terms of sense of rotation, according to the body rotation. The relocated flagellum starts to turn in the CW direction, in the reference frame from the end extremity of the bundle toward the head. As it migrates to the opposite side, in the same reference frame, it turns CCW. Thus, both the bundle and the relocated flagella turn in the CCW direction, and the body in the CW direction. The bacterium is propelled by the bundle turning CCW in its reference frame (2) one flagellum changes its sense rotation to CW (and chirality) and migrates to the other side of the cell (3) as the relocated flagellum is on the other side of the body, in the reference frame of the bundle, it turns CCW (4) the bacterium changed it swimming direction, it is propelled by the relocated flagellum. In the reference frame of the relocated flagellum it turns CW, like the bundle. The side view is given for the steps (1) and (2).

In the reference frame of the relocated flagellum, it turns CW like the bundle, and the body CCW. From experimental observations, most of the time the relocated flagellum pushes the bacterium, resulting in a change of swimming direction.

Nonetheless, a question remains. In its reference frame, the bundle turns CCW and is of normal shape, consequently also pushing the cell forward. Thus, both the bundle and the relocated flagellum push the cell, but result in only one swimming direction. There is a competition between the bundle and the relocated flagellum, and at the end, the later wins. Over the hundred tracked bacteria, the case where the bundle pushes against an active relocated flagellum is very rare.

In order to understand the forces and torques at stake in this competition, it is necessary to measure the flagella rotation frequencies and shapes. In the Figure 3.19, the curly relocated flagellum turns at ∼ 10 Hz while the bundle is passive, completing only one revolution at ∼ 1 Hz. This result indicates that the motors of the flagella in the bundle do not turn, they might be stalled, thus the importance of measuring the torque experienced by the flagella. A statistical analysis of the rotation frequencies of free swimming bacteria is challenging. A simple measurement with ImageJ is very noisy and applying a Fourier to transform the 2D spatio-temporal graphs does not work very well.

Another idea is to detect the flagella and reconstruct it as a line. From the pitch propagation it is possible to derive a rotation frequency. A first attempt has been done using a custom Matlab code written by Francesco Bonacci from our group. The code was written for the detection of deformed actin filaments, and applied to flagella it is capable of reconstructing the flagella shape. An example is shown in Figure 3.19 for a normal and a curly shape. Unfortunately, due to the video quality, tracking noise and the fact that the flagella move in space, the rotation frequency from pitch displacement is very challenging to get. A further analysis will require in-depth video post-processing to make the images as steady as possible, and also experiments designed especially for that purpose. In addition, the diversity of bacterial behavior adds up to the challenge. Sometimes flagella stop rotating for a while, both in normal or bipolar configuration. Also, it happens that only one flagella is actively rotating, on one side of the body, then on the other side. It is not always the same flagellum that relocates, several flagella can successively trigger a reversal. During a bipolar configuration, that we can consider as a tumble, the relocated flagella can change shapes several times, thus changing chirality.

Once a more complete data set on individual flagella and flagella bundle shape and rotation frequencies have been obtained we will use the analysis presented above to evaluate the forces exerted by flagella located on both sides of the bacteria body to gain more insight into the propulsion mechanisms.

Conclusion

In this section we have described a new mechanism to describe reversals in the swimming direction of E. coli bacteria in LC taking place at 180 degrees along the direction given by the nematic order. We have shown that these reversals always occur together with flagella rearrangements, in most cases a flagellum leaving the bundle and repositioning itself on the other side of the bacteria body. We believe that this change of side is triggered by a reverse in rotation direction of the flagellum in question, as would in an isotropic liquid lead to a classical tumble. This hypothesis is supported by the observation that typical swimming times with a full bundle (called normal configuration) can be compared favorably to typical run times in viscous fluids and swimming times with the single flagellum on the opposite side (called bipolar) to typical tumble times. However, we have little statistics and this observation is rather to be taken as an indication.

Control experiments with "smooth swimmers", mutant E. coli with genetically suppressed tumbling, showed no reorientation, indicating again that reversals are very likely a variation of a tumble. Note also that in our case the bacteria reversals occur without bacteria contact with local obstacles as has been observed in environments as mucus [17].

The repositioning of the flagellum on the other side of the bacteria body takes place along the alignment of the body and flagella bundle and not like a classical tumble where the flagellum leaving the bundle typically forms an angle with the latter. This implies very strong flagella deformations that we associate with a morphological transition and the consequent kink moving from the flagella attachment point towards the free end. Individual flagella shapes have been measured and confirm a transition from a normal to a curly morphology.

Conclusion

The observation still evading our understanding the most is how the single flagellum leaving the bundle becomes the "leading" flagellum inducing bacteria motion and the rest of the bundle on the opposite of the bacteria body becomes "passive" and seems to have little effect on the swimming speed. First estimations, obtained from measurements of individual flagella shapes and rotation frequencies, indicate indeed that the single flagellum exerts a larger propulsion force in on the bacteria body compared to the bundle. But we have for the moment no explanation why the flagella bundle become "passive" in most of the bipolar configurations. We suspect the exact dynamics to be also function of the spatial flagella attachment point on the bacteria body.

Conclusion

In this chapter we have investigated the swimming dynamics of individual E. coli bacteria in nematic liquid crystals. As a benchmark we have first studied bacteria in a simple isotropic fluid matching the liquid crystal viscosity along the director orientation. This way we characterized typical swimming speeds and also typical run and tumble duration. The slower dynamics in this viscous medium compared to those in water gave access to precise flagella rearrangement dynamics during tumbles, including flagella shape, morphological transitions and rotation frequencies. Such information has not been available before for a bacteria under free swimming conditions.

In the LC we confirmed as known before that flagella swim along the director orientation and we highlighted reversals of the swimming direction by 180 degrees. We attribute these reversals to "frustrated tumbles" where one or more flagella rearrange under the strong aligning constraint of the liquid crystal. Often we observe a single flagella leaving the bundle and relocating during a morphological transition to the other side of the bacteria body, leading to a change in swimming direction. We have analysed the different configurations observed and the associated swimming speeds, but further investigations need to be performed to fully understand the origin and mechanism of these reversals.

Chapter 4

Self-assembly of motile and non-motile bacteria in LCs

Colloidal aggregation has received lot of attention in the last 50 years. From a fundamental point of view, the study of colloidal aggregation has allowed us to shed new light into some problems of condensed matter, such as crystal nucleation and glassy arrest [START_REF] Poon | Colloids as Big Atoms[END_REF]. From a more applied point of view, understanding the mechanisms behind colloidal aggregation is crucial to ensure the stability of colloidal suspensions, which are omnipresent in food-industry, drugs, cosmetics, paints, etc.

Recent breakthroughs in particle synthesis have enabled the creation of new colloids with anisotropic shapes and interaction potentials [START_REF] Glotzer | Anisotropy of building blocks and their assembly into complex structures[END_REF]. These new particles are expected to self-assemble into clusters with non-trivial geometries. Another approach to induce anisotropy in the colloid-colloid interactions consists of dispersing the colloids in an anisotropic medium, for instance a liquid crystal [START_REF] Poulin | Novel Colloidal Interactions in Anisotropic Fluids[END_REF]. The liquid-crystal-mediated interactions between colloids can yield the formation of three-dimensional clusters with exotic symmetries, where the particles are linked together through topological defects [START_REF] Muševič | Nematic Liquid-Crystal Colloids[END_REF].

These considerations take a new dimension when these colloids are also "active", since the non-equilibrium nature of the system is expected to dramatically impact the self-assembly process. Indeed, for a bacterium swimming in liquid crystals, two forces are opposing each other, as illustrated in the Figure 4.1. On one hand the forces generated by the bacteria flagella and on the other hand the forces generated by the LC elasticity. For pusher-like micro-swimmers as is the case of E. coli bacteria the disturbance flow field generated around the swimming bacteria leads to a repulsion of bacteria aligned along the swimming direction whereas the elastic forced induced by the LCs lead to an attractive interaction between bacteria and thus chain formation.

Chapter 4. Self-assembly of motile and non-motile bacteria in LCs

In this chapter, we will briefly present the background regarding colloidal aggregation in classical systems and then extend these ideas to anisotropic and active systems. We will focus on the specific case of the self-assembly of active, elongated bacteria in liquid crystals and present experimental results on the dynamics of self assembly of motile and non motile E. coli bacteria in nematic LCs.

Fluid flow

Elastic attraction V V 4.1 Self assembly of micro-particles -background

Aggregation processes of spherical particles in water

Because of the universality of aggregation phenomena, they have been studied in almost all scientific fields. The building blocks can be proteins, nanoparticles, microorganisms, polymers, DNA or metal wires. Self assembly can also be driven by many different parameters like pH, light, temperature, redox reactions, magnetic fields, electric fields, solvent, capillary forces, elasticity, etc [START_REF] Grzelczak | Directed Self-Assembly of Nanoparticles[END_REF]. In this section, we will focus on those studies performed after the 70's, which mostly concern spherical passive particles. The first articles really naming the different regimes and describing the aggregates date from the 80's with 4.1. Self assembly of micro-particles -background the emergence of models and cluster aggregation simulations [START_REF] Kolb | Scaling of Kinetically Growing Clusters[END_REF].

Isotropic clusters

There are two regimes describing the aggregation kinetics of small spherical particles in isotropic fluids like water, namely the diffusion limited cluster aggregation (DLCA) and the reaction limited cluster aggregation (RLCA). The main difference between the two processes is the aggregation motor. For DLCA the aggregation process is driven by the probability of the particles to meet.

As an example we can cite Brownian trees, formed by randomly appearing particles in a field containing a seed, and moving with a Brownian motion [START_REF] Gall | The uniform random tree in a Brownian excursion[END_REF]. The particles will first attach to the seed, then stick to themselves as they meet and enter in contact. For RLCA, the aggregation will occur when the particles overcome a barrier, chemical for example. The particles can meet without sticking, thus this aggregation process is driven by the probability to adhere. In consequence, the DLCA clusters tend to be more spread in space than the RLCA clusters that are more compact [START_REF] Weitz | Limits of the Fractal Dimension for Irreversible Kinetic Aggregation of Gold Colloids[END_REF][START_REF] Weitz | Dynamic Scaling of Cluster-Mass Distributions in Kinetic Colloid Aggregation[END_REF][START_REF] Lin | Universality in colloid aggregation[END_REF]. The One can see that they are very different behaviors. The DLCA regime is fast : the characteristic cluster size R follows a constant power law R ∼ t 1/d f , where d f is the fractal dimension. On the other hand, the RLCA regime is slower : R follows an exponential described by R = R 0 e Ct , where C depend on the experimental conditions. The Figure 4.2 shows the time evolution of the characteristic cluster size of gold nano-particles, for different aggregation regimes. The charged ions at the surface of the gold particled can be displaced by a chemical compound, pyridine, thus changing their interactions, and by consequence their aggregation process. Thus, by adding pyridine to the system, one can control the aggregation rate. With a sufficient amount of pyridine, the particle aggregation follows a fast diffusion limited dynamics, resulting in the curve (c). For a sufficiently small amount of pyridine, the dynamics becomes very slow and characteristic of a reaction-limited aggregation, showed as the curve (a). For an intermediate amount of pyridine the dynamics is a cross over of the two previous ones, corresponding to the curve (b), with a more linear aspect [START_REF] Weitz | Limits of the Fractal Dimension for Irreversible Kinetic Aggregation of Gold Colloids[END_REF].

More than a decade later, and thanks to new microscopic techniques, it was possible to observe the aggregation process in situ (from the onset to 1 min), especially interesting in the diffusion-limited case, because of the very fast dynamics at the early stage. The previous experiments were done by freezing the samples, thus missing the dynamics. The results obtained by direct observations using the liquid-cell scanning transmission electron microscopy (STEM) by Grogan et al. [START_REF] Grogan | In situ liquid-cell electron microscopy of colloid aggregation and growth dynamics[END_REF] were consistent with the previous theoretical works.

Anisotropic clusters

By applying an external field as a magnetic or electric field, one can induce anisotropic interactions between particles, and by doing so, make anisotropic clusters, like chains. These are often characterized by a spatial distribution function in order to quantify the spatial texture of the system [START_REF] Davies | Monte Carlo simulations of the structure of magnetic fluid composites[END_REF], by potentials of interaction or characteristic size evolution.

In 1989 Fraden et al. [START_REF] Fraden | Electric-Field-Induced Association of Colloidal Particles[END_REF] described the time evolution of linear chains of micro-spheres, brought together by an electric field. They compared the average chain length and cluster size distribution with the Smoluchowski theory, which describes the time evolution of the number density of particles during coagulation, an irreversible aggregation process.

The polystyrene micro-spheres were confined in a suspended water layer of the same density and under the influence of the electric field formed distortions equivalent to a dipole. The dipoles thus formed diffuse in the electric field direction until they are close enough to another particle and switch to a ballistic motion. Fraden et al. consider a diffusion constant, that depends on the chain 4.1. Self assembly of micro-particles -background length since the dipoles brought together result in a higher-order field distortions, adding up to form a chain of multipoles, that are weaker than a single dipole. The aggregation process depends strongly on the electric field strength at low-amplitude, and less for high-amplitudes. Experiments were performed by varying the initial number of particles in the sample and the applied electric field strength. The experiments were in agreement with the theoretical predictions except for the cluster size distributions.

Their results can be seen in Figure 4.3. One can see on the panel A that the average chain length increases with time, as t z with z = 0.6, in agreement with the Smoluchowski theory. The average size distributions from the panel B, are wider with time, starting with a majority of small clusters (monomers or composed of a small number of k monomers) then growing in size. However, when superimposed with the theoretical predictions represented with the dashed lines, the measured distribution differ for the small clusters, the gap between the theoretical distribution and the measured one increases with time. In the experimental results, the proportion of small clusters for long time is greater than what is predicted, which can be explained by the 2D nature of the system. While chains grow, they partition the space and isolate small clusters whose connection to the tail of a longer chain will take time.

Chains of spherical particles can also attract each other from the sides. For example, it has been shown that the interactions between chains of dipolar particles are long range and are especially relevant at the late stages of the aggregation. By measuring these interactions using optical trapping, Furst et al. [START_REF] Furst | Dynamics and lateral interactions of dipolar chains[END_REF] found a rich variety of behaviors. In the Figure 4.3 (D) are shown two chains of paramagnetic particles from ferrofluids interacting under a magnetic field. The bottom chain is hold stationary with laser tweezers and the upper one is released at a distance of 10-12 particles diameters. Once the chain is released it moves slowly towards the stationary one and coalesce. They measured the resulting forces through the laser trap of the tethered chain. The chain-chain interactions depend not only on the concentration and strength of the dipole but also on the flexibility of the chain and the presence of defects.

Knowing the fragility of certain aggregated structures, or dependent on the external conditions, Yang et al. [START_REF] Yang | Mechanistic investigation into the spontaneous linear assembly of gold nanospheres[END_REF] showed that aggregation can be controlled and made more robust against environmental changes like evaporation, by coating or encapsulating the particles, or by changing their shape. 

Aggregation of anisotropic particles in water: rods, fibers etc

The variety of aggregates is even richer when considering particles with a geometry different from a sphere, which is also more faithful to the reality where a lot of suspended particles in fluids are not necessarily isotropic. Exploring different particle shapes has given rise to new types of aggregates, like magnetic snakes gliding at a fluid surface [START_REF] Snezhko | Self-Assembled Magnetic Surface Swimmers[END_REF], 2D organized structures of colloidal ellipsoids [START_REF] Singh | Oneand two-dimensional assembly of colloidal ellipsoids in ac electric fields[END_REF], smectic phases from patterned polymeric particles [START_REF] Zhang | Synthesis and Directed Self-Assembly of Patterned Anisometric Polymeric Particles[END_REF], amyloid fibrils from fibers, involved in some neurodegenerative diseases [START_REF] Streets | Simultaneous Measurement of Amyloid Fibril Formation by Dynamic Light Scattering and Fluorescence Reveals Complex Aggregation Kinetics[END_REF], etc. To illustrate this, some examples are shown in Figure 4.4.

All these studies focus on growth curves specific to the system, the morphology of aggregates, interaction energies and potentials, but only a few of them use a statistical approach as the one shown in Section 4.1.1 to describe the two aggregation regimes of classical colloids. Besides, the description based on these two limit regimes sometimes fails to explain the aggregation dynamics. For example, recently Wu et al. [START_REF] Wu | Aggregation of Elongated Colloids in Water[END_REF] concluded that the growth curves of asbestos fibers and glass rods could not be explained by either DLCA nor RLCA and the size distributions of clusters were wider than expected . Whereas even more recently Luo et al. , in their study of ellipsoidal colloids at a fluid-fluid 4.1. Self assembly of micro-particles -background interface show that the self-assembly is diffusion limited [START_REF] Luo | Self-assembly of ellipsoidal particles at fluid-fluid interfaces with an empirical pair potential[END_REF]. Growth curves from both studies are shown in Figure 4.5. In the next section, we will see how these interactions are modified when introducing the particles in an anisotropic medium. [START_REF] Streets | Simultaneous Measurement of Amyloid Fibril Formation by Dynamic Light Scattering and Fluorescence Reveals Complex Aggregation Kinetics[END_REF]. (C) Self-propelled mag-netic swimmer energized by a vertical magnetic field [START_REF] Snezhko | Self-Assembled Magnetic Surface Swimmers[END_REF]. (D) Images of colloidal ellipsoids forming chains with different angles with respect to the horizontal plane, depending on the electric field strength [START_REF] Singh | Oneand two-dimensional assembly of colloidal ellipsoids in ac electric fields[END_REF].
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Nematic colloids : the pairwise interactions

As mentioned in the State of the art chapter, in 1997, Poulin et al. [START_REF] Poulin | Novel Colloidal Interactions in Anisotropic Fluids[END_REF] showed that liquid crystals can also be used to induce a new kind of anisotropic colloidal interaction, where the elasticity and topological defects of the liquid crystal play a key role. When dispersing water droplets in a liquid crystal, they observed the formation of chains, in which topological defects and droplets were alternating (see Fig. 1.12 in the State of the Art). The formation of these chains and defects reveals the existence of both long range attractive interactions and short range repulsive interactions between the droplets.

Pairwise interactions

For a nematic LC, a particle inclusion induces distortions of the director. As detailed in the State of the art chapter. A sphere with homeotropic anchoring will generate a -1 defect in order to compensate the virtual +1 in the core of the sphere. In the case of tangential anchoring, two surface defects called boojums of -1/2 topological charge are created on each side of the sphere. In all cases, the defect configuration corresponds to the lowest energy state of the system, according to the boundary conditions. Defects of different nature lead to different interactions between the objects. The elastic energy of the liquid crystal is lowered if regions of equal distortion around two particles overlap. For this reason, elastic forces make particles attract each other.

The director field around the particle-hedgehog system has bipolar symmetry, while it has quadrupolar symmetry when the particle is accompanied by a Saturn ring or a pair of boojums. The interaction energy calculations for the quadrupolar field result in an attraction cone of 0 • ≤ θ ≤ 70 • that starts to become important when the interparticle separation is around 3 times their diameter. The particles repel each other at angles in the range of 75 • ≤ θ ≤ 90 • and the aggregation angle is θ ≈ ±(25 • /35 • ) [START_REF] Poulin | Inverted and multiple nematic emulsions[END_REF]124,[START_REF] Škarabot | Interactions of quadrupolar nematic colloids[END_REF]. In addition, the interaction energy for spheres of 2 µm in diameter is of the order of several 100k b T . The resulting self-assembled quadrupolar chains are kinked, in contrast to the straight linear chains produced by the dipolar interaction, which are aligned with the director field, as shown in the Figure 4.6.

Self assembly of micro-particles -background

The interaction potential is lower for quadrupolar nematic colloids than for dipolar, as shown in Figure 4.7, and chain-chain lateral interactions are weak. Thus, the produced structures are far less stable and more prone to break under changing conditions, which is something important to consider when constructing 2D or 3D crystalline assemblies [START_REF] Muševič | Two-Dimensional Nematic Colloidal Crystals Self-Assembled by Topological Defects[END_REF][START_REF] Muševič | Self-assembly of nematic colloids[END_REF]. 

Anisotropic particles dispersed in an anisotropic fluid: rods, ellipsoids, bacteria

Anisotropic particles immersed in a LC experience forces that are different from those experienced by isotropic spheres. Indeed, these particles also generate a torque depending on their orientation, enabling more control over the particle motion. For example, one can make a wire levitate by varying the LC director field in a way that its increases the torque experienced by the immersed wire [START_REF] Lapointe | Elastic Torque and the Levitation of Metal Wires by a Nematic Liquid Crystal[END_REF].

Considering anisotropic particles gives additional degrees of freedom in the elaboration of new colloidal based technologies. Interactions between microrods have been characterized in the same way as described in section 4.1.3 for nematic colloids [START_REF] Tkalec | Interactions of micro-rods in a thin layer of a nematic liquid crystal[END_REF][START_REF] Tasinkevych | Dispersions of ellipsoidal particles in a nematic liquid crystal[END_REF]. It has been shown that anisotropic particles interact in a similar way as isotropic ones, producing linear aggregates by self-assembly.

For an ellipsoidal colloid with planar anchoring, which can serve as a model for a bacterium body, two surface boojums appear at the poles, as for spherical particles [START_REF] Tasinkevych | Dispersions of ellipsoidal particles in a nematic liquid crystal[END_REF]. A simulation of this structure is shown in Figure 4.8 for strong anchoring at the surface. The ellipsoid is simulated in two possible states : (A) the stable state, θ = 0, when the ellipsoid is aligned with the nematic director, and (B) the metastable state, θ = π/2, when the alignment is perpendicular to the director. Both configurations are possible, but separated by an energy barrier. In both cases, the defects produced are of the same nature, two boojums. The difference lies in their location at the ellipsoid surface.

Bacteria in LCLCs

In the case of bacteria, activity needs to be added to the system. In comparison to passive colloids subject to an external field, the fact of being self-propelled changes, on the one hand, the probability of meeting a neighbour in all space directions and adds, on the other hand, a term of cluster decay in the aggregation models. Instead of exclusively having infinitely growing clusters n 1 + n 1 → n 2 , active particles have the option of doing the reverse n 2 → n 1 + n 1 by aggregate breaking, splitting or sliding. This can be explained by the self propulsion mechanism of the bacterium, which creates a hydrodynamic field around it, a force dipole, drawing fluid from the sides and expelling it from the poles. Consequently, in water, lateral attraction between bacteria is favored with respect to end-to-end attraction. In other words, the ejected fluid from the rear of the bacterium makes the head to head or head to tail connections unlikely to happen. Yet, this is the predominant type of interaction experimentally observed when the bacteria are dispersed in a LC.

In 2014 Mushenheim et al. [11] have for the first time highlighted the behavior of linear chain formation for bacteria in liquid crystals, and up to date this is still the only reference on this phenomenon.

In addition to bacterial swimming along the nematic director, they gave evidence of the defect configuration around a bacterium's body. Using nonmotile P. Mirabilis bacteria of 2-3 µm body length in an aligned nematic field, observed under cross polarizers and using high magnification, they were able to visualize the LC distortions around the bacteria body. As shown in Figure 4.9, the observation field is black on the cross-polarized image (B) indicating a nematic director aligned with the polarizer/analyzer, except at the vicinity of the bacterium's body poles. At the poles one can see four bright spots indicating a nematic orientation at 45 • with respect to the polarizer/analyzer, and thus, the presence of boojums at both poles. Such a defect configuration was already observed for spheres with planar anchoring [START_REF] Poulin | Inverted and multiple nematic emulsions[END_REF], and simulated for ellipsoids with strong planar anchoring [START_REF] Tasinkevych | Dispersions of ellipsoidal particles in a nematic liquid crystal[END_REF] as shown above (Figs. 4.8 and 1.13).

From this information, one can conclude that the surface anchoring on the bacterium's body is planar, which was not a priori clear since bacterial surfaces are not smooth, can be covered with small cilia, or pili in addition to flagella in the case of E. coli bacteria [START_REF] Edén | Escherichia coli pili as possible mediators of attachment to human urinary tract epithelial cells[END_REF]. Additional observations led the authors to assume weak planar anchoring, in agreement with previous observations on surface alignment of LCLC [START_REF] Nazarenko | Surface Alignment and Anchoring Transitions in Nematic Lyotropic Chromonic Liquid Crystal[END_REF][START_REF] Shiyanovskii | Realtime microbe detection based on director distortions around growing immune complexes in lyotropic chromonic liquid crystals[END_REF]. The nematic field for a bacterial chain was also observed and it was similar to that of a single bacterium, with mainly four bright spots at the poles and little distortion at the junction between bacteria. Concerning the interactions between individual bacteria and chain formation, they showed a case of bacterial connection and a case of split. Namely, they give an example of two bacteria swimming in opposite direction towards each other, which connect head-to-head and finally swim together in the direction of the fastest bacteria. An interesting behavior concerns the slow bacterium that is being scooped, because it changes swimming direction before entering in contact with the other bacterium. It rises the question about the role of flagella, which are at least 15 µm long for the P. Mirabilis bacteria [START_REF] Manos | Enhanced motility of a Proteus mirabilis strain expressing hybrid FlaAB flagella[END_REF], and not visible in this study. This question will be addressed in the last section of the present chapter.

Self assembly of micro-particles -background

As Mushenheim et al. show in their article, bacterial chains can also split, so they estimate the forces at play in the system. They consider that the propulsive force equals the viscous drag force of a sphere :

F d = 6πµRV (4.1)
Where µ is the fluid viscosity, R the sphere radius, and V the average velocity of the bacterium. The opposing LC elastic force is considered to be:

F elastic ∝ C W 2 R 2 K 2R d 6 (4.2)
Where C is a coefficient of order one, W the anchoring strength and d the distance between the two bacteria. For their system, they estimate that the drag force, which is equal to the propulsion force of the bacterium is F d ∼ 60 pN, and the elastic LC force is F elastic ∼ 10 pN, indicating that a bacterium can indeed escape the elastic attraction of the LC.

Finally they perform a preliminary study of the bacterial self-assembly statistics among motile and non-motile cells. The results for one bacterial concentration, after 30 minutes immersed in the LC, show that the chain size (monomer, dimer, trimer etc) distributions are wider for non motile bacteria, whereas for motile bacteria, the distribution is dominated by individuals. This differences indicate that the input of activity in the system changes the selfassembly process as compared to passive bacteria.

Conclusion

In conclusion, there has been a lot of work on the dynamics of isotropic cluster formation and the resulting shapes have been characterized intensely. Less work has been done on anisotropic clustering, in most cases induced by application of an external field. Aggregation of passive colloids in liquid crystals has been investigated for particles of different shape and different surface anchoring and has been explained by the disturbance of the director field due the presence of particles and the subsequent formation of defects. Particle aggregation can minimize the elastic energy resulting from these disturbances. Some very recent works have investigated the aggregation of swimming bacteria in liquid crystals, namely Mushenheim et al. [11]. Their observations opened the door for further studies and exploration, in particular concerning the characterization of the self-assembly process for passive and active bacteria, with different bacterial concentrations and its evolution over time, as well as the intriguing role of flagella in bacterial chain formation. We will address some of these questions below for our experimental system.

4.2 Experimental results on the aggregation of motile and non motile E. coli bacteria in liquid crystals.

In this section we investigate the linear chain formation of bacteria, induced by the long-range elastic attraction of a lyotropic chromonic liquid crystal (LCLCs). First, a description of the chain formation will be given, with examples of bacterial connections but also splits, which are the main reason for the reversibility of the aggregates. The time evolution of the system, with bacterial concentration for motile and non-motile bacteria will be investigated as well. The idea is to characterize the influence of the activity on the main features of the selfassembly, namely the size distributions, equilibrium chain length etc.

Zoom in the pairing dynamics between bacteria in

LCLCs

First experiments were performed in confined cells of aligned nematic LCLC with the aim to give some qualitative observations on the pairing and separation dynamics while working at very low concentration of 5 % of bacterial solution. The cells were prepared in wide samples of 18 mm x 18 mm of 20 µm thickness imposed by spacer beads, and sealed with epoxy glue. The glass slides composing the observation cell have been rubbed with diamond paper, thus creating grooves along a well-defined direction along which the LC is aligned, see chapter Materials and methods for more information. However, the nematic director was not perfectly uniform everywhere but locally aligned.

From Fig. 4.10 one can clearly observe the existence of bacterial chains, with typical chain lengths ranging from two to four or five bacteria, and sometimes even longer. The chain orientations follow, as expected, the LC director field. One can already observe from this figure that chains do not seem to be perfectly The sequence of images in Figure 4.12 shows the attractive interaction between two bacteria giving birth to a chain, while swimming both in the opposite (connection made head to head) or the same direction (connection made head to tail). Clusters can also separate or slide with respect to each other, as shown in Figure 4.13.

We have not been able to directly visualize the director field distortions around the bacteria body with precision in our experiments. This is due to the smaller size of the E. coli body compared for example the P. mirabilis strain used by Mushenheim et al. [11] and experimental limitations of our set-up that Chapter 4. Self-assembly of motile and non-motile bacteria in LCs was not equipped with a temperature controlled objective of high magnification. We can however exclude from our observations the existence of bulk defects (as a hedgehog or a saturn ring), making the existence of two surface defects at each end of the bacteria body the most likely scenario. We will in the following assume a planar anchoring at the E coli surface and thus the existence of two boojums at both ends of the body. This assumption is supported by the observation that chains are not perfectly straight, as one can see on the Figure 4.11, but that small off-sets are observed between successive bacteria, as already mentioned above. This is one of the characteristics of chain formation of colloids presenting planar anchoring, that the attraction cone leads to aggregation with a small angle. To compare attractive and repulsive forces between bacteria we can apply the force estimations from [11] to the present study. The viscosity of the LCLCs along the nematic director is µ = 18 mPa s at 12 wt% DSCG [START_REF] Habibi | Passive and active microrheology of a lyotropic chromonic nematic liquid crystal disodium cromoglycate[END_REF], the bacteria body radius is taken as R = 0.5 µm and the average velocity in the LC is V ∼ 3 µm s -1 (see section 3.3.1 of Chapter Individual swimming dynamics of E. coli bacteria in liquid crystals in planar cells), resulting in F d ∼ 0.6 pN. Note however that the velocity distribution is large and that faster bacteria can lead to higher forces.

From Zhou et al. [START_REF] Zhou | Elasticity, viscosity, and orientational fluctuations of a lyotropic chromonic nematic liquid crystal disodium cromoglycate[END_REF] we can estimate for the LC concentrations and temperature used the elastic constant to be K = 5 pN. Note that for consistency we follow the approach of Mushenheim et al. and estimate K as the average of the three elastic constants, but arguably it might make more sense to use 4.2. Experimental results on the aggregation of motile and non motile E. coli bacteria in liquid crystals.

only K 1 and K 3 and to exclude the twist constant, typically very small in these systems. For an interparticle distance of d = 0.3 µm and using as an approximation the surface anchoring energy W ∼ 10 -5 Jm -2 from [11] we find the elastic constant being comparable to the one used in Mushenheim et al. , we estimate the elastic force in our system comparable to their estimation of F elastic ∼ 10pN.

For E. coli swimming in DSCG at a concentration of 12 wt% the repulsive force resulting from the bacteria activity is thus nearly an order of magnitude smaller compared to the attractive elastic force resulting from the LC elasticity. We expect thus the role of activity on the chain forming dynamics to be less important compared to P. mirabilis as studied by Mushenheim et al. [11] without being negligible for the observed dynamics. Velocity fluctuations increasing the active force could be the driving mechanism of chain splitting and sliding observed in experiments and one should also keep in mind that the estimation of the elastic force relies on many hypotheses and might in reality be smaller than given above. Our first observations confirm the complex dynamics already observed by Mushenheim et al. [11]. At first sight the dynamics do not seem influenced by the presence of the flagella bundle, as we see chain formation of bacteria swimming head to tail or head to head. This is a surprising observation as the flagella bundle is large compared to the bacteria body and one could imagine that it constitutes an important steric hindrance. We will address this question in the last part of this chapter.

Statistical approach of the active aggregation process

In order to further understand the interplay between the activity and the LC field in bacterial chain formation, we performed experiments in sealed cells of aligned liquid crystal for active bacteria and compared these with passive bacteria, similar to nematic colloids, for different bacterial concentrations. Observations where made over time to get access to the aggregation and separation dynamics.

To study with a statistical approach the self-assembly process, global observations of the sample necessitated to adapt the cell preparation, using slides fabricated by our collaborators from KAIST, Korea (see Chapter Materials and Methods) inducing very good LC alignment. These slides are 1 mm thick, thus 4.2. Experimental results on the aggregation of motile and non motile E. coli bacteria in liquid crystals.

the observations were done with a smaller magnification, x40, instead of x63 as before, to obtain a longer working distance, and a larger focal plane, limiting the loss of bacteria going out of focus. These observation cells were 20-30 µm thick, controlled by parafilm stripes, and sealed with wax. The non-motile bacteria were obtained by mechanically removing the flagella from wild-type motile E. coli bacteria. The protocol is described in the Materials and methods chapter.

At the beginning, for each sample, positions were determined and saved in Labview to obtain a scan of the whole sample for more extensive data acquisition. Then the program triggered the illumination and took a picture at all saved locations with a cycle of ∆t equal to either 4 min or 1 min depending on the experiment. The first sessions of timelapses lasted for 1 hour or more, whereas the last ones, with higher concentrations lasted for 20 to 30 min max, the reason for this will be explained later.

Chain detection protocol

Pictures were treated by a custom Matlab code that detects all bacteria and sorts them by categories: individual bacterium, bacterial chain and other cluster. As the concentration increases, clusters are often aggregations of bacterial chains, assembled side by side. Thus a fourth category has been introduced: bacterial chains inside strongly anisotropic clusters. For these bacterial chains a mean chain length was calculated knowing the length, width and number of bacteria in each cluster.

Firstly, as shown in Figure 4.14 the original images are binarized after the background was removed by subtracting the gaussian blurred image. So that only the sharpest objects in the focus plane are left.

The binary objects are then enlarged along a line, because they are anisotropic, linked to each other by a bridge function, in a certain radius and finally the gaps were filled. All these steps were necessary because the bacterial bodies are not touching, there is always a small dark space in between that could lead to detection errors later. The objects are sorted into the different categories according to their characteristics as size and aspect ratio. In 

Experimental results

We first investigate the cluster size as a function of time for active and passive bacteria. We expect for passive bacteria to see a slow increase of the average cluster size in time, like for passive particles [START_REF] Fraden | Electric-Field-Induced Association of Colloidal Particles[END_REF], until an equilibrium state, dependant on the bacterial concentration, is reached. For active bacteria swimming could lead to a faster aggregation compared to passive particles as it can actively bring particles close to each other. However we also expect bacterial activity to induce chain splitting, as seen above, and as such to limit chain growth. We could thus expect smaller clusters at equilibrium and a modified cluster growth compared to passive bacteria.

4.2.

Experimental results on the aggregation of motile and non motile E. coli bacteria in liquid crystals.

In Figure 4.17 we display the cluster size for a given concentration of approximately 1.10 3 and 1.10 4 bacteria/mm 2 for passive bacteria and, 4.10 3 and 1.10 4 bacteria/mm 2 for active bacteria. Bacteria concentrations are directly measured from the first image. Note that the first data points are for t = 10 min which is the time to prepare the solution, prepare the sample, save the selected positions of the sample and finally launch the timelapse. Surprisingly, in both cases the cluster size tends to be generally constant or even to decrease in time. These observations hold for all concentrations tested. Over the 19 concentrations tested we never observed a franc increase in cluster size which is probably due to the fact that our observations start only after 10 minutes and we most likely miss the beginning of the dynamics where cluster growth takes place. To explain the decrease in cluster size, we have also displayed the number of detected bacteria in Figure 4.17 and one can notice that they also decrease in time for active as well as passive bacteria. The average cluster size and the number of bacteria detected are not directly correlated, as one can see for active bacteria at c = 1.10 4 bacteria/mm 2 , the cluster size is constant while less bacteria were detected in time. However, the decrease in number of detected bacteria points towards an experimental problem. Defocussing is a very common problem in timelapse observations under microscope and can lead to a loss of observed particles. We tried to overcome this issue by refocusing manually every 10 min, not always with success. An additional issue comes from the bacterial sedimentation over time. Indeed, our observation positions are selected in the bulk rather that at the glass surface where bacteria are not very motile. With time, bacteria leave the bulk through sedimentation resulting in less and less detected objects. Sedimentation of big clusters of bacteria, thus non being detected anymore would result in an lower average cluster size.

Consequently, with our experimental set up and the range of concentrations studied we can not investigate cluster growth dynamics and the fact that we observe a plateau value in cluster size suggests that the sample is already in the equilibrium state as the experiment begins. In the following we will thus consider the value of the plateau at the beginning of the experiment, before a decrease in size is observed as the equilibrium value and will focus on its dependence on bacterial concentration and the differences between active and passive bacteria. It is however important to keep in mind that bacteria are lost from our detection during the experiments and the results presented should be considered as preliminary.

All quantities presented in the following were spatially averaged over the different observation positions of the sample. In addition, all points were also smoothed over different concentrations using a moving average filter on Matlab. Note that to calculate average chain length or cluster sizes monomers are not included.

Figure 4.18 represents the average cluster size (without distinguishing between different cluster types) as a function of bacterial concentration, characterising how the system evolves, for both passive and active bacteria. Despite some scatter in the data points, one can see that the average cluster size increase seems to be less pronounced for active bacteria compared to passive bacteria, as hypothesised previously. For all concentrations, the clusters are systematically 4.2. Experimental results on the aggregation of motile and non motile E. coli bacteria in liquid crystals. bigger when bacteria are passive. At high concentrations, the passive clusters continue to grow, whereas the clusters of active bacteria remain constant in size. This result supports our hypothesis which assumes that due to the reversible nature of the active self-assembly, the clusters are not stable above a certain size and break. According to the graph, in average, clusters of active bacteria contain 4 individuals, until at least a concentration of 1.10 4 bacteria/mm 2 , where for the same concentration, clusters of passive bacteria can be almost twice as big. Similarly the average chain length, given in bacteria unit in the Figure 4.19 is higher in the case of passive bacteria, even if the difference is less pronounced compared to the average cluster size. Both the average chain length measured from isolated chains (called solo in the graph legend), and derived from anisotropic clusters (called cluster in the graph legend) are represented in this Figure . The chains forming clusters are longer by nature since small chains like dimers or trimers are mostly isolated. The length of chains from clusters increases monotonically with the bacterial concentration. Our first data points start in average at tetramers, increasing up to chains of 9 individuals for the highest concentration. For the isolated chains, we observe an increase from dimers at the lowest concentrations to trimers at the highest concentration.

The slope, and so the growth rate is higher for chain lengths obtained from Chapter 4. Self-assembly of motile and non-motile bacteria in LCs bacteria clusters compared to individual chains and the main differences between passive and active bacteria are observed at the highest concentrations.

In comparison the evolution of isolated chain length with concentration seems flat, and is represented alone on the second graph. As expected, the average chain length also increases for isolated chains, with a stronger increase at low concentrations and a plateau from approximately 3000 bacteria/mm 2 onward. Within the scatter of the data, differences between active and passive bacteria are difficult to extract clearly, but the initial increase of chain length with concentration seems to be weaker for active bacteria. At higher concentrations active bacteria seem to stabilize on a constant chain length whereas passive bacteria seem to lead to a more continuous increase in chain length at high concentrations.

With increasing concentration, as bacteria are added to an isolated swimming chain, the chain is more easily exposed to being caught in an already formed cluster or to connect with other chains. Because of the increasing number of individually propelled bacteria in a chain, the chances of splitting also increase, which might explain why the isolated chains are in majority dimers and trimers. This explanation also partially holds for passive chains, which as they get bigger have a higher probability to connect side by side. In addition, long chains and clusters tend to fraction the space, thus isolating short chains, as in the experiments of Fraden et al. [START_REF] Fraden | Electric-Field-Induced Association of Colloidal Particles[END_REF] with polystyrene beads described above, also limiting isolated chain growth. When we look at the isolated chain length distributions instead of their averages, we find in all situations that the probability decreases with chain length and that the smallest chain lengths (the dimers) dominate the distributions. To account for the observed distribution shapes we adjust them with an exponential function ae bx . The Figures 4.20 show examples of chain length distributions for the two concentrations considered previously. Passive and active bacteria both present length distributions, reasonably well described by an exponential function. The distributions for all concentrations, for both passive and active bacteria are available in the Appendix D. Overall, the distributions of active and passive bacteria differ little in shape, except for the distribution tails. The length distributions of passive chains present significantly longer tails compared to active chains. Thus for a given concentration, the longest chains are observed for passive bacteria.

It would be interesting to analyse the distribution shape and its evolution over time further and we plan to do so in the future. In particular the role of the remaining monomer concentration as well as the appearance of a maximum in the distribution for a given chain length (as seen for aggregation of passive colloids in isotropic media of Figure 4.3) would be interesting questions to address.

Conclusion

In conclusion, in a liquid crystal, bacteria that are subject to the elastic attraction of the LC self-assemble in linear chains. The activity input resulting in the disturbance flow produced by swimming bacteria makes the aggregation reversible, unlike for passive particles. Chains can grow by bacterial connections but also split, thus impacting the system evolution.

Our visual observations clearly demonstrate these dynamics on chain forming and chain splitting. First experiments as a function of bacterial concentration highlight differences between active and passive bacteria aggregation, mainly indicating the formation of larger clusters for the passive system.

The experiments monitoring the system evolution in time still need to be improved in order to characterize the aggregation dynamics, and the influence of bacteria activity on the latter. The work on the aggregation dynamics has started during the internship of Anumita Jawahar and I am currently supervising the M2 internship of Guillaume Sintès, who is working on additional experiments and on improving the experimental condition. We hope the additional experiments will shed light on the exact aggregation dynamics, the chain length distributions over time and the equilibrium chain length.

Swimming of chains: the role of the flagella

In the present section, we address the question of the role of the flagella on chain swimming and formation. Indeed, for E. coli bacteria, flagella are around 10 µm long, but in the chains we see bacterial bodies separated only by a fraction of micrometer from each other. It is thus a natural interrogation, as to where are the flagella, and how do they propel a bacterial chain?

Swimming of chains: the role of the flagella

To answer these questions, we performed experiments with wild type E. coli bacteria, with dyed flagella. The experimental set-up and protocol is the same as in the chapter Individual swimming of E. coli bacteria in LCLCs, section 3.3.

In Figure 4.21, one can see a bacterial chain of four individuals with visible flagella forming an impressive ensemble. Flagella of different bacteria assemble and are arranged in a super bundle at the chain rear where they rotate together, propelling the chain, comparable to the bundle of a unique bacterium. On the example shown, the super bundle rotates at a rate of 1.7 Hz, indeed comparable to observations made in the previous chapter for bundles of individual bacteria.

The super bundle is mainly composed of the flagella from the bacteria at the rear of the chain. The bacteria bodies are wrapped by the flagella of the bacteria in front of them. The wrapping is made possible by a size compatibility between the radius of the normal shaped flagella and the radius of the bacterial body. For this bacterial chain r f ∼ r body ∼ 0.6 µm. Note that the fact that successive bacteria show a small off set as described above and following from the presence of boojum defects at their ends is very likely emphasized also by the presence of the flagella wrapped around the bacteria chain. Note that bacterial chains can also reorient by 180 • , by the same mechanism, as an individual bacterium, as explained in the first chapter. As shown in the Figure 4.22 for a bacterial chain of three individuals (and one on the side), the chain is in a bipolar configuration and swims downwards, until the flagellum that is propelling relocates to the other side of the chain. In consequence the relocated flagellum propels the chain in the opposite direction Since only few bacteria (those at the rear) are actively propelling the chain, we will now compare the chain swimming velocity to the velocity of individual bacteria under the same conditions. By tracking individual bacteria and bacteria chains over a video of swimming bacteria in LC, we can extract their swimming velocities. In the Figure 4.23 an example of such a distribution is shown for the swimming velocity for individual bacteria and chains, swimming in an 11 wt% DSCG liquid crystal solution.

It results that the chains swim in average slower than individual bacteria, but are are able to propel at high velocities as well, above 10 µms -1 . However, the highest probability for a chain is to be immobile, which can be explained by the flagellar arrangements. The flagella do not always form a super bundle, and most of the time, they are disorganized, like on the image of It would be interesting to perform a more systematic analysis of the velocity of swimming chains by performing additional experiments and for example by representing the swimming speed as a function of the chain length.

Conclusion

In this chapter we characterized a spontaneous self-assembly phenomena of bacteria dispersed in liquid crystals. Statistics on average cluster size and chain length reveal that active bacteria form smaller clusters, and shorter chains, which was expected since clusters of active bacteria can break. The characterization is a work in progress, with the intern Guillaume Sintès. Especially, in order to capture the dynamic process of aggregation, we need to improve the experiments.

We also showed that chains are propelled by super bundles of several bacteria flagella, rotating together. We observe that the chains reorient in the same manner as individual bacteria, in the liquid crystal.

Chapter 5

Swimming of bacteria under confinement

From the literature

Studying bacteria under confinement is of great relevance, since in nature many microorganisms evolve in narrow spaces, such as those existing in porous soils, or in the human body. Understanding how these microorganisms live under such constrained conditions could have serious implications not only in medicine, by helping prevent some infections, but also in the fields of industry and biotechnology, by enabling the optimization of oil extraction or bio-remediation, for instance. Confinement has shown to impact the living of bacteria at several levels, from the colony growth, to bacterial communication or collective motion [START_REF] Du | Bacterial Behavior in Confined Spaces[END_REF]. In this chapter, we investigate how bacterial motion adapts to confined environments, putting the focus on spherical geometries, produced in the form of droplets or double emulsions.

The response of an isolated bacterium, the Staphylococcus aureus, trapped in a droplet was studied for the first time by Carnes et al. [START_REF] Carnes | Confinement-induced quorum sensing of individual Staphylococcus aureus bacteria[END_REF]. They found that confinement triggered quorum-sensing (QS), which is a mechanism of bacterial communication through population detection and response by gene regulation. The specific genetic response was initiated for the sake of survival. Hamby et al. [START_REF] Hamby | Swimming bacteria power microspin cycles[END_REF] observed that, when confined within a droplet at high density, bacteria form vortex with a rotating direction that was periodically reversed . Interestingly, they observed that bacteria were even able to swim upstream against the spiral vortex [START_REF] Lushi | Fluid flows created by swimming bacteria drive self-organization in confined suspensions[END_REF].

Other interesting behaviors have recently been observed in droplets, in particular in the group of Éric Clément at ESPCI. Vincenti et al. [START_REF] Vincenti | Magnetotactic bacteria in a droplet self-assemble into a rotary motor[END_REF] observed that magnetotactic bacteria under constant magnetic field self-assemble to form rotary motors . The latter work was co-authored by our collaborators from the Chapter 5. Swimming of bacteria under confinement University of Chile, who recently published another work where they show that aqueous droplets of swimming bacteria are able to self-propel [START_REF] Ramos | Bacteria driving droplets[END_REF].

Self-propulsion of bacterial droplets has been also observed in a nematic liquid crystal by Rajabi et al. [15]. As individual trajectories of bacteria can be induced by the LC alignment, the droplet containing motile bacteria can be guided as well. These observation results, highlight the interest of spherical geometries implying liquid crystals.

Hence, the spherical geometry not only triggers new fascinating swimming behaviors, but it also represents a system in which bacteria can be exploited as fuel to induce motion. A specially interesting geometry, not investigated yet, is that provided by double emulsions, where the bacteria would be sandwiched between two spheres forming a thin spherical shell, as shown in Figure 5.1 (a).

As a side project to my PhD, I started to study spherical shells of highly concentrated bacterial suspensions, in collaboration with Maria Luisa Cordero and Rodrigo Soto from the University of Chile. Two other students were involved in the project: Gabriel Ramos-Peroni and Cristian Villalobos. The results obtained are presented below. My contribution concerns the experimental part.

E. coli suspension in a water shell

To confine the bacterial suspension to a shell geometry, we used a glass-capillary microfluidic technique [START_REF] Utada | Monodisperse Double Emulsions Generated from a Microcapillary Device[END_REF] optimized by the group of Teresa López-León at ES-PCI. This technique allows us to generate double emulsions, as detailed in the chapter Materials and Methods. For this work, we produced oil/water/oil (O/W/O) double emulsions, also called inverse double emulsions. For the aqueous phase, we used wild-type E. coli bacteria immersed in a motility buffer, and for the oil phases, we used hexadecane containing a surfactant (Span 80). A polymer PVP was added to the bacterial solution in order to increase the double emulsion stability.

Since the inner oil droplet is lighter than the bacterial buffer, it sits at the upper part of the aqueous droplet, leading to shells that are heterogeneous in thickness, thinner at the top and thicker at the bottom. A side view of the droplet, with the visible action of gravity, is shown in Figure 5.1 (b).

We exploited the effect of gravity in two different ways. First, it allowed us to observe the dynamics of the bacterial suspension in a thin film with fluid boundaries. Such a film is provided by the upper part of the shell, which is only 5.2. E. coli suspension in a water shell The effect of gravity was also exploited to measure the effective temperature of the bacterial active bath. A first method consisted in considering the thermal diffusion of a sphere in a medium at a given temperature and viscosity, yielding :

T active = C(µ /µ)D 1 µ k B (5.1)
Where C(µ /µ) is a factor accounting for the slip boundary condition on the inner droplet surface, D 1 is the fitting coefficient in µm 3 .s -1 of the thermal diffusion coefficient curve, such as D = D 0 + D 1 R inner , µ the medium viscosity Chapter 5. Swimming of bacteria under confinement (here bacterial solution), µ the inner droplet viscosity and k B the Boltzmann constant. By approximating the bacterial solution viscosity with water viscosity and deriving the diffusion coefficient from an experimental curve fit, one obtains that the bacterial bath active temperature is T active = 2.65 × 10 4 K, which is in agreement with previous studies, where it was estimated to be 2-3 times greater in order of magnitude than the room temperature of 300 K [START_REF] Wu | Particle Diffusion in a Quasi-Two-Dimensional Bacterial Bath[END_REF].

A more precise method relies on the probability distribution function study of the inner droplet movement in 3D. For this purpose, we produced double emulsions in which the inner droplet is much smaller than the outer one. Typically we produced double emulsion with inner droplets at least two to three times smaller than the outer droplet.

The droplets radii are the varying parameters in the experiments, the bacterial solution is highly concentrated (OD between 30 and 70, in comparison to OD 0.75 in bacterial experiments from the previous chapters). The diffusion coefficient depends on the droplets ratio (outer droplet radius over inner droplet radius) resulting in different mean square displacements (MSD).

We observed that small enough droplets move in a random walk induced by bacterial flow fluctuations, sometimes leaving the upper surface, thus moving against the gravity. The ballistic part of the movement correspond to short times and the diffusive part at intermediate times. When the droplet has explored all the space it had, the MSD reaches a saturation plateau. The saturation value is lower for bigger inner droplets, as they are more confined. The Figure 5.3 shows the inner droplet movement in an E. coli dense suspension, in the XY horizontal plane (upper panel) and XZ vertical (bottom panel), for different droplets. The corresponding trajectories show that the bigger inner droplet is more confined as the trajectories are more concentrated. It is not possible to say if it has left the surface or not. For the smaller inner droplet the bacterial flow fluctuations make it leave the surface and explore the bulk.

So far, the analysis of experimental data is limited by the number of exploitable videos, where the inner droplet stays in focus for the duration of the experiment, and also the variety of droplet sizes. In addition, longer videos need to be taken for the bacteria to reach the saturation, especially for the small inner droplets. Overall, more experiments need to be done in order to complete the analysis. In the meantime, our collaborators in Chile are working on different models to fit with the available experimental data. This project is still work in progress. 

Confinement and structure: E. coli in droplets and shells of LCLCs

As mention in the chapter State of the art, the trajectories of swimming bacteria can be controlled using a liquid crystal. One possible strategy is to use surface micro-patterning to set a predefined director field in the liquid crystal. This technique allows us to produce tailored patterns, but once the design is printed, it cannot be changed. Here we propose to use the geometrical frustration arising when a liquid crystal is confined to a curved space to engineer complex defect structures, which could be dynamically changed over time, to control the trajectories of swimming bacteria.

The shell-geometry is particularly interesting since it provides a powerful platform where to create a vast number of re-configurable defect configurations. Indeed, the defect structure of LC shells is controlled by a plethora of parameters, including shell geometry [START_REF] Fernandez-Nieves | Novel defect structures in nematic liquid crystal shells[END_REF][START_REF] Lopez-Leon | Frustrated nematic order in spherical geometries[END_REF], boundary conditions [START_REF] Lopez-Leon | Topological transformations in bipolar shells of nematic liquid crystals[END_REF][START_REF] Lopez-Leon | Defect coalescence in spherical nematic shells[END_REF], elastic constants of the liquid crystal [START_REF] Bates | Nematic ordering and defects on the surface of a sphere: A Monte Carlo simulation study[END_REF][START_REF] Shin | Topological Defects in Spherical Nematics[END_REF][START_REF] Lopez-Leon | Nematic-Smectic Transition in Spherical Shells[END_REF][START_REF] Seč | Defect trajectories in nematic shells: Role of elastic anisotropy and thickness heterogeneity[END_REF][START_REF] Dhakal | Nematic liquid crystals on spherical surfaces: Control of defect configurations by temperature, density, and rod shape[END_REF], presence of external fields [START_REF] Skačej | Controlling Surface Defect Valence in Colloids[END_REF][START_REF] De Oliveira | Tunable topological valence in nematic shells on spherocylindrical colloidal particles[END_REF][START_REF] Ishii | Structural transformations in tetravalent nematic shells induced by a magnetic field[END_REF], existence of curvature gradients [START_REF] Bates | Nematic ordering and defects on the surface of elongated capsule-shaped nano-particles[END_REF] , symmetry of the liquid crystal phase [START_REF] Lopez-Leon | Nematic-Smectic Transition in Spherical Shells[END_REF][START_REF] Liang | Nematic-Smectic Transition under Confinement in Liquid Crystalline Colloidal Shells[END_REF], etc. By tuning these parameters, one can modify the energy landscape of the system and trigger transitions between defect configurations. How bacteria would adapt to these configurational changes, or how they could influence the topological transitions in the shell has not been explored yet. The first challenge is to extend the studies mentioned above, which were done using thermotropic liquid crystals, to the case of a water-based LCLC shell.

Droplets of living liquid crystals

While droplets and shells of thermotropic LCs have been extensively investigated, their lyotropic chromonic counterparts have just started to be studied [START_REF] Chami | Molecular order in a chromonic liquid crystal: A molecular simulation study of the anionic azo dye sunset yellow[END_REF][START_REF] Jeong | Chiral symmetry breaking and surface faceting in chromonic liquid crystal droplets with giant elastic anisotropy[END_REF][START_REF] Nazarenko | Surface Alignment and Anchoring Transitions in Nematic Lyotropic Chromonic Liquid Crystal[END_REF][START_REF] Lydon | Chromonic review[END_REF]. A first characterisation of LCLCs droplets of Sunset Yellow (SSY) azo-dye was done by Jeong et al. [START_REF] Jeong | Chiral symmetry breaking and surface faceting in chromonic liquid crystal droplets with giant elastic anisotropy[END_REF] in 2014. They investigated the director configurations as a function of mesogen concentration. Because of the unusually small twist elastic constant of the nematic phase of LCLCs, they observed that droplets of this phase exhibited a twisted bipolar configuration with chiral symmetry breaking. shows the details of the twisted bipolar configuration, using bright field, cross-polarization and Jones-matrix simulations. This configuration shows two +1 surface defects or boojums placed at opposite poles of the sphere, as in typical nematic droplets of thermotropic liquid crystals with planar anchoring, see Figure 5.4 (a)-(c) [156]. However, in the SSY droplet, the 5.3. Confinement and structure: E. coli in droplets and shells of LCLCs director develops an azimuthal component in passing from the boojum axis, see Figure 5.4 (f) [157]. In the columnar phase, at larger SSY concentrations, the columns wrap in concentric circles around a central director disclination line while retaining their lattice structure.

Although the structures of DSCG droplets are expected to be similar to those observed in SSY droplets, their characterization has not been fully done yet. We looked at such structures in order to investigate how they were affected by the presence of bacteria. The Figure 5.5 shows a DSCG droplet during a drying process along which the DSCG concentration increases and the liquid crystal goes through different LC phases. The surface anchoring is planar, and the surfactant used in the continuous oil phase is Span 80. The upper part of cross-polarized image represents the droplet undergoing a phase transition from isotropic to nematic phase in the lower part. The defects are not directly visible, however the director pattern is characteristic of a bipolar configuration with two +1 boojums. In the nematic phase the eye shape pattern indicated a twisted configuration. We expected that adding wild type E. coli bacteria to nematic DSCG droplets would force the bacteria to swim in accordance with the symmetry of the droplet. Surprisingly, in contrast to what observed in planar cells, adding bacteria to the DSCG droplet dramatically impacts the LC organization, which changes over time, creating interesting spatio-temporal patterns. This can be seen in Figure 5.6, showing the dynamical evolution of a striped birefringent pattern. The video is not long enough to confirm a periodic pattern. In addition, the bacteria seem to be excluded from the bulk of the droplets, as shown in the Figure 5.7, where the different images correspond to different z-planes.

These discrepancies with respect to what was previously observed in planar cell might be related to the different boundary conditions in both systems. In planar cells, the living liquid crystal is confined between two glass slides, while in a droplet it is confined by a fluid interface. While bacteria cannot swim on a solid surface, they can do so on a fluid interface, avoiding distortions in the bulk of the droplet. Also, the two different boundaries induce different types of planar molecular anchoring. In planar cells, the glass slides were treated to enforce a single easy direction in the liquid crystal, or in other words, non-degenerated planar boundary conditions. In a droplet, in contrast, the fluid interface enforces planar boundary conditions that are degenerated: all directions tangential to the droplet surface are allowed. This new degree of freedom could explain the strong coupling between the director field and the flows induced by the bacteria. The bulk of the droplet and curvature could also contribute to this coupling. The three-dimensional nature of the director field in droplets makes it difficult to interpret the birefringence textures observed experimentally, specially to discern between bulk and surface structural transformations in the LCLC. The shell geometry, where the balance between bulk and surface effects can be tuned, seems to be ideal for this study. Actually, studying the organisation of a LCLC in a shell geometry, in the absence of bacteria, is an interesting topic by itself, since new defect configurations are expected to emerge as a result of the extremely low twist elastic constant of the LCLC. However, producing LCLC shells is an experimental challenge, as explained below.

5.3. Confinement and structure: E. coli in droplets and shells of LCLCs

Shells of living liquid crystals

Liquid crystal shells have been intensively studied in the case of thermotropic liquid crystals. Such liquid crystals are typically oil-like fluids that can be interfaced with two aqueous phases to produce w/o/w double emulsions, where the liquid crystal is confined to a shell. Adding a polymer, for instance poly vinyl alcohol (PVA), to the inner and outer aqueous phases is usually enough to stabilise the shell.

In contrast, lyotropic chromonic liquid crystals are aqueous suspensions, and thus, they need to be interfaced with oil phases to get o/w/o double emulsions in which the liquid crystal is confined to a shell. Just adding a surfactant to the oil phase is not enough to stabilize the shell, surfactants need to be added to the aqueous phase as well. However, surfactants are prompt to interact with the SSY or DSCG molecules compromising the formation of an organized liquid crystal structure. Producing a LCLC shells is thus challenging in terms of stability.

In the following , we explain our attempts to form inverse double emulsions of lyotropic chormonic liquid crystals, as a first step towards the realization of living liquid crystal shells.

For this study, we used SSY, since it is better characterized than DSCG. To make the double emulsions, we used glass capillary microfluidic devices. This technique, introduced in the chapter Materials and Methods, has customarily been used to produce shells of thermotropic liquid crystals [START_REF] Utada | Monodisperse Double Emulsions Generated from a Microcapillary Device[END_REF]. The devices were adapted for the production of inverse double emulsions by silanizing the outer square capillary and inner injection capillary to make them hydrophobic. Shells of different sizes were produced for different oil combinations and flow rate conditions.

Although the shells were stable when produced, they burst either while flowing in the device or when observed under the microscope. The Figure 5.8 (a) shows an example of a SSY shell suspension collected on a glass slide, where most of the shells appear broken as a result of touching the glass slide. The stability was improved by making the glass slide hydrophobic using Aquapel, see Figure 5.8 (b), but the shell lifetime remained very short. The shells reduced to simple SSY droplets in less than 2 min.

The stability of inverse double emulsions is dictated by the following condition [START_REF] Zarzar | Dynamically reconfigurable complex emulsions via tunable interfacial tensions[END_REF], see the article in Appendix A to this manuscript :

γ o 1 o 2 > γ o 1 w + γ o 2 w
(5.2) Where γ o 1 o 2 , γ o 1 w and γ o 2 w are the interfacial tensions of the inner oil -outer oil, inner oil -water and outer oil -water interfaces respectively. Since water has a very high surface tension (without any surfactant addition), the stability condition is hard to achieve. Nevertheless, tests were done with different combinations of oils and surfactants. We tested several oils, including hexadecane, mineral oils (light and heavy), Fluorinert, HFE, dodecane, silicone oil, squalane, or formamide. In terms of surfactants, we tested Span 80, Tween 20, SDS, monooleine, GMO and fluorosurfactant. None of these combinations worked to stabilize the shells.

Finally, we tried another strategy consisting in replacing the inner oil droplet by a solid core, using hydrogels or micro-beads. These experiments were performed by Nihal Maherzi, an undergraduate student at ESPCI Paris, under my supervision. We did not manage to produce shells using hydrogels because of clogging issues. Indeed, reticulation systematically happened in the microfluidic device making it unusable. The method consisting in shaking the solutions with a small amount of microscopic beads finally turned out to be the best solution. The beads were chosen to be hydrophilic so that they remain in the DSCG

Conclusion

water based droplet. We also tested the surface anchoring with the liquid crystal, which was planar. The continuous oil phase was heavy mineral oil with 1 wt% of PGPR4150 surfactant. The Figure 5.10 shows a shell obtained with this method, using bright field and cross-polarization. The shells so produced had a life-time of days, allowing the LCLC to organize itself in the shell, as shown in 

Conclusion

Bacteria under confinement can exhibit behavioral changes in their growth, communication or motility, sometimes resulting in effective consequences on their environment, like propelling the droplet they are confined in [START_REF] Ramos | Bacteria driving droplets[END_REF]15]. For the particular case of bacterial suspension in droplet, we estimated the bacterial activity by means of an active temperature, derived from the movement of an internal droplet. When the bacteria are suspended in a liquid crystal droplet, there is a strong coupling between their motion and the LC orientational order, presenting time-dependant patterns. However, the droplet bulk makes it difficult to interpret them. Thus we started to investigate a new system, more suitable for LC structure analysis, namely LC shell. These are very challenging to produce without surfactants in the LC phase constituting the shell. We managed to produce LC shells stable up to few days, using a shaking technique with beads. The prospects being to decrease the shell thickness and characterize the defect formation, and study their interaction with bacterial motion.

Conclusion

In this thesis, we have studied the swimming dynamics of bacteria in lyotropic chromonic liquid crystals (LCLCs).

We have provided a complete characterization of bacterial swimming in a highly viscous isotropic fluid (Ficoll 400). We found that increasing viscosity does not alter the fundamental dynamics of bacterial motion. Remarkably, the larger time scales emerging in this medium with respect to water have allowed us to get detailed information about the tumbling events, including the type of flagella helical shape or the frequency of rotation of the flagella.

A 3D Lagrangian tracking method has been used to get the trajectories and linear velocities of the bacteria with a high spatial resolution. These results have not only set a reference to which compare the results obtained with LCLCs, but also provided new information with respect to the literature regarding bacteria swimming in isotropic fluids. Indeed, based on the measured frequencies, the geometrical parameters of the helices and the rheological parameters of the medium, we have been able to calculate the torque related to different stages of a bacterium's trajectory, using Resistive Force Theory, in collaboration Alexander Morozov from the University of Edinburgh. Our results confirm the consistency of previous models.

In LCLCs, we have seen that bacteria swim by aligning their trajectories along the director field, consistently with previous results. Interestingly, we have shown the existence of reversals of 180 degrees in their swimming direction. These reversals had been observed in homeotropic cells, where bacterial motion is extremely constrained, but never reported before for planar configurations, where bacteria have an extra degree of freedom in their motion. This geometry, together with the tools mentioned above to characterize flagellar shape and motion, have allowed us to provide a first description of the phenomenon. We attribute these reversals to "frustrated tumbles", where at least one flagella leaves the bundle and relocates at the opposite side of the baterium body. This typically leads to a bipolar configuration with a nearly passive bundle on one Conclusion side and a propelling flagellum on the other side. Further investigations need to be done to provide a full description of this exotic behavior.

We have investigated the elasticity-mediated self-assembly of bacteria in LCLCs. As in a previous study, we have seen the formation of linear chains that align along the director field. By comparing the results obtained with active (wild-type) and passive (without flagella) bacteria, we have evaluated how activity influences the self-assembly process. We have shown that activity makes the bacteria aggregation reversible, bonds can form and break, which impacts the time evolution of the assemblies. As a result, the assemblies formed by passive bacteria are larger than those formed by active ones. Remarkably, the chains made of active bacteria are able to self-propel by the action of a super-bundle constituted of flagella belonging to different bacteria. These results have triggered new on-going research on the topic.

Finally, we have studied the effect of confinement and curvature in the dynamics of bacterial suspensions.

First, we have studied the case of isotropic bacterial suspensions, in collaboration with the group of Maria Luisa Cordero and Rodrigo Soto from the University of Chile. While previous studies have focused on bacterial droplets, here we have considered a shell geometry, where the bacterial suspension is sandwiched between two spherical boundaries. In this geometry, we have observed the emergence of collective phenomena at high bacteria concentrations, namely the formation of vortices at the thin part of the shell. The shell geometry has also been exploited to develop a strategy to measure the activity of an active thermal bath.

Second, we have investigated the case where the bacteria are dispersed in a anisotropic LCLC, uncovering interesting behaviors. In droplets, bacteria are excluded from the bulk and make the director field dynamically change with time, in contrast to observations in flat cells. Although more studies need to be done to elucidate the origin of this behavior, we believe that the different type of boundary conditions provided by the droplets (fluid boundaries and degenerated planar anchoring), together with their larger bulk/surface ratio and curvature, play a crucial role. Finally, we provide a strategy to confine the living liquid crystal to a shell geometry.

Conclusion

This thesis has enabled to formally establish a collaboration between two groups at ESPCI, the group of Teresa López-León at Gulliver lab, and the group of Anke Lindner at PMMH lab. The different expertise of the two groups have been key to approach this interdisciplinary project. This work has also benefited from continuous exchanges with Éric Clément, from PMMH lab, and from international collaborations with the University of Chile and the University of Edinburgh. It has also triggered discussions with M. Ravnik and S. Copar from the University of Ljubljana. This thesis, which has an exploratory character, has paved the way for further studies on the topics treated, as mentioned above. A postdoc researcher, Zhengyang Liu, and a master student, Guillaume Sintès, are currently studying some of the questions raised by this thesis.
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Micron-sized double emulsions and nematic shells generated via tip streaming

Kunyun He, 1 Francisco Campo-Cortés, 2 Martyna Goral, 1 Teresa López-León, 1 and José Manuel Gordillo Here we show that the so-called Confined Selective Withdrawal technique [Evangelio, Campo-Cortés, and Gordillo, J. Fluid Mech. 804, 550 (2016)] can be used to produce compound drops whose radii and thicknesses can be easily decreased down to length scales of the order of 5 μm and even smaller. This method is based on the generation of a highly stretched thin coaxial jet of two immiscible fluids that flow inside a third bulk coflowing fluid under creeping flow conditions. The subsequent capillary breakup of such coaxial jet produces, in a single step, compound droplets at rates that can be easily modulated to values of the order of 10 KHz. Using algebraic equations deduced using slender body theory, we report that the production frequency, the diameter, and the shell thickness follow welldefined scaling laws, enabling us to generate, from millimeter-sized injection tubes, and in a highly controlled way, uniformly sized double emulsions with the smallest diameters reported to date. We illustrate our results by producing micron-sized nematic shells with radii below 5 μm and show that the radius of curvature of the surface and the shell thickness can be fixed independently. DOI: 10.1103/PhysRevFluids.4.124201

I. INTRODUCTION

Double emulsions are currently used in fields as diverse as pharmacology, food science, or cosmetics with the purpose of encapsulating different types of active ingredients [1][2][3][4]. They also find applications in material science, where they can be used as building blocks of new materials [5][6][7]. However, despite their clear relevance in many different technologies, the controlled generation of compound drops with a diameter smaller than a few tens of microns still remains a technological challenge [1,2,8].

Here we explore the possibility of producing compound droplets with diameters below 10 μm through the capillary breakup of the highly stretched compound jet which is issued from the tip of a conical drop when an outer coflowing stream surrounds the meniscus [9][10][11]. The configuration employed here, referred to as Confined Selective Withdrawal (CSW) in Evangelio et al. [11,12], involves the coaxialcoflow of two immiscible fluids surrounded by a third outercoflowing fluid, which imposes a strain flow and a favorable pressure gradient over the resulting compound jet. Under appropriate conditions, a thin jet is ejected from the tip of a conical-shaped meniscus formed at the end of a millimetric injection needle, a situation which resembles that observed in the electrospraying of charged liquids [1,2,13]. The microjet emerging from the cone eventually breaks into double emulsions due to the growth of capillary instabilities.

In Ref. [11] it is shown that the jet diameter, and thus the diameters of the drops composing the double emulsion, is not set by geometrical dimensions, but mostly by the pressure gradient and the flow rates, which in principle could be tuned at will, offering great potential for producing micronsized droplets. While previous works have focused on establishing the scaling laws governing the double-emulsion generation process [11], here we focus on establishing the limits of the production regimes. We show that this method allows for the production of double emulsions in a large range of sizes at high frequency. In particular, we show here for the first time that it is possible to produce, using injection capillaries with diameters of the order of 1 mm, in a single step and in a highly controlled way, compound droplets with outer diameters below 10 μm and thicknesses of 1 μm, an unprecedented result which is unachievable by other similar methods that make use of either glass capillary devices [3,14] or PDMS-based microfluid chips [4], as will be discussed in this paper.

Here we will illustrate the capability of the CSW technique to produce compound drops with diameters below 10 μm using, as intermediate fluid, a nematic liquid crystal, a choice motivated by the applications related to material science. Indeed, it has been suggested [15] that it might be possible to ascribe valence and specific directional bonding to standard spherical colloidal particles by coating their surfaces with a nematic shell. When nematic order is forced to develop on a curved surface, geometrical frustrations lead to the formation of topological defects, which appear symmetrically positioned on the particle surface [16]. These topological defects are not only mathematic concepts, but also physical entities with properties intrinsically different from the nematic phase in which they appear, which can be functionalized with ligands to eventually induce bonds between particles [17]. Such functionalized defects would somehow act as atomic orbitals: the number of defects would determine the valence of the particle, and the defect arrangement would determine the bonding directionality. The prospect of producing mesoscopic "atoms" by confining a liquid crystal to a spherical shell has triggered an important amount of research in the last few years [5][6][7]18].

The experiments reported here illustrate the capability of the CSW technique to produce the smallest compound droplets produced by hydrodynamics means reported so far. Notice that the results reported are not restricted to the particular case of liquid crystals: they are equally valid to encapsulate a drop of a newtonian fluid within a drop of another Newtonian fluid, an assertion supported by the fact that the experimental results obtained will be rationalized using an extension of the classical slender-body theory developed decades ago for the case of Newtonian fluids (see, e.g., Ref. [19] and references therein).

II. EXPERIMENTAL SETUP

The setup, sketched in Fig. 1, consists of a coaxial needle through which two immiscible fluids, inner and middle, are injected into a pressurized chamber at respective flow rates Q i and Q m . The injector is aligned with the axis of a square extraction tube, of width L, and both injection and extraction tubes are separated by a distance ∼O(L). A flow rate Q o of an outer liquid with density ρ o and viscosity μ o , which constitutes the continuous phase, and immiscible with the intermediate fluid, flows into the chamber, where the pressure P o is larger than atmospheric, P a . The imposed pressure difference P o -P a fixes the mean velocity U at the square extraction tube and also generates a pressure gradient from the exit of the injection tube towards the entrance of the extraction duct. The flow of the outer liquid, from the chamber to the atmosphere through the extraction tube, produces the suction of the inner and middle fluids, favoring the formation of a compound capillary jet, which strongly narrows downstream. The outer flow rate, Q o , is calculated measuring the volume of liquid exiting the pressurized chamber in a given interval of time. A precise control of this quantity is achieved using a high-precision air pressure regulator (Festo) to fix the pressure difference P o -P a between the pressurized chamber and the atmosphere; all pressure differences are measured using digital manometers (Digitron). drop along a pipe yields

U L 2 π L 4 128 μ o P o -P a L T → U K L μ o (P o -P a ) with K π 128 L L T , (1) 
and where the square tube has been approximated by a cylinder of diameter L and length L T . To deduce Eq. ( 1) we have also taken into consideration that the flow rate

Q o is such that Q o /(Q i + Q m )
1, this being the reason why Eq. ( 1) is independent of both Q i and Q m . Equation ( 1) is verified experimentally in Fig. 2, and thus hereafter the expected scaling laws for the shell production frequency and diameter will be expressed as a function of the mean velocity U instead of P o -P a . Owing to the fact that the hydrostatic pressure difference is much smaller than the pressure drop at the entrance of the extraction tube, namely, ρ g L 2 /(32μ o U )

1 with ρ the characteristic density jump between outer and inner fluids, the experimental results will not be affected, in a first approximation, by buoyancy effects.

124201-3 FIG. 2. The liquid velocity at the extraction tube, U , depends linearly on the pressure difference P o -P a , as expected from the fact that Re o < 1 [see Eq. ( 1)]. The blue, red, and green circles represent, respectively a fixed Q i at 0.1 ml/h, 0.5 ml/h, and 1 ml/h, while the black dots represent the prediction given in Eq. ( 1).

For most of the experiments reported here, the flow rates Q i and Q m are controlled using highprecision syringe pumps (Harvard Apparatus). However, part of the experimental data have been collected using pressure regulators (Festo) to impose manually the pressure differences P i -P o and P m -P o . To prevent fluctuations in both Q i and Q m when using pressure regulators, our experimental setup incorporates long and thin copper tubes of 100 μm inner diameter to impose a large pressure drop along the feeding lines. Either a back pressure regulator valve or a switch on-off valve is used to limit the flow to one direction, preventing the meniscus from retracting when pressure changes are introduced in the system; see Fig. 1. Images and videos are captured using a Phantom V711 high-speed camera, which, depending on the value of U , operates between 4000 and 10 000 frames per second (fps). The double emulsions produced are collected by placing a glass slide underneath the extraction tube.

III. CONDITIONS FOR THE PRODUCTION OF DOUBLE EMULSIONS

Evangelio et al. [11] have shown that double emulsions of Newtonian liquids can be formed in a periodic way if the Reynolds number characterizing the flow of the continuous phase satisfy the condition

Re o = ρ o U L μ o O(1). ( 2 
)
Moreover, the generation of stable long coaxial jets from which double emulsions are produced requires that

Ca = μ o U σ i + σ m > Ca * (λ i , q), ( 3 
)
where σ i is the interfacial tension coefficient between the inner and middle fluids, σ m represents the corresponding coefficient between the middle fluid and the continuous phase, Ca * is the critical capillary number above which long steady jets are produced, λ i = μ i /μ o is the ratio of viscosities between the inner and outer fluids, and q denotes the flow rate ratio

q = Q i + Q m Q o , (4) 
with

Q o = U L 2 .
For values of the viscosity ratio λ i ∼ O (10 -3 ) and of the flow rate ratio q 1, it was theoretically found in Ref. [11] that double emulsions cannot be produced in a periodic and regular way if the value of the capillary number is below Ca * 1. This result was confirmed experimentally in Ref. [11], where it is demonstrated that, for values Ca < Ca * , long liquid jets are not stable, a fact preventing the controlled and periodic production of micron-sized double emulsions.

To illustrate that tiny jets can be produced from the tip of a conical drop by hydrodynamic means [9], we decided not to add any type of surfactant to the liquids involved in the shell production process. In the absence of surfactants, stable double emulsions can still be produced if the following condition is fulfilled [20,21]:

σ i-o > σ i + σ m , ( 5 
)
where σ i-o is the value of the interfacial tension coefficient between the inner and outer liquids and σ i and σ m are defined after Eq. ( 3). Indeed, when condition ( 5) is satisfied, if a "hole" appears in the shell, the interfacial tension force per unit length σ i-o , which overcomes the sum of the interfacial tension forces σ i and σ m , would tend to close this "hole," preventing the inner droplet from being expelled outside. The use of the technique described above to produce liquid crystal shells requires one to find a combination of liquids with physical properties such that the conditions expressed by Eq. ( 2), Eq. ( 3), and Eq. ( 5) are concomitantly satisfied. We used 5CB (4-cyano-4 -pentylbiphenyl, Merck) as middle fluid because this liquid crystal has the advantage of having a nematic phase at room temperature and its solubility with the outer fluid (glycerol) is quite small [22]. The conditions expressed in Eqs. ( 2) and (3) are simultaneously verified when pure glycerol (Sigma-Aldrich) is chosen as the continuous phase because of its large viscosity, μ o . Finally, the condition expressed by Eq. ( 5) is satisfied when fluorinated oil (3M Novec) is used as the inner liquid because, with this choice, the values of the different interfacial tension coefficients, determined by means of the pendant drop method, are the following:

σ i 7 × 10 -3 N m -1 , σ m 19 × 10 -3 N m -1 , and σ i-o 29 × 10 -3 N m -1 .
The values of density and viscosity for the different fluids are provided in Table I.

IV. EXPERIMENTAL RESULTS

The conical-shaped meniscus leading to the formation of shells is established for a range of values of Re o , Ca, and q, respectively defined in Eqs. ( 2)-(4). Figure 3, which shows the values of Re o , Ca, and q covered in our experimental study, reveals that double emulsions are indeed produced in a stable way for Re o 1 and Ca > 1, in accordance with Eqs. ( 2)-(3). Due to the fact we are interested in exploring the small-size limit of the technique, we restricted our study to values of the flow rate ratio q 1, this being the reason why there are no experimental points either in the top-right part of Fig. 3 or for larger values of q. In these regions, the diameters of the double emulsions produced would be larger than those reported here.

Figure 4 shows how the shape of the meniscus evolves as function of P o -P a for fixed values of Q i and Q m . The imposed pressure difference P o -P a fixes the mean velocity U at the extraction tube (there is a linear relationship between the two parameters). Larger values of U lead to the sharpening of the meniscus and to the thinning of the jet emerging from its tip. Since the shells emerge as a consequence of the growth of capillary instabilities, their outer diameters, D d , are similar to the corresponding jet diameters. By making U sufficiently large, we have been able to produce, in a robust and reproducible way, shells with values of D d below 10 μm; see the last panel in show in the last section how reducing the diameter of the injection needle and adding surfactants helps in stabilizing the compound jet, a slight modification of the setup that enables getting values of D d ∼ 5 μm. Fig. 5 shows that D d can be additionally controlled by tuning q, defined in Eq. ( 4), which depends on Q o (U), Q m , and Q i . Therefore, D d can be modified by changing Q i and Q m while keeping U constant. Indeed, Fig. 6 shows that a decrease in Q i or Q m does not impact the shape of the meniscus much but significantly reduces the jet diameter.

Moreover, Fig. 7 

q i = Q i /(U L 2 ).
with a constant thickness of ∼1 μm but different outer diameters, can be produced for sufficiently small values of q and q i , with q i defined as

q i = Q i U L 2 . ( 6 
)
Because of the high stability of the production regimes, all the samples show a small size dispersion, which, as can be appreciated from the capillary breakup of the jets depicted in Figs. 4 and 6 is, at the outside, of the order of 10% the mean diameter of the droplets produced. Let us point out that the polydispersity index could be reduced if the jet was excited harmonically, but we have not explored this possibility here, and the droplets generated in this study result from the growth of Rayleigh-Plateau capillary perturbations naturally induced by the ambient noise. Hence, the wavelength of the capillary wave leading to the disruption of the jet into drops is the one with the maximum growth rate, as we will show in the following section. Now we discuss whether more standard methods, such those involving axisymmetric glass capillary devices, would be able to reproduce our results. In order to show that our technique is unique in this aspect, let us consider a glass coaxial device like the one illustrated in Fig. 8, of the type described in Ref. [3], with a square capillary of width L and a circular capillary of outer radius L/2 inserted into the former. Since, in this case, the capillary number should also satisfy the condition in Eq. ( 3), the values of U , Q i , and Q m in the glass capillary device should be the same as in the present study. In the geometry described in Ref. [3], the outer fluid should flow through the four narrow channels formed at the corners of the square capillary when the circular capillary is inserted inside. The cross-sectional area and the perimeter of each of these four narrow passages are given, respectively, by A = (L/2) 2 (1 -π/4) and P = L(1 + π/4), and hence, the hydraulic diameter of each of these four narrow constrictions, defined as the ratio 4A/P, is

L = L 1 -π/4 1 + π/4 . ( 7 
)
Making use of Eq. ( 1), the relationship between the pressure drop and the outer flow rate is 

U L 2 4 π L4 128 μ o P o -P a L T → P o -P a L T 128 μ o π L 2 U × 1 4 1 + π/4 1 -π/4 4 , ( 8 
i = 0.1 ml/h Q m = 0.07 ml/h, U = 0.165 ms -1 , q = 2.86 × 10 -4 , q i = 1.68 × 10 -4 , D d = 42 μm, h = 1.5 μm. (e) Q i = 0.08 ml/h, Q m = 0.03 ml/h, U = 0.19 m s -1 , q = 1.625 × 10 -4 , q i = 1.18 × 10 -4 , D d = 32 μm, h = 1.5 μm (f) Q i = 0.08 ml/h, Q m = 0.08 ml/h, U = 0.4 m s -1 , q = 1.04 × 10 -4 , q i = 5.55 × 10 -5 , D d = 16 μm, h = 2 μm. q i = Q i /(U L 2 ).
where we have taken into account the fact that μ o U ∼ σ (see Fig. 3) and where we have used as a characteristic values: L ∼ 10 -3 m, L T /L ∼ 10 and σ ∼ 3 × 10 -2 N m -1 . Clearly, the excessively large pressure drop given in Eq. ( 9), which is hundreds of times larger than the values of the pressure difference P o -P a employed here, prevents reaching the high values of U required to generate the long liquid jets depicted in Fig. 4. To the best of our knowledge, none of the numerous contributions in the literature that make use of hydrodynamic forcing to produce double emulsions [3,4,14] report the controlled production of double emulsions with diameters below 10 μm, and the reason for this is due to the extremely high values of the forcing pressure difference P o -P a needed to produce a long jet. Hence, since the diameters of the compound droplets obtained using other techniques is fixed by geometrical dimensions, as Fig. 8 clearly illustrates [3,4], the alternative would be to build devices with geometrical dimensions of just a few microns width, the two main drawbacks of this being the hypothetical choice the large pressure drops needed to make the fluids flow through the tiny orifices and that the resulting devices would be very prone to clogging. Let us point out here that the main advantages of using glass capillary or PDMS devices for producing double emulsions [3,4,14] are that the polydispersity index of the resulting compound drops is smaller and more controllable than in CSW and that the resulting emulsion is much more concentrated.

Another important aspect of CSW is that the liquids flow through a long tube, not through an orifice, which further stabilizes the issued jet with respect to flow focusing. Indeed, the use of a long tube ensures that the resulting compound jet highly stretches in the downstream direction, even within the long extraction capillary, a fact that strongly stabilizes the jet because it inhibits the growth of capillary perturbations, lowering the value of Ca * [11]. In flow-focusing devices, however, a very short extraction orifice is used (see Ref. [23] and references therein for an in-depth discussion about the generation of emulsions using flow-focusing devices), a fact limiting the spatial extension of the region where the jet stretches downstream; consequently, the values of Ca * in these types of devices are larger than those found in CSW (see Fig. 15 in Ref. [11]). 

V. ANALYSIS OF EXPERIMENTS

This section is devoted to scaling the drop production frequency f , the outer diameter D d , and the shell thickness as a function of U , Q i , and Q m . The first step to express the shell production frequency, f , as a function of the control parameters is to predict the dimensionless radius of the inner jet, r ∞ = R ∞ /L, with R ∞ the corresponding dimensional value. Let us point out that the value of the dimensionless radius r ∞ corresponds to the one in a region located far downstream the entrance of the extraction tube, where the coaxial jet is cylindrical and breaks into droplets (see Fig. 4). The use of the continuity equation for the inner fluid yields [11] 

q i = Q i U L 2 = 2 -8r 2 ∞ π r 2 ∞ + 4 π r 4 ∞ λ i 2π r 2 ∞ + 4 π r 4 ∞ λ i ⇒ r ∞ = λ i 4 -1 + 1 + 4 q i π λ i 1/2 with λ i = μ i /μ o 1, (10) 
where it has been taken into account that Q i results from the addition of the flow rate corresponding to a plug flow of velocity 2U plus the flow rate corresponding to the parabolic Poiseuille flow. The Poiseuille flow is created by the pressure gradient that exists within the extraction tube. Once the dimensionless radius of the innermost jet, r ∞ , is expressed as a function of the control parameters through Eq. ( 10), we now turn to determine the value of the capillary wavelength, 0 , leading to the formation of a droplet of diameter D i . For that purpose, we make use of the idea that the innermost part of the coaxial jet breaks into drops due to the growth of a Rayleigh-Plateau capillary instability, and this process triggers the capillary break-up of the middle liquid, leading to the formation of micron-sized shells. The capillary wavelength is thus calculated as with k max the dimensionless wave number that maximizes the temporal growth rates of capillary perturbations i.e., Real(-iω), with ω(k) given by the dispersion relation

0 = 2π L k max r ∞ (11 
D(ω, k) = -iω 2 + k 2 4λ i + ik 2 u x∞ + f ∞ r 2 ∞ 4 - 2 λ i - k 2 8λ i Ca + i k 3 u x∞ 4λ i + f ∞ r 2 ∞ 4λ i + k 4 8λ i Ca = 0, (12) 
deduced in Ref. [11] using slender-body theory. In spite of its simplicity, Eq. ( 12) reproduces, in the limit λ i 1, the results obtained using the well-known but much more involved dispersion relation due to Tomotika [24]. In Eq. ( 12), k is a real number and denotes the dimensionless wave number, ω is the dimensionless complex frequency u x∞ = 2, f ∞ = -8, and r ∞ is the solution of the continuity, Eq. (10). Also, note that the capillary number in Eq. ( 12), defined in Eq. ( 3), expresses that the inner jet breaks as a consequence of the growth of capillary disturbances with an effective interfacial tension coefficient resulting from the addition of the inner and intermediate interfacial tension coefficients [25]. Therefore, using Eq. ( 12), k max is given by Max

[Real(-iω)] = Max 1 8λ i Ca k 2 -k 4 2 + k 2 /(4λ i ) = Max k 2 -k 4 8λ i + k 2 ⇒ k max = [-8λ i + 8λ i 1 + (8λ i ) -1 ] 1/2 ⇒ k max (8λ i ) 1/4 for λ i 1. (13) 
The drop production frequency is thus given by

f = 2U 0 = U k max π L r ∞ (8λ i ) 1/4 π U L r ∞ = K 1 U L r ∞ , (14) 
with K 1 0.09 for λ i = 7.7 × 10 -4 and where we have made use of Eqs. (11) and (13).

To test this relationship in our system, we plot the shell production frequency f as a function of U/(Lr ∞ ) at different production regimes; see Fig. 9(a). Here r ∞ is calculated from Eq. ( 10) with q i given by Eq. ( 6), and f is measured as the number of shells produced at a given time interval, n shell /N t, where N is the number of video frames in the considered time interval and 1/( t ) is the camera frame rate. We obtain a linear relationship with a proportionality constant equal to K 1 = 0.089 ± 0.003, the expected value from Eq. ( 14), validating our approach.

Once the drop formation frequency is known, and in order to predict the inner, D i , and outer, D d , diameters of the drops bounding the shell, continuity demands that

π D 3 i 6 f = Q i ⇒ K 1 π D 3 i 6 U L r ∞ = Q i ⇒ D i L = 6 r ∞ π K 1 1/3 q 1/3 i , π D 3 d 6 f = Q i + Q m ⇒ K 1 π D 3 d 6 U L r ∞ = Q i + Q m ⇒ D d L = 6 r ∞ π K 1 1/3 q 1/3 , ( 15 
)
with f given by Eq. ( 14) and q and q i defined, respectively, in Eqs. ( 4) and ( 6).

124201-11 The experimentally measured values of D i and D d are compared with the predictions given by Eq. ( 15) in Figs. 9(b) and 9(c), respectively. We find an excellent agreement between experiments and theory, which demonstrates that the CSW enables the production of double emulsions in a highly controlled way.

In the experiments described above, the inner and middle liquids were injected into the pressurized chamber using syringe pumps. In this way, we have been able to produce liquid crystal shells with D d 10 μm. To further decrease D d , the flow rates of both the inner and middle fluids need to be extremely small (below 0.02 ml/h). But if these tiny flow rates were imposed using syringe pumps, the perturbations introduced by the motors would destabilize the coaxial jet before the double emulsion is generated. To circumvent this issue, we can reduce the noise introduced into the system by imposing pressure differences to the inner and middle fluids instead. Indeed, tuning manually the values of P i -P o and P m -P o with the pressure regulators allows us to indirectly control the values of Q i and Q m ; see Fig. 1. Indeed, because of the long injection tubes used and the low flow rates imposed, there is a linear relationship of the type expressed by Eq. ( 1) between the imposed pressure differences and the corresponding flow rates, Q i and Q m . By controlling Q i and Q m through P i -P o and P m -P o , we get both appreciably larger production frequencies and clearly smaller shell diameters, as highlighted with a red box in Fig. 9. These new points also follow the scaling laws established in Eqs. ( 14) and (15).

VI. ANALYSIS OF THE TOPOLOGICAL DEFECTS OF THE NEMATIC SHELLS PRODUCED

One main goal of modern material science is to produce complex three-dimensional architectures from the self-assembly of predesigned colloidal building blocks. This would enable producing materials whose optical index is modulated at a mesoscale. By designing the proper building blocks, we might be able to generate macroscopic colloidal architectures with extraordinary optical properties, such as metamaterials or photonic crystals [26]. Classical colloids interact isotropically and usually lead to closed-packed crystalline structures [27,28]. More interesting symmetries can emerge if the building blocks are able to interact in an anisotropic way.

The defect structure in the shell strongly depends on the orientation of the liquid crystal molecules at the shell boundaries. In our experiments, the shells have been produced using fluorinated oil and glycerol as inner and outer phases of the double emulsion, respectively. Fluorinated oil induces normal (homeotropic) anchoring of the liquid crystal molecules at the interface, while glycerol imposes planar anchoring, thus leading to a global hybrid anchoring. These boundary conditions result in the molecular organization reported in Ref. [29] and shown in Fig. 10(a), where the director field is represented by dashed lines across the shell. The planar anchoring induces the formation of two point defects, pointed out by arrows in Fig. 10(a), on the outer sphere at one diameter distance. These defects have +1 winding number or topological charge, indicating the 2π rotation induced by the defect in the director n; see the inset in Fig. 10(a). The total topological charge on the outer sphere is +2, consistently with the topological constraints [30]. The homeotropic anchoring on the outer surface makes the director tilt upwardly from the inner sphere towards the outer one, where the presence of defects is not required. Figure 10(b) shows a top view of an experimental shell with hybrid boundary conditions under cross-polarizers. The crossing of the four black brushes indicates the presence of a +1 defect at the top of the outer droplet (the other one is placed at the bottom). This configuration seems to be present in the whole range of sizes studied; see Fig. 5 

(lower row).

Imposing planar boundary conditions on both interfaces of the shell results in the formation of a larger number of possible defect configurations [5][6][7], including the tetrahedral structure with four +1/2 defects, which is particularly interesting for applications. We demonstrate that the CSW technique is suitable to produce shells with planar boundary conditions by replacing the fluorinated oil by a solution of water with 1% wt of polyvinyl alcohol (PVA), which is well known to produce planar anchoring. This combination of fluids leads to more unstable jets than those produced when fluorinated oil is used and surfactants are avoided. To overcome this problem, we used a new coaxial 124201-13 needle (Ramé-Hart Instrument) with smaller dimensions (inner diameter 178 μm, outer diameter 406 μm). Reducing the size of the injection needle allowed us to stabilize the jet and reduce the diameters of the shells even further. With this new geometry and these new liquids, we were able to reach values of the radius of curvature close to 2 μm, as shown in Fig. 11. Yet we could not generate smaller shells as a consequence of the small asymmetries existing between the two concentric injection tubes, a purely geometrical issue which we could not circumvent in this study, but will be solved, we hope, using other fabrication techniques, like 3D printing.

The shells produced using PVA were very stable, even when collected in the simplest possible way, i.e., placing a glass slide right underneath the extraction tube. Because of their planar boundary conditions, the molecular organization inside these shells is expected to have an essentially twodimensional structure, as is suggested by the images shown in Figs. 10(c) and 10(d). It has been shown that the type of defect structure in shells with planar boundary conditions depends on the thickness of the shell [6]. The question that remains open is how the shell size influences the defect structure. We observe that in our smallest shells (which are also thinner), the defects observed seem to correspond to +1/2 disclination lines spanning the shell; see Fig. 11. Two of these lines are represented in Fig. 10(c) (see arrows for a side view and inset for a top view). However, the resolution of the optical methods typically employed to characterize the shells and the smallness of the droplets produced did not allow us to definitively conclude that the defects correspond to +1/2 disclination lines. A quantitative study about the effect of size and curvature on the shell defect structure is desirable, but a characterization with higher resolution techniques would be necessary, which is outside the scope of the present contribution. 

VII. CONCLUSIONS

We have made use of the Confined Selective Withdrawal (CSW) technique, based on the capillary breakup of highly stretched long coaxial capillary jets, to produce double emulsions with the smallest diameters reported so far to our knowledge and at frequencies exceeding 10 KHz. In CSW the diameters of the double emulsions are not set by the sizes of the injectors, in contrast with more standard microfluidic techniques based on axisymmetric glass capillary devices [3] or PDMS chips [4]. In this way, we avoid using tiny injection orifices or channels, which are prone to clogging and limit the size of the emulsions that can be fabricated. In addition, the relatively low values of the forcing pressures needed to make the three immiscible liquids flow through the device favor the production of double emulsions with outer diameters below 10 μm and with shell thicknesses that can be reduced down to 1 μm. We have shown that the slender-body theoretical predictions for the outer diameters of the shells, their thicknesses, and the generation frequencies are in fair agreement with the experimental observations. In particular, the method seems to be suitable for the controlled production of micron-sized nematic liquid crystals shells with potential applications in material science. In summary, this work provides a robust method to fabricate, in a controlled and continuous way, the smallest micron-sized shells reported to date.
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Composition and preparation of the culture medium and solutions 1. Phosphate buffer pour 400 ml 

Motility buffer, concentration 2X, for one color tracking pour 50 ml

Warning: motility buffer is not very stable and should be used less than 2 weeks after preparation. 3. Berg's motility buffer 2X for two colors experiments (with ABAD62 or ABAD63) for 50 ml Warning: Berg's motility buffer with serine is not very stable and should be used less than 2 weeks after preparation. o Appropriate antibiotic at 1000 X concentration (see sections "strains list" and "antibiotics solutions") o Sterile petri dishes. Reference 391-0469 at VWR. • Dilute 8,75 g of LB agar powder in 250 ml of Ultra-pure water in a glass bottle with blue cap.

• Put a piece of autoclave tape, your name, content of the bottle and the date.

• Autoclave at 120 °C during 20 min (open slightly the bottle before autoclave and close firmly after).

• Let the medium cool down for about 20-30 min on the bench. Agitate it every 10 minutes gently to homogenize temperature, do not make bubbles. • During that time, write the medium, the antibiotics and the date on the petri dishes (bottom, not on the lid).

• When it is at the good temperature (hot enough to be liquid but cold enough to handle the bottle without gloves), go under the laminar flow hood and add 250 µl of the appropriate antibiotic, mix gently. • Pour the medium in petri dishes and let solidify.

• Remove the lid of the plates to slightly dry the plates.

• Put back the lids. If you still have the plastic bag of the plates, put them back in, close with tape and store in the fridge. If the plastic bag is not available, seal the plates with parafilm and store in the fridge, cover facing down, up to 3 months.

7. Lysogeny Broth Lennox plates with antibiotics do it yourself recipe for 250 ml • Let the medium cool down for about 20-30 min on the bench. Agitate it every 10 minutes gently to homogenize temperature, do not make bubbles. • During that time, write the medium, the antibiotics and the date on the petri dishes.

• When it is at the good temperature (hot enough to be liquid but cold enough to handle the bottle without gloves), go under the laminar flow and add 250 µl of the appropriate antibiotic. • Pour the medium in petri dishes and let solidify.

• Remove the lid of the plates to slightly dry the plates • Put back the lids. If you still have the plastic bag of the plates, put them back in, close with tape and store in the fridge. If the plastic bag is not available, seal the plates with parafilm and store in the fridge.

Antibiotics solutions

Warnings : antibiotics are toxic, especially chloramphenicol, these solutions have to be prepared in the chemistry room, under the sorbonne (this is different from the laminar flow hood /!\ ), with coat and gloves. After dissolution, the antibiotics can be manipulated on the bench or under the laminar flow but with gloves and with a lot of care to avoid intoxication (clean immediately the bench if you spill some, change gloves immediately if you put some on your gloves). All things in contact with antibiotics should be thrown in the yellow bins.

a) Ampicillin solution 1000 X.

• 500 mg of ampicillin sodium salt. Reference A0166-5G Sigma.

• 50 µl of of lactate solution 60% (w/w). Reference L4263-100ml Sigma.

• 5 ml of Ultra-Pure water.

• Filter on 0,22 µm.

• Make aliquots of 100 µl in sterile 0,5 ml tubes and keep at -20°C up to 3 years.

• Use at a concentration of 100 µg / ml (dilute 1:1000).

b) Chloramphenicol solution 1000 X.

• 125 mg of chloramphenicol.

• 5 ml of ethanol 100%

• Filter on 0,22 µm.

• Make aliquots of 100 µl in sterile 0,5 ml tubes and keep at -20°C up to 3 years.

• Use at a concentration of 25 µg / ml (dilute 1:1000). c) Kanamycin solution 1000 X.

• 250 mg of Kanamycine sulfate in 5 ml of milliQ water. Reference 11815024 ThermoFisher.

• Filter on 0,22 µm.

• Make aliquots of 100 µl in sterile 0,5 ml tubes and keep at -20°C up to 3 years. • Use at a concentration of 50 µg / ml (dilute 1:1000).

Alexa 647 C2 maleimide solution

Warning 1: this chemical is toxic, this solution has to be prepared in the chemistry room, under the sorbonne (aspirating hood), with coat and gloves. Warning 2: this dye is very sensitive to light, always keep protected from light with aluminium foil.

• Ingredients :

o Alexa 647 C2 maleimide. Reference A20347 Fischer scientific. o Dimethylsulfoxide (DMSO). Use the DMSO from the Biocell lab (reference D4540-100ML at Sigma) • Add 200 µl of DMSO to the Alexa 647 C2 maleimide directly in the tube.

• Pipet thoroughly to dissolve the Alexa and unstick the powder from the tube walls.

• Make aliquots of 10 µl in sterile 0,5 or 0,2 ml tubes and keep at -20°C with aluminum foil up to 1 year. I. Starters (frozen stock solution of bacteria) preparation and validation for standard experiments 1. Ingredients and solutions

• Lysogeny Broth plates with the appropriate antibiotics (see "strains list" and "antibiotics solutions" sections).

• Culture medium: M9G (see section M9G medium) or Lysogeny broth (Reference L2542 Sigma). You have to decide which culture medium depending on the strain and your downstream experiments. • Antibiotics solutions • Sterile Glycerol 87% vol/vol • Cryotubes 1,8 ml Nunc. Reference 377267 Fischer scientific or reference 479-6843 VWR.

• Inoculating loops. Reference 612-9353 VWR.

• Mother strain culture stock (original culture of the strain). Do not prepare new starters from old starters, always come back to the mother strain.  Add 6,5 ml of 87% glycerol  Gently mix  Transfer 400 to 500 µl per cryotube and freeze in the -20°C freezer. Prepare 3 tubes with 1 ml (those will be used for the validation tests).  Keep some tubes at -20°C and transfer the remaining tubes in the -80°C at ESPCI (put the tubes on dry ice). Starters are stable 2-3 months at -20°C. After that time, trash the remaining tubes and go get some at the -80°C freezer.

Protocol

3. Verification of the purity of the new batch of starters.

• It is essential to check that the starters are not contaminated.

• With a loop, scratch the surface of a starter tube and perform streaks on an LB plate.

• Incubate the plate overnight at 30°C.

• You should have only one type of colonies.

• If there are two types or more of colonies, inoculate a new plate to be sure that the contamination did not come from the plate. • If there is more than one type of colonies again, it means that the starters are contaminated, in that case, throw away the new batch of starters and check the contamination of the solutions you used (culture medium and glycerol).

4. Determination of the inoculation volume for downstream experiments and fluorescence check.

• The bacteria concentration and fitness can vary from one batch to the other, it is thus necessary to determine the inoculation volume resulting in an OD of 0,5 in M9G or 1,6-1,8 in LB in 16 hours of incubation at 30°C and 240 rpm. • Prepare 6 tubes containing 5 ml of M9G/LB and 5 µl of the appropriate antibiotic.

• Inoculate 2 tubes with 20 µl of starter.

• Inoculate 2 tubes with 100 µl of starter.

• Inoculate 2 tubes with 300 µl of starter.

• Incubate the tubes 15h at 30°C. • Measure the OD and select the inoculation volume resulting in an OD of 0,5 in M9G or 1,6-1,8 in LB in 16 hours. • Select one tube with an OD of 0,5 in M9G or 1,6-1,8 in LB and dilute 1/1000 in motility buffer, observe at the microscope. • Tick auto adjust and set the exposition at 20 % on the colibri and find some bacteria. The optimal maximal fluorescence should be above 700.

II. Direct culture from starters in M9G and preparation in MB for tracking in one color.

Warning: be very careful to not break the flagella: pipet the bacteria with a 1000 µl tip or a cut 200 µl tip, never with a 10 µl tip. For small volumes use the blue loop (one dip = 10 µl) or the green loop (one dip = 1 µl). be very gentle with mixing.

1. Ingredients and solutions Warning: be very careful to not break the flagella: pipet the bacteria with a 1000 µl tip or a cut 200 µl tip, never with a 10 µl tip. For small volumes use the blue loop (one dip = 10 µl) or the green loop (one dip = 1 µl). be very gentle with mixing.

Warning 2: experiment possible only for strains with the Alexa tag on the flagella. Be careful, alexa is sensitive to light.

1. Ingredients and solutions 

Figure 1 . 1 :

 11 Figure 1.1: Side view of the proton flux driven flagellar motor composed of the basal body embedded in the cellular membrane, and a flagellum. In red the stator, composed by the proteins MotB and MotA. In blue the rotor, composed by rings of FliG, FliM and FliN proteins. OM is the outer membrane, PG the peptidoglycan cell wall and CM the cytoplasmic membrane. Adapted from [24].

Figure 1 . 2 :

 12 Figure 1.2: Model for the mechanism of rotational switching. In blue background : default state before the switch, in red background : during the switch. (a,e) top view of the stator and rotor rings, (b,f) side view of the motor with highlighted stator and rotor,(c,d,g,h) details of the interactions between the stator MotA and rotor FliG proteins. This interaction determines the rotor sense of rotation. Image from[25].

Figure 1 .

 1 Figure1.3: Torque as a function of the motor rotation speed (thick line), with two load lines (solid and dashed lines). S 1 , S 2 and S 0 are the speeds at which the motor will rotate under the associated load. The S 0 speed is called the zero-torque speed. Image from[28].

Figure 1 . 4 :

 14 Figure 1.4: Illustration of the 12 flagellar shapes predicted by Calladine, numbered from 0 to 11, the colors correspond to the two possible conformations for a given protofilament, in the bottom panel from[START_REF] Hasegawa | Quasi-and Nonequivalence in the Structure of Bacterial Flagellar Filament[END_REF]). Upper panel from[START_REF] Darnton | Force-Extension Measurements on Bacterial Flagella: Triggering Polymorphic Transformations[END_REF].

Figure 1 . 5 :

 15 Figure 1.5: Snapshots of a run and tumble motion of an E. coli bacterium in buffer solution and the corresponding illustrations.

nFigure 1 . 6 :

 16 Figure 1.6: Illustration of a nematic liquid crystal, with aligned mesogens, resulting in an average orientational order defined by the nematic director -→ n .

Chapter 1 .Figure 1 . 7 :

 117 Figure 1.7: Illustration of phase transitions for thermotropic liquid crystals. As the temperature increases, the long-range order transforms into disorder, going from a solid crystalline state to nematic and finally liquid isotropic.

Figure 1 . 10 :

 110 Figure 1.10: Examples of 2D defects in a nematic LC. The lines represent the orientational field. In blue, defects with positive strength m > 0 and in red with negative strength m < 0. (A,D) |m| = 1 2 , (B,E) |m| = 3 2 , (C,F) |m| = 2. Adapted from [62].

Figure 1 . 11 :

 111 Figure 1.11: Cross-polarized images of shells with different defect structures. (ac) Tetravalent shell with four +1/2 disclinations (d-f) Trivalent shell with a pair of +1 boojums (surface defects) and two +1/2 disclinations and (g-i) Bivalent shell with two pairs of +1 boojums. The shell thickness heterogeneity increases from left to right. Image from [68].

Figure 1 . 13 :

 113 Figure 1.13: (a) Schematic of a colloidal particle in an aligned nematic field, with homeotropic anchoring presenting two defects: a virtual radial hedgehog with +1 topological charge in orange and a -1 hyperbolic hedgehog in blue. These two topological defects form an elastic dipole. (b) Optical microscope picture of this dipolar structure, the dark spot on the right is the hyperbolic hedgehog. (c) Schematic of a colloidal particle with planar anchoring presenting three defects: a virtual circular +1 defect, in orange, and two -1/2 boojums at the sphere surface, in blue. (d) Optical microscope picture under crossed polarizers : the bright spots correspond to the nematic director of 45• . Upper part from[START_REF] Muševič | Nematic Liquid-Crystal Colloids[END_REF] and bottom adapted from[START_REF] Poulin | Inverted and multiple nematic emulsions[END_REF].

nFigure 1 . 14 :

 114 Figure 1.14: Illustration of the living liquid crystal system. Bacteria in green and LCLCs in blue. Not on scale.

Figure 1 . 15 :

 115 Figure 1.15: Time evolution of the director waves created by the rotating flagella of B. Subtilis [18], the scale bar is 10 µm .

Figure 1 .

 1 Figure 1.16: (A,C) Predesigned and surface printed director field, (B,D) the trajectories of bacteria, moving towards the +1/2 (B) and +1 (D) defects, and away from the -1/2 (B).

Figure 2 . 1 :

 21 Figure 2.1: Illustration of an E. coli bacterium, during a run phase with a bundle of normal shaped flagella, rotating CCW.

Figure 2 . 2 :

 22 Figure 2.2: Photograph of E. coli RP437 bacteria under fluorescent light, only the bodies are visible.

Figure 2 . 3 :

 23 Figure 2.3: E. coli ABAD62 growth curve in minimal culture medium M9G. The OD600 indicates the optical density of bacteria in the solution and by so the information on the growth stage : the bacteria are in the exponential phase until OD 0.6, then reach a division plateau.

Figure 2 . 4 :

 24 Figure 2.4: Superimposed images of the stained ABAD62 E. coli bacteria in water (A) in gray scale and (B) in two colors : the bodies are displayed in cyan and the flagella in red.

Figure 2 . 5 :

 25 Figure 2.5: Molecular structure of DSCG.

Figure 2 . 6 :

 26 Figure 2.6: Crossed-polarized images of the temperature-induced nematic to isotropic phase transition for 15.8 % DSCG dissolved in pure water (A) 34 • C (B) 36 • C (C) 38 • C. In black the isotropic phase and in white the nematic phase.

Figure 2 . 7 :

 27 Figure 2.7: Area fraction of DSCG (dispersed in MB) isotropic phase as a function of the temperature, for several concentrations.

2. 3 .

 3 Observation cell preparation only diamond-scratched glass slides and a long working distance x40 objective.

Figure 2 . 9 :

 29 Figure 2.9: Example of a raw observation image as it is displayed during the experiment. On the upper part only the flagella are visible, and the bodies on the bottom part.

Figure 2 . 10 :

 210 Figure 2.10: Experimental setup for 3D tracking, image by Darnige et al. [92]

Figure 2 . 11 :

 211 Figure 2.11: Photograph of the confocal microscope mounted on compressed air rails and inclined by 90 • .
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 2 Materials and methods 2.12. For O/W/O DE, the outer and square capillaries are made hydrophobic. The shells are formed by the combination of co-flow and flow focusing. The method and device fabrication process used in the Gulliver laboratory are fully detailed in Guillaume Durey's thesis manuscript[62].

Figure 2 . 12 :

 212 Figure 2.12: Microfluidic device used to produce double-emulsions.

Figure 2 . 13 :

 213 Figure 2.13: Picture of the produced SSY shells in the outer capillary.

Figure 3 . 1 :

 31 Figure 3.1: Snapshots of an E. coli bacterium performing a run and tumble motion in the reference frame of the laboratory (it is not tracked), in a viscous Ficoll solution

Figure 3 . 2 :

 32 Figure 3.2: Probability distribution function of E. coli velocity in a viscous Ficoll solution

Figure 3 . 3 :

 33 Figure 3.3: 3D track of an E. coli bacterium in viscous solution and the photographs corresponding to the different phases : in red the tumble and in blue the run phase. For scale, on the graph, the ellipsoid represents the bacterium's head, of 1.5 µm long and 0.6 µm wide. On the photographs, the flagella length are 10 µm .

  Figure 3.4 corresponds to the same track previously shown in Figure 3.3.

Figure 3 . 4 :

 34 Figure 3.4: For scale, on the graph, the ellipsoid represents the bacterium's head, of 1.5 µm long and 0.6 µm wide. The blue vertical line is 5 µm long.

Chapter 3 . 1 Table 3 . 1 :

 3131 Individual swimming of E. coli in planar cells of LCLCs 8.5 ± 2.1 → (N) 6 ± 0.6 → (C) 7.7 ± 0.4 5 ± 0.3 (N) 2 ± 2.1 → (N) 2 ± 0.6 → (C) 3.6 ± 0.4 4 8 ± 0.1 (C) 6.7 ± 1.1 8.3 ± 1.3 (N) 9 ± 1.Values of measured frequencies in Hz, for different bacteria tracked in 3D. Each line corresponds to a track.

Figure 3 . 5 :

 35 Figure 3.5: Spatio-temporal graph of a bundle rotating over an extended period, showing 2 distinct frequencies : 8 Hz and 1 Hz.

Figure 3 . 6 :

 36 Figure 3.6: Comparison of the measured velocity (in black) and the calculated velocity (in red) using the frequency of the flagellum. The x-axis is arbitrary.

Figure 3 . 7 :

 37 Figure 3.7: Polymorphic transformation from normal to curly of a free swimming E. coli bacterium in a viscous and Newtonian solution.

Figure 3 . 8 :

 38 Figure 3.8: (A) E. coli bacteria aligned with the liquid crystal nematic director, defined by the rubbing direction on the chamber's glass, represented by the white arrow. (B) The corresponding trajectories.

Figure 3 . 9 :

 39 Figure 3.9: Snapshots of a bacterium swimming in a liquid crystal. The nematic director is along the vertical direction, as well as the bacterium alignment. The head position over time is represented by the two lines of comparable slope. For the scale: a flagellum in 10 µm long.

Figure 3 . 10 :

 310 Figure 3.10: Scheme of (A) the normal configuration (B) the bipolar configuration, for bacteria swimming in a liquid crystal.

Figure 3 . 11 :

 311 Figure 3.11: Trajectory and velocity of a bacterium reversing its swimming direction. The images correspond to the different bacterial configurations: 1 normal, 2 bipolar, 3 normal. The reversals are marked on the trajectory by crosses, and a velocity scale bar is given. The y axis of the velocity graph is normalized by the vertical velocity sign defined as V y /|V y |.

Figure 3 . 12 :

 312 Figure 3.12: Probability distribution function of bacteria swimming velocity, for E. coli tracked in Ficoll (in blue) and in LCLCs (in red).

Figure 3 . 13 :

 313 Figure 3.13: Velocity according to y direction over time for a bacterium changing swimming direction several times. Each color corresponds to a different configuration.

Figure 3 . 14 :

 314 Figure 3.14: Snapshots of a bacterium changing swimming direction, with visible flagella relocation and a zoom on the local deformation (in green). The arrow indicates the deformation propagation direction. For the scale: the flagella are 10 µm long.

  .15 for Salmonella bacteria and previously in the State of the art chapter.

Figure 3 .

 3 Figure 3.15: (A) Illustration of the 12 polymorphic shapes of bacterial flagellar filaments, with highlighted normal and curly shapes (B) and the corresponding pitches and radii in the case of Salmonella bacteria. In dashed lines, the points corresponding for the normal and curly shapes. Adapted from [36].

Figure 3 . 16 :

 316 Figure 3.16: Photographs of the same bacterium, presenting different shapes of the same flagellum, and its illustrations. (A) curly II, in red (B) unidentified curly or straight shape, in red -normal, in blue (C) curly II, in red -normal, in blue (D) unidentified straight shape, in green.

Figure 3 . 17 :

 317 Figure 3.17: Snapshots of a bacterium failing at changing swimming direction. The relocated flagellum returns to the bundle.

Figure 3 . 18 :

 318 Figure 3.18: Illustration of the reorientation scenario for a bacterium swimming in a liquid crystal. (1)The bacterium is propelled by the bundle turning CCW in its reference frame (2) one flagellum changes its sense rotation to CW (and chirality) and migrates to the other side of the cell (3) as the relocated flagellum is on the other side of the body, in the reference frame of the bundle, it turns CCW (4) the bacterium changed it swimming direction, it is propelled by the relocated flagellum. In the reference frame of the relocated flagellum it turns CW, like the bundle. The side view is given for the steps (1) and (2).

Figure 3 . 19 :

 319 Figure 3.19: Flagella filaments obtained with a detection code and the corresponding photographs.

Figure 4 . 1 :

 41 Figure 4.1: Schematic of forces at play in pairwise interaction between two bacteria swimming in an aligned nematic field. Dark lines illustrate the nematic director, in red the surface defects, in yellow the disturbance flow. The green arrows indicate the swimming velocity direction of the bacteria, the red arrows indicate the LC elastic attraction. Flagella are deliberately omitted from this representation.
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 4 2 shows an example of cluster pattern for DLCA and RLCA and a graph of the cluster size as a function of time for the two different kinds of regimes. The clusters produced in the different regimes are characterized by different radius of gyration, fractal dimension and cluster-mass distributions.

Figure 4 . 2 :

 42 Figure 4.2: (A) Characteristic cluster size R as a function of time for gold nanoparticles presenting different aggregation dynamics, controlled by the amount of pyridine: (i) RLCA (ii) crossover, an intermediate regime starting like RLCA and finishing like DLCA (iii) DLCA and (B) corresponding transmission electron micrographs of clusters of gold particles [110], in the case of DLCA and RLCA.

Figure 4 . 3 :

 43 Figure 4.3: (A) Average chain length as a function of time: experimental results as square points and Smoluchowski theory as plain line (B) Cluster size distributions at different times after the application of the electric field : k corresponds to the number of monomers, characterizing the size of the cluster. 1 to 5 correspond to 1.6s, 10s, 100s, 330s and 1000s. (C) Photograph of chains formed by polystyrene particles 210 s after turning the electric field. For the scale, one particle of 1.27 µm size [115] (D) Photograph of two chains of paramagnetic particles of a ferrofluid interacting along the side under a magnetic field. The bottom chain is hold stationary with a laser tweezers and the upper one is released at a distance of 10-12 particles diameters [116].

Figure 4 . 4 :

 44 Figure 4.4: (A) Self-assembly of patchy ellipsoids at an oil/air interface, mediated by capillary forces, forming smectic like 2D structure. Patterns depend on the location and number of patchy sites on the colloids [120]. (B) TEM micrograph of mature amyloid fibrils[START_REF] Streets | Simultaneous Measurement of Amyloid Fibril Formation by Dynamic Light Scattering and Fluorescence Reveals Complex Aggregation Kinetics[END_REF]. (C) Self-propelled mag-netic swimmer energized by a vertical magnetic field[START_REF] Snezhko | Self-Assembled Magnetic Surface Swimmers[END_REF]. (D) Images of colloidal ellipsoids forming chains with different angles with respect to the horizontal plane, depending on the electric field strength[START_REF] Singh | Oneand two-dimensional assembly of colloidal ellipsoids in ac electric fields[END_REF].

Figure 4 . 5 :

 45 Figure 4.5: (A) Measured time evolution of the average cluster size λ for chrysotile fibers, silica rods and silica spheres [122] (B) Simulated evolution of the average cluster size for various aspect ratios of ellipsoids and their contact angles of ellipsoids at fluid-fluid interface. N is the number of clusters and N M C is the number of Monte Carlo iterations [123].
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 4647 Figure 4.6: (A) Schematic of the nematic director field around interacting particles with homeotropic anchoring and (B) the optical microscope picture of chain formed by particles with homeotropic anchoring. (C) Schematic of the nematic director field around two interacting particles, with planar anchoring and (D) the optical microscope picture of chain formed by particles with planar anchoring. The director in along the horizontal axis [73].

Figure 4 . 8 :

 48 Figure 4.8: Nematic director configurations in the bulk (black) and surface (magenta) around a colloidal ellipsoid with planar anchoring. (A) The stable solution with no angle with the far field director and (B) the metastable solution with a π/2 angle with the far field director. The blue spots at the tips of the particle are the boojums [128].

Figure 4 . 9 :

 49 Figure 4.9: (A) Bright field image of a non-motile P. Mirabilis bacterium and (B) cross polarized image showing the nematic director around the bacterium. The four bright spots indicate the presence of two boojums. The scale bar is 10 µm (C) Bright field image of a bacterial chain and (D) the corresponding cross-polarized image, with also the four bright spots, but only at the chain extremities, and very little distortions in between the bacteria, where the boojums are located in the case of an isolated bacterium. The scale bar is 5 µm , [11].
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 2 Experimental results on the aggregation of motile and non motile E. coli bacteria in liquid crystals.straight but present small kinks between successive bacteria.

Figure 4 . 10 :

 410 Figure 4.10: Example of a field of view of bacteria at low concentration in a liquid crystal in a cell of 20 µm height confined between two rubbed glass slides. The director field is well defined, mostly along the horizontal direction.

Figure 4 . 11 :

 411 Figure 4.11: Photograph of a bacterial chain of nine individuals swimming in LCLCs, aligned along the rubbing direction as indicated by the black line referring to the nematic director.

Figure 4 . 12 :

 412 Figure 4.12: Examples of chain formation. (A) Two bacteria connecting head to head. (B) A bacterium joining a chain, head to tail (C) A bacterium joining a not very motile cluster. The blue arrows indicate the swimming direction of the object and the circles track the object and indicate the reader where to look. A bacterium body is in average 2.5 µm .

Figure 4 . 13 :

 413 Figure 4.13: Examples of chain splitting. (A) A chain of three bacteria splitting and swimming in the same direction. (B) A chain sliding on a cluster and separating with the rear bacterium that swims in the opposite direction. This bacterium also slides on the cluster and escapes. (C) Two chains sliding on one each other. The blue arrows indicate the swimming direction of the object and the circles track the object and indicate the reader where to look. A bacterium body is in average 2.5 µm long.

Figure 4 .

 4 15 and 4.16 a close up is shown of a part of the image where we can see bacterial chains and individual bacteria being detected by the code. The circles indicate the length and width of the object, from which the ratio is derived: in red the detected bacterial chains, in blue the individual bacteria.

Figure 4 .

 4 Figure 4.14: (A) Original image of the experiment and (B) the binarized image with removed background.

Figure 4 . 15 :

 415 Figure 4.15: Original image Figure 4.16: Chains (red) and individuals (blue)

Figure 4 . 17 :

 417 Figure 4.17: Time evolution of the average cluster size (in bacteria unit, upper panel), and the detected number of bacteria (bottom panels), for passive and active bacteria, for two representative concentrations in bacteria per mm 2 .

Figure 4 . 18 :

 418 Figure 4.18: Average cluster size in bacteria unit, as a function of the bacterial concentration in the sample, for passive and active bacteria.

Figure 4 . 19 :

 419 Figure 4.19: Average chain length (in bacteria unit), as a function of the bacterial concentration for passive and active bacteria, and for isolated chains (solo) as well as chains extracted from clusters (cluster).
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 2 Experimental results on the aggregation of motile and non motile E. coli bacteria in liquid crystals.
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 4420 Figure 4.20: Probability distribution function of the chain length (in bacteria unit), for two concentrations of passive (upper panel) an active bacteria (bottom panel), and the exponential function fits with the coefficients.

Figure 4 . 21 :

 421 Figure 4.21: Photograph of a bacterial chain in LCLCs, with visible flagella forming a super bundle at the rear of the chain.

Figure 4 . 22 :

 422 Figure 4.22: Photograph of a bacterial chain of three individuals in LCLCs, with visible flagella performing a reversal with flagellum relocation. The white line is draw to visualize more easily the chain displacement.

  Figure 4.24 showing a chain of five individuals in what seems a dipolar configuration, with flagella disorganized, not forming a super bundle.

Figure 4 . 23 :

 423 Figure 4.23: Probability distribution function of the swimming velocity, for individual bacteria and bacterial chains.

Figure 4 . 24 :

 424 Figure 4.24: Photograph of a bacterial chain of five individuals in LCLCs, with disorganized flagella.
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 51 Figure 5.1: (a) Top view and (b) side view of a bacterial shell, under fluorescent light. The side view has been obtained by titling the microscope to make its optical axis perpendicular to gravity.

Figure 5 . 2 :

 52 Figure 5.2: (a) Illustration of the bacterial shell and observation field of view, (b) the corresponding field of view from a movie (c) the instantaneous velocity field from PIV measurement in the red circle. The observation was done using an inverted Nikon microscope. Image from Gabriel Peroni-Ramos thesis, from the University of Chile [139].

Figure 5 . 3 :

 53 Figure 5.3: (a) Scheme of a bacterial shell with the defined coordinates. The bacterial droplet has the density ρ A and radius r o . The inner oil droplet has a density ρ A < ρ B and radius r i , (b) snapshots of a shell, in XY plane (top, D o uter = 54 mum, D i nner = 27 mum) and XZ (bottom, D o uter = 23 mum, D i nner = 5.8 mum). Time separation is of 5 s. (c-d) Trajectories of the inner droplet. Figure by Cristian Villalobos Concha from the University of Chile.

Figure 5 . 4 :

 54 Figure 5.4: Optical microscopy images of different types of liquid crystal droplets [156]. (a) Bright-field and (b) polarized light micrographs of 5CB droplet in poly(vinyl alcohol) (PVA) solution. The red arrows indicate boojums at the aqueous-LC interface of the droplet. (c) Schematic illustration of the bipolar configuration of the LC droplet corresponding to (a) and (b). (d) Bright-field and (e) cross-polarized images of twisted nematic SSY droplet. (f) Jones matrixsimulated twisted bipolar configuration. (g) Bright-field and (h) cross-polarized images of columnar SSY droplet. The black arrow indicates the core line defect. (i) Jones matrix-simulated concentric configuration with a central disclination defect. Figures (f) and (i) adapted from [157].

Figure 5 .

 5 Figure 5.4 (d)-(f)shows the details of the twisted bipolar configuration, using bright field, cross-polarization and Jones-matrix simulations. This configuration shows two +1 surface defects or boojums placed at opposite poles of the sphere, as in typical nematic droplets of thermotropic liquid crystals with planar anchoring, see Figure5.4 (a)-(c)[156]. However, in the SSY droplet, the

Figure 5 . 5 :

 55 Figure 5.5: Snapshots of a DSCG droplet in oil over few minutes, in bright field (upper panel) and under cross-polarizers (bottom panel), the droplets phase changes from isotropic to nematic (A-G).

Figure 5 . 6 :

 56 Figure 5.6: Time evolution of a DSCG droplet containing E. coli bacteria. Observation under the analyzer with added lambda plate λ = 550 nm inducing retardation in the NW-SE direction, used here in order to enhance the director color variations.

Figure 5 . 7 :

 57 Figure 5.7: Droplet of DSCG containing E. coli bacteria under fluorescent light. The droplet is scanned in the z direction. The first image is at the droplet equator and the last one at the pole.

Figure 5 . 8 :

 58 Figure 5.8: (A) Photograph of the shell recovery on raw glass slides (B) and on glass prepared with hydrophobic treatment.

Figure 5 . 9 :

 59 Figure 5.9: A SSY shell on a treated glass (A) before and (B) after bursting.

Figure 5 .

 5 10(b). These promising results open the door for future research, regarding the organization of LCLC in a shell geometry and eventually studying the spatio-temporal patterns induced by living liquid crystals.

Figure 5 . 10 :

 510 Figure 5.10: A stable shell of LCLC (DSCG), with a polystyrene bead at its core (A) in bright field and (B) under cross-polarizers.

2 FIG. 1 .

 21 FIG. 1. Sketch of the experimental setup for the production of nematic liquid crystal shells. The coaxial injector is composed of an inner capillary tube with an inner diameter of d i = 0.4 mm and length of 12.5 cm. The middle fluid flows through a second tube, coaxial with the innermost one, of diameter d o = 1.1 mm and length 5 cm. The square glass capillary tube possesses a length L T 4 × 10 -2 m and a width L = 10 -3 m.A square section extraction tube is employed to avoid optical distortions. The coaxial alignment between the injection and extraction tubes is ensured by checking the front and side views of the setup provided by two cameras placed perpendicular to each other. The pressure chamber is designed to resist pressure differences P 0 -P a in the range of 0-5 bars (0-500 KPa). The sketch shows one of the two possible setups explored, in which fluids are injected by imposing manually different gas pressures over the three immiscible liquids stored in different reservoirs.

  FIG. 3. The regime of periodic generation of micron-sized compound drops with diameters much smaller than the diameter of the injection tube is characterized by the conditions Re o O(1), Ca > Ca * , and q 1; see Eqs. (2)-(4).

  FIG. 4. The diameters of the produced shells, D d , decrease upon increasing the velocity of the fluids at the extraction tube, U . U is controlled through the pressure difference P o -P a , which depends linearly on U ; see Fig. 2. The inner and middle flow rates, Q i and Q m , are controlled using syringe pumps. (a)-(c) Q i = 1 ml/h, Q m = 0.5 ml/h, λ i = μ i /μ o = 7.7 × 10 -4 . (a) U = 0.035 m/s, q = (Q i + Q m )/(U L 2 ) = 0.012, Re o = 0.044, Ca = 1.35. (b) U = 0.08 m/s, q = 0.005, Re o = 0.1, Ca = 3.07. (c) U = 0.15 m/s, q = 0.002, Re o = 0.19, Ca = 5.78. (d) Q i = 0.05 ml/h, Q m = 0.025 ml/h, λ i = 7.7 × 10 -4 , U = 0.29 m/s, q = 2.8 × 10 -4 , Re o = 0.36, Ca = 11.15.

FIG. 6 .

 6 FIG. 6. The diameters of the produced shells, D d , decrease when reducing either Q i or Q m while keeping the rest of the parameters constant. (a)-(c) The effect of varying Q i for fixed values of U = 0.08 m s -1 and Q m 0.25 ml/h (Ca = 3.07, Re o = 0.1): (a) Q i = 1 ml/h, (b) Q i = 0.1 ml/h and (c) Q i = 0.01 ml/h. (d)-(f) The effect of varying Q m for fixed values of U = 0.08 m s -1 and Q i 0.1 ml/h (Ca = 3.07, Re o = 0.1): (d) Q m = 0.9 ml/h, (e) Q m = 0.5 ml/h and (f) Q m = 0.4 ml/h. The scale bar indicates 200 μm.

124201- 9 FIG. 8 .

 98 FIG. 8. (a) Left: schematic of a glass capillary device that combines coflow and flow focusing. Right: schematic of a nematic liquid crystal shell, with an inner droplet of Diameter D i that is contained inside a bigger liquid crystalline droplet of Diameter D o . (b) Production of liquid crystal shells in a glass capillary device. (c) Optical micrograph showing liquid crystal shells, with diameters of the order of the diameter of the constriction through which the three liquids flow.

  DOUBLE EMULSIONS AND NEMATIC …

FIG. 9 .

 9 FIG. 9. (a) The experimentally measured frequencies depend linearly on U/(L r ∞ ), as predicted by Eq. (14). (b)-(c) The experimentally measured inner and outer diameters of the double emulsion, D i and D d , respectively, are compared with the predictions given by Eq. (15), finding an excellent agreement between observations and theory. The red box indicates those experiments for which the inner and intermediate flow rates have not been set using syringe pumps, but varying the pressure differences P i -P o and P m -P o , which depend linearly on Q i and Q m , respectively.

FIG. 10 .

 10 FIG. 10. Schematic representation of a shell with (a) hybrid boundary conditions and (c) planar boundary conditions. The dashed lines represent the director field across the shell. The arrows point out the presence of topological defects. In panel (a) the topological defects are +1 surface defects or boojums, inducing a 2π rotation of the director, as represented in the inset, which shows a top view of the defect. In panel (c) the defects are +1/2 disclination lines, inducing a π rotation of the director. Note that the other two +1/2 disclination lines needed to fulfill the topological constrains in panel (c) are in a different plane and, thus, not represented. Panels (b) and (d) are cross-polarized images showing the top view of two shells with hybrid and planar boundary conditions respectively. Fluorinated oil is the inner fluid in panel (b), whereas water with 1% wt of polyvinyl alcohol (PVA) is the inner fluid in panel (d).

  FIG. 11. Top view of shells with planar boundary conditions and diameters below 10 μm: (a) bright field and (b) cross-polarization. The two black brushes (indicated by yellow arrows) emerging from the defects in cross-polarization seem to indicate a +1/2 topological charge. The small size of the shells produced and the visualization technique employed prevent us from asserting, with absolutely no doubt, that the defects correspond to +1/2 disclination lines.
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  Ingredients: o EDTA 100 mM: 1,46 g in 50 ml of Ultra-Pure water o L-methionine 100 mM: 746 mg in 50 ml of Ultra-Pure water o L-methionine 1 mM: 500 µl of L-methionine 100 mM in 49,5 ml of Ultra-Pure water o Sodium lactate 1 M: 4,22 ml of lactate solution 60% (w/w) in 45,8 ml of Ultra-Pure water. Reference L4263-100ml Sigma. o L-serine. Reference S4500-100G Sigma. o Phosphate buffer 10X • Mix the following volumes of solution: o 100 µl EDTA solution (final 0,1 mM) o 100 µl methionine solution (final 0,1 mM) o 1 ml lactate 1M solution (final 10 mM) o 10 ml of phosphate buffer 100 mM (final 10 mM) o 2,5 g of serine (you may have to adapt the quantity of serine or remove serine completely to adapt to your specific experiment. Be careful that it may modify the viscosity and elasticity of the fluid) o 38,8 ml of Ultra-Pure water • Check that the pH is ≈ 7.0. • Filter on 0,22 µm and keep at 4°C. Before use, dilute 1:1 in Ultra-Pure water to obtain motility buffer 1X.

•

  Ingredients: o K2HPO4 1M: 8,7 g in 50 ml of Ultra-Pure water. Reference P-3786-100G Sigma. o KH2PO4 1M: 6,8 g in[START_REF] Kühn | Bacteria exploit a polymorphic instability of the flagellar filament to escape from traps[END_REF] ml of Ultra-Pure water. Reference P-5655-100G Sigma. o EDTA 100 mM: 1,46 g in 50 ml of Ultra-Pure water. o NaCl • Mix the following quantities/volumes of solution: o 10 ml of phosphate buffer 100 mM (final 10 mM) o 390 mg NaCl o 100 µl EDTA solution (final 0,1 mM) o 39,8 ml of Ultra-Pure water o Optional: 2,5 g of serine (you may have to adapt the quantity of serine or remove serine completely to adapt to your specific experiment. Be careful that it may modify the viscosity and elasticity of the fluid) • Check that the pH is ≈ 7.0. • Filter on 0,22 µm and keep at 4°C. • Before use, dilute 1:1 in Ultra-Pure water or other fluid for the experiment (Percoll or mucus or something else) to obtain motility buffer 1X. 4. M9G medium pour 500 ml • Ingredients: o Sterile M9 salts solution 5X.  M9 minimal salt solution 5X from Sigma M9956-100 ml or • 5,64 g of M9 salt in 100 ml of Ultra-Pure water then autoclave 120°C 20 min (open slightly the bottle before autoclave and close firmly after).  . Reference 3037-012 MP. o D(+) Glucose. Reference G8270-100G Sigma. o Casamino acids. Reference 3060-12 MP. o CaCl2 1M solution. Reference 21114-1L Fluka. o MgSO4 1M solution. Reference M3409-100ml Sigma. • Mix the following quantities: o 100 ml of M9 salts 5X solution. o 2 g of glucose o 0,5 g of casamino acids o 50 µl of CaCl2 solution o 1 ml of MgSO4 solution.o 399 ml of Ultra-Pure water. • Check that the pH is ≈ 7.0 with PH paper (don't put Pierre-Henri in the medium /!\ ).• Filter on 0,22 µm and keep at 4°C up to 3 months.5. Glycerol 87 % (vol/vol) pour 60 ml • Ingredients : o Glycérol 99%. Reference 158920010 Acros/VWR. o Ultra-Pure water. Reference 069801 Dutscher. • In a 100 ml glass bottle with blue cap, add 7,8 ml of water and 52,2 ml of glycerol. • Mix thoroughly: add a magnetic agitator and agitate at medium speed during 5 min. • Put a piece of autoclave tape, your name, content of the bottle and the date. • Autoclave at 120 °C during 20 min (open slightly the bottle before autoclave and close firmly after). • Keep at room temperature up to one year.

3 6 .

 6 Lysogeny Broth Lennox plates with antibiotics easy recipe for 250 ml • Ingredients: o LB agar lennox. Reference L2897-250G Sigma. o Ultra-Pure water. Reference 069801 Dutscher.

• Day 1 o 2 o

 12 Transfer 5 ml of M9G or LB and 5 µl of the appropriate antibiotic in a 15 ml falcon. o Go to the ESPCI -80°C freezer. Clean the bench and turn on the bunzen burner (butane gas). o Take the mother tube from the freezer. o Quickly go to the laminar flow, open the mother tube, scratch the surface of the culture with the loop. o Dip the loop in the M9G/LB culture tube. o Quickly put back the mother tube in the freezer. The culture should never melt. o Go back to PMMH. o Incubate the 15 ml falcon at 30°C during 1 to 5 hours to re-activate the culture. o Inoculate a LB plate with 100 µl of culture and do streaks with a loop. Incubate the plate overnight at 30°C. • Day Only one type of colonies should be visible on the plate. Otherwise, you are in trouble, the mother tube may be contaminated. o Transfer 30 ml of M9G or LB and 30 µl of the appropriate antibiotic into a 50 ml falcon. o Very early in the morning or at the end of the afternoon, inoculate the 50 ml falcon from a colony using a loop. o Incubate at 30 °C during the day or overnight. o Prepare the cryotubes: print stickers with the following information and stick those on the tubes  Strain number  Date  Name  Culture medium o Measure the optical density of the culture. If it is at ≈ 0,5 in M9G or 1,8-2,2 in LB, you can prepare the starters:

o 1 o

 1 Transfer 5 ml of M9G medium in a 15 or 50 ml falcon tube. o Add 5 µl of the appropriate antibiotic. o Thaw a starter tube and transfer the appropriate volume in the falcon. This volume should be determined for each starter batch. o Incubate the falcon tube slightly open and inclined at 30°C with 240 rpm agitation during 16 hours (ex: inoculation at 6 pm, start of the experiment at 10 am).• Day Set up the tracking system with the appropriate filters depending on the strain used (see table1for the fluorescent protein encoded by the plasmid).o Prepare the motility buffer by diluting the stock solution (MB 2X) 1:1 in Ultra-Pure water or the other fluid appropriate to your experiment (Percoll, mucus, etc.). o Gently homogenize the bacterial culture by pipetting with a 1000 µl pipette and transfer 1 ml in a spectrophotometer cuvette. o Read the optical density at 600 nm (before that do the blank with M9G or water). o If the OD is ≈ 0.5, proceed to the rest of the preparation, otherwise put back the rest of the culture in the incubator. OD 0,5 corresponds to late exponential phase. Maybe replace by XX % of maximal OD to accommodate all strains ? o Centrifuge the bacterial culture at 2370 g (5000 rpm with the universal 320 centrifuge and the 1494 rotor) during 5 min at room temperature. o Remove the supernatant and gently resuspend the pellet with 1 ml of motility buffer. o Centrifuge again at 2370 g during 5 min.o Remove the supernatant and resuspend the pellet with 3 ml of MB. o Measure the OD at 600 nm. o Dilute appropriately in MB to obtain an OD of 0,1. o Prepare the fluid you plan to study (thaw it, dilute it….). In the case of purified mucin, pipette the solution at least 20 times with a 200 µl pipette (yellow tips) to homogenize the solution. o Dilute the bacteria 1:20 in the viscous fluid (this dilution factor is usually OK for most tracking experiments; you may have to dilute more or less depending on your experiment). For example, transfer 10 µl of bacterial solution in 190 µl of viscous fluid using a blue loop. Gently mix. Take a drop and put on a microscope slide to check the concentration of bacteria. o Put a 15 x 16 x 0,3 mm adhesive sealed frame on the microscope slide. o Transfer 65 µl of bacterial suspension in the viscous fluid in the middle of the frame, put the cover slip above and go to the microscope look at your beautiful bacteria. o During the experiment, keep the remaining solution of bacteria in motility buffer at 4°C. This solution can be used within 24h.

•

  Day 0 around 6 pm. o Transfer 5 ml of LB medium in a 15 or 50 ml falcon tube. o Add 5 µl of the appropriate antibiotic. o Thaw a starter tube and transfer the appropriate volume in the falcon. This volume should be determined for each starter batch (see "Starters (frozen stock solution of bacteria) preparation and validation for standard experiments" section). o Incubate the falcon tube slightly open and inclined at 30°C with 240 rpm agitation for 16 hours (ex: inoculation at 6 pm, start of the experiment at 10 am). • Day 1 o 30 min before the following steps, prepare a 50 ml falcon containing 10 ml of TB and 10 µl of the appropriate antibiotic. Incubate the tube at 30°C. This warms up the medium and avoids the lagphase. o Measure the OD of the LB culture (should be 1,6-1,8). o Calculate the volume necessary to start a culture in TB with a theorical OD of 0,02. For example, if the preculture has an OD of 1,9, inoculate 105 µl in the 10 ml TB tube. o Incubate the tube at 30°C during 5 hours. o Prepare the Berg's motility buffer by diluting the stock solution (BMB 2X) 1:1 in Ultra-Pure water. o Sample 1 ml and measure the OD. Il the OD ≈ 0,5 (may be adapted to the strain and expressed as a % of maximal OD) proceed to the staining, otherwise put back the culture at 30°C for 30 min-1h. o Centrifuge the bacterial culture at 2370 g (5000 rpm with the universal 320 centrifuge and the 1494 rotor) during 5 min at room temperature. o Remove the supernatant and gently resuspend the pellet with 1 ml of BMB. o Centrifuge again at 2370 g during 5 min. o Remove the supernatant and resuspend the pellet with 1 ml of BMB. o Transfer in a sterile 2 ml Eppendorf tube. o Add 10 µl of Alexa solution. o Wrap the Eppendorf tube with aluminum foil and put it on the rotating platform. o Incubate 3 hours. o Centrifuge the bacterial culture at 2370 g (5000 rpm with the universal 320 centrifuge and the 1494 rotor) during 5 min at room temperature. o Remove the supernatant and gently resuspend the pellet with 1 ml of BMB. o Centrifuge again at 2370 g during 5 min. o Remove the supernatant and resuspend the pellet with 1 ml of BMB. o Dilute 1/10 in BMB: 100µl of bacteria solution + 900 µl of BMB. o Prepare the fluid you plan to study (thaw it, dilute it….). In the case of purified mucin, pipette the solution at least 20 times with a 200 µl pipette (yellow tips) to homogenize the solution. o Dilute the bacteria 1:100 in the viscous fluid. For example, transfer 10 µl of bacterial solution in 190 µl of viscous fluid using a blue loop. Gently mix. Take a drop and put on a microscope slide to check the concentration of bacteria. o Put a 15 x 15 x 0,3 mm adhesive sealed frame on the microscope slide. o Transfer 65 µl of bacterial suspension in the viscous fluid in the middle of the frame, put the cover slip above and go to the microscope look at your beautiful bacteria. o During the experiment, keep the remaining solution of bacteria in motility buffer at 4°C. This solution can be used within 24h. Illustration by Daniel Bernard, as a part of the Courbes et Prallèles exhibition, at Espace des Sciences Pierre-Gilles de Gennes, September 2019. Inspired by droplets of SSY liquid crystals moving through phase transition.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 . 1 :

 21 Values of flow rates for the different fluids in the microfluidic device, for double emulsion production. The two columns give a different droplets aspect ratio.

	2.6. Image treatment and analysis	
		Flows µL/h Flows µL/h
	Inner	800	2000
	Middle	800	800
	Outer	5000	5000

Table 3 . 2 :

 32 Forces and torques exerted by the flagella bundle calculated from the velocity and bundle frequency measured previously during run phases. The error for the velocity is the standard deviation during the measurement time; for the frequency, the error is estimated by the inverse of the same measurement duration. The error for torque and force are the quadratic propagation of errors from velocity and frequency. Errors on frequency and thus on torque and force are probably a bit underestimated.

  2,* 1 UMR 7083 Gulliver, CNRS, ESPCI Paris, PSL Research University, 10 Rue Vauquelin, 75005 Paris, France 2 Área de Mecánica de Fluidos, Departamento de Ingenería Aeroespacial y Mecánica de Fluidos, Universidad de Sevilla, Avenida de los Descubrimientos s/n 41092, Seville, Spain (Received 14 March 2018; published 4 December 2019)

TABLE I .

 I Values of the material properties of the liquids used in the experiments as given by their manufacturers.

		MICRON-SIZED DOUBLE EMULSIONS AND NEMATIC …	
	Fluid	Composition	ρ (kg m -3 )	μ (cP)
	Inner	Fluorinated oil	1614	0.77
	Middle	Liquid crystals (5CB)	1008	30
	Outer	Glycerol	1270	1000
		124201-4		

•

  Ingredients: o Ultra-Pure water. Reference 069801 Dutscher. o K2HPO4 1M: 8,7 g in 50 ml of Ultra-Pure water. Reference P-3786-100G Sigma. o KH2PO4 1M: 6,8 g in 50 ml of Ultra-Pure water. Reference P-5655-100G Sigma. • Preparation: mix the following volumes of solutions for PBS buffer 100 mM : o 24,6 ml of K2HPO4 solution o 15,4 ml of KH2PO4 solution o 360 ml of Ultra-Pure water • Check that the pH is ≈ 7.0. • Keep at 4°C up to 1 year.

  Tryptone. Reference S9883 sigma. o Yeast extract. Reference 2363.1 Carl Roth. o NaCl. Reference S9888 Sigma. o Agar o Ultra-Pure water. Reference 069801 Dutscher. o Sterile petri dishes. Reference 391-0469 at VWR. • in a glass bottle with blue cap, mix: o 250 ml of ultra pure water o 3,75 g of agar o 2,5g of tryptone o 1,25g of yeast extract o 1,25g of NaCl • Put a piece of autoclave tape, your name, content of the bottle and the date. • Autoclave at 120 °C during 20 min.

• Ingredients: o

  Gene frame Microarray slides, 65 µl (15 x 16 mm). Reference 732-4825 VWR.

	• Motility buffer MB
	• M9G (minimal medium with glucose)
	• Starters
	• Appropriate antibiotics
	• Microscope glass slides
	• Microscope glass covers
	•

  3. Associated publicationsSwharz-Linek et al. Escherichia coli as a model active colloid: a practical introduction. Colloids and Surfaces B: Biointerfaces https://doi.org/10.1016/j.colsurfb.2015.07.048 III. LB preculture from starters, TB culture and staining for 2 colours experiments

•

  Tryptone broth (TB) • Berg's motility buffer (BMB) preferably with serine (decide depending on your experiment) • Lysogeny Broth Lennox (LB) • Alexa solution • Starters • Appropriate antibiotics • Microscope glass slides • Microscope glass covers. • Gene frame Microarray slides, 65 µl (15 x 16 mm). Reference 732-4825 VWR.
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