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I use, purify or engineer nanometer to micron particles which serve as building blocks to create innovative soft materials. The particles specific properties cascade to macroscopic scales and are the cornerstone for designing new materials. I then put efforts in understanding the soft material response to external solicitations. To do so, I use devices such as rheometer, optical tweezers or high power ultrasound. I also take advantage of built-in sensitivity of the particles to pH or temperature to continuously morph the dispersion's properties. This bottom up approach combined with external solicitation of the self assembled soft materials allows me to tackles fundamental issues in self-assembly, gels and active matter and mimics many phenomena observed in biology or hard condensed matter. In this manuscript, I focus on two examples, namely, the use of filamentous bacteriophages as building block for reconfigurable self-assembly and instabilities such as yielding, rupture and wrinkling in colloidal gels.

Particules bio-sourcées pour la physique de la matière molle.

Manuscrit présenté le 23/11/2018 par Thomas Gibaud pour obtenir le grade "Habilitation à Diriger des Recherches".

Résumé -J'utilise, purifie ou conçois des particules du nanométre au micron qui servent de brique élémentaire de construction pour créer des matériaux mous innovants. Les propriétés spécifiques des particules se répercutent à l'échelle macroscopique et constituent la pierre angulaire de la conception de nouveaux matériaux. Je m'efforce ensuite de comprendre la réponse de ces matériaux mous à des sollicitations externes. Pour ce faire, j'utilise des appareils comme des rhéomètres, des pinces optiques ou des ultrasons de haute puissance. Je profite également de la sensibilité propre des particules au pH ou à la température pour modifier en continu les propriétés de la dispersion. Cette approche ascendante combinée à des sollicitations externes de ces matériaux mous auto-assemblés me permet d'aborder les questions fondamentales sur auto-assemblage, les gels et la matière active. Par ailleurs, ces matériaux mimiquent de nombreux phénomènes observés en biologie ou en matière condensée dure. Dans ce manuscrit, je me concentre sur deux exemples, à savoir l'utilisation de bactériophages filamenteux comme éléments constitutifs de l'auto-assemblage reconfigurable et des instabilités telles que la fluidization, la rupture et le plissement de gels colloïdaux.

The Habilitation à Diriger des Recherches (HDR) is a national qualification of higher education delivered by French University level organisms. In France, this diploma is required to apply for a university professor position or directeur de recherche at the CNRS. It is a recognition of the candidate's high scientific level, the originality of his approach in a field of science, his ability to master a research strategy in a sufficiently broad scientific or technological field, and its ability to supervise young researchers [Arrêté du 23 novembre 1988 relatif à l'habilitation à diriger des recherches].

This HDR presents some of my research work in the field of physics from 2012 to 2017. The research is centered on soft matter physics. The common thread rely in the use, the purification or the engineering of organic and living matter to design smart colloids which serve as building blocks to create materials with fine tuned dynamics and structures. Those materials are not only a venue to study self-assembly, gels and active matter but they also mimics many phenomena observed in biology or hard condensed matter physics.

The work presented in the HDR results from long standing collaborations. The people involved in those collaborations shaped my research projects and allowed me to progress though out the years to become not only a better scientist but also a better person. I'm lucky to have cross your way. It has been a pleasure to work with you all. I look forward continuing research with you. I decided to pass my HDR when I was invited by the journal J. Phys Cond. Mat. to write a review on self assembly and phages for the winter 2017. This review constitute the core of my HDR (Part III) and allows me to kill two birds with one stone. Part III Chapters 2-3-4-5 deals with self-assembly, the phenomenon in which a collection of particles spontaneously arrange themselves into mesoscopic structures. Through the use of filamentous phage as building block for self assembly we mainly discuss two fundamental questions. Can the global behavior of a system be engineered using local rules set by the building blocks properties? And how do local rules interlace with physics principles and determine global behavior? The results presented come from a fruitful collaboration mainly with Zvonomir Dogic at Brandeis University (USA). I sincerely thank Zvonimir Dogic who introduce me to microscopy and the subject of self-assembly/filamentous phages. Many thanks to Edward Barry, Anna Modlińska, Prerna Sharma, Andrew Ward and Mark J. Zakhary for countless hours spend together in the lab making those experiments work; to C. Nadir Kaplan, Louis Kang, Tom C. Lubensky, Robert B. Meyer, Robert A. Pelcovits, Thomas R. Powers and Hao Tu for their theoretical insight; and Seth Fraden, Eric Grelet, Pavlik Lettinga and Rudolf Oldenbourg for useful discussions.

Although Part III is the main subject of this HDR, I have added in part IV synopses of other projects. Part IV Chapter 6 presents results on proteins gels, soft solids composed of a space spanning protein network in water. The works is centered around three distinct questions. How gels fatigue? Is it possible to predict rupture in gels under repetitive loads way before the gels are damaged? And what are the protein properties necessary to spontaneously wrinkle a thin sheets of gel? This work is a collaborative effort mainly with Sébastien Manneville at the Ens de Lyon (France). I sincerely thanks Sébastien Manneville who has introduce me to rheology and ultrasound techniques. Many thanks to Nicolas Taberlet, Christophe Perge, Mathieu Leocmach, Brice Saint-Michel, Thibaut Divoux and Stephan Lindstrom for their precious help on those gels experiments.
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Introduction

Self-assembly is the phenomenon in which a collection of particles spontaneously arrange themselves into mesoscopic structures [1,2,3,4,5,6]. The complexity of the mesoscopic structure is encoded is the building blocks and the physics that drive its condensation. Although the fundamental and driving questions in selfassembly have persisted from the birth of the field up to the present -Can the global behavior of a system be engineered using local rules set by the building blocks properties? How do local rules interlace with physics principles and determine global behavior? -the complexity has drastically increased over the years.

Complexity is in part driven by the properties of the building blocks. In this respect colloidal building blocks have a peculiar savor. Contrary to polymers, copolymers, surfactants or molecular liquid crystals [7,8], colloids can be considered as giant atoms [9,10] where the solvent mediate the interactions. Consequences are many fold. First, it is a convenient experimental system. Since colloids can be quite big, both the shape and the structure of the condensate at the colloidal level can be visualized under a microscope. Second colloids and their condensates may be manipulated using microfluidics and external fields such as optical traps. Third, due to their large size, the colloids dynamics is also quite slow which permits to probe local kinetics and mechanisms leading to their condensation and their restructuration. Finally colloids come with a large toolbox that permits to engineer their shape and interactions. The last decades have seen an explosion of strategies to obtain synthetic and biological colloids. Colloidal may come in various shape from spheres to anisotropic geometries [11,12] such as colloidal polyhedra [13,14], tetrapods [15], dumbbell [16] and triangles [17] or cubes [18,19]. Classical techniques to tailor isotropic interactions include tuning the Van der Waals attraction via the Hamaker constant, grafting polymers to the colloid surface for entropic repulsion, screening the surface charge with the salt, the use of polymers to induce depletion interactions [20], etc. . . . Anisotropic interactions are common in proteins [21] and may be induced just by the shape of the colloid [22] or by functionalizing the particle surface [23] with lock and key groups, such as topological patch, DNA oligonucleotides [24,25,26,27], protein-based cross-linkers like biotin-avidin or antibody-antigen binding pairs [28], and metallic patches [29]. Depending on the strength and topology of the patchy interactions, the bounding of two colloids may lead to super colloids with internal degree of freedom such articulated bond for instance obtained in 'lock and key' colloids [30] or by grafting DNA onto liquid interfaces of emulsions [31]. Anisotropic interactions may also come from the solvent. Small water droplets dispersed in a nematic liquid crystal exhibit short-range repulsion and a long-range dipolar attraction which lead to the formation of anisotropic water droplets chainlike structures [32]. Interaction that can be triggered externally is one essential knob to study reconfigurable self-assembly and sequential or layer by layer self-assembly. It allows to navigate in the phase diagram of colloidal dispersions in a continuous way, providing reversible pathway to induce transition between different structures. Divers strategies are adopted to have interactions which can be sensitive to temperature (DNA coated colloids [33,34], proteins [35]), magnetic fields [36,37,38], or electric fields [39,40].

Complexity also comes from the interplay between thermodynamics and kinetics. Self-assembly is a stochastic process and the thermal energy k B T plays a particular role. It unable the particles to diffuse and probe the energy landscape of the dispersion. In principle, according to thermodynamics, the preferred self-assemble structures are the ones that minimize the free energy of the dispersion. However the actual order obtained may depend on non-equilibrium effects, local fields, kinetic traps, and pathway-dependent ordering. Hard sphere crystallization is a simple case of self assembly directed by entropy that can be hindered by the glass transition [41]. Assembly strategies have complexified in recent years. In directed assembly, external fields are used as template to order the colloids [42,43,40]. In template-assisted self assembly, a substrate is used to order colloids [44,45]. In reconfigurable self-assembly, tunable interactions permits transition from one state to another [46,47]. In programmable self-assembly, information is added to the colloids to direct their organization [48,27,[START_REF]Proceedings of the first international joint conference on Autonomous agents and multiagent systems: part 1[END_REF]48,[START_REF] Salgado-Blanco | [END_REF]51]. Sequential self-assembly is based on colloids with selective interactions and their sequential activation to form material through multistep kinetics [52,53]. Those strategies may lead to simple structures like homogeneous crystals or to hierarchical assembly where the building blocks organization takes place over distinct multiple levels leading to material structuration at length scales much larger than the building blocks [54,55,56,57,47,58,59].

In the quest to complex structures, one has to deal the possibility to flatten the configuration energy landscapes. This leads to diverging assembly times and increased probability of forming kinetically trapped structures as shown in the following examples.

-Colloids with unspecific and low binding energy produce a zoology of configurations which make it hard to target one specific structure. Colloidal clusters containing a few particles bound together by weak attractive interactions are among the simplest, nontrivial systems for investigating collective phenomena in condensed matter. For example a cluster of six colloids may form eight-bond polyhedra with various configurations: three of witch lie in a ground state and eight in the excited state [60].

-Kinetically driven process may induce strong local order but inhibit restructurations or self healing processes. Capillary driven self-assembly consists of suspending small objects at the water-air interface. Due to the balance between gravity and surface tension, the interface is slightly deformed, inducing a net force between the particles. By inducing liquid curvatures with specific cross and curved particles it is possible to assemble various fivefold symmetry structures [61]. Due to the strong attraction between the particles such approach depends very much on the initial conditions and may produce a considerable amount of defective structures. This is also the case in over crowded systems which lead to dynamical arrest or particles with a large number of specific interactions such as DNA origamis which permit to produce well-defined complexes structures where thousands of locations can be independently functionalized with nanometer-scale precision, but have a very low yields [62].

Here we focus on filamentous phages. Filamentous bacteriophages such as fd-like viruses are monodisperse rod-like colloids that have well defined properties: diameter, length, rigidity, charge and chirality. Engineering those viruses leads to a library of colloidal rods which can be used as building blocks for self-assembly, section 3. Their condensation in aqueous solution with additive depletants to mediate attraction between the rods leads to a myriad of fluid-like micronic structures ranging from isotropic/nematic droplets, colloid membranes, achiral membrane seeds, twisted ribbons, π-wall, pores, colloidal skyrmions, Möbius anchors, scallop membranes to membrane rafts. Those structures and the way they shape shift not only shed light on the role of entropy, chiral frustration and topology in soft matter but it also mimics many structures encountered in different fields of science, section 4.

Finally we discuss a road map using an isotropic aqueous suspensions of filamentous phages and depletion to rationalize the phages hierarchical and reconfigurable self-assembly upon variations of attraction via the depletion interaction, chirality and rods composition, section 5.

Filamentous phages -versatile building blocks

A bacteriophage or phage is a virus that infects and replicates within a bacterium. They were discovered by Twort [63] and d'Hérelle [64] in the early 20 th century. Bacteriophages are among the most common and diverse entities in the biosphere [START_REF] Mc Grath | Bacteriophage: genetics and molecular biology[END_REF] and are widely distributed in locations populated by bacterial hosts, such as soil or the intestines of animals or sea water. In the latest, up to ∼ 10 8 virions per milliliter were found in microbial mats at the water surface, [START_REF] Wommack | [END_REF]. The impact of phage research in biology is huge: from novel biochemical mechanisms for replication, maintenance and expression of the genetic material and new insights into origins of infectious disease to their use as therapeutic agents [67]. Here, we focus on fd-like phage and their use as building block for self-assembly, [68].

Synthesis

The fd-wt virus was originally isolated from sewage [START_REF] Marvin | [END_REF]. fd-wt (M w =16.4x10 6 g/mol) are identical to one another and composed of a single strand DNA surrounded by a protein layer of about 2700 identical protein p8 subunits. The protein p8 has a molecular mass of 5240 g/mol and accounts for about 99% of the total protein mass. The rest of the protein mass belongs to the minor coat proteins and are located at the tips of virus [71]. At one end of the filament there are five copies of the protein p9 and p7. At the other end of the phage, there are five copies of p3 and p6. p3 proteins are the first to interact with the E. coli host during infection. p3 is also the last point of contact with the host as a new phage bud from the bacterium, Fig. 3.1.

Bacteriophage viruses were named based on their observed ability to lyse bacterial cells (in greek, 'bacteria eaters'). However not all phages lyse bacteria. In particular, fd-wt use a lysogenic cycle. Lysogeny is characterized by the integration of the bacteriophage nucleic acid into the host bacterium's genome or formations of a circular replicon in the bacterial cytoplasm. In this condition, the bacterium continues to live and reproduces normally. The genetic material of the bacteriophage is transmitted to daughter cells at each subsequent cell division. Once infected the cell and its descendants are thus turn into a virus manufacture.

fd-wt are grown using standard biological techniques [START_REF] Sambrook | Cold Spring Harbor, NY. VIII. Appendix A. pBIND Vector Sequence (continued) A. pBIND Vector Sequence (continued) B. pBIND Vector Restriction Sites Enzyme# of Sites Location Dra I[END_REF][START_REF] Unwin | [END_REF]. In short, an overnight starter culture taken from a single colony of the bacteria ER2738 is incubated at 37 • C and shacked at 250 rpm in 5 mL of sterile 2xYT (yeast extract tryptone) growth medium. 200 µL from the resulting overnight E. coli culture is then grown in 5 mL of a fresh growth medium until it reaches an optical density OD =0.5 at 600 nm measured with a UV-Vis spectrophotometer. The sample is then inoculated with 10 µL fd-phage stock at approximately 1 mg/mL. The suspension is incubated and shacked 30 minutes then transferred to a 250 mL conical flask with 30 mL of froth media for 2 hours and finally transferred in a 2 L flask with 500 ml of growth and media and grown until OD =1. From the 500 mL growth cycle, E. coli cells and debris are removed by centrifuging the cultures twice at 8300g for 15 minutes, harvesting the supernatant each time. A precipitant solution is added (146.1 g/L NaCl and 200 g/L PEG 8000) in a ratio of 3 parts precipitant to 10 parts supernatant. After refrigeration for at least an hour, the supernatant is centrifuged as before, and the clear supernatant is removed, leaving the precipitated pellet of viruses. Viral pellets are resuspended in 10 mL of sterile phosphate buffered saline (PBS) solution. Ultracentrifuge (1h at 90000 rpm) is then used to exchange the buffer and concentrate the viruses. The virus concentration is determined using absorption spectroscopy. The optical density of fd-wt at 269 nm for 1 mg/ml solution in a 1 cm cuvette is OD =3.84 [START_REF] Baus | Observation, prediction and simulation of phase transitions in complex fluids[END_REF]. This procedure yields a virus stock solution with some multimers, such as dimers that have a contour length that is twice that of fd-wt, Fig. 3.2. To select the monomers, the stock solution is fractionated. Samples are concentrated to reach the isotropic-nematic phase coexistence so that 20% of the sample is nematic and the rest is isotropic. Longer rods preferentially dissolve in the nematic phase [START_REF] Lekkerkerker | [END_REF]. The isotropic fractions is isolated and used as a stock of monodisperse viruses. For the study presented in the review, the viruses are dispersed in a buffer that contains 100 mM/mL NaCl and 20 mM/mL Tris at pH = 8.05.

For the study presented in the review, in addition to fd-wt, the filamentous phages fd-y21m and m13KO7 are also used. Their synthesis follow the same protocol as for fd-wt and their unique properties are details in Tab. 3.1.

A model system?

There are unique advantages of this particular system. First, fd-wt are monodisperse. This eliminates complications related to the polydispersity of rods and facilitates direct quantitative comparison with theory. Second, fd-wt have a diameter of 6.6 nm for a contour length of 880 nm [80,81] conferring them a large aspect ratio, ∼130 which is similar to the one of spaghetti (∼150). Finally viruses are quite rigid: fd-wt has a persistence length of ∼2.8 µm and the mutant fd-y21m has an even greater persistence length, ∼9.9 µm [77]. Therefore, viruses, and fd-y21m in particular, can be consider as a model liquid crystal system in the framework defined by Onsager. At low concentrations, colloidal rods form an isotropic phase with no direction or orientation order. However as the concentration is increased, the isotropic dispersion becomes metastable or unstable: orientation fluctuations drive concentration gradients which lead to phase separation. During this transition, transient nematic droplets or tactoids nucleate in an isotropic background and coalesce to minimize the interface between the isotropic and the nematic phases. This leads to the thermodynamically stable state: two homogeneous phases, the isotropic and nematic phase separated by a single interface, Fig. 3.3. Onsager has established that this transition is purely entropic in nature [82,83]. The entropy loss due to the orientation ordering in the nematic phase is over compensated by the increase in translational entropy: the free volume for any one rod increases as the rods align. Moreover, he established that the transition volume fractions for rigid rods with an aspect ratio larger than 75 and repulsive interactions are: φ Iso = 3.289D/L for the isotropic phase and φ Nem = 4.192D/L for nematic phase [82]. D is the diameter of the rod and L its contour length. These predictions are remarkably close to experimental results [77], Fig. 3.3.

Bacteria

Infection

A versatile library of colloid rods

A challenge associated with hierarchical assembly is to control the final macroscopic assemblage by specific modification of relevant microscopic parameters. Thanks to nature diversity, genetic engineering and chemistry, it is possible to collect and create a large library of fd-like particles with slight variations in their physical properties, like their contour length, diameter, rigidity or interactions [68,84].

Chirality

fd-wt is chiral an left-handed: in close contact with one another fd-wt tend to twist preferentially clock wise. Therefore fd-wt, at room temperature, form cholesteric phase instead of nematic [85,47], Fig. 3.4. Moreover, fd-wt chirality is temperature sensitive. Chirality decrease with temperature and eventually vanish at 60 • C, Fig. 3.4. Deriving the virus chirality and its temperature dependence and its propagation at the macroscopic length scale remains a challenge [86,87,88,89,71]. Day and Meyer proposed that the cholesteric twist derivates from a 'cork screw' shape of the virus due the interplay between its major coat proteins and its DNA backbone [71].

DNA backbone

The contour length of phage virus scales linearly with its genome size. The virus length impact the dynamics of the virus. Maguire et al. have shown that rotational diffusion coefficient of rods in the isotropic phase scale linearly with the length [90]. Alvarez et al. have shown that on the mobility of long rods immersed in smectic phase composed of short rods is enhance compared to the short rods [91]. The virus length also affect the phase diagram. It shifts the location of the isotropic-nematic phase transition toward higher volume fractions and it stabilizes the smectic phase [92,76,93]. So far physicists have used viruses which length range from ∼ 0.4 to 1.2 µm. However, using molecular cloning techniques it is possible to engineer viruses that are as short as 50 nm and as long as 8000 nm [94,95,96,97,98].

Major coat proteins

The major coat proteins confer to fd-wt a net linear charge density of 10 e -/nm at pH=8.05 [99,76]. It is possible to label the major coat proteins with chemical compounds. This is very convenient to make the virus fluorescent and track their individual dynamics within an assemblage. Coating such as PEG [100], SiO 2 , TiO 2 , [101], PNIPAM [102], DNA [103], gold [104], carbon nanofiber [105] or fluorescent dyes [106] obviously increases the diameter of the virus but may also drastically change the interactions between the viruses and therefore the way they self-assemble. Genetic mutation represents another way to act on the major coat proteins [107]. For example, structural biologists have genetically engineer fd-wt into fd-y21m, a mutant virus in which the 21 st amino acid out of the 50 composing the major coat protein is changed from tyrosine to methionine [108]. fd-y21m is not only stiffer as mention above, but it also makes left-handed cholesteric state as opposed to fd-wt which form right handed cholesteric state [77] and contrary fd-wt, fd-y21m chirality is temperature independent [47]. By mixing fd-wt and fd-y21m at a controlled ratio x f d , it is possible to design cholesteric phases with the desired the pitch and chirality, Fig. 3.5. The phase space of all possible mutations of the major coat protein is huge. It could be investigated using phage display technology [109] to better understand the impact of the coat protein structure on the coarse-grained properties of the filament [110].

Cap proteins

Another attractive feature of filamentous bacteriophages is the presence of cap protein which are distinct from the major coat protein, thus enabling selective labeling of the virus end and in particular normal anchoring of the phage. On one hand this feature is used to create new materials. For instance using phage display, filamentous phages were organized into smectic layers that are intercalated with layers of end-bound inorganic nanoparticles [111,112]. On the other hand this feature is also used to design new particles such as star colloids where filamentous phages were pinned to the colloid surface [113] or filamentous ring-like structures by labeling the two ends of the virus with distinct labels that stick to each other [114]. This last example paves the road toward specific and sequential self-assembly. Nature is capable of assembling structures of colloidal size that are frequently unmatched by chemical synthesis. fd-like virus is one of them and it makes fd-like viruses unique building blocks for reconfiguration self-assembly. In particular, their anisotropic shape, colloidal size and the already existing large library of viruses permit to dig into the combined field of liquid crystal physics, surfactant and colloidal physics for self-assembly concept. Finally, the possibility to trigger externally chiral interactions, which are luckily of the order of k B T , is appealing as a knob to continuously move in their phase diagram and study structural transitions.

Condensation of colloidal rods 4.1 Colloidal rod and depletion

In mixture of colloidal rods and polymers depletants there is a region which surrounds every colloidal rod that is unavailable for the centers of the depletants. As two rods approach each other, this excluded volume overlap and additional free volume becomes available to the polymers, thus increasing the overall entropy of the mixture, Fig. 4.1. This results in an effective attractive (depletion) potential between the rods, whose strength and range can be tuned by changing the polymer concentration and size, respectively [115]. Under high-salt conditions, hard-core repulsive interactions dominate the behavior of virus/polymer mixtures, and consequently all phase transitions in this system are entropically driven.

For rod-like particles, the depletion interaction is anisotropic. It tends to align the viruses [116] so that the overlap volume is maximized. The obvious consequence in the introduction of polymers in suspensions of phages is that it tends to shift the isotropic boundary to lower volume fractions. Due to the level rule, the nematic state is consequently shifted to higher volume fractions. Using fd-wt and dextran mixtures this behavior is quantitatively confirmed and modeled [117], Fig. 4.2. Depletion is an ideal tool to promote condensation.

Nematic droplets

Nematic droplets are composed of elongated molecules that adopt a nematic order. Due to this inner structuration and the interplay between the interfacial tension and the splay and bend elastic constants of the nematic phase [82], rather than being spherical, the droplets display a spindle shape called tactoid [118,119,120]. Tuning the morphology and order within the droplets represent a corner stone for applications such as light modulators or more generally as photonic materials [121,122,123,[START_REF] Joannopoulos | Photonic crystals: molding the flow of light[END_REF]. Most paths which lead to tactoids formation are kinetically driven. For example, Lettinga et al. prepared samples in the I-N coexistence region and used shear to dissolve the tactoids and then study their condensation. To circumvent kinetics issues, Modlińska et al. engineered a colloidal system where one can continuously tune the attraction between the rods to condensate tactoids in a reversible and quasi static way starting from an equilibrium isotropic state [START_REF] Modlińska | [END_REF]. They replaced the depletants Dextran by thermo-sensitive and non-adsorbing pnipam microgel particles [126]. The effective attraction between the rods is then controlled externally by temperature. Navigating the phase diagram in a continuous way, they showed that tactoids formation is preceded by the nucleation and growth of dense isotropic spherical droplets within the isotropic background. This scenario is analogous to the enhanced protein crystallization slot located above the liquid-liquid phase separation suggested by ten Wolde and Frenkel [127]. Just as the critical density fluctuations and in particular fluctuations of high densities behave as a micro reactor to lower the energy barrier for crystal nucleation, the dense isotropic droplets layout the ideal nucleation spot for the nematic phase.

Colloidal membranes

Fig. 4.2 shows that it is possible to promote rods condensation but it does not reveal any new phases compared to the case without depletant. Barry and Dogic extended this phase diagram to higher dextran concentrations (M w = 500 000 g/mol) [128] and showed that, starting from an isotropic rods suspension at c v = 1 to 10 mg/mL, it is possible to assemble a new phase: 2D colloidal membranes composed of a one-rod length thick mono-layer of aligned rods which diameter range from a few microns to hundreds of microns, Fig. The inset shows the interaction p two viruses separated by a distance r and orie interaction potential is a sum of electrostatic depletion interaction. The effect of electrosta with net linear charge density 1e-/Å is accoun the fd as a hard particle with a larger effective [11,33].Dot are the results of computer simul correspond to approximate the intermolecula rods with an effective hard core diameter (De attractive potential. The attractive part of the modeled by Asakura-Oosawa penetrable sphe radius (RAO=19.9 nm) and concentration (pAO the potential obtained through computer sim this approximated potential as input. Influence of the depletant dextran (M w =500 000, radius of gyration R g =17.6nm, concentration Dext) on an aqueous dispersion of fd-wt at a concentration c v [117]. Circles delimit the isotropic state from the I-N coexistence region. Squares delimit the I-N coexistence region from the nematic state. The blue line corresponds to the predictions from the second virial theory with attraction (SVTA). Inset: interaction potential between two viruses separated by a distance r and oriented at 90 • . The interaction potential is a sum of the electrostatic repulsion and the depletion interaction. Dot are the results of computer simulation. The line correspond to the approximate intermolecular potential between rods with an effective hard core diameter D e f f = 10.5 nm. The attractive part of the potential is modeled by Asakura-Oosawa penetrable spheres whose effective radius and concentration best fits the potential obtained through computer simulation. SVTA use this approximated potential as input.

Depletant

Excluded volume for the depletant E. Barry The inset shows the interaction p two viruses separated by a distance r and orie interaction potential is a sum of electrostatic r depletion interaction. The effect of electrosta with net linear charge density 1e-/Å is accoun the fd as a hard particle with a larger effective [11,33].Dot are the results of computer simula correspond to approximate the intermolecula rods with an effective hard core diameter (De attractive potential. The attractive part of the modeled by Asakura-Oosawa penetrable sphe radius (RAO=19.9 nm) and concentration (pAO the potential obtained through computer sim this approximated potential as input. Phase contrast images of a suspension of M13K07 viruses at c v = 1mg/mL mixed with pnipam microgel particles at c P = 30mg/mL. As temperature is lowered (0.09 • C/min), the attraction increases and the condensation of nematic droplets is observed. The process is fully reversible when temperature is increased. Scale bar, 5 µm. (b) Measurements of the long and short semi-axis of the droplet, r 1 and r 2 as a function of temperature T . T 1 and T 2 are respectively the temperatures that separate the isotropic state, the spherical droplets regime and the tactoids regime. compared to the case without depletant. Barry and Dogic extended this phase diagram to higher dextran concentrations (M w = 500 000 g/mol) [128] and showed that, starting from an isotropic rods suspension at c v = 1 to 10 mg/mL, it is possible to assemble a new phase: 2D colloidal membranes composed of a one-rod length thick mono-layer of aligned rods. þThe membrane diameter is not controlled and varies from a few microns to hundreds of microns, Fig. 4.4. On a coarse grain level the self-assembled fluid-like and equilibrium monolayers have the same symmetry as lipid bilayers and one can develop many analogies. First, like lipid bilayers, the instantaneous and average projected colloidal membrane area A are proportional, A -A 2 = k B T A /χ where the compressibility is χ ∼ 4500 k B T /µm 2 ) [128,129,130,131,132]. For comparison, the compressibility of lipid membrane is 2 to 3 orders of magnitude higher ∼ 10 7 k B T /µm 2 [133]. Second, the colloidal membranes viewed in edge-on configurations, exhibit thermal undulations. The Fourier analysis of these fluctuations can be model using the elastic free energy written down by Helfrich, originally developed for lipid bilayers [134].

Finally, the stability of colloidal membranes is similarly related to the way lipid bilayers interact [135,136,137]. Indeed, From Dext =45 to 53 mg/mL, colloidal membrane remain isolated from each other: as two membranes approach each other in suspension, protrusion fluctuations lead to an effective repulsive interaction and promote the stability of isolated membranes. At higher dextran concentrations, the depletion interaction becomes sufficiently large to overcome this effective repulsion and colloidal membranes stack on top of each other [128] and eventually crystallize [138,139]. However, from a microscopic perspective the forces driving the assembly of colloidal membranes and lipid bilayers are very distinct. Colloidal membranes are assembled from micron length hydrophilic rod-like molecules, whereas lipid bilayers are assembled from nanometer amphiphilic lipids. This leads to orders of magnitude difference in their compressibility, lateral bending modulus or lateral tension. Nonetheless, being a robust assemblages stable over a wide range of parameters [140], colloidal membranes represent a unique opportunity to investigate membrane biophysics from an entirely new perspective on a length scale where it is possible to visualize and follow under a microscope the constituent building blocks, the membrane dynamics or reconfigurable processes.

We first discuss the edge properties of colloidal membranes which are described at a macroscopic level by the interfacial tension γ [141]. For 2D colloidal membranes, γ is 1D and is the equivalent of surface tension for 3D objects like emulsion for instance. This a thermodynamic quantity that results from the greater affinity of the colloidal membrane particles to each other than to the particle isolated in the solvent. The net effect is an inward force at the membrane circumference that causes the edge to behave elastically. The control of interfacial tension is manifold. It justifies that colloidal membranes adopt a circular shape. Its control, in analogy with micro-emulsion, could lead to fine tune the size of colloidal membranes.

The edge structure of achiral colloidal membrane is determined using three complementary imaging techniques, namely two-dimensional (2D) and three-dimensional (3D) polarization microscopy and electron microscopy [47]. 2D-LC-PolScope [142] of a membrane lying normal to the z-axis of the microscope produces images in which the intensity of a pixel represents the local retardance and indicates the local tilt of the rods with respect to the z-axis. Rods in the bulk of a membrane are aligned along the z-axis, and it follows that 2D LC-PolScope images appear black in that region. By contrast, the bright, birefringent ring along the membrane's periphery reveals local tilting of the rods at the edge. The 3D reconstruction of the membrane structure using electron tomography [143,144], shows that the virus tilt by 90 • , from being normal to the membrane surface in the bulk to tangential to the edge along the membrane periphery. This behavior is corroborated by 3D LC-PolScope [145]. This twist goes with a hemi-toroidal curved edge. The twisted edge makes the membrane a chiral object. For achiral viruses dispersions, the spontaneous twist at the edges is equally likely to be clockwise or anticlockwise [47]. For chiral virus suspensions, the edge adopts the chirality of the virus. By comparison with an untilted edge, a curved edge structure lowers the area of the rod-polymer interface, thus reducing interfacial tension, at the cost of increasing the elastic energy due to a twist distortion. Saying that we already see the potential of the virus chirality to affect the edge energy.

Colloidal membranes and chirality

Tuning the edge chirality

A classical way to measure the interfacial tension consist in analyzing the membrane's edge thermal fluctuations in the Fourier space [148,[START_REF] Safran | Statistical thermodynamics of surfaces, interfaces, and membranes[END_REF][START_REF] Aarts | [END_REF]. A typical fluctuation spectrum for an achiral edge is shown in Fig. 4.6.

In the thermodynamic limit which corresponds to small wave vectors, q, the mean square Fourier amplitudes of the edge fluctuations, a 2 q , is q-independent, and yields the effective line tension, a 2 q = k B T /γ [148]. In the large-q limit, fluctuations scale as 1/q 2 and yield the bending rigidity of the interface, κ. In the range of temperatures and dextran concentrations explored, for fd-wt colloidal membranes, κ ∼ 100 k B T.µm while γ varies from ∼ 100 to 800 k B T /µm

Next we evidence the role of chirality on γ. Using mixture of dextran and fd-wt viruses the self-assembly of colloidal membranes is driven by entropy alone and therefore athermal as apposed to the chiral interaction which depends solely on temperature. We thus have a unique system where it is possible to decorelate the effect of attraction (dextran concentration) from chirality (temperature): γ(Dext, T ) = γ bare (Dext)γ chiral (T ), where γ bare is the line tension of a membrane edge composed of achiral rods and γ chiral is the chiral contribution to the line tension [47]. In Fig. 4.6, we observe that the effect of chirality drastically modify the fluctuation spectrum of the edge of a colloidal membrane, a 2 q as expected from the edge structure. First, a 2 q is shifted upward at low q which indicate that the line tension decreases with chirality as hypothesize. This is further demonstrated using dextran series which show that γ decreases with the same slope as temperature decreases confirming that the two contributions to γ are uncorrelated. Second, a peak appears at intermediate q. This peak is attributed to out of plane fluctuations. Indeed the effect of chirality at the edge of colloidal membranes is twofold. 2-D layered geometry cannot support twist and chirality is consequently expelled to the edges in a manner analogous to the expulsion of a magnetic field from superconductors [151,152]. Moreover, to palliate the 2D frustration [153,152,154], chirality forces the edge fluctuations to escape in the z-direction [155] which vouch for the existence of a positive Gaussian curvature, k ∼ 150k B T [146].

Twisted ribbons

The chiral control of line tension raise the possibility that at sufficiently low temperatures the chiral contribution to interfacial energy could dominate the bare line tension, lowering the energetic cost of creating edges and wave number q, a q 2 is independent of q and i proportional to the effective line tension, γ eff q, the suppressed fluctuations are independe concentration and sample temperature and s very chiral sample a peak is observed at inter attributed to gaussian curvature which enabl fluctuations. Red lines are fits using equation images, taken 1 s apart, illustrating the fluctu membrane's edge. Scale bar, 5 μm. (b) Line te of Temperature for different dextran concent achiral limit at 60 °C, γ chiral = 0 and γ bare = γ. In concentration increases γ bare . Decreasing the reduces γ because γ chiral increases. The red lin guides to the eyes illustrating the universal sc chirality. q at T = 20 • C (square) and 50 • C (circle) for Dext = 36 mg/mL. For small wave number q, a 2 q is independent of q and inversely proportional to the effective line tension γ. For large q, a 2 q are independent of Dext and T and scale as 1/q 2 . For very chiral samples a peak is observed at intermediate q which is attributed to Gaussian curvature which enable out of plane fluctuations. Red lines are fits using equation (3) wave number q, a q 2 is independent of q and proportional to the effective line tension, γ ef q, the suppressed fluctuations are independe concentration and sample temperature and very chiral sample a peak is observed at inter attributed to gaussian curvature which enab fluctuations. Red lines are fits using equation images, taken 1 s apart, illustrating the fluctu membrane's edge. Scale bar, 5 μm. (b) Line t of Temperature for different dextran concen achiral limit at 60 °C, γ chiral = 0 and γ bare = γ. In concentration increases γ bare . Decreasing the reduces γ because γ chiral increases. The red lin guides to the eyes illustrating the universal s chirality. leading to their spontaneous formation. It is thus expected that chirality has a role similar to that of amphiphilic surfactants in oil-water mixtures. Such surfactants lower surface tension and lead to the stabilization of microemulsions. Fig. 4.7 shows that this is not the case. With decreasing temperature, the membrane edge eventually becomes unstable, resulting in a remarkable polymorphic transition. Twisted ribbons grow along the entire periphery of the disk from the out of plane fluctuations of the membrane edge, generating a starfish-shaped membrane. This polymorphic transition is reversible and twisted ribbons form equilibrium structures at high chirality and low dextran concentrations. Twisted ribbons are a beautiful example of hierarchical assembly, Fig. 4.8. It consists in a twisted monolayer of aligned rods which form a helicoidal structure perpendicular to the rod twist. As observed by Efrati and Irvine, such object is simultaneously right and left handed [156]. The rod twist at the edge is left handed while on larger length scales the helicoidal structure of the ribbon is right handed. As such it differ from other twisted ribbons observed in the literature [157,158,159,160,161,162]. The twisted ribbons can be seen on a coarse grain level as polymers with a persistence length of the order of the pitch of the helicoidal structure and may form a zoology of structures ranging from branched polymer, to loop polymer or entangled phone cord like structures reminiscent of DNA doubled helix [47]. Twisted ribbons stability with respect to colloidal membranes is attribute to a structure where all rods twist to form an edge object with low line tension. Given the 3D structure of the ribbons, Gaussian curvature may also be an important parameter that justify the twisted ribbon stability [146].
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It is possible to use laser tweezer to manipulate the self assembled structures. For instance in Fig. 4.9, the two opposite sides of a colloidal membrane are trapped with a dual-beam optical trap. The viruses align with the electric field of the laser and the membrane turn sideway. Using a static trap and an extensional displacement with the other optical trap, the membrane is stretched, causing the transition to a twisted ribbon. This mechanically induced disk-to-ribbon transition is reversible; on removal of the optical trap, the highly elastic ribbon relaxes back into its original shape. This experiment pave the way to study mechanical properties of self-assembled objects [START_REF] Zakhary | The influence of the membrane-polymer interface on colloidal membrane dynamics and phase behavior[END_REF]. 

Dext

Homo chiral coalescence

Hetero chiral coalescence

Colloidal membranes and chiral coalescence

Driven by the balance between interfacial tension and bulk energy, a pair of liquid droplets, when sufficiently close to one another, may coalesce to form a single daughter droplet. The coalescence process is complex and involve the rupture and the fusion of the droplets surfaces associated with energy barrier and local rearrangements [START_REF] Aarts | [END_REF]165,166,167,168,169,170,171,172]. In most cases, it is an 'all-or-none' process; once initiated, the reaction proceeds to completion. However, there is also the possibility of incomplete coalescence. For example, vesicles coalesce into hemi-fused state [173] and nanotubes into a defect-ridden structure [174]. Taking advantage of the chiral edge, colloidal membranes coalescence enlight the role of geometrical frustrations [175] in the self-assembly of new structures [176,[START_REF] Gibaud | Proceedings of the National Academy of Sciences[END_REF].

The edge chirality of colloidal membranes can be controlled in various ways. First, if the colloidal membrane is small enough, a diameter smaller than the virus length, the viruses stand straight at the edge and those membrane seeds are achiral, Fig. 4.10. Second, for larger membranes the edge adopt the chirality of the virus. Third, it is possible to compose achiral virus suspensions, for instance using fd-wt at T = 60 • C or mixtures of fd-wt and fd-y21m at x f d = 0.26, Fig. 3.5 and in this case, the symmetry being broken, colloidal membranes self assemble either with left-or right-handed edge. For chiral membranes, we can divide the coalescence in two families: homo and hetero chiral coalescence, Fig. 4.11. In homo chiral coalescence two coplanar membranes have the same chirality. The rods at the coalescence point are tilted in opposite directions, trapping 180 • of twist between the two membrane. In hetero chiral coalescence both coplanar membranes have the opposite chirality and viruses at the edge need only to straiten in the z-direction at the coalescence point.

Homo chiral coalescenceπ-walls, pores, Möbius anchors and colloidal skyrmions

Homo chiral coalescence [START_REF] Zakhary | The influence of the membrane-polymer interface on colloidal membrane dynamics and phase behavior[END_REF] is at the center of chiral topological frustration. In Fig. 4.12, the coalescence between two homo chiral membrane may result in a defect-free daughter membrane. Similar to liquid droplets, the thermal fluctuations are sufficient to form a bridge between the two membranes. In this one rod-length-wide bridge, the rods twist by 180 • to match the orientations of the joining edges. The twisted bridge induces a torque which enable the two membranes to rotate along the axis fromed by the bridge and expel the trapped twist.

As the membranes twist around each other, the connecting bridge expands in width, eventually leading to a circularly shaped defect-free daughter membrane. In an other pathway, coalescence is initiated by the formation of two twisted anchors, which bind the membranes together and initiate the nucleation of a continuous 1D line defect. This line defect, named a π-wall, quickly grows to its equilibrium size, pushing the two anchor apart.

Once the π-wall is fully formed, it remains indefinitely. π-walls are stable with respect to two free membrane edges: the measurements of π-wall interfacial tension γ π and the membrane edge interfacial tension γ shows that γ < γ π < 2γ. However, in fd-wt systems where chirality can be controlled with temperature, π-wall can be continuously brought to regimes with high chiral interactions at low temperatures. In this case, γ π > 2γ and π-walls become metastable with respect to isolated membranes. In high chiral regimes, we do not observe the spontaneous dissociation of a π-wall into two defect-free membranes. We instead observe the opening of pores in the π-walls, Fig. 4.13. Those pores may form an alternating bridge-pore arrays (ABPA) structure which can be closed back into a π-wall by increasing the temperature. This behavior remains to be understood but seems reasonable, as pores create a large amount of edge interfaces which are favored at high chirality. More importantly, it empirically proves that with the right ingredient it possible to actuate pore upon external signaling in self-assembled membranes. Pore actuation is of primal importance through out the cell life cycle [START_REF] Suntharalingam | [END_REF]179].

Finally we discuss two structures related to π-walls: Möbius anchors and colloidal skyrmions. Both those structures rely on a robust on-demand method for imprinting defects into colloidal membranes with arbitrary spatial precision. Taking inspiration from recent work with thermotropic liquid crystals [180,181,182], we also use an optical trap.

A simple Möbius strip is a one-sided continuous surface, formed by twisting a long narrow rectangular strip of material through 180 • and joining its ends. Such a structure can be made in liquid-crystal by knotting of microscopic topological defect lines with optical tweezers about colloids [183]. The Möbius stip we observe in colloidal membrane are Möbius anchors [176]. The Möbius anchor is associated with the way π-walls are anchored to the membrane edge, Fig. 4.14 and is mandatory for the π-wall to remain stable. For instance, it is possible with optical tweezers to imprint π-wall on a colloidal membrane. However, if the optical trap is released before the π-wall is anchored, the defect retracts. Based on 2D-LC-Polscope micrographs, it seems that the viruses follow a simple Möbius strip which tight the π-wall to both edges of the daughter membranes, Fig. 4.14. At this point this anchoring structure is only a guess. This hypothesis is however supported by the fact that it is necessary to produce a the back and forth motion with the optical trap to create the anchor which is reminiscent of the pathway depicted in soap film to create Möbius loop [184].

Colloidal skyrmions [176] are obtained using optical tweezers to cleave a π-wall in two places, and then quickly joining the two ends to form a closed ring embedded within the membrane, Fig. 4.15. The colloidal skyrmion shrink to an equilibrium diameter of about ∼ 1 µm. Note that for a similar size, an isolated colloidal membrane display an untwist edge. The colloidal skyrmion share properties with skyrmion excitations encountered in hard condensed matter physics [185,186,187,188,189]. It is topologically protected [190,191]: it has a positive energy compared with the background field but the π-wall forming the skyrmion cannot be untrapped unless the π-wall is severed. Moreover, it is a 2D structure characterized by a vorticity m = 1 and a phase helicity ϕ = ±π/2 which sign depends on the chirality of the π-wall. As such, it is very similar to singled out skyrmion from the hexagonal SkX state unveil by to neutron scattering experiments on MnSi [186] and Fe 1-x Co x Si [192,193,194] and seems to be the closest realization of a theoretical nematic skyrmions restricted to straight infinite lines in unbounded ideal materials [195]. It however differs from other liquid crystal skyrmion such as double twist cylinders "baby-skyrmions" [196,197], skyrmion in cholesteric blue phases subjected to strong external fields [198,199].

Understanding the principles that support or prevent membrane coarsening and defects formation such as π-wall is essential to grow large defect free membranes and consider applications. As chirality is at the center of π-walls, it suggests that producing achiral colloidal membranes would lead to defect-free coalescence and uniform monolayers. 

Hetero chiral coalescence -scalloped membranes and gaussian curvature

To study hetero chiral coalescence [START_REF] Gibaud | Proceedings of the National Academy of Sciences[END_REF], colloidal membranes composed of homogeneous mixtures of fd-wt and fd-y21m are used. For 0.04 < x f d < 0.45, in the early stages of the sample maturation, we observe colloidal membranes of either edge handedness, indicating spontaneously broken achiral symmetry. Over time, the intermediate-sized membranes with mixed edge twist continue to coalesce. Both homo and hetero chiral coalescence is observed. In both cases coalesced membrane display an homogeneous mixing of fd-wt and fd-y21m. In hetero chiral coalescence, as the two proximal edges of a pair of coplanar membranes merge, the twist of the edge-bound rods is expelled by aligning the constituent rods with the membrane normal. Hetero chiral coalescence leads to scalloped membranes. As compared to homo chiral coalescence, scalloped membrane form easily. Moreover, they are defect free in their bulk and may reach millimeter diameter. The hallmark of scalloped membrane is located on its edge. It displays two outward protrusions which separate a left from a right handed edge, Fig. 4.16. Using confocal microscopy, it is observed that the two protrusions escape in the z-direction in opposite directions. This 3D point-like singularity on the vertical axis vouch for the presence of Gaussian curvature κ G associated with its Gaussian elastic modulus k.

The distance δ s between two adjacent edge protrusion greatly depends on x f d , Fig. 4.17. Close to the achiral limit, at x f d = 0.26, adjacent protrusions freely move along the edge and the variation of δ s is diffusive. On the contrary, close to the boundary of stability of scalloped membranes at x f d = 0.04 or 0.45, adjacent protrusions pair and remains bound to each other at a well-defined distance δ s 0 . To measure the entire binding potential, we performed active experiments where we moved one defect by δ s using an optical trap, while simultaneously measuring the force F exerted on the other defect. For this purpose, we embedded 1.5 µm diameter colloidal beads into two adjoining cusp defects. The force is negative below δ s 0 , and positive above δ s 0 . δ s 0 is the stable equilibrium position. The force steeply increases for small separations and saturates at large separations, indicating that a defect pair is permanently bound, Fig. 4.17. These observations can be mainly explained by the chirality of the edges. For instance, at x f d =0.07 the system is mostly composed of fd-y21m and right handed chirality is favored. Therefore right-handed edge have a lower energy than left handed edges. This leads, in scalloped membranes, to a finite difference in line tension ∆γ between the left-handed and right-handed outward protrusions. The edge free energy is minimized by reducing the length of the outward protrusions with the unfavored twist and the amplitude of ∆γ accounts for the strength of the long range attraction between two adjacent protrusion. Approaching the two protrusion close together has two consequences. It tends to over bend the edge separating the two adjacent protrusion and to flatten the protrusion in the z-direction. This works again the bending rigidity of the edge κ and against a negative Gaussian curvature κ G , which lowers the free energy of elastic deformations if the Gaussian modulus is positive and sufficiently large, k =200 k B T [200,201,[START_REF] Gibaud | Proceedings of the National Academy of Sciences[END_REF].

This results display a striking difference with conventional bilayers which have a negative Gaussian modulus: saddle-shaped deformations increase the membrane energy [202,203,204,205]. Moreover, scalloped membranes and the transition from membrane to twisted ribbons demonstrates that simple uniform elastic sheets lacking in-plane rigidity can spontaneously assume complex 3D folding patterns as opposed to thin elastic sheets with in-plane elasticity [206,207,208,209] which require in-plane heterogeneities or imposing an external force to be fold or wrinkled. Finally achiral symmetry breaking has been observed in diverse soft systems with orientational order, ranging from lipid monolayers and nematic tactoids to confined chromonic liquid crystals (38)(39)(40)(41)(42)(43)(44). In particular the measured structure and interactions of the cusp-likedefects in colloidal membranes resemble studies of point defects moving along a liquid crystalline dislocation line in the presence of chiral additives (45). the main difference is that in the colloidal membranes the achiral symmetry breaking leads to out-of-plane 3D membrane distortionsthat couples liquid crystal physics to membrane deformations. This is not possible for inherently confined liquid crystalline films.

Asymmetric mixtures of colloidal rods 4.4.1 Phase separation in colloidal membranes

Phase separation can be trigger by asymmetric force between the colloids. This force configuration can be achieve by mixing depletant with viruses of different lengths: fd-y21m virus (880 nm long) and M13KO7 virus (1200 nm long)19. The strength of the depletion force is proportional the overlap of the excluded volume. In fig. 4.18, two short rods and a short rod and long rod share the identical overlap of the excluded volume while two long rods have a large overlap of the excluded volume and therefore display greater attraction.

Colloidal membranes containing both fd-y21m (right handed) and M13Ko7 (left handed) are assembled by adding a depletant to a dilute isotropic mixture of fd-y21m and M13KO7, [78]. After reaching a large enough size, membranes sediment to the bottom of the sample chambers; the constituent rods pointed in the z direction, Fig. fd-y21m phase. Both phase conserve the symmetry of the colloidal membrane. At intermediate concentrations, micro-phase separation is observed: colloidal rafts, highly monodisperse micrometre-sized 2D droplets enriched in fd-y21m, float in the background of M13KO7.

Membrane rafts

Colloidal rafts [78] do not coarsen with time, suggesting that they are equilibrium structures, Fig. 4.19. Particle tracking experiments show that the rods diffuse in and out of these rafts, allowing for equilibration to a preferred size. Using optical tweezers to create a raft population with heterogeneous radii, the raft growth rate is measured. Below a critical radius the raft the raft melt and above the raft converge toward an equilibrium radius of ∼ 1 µm.

Colloidal rafts seem similar to equilibrium clusters found in protein and colloidal dispersions [211,212,213]. The stability of equilibrium clusters is attributed to the mixed potential of the particles forming the cluster. This mixed potential is composed of a short range attraction and a long range repulsion. For the colloidal rods, the attraction is due to the depletion interaction. Contrary to equilibrium cluster particles, the electrostatic interactions of the colloidal rods are fully screened and the long range repulsion is attributed to virus chirality. Two raft are indeed in a homo chiral coalescence configuration which is not propitious for merging in 2D. The raft edge twist is further transmitted by the twisted structure of the background membrane which mediates a long range elastic repulsion between rafts. This interaction is measured quantitatively by bringing two rafts close together with optical traps and tracking their trajectories upon release of the traps [78]. This chiral repulsion stabilizes small rafts against an interfacial line tension that would otherwise promote coarsening to a single raft domain and establishes a preferred depletant-concentration-dependent raft size [210].

Those results fuel the ongoing discussion on the lipid raft which structure, properties and function constitute ongoing research [214,215,216,217]. Lipid rafts have been proposed to be involved in the generation of the lipid gradients in the secretory pathway (Simons and Ikonen, 1997). Lipid raft coalescence can be induced by lipid-protein and protein-protein interactions to form ordered membrane microdomains involved in signal transduction [218], virus assembly [219], and membrane trafficking [220]. These membrane raft structures have evolved from controversial detergent-resistant entities to dynamic, nanometer-sized membrane domains formed by sterols, sphingolipids, saturated glycerophospholipids, and proteins [221,222,223,215,216]. Provided that the analogy between colloidal raft and lipid raft hold, it seems that short range attraction and chirality are the essential ingredient. A systematic study of the role a chirality in colloidal rafts with respect to the chiral molecule present in lipid raft remains to be done for a more refined analogy.

Conclusion and perspectives

Filamentous phage such as fd-like viruses are rod-like colloids that have well defined properties such as their diameter, length, rigidity, charge and chirality. Engineering those virus leads to a library of rods with slightly different properties which can be used as building blocks for self assembly, section 3. Their condensation in aqueous solution with additive depletants produces a myriad of structures ranging from isotropic/nematic droplets [START_REF] Modlińska | [END_REF], colloid membranes [128,140,[START_REF] Barry | The journal of physical chemistry[END_REF], achiral membrane seeds [147], twisted ribbons [47], π-wall [START_REF] Zakhary | The influence of the membrane-polymer interface on colloidal membrane dynamics and phase behavior[END_REF], pores, colloidal skyrmions, Möbius anchors, scallop membranes [START_REF] Gibaud | Proceedings of the National Academy of Sciences[END_REF] to membrane rafts [78], section 4. First, those structure reinforce the general notion that through a careful choice of particle shapes, sizes, and concentrations it is possible to "engineer entropy" [4] and build structures of ever-increasing complexity.

Second, the entropy driven condensation of millions of rods in finite liquid-like objects leads to dynamic equilibrium and allows the structures to permanently rearrange and test their energy landscape. Therefore, those structures are very sensitive to externally tunable interactions like chirality and attractions which trigger shape shifting transitions. Third, external forces like optical tweezers may be utilize to manipulate those structures and probe their mechanical properties and the transition between multiple metastable polymorphic forms with complex topologies. Fourth, those structures represent a showcase of analogies between objects which belong to different fields of science such as colloidal membranes and lipid bilayers, chiral pore actuation and pores in cells, colloidal rafts and membrane rafts, colloidal skyrmions and solid state skyrmion, the twist penetration length at the edge of colloidal membranes and the penetration depth of the magnetic field in superconductor, or the Möbius anchors and the Möbius strips. Fifth, this experiments work combined with theoretical inputs [210,147,146,[START_REF] Zakhary | The influence of the membrane-polymer interface on colloidal membrane dynamics and phase behavior[END_REF]201,225,226,[START_REF] Gibaud | Proceedings of the National Academy of Sciences[END_REF]227,228,200,229] makes it well establish field in self-assembly. For all those reasons, fd-like phages constitute an attractive model system in soft matter physics, Fig. 5.1.

The subject is clearly open and many questions remain unanswered. 2D colloidal membranes do not form vesicles -would it possible with smaller viruses to reduce the lateral bending rigidity of the membranes and have them form vesicles? We have seen that chirality tends to produce 3D structures with gaussian curvature -is possible to enhance this effect to make 3D leather pouch like membranes? Raft are stabilized due to chirality -what happen to micro phase separation in homo chiral mixtures and in achiral mixutures? This review being only based on three different phages (fd-wt, fd-y21m and M13KO7) which is really far from being representative of phage diversity [230], there are many more structures to be discovered in such systems.

The phenomenology described in this review article should be relevant to diverse colloidal and nanosized rods that interact through excluded volume interactions. Indeed, as demonstrated in section 3, fd-like viruses are an excellent experimental realization of hard rods. The challenges for applications, especially in materials science, are threefold. Firstly, it lies in the development of monodisperse rods with interactions that exclude aggregation and permits equilibrium self assembly. Secondly, it necessitate robust rods that conserve their integrity in harsh conditions. Thirdly, large scale productions is required. Progress in these directions are clearly on their way [231,232,233,234,235] and material and bio-applications line up [236,[START_REF] Jin | Virotronics: Viruses as Tools for Functional Nanomaterials Design[END_REF]238,239]: templates for cells growth [240], colourimetric sensors [241], photovoltaic devices [242,243], batteries [244,245,246], etc. . . . Filamentous phages as building block for reconfigurable and hierarchical self-assembly. Starting with isotropic suspensions of filamentous phages and depletion interactions, it is possible to drive the system to self assemble in a myriad of structures. Tuning the depletion interaction leads to condensate the virus with increasing density and order. Using the virus chirality, it is possible to turn 2D structures in 3D structures with Gaussian curvature. By mixing different type of rods the system may phase separate. Optical tweezers and external control over the interactions permits to navigate continuously in this state diagram and trigger shape-shifting structures.
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Introduction

Gels are composed of small particles at very low volume fractions that form an elastic space spanning threedimensional network embedded in a solvent. Gel form through the sol-gel transition. Initially A fluid mixture is composed of solute (sol) particles suspended in a solvent. Then, under appropriate conditions, the particle aggregate until a percolating network is formed. The network often displays a large length scale signal associated with the fractal properties of its structure. By weight, gels are mostly fluid, but the network confer mechanical properties to the gel that fall into the category of viscoelastic solids. They display an elastic plateau at rest and flow only when solicited above a certain strain or stress. The internal network structure result from bonds between the particles. Physical gels or soft gels are gels in which bonds originate from physical interactions of the order of k B T , so that bonds can reversibly break and form many times during the course of an experiment. Physical gels are usually formed by colloidal and soft particles as well as associative polymers, and bonds are induced via depletion interactions, hydrogen bonds and hydrophobic effects to name a few. Chemical gels or strong gels in contrast are gels where the network bonds are irreversible. Chemical gels are usually formed by cross-linked polymers but also physical interactions much larger than k B T like in gelatin. Physical and chemical gels are out of equilibrium structures and their properties are driven by dynamical arrest during the sol-gel transition. The path employed during the sol-gel transition is therefore crucial and may affect the structure and mechanical properties of the gel.

In the next we discuss mechanical instabilities that are triggered by solicitations Fig. 6.1. Solicitations can be external to the gels and applied using rheometer, optical tweezers or high power ultrasound. Solicitations can also be internal, taking advantage of the built-in sensitivity of our particles to pH or temperature quenches to morph our dispassion's properties. Among the the systems I have studied, I choose to present three instabilities:

• The yielding transition of a soft colloidal gel, i.e. the transition from a solid state to a fluid state due to shear. • The prediction of the rupture point in strong colloidal gels subject of oscillatory stress.

• The wrinkling pattern in strong colloidal gels triggered by a pH quench. [247]. Caseinate gels [248] . Confined caseinate gels [207]. Carbon black gels [249]. Cornstarch suspensions [250]. Latex gels [251]. Calcite and Ludox [252] 6.2 Fatigue and yielding in soft gels 6.2.1 Challenges associated with the determination of the yield stress Fatigue refers to the changes in material properties caused by repeatedly applied loads [START_REF] Suresh | Fatigue of materials[END_REF]. Fatigue is quite universal and affects a broad range of materials from metals [START_REF] Bhat | [END_REF] to biomaterials such as adhesion clusters of cells [START_REF] Erdmann | [END_REF]. In metals, the microscopic events associated with fatigue depend on the load and usually weaken the material. For example, if loads are above a certain threshold, microscopic cracks form at stress concentrators such as the surface, persistent slip bands, and grain boundaries [START_REF] Suresh | Fatigue of materials[END_REF]256,[START_REF] Frost | Metal fatigue[END_REF][START_REF] Murakami | Metal fatigue: effects of small defects and nonmetallic inclusions[END_REF]. Eventually a crack reaches a critical size, propagates, and the structure fractures [START_REF] Griffith | Philosophical transactions of the royal society of london[END_REF]260]. Here, we address the question of fatigue in a soft material namely a colloidal gel. Under a constant stress, colloidal gels, like many other viscoelastic solids such as foams or emulsions, flow only above a critical stress referred to as the yield stress σ y . This stress-induced fluidization is involved in virtually any application of colloidal gels, and it is essential to correctly measure and control this yield stress to ensure the safe and proper use of the material. Yet it has been shown in recent years that many phenomena may affect the way a material yields [261,262,263,264]. Slippery boundary conditions may induce the solid-body motion of the material without bulk fluidization [264]. Long and complex transient regimes may show coexistence of fluid and solid phases before a liquid-like stationary state is reached [265]. In particular colloidal gels are prone to so-called "delayed yielding" where it may take a very long time for a weak gel to yield under a constant stress [266,267,268]. For instance, a gel can fail under its own weight after several hours or days [269,270]. This "gravitational collapse" has been associated to the progressive weakening of the gel network due to thermally activated localized rearrangements [271] or to the interplay between the poroelasticity of the gel and gravitational compression [272,273]. Delayed yielding has also been investigated in gels subjected to a constant shear stress imposed by a rheometer, including carbon black gels [274,275], thermo-reversible protein gels [276] or weak gels of polystyrene particles [267]. In all cases, the gels are eventually fluidized after complex transient regimes. These dynamics have been related to activated processes: the applied shear stress σ decreases the energy barrier for bond breakage leading to failure times that decrease exponentially with σ [266,268]. In this work we focus on the interplay between fatigue and yielding of carbon black gels under cyclic shear, a phenomenon which is comparatively much less documented in soft matter than the case of constant load. Carbon black (CB) particles are colloidal, carbonated particles with a typical size range of 85 to 500 nm [277] that result from the partial combustion of hydrocarbon oils. These particles are widely used in the industry for mechanical reinforcement or to enhance the electrical conductivity of plastic and rubber materials [START_REF] Donnet | Carbon black: science and technology[END_REF]. When dispersed in a mineral oil (density 0.838 g.cm -3 , viscosity 20 mPa.s, Sigma Aldrich), these CB particles (Cabot Vulcan XC72R of density 1.8 g.cm -3 ) are weakly attractive with interactions of typical strength U ∼ 30k B T [START_REF] Trappe | [END_REF]. From a dispersed state at weight concentrations of 6 % w/w., the particles aggregate to form sample-spanning networks of fractal dimension d f = 2.2 even at very low concentrations [277].

Yielding characteristic time scales

Using oscillatory stress experiments with a constant stress amplitude σ 0 in a Couette cell combined with ultrasonic imaging, we have determined the yielding dynamics, Fig. reffig:cb1(a). Within the time interval 0 < t < τ w the gel remains solid, within τ w < t < τ b the gel yields at the walls but remains solid in the bulk, and within τ b < t < τ f , we observe solid-fluid coexistence associated with negative normal forces. Beyond τ f , the sample flows like a liquid. Those characteristic times scale differently with the oscillatory stress amplitude σ 0 at low and high stresses, Those durations are functions of the applied stress and can be empirically fitted by an exponential, although a power law cannot be ruled out due to the limited range of σ 0 . To gain insight into those multiple yielding processes, we have used the delayed yielding model [268] extended to oscillatory stress experiments (τ ∼ exp(-σ 0 /σ * )) and the Basquin model [280] (τ ∼ σ -α 0 ). Both models fit reasonably well the data. This analysis shows that each successive yielding process requires a higher stress barrier, σ * or a lower exponent α.

According to the Basquin model, the CB gels are prompt to accumulate damage and are much more sensitive to stress than asphalt [START_REF] Kun | [END_REF] or metals [START_REF] Eshbach | Eshbach's handbook of engineering fundamentals[END_REF]. According to the delayed failure model, the CB particles have a weaker interaction with the walls than between themselves which justifies that the gel yields first at the wall and then in bulk. This work [START_REF] Gibaud | [END_REF]284] establish fatigue process in gels set bases for comparison with fatigue in hard materials such as composite or metals. Under sufficiently large stresses, solid materials may either flow or break. In hard solids, such as metals or composite structures, these highly nonlinear phenomena have a century of history, in an engineering context, it is critical to understand failure mechanisms in order to improve mechanical performance and ensure a safe usage. For soft solids, like gels or pastes, the topic is more recent yet nonetheless important. Most soft materials, including colloidal gels [285,286,287,288,289,290,291,249], colloidal glasses [292], foams [293,294], star polymers [295] and emulsions [296,297,298], display a yielding transition where they evolve from a solid-like state to a fluid-like state as the stress is increased [299,300]. This transition is reversible and the material regains its elasticity once brought back to rest. Yielding has tremendous implications for food and cosmetics, including industrial processing and texturing [301,302,58]. It is also relevant to biology, for instance to the mechanosensing properties of cellular tissues [303]. However, when strong interparticle bonds are involved, soft solids rather develop fractures and irreversibly break under stress. This is the case for a number of biopolymer gels, such as gelatin [304], agar [305] and casein gels [306].

Experimental characterization of the yielding transition is not always easy for soft solids, as discussed in the previous section. Predicting failure in soft solids is even more difficult and remains an open problem. The onset of yielding and/or rupture under a stress load has been associated with a diverging correlation length scale [297], plasticity [307], "hot spots" [308,309], and complex avalanche-like statistics [310]. Nevertheless, such features are insufficient to predict failure due to slippery boundary conditions [311,312,288,313,314,315], long transient regimes or spatial heterogeneities [288,291,249,316].

A large number of studies have been devoted to cracks and fractures induced by a constant load or strain in various soft materials including gels [317,304,306], fibrous materials such as fiberglass and wood [318] or paper [319,320,321] and harder composite materials [322] or even basalt [323]. Surprisingly, the irreversible rupture of soft solids under oscillatory shear remains much less explored, although oscillations provide a convenient way to follow the build-up of nonlinearity as a function of load amplitude, frequency and time [289,291,324,325,326,327]. Oscillatory loads are also frequently involved in applications and often involve damage accumulation prior to rupture, a phenomenon known as "fatigue" that is still poorly understood [START_REF] Suresh | Fatigue of materials[END_REF][START_REF] Kun | [END_REF]330,331,249].

Here, we focus on sodium caseinate protein gels under oscillatory stress. The protein gels is an aqueous dispersion of milk proteins, sodium caseinates, and GDL, molecules causing a gradual acidification of the environment in time [332,333]. This acidification causes the condensation of the proteins into a homogeneous gel which fills the Couette cell. Acoustic contrast for the echography is provided by the addition of neutrally buoyant polyamide spheres (Orgasol 2002 ES3 NAT3, diameter 30 µm, density d = 1.03, Arkema). Casein gels are known to stick to PMMA so that wall slip or syneresis is not an issue in the present geometry [306]. The samples are gelled in the rheometer and subsequently submitted to an imposed oscillatory shear σ (t) = σ 1 cos(2π f t) with frequency f and amplitude σ 1 . Two types of oscillatory shear experiments are performed at f = 0.1 Hz: (i) "instantaneous" experiments where the gel is solicited over a short duration and (ii) "fatigue" experiments where oscillations are applied with a given stress amplitude for much longer durations. On the one hand, "instantaneous" experiments gives us an quasi-instantaneous snapshot of the gel mechanical properties. On the other hand, "fatigue" experiments allow us to monitor the evolution of the material as it accumulates damage over time. We use those two sets of experiments to predict and probe rupture.

Rupture and phase separation

Such gels are reported to display brittle-like rupture both under constant stress or strain [334,306,335]. Using a recently-developed echography technique, LORE, Fig. 6.4(a), we measure the local viscoelastic properties of the system and find that they remain homogeneous up to rupture, at least on length scales larger than 50 µm. At the rupture the gel suddenly gives way to a solid-fluid phase separation upon, Fig. 6.4(b-c).

How strain non-linearities point toward the rupture point

The sample strain response γ(t) is recorded by the rheometer. Under medium and large amplitude oscillatory stresses, γ(t) becomes nonlinear [337]. This results in the presence of harmonics in the Fourier series decomposition of γ(t): γ(t) = ∑ k γ k cos (2πk f t + φ k ) where γ k is the amplitude of the k th harmonics and φ k its phase with respect to σ (t). In our experiments, even harmonics are always negligible as expected from symmetry considerations in the absence of wall slip [338,339,340,337,341,336] so that we only focus on odd harmonics k = 3, 5, 7 and 9.

Following "instantaneous" experiments and upon increasing the stress amplitude σ 1 the build-up of harmonic modes in the strain response, σ 1 can be rescaled for all gel concentrations ([cas]). This rescaling yields an empirical criterion to predict the rupture point way before the samples are significantly damaged, Fig. 6.5. First, for 0.1 σ 1 /G 0.5, γ 1 keeps following the same linear law while higher harmonic modes are now clearly measurable and nicely described by power laws of σ 1 /G . More quantitatively, fitting γ 3 and γ 5 . This empirical analysis of the nonlinear strain response thus yields a criterion to predict the rupture point based on oscillatory shear experiments at intermediate stresses way before the gels is damaged. Moreover, "fatigue" experiments follow the same scenario and can be mapped perfectly well onto the previous "instantaneous" oscillatory experiments when considering γ k>1 as a function of γ 1 . This proves that the rupture pathway is controlled by strain rather than time.

We expect this work [248] to trigger numerical modeling and theoretical efforts to explain the power-law evolution of the higher harmonic modes as well as the rupture criterion. We believe those scalings and the rupture prediction to be also relevant for biological networks and biopolymer gels made of, e.g., actin, alginate, gelatin or agar. Further experiments on these various systems are in line to check for generality. Our work also opens the way to deeper local investigations of the damage process of soft materials under oscillatory shear. [Cas] (% wt.) G (Pa) 6.4 Wringling gels 6.4.1 Investigating new wrinkling mechanisms in a model system What makes a soft film buckle or wrinkle? A film may buckle and wrinkle in many ways and for various reasons Fig. 6.6. When compressed along its length a plastic ruler bends. It is said to buckle. When a carpet is compressed, it does not buckle on its entire length but instead forms small ripples, or wrinkles. The weight of the carpet, which is exerted perpendicular to the compression, disfavors long undulations. It is the competition between the weight and the elasticity that define the wrinkling wavelength. The causes of wrinkling are always a combination between excess surface, responsible of the buckling, and a constraint perpendicular to the selected wrinkling wavelength. For example, the skin of an apple which flesh dries out is in excess and must buckle, but the skin is retained by the elasticity of the apple flesh and therefore it wrinkles. It has been predicted that in the case of an elastic film in contact with a very thin layer of liquid, the viscosity of this liquid would resist the long undulations and wrinkles could appear. This has not been observed yet because in experimentally convenient situations, the film is at the top of the liquid and the weight of the film plays the larger role so as in the carpet situation.

The Chinese Shar-Pei, the dog that is ''too small to fit properly into its fur''. J. Genzer Wrinkling. An elastic film buckles because of excess area and wrinkles when a substrate hinders buckling. The selection of the preferred wrinkling wavelength is peculiar to the situation and is related to a mismatch of elastic properties between the surface and the substrate [342,343,[START_REF] Biot | Proc. R. Soc. Lond. A[END_REF][START_REF] Bowden | [END_REF]206,346]. In biology, wrinkling-controlled morphogenesis is ubiquitous. Aging and loss of elastic fibers make our skin wrinkle [346,347]. (a) The Chinese Shar-Pei, the dog that is "too small to fit properly into its own fur". (b) The difference in growth rate between the gut tube and its dorsal anchoring is responsible for the villification of guts [348,349,350]. (c) Localized cell death in biofilms focuses on mechanical forces and initiates a three-dimensional labyrinth pattern [351,352]. (e) drying apple. In physics, the last two decades have seen the development of methods used to obtain well-controlled patterns via linear (bowden1998,genzer2006, hu1998, kim2010, vandeparre2011, li2013) or nonlinear wrinkling [353,354,355,356]. Such patterns can be triggered by temperature dilation (bowden1998), swelling [357,358], or removal of prestrain [346].(e) Smooth Cascade of Wrinkles at the Edge of a Floating Elastic Film. (f) Le Chapeau du Gendarme near Septmoncel (Jura, France). The birth of the Alps straightened the strata vertically. At this point, the base of the folding broke along a horizontal axis. As the push from the Alps continues, the straightened strata will then slide along this break. They will push the Lower Cretaceous stratum without moving the strata of the Jurassic below. Close to the break, the cretaceous stratum will detach from that of the Jurassic and will strongly wrinkle forming the a napoleon hat like structure.

Experiments with yogurt-like gels

To circumvent this issue, we took inspiration from the yogurt-making process to create thin porous biogel films immersed in a viscous medium which density is close to the one of the biogel Fig. 6.7. In a cell consisting of two microscopy lamellas separated by 100 microns, we enclose an aqueous dispersion of milk proteins, sodium caseinates, and GDL, molecules causing a gradual acidification of the environment in time. This acidification causes the condensation of the proteins into a homogeneous gel which fills the cell and contracts within minutes in a thin elastic porous film of a few tens of microns thick and separated from the microscopy lamella by layers of water. As the acidification continues, the gel film inflates, develops an excess of surface and wrinkles. Furthermore, in this confined geometry, the wrinkles soon meet the lamellas and flatten on it. To gain further area, the gel wrinkles inside the preceding wrinkles as seen on the left hand side of the illustration next page, Fig. 6.8.

A new wrinkling mechanism related to the gel porosity

The three-dimensional conformation of gel film is reconstructed by confocal microscopy and is displayed on the right hand side of the illustration. By analyzing the dynamics of the formation of folds and by comparing it to a theoretical model, we were able to show that the porosity of the gel is selecting the wrinkling wavelength. Indeed when the film is very close to one of the lamella, it is easy for the water to go through the porous gel. The new wrinkling mechanism identified in this work [207] may be relevant to wrinkles that appear in membranes inside our body which are immersed in body fluids and partially permeable to them. This may have some important consequence during morphogenesis. 

Futur projects

Recently, we got lucky; we got several project funded: on bacteria dispersions (grant ANR JCJC 2018), gels and power ultrasounds (grant Rhône-Alpes-Auvergne 2017) and people behavior in ice breaker games (grant CNRS 2016). In the next, I only present the project on bacteria. Our goal is to lay out the design principles of active mesophases. These states of active matter will be selfassembled from swimming bacteria with externally controlled interactions. Firstly, we will add attractive interactions in initially repulsive dispersions of bacteria. Using cutting edge strategies from colloidal science, the attraction will be mediated using thermo-sensitive depletants. Taking advantage of this externally tunable attraction via temperature, we will investigate active mesophases of different symmetries and determine the kinetic pathways to shape shift one active mesophases to another. Secondly, we will establish the structural and transport properties of active mesophase in patterned media. We will take advantage of micro-patterning techniques to design cylindrical pillars with controlled spatial repartitions. In practice, in dilute dispersions of bacteria, counting on the depletants, we aim to channel bacteria to orbit around pillars. Fine tuning the bacteria orbit time with depletion, we will study the bacteria hopping dynamics in lattices of pillars. Finally, in dense suspensions of bacteria suspensions with depletants, we aim at nucleating condensates of swimming bacteria around micro-pillars. We will take advantage of collective bacterial effects to mimic atomic structures such as atoms, molecules and solids. The mesoscopic atom will be composed of a cloud of bacteria orbiting around a pillar. The mesoscopic molecule will be composed of two mesoscopic atoms in interaction. The strength of the molecular bound will correspond to the degree of synchronization between the orbiting bacteria of the two mesoscopic atoms. Mesoscopic solids will correspond to mesoscopic atoms in interaction on a lattice. Playing with the pillar organization and the direction of rotation of the bacteria around the pillars, we will generate long range order. We aim at self-assembling ferromagnetic and anti-ferromagnetic ordered structures as well as chiral mesophases by utilizing geometrical frustrations. To sum it up, this project will bring to the next level the concept of colloids as giant atoms using the synergy between bacteria, depletants and micro-pillars.

Context and aim

State of the art and originality of the project -Over the last five years, a major attention has been paid to novel classes of colloidal liquids made of motile units: from living bacteria and algae, to synthetic active particles, see [360] and references therein. Apart from very rare exceptions [361,362], we do lack of model systems allowing a continuous control over the interactions between the motile units of active materials. This limitation strongly hinders the systematic exploration and understanding of their collective behavior. In this project we will rectify this situation and create active materials based on smooth running bacteria capable of self-assembling into mesophases of unprecedented structural and dynamical properties. Our strategy consists in taking advantage of 30 years of successful research in colloidal science and self-assembly. In the 80's, the drastic expansion of colloidal science was sparked by the development of attractive interactions induced by depletion. This tool has resulted in understanding of a host of phases: from arrested structures like gels [363], to complex thermodynamics structures like empty liquids [364], colloidal membranes [128] and twisted ribbons [47]. For example, based on our own research, using thermo sensitive polymers as depletion agents, we managed to continuously tune the attraction between hard rods to trigger and understand the pathway leading to the condensation of anisotropic droplets (tactoids) [START_REF] Modlińska | [END_REF]. Firstly, building on this work, we will continuously explore the multidimensional phase diagram of active mesopases (WP1). Secondly, using micro patterning techniques, we will address and elucidate their interplay with geometrical boundaries (WP2). WP1: From bacteria suspensions to bacteria mesophases -In stark contrast with passive colloids, the phase behavior of bacterial fluids remains rather poor. The sole mesophase found in bacterial fluids is the well-established (and unstable) active nematics phase [365,366,367]. Until now, pioneering attempts to tailor the interaction between the swimming cells by means of depletants has only yield the formation of dense bacterial cluster having a rather short lifetime prior to cell death due to lack of nutriments and oxygen [361]. In this project we will explore the pathways between the existing, and unanticipated phases of bacterial liquids using continuously tunable interactions. We will achieve this goal by building on two experimental expertises. First, we will use homemade thermo sensitive PNIPAM microgel particles [START_REF] Modlińska | [END_REF] as depletion agents which will make it possible to continuously tune the attraction between the bacteria upon minute temperature changes. Second, by handling the bacteria in dedicated agar cells [368] or micro-channels allowing a flow-free continuous supply of oxygen and nutriments [START_REF] Dahan | Microfluidic system for controlling the concentration of molecules for stimulating a target[END_REF]370], we will be able to explore stationary regimes at very high bacteria concentrations, up to 20% volume fractions.

WP2: Bacterial mesophases in micro-patterned geometries -We then aim to tame a bacteria so that it swim around a pillar, Fig. 7.2. 10-50 µm size pillars will be designed using lithography and used as nucleation spot to form bacteria clusters. Indeed, due to hydrodynamics interactions, a bacteria is attracted by surfaces and will therefore tend to swim naturally around the pillars [371,372,373]. As hydrodynamics interactions might not be sufficient, depletion interactions will be added to enhance and better control the orbit lifetime of the bacteria around the pillars. This system would then the Hydrogen atom: a nucleus with an orbiting electron, Fig. 7.1(a-b) We will focus adding bacteria to the orbit and study the dynamic equilibrium properties of the cluster as well as its coherence.

Building on the bacteria/depletion/pillar system we will add other pillars and ask the following questions. How does the cluster behave when other pillars are in their close vicinity? At low attraction the bacteria would diffuse though the pillar network as free electron in a metal and at high attraction the bacteria would be localized around the pillars as electrons in an insulator. If pillars are close enough so that bacteria diffuse from one pillars to the other would it possible to synchronize the handiness of the rotational motion of the bacteria between all the pillars and create chiral dynamics? If the pillars lattice is triangular then the rotation sense of the bacteria around the pillar is frustrated. How then does the system organize? Methodology -All our experiments will rely on fluorescence, and confocal video-microscopy to characterize the structure and dynamics of the bacteria/depletent suspensions. Micro-channels and micro-structures will be fabricated using soft-lithography methods already mastered in the Bartolo group. We reiterate that one of the major problems with bacteria dispersions is to keep them alive during experiment at high concentrations.

To do so we have already used simple agar optical cell [368] and microfluidic stickers [START_REF] Dahan | Microfluidic system for controlling the concentration of molecules for stimulating a target[END_REF]370] making it possible to maintain bacteria in a stationary state for at least 90 mins even at volume fractions as high as 20%, Fig. 7.1(c).

Risk managements -The first risk concerns the introduction of depletion interactions between bacteria. T. Gibaud has a very strong experience in tailoring depletion-induced interactions in passive colloidal systems [START_REF] Modlińska | [END_REF]. In addition, W. Poon group has demonstrated that polysulfonated and PEG polymers can be effectively used as depletent agents to induce phase separation in E-coli suspensions [361]. Given the quite similar structure of PNIPAM, we believe PNIPAM microgel particles can also be used as depletent agents. They will provide the unique advantage of a continuous control of the attraction strength in a given sample. In case of (unlikely) failure, we would use PEG or Dextran polymers. The bacteria perturb the colloid dynamics r c [374]. For Deltat < τ, < r 2 c >∼ ∆t 1.5 . We demonstrate that this is due to the transient orbiting motion of the bacteria around the colloid. This evidence a novel transport mechanism and settle a long-standing debate about the origin of enhance diffusion. (c) Mean individual velocity of a concentrated bacteria suspension measured with differential dynamic microscopy [375]. At high concentrations (∼ 10% volume fraction) bacteria have life time of about 5min between glass slide and a cover slip whereas this life time is extended to 1h30 in our agar cells. Scientific communications -We aim at publishing the results of such a fundamental-science project in high-impact peer-reviewed journals. In addition, our results will be presented in international scientific conferences. PhD students will be encouraged to attend international soft-matter conferences to get well integrated in the soft matter community, a key parameter to initiate their career in the field.

Contributions to the content of higher education courses -This project will fuel lab courses. Currently T. Gibaud is setting up a lab course where a pair of students comes to the lab and performs experiments during 1 week. Over the past years, We studied Brownian motion [376], bacteria motility [375], gelation [377], schlieren methods [378]. The students learn to optimize the microscope setup, to handle the analysis of the acquired images coding in matlab [379,380,381,382,383]. We will pursue this fruitful strategy.

Promotion of scientific culture -We will also pay attention to the dissemination of our research to the public. At a local level, we will actively participate to 'la fête de la science' allowing non-specialists to visualize living bacteria and gain a better understanding of how they move and proliferate. At a larger scale, given the increasing impact of social media we will communicate on our latest results on our Youtube channels (https://www.youtube.com/user/GibaudLab), Tweeter and LinkedIn, creating dedicated channels and feeds for the present project. T. Gibaud will also continue to communicate his results to the 'actualité scientifique du CNRS' as done for previous work on self-assembly of colloidal rods and wrinkling gels, he will also benefit from the experience of D. Bartolo to disseminate his work through general French and international media (Newspapaer, radio and TV).

Intellectual property -Intellectual property issues will be addressed, if necessary, according to the rules set by our employers: CNRS and ENS de Lyon.

Organization of the project and means implemented

Thomas Gibaud (implication 70%) -Principal Investigator. This project relies on a set of skills that T. Gibaud has developed during his career: the use of biological colloids and the use of external stimuli to tune colloids interactions and move continuously in their state diagram. During his PhD with P. Schurtenberger, he used lysozyme and its temperature dependent attraction as model colloids to explore the interplay between the glass transition and the spinodal decomposition. He constructed a coherent framework that bridged the gap between the hard sphere glass and the gel phases [21,247], shed light into protein crystallization [384] and provided a new pathway to assemble amorphous solid-like networks characterized by a specific correlation length [385,386] and rheological properties [387]. After ATER with S. Manneville at the Ens de Lyon, he went to the USA for a 3 years post doc. During his post-doc with Z. Dogic and ANR-retour postdoc at the ENS de Lyon, he used viruses with thermosensitive chirality interactions and dextran as a depletent to open a new paradigm on colloidal membranes to twisted ribbon transition [47], membrane rafts formation [78] and chiral coalescence [START_REF] Gibaud | Proceedings of the National Academy of Sciences[END_REF][START_REF] Zakhary | The influence of the membrane-polymer interface on colloidal membrane dynamics and phase behavior[END_REF]. As a sole PI, he used PNIPAM as thermosensitive depletent to understand the condensation pathway leading to nematic droplet [START_REF] Modlińska | [END_REF]. More recently, using caseinate with pH induce syneresis, He uncover a new wrinkling mechanism in gels [207], and developed a rheology analysis to experimentally predict caseinate gels rupture point before the gels get irreversibly damaged [336,248].

Team -The team will be composed of two researchers, two PhD and master students. T. Gibaud and D. Bartolo, have started an informal collaboration that has already lead to very promising results on the manipulation of bacteria in microchips, Fig. 7.1.

Denis Bartolo (implication 30%) -Partner. Denis Bartolo is Professor at ENS de Lyon and a world expert in synthetic active-matter physics and microfluidics (see CV). The collaboration with D. Bartolo will make it possible to combine our non-redundant and complementary expertise to tackle this ambitious long-term research program.

Students -In order to complete our project T. Gibaud will recruit a PhD student at a very early stage of the project (Co-supervised with D. Bartolo). He will host one Master student (M1 or M2) per year. We will seek a talented experimentalist with a strong background in Soft-condensed matter physics, fluid mechanics, biophysics and statistical physics. We plan to hire a second PhD student at the beginning of year 4 (Funding from Ecoles Doctrales or Ens de Lyon). Ens de Lyon is an ideal institution to source high profile students.

Equipment and facilities -Experiments will be performed in the Gibaud lab already equipped with an optical and fluorescent microscope. Microfluidics and micro-patterning will be developed in the clean room facility of ENS de Lyon. We will also rely on the microscopy platform at Ens de Lyon (Platim). We will have access to 10 confocal microscopes, and benefit from the help of five full-time engineers. We stress that this solution is much cheaper than buying a fast confocal head for our microscopes.

Estimated cost - Schurtenberger and Anna Stradner on the interplay between phase separation and the glass transition in globular protein suspensions. After a short postdoc with Sébastien Manneville at the Ens de Lyon (Fr) on the yielding dynamics of colloidal gels, I went to the USA for a second posdoc at Brandeis University with Zvonomir Dogic. There I worked on self-assembly using filamentous phages as colloidal building blocks. In 2012, I was appointed CNRS researcher at the Ens de Lyon in France.

Research statement

Nature excels at building complex functional materials. Scientists are however far from understanding the structure and mechanism involved and even further from being able to replicate equivalent materials. Here, I use, purify or engineer nanometer to micron particles which serve as building blocks to create innovative soft materials. The particles specific properties cascade to macroscopic scales and are the cornerstone for designing new materials. I then put efforts in understanding the soft material response to external solicitations.

To do so, I use devices such as rheometer, optical tweezers or high power ultrasound. I also take advantage of built-in sensitivity of the particles to pH or temperature to continuously morph our dispersions properties. This bottom up approach combined with external solicitation of the self assembled soft materials allows me to tackles fundamental issues in self-assembly, gels and active matter and mimics many phenomena observed in biology or hard condensed matter. Remarkable results: 
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 31 Figure 3.1: Phage virus like fd-wt use the machinery of E. coli to reproduce itself. (a) Schematic of the reproduction cycle of fd-wt. (b) Schematic, [69] and electron microscopy image of fd-wt virus. Scale bar 200 nm.
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 323345534 Figure 3.2: Gel electrophoresis of a typical fd-wt preparation [47]. (a) Ethidium Bromide stained gel viewed under UV illumination. The bottom bright band consists of 880 nm long fd-wt monomers, while the middle and top bands contain fd-wt dimers and trimers, respectively. (b) Virus polydispersity is quantified by plotting the normalized intensity profile of the gel, [47].
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 535 Fig.5 -Chirality and mixture of fd-wild type and fd-y21m
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 44 For dextran concentrations Fig. 4.2 shows that depletion interactions promote rods condensation but it does not reveal any new phases Depletant Overlap volume Excluded volume for the depletants
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 417 Figure 4.1: Sketch of the depletion interaction between two colloidal rods.
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 842 Fig.8 -Condensation of nematic droplets in d colloidal rods with thermo-sensitive depletaPhase contrast images of the condensation an nematic droplets as a function of temperature colloidal suspension of M13K07 viruses mixed microgel particles at c P = 30 mg/ml. As tempe attraction increases. The rate of the quench is bars is 5 μm. (b) Measurements of the long an the droplet, r 1 and r 2 as a function of tempera temperature that separates the isotropic stat droplets regime. T 2 is the temperature that se isotropic droplets regimes from the tactoids r
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 67 Fig.6-Sketch of the depletion interaction be rods
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 843 Fig.8 -Condensation of nematic droplets in d colloidal rods with thermo-sensitive depletaPhase contrast images of the condensation an nematic droplets as a function of temperature colloidal suspension of M13K07 viruses mixed microgel particles at c P = 30 mg/ml. As temper attraction increases. The rate of the quench is bars is 5 μm. (b) Measurements of the long an the droplet, r 1 and r 2 as a function of tempera temperature that separates the isotropic state droplets regime. T 2 is the temperature that se isotropic droplets regimes from the tactoids re
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 144 Figure 4.4: fd-wt colloidal membranes, T = 22 • C, Dext = 45 mg/mL [128]. (a) DIC micrograph colloidal membranes. Scale bar is 10µm. (b) Fluctuation spectrum resulting from the Fourier analysis of a sequence of uncorrelated membrane conformations. The red line is the best fit to the Helfrich equation, which yields a lateral bending modulus of 135 k B T and a surface tension of 100 k B T /µm 2 . Inset: DIC micrograph of a colloidal membrane edge-on. Scale bar 2 µm. (c) Sketch of lipid bilayer and colloidal membrane which on a coarse grain level are similar and obey the Helfriech equation.
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 1045 Fig.10 -Structure of colloidal membrane. (a) retardance map of a colloidal membrane. Th associated with the edges indicates local rod micrograph cross section of a membrane dire tilt of the rods at the edge and the curved ed Illustration of colloidal membrane indicating a surface-tension-minimizing curved profile, f locally
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 11 Fig.11-chiral control of interfacial tension o membranes. (a) Fluctuation spectrum of the T= 20°C (square) and 50°C (circle) for Dext=36wave number q, a q 2 is independent of q and i proportional to the effective line tension, γ eff q, the suppressed fluctuations are independe concentration and sample temperature and s very chiral sample a peak is observed at inter attributed to gaussian curvature which enabl fluctuations. Red lines are fits using equation images, taken 1 s apart, illustrating the fluctu membrane's edge. Scale bar, 5 μm. (b) Line te of Temperature for different dextran concent achiral limit at 60 °C, γ chiral = 0 and γ bare = γ. In concentration increases γ bare . Decreasing the reduces γ because γ chiral increases. The red lin guides to the eyes illustrating the universal sc chirality.
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 1246 Fig.12 -Reconfigurable self-assembly throug interfacial tension, colloidal membrane to tw transition. (a) DIC micrographes of a tempera reduces the line tension and induces a transit membrane into 1D twisted ribbons. Scale bar stability diagram indicates regions of phase sp and membranes are observed as a function o (chirality) and Dextran concentration (Dext). a guide to the eye.

  Figure 4.6: Chiral control of interfacial tension of colloidal membranes composed of fd-wt[47,146,147]. (a) Fluctuation spectrum of the membrane edge a 2 q at T = 20 • C (square) and 50 • C (circle) for Dext = 36 mg/mL. For small wave number q, a 2 q is independent of q and inversely proportional to the effective line tension γ. For large q, a 2 q are independent of Dext and T and scale as 1/q 2 . For very chiral samples a peak is observed at intermediate q which is attributed to Gaussian curvature which enable out of plane fluctuations. Red lines are fits using equation(3). Inset: DIC images, taken 1s apart, illustrating the fluctuations of the membrane's edge. Scale bar, 5µm. (b) Line tension as a function of temperature for different dextran concentrations. In the achiral limit at 60 • C, γ chiral = 0 and γ bare = γ. Increasing the Dextran concentration increases γ bare . Decreasing the temperature reduces γ because γ chiral decreases. The red lines of fixed slope are guides to the eyes illustrating the universal scaling of γ with chirality. 0 2 0 4 0 6 0 0 2 4 6 8 Dext [mg/mL] 51 49 45 40 36
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 11 Fig.11-chiral control of interfacial tension o membranes. (a) Fluctuation spectrum of the T= 20°C (square) and 50°C (circle) for Dext=3wave number q, a q 2 is independent of q and proportional to the effective line tension, γ ef q, the suppressed fluctuations are independe concentration and sample temperature and very chiral sample a peak is observed at inter attributed to gaussian curvature which enab fluctuations. Red lines are fits using equation images, taken 1 s apart, illustrating the fluctu membrane's edge. Scale bar, 5 μm. (b) Line t of Temperature for different dextran concen achiral limit at 60 °C, γ chiral = 0 and γ bare = γ. In concentration increases γ bare . Decreasing the reduces γ because γ chiral increases. The red lin guides to the eyes illustrating the universal s chirality.
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 1247 Fig.12 -Reconfigurable self-assembly throu interfacial tension, colloidal membrane to t transition. (a) DIC micrographes of a temper reduces the line tension and induces a transi membrane into 1D twisted ribbons. Scale ba stability diagram indicates regions of phase s and membranes are observed as a function o (chirality) and Dextran concentration (Dext). a guide to the eye.
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 1314 Fig.13 -Twisted ribbons. (a) DIC micrograph at cv= ,Dext= and T=20°C. (b) From top to bo phase contrast (red) and fluorescence (green ribbon containing a low volume fraction of fl rods.LC-PolScope image indicating rod tiltin from the edge of the ribbon towards its cent each pixel is proportional to sin 2 (θ), where θ angle away from the image plane. Schematic ribbons as deduced from optical microscopy ribbons are assembled by wrapping around e twisted ribbons with a well-defined phase di sequences of 3 different doubly twsited ribb phase difference between the two constitue and green sinusoids follow the outer edges o ribbons comprising the double twisted ribbo two twisted ribbons can vary from being out phase.
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 481314 Figure 4.8: fd-wt twisted ribbons, T = 22 • C, Dext = 36 mg/mL.[47]. (a) DIC micrograph of twisted ribbons Scale bar 5 µm. (b) From top to bottom. An overlaid phase contrast (red) and fluorescence (green) image of a stable ribbon containing a low volume fraction of fluorescently labeled rods. LC-PolScope image indicating rod tilting that penetrates from the edge of the ribbon towards its center. Schematic structure of twisted ribbons as deduced from optical microscopy. (c) Doubly twisted ribbons consist of two twisted ribbons wrapped around each other. (d) z-stack DIC micrographs of doubly twisted ribbons with three different conformation. The red and green sinusoids follow the outer edges of each of the two ribbons comprising the double twisted ribbon, respectively and illustrate the phase shift between the two twisted ribbons can vary from being out of phase to being in phase. Scale bar 2 µm.

Figure 4 . 9 :

 49 Figure 4.9: fd-wt colloidal membrane manipulation with optical tweezers, T = 22 • C, Dext = 45 mg/mL [47]. A colloidal membrane is trapped with a dual-beam optical trap and stretched, inducing the transition to a twisted ribbon. Red circles indicate moving traps and green circles indicate fixed traps. Scale bar, 2µm.

FastFigure 4 .

 4 Figure 4.10: fd-wt membrane seeds, T = 22 • C, Dext = 45 mg/mL [147]. (a) DIC micrographs time sequence: using 2 Watt optical tweezers, it is possible to grab a colloidal membrane and detach membrane seeds. (b) Schematic of a membrane seed. 2D-LC-Polscope of membrane seed observed from the top and sideway. Scale bars 1 µm.
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 411 Figure 4.11: Chiral coalescence of colloidal membranes.
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 15 Fig.15 -Homo chiral coalescence. (a) coalesce resulting in a defect-free daughter membrane membranes initially form a twisted bridge tha onto the smaller membrane, rotating it by 180 twist. (b) A coalescence pathway resulting in t wall. The membranes have sedimented onto t surface that, for sufficiently massive membran rotation required for defect-free coalescence.
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 1716412 Fig.17 -(a) Anchor point of the p-wall at the egde of a Based on We guess that this anchoring point f which empich the p-wall to vanish.
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 151716413414 Fig.15 -Homo chiral coalescence. (a) coalesc resulting in a defect-free daughter membran membranes initially form a twisted bridge tha onto the smaller membrane, rotating it by 18 twist. (b) A coalescence pathway resulting in wall. The membranes have sedimented onto surface that, for sufficiently massive membra rotation required for defect-free coalescence
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 41518 Figure 4.15: Colloidal skyrmion in fd-wt colloidal membranes, Dext = 45 mg/mL, T = 22 • C [163]. Evolution of the radius of the colloidal skyrmion over time. t = 0 correspond to the time the colloidal skyrmion is imprinted with optical tweezers. Inset: 2D-LC-PolScope image of a colloidal Skyrmion using laser tweezers to close a π-wall on itself. Scale bar 1 µm.
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 416 Fig19 -Measurement of defect binding in sc membranes. (a) Phase contrast image ofscall at Dext=40 mg/mL for decreasing ratio of x_f chirality by lowering the areal fraction Xfd le coupling between point defects due to the in difference in the line tension of the protrusio right-handed twist. Scale bars 2 um. (b) Com the force measurements (dots) obtained wit and the theoretical model (full curves) as a fu distance between two adjacent defects. .
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 417 Fig19 -Measurement of defect binding in sca membranes. (a) Phase contrast image ofscall at Dext=40 mg/mL for decreasing ratio of x_f chirality by lowering the areal fraction Xfd lea coupling between point defects due to the in difference in the line tension of the protrusio right-handed twist. Scale bars 2 um. (b) Comp the force measurements (dots) obtained with and the theoretical model (full curves) as a fu distance between two adjacent defects. .
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 2021418 Fig.20 -Phase separation and membrane raf viruses fd-Y21M and MK13KO7. (a) Sketch of interaction in mixture of long and short rods. Fluorescence images of a fd-Y21M (yellow)-M DIC micrograph of colloidal membrane as a fu concentration. At Dext= 34 mg/mL the memb homogeneously mixed. At Dext= 38 mg/mL, w formation of finite-sized clusters enriched in a background enriched in MK13KO7. At Dext complete separation of the bulk phase is obs 5um. (c) Sketch of the colloidal membrane in

Figure 4 . 19 :

 419 Figure 4.19: Equilibrium raft and their interaction in fd-y21m/M13KO7 colloidal membranes [78]. (a) The dependence of raft expansion rates on raft size directly reveals the critical nucleus size and equilibrium size. Inset top: Expansion of an undersized raft and contraction of an oversized raft. Inset bottom: Fluorescently labeled fd-y21m rods associate and dissociate from a raft, revealing binding kinetics at the single-molecule level. (b) Effective pair interaction potential obtained using the blinking trap technique for clusters with diameters of 1.6 µm. Inset: 2D-LC-PolScope image of rafts embedded in a colloidal membrane.
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 51 Figure 5.1: Filamentous phages as building block for reconfigurable and hierarchical self-assembly. Starting with isotropic suspensions of filamentous phages and depletion interactions, it is possible to drive the system to self assemble in a myriad of structures. Tuning the depletion interaction leads to condensate the virus with increasing density and order. Using the virus chirality, it is possible to turn 2D structures in 3D structures with Gaussian curvature. By mixing different type of rods the system may phase separate. Optical tweezers and external control over the interactions permits to navigate continuously in this state diagram and trigger shape-shifting structures.
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 61 Figure 6.1: Soft materials under solicitations -how to trigger instabilities? Lysozyme gels[247]. Caseinate gels[248] . Confined caseinate gels[207]. Carbon black gels[249]. Cornstarch suspensions[250]. Latex gels[251]. Calcite and Ludox[252] 

  Fig. reffig:cb1(b). However this difference vanishes when we scale the characteristic duration of each process τ w , τ bτ w , τ fτ b with σ 0 . Such a scaling allows us to distinguish three successive yielding processes: yielding at the wall, bulk yielding and clusters yielding, Fig. reffig:cb2.
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 6263 Figure 6.2: Fatigue dynamics,[START_REF] Gibaud | [END_REF]284]. (a) Time evolution of the displacement field ∆(r, z,t) as measured through ultrasonic imaging during the oscillatory stress experiment of amplitude σ 0 = 27 Pa at a frequency of f = 1 Hz. The ultrasonic imaging sampling frequency is 0.2 Hz so that ∆(r, z,t) is probed every five oscillation cycles. The rotor is at r = 0 mm and the stator at r = 2 mm. Depending on how the displacements are correlated between every five oscillations cycle we can infer the state of the gels. (b) Dynamic state diagram of the fatigue process of a CB gel at c = 6% w/w. The characteristic times t = τ w ( ), t = τ b ( ) and t = τ f (•) are determined from ultrasonic imaging and define the boundaries between different states encountered during the fatigue process: (a) solid-like state, (b) plug-like flow i.e. solid-body displacement with slip at the walls, (c) solid-fluid coexistence along the vorticity direction, and (d) a fluid-like state.

6. 3

 3 Predicting rupture in strong gels 6.3.1 Challenges associated with the prediction and assessment of rupture

Figure 6 . 4 :

 64 Figure 6.4: Large Oscillatory Rheology from Echography (LORE) to study rupture of a casein gel. (a) LORE [336]. (b) Strain γ and stress σ as a function of f t during the rupture of a casein gel. Note that the rheometer fails to apply a perfectly constant amplitude. (c) Local displacement maps ∆ loc obtained with LORE [248] during gel breakdown.

Figure 6 . 5 :

 65 Figure 6.5: Build-up of nonlinear modes γ k of the strain response of casein gels subject to an oscillatory stress of amplitude σ 1 for various casein concentrations, [248]. Colors code for k = 1 to 9. The stress amplitude is normalized by the elastic modulus G of the gel measured in the LVE regime. Solid lines show the best power-law fits of γ k for σ 1 /G < 0.5. Background colors delimit the various regimes discussed in the text. Inset: G as a function of [cas]. The symbols code for casein concentration in the main graph. The solid line is G ∼ [cas] 4 .

Figure 6 . 6 :

 66 Figure 6.6: Wrinkling. An elastic film buckles because of excess area and wrinkles when a substrate hinders buckling. The selection of the preferred wrinkling wavelength is peculiar to the situation and is related to a mismatch of elastic properties between the surface and the substrate[342,343,[START_REF] Biot | Proc. R. Soc. Lond. A[END_REF][START_REF] Bowden | [END_REF]206,346]. In biology, wrinkling-controlled morphogenesis is ubiquitous. Aging and loss of elastic fibers make our skin wrinkle[346,347]. (a) The Chinese Shar-Pei, the dog that is "too small to fit properly into its own fur". (b) The difference in growth rate between the gut tube and its dorsal anchoring is responsible for the villification of guts[348,349,350]. (c) Localized cell death in biofilms focuses on mechanical forces and initiates a three-dimensional labyrinth pattern[351,352]. (e) drying apple. In physics, the last two decades have seen the development of methods used to obtain well-controlled patterns via linear (bowden1998,genzer2006, hu1998, kim2010, vandeparre2011, li2013) or nonlinear wrinkling[353,354,355,356]. Such patterns can be triggered by temperature dilation (bowden1998), swelling[357,358], or removal of prestrain[346].(e) Smooth Cascade of Wrinkles at the Edge of a Floating Elastic Film. (f) Le Chapeau du Gendarme near Septmoncel (Jura, France). The birth of the Alps straightened the strata vertically. At this point, the base of the folding broke along a horizontal axis. As the push from the Alps continues, the straightened strata will then slide along this break. They will push the Lower Cretaceous stratum without moving the strata of the Jurassic below. Close to the break, the cretaceous stratum will detach from that of the Jurassic and will strongly wrinkle forming the a napoleon hat like structure.
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 6768 Figure 6.7: The stability of casein dispersions strongly depends on pH. At neutral pH, caseins are charged negatively and repel one another. As pH decreases to the isoelectric point of caseins (pH = 4.6), casein molecules lose their negative net charge and tend to stick to one another[332,333,359]. Beyond the isoelectric point, caseins acquire a positive net charge and therefore partially redissolve.
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 1 StruBaDy] Structure Bacteria Dynamics 7.1.1 Global objective

Figure 7 . 1 :

 71 Figure 7.1: Preliminary experiments, unpublished. (a) Scattering of a swimming E-coli bacterium by a 10 µm colloidal particle. (b) The bacteria perturb the colloid dynamics r c[374]. For Deltat < τ, < r 2 c >∼ ∆t1.5 . We demonstrate that this is due to the transient orbiting motion of the bacteria around the colloid. This evidence a novel transport mechanism and settle a long-standing debate about the origin of enhance diffusion. (c) Mean individual velocity of a concentrated bacteria suspension measured with differential dynamic microscopy[375]. At high concentrations (∼ 10% volume fraction) bacteria have life time of about 5min between glass slide and a cover slip whereas this life time is extended to 1h30 in our agar cells.

Figure 7 . 2 :

 72 Figure 7.2: Taming bacteria motility to mimic the transport properties of electrons in conductor and insulator

Table 3 .

 3 

		fd-wt fd-y21m M13KO7
	D (nm) L (µm) L p (µm) C (e -/nm) Chirality	6.6 0.88 2.8 10 right	6.6 0.88 9.9 10 left	6.6 1.2 2.8 7 right

1: Properties of the filamentous phages fd, fd-y21m and M13KO7: diameter D, Contour length L, Persistence length L p , Charge density at pH=8.05 C and chirality

[76,77,78,79]
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  Discovery of traveling bands as the instability mechanism in shear thickening [PRX 8, 031006 (2018)] • New wrinkling mechanism in gels [Science Advances e1500608 (2015)] • New structures with colloidal rods: colloid membranes to twisted ribbons [Nature 481, 348 (2012)] • Discovery of a new class of yielding mechanism in gels: fatigue and delayed yielding [Soft Matte 6, 3482 (2010)] • Arrested phase separation as a new pathway for gelation [PRL 99, 118301 (2007)]9.3 Scientific productionPeer reviewed articles• 27 research articles • 8 articles focused on teaching physics(30,25, 21, 17,.• 17 articles as first author(35, 30, 28, 26, 19, 17, 16,.• 15 articles as corresponding author(32-29, 27-25, 23-21, 17, 16, 3-1).

Research

Experiments in soft condensed-matter physics -I use, purify or engineer organic and living matter to design smart colloids which serve as building blocks to create materials with fine tuned dynamics and structures. We then put efforts in understanding the material response to external solicitations using devices such as rheometer, optical tweezers or high power ultrasound. We also take advantage of built-in sensitivity of our particles to pH or temperature to continuously morph our dispersions properties. 

Teaching

Since 2011, I teach ∼ 64h/year at the Ens de Lyon in the bachelor/master Sciences de la Matière.

During my ATER position, I thaught 140h/year at the at the Ens de Lyon in the agrégation de physique.

During my PhD, I thaught (70h/year) and set up physics lab for freshman students at the université de Fribourg (CH).