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Introduction

Bacteria are ubiquitous in nature. These microscopic organisms have colonized many habitats, sometimes in extreme conditions of pH and temperature, making them a primitive form of life on Earth. Their adaptation to such diverse environments is raising the interest of Science which tries to fully understand how these micro-organisms live, reproduce and move.

The current research on bacteria concerns many fields like medicine (example : correlation between the microbiota and the resistance to infection diseases [START_REF] Libertucci | The role of the microbiota in infectious diseases[END_REF]), environmental sciences (example : depollution of fish industry effluents by Rubrivivax gelatinosus [START_REF] Franco De Lima | Cultivation of rubrivivax gelatinosus in fish industry effluent for depollution and biomass production[END_REF]), sustainable agriculture (example : soil bacteria may help to reduce the use of chemicals to fight the fungus Botrytis cinerea in wineyards [START_REF] Esmaeel | Genome sequencing and traits analysis of burkholderia strains reveal a promising biocontrol effect against grey mould disease in grapevine (vitis vinifera l.)[END_REF])... Physicists are involved in these topics and complement the biological knowledge on bacteria. The physical approach consists in confronting observations to models which aim at understanding which principles govern, for instance, the swimming strategy, environmental sensing or collective organization of bacteria. The essential difference between a suspension of colloids and a suspension of swimming bacteria is that the last one remains strongly out of equilibrium due to the constant injection of energy into the fluid (via internal chemical reactions for example). This microscopic flux of energy, often called "activity", makes impossible a description of such bacterial fluids using standard concepts of equilibrium thermodynamics. One of the simplest out-of-equilibrium systems studied in Physics are active Brownian particles (ABP). Due to the motility of the particles, suspensions of ABP are able to segragate in different phases via a phenomenon called Motility-Induced Phase Separation (MIPS) [4,[START_REF] Cates | Motility-induced phase separation[END_REF] (see Fig. 1) which appears when increasing the density of swimmers. This inhomogeneous organization of the active particles could be quite useful in order to understand the general concepts behind the formation of biofilms [START_REF] Cates | Motility-induced phase separation[END_REF], which stem from local density fluctuations in a suspension of bacteria. The only hypotheses relying on the MIPS are the self-propulsion of swimmers and the (Brownian) diffusion of the particles orientation.

Other approaches aim to account for collective effects in dense suspensions of swimmers by considering the detailed short-range interactions between them (hydrodynamic, nematic, Figure 1 -MIPS of Janus particles activated by light (adapted from [4]). When the motility of Janus particles is activated by light, they start to form clusters and phase-separate (main image). The initial configuration is an homogeneous repartition of the particles (bottom right). The white bar length is 10 µm.

Figure 2 -Non-equilibrium phase diagram of self-propelled rods collective motion (numerical simulations in the absence of noise), as a function of the rod aspect ratio r and the particle volume fraction φ (adapted from [START_REF] Wensink | Meso-scale turbulence in living fluids[END_REF]). The different phases are : D-dilute state, Jjamming, S-swarming, B-bionematic phase, T-turbulence, L-laning. polar or even magnetic interactions if swimmers carry magnetic dipoles). Indeed, short-range interactions appear to be dominant in the dense limit : in the case of self-propelled Brownian rods, experiencing short-range nematic interactions, density and shape-dependent behaviours can be described using simple models [START_REF] Wensink | Meso-scale turbulence in living fluids[END_REF] (see Fig. 2). The emergence of collective behaviours is an important characteristic of small scale active systems because it can ensure large-scale motion in the suspension. Moreover, it has been recently shown to be a communication tool in bacterial colonies [START_REF] Xu | Self-organization of swimmers drives long-rangefluid transport in bacterial colonies[END_REF] (see Fig. 3).

For this thesis, I was interested in the individual and collective behaviours of magnetotactic bacteria (MTB). The word magnetotaxis comes from the combination of magnetic and taxis, which is originated from the greek τ ακτ ωζ meaning "directed/ordered". Indeed, magnetotactic bacteria have this property to swim along the magnetic field present in their environment : they can therefore be aligned on demand (see Fig 4). These fascinating microorganisms are naturally found in aquatic sedimental regions at the bottom of seas or lakes. In order to explain the usefulness of their magnetic sensitivity in their habitat, it is usually admitted that MTB combine their sentivity to the Earth magnetic field with their preference to oxygen-poor regions in order to find the best place for their metabolism to work. The magnetotactic property of MTB resides in sub-micrometric iron oxyde crystals, called magnetosomes : each bacterium synthesizes these particles, which align along a line inside the bacterial body, hence forming a structure similar to a compass. Other micro-organisms, like the marine protists Dymbiontida, use this formidable characteristic by hosting magnetotactic bacteria (Deltaproteobacteria) at the surface of their body [START_REF] Monteil | Ectosymbiotic bacteria at the origin of magnetoreception in a marine protist[END_REF] : the simbiosis allows the protist to be magnetic field sensitive and for magnetotactic bacteria to benefit from the hydrogen produced by the protist. The fact that MTB are active and can be aligned with an external magnetic field makes them of particular interest for physical studies. Indeed, the energy they inject into a fluid can be oriented and controlled, therefore providing original physical properties to the entire suspension. The orientable motion of MTB has inspired many applications such as the design of synthetic micro-robots (used as micro-carriers) [START_REF] Ceylan | Mobile microrobots for bioengineering applications[END_REF] or the treatment of anaerobic tumoral cells by using MTB as carriers for chimiotherapy [START_REF] Felfoul | Magneto-aerotactic bacteria deliver drug-containing nanoliposomes to tumour hypoxic regions[END_REF] (see Fig. 5).

In this manuscript, I discuss the results of my PhD on the behaviour of the magnetotactic bacterium Magnetospirillum gryphiswaldense (MSR-1 strain) dispersed in a Newtonian fluid.

Figure 5 -Left : illustration of bacteria used as cargo (adapted from [START_REF] Ceylan | Mobile microrobots for bioengineering applications[END_REF]). Right : Scanning electron microscopy of a Magnetococcus marinus MC-1 bacterium loaded with 170 nm liposomes containing anti-tumoral drugs (adapted from [START_REF] Felfoul | Magneto-aerotactic bacteria deliver drug-containing nanoliposomes to tumour hypoxic regions[END_REF]).

In particular, my work aimed at understanding how the MTB swimming characteristics can affect the transport properties of the suspension. With both theoretical and experimental tools, I studied the rheology of MTB suspensions and showed that magnetotactic bacteria could produce spontaneous flows from their swimming activity, actuated by their alignment with a magnetic field. This original property has been applied to the confinement of MTB in droplets : in that case, the application of a magnetic field makes MTB self-organizing in a collective rotation : the coupling between the bacteria swimming, their alignment with the magnetic field and their confinement by the droplet boundary leads to the creation of a torque which has been measured and characterized.

Therefore, this thesis provides an insight of the physical hydrodynamics underlying MTB suspensions and their potentiality in terms of flow production and control of new physical properties.

In the following, I will first present the literature on the mechanical properties of bacterial suspensions (chapter 1). Then, I will detail some swimming features of MSR-1 which were characterized in an oxygen-controlled microfluidic cell (chapter 2), before studying the effect of the magnetic field on the MTB rheology (chapter 3) and on the emergence of collective motions in droplets (chapter 4).

Chapter 1

Bacterial suspensions : mechanical properties and collective organization

Bacterial suspensions as active fluids

Active fluids have been largely studied for about twenty years. An example of active fluid can be a liquid containing active particles, meaning (micro-)objects driven by an external source of energy (for instance chemical reactions inducing propulsion). The physical properties of these fluids show significant deviations from the standard equilibrium thermodynamics and their characterization is motivated by a fundamental interest but also by several practical applications, for instance in the biomedical sector where contamination of biological fluids like blood must be avoided. In order to understand how these fluids flow, one needs to study how the active particles interact with the fluid. In the following, we will deal with swimming micro-organisms which can indentify with bacteria, algae or synthetic micro-swimmers (Janus particles).

When a particle of size L =1 µm moves in a newtonian fluid of dynamic viscosity η and mass density ρ, for instance water (η = 10 -3 Pa.s, ρ = 10 3 kg/m 3 ), at a typical swimming velocity of V = 1-100 µm/s, the Reynolds number characterizing the flow created by the particle is Re = ρV L η = 10 -6 -10 -4 1. At these Re, inertia is negligible compared to the viscous stresses and the Navier-Stokes equation for an incrompressible fluid simplifies into the Stokes equation :

0 = -∇P + η∇ 2 v +div v = 0 (condition of incompressibility) +Boundary Conditions (1.1)
One can notice that this equation is linear and does not contain any time operators.

Micro-swimmers at low Re

In this situation, in order to self-propel in a fluid and move persistently in a given direction without flow, a micro-particle needs to perform a motion biased in this direction. This motion can be produced by a deformation of the swimmer body in a way that is non-invariant in time (scallop theorem). In nature, some micro-organisms develop a strategy to break the time reversal symmetry. For instance, Chlamydomonas reinhardtii, a common algae, possesses two flagella at the front of its body that are beating synchronously to move forward or asynchronously to rotate. Escherichia coli, which is also a common bacterium, present in the human gut and used as a model organism for many scientific studies, possesses helical flagella randomly distributed over its body. The rotation of the flagella at 100 Hz, allowed by powerful motors embbeded in the membrane of the bacterium, creates a bundle that combines the propulsive forces borne in the helices rotation in order to provide a propulsive force on the bacterium body. The helix rotation in the flagellar bundle propels the bacterium at a velocity of about 30 µm/s. These natural ways of locomotion have inspired the design of artificial swimmers, like in Ref. [START_REF] Dreyfus | Microscopic artificial swimmers[END_REF] where the controlled propagation of a bending wave in a magnetic filament induces the propulsion of a red blood cell attached to it. In the case of E. coli motion, the rotation of the flagella is balanced by a counter-rotation of the bacterial body, such that the bacterium propels without exerting any torque nor force on the fluid. To illustrate this, following Lauga et al. [START_REF] Lauga | The hydrodynamics of swimming microorganisms[END_REF], let us denote f , the drag force acting on a swimming micro-particle due to the surrounding fluid, M the mass of the micro-particle, ρ B its density, and L its typical size. We will focus on the example of a bacterium that stops suddenly its motion by blocking the rotation of its flagella. The 3 rd Newton's law states that the deceleration a of the micro-particle due to the motion stop verifies :

M a = f (1.2)
Then, we can evaluate the typical distance D necessary for the swimmer to stop, provided that it is swimming at a velocity U . The drag force acting on the swimmer reads f ∼ ηU L where η is the viscosity of the surrounding fluid. The deceleration induced by the stop motion is a ∼ U 2 /D which leads, from equation (1.2), to D ∼ L ρ B ρ Re. Considering that ρ B ∼ ρ, Re ∼ 10 -4 and L ∼ 10 -6 µm, we get D ∼ 1 Å. This extremely small length means that the deceleration is instantaneous and that inertia does not play a role in the dynamics. In particular, the variation of the momentum of the swimmer is dominated by the magnitude of the viscous forces due to the fluid. Therefore, in the absence of external force acting on the micro-organism (like a magnetic force for instance), equation (1.2) can be rewritten as f = 0, meaning that the motion of a micro-organism in a fluid is a force-free and torque-free process.

Force dipole and stresslet

As mentioned above, the shape of a microswimmer can be complex, composed of flagella attached to a rigid body like for bacteria. According to the force-free and torque-free characteristics of the motion, the drag force developped by the rotating flagella is compensated by the drag force at the surface of the rigid body. Then, a micro-swimmer at low Re can be seen as a dipole of forces in the far-field limit (see [START_REF] Brennen | Fluid mechanics of propulsion by cilia and flagella[END_REF] in the case of flagella and cilia propulsion), and be called pusher or puller depending on the orientation of the force dipoles with respect to the swimming direction (see Fig. 1.1). Some micro-swimmers do not move nor deform their body in order to propel : they are subjected to stresses tangential to their whole surface, which is the case for purely spherical swimmers like droplets propelled by Marangoni stresses [START_REF] Izri | Self-propulsion of pure water droplets by spontaneous marangoni-stress-driven motion[END_REF]. In that situation, microswimmers are called squirmers. The mathematical description of the flow created by a dipole of hydrodynamic forces is called a stresslet and reads [START_REF] Lauga | The hydrodynamics of swimming microorganisms[END_REF] :

v(r) = σ 0 8πηr 3 3 cos 2 θ -1 r (1.3)
where r is the position vector with respect to the center of the hydrodynamic dipole and σ 0 is the force dipole magnitude. σ 0 is the energy used by the swimmer to self-propel. This force dipole structure has been verified experimentally for the flagellated bacterium E. coli by Drescher et al. [START_REF] Drescher | Fluid dynamics and noise in bacterial cell-cell and cell-surface scattering[END_REF] (see Fig. 1.2) : these experiments led to an estimate of σ 0 ∼ 10 -18 J for E. coli, obtained by fitting the experimental flow field by the stresslet of Eq. (1.3). For a collection of microswimmers, the stresslets of all the active particles can be summed because the Stokes equation (1.1) is linear. This leads to the creation of a local stress σ a (r, t) where r is the spatial position vector and t is time. Let us denote by r α (t), the position of the centers of the force dipoles. The forces are then applied at positions r α ± p α where is the half-distance between the two points where the forces are applied and p α is the normalized orientation of the force dipole. The stress σ a (r, t) created locally by the swimmers assembly is defined as :

-∇ • σ a ≡ f (r, t) (1.4)
where f (r, t) is the local resultant of the force exerted by the swimmers on the fluid, which reads :

f (r, t) = f N α=1 p α [δ (r -r α (t) -p α (t)) -δ (r -r α (t) + p α (t))] (1.5)
where f is the magnitude of the force involved in the force dipoles and δ is the Dirac function. By expanding the Dirac function δ (r -r α (t) ± p α (t)) about r α (t) and considering both Eq. (1.4) and Eq. (1.5), it is possible to show that the expression of the shear stress reads, to the leading order neglecting gradients [START_REF] Simha | Hydrodynamic fluctuations and instabilities in ordered suspensions of self-propelled particles[END_REF] :

(σ a ) i,j (r, t) = f n(r, t) n i n j - 1 3 δ i,j (1.6) 
This expression is a coarse-grained version of the shear stress, considering a local density of swimmers n(r, t) with the same orientations. The active shear stress (1.6) is crucial in rheology and has been used to build the first predictive theory for the rheology of active particles [17].

Rheology of active particles suspensions

The effect of active particles on the viscosity of suspensions has lead to many breakthroughs in the past decades [START_REF] Saintillan | Rheology of active fluids[END_REF]. Since the pionneering work of Simha and Hatwalne et al. [START_REF] Simha | Hydrodynamic fluctuations and instabilities in ordered suspensions of self-propelled particles[END_REF]17], a huge branch of experimental and theoretical investigations have been pushed forward to understand the fundamentals and outcomes of the rheology of active particles. Behind its fundamental interest on the living of micro-organisms and their community behaviours, this research, applied to the cases of bacteria or blood cells for instance, has important applications in biomedicine, going from transport to contamination issues. In this paragraph, I will remind some important features of the rheology of passive colloids and will further detail the theoretical and experimental key results which have been obtained in the rheology of active suspensions. 

A reminder on the rheology of passive particles

When a passive microparticle evolves in a flow at low Re, its direction is oriented by the local shear of the flow. The dynamics of orientation depends on the shear rate and on the shape of the particle. For an ellipsoidal rod, for which the direction p is defined pointing along the largest axis of the ellipsoid, this dynamics is solution of the Bretherton-Jeffery equation [START_REF] Jeffrey | The motion of ellipsoidal particles immersed in a viscous fluid[END_REF] :

ṗ = dp dt = I -p • p • βE + Ω • p (1.7)
where β = (r 2 -1)/(r 2 + 1) is called the Bretherton parameter, r is the aspect ratio of the ellipsoid defined as r = L/ with L and respectively the major and minor axis of the ellipsoid. β = 0 for a spherical particle and β → 1 for a very elongated ellipsoid. T is the vorticity tensor of the flow, the operator • corresponds to the outer product. This dynamics is complex. In the case of a simple shear flow, the ellipsoid can alternate phases when it is parallel and phases when it is not aligned with the flow direction. Doing so, the ellipsoid describes trajectories called Jeffery orbits. The time period T characterizing these orbits depends on the shear rate γ = (1/2)∇v and reads, in the case of a simple shear flow :

Ω = (1/2) ∇ • v -(∇ • v)
T = 2π r + 1/r γ (1.8)
where r is the particle aspect ratio. At low shear rates, the orientation of the ellipsoid is almost random while, at high shear rates, the ellipsoid is essentially oriented along the flow direction. For a suspension of many particles, the mean orientation of the particles in a flow has important consequences on the rheology of the suspension.

A dilute suspension of spherical particles is characterized by a newtonian behaviour, as quantitatively described by Einstein [START_REF] Einstein | Eine neue bestimmung der moleküldimensionen[END_REF] who was the first to derive the expression of the shear viscosity of such suspension :

η = η 0 1 + 5 2 φ (1.9)
In the case of Brownian elongated particles, the rheology is non-newtonian, characterized by a decrease of viscosity when increasing the shear rate. It is for instance the case for a suspension of colloidal hematite rods as shown by [START_REF] Solomon | The rheology of aqueous dispersions of spindle-type colloidal hematite rods[END_REF] (see Fig. 1.3). Theoretically, Berry and Russel computed the shear viscosity for elongated Brownian rods to the first order in shear rate [START_REF] Berry | The rheology of dilute suspensions of slender rods in weak flows[END_REF][START_REF] Wierenga | Low-shear viscosity of isotropic dispersions of (brownian) rods and fibres ; a review of theory and experiments[END_REF] :

η = η 0 1 + κ 1 φ + κ 2 κ 2 1 φ 2 + o(φ 2 ) (1.10) 
with

κ 1 = 4/15 r 2 ln r , r 1 [24] κ 2 = 2/5 (1 -0.00142P e 2 H ) + o(P e 2 H )
P e H = γ D r is the hydrodynamic Peclet number which compares the particle orientation by the fluid vorticity (shear rate γ) to its disorientation by Brownian motion (rotational diffusion coefficient D r ). From the equation (1.10), we note that the viscosity decreases when increasing γ like in the experiments on hematite rods. This phenomenon, called shear-thinning, can be understood from the Bretherton-Jeffery equation (1.7). For high values of shear rate, elongated particles are, in average, aligned with the flow, hence reducing the friction with the fluid.

Phenomenology for active particles

An active particle suspended in a fluid creates locally a flow while swimming. This flow can be captured from a far-field force dipole, mentioned above on Eq. (1.3), and contributes to the stress created by the particle on the outer fluid (active stress of Eq. (1.6)). The superimposition of the swimming shear flow with the imposed shear flow induces a rheological [START_REF] Sokolov | Reduction of viscosity in suspension of swimming bacteria[END_REF]). Ratio of the effective shear viscosity over the viscosity of the bacteria medium, measured for a suspension of Bacillus subtilis (pusher bacteria) at different cell concentration n (adapted from [START_REF] Sokolov | Reduction of viscosity in suspension of swimming bacteria[END_REF]). response which depends on the mean orientation of the swimmer with respect to the shear flow. Determining the orientation of a bacterium in a flow can be very complex, in part because a bacterium can re-orient randomly, independently of the external flow, following a run-and-tumble motion (which is the typical case of E. coli bacteria). This point will be detailed in the following subsection on kinetic theory. The phenomenology of active particles rheology can be captured by imposing shear flows comparable to the flows produced by the particles themselves. Then, the use of very accurate experimental setups, able to generate flows with shear rates γ 1 Hz, is required. For that purpose, specific apparatus have been developed like micro-rheology setups [START_REF] Sokolov | Reduction of viscosity in suspension of swimming bacteria[END_REF], microfluidic rheometers [START_REF] Gachelin | Non-newtonian viscosity of Escherichia coli suspensions[END_REF] and low-shear Couette rheometers [START_REF] Rafai | Effective viscosity of microswimmer suspensions[END_REF][START_REF] Lopez | Turning bacteria suspensions into superfluids[END_REF]. The results of these studies bring very interesting features for the rheology of active particles of puller and pusher types. For pushers, Sokolov et al. [START_REF] Sokolov | Reduction of viscosity in suspension of swimming bacteria[END_REF] have first brought evidence of the effect of viscosity reduction in Bacillus subtilis suspensions (see Fig. 1.4). Bacillus subtilis is an elongated pusher bacterium, flagellated in a similar way as E. coli. In the paper of Sokolov, they measured the viscosity of the suspension by imposing a vortex flow with a magnetic particle and a rotating magnetic field during a few seconds. After the release of the rotation, the vortex flow decreases due to the viscous friction, with a typical time scale proportional to the shear viscosity of the suspension. Later, Gachelin et al. [START_REF] Gachelin | Non-newtonian viscosity of Escherichia coli suspensions[END_REF] showed a similar behaviour for E. coli suspension but with a microfluidic setup (see Fig. 1.5) allowing to vary the shear rate of the imposed flow (see Fig. 1.6). This study points out the non-newtonian behaviour of E. coli suspensions, particularly important at low shear rates. Lopez et al. [START_REF] Lopez | Turning bacteria suspensions into superfluids[END_REF] pushed forward these experiments in a low-shear rheometer, allowing to apply Couette flows with shear rates down to 0.04 Hz : they found that, in particular conditions of medium (serine supplied, allowing E. coli motility without O 2 ) and at fixed shear rate, E. coli viscosity drops at a zero value for a significant range of cell concentrations, reminiscent of a superfluid regime (see Fig. For pullers, Rafaï et al. have characterized the effective viscosity of Chlamydomonas reinhardtii [START_REF] Rafai | Effective viscosity of microswimmer suspensions[END_REF] using a Couette rheometer. Their results show an increase of viscosity at relatively low shear rates, the minimum γ being explored was 4 Hz. Also in that case, the activity plays an important role in the increase of the effective shear viscosity, compared to non-motile algae (see Fig. 1.8).

To conclude, the phenomenology for active particles suspensions is quite clear : if the particles are pushers like E. coli or B. subtilis, the effective shear viscosity is reduced compared to the case where these particles are non-motile. The opposite statement is valid for pullers. These striking features can be explained by various models and I will present here the ones based on the kinetic theory.

Kinetic theory : an approach for the rheology of active particles

Previously, I mentioned the importance of the particles orientation in a flow to explain the rheology of passive particles. In the case of microswimmers, the fluid-structure interaction with an imposed flow remains similar to the passive case. However, an active particle is selfpropelling : this may change its orientation while moving because it would experience a different local shear (case of a Poiseuille flow for instance). In addition, active re-orientation events like tumbles (common for bacteria like E. coli) can change the orientation statistics. To summarize, various physical processes can influence the orientation of a micro-swimmer (and especially a bacterium) evolving in a shear flow :

1. The shear flow vorticity with a dynamics described by the Bretherton-Jeffery equation (1.7).

2. The rotational Brownian motion characterized by the diffusion coefficient D r .

3. The tumble events characterized by a typical time-scale τ T .

4. The alignment with an external field (electric, magnetic,...).

In the dilute limit, to account for these processes in order to determine the swimming orientation of the swimmer (denoted p in the following), it is usual to consider the perturbations to the orientation of one single swimmer and write an equation taking into account all these perturbations. Then, a statistical distribution of orientations is obtained either by solving the orientation of the particle at different times p(r, t) (Langevin equation) or by solving for the orientation probability distribution Ψ(r, θ, φ, t) (via the Fokker-Planck equation), where r is the spatial coordinate of the swimmer, θ and φ are respectively the polar and the azimuthal angles of the orientation vector p. Ψ(r, θ, φ, t) is defined such that the probability for a swimmer to be oriented with angles θ and φ, at the position r and time t, reads :

Ψ(r, θ, φ, t) sin θ dθ dφ
This approach, called also kinetic theory, uses in general a mean-field approximation of the hydrodynamic flow created by all the swimmers of the suspension. The kinetic theory framework started to be applied to the rheology of dilute suspensions of Brownian particles in the 70's. In particular, Brenner [START_REF] Brenner | Rheology of a dilute suspensions of axisymmetric brownian particles[END_REF] and the duo Leal and Hinch [START_REF] Hinch | Constitutive equations in suspension mechanics. part 1. general formulation[END_REF][START_REF] Hinch | Constitutive equations in suspension mechanics. part 2. approximate forms for a suspension of rigid particles affected by brownian rotations[END_REF] paved the way for the use of these theories in terms of a mathematical formalism applied to the rheological response. Using the same scheme, this approach was developed for active particles in order to average the contribution of the active stress in Eq. (1.6) on the particles orientation distribution. One can mention the work of Saintillan [START_REF] Saintillan | The dilute rheology of swimming suspensions : A simple kinetic model[END_REF] who computed numerically the shear and normal viscosities of a dilute suspension of pusher and puller ellipsoidal swimmers. Following his approach, which is a synthesis of the works done by Brenner, Leal, Hinch and Hatwalne, the Fokker-Planck equation on the orientation distribution Ψ(r, θ, φ, t) reads (see [START_REF] Saintillan | The dilute rheology of swimming suspensions : A simple kinetic model[END_REF] and [START_REF] Doi | The theory of polymer dynamics[END_REF]) :

∂Ψ ∂t + ∇ p ( ṗΨ) (a) -D r ∇ 2 p Ψ (b) + 1 τ T Ψ - 1 4π (c) = 0 (1.11)
where the term (a) corresponds to the flux of the orientation probability due to Jeffery orbits ( ṗ is given by equation (1.7)), the term (b) corresponds to the rotational diffusion by Brownian motion and the term (c) represents the probability change due to tumble events of characteristic time scale τ T . This last contribution describes a Poisson-like process of tumbling. Tumbling can also be included inside an effective rotational diffusion coefficient D r taking into account both Brownian diffusion and tumbling process [START_REF] Cates | When are active brownian particles and run-and-tumble particles equivalent ? consequences for motility-induced phase separation[END_REF]. The resolution of the stationary orientation distribution Ψ(r, θ, φ) is done by numerical methods which will be detailed in chapter 3, section 3.1. The shear stress of the suspension contains the contribution of the particle active stress given by Eq. (1.6). The reduction or increase of viscosity for respectively pushers or pullers are recovered (see Fig. 1.9) and are consistent with the experiments. Essentially, from this model, we can understand the decrease (resp. increase) of the shear viscosity for a pusher (resp. puller ) by a slight asymmetry of the orientation distribution of the particles in the direction of the extensional axis of the imposed shear flow : the particle is then, in averaged, pushing (resp. pulling) to enhance (resp. block) the shear flow. The kinetic model presented here is quantitatively in agreement, in the dilute limit, with experiments on E. coli suspensions (see Supplementary Information of [START_REF] Lopez | Turning bacteria suspensions into superfluids[END_REF]) but is not appropriate to account for the "superfluid" regime discovered by Lopez et al. [START_REF] Lopez | Turning bacteria suspensions into superfluids[END_REF].

These recent outcomes structure a theoretical framework suited to study the rheology of any types of active suspensions. In this thesis, I extended this theoretical framework to the study of magnetic microswimmers suspensions, as detailed in the chapter 3 of my manuscript.

Magnetotactic bacteria (MTB) : general considerations

Magnetotactic bacteria are micro-organisms which are very common in nature. However, their discovery is rather recent and was reported in the literature for the first time in 1975 by Richard P. Blakemore [START_REF] Blakemore | Magnetotactic bacteria[END_REF]. His microscopic observations of marine sediments revealed the existence of bacteria carrying flagella and swimming along magnetic field lines. In this first publication, the presence of "structured particles, rich in iron" inside the bacteria body were reported, reminiscent of what will be called later "magnetosomes". This preliminary discovery opened a new branch of investigations concerning the ecology and the genetics of these animals, in order to better understand their sensitivity to magnetic field. Since then, a zoo of magnetotactic bacteria has been discovered with different shapes (helicoidal like Magnetospirillum gryphiswaldense MSR-1, spherical like Magnetococcus marinus MC-1) and sizes (from 1 µm up to 10 µm for Magnetobacterium bavaricum). 

Oxygen sensitivity -aerotactic bands

Magnetotactic bacteria live in marine sediments or in deep-water in lakes, in the socalled "Oxic-Anoxic" Transition Zones (OATZ) : in these zones, organisms breathing and redox chemical reactions create a local oxygen depletion. Actually, most of the MTB strains are micro-aerophile [START_REF] Faivre | Magnetotactic bacteria and magnetosomes[END_REF], meaning that they use dioxygen O 2 as a terminal electron acceptor for their respiratory metabolism [START_REF] Ferrara-Guerrero | Distribution of micro-aerophilic bacteria through the oxic-anoxic transition zone of lagoon sediments[END_REF]. The microaerotactic response of various strains of MTB has been characterized in oxygen gradients [START_REF] Christopher | Diversity of magneto-aerotactic behaviors and oxygen sensing mechanisms in cultured magnetotactic bacteria[END_REF]. To realize such characterizations, MTB are filled in a glass capillary opened to the air at one end : then, they consume the oxygen available in their environment but will escape from the opened end of the tube where oxygen is highly concentrated. Therefore, MTB will systematically gather in bands, distant from the capillary opening but in which the oxygen flux, coming from the air, is enough for their metabolism to work (see Fig. 1.12). 

MTB use magnetosomes as a compass

In microaerobic conditions, MTB are able to grow, inside their body, iron oxyde crystals composed of magnetite Fe 3 O 4 and/or greigite Fe 3 S 4 . These crystals are from 30 to 140 nm in size and coated by an organic membrane. The ensemble {crystal+organic membrane} is called magnetosome and can be found in every strains of MTB. Both magnetite and greigite can be present in the same bacterium, the proportion of each depending on the culture conditions (reducing conditions favor the growth of greigite while oxydating conditions are needed to produce magnetite). In all the cases, magnetosomes possess a permanent magnetic moment at 20 • C. Inside a cell, typically around 10 magnetosomes develop along a long actin filament, confering a magnetic moment m ∼ 10 -16 J/T to the MTB, oriented mostly along its swimming direction [START_REF] Faivre | Magnetotactic bacteria and magnetosomes[END_REF]. This value is found to be the minimal value for which a magnetotactic bacterium can feel the effect of the Earth magnetic field out from Brownian motion. Indeed, the magnetic torque exerted by the Earth magnetic field on a bacterium magnetic moment is mB 0 = 10 -16 × (5 × 10 -5 ) = 5 × 10 -21 J and the thermal agitation at T = 20 • is k B T = 4 × 10 -21 J mB 0 . However, the alignment of MTB with the Earth magnetic field remains weak and is barely measurable experimentally, as we will see it later in chapter 2.

Swimming characteristics : run, tumble, reversals

Magnetotactic bacteria have flagella which allow them to swim at Re 1. The type of propulsion depends strongly on the species. For instance, Magnetococcus marinus MC-1 has two flagella at the body swimming front, reminiscent of the propulsion mechanism of the algae Chamydomonas reinhardtii. On the other hand, Magnetospirillum gryphiswaldense MSR-1, which is the specimen I used in my experiments, possesses an helicoidal body with two rotating flagella at the tips. The helical body is about 3 µm-length and each of its flagella is of several µm-length. To propel in one direction, the species Magnetospirillum magneticum AMB-1 (which is structurally very similar to MSR-1) rotates CCW the flagellum located at the rear with respect to the swimming direction, the one at the front remaining along the bacterium body which rotates CW [START_REF] Murat | Opposite and coordinated rotation of amphitrichous flagella governs oriented swimming and reversals in a magnetotactic spirillum[END_REF]. In order to perform reversals, a Magnetospirillum activates the flagella at the front to rotate CCW and changes the rotation of the one at the rear in the CW direction : this causes a reversal of the swimming direction of the bacterium. The main characteristic of a reversal is that, in the presence of a magnetic field, a bacterium can explore its environment without changing the direction of its body with respect to the magnetic field direction. Indeed, a reorientation in another direction would be strongly unfavorable energetically due to the magnetic torque exerted by the magnetic field on the magnetosomes. At low magnetic field intensities, tumbles (reorientations in a random direction) can also be observed [START_REF] Murat | Opposite and coordinated rotation of amphitrichous flagella governs oriented swimming and reversals in a magnetotactic spirillum[END_REF][START_REF] Zhu | Angle sensing in magnetotaxis of magnetospirillum magneticum amb-1[END_REF]. This mode of swimming obviously allow MTB to explore more of their environment. One of the striking features of the Magnetospirillum swimming strategy is its bimodal swimming velocity distribution, with two peaks measured at 20 µm/s and 40 µm/s [START_REF] Reufer | Switching of swimming modes in magnetospirillium gryphiswaldense[END_REF]. Experimentally, this bimodality is observed within a single individual : one bacterium, when performing reversals, can switch between high and low velocity modes [START_REF] Reufer | Switching of swimming modes in magnetospirillium gryphiswaldense[END_REF]. A biological and physical understanding of what governs this switch is still lacking. Moreover, the effect of oxygen on the bacteria motility and swimming switch has not been fully explored yet. The polarity of MTB, meaning its preference for the North pole (NP) or the South pole (SP) of the magnetic field, has been recently studied by Schüler et al. [START_REF] Popp | Polarity of bacterial magnetotaxis is controlled by aerotaxis through a common sensory pathway[END_REF]. A magnetotactic bacterium is called North-seeker (NS) or South-seeker (SS) if it swims persistently towards NP or SP. According to Schuler et al., MTB are NS or SS depending on the oxygen concentration in their medium.

Collective assembly of bacteria

When micro-swimmers are close enough to each other, they can interact and create patterns (see Fig. 1.14). Different interactions can enter into play :

-Hydrodynamic interactions : they come from the flow they create while swimming. As we detailed it above, this flow depends on the swimming mechanism which can act, for instance, like a puller or a pusher on the fluid around. Depending on these characteristics, micro-swimmers can attract or repulse their neighbors and organize spatially in different structures. For example, pusher swimmers attract their neighbors on their side to form bands perpendicular to the swimming directions. -Nematic interactions : they refer to the form of the swimmers and depend essentially on the swimmers aspect ratio. -Magnetic/dipolar interactions : for magnetotactic bacteria for example, which can interact via their magnetic dipoles. The objective of this section is to show an overview of the collective behaviours in suspensions of bacteria. In particular, I will point out the different interactions which can account for these collective effects.

Case of non-magnetotactic bacteria

Sokolov et al. [START_REF] Sokolov | Physical properties of collective motion in suspensions of bacteria[END_REF] explored the physical properties of collective motion in Bacillus subtilis suspensions. They found that oxygen, via its influence on the bacteria swimming speed (and therefore on the hydrodynamic interactions between swimmers), could change the spatial correlation of the collective motion in the suspension. Therefore, they showed experimentally the importance of the short-range hydrodynamic interactions in the emergence of large scale collective motion (see Fig. 1.13 for illustration). Gachelin et al. [START_REF] Gachelin | Collective motion in an active suspension of escherichia coli bacteria[END_REF] observe the emergence of collective behaviours of E. coli bacteria in two different setups : a microfluidic channel (where bacteria are supplied with oxygen via diffusion through PDMS) and a droplet of suspension confined between two glass slides (where oxygen is shorten at the center of the droplet for high bacterial densities). Collective behaviours appear when increasing the volume fraction of bacteria : they take the shape of locally aligned flows (vortices for instance, see Fig. 1.14 for illustration) for which the spatial extension depends on the volume fraction of the suspension and is evaluated to about 24 body lengths for maximal volumic fractions (about 8%).

The observed collective patterns depend not only on the bacterial volume fraction but also on the type of confinement of the suspension. Indeed, when placed in squizzed droplets ("pancakes") of size of about tens of µm suspended in oil, B. subtilis self-organize in a large scale vortex occupying the entire droplet [START_REF] Wioland | Confinement stabilizes a bacterial suspension into a spiral vortex[END_REF] (see Fig. 1.15). In that case, the bacteria at the periphery of the droplet all align with a tilted angle with respect to the droplet boundary : the flow created by these bacteria actuate a bulk vortical circulation of the bacteria inside Figure 1.13 -Vortices in dense Bacillus subtilis suspensions (adapted from [START_REF] Sokolov | Physical properties of collective motion in suspensions of bacteria[END_REF]). Red arrows correspond to the direction and magnitude of the bacterial flow ; the colors show the vorticity magnitude of the bacterial flow. Note that, in this example, bacteria are concentrated up to 2.4 × 10 10 cell./cm 3 and that oxygen concentration in the medium is tuned such that the bacteria swimming speed is high (about 50 µm/s). the droplet. The regular packing of bacteria at the interface results in nematic interactions between the bacterial elongated body. The rotation of the suspension is either CW or CCW (no bias) and is stable. For E. coli, it has been shown that, in the same experimental conditions as for B. subtilis, bacteria self-assemble in a vortex flow which presents an alternation between CW and CCW rotations within a period of several seconds [START_REF] Hamby | Swimming bacteria power microspin cycles[END_REF]. In both cases of E. coli and B. subtilis, the oil chosen for the experiments (mineral oil, about 100× more viscous than water) acts like a no-slip wall for the bacterial suspension which hence does not allow to visualize a flow outside the droplet. In these cases, the role of this no-slip boundary is particularly important because it stabilizes the whole collective behaviour. Then, experiments performed with a less viscous oil (which means changing the boundary condition of the droplets) should be performed to better understand the role of the boundaries in the emergence of these collective organizations. 

Case of magnetotactic bacteria

When bacteria are magnetotactic, they still interact hydrodynamically and nematically with their neighbors. In addition, they interact magnetically due to their magnetic dipole : when they are close, two magnetic dipoles tend to align antiparallel. For two magnetotactic bacteria, this interaction is extremely low and corresponds to an energy of the order of µ 0 4πR 3 m 2 10 -21 J for two dipoles m 10 -16 J/T separated by 1 µm. This value of energy is of the order of magnitude of the Brownian energy meaning that it is not strong enough to overcome thermal misorientation. However, this interaction can be high for a dense assembly of magnetic dipoles. The interplay between magnetic and hydrodynamic interactions has been at the core of a theoretical paper by Guzman et al. [START_REF] Guzman-Lastra | Fission and fusion scenarios for magnetic microswimmer clusters[END_REF] analyzing different clustering scenarii in the case of magnetic micro-swimmers. On a similar subject, a recent experiment by Waisbord et al. [START_REF] Waisbord | Destabilization of a flow focused suspension of magnetotactic bacteria[END_REF] showed that a magnetotactic bacteria suspension (MC-1 strain), flowing in a microfluidic channel in the presence of a magnetic field, can exhibit pearling instability patterns (a cylinder of suspension is destabilized in several separated clusters) in a finite range of flow rate and magnetic field intensity (see Fig. 1.16), which has been more recently proposed to be partly caused by magnetic dipole-dipole interactions between swimmers [START_REF] Meng | Clustering of magnetic swimmers in a poiseuille flow[END_REF]. More recently, hydrodynamic interactions, actuated by an alignment of the bacteria with the magnetic field, have been proposed to be responsible for clustering in Magnetotacticum magneticum AMB-1 oriented towards a plane surface [START_REF] Pierce | Hydrodynamic interactions, hidden order, and emergent collective behavior in an active bacterial suspension[END_REF].

In the examples of collective motions of MTB given so far, the boundary conditions are crucial to explain the observed patterns. However, hydrodynamic interactions, always combined with the alignment with a magnetic field, are also the source of dynamic pattern formations in the bulk of a suspension. In 1987, Spormann [START_REF] Spormann | Unusual swimming behavior of a magnetotactic bacterium[END_REF] reported the destabilization of a suspension of MTB (strain Mar 1-83) under the presence of a magnetic field. He discovered that MTB formed band patterns, perpendicular to the magnetic field direction but moving parallel to the magnetic field. This situation has been recovered very recently by Koessel and Jabbari [START_REF] Koessel | Controlling stability and transport of magnetic microswimmers by an external field[END_REF]. To do so, they studied, both theoretically and numerically, how an assembly of puller and pusher swimmers, carrying a magnetic moment, self-organize in the presence of a magnetic field. In their kinetic model, a suspension is composed of pusher -only or puller -only swimmers which can solely move in the direction pointed by their magnetic moment (NS only). They found that pusher magnetic swimmers organize in bands oriented perpendicular to the magnetic field direction (transversal bands) and moving parallel to the magnetic field direction, similarly to the experiments of Spormann [START_REF] Spormann | Unusual swimming behavior of a magnetotactic bacterium[END_REF]. For puller swimmers, longitudinal bands (along the magnetic field direction) are observed. These bands originate from the interplay between the alignment with the magnetic field and the swimming hydrodynamics of the swimmers, which can stabilize either transversal or longitudinal patterns. These results have important consequences in the transport properties of these suspensions [START_REF] Koessel | Controlling stability and transport of magnetic microswimmers by an external field[END_REF].

This thesis contributions

The contributions of this thesis are structured in three different thematics :

1. Characterizing motility of MTB under controlled oxygen conditions (chapter 2) ; 2. Rheology of MTB suspensions (chapter 3) ;

Collective self-assembly of MTB inside droplets (chapter 4).

Within the first thematic (chapter 2), I show that oxygen has a rather limited impact on the motility of MTB in microfluidic channels when a uniform oxygen concentration is imposed. A sophisticated experimental setup was developed (partly during my thesis) allowing a spatial control of the oxygen concentration in a medium. These results helped us to better understand the behaviour of MTB during all our experiments, where controlling oxygen can be a challenge. Moreover, they give perspectives for future investigations on the oxygen response of MTB, in particular in controlled oxygen gradients. In the second topic (chapter 3), I showed theoretically that a suspension of MTB submitted to a constant and uniform magnetic field exhibits original rheological responses : when sheared by an external flow, and for particular orientations of the magnetic field with respect to the fluid flow direction, a suspension of MTB can enhance or block the external shear, depending on the magnetic field orientation and on the hydrodynamic characteristics of the MTB (pusher or puller ). The characteristics of the shear stress created by the suspension was quantitatively extracted and scaled with the parameters of a kinetic model. This work was published in the journal Physical Review Fluids on march 2018. This theoretical study has been complemented by preliminary experiments on rheology of MTB suspensions in a microfluidic rheometer. The results obtained during my last months of PhD define a general procedure for further investigations and show first preliminary results of rheology. Finally (chapter 4), I studied the effect of confinement and magnetic field on the behaviour of a MTB suspension confined in spherical droplets. The droplets are of radii ranging from 20 to 100 µm and are suspended in hexadecane oil. I found that, for particular conditions of bacterial concentration and magnetic field, the MTB suspension inside a droplet can selfassemble, generating a vortex flow inside the droplet and a net torque on the oil outside the droplet. Extracting velocity flows by means of PIV analysis and tracking of particles, we characterized this self-assembled motor and proposed a model to account for the torque generation.

Chapter 2

Magnetospirillum gryphiswaldense MSR-1 : a magnetic microswimmer MSR-1 is a particular strain of magnetotactic bacteria belonging to the species Magnetospirillum gryphiswaldense. It is a wild-type (WT) bacterium that has been used for all the experiments presented in this manuscript. As part of the gender Magnetospirillum, MSR-1 is an amphitrichous bacterium, meaning that it possesses two flagella at the front and at the rear of its helical body. It is very similar to AMB-1 another strain of Magnetospirillum. As mentioned above, WT magnetotactic bacteria are sensitive to magnetic field and oxygen. In particular, MSR-1 is microaerotactic meaning that it is repelled from zones of high oxygen concentrations. When swimming in a fluid under an oxygen gradient, MTB will adopt a strategy of runs, reversals and tumblings allowing it to find the best oxygen concentration zone. To achieve this task, the magnetic field acts as a guide for MTB in order to find their optimal ecological niche. The biological principles governing the response of MSR-1 to oxygen, in particular the complex coupling between the magnetic field polarity (NS and SS) and the oxygen concentration in the medium, has been recently partially understood [START_REF] Popp | Polarity of bacterial magnetotaxis is controlled by aerotaxis through a common sensory pathway[END_REF]. However, the effect of oxygen on the bacteria motility, in particular the swimming velocity, the run lengths, the reversal rates, has not been fully addressed experimentally, except in the case of an inhomogeneous repartition of oxygen in the ambient. From our point of view of physicists using MSR-1 as a physical model, it was important to characterize this swimmer as fully as possible and understand how its motility could change with respect to common experimental conditions.

In order to answer to the question of magnetic sensing in MTB, Li et al. [START_REF] Li | Microfluidic generation and dynamically switching of oxygen gradients applied to the observation of cell aerotactic behaviour[END_REF][START_REF] Zhu | Angle sensing in magnetotaxis of magnetospirillum magneticum amb-1[END_REF] have designed a setup able to impose uniform oxygen concentrations in a microfluidic channel and observe, at the same time, bacteria swimming. Thanks to the great work done by Pierre Bohec and Charles Duchêne before me in the lab, and some developments done during my PhD, I have crafted a similar microfluidic device able to study MTB motion in a controlled oxygen ambient, in particular in homogeneous oxygen conditions. In this section, I will present the experimental setup that we designed and the experimental results that were obtained from it, characterizing important features of MSR-1 motility.

Controlling oxygen concentration and magnetic field in a microfluidic device

In microfluidics, many techniques and technologies have been developed to fabricate micrometric channels. A very common material used to make microfluidic channel is a reticulated polymer called PDMS for PolyDiMethylSiloxane. This polymer possesses the following features :

-It is liquid at ambient temperature. When adding a reticulant, it becomes solid by heating ; -It is transparent to light in the visible domain, which allows full-visualization by microscopic apparatus ; -It is biocompatible ; -It is transparent to gas like oxygen and nitrogen, which is a very important property that we use to design the microfluidic chip. According to all these properties, we naturally use PDMS to fabricate microfluidic channels. The aim of our microfluidic setup is to have an in situ control of the oxygen concentration, quickly tunable using an electronic command.

The microfluidic chip

The microfluidic chip is composed of a central channel (900 µm-width, 100 µm-height, 1 cm-length) which contains the bacterial suspension. Two channels, in each of which a gas is flushed, are sandwiching this central channel. The gas contained in the two side channels will diffuse through the PDMS layer separating them from the bacteria channel, and dissolve in the bacteria suspension. This scheme is illustrated on Fig. 2.1. The central part of the bacteria channel is used to visualize and track the bacteria.

The advantage of the gas porosity of the PDMS is also an inconvenient to control the affective oxygen concentrations in the bacteria channel. Indeed, the diffusion of the oxygen of the atmosphere through the PDMS can perturb the precise control in oxygen concentration in the cell. To avoid this problem, technical solutions were found in order to limit oxygen diffusion to the (x, y) plane on Fig 2 .1, the detailed protocol being reported in the Appendices (see 4.9.3). More precisely, our idea was to sandwich the channels between 2 glass slides located at the top and the bottom of the chamber, requiring the inclusion of a glass slide inside the PDMS during the channels fabrication. The oxygen composition of the gases circulating in the gas channels is measured via an electrochemical probe METTLER TOLEDO M500, located at the outputs of the microfluidic chip. The working principle of this probe consists in bubbling the probed gas in a saline solution of which the electrochemical potential changes according to a linear law with the oxygen concentration (the solution is chosen such that the oxygen dissolution is a very quick process). This probe is calibrated by flushing a gas for which the composition is known (given by the gas manufacturer). In the lab, we dispose of 2 gas sources : one composed of 80% of nitrogen and 20% of oxygen, the other one composed of nitrogen only. Thanks to a sytem of gas valves, controlled electronically via a Labview card (Labview code written by Thierry Darnige, engineer in the lab), gases of composition ranging from 20% to 0% of O 2 can be produced. This system of measure and production of gases is schematized on Fig. 2.2. In order to avoid the formation of gas bubbles inside the bacteria channels, we make the gases bubbling in falcon tubes (50 mL) filled with distilled water to increase gas humidity. To fill gas and bacteria channels with, respectively, gases and bacteria suspensions, we use a flexible tubing "Cole-Parmer Microbore Tubing" of inner diameter 0.51 mm. To ensure the connexions with the microfluidic channels and the PDMS matrix, we extrude PDMS with a 0.5 mm extruder at the incomes and outcomes of the channels and we use metallic connectors (PHYMEP) of inner diameter equal to 0.60 mm.

B a c t e r i a

Figure 2.2 -Full-setup to study MTB swimming under a controlled O 2 atmosphere and uniform magnetic field conditions. Gas sources (N 2 and O 2 bottles) are distributed in the gas channels of the microfluidic chip via electronic valves controlled by a Labview card. The valves control ensures the mixing of the different gases and allows to produce gas at compositions varying from 0 to 20% in O 2 . Helholtz coils create a magnetic field that is uniform at the scale of the microfluidic chip, and perpendicular to the microfluidic channels direction. Gas isolation is ensured by the deposition of a dentist paste on the connectors between the PDMS and the tubing (purple regions on the figure).

Calibration of the microfluidic chamber in oxygen -Stern-Volmer

On top of the oxygen probe, we calibrated the time response of the microfluidic chamber to a change of the gas command (example : 0% to 10% of O 2 ). To do so, we used a ruthenium complex (Tris(2,20-bipyridyl)dichlororuthenium(II) hexahydrate, CAS No. 50525-27-4, Sigma-Aldrich) which has the property to be fluorescent and loses its fluorescent (quenching process) in the presence of oxygen. Its excitation and emission wavelengths are respectively 450 nm and 610 nm. We diluted this molecule in water up to a concentration of

3 × 10 -6 mol/L.
The fluorescence intensity is related to the oxygen concentration dissolved in water [O 2 ] via the Stern-Volmer equation :

I 0 I = 1 + k q τ 0 [O 2 ] (2.1)
where I 0 is the reference intensity at [O 2 ] = 0, k q is the kinetic coefficient related to the fluorescence quenching process, τ 0 is the relaxation time of the fluorescent signal in absence of oxygen. Note that this complex is possibly toxic for the bacteria. That is why we did this calibration separately from the experiments with bacteria.

MTB preparation

MTB are grown following a standard reproducible protocol, delivered by the group of D. Schüler (Beyreuth University, Germany) and used during all my PhD and delivered by the group of D. Schüler (Beyreuth University, Germany). This protocol is detailed in the Appendices of this manuscript. Once MTB are grown, they are harvested and put in a 1.5 mL-closed eppendorf tube at an atmospheric oxygen ambient (20% O 2 ) during the time needed to prepare the experiments (around 30 min). Then, they are placed inside the microfluidic chip. No flow is imposed inside the microfluidic chip such that the MTB motions are only due to their self-propulsion.

Visualization and tracking of MTB

I used a ZEISS AXIO Observer inverted microscope equipped with a phase-contrast 10× objective (EC Plan-NEOFLUAR Ph1) and a stage holding a pair of Helmholtz coils creating a magnetic field, of which the magnitude ranges from 0 to 4 mT with a precision of 0.1 mT (see Fig. In the recorded image, in-focus MTB appear as elongated dark objects. Before perfor- 

Influence of oxygen and magnetic field on the swimming strategy of Magnetospirillum gryphiswaldense

In this section, I will report results obtained on the swimming strategy of MTB under different oxygen conditions using the setup described above. Bacteria were observed in uniform conditions of oxygen concentrations (0%, 10% and 20%), imposing the same oxygen composition in the gas flushing in the side channels of the microfluidic chip. With the ×10 phase-contrast objective used for bacteria observations, the field of view covers the full width of the bacteria channel which allows to track bacteria during a few 10s of seconds. To perform the experiments, we flush gases with the same oxygen composition in the side channel of the microfluidic chip. Oxygen then diffuses in the bacteria channel. Neglecting the kinetic of diffusion of oxygen through the thin layer of PDMS between the gas and the bacteria channels, the typical diffusion time of oxygen in the bacteria solution (D O 2 = 2 × 10 -2 m 2 /s in water) through the width of the bacteria channel (L = 900 µm) is τ = 8 min. As a consequence, before any change in oxygen concentration, we wait about 10 min before performing tracking of bacteria in order to avoid an eventual transitory response in bacteria swimming features. When no magnetic field is set, the concentration profile is rather flat with no accumulation zones for all oxygen composition, while when a magnetic field is set, accumulation zones are visible at the edges of the microfluidic channel. North-seekers accumulate at the north edge of the channel in the direction of the magnetic field (opposite for south-seekers). The behaviour does not appear to change significantly with the oxygen composition.

Spatial distribution of MTB within the channel

The spatial distribution of MTB within the channel is obtained by tracking MTB and counting the number of tracked bacteria as a function of their position along the y axis of the experimental setup (see Fig. 2.1). Without magnetic field, and in uniform oxygen conditions (whatever the oxygen composition, 0%, 10% or 20%), bacteria are distributed uniformly along the width of the microfluidic channel. The application of a magnetic field induces a reconcentration of bacteria at the edges of the channel in the direction of the magnetic field. The application of the magnetic field induces a transitory response of the bacteria suspension : bacteria progressively gather at the edges of the channel, depending on their persistency in the direction of the magnetic field. 5 mins after the onset of the magnetic field (qualitative estimation), the bacteria concentration along y reaches a stationary profile which is reported on Fig. 2.5 for different magnetic field values and oxygen compositions. This profile shows accumulation zones located at the edges of the channel, corresponding to the far most point of the channel towards the north and the south of the magnetic field (respectively at the right and the left of the graphs). These accumulation zones correspond to the segregation of the North-seekers (NS) and Southseekers (SS) individuals of the suspension. Indeed, NS (resp. SS) MTB have a persistent motion towards the north (resp. south) pole of the magnetic field. However, some bacteria remain in the central region of the channel.

Orientation distribution of MTB : alignment along the magnetic field direction

Tracking of MTB allows also to do statistics on the distribution of orientation of the swimming velocity of MTB. In the following, θ is defined as the orientational angle of the swimming velocity with respect to the x-axis (defined on Fig. 2.4) and the probability for a bacterium to have a swimming velocity oriented with the angle θ will be denoted P (θ). As mentioned above on the state-of-the-art section, a magnetotactic bacterium from the strain Magnetospirillum gryphiswaldense can swim parallel or antiparallel with respect to the magnetic field direction, alternating both directions by performing reversal motions. While swimming, magnetotactic bacteria conserve their magnetic moment aligned parallel with the magnetic field. Probability distributions of orientationsOri are measured in various conditions of oxygen and magnetic field (see Fig. 2.6). The magnetic field is applied in the direction θ = π/2 (see Fig. 2.1). When no magnetic field is applied, the probability distribution is rather flat, showing eventually two maxima. The presence of these maxima cannot be reminiscent from the Earth magnetic field because it is oriented along the angle θ ∼ π/4 in the experimental setup ; more probably, the presence of the edges of the channels, and the local flux of oxygen, could break the symmetry of orientation of the MTB. When a magnetic field is set on, MTB unambiguously become oriented along the magnetic field direction. The distributions shown on Fig. 2.6 are obtained by tracking MTB 5 min after having set on the magnetic field. The distributions show clearly two peaks centered on π/2 and 3π/2, reminiscent from a alternating motion along the magnetic field direction due to reversals. According to these statistics, whatever the oxygen composition is, bacteria are swimming in average parallel and antiparallel to the magnetic field direction with an equivalent probability.

Figure 2.6 -Orientation distributions P (θ) of the MTB swimming direction (given by the angle θ defined on Fig. 2.1) for different magnetic field magnitudes (colors) and oxygen compositions (indicated on top of the graph). When a magnetic field is set on, bacteria orient preferentially parallel and antiparallel to the magnetic field direction (respectively θ + m = π/2 and θ - m = 3π/2). The distribution presents two peaks for which the magnitude increases when the magnetic field magnitude increases. These two maxima corresponds to the bimodality of swimming of MTB along the magnetic field direction due to reversals.

The shape of the probability distribution does not depend on the oxygen concentration. The general form of the distribution is particular and differs from the model of an Active Brownian Particle (ABP). For an ABP carrying a magnetic moment, and swimming in both parallel θ + m = π/2 and antiparallel θ - m = 3π/2 directions to the magnetic field, the probability distribution would read :

P ABP (θ) = exp mB k B T cos (θ -θ + m ) + exp mB k B T cos (θ -θ - m ) Z (2.2)
where Z is the normalization factor of the distribution. The fit with P ABP (θ) of the experimental probability distributions P (θ) is in relatively good agreement but discrepancies are noticeable for θ values around 0 and π. Indeed, P (θ) takes non zero values at these angles while P ABP (θ) is zero (see Fig. 2.7). This difference comes from the fact that a MTB performs run-and-tumble, the statistics of its orientation being much more complex than a magnetic alignment perturbed by thermal noise. The effect of the run-and-tumble strategy on the orientation distribution has been detailed by Rupprecht et al. [START_REF] Rupprecht | Velocity condensation for magnetotactic bacteria[END_REF] and is known as velocity condensation and explain the shape of our experimental orientation distribution. On top of their run-and-tumble strategy of swimming, MTB perform reversal motion as explained above. In order to identify reversal events, I detect peaks in the graph of the position y(t) of each bacterium along the magnetic field as a function of the experimental time (see Fig. 2.8), giving a condition of peak proeminence to reduce experimental noise due to particle detection. The identified peaks correspond to reversal events and are associated with a bacterial velocity before and after the reversal (averaged on the runs before and after the reversal), denoted V (i) and V (i + 1) respectively. Some MTB alternate fast and low swimming modes everytime they perform a reversal (see Fig. 2.8). This alternation is partly responsible for the typical bimodal velocity distribution characterizing Magnetospirillum gryphiswaldense (see Fig. 2.9).

Bimodal velocity distribution : high and low velocity modes are alternate

The velocity distribution is measured from the different track recordings varying the oxygen composition of the medium. The results, which are reported on Fig. 2.9, show a dependency of the velocity distribution on oxygen. At low oxygen concentrations (0%), the distribution is bimodal with two maxima located around 20 µm/s and 40 µm/s. When increasing the oxygen concentration, the second maximum shrinks and the distribution becomes essentially monomodal with a large tail at high swimming velocities. The overall velocity magnitude decreases when increasing the oxygen concentration.

In order to discriminate if the bimodality of the distribution comes only from a swimming strategy of the bacteria (see Fig. within the suspension, we constructed the diagram of V (i + 1), the velocity of a bacterium after a reversal, as a function of V (i), its velocity before the reversal, systematically for different oxygen compositions. The diagrams, reported on Fig. 2.10, clearly shows a "Lstructure" meaning that bacteria alternate between slow and fast modes when performing reversals. Many bacteria do not change their velocity magnitude when reversing (constant at 20 µm/s). By increasing the oxygen concentration, the alternation of fast and slow swimming modes is considerably reduced and a unique swimming mode at 20 µm/s is chosen by the bacteria.

This constitutes a strong difference between swimming at low and high oxygen concentrations. At high oxygen concentrations, MTB swim slower and do not alternate between fast and slow swimming modes as they do at low oxygen concentrations. This effect is particularly interesting because it means that the strategy of space exploration of MTB changes with oxygen, probably because oxygen acts on the rotation velocity of the flagellar motor. Then, another interesting parameter to analyze is the distance travelled during a run (between two reversals) and the time of a run. These results are reported on Fig. 2.11 and are given as distributions for slow runs (velocity smaller than 25 µm/s) and fast runs (velocity larger than 25 µm/s) and for various oxygen concentrations. It appears that the distributions of distances and times are slightly different between these 2 types of runs, but do not vary Figure 2.10 -Velocity magnitude after a reversal V i+1 as a function of the velocity magnitude before a reversal V i , for different oxygen compositions. Colors indicate the value of the probability distribution of velocity (blue = low value, yellow = high value). At 0% of oxygen, a MTB performs a reversal either by keeping its velocity magnitude before the reversal, or by alternating high swimming modes and low swimming modes. Bacteria individuals alternating swimming modes are less frequent at 20% of oxygen where bacteria swim at an identical velocity after and before the reversal. significantly with the oxygen concentrations. In details, fast runs are quicker than slow runs but slow runs are smaller than fast runs. These differences remain however weak in our data. A run is defined as a sequence of swimming between two reversals. These distributions are obtained for runs performed in different conditions of magnetic field. The distributions were found independent of the magnetic field intensity.

The form of the distributions is also to be discussed. Indeed, we can notice, on the graphs of Fig. 2.11, that the distributions have exponential tails, meaning that the run (or reversal) events are Poisson (or memoryless) processes.

Conclusion

In this chapter, I have introduced an original microfluidic setup allowing to observe MTB in controlled oxygen ambients. The use of this setup allowed to characterize the motion of MSR-1 in different conditions. Although MSR-1 is known to travel towards zones of low oxygen concentration (in an inhomogeneous solution), the effect of the oxygen concentration in an homogeneous solution was still to clarify, to understand how oxygen changes MTB motility. From our experiments, it seems that oxygen acts like a break for MTB : their swimming velocity is globally reduced when increasing oxygen concentration and its strategy of swimming, by switching fast and slow modes, is not anymore dominant for high oxygen concentrations. This study is also a good characterization for our swimmer, in order to anticipate its behaviour in further experiments as the ones I report in this manuscript.

Chapter 3

Rheology of MTB suspensions : turning bacteria to motor and brake states Usually, the rheology of a fluid is obtained by imposing a deformation to the fluid and recording the stress response. For Newtonian fluids, the relation between stress and deformation can be captured by the equation :

σ = -P I + 2η 0 E (3.1)
where σ is the stress tensor, P is the fluid pressure, I is the identity tensor, η 0 is the shear viscosity of the fluid, Adding micro-particles (µm size, passive or active) to a fluid can lead to deviations from the classical Newtonian constitutive relation 3.1. This situation has been largely investigated in the literature. The first important work on this issue is due to Albert Einstein who derived, for the first time in 1905, a constitutive relation for a colloidal suspension. In the case of a dilute suspension of colloidal spheres of volume fraction φ 1, he showed that the effective shear viscosity of the suspension η reads :

E = (1/2) ∇ • v + (∇ • v) T is
η = η 0 1 + 5 2 φ (3.2)
where η 0 is the shear viscosity of the carrying fluid. This result comes from the computation of the perturbation flow created by one single particle and summed over all the particles of the suspension, only reliable if the hydrodynamic interactions between particles is negligible (i.e. if φ 1). Interestingly, in that particular case, η does not depend on the strain applied to the suspension, leading to a Newtonian behaviour of these suspensions. However, in general, the fluid-structure interaction between the particles and the imposed flow plays a crucial role in the rheological response and non-newtonian signatures can be measured. This interaction is particularly important in the case of non-spherical particles, for which the stress exerted on the fluid depends on their orientation in the flow : indeed we expect an elongated rod to increase friction when oriented perpendicular to the flow direction, compared to the case where it is parallel. An elongated particle follows a complex orientation dynamics in a shear flow depending on its shape and on the flow structure.

The problem of the orientation of elongated particles in a flow has been solved by Jeffrey in 1922 [START_REF] Jeffrey | The motion of ellipsoidal particles immersed in a viscous fluid[END_REF], in the particular case of elongated ellipsoid. In the following, we will denote p, the orientation vector of an ellipsoid in a flow. This vector is defined parallel to the longest axis of the ellipsoid and illustrated on Fig. 3.1. Jeffrey showed, in the case of a passive ellipsoid evolving in a flow, the equation for its orientation p reads :

ṗ = dp dt = I -p • p • βE + Ω • p (3.3)
where β = (r 2 -1)/(r 2 + 1) is the called the Bretherton parameter, r is the aspect ratio of the ellipsoid defined as r = L/ with L and respectively the major and minor axis of the ellipsoid. β = 0 for a spherical particle and β → 1 for a very elongated ellipsoid.

Ω = (1/2) ∇ • v -(∇ • v) T
is the vorticity tensor of the flow. The operator • designates the matricial product.

This dynamics is complex. In the case of a simple shear flow, the ellipsoid can alternate phases parallel and perpendicular to the flow direction, called Jeffrey orbits. The time duration of these phases depends on the shear rate γ = (1/2)∇v. For low shear rates, the orientation of the ellipsoid is almost random in time while, for high shear rates, the ellipsoids are essentially oriented along the flow direction, leading to a decrease of the shear viscosity called shear thinning. [START_REF] Sokolov | Reduction of viscosity in suspension of swimming bacteria[END_REF] [57] [58]

A new theory for magnetic micro-swimmers rheology

Please note that the main results presented in this section were obtained in collaboration with Carine Douarche 1 and Eric Clément 2 and published in Physical Review Fluids in 2018 [START_REF] Vincenti | Actuated rheology of magnetic microswimmers suspensions : Emergence of motor and brake states[END_REF]. 1 : FAST, Université Paris-Sud, Orsay. 2 : PMMH-ESPCI, UMR7636, PSL, Sorbonne Université, Université Paris-Diderot.

Here, I consider suspensions of motile elongated particles bearing an intrinsic magnetic moment along their swimming direction. In the simple magnetotactic model detailed here, I do not consider any active feedback on the swimming direction in response to the magnetic field. The magnetotactic sensitivity is only due to a passive alignment in the direction of the field. I am interested in understanding how the application of an external magnetic field can modify the macroscopic rheology of the suspension. The suspension is subjected to a simple shear and a constant magnetic field is applied at a given orientation with respect to the flow direction. First, the swimming orientation distribution is computed in the framework of a Fokker-Planck equation that includes a stochastic disorientation process. Then, in this framework, I compute the particle-borne shear stress and establish, for any type of swimmer (pusher or puller), the emergence of new rheological states induced by the magnetic field and only imputable to the swimming activity of the particles. I finally discuss these results in the perspective of reproducing these specific states with magnetotactic bacteria or artificial micro-swimmers and using them to control flows.

Model of magnetic micro-swimmers in a simple shear flow

The Bretherton-Jeffery equation with a magnetic field

The active magnetic model I use consists of rod-shaped particles bearing a magnetic moment m = mp pointing in the swimming direction p (NS). The swimmer is described as an ellipsoidal slender rod of aspect ratio r = L/a 1, where L is its total length and a its equatorial diameter. The swimming mechanism can either be of the pusher or puller type and its active hydrodynamic field is simplified as a force dipole of strength σ 0 [START_REF] Lauga | The hydrodynamics of swimming microorganisms[END_REF], where σ 0 is a positive quantity and = 1 for pullers, -1 for pushers. We will only deal with dilute suspensions of number density n such that na 2 L 1. A simple shear flow characterized by a velocity v = v x x and a shear rate γ = ∂vx ∂y is applied to the suspension. The magnetic field B = Bb is oriented at an angle α from the flow direction x (see figure 3.1). Importantly, because the shear and magnetic fields are spatially homogeneous, the orientation and spatial degrees of freedom are not coupled i.e. the orientation of each particle does not depend on space. In particular, only reorientation processes are important. These processes are described by a kinetic equation of the Jeffery-Bretherton type [?, 60] that includes a magnetic part due to the torque m × B [START_REF] Satoh | Rheological properties and orientational distributions of dilute ferromagnetic spherocylinder particle dispersions[END_REF]. Thus, the kinetic equation governing p is :

ṗ = dp dt = (I -pp)(βE + Ω) • p + Ω m × p , (3.4) 
where the first term in the right-hand side of the equation stands for the flow contri-bution. I is the identity tensor, E = (1/2) ∇v + (∇v) T is the strain-rate tensor and Ω = (1/2) ∇v -(∇v) T is the vorticity tensor. β = (r 2 -1)/(r 2 + 1) 1 is the Bretherton parameter which will set to β = 1 from now on. Ω m = (mB/ξ r ) p × b is the rotation vector of the bacterium towards the magnetic field direction. The magnetic moment m of the particle relaxes towards the direction of the magnetic field with a characteristic time ω -1 m = ξ r /(mB), where ξ r is the rotational friction coefficient of the particle which can be computed in the framework of the slender body theory : ξ r = πη 0 L 3 / (3 ln (2L/a)).

Another source of swimming disorientation arises from a rotational diffusion term characterized by a coefficient D r which represents either a Brownian noise or the effect of a run and tumble process characterizing the bacterium motility. Under these hypothesis, the orientation distribution of the particle Ψ(θ, φ) is solution of the following Fokker-Planck equation :

∂Ψ ∂t = -∇ s • ( ṗΨ) + D r ∇ 2 s Ψ , (3.5) 
where ∇ s is the gradient operator on the unit sphere. The particle orientation is parameterized in spherical coordinates : θ is the azimuthal angle while φ is the meridian angle (see figure 3.1).

0.05 0.15 0.25 0.1 0.2 0.3 0.04 0.08 0.12 0.16 

Expansion of the Fokker-Planck equation

Replacing ṗ by its expression given by the modified Bretherton-Jeffery equation (3.4) yields a detailed expansion of equation (3.5) in terms of the parameters Pe H , Pe m and α :

∇ 2 s Ψ -Pe H Γ shear (Ψ) + Pe m [cos(α)Γ mx (Ψ) + sin(α)Γ my (Ψ)] = 0 (3.6)
where Γ shear , Γ mx and Γ my are the following differential spherical operators :

             Γ shear (Ψ) = sin(2φ) 2 sin θ ∂ ∂θ sin 2 θ cos θΨ - ∂ ∂φ sin 2 φΨ Γ mx (Ψ) = 2 sin θ cos φΨ -cos θ cos φ ∂Ψ ∂θ + sin φ sin θ ∂Ψ ∂φ Γ my (Ψ) = 2 sin θ sin φΨ -cos θ sin φ ∂Ψ ∂θ - cos φ sin θ ∂Ψ ∂φ (3.7)
Solving for the orientation distribution Ψ(θ, φ)

Solving equation (3.6) in 3D requires numerical tools. I used an expansion of Ψ on a spherical harmonics basis (see Strand et al. [START_REF] Strand | Dynamics and rheology of a dilute suspension of dipolar nonspherical particles in an external field : Part 1. steady shear flows[END_REF] and Satoh [START_REF] Satoh | Rheological properties and orientational distributions of dilute ferromagnetic spherocylinder particle dispersions[END_REF] for technical details). The idea is to express the orientation distribution Ψ(θ, φ) as the sum of spherical harmonics :

Ψ(θ, φ) = 1 4π N n=0 n =0 A n P n (cos θ) cos φ + N n=1 n =1 B n P n (cos θ) sin φ (3.8) 
where P n (cos θ) are the associated Legendre polynomials and A n and B n are the coefficients of the expansion, to be determined. The order of the expansion, N, is chosen to be as large as possible to obtain a precise estimate of the orientation distribution. For all the simulations presented here, I have taken an order of 18, which was found to be enough in terms of convergence 1 . Injecting expression (3.8) into equation 3.6, we get a system of equation for the coefficients A n and B n of the spherical harmonics expansion. Obtaining this system of equation is not staightforward at all and requires to know the coefficients of projection of the associated Legendre polynomials onto the differential operators defined in (3.7). These coefficients have been already obtained in the literature (see [START_REF] Strand | Dynamics and rheology of a dilute suspension of dipolar nonspherical particles in an external field : Part 1. steady shear flows[END_REF]63] for the full derivation).

We end-up with the system :

where D 1 and D 2 are diagonal matrices of size (N + 1)(N + 2)/2 -1 and (N + 1)(N + 2)/2 respectively, M 1 and M 2 more complicated matrices. D 1 and D 2 stem from the diffusive term of equation (3.6) and (D 1 ) i,i = i(i + 1), (D 1 ) j,j = j(j + 1). M 1 and M 2 stem from the flow and the magnetic field terms and read (M 1 ) i,j = Pe H a (i), (j)

n(i),n(j) -Pe m b (i), (j) n(i),n(j) and (M 2 ) i,j = -Pe H a (i), (j) n(i),n(j) + Pe m b (i), (j)
n(i),n(j) respectively. The coefficients a (i), (j) n(i),n(j) and b (i), (j) n(i),n(j) are given in the literature [START_REF] Strand | Dynamics and rheology of a dilute suspension of dipolar nonspherical particles in an external field : Part 1. steady shear flows[END_REF]63]. Then, the vector containing the coefficients of the spherical harmonics expansion is solved by inverting the matrix G. Note that A 0 0 = 1/4π is not contained in this vector and is directly obtained from a uniform orientation distribution.

Results

The application of a magnetic field creates a preferential alignment of the particles in its direction in competition with both the alignment on the flow axis due to shear and the disorientation process due to the rotational diffusivity. For P e m = 1, for which magnetic alignment is equivalent to diffusion disorientation, and orientation angle α = 45 • , we display on figure 1 the orientation distribution of the magnetic rod for P e H = 10 -4 (flow orientation negligible compared to magnetic orientation), P e H = 4 (equivalent contributions of flow and magnetic orientations), P e H = 10 (dominant flow orientation) to show the relative importance of the magnetic field compared to the flow orientation. While P e H becomes important compared to P e m , the maximum of the orientation distribution becomes progressively aligned along the flow direction and the distribution becomes symmetric by rotation of π around the z-axis, due to Jeffery orbits. Now we investigate the consequences of the swimming orientation distribution induced by the magnetic field on the mechanical response of the suspension. Following the approach of Saintillan [START_REF] Saintillan | The dilute rheology of swimming suspensions : A simple kinetic model[END_REF] (see also Haines et al. [START_REF] Haines | Three-dimensional model for the effective viscosity of bacterial suspensions[END_REF]) who adapted the original method developed by Leal and Hinch [START_REF] Hinch | Constitutive equations in suspension mechanics. part 2. approximate forms for a suspension of rigid particles affected by brownian rotations[END_REF] for Brownian fibers, the total dimensional stress Σ can be expressed as a combination of both the fluid stress and the particle stress Σ p :

Σ = -P I + 2η s E + Σ p , (3.9) 
where P is the fluid bulk pressure, η s is the suspending fluid dynamic viscosity. The particle stress contains four terms [?, [START_REF] Jansons | Determination of the constitutive equations for a magnetic fluid[END_REF][START_REF] Strand | Dynamics and rheology of a dilute suspension of dipolar nonspherical particles in an external field : Part 1. steady shear flows[END_REF] :

Σ p = n ξ r 2 pppp - I 3 pp : E +3nD r ξ r pp - I 3 + nσ 0 pp - I 3 -nmB b ⊥ p (3.10)
where b ⊥ = (I -pp) • b is the normalized projection of the magnetic field onto the plane perpendicular to the rod.

We will focus our investigation on Σ p . First, let us consider a dimensionless version of it :

Σ p = Σ p /(nσ 0 ) (3.11)
The energy density nσ 0 represents the maximal work per unit volume stemming from the swimming activity which is characterized microscopically by a time scale t H = ξ r /σ 0 needed for the swimmer to move the fluid over its own size. This time scale is used to define an activity number : A = 1/(D r t H ). The higher A the more directionally persistent is the bacterial swimming. The (x,y) component of the dimensionless particle stress contains four terms and reads (see [START_REF] Brenner | Rheology of a dilute suspensions of axisymmetric brownian particles[END_REF][START_REF] Jansons | Determination of the constitutive equations for a magnetic fluid[END_REF][START_REF] Strand | Dynamics and rheology of a dilute suspension of dipolar nonspherical particles in an external field : Part 1. steady shear flows[END_REF] for calculation details) :

Σ p xy = 1 2 p 2 x p 2 y Pe H A Σ drag + 3 A p x p y Σ diff + p x p y Σact + Pe m A p x p y b y -b x 1 -p 2 x p y Σmag (3.12)
where Σ drag and Σ diff are passive contributions and account for drag on the surface of the particle from shear flow and diffusive (Brownian+active reorientation) process respectively ;

Σ act is related to the swimming activity of the particle ; Σ mag represents the stress due to the perturbation of the flow by the magnetic field driven rotation of the particle. The brackets , correspond to an angular average weighted by Ψ. Note that expression (3.12) is only valid for β = 1. See section IV discussing the case of β = 0.

The motor-brake effect

Σ p xy will be denoted Σ p . We restrict the investigations to Peclet numbers such that swimming remains the dominant contribution in the rheological response. Accordingly, in the following, we decided to fix the activity number at a value A = 10.

On figure 3.2, we display the behavior of Σ p with respect to Pe H for different orientations of B. An important feature of the rheological response is that for Pe H 1 and Pe H P e m (for any Pe m ), the diffusive Σ diff and magnetic Σ mag stresses do compensate each other. Then, the particle stress Σ p is mainly a combination of the active Σ act and the drag Σ drag stresses. While the drag stress vanishes for P e H → 0, the particle stress Σ p , which is completely determined by the active stress contribution, tends linearly to a non-zero constant (see figure 3.2 for puller and pusher swimmers). This constant stress will be called the actuated stress and denoted Σ 0 . It is created by the swimming activity and induced by the magnetic field. Indeed, at these low Pe H , the magnetic particle is essentially oriented in the direction of the magnetic field and both pusher and puller swimmers can increase the shearing of the fluid (motor state) or decrease it (brake state). This is illustrated on figure 2 by the drawing of the swimmer orientations and a sketch of the corresponding flow lines.

The intensity of the motor-brake effect relies on the value of the actuated stress Σ 0 which itself depends on the magnitude and orientation of the magnetic field. On figure 3.3, we plot two phase-diagrams in the (Pe m , α) space for both pusher and puller swimmers : one can notice that the larger the magnetic field, the stronger the motor-brake effect. For a given Pe m , the effect is maximal for α = 45 • and α = 135 • for which the extensional and compression axis of the flow created by the particles are aligned (motor ) or perpendicular (brake) to the ones of the imposed simple shear flow. Similarly, for α = 0, 90 and 180 • , the actuated stress vanishes because the magnetic swimmers shear the fluid in the orthogonal direction to the imposed shear.

To investigate more quantitatively the motor-brake effect, we compute an analytical asymptotic expression for the active and drag dimensionless stresses to leading orders in P e m and P e H . As mentioned above, the magnetic and diffusive stresses do compensate each other in the limit of low P e H and P e m , such that their combined contribution vanishes in Figure 3.2 -The motor-brake effect. Rescaled particle shear stress Σ p , derived numerically from equation (3.12), as a function of the rotational Peclet number Pe H (α = 45 • , 135 • ; Pe m = 1 ; A = 10 ; = 1 (puller ) and -1 (pusher )). The active Σ act , diffusive Σ diff , magnetic Σ mag and drag Σ drag contributions are color-labelled and referred to equation (3.12). When Pe H 1, Σ p is equal to the active stress and tends to a constant value, the actuated stress. Depending on the sign of the actuated stress, the suspension can be turned to brake and motor states. For each of the four graphs, the brake and motor states are interpreted by a sketch in which we show the orientation of the elongated particles relatively to the flow direction. The red (brake) and green (motor ) lines and arrows correspond to the stream lines created by the hydrodynamic dipole of each particle (represented by a black ellipsoid). the asymptotic expansion of the stress. Note that, in other limits which are not investigated by this paper, the contributions of these stresses do not compensate and must be considered explicitly in the total stress balance. We restrict the expansion of the distribution function Ψ(θ, φ) to the first two-spherical harmonics :

Ψ(θ, φ) = 1 4π 2 n=0 n =0 A n P n (cos θ) cos φ + 2 n=1 n =1 B n P n (cos θ) sin φ (3.13) 
where A l n and B l n are the coefficients of the expansion, solutions of the Fokker-Planck equation (3.6). In this expansion, the spherical harmonics which contribute dominantly to the stress terms < p x p y > and < p 2

x p 2 y > are respectively Ψ 2 2 (θ, φ) = B 2 2 P 2 2 (cos θ) sin 2φ/(4π) and Ψ 0 0 (θ, φ) = A 0 0 /(4π) = 1/(4π). Injecting Ψ(θ, φ) into the Fokker-Planck equation (3.6), we show that B 2 2 = 1/12 sin(2α)Pe 2 m + Pe H and we obtain an asymptotic scaling expression for the particle shear stress :

Σ p = 1 30 sin(2α)Pe 2 m + 1 A + Pe H + o(Pe H , Pe 2 m ) (3.14)
which can be written in the form Σ p = Σ 0 + η p Pe H , where Σ 0 = 30 sin(2α)Pe 2 m is the actuated stress and η p = 1 30 1 A + is the particle-borne viscosity contribution. A cross-over between the linear and the actuated stress regimes is observed at Pe * H = sin(2α)(Pe m ) 2 1/A + .

A master curve for this asymptotic scaling limit can be obtained rescaling the particle stress by Σ 0 and the hydrodynamic Peclet number by the cross-over value Pe * H i.e. : such that the goodness of the fit R 2 remains larger that 0.999. The slope of the curve yields Pe * H and the intercept Σ 0 . In regime (i), the actuated stress dominates. In regime (ii), the stress is essentially linear in shear rate, the actuated stress is negligible. In regime (iii), the affine expansion is no longer valid because other stress terms contribute to the shear stress. When the calculated Pe * H > Pe max H , then we conclude that the regime Σ p = Σ 0 + η p Pe H is never reached : the stress is constant at low Pe H , up to a transition to a regime not anymore dominated by the active and drag stresses. 1/A + . The expression for this master curve is then :

Σ p | Σ 0 | = sign(sin(2α)) + Pe H sign(1/A + ) (3.15)
To test the validity of the scaling expression, we propose to compare the results stemming from the full numerical solution of the Fokker-Planck equation yielding Ψ(θ, φ) and the particle stress Σ p (equation (3.12)), with the analytical expression for the master curve (equation (3.15)). From the computation of Σ p (Pe H ) at different Pe m , we extract the value of Σ 0 and Pe * H using an affine fit in Pe H (see figure 3.4(a)). We then construct the master curve of figure 3.5 where each data is a symbol : we indeed observe a collapse of the full ) is not defined. The numerical solution displays, for a wide range of Pe H and Pe m , a collapse onto expression [START_REF] Monteil | Ectosymbiotic bacteria at the origin of magnetoreception in a marine protist[END_REF], represented in black solid (pushers) and doted (pullers) lines. Negative values of shear rate correspond to a gradient of flow velocity in the -y direction, and vorticity in the z direction. By reversing the shear flow, the actuated stress keeps its sign and the motor-brake effect is reversed (from motor to brake state and vice-versa). Inset : Rescaled actuated stress The total shear stress of the suspension (including the contributions of both the sus-pending fluid and the magnetic micro-swimmers) is then, in its dimensional version :

Σ 0 / 1 2 sin(2α)
Σ xy = η s γ + nσ 0 Σ p (3.16)
where n = Φ/V B = 6Φ/(πa 2 L) is the volume density of active particles in the fluid, Φ is the particle volume fraction and V B the volume of a single ellipsoidal particle. Injecting the asymptotic scaling (3.14) of Σ p into equation (3.16), we obtain the dimensional total shear stress exerted on the suspension :

Σ xy = nσ 0 30 sin(2α)Pe 2 m Σ 0 + η s + nσ 0 30D r 1 A + η eff γ (3.17)
This constitutive relation generalizes the result of Saintillan [START_REF] Saintillan | The dilute rheology of swimming suspensions : A simple kinetic model[END_REF]. It contains the dimensional actuated stress Σ 0 ≡ nσ 0 Σ 0 described above and a linear dependance with the shear rate γ, defining an effective viscosity of the suspension η eff ≡ ∂Σ xy /∂ γ. Remarkably, the magnetic field angle can be chosen so that the actuated shear stress becomes negative for both pusher and puller swimmers. When the actuated stress dominates, the swimming power of the bacteria transferred to the fluid induces a shear of the suspension which can be oriented in the same direction as the imposed shear (motor state) or in the opposite direction (brake state).

An other feature of equation (3.17) is that η eff is identical to the effective viscosity of non-magnetic micro-swimmers suspensions, derived in [START_REF] Saintillan | The dilute rheology of swimming suspensions : A simple kinetic model[END_REF] for instance. This comes from the fact that, in the range of validity of equation (3.17), there is no coupling between magnetic and hydrodynamic terms in the stress. However, in other ranges of parameters, a non-trivial coupling between these terms changes the effective viscosity of the suspension.

Note that, for Pe m 1, i.e. out from the validity limit of expression (3.17), the actuated stress exhibits a saturation. Indeed, in this limit, the micro-swimmers are mainly aligned in the magnetic field direction and deliver collectively the maximum shear allowed by their swimming energy. Then, the maximal intensity of the motor-brake effect is reachable by achieving the limit Pe m 1, which is confirmed by the numerical computation of the actuated stress (see inset of figure 3.5).

Generality of the motor-brake effect

In this section, we show that the properties of the motor-brake effect are not specific to the hypothesis of our model.

First, the rheological response of SS swimmers is the same as the one of NS swimmers. By symmetry, SS corresponds to NS after a re-orientation of the magnetic field by an angle π. Thus, if the NS swimmers are in motor state, the SS will also be in motor state and vice-versa.

Figure 3.6 -Case of spherical magnetic micro-swimmers. Computation of the particle shear stress and active stress for spherical micro-swimmers. The motor-brake effect is recovered also for these kind of particles and the value of the actuated stress is identical to the one of rod-shaped particles.

We also investigate the role played by the particle geometry. More specifically, we analyze the case of a purely spherical particle (β = 0). In this case, the kinematic equation is changed :

ṗ = (I -pp)Ω • p + Ω m × p = (Ω + Ω m ) × p,
where Ω is the fluid vorticity vector. The corresponding change in the Fokker-Planck equation (3.6) concerns the operator Γ shear (Ψ) = 1 2

∂Ψ ∂φ

. Concerning the stresses, the expressions are also different from the elongated rod case.

The dimensional particle stress then reads :

Σ p = 5 6 nξ r E + nσ 0 < pp > - I 3 + nmB 2 [< p > b -b < p >] (3.18)
In this stress, the contribution of the diffusive (Brownian + tumble) process is zero due to the symmetry of the particle. Only remain the stress corresponding to the friction on the particle body, the active stress and the traceless magnetic stress (it is antisymmetric here due to the spherical geometry of the particle, see [START_REF] Strand | Dynamics and rheology of a dilute suspension of dipolar nonspherical particles in an external field : Part 1. steady shear flows[END_REF]). On figure 3.6 are some numerical results obtained for both pusher and puller spherical swimmers. The phenomenology is the same as for the elongated particles case, meaning the appearence of a constant shear stress at low shear rate (or Pe H ). Moreover, the value of this constant, identical to the one of rod-shaped particles, is solely due to the active stress and the value and the sign of this constant depends on Pe m , α and , in the same way as for elongated swimmers. This shows that the motor-brake effect is general for various kinds of particle shapes. The main quantitative difference between the case of spherical and elongated particles is the effective viscosity of the suspension which is always positive for spherical particles, as already described before for non-magnetic swimmers [START_REF] Saintillan | The dilute rheology of swimming suspensions : A simple kinetic model[END_REF].

Orders of magnitude of the effect and conclusion

In order to test whether the motor-brake effect can be significant experimentally, let us take the example of a suspension of magnetotactic bacteria of dimensions L = 5 µm, a = 1 µm at a volume fraction of 1% (i.e. of number density n 10 16 m -3 ). The force dipole magnitude of an active swimmer moving with a velocity of 10 µm.s -1 is typically σ 0 = 10 -18 J [START_REF] Drescher | Fluid dynamics and noise in bacterial cell-cell and cell-surface scattering[END_REF]. From experiments on magnetotactic bacteria using the Magnetospirillum gryphiswaldense MSR-1 strain, we get values of m 10 -16 A m -2 (see also [START_REF] Reufer | Switching of swimming modes in magnetospirillium gryphiswaldense[END_REF][START_REF] Nadkarni | A comparison of methods to measure the magnetic moment of magnetotactic bacteria through analysis of their trajectories in external magnetic fields[END_REF]) ; D r = 1 s -1 , t H = 0.1 s (typical time for the bacteria to move over its size). The activity number A is then typically equal to 10, and for a magnetic field B = 1 mT, Pe m = 1. The magnetic field orientation is chosen to be at α = 135 • . It is then possible to evaluate the Pe H below which Σ xy < 0, using equation (3.17). We obtain Pe H 1 which corresponds to γ 1 s -1 . The value obtained for Pe H remains in the domain of validity of equation (3.17). The corresponding shear rate magnitude can be reached by known rheometry [START_REF] Gachelin | Collective motion in an active suspension of escherichia coli bacteria[END_REF][START_REF] Lopez | Turning bacteria suspensions into superfluids[END_REF], meaning that this effect could indeed be observed experimentally. Note that published experimental setups would allow to test the effect in the conditions akin to the model [START_REF] Cheng | Imaging the microscopic structure of shear thinning and thickening colloidal suspensions[END_REF]. Moreover, one can estimate a numerical value for the maximum shear stress available from the system at low shear rate, which is nσ 0 ∼ 10 -2 -10 -1 Pa. This value needs to be compared to typical pressure loss in microfluidics : 10 -1 Pa is needed to flow water in a cylindrical channel of 1cm-length and 100µm-radius at 1nL.s -1 , which is of the same order of magnitude. This indicates that the effect could be used to control microfluidic flows.

For standard rheo-magnetic suspensions, a negative-viscosity effect was found in response to oscillatory magnetic fields [START_REF] Bacri | negative-viscosity" effect in a magnetic fluid[END_REF] or adding a constant torque on non-colloidal particles [START_REF] Jibuti | Suspensions with a tunable effective viscosity : a numerical study[END_REF]. The motor-brake effect derived here is very different conceptually. First, it relies on the activity of magnetic swimmers under a constant magnetic field. Second, the actuation of a constant negative shear stress at low shear rate (motor state) is new in rheology. The tunability of the motor and brake states for such suspensions could open the way to several practical applications, as direct flow control in microfluidic devices or energy harvesting to build microscopic motorized systems.

Experimental rheometry of MTB suspensions

In this section, I will present preliminary experimental results on the rheology of MTB suspensions, probed with a microfluific rheometer. In such a rheometer, the imposed shear flow is Poiseuille-like (see chapter 1) : the shear rate is not only inhomogeneous in space but the vorticity changes of sign at the middle of the microfluidic channel. This flow structure is more complex than the one implemented in the theoretical model presented on section 1. The presence of walls also complexify the dynamics of orientation but above all the distribution of bacteria in the channels (accumulation of bacteria at the walls). A very interesting theoretical approach has been developed very recently by Alonso et al. [START_REF] Alonso-Matilla | Microfluidic flow actuation using magnetoactive suspensions[END_REF] : it consists in studying the rheological response of a suspension of spherical MTB swimming in a microfluidic channel. This model takes into account the non-uniform spatial distribution of bacteria inside the channel as well as wall contribution on the orientation distribution of the swimmers. This study is therefore complementary to ours [START_REF] Vincenti | Actuated rheology of magnetic microswimmers suspensions : Emergence of motor and brake states[END_REF] : they both open a new branch of experimental investigations, which I started to explore at the end of my PhD. In this section, I will first present an experimental setup that I built with the help of the lab engineers Thierry Darnige and Xavier Benoit-Gonin. Then, I will show some results that came out from this experimental study, which will need to be complemented by further investigations.

Experimental setup

At the beginning of the project, we thought about using a Couette rheometer to reproduce the same simple shear condition as used in our model (see section above). A low shear Couette rheometer, composed of a very sensitive apparatus to measure torques, has already been used to probe the shear viscosity of E. coli suspensions [START_REF] Lopez | Turning bacteria suspensions into superfluids[END_REF]. However, the cylindrical geometry of Couette rheometers prevents from a uniform control in magnetic field within the rheometer gap. Instead, we decided to use a microfluidic rheometer composed of a Y-channel similar as the one used by Gachelin et al. to probe the rheology of E. coli suspension [START_REF] Gachelin | Non-newtonian viscosity of Escherichia coli suspensions[END_REF]. On top of the microfluidic setup, we designed a stage holder composed of two entangled pairs of Helmholtz coils allowing to apply a magnetic field within the shear plane of the microfluidic rheometer.

The microfluidic chip

The microfluidic chip is composed of a Y-junction channel : two fluids (the suspension of bacteria on one hand, and a reference fluid like the bacteria medium on the other hand) are injected with the same flow rate on both side of the junction. They meet in the central channel where an interface between the two fluids appear (see Fig. 3.7). The position of this interface in the channel depends on the relative shear viscosity of the two fluids which may depend on the flow injection rate. Indeed, let us suppose that we inject the two fluids with an identical flow rate Q. In the central channel, where the two fluids meet, Q reads, considering one of the two fluids (Hele-Shaw flow) :

Q = h 3 d 12η ∂P ∂x (3.19)
where ∂P ∂x is the pressure gradient in the direction of the flow x, d is the width of the fluid (along z, see Fig. 3.7), h is the channel height (which is the same anywhere in the channel) and η is the viscosity of the fluid. The interface between the two fluids is free, which means that the pressure equilibrates at the interface. Then, we have :

Q 1 = h 3 d 1 12η 1 ∂P ∂x = Q 2 = h 3 d 2 12η 2 ∂P ∂x ⇒ d 1 d 2 = η 1 η 2 (3.20)
Then, by measuring the ratios of the widths of the two fluids, and knowing the viscosity of one of the two fluids, it is possible to deduce the viscosity of the suspension to study.

Observation apparatus

We observe the fluid and the MTB with different objectives : -A ×2.5 objective is set such that, when setting on a Ph2 phase ring on the microscope condenser, a quasi dark-field image of the suspension is obtained, increasing considerably the contrast between MTB and the carrying fluid. Bacteria appear bright which allows to use the intensity of the image as a proxy of the local bacteria density. This is a crucial point in order to measure the position of the interface between the bacteria suspension and the reference fluid without bacteria. -A ×10 objective, a standard phase-contrast objective.

-A ×40 objective to do calibration of the flow field inside the channels. A ×100 can also be used, its advantage being a smaller depth of field. In our case, we choose ×40 to have as much as possible tracers in one field of view. 

External flow production

The flow is imposed by a single syringe pump CETONI Low-pressure on which two syringes of 25 µL (CETONI glass syringes) are mounted. These two syringes are connected to the two inputs of the y-channel via a 16G connector (inserted in 500 µm holes into the PDMS) and a flexible tubing. The pistons of the two syringes are pushed simultaneously by the syringe pump ensuring that the same flow rate is imposed in the two syringes. When the flow rate is identical for the two fluids, the flow profile in the x-y plane (see Fig. 3.7) is Poiseuille-like while it is plug-like in the x-z plane [START_REF] Cornish | Flow in a pipe of rectangular cross-section[END_REF]. It is possible to show that, in the central part of the main channel, the flow profile is of the form [START_REF] Cornish | Flow in a pipe of rectangular cross-section[END_REF] :

V (y) = 6.68Q hw y(y -h) h 2 (3.21)
if the flow rate Q is identical in both the branches of the y-channel. In order to calibrate the channels and verify the form of the profile 3.21, we probe the flow in the channel by putting fluorescent tracers in the fluid and tracking them using the TrackMate plugin of FiJi. The magnification used for this calibration is ×40, the fluorescent beads are 0.98 µm of size (PS-FluoRed-Fi267, GmbH, EX : 530 nm/EM : 607 nm). As explained in the Appendices, these tracers could not be used with MTB without changing the bacteria motility (bacteria motility falls when exposed to light in this range of wavelengths). This technique is therefore invasive for MTB and limits the probing of the flow in the presence of bacteria. Note that the velocity flow is very sensitive to perturbations and can be unstable at small flow rates. Without precautions, some spurious oscillations can be observed. To avoid this, it is necessary to remove all the air bubbles in the microfluidic channel but also to tape the flexible tubings (used to connect the injection syringes to the microfluidic chamber) onto the stage. This allows to kill oscillations and obtain a more stable flow.

Magnetic field setup

To perform experiments of rheology in micro-channels (see chapter 3), the application of a magnetic field in a vertical plane, containing the shear plane of the flow, is needed to compare the results to existing theoretical models (see Fig. 3.7 for clarity on the geometry of the problem). Then, we designed, with Xavier Benoit-Gonin (ingineer in the lab) a setup able to produce a uniform magnetic field at the scale of the microfluidic chip (4 cm of length and 2 cm of width) and dynamically controllable. We decided to entangle two pairs of Helmholtz coils using a 3D printed resin support to host solidly the coils (see Fig. 3.10). At the core of the setup, a plexiglas stage allows to host the microfluidic chip and moves it with respect to the objective. This setup is quite remarkable in a sense that we can, in a very crowded environment like an inverted microscope, produce a uniform magnetic field of several mT and contained in a vertical plane. The limit of this setup is that no electronic command of the stage has been installed (for crowding issues essentially) and it will be very interesting to do so in the future.

The two pairs of coils are linked to an electronic device that I have mounted during my thesis. It is composed of an Arduino Uno card, linked to a computer, and commanding two L298N bridges. A L298N bridge is a standard electronic device that is supplied by a voltage generator. It is equipped with 3 inputs linked to the Arduino card and 2 outputs linked to the coils (see 3.11). It is then possible to command the Arduino card via a computer in order to control the current circulating in the coils : in particular, we are able to switch rapidly (within 1 s typically) the magnetic field produced by the coils. This is not possible using a standard electronic switch due to the relatively high current (2 A maximum) circulating in 

Bacteria preparation

Bacteria are prepared using the standard growth protocol detailed in the Appendices. Once grown, bacteria are washed with a fresh FSM and concentrated by centrifugation to the desired density. The fluid with of which the viscosity is compared to the one of the FSM medium without bacteria.

Interface measurement method

In order to measure the relative viscosity of the bacteria suspension, we observe the y-channel with the ×2.5 objective. Bacteria are bright while the background of the image is dark. It is essential to work with a microfluidic chip as clean as possible, without dusts (obtained by applying several times a tape on the microfluidic chip, PDMS and glass included). The interface is determined using the following method : a stack of image of the y-channel is averaged in intensity (Z-project, ImageJ) and an intensity profile, along the z direction, is averaged spatially over 600 µm in the x direction. The concentration of bacteria is related with the intensity of the image via the Beer-Lambert law : By performing the fit, we can extract the value of z 0 which corresponds to the position of the interface between the two fluids. The uncertainty of measurement comes essentially from the width of the interface between the two fluids : the larger the interface, the more unprecise will be the fit by the error function. In the case of low flow rates values, the diffusion of the bacteria (along z) is not negligible compared to their advection by the imposed flow and the width of the interface will be large.

Results

In this part, I will present some preliminary results of the rheology of MTB suspension. First, I will deal with the results at B = 0 ; then, I will show some results I got in the presence a magnetic field and detail the challenges of such an experiment. Obviously, this work needs to be continued in the future, considering the richness of the behaviours reported here.

Without magnetic field

First, I will present the rheology of MTB in the absence of magnetic field. Indeed, several experimental studies have been published on the rheology of active suspensions and we wanted to confront them to the example of Magnetospirillum gryphiswaldense. When no magnetic field is applied, the motion of MTB relies on the one of an elongated particle swimming in a Poiseuille flow : its orientation is solution of the Bretherton-Jeffery equation. Depending on the pusher (puller ) types of swimmers, a decrease (increase) of the shear viscosity can be observed at low shear rates [START_REF] Saintillan | The dilute rheology of swimming suspensions : A simple kinetic model[END_REF][START_REF] Rafai | Effective viscosity of microswimmer suspensions[END_REF][START_REF] Gachelin | Non-newtonian viscosity of Escherichia coli suspensions[END_REF]. Therefore, determining rheology at zero field can also tell us about the hydrodynamic characteristics of Magnetospirillum which have not been determined so far. A pusher behaviour (decrease of viscosity) is recovered at low shear rates.

On Fig. 3.13, several rheograms (shear viscosity as a function of the imposed flow rate) are reported for different bacteria concentrations. The bacteria concentration is indicated by the optical density, an OD of 1 corresponding to a volume fraction of φ ∼ 0.3%. For an OD of 1.1, we can notice that the behaviour of the suspension is more or less newtonian, the shear viscosity being independent of the flow rate. For ODs 6.1 and 9.9, the rheology is strongly non-newtonian and the shear viscosity drops at low flow rates (respectively 1.7 nL/s and a pusher swimmer. Moreover, the difference observed between OD6.1 and OD9.9, within the range of flow rates explored here, is due to the competition between the increase of the shear viscosity due to the particle friction and the decrease of the shear viscosity due to activity. The effect of activity is particularly important at low Pe, where the orientation of the bacteria is slightly larger in the direction of the extensional component of the shear flow (see the 1 st section of this chapter).

With magnetic field

Switching on a magnetic field induces an alignment of the bacteria with the field lines. NS and SS swimmers will swim persistently towards the North and the South poles of the field, respectively. Then, due to their persistency towards one direction, bacteria will accumulate at the walls of the channel which are perpendicular to the magnetic field direction. In order to probe the rheology of the suspension, the fact that the bacteria distribution within the channel is not uniform is problematic because it means that the rheological properties will be locally different. However, it brings some information on the behaviour on the MTB suspension under flow and confinement. 

Behaviour of a suspension of MTB under flow and submitted to a constant magnetic field

As mentioned in the 1 st section of this chapter, the competition between the alignment with the magnetic field and the rotation by the shear flow orients the bacteria with a proba-bility distribution which is solution of the Fokker-Planck equation 3.5. Unlike equation 3.5 which does not contain any spatial dependency for a simple shear flow and an infinite suspension, the situation explored here of a Poiseuille flow in a microfluidic channel imposes to account for the spatial depency of the flow vorticity and for the behaviour of the bacteria at the edges of the channel. We observed that the role of the boundaries were crucial, in particular in the case where a constant and uniform magnetic field is applied. Here, we will distinguish the cases of a magnetic field along the x and z direction. For these experiments, we first flow bacteria without any magnetic field. Then, we switch on a magnetic field (up to an intensity of about 3 mT) and we wait for about 5 min before observations (longer durations do not bring any supplementary information on the phenomenology).

Magnetic field along x (parallel to the flow direction in the main channel) A constant magnetic field along the x direction induces a segregation between the NS and the SS individuals of the suspension which will swim persistently towards x and -x respectively. Within the two branches of the Y channel, the channels walls are inclined with respect to the magnetic field direction which provokes an accumulation of bacteria at the walls and at the Y-junction.

Magnetic field along z (vertical, perpendicular to the flow direction) For limited values of shear rates ( ġamma ∼ 1 Hz typically) and a constant magnetic field along the z direction, the component of the bacteria orientations along z is not negligible and MTB accumulate at the walls of the channels. This accumulation takes the particular form of clusters located at the interface between the two fluids. These clusters gather in lines inclinated with respect to the flow direction. A typical value of this angle is 4 • measured at 1 nL/s for a 1.8 mT field (see Fig. 3

.14).

Despite the wealth of the phenomena observed in these two situations, the inhomogeneity of the suspension drives here collective behaviours of bacteria which, in themselves, are very interesting but do not bring a clear information on the rheology. However, they illustrate the need to find a protocol to prepare MTB in a way that the suspension remains homogeneous in space.

alternating magnetic field

Our solution to solve the inhomogeneity problems has been to use an alternating magnetic field. By choosing accurately the switching frequency of the field, we could avoid the accumulation of the bacteria at the walls by confining their trajectory within the channel boundaries. This solution brings however another parameter : the switching frequency of the field. In particular, this magnetic field switching will change the orientation distribution of the MTB. Indeed, when the field is reversed, the bacteria will follow a parabolic trajectory which will populate orientation configurations perpendicular to the magnetic field direction. Then, a direct comparison with an existing theoretical model is not possible and an adaptation needs to be done. An overview of the obtained results is given below but these results remain preliminary.

The choice of the magnetic field switching frequency has been done as follows : when switching magnetic field direction (for a magnetic field of the order of 1 mT), one bacterium reorients within 0.1 s which corresponds to a frequency of 10 Hz. Moreover, between two switching events, bacteria must not accumulate at the boundary which requires that they must not reach the channel boundaries : the smallest confinement being 100 µm (height of the channel),the minimum switching frequency must be around 0.5 Hz (for a maximum bacteria velocity of 40 µm/s). Then, in order to maximize the sequences where the bacteria feel a constant magnetic field and in order to fullfill the condition of non-accumulation of bacteria at the channel boundaries, we choose the frequency f such that 0.5 < f 10 Hz. In the following, we will show results with f = 1 Hz.

With f =1 Hz, MTB accumulate less at the channel boundaries and MTB clusters are not observed anymore. However, note that, for long time experiments (>30 min), agregates of MTB start to form, their origin is not known for the moment. In the following, when dealing with the magnetic field orientation α, I include the switching of the field by an angle of 180 • . For instance, if α = 135 • , this means that the orientation of the field will be α = 135 • during 1 s, then α = 135 • + 180 • = 315 • during 1 s, etc. Finally, note that, because the suspension contains an equal proportion of NS and SS swimmers, the orientations α = 135 • and α = 135 + 180 • are symmetric. On Fig. 3.15, I report the results of the rheology of MTB for different magnetic field conditions (various magnetic field intensities and orientations with respect to the flow direction). The effect of the magnetic field on the shear viscosity of the suspension is strong. First, for a fixed orientation of the magnetic field (α = 135 • ), we can observe that, when increasing the magnetic field intensity, the shear viscosity increases as well. The change in viscosity is lower at low flow rates and appears to present a maximum around 1 nL/s. We observe that an orientation of α = 45 • does not change the value of the viscosity compared to α = 135 • . This can be explained by the fact that the situation α = 45 • ↔ α = 45 + 180 • is the symmetric, with respect to the middle of the channel (which is a symmetry of the Poiseuille flow), of the situation α = 135 • ↔ α = 135 + 180 • . This symmetry is supported by the equal proportion of NS and SS in the suspension. We notice that the orientation of the magnetic field does not change the phenomenology : with the statistics we have, it seems that the effect is stronger for an orientation of the magnetic field of 45 • than for 90 • (perpendicular to the flow) or 0 • (parallel to the flow).

Conclusion

The effect of the magnetic field on the rheology of MTB suspensions is strong. First, I have showed that MTB suspensions have a rheological signature similar to the one of pusher swimmers in the absence of magnetic field. This is, to our knowledge, the first insight of the hydrodynamic property of Magnetospirillum. Very interestingly, this pusher signature is completely reversed in the presence of a magnetic field, where the shear viscosity is increased and is larger than the medium shear viscosity [START_REF] Libertucci | The role of the microbiota in infectious diseases[END_REF]. This shows the interests of these suspensions in the controllability of transport properties and needs to be addressed further on for a full characterization of the rheological response, in terms of flow rates and magnetic field orientations. Moreover, this study would benefit from an adaptation of the theory of the microfluidic rheological response (see [START_REF] Alonso-Matilla | Microfluidic flow actuation using magnetoactive suspensions[END_REF]) to alternating magnetic fields and elongated particles.

Chapter 4

Rotary motor in a drop : putting magnetotactic bacteria to work Please note that the main results presented in this chapter were obtained in collaboration with Gabriel Ramos 1 , Maria-Luisa Cordero 1 , Carine Douarche 2 , Rodrigo Soto 1 and Eric Clément 3 and submitted to Nature Communications. An arxiv version of the article is available [START_REF] Vincenti | Rotary motor self-assembly in a drop : putting magnetotactic bacteria to work[END_REF]. 1 : Universidad de Chile, Santiago de Chile. 2 : FAST, Université Paris-Sud, Orsay.

3 : PMMH-ESPCI, UMR7636, PSL, Sorbonne Université, Université Paris-Diderot.

So far, I have shown theoretically and experimentally how a suspension of magnetotactic bacteria could tune the shear viscosity of a fluid. The controllability of flows at small scales is crucial for microfluidic applications for instance. The design of systems able to generate autonomously, or by an actuated process, a flow has concerned a huge part of the literature on bacteria suspensions [START_REF] Wioland | Confinement stabilizes a bacterial suspension into a spiral vortex[END_REF][START_REF] Wioland | Directed collective motion of bacteria under channel confinement[END_REF][START_REF] Creppy | Symmetry-breaking phase transitions in highly concentrated semen[END_REF][START_REF] Theillard | Geometric control of active collective motion[END_REF][START_REF] Vincenti | Actuated rheology of magnetic microswimmers suspensions : Emergence of motor and brake states[END_REF][START_REF] Alonso-Matilla | Microfluidic flow actuation using magnetoactive suspensions[END_REF]. A particular branch of studies aim at understanding to which extent an energy can be extracted from bacterial suspensions [START_REF] Leonardo | Bacterial ratchet motors[END_REF], which are out-of-equilibrium systems evolving at low Reynolds numbers, meaning that bacteria do not exert any torque nor force while swimming.

Here, we study aqueous spherical droplets suspended in oil and containing a suspension of magnetotactic bacteria. We show how MTB self-assemble into a rotary motor under the application of a uniform and constant magnetic field, providing a mechanical torque to the fluid outside the droplets. In the self-assembly process, the magnetic field induces an accumulation of the swimming bacteria in diametrically opposed areas at the surface of the droplet. At high bacterial concentration, the flows resulting from the swimming activity of the bacteria and originating from these areas, interact to create a collective solid-like vortex flow in the central droplet core. Through Particle Image Velocimetry (PIV) analysis and particle tracking, we quantify the flows inside and outside the droplet and measure the net torque produced by this micromotor as a function of the magnetic field and the droplet radius [START_REF] Vincenti | Rotary motor self-assembly in a drop : putting magnetotactic bacteria to work[END_REF].

Experimental setup

A water-in-oil emulsion is prepared by shaking a mixture of hexadecane oil with a suspension of magnetotactic bacteria (Magnetospirillum gryphiswaldense MSR-1) (see Appendix 4.9.3 for details). As already mentioned, with our preparation protocol for bacteria [START_REF] Popp | Polarity of bacterial magnetotaxis is controlled by aerotaxis through a common sensory pathway[END_REF], MTB swim with a velocity V 0 ranging from 20 to 40 µm/s and exhibit a magnetic moment m ∼ 10 -16 J/T. The droplets encapsulate an almost even population of north-seeker (NS) and south-seeker (SS) bacteria, meaning that, under the application of a magnetic field, roughly half of the population will swim persistently towards the (magnetic) north and the other half towards the south. The emulsion is placed between two glass slides on the stage of an inverted microscope and at the center of a pair of Helmholtz coils, where a constant horizontal magnetic field is generated (see Fig. 4.1 (a) and (b)). The droplet radius, R, spans typically from 20 to 120 µm. Once the emulsion is formed, all the bacteria dwell in the aqueous phase. We call "north pole" (NP) the point on the droplet surface corresponding to the far-most position in the direction of the magnetic north, and "south pole" (SP) the diametrically opposed position (See Fig. 4.1 (c)).

Vortex flow inside the droplets.

In the absence of magnetic field, regardless of the bacteria density, the swimming direction of MTB in the drops is random and unbiased. When the suspension is dense, no large scale collective motion is observed. When a magnetic field is set in dilute conditions (for a cell density n ∼ 10 14 bact/m 3 ), NS (resp. SS) bacteria accumulate in the vicinity of the north (resp. south) poles of the droplet as a consequence of the bacteria swimming persistence described above (see Fig. 4.2 (a)). Because NS and SS bacteria are performing reversals, we observe some bacteria escaping from the accumulation regions. At an intermediate density (typically n ∼ 10 15 bact/m 3 ), the accumulation pattern becomes more unstable with episodic formation of jets propelling the fluid and the bacteria out of the polar positions, thus creating two local recirculation zones near each pole (see Fig. 4.2 (b)). For a dense suspension (n ∼ 10 17 bact/m 3 ), which is the case in the rest of the study, a steady and uniform collective rotational motion is observed, with an axis of rotation perpendicular to the magnetic field (see Fig. 4.2 (c)) and oriented along the gravity direction. Although all symmetric planes containing the magnetic field direction could have been chosen by the bacteria, the vortex is actually rotating in the x-y plane. This might be due to a sedimentation process (about 20% denser than the medium [START_REF] Fan | Quantitative imaging of single unstained magnetotactic bacteria by coherent x-ray diffraction microscopy[END_REF]) which yields a stable stratified suspension. Visualization in the other horizontal planes shows a similar rotation field as in the equatorial plane. The rotation direction chosen by the fluid is not completely random, with approximately 84% of the drops rotating in a clockwise (CW) direction looked from the top. This preferential choice of spontaneous rotation is not completely elucidated yet but may be related to the helicity of MTB. An interesting property of this collective rotational motion is that, regardless of the choice of rotation direction at the magnetic field onset, the direction can be reversed by reversing the magnetic field (see Fig. 4.13 in the dedicated section below).

From now on, we focus on the characteristics of the vortex flow at a fixed density n ∼ 10 17 bact/m 3 . For a magnetic field larger than a threshold value (typically 0.4±0.1 mT), one observes the emergence of the large scale vortical flow previously mentioned. Through PIV analysis of phase-contrast microscopy images, we obtain the temporally and spatially resolved velocity fields due to the bacterial motion inside the drops V d (x, y) (Fig. 4.2 (d-e-f)). The flow field shows a central vortical structure and presents two maximal streams located near the poles reminiscent of the two jets visualized at lower bacterial concentration. The strength of the vortical flow field increases with the intensity of the magnetic field (Fig. 4.2 (ef)). In the direction of the rotating motion, we also notice a shift of the bacterial accumulation with respect to the pole positions (identified by darker regions in phase-contrast images). For instance, for a CW rotation (as on Fig. 4.2 (e-f)), bacteria gather at the right of the NP and at the left of the SP in the (x, y) plane. Computation of the angular average of the orthoradial velocity, V d θ (r) = 1 2π 2π 0 V d θ (r, θ) dθ, brings evidence for an effective solid-core rotating motion, characterized by an angular velocity Ω d (V d θ (r) = Ω d r, see Fig. 4.3). The solid-core spans one-half of the droplet radius for all the radii investigated. At increasing magnetic field intensities, the magnitude of Ω d increases to saturate at larger magnetic fields. Beyond the droplet core, the suspension is sheared and the velocity decreases down to a non-zero value at the droplet interface. PIV analysis also shows that the accumulation of bacteria near the poles and at the droplet boundary, observed with phase-contrast images, correlates spatially with a local recirculation in a direction opposite to the core rotation (see blue regions enhanced in velocity maps on Fig. 4.2 (e-f)).

Flow in the oily phase

By tracking 1 µm-diameter beads immersed in the surrounding hexadecane oil, we observe a net circular flow outside the droplets (see inset on Fig. 4.4(b)), indicating the outcome of a net torque on the fluid outside the droplet. Hence, the magnetotactic bacteria self-assemble inside the droplet to form a rotary motor. The angular average of the orthoradial velocity of the tracers V oil θ (r) is determined for different outer radii r and for various magnetic field B and droplet radii R (see methods for details). In all cases, we measured a net fluid rotation in the same direction as the central core rotation. However, we observe that local recirculation patterns, opposed to the net fluid rotation, appear close to the poles, mirroring the previously mentioned counter-flow inside the droplet. 

Torque measurements

In the following, we measure the energy production associated with the rotary motor (i.e. the effective torque acting on the oil) and identify the mechanism of the torque generation inside the droplets. The effective torque exerted by the rotary motor is extracted by fitting the radial dependence of the mean orthoradial velocity in the oil phase with a simple hydrodynamic model, consisting in a sphere driven in rotation by a torque τ . However, the drop being sedimented at the bottom of the chamber, an hydrodynamic image of the rotating droplet is added to account for the no-slip boundary condition of the flow field at the solid interface. To estimate the torque exerted by a droplet of radius R on the oil, we use an hydrodynamic model of a sphere of radius R rotating in a fluid of viscosity η = 3 × 10 -3 Pa.s (value for hexadecane oil at 25 • C). The droplets standing on the bottom plate of the pool, we have to take into account, in our model, the hydrodynamic image of the rotating sphere with respect to the bottom plate (see Fig. 4.4 (a-b)). The flow created by a sphere of radius R, rotating thanks to a torque τ , reads, in the bulk :

V oil,1 θ (r, φ) = τ sin φ 8πηr 2 (4.1)
where φ is the azimuthal angle, φ = π/2 at the equator of the droplet.

The correction due to the bottom wall corresponds to the superimposition of the flow in Eq. 4.1 and the flow created by the mirror image of the sphere with respect to the wall, which counter-rotates with respect to the real droplet rotation. The flow created by the mirror droplet at the equatorial plane of the real droplet is :

V oil,2 θ (r , φ ) = - τ sin φ 8πη(r ) 2 (4.2) 
with r = √ r 2 + 4R 2 and φ = π -arcsin r r . Then, sin φ = r √ r 2 + 4R 2 and the total flow at the equatorial plane of the droplet reads : A very interesting feature and counter-intuitive aspect of this system is that the swimming hydrodynamics of the bacteria do not play a direct role on torque generation because the swimming mechanism at zero Re, like here, is torque-free. An interesting discussion can be done here by imagining the situation where non-magnetotactic bacteria would rotate inside a droplet (in the same way as MTB in the presence of a magnetic field). In that case, would we observe also a net rotation of the tracers in oil ? We wanted to analyze this question by performing calculations of circulation in systems of torque-free micro-swimmers. Our "toy-model" consists in considering one swimmer as a force dipole generating a flow called stresslet (as already mentioned above in the 1 st chapter) which reads :

V oil θ (r) = V oil,1 θ (r, φ) + V oil,2 θ (r , φ ) ⇒ V oil θ (r) = τ 8πηR 2     R r 2 - r/R ((r/R) 2 + 4) 3
u(r) = σ 0 8πηr 3 3 cos 2 θ -1 r (4.4)
where r = re r is the vector position at which the flow is evaluated (the reference being the center of the force dipole), θ is the angle between r and the force dipole vector, σ 0 is the force dipole magnitude and η is the shear viscosity of the surrounding fluid.

The circulation of this flow on a closed circle (C) located randomly with respect to one swimmer is not zero in general (except if the swimmer is located at the center of the Representation of the force dipole orientation in space and some of the circles used for the circulation calculation. These circles are chosen parallel to the (x, y) plane without loss of generality and are of dimensions such that they altogether enclose a sphere of radius 1.2. The position and the orientation of the swimmer has been chosen randomly within a sphere of radius 1. Right : the circulation on each of the circles is computed. A circulation for different z is then obtained. For this calculation, we took for simplicity σ 0 8πη = 1. The integral of the circulation along z is zero even if the circulation can be locally non-zero. This indicates that the sphere of fluid enclosing the microswimmer does not rotate in total, because no net torque is applied on it (the microswimmer generating the flow is torque-free).

circle, in this case the circulation is zero for symmetry reasons). However, let us imagine a spherical volume of fluid of radius R containing this swimmer (see Fig. 4.5). We compute the circulation on parallel circles enclosing the fluid sphere. Even if the circulation is locally non-zero, its integral over z vanishes. The interpretation of this calculation is that any fluid particle does not receive any torque nor force in total from the microswimmer.

For several micro-particles, the situation will be identical because the flow of each swimmer can be superimposed. An interesting situation to analyse is the case of an organized suspension of microswimmers "rotating" inside a sphere (see Fig. 4.6). In this case, the circulation of the outer flow will be non-zero close to the equator of the sphere (around z = 0) and counter-circulation zones will appear at the top and the bottom of the sphere (see Fig. 4.6). Moreover, the radial component of the velocity flow is found to be essentially of much larger magnitude than the orthoradial component. In the experimental situation of droplets of Figure 4.6 -Circulation on a sphere around ordered stresslets. Left : sphere of radius 1 fullfilled with 4031 swimmers placed in several planes of constant z and along concentric circles. Each of the force dipole is oriented at 20 • with respect to the local tangent of the circles. Other angles can be chosen and the phenomenology remains identical. The idea behind this example is to recreate the situation of rotating microswimmers in a droplet. Right : Based on the method detailed on Fig. 4.5, we computed the circulation of the flow field created by all the swimmers on circles enclosing a sphere of radius 1.2. For this calculation, we took for simplicity σ 0 8πη = 1. The circulation is non zero along z but is zero overall when integrated along z.

MTB, the measured circulation is in the same direction as at the equator and at the bottom and the top of the droplet (see Fig. 4.7), meaning that another contribution to the circulation is acting on the system ; furthermore, no significant radial component of the outer flow has been measured, the flow is essentially orthoradial. Moreover, we can study the decrease of the net velocity flow around the sphere at the equator (see Fig. 4.8) : we measure a decrease of the orthoradial velocity essentially as 1/ r 4 where r is the distance to the center of the sphere. This is very different from the velocity decrease measured at the equator around the droplet of MTB, showing that the rotation of the tracers in this case cannot be of hydrodynamic source.

To summarize this side-discussion, our use of the equatorial circulation as a proxy to measure the torque of a MTB droplet is consistent with torque generation by the magnetic field. Indeed, this circulation cannot be sourced directly from the swimming hydrodynamics of the swimmers because it would imply :

-Counter-circulation zones in other planes of rotation (while the rotation of the oil in all the horizontal planes of the droplet of MTB is the same) ; ). Left : Velocity map in the equatorial plane for two different radii around the sphere. One can notice that the velocity field is essentially radial with a small ortho-radial component decreasing rapidly with the distance to the center of the sphere. Right : Value of the radial and orthoradial components of the velocity field. The radial part is dominant and decays as 1/ r 2 while the orthoradial part decays as 1/ r 4 .

-A ortho-radial velocity decrease in 1/r 4 (which was measured to be in 1/r 2 for MTB droplets) ; -A dominant radial component of the flow velocity (which was not measured for MTB droplets in any planes of observations).

Circulation measurements : nature of the fluctuations

In order to measure the velocity in the oil phase, we track tracer beads of 1 µm. Using this tracking procedure, the measured velocity field is noisy for various reasons :

1. The motion of the tracers due to the bacteria self-assembly inside the droplet is perturbed by thermal noise. Between two images separated by 1/25 s, Brownian motion induces a mean displacement of the order of L ∼ 0.1 µm which is of the order of 1 [px] at the ×40 magnification. This displacement corresponds to a velocity of about 2 µm/s. This effect is particularly important if the number of beads around the droplet is low (statistical noise).

2. Each bacterium, when swimming, induces a perturbation of the hydrodynamic field around it. Because the measurement of the torque is sensitive to the oil velocity field close to the droplet boundary, the hydrodynamic field of the bacteria at the droplet boundary can perturb the rotation motion of the tracers.

The magnitude of the fluctuations of the circulation value depends on these two combined phenomena. Experimental data give an access to the values of the fluctuations and are reported on Fig. 4.9.

Characteristics of the motor

The dependence of the orthoradial projection of the external flow, V oil θ = 1 2π 2π 0 V oil θ (r, θ) dθ, with the distance r to the center of the droplet reads (for r > R) :

V oil θ (r) = τ 8πη oil R 2 R 2 r 2 - r/R (r 2 /R 2 + 4) 3/2 . ( 4.5) 
where η oil = 3 × 10 -3 Pa.s is the dynamic viscosity of hexadecane at 25 • C. The dependency with R 2 r 2 results from the rotation of a sphere of radius R in the bulk andr/R (r 2 /R 2 +4) 3/2 is a correction term accounting for the presence of the bottom plate of the pool. From the experimental measure of V oil θ (r), we are then able to estimate τ for various droplets radii at different magnetic field intensities. Fig. 4.10 (a) shows the dependency of τ with respect to the core solid rotation of the MTB suspension Ω d for different mean radii (each data point Figure 4.9 -Probability distribution of the circulation C(R, t) of the flow in oil measured at the boundary of the droplet, in r = R at several times t (a measure every 1/25 s during 14 s). I superimpose probability distributions for different magnetic fields. We observe that the distribution is globally shifted to a non-zero average value when increasing the magnetic field intensity (solid lines in colors). ) which appears to collapse all the data onto a unique curve. This curve corresponds to the "operating curve" of the droplet motor, analagous to the ones of macroscopic synchronous motors, pointing out a direct link between the core rotation and the flow generation outside the droplet. This collapse means that τ v and Ω d have a similar dependency with respect to the parameters of our experiments, meaning the droplets radii and the magnetic field intensities. The non-linear shape of this operating curve shows that the motor is less efficient at low Ω d (typically for Ω d < 0.05 rad/s) than at high Ω d . This point can be explained by the dominance of the Brownian motion over the advection signal (represented by τ v ) of the passive tracers outside the droplets at low Ω d . 

Mechanism of torque generation

A global circulation, resulting from a net torque acting on the oil phase and produced by torque-free and force-free swimmers, can only be sourced in the misalignment dynamics of the magnetic moments of the MTB with the external magnetic field. In a quiescent fluid, bacteria align with the field in a time t B = ξ r /(mB), where ξ r = πη w 3 /[3 ln(2 /a)] is the rotational friction coefficient, l = 3 -4 µm is the body length of one bacterium, a = 1 µm its width and η w = 1 × 10 -3 Pa.s is the dynamic viscosity. With these typical values, we find that t B ≈ 0.1 s for B = 2 mT. When bacteria swim close to the droplet interface, they are forced to turn in order to The time needed for one bacterium to orient along the boundary is t T = /V 0 ≈ 0.1 s, which is of the same order of magnitude as t B . Hence, the droplet boundary makes the bacteria at the interface misaligned with the magnetic field, which leads to the generation of torque in the droplet. This misalignement depends on the position of the bacteria in the droplet and is expected to be the strongest at the north and south poles of the droplet, where the interface is perpendicular to the magnetic field direction.

To precise the kinematics involved inside the droplet, we can take the example of a droplet rotating CW without loss of generality. In this case, due to the advection by the central vortex core and their swimming propulsion along the magnetic field direction, NS (resp. SS) bacteria reach the droplet boundary and align with it at the right (resp. left) of the NP (resp. SP) in the x-y plane. The magnetic torque on those misaligned bacteria (both at the NP and SP) points in the CW direction, reinforcing the circulation. As NS bacteria swim along the droplet boundary, their misalignment with B increases while they are getting close to NP (resp. SP) until the magnetic torque becomes too large to be compensated by the boundary alignment. Then, the bacteria leave the droplet boundary causing a release of the magnetic torque in the fluid. Further on, they align back along the magnetic field and are advected by the vortical flow, before reaching back the droplet boundary and closing the loop. This picture is consistent with the previously mentioned counter-rotating flows inside and outside the droplet. From this time-scale analysis, we can therefore infer that the net torque is produced by the bacteria misaligned with the magnetic field at the droplet boundary, which points on a surface effect. More precisely, we are able to state that :

τ = nVmB (4.6)
where V is the volume of bacteria contributing effectively to the torque. To account for surface effects, we expect V ∼ λR 2 , where λ is a typical length independent of R. Indeed, by computing λ = τ /(nR 2 mB) (see Fig. 4.12 (a)), we bring evidence of a characteristic length λ = 8 ± 2 µm that does not depend neither on the magnetic field intensity nor on the droplet radius, collapsing all the data we collected. λ is of the order of a bacterium size and can then be related to a microscopic scale, consistent with no dependence on neither R nor B. Then, the picture emerging from our scaling analysis is that of one core rotation and two counter-rotating regions made of self-assembling bacteria at the poles and yielding a net torque to the oil (see Fig. 4.12 (b)).

Vortex reversal

From our understanding of the bacteria self-assembly inside the droplet, we can provide an explanation of the rotation reversal actuated by the magnetic field switch mentioned above. When the magnetic field is rapidly reversed, the MTB that are accumulated at the right of the NP and at the left of the SP can suddenly rotate to align along the new magnetic field, without any restriction from the droplet boundary. After this, they cross the droplet roughly along the y-direction, consistent with positive values of Ω d (corresponding to CW direction) measured just after the magnetic field reversal (see Fig. 4.13). Then, they accumulate near the new NP and SP, which are located on opposite positions to the original ones. In this process, the MTB that were accumulated CW of their respective poles are now CCW of the new poles and, hence, generate an opposite torque provoking the inversion of the motor (see the full quantitative report of this dynamics on Fig. 4.13). For this mechanism to be efficient and overcome the natural tendency to generate a CW motor, the time duration between the application of the two opposite magnetic fields must be shorter than the thermal reorientation time (of the order of the inverse rotational diffusion constant, D r = 1/80 s -1 ), as it is indeed the case on Fig. 4.13. Otherwise, the MTB have time to reorient isotropically For each time step t, Ω d (t) is computed from instantaneous PIV maps as in Fig. 4.3. From the moment when the magnetic field is set on, Ω d reaches a stationary value within a few seconds (∼4 s). When reversing quickly the magnetic field direction while the suspension rotates CW, the suspension continues rotating CW at the short times after reversal before reversing completely its rotational direction to CCW. Then, Ω d reaches a stable negative value ∼10 s after the magnetic field switch. and leave the accumulation zones.

Conclusion

Recently, considerable efforts have been undertaken to harness the microscopic activity of living or synthetic agents like bacteria [START_REF] Vizsnyiczai | Light controlled 3d micromotors powered by bacteria[END_REF][START_REF] Schwarz-Linek | Phase separation and rotor self-assembly in active particle suspensions[END_REF], eukaryotic cells [START_REF] Williams | A self-propelled biohybrid swimmer at low reynolds number[END_REF], Janus colloids [START_REF] Aubret | Targeted assembly and synchronization of self-spinning microgears[END_REF] or micro-robots [START_REF] Deblais | Boundaries control collective dynamics of inertial self-propelled robots[END_REF][START_REF] Poschel | Rotating robots move collectively and self-organize[END_REF], in order to extract macroscopic work from microscopic mechanical structures. Here, we show a remarkable example of living biological entities self-assembling into a rotary motor actuated by a controlled, external aligning field. In this process of self-organization, confinement plays an essential role. It would probably be fruitful to exploit it by an adapted design of a micro-fluidic environment. To obtain such a complex organization, a first key-point is the ability for magnetotactic bacteria to accumulate in some areas (here being close to the droplet poles) under a uniform magnetic field. This accumulation of active swimmers, obviously limited by crowding, results in an instability triggering a coordinated motion at the scale of the droplet. The second crucial point relies on the original properties of this "active magnetic fluid". Any swimming kinematics inducing a change in the magnetic moment orientation of the bacteria with respect to the applied magnetic field, is bound to produce torque on the surrounding fluid. Interestingly, this situation is reversed compared with the standard synchronous motor, exemplified by the magnetic stirrer of chemical labs, which follows the rotation of a rotating magnetic field. In our case, a swimming bacterium carrying a magnetic moment is rotated and creates a torque due to the confinement in a droplet, while the magnetic field direction remains fixed. Even though the physical origin of the self-organization process is not completely elucidated yet, we expect a similar behaviour for other types of autonomous swimmers, confined and orientable by any external field (electric field, light,...), maybe opening a new branch of theoretical and experimental investigations.

General conclusion

In this manuscript, I report the main contributions of my work to the study of the magnetotactic bacterium (MTB) Magnetospirillum gryphiswaldense MSR-1 in different conditions. These contributions can be classified in 3 different thematics which are strongly correlated. First, I brought a characterization of the motility of Magnetospirillum gryphiswaldense by observing single magnetotactic bacteria in diverse experimental conditions, using an original microfluidic setup. I observed that the magnetic field and the oxygen concentration of the medium in which they evolve have an impact on their swimming behaviour : the magnetic field aligns passively bacteria along the magnetic field lines while oxygen globally reduces their swimming motility and kill the switch between high and low velocity modes during reversals. Under standard conditions, a rather equal proportion of magnetotactic bacteria develop a magnetic preference towards the North and the South poles of the magnetic field, which was verified to be consistent with previous studies on MSR-1. This characterization was important to know more about this species, which was a newcomer in the lab, and to master its behaviour during further experiments. A better understanding and control of individual swimming behaviours allowed us to enlarge our perspective on that system and study the physical properties of a whole suspension of MTB. In particular, the idea that a magnetic field can align many bacteria rather spontaneously (within 100 ms) has dragged my interest on the control of the rheology of these suspensions. In order to explore this field, I first developed a theoretical model for the rheology of dilute MTB, based on a modified version of the Bretherton-Jeffery equation, taking into account the alignment of the bacteria swimming body with the magnetic field. By performing numerical simulations, we found that the dynamics of orientation of a magnetic micro-swimmer in a simple shear flow, coupled with the swimming shear stress developed by all the swimmers, induces a very original response of the whole suspension leading to rheological states called brake and motor. These states correspond to a shearing of the whole suspension by the MTB swimming activity, actuated by the alignment of the bacteria with the magnetic field at low hydrodynamic Peclet numbers. Our work has been the first exploring the rheology of magnetic micro-swimmers suspensions and has driven an experimental investigation of this effect. During the last months of my PhD, I have started experiments on the rheology of MTB using a Y-shaped microfluidic rheometer. These experiments showed a decrease of the shear viscosity of the suspension in the absence of magnetic field, characterizing for the first time Magnetospirillum gryphiswaldense as a pusher swimmer. In the presence of a magnetic field, the inhomogeneity of the suspension, induced by the segregation between NS and SS swimmers within the channel, shows a very interesting phenomenology of bacteria clustering. In order to work with homogeneous suspensions, an alternating magnetic field has been applied in order to avoid clustering. Preliminary results were obtained, which show an increase of the shear viscosity of the suspension for different magnetic field orientations. This interesting effect, which reverses the drop of the viscosity in the absence of magnetic field, is promising and needs to be explored further. Finally, the actuation of macroscopic flows by MTB, already predicted by our model of rheology, was illustrated via a very original example of collective motion. I showed that, when dense MTB are confined in aqueous spherical droplets suspended in oil and submitted to a constant horizontal magnetic field, they self-assemble into a vortex at the center of the droplet and two counter-rotating zones close to the poles of the droplet. Surprisingly, the axis of rotation of the vortex is perpendicular to the magnetic field. This self-organization of the suspension triggers a net rotation of the oil around the droplet : a torque is generated and was fully characterized by flow measurements for various droplets radii and magnetic field intensities. The counter-intuitive aspects of such a phenomenon, like the generation of torque at low Re (which cannot come from the swimming activity of torque-free swimmers) and the complex mechanism leading to this torque production, definitely deserve further theoretical and numerical investigations.

Perspectives

Rheology of magnetotactic bacteria

The rheology of MTB needs to be addressed further on, both experimentally and theoretically. A very important feature of the experiments I did is the inhomogeneity of the suspension in the case of a constant magnetic field, appearing essentially for at low flow rates when the advection by the flow and the bacteria swimming velocity are equivalent. To avoid clusters formations, I used an alternating magnetic field with few reproducible results yet. In order to carry on these experiments, improvements have to be realized in the thermal insolation of the experimental setup (water cooling, fresh air flushed towards coils). In the meanwhile, an adaptation of the existing models of rheology of MTB ( [START_REF] Vincenti | Actuated rheology of magnetic microswimmers suspensions : Emergence of motor and brake states[END_REF] and [START_REF] Alonso-Matilla | Microfluidic flow actuation using magnetoactive suspensions[END_REF]) to the case of an alternating magnetic field has to be realized in order to better understand how the switching frequency of the magnetic field could modify the expected rheology of MTB. A "Fire" LUT has been chosen to enhance visualization. The channel width is 600 µm and its height is 100 µm. The applied magnetic field is 2 mT and the bacteria volume fraction is ∼ 2%. In the video, the observed bands move in the direction of the magnetic field.

Droplets of MTB

Experiments on dense MTB droplets provided very promising results, especially in the perspective of microfluidic applications. A direct adaptation of the experiments would be to study the case where NS (or SS) only MTB are confined in droplets. In that case, will the collective rotation of bacteria be modified ? Indeed, we could expect a breaking of symmetry between the North and the South poles of the droplet. Would such a droplet move in that situation ? Another interesting aspect to study is the existence of a rotation synchronization between droplets close to each other (see Fig. 4.14). In that case, would the preferential CW rotation remain dominant ? Would the rotation of the droplets be changed/frustrated by the others (following an effect similar to the "ferromagnetic/antiferromagnetic" order in B. subtilis vortices [START_REF] Wioland | Ferromagnetic and antiferromagnetic order in bacteria vortex lattices[END_REF]) ? Would they arrange their rotation as gears ? Finally, the jets observed at the droplet poles are caused by a local accumulation of aligned bacteria inducing an hydrodynamic instability. This property could be used in any system where a local accumulation of bacteria/micro-swimmers can be achieved. The production of flows in that case can be large-scale depending on the swimmer concentration and controllable with a magnetic field.

Hydrodynamic instabilities

I have started to reproduce experimentally hydrodynamic bands of MTB (see Fig. 4.15 and 1 st section for a presentation of hydrodynamic bands). To do so, I have confined MTB in a microfluidic channel of 1 cm-length, 600 µm-width and 100 µm-height. The MTB are concentrated up to 2% in volume fraction and a magnetic field of a few mT is applied parallel to the direction of the channel. No flow is applied. Hydrodynamic bands are recovered within a few minutes after the application of the magnetic field. These bands are perpendicular to the magnetic field direction, supporting our rheological findings that MSR-1 is a pusher swimmer (see [START_REF] Koessel | Controlling stability and transport of magnetic microswimmers by an external field[END_REF] for the theory about these bands). The complexity of the dynamics of the bands (not stable in time) requires a full completion of the experiments and a systematic protocol. A collaboration with Sara Jabbari-Farrouji and her student Fabian Koessler is currently running in order to adapt their theory in the case of a confined suspension, like in our experiments.

Once the medium is prepared, we leave the tubes at room temperature to cool them down. The medium remains sound during several months at room temperature.

Bacteria growth

To inoculate MTB inside the Hungate tubes, we use stocks of MTB conserved in a -80 • C fridge. An inoculus of 0.3 mL from these stocks allows to have bacteria ready to use (end of growth) within 2 days of incubation. Incubation is done in a controlled incubator set at 30 • C and the culture tubes are shaked at 160 rpm. For inoculation in Hungate tubes, sterilize the rubber plug by burning ethanol on top, store the tube under laminar flow and wait 5 min. Then, inoculate 0.3 mL by transferring progressively the suspension (drop by drop at the surface of the medium).

After 2 days of incubation, bacteria are harvested at the end of the growing sigmoid to get the most motile swimmers. To check quickly that the growth is at its final stage, we measure the optical density (OD) of the bacteria suspension : an inoculation volume of 0.3 mL inside 12 mL of FSM medium leads to an OD of 0.12 at the end of growing sigmoid. The optical density is measured at 600 nm and the reference solution for OD=0 is distilled water.

Motility characterization under standard growth conditions

Under theses standard growth conditions, motility is characterized using microscopic observations, as explained on chapter 2. Motility in terms of velocity distribution is reproducible using the growth protocol and the bacteria preparation as described above.

Bacteria stocks at -80 • C : preparation and use

To stock bacteria at -80 • C (adapted fridge), we collect bacteria from a sound culture (motility and response to magnetic field are checked). In parallel, we prepare a solution composed of glycerol and FSM in a ratio 40 :60 in volume. Then, we mix, inside a cryotube of 1.5 mL, 1 mL of the cultured bacteria solution with 400 µL of the glycerol solution. Immediately after mixing, we drop the cryotube in a bath of liquid nitrogen. The cryotube is then transferred to the -80 • C fridge where it can be conserved during years. To use these tubes for inoculation, we extract a cryotube from the -80 • C fridge and leave it at room temperature during 20-30 min. It is then ready for inoculation in Hungate tubes.

MTB and fluorescent light

During experiments in Paris and Chile, we observed that fluorescent tracers could not be used with MTB. Indeed, we observed that MTB stopped to swim after exposure to the excitation light (within 10 s after). Motility was never recovered after stopping the exposure. Several tests with many excitation wavelengths (up to 530 nm) have led to the same conclusions. This limitation is crucial and it could be very useful to overcome it, for instance by understanding where does this sentivity to light come. The following text refers to Fig. 16. The first step is the PDMS molding of the wafer (step (1)), which is common to any fabrication of microfluidic channels. To do so, mix 45 mL of Sylgard 184 with 5 mL of PDMS cross-linking agent. Put the mix in a 50 mL Falcon tube and centrifugate to remove the air bubbles trapped in the PDMS (∼ 1 min at 3000 [rpm]). Then, transfer the liquid PDMS on the wafer surface, previously cleaned with ispropyl-alcool and flushed with compressed air to remove dust. Put to the oven at 70 • C during at least 4 h. After 4 h of PDMS cooking, let the wafer and the PDMS coming back at room temperature (during a few minutes). Then, remove the PDMS layer (now solid but flexible) (step (2)) and draw, with a permanent marker, a square of 2 cm on the non-molded surface at the top of future bacteria chamber. The molded part of the PDMS layer (the one which was in contact with the wafer) is then silanized (step (3)), which means that PDMS is functionalized in surface, in order to avoid stiking of the future PDMS layer that will be deposited on it later. To do silanization, activate the PDMS surface by oxygen plasma (standard recipe) and transfer the PDMS immediately to a Petri dish equipped with a 25 µL-tank of liquid silane (be careful, this chemical is very toxic). Close the Petri dish and wait for 45 min for the reaction to occur. Once silanized, deposit a 100 µm-layer of liquid PDMS (same proportion Sylgard :cross-linker as before) on top of the silanized PDMS surface using a spin-coater (10 s at 100 [rpm] and 30 s at 500 [rpm]). Cook at 70 • C during 2 h. After 2 h, activate the newly deposited PDMS surface, along with a 2 cm-square glass slide, with oxygen plasma. Then, glue the slide on the PDMS (step (3)) in correspondance to the square drawn at step [START_REF] Libertucci | The role of the microbiota in infectious diseases[END_REF]. For an optimal attachment between glass and PDMS, put the bounded sample at 90 • C during 5 min maximum. Then, deposit a thick layer of PDMS (50 mL with always 45 mL of Sylgard and 5 mL of crosslinker) on top of the bounded surface (step (4)). Cook at 70 • C during 4 h. After 4 h, remove from the oven and (very) delicately remove the silanized PDMS from the non-silanized part (step ( 5)). If silanization has been done correctly, the two parts separates rather easily. Be careful however to not break the thin glass slide which is now "sandwiched" inside the PDMS. Once separated, it is possible to keep the silanized part for another fabrication and restart from step (3). Finally, the other part containing the glass slide and the microfluidic channels is bounded with a 24×60 mm glass slide by plasma activation (step (6)). Do not forget to drill holes of 0.5 mm in the PDMS before bounding : they will allow to fill the channels with gases and bacteria suspension. a given OD (Optical Density), low enough to count the bacteria using phase-contrast images, hence giving a conversion between OD and bacteria concentration. A volume of 65 µL of the emulsion is then deposited in a chamber composed of a double-sided tape adhered to a microscope slide and sealed with a glass cover slip on top. This system creates a closed pool of area 1.5 cm × 1.6 cm and height H = 270 µm. The emulsion is visualized inside the pool using an inverted microscope adapted to receive Helmholtz coils, which produce a uniform horizontal magnetic field B (see Fig. 4.1 (a)). That is, the visualization plane (x, y) is parallel to B. The intensity of the magnetic field B = | B| is controlled electronically, from 0 to 4 mT with a precision of 0.1 mT. Droplets of diameters smaller than 270 µm sediment at the bottom surface of the chamber due to the low density of hexadecane oil. For a given emulsion preparation, several droplets are visualized in their equatorial plane with respect to the vertical direction (See Fig. 4.1 (b)). For these experiments, we use mostly a ×40 phase-contrast objective (Zeiss A-Plan Ph2 Var2, mounted on a Zeiss AXIO Observer microscope) which allows full visualization of the droplets. We only observe droplets sufficiently separated from each other (typically distant of, at least, one droplet diameter) to avoid any coupling effects between droplets. Experiments are always performed within 30 minutes after centrifugation for the largest bacteria concentration (longer observations have shown a decrease of the vortex rotation velocity after this time). For flow visualization outside the droplets, we used 1.1 µm melamine resin beads suspended in hexadecane oil : these beads have the advantage of being immersable in oil. They can also be used with fluorescent light, but we avoided this possibility in our experiments due to the effect of fluorescent light on bacterial motility (see section 4.9.3).

B : Microfluidic setup to control oxygen

Data acquisition and analysis. Phase-contrast images are recorded using an Hamamatsu ORCA Flash4 camera equipped with a CCD sensor of 2048 × 2048 pixels. For movies, a frame rate of 25 Hz is chosen to capture the full dynamics inside and outside the droplets. To prepare PIV analysis, we post-process raw images from experiments by substracting the average-intensity image of a stack to all the images of the stack. This allows us to get rid of the intensity gradients (which could lead to discrepancies in the flow measurements) inherent to both phase-contrast microscopy and the spherical shape of the droplets. It also provides better accuracy on the velocity map close to the droplet interface. We choose interrogation window size to be equal to 32×32 pixels (corresponding to 5×5 µm) and an overlap between windows equal to the half of the size of a window. A standard FFT cross-correlation algorithm is used to compute the PIV velocity field using the Matlab PIVlab facilities. We compare successive images separated by 1/25 s. In order to compute the average ortho-radial velocity profile V d θ (r), we average the velocity field on a movie of typically 350 images (14 s). For tracking, we used the TrackMate plugin of Fiji (extension of ImageJ). To smooth thermal noise between two successive tracking points in time, we average the velocity of each tracked particle on two successive images. To get the orthoradial velocity field, we compute the circulation C(r, t) = 2π 0 rV oil θ (r, θ) dθ of the experimental velocity field on circles of various radii r centered on the droplet center at time t. Then, this circulation is averaged in time on the duration of the movie (typically 14 s) to get the mean circulation C(r) = C(r, t) t . Then, we obtain the average orthoradial velocity field V oil θ (r) = C(r)/2πr, which is the net velocity of the outer flow. The advantages of this method are both to increase accuracy by smoothing Brownian motion of the tracers and to give a reliable estimate of the net torque applied by the droplet on the oil (counter-flows, opposite to the main recirculation flow, are taken into account in V oil θ (r)).
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Figure 3 -

 3 Figure 3 -Collective effect helps "communication" in bacterial colony (adapted from [7]). (a-b-c-d). Image sequence showing the directed transport of 0.1 µm-fluorescent microspheres in the inner motile ring around a circular Proteus mirabilis colony. The bright blob corresponds to the place where the microspheres were injected. The white arrow shows the front of the fluorescence intensity. The image on the right is a phase-contrast zoom-in of the colony at the edge : bacteria move collectively parallel to the colony boundary.

Figure 4 -

 4 Figure 4 -Trajectories of Magnetospirillum gryphiswaldense MSR-1 without (a) and with (b) a magnetic field (3 mT). The white bar length is 50 µm.
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 11 Figure 1.1 -Schematics of pusher and puller hydrodynamics. The black arrows illustrate the far-field flows (stresslet).

Figure 1 . 2 -

 12 Figure 1.2 -Force dipole structure of the flagellated bacterium E. coli, measured experimentally in the bulk (adapted from [15]).

Figure 1 . 3 -

 13 Figure 1.3 -Shear-thinning rheology of colloidal hematite rods. The shear viscosity, normalized by the viscosity of the carrying fluid, is plotted as a function of the shear rate for different rods concentrations (adapted from [21]).

Figure 1 . 4 -

 14 Figure 1.4 -Reduction of viscosity in Bacillus subtilis suspensions (adapted from[START_REF] Sokolov | Reduction of viscosity in suspension of swimming bacteria[END_REF]). Ratio of the effective shear viscosity over the viscosity of the bacteria medium, measured for a suspension of Bacillus subtilis (pusher bacteria) at different cell concentration n (adapted from[START_REF] Sokolov | Reduction of viscosity in suspension of swimming bacteria[END_REF]).

  1.7).

Figure 1 . 5 -

 15 Figure 1.5 -Microfluidic rheometer to measure the viscosity of bacteria suspensions (adapted from [26]). Both fluids with and without bacteria are injected in a Y-channel at the same flow rate. The measure of the width of the two fluids w 1 and w 2 leads to an estimation of the ratio of viscosities η 1 and η 2 following η 1 η 2 = w 1 w 2 .
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 16 Figure 1.6 -Non-newtonian behaviour of E. coli suspensions (adapted from [26]). Shear viscosity of motile and non-motile E. coli suspensions, normalized by the viscosity of the bacteria medium, as a function of the mean shear rate of the Poiseuille flow in the Y-channel. A nonnewtonian behaviour is observed with a drop of viscosity at low shear rates for motile bacteria while a newtonian rheogram is recovered for non-motile bacteria.
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 17 Figure1.7 -Superfluid state of E. coli suspensions (adapted from[START_REF] Lopez | Turning bacteria suspensions into superfluids[END_REF]). Shear viscosity of E. coli suspension, measured at γ = 0.04 Hz for several bacteria volume fractions.
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 18 Figure 1.8 -Viscosity of puller swimmers : the example of Chlamydomonas reinhardtii (adapted from [27]). Shear viscosity (plotted as the normalized difference with the medium viscosity) of Chlamydomonas reinhardtii suspensions measured at γ =5 Hz for different volume fractions in the case of motile (black dots) and nonmotile (white dots) cells.

Figure 1 . 9 -

 19 Figure 1.9 -Rheology of non-tumblers (smooth) and slender (β = 1) swimmers (pushers and pullers), adapted from [32]. All time scales are normalized by the swimming time t c = ξ r / | σ 0 | where ξ r is the rotational friction coefficient of the swimmer and σ 0 is the force dipole magnitude. Shear viscosity η p is the particle contribution to the suspension viscosity and is normalized by n | σ 0 | t c where n is the cell number density.
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 110 Figure 1.10 -TEM image of a Magnetococcus marinus MC-1 cell. Image reproduced from Ref. [36]. Flagella on one side of the bacterium are clearly visible, as well as the magnetosome chain inside the body. The bar length scale is 500 nm.
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 111 Figure 1.11 -TEM image of a Magnetospirillum gryphiswaldense MSR-1 cell. Image reproduced from Ref. [37]. Distal flagella (one bundle at each tip of the bacteria body) are clearly visible as well as the chain of magnetosomes. The bar length scale is 500 nm.
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 112 Figure 1.12 -Aerotactic band of MTB MSR-1 in an oxygen gradient (adapted from Lefevre et al. [40]).
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 114 Figure 1.14 -Collective motion of dense WT E. coli bacteria in a 220 µm-height PDMS channel -image by Pierre-Henri Delville, collaboration PMMH (E. Clément) -Edimburgh University (V. Martinez) -Univ. Paris Sud (C. Douarche). E. coli are prepared at OD 600nm = 15 and mixed with a few non-motile fluorescent E. coli to probe the flow lines (white traces on the image). The image has been prepared by averaging a movie stack on the intensity maxima (Zprojection via FiJi). The white bar length is 200 µm.
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 115 Figure 1.15 -Vortex generation in a squizzed droplet of B. subtilis (adapted from [47]). The droplets are observed in their equatorial plane (left) and central vortex is identified (right) with a counterrotating layer of bacteria at the boundary of the droplet.
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 116 Figure 1.16 -Destabilization of a flowfocused MC-1 suspension under magnetic field (adapted from [49]). The figure represents the phase-diagram of the phases observed (continuous jet and pearling). The density of the bacteria suspension is 10 7 cells/µL.
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 21 Figure 2.1 -Microfluidic chip used to study MTB swimming strategies in a controlled oxygen ambient. A magnetic field -→ B is applied perpendicular to the microfluidic channel via Helmholtz coils, placed around the microfluidic chip.
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 23 Figure 2.3 -Change of the fluorescence intensity after a change of the oxygen command (0% to 10% of O 2 ). This calibration is done by measuring the fluorescence intensity on a square of 900 µm of side at the middle of the bacteria channel. The command is operated at t =0 s and reaches the microfluidic chamber 25 s after. Then, the fluorescence intensity increases sharply and reaches progressively the command ([O 2 ] = 10%). The increase can be well captured by an exponential fit. The response time at 63% of the command is τ = 160 s.

  2.2). For the image recording, I used an Hamamatsu ORCA FLASH 4 camera able to record movies at 100 Hz in full resolution (2048 × 2048 pixels). With the objective used, a pixel of the image corresponds to a length scale of 0.154 µm on the focal plane of the objective, meaning that a single bacterium length is about 20 pixels.
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 24 Figure 2.4 -Example of MTB tracking via TrackMate under the presence of a magnetic field (FiJi plugin, extension of ImageJ) and track parameterization. Colored lines correspond to the tracks and the color indicates the track number. The top and bottom of the image corresponds to the walls of the channel, separated by 900 µm.
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 25 Figure2.5 -Concentration profiles of MTB along the y-axis (magnetic field axis) for different oxygen compositions (indicated on top of the graph) and magnetic field values (colors). When no magnetic field is set, the concentration profile is rather flat with no accumulation zones for all oxygen composition, while when a magnetic field is set, accumulation zones are visible at the edges of the microfluidic channel. North-seekers accumulate at the north edge of the channel in the direction of the magnetic field (opposite for south-seekers). The behaviour does not appear to change significantly with the oxygen composition.
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 27 Figure 2.7 -Fit of the distribution of orientations of MTB P (θ) subjected to a magnetic field B = 3 mT with a model of Active Brownian Particles (ABP). The imposed oxygen composition is 20%.

  Figure 2.8y position (along the magnetic field direction) of a single bacterium as a function of time t. The oxygen concentration is 0% and the magnetic field value is 3 mT. Reversal events are labelled by red arrows. The bacterium alternates high and low velocity modes by performing reversals.
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 29 Figure 2.9 -Velocity distribution of MTB for different oxygen compositions of the medium (colors). At low oxygen concentration (0%), two peaks at around 20 µm/s and 40 µm/s are visible. The peak at 40 µm/s shrinks when oxygen composition increases.
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 211 Figure2.11 -Distribution of run lengths (left) and times (right) for high (faster than 25 µm/s)-and low (slower than 25 µm/s)-speed runs of MTB. A run is defined as a sequence of swimming between two reversals. These distributions are obtained for runs performed in different conditions of magnetic field. The distributions were found independent of the magnetic field intensity.

  the strain rate tensor of the imposed flow v. The equation (3.1) is called the constitutive relation for the fluid rheology.
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 31 Figure 3.1 -3D model of a magnetic microswimmer in flow. Left : 3D parameterization of a bacterium in spherical coordinates (θ,φ). The magnetic field B = Bb is contained in the (x,y) plane and its orientation in this plane is given by the angle α. Right : 3D representation of the orientation distribution function for Pe m = 1, α = 45 • and Pe H = 10 -4 (a), Pe H = 4 (b) and Pe H = 10 (c).
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 33 Figure 3.3 -[Phase-diagram of the motor-brake effect. Phase diagram in the (Pe m , α) space of the motor-brake effect for puller and pusher swimmers. Positive values and negative values of the actuated stress Σ 0 are respectively red and green-labelled and correspond to brake and motor states. The relative magnitude of the actuated stress is indicated by a logarithmic color gradient.
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 34 Figure 3.4 -Test of the scaling relation for the shear stress. (a). Example of relation Σ p (Pe H ) obtained from a full numerical solution of the problem for A = 10, α = 45 • , Pe m = 0.6 (symbols). The solid line is a linear fit taking into account the data up to the limit Pe maxH

  (b). Validity of the affine expansion of the stress (3.14) in the parameter space (Pe m , α) for A = 10. The color code corresponds to the value of ∆ = log 10 (Pe max H ) -log 10 (Pe * H ), which is the range of validity, in decades of Pe H , for which equation (3.14) holds. When parameters are chosen in the regions in blue, equation (3.14) is no longer valid and other terms have to be taken into account in the expansion of the shear stress. Pe H = Pe H /Pe * H = Pe H / sin(2α)(Pe m ) 2
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 35 Figure 3.5 -Collapse of the numerical shear stress with analytical predictions at low Peclets numbers. Rescaled particle shear stress Σ p /| Σ 0 | as a function of the rescaled Peclet number Pe H = Pe H / sin(2α)(Pe m ) 2 1/A + for different values of the magnetic field orientations α, for magnetic Peclet Pe m = 0.1, 0.4 and 1 and for both pusher and puller swimmers. The α values are indicated by the color bar. Values α = 0 • , 90 • , 180 • are excluded because they correspond to the situation Σ 0 = 0, for which the master equation (3.15) is not defined. The numerical solution displays, for a wide range of Pe H and Pe m , a collapse onto expression[START_REF] Monteil | Ectosymbiotic bacteria at the origin of magnetoreception in a marine protist[END_REF], represented in black solid (pushers) and doted (pullers) lines. Negative values of shear rate correspond to a gradient of flow velocity in the -y direction, and vorticity in the z direction. By reversing the shear flow, the actuated stress keeps its sign and the motor-brake effect is reversed (from motor to brake state and vice-versa). Inset : Rescaled actuated stress

  as a function of the magnetic Peclet number Pe m . It exhibits a scaling in Pe 2 m for Pe m 1 as predicted analytically. For Pe m 1, it saturates. numerical solution of equation (3.12) onto the master equation (3.15) for a wide range of parameters. This scaling law is no longer valid at large Pe m , beyond the validity limit of the expansion done in equation (3.14), which we determine by computing the deviation of Σ p (Pe H ) from an affine fit (see figure 3.4(a)). The validity domain is reported figure 3.4(b).
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 37 Figure 3.7 -Microfluidic rheometer to study MTB rheology. The dimensions of the channel are the following : the central channel is 4 cm-long and 600 µm-wide while the side channels are 2 cm-long and 300 µm-wide. The height of the channels is h =100 µm. All the values of heights and widths are given with a 10 µm precision. The angle of incidence of the side channels with respect to the central one is 30 • . The flow is Poiseuille-like in the x-y plane and plug-like in the x-z plane. The two fluids (bacteria and medium only) are injected with equal flow rates Q 1 = Q 2 = Q and occupy different widths d 1 and d 2 depending on their relative shear visosity. In the example depicted on the figure, d 1 < d 2 meaning that the fluid 1 is less viscous than the fluid 2.
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 38 Figure 3.8 -Calibration of the flow in the y-channel : fluorescent tracers observed with ×40 magnification in the central channel. Images are taken for different heights y at the middle of the channel. The field of view is about 200×200 µm and the depth of field is about 5 µm. Tracers are tracked using the TrackMate plugin of FiJi.
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 39 Figure 3.9 -Profile of the velocity flow along x (normalized with respect to its maximum value) with respect to the vertical position in the central channel y (normalized by the channel height), for different values of flow rates (colors). This flow is measured by tracking of tracers (see Fig. 3.8) when pushing flow in the two branches of the ychannel with the same flow rate.
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 310 Figure 3.10 -3D design of the resin support hosting the Helmholtz coils (right) and its disposition on the microscope (left). The Zeiss AXIO Observer microscope is represented with the objectives and the two pairs of Helmholtz coils in blue which ensure the production of a uniform 2-axis magnetic field. (3D design by Xavier Benoit-Gonin)

Figure 3 .

 3 Figure 3.11 -Electronic command of the magnetic field of one pair of Helmholtz coils. For two pairs, a L298N bridge needs to be added (a single Arduino card is enough for two pairs of Helmholtz coils). The Arduino card is controlled by a computer (programmable device) and is linked to a L298N bridge. On this scheme, the input EN of the bridge corresponds to an ON/OFF command. The inputs IN1 and IN2 control directly the output of the bridge (i.e. the intensity circulating in the Helmholtz coils).

  c(z) = log(I(z)/I 0 ) (3.22) This concentration field is solution of the diffusion equation and is of the form c(z) = c 0 2 1 + erf z -z 0 √ D z t where t is the diffusion time (the reference of time is the time of the 1 st contact between the two fluids at the entry of the y-junction) and D z the transversal (meaning along the z direction) diffusion coefficient of the bacteria.
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 312 Figure 3.12 -Left : y-channel observed with a dark-field phase-contrast objective of ×2.5 magnification. Bacteria suspension appear in grey in the image. To plot the intensity profile, we average the intensity of a stack of ∼ 100 images recorded at a different frame rate, depending on the flow rate (typically 1 [fps]) at 0.5 nL/s, 25 [fps] at 10 nL/s). The profile is averaged over a range of 600 µm in the x direction (flow direction) (width of the orange rectangle in the image). Right : the logarithm of the intensity is plotted as a function of the transversal position z. This profile is fitted by a modified error function of the form : log(I(z)) = aerf z -z 0 b + c. The edges of the channel are excluded from the fit but allow to determine the position of the channel edges.
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 313 Figure 3.13 -Rheogram at zero magnetic field for different bacteria concentrations (OD).A pusher behaviour (decrease of viscosity) is recovered at low shear rates.
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 314 Figure 3.14 -Clusters of MTB observed for a vertical (along y) magnetic field of 2 mT, and a flow rate of 1 nL/s. MTB gather along lines inclined with the flow direction and symmetric with respect to the flow direction.
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 315 Figure 3.15 -Rheogram of a MTB suspension under different magnetic field conditions. The suspension volume fraction is ∼ 2%. The magnetic field value is indicated by colors and the orientation of the magnetic field with respect to the flow direction is indicated by symbols (square : α = 135 • , diamond : α = 45 • , pentagram : α = 0 • , hexagram : α = 90 • ). Right : the magnetic field is switched with a frequency f = 1 Hz.
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 41 Figure 4.1 -Water-in-oil emulsion of magnetotactic bacteria. (a) ×10 phase-contrast image of an emulsion of magnetotactic bacteria (bacteria remain inside droplets) in hexadecane oil. A magnetic field of 4 mT is applied as indicated by the arrow. A broad distribution of droplets radii is obtained, spanning typically from 20 to 120 µm. Zoom in : ×40 phase-contrast image of two magnetotactic bacteria Magnetospirillum gryphiswaldense MSR-1 (darkest zones) swimming along the magnetic field direction. Zoom in : Sketch of a magnetotactic bacterium carrying magnetosomes (red squares) and two distal flagella. The magnetosomes are aligned along the body, generating a magnetic moment m. (b) Setup principle : a droplet, lying on the bottom plate of a pool of height H = 270 µm and placed on the stage of an inverted microscope, is observed at its equatorial plane with a ×40 objective. A uniform magnetic field is applied in the observation plane, parallel to the bottom and top plates of the pool. (c) Definitions of the north pole (NP), the south pole (SP) of the droplet and the spatial coordinates. R is the droplet radius.
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 42 Figure 4.2 -Influence of the cell density n and the magnetic field B on the emergence of collective vortical motion. (a-b-c) ×40 phase-contrast images of droplets superimposed with time average PIV velocity fields (green arrows). We show the influence of the cell density n on the phenomenology, the magnetic field is fixed B = 4 mT. (a) n ∼ 10 14 bact/m 3 , R = 43 µm : Bacteria accumulate at the poles of the droplet. (b) n ∼ 10 15 bact/m 3 , R = 89 µm : unstable recirculation flows appear at the poles of the droplet. (c) n ∼ 10 17 bact/m 3 , R = 55 µm : the bacteria self-organize to form a stable vortex flow at the center of the droplet. (d-e-f) Colored maps of the orthoradial projection of the instantaneous PIV velocity fields V d θ (red-blue colormap, enhancing positive and negative values) superimposed with the instantaneous PIV velocity field (green arrows). The radius of the droplet is constant R = 83 µm. We show the influence of the magnetic field magnitude on the phenomenology, the cell density is fixed n = 10 17 bact.m 3 . (d) B = 0.2 mT : no large scale collective motion is observed. (e) B = 2 mT : vortex flow centered at the droplet center. (f) B = 4 mT : the vortex flow is stronger than at B = 2 mT. (e-f) Recirculation flows (negative values of V d θ ) close to the poles are identified in blue.
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 43 Figure 4.3 -Mean orthoradial velocity profile V d θ (r) for one droplet of radius R = 67 µm and for different magnetic field magnitudes B (colors, from bottom to top B = 1, 1.4, 2, 2.4, 3, 3.4, 4 mT ). Close to the droplet core (r = 0), the suspension rotates like a solid with a characteristic rotational velocity Ω d which increases with B. Inset : Mean orthoradial velocity profile (normalized by the maximum velocity of the profile) with respect to the normalized distance to the center of the droplet. This curve has been obtained by averaging velocity profiles from 40 droplets and several magnetic field values. The error bar magnitudes are the standard deviation of the data.
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 41 Hydrodynamic model of a sphere rotating in a fluid close to a surface

  term due to the bottom wall is emphasized. The experimental flow field is very well captured by this hydrodynamic model, as shown on Fig. 4.4 (b).
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 42 Is the circulation a relevant proxy to measure the torque generation in the system ?

Figure 4 . 4 -

 44 Figure 4.4 -Hydrodynamic model of a rotating sphere -application to the estimation of the torque exerted by one droplet on the oil. (a) Definition of the model and hydrodynamic correction due to the presence of the bottom plate of the pool. (b) Test of the hydrodynamic model on experimental data. Dotted line : model without corrective term accounting for the presence of the bottom plate. Solid line : model with corrective term. Inset : Superposition of phase-contrast images (350 images corresponding to a 14 s movie) showing the circular rotation of the outer tracers for an inner rotational velocity Ω d = 0.13 rad/s measured at B = 4 mT.
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 45 Figure 4.5 -Circulation on a sphere around one single swimmer at low Re. Left :Representation of the force dipole orientation in space and some of the circles used for the circulation calculation. These circles are chosen parallel to the (x, y) plane without loss of generality and are of dimensions such that they altogether enclose a sphere of radius 1.2. The position and the orientation of the swimmer has been chosen randomly within a sphere of radius 1. Right : the circulation on each of the circles is computed. A circulation for different z is then obtained. For this calculation, we took for simplicity σ 0 8πη = 1. The integral of
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 47 Figure 4.7 -Global rotation of the oil in planes parallel to the equator of the droplet. The maxima intensity of a 15 s movie (25 [fps]) have been summed up to obtain these two images, enhancing the tracers trajectory in oil. The white bar length is 20 µm. The droplet is identical for (a) and (b), its radius is 55 µm and the bacteria density is 10 17 [bact ]m -3 . The motion of the oil is indicated by the arrow (CW) and is identical as the one at the equator. (a). 28 µm below the equator. (b). 40 µm above the equator.
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 48 Figure 4.8 -Net velocity flow in the z = 0 plane of a sphere containing torque-free swimmers (see Fig.4.[START_REF] Wensink | Meso-scale turbulence in living fluids[END_REF]. Left : Velocity map in the equatorial plane for two different radii around the sphere. One can notice that the velocity field is essentially radial with a small ortho-radial component decreasing rapidly with the distance to the center of the sphere. Right : Value of the radial and orthoradial components of the velocity field. The radial part is dominant and decays as 1/ r 2 while the orthoradial part decays as 1/ r 4 .
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 410 Figure 4.10 -Mechanical characterization of the rotary motor. (a) The torque τ , acting on the oil and produced by the droplets, is extracted from the tracers orthoradial velocities (see inset Fig. 4.4(b)). We measure τ (B, R) for different droplets radii R and magnetic field B with respect to the core rotation velocity Ω d (B, R) (average data for 10 droplets of similar radii, R is indicated by colors and is given with a ±15 µm standard deviation). The errorbars are σ/ √ N where σ is the standard deviation and N = 10 (number of droplets used for the average). (b) Torque by unit volume τ v = τ /( 4 3 πR 3 ) as a function of Ω d for the same data set. The average data for different R collapse on the operating curve of the rotary motor. The velocity maps are the ones of the droplet displayed on Fig. 4.2 (d-e-f) and placed at the corresponding operating points.
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 411 Figure 4.11 -Image sequence of bacteria motion along a droplet interface. A bacterium moves along a droplet interface while a magnetic field of 2 mT is applied. The white scale bar is 10 µm and images are separated by 0.2 s. In average, the bacterium moves with its body aligned with the droplet boundary.
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 412 Figure 4.12 -Test of the scaling relation : τ = nmBλ(R, B)R2 , where τ is the generated torque, n ∼ 10 17 bact/m 3 is the bacteria density, m ∼ 10 -16 J/T is the magnetic moment of a single bacterium, B is the magnetic field intensity and λ(R, B) is a typical length inherent to the torque generation. (a) λ B (resp. λ R ) is the average value of λ with respect to B (resp. R). We only included the data corresponding to τ v > 0.2 nN/µm 2 , for which the torque is strong enough to be measured out from experimental noise. The error bars are the standard deviations of the average data. This graph shows that λ = 8 ± 2 µm is an intrinsic length of the system which does not depend on R nor B. (b) Qualitative interpretation of the rotary motor self-organization. The volume of the recirculating bacteria contributing to the torque is dimensionally V ∼ λR 2 . The picture is similar close to the south pole of the droplet.

Figure 4 . 13 -

 413 Figure 4.13 -Vortex emergence and rotation reversal by magnetic field inversion.Top : magnetic field amplitude B as a function of time. Bottom : response in the rotational velocity of the droplet core Ω d under the applied magnetic field. (i), (ii) and (iii) are the stages corresponding to the particular self-assemblies representations on the sketches on the right of the figure. The coral region corresponds to the central core rotation while the blue zones represent the recirculating bacteria. The bacterial suspension is dense (n ∼ 10 17 bact/m 3 ). For each time step t, Ω d (t) is computed from instantaneous PIV maps as in Fig.4.3. From the moment when the magnetic field is set on, Ω d reaches a stationary value within a few seconds (∼4 s). When reversing quickly the magnetic field direction while the suspension rotates CW, the suspension continues rotating CW at the short times after reversal before reversing completely its rotational direction to CCW. Then, Ω d reaches a stable negative value ∼10 s after the magnetic field switch.
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 414 Figure 4.14 -Complex flows created by a MTB droplet network. 3 MTB droplets (rotating CW) are observed simultaneously with ×40 phase-contrast objective under a magnetic field of 4 mT (indicated by the red arrow). The white bar length is 50 µm. The image is the result of the sum of the intensity maxima of a 15 smovie stack to enhance tracers trajectory. The simultaneous rotation of the 3 droplets create a complex flow showing stagnation points, zones of shear, etc.
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 415 Figure 4.15 -Experimental hydrodynamic bands of NS magnetotactic bacteria.A "Fire" LUT has been chosen to enhance visualization. The channel width is 600 µm and its height is 100 µm. The applied magnetic field is 2 mT and the bacteria volume fraction is ∼ 2%. In the video, the observed bands move in the direction of the magnetic field.
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 16 Figure 16 -Fabrication steps for the fabrication of the oxygen-controlled microfluidic chamber.
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The convergence was verified a posteriori, checking that the stress tensors, computed later in the manuscript, were properly converging.

nL/s). This decrease of the shear viscosity seems to indicate that Magnetospirillum is
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Appendices

A : Bacteria growth and motility reproductibility

Medium preparation

To grow Magnetospirillum gryphiswaldense MSR-1, I use a standard protocol developed by the group of D. Schüler (University of Beyreuth, Germany). The principle of the protocol is the following : MSR-1 has to be grown in a rich medium under a micro-aerotactic atmosphere.

To fullfill these conditions, we prepare fresh Flask Standard Medium (FSM) using the following ingredients (for a total volume of medium of 500 mL) :

-5.0 mL of Hepes Buffer at 1 mol/L ; -1.9 mL of potassium lactate (50% in volume) ; -1.500 g of Soja Pepton ; -0.050 g of Yeasts extract (Heflextralet) ; -0.050 g of potassium phosphate monobasic (KH 2 PO 4 ) ; -0.170 g of sodium nitrate (NaNO 3 ) ; -0.074 g of magnesium sulfate heptahydrate (MgSO 4 .7(H 2 O)) ; -0.006 g of Fe(III)-citrate ; -Complete with 490 mL of distilled water.

Once all the ingredients are mixed in water (shake strongly), a sterilizing step is required : the medium is filtrated using a vacuum filter (with pores of diameter <0.2 µm) under a laminar flow chamber. This filtration process prevents from an early contamination of the medium while preparing the ingredients. The medium is then transferred in Hungate tubes (glass culture tubes sealed with a rubber plug), with a volume of medium of 12 mL in each tube. Before sealing the tubes, a gas composed of 2% of O 2 and 98% of N 2 is bubbled inside the medium with a needle during roughly 40 s. Immediately after having removed the gas needle, the tube is tightly sealed with the rubber plug and a plastic screw plug on top. To ensure the long-term sterility of the medium, the Hungate tubes are autoclaved during at least 1 h.

C : Methods for MTB droplets (Chapter 4)

Bacteria growth protocol. MTB (MSR-1, WT) are grown in a Flask Standard Medium (FSM) in the absence of external magnetic field, though the Earth magnetic field is still present. This medium was beforehand bubbled with a gas containing 2% O 2 and 98% N 2 and sealed inside Hungate tubes of 12 mL. We use inoculation volume of 300 µL to start bacteria growing in a tube. In such conditions, we got roughly 50% of NS and 50% of SS MTB in the suspension, consistent with a standard growth protocol of MSR-1 [START_REF] Popp | Polarity of bacterial magnetotaxis is controlled by aerotaxis through a common sensory pathway[END_REF]. Bacteria used for the experiments shown here are harvested at the end of the growing sigmoid in order to work with the most motile swimmers (bacteria concentration corresponding to an optical density OD= 0.12 ± 0.02 measured at a wavelength of 600 nm). Emulsion preparation and setup control. The MTB are initially in a flask standard medium and eventually concentrated by centrifugation. Then, an emulsion is prepared by agitation in the presence of hexadecane oil (ReagentPlus, SigmaAldrich) containing Span80 (2%-weight concentration) as surfactant to stabilize the emulsion. We prepare samples at estimated bacterial density from 10 14 to 10 17 bact/m 3 (volumic fractions of 0.01% and 10%, using a bacterial body volume of V b = 3 µm 3 ). This bacterial number density is estimated for