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When they mature in the bone marrow, the precursors of platelets, called megakaryocytes, grow and extend protrusions able to join blood circulation. There these protrusions elongate and break into platelets. Microfluidic techniques for in vitro platelet production represent a promising alternative to donation. In order to enhance platelet production and match the needs of clinical applications such as transfusion, we need to better understand the fragmentation of megakaryocytes into platelets. Our contribution will be described in this manuscript in two main axes.

First, in order to know if mechanical properties of megakaryocytes can indicate their maturity stage, we develop a cell sorting method based on deformability. The method is first validated with microcapsules. Their mechanical properties are determined by inverse analysis from their shape under flow in straight microchannels. Then the device is downscaled. The characterization of cell mechanical properties are performed using inverse analysis and tipless atomic force microscopy.

Second, we study megakaryocyte elongation and rupture in a microfluidic device. We quantify the spatial and temporal variations of the elongation rate and develop a laser ablation protocol to trigger and study the rupture of elongating cells.

Résumé

Les mégacaryocytes sont des cellules de la moelle osseuse, à l'origine de la production des plaquettes sanguines. Quand elles arrivent à maturité, elles grossissent et émettent des prolongements de cytoplasme à travers la paroi des vaisseaux irriguant la moelle. Dans la circulation sanguine, ces prolongements, soumis aux forces de l'écoulement, s'allongent et se rompent pour former des plaquettes. Des techniques microfluidiques capables de produire des plaquettes in vitro existent et sont une alternative prometteuse au don. Mais le rendement reste à améliorer. Pour cela, il est nécessaire de mieux comprendre la fragmentation des mégacaryocytes en plaquettes. Ce travail de doctorat s'inscrit dans ce contexte et sera développé en deux axes principaux dans ce manuscrit.

Dans une première partie nous développons une méthode pour trier des cellules en fonction de leur déformabilité, afin de savoir si les propriétés mécaniques d'un mégacaryocyte sont liées à leur stade de maturité. La méthode a d'abord été mise au point avec des microcapsules. Leurs propriétés mécaniques sont déterminées par analyse inverse à partir de la mesure de leur forme en écoulement dans des constrictions droites. Puis le dispositif utilisé a été miniaturisé pour s'adapter à la taille des cellules. Pour la caractérisation de leurs propriétés mécaniques, deux outils ont été utilisés: l'analyse inverse et la microscopie à force atomique sans pointe.
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Platelet production is impaired in several diseases such as genetic diseases and cancer. Thrombocytopenia, or lack of platelets, induces a risk of hemorrhage whereas thrombocytosis, an abnormally high platelet count, leads to clot formation. Thrombocytopenic patients are sometimes treated with platelet transfusion. The only source of platelets for transfusion therapy is donation. Figure 2 illustrates the principle of platelet donation: the whole blood of a donor is collected in an apheresis machine that separates platelets from other cells by continuous centrifugation, and returns whole blood to the patient. This operation lasts at least two hours; it is expensive because of the specific equipment needed and staff mobilization; and platelet shelf-life is limited to 5 days.

In this context, alternative methods are explored. Artificial platelet substitutes have been engineered but these products seem to induce clotting in a non-specific and uncontrolled way [5]. Recent advances in stem cell culture and tissue engineering have opened perspectives for the production of bioartificial platelets from cultured MK [6]. In this work we focus on the very last stage of thrombopoiesis, during which mature MK break into preplatelets. It was shown in earlier studies that this phenomenon can be reproduced in vitro in microfluidic systems coated with a protein, von Willebrand factor (VWF), that specifically binds MK and platelets [7,8]. Although the quality of produced platelets is encouraging, the yield is still around 4 platelets/MK, much lower than in vivo. Not all MK elongate in these systems and a possible strategy for improving the platelet yield would be to improve MK elongation. Two hypotheses can explain the diversity of behavior of MK in bioreactors:

• The cell population is heterogeneous, with only a small fraction that has the capacity to deform in the flow. In this case it would be interesting to sort the MK suspension in order to isolate only the mature ones.

• All MK are deformable, but elongation is triggered by an external signal. All cells in the bioreactor are not exposed to the same stimuli and only a fraction of them elongates.

In order to address this question, we develop two strategies in this manuscript.

In the first three chapters, we seek to develop a method for sorting cells according to their deformability. Mature MK are characterized by a well-organized membrane demarcation system and cytoskeleton. They are not easy to separate by conventional techniques but could be identified in a biomechanical test. In chapter 1 we review existing microfluidic sorting techniques and present a device capable of sorting microcapsules according to their size. We also show that ,when used at high 

Introduction

Capsules: definition and applications

Capsules consist of a core medium enclosed with a membrane that controls exchanges between the internal content and the external environment [10]. The membrane protects, and prevents loss, dispersion and degradation of the sensitive products such as : perfume, flavor, or drugs, until their targeted delivery. Artificial capsules can be fabricated in a variety of materials and their size goes from nanometer to millimeter scale. For biological applications, we find biocompatible polymers such as poly-L-lysine-alginate [11] and polyamide [12]; and proteins [13,14]. In bioengineering, capsules are considered, as simplified models for cells [15], whose intrinsic properties can be controlled.

Cells are much more complex but represent a natural example of capsules, as they consist of a cytoplasm and a nucleus enclosed in a lipid shell called membrane. Their core is a highly heterogeneous structure composed of the cytosol; the cytoskeleton: actin stress fibers, microtubules and intermediate filaments; and organelles such as the nucleus and the mitochondria [16]. Their membrane is made up with lipids and proteins [17]. Cells differ in stiffness, migration and adherence depending on their functions. Sorting cells according to their mechanical properties presents a real potential for many medical applications. In order to first avoid heterogeneities due to cell complexity, we will focus this chapter on capsule sorting. That presents its own applications in cosmetics [18], food [19] and medicine [20]. Thus sorting microcapsules according to their stiffness presents the advantage of controlling the properties of the final targeted capsules collected.

Several methods exist to sort capsules according to their physical and chemical properties such as : density, size, shape, deformability, electrical impedance, and biochemical markers. Microfluidics is a technique able to manipulate micro-objects according to their intrinsic properties. We can classify separating techniques into two categories : active and passive techniques. Active techniques require an external field, while passive techniques only rely on the device design and hydrodynamic forces.

In the following section, we will review existing microfluidic systems. Among size-based sorting devices, we focus on the ones that are the most extensively described in the literature. The development of deformability-based sorting devices is much less advanced, but we present a state of the art.

Size-based sorting methods

Deterministic lateral displacement

Deterministic lateral displacement (DLD) is a passive method introduced by Huang et al [22]. The device consists of a chamber containing several rows of micro-pillars as shown in figure 1.1. Each row is shifted from the previous one with an angle. The gap between two pillars is chosen larger than particle size. Small particles (in green) follow the fluid streamline around each obstacle whereas large particles are deviated with a certain angle (in red). The trajectory of objects is disturbed as a function of the size of the particle. With this method it is possible to accurately separate particles whose size differs by 2 % [21]. The accuracy of the process increases with channel length. In order to be fully functional, the device needs to have well-defined dimensions. At microscale, defect of fabrication such as non defined pillars can occur. Also, after a while some gaps of the system may be clogged with the objects to be sorted. In the diffuser, particles are separated according to their size. Small particles follow a trajectory closer to the wall than larger particles. Image from [23].

Pinch flow fractionation

A method to avoid clogging is to have no obstacles. Pinch flow fractionation (PFF) is based on 

Deformability-based sorting methods

The logic behind the methods presented in the previous section is that small particles are collected at the end of streamlines originating from positions that are not accessible to large particles.

Trajectories can be deduced from the velocity field by taking into account excluded volume effects. This is true for stiff particles but not always for deformable capsules or cells. For soft particles, hydrodynamic forces generate not only displacements but also deformation. Deformation has been extensively studied in the case of: margination [29,30], deformation in a constriction [31,32] and release [33,34]. The sorting of deformable objects is a fluid-structure problem which has been extensively studied numerically and experimentally. Deformability-based methods for sorting have been less studied than size-based sorting. However they present many advantages for several medical applications where cell mechanical properties are modified cause of diseases. We are here focusing on deformability-based sorting methods for capsules.

Inertial microfluidics

We have already seen that inertial microfluidics can be used to separate capsules according to their size. Lift forces not only depend on particles size and position, but also on their compliance and shape [36]. When they deform, capsules have different shapes which induces different lift forces and different equilibrium positions in a channel [37,38]. Lift forces tend to push capsules close to the wall when the deformation compete to stay as centered as possible. The effect of the competition between inertial lift forces and viscoelastic induced forces is presented in figure 1.4. Small and non deformable capsules flow along the wall while deformed and large capsules follow the centerline [35]. The limit of using inertial effect for sorting particles according to their mechanical properties is the length ( 4We propose in this chapter to separate microcapsules whose stiffness is known and differs only by a factor three. The method consists of squeezing microcapsules through a constriction and study their trajectories into a diffuser (Figure 1.7, c). The geometry, inspired by a numerical work [START_REF] Zhu | A microfluidic device to sort capsules by deformability: A numerical study[END_REF], consists of an obstacle at the end of a straight channel. The gap between the wall and the obstacle constrains the capsules to deform. Zhu et al. [START_REF] Zhu | A microfluidic device to sort capsules by deformability: A numerical study[END_REF] have shown that for well centered capsules with different stiffness the trajectories differ after the constriction. In order to adapt numerical work to experimental study, we need to add some modules to make the experiment feasible. We design a flow-focusing at the The objectives are (i) to understand how the pressure-driven flow of fluids is controlled in this geometry; (ii) to separate capsules according to their size and deformability; and (iii) define the main parameters of sorting. The results of this work may have significant impact on label-free micro-objects sorting device based on deformation.

This chapter is organized as follows. A first section (1.2) presents the geometry of the microfluidic channel, the preparation of capsules and the experimental set-up. A second section (1.3) introduces coflow experiments without capsules in order to characterize the flow in the geometry of the device.

A third section (section 1.4) presents the trajectories followed by lycopods and microcapsules in the microfluidic system, at low and high flow strengths. A forth section (section 1.5) presents the parameters involved in deformability-and/or size-based sorting.

Material and Methods

Microchannel design and fabrication

Our microfluidic device is symmetric and consists of a rectangular straight channel of width w and depth h partially obstructed by a half-cylinder obstacle of diameter λ (Figure 1.7 c). Upstream of the main channel, a flow-focusing module is added to focus the capsules onto the center of the obstacle (Figure 1.7 b). Downstream of the obstacle, the channel widens (Figure 1.7 a) and splits into several exits to collect capsules. The width of the confined zone between the side wall and the obstacle is chosen to be smaller than the capsule size.

Microfluidic systems are fabricated in PDMS (Polydimethylsiloxane). To fabricate the chips, we use standard soft lithography techniques [START_REF] Whitesides | Soft lithography in biology and biochemistry[END_REF]. PDMS presents many advantages for microfluidic observation: it is transparent, flexible, easily cast and bounded. Silicon oil and curing agent (Sylgard)

are mixed together in a 10:1 ratio and cast onto a master. The master is a silicon wafer with SU8-photoresist microstructures (Microfactory, Paris). To avoid air bubbles, the master covered with non cross-linked mixture is placed under vacuum until the air bubbles have all disappeared from PDMS.

After baking for 2 hours at 70 • C the PDMS is cross-linked and can be peeled off from the SU8 master.

Holes are punched at the inlet and outlet places. The PDMS chip is then plasma-bounded together with a glass slide using air plasma generated by a plasma-oxidizer (HARRICK, NY 14850, USA). The chip is sealed when the two surfaces are placed in contact. After 2 hours in stove at 70 • C the device is ready to be used.

Capsule preparation

Microcapsules consist of a thin cross-linked membrane of ovalbumin around a liquid core. They are prepared by the team of Florence Edwards-L, with the method of interfacial cross-linking as described in [14]. Briefly, an aqueous solution of 10 % ovalbumin solution in a phosphate buffer (pH 5.9 or pH 8) is mixed with an organic solution of cyclohexane added with 2 % m/V sorbitan trioleate, to form an emulsion. Adding 2.5 % (w/v) terephtaloyl chloride to the organic phase induces the cross-linking reaction at the surface of the droplets, and the formation of the membrane. After 5 minutes, the chemical reaction is stopped by dilution, adding a solution of chloroform:cyclohexane (1:4, v/v). Capsules are then rinsed with an aqueous solution of polysorbate, and then with pure water.

The result is a suspension of microcapsules in water; that is stored at 4 • C. The average diameter D and polydispersity of the capsule population is estimated by acquiring pictures of a large number of capsules under the microscope and performing image analysis. In the whole chapter D is determined with the Image J software using a circular fit, and expressed as the mean ± the standard deviation.

Capsule treatments

In order to have different populations of capsules with different mechanical properties, we exposed capsules to different treatments. We observed the capsules between slide and cover slip spaced with three layers of tape (total thickness 150 µm), with an inverted microscope (DMIL LED, Leica Microsystems GmbH, Germany). The aim is to have two populations of capsules with comparable average size, round shape and able to resist mechanical solicitations. In this section we will present images of capsules exposed to different treatments, before being perfused in the constriction, and in the diffuser when they should have recover their round shape.

Ethanol treatment

Ethanol has been observed to favor membrane stiffening by accumulating saturated fatty acids [START_REF] Goldstein | Effect of alcohol on cellular membranes[END_REF]. Moreover, it is a known solvent used for protein precipitation [START_REF] Zirbel | Effects of thiol reagents and ethanol on strength of whey protein gels[END_REF]. So, we expect ethanol to stiffen microcapsules. Capsules are suspended in a 70 % ethanol solution for two hours then rinsed with pure water. Non-treated capsules are observed between slide and coverslip. At rest their shape are round (Figure 1.8 a). After treatment with ethanol, the capsules seem to have similar size but ied for droplet [START_REF] Cubaud | Capillary threads and viscous droplets in square microchannels[END_REF][START_REF] He | Flow of two immiscible liquids with low viscosity in Y shaped microfluidic systems: effect of geometry[END_REF], foam production [START_REF] Marmottant | Microfluidics with foams[END_REF], and chemistry extractor [START_REF] Berthier | The physics of a coflow micro-extractor: Interface stability and optimal extraction length[END_REF]. Among the few studies on miscible coflows, most address liquid threads and focus on the stability of the pseudo-interface [START_REF] Scoffoni | Interface instabilities during displacements of two miscible fluids in a vertical pipe[END_REF][START_REF] Olce | Pearl and mushroom instability patterns in two miscible fluids' core annular flows[END_REF]. Recently, Hu and Cubaud [START_REF] Hu | Inertial destabilization of highly viscous microfluidic stratifications[END_REF] describe miscible jets formed by the coflow of a viscous fluid surrounding a less viscous one in a square non deformable channel. They define three behaviors depending on flow rate imposed : diffusive regime, stable and non stable regimes (Figure 1.11).

In our case, we are also working with a jet between two miscible fluids. We use a deformable, rectangular channel for the experiments. So the dimensional phase diagram (Figure 1.11 a) is not applicable to our geometry. We are, in this section, studying the coflow of different fluid pairs in order to determine a relation between the conditions of perfusion and the width ǫ. For the centering of capsules, we need to control the core width ǫ with precision. We perform experiments to determine which inlet pressures allow to be in a stable regime and with a width ǫ smaller than capsule diameter. The reservoirs containing the external and internal fluids are connected to the microfluidic device using PEEK (polyether ether ketone) tubes with an internal diameter of 0.25 mm. For variable values of the internal and external pressures, we measure the external and internal flow rates, q ext and q in , in the two inlets of the flow-focusing module thanks to a flowmeter (Flowell, Fluigent, France). The value of the flow rate ratio φ = q in /q ext is deduced. The internal fluid of viscosity µ in is perfused at pressure P in into another fluid of viscosity µ ext moved at pressure P ext (µ in < µ ext ). The pressures ap-diameter D for an entire population of capsules. We can differentiate two behaviors in figure 1.24 (b).

Coflow experiment

Stiff capsule behavior under different pressures is not modified qualitatively neither quantitatively :

in figure 1.24 the stiff blue capsule follows a linear trend comparable to low pressures behavior presented before; the slope of this curve is not modified by the increase in pressure. The sorting accuracy is still dependent of the capsule diameter. On the contrary, when pressures are increased, the trajectory of soft capsules is modified: the angle β decreases significantly, and no longer depends on D.

When pressures and velocities increase, soft capsules deform more around the obstacle, while it does not impact stiff behavior.

Sorting principle and parameters 1.5.1 Flow strength and capillary number

Capsules fabricated in two different conditions are flown into the device. We characterize capsule stiffness by the 2D elastic shear modulus of the membrane G s . G s is determined with the method of inverse analysis in a previous study [START_REF] Chu | Comparison between measurements of elasticity and free amino group content of ovalbumin microcapsule membranes: Discrimination of the cross-linking degree[END_REF] (method explained in chapter 3). Capsules fabricated at pH 5.9 have a G s 2.7 fold lower than those fabricated at pH 8 (Table 1. We then perfuse capsules at fixed G s and different flow strengths keeping the pressure ratio constant (P in /P ext = 0.2 ± 0.03). For stiff capsules, we notice no difference of behavior whatever the pH (Figure 1.25). On the contrary, for soft capsules, we obtain a decreasing curve with an angle β lower than 24 ± 4 • C for each population of capsules whatever their size and velocity. This is consistent with the max angle determined earlier with lycopods. We notice that an increase in flow strength make the angle β decreasing (Figure 1.26). For fixed G s , capsule deformation only occurs at high flow strength, the trajectory depends on capsule velocity and flow strength. That suggests a competition between elastic and viscous forces. Hydrodynamic forces tend to deform the capsule, while elastic forces of the membrane tend to conserve its initial spherical shape. In a flowing capsule, both effects compete and the elastic non-dimensional capillary number Ca, expresses this competition:

Ca = µ ext U G s . (1.2)
The capillary number Ca is calculated for each stiffness and each condition of pressure using equation (1.2). An increase in pressure induces an increase in flow strength µ ext U. When the latest becomes comparable to elastic forces, the distance δ between a capsule and the obstacle no longer

SORTING PRINCIPLE AND PARAMETERS

capsules as for lycopods. The only parameter that seems to determine the angle of deflection β is the distance δ. The distance δ only depends on D at low flow strength, when at high flow strength, the effect of mechanical properties is no longer negligible. In order to modify δ we can control the size or the deformation of the capsules.

We already observed that the angle β is linearly dependent of the capsule to obstacle distance δ.

The trajectory is limited by a maximal angle β max reached for the largest capsule to obstacle distance δ. We consider a spherical non deformable object of diameter 50 µm. The position of its center of mass is exactly in the middle of the confined zone and we find that the distance between the center of mass and the center of the obstacle is δ max = 75 µm. For a distance δ of 75 µm we find a corresponding angle β max = 24 ± 4 • . The precision is given by the standard deviation of the distance of the scatter plot to the linear regression.

We have shown that several parameters influence the position of δ: the capsule size and the defor- Whatever the off-centering stiff large capsules always have the same position δ in the constriction and their angle β tend to β max . But soft off-centered capsules are less deformed on the obstacle than centered capsules because they deform only around a fraction part of the obstacle. Their position in the constriction would then be higher than expected, as well as their angle. We notice that whatever their size, off-centering or deformation, capsules trajectory is controlled by the distance δ. It imposes as the only parameter driving the sorting in our system.

Reproducibility

We perform experiments with populations of capsules with heterogeneous properties of size and stiffness. The objective is to design a sorting device based on deformability capable to sort populations of micro-objects such as capsules and cells. We have shown that we are able to separate microcapsules whose mechanical properties differ by a factor three when the flow strength is high enough to deform the softer population of micro-objects. Capsules used for the determination of the mechanical properties and those perfused into the system are from the same batch but are not the same capsules. We verify the efficiency of our device with several capsules, but never twice with one capsule.

During his PhD, Edgar Häner used a system with a similar geometry at the millimeter scale [START_REF] Häner | Microfluidic segregation of capsules[END_REF].

He performed his experiments several times for a single capsule whose mechanical properties and size were highly controlled. In his case, the gap between the obstacle and the wall is 4 mm for a capsule diameter of 4 mm as well. He found that for a single capsule flown in the same conditions, the angle β vary (Figure 1.33). This variability can be explained by the initial off-centering that is the only parameter which vary. For capsules the offset κ is lower than 0.5 mm (i.e. 12.5 %). For gel beads, the initial offset is lower than 1.2 mm (i.e. 30 %). Figure 1.33 shows the results of E. Häner thesis. Individual capsules run into the constriction at a fixed flow rate of Q = 10 ml/min. Each symbol corresponds to one capsule. Capsules are ordered in increasing stiffness from left to right.

When increasing the force required to deform 50 % of the cell (F 50% ), the angle β increases and also the variability of the values obtained for the angle β. For capsules of similar deformability (red circles and yellow pentagons), the values of the angle β are similar. That indicates that for an offset lower than 12.5 %, the control of size, and mechanical properties is sufficient to ensure the reproducibility of experiments. However for rigid beads (blue stars), a larger variability in the offset conduces to a larger variability of the angle β. We notice that the green diamonds are three times less deformable than the yellow pentagons and present no overlap of their angles β. It appears that this difference in stiffness is the lower needed for sorting.

The reason why gel beads are less centered than capsules is still unknown. In his thesis E. Häner makes the hypothesis that deformable capsules migrate to the centerline. Due to their deformability, the flow pushes them in the center, which reduces the variability of offset and as a consequence of the deviation angle β. He concludes that for an ideal very well controlled case it is needed to: separate capsules whose stiffness differs at least by a factor three; and have a negligible out-centering effect when compared to the deformation effect. This is consistent with our experiments performed with capsules whose surface shear modulus differs by a factor three and we demonstrate that deformation is much more significant than the off-centering effect.

Conclusion

We have shown that the trajectory of a capsule flowing in our microfluidic sorter depends on capsule size and deformability. We have demonstrated that capsule sorting based on deformability and size can be achieved experimentally by using the same device at various flow rates. The present device allows us to separate and collect capsules at different outlets after sorting. It is based on the capsule ability to deform around an obstacle and to follow different trajectories depending on capsule size and stiffness.

We have demonstrated that the angle β is only determined by the distance δ between the center of mass of the capsule and the obstacle. The distance δ is influenced by several physical parameters such as: capsule size and mechanical properties, flow strength and off-centering. At low flow strength, the microcapsules are weakly deformed around the obstacle. Thus, the distance δ only depends of the 

Introduction

Cells: definition and applications

Cells are natural complex capsules. Their membrane is a lipid bilayer enclosing a viscoelastic core, the cytoplasm, made of a liquid environment, the cytosol, and compartments such as the nucleus and organelles. Each component has a specific role in the organization, and the structure of a cell under mechanical stimulations and at rest. The cytoskeleton, mainly composed of intermediate filaments, actin filaments and microtubules (Figure 2.1) is not static. It organizes its structure, shape and motion to adapt to its environment. It is responsible of the mechanical properties of cells and their motion on 3D physical environments such as: bones, vessels, muscles; and performs tasks at the microscale.

Characterization of cell mechanical properties is described in chapter 3. A high magnetic field is applied in a column placed into a magnet. Cells labelled with magnetic beads (in black) will be trapped on the surface of the column while non labelled cells (in white) are flown indifferently through the column and are collected in a container. Removing the magnetic field induces the elution of the cells magnetically labelled, in another container. Image from [START_REF] Miltenyi | High gradient magnetic cell separation with MACS[END_REF].

Magnetic-activated cell sorting (MACS) is a technique faster than FACS because cells flow through

the magnetic column at a larger flow rate than through the cytometry nozzle. However, as FACS, it requires expensive antibodies and a large amount of cells.

Miniaturization of the conventional techniques

For all the techniques presented, the volume of cells required for sorting is about some milliliters.

Miniaturization is developed for applications that do not require the manipulation of a large amount of cells. For this reason, FACS and MACS principles have been miniaturized to save volume of cells and antibodies needed. Thus they are specific techniques able to accurately separate single cells with a minimum costs. Miniaturization is an interesting tool for research and clinical applications such as diagnosis.

Fluorescence-activated droplet sorting

In microfluidics, the miniaturization of FACS is often called fluorescence-activated droplet sorting (FADS). Droplet sorting is studied for many applications, not only cell sorting. The aqueous phase can contain DNA [START_REF] Dittrich | A new embedded process for compartmentalized cell-free protein expression and on-line detection in microfluidic devices[END_REF], molecules, proteins [START_REF] Fallah-Araghi | A completely in vitro ultrahighthroughput droplet-based microfluidic screening system for protein engineering and directed evolution[END_REF], or bacteria [START_REF] Fu | A microfabricated fluorescence-activated cell sorter[END_REF] in order to encapsulate and sort them. It presents many applications [START_REF] Teh | Droplet microfluidics[END_REF] for drug delivery, diagnosis, and chemical reactions including polymerase chain reaction (PCR) [START_REF] Fallah-Araghi | A completely in vitro ultrahighthroughput droplet-based microfluidic screening system for protein engineering and directed evolution[END_REF][START_REF] Curcio | Continuous segmentated-flow polymerase chain reaction for high-throughput miniaturized DNA amplification[END_REF]. The principle is always based on the detection of a fluorescent signal coupled with the application of a certain electric field.

In FADS, cells are first encapsulated in monodisperse emulsion droplets. Usually, an emulsion of water in oil droplets is produced with a monodisperse range of sizes from 5 µm to 120 µm [START_REF] Guo | Droplet microfluidics for high-throughput biological assays[END_REF]. Then the fluorescence emitted by the sample is converted by the software on an electric field depending on the threshold previously determined by the operator [START_REF] Mazutis | Single-cell analysis and sorting using droplet-based microfluidics[END_REF]. FADS presents both advantages of FACS and microfluidics since it manipulates single cells with a high accuracy (false positive error < 1 in 10 4 droplets), in small volumes (< 1 nL) and is cheaper than FACS as it uses less antibody [START_REF] Baret | Fluorescence-activated droplet sorting (FADS): efficient microfluidic cell sorting based on enzymatic activity[END_REF].

Microfluidic MACS

MACS can be used in column as presented earlier or in microfluidic chips. An inhomogeneous magnetic field is applied in the perpendicular direction of the flow. The external field induces a vertical displacement of cells that can then reach a proper outlet. The force decreases with the distance and has to be large enough to manipulate magnetic beads or red blood cells into the system and force them to reach one or the other outlet [START_REF] Pamme | Continuous sorting of magnetic cells via on-chip free-flow magnetophoresis[END_REF]. The only cells that do not need any label are red blood cells.

The presence of hemoglobin make them naturally magnetically sensitive [START_REF] Zborowski | Red blood cell magnetophoresis[END_REF][START_REF] Han | Diamagnetic capture mode magnetophoretic microseparator for blood cells[END_REF]. In the microfluidic device, it is possible to sort more than two populations of cells presenting different magnetic properties. Their position in the diffuser and then the outlet where they are sorted is driven by the magnetic field. In the column it was not the case, the magnetic field trapped the magnetic beads. To sort more than two populations of cells, successive experiments were required.

Other microfluidic techniques

Acoustophoresis cell sorting

Acoustophoresis is a continuous technique where particles migrate with ultrasounds [START_REF] Gossett | Label-free cell separation and sorting in microfluidic systems[END_REF]. In an acoustic standing wave field suspended particles or cells are affected by acoustic forces. An ultrasonic transducer is placed underneath the chip (Figure 2.6). The forces applied perpendicularly to the flow direction may lead to particle movement if the acoustic properties of the particle differ from the surrounding medium. Depending on their size, their density, their deformability and the fluid compressibility, cells will not have the same response to frequencies. In a channel, pressure antinodes are on the wall while pressure nodes are in the center of the channel when fundamental mode is applied.

The method is suitable for cells as well as particles [START_REF] Petersson | Free flow acoustophoresis: Microfluidicbased mode of particle and cell separation[END_REF]. Depending on their density and the frequency modulation, particles are centered in the channel or move following the antinode pressures.

Pertersson and coworkers have separated red blood cells from lipids with an efficiency greater than 95 % [START_REF] Petersson | Separation of lipids from blood utilizing ultrasonic standing waves in microfluidic channels[END_REF]. Red blood cells (RBC) are centered in the channel in the nodes while the lipids are close to the wall in the anodes pressure. In a microfluidic device the flow is laminar. Thus, the particles remain segregated even after leaving the acoustic field. Then it is possible to collect them in different outlets [START_REF] Shields | Elastomeric negative acoustic contrast particles for capture, acoustophoretic transport, and confinement of cells in microfluidic systems[END_REF].

For many years, standard acoustophoresis was used to separate cells and particles [START_REF] Shields | Elastomeric negative acoustic contrast particles for capture, acoustophoretic transport, and confinement of cells in microfluidic systems[END_REF] but cell sorting was limited by a low separation efficiency and a low sensitivity of the system. That was mainly due to short acoustic forces distances. Ding et al. [START_REF] Ding | Cell separation using tilted-angle standing surface acoustic waves[END_REF] develop a method based on acoustic forces but increasing the separation efficiency by oriented the acoustic waves with an angle. They demonstrate their ability to isolate MCF-7 breast cancer cells from white blood cells. However, acoustic properties of white blood cells and MCF-7 overlap and the system can be improved. Recently, Blood is first mixed with immunomagnetic beads that specifically recognize circulating tumor cells (CTCs). Whole blood is perfused into a lattice which separates cells according to their size. Small cells such as red blood cells and platelets are collected in an outlet while white blood cells and CTCs join a second region of the device. In this region cells are centered thanks to an inertial force in a non-symmetric wavy channel. In the last region, an external magnetic field is applied. CTC trajectory is modified by the field and they reached the more resistive outlet. White blood cells that are not sensitive to the magnetic field are separated from CTCs. Image from [START_REF] Ozkumur | Inertial focusing for tumor antigendependent and -independent sorting of rare circulating tumor cells[END_REF].

placement region. RBC and platelets that are small in comparison with other cells are collected in an outlet. Only large cells (white blood cells and circulating tumor cells) stay in the system and are centered into the device using inertial forces. Then the channel widens and a magnetic field is applied. The trajectory of CTCs is modified by the magnetic field and they reach an outlet that can not be reached by white blood cells.

Reasons of the miniaturization of our capsule-sorting device

Active methods have demonstrated their efficiency to separate several population of cells. However, the use of antibody can modify cell behavior and prevent the sample to be used again after sorting. It can change cell configuration and modify its initial properties. These drawbacks are not negligible and it appears to be necessary to sort cells with more reliable technologies.

In chapter 1, we presented a review of passive sorting methods based on capsule size or mechanical properties. The advantage of this device is mainly its sensitivity to sort capsules whose mechanical properties only differ by a factor three. Blood cells are a natural example of capsules since they have a core encapsulated by a membrane. They naturally present different sizes and deformability due to their functions. Some diseases alter cell response to mechanical stimulation. In the case of malaria [START_REF] Hosseini | How malaria parasites reduce the deformability of infected red blood cells[END_REF][START_REF] Mills | Effect of plasmodial RESA protein on deformability of human red blood cells harboring Plasmodium falciparum[END_REF], the presence of a parasite inside the cells, called Plasmodium falciparum, induces a modification of stiffness. Stiff red blood cells deform less in the capillaries which disturb blood flow. Another disease of red blood cells is sickle cell disease [START_REF] Alapan | Dynamic deformability of sickle red blood cells in microphysiological flow[END_REF]. In this case a mutation of hemoglobin leads to its [START_REF] Yap | Cytoskeletal remodeling and cellular activation during deformation of neutrophils into narrow channels[END_REF][START_REF] Yoshida | Neutrophil cytoskeletal rearrangements during capillary sequestration in bacterial pneumonia in rats[END_REF][START_REF] Ekpenyong | Mechanotransduction in neutrophil activation and deactivation[END_REF][START_REF] Ekpenyong | Mechanical deformation induces depolarization of neutrophils[END_REF] . On the contrary, in case of invasive cancer, cells can become softer and able to pass between endothelial cells and join the blood circulation [START_REF] Suresh | Biomechanics and biophysics of cancer cells[END_REF][START_REF] Swaminathan | Mechanical stiffness grades metastatic potential in patient tumor cells and in cancer cell lines[END_REF].

That leads to metastasis formation. Also drug treatments can induce a modification of the mechanical properties. Thus, deformability is an interesting biomarker to help diagnosis [START_REF] Carlo | A mechanical biomarker of cell state in medicine[END_REF]. To do so microfluidics is an useful tool. Methods of DLD [START_REF] Beech | Sorting cells by size, shape and deformability[END_REF], inertial forces in spiral [START_REF] Nathamgari | Isolating single cells in a neurosphere assay using inertial microfluidics[END_REF], pinch flow fractionation [START_REF] Takagi | Continuous particle separation in a microchannel having asymmetrically arranged multiple branches[END_REF][START_REF] Cupelli | Leukocyte enrichment based on a modified pinched flow fractionation approach[END_REF] and constrictions [START_REF] Gabriele | Microfluidic investigation reveals distinct roles for actin cytoskeleton and myosin II activity in capillary leukocyte trafficking[END_REF] are used to separate RBC from white blood cells, detect rare cells, or circulating tumor cells.

The results given in chapter 1 have proven the ability of our system to sort capsules according to their size and deformability by flowing them into a constriction. With this understanding, we design a new sorting device, downscaled from capsule sorting device, and adapted to cell size. We present in this chapter two generations of devices, the experimental challenges in terms of fabrication and perfusion of each system and the results we get. Sorting cells is a very dynamic subject that is interesting also for industries.

Material and Methods

Microchannel fabrication

The microfluidic device is fabricated in PDMS. The micro fabrication technique is the same as the one explained in chapter 1 section 1.2.1. Several geometries and dimensions have been tested and we will give information about sizes and design when needed in sections 2.3.1 and 2.3.2.

Cell culture

The megakaryocytic cell line DAMI was isolated from the blood of a patient with megakaryoblastic leukemia [START_REF] Greenberg | Characterization of a new megakaryocytic cell line: the Dami cell[END_REF]. The DAMI cell line has a behavior of immature MK. They grow in suspension, with a doubling time around 24 hours. DAMI cells are cultured in MEM medium (Minimum essential medium, Sigma Aldrich; M4526) supplemented with 10 % of fetal bovine serum (FBS) and 1 % penicillin and streptomycin. Each 2 or 3 days, cells are stained with trypan blue (BT), counted on a Malassez glass. Then cells are diluted in a culture cell flask (T25 Greiner) at a concentration of 100 000 cell/ml in 5 ml. They are then stored in an incubator whose temperature is maintained at 37 

Cell treatments

In this chapter, we use two types of treatments aiming at modifying cell size or cell mechanical properties. In order to change cell diameter we treat the DAMI cell line 3 days with 40 µM of blebbistatin (BBI). In several wells of a ×48 wells plate, each with a concentration of 10 5 cells/ml in a volume of 1 ml. In order to change cell mechanical properties, BBI and cytochalasin D (Cyto D) have been used on the DAMI cell line. Concentration and duration time of incubation are mentioned when needed. Treatment effect is quantified and discussed in chapter 3.

The day before experiment, a solution of neutral red (NR) is prepared in MEM at a ratio of 1/20 volume. Prior to be diluted in MEM, the NR is filtered in 0.2 µm pores. The day of experiment, half of the population is stained 2 hours with NR and the second half is treated with a drug to modify its mechanical properties (see section 2.2.3). Both are then centrifuged 5 minutes at 200 rcf and suspended together in MEM.

Experimental setup

The microfluidic device is placed on the stage of an inverted microscope (DMIL LED, Leica Microsystems GmbH, Germany). The system is filled with two fluids: the cells suspension and an external fluid. The inlets for cells and for external fluids are connected by the means of thin tubes (PTFE, 0.3 mm ID, L inlet = 70 cm, L outlet = 30 cm) to the cell suspension and buffer reservoirs, where a pressure controller (MFCS, Fluigent, France) respectively imposes pressures P in and P ext . Movies are recorded using a high-speed camera (Fastcam SA3, Photron, USA) whose pixel size is 17 µm. Image analysis is performed with the Image J software.

Adaptation of the microfluidic system to cell size

In this chapter, we present two generations of cell sorting devices. The first one is an exact downscaled replica of the capsule-sorting device. In parallel, we develop an asymmetric version based on the principle of squeezing cells in a constriction and following their trajectory into a diffuser. In this chapter, we present both generations and describe the challenges associated to each design and the results obtained.

First generation: miniaturization of the capsule-sorting device

In chapter 1, we demonstrated that sorting efficiency depends on the capsule to obstacle distance in the constriction δ (Figure 1.19). The optimal constriction size we find is 50 µm close to the capsules size (around 60 µm on average). Cells are smaller than capsules with a diameter between 11 µm and 15 µm. We first design a downscaled system perfectly equivalent in geometry as the one validated for capsules.

Device geometry

The downscaled device has exactly the same design as the capsule sorting device. Only the dimensions vary. The flow focusing is the same as the one for capsule sorting with a width of 200 µm, as reducing its dimensions would only result in an undesired increase of the channel resistivity. The straight channel downstream of the flow focusing is 3000 µm long and 23 µm deep.

We design three versions on the device by varying only the width of the channel and the obstacle Thus, we are able to distinguish two populations of cells whose diameter is different. Large treated cells pass in the centered outlet 3 when small untreated cells are collected in the external outlet 1.

Conclusion

We have designed and used two generations of devices downscaled from capsule sorting device described in chapter 1. The first generation is symmetric while the second one has an asymmetric geometry. We show that the symmetric device presents many experimental challenges due to fabrication limits and cell clogging during perfusion. In parallel, we design and test an asymmetric version of the system avoiding clogging during one hour experiment. We demonstrate that size-based sorting can be achieved experimentally by using the device.

Sorting cells according to their size is extensively described in the literature. We present here a system of asymmetric pinch flow fractionation easily fabricated with soft lithography technique. It is a passive and cheap system as it does not require any antibody or expensive specific equipment, a pressure controller is enough to carry out sorting. The throughput measured in our device is 60-70 cell/s (i.e. 5 ml/h) which is low for many real applications but high when compared with the literature (300 µl/h, [START_REF] Maenaka | Continuous and size-dependent sorting of emulsion droplets using hydrodynamics in pinched microchannels[END_REF]). Also the asymmetry of the device is known to be more efficient than corresponding symmetric geometries [START_REF] Takagi | Continuous particle separation in a microchannel having asymmetrically arranged multiple branches[END_REF], and we expect that the obstacle will allow deformation of cells at higher flow strength. In our knowledge PFF is known for size-based sorting but not deformability-based sorting. In comparison with DLD and ridge constricting principles where a lot of pillars or ridges are required for sorting, our design presents a simple geometry easy to fabricate. Also it does not need as high flow rate as systems based on inertia to be efficient.

As these experiment have been conduced with the megakaryocytic cell line DAMI, it will be interesting to test the sorting efficiency with MK from cord blood. Future work is also needed to investigate the ability of the asymmetric device to sort cells according to their deformability, and check if deformability and maturity are correlated. However, we can give some insights based on the knowledge we have with capsule sorting. In chapter 1 we observe that a high flow strength is necessary to deform capsule and induce deformability-based sorting. Experiments on cells have been performed at low flow strength (low viscosity and low cell velocity) and we demonstrated the ability of the system to sort by size. In order to have a chance to sort cells according to their deformability the challenge is to reach high enough flow strength, or modify cell mechanical properties with drugs. Increasing the flow strength can be carried out by increasing fluid viscosity that have to be compatible with cell viability; or increasing pressures applied to make the cell flow faster. Characterization of cell mechanical properties is required to find a drug able to significantly modify cell deformability. It is discussed in chapter 3.

The cell sorting principle we propose in this chapter to separate mature and immature MK is interesting for many other applications such as improving the diagnosis of sepsis. Sepsis is caused by a bacteria, induces a deficiency of the immune system and can cause the death of the patient. White blood cells are involved in the immune system and activated by infections. During activation, cell organization is modified as well as its deformability. Many studies on neutrophils migration [START_REF] Alves-Filho | The role of neutrophils in severe sepsis[END_REF] are realized to find sepsis treatments [START_REF] Kang | An extracorporeal blood-cleansing device for sepsis therapy[END_REF][START_REF] Lee | Synthetic ligan-coated magnetic nanoparticles for microfluidic bacterial separation from blood[END_REF] and help diagnosis [START_REF] Hoffmann | Neutrophil CD64: a diagnostic marker for infection and sepsis[END_REF]. The Technology Research Institute (IRT) Bioaster, Paris, seeks to better understand sepsis in order to find new biomarkers [START_REF] Rol | The REAnimation Low Immune Status Markers (REALISM) project: a protocol for broad characterisation and follow-up of injury-induced immunosuppression in intensive care unit (ICU) critically ill patients[END_REF] and help diagnosis. Our sorting device is a promising tool to respond to their problematic. However, the challenges encountered with our system still need to be solved. Many of the problems mentioned in the chapter have been addressed and are still being addressed in a joined project between UTC and Bioaster called Cellbiom. I contributed together with Bioaster's and UTC's researchers to the supervision of the three students that performed experiments in an improved version cell sorter. As a patent will probably be filed at the end of the Cellbiom project, areas of improvements identified are not presented in this manuscript.

Chapter 3 

Mechanical characterization of microcapsules and cells

Introduction

Chapters 1 and 2 present a method to sort micro-objects (microcapsules and cells) according to their mechanical properties. In order to know the limits, robustness and efficiency of our device, we want to quantify the mechanical properties of our microcapsules and cells. These properties respectively depend on conditions of fabrication and drug treatments. In this chapter we present a review of existing techniques of characterization in sections 3.1.3 and 3.1.4. Then, we present in section 3.2 the results obtained by inverse analysis for capsules flowing in a narrow straight channel, and the challenges of the method for cell characterization. Finally, we propose in section 3.3 to characterize cells with a tipless AFM adapted to allow global compression of cells.

Cell mechanical properties

Mechanical properties are mainly governed by the cytoskeleton composition of cells. Actin filaments are also called F-actin and result of repeated units of actin proteins called G-actin. They are involved in cell motility and contribute to contraction and adhesion. Microtubules are straight polarized fibers and are used by motor proteins to transport cargos. Intermediate filaments are made of different proteins (keratin, vimentin, and lamins), are present in the whole cell and participate to its integrity. These three components of the cytoskeleton confer their mechanical properties to the cell.

However, some researchers are interested in understanding the implication of the nucleus [START_REF] Caille | Contribution of the nucleus to the mechanical properties of endothelial cells[END_REF] or the membrane [START_REF] Staykova | Mechanics of surface area regulation in cells examined with confined lipid membranes[END_REF] in the global mechanical properties of a cell. Thus, they make artificial models to mimic the composition of the membrane or the nucleus and make experiments in the lab trying to reproduce the more effectively as possible the physiological environment. Understanding mechanical properties of single cells is crucial to understand more global mechanical properties as tissue resistance or cells global behavior. Moreover, as presented in chapter 2, some diseases such as malaria [START_REF] Hosseini | How malaria parasites reduce the deformability of infected red blood cells[END_REF], sickle cell disease [START_REF] Alapan | Dynamic deformability of sickle red blood cells in microphysiological flow[END_REF], cancer [START_REF] Yallapu | The roles of cellular nanomechanics in cancer[END_REF] and sepsis [START_REF] Nishino | Serial changes in leukocyte deformability and whole blood rheology in patients with sepsis or trauma[END_REF] induce a modification of cell stiffness.

A lot of tools have already been used to determine cell deformation under stress, but their efficiency depends on the aim of the experiment. Each result in mechanical properties must be associated with the method used. A same cell studied with two different techniques should not have exactly the same Young's modulus value because of the reorganization of the cytoskeleton. In this chapter, we will focus on the characterization of single cell mechanical properties, reviewing the most common techniques. Often, the experiment is combined with a numerical model to define the mechanical properties.

Being able to quantify differences in stiffness is a clue to develop adapted sorting devices. Techniques used to characterize the mechanical properties of capsules and cells can be separated in two groups, leading to global or local deformations [START_REF] Guck | Critical review: cellular mechanobiology and amoeboid migration[END_REF]. Some techniques such as: compression between two plates, optical stretcher, and microfluidics constriction; give a global knowledge on whole cell mechanical properties. While other techniques such as: microrheology, micropipette aspiration and atomic force microscopy; measure local mechanical properties at the sub-cellular scale. We are discussing limits, advantages and applications of all these techniques. Figure 3.2 summarizes the principle of each technique developed in this chapter.

Global measurements of mechanical properties

Global measurements of the mechanical properties consist in whole cell solicitation. Compression between two plates, optical stretchers and microfluidic constrictions are considered as global techniques because they are constraining the cell in its generality.

Compression between two plates

Compression is a simple way to test mechanical properties of an object. A sensitive force transducer which measures the forces applied as a function of the plate separation is connected to the cells in suspension is challenging because they are not immobilized on the surface and can move away from the two plates. Thoumine and coworkers, in 1997, performed cell compression between two plates on fibroblasts [START_REF] Thoumine | Time scale dependent viscoelastic and contractile regimes in fibroblasts probed by microplate manipulation[END_REF]. In order to avoid cell to escape, one of the plate needs to be adhesive.

That induces cell spreading and induces perturbation on the measurements of mechanical properties and small relaxation time can not be detected. The measurements are sensitive to the microplates surface. Depending on the coating cells response will be different and relied on cell adhesion forces.

The responses detected by the sensors will give information on cell mechanics far from its physiological configuration. The conception of devices mimicking the physiological environment of cells is challenging.

Optical stretchers

Optical stretching is a method combining cell trapping with optical tweezers and deformation with a high intensity laser. Optical tweezers is a light-based method to trap and manipulate single cells. In 1986, Ashkin proposed an optical trapping method for dielectric particles by a single-beam gradient force [START_REF] Ashkin | Observation of a single-beam gradient force optical trap for dielectric particles[END_REF]. He trapped dielectric microparticles plunged into water due to the negative pressure of light. This method was promising to allow trapping of small particles, colloids Cells do not need any prior treatment before stretching and are deformed with no physical contact.

For these reasons it has been used in sorting devices [START_REF] Gossett | Hydrodynamic stretching of single cells for large population mechanical phenotyping[END_REF], to separate leukocytes from malignant cells. However, an intense light exposure causes cell heating and intensity needed to deform the cells are quite high. Moreover, the relation between deformation, and the forces applied is not direct and needs a lot of mathematical models [START_REF] Bareil | Calculation of spherical red blood cell deformation in a dual-beam optical stretcher[END_REF]. The method has proven its efficiency to measure cell mechanical properties and is the only method in our knowledge where the deformation is realized with no physical contact [START_REF] Wottawah | Optical rheology of biological cells[END_REF], but the throughput is still low on the order of 100 cells/hour. Also, the Lefebvre et al. have proposed a method to quantify mechanical properties of micron-sized liquid core microcapsules. The method consists in flowing capsules into a narrow channel of cylindrical or square sections. Capsules are confined into the channel and their shape depends on: the size ratio between the capsule diameter and the section, the velocity of the capsule and the viscosity of the internal and external fluids. The advantage of this method is its efficiency to measure several capsules elastic moduli [START_REF] Lefebvre | Flow of artificial microcapsules in microfluidic channels: A method for determining the elastic properties of the membrane[END_REF] and among them the surface shear modulus G s . Simulations are performed to predict capsule behavior in several conditions of confinement and perfusion. The analysis of the shape obtained in square and cylindrical channels have been done by inverse analysis. To characterize the membrane mechanical behavior, the deformed shape of the capsule into the micro-tube is when compared to numerical predictions saved in a database for the same flow conditions as for the experiment. Knowing capsule speed, shape, size ratio, and fluid viscosity, we are able to obtain the capillary number Ca, and the best fit gives the unknown surface shear modulus G s by the relation:

G s = µU/Ca.
In 2011, Chu et al. have applied this method to the characterization of batches of capsules produced with different conditions of pH [START_REF] Chu | Comparison between measurements of elasticity and free amino group content of ovalbumin microcapsule membranes: Discrimination of the cross-linking degree[END_REF].

In conclusion, mechanical properties of micro objects as capsules and cells need an inter disciplinary approach. Several techniques exist with their own advantages and drawbacks. The most adapted technique depends on which parameter we are looking for.

Local measurements of mechanical properties

In this section, probes used for local measurements are much smaller than microcapsules or cells.

Thus it is possible to make several measurements on the same sample. That can help to demonstrate and understand heterogeneities in a single object.

Atomic force microscopy

Atomic force microscopy (AFM) is a scanning probe microscopy (SPM) as several other methods such as: scanning tunneling microscopy, and scanning electron microscopy. G. Binning et al. [START_REF] Binnig | Atomic force microscopy[END_REF] have exposed in 1986 the principle of the AFM which is a combination between scanning tunneling microscopy and stylus profilometer. AFM imaging is different from conventional microscopy. A tiny tip of less than 15 nm radius and 20 µm height (Nano World website) is attached to a resilient cantilever. AFM consists of measuring interaction forces between a force-sensitive lever and the surface of a sample. The system scans the sample surface thanks to a piezoelectric platform which moves in 3D, scanning in horizontal directions and adapting the vertical position of the probe as a function of the sample profile to keep constant the distance between the probe and the sample. Interaction between the tip and the sample induces a deflection of the cantilever. This bending is usually detected by the deflection of a laser beam focused on the extremity of the cantilever. The forces applied to the sample are calculated by measuring the deflection of the lever knowing the cantilever stiffness. They are determined by Hooke's law :

F = -kz (3.1)
where F is the force, k the stiffness of the lever and z the vertical displacement of the bended cantilever. Typically forces are in the range of pico-Newton or nano-Newton for an indentation of order nano-meter to micro-meter. AFM can be used in three different modes : contact, tapping and non contact modes. The result of an AFM experiment is a force-distance curve. The distance is given by the position of the piezo motor and the forces by the deflection of the cantilever.

Tapping mode microscopy and non contact mode microscopy are used to scan a surface and determine its roughness. Tapping mode consists in cantilever vibration with a high amplitude in order to touch the sample during vibration. Non contact mode consists in vibration of the cantilever at low amplitude close to the sample (in the attractive domain). Contact mode allows both the scanning of the surface to define the roughness and the determination of the mechanical properties of a sample.

Contact between the tip and the sample induces the deformation of smooth samples.

The microscope is placed in an acoustic isolated box on a vibration-damping air table. The lever is mounted on a solid support called cantilever. Sample and cantilever are mounted on a piezo-electric system allowing to displace them with a nano-metric precision. At the end of the cantilever, there is a dedicated place for a tip. Tips are usually in silicon or silicon nitride, but the size and shape vary with the applications. Most common shapes are the sphere, the cone and the quadratic pyramid as shown in figure 3.5. These shapes do not deform the materials the same way and its crucial to check the shape of the tip before experiments to avoid errors due to a deformed tip. The sphere and the cone are axisymmetric while the quadratic pyramid is not. For an elastic problem considering an elastic axisymmetric probe, the force applied to the elastic surface is given by Hertz approximation.

The Herz model is valid for homogeneous, elastic, isotropic materials of thin membrane, with no adhesion between the sample and the tip (of spherical shape) [145]. In 1971, Johnson adapted Hertz model in order to correlate the force of indentation and the Young's modulus [START_REF] Johnson | Surface energy and the contact of elastic solids[END_REF]. The formula called "Hertz approximation" is:

F = 4 3 . E 1 -ν 2 . R T . δ 3 2 (3.2)
where F is the force applied by the cantilever, E is the Young's modulus, ν the Poisson ratio, R T the tip radius and δ the indentation depth.

For a non-elastic cone, the force leading to the penetration in the elastic body can be resolved with the Sneddon approximation [START_REF] Sneddon | The relation between load and penetration in the axisymmetric boussinesq problem for a punch of arbitrary profile[END_REF]. To find the force applied by a non axisymmetric pyramid on an elastic surface, Bilodeau proposed an approximation assuming no friction and a half-space contact with the surface [START_REF] Bilodeau | Regular pyramid punch problem[END_REF]. The geometry of the tip and the rigidity of the cantilever are chosen based on the expected mechanical properties of the sample to be tested.

At the beginning, AFM was used to determine the surface profile of materials such as metals. It allows to determine smooth surface profiles and non conductive sample profiles. Instead of a diamond needle that was used earlier, the probe is in metal and the sensitivity of the measure is directly linked with its size. The advantage of AFM is the possibility to have a non-contact mode and a tapping mode which avoid the deterioration of the sample. Moreover, AFM is adapted to non-conductive samples One of the method developed for cells in suspension has been tested with microcapsules commonly used as cell models. In 1991 Ducker et al. [START_REF] Ducker | Direct measurement of colloidal forces using an atomic force microscope[END_REF] proposed a method based on a colloidal probe. It consists in attaching a silica sphere of diameter several micron, namely colloid to a tipless cantilever. It allows a sphere/sphere contact with a surface contact increased (compared with sharp tip) between the probe and the spherical object, reducing the local stress applied [START_REF] Fery | Mechanical properties of micro-and nanocapsules: Single-capsule measurements[END_REF]. As the surface contact is larger than with sharp tip, the cell moves less between the sphere and the substrate even if not attached. This method has been used to study hydrogel microcapsule stiffness varying the pH [START_REF] Best | Mechanis of pH responsive hydrogel capsules[END_REF] or thin-wall biomimetic microcapsules [START_REF] Wan | Constitutive equation for elastic indentation of a thin-walled biomimetic microcapsule by an atomic force microscope tip[END_REF]. As well experiments have been performed on chondrocytes, adipocytes and osteoblasts cells in their spherical and spread shapes using a borosilicate glass sphere [START_REF] Darling | Viscoelastic properties of human mesenchymally-derived stem cells and primary osteoblasts, chondrocytes, and adipocytes[END_REF]. However it is still a local measurement and for cells in suspension it is tricky to construct a stiffness map as the cell will probably move between two measurements. Thus other tipless AFM method using a wedge have been developed to measure global deformation of cells and will be described in section 3.3.

Microrheology

Particle tracking microrheology is a quantitative method which can be used in flow in physiological conditions. The method consists in injecting beads into the cytoplasm of living cells [START_REF] Wirtz | Particle-tracking microrheology of living cells: Principles and applications[END_REF][START_REF] Yamada | Mechanics of living cells measured by laser tracking microrheology[END_REF].

Following the brownian motion of beads inside the cell can be relied on viscous properties of the cell.

It consists in measuring the ability of particles to flow, and displace into the cytoplasm as shown in figure 3.7. Here, beads are injected in a wounded fibroblast. In blue beads exhibit a more confined motion than in red. That suggests that their motion is reduced by external forces. The viscosity of the cytoplasm is probably increased in the blue area in comparison with the red one. It is a completely passive method where no forces are aded, allowing local measurements of the shear modulus G. A cartography of the cell viscosity can then be drawn. Bead displacement around 1 nm is tracked in fluorescence and analyzed in terms or viscosity and elasticity in the cytoplasm. That requires a high spatial resolution of the microscope. At this scale following the displacement of single beads is quite difficult. In order to decrease the uncertainty due to interpretation of the bead motion, researchers have developed the two-points microrheology which consists of an algorithm that correlates the motion of bead pairs [START_REF] Crocker | Multiple particle tracking and two-point microrheology in cells[END_REF]. To visualize the motion of beads in the cell it is required to immobilize cells.

For this reason, blood cells that are in suspension are poorly studied with this method. However some experiments have been performed with neutrophils by immobilizing them in micropipettes [START_REF] Pai | In situ microrheological determination of neutrophil stiffening following adhesion in a model capillary[END_REF] to study their viscoelasticity when they are squeezed.

Magnetic twisting cytometry is a variant of microrheology. Instead of using thermal forces to displace particles in the cytoskeleton, magnetic microbeads are attached to the membrane and move by magnetic torques [START_REF] Puig-De-Morales | Measurement of cell microrheology by magnetic twisting cytometry with frequency domain demodulation[END_REF]. Displacements are relied on the magnetic field applied [START_REF] Fabry | Scaling the microrheology of living cells[END_REF]. Particle tracking microrheology measures local viscoelastic properties of the cytoplasm while magnetic twisting cytometry is more connected to membrane and cytoskeleton stiffness. Both are adapted to living cells but their applications are limited to soft tissue characterization. global measurements are really interesting in our case.

Among all the existing techniques described earlier and summarized in table 3.1, local deformation techniques will give completely different information than global techniques. The deformation we get in our sorting devices is a fast global deformation. We want to characterize capsule mechanical properties in the closest configuration as the one in the sorting device. Among global techniques, optical stretching is well adapted to understand intrinsic mechanical properties of the micro-object with no contact. In our case, the contact with the wall and the obstacle can modify capsule and cell mechanical properties. In order to quantify the properties of our micro-objects, the two methods that seem the most appropriate are the flow in microfluidic constrictions available in Compiègne, and the micro-plate compression.

In the following sections, we present two methods to characterize microcapsules and cells. In section 3.2 we describe the characterization for microcapsules using inverse analysis for capsules flowing in straight cylindrical constrictions. We measure the velocity of cells in rectangular straight channels. Quantitative measurements are more challenging for cells than for capsules. In section 3.3

we characterize cell mechanical properties using a tipless AFM method, for several drug treatments.

Microfluidic constrictions

Material and methods

Device geometry and fabrication

Capsule device

The microfluidic device consists of a glass tube of internal diameter 75 µm (Beckman Coulter).

The tube is inserted in another glass tube of internal diameter of 400 µm in order to be connected with silicon tubes (Figure 3.9). Silicon tubes are then connected to the perfusion setup. In order to fix the position of the glass tube, the whole system is placed in a small Petri dish of 12 cm of diameter.

Then it is embedded into cross-linked PDMS.

Figure 3.9: Microfluidic channel with a circular constriction. Schematic of the cylindrical microchannel setup to be connected to the perfusion system. Image from [START_REF] Chu | Comparison between measurements of elasticity and free amino group content of ovalbumin microcapsule membranes: Discrimination of the cross-linking degree[END_REF].

Cell device

The microfluidic device consists of two chambers of height 30 µm connected to each other by a rectangular straight channel in PDMS of width w = 10 µm, length L = 3000 µm and height h = 14 µm as shown in figure 3.10. The diameter of inlet and outlet holes drilled in the chambers is 0.75 mm.

The PDMS fabrication technique is described in chapter 1.

Set-up for capsule and cell perfusion

The microsystem is placed on the stage of an inverted microscope (DMIL LED, Leica Microsystems GmbH, Germany) with a dry × 63 objective. The flow is driven in pressure with a pressure pump (MFCS, Fluigent, France). The system is connected to the reservoirs with PTFE tubes of internal diameter of 0.3 mm. The inlet and outlet tube lengths are respectively fixed at 60 cm and 30 cm.

The reservoir containing cells is placed at the entrance and an empty reservoir placed at the outlet collects cells or capsules flowing out of the microsystem. A high speed camera (Fastcam SA3, Photron, USA) whose pixel size is 17 µm is mounted on the inverted microscope.

We observe the capsules in the center of the rectangular channel. Images are acquired with a frequency of 10 000 images per seconds, then analyzed using the Image J software. We simultaneously measure the shape and velocity of the flowing cell or capsule.

Capsule inverse analysis

The numerical model used to describe the flow of a capsule in a cylindrical channel has initially been proposed by Quéguiner and Dominique Barthès-Biesel [START_REF] Quéguiner | Axisymmetric motion of capsules through cylindrical channels[END_REF]. Then it has been improved by Diaz et al. [START_REF] Diaz | Entrance of a bioartificial capsule in a pore[END_REF] in the sense that they introduce different viscosity for the internal and the external fluids and take into account the entrance of the capsule in the constriction. Later Lefebvre et al. [START_REF] Lefebvre | Flow of artificial microcapsules in microfluidic channels: A method for determining the elastic properties of the membrane[END_REF] proposed to use the model to determine the elastic properties of a membrane in a cylindrical or a square microchannel. Then it has been used by Chu et al. in order to measure the surface shear modulus G s of albumin capsules prepared with different conditions of pH [START_REF] Chu | Comparison between measurements of elasticity and free amino group content of ovalbumin microcapsule membranes: Discrimination of the cross-linking degree[END_REF].

The numerical profiles database available at the laboratory has been calculated by Thi-Xuan Chu during her PhD [START_REF] Chu | Fabrication et caractérisation de populations de microcapsules avec une technique microfluidique[END_REF], considering a Neo-Hookean behavior of the membrane. The model is accurate for small strains and hyperelastic materials. Only two non dimensioned numerical parameters are necessary to describe the capsule profile: the confinement ratio a/R between the capsule radius a and the channel radius R; and the capillary number Ca determined by the fluid viscosity µ and, the capsule velocity U and mechanical properties. Profiles are characterized by their lengths L x the total length of the elongated capsule, and L f r between the apex of the capsule and the curvature (Figure 3.11).

Experimentally, spherical microcapsules are flown in a cylindrical channel by imposing pressures.

We measure capsule velocity U, and the lengths L x and L f r of the deformed capsules. We then explore the database in order to find the corresponding capillary number Ca. When more than one capillary number is possible, we average the value. We check the validity of the obtained Ca by superimposing the experimental profile with the numerical profile corresponding to the Ca. We validate the value of Ca only if both profiles superimpose. Knowing the viscosity and capsule velocity, we are able to determine the surface shear modulus of the capsule G s given by the relation G s = µU/Ca.

The profile obtained in the constriction is compared with the numerical profiles of the database for the same condition of confinement. Then we identify the capillary number Ca which leads to a (except BBI 10 µM). First, the treatment may not impact cell mechanical properties. Second, the channel is not confining enough the cells to underline different profiles. Third, the hydrodynamic forces µU are too low to distinguish different stiffness. Increasing the hydrodynamic forces is possible by increasing the viscosity µ or the velocity U. Increasing the velocity is limited by the frequency of acquisition available for the camera (10 000 images per second). Increasing the viscosity without reducing the velocity requires an increase in the driving pressure. That can be achieved at the laboratory since our pressure controller limit is 7 bars. A possible way to increase the viscosity of the medium is the addition of Dextran (average molecular weight 500 kg/mol) at a concentration of 10 % (w:v) compatible with cell viability. Due to the lack of quantitative data to compare with experimental results, we decided to use another technique and perform AFM experiments.

Tip-less AFM

As mentioned in previous section 3.2, there is no significant difference in cell length and velocity in rectangular micro-channels for non-treated cells and cells treated with blebbistatin (BBI) and cytochalasin D (CytoD). We wonder if the absence of difference is due to the method of characterization or the lack of effect of the drug treatments. We present in this section results obtained in Saarbrücken with a technique using an AFM wedged cantilever instead of a tip. For the sake of simplicity we will design as tipless, AFM experiments performed with the wedge cantilever. This technique allows compression tests with a high sensitivity on forces applied. We measure the resistance to compression of single cells to quantify cell mechanical properties. In order to globally deform the cells, the cantilever is wedged with a polymer to perform compression between two plates. We fix the applied force or the deformability percentage in order to calculate the Young's modulus of cells treated with different drugs.

Material and methods

Cell preparation

Around 40 000 cells in 2 ml are initially placed in a 35-mm diameter tissue culture dish (glass bottom FluoroDish FD35-100; World Precision Instruments, Sarasota, FL). Then cytoskeleton drugs Regrouping all the comparable controls of 5 days of experiments on 82 cells, we obtain a non treated cell average diameter of 15.16 µm ± 1.66 µm and a mean Young's modulus of 27 ± 21 Pa (Table 3.4).

The dispersion is large and we assume that in a population of cells, it exists a high variability of stiffness that can be related to the heterogeneity of the population and the operator error during analysis. The comparison with value obtained in the literature is tricky as it is difficult to know the detail of the performance and analysis. With AFM it is always better only to compare value obtained in the same conditions, with a same cantilever and one operator. Also there is few AFM experiment on cells in suspension and none to our knowledge about the characterization of the DAMI cell line.

In order to measure the effect of a treatment on cell mechanical properties, we compare the control and the treatment by pair and evaluate their statistical differences with an ANOVA test, Instat3.

Size effect of drug treatments

We measure cell size of cells treated with different drugs. We find no significant size effect of drugs, the diameter of cells is still around 15 µm except for cells treated 3 days with BBI whose diameter is larger : 24.63 ± 3.65 (Table 3.4). That is consistent with observations we already discussed in chapter 2 where we noticed an increase in diameter after 3 days treatment of BBI and used this treatment for size-based sorting.

Mechanical properties of treated cells

Actin polymerization effect on cell mechanical properties modulus. It seems that it corresponds to the highest stiffness measurable for DAMI cells treated with this drug.

Discussion

In the constrictions presented in chapter 2, whole cells are quickly deformed. The deformation of cells in the constriction is not enough to deform the nucleus. We consider a deformation of 15 % of the cell diameter in order to determine the cell Young's modulus as it is the limit to avoid the nucleus response.

The mechanical characterization of the DAMI cell line is poorly studied in the literature. However, Tipless AFM measurements bring some light on the effect of several drugs that are compared with the untreated cell mechanical properties. We show that BBI does not modify significantly cell mechanical properties. It is not possible to use it for deformability based sorting; however, it increases cell diameter. Which presents many advantages for our applications. First, we already demonstrate the ability of our asymmetric device to sort a mixed population of untreated cells and 3 days BBI treated cells according to their diameters (Chapter 2). Second, since DAMI cells behave as immature MK we want to modify their organization in order to be close to their mature structure. It is known that MK became larger when they mature [START_REF] Pietrzyk-Nivau | Three-dimensional environment sustains hematopoietic stem cell differentiation into platelet-producing megakaryocytes[END_REF] and cells treated 3 days with BBI will be used as a model for mature MK in the next two chapters 4 and 5.

Young
Among other drugs tested, CytoD and LatA has shown no significant softening of DAMI cells that already present a soft behaviour. In contrast, Y-27632 and CalA stiffen cells approximately by a factor 3, respectively by inhibiting ROCK and phosphatase. As cells are in suspension Y-27632 stiffen cells while it should soften adherent cells [START_REF] Gullekson | Effect of Cell-Substrate Interactions on Epithelial Cell Mechanics[END_REF]. In the chapter 1 we demonstrated the ability of our device to sort microcapsules whose surface shear modulus G s is separated by a factor 3 (E = 2(1 + ν)G, where ν is the Poisson coefficient). The dispersion in stiffness was lower than the one we get with cells. Considering the high standard deviation, we expect that a difference of factor 3 will not be enough to separate cells into the diffuser. We advice to test the efficiency of the device with a double treatment of cells.

Future work have to be carried out to evaluate the ability of the device to sort a mix population.

In first investigation we recommend to choose a pair allowing a balance between treatment duration and stiffness contrast. For example the pair of treatments 5 nM of CalA and 1 µM of LatA whose size is homogeneous and whose stiffness shows a difference of factor 6, could be interesting to test. However, when two populations are treated with different drugs we need to rinse the extra amount of each drug before mixing in order to have no competition between the two drugs. Thus it is necessary to verify the irreversibility of the drugs effect over time. Then we will need to find a staining which will not modify cell mechanical properties but help visualization of the two populations.

Conclusion

In the sorting device presented in chapter 1 and 2, capsules and cells are confined in the constriction. Time spent in the constriction is short (less than 1 ms) and the object deforms globally. In order to characterize the mechanical properties of populations to be separated, a technique whose principle is close to the squeezing is required. For this reason, we chose a microfluidic method that had been developed at the laboratory, flowing capsules and cells in microfluidic constrictions. The inverse analysis method used by Thi-Xuan Chu during her PhD to create a database for capsules flowing in a cylindrical channel, has been used here to characterize our microcapsules. We compare the results obtained by Chu and ours using capsules prepared in the same conditions but not from the same batch. We find a good correlation of the results and admit that capsules fabricated at pH 8 are 3 times stiffer than capsules prepared at pH 5.9. However, the method is less robust for the characterization of cells.

The characterization of cell mechanical properties has first been realized in rectangular microchannels. We measure cell velocity and lengths at fix pressure of 300 mbar for untreated cells, cells treated with BBI and cells treated with CytoD. We find no significant differences in both profiles and velocity for one of the treatments. Many hypothesis could explain these results. The rectangular constriction is too large to squeeze the cell efficiently. The hydrodynamic forces are maybe not enough to distinguish two populations. Increasing the velocity is not an option because we are limited by the speed camera frequency. However keeping the velocity in the same range by increasing the viscosity and the pressures increases the hydrodynamic forces and thus the deformation. However the design of new constrictions fall behind schedule and the numerical data base available at the laboratory yet only exists for square and cylindrical channels. Thus we decided to use another method.

Complementary results performed at the INM, in Saarbrücken in Germany, with the AFM put in light the lack of differences in mechanical properties of cells we want to characterize. It partly explains the difficulties we find to sort cells according to their mechanical properties. Also, we carry out many experiments to find treatments that modify enough cell mechanics to plan to sort them. We find that among the drugs tested only those modifying myosin activity significantly have an effect on our cells. In particular, CalA 5 nM stiffens them by a factor 3. We are planning new experiments with the new information we get in order to better know the limits and perspectives of our sorting device.

Chapter 4

Time-lapse observation of the elongation of megakaryocytes 

Introduction to megakaryocyte elongations

Platelet transfusion has been used for therapy since the seventies [START_REF] Blumberg | Platelet transfusions: trigger, dose, benefits, and risks[END_REF][START_REF] Lee | Biomanufacture of human platelets for transfusion: rationale and approaches[END_REF]. However, donation is the only method to collect platelets for transfusion and is not sufficient to transfuse all the patients who need it. Many patients are transfused with platelets from five whole blood donations while the same amount of platelets would be given during one platelet donation [206]. As an alternative to

INTRODUCTION TO MEGAKARYOCYTE ELONGATIONS

93 [START_REF] Italiano | Blood platelets are assembled principally at the ends of proplatelet processes produced by differentiated megakaryocytes[END_REF]. The release of platelets in static conditions requires hours [START_REF] Balduini | Adhesive receptors, extracellular proteins and myosin IIA orchestrate proplatelet formation by human megakaryocytes[END_REF]. Moreover platelets obtained in these conditions adhere at the bottom of the plate and are probably already activated. They cannot be easily collected and used for transfusion. 

Production in dynamic conditions

In 2003, Li et al. [START_REF] Li | Culturing and differentiation of murine embrionic stem cells in a three-dimensional fibrous matrix[END_REF] presented a bioreactor to culture and differentiate murine embryonic stem cells into a wanted cell type. The first bioreactors proposed for in vitro platelet production has been described in 2009. Dunois-Lardé et al. [7] showed that MKs perfused at high flow rate in a microfluidic channel coated with VWF release platelets at a much faster pace than in static conditions.

The second one described by Sullenbarger et al. [START_REF] Sullenbarger | Prolonged continuous in vitro human platelet production using three-dimensional scaffolds[END_REF] uses a 3D scaffold coated with fibronectin and thrombopoietin to support the cells and facilitate stem cell differentiation into MK and the production of platelets. Later, taking into account the oxygen gradient present in the bone marrow, they improve their system by controlling the oxygen content [START_REF] Lasky | Manipulation of oxygenation and flow-induced shear stress can increase the In Vitro yield of platelets from cord blood[END_REF]. However, the system does not allow accurate control of pressures and shear stress, the production runs continuously for one day for a yield of adapted to reach a shear rate of 1800 s -1 on the wall. A rectangular bioreactor is coated with VWF in order to interact with MK. Among MK interacting with VWF they distinguish MK immobilized at the surface that will probably elongate, from MK that translocate on VWF in a temporary rolling motion. The high shear rate allows the MK to break and release platelets after only 20 minutes perfusion. However, platelets are generated close to the wall in the microfluidic chamber. There is a risk of activation in case of prolongated contact with VWF [START_REF] Ruggeri | Von Willebrand factor, platelets and endothelial cell interactions[END_REF]. Also most MK flow through the chamber at high velocity and do not interact with the VWF. Thus they do not elongate neither they produce platelets. Even among MK interacting with the VWF, some are just translocating at the surface and stop.

A second bioreactor has been designed with a forest of pillars in the chamber in order to increase the surfaces coated with VWF and optimize the MK capture yield. Each of the sixteen channels is 500 µm wide, 52 µm deep and 17.3 cm long. Into the straight part of the serpentine shape is a forest of pillars coated with VWF [8]. The interaction between the VWF and the MK allows to trap advected MK behind the pillars (Figure 4.6). Each pillar is able to trap one MK. The number of pillars is calculated in order to trap enough MK to produce a large amount of platelets. Anchored MK elongate in the bulk until they break into pre-platelets and platelets. The pillars have the advantage to make MK release platelets in the bulk, which avoids platelet activation. The bioreactor aims at producing

Image acquisition

Acquisition starts 20 minutes after MEM perfusion, i.e. 40 minutes after cells enter in the channel, in order to let them elongate. To follow cell elongation over time, we acquire images in time lapse which is an acquisition mode allowing to take images at a regular frequency allowing to follow the elongation over a period of time. We choose the frequency of the time lapse and the illumination parameters in order to avoid bleaching of the fluorescent probe. 

MK from cord blood

DAMI cell line

The microscope presents the advantage to acquire fluorescent and bright field images on the same field with a delay of 2 seconds corresponding to the time required to switch filters. Images are acquired in bright field and in fluorescence with an excitation wavelength of 580 nm at a ×20 magnification. The exposure time is set to 70 ms in bright field and between 800 and 1000 ms with the filter N21 in fluorescence. The light intensity is set respectively to 18 % in bright field and 5 % in fluorescence.

Images are post treated using the Image J software. The physical length of one pixel is 17 µm.

Elongation characterization

Shape of the elongated filament

We observe the elongation of MK in the microfluidic device coated with VWF. All MK behave differently under flow and their shape vary over time. We can distinguish four steps illustrated in figure 4.11. First, the MK is captured at the surface of the pillar. It interacts with VWF factor and is always anchored behind the pillar where it is submitted to hydrodynamic forces. Second, it elongates in the direction of the flow. The filament is thick and become thinner with elongation. Third, we can notice heterogeneities in the filament that looks like undulations. Finally, the filament condenses in some areas and form beads. The MK has a shape of necklace with several beads corresponding to future preplatelets or platelets, we call this shape beads on a thread. It is known that elongation is an heterogeneous process over time [START_REF] Bender | Microtubule sliding drives proplatelet elongation and is dependent on cytoplasmic dynein[END_REF]. In the present work, we seek to quantify these heterogeneities and focus on the elongation velocity.

the condensed zone of the cell (beads, body)(Figure 4.18). Into the filament the signal is lower. Even if the concentration in superoxyde ion is the same than in the beads and body, the reduction of the width of the filament can be sufficient to explain the decrease in fluorescent signal. The filament is so thin in non condensed zones that the fluorescent signal will maybe be too low to be detected with our camera, whatever the concentration in superoxyde ion. Also the results suggest that the observation of fluorescence variation, traducing mitochondrial activity, should be performed before 40 minutes experiment. In order to detect if the mitochondrial activity is related with cell elongation and/or rupture, we should in future work analyze small regions of interest in different parts of the filament in order to correlate the evolution of the fluorescent signal and the elongation velocity or the probability of rupture.

Conclusion

We studied single cell elongation behavior in microfluidic chambers and we observe that the elongation speed is not homogeneous during a period of time as it has already been demonstrated in the literature [START_REF] Bender | Microtubule sliding drives proplatelet elongation and is dependent on cytoplasmic dynein[END_REF]. We also noticed spacial heterogeneities along the filament: some segments elongate while others contract. The reason of these heterogeneities is unknown but we remark acceleration during the 10 seconds prior each rupture. Spontaneous ruptures are rarely observed because elongated filament of cord blood MK is longer than the view field of the camera and we do not know yet how to predict rupture. In next chapter we develop a method to initiate artificial ruptures to be studied.

It is known that ROS are involved in megakaryocyte maturation and platelet production thus, we suppose that ROS may have a role in MK elongation and rupture mechanisms. We stained cord blood MK with MitoSOX to follow the production of the mitochondrial superoxide anion during elongation at the INSERM U1140. We find a variation in fluorescence only for cells observed before 40 minutes perfusion. Beyond 40 minutes, we observed a decrease of the fluorescent signal due to photobleaching.

In order to superimpose images acquired both in fluorescence and in bright field, we carry out experiments at the UTC on the DAMI cell line. We manage to perform time lapse observations alternating between BF and fluorescence during 40 minutes without photobleaching. We show that the fluorescent signal is present in beads and the cell body proving the mitochondrial activity. However the length of the filaments is not long enough to quantify the implication of elongation in the production of the superoxide anion.

The superposition of fluorescence and bright field is essential for this study. In future work experiments on cord blood have to be performed at the UTC in order to quantify the influence of elongation on superoxide anion production. However we are now able to follow the elongation of a cell in fluorescence and bright field. It is a promising tool to understand elongation and rupture mechanisms that will be performed in the frame of the TRIMEP project.

zation of the cytoskeleton. Observations in diverse in vitro models of platelet formation indicate that elongating MK shrink if exposed to a massive dose (10 µM) of microtubule-targeting drug nocodazole [7], but not if the drug concentration is lowered to 100 nM [START_REF] Bender | Microtubule sliding drives proplatelet elongation and is dependent on cytoplasmic dynein[END_REF]. Nocodazole triggers microtubule disassembly at high concentrations, but only prevents polymerization of the free ends at lower doses.

These results seem to indicate that microtubules, but not microtubule growth, is necessary for MK elongation. Elongation is also reversed upon addition of a dynein inhibitor, that prevents microtubules from sliding along one another [START_REF] Bender | Microtubule sliding drives proplatelet elongation and is dependent on cytoplasmic dynein[END_REF]. In this study, MK were genetically modified to express a GFP-labeled EB3 protein, so that the extremity of microtubules was fluorescently stained. This is to our knowledge the only work where cytoskeletal dynamics are observed in elongating MK. Slidinginduced elongation rates as high as 3 µm/min are measured, and hydrodynamic forces can further accelerate elongation in dynamic bioreactors as high as 30 µm/min. Viscous forces applied on the filament are on the range of nano Newtons, while a bounding between MK and VWF is only some pico Newton order of magnitude [START_REF] Shiozaki | Prediction of molecular interaction between platelet glycoprotein Ibα and von Willebrand factor using molecular dynamics simulations[END_REF]. Thus, MK cytoskeleton is involved in cell elongation and at the same time balance hydrodynamic forces together with anchoring forces due to VWF-MK interactions.

At the end of this process, platelets have a discoid shape due to the presence of a bundle of coiled microtubules, called marginal band, under their membrane [START_REF] Sadoul | New explanations for old observations: marginal band coiling during platelet activation[END_REF]. Because microtubules are extremely rigid, with a persistence length of about 1 mm, the energetic cost of assembling them to form the marginal band is high and this structure has to be the result of an active, regulated process [START_REF] Patel-Hett | Visualization of microtubule growth in living platelets reveals a dynamic marginal band with multiple microtubules[END_REF]. The very late stages of platelet formation, when the elongating MK breaks to release proplatelets, have not yet been studied in detail.

Spontaneous ruptures of MK from cord blood as well as from cell line is rarely observed in our bioreactors. All the cells perfused do not elongate, and all elongated cells do not break. Moreover, the total length of an elongated MK is often longer than the field view of the camera. So the likelihood of a rupture occurring in a random field of view is very low. In the previous chapter, we identified high segment length and elongation rate as signatures of an imminent rupture. Although this will help selecting appropriate field of views for capturing rupture events, another strategy is developed in this chapter.

We aim here at studying rupture by controlling when and where it occurs in the filament. We propose to severe microtubules and study the variation in elongation velocity. To do so we adapt the method of laser ablation, usually used in static conditions [START_REF] Vogel | Mechanisms of pulsed laser ablation of biological tissues[END_REF], in flow. Laser ablation technique is not available at Université de Technologie de Compiègne but is a complementary tool to understand the filament elongation behavior. For this reason, we initiate a collaboration with the INM (Institute of New Materials), in Saarbrücken, in Germany, in the lab of Jun. Prof. Dr. Franziska Lautenschläger who is specialist in cell biophysics.

ical tissues, it is known that metallic ions are not homogeneously distributed. In order to help the diagnosis of some diseases, laser ablation can be used to quantify the presence of ions in a slice of tissue, for example in brain [START_REF] Becker | Imaging of copper, zinc, and other elements in thin section of human brain samples (hippocampus) by laser ablation inductively coupled plasma mass spectrosmetry[END_REF]. Other complex structures such as : zebrafish kidney [START_REF] Mccampbell | New tides : using zebrafish to study renal regeneration[END_REF], veins [START_REF] Darwood | Randomized clinical trial comparing endovenous laser ablation with surgery for the treatment of primary great saphenous varicose veins[END_REF] or axon repair [START_REF] Li | The growth factor SVH-1 regulates axon regeneration in C. elegans via the JNK MAPK cascade[END_REF][START_REF] Chang | Axon repair: surgical application at a subcellular scale[END_REF]; have been studied. The main objective is to understand how biological structure repairs and what is the role of specific components in complex cellular functions such as: migration, differentiation, growth and apoptosis. Usually these functions were studied by disturbing the cell. Microneedles were commonly used to dissect a cell [START_REF] Harsch | A new method for histological microdissection utilizing an ultrasonically oscillating needle[END_REF][START_REF] Suter | Live cell imaging of neuronal growth cone motility and guidance in vitro[END_REF]. However, the study of cell behavior and reparation is limited by the alteration of the membrane. To study the different organites of a cell with microneedles, we need to isolate them [START_REF] Tani | Periodic tension development in the membrane of the in vitro contractile vacuole of Paramecium multimicronucleatum: modification by bisection, fusion and suction[END_REF]. On the contrary, laser ablation allows sub-micrometric accuracy and is a non invasive method. Organites do not have to be isolated to be studied. Due to its ability to dissect and ablate many different structures and its non-contact interaction with the sample, laser ablation is used at several scales in laser surgery: single cell, tissue, and internal cell structure.

At the cellular scale, the principle is to focus a laser on the region of interest in a cell and disturb it without killing it with a sub-micrometer precision [START_REF] Vegesna | Targeted Ablation using laser nanosurgery[END_REF]. Many studies have been accomplished

on mitochondria [START_REF] Shen | Ablation of cytoskeletal filaments and mitochondria in live cells using a femtosecond laser nanoscissor[END_REF] and cell cortex in order to understand the role of microtubules [START_REF] Wakida | Laser nanosurgery of single microtubules reveals location-dependent depolimerization rates[END_REF][START_REF] Botvinick | Controlled ablation of microtubules using a picosecond laser[END_REF] and actin stress fibers [START_REF] Strahs | Laser microirradiation of stress fibers and intermediate filaments in nonmuscle cells from cultured rat heart[END_REF][START_REF] Colombelli | Mechanosensing in actin stress fibers revealed by a close correlation between force and protein localization[END_REF][START_REF] Kassianidou | Geometry and network connectivity govern the mechanics of stress fibers[END_REF]. They can be visualized with fluorescent probes and are ablated to understand their biophysical properties. Severing cytoskeletal elements such as actin and microtubules allows to measure tension forces [START_REF] Wu | Investigation of in vivo microtubule stress fiber mechanics with laser ablation[END_REF][START_REF] Fernandez-Gonzalez | Myosin II dynamics are regulated by tension in intercalating cells[END_REF][START_REF] Kumar | Viscoelastic retraction of single living stress fibers and its impact on cell shape, cytoskeletal organization, and extracellular matrix mechanics[END_REF] in the filaments, and repair after ablation [START_REF] Jimenez | ESCRT machinery is required for plasma membrane repair[END_REF][START_REF] Tao | Laser-transected microtubules exhibit individuality of regrowth, however most free new ends of the microtubules are stable[END_REF]. Several studies have taken advantage of laser ablation to study the forces involved in different stages of cell life. For example, studies have been performed on the junction between two epithelial cells to determine the tension involved in cell aggregation [START_REF] Coburn | Contact inhibition of locomotion and mechanical cross-talk between cell-cell and cell-substrate adhesion determine the pattern of junctional tension in epithelial cell aggregates[END_REF][START_REF] Ratheesh | Centralspindlin and α-catenin regulate Rho signalling at the epithelial zonula adherens[END_REF][START_REF] Liang | Measurement of mechanical tension at cell-cell junctions using two-photon laser ablation[END_REF]. Because ablation does not kill the cell, other applications consist to study how cells repair after damage. Cell cytoskeleton ablation induces the apparition of blebs [START_REF] Tinevez | Role of cortical tension in bleb growth[END_REF] which is the consequence of the cytoplasmic pressure release. After a while, the cell gets back to its initial position. Many studies are also conducted on cell differentiation to understand which phenomenons are involved in mitosis [START_REF] Vukušić | Microtubule sliding within the bridging fiber pushes kinetochore fibers apart to segregate chromosomes[END_REF], or the separation of the two daughter cells.

The last step in cell differentiation is called abscission. The mechanisms leading to cell division and how the microtubules are reorganizing into the daughter cells have been described thanks to a combination between traction force microscopy and laser ablation [START_REF] Lafaurie-Janvore | ESCRT-III assembly and cytokinetic abscission are induced by tension release in the intercellular bridge[END_REF]. The laser damage the filament between the two daughter cells (Figure 5.2, a) and the traction forces of the cell before and after ablation are studied. However, ablation does not necessarily leads to breakage. In figure 5.2 (b), we present a partial ablation. Only the microtubules are damaged but the membrane persists keeping the link between the two daughter cells. The microtubules are able to grow again in the membrane tube. Later spontaneous abscission will occur. This work inspired us to study tensions in elongating cells. The production of platelets from megakaryocytes is similar to abscission. Both mechanisms are governed by the reorganization of microtubules and the final result is the rupture of a filament. The main difference is that abscission is studied in static conditions on adherent cell while megakaryocyte rupture is studied in flow. Thus the use of traction force microscopy can be used to know forces in the case of abscission. However, for elongated MK in flow it becomes more challenging. The flow experiment from static conditions to in flow conditions. A third section (5.4) presents where to ablate in an elongating cell. A forth section (5.5) shows the preliminary results obtained on elongation velocity, rupture and contraction velocity.

Material and methods

Microchannel design and fabrication

The microfluidic system geometry is presented in chapter 4 on figure 4.9. It consists of a straight channel of thickness 34 µm, width 2 mm and length 17 mm, with thirteen beams (also called ridges [START_REF] Islam | Microfluidic sorting of cells by viability based on differences in cell stiffness[END_REF]) of width 100 µm, thickness 20 µm, and length 2 mm, separated by 900 µm. The system is produced in PDMS using the protocol described in section 1.2.1. The silicon mould was replicated in epoxy resin in order to be easily transported.

The resin (type R123 Soloplast, Vosschemie) is mixed with the hardener (type R614, Soloplast, Vosschemie) at a ratio of 1:3. Then the mixture is poured in a Petri dish (30 g epoxy for a dish of diameter 3.5 cm). It is placed next to the PDMS sample under vacuum. Air trapped during mixing escapes easily because the solution is not too viscous. The PDMS stamp is dropped on the epoxy surface. The air between the two surfaces diffuses through the porous degassed PDMS. After 2 days at room temperature the stamp of PDMS is peeled off the epoxy mold. The epoxy replica is ready to be used. The protocol is modified: PDMS poured in the replica is not placed at 70 • C but reticulates at room temperature for at least 24 hours. This avoids the creation of chemical bonds between epoxy and PDMS. The PDMS chip is then punched and sealed onto a microscope cover glass.

Microsystems are coated with VWF in order to trap cells on the surface of the beams. VWF is dissolved in PBS (phosphate-buffered solution; pH 7.4, Gibco, ref : 10010-031) at a concentration of 40 µM. The microsystems are filled the day before experiment with 15 µl of this solution and stored overnight at 4 • C in a humid atmosphere.

Cell culture and treatment

DAMI cells are cultured as described in section 2.2.2. We have shown in chapter 4 that after 72 hours of BBI treatment, the cells become larger and that the re-organization of the cell induces an ability to elongate. BBI inhibits myosin II A which is involved in the cytoskeleton cortex structure [START_REF] Kovács | Mechanism of blebbistatin inhibition of myosin II[END_REF]. In the literature, Shin et al. have shown that a treatment of megakaryocytes (MK) with 20 µM BBI for 3 days increases the number of in vitro platelets produced [START_REF] Shin | Contractile forces sustain and polarize hematopoiesis from stem and progenitor cells[END_REF].

Non treated cells tend to flow in the device without being trapped at the surface of the pillars. We observe that the yield of DAMI captured on VWF is optimized for a 3 days exposition to 40 µM of BBI.

Staining of cell cortex

We want to stain cell cytoskeleton and particularly actin filaments and microtubules in living cells and look for probes that have a minimal impact on the viability of cells and on their ability to elongate. We noticed during preliminary experiments at INSERM US-1140 that megakaryocyte activity is disturbed by intense illumination with blue wavelengths. The elongation is stopped and the platelets production inhibited (not tested with the DAMI). Thus we decided to avoid short wavelength and stain actin filaments and microtubules in separate experiments, using red probes.

At the INM the SiR-tubulin and the SiR-actin were available (Figure 5. SiR-actin is coupled with the drug jasplakinolide which binds to F-actin and allows its labeling in living cells. Jasplakinolide is known to have a role in the polymerization of actin [START_REF] Bubb | Effects of jasplakinolide on the kinetics of actin polymerization[END_REF]. A depolymerization of actin should not affect cell ability to elongate.

On the other hand, SiR-tubulin is based on docetaxel which is a microtubule-stabilizing drug close to paclitaxel (Taxol). Taxol is known to prevent microtubules depolymerization and has been used

for more than 15 years as a chemotherapeutic agent [START_REF] Pertussini | Investigating the platelet-sparing mechanism of paclitaxel/carboplatin combination chemotherapy[END_REF]. As MK elongations are not governed by microtubule (de)polymerization but sliding, we expect little effect of paclitaxel on elongation.

We test both probes on DAMI cells treated 3 days with 40 µM of BBI, in static and in dynamic conditions, and on non-treated cells in statics.

Staining of actin

We stain F-actin in DAMI cells in suspension. Figure 5.5 shows images acquired in bright field and fluorescence mode after 1 hour incubation at 37 • C with 1 µM of SiR-actin. The fluorescence intensity is low on average, and cells that appear bright are no longer round and likely to be damaged.

In order to increase the fluorescent response, verapamil is often added to SiR at a concentration of 10 µM. This drug inhibits efflux pumps and calcium channels. We assume that the weakly staining is due to an active process in the cell leading to fluorescence release. Blocking the calcium channel has been shown in the literature to help SiR probe to stay into certain cell types [START_REF] Lukinavičius | Fluorogenic probes for live-cell imaging of the cytoskeleton[END_REF]. The addition of verapamil could alter cell viability blocking the pumps but in our case it does not seem to modify the shape and viability of the cells (Figure 5.5, c). We notice that, in static conditions, the staining with SiR-actin is stronger with verapamil. As expected for suspended cells, the actin filaments form a ring on the boundary of the cell. The staining with SiR-actin + verapamil in figure 5.5 (d) shows a better efficiency than without verapamil in figures 5.5 (b).

We repeated the experiment with blebbistatin-treated cells. In Figure 5.6 we see that although ments. We fix the MicroPoint settings: the delay between laser pulses is 60 ms and the laser shoots every two points in the selected ROI. The MicroPoint power is given in the following sections.

Time-lapse images are acquired before and after ablation to follow the cell elongation. A first phase acquisition is performed successively in BF and fluorescence as fast as possible (one image every 1.5 seconds which corresponds to one image every 3 seconds for each channel) for 20 loops (20 images in BF and fluorescence are acquired). Then 1 loop is dedicated to ablation, and finally BF and fluorescence images are again successively acquired as fast as possible for 10 to 15 minutes. For a given cell, the whole cycle lasts a little more than 15 minutes. Experiments are successively performed on different cells from the same sample. Although the laser is focused, the white light used for bright field time lapse observations is not and causes bleaching. After two hours of experiment, the fluorescent signal becomes too weak to be detected. Images are analyzed using the Image J software (Fiji).

Development of laser ablation protocol

Laser ablation equipment is available in Saarbrücken. With Emmanuel Terriac, we realized the calibration of the laser using a highlighter-drawn pattern on a glass slide in order to precisely locate the region of interest. First we reproduced an existing experiment and practice on adherent cells in static conditions. Then we developed a protocol for cells elongating in flow.

Calibration

To perform laser ablation on a specific sub-cellular structure, the position of the laser has to be precisely controlled, especially when the region to ablate is thin. Thus, it is necessary to correlate the position of the laser with the field of the camera. We use a glass bottom fluorodish (World Precision Instruments, Tissue Culture Dish with cover glass bottom, FD35) with a highlighter-drawn pattern to calibrate the laser. The thickness of the glass is 170 µm. We fire 16 calibration points in the x-direction and 16 points in the y-direction in order to form a cross which is the automatic figure for calibration (Figure 5.11). The accuracy of the calibration depends on the fire point size, which depends on laser intensity. For each point, we manually checked its position (x, y). Selecting all the points one by one creates a link between the camera and the laser.

As shown in figure 5.12 (a), as written in the calibration manual, the region accessible for the Mi-croPoint is smaller than the full field captured by the camera. This zone appears in red on the screen.

In order to check the efficiency of the calibration, we select a region of interest (ROI) in the MicroPoint range. The ROI corresponds to the zone we want to ablate. When the ROI is selected in the captured image, we can start the acquisition and the laser ablation. We then verify the shape of the ablated region as shown in figure 5.12 (b). If the calibration is perfectly realized, the shape ablated corresponds to the shape of the ROI and is located exactly at the place we defined for the ROI. The calibration depends on the refraction index (oil or air objectives). When modifying the objective magnification, the calibration has to be done again.

becomes to be sharp. After 15 minutes observation, the cell detaches from the beam. No formation of beads have been detected, the bond between VWF and the cell is weak. On the contrary, the cell on the top elongates in both parts of the cell body, and there is formation of beads. Figure 5.18 (b), represents the evolution of its total length over time. The dashed line corresponds to a linear fit. We can observe that the experimental curve is up or down the fit.

We use these data to compute elongation velocities, averaged over the whole duration of the experiment. The positions of the extremity of the filament and the beam are measured with ± 2 pixels of accuracy. The physical size of a pixel with the camera we are using (Hamamatsu) is 6.45 µm. The magnification is ×20 so one pixel size is 0.32 µm. The uncertainty generated by measuring the total length of the filament is ± 2 pixels (i.e. ± 0.645 µm) which is small when compared to the measured lengths.

We measure the elongation velocity for six cells, in bright field. We start the acquisition just after the cells adhere to the ridge. We find an average elongation velocity of 0.1025 µm/s with a standard deviation of 0.059 µm/s. In chapter 4 we studied elongation in bright field for cells treated with BBI with no staining. We found an average velocity around 0.054 µm/s with a standard deviation of 0.035 µm/s. It seems that SiR-tubulin slightly increases elongation velocity but not in a significant manner.

This variation of velocity can be explained by many other factors. First experiments on unstained cells and SiR-tubulin treated cells are realized with two different batches of cells. Unstained cells are cultured at the UTC, while stained cells are cultured at physics laboratory in the Saarland University in Germany. For each batch, we average the velocity of only seven cells. Moreover we already explained in chapter 4 that it exists a large variability in elongation velocities among cells from the same batch. We assume that the effect of Sir-tubulin on elongation is not significant to study cell rupture. As the entire cell is not always wholly visible in the field of view, either because it is too long or because its extremity is not in the focal plane, we seek to estimate elongation velocity based on the displacement of the points A and B defined in Figure 5.17, respectively preceding and following the cell body. The initial length of the filament when the acquisition starts is called L i . Table 5.1 shows that U B always accounts for 70% to 97% of the total cell velocity U. This suggests that the portion between B and the free end of the cell moves as a solid body and that elongation is more concentrated
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in the filament between the ridge and the point B. For a study of elongations, this is likely to be the zone of interest.

We showed in the previous chapter that ruptures occur in the regions of maximal local elongation, often close to the end of the filament. In order to reproduce this phenomenon, we first choose an area of ablation located between the anchorage point and the cell body where we visualize the filament.

For ablation experiments we will increase the magnification to ×60 in order to precisely cut the microtubules. Well, at this magnification the field of view is reduced and the extremity of the filament is often out of the field view. That is the reason why in next part we follow the points A and B to calculate elongation speed instead of the extremity of the filament.

Preliminary results

We just followed cell elongations without ablation and determined the position of ablation in the filament between the beam and the cell body. In this section, we present the preliminary results of ablation of microtubules in elongated cells. We perform experiments varying the MicroPoint laser power. Whatever power is used, we notice that ablation induces rupture, as is illustrated in Figure 5.19. After ablation, three stages are observed and depicted in Figure 5.20 : fast elongation (i), ruptures (ii) and contraction (iii). In a first section, we describe the choice of the laser power. We finally study the contraction following ruptures.

Choosing the ablation power

Our objective is to sever microtubules without damaging the cell membrane. To find the most appropriate illumination conditions, we carry out experiments with a variable power of the MicroPoint laser. When the power of the MicroPoint laser is less than 65%, the ROI is bleached but no damage to the microtubules is observed (the darkened zone does not expand before fluorescence recovery).

Beyond a power of 75 %, ablation triggers immediate ruptures, which suggest the simultaneous severing of both microtubules and membrane. The table 5.2 summarizes the conditions of experiments performed with a power between 65% and 75 %. For each laser shot, we measure the elongation velocity before and after ablation and the delay between ablation and rupture.

The six experiments presented here have a delay higher than 30 seconds between ablation and rupture (Table 5.2). Figure 5.21 presents a scatter plot of the delay of rupture after ablation as a function of the MicroPoint power. The power of the laser does not seem to have any impact on time between ablation and rupture. However some experiments realized at power 65% have shown no rupture of the filament (not shown). The difficulty in this case is to know if the laser damaged the microtubules. The focalization of the laser is probably the most important factor. However, as the filament is exposed to the flow, its position can be modified between the moment we chose the ROI on the image capture and the moment we make ablation. If the microtubules are out of focus during Table 5.2: Laser ablation experiments. N represents the number of experiments analyzed. Pow is the power of the MicroPoint used for the ablation, in %. T rupt represents the time between ablation and rupture, in seconds. L i is the initial distance between the cell body and the beam (or the extremity on the left if the beam is not in the field view). U BLA is the elongation velocity before laser ablation. U ALA is the elongation velocity after laser ablation but before rupture. The A point corresponds to the point preceding the cell body and B is the point following the cell body (Figure 5.17). Images are acquired in bright field (BF) and/or fluorescence (CSU647). 15). In fluorescence, we can observe how microtubules reorganize in the cell recovering from ablation. We observe on both bright field and fluorescent images that the length of the cell remains constant for a few minutes. Elongation starts again at t = 231 seconds with a velocity of 0.11 µm/s. At this date, bright field images illustrate the resorption of the bleb and the fluorescence is recovered in the ablated region. An explanation could be that microtubules priority after damage is to reorganize in order to repair cell cortex.

N Pow

As already explained, we want to induce rupture in order to mimic spontaneous platelet formation. However, in our experiment, we make laser ablation in a part of the filament that is selected among the regions of highest elongation rate in the cell, but not necessarily in a region that is ready for spontaneous rupture. Thus the place where occurs rupture is not a place where spontaneous ruptures would occur. With DAMI cells, spontaneous ruptures are extremely rare. They are more frequent in experiments with primary cells. They usually occur in regions that have a necklace structure, between two beads growing away from one another with a high velocity. This is more frequently observed on the right side of the cell body, in the freely floating filament. In our cell line model, necklace structures are more difficult to obtain, and the region with the highest elongation rate seemed to be the one between the ridge and the cell body. Moreover, in fluorescence, it is easier to visualize the filament between the pillar and the cell body. We are aware that the induction of rupture is probably not in an area for spontaneous rupture. However, we expect to observe similar consequences between spontaneous and artificial ruptures even if causes are different.

We also notice that the first rupture is often followed with several spontaneous ruptures when we damage the filament. Finally, with the acquisition of more images, we expect to characterize elongation and contraction velocity during rupture. It would also be interesting to develop a method to calculate the tension forces in the filament. It would help to understand why in a bioreactor, some cells elongate and never break spontaneously. If it exists a minimal tension necessary to induce rupture and at the same time the formation of platelets, it would help us to design more adapted microfluidics bioreactors, to increase the tension in the filament.

Conclusions

In vitro platelet production is a dynamic field of research mainly limited by the low yield of platelets produced. One hypothesis to this limit is the heterogeneity in size and elasticity of the initial suspension of MK. In this thesis, we develop microfluidic tools aiming at sorting MK and understanding elongation and rupture processes of MK.

In a first part, we have demonstrated that our passive microfluidic device is able to sort microcapsules according to their size and/or deformability. Size is the main parameter of sorting thus, in order to only sort microcapsules according to their deformability a previous size-based sorting is required. It can be performed in the same microfluidic device by adjusting the flow strength applied. We downscaled the device to adapt cell diameter which is experimentally challenging and induces technical problems such as: clogging, fabrication and the determination of fluids; which are now resolved. We obtained satisfying results for cell size-based sorting and promising results for cell deformability-based sorting. Another difficulty encountered in this project is the characterization of cell mechanical properties. Even if many methods of characterization are described in the literature as well as many drug treatments able to modify cell mechanical properties, most of them are adapted to adherent cells whose behavior is completely different to the one of cells in suspension. Even among cells in suspension, it exists a large variability due to the cellular types. Thus, blebbistatin, a drug known in the literature to impact cell mechanical properties for a large number of cell type, only has an effect on cell size after three days but not on our cell mechanical properties. We identified tipless AFM as an efficient tool to estimate the Young's modulus at the cell scale. Also we find that calyculin A respectively stiffens DAMI cells significantly. In future work it is planned to test the efficiency of the sorting device using cells treated with this drug. Another perspective is to characterize primary megakaryocytes mechanical properties and sort the DAMI cell line whose behavior correspond to immature MK, from mature primary cord blood MK.

In a second part, we study MK elongation and rupture by controlling flow conditions. We point in light that MK elongation rate vary over time, as already observed in vivo. These fluctuations of elongation velocities are not resulting of flow perturbations but are the consequence of the balance between microtubules sliding responsible of elongation and the actomyosin cytoskeleton which tend to resist against elongation. Biological activities leads to fluctuations of the elongation rate. We have shown that fluctuations are not only present at the cellular scale but also at local scale between two beads. Locally some segments between two future platelets stretch while others contract in an other-139 wise elongating cell. We have analyzed instantaneous ruptures and shown that platelet release occurs in long segments whose elongation velocity is fast. In future work we expect it will help us to identify cell that will potentially break in order to observe and analyze many MK ruptures. Finally, we have demonstrated that damaging microtubules during laser ablation experiments provoke artificial ruptures.

In the long term, we can expect these results to contribute to better understanding of mechanisms involved in in vitro platelet production to help the conception of a new platelet bioreactor more efficient than the existing ones; and develop tools for sepsis diagnosis using cell deformability as a biomarker.

Introduction

The shape and mechanical properties of blood cells govern many important phenomena, such as margination [1] , adhesion [2] , and extravasation [3] . Pathologies such as cancer [4] or infections [5] may alter cell size and stiffness. Abnormal stiffness can be used as a sorting parameter in the detection and isolation of pathological cells [6] .

Microfluidics presents many advantages for cancer diagnosis applications, such as small reaction volumes, high sensitivity, and ability to sort micro-objects (particles, capsules, and cells) as described in [7] . Among label-free separation techniques, the most studied are size-based sorting devices: deterministic lateral displacement [8,9] , dielectrophoresis [10] , hydrophoresis [11] , acoustic waves [12,13] , and inertia [14] . Other methods, such as immunocapture [15] or fluorescence-activated sorting [16] involve labels, i.e. specific markers located at the surface of the micro-objects. Finally, other techniques such as optical stretchers [17] and stiffness-dependent separation [18] can sort heterogeneous populations based on their mechanical properties. While size-based microfluidic sorting has already been studied extensively [19] , the concept of sorting based on deformability has emerged more recently and proves very promising [18,20] .

In bioengineering, particles, capsules and vesicles are considered as simplified models for cells [21][22][23] . Capsules are biomimetic micro-objects consisting of a thin elastic membrane reticulated around a liquid core. The membrane can be made of natural components such as proteins: human serum albumin (HSA) [24] , or ovalbumin [25] . The behavior of capsules is studied under conditions mimicking physiological situations, such as flowing through a constriction [26] , and in the context of drug encapsulation and delivery [27] .

The influence of confinement has been extensively studied for millimetric and micrometric capsules flowing through cylindrical [25] , square [28] , or rectangular channels [29] .

In a recent numerical study, Zhu et al. [30] proposed to sort elastic capsules based on their deformability by flowing them around an obstacle through a straight channel followed by a diverging chamber. The experimental validation of deformabilitybased sorting techniques is not trivial because of the lack of homogeneous populations of micro-objects with well-controlled stiffness. We have created a microfluidic device with such a geometry. We use spherical albumin microcapsules whose mechanical properties depend on the production conditions.

In this article, we evaluate the feasibility of experimentally sorting heterogeneous populations of microcapsules depending on their stiffness. 

Materials and methods

Capsule suspensions

Capsules are prepared by interfacial cross-linking as described elsewhere [31] . Briefly, a water-in-oil emulsion is formed using a 10% ovalbumin solution in a phosphate buffer pH 5.9 or pH 8, dispersed in cyclohexane added with 2% (w/v) sorbitan trioleate. Adding 2.5% (w/v) terephtaloyl chloride to the organic phase induces ovalbumin cross-linking at the interface and the formation of the membrane. This chemical reaction is stopped by dilution with chloroform:cyclohexane (1:4, v/v) after 5 min. Capsules are then rinsed with an aqueous solution of polysorbate, then with pure water, resuspended in water and stored at 4 °C. We obtain a polydisperse population of capsules of diameter D , determined with the Image J software using a circular fit, and expressed as the mean ± the standard deviation. The deformability of capsules obtained by this protocol has been shown to depend on the pH of the buffer solution containing ovalbumin. Capsules prepared at higher pH are more rigid than those prepared in more acidic conditions [25] . Capsule stiffness is characterized by the 2D elastic shear modulus of the membrane G s .

Microfluidic device

The sorting device ( Fig. 1 ) consists of a straight rectangular channel of width w and depth h that contains a semi-cylindrical obstacle of diameter λ at its end ( Fig. 1 c). Upstream of the main channel, a flow-focusing module is added to focus the capsules onto the center of the obstacle ( Fig. 1 ). Downstream of the obstacle, the channel widens ( Fig. 1 a), then splits into several exits. The width of the confined zone between the side wall and the obstacle was chosen to be smaller than the capsule size ( Fig. 1 d). We define as δ the distance between the center of mass of the capsule and the pillar.

Production of the microfluidic device

Microfluidic chips are produced in PDMS using standard soft lithography techniques [32] . PDMS and curing agent (Sylgard) are mixed in a 10:1 ratio and cast onto the master, which consists of a silicon wafer with SU8-photoresist microstructures (Microfactory, Paris). After baking for 2 h at 70 °C, the PDMS is cross-linked and can be peeled off from the SU8 master. It is then plasma-bounded together with a glass slide using air plasma generated by a plasmaoxidizer (HARRICK, NY 14850, USA). After 2 h in a stove at 70 °C, the device is ready to be used.

Experimental setup

The sketch of our experimental setup is shown in Fig. 1 . A pressure controller (MFCS, Fluigent, France) is used to impose a pressure P in to the core fluid and a pressure P ext to the external fluid. The chip is placed on the stage of an inverted microscope (DMIL LED, Leica Microsystems GmbH, Germany). Videos are recorded using a high-speed camera (Fastcam SA3, Photron, USA).

Coflow experiments

We carry out coflow experiments with miscible fluids. The reservoirs containing the external and internal fluids are connected to the pressure controller using PEEK tubes with an internal diameter of 0.25 mm. A fluid of viscosity μ in is perfused at pressure P in into another fluid of viscosity μ ext moved at pressure P ext ( μ in < μ ext ). The pressures applied to each entrance are adjusted, varying P in / P ext in order to control the core flow width ǫ ( Fig. 1 b). Different fluid pairs ( Table 1 ) are used for calibrating the flow and establishing the relationship between the flow rate ratio φ = q in / q ext and the width ǫ.

Coflow experiments are performed with different fluids, whose properties are summarized in Table 1 . We prepare a 70% glycerol/water mixture (24397-365, VWR, France) and a 1% (w/w) low viscosity alginate ( A 1112 , Sigma-Aldrich, St Louis, MO, USA) solution in water containing 0.9% NaCl and 0.2% Hepes. The alginate solution is agitated at least 2 days at 4 °C .

For variable values of the internal and external pressures, we measure the external and internal flow rates, q ext and q in , in the two inlets of the flow-focusing module thanks to a flowmeter (Flowell, Fluigent, France). The value of the flow rate ratio φ is deduced.

Images are post-processed with the software Image J. A ROI (Region of Interest) line is drawn, containing the channel edges of the straight part ( Fig. 2 a). The core flow width ǫ is defined as the distance between the two minima of the gray curve plot ( Fig. 2 b).

Capsule flow

We prepare the capsule suspension with 20 μL of capsules in 1 g of pure glycerol. The reservoirs containing the external and internal fluids (Fluid pair C, Table 1 ) are connected to the pressure controller using PTFE tubes with an internal diameter of 0.3 mm. In order to accurately capture capsule trajectories in the diverging chamber, we operated at 250 frames per second with a resolution of 1024 × 768 pixels, with a 10 × magnification for all the videos and images. We measure the capsule speed U in the straight channel upstream of the obstacle, before any deformation, and the trajectory followed by the capsule in the divergent chamber ( Fig. 4 

Results

Coflow at the channel entrance

Before flowing microcapsules in our device, we flowed two miscible viscous fluids to characterize the coflow in the flow-focusing module. The aim of the flow-focusing module is to center the core flow in the straight rectangular channel upstream of the obstacle. In the experiments presented in the following section, we flow capsules in the core flow and expect them to be centered onto the obstacle. But, beforehand, we carry out coflow experiments without microcapsules to understand the coflow behavior when varying the viscosity ratio χ = μ in / μ ext ( Table 1 ).

For a given fluid pair, the viscosity ratio is fixed Table 1 ), and only the inlet pressures are modified. We modify the internal pressure P in keeping the external pressure P ext constant, adjusting the range of variation to avoid backward surge in one or the other inlet and measure the width ǫ. We worked at variable P in / P ext in order to characterize the behavior of coflows and determine the relation between the width ǫ, the viscosity and flow rate ratios χ and φ ( Fig. 3 a).

The values of the internal thread width ǫ are plotted in Fig. 3 as a function of the viscosity ratio φ and flow rate ratio χ. It is nondimensionalized by three different lengths α: the rectangular microchannel width w , height h and characteristic length √ hw . The experimental results are plotted along with the ones published by Hu and Cubaud [33] . In their study conducted in a square crosssection channel ( w = h = α), they showed that the core thread width scales as:

ǫ α = [ 1 + ( 1.5 χ 1 / 2 φ 2 / 3 ) -1 ] -1 .
(

) 1 
We prove that the depth h , which is the smallest length in our device, does not limit the core flow width ǫ. In a square channel the three characteristic lengths are equal, and it was not obvious to know which characteristic length constrained the width ǫ. When ǫ is rescaled by α = √ hw , the data collapse onto the master curve defined by Eq. (1) ( Fig. 3 a). We then plot ǫ/ √ hw as a function of the flow rate ratio φ for different viscosity ratios χ and show that our experimental values agree with Hu and Cubaud [33] predictions ( Fig. 3 b). ǫ/ √ hw increases when the viscosity ratio χ -1 decreases. That means that the width ǫ can be easily deduced when we vary the pressures and flow strengths in the case when the optical contrast between the 2 fluids is low or absent. In the following experiments with capsules, we apply pressures in order to have values of the internal thread size ǫ smaller than the capsule diameter D .

Influence of size on the capsule trajectory

Prior to any flow perfusion experiment, we observe capsules on a glass slide with an inverted microscope. We measure the mean diameter D 0 = 60 ± 18 μm in statics, between slide and cover, on 174 capsules. Capsules are then flowed through a 50 μm gap between the wall and the obstacle, where they are confined. They are then collected at the different outlets Fig. 1 a) and their size distribution is determined. The external fluid is pure glycerol (Fluid pair C, Table 1 ) with an external pressure P ext = 10 0 0 mbar. The internal fluid is the capsule suspension (Fluid pair C, Table 1 ) with an internal pressure P in = 400 mbar.

We notice that larger capsules are deflected further from the channel axis than smaller ones ( Fig. 4 a). This is confirmed by the capsule size measurements at the three outlets ( Fig. 4 b). We found an average diameter D 1 = 39 ± 10 μm for outlet 1 (in red, Fig. 1 a), D 2 = 70 ± 8 μm for outlet 2 (in blue, Fig. 1 a) and D 3 = 73 ± 8 μm for outlet 3 (in green, Fig. 1 a). These results indicate that the system is able to sort micro-objects from their size. It functions as a standard pinched flow fractionation device [34] . The position of the center of mass of the capsule in the confined zone seems to influence the trajectory followed by the capsules. The smaller the capsule, the closer its center of mass from the obstacle, and the smaller δ. For an identical initial position, the larger capsules pass further from the obstacle and are more deflected than smaller ones in the divergent chamber. The trajectory of capsules seems to be sensitive to the capsule-to-obstacle distance δ, which is the only modified parameter in size-based sorting.

Influence of flow strength on the capsule trajectory

The experiment is now repeated, with the same fluids (Fluid pair C, Table 1 ), for different pressures: P in = 200 mbar and P ext = 10 0 0 mbar (low flow strength), and P in = 1200 mbar and P ext = 4500 mbar (high flow strength). An increase in pressure keeping the P in / P ext ratio constant (constant core width ǫ) induces an increase in the flow rates q in and q ext and consequently in the capsule speed and forces applied to the capsule when it reaches the obstacle. Depending on the capsule mechanical properties, the capsule deforms more around the obstacle and its trajectory may vary. The capsules produced at pH 5.9 are softer than those produced at pH 8 ( Table 2 ) [25] . We can notice that the stiffness of the two batches of capsules, defined as the ratio of G s , differs only by a factor of 3 ± 1.5. Nonetheless, at constant flow strength, the viscous forces push softer capsules towards the obstacle wall as they flow around it, rather than stiffer capsules. This is due to the fact that viscous forces are balanced with elastic forces and that the more the capsule deforms, the closer the center of mass of the capsule and the obstacle (small δ). We show in Fig. 5 that the flow strength may have an influence on the trajectory of some capsules, depending on their stiffness. Capsules prepared at pH = 5.9 are less deflected at high flow strength (yellow capsule, Fig. 5 a) than at low flow strength (pink capsule, Fig. 5 a). On the contrary, capsules prepared at pH = 8 follow roughly the same trajectory whatever the applied viscous force ( Fig. 5 b). For the stiffest capsules (pH = 8), the trajectory is not affected by an increase in

Table 2

Capsules produced with different pH are flowed under a pressure ratio P in / P ext . The velocity U is measured experimentally, and the surface shear modulus G s arises from the experiments by Chu et al. [25] . The values of the capillary number Ca are calculated using Eq. (2) . flow rates. This means that even at high pressure, the flow strength μ ext U remains too small to overcome the elastic forces characterized by the 2D elastic shear modulus G s .

Discussion

In the flow-focusing module at the entrance of our system, the capsule suspension forms a jet surrounded by a more viscous glycerol. The results presented in this paper show that we are able to control the width ǫ of the core flow, for a given viscosity ratio χ, by modifying the pressures applied at the entrances of our system. In the literature, the flow through flow-focusing microsystems has been abundantly studied but involves mostly the coflow of immiscible fluids, mainly for bubble [35] and droplet formation [36] . The velocity profile in the coflowing fluids differs significantly depending on whether the most viscous fluid is the internal [37] or the external one [33] . Although there are considerably fewer studies in the literature on the latter case, recent works have explored the geometry of fluid jets [33] . But no study had been conducted in rectangular channels. We show that the universal equation ǫ/ α = [ 1 + ( 1.5 χ 1 / 2 φ 3 / 2 ) -1 ] -1 established by Hu and Cubaud [33] in a rigid square channel for a viscosity ratio χ -1 between 10 0 and 10,0 0 0 remains valid for smaller viscosity contrasts ( χ -1 = 30 and χ -1 = 4 in our experiments). More interestingly, the current results extend this law to soft PDMS channels with rectangular cross-section, provided the effective length scale α = √ hw is used. We can imagine that for a rectangle with a larger w / h ratio, the length h would limit more effectively the width ǫ and modify the previous equation. It would be interesting to perform experiments in wider channels in order to find the limit of validity of this scaling law. By flowing microcapsules of various sizes and mechanical properties in our device, we showed that a heterogeneous population of capsules can be sorted by size, at low flow strength. The sorting principle is similar to Pinch Flow Fractionation (PFF). In PFF systems, particles or bubbles are squeezed against a wall by an external flow. Small and large micro-objects take up distinct streamlines that can be later separated in a diverging chamber [34,38] . Unlike systems described in the literature, our device has a symmetrical design, with a constriction on each side of the obstacle. The streamline towards which smaller objects are pushed is the cen-terline of the channel, not located along a wall not located along a wall. This could allow a faster collection of small objects.

As in PFF devices, the trajectory of a capsule in the sorting device is governed by the distance δ between the obstacle and the center of mass of the capsule in the confined zone. At low flow strength, δ only depends on the size of particles to be sorted and increases with capsule diameter. Viscous forces are too small to deform capsules as they flow around the obstacle. Whatever their stiffness, δ is the capsule radius ( D /2) and δ is maximal for capsules whose diameter is equal to the constriction width. At larger flow strength μ ext U , hydrodynamic forces increase and become comparable to elastic forces. In this case, the distance δ between a capsule and the obstacle no longer depends solely on capsule size, but also on capsule stiffness. Capsule sorting then depends on the capillary number:

Ca = μ ext U G s . ( 2 
)
The capillary number compares viscous and elastic forces. Deformable capsules are pushed closer towards the obstacle wall (low δ) and end up following the same streamline as smaller objects.

We can therefore imagine sorting microcapsules by deformability using our device. This has to be done at high capillary number Ca . For fixed G s , capsule deformation will only occur at large capillary number, i.e. at high flow strength μ ext U . We seek to determine the critical capillary number Ca c beyond which capsule trajectory starts to depend on the mechanical properties. In earlier experiments, the shear modulus G s has been measured for several conditions of pH and reticulation time [25] . At low flow strength, pH 5.9 and 8 capsules follow the same streamline: no deformability-based sorting occurs. At high flow strength, on the other hand, soft capsules deform around the obstacle while stiff capsules do not. Using Eq. ( 2) , we find Ca < 0.1 for stiff capsules and/or low flow strength ( Table 2 ). For soft capsules, at high flow strength we find Ca > 0.2.

This yields two different values for the distance δ between the obstacle wall and the capsule center of mass, and the two populations can be separated. Our experimental results suggest that Ca c lies between 0.1 and 0.2. This is consistent with the numerical results found in the literature, which report on a stiff behavior at Ca = 0.05 and soft behavior at Ca = 0.3 [30] . In conclusion, a mod- erate increase in the shear modulus G s results in a significant mod-ification of the trajectory when we impose high pressures in order to have Ca < 0.1 for a population of capsules and Ca > 0.2 for the other one. The populations of rigid and soft capsules used in our experiments are polydisperse, with diameters between 55 μm and 85 μm. Many size-based separation techniques require a large size contrast between objects to be sorted, and a frankly bimodal distribution [18,34] . It is quite the opposite here: when microbeads much smaller than capsules are added to the suspension, not all of them are collected in the central outlet. This is due to the fact that they are not properly centered by the flow focusing. The distance Y c -Y 0 between their center of mass and the channel axis can be as large as ǫ -D . Small objects are therefore much more likely to be off-centered than objects of size D ǫ, which are more efficiently confined in the jet. Similarly, capsules that are much larger than the constriction have to deform to pass through the obstacle. Whatever the flow strength, they take up the whole space available and δ = w -λ 4 . In our system, optimal separation is thus achieved with narrow size distributions, when all objects to be sorted have a size comparable to that of the fluid thread generated by the flow focusing. In the literature, techniques based on deterministic lateral displacement or inertia have demonstrated their ability to sort bimodal populations of micro-objects. Devices relying on inertial forces to separate particles usually operate at Reynolds number ( Re ) between 1 and 50 [14] . In our system Re computed with particle velocity and the smallest of the 2 viscosities always remain smaller than 10 -3 , indicating that inertial forces are negligible. We propose in this article a more sensitive device, which can sort micro-objects exhibiting moderate variability in size or deformability.

Conclusion

We have demonstrated that capsule sorting based on deformability and size can be achieved experimentally by using the same device at various flow rates. The present device allows us to separate and collect capsules at different outlets after sorting. It is based on the capsule ability to deform around an obstacle and to follow different trajectories depending on capsule size and stiffness. Rigid capsules follow the same trajectory, whatever the flow strength, while soft capsules are pushed towards the channel axis when the viscous forces increase. The trajectory followed by a capsule in the diffusing chamber is governed by the distance δ between the center of mass of the capsule and the obstacle in the constriction. In a polydisperse suspension, where both size and mechanical properties vary, the system can be used in two steps. A deformability-based sorting at high flow rate can follow a previous size-based separation at low flow rate, in the desired size range. This is the proof that we have developed a versatile multipurpose sorting microsystem based on a really simple design. Compared to other existing sorting devices, we demonstrate the sensitivity of our device to sort micro-objects with small size and stiffness contrasts. Further developments are expected to minimize our device dimensions and will open new perspectives to sort heterogeneous populations of cells, and help cancer diagnosis or cell differentiation. 
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 312131414115151 Figure 3: Sketch of megakaryopoiesis. (1) MK differentiates in the bone marrow. (2) MK undergo endomitosis and polyploidization . (3) The membrane invaginates in the cytoplasm and forms a reservoir for future proplatelets. (4) Proplatelets pass through the endothelium and join the blood flow. (5) Shear induces rupture of the proplatelets to form preplatelets. (6) Preplatelets further break and form platelets. Image adapted from [9].

Figure 1 . 1 :

 11 Figure 1.1: Deterministic lateral displacement Image from [21]. The fluid flows around the obstacles following different streamlines shown in blue, yellow, and green. Small particles (in green) are able to follow fluid flow and have, on average, a linear trajectory. On the contrary, large particles (in red) are deviated with a migration angle.

Figure 1 . 2 :

 12 Figure 1.2: Pinch flow fractionation. Particles are all pushed on the sidewall whatever their size, controlling the flow strengths. Particles are perfused in the upper fluid (dark grey).In the diffuser, particles are separated according to their size. Small particles follow a trajectory closer to the wall than larger particles. Image from[23].

Figure 1 . 4 :

 14 Figure 1.4: Inertial effect on deformation of particles. (a) The inertial lift force and the viscoelasticity induced force compete and lead to a unique lateral inertial focusing equilibrium position depending on deformability (b) and size of particles (c). (d) The microfluidic device based on this principle consists of a very long channel to focus the particles in their equilibrium position and a gradually expanding chamber ending on several outlet to collect the different populations of capsules. Image from [35].

  entrance of the channel to center the capsules (Figure 1.7 b). Two fluids are perfused at the same time in the channel. The internal one contains microcapsules. It is pinched in the center of the channel by controlling the pressures, as for pinch flow fractionation. When the channel widens, the trajectories separate. We can follow trajectories in the diffuser by drawing all the successive positions of a capsule as presented figure 1.7 (c). To collect the capsules in different reservoirs, we design five symmetrical outlets (Figure 1.7 a).

Figure 1 . 11 :

 111 Figure 1.11: Phase diagram of a jet exposed to different flow rates. (a) Dimensional flow map to predict diffusive, stable and unstable behaviors of the jet. (b) Corresponding pictures (i) diffusive regime, (ii) stable regime, (iii) transitional regime, (iv) unstable regime. Image from [52].

  2). We perform experiments at different pressures to modify capsule velocity and we define the flow strength µ ext U as the product between the capsule velocity U and the external fluid viscosity µ ext . Low flow strengths do not allow any distinction between soft and stiff capsules (Figure 1.25). But increasing the flow strength enables capsules separation according to their mechanical properties. The angle of soft capsules flatten down around a value of 10 • (Figure 1.25).

  mation of the capsule due to capsule mechanical properties and the flow strength applied. Whatever the flow strength, stiff capsules follow the same trajectory whereas soft capsules are more compressed on the obstacle, deform more and are pushed towards the horizontal axis in the diverging chamber.The angle of deflection β stays the same for rigid capsules and slow soft capsules. When the flow strength increases, capsule velocity U increases, and so does capsule deform around the half-cylinder obstacle, that decreases the distance δ and the angle of deflection β. For an heterogeneous population of capsules whose mechanical properties are unknown, sorting can be realized in two steps. First at low flow strength capsules are separated by size and collected in different outlets. Then the collected populations can be perfused one by one at high flow strength. This time capsules are separated according to their ability to deform around the obstacle. At the end we separate one heterogeneous population of capsules into several populations homogeneous in size and mechanical properties.

Figure 2 . 5 :

 25 Figure 2.5: Immunomagnetic cell sorting.A high magnetic field is applied in a column placed into a magnet. Cells labelled with magnetic beads (in black) will be trapped on the surface of the column while non labelled cells (in white) are flown indifferently through the column and are collected in a container. Removing the magnetic field induces the elution of the cells magnetically labelled, in another container. Image from[START_REF] Miltenyi | High gradient magnetic cell separation with MACS[END_REF].

Figure 2 . 7 :

 27 Figure 2.7: Device coupling deterministic lateral displacement, inertial forces and magnetophoresis. Principle of experimental sorting to isolate circulating tumor cells.Blood is first mixed with immunomagnetic beads that specifically recognize circulating tumor cells (CTCs). Whole blood is perfused into a lattice which separates cells according to their size. Small cells such as red blood cells and platelets are collected in an outlet while white blood cells and CTCs join a second region of the device. In this region cells are centered thanks to an inertial force in a non-symmetric wavy channel. In the last region, an external magnetic field is applied. CTC trajectory is modified by the field and they reached the more resistive outlet. White blood cells that are not sensitive to the magnetic field are separated from CTCs. Image from[START_REF] Ozkumur | Inertial focusing for tumor antigendependent and -independent sorting of rare circulating tumor cells[END_REF].

Contents 3 . 1 3 . 2 3 . 4

 313234 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1.1 Mechanical properties characterization . . . . . . . . . . . . . . . . . . . . . . . 3.1.2 Cell mechanical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1.3 Global measurements of mechanical properties . . . . . . . . . . . . . . . . . . 3.1.4 Local measurements of mechanical properties . . . . . . . . . . . . . . . . . . . 3.1.5 Methods used for our application . . . . . . . . . . . . . . . . . . . . . . . . . . Microfluidic constrictions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.1 Material and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.2 Capsule inverse analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.3 Cell characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3 Tip-less AFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.1 Material and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.2 Cell characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  , aerosols and open perspectives on biological trapping. In 1994, Perkins et al. have measured DNA elongation thanks to optical tweezers [134]. They fixed a latex microbead to one end of the DNA string and trapped it with a laser. DNA was immersed into an aqueous solution and elongates into its full extension under a fluid flow. They measured the extension and the relaxation of a single DNA molecule. With this technique, there is no need of chemical or biological molecules to deform the target molecule. Nonetheless, to visualize DNA they used a fluorescent marker. Light and fluorescence could modify the mechanical properties of a molecule or a cell. Also, in this case, optical tweezers are only used on immobile molecules or cells and need an external force to determine the mechanical properties (in the case of DNA the fluid flow gave the force needed to elongation). To deform cells only thanks to light, researchers have developed optical stretchers. Optical stretcher is a non invasive light based method used to quantify the deformation of cells. It has been developed for the first time in 2001 by Guck et al [135]. The principle is inspired by optical tweezers. The main difference is the use of two lasers unfocused which permit to stretch the cell instead of only trapping it. The two lasers are in the opposite site of the cell and exert forces on the cell in the laser beam axis. The forces arising from the momentum transfer of light to the surface of the cell deform it due to the modification of the refractive index. It gives quantitative results about cell elasticity. Deformability is an intrinsic biophysical marker allowing a label free characterization.

Contents 4 . 1 91 4. 1 . 1 92 4. 1 . 2 93 4. 1 . 3 98 4. 2 98 4. 2 . 1 98 4. 2 . 2 102 4. 3 102 4. 3 . 1 102 4. 3 . 2 103 4. 3 . 3 104 4. 3 . 4 106 4. 3 . 5 107 4. 4

 4191119212931398298219822102310231102321033310434106351074 Introduction to megakaryocyte elongations . . . . . . . . . . . . . . . . . . . . . . . . Production in static conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . Production in dynamic conditions . . . . . . . . . . . . . . . . . . . . . . . . . . Focus on a microfluidic device to understand platelet formation from isolated cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Material and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Microfluidic device and fabrication . . . . . . . . . . . . . . . . . . . . . . . . . Cell preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 4.2.3 Experimental setup for perfusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 101 4.2.4 Image acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Elongation characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Shape of the elongated filament . . . . . . . . . . . . . . . . . . . . . . . . . . . . Elongation velocity over time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Spatial distribution of elongation velocity . . . . . . . . . . . . . . . . . . . . . . Study of ruptures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Role of the reactive oxygen species . . . . . . . . . . . . . . . . . . . . . . . . . . Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

Figure 4 . 2 :

 42 Figure 4.2: Platelet production in static conditions. Mouse megakaryocyte forming in vitro proplatelets.The formation starts on one side (asterisk symbol). The proplatelets become thinner and thinner, elongate and some platelets detach (arrow heads 4 h to 7 h). Image from[START_REF] Italiano | Blood platelets are assembled principally at the ends of proplatelet processes produced by differentiated megakaryocytes[END_REF].

Figure 4 . 5 :

 45 Figure 4.5: MK differentiation and platelet production in a biomimetic channel. Sketch of an in vitro megakaryopoiesis principle. MK are seeded on the silk sponge, mature and migrate in the microtube. There they start to extend proplatelets through the silk membrane mimicking the bone marrow sinusoid vessel. In the bottom part of the microtube, endothelial cells are cultured and release cytokines that help MK maturation. Into the microtube, RBCs in culture medium or culture medium alone is perfused with a shear rate of 60 s -1 . Platelets produced join the internal flow and are collected at the end of the microtube. Figure from [216].

  Images are acquired in bright field and then in fluorescence on different cells. Bright field acquisitions are performed simultaneously on 5 cells during 40 minutes at the magnification of ×20 or ×40 with a time lapse of one image per second. Images are acquired in fluorescence with an excitation wavelength of 510 nm, for 5 minutes, on cells stained with MitoSOX. Images are post treated using the Image J software. The physical length of one pixel is 16 µm. The superposition of bright field and fluorescent images on one cell is not possible with this set-up because when the microscope switch between fluorescence and bright field filters the microscope stage moves.

  4 a, b). Both are based on the silicon rhodamine fluorochrome whose absorption wavelength is 652 nm and the emission wavelength is 674 nm. That corresponds to far red wavelengths. Absorption-emission spectra are drawn on figure 5.4 (c).

Figure 5 .

 5 23 shows a cell attached to the beam coated with VWF. Some beads at the extremity of the filament accelerate and detach in the flow (Figure5.23 b). After five ruptures the filament shrinks with a velocity close to elongation velocity prior ablation (0.17 µm/s). Because we do not have the equivalent images in fluorescence, we do not know whether the remaining filament still contains microtubules (and dynein). It is unclear what triggers the retraction: is there a maximum and the microtubules in fluorescence should help to have ablation in only one loop.

Fig. 1 .

 1 Fig. 1. Sketch of the experimental device. The fluids flow from left to right. (a) General view of our sorting device. (b) Photograph of the flow-focusing at the entrance of the straight channel. The capsule suspension is pinched by an external viscous fluid of viscosity μ ext , and forms a fluid thread of viscosity μ in and thickness ǫ. (c) Dimensions of the obstacle and of the rectangular straight channel. (d) The distance between the center of mass of the capsule and the obstacle is defined as δ.

Fig. 2 .

 2 Fig. 2. (a) Photograph of a coflow of an internal flow of pure water injected into a solution of 70% of glycerol (Fluid pair A, Table 1 ). (b) Gray scale profile along the line ( Fig. 2 a) used to measure the inner flow width ǫ, and the width of the channel w .

Table 1 Fluid

 1 properties for different coflows with μ in (resp. μ ext ) as the viscosity of the inner fluid (resp. external fluid), and the viscosity contrast χ -1 = μ ext / μ in . Fluid pair Internal fluid External fluid μ in [cP] μ ext [cP] χ -1

  a), at different flow strengths. We define the flow strength as the product μ ext U . Varying the pressures P in and P ext modifies U , and in consequence the flow strength. The position Y c of the center of mass upstream of the obstacle is compared to the position of the middle of the channel Y 0 = 0 . The off-centering κ is defined as the difference between the two values and non-dimensionalized by the capsule diameter D , κ = Y c -Y 0 D .

Fig. 3 .

 3 Fig. 3. The width ǫ of the core flow is expressed as a function of the flow rate ratio φ and the viscosity ratio χ . (a) Plot of ǫ/ α for the different dimension parameters α, for the fluid pair A. Solid line represents ǫ/ α = [ 1 + ( 1.5 χ 1 / 2 φ 2 / 3 ) -1 ] -1 . Best fit for α = √ hw . (b) Plot of ǫ/ √ hw as a function of φ for the fluid pairs A and B. Triangles correspond to fluid pair A (water/70% glycerol mixture, χ -1 = 30) and circles represent experimental data from fluid pair B (alginate/70% glycerol mixture, χ -1 = 4.28). Solid lines represent ǫ/α = [ 1 + ( K x φ 2 / 3 ) -1] -1 ( K x = 1.5 χ 1 / 2 ) and are adapted from[33] .

Fig. 4 .

 4 Fig. 4. (a) Trajectories of a 60 μm capsule (red) and a 80 μm capsule (blue), at various instants of time when they flow in pure glycerol (Fluid pair C, Table 1 ). (b) Size distribution of capsules collected at the different outlets. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

Fig. 5 .

 5 Fig. 5. Trajectory of capsules in the diverging flow chamber. Capsules were flowed at low (pink) and high (yellow) flow strengths. (a) Capsules prepared at pH 5.9. (b) Capsules prepared at pH 8. The scale bars correspond to 10 0 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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Table 1 .1: Fluid properties for different coflow experiments with

 1 µ in (resp. µ ext ) as the viscosity of the inner fluid (resp. external fluid), and an order of magnitude of the viscosity contrast χ -1 = µ ext /µ in .

Fluid pair Internal fluid External Fluid µ in [cP] µ ext [cP] χ -1

  

	A	Pure water	Glycerol 70%	1	30	30
	B	Alginate solution	Glycerol 70%	7	30	4
	C	Capsule suspension	Pure glycerol	800	1300	2

Table 2 . 1 :

 21 Summary of sorting techniques. The table is adapted from[START_REF] Gossett | Label-free cell separation and sorting in microfluidic systems[END_REF][START_REF] Bhagat | Microfluidics for cell separation[END_REF] polymerization and conduces to abnormal shapes and a lower deformability. That causes complications of cell circulation, anemia and can provoke the death of the patient. Other examples concerning white blood cells are studied. Sepsis inflammation[START_REF] Nishino | Serial changes in leukocyte deformability and whole blood rheology in patients with sepsis or trauma[END_REF] modifies cell mechanical properties. When they activate, neutrophils become stiffer

	Method	Separation parameters	Method	Advantages	Drawbacks	References
	Centrifugation	Density	Passive	High purity efficiency (99.9 %)	Requires a large volume of cells (some ml)	[71, 73]
	DLD	Size Deformability	Passive	High yield efficiency (350 µl/h) High throughput	Fabrication challenge, require-obstacles ment of many high resolution	[100, 101]
	PFF	Size Deformability	Passive	No clogging	Low throughput ( 300 µl/h)	[24, 102]
	Inertial microfluidics	Size Deformability	Passive	High throughput 80 10 3 µl/h) (10 6 cell/min,	Long channels required	[25, 103]
	Flowing through ridges	Size Deformability	Passive	High throughput	Requires a large size or de-formability contrast	[104]
	Microfluidic filters	Size Deformability	Passive	High throughput (10 9 cells/min)	Frequent clogging	[105, 106]
	Acoustophoresis	Size Density	Active	High throughput (10 8 cell/min) particles High efficiency to sort	Limited separation distance to length a quarter of the acoustic wave-	[94, 95, 97]
	Magnetophoresis	Magnetic properties	Active	High throughput (200 µl/min) enrichment High efficiency for cell	Expensive pled with antibody Requires magnetic beads cou-	[78, 80]
					Expensive	
	FACS	Size, density, fluorescence	Active	Single cell analysis	Requires fluorescent molecules coupled with antibody	[75, 83, 107]
					Low flow rate (100 cell/s -1 )	
	FADS	Fluorescence Active	Single cell analysis Low volume	Expensive	[87, 88, 107]

  and calculate the enrichment ratio (ER) as the ratio of DAMI cells (resp. BBI treated DAMI cells) at designated outlets and in the initial mixture: ER = (Cell % in the outlet)/(Cells % in the initial suspension). Cells smaller than 16 µm are enriched by a factors 1.25 in outlet 1 and 1.08 in outlet 2, and cells greater than 16 µm are enriched by a factor 2.52 in outlet 3. This indicates that the system is able to make enrichment. Initial measurements have shown that cells smaller than 16 µm correspond to untreated DAMI cells (resp. cells larger than 16 µm correspond to 3 days BBI treated DAMI cells).

diameter. Dimensions are detailed in table 2.2. The desired constriction sizes are 7.5 µm, 12.5 µm and cell/h

Table 3 .1: Summary of techniques for mechanical properties characterization.

 3 All methods presented are compatible with living cells. We summarize here advantages, and drawbacks of each method. The parameters measured are the Young's modulus E, the shear modulus G, the surface shear modulus G s and the viscoelasticity µ.

	Method	Measured parameter	Advantages	Drawbacks	References
	Microrheology	E [Pa] G' [Pa] G" [Pa]	High frequency (up to 100 kHz) Passive method	Only for soft materials (G « 100 Pa) Not adapted for suspended cells	[165][166]
	Micropipette aspiration	E [Pa] µ [Pa.s]	Adapted for non linear deformation measurement Adapted to adherent and suspended High forces range (10 pN to 10 4 nN) cells	Limited by the pipette diameter force profiles Low throughput Modeliazation needed to access	[171]
			Quantification of the elastic modulus		
	AFM	E [Pa] µ [Pa.s]	High spatial resolution (depending on the tip geometry)	Low scanning speed Low throughput	[144][150] [153][179]
			Large range of forces (100 nN to 1 µN)		
	Compression	E [Pa] µ [Pa.s]	Large range of forces (around 100 nN), Uniaxial deformation	Low throughput	[131][132] [180]
				Low throughput (100 cell/h),	
	Optical stretcher	E [Pa] µ [Pa.s]	No physical contact with the sample Non destructive Adapted to suspended cells	High power of the lasers (500 mW) Modeling needed to access force Limited choice of wavelength, Local heating of the cell	[181][135]
				profiles	
	Microfluidic constrictions	G s [Pa]	Quantification of the shear modulus, High throughput (10 000 cell/h) Global deformation,	Limited by the high speed camera Limited by numerical models frequency	[143][182]

Table 3 . 2 :

 32 Velocity in the constriction for diverse cell treatments. Cells are perfused at 300 mbar in a rectangular channel of 10 µm wide, 3 mm long and 14 µm deep. N represents the number of cells characterized. Cell velocity is presented as the average ± the standard deviation.

	Treatment Concentration [µM] Duration [min]	L x [µm]	Cell velocity [mm/s] N
	Control	/	60	15.4 ± 2.2	92.2 ± 5.9	25
	DMSO	4	60	15.7 ± 2.0	82.5 ± 5.4	14
	BBI	40	60	15.5 ± 3.0	94.5 ± 6.4	25
	BBI	10	60	15.1 ± 1.9	72.5 ± 6.7	46
	CytoD	2	30	17.2 ± 3.1	93.5 ± 8.4	20
	CytoD	2	10	15.2 ± 2.3	86.5 ± 7.1	10
	CytoD	10	30	15.6 ± 2.8	97.7 ± 6.1	11

Table 3 . 4 :

 34 Results of tipless AFM experiments. N represents the number of cells characterized. Cell diameter and stiffness are presented as the mean ± the standard deviation for an indentation of 15 % of the cell diameter.We realize a set of control experiments before each set of measurements in order to validate the robustness of the cantilever and be able to compare results not realized the same day. We only compare experiments whose control results do not present differences neither in size or stiffness. If the value of the control vary it can result of defects on the cantilever, errors in cell culture or cell aging. In case of doubt on control measurements, we do not present the results of experiments performed at this date.

	Treatment Concentration [µM] Duration Cell diameter D [µm] Cell Young's modulus [Pa] N
	Control	/	1 h	15.16 ± 1.66	27 ± 21
	BBI	40	3 days	24.63 ± 3.65	20 ± 18
	S-nitro BBI	40	40 min	15.13 ± 1.13	28 ± 19
	Cyto D	5	2 h	16.12 ± 2.48	8 ± 7
	Cyto D	5	30 min	15.21 ± 1.45	33 ± 22
	Lat A	0.5	10 min	15.12 ± 1.99	13 ± 8
	Lat A	1	10 min	15.00 ± 1.71	10 ± 4
	Cal A	0.0026	30 min	15.72 ± 2.08	91 ± 88
	Cal A	0.05	30 min	15.98 ± 1.85	105 ± 94
	Y-27632	10	30 min	15.27 ± 1.97	79 ± 82

  's modulus have been published for other cell types. With a pyramidal tip of 3 µm height AFM, Rosenbluth et al. [179] gives a Young's modulus for blood cells: 156 ± 87 Pa for neutrophils, 855 ± 670 Pa for myeloblast and 48 ± 35 Pa for the Jurkat lymphoblast cell line. When compared to these values DAMI cells seem to already have a soft behavior, with a Young's modulus of E = 27 ± 21 Pa.

Table 5 . 1 :

 51 Elongation experiments. N corresponds to the number of experiments. U is the average velocity considering the total length of the filament. U A is the average velocity considering the point A on the cell body (Figure5.17). U B is the average velocity considering the point B on the cell body (Figure5.17).

	N	U [µm/s]	U A [µm/s]	U B [µm/s]
	1	0.0449 ± 0.0021	/	/
	2	0.1115 ± 0.0013 0.1172 ± 0.0001 0.1001 ± 0.0001
	3	0.0796 ± 0.0008 0.1285 ± 0.0001 0.1247 ± 0.0001
	4	0.0781 ± 0.0034 0.0570 ± 0.0011	/
	5	0.2268 ± 0.0006 0.1853 ± 0.0001 0.1293 ± 0.0001
	6	0.0804 ± 0.0006 0.0617 ± 0.0002	/
	Average 0.1025 ± 0.0015 0.1100 ± 0.0003 0.1180 ± 0.0001
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