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Abstract

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.

Keywords :
Microfluidics, Microcapsules, Megakaryocytes, Platelets, Sorting, Flow-focusing, Deformability, Laser
ablation, AFM
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Résumé

Les mégacaryocytes sont des cellules de la moelle osseuse, a 1'origine de la production des pla-
quettes sanguines. Quand elles arrivent a maturité, elles grossissent et émettent des prolongements
de cytoplasme a travers la paroi des vaisseaux irriguant la moelle. Dans la circulation sanguine, ces
prolongements, soumis aux forces de ’écoulement, s’allongent et se rompent pour former des pla-
quettes. Des techniques microfluidiques capables de produire des plaquettes in vitro existent et sont
une alternative prometteuse au don. Mais le rendement reste & 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 premiere 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 a leur
stade de maturité. La méthode a d’abord été mise au point avec des microcapsules. Leurs propriétés
mécaniques sont déterminées par analyse inverse a partir de la mesure de leur forme en écoulement
dans des constrictions droites. Puis le dispositif utilisé a été miniaturisé pour s’adapter a la taille des
cellules. Pour la caractérisation de leurs propriétés mécaniques, deux outils ont été utilisés: I’analyse

inverse et la microscopie a force atomique sans pointe.

Une deuxiéme partie porte sur 1’étude de I'élongation et de la rupture de mégacaryocytes soumis
écoulement. Nous avons quantifié les variations spatiotemporelles du taux d’élongation et développé

un protocole d’ablation laser pour étudier les mécanismes de rupture de cellules en élongation.
Mots clefs :

Microfluidique, Microcapsules, Megacaryocytes, Plaquettes, Tri, Flow-focusing, Deformabilité, Abla-
tion laser, AFM
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Figure 1: Sketch of hematopoiesis. Hematopoietic stem cells located in the bone marrow differentiate into blood
cells: red blood cells, white blood cells (T lymphocytes, B lymphocytes, neutrophils, basophils, eosinophils and
monocytes), and platelets. Figure adapted from [T].

Blood is composed of 55 % of plasma, 44 % of red blood cells and 1 % of white blood cells and
platelets. The function of red blood cells is to transport oxygen and carbon dioxide through all the
organs. White blood cells or leukocytes are immune cells that contribute to the protection of the or-
ganism against pathogens. Finally, platelets are involved in coagulation. Depending on their nature,
blood cells have different life times, which are highly variable (but on average) a few days for white
blood cells, 10 days for platelets and 100 days for red blood cells. Blood cells are therefore constantly
renewed throughout the life. They all originate from hematopoietic stem cells located in the bone
marrow. The formation of blood cells is called hematopoiesis (Figure [I). The perivascular environ-
ment in bone marrow supporting migration and differentiation of hematopoietic stem cells is often

called the vascular niche [2]]. In this work we focus on the pathway leading to platelet production.

Platelets are non nucleated cells circulating in blood and involved in coagulation and healing.
Physiologically platelets come from megakaryocytes (MK) located in the bone marrow [3]. When
they grow mature, MK become larger, their ploidy increases and their membrane invaginates. Then

1
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they produce extensions of cytoplasm, called proplatelets, able to cross the endothelium of the bone
marrow sinusoids (Figure[3). In the blood flow, these proplatelets elongate thanks to hydrodynamic
forces and finally detach from the MK body. The released fragments, called preplatelets, undergo
further ruptures in the blood circulation until they form platelets. High shear forces encountered in
capillary beds have long been suspected to contribute to this late fragmentation. For instance, it is
known that platelets count is higher downstream of the lungs than upstream. This hypothesis was
confirmed recently by intravital microscopy observations of the production of platelets in the narrow

capillaries of mouse lung [4].

Platelet production is impaired in several diseases such as genetic diseases and cancer. Thrombo-
cytopenia, 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]il-
lustrates 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 engi-
neered 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 throm-
bopoiesis, 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 Wille-
brand 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 biore-

actor 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 de-
formability. 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 [l 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
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Figure 2: Platelet transfusion with blood donation. The blood of a donor is collected in an apheresis machine
which sorts platelets and plasma from whole blood. The blood is then re-injected to the donor and platelet rich
plasma collected is available for transfusion of a patient.

flow rates, this system allows to separate capsules based on their deformability. We discuss in chap-
ter 2] the application of this system for deformability-based cell sorting. Microfluidic cell separation
techniques are presented. We discuss the challenges of sorting cells compare to capsules according
to their size and mechanical properties and present experimental results obtained in a downscaled
version of our microcapsule sorter. Applications to the sorting of other cell types, in particular leuko-
cytes, are also considered. In order to validate these systems, we need to characterize the mechanical
properties of the cells and microcapsules used in the experiments. Chapter 3| presents a review of the
common techniques usually used to characterize mechanical properties at the microscale. We focus
on the two techniques used in this work: flow through a microfluidic constriction and tipless atomic

force microscopy, to characterize capsules and cells respectively.

In the last two chapters, we develop tools to expose MK to well-controlled conditions in VWE-
coated microfluidic chambers dedicated to the observation of isolated cells. In chapter [} after re-
viewing methods to produce in vitro platelets, we characterize the spatiotemporal heterogeneity of
MK elongation in microfluidic devices. Finally chapter [fis dedicated to the elaboration of a laser
ablation protocol in order to trigger and observe the rupture of elongating MK and the prelease of

preplatelets. Conclusions and perspectives of this project are then exposed.
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. MK development in adult bone marrow
2. Endomitosis to cre olyploid nucleus
3. Cytoplasmic maturation
4. Proplatelet formation and release
5. Preplatelet to proplatelet interconversion
5. Platelet release

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 pro-
platelets. (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].
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6 CHAPTER 1. CAPSULE SORTING

1.1 Introduction

1.1.1 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, cap-

sules 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 cy-
toplasm 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 intermedi-
ate 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 con-

trolling 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 de-
vices, 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.

1.1.2 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 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
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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.

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.

Pinch flow fractionation

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].

A method to avoid clogging is to have no obstacles. Pinch flow fractionation (PFF) is based on
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continuous flow in a channel. The geometry consists of two inlets, a bifurcation, a diffuser and sev-
eral outlets. One entrance is used for the suspension and the other one for another fluid devoid of
particles. This external fluid is used to pinch all the particles in the filament as close to the wall as
possible. Figure[1.2]shows two particles of different size. The trajectory of particles in the diffuser is
dictated by the position of their center of mass in the constriction, where small particles are pushed
closer to the wall than larger ones. The role of the diffuser is to amplify these differences of position
in order to collect small and large particles in separate outlets. The system can be made more efficient

by increasing the flow rate until inertial forces become comparable with viscous drag [24].

Inertial microfluidics

W

Figure 1.3: Inertial microscopy. Spiral microfluidic channel used to sort particles according to their size. In
order to separate individual particles stream, the channel widens at the end and several outlets allow to collect
the different populations. Image from [25].

Due to the small size of the channels, we often neglect inertial effects in microfluidic flow [26].
We can estimate the Reynolds number (Re = pUH/u). Where p is the density (kg/m?), U the flow
velocity (m/s), H the characteristic length of the channel (um) and y the viscosity (Pa.s). The Reynolds
number is the ratio between inertial and viscous forces. At the microscale, H is small and high velocity
U is required to have an effect of both viscous and inertial forces. Among inertial effects, the lift force
exerted on a particle flowing in a curved channel has been studied as a tool to focus [27] and sort
microscopic particles. Inertial effect is most of the time used with curvatures (coil or spirals).
In a curvature an additional force is exerted on particles and is called the inertial lift force. The lift
effect is directed perpendicularly to the flow in the direction to the wall. Small particles are more
sensitive to lift effect. Thus they find their equilibrium in a off-centered streamline close to the wall
in a linear channel (Figure[T.4} ). As the length needed to separate the objects is long, a spiral shape,
such as the one presented in figure[I.3} is often used to save space and minimize the total dimensions
of the sorting system. The spiral allows margination of particles. Small particles follow the center

line, when larger cells follow the wall line.
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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].

1.1.3 Deformability-based sorting methods

The logic behind the methods presented in the previous section is that small particles are col-
lected 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, hy-
drodynamic 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 exten-
sively 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 ap-
plications 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[T.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 (4
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Figure 1.5: Flowing through a bifurcation. Capsules are flowing in a T-shape device. Capsules are first sus-
pended in the center of the channel. Zoom on the 90° curvature where the capsule deforms and passes in the
straight channel or in the bifurcation. Image adapted from [39].

cm) needed to reach equilibrium.

Flow through a bifurcation

In a recent numerical work, Villone et al. propose a geometry based on a T-shape bifurcation.
In figure capsules are suspended well centered in the channel and the pressures are chosen to
have the same flow rate in both outlet channels. Thus the centerline arrives on an equilibrium point
trapped onto the curvature (zoomed zone in the red square). Perfectly centered capsules deform
around the corner and the position of their center of mass determines the channel where they will
flow. Stiff capsules deform weakly on the corner and flow in the straight channel. Soft capsules de-
form more against the corner and the position of their center of mass is deviated in the direction of the
90° curved channel. The capsules sorting can be achieved according to their deformability. However,
the principle is very sensitive to capsule centering and needs very high viscosity and velocities to be

efficient.

Flow through a constriction

Another technique using mechanical properties consists in flowing microcapsules through ridges
structures [42] and constrictions. In their patent, Sulcheck et al. have described a microfluidic device
consisting of several tilted ridges [43]. Figure [1.6] presents how capsules are confined between the
beams and the wall [40]. The trajectories followed by the particles depend on their deformability. Soft
particles , in blue in figure (b), deform and are deflected in the channel. Stiff particles, in green,
weakly deform in the constrictions and their trajectory deviates with a different angle caused by the
presence of the ridges. This passive method efficiency will be decreased with the microfabrication

limits, and after some uses, ridges could present defects. Until now the technique has only been
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Figure 1.6: Flowing through constrictions. (a) Capsules are flowing through successive diagonal ridges. Ridges
are present in the top and the bottom and confine the capsules when they are flowing through the constriction.
Image adapted from [40]. (b) Stiff particles weakly deform in the constriction and have a straight trajectory in the
device. On the contrary, soft particles deform and are deflected following the angle of the ridge. Image adapted

from [41].

validated for large stiffness contrasts of 57.

1.1.4 Objectives of our microsystem

a)
External fluid inlet

Outlet 3
Capsule fluid inlet

Outlet 2

Outlet 1

Outlet 2

Outlet 3

Figure 1.7: Sketch of the experimental device. The fluids flow from left to right. (a) Sketch of the microfluidic
device geometry. The system presents two entrances for the flow focusing, a diffuser and five outlets to collect
capsules. (b) Zoom of the green delimited zone is a picture of the flow focusing module. The external fluid
is perfused at P,y; and pinches the internal fluid which contains the capsules in order to focus them onto the
obstacle. (c) Zoom of the red delimited zone. It is a picture of the half-cylinder obstacle at the end of the straight
channel. Here a capsule of diameter 80 ym moves to the obstacle, deforms, passes into the constriction and
follows a trajectory in the diffuser.
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We 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 [44], 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. [44] 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
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).

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 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 presents the param-
eters involved in deformability- and/or size-based sorting.

1.2 Material and Methods

1.2.1 Microchannel design and fabrication

Our microfluidic device is symmetric and consists of a rectangular straight channel of width w
and depth & partially obstructed by a half-cylinder obstacle of diameter A (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 b). Downstream of the obstacle, the channel widens (Figure a) and splits into
several exits to collect capsules. The width of the confined zone between the side wall and the obsta-

cle 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 [45]. 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 SUS8-
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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.

1.2.2 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 de-
scribed 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 min-
utes, 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 ] software using a circular fit, and expressed as the mean =+ the standard deviation.

1.2.3 Capsule treatments

In order to have different populations of capsules with different mechanical properties, we ex-
posed capsules to different treatments. We observed the capsules between slide and cover slip spaced
with three layers of tape (total thickness 150 ym), 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
[46]. Moreover, it is a known solvent used for protein precipitation [47]. 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
ellipsoidal shape when compared to non-treated capsules (Figure [L.8|b). When flowing through the
microsystem, we expect capsules to deform around the obstacle and recover a round shape in the dif-
fuser. That is what we observed for non-treated capsules (Figure1.8|c). But the membrane of ethanol
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treated capsules seems to retract and does not present a spherical shape.

No Ethanol Ethanol

Statics

In flow

Figure 1.8: Ethanol treatment effect on microcapsule shape. Observation of an ovalbumin capsule fabricated
at pH 5.9, (a) without any treatment between slide and coverslip. (b) treated with ethanol between slide and
coverslip, they present an ellipsoidal shape. (c) without any treatment in the divergent chamber. (d) treated with
ethanol in the divergent chamber, the membrane retracts. Scale bar 100 ym.

Our system is expected to sort spherical micro-objects. Ethanol treatment modifies capsule shape,

so we will not use this treatment to artificially modify capsule mechanical properties.

Diamide treatment

In the literature, diamide has often been used to stiffen red blood cells (RBCs) [48H50]. Diamide
is a chemical thiol-cross linking agent and ovalbumin capsule membrane contains thiol groups. Thus
we expect diamide to stiffen capsules. We treat capsules with diamide (55 M) during 25 min at 37°C.
After the 25 min exposition, capsules are rinsed and centrifuged three times, 5 min at 250 rcf, in pure
water, to eliminate diamide excess. After the last centrifugation they are resuspended in pure glycerol
and perfused into the device with the conditions exposed in section[1.2.4]

In order to keep the sphericity of the capsule after treatment, we test several diamide concentra-
tions, exposition duration, and centrifugation speed and duration. We finally manage to obtain a
spherical shape for capsules treated with 55 M for 25 minutes and rinsed 3 times in water by 3 suc-
cessive centrifugation of 5 minutes at 250 rcf. However, finding the right parameters to have round
treated capsules takes time. When we perfuse the corresponding non-treated capsules in the PTFE
(polytetrafluoroethylene) tubes they are damaged by the flow (Figure[1.9|c). We observe that aging
impacts capsule fragility. Mechanical solicitations of the flow in the capillaries irreversibly damages
the capsules. They are already impaired at the entrance of the channel (Figure[T.9)c). Treated capsules
appear to be round between slide and coverslip and in flow, in the diffuser (Figure[L.9]b, d). Diamide
has probably stiffened the capsule membrane which remains spherical. But even if non-treated cap-
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Figure 1.9: Diamide treatment effect on microcapsule shape. Observation of an ovalbumin capsule fabricated
at pH 5.9, (a) without any treatment between slide and coverslip. (b) treated with diamide between slide and
coverslip. (c) without any treatment after perfusion in a PTFE tube before perfusion in the microfluidic system.(d)
treated with diamide in the divergent chamber.

sules are round when observed between slide and coverslip before perfusion, their membrane became
too weak to stay spherical in flow. It is then not possible to compare treated and non-treated capsule
trajectories when capsules from one batch are not spherical. With these capsules we can not conclude
about capsule behavior in a constriction. We will not use these capsules in the following sections.

Modification of fabrication conditions

In the literature Chu et al. [51] have shown that fabrication conditions of microcapsules (protocol
detailed in section influence their mechanical properties and deformability. In particular, the
pH of the buffer solution containing ovalbumin modifies capsule stiffness. Capsules prepared at low
pH are softer than those prepared in more basic conditions [51]. We have worked with capsules fab-
ricated at two different pH (pH 5.9 and pH 8). Capsules fabricated at pH 5.9 are expected to be softer
than those fabricated at pH 8.

First, we observe the two batches of capsules between slide and coverslip, and it appears that they
are spherical at rest (Figure[.10]a and b). When flowing through the microfluidic device, downstream
of the obstacle in the diffuser they remain spherical (Figure c and d). This is the case whatever
the pH used during capsule production. We will use these capsules for perfusion and analyze their
trajectories when they pass through a constriction. Having capsules fabricated with different con-
ditions is our best chance to distinguish capsules by their stiffness without further treatments. As
presented earlier in this section, chemical treatments made on capsules interfere with their shape and
it is difficult to control precisely their mechanical properties.
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Soft pH 5.9 Stiff pH 8
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Figure 1.10: Shape of microcapsules produced at two different pH. Observation of an ovalbumin capsule, (a)
fabricated at pH 5.9 between slide and coverslip. (b) fabricated at pH 5.9 in the divergent chamber in flow. (c)
fabricated at pH 8 between slide and coverslip. (d) fabricated at pH 8 in the divergent chamber in flow.

1.2.4 Experimental setup

The schematic of my experimental setup is shown in figure[.7] its geometry is described in section
We fill the channel with two fluids. The internal one, of viscosity y;, = 800 cP, is composed of
20 uL of the capsule suspension and 1 g of pure glycerol. The second one, perfused as the external
fluid is pure glycerol (Figure([T.7)a), of viscosity jext = 1300 cP. The reservoirs respectively containing
the external and internal fluids are connected to the microsystem using PTFE tubes with an internal
diameter of 0.3 mm. We impose a pressure P, to the internal reservoir and Pey; to the external reser-
voir, with a pressure controller (MFCS, Fluigent, France). Videos are recorded using a high-speed
camera (Fastcam SA3, Photron, USA) whose pixel size is 17 ym. Image analysis is performed with
the Image ] software. In order to accurately capture capsule trajectories in the diverging chamber, we
operate at 250 frames per second with a resolution of 1024 x 768 pixels, with a 10x magnification for
all the videos and images. We measure the capsule velocity U in the straight channel upstream of the
obstacle, before any deformation, and the trajectory followed by the capsule in the divergent cham-
ber, at different pressures. Varying the pressures P;,, and P.,; modifies capsule velocity U. The chip is
placed on the stage of an inverted microscope (DMIL LED, Leica Microsystems GmbH, Germany).

1.3 Coflow configuration in the device

Prior to perfuse any microcapsule, it is necessary to understand how fluids behave in the mi-
crofluidic chip. At the entrance of our device, a flow focusing module is used to center capsules.
There, the internal fluid is pinched by the external one. When the more viscous fluid is the core fluid,
it forms a thread extruded by the external fluid and moving in a solid-like manner. When the core
fluid is the less viscous one, it is referred to as a jet. The coflow of immiscible fluids has been stud-
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Figure 1.11: Phase diagram of a jet exposed to different flow rates. (a) Dimensional flow map to predict diffu-
sive, 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].

ied for droplet [53] 54], foam production [55], and chemistry extractor [56]. Among the few studies
on miscible coflows, most address liquid threads and focus on the stability of the pseudo-interface
[57,58]. Recently, Hu and Cubaud [52] 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 de-
pending on flow rate imposed : diffusive regime, stable and non stable regimes (Figure[L.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 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 €. For the centering
of capsules, we need to control the core width e with precision. We perform experiments to determine

which inlet pressures allow to be in a stable regime and with a width € smaller than capsule diameter.
1.3.1 Coflow experiment

Table 1.1: Fluid properties for different coflow experiments with p;,, (resp. peyt) as the viscosity of the inner
fluid (resp. external fluid), and an order of magnitude of the viscosity contrast x = Yext / tin-

Fluid pair Internal fluid External Fluid = p;,[cP]  pext[cP] )(’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

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, geyx and gy,
in the two inlets of the flow-focusing module thanks to a flowmeter (Flowell, Fluigent, France). The
value of the flow rate ratio ¢ = g;,,/gext is deduced. The internal fluid of viscosity y;, is perfused at
pressure P;, into another fluid of viscosity yey moved at pressure Pyt (Ui < Hext). The pressures ap-
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Figure 1.12: Determination of the core width. (a) Picture of a coflow of an internal flow of pure water injected
into a solution of 70 % of glycerol (Fluid pair A, Table[L.T). Scale bar 50 ym. (b) Grayscale profile along the red
line. The width of the channel w and the core width € are determined by measuring the distance between two
pics.

plied to each entrance are adjusted, varying P;, / Peyt, in order to control the core flow width e (Figure
b). Different fluid pairs (Table [1.T) are used to calibrate the flow and establish the relationship
between the flow rate ratio ¢ and the width e.

Coflow experiments are performed with different fluids, whose properties are summarized in Ta-
ble[T.1} The aim is to characterize the jet formation in our channels, with different pressure pairs and
different viscosity ratios. We prepare a 70 % glycerol/water mixture (VWR, France) and a 1 % (w/w)
low viscosity alginate (A1112, Sigma-Aldrich, St Louis, MO, USA) solution in water containing 0.9%
NaCl and 0.2% Hepes. The alginate solution is agitated at least two days at 4°C.

Images are post-processed with the software Image J. A ROI (Region of Interest) line is drawn
across the main channel, and grey levels are plotted along this line (Figure a). The core flow
width e is defined as the distance between the two minima of the grey curve plot (Figure b).

1.3.2 The width of the core flow controlled by pressures applied

In order to characterize the width € of the jet, we carry out experiments fixing the viscosity ratio
(for each fluid pair described in table[T.T) and the external pressure Pey;. We only modify the internal
pressure P;,, in a range which avoids backward surge in one or the other inlet. We measure the flow
rates gext and g;, with the flowmeter and € with the method described in the previous subsection. We
observe that the width € increases with the internal pressure P;, (Figure[1.13). We use several chan-
nels with the same geometry but different aspect ratios of the straight part upstream of the obstacle.
In figure the devices are smaller than those used for capsule sorting but the evolution of core

width with pressure is kept.

Modifying the pressure ratio induces a modification of the core width. Keeping one of the pressure
Peyt or (resp. Py,) constant and modifying the other implicates a larger jet width when P;, increases

(resp. a smaller jet width when P,y increases). In the other hand, playing with Pey and P, at the
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Figure 1.13: Evolution of the width € with the internal pressure. Flow moves from left to right. The external
pressure P,y is fixed at 1000 mbar. Water is perfused into glycerol 70% (Table @ (a) Internal pressure P;,, =
700mbar, the core width € = 15+ 3um. (b) P;;, = 800mbar; € = 22 + 3um. (c) P;; = 900mbar, € = 28 £ 3um. (d)
Pj, = 1000mbar, € = 33 + 3um.

same time, keeping the pressure ratio (P.yt/ P;;) constant does not significantly modify the value of

the width e (Figure[T.14).

1.3.3 The width of the core flow vary with the aspect ratio

We have just shown that a modification of the pressure ratio influences the width e. We discuss
here whether we can predict the width € using the aspect ratio of the channel, the viscosity ratio ¢
and the flow rate ratio x. In figure[T.15} we plot the width €, non-dimentionalized by three different
characteristic lengths «, as a function of the viscosity and the flow rate ratios. The characteristic
length a is: the microchannel width w, height h, or the rectangular characteristic length v/hw. We
compare our results with those of Hu et al. [52]. They perform their experiments in a square channel
(w = h = vVhw) and found an equation to determine the core width € :

= = [14 (L¢3 1) (1.1)

Because our channel is rectangular, it is not obvious which characteristic length will determine
the width €. Thus, we plot several non-dimensioned € as a function of viscosity and flow rate ratios.
We superimpose these curves with the theoretical curve determined with equation (I.I) in figure
1.15, The best fit is obtained when € is normalized by the characteristic length & = v/hw (green
triangles in figure [1.15). The equation of Hu et al. [52] can be adapted to our experiments adapting

the characteristic length « to the aspect ratio of the channel.
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Figure 1.14: Evolution of the width € with the pressure ratio. Flow moves from left to right. The pressure ratio
is kept constant P;,, / Pyt is 1 ((a) and (b)) respectively 1.4 ((c) and (d)). Water is perfused into glycerol 70% (Table
(a) The core width € = 154 3um. (b) € = 17 £ 3um. (c) € = 33 £ 3ym. (d) € = 34 £ 3um.
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Figure 1.15: Evolution of the width ¢ with the aspect ratio. Plot of the non-dimensioned width € with the

parameter «, for the fluid pair A (Table . Solid line represents the equation The best fit is with « = Vv hw.
Graph adapted from [52,[59].

1.3.4 The width of the core flow variation with the viscosity ratio

We carry out experiments with different fluid pairs in order to change the viscosity ratio. For a
given fluid pair, the viscosity ratio is kept constant (Table [T.I). We work at variable pressure ratio
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Py, / Pext keeping P,y constant in order to modify the core width €. We know the relation between the
core width €, the viscosity ratio ¢, and the flow rate ratio x thanks to equation (I.1).
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Figure 1.16: Evolution of the width e with the viscosity ratio. Plot of e /+/hw as a function of ¢ for the fluid pairs
A and B. Green triangles correspond to fluid pair A (water/70% glycerol mixture, x~ 1 =30) and orange circles
represent experimental data from fluid pair B (alginate/70% glycerol mixture, ! = 4.28). Solid lines represent
e/a =1+ (Ke¢?/3)7171 (K = 1.5x'/2) and are adapted from [52,59]

We extend the curves published in (for viscosity ratios: 9929, 1982, 990 and 98) to lower vis-
cosity ratios. In figure the orange and green solid lines respectively correspond to the curve
obtained using equation for viscosity ratio of 4 and 30. Orange circles and green triangles are
respectively the points from experimental data at viscosity ratio of 4 and 30. Experimental data and
analytical data are superimposed. That is the proof that even if we are working in deformable PDMS
channels, we are able to determine the width € with the knowledge of viscosities. In order to have €
constant and in the range of capsule diameter D, we perform capsules flow experiments at constant

pressure ratio.

1.3.5 From pressure ratio to flow rate ratio

Originally, microfluidic flow was imposed by controlling the flow-rate ratio by using syringe
pump [60]. Syringe-pump is relied on a step by step motor which creates pressure fluctuations into
the device and disturb the flow [61]. In order to avoid these fluctuations, pressure controllers have
been developed. In a single phase flow, pressure and flow rate are linearly connected at low Reynolds
number. As a consequence, we expect that flow-rate and pressure driven flow will lead to similar co-
flow in a flow focusing. However, Ward et al. have shown differences between droplets formed
from flow-rate-driven or pressure-driven pumping. They report differences in the drop formation
process and hypothesized that surface tension is involved in these differences. But they were not able
to check it.

In their work, Hu et al. are controlling the flow rate in order to accurately control the width
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of the core flow €. Because we need a quick response of the flow when modifying the flow strength
we are using a setup based on pressure. This modification is not negligible because under a certain
internal pressure, the fluid surges backward whereas imposing the flow-rate induces a flow in both
parts of the flow focusing. Figure shows that the regime of bubble formation is larger by con-
trolling the flow-rate than by controlling pressures [63]. Bubble formation and jet formation work on
the same principles. The main difference is the tension of the interface that is larger in the case of the
formation of bubbles by perfusing two immiscible fluids. In our case, the stable regime of coflow is
larger in a flow-rate-driven coflow than in a pressure-driven one as shown in figure In order to
compare and implement the experiments made by Hu et al. [52] with our work, we measure the flow
strengths with a flow meter. We are then able to make a correlation between the pressures applied,
the flow rates, and the width e. We supervised Oriane Chaput during her bachelor thesis to initiate
this study. It is the subject of an in progress publication in collaboration with Ilyesse Bihi, Badr Kaoui
and Anne Le Goff.
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Figure 1.17: Flow regime diagrams for droplet production. On the left is a pressure driven flow with water in
the centered channel and oil of viscosity 28 mPa.s in the lateral channels, at respectively P; (i.e. P;,;) and P (i.e.
Peyt). On the right is a flow-rate driven flow with water flown in the central channel at Q; (i.e. g;,) and oil of
viscosity 28 mPa.s flown at a flow rate Q. (i.e. gext). Image adapted from [63].

For capsule sorting experiments, we have chosen a unique fluid pair (glycerol, capsule suspen-
sion). The applied pressures are selected to have a constant width €, smaller than capsule size. The
limit of this method of driving is the critical value under which the internal pressure surges backward.
But we expect that this limit is not critical for our experiments. First because we are able to have a
width € lower to capsule size. Second because controlling in pressure increases the response time of
the coflow when compared to flow-rate-driving systems. Moreover, we have shown in the section
that the viscosity ratio, the width e and the aspect ratio vhw are related with the flow rate. In
conclusion, we are able to know all the perfusion parameters involved in the coflow and understand

the processes of capsule flow described in the next section.

1.4 Trajectories in the diffuser

In this section, we seek to determine the condition of perfusion allowing the capsules to deform

and inducing a modification of trajectories. Small rigid objects, called lycopods are perfused in the
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Figure 1.18: Flow regime diagrams for jet formation. On the left is a pressure driven flow, the stability regime is
small, when internal pressures are low when compared to external pressure. The internal fluid flows backward.
On the contrary, on the right plot is a flow rate driven flow which imposes the flow in one direction. Pressures
are automatically adapted to allow the flow of both fluids. The regime of stability is larger.

external fluid of the flow focusing. We follow the trajectory of lycopods and determine the velocity
field around the obstacle and in the diffuser by considering that a lycopod follows a unique stream-
line. Then, we perfuse deformable capsules in the inner fluid of the coflow, at low and high flow
strength; to understand how micro-objects behave in a diffuser downstream of the obstacle. Their
trajectory can be separated in 3 regions. First, capsule is flown into the straight rectangular channel
and its trajectory is linear. In spite of the presence of a flow focusing module, the centering of capsules
is not perfect. Experimentally, perfect centering does not exist and we call « the offset. The offset x is
measured as presented in figure[I.19(a), as the difference between the position of the center of mass of
the capsule 7. and the y-position of the centerline of the channel 7g: ¥ = . — 7¢. Second, the capsule
is squeezed on the obstacle, deforms and passes through the constriction up or down the obstacle. In
figure[T.19)(b), we define J as the distance between the center of the obstacle and the position of the
center of mass of the capsule in the constriction. Third, it enters the wide chamber and moves in a
straight line until the end of the diffuser. We define 8 as the angle of deflection between the centerline
of the channel and the straight line fitting with the trajectory of the capsule (Figure[T.19c).

1.4.1 Velocity field in the device

At the opposite than capsules, lycopods are perfused in the external fluid, so they can not be cen-
tered into the rectangular channel (Figure. Lycopods whose diameter is Dy copoq =27 £ 2 pm are
not confined into the constriction. They are thus used as tracers. Figure[1.20|presents a superposition
of the trajectories followed by lycopods up and down the obstacle. Lycopods flow around the obsta-
cle and follow a linear trajectory in the diffuser. We use them to determine the positions of external
fluid streamlines. For each lycopod, we measure its off-set ¥ upstream of the obstacle, its distance &
to the obstacle and the angle 8 between the horizontal axis and its trajectory.
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Figure 1.19: Definitions of the parameters involved in sorting. Flow is from left to right. (a) The position 7,
of the center of mass of the capsule upstream of the obstacle and the position 7y of the center of the channel are
substracted to measure the off-centering . (b) In the constriction, the distance between the center of mass of the
capsule and the obstacle is defined as d. (c) Superposition of capsule positions during its travel in the microfluidic
channel from left to right. B represents the angle of deviation between the linear part of the trajectory and the
horizontal axis. A is the diameter of the obstacle.

Figure 1.20: Lycopods trajectory. Superposition on several images representing lycopods trajectory in the dif-
fuser. We can distinguish the internal fluid in the diffuser where there is no lycopods. Scale bar 100 ym.

Experiments are performed for three different pressure pairs: P;, = 267 mbar (resp. 1200 mbar;
2400 mbar) and P,y¢ = 1000 mbar (resp. 4500 mbar; 6000 mbar) including two different ratios (Pj, / Pext
= 0.26 or Pj;,/Peyt =0.4). The angle B are plotted as a function of the distance ¢ in figure For
the three pressure pairs we obtain a linear scatter plot. When the distance ¢ increases, the angle
increases. All the curves superimpose, whatever the applied pressures, lycopods trajectory appears
to follow the same trend.

As a conclusion, for small rigid micro-objects, the angle of deflection § linearly depends on the
distance § between their center of mass in the constriction and the center of the obstacle. In the
next section, we will study the trajectories of larger objects, microcapsules, perfused at low and high

pressures.
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Figure 1.21: Lycopods angle B as a function of the distance J. Plot of the deviation angle 8 of lycopods as a
function of their distance J from the obstacle in the constriction at different pressure pairs.

1.4.2 Capsules at low pressure

Prior to any flow perfusion experiment, we observe capsules fabricated at pH 5.9 on a glass slide
with an inverted microscope. We measure the mean diameter at rest, between slide and coverslip on
174 capsules and find Dy = 60 £ 18 ym. Capsules are then flowed through a 50 ym gap between the
wall and the obstacle, where they are confined. They are then collected at the different outlets (Figure
[[:22]b) and their size distribution is determined in each reservoir.

The flow perfusion experiment is exerted in this subsection for the pressure pair : Pey; = 1000 mbar
the pressure of pure glycerol and P;;, = 400 mbar the pressure of the internal capsule suspension. In
order to underline the influence of the diameter D at low pressures, we fulfill the microfluidic device
with a capsule suspension produced at pH = 5.9, and analyze the populations collected in each outlet.
We find that small capsules (< 50 ym) are located in the centered outlet (outlet 1 in red, Figure[1.22]
b). On the contrary, large capsules of diameter larger than the constriction (> 50 y#m) are collected in
the external outlets 2 and 3. We find an average diameter D1 = 39 £ 10 ym for outlet 1 (in red), D, =
70 £ 8 um for outlet 2 (in blue) and D3 =73 & 8 um for outlet 3 (in green). We notice that the capsule
colored in blue in figure[1.22](a) whose diameter D is 80 ym is more deflected in the diffuser than the
capsule of diameter 60 ym colored in red. Larger capsules are deflected further from the channel axis

than smaller ones.

We then perform the experiment for capsules prepared at different pH (pH 5.9 and pH 8). As
mentioned in section capsules prepared at pH 5.9 are softer than those prepared at pH 8. They
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Figure 1.22: Size-based sorting. (a) Trajectories of a 60 ym capsule (red) and a 80 ym capsule (blue), when
they flow in pure glycerol. (b) Size distribution of capsules collected at the different outlets. Capsules whose

diameter is lower than 50 ym are centered in the diffuser and collected in outlet 1 in red. Capsules whose
diameter is higher than 50 ym are collected in the external outlets 2 and 3.

are perfused at low pressures (P;,, = 200 — 267 mbar and Pey; = 1000 mbar), and we analyzed their
trajectories. At low pressures the mean velocity & the standard deviation of the capsule is U, =
0.9 + 0.2 mm.s~! (mean of data for capsules at pH 5.9 and pH 8). We observe, in figure the
trajectories of soft (in red, Figure[1.23] a) and stiff (in blue, Figure[I.23} a) capsules of diameter 80 ym.
Both trajectories coincide. We analyze the trajectory of 39 soft capsules and 23 stiff capsules and we
plotted the angle of deviation in the diffuser B as a function of the diameter D. The scatter plots of
soft capsules (in red in Figure [1.23) and stiff capsules (in blue in Figure[T.23) can not be distinguished.
At low pressures capsules follow the same trajectory whatever their stiffness. We observe that the
angle increases with the diameter. That is consistent with the fact that small capsules are collected in
the center when large capsules are collected in external outlets 2 and 3. Regardless of their stiffness,

capsules flowing at low pressures can be separated according to their diameter.

Capsules are centered in the channel by the flow focusing module. In the constriction, they flow
as close to the obstacle as their size allows it. When the capsule touches the obstacle, 6 = D/2 + A/2.
The trajectory of a capsule of diameter D in the diffuser should then superimpose with the streamline
that is located at a distance § = D/2 + A/2 from the obstacle in the constriction. Since B increases
with 4, as shown in section[T.4.1} it is then natural to get a linear increase of B with the capsule diam-
eter D. These results indicate that the system is able to sort micro-objects from their size but not from
their mechanical properties at low pressures. It functions as a standard pinched flow fractionation
device [23].

1.4.3 Capsules at high pressure

In this section, capsules are perfused at high pressures (P;;, = 1200 mbar and Ppy; = 4500 mbar).

The pressure ratio (P, / Peyxt) is kept constant when compared to low pressure experiments. An in-
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Figure 1.23: Microcapsule trajectory at low flow strength. (a) Capsule trajectory for capsules of diameter D =
80 ym, and pH 5.9 (resp. pH 8) in red (resp. dark blue) at low pressures (P;;, = 200 — 267 mbar and P.y; = 1000
mbar). Both trajectories are superimposed. (b) Scatter plot of the angle § as a function of the capsule diameter D
for soft capsules fabricated at pH 5.9 (red diamonds) or stiff capsules fabricated at pH 8 (dark blue circles).

crease in pressure keeping the P;, / Pyt ratio constant (constant core width €) induces an increase in
the flow rates g;,;, and gyt and consequently in the capsule velocity and forces applied on the capsule
when it reaches the obstacle. At high pressures, we found that the capsule velocity is Uy;g, = 4.9 &

0.4 mm.s~ 1.
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Figure 1.24: Microcapsule trajectories at high flow strength a) Capsule trajectory for capsules of diameter D =
80 um, and pH 5.9 (resp. pH 8) in red (resp. dark blue) at high pressures (P;,, = 1200 mbar and Py = 4500

mbar). (b) Scatter plot of the angle 8 as a function of the capsule diameter D for soft capsules fabricated at pH
5.9 (dark blue triangles) or stiff capsules fabricated at pH 8 (red squares).

We perform the experiments in exactly the same conditions as for low pressure experiments pre-
sented previously and we analyze the trajectory of 51 soft capsules fabricated at pH 5.9 and 39 stiff
capsules fabricated at pH 8. In figure[T.24](a), we compare the trajectory of two capsules whose diam-
eter is constant: 80 ym and the stiffness differs. The trajectories of a soft capsule colored in red and a
stiff capsule colored in blue, have been drawn. We plot the angle of deflection j as a function of the
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diameter D for an entire population of capsules. We can differentiate two behaviors in figure (b).
Stiff capsule behavior under different pressures is not modified qualitatively neither quantitatively :
in figure the stiff blue capsule follows a linear trend comparable to low pressures behavior pre-
sented 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 trajec-
tory of soft capsules is modified: the angle § 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.

1.5 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 Gs. G; is determined with the method
of inverse analysis in a previous study [51]] (method explained in chapter [3). Capsules fabricated at
pH 5.9 have a G, 2.7 fold lower than those fabricated at pH 8 (Table[1.2). We perform experiments at
different pressures to modify capsule velocity and we define the flow strength ..U as the product
between the capsule velocity U and the external fluid viscosity peyt. 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).

We then perfuse capsules at fixed Gs and different flow strengths keeping the pressure ratio con-
stant (Pj;, / Pext = 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  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 B decreasing (Figure[1.26). For fixed Gs, 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:

_ ,‘l/lextu

Ca c.

(1.2)

The capillary number Ca is calculated for each stiffness and each condition of pressure using
equation (I.2). An increase in pressure induces an increase in flow strength .y U. When the latest
becomes comparable to elastic forces, the distance § between a capsule and the obstacle no longer
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Table 1.2: Perfusion conditions of microcapsules. Capsules fabricated with different pH are flown with a pres-
sure ratio Py, / Peyt. The velocity U is measured experimentally, and the surface shear modulus Gs arises from the
experiments by Chu et al. [51]]. The values of the capillary number Ca are calculated using equation .

Cond. pH P, [mbar]l Pey [Imbar]l U [mm.s11  Gs[N.m—1] Ca
1 5.9 267 1000 1.0 +£0.1 0.030 +0.007  0.05 +0.01
2 5.9 1200 4500 5.0 £0.3 0.030 +0.007  0.22 +0.04
3 8 200 1000 0.7 +0.1 0.081 £0.026  0.01 £0.002
4 8 1200 4500 4.8 £0.6 0.081 +0.026  0.08 +0.02

a) Low flow strength b) High flow strength
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Figure 1.25: Comparison of soft and stiff trajectories. The plot represents the angle of deflection j as a function
of the diameter, (a) at low flow strength, (b) at high flow strength. Each point corresponds to a class of 5 ym for
capsule diameters between 50 ym and 110 ym. Error bars correspond to the standard deviations.

depends solely on capsule size, but also on capsule stiffness. Deformable capsules are pushed closer
towards the obstacle wall (low J) and end up following the same streamline as smaller objects. Using
equation (I.2), we find Ca < 0.1 for low flow strength and stiff capsules and Ca > 0.2 for soft cap-
sules at high flow strength. It agrees with the literature that reports stiff behavior at Ca = 0.05 and
soft behavior at Ca = 0.3 [44]. Our system allows to sort capsules whose stiffness differs by a factor of
2.7, at high flow strength. But numerical experiments have shown that off-centering modifies capsule

behaviors. In the following section we will explain why we can neglect off-centering in our device.

1.5.2 Influence of centering upstream of the obstacle

Increasing the pressures at the entrance of the system increases the flow strength in the channel
and the velocity of the capsule upstream of the obstacle. Capsules with different deformability are
perfused into the system. When they reach the obstacle, capsules slow down and deform around the
obstacle. If the capsule was perfectly centered, it would stay against the obstacle and the deformed
shape would result of the equilibrium between the pressure at the rear of the capsule which tend to

deform it and the viscoelastic forces of the membrane which tend to keep the spherical shape of the
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Figure 1.26: Soft capsule angle as a function of flow strength. Plot of soft capsule angle of deflection B as a
function of capsule velocity in the straight channel upstream of the obstacle. Each point represents a different
pressure pair with a pressure ratio P;, / Peyt of 0.20 £ 0.03.

Figure 1.27: Definition of the distance Ly,. Picture of successive positions of a capsule deforming around the
obstacles. Colors help to visualize the shape of the capsule when flowing into the constriction. The distance L
is the distance between the horizontal axis and the center of mass of the capsule at the end of the diffuser. Scale
bar 100 ym.

capsule (equation [T.2). Experimentally, capsules are never perfectly centered on the obstacle and a
thin fluid film always remains between the capsule and the obstacle. The parameter of centering is
an essential parameter for the trajectory followed by capsules. It plays a role in both deformability-
and size-based sorting. We define as off-centering the non dimensional number resulting of the ratio
between the distance x and the capsule diameter D (Figure [L.19b). The distance « is defined as the
distance between the position of the center of mass . of the capsule in the straight channel and the
centerline of the channel . In this section we will study the influence of the offset on the capsule
trajectory.

The trajectory in the diffuser is characterized by two measurements : the angle of deviation § and
the final position of the capsule at the end of the linear part of the diffuser. The distance between the
center of mass of the capsule at the end of the diffuser and the horizontal axis is called Ly, (Figure
[[.27). Because it is not possible to have the final position for each capsule, we extrapolate the final
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Figure 1.28: Determination of the distance L. Ly, is determined by extrapolating the position B, at the end of
the diffuser, of a capsule flowing in the field of view at the position A with an angle B.
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Figure 1.29: Relationship between the angle  and the distance Ly in the diffuser. Red squares correspond to
experiments performed at high flow strength with soft capsules. Orange diamonds correspond to experiments
performed at low flow strength with soft capsules. Green circles correspond to experiments performed at high
flow strength with stiff capsules. Blue triangles correspond to experiments performed at low flow strength with
stiff capsules.
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Figure 1.30: Relationship between the angle f and the offset. Plot of the distance L, as a function of the offset
x normalized by capsule diameter D. Negative values of off-centering correspond of capsules flowing down to
the obstacle and positive values correspond to capsules flowing up to the obstacle. (a) For soft capsules at high
flow strength (red squares) and low flow strength (orange diamonds). (b) For stiff capsules at high flow strength
(green circles) and low flow strength (blue triangles).

coordinates (xp ; yp) thanks to the angle f and a known point coordinates (x4 ; y ) (Figure[1.28). The
angle f and the distance Ly in the diffuser are related. However the distance Ly, gives a complemen-
tary information about where begins the linear trajectory. When a soft capsule arrives in the diffuser,
it is deformed by the viscous forces and its shape is not round. During relaxation, the capsule gets
back to its spherical shape. On figure [[.27] we observe that the linear trajectory of the capsule starts
when relaxation is almost completed. The intersection between the linear trajectory of the capsule
and the central axis of the channel can either be located before or after the obstacle. With a same
angle of deflection a capsule for which the linear trajectory starts further in the diffuser would have
a lower distance L. Thus the distance Ly, takes into account the effects of relaxation of the capsule
and the surrounding of the obstacle. We plot in figure[T.29)the angle 8 of the trajectory as a function
of the distance Ly at the end of the diffuser, for soft and stiff capsules, at low and high flow strength.
We find that the angle f increases with the distance L in a linear manner passing through the origin
(Figure[T.29). That means that the modification of the starting point of the linear trajectory does not
modify significantly the final position of the capsule in the diffuser. Compared with the total distance
of the diffuser (880 ym), the variation of the starting position of the linear trajectory is negligible.
Thus relaxation effects do not impact much the trajectory. The characteristic time required for a cap-
sule relaxation is quick and related to the viscosity ratio between the internal of the capsule and the

suspending fluid. Measuring the angle of deviation § corresponds to knowing the final position L.

In figure we plot the final distance Lg as a function of the offset «, both normalized with
the diameter of the capsule D. We can notice that we obtain a "V" shape whatever the condition, re-
sulting of the symmetry of the device. Negative values of x/D correspond to capsules flowing down

to the obstacle while positive values correspond to capsules flowing up to the obstacle. Size effects



1.5. SORTING PRINCIPLE AND PARAMETERS 33

» mx/D < 10%

ok/D < 25%
20 | mk/D < 10%
ok/D < 25%

10

Soft Stiff

Figure 1.31: Out-centering effect. Histogram of the mean angle + the standard deviation, at high flow strength
: for soft capsules with an off-centering lower than 10% (in dark red, n=40), for all soft capsules (in light red,
n=>51); for stiff capsules with an off-centering lower than 10% (in dark blue, n=12), for all stiff capsules (in light
blue, n=33).

are included in the normalization of the axis, which suggests that whatever the size, the trajectory is
sensitive to off-centering. A large offset leads to a higher deviation angle whatever the flow strength.
For stiff capsules, data from experiments performed at high and low flow strengths are superim-
posed (Figure b). We have seen in section [T.3] that applied pressures control the width € of the
core flow. Keeping the external pressure constant and increasing the internal pressure increases the
internal flow rate and the jet width. At constant external pressure, the precision of centering is better
when the internal pressure is low and the core flow is as thin as possible. But in this case we have
a really low throughput and sorting an entire population of capsules is time-consuming. Thus, we
have to find a balance between throughput and off-centering. We choose to adapt our pressures to

have the width of the core flow € close to the capsule size D.

The flow strength have no influence on the distance ¢ in the constriction and the distance Ly in
the diffuser. That is consistent with the observations we developed in section [1.4} For soft capsules,
data obtained at low (orange diamonds, Figure a) and high flow strength (red squares, Figure
a) are distinct but present similar characteristics. In both cases the distance L fo normalized with
the capsule diameter D increases with the ratio x/ D, and the symmetry is respected. However, there
is no overlap between the two sets of experiments. For a similar out-centering, the distance Ly, at low
flow strength is always higher than the final distance in the diffuser obtained at high flow strength.
This is consistent with the discussion detailed in section [T.4.3] Soft capsules are less deflected at high
flow strength, which is traduced by a lower angle f and a smaller distance L. The effect of deforma-

bility is still present when plotting the distance Ly, as a function of the out-centering .

In their article, Zhu et al. [44] have numerically noticed the relation between off-centering and
the trajectory of the capsule in a diffuser. They have shown that soft capsules were more sensitive

to off-centering than stiff capsules. The flow-focusing module at the entrance of the device allows
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an off-centering lower than 25% which is enough to sort microcapsules according to their size and
deformability, with a good accuracy. We first consider solely capsules with an off-centering of 10%
and find an angle B = 10 + 2° whereas the mean angle for all data is = 10 4 3° (Figure [L.3T). We
obtain comparable values considering the standard deviations. The mean + standard deviation of
the angle for stiff capsules at high flow strengths is f = 19 & 5° considering all data (Figure [1.31).
Even if the standard deviation is quite large for soft and stiff capsules, there is no overlap. We can
consider that with our conditions of pressure, the width of the core flow allows a sufficiently good

centering to neglect the effect of off-centering on the angle .
1.5.3 Influence of capsule position in the constriction
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Figure 1.32: Linear dependency between j and J for capsules and lycopods and determination of the maxi-
mal angle of deviation. Plot of the deviation angle j of lycopods (grey circles) and soft capsules at low (orange
diamonds) and high (red squares) flow strength, as a function of their distance J from the obstacle in the con-
striction. For lycopods, data are the same as data already presented in figure The solid line represents a
linear fit for all the pressure conditions together. The distance 6,4y is chosen as the distance between the center
of mass of a perfectly spherical non deformable micro-object of same diameter as the constriction (50 ym). The
angle Buax is the corresponding angle for 6 = dyax. dmax = 75 ym, Biax =24 £ 4 °. All the capsules have an angle
lower than B,,x and follow the same linear tendency as lycopods.

The capsules used in this chapter have a diameter varying between 50 ym to 110 ym and are thus
larger than the 50 ym-wide constriction between the obstacle and the channel wall (Figure [L.19b).
Depending on their size and deformation capsules have different positions in the constriction, and J
vary. We examine here the influence of the distance ¢ on the angle f (Figure[T.32). The grey circles
in figure represent the same data as shown in figure for lycopods. The fit is realized for
all conditions of pressure. Orange diamonds and red squares represent the value for soft capsules
perfused respectively at low and high flow strength. We can observe that whatever the flow strength,

the angle B as a function of the capsules-to-obstacle distance J follows the same linear curve for soft
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capsules as for lycopods. The only parameter that seems to determine the angle of deflection B is the
distance 6. The distance ¢ 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 J we can control the size or

the deformation of the capsules.

We already observed that the angle f§ is linearly dependent of the capsule to obstacle distance J.
The trajectory is limited by a maximal angle ,,,, reached for the largest capsule to obstacle distance
0. We consider a spherical non deformable object of diameter 50 ym. 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 d;,x = 75 um. For a distance ¢ of 75 ym we find a corresponding
angle B;5x = 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 J: the capsule size and the defor-
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 § 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 ¢ and the angle of deflection . 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 ac-
cording 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.

Whatever the off-centering stiff large capsules always have the same position J in the constriction
and their angle  tend to Bx. 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 ¢. It imposes

as the only parameter driving the sorting in our system.

1.5.4 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 pop-
ulations 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
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capsule.

During his PhD, Edgar Héner used a system with a similar geometry at the millimeter scale [64].
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 $ 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 « 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 shows the results of E. Héaner
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 (Fsq9,), the angle B increases and also
the variability of the values obtained for the angle . For capsules of similar deformability (red circles
and yellow pentagons), the values of the angle B 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 5. We notice that the green diamonds are three times less deformable
than the yellow pentagons and present no overlap of their angles . 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. Haner
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 B. 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.

1.6 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 j is only determined by the distance J between the center of
mass of the capsule and the obstacle. The distance ¢ 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 J only depends of the
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Figure 1.33: Reproducibility on single millicapsules. Each symbol corresponds to one single capsule perfused
several times in the same conditions of flow strength (Flow rate Q = 10 ml/min). The four capsules and the gel
bead have a diameter of 4 mm. Capsules initial offset is ¥ < 0.5 mm and gel bead initial offset is ¥ < 1.2 mm.
Image adapted from [64].

size. In the constriction, the center of mass of small capsules is closer to the obstacle than the one of
large capsules. At high flow strength it also depends on deformation and off-centering. In order to
only sort capsules according to their deformability we need to avoid size and off-centering effects.
We demonstrate that thanks to the flow-focusing allowing a core width € on the range of capsule size,
off-centering effect is insignificant when compared to size and deformability. In order to prevent size
effect, a deformability-based sorting at high flow rate can follow a previous size-based separation at
low flow rate, in the desired size range. We are able to separate capsules whose stiffness differs at

least by a factor 3.

This is the proof that we have developed a versatile, multipurpose sorting microsystem based on
a really simple design. When compared to other existing sorting devices, we demonstrate the sensi-
tivity of our device to sort micro-objects with small size and stiffness contrasts. As these experiments
were conduced for rather large capsule dimensions, we developed miniaturized devices adapted to
sort heterogeneous population of cells, and help diagnosis of inflammation stage or cancer, and cell

differentiation.
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2.1 Introduction

2.1.1 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.) 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

39
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Figure 2.1: Structure of the cytoskeleton. Actin filaments (in red) are organized mostly close to the plasma
membrane. Microtubules (in green) have an original center called centrosome. They are stiffer than actin and
intermediate filaments. Intermediate filaments (in blue) are made of proteins and are located in the cytoplasm.
The nucleus is colored in dark pink.

We distinguish two main groups of cells: adherent and circulating cells, whose structure and func-
tions differ. In this study we only focus on circulating cells. Their physicochemical properties depend
on their function and their differentiation stage. For example, during their differentiation, MK grow
in the bone marrow and become able to extend protrusion in the blood vessels and release platelets
(Figure[B). When a vessel is damaged, platelets activate: their shape and structure change to adhere
and clog on the lesion l66]. However, an alteration of shape, size and/or mechanical properties
can also be the consequence of diseases. That is the case of some invasive cancers [67H69] such as
ovarian cancer that softens cells and leads to metastasis formation. Isolating and sorting cells is a
powerful tool which enables to study individual cells independently of their heterogeneous initial
structure (blood, tissue, bone). Several applications such as: drug treatments, diagnosis and funda-
mental research on a specific cell type, require cell sorting. In this chapter we review existing sorting
devices. Then we present two generations of a microfluidic device aiming at sorting cell suspensions,

and inspired from the capsule sorting device presented in chapter [T}

2.1.2 Cell Sorting Methods

Conventional cell separation methods include centrifugation, flow cytometry, fluorescent-activated
cell sorting (FACS) and magnetic-activated cell sorting (MACS). Some of them are downscaled in mi-
crofluidics in order to reduce costs and volumes. However, microfluidic devices are not always the
miniaturization of existing system. The variability of design possible leads to many different de-
vices. We distinguish active methods based on external forces such as electric field, magnetic field,
or ultrasounds; and passive methods using the object intrinsic properties such as size, shape and de-

formability.

Conventional cell sorting devices

Centrifugation
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Figure 2.2: Centrifugation. Blood is placed on a Ficoll solution. After centrifugation blood cells are separated
according to their density. Red blood cells are aggregated by the Ficoll solution and sediment as well as polynu-
clear cells such as granulocytes. Lymphocytes, monocytes and platelets are at the interface between the Ficoll
and the plasma which stays on the top layer and can contain remaining platelets.

Centrifugation principle has been described in 1948 by Lindahl to sort yeast cells. It is a tech-
nique of separation based on the difference of density of an heterogeneous population of cells. The
method starts to be used extensively in the seventies [71] 72]. Nowadays centrifugation is routinely
used in clinic to separate blood cells [73]. For instance, a hydrophilic polysaccharide namely Ficoll is
usually used to extract peripheral blood mononuclear cells (PBMC). Several milliliters of whole blood
is placed on the top of the Ficoll solution whose density is larger than plasma density. After gradient
centrifugation we can distinguish several layers, each corresponding to a category of cells (Figure
2.2). Red blood cells are aggregated by Ficoll and sediment in the bottom of the tube with granulo-
cytes. PBMC are collected just on the top of the Ficoll layer. Plasma that is less dense than cells stays
on the top. Depending on centrifugation velocity platelets are located in plasma or in the same layer
as PBMC. It is then possible to separate the different layers with a pipette. Isolated PBMC are widely
used in research and toxicology as they are involved in the immune system. Centrifugation has al-

ready proven its efficiency to separate the different blood cell types, and is used in routine in hospital.

Flow cytometry and fluorescence-activated cell sorting

In flow cytometry, cell suspension run through the cytometer, with an hydrodynamic focusing,
in a small nozzle thanks to a faster external sheath fluid (Figure 2.3). Thus cells are flowing one by
one in a single line in direction of the laser. The suspension of cells can contain fluorescent cells and
non fluorescent cells. As a cell passes through the laser beam, all cells scattered light are measured by
two detectors : in front and side respectively called forward scatter detector and side scatter detector.
These two detectors respectively determine cell size, and granularity from optical properties of the

cell. In fluorescent flow cytometry experiments, additional channels collect and quantify the light
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Figure 2.3: Flow cytometry. Cells flow through a narrow nozzle which allows them to pass one by one in front of
the laser. Front light scatter is detected by the forward scatter detector (FSC) while side scatter light is detected by
the side scatter detector (SSC). Several fluorescent channels detect fluorescent signals of different wavelengths.
When cells are fluorescent labelled, the fluorescent signal is detected by those channels. Image adapted from
Sino Biological website [74].

intensity emitted by cells in different wavelength ranges. It is then possible to analyze the initial sam-
ple by the presence or absence of fluorescence corresponding to the positively or negatively protein

stained at the surface of the membrane.

Fluorescence-activated cell sorting (FACS) is a special type of flow cytometry. Its specificity is its
ability to sort cells in several containers according to their light scattering and the fluorescence emit-
ted. The detection of scattering and fluorescence works exactly the same way as in a flow cytometer.
The main difference is that flow cytometer is used to measure the fluorescence signal whereas FACS
aims at sorting cells according to their fluorescent properties. It uses the analysis of the fluorescence
signal to collect the different populations of cells instead of wasting the sample (Figure 2.4). When
the cell passes through the laser, its fluorescence is detected and analyzed by the software. At the exit
of the nozzle, vibrations produce droplets containing one cell as a maximum. An electrical charge
is applied to the droplet depending on the value of its fluorescence signal and the predetermined
threshold. Then the charged droplets flow between two metal plates charged to form a strong electric
field which deflects charged droplets into the containers. Finally, droplets of homogeneous popula-

tions are collected into several containers.

The main drawback of the flow cytometry is the time needed to sort cells. Also, the limit between
positive and negative cells on a scatter plot is determined by the operator which can generate some
errors. Nonetheless, it is a great method to separate a large amount of cells and analyze a population

qualitatively.
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Figure 2.4: Fluorescence-activated cell sorting. Stained cells are detected one by one by a laser. At the extremity
of the nozzle, droplets containing one cell are formed. The emitted signal is detected by the computer and
converted into digital data. A current is applied to the droplet depending on a threshold value. Then the charged
droplets flow between a pair of charged metal plates (in opposite signs). Thus droplets are deflected depending
on their charge and collected in various containers. Image adapted from [75].

Immunomagnetic cell sorting

Immunomagnetic cell separation is a technique where cells are labelled with magnetic beads in-
stead of fluorescent molecules [77]. Magnetic beads are first coupled with antibodies and mixed with
the cell suspension. The targeted population of cells is thus labelled with magnetic beads and can be
trapped on the wall of a column placed inside a magnet (Figure[2.5). Unlabelled cells trajectory is not
modified by the magnetic field and cells are directly eluted and collected in a reservoir. Targeted cells

remained in the column are collected by removing the magnetic field.

Many biomedical applications are using this technique to isolate and purify a sample. For exam-
ple, CD34*, the progenitors of hematopoietic cells, are first isolated from cord blood using immuno-
magnetic technique [78]. Other applications are studied for diagnosis [79] and therapy [80].
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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 [76].

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 [81], molecules, proteins [82], or bacteria [83] in order to encapsulate and sort them. It
presents many applications [84] for drug delivery, diagnosis, and chemical reactions including poly-
merase chain reaction (PCR) [82,[85]. 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 ym to 120 ym [86]. Then
the fluorescence emitted by the sample is converted by the software on an electric field depending on
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the threshold previously determined by the operator [87]. FADS presents both advantages of FACS
and microfluidics since it manipulates single cells with a high accuracy (false positive error < 1 in 10*

droplets), in small volumes (< 1 nL) and is cheaper than FACS as it uses less antibody [8§].

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 ver-
tical 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 [89]. The only cells that do not need any label are red blood cells.
The presence of hemoglobin make them naturally magnetically sensitive [90,[91]. In the microfluidic
device, it is possible to sort more than two populations of cells presenting different magnetic proper-
ties. 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 [93]. In an
acoustic standing wave field suspended particles or cells are affected by acoustic forces. An ultra-
sonic 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 com-
pressibility, 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 [94]. Depending on their density and the fre-
quency 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 % [95]. 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 [96].

For many years, standard acoustophoresis was used to separate cells and particles [96] 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. [97] 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, acous-
tic properties of white blood cells and MCF-7 overlap and the system can be improved. Recently,
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Figure 2.6: Acoustophoresis. Continuous acoustic separation according to density. Elastomeric particles coated
with CD45-antibody specifically bind to white blood cells to form clusters. Circulating tumor cells flow along
the pressure nodes and can be separated from clusters that are flowing in the anti-nodes pressures. Image from

[92].

Cushing et al. [92] propose to add elastomeric particles coated with anti-CD45 in order to form white
blood cell clusters (Figure[2.6). They reach a separation efficiency of 98.6 % with MCF7 that is promis-

ing to reduce the white blood cell environment in further circulating tumor cell sorting.

Passive methods

Passive methods have already been detailed in chapter 1] for microcapsule sorting, and are still
applicable to cell sorting. We present here some techniques combining several principles of sorting.

Passive-active methods

In microfluidics, active principle is often coupled with passive methods of sorting in order to opti-
mize the sorting efficiency and use only one device to several steps of sorting. As an example, figure
@presents a device able to isolate circulating tumor cells (CTCs) from whole blood [98]. The device
consists of three different regions. First whole blood is mixed with immunomagnetic beads, designed

to specifically bind CTCs. Then cells are sorted according to their size in a deterministic lateral dis-
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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 [98].

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 ap-
plied. The trajectory of CTCs is modified by the magnetic field and they reach an outlet that can not
be reached by white blood cells.

2.1.3 Reasons of the miniaturization of our capsule-sorting device

Active methods have demonstrated their efficiency to separate several population of cells. How-
ever, 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[T} we presented a review of passive sorting methods based on capsule size or mechani-
cal 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
[108,109], the presence of a parasite inside the cells, called Plasmodium falciparum, induces a modifica-
tion 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 [110]. In this case a mutation of hemoglobin leads to its
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Table 2.1: Summary of sorting techniques. The table is adapted from [93}99]
Method Separation Method Advantages Drawbacks References
parameters
. . . . High purity efficiency Requires a large volume of
Centrifugation Density Passive (99.9 %) cells (some ml) [71), 73]
Size High yield efficiency =~ Fabrication challenge, require-
DLD Deformabilit Passive High throughput ment of many high resolution [100} [101]
y (350 y1/h) obstacles
Size . .
PFF Deformability Passive No clogging Low throughput ( 300 u1/h) [24],102]
. . High throughput
Ef;;(l,aﬂlui dics %zfeormabilit Passive (10° cell/min, Long channels required [25] [103]
y 80103 pl/h)
Flowing Size . . Requires a large size or de-
through ridges Deformability Passive High throughput formability contrast [104]
. e Size . High throughput .
Microfluidic filters Deformability Passive (10° cells/min) Frequent clogging [105] 106]
. nggh throughput Limited separation distance to
. Size . (10° cell /min) .
Acoustophoresis Densi Active ) .. a quarter of the acoustic wave- [94]95]97]
ensity High efficiency to sort leneth
particles &
Magnetic gz)g()h tlk}l;?llilr%)hpm Expensive
Magnetophoresis shel Active e Requires magnetic beads cou- [78)}80]
properties High efficiency for cell . 2
. pled with antibody
enrichment
Expensive
Size, density, . . . Requires fluorescent molecules
FACS fluorescence Active Single cell analysis coupled with antibody [75,183] [107]
Low flow rate (100 cell/s™1)
FADS Fluorescence Active Single cell analysis Expensive [87,188][107]

Low volume
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polymerization and conduces to abnormal shapes and a lower deformability. That causes complica-
tions of cell circulation, anemia and can provoke the death of the patient. Other examples concerning
white blood cells are studied. Sepsis inflammation [111]] modifies cell mechanical properties. When
they activate, neutrophils become stiffer [112H115] . On the contrary, in case of invasive cancer, cells
can become softer and able to pass between endothelial cells and join the blood circulation [67, [68].
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 [116]. To do so microflu-
idics is an useful tool. Methods of DLD [100], inertial forces in spiral [103], pinch flow fractionation
[102,[117] and constrictions [118] are used to separate RBC from white blood cells, detect rare cells, or

circulating tumor cells.

The results given in chapter [I| 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.

2.2 Material and Methods

2.2.1 Microchannel fabrication

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

2.2.2 Cell culture

The megakaryocytic cell line DAMI was isolated from the blood of a patient with megakaryoblas-
tic leukemia [119]. 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 essen-
tial 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 °C and

5 % CO,. Their diameter is between 11 ym and 15 ym.

2.2.3 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 uM of bleb-
bistatin (BBI). In several wells of a x48 wells plate, each with a concentration of 10° cells/ml in a
volume of 1 ml. In order to change cell mechanical properties, BBI and cytochalasin D (Cyto D) have
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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 ym 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 me-
chanical properties (see section[2.2.3). Both are then centrifuged 5 minutes at 200 rcf and suspended
together in MEM.

2.24 Experimental setup

The microfluidic device is placed on the stage of an inverted microscope (DMIL LED, Leica Mi-
crosystems 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;;.¢ = 70 cm, L,,4.¢ = 30 cm) to the cell suspension and buffer reservoirs, where a
pressure controller (MFCS, Fluigent, France) respectively imposes pressures P;, and Pey;. Movies are
recorded using a high-speed camera (Fastcam SA3, Photron, USA) whose pixel size is 17 ym. Image

analysis is performed with the Image J software.

2.3 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 down-
scaled 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.

2.3.1 First generation: miniaturization of the capsule-sorting device

In chapter [T} we demonstrated that sorting efficiency depends on the capsule to obstacle distance
in the constriction ¢ (Figure[I.19). The optimal constriction size we find is 50 um close to the capsules
size (around 60 ym on average). Cells are smaller than capsules with a diameter between 11 ym and
15 ym. 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 di-
mensions vary. The flow focusing is the same as the one for capsule sorting with a width of 200 pm,
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 ym long and 23 ym deep.

We design three versions on the device by varying only the width of the channel and the obstacle
diameter. Dimensions are detailed in table[2.2} The desired constriction sizes are 7.5 ym, 12.5 ym and
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Table 2.2: Dimensions of the downscaled devices of first generation.

Width w [um] Obstacle diameter A [um] Constriction width [pm]

40 25 7.5
50 25 12.5
50 30 10

10 pm, which approaches fabrication limits in terms of resolution. The smallest dimension feasible
with paper photomask is 6 ym with a precision of £15 ym in 750 mm (Selba website). Because the
dimensions are so close to the resolution of the lithography technique, we do not expect this device to
be efficient at sorting cells, but we use it to perform preliminary experiments and identify the design

parameters that need to be tuned in a later version.

We present in figure a channel of width 40 ym, and a half-cylinder obstacle of diameter 25
um. We notice on the picture that, as expected, the size and shape of the constriction is far from the
theoretical geometry. The half-cylinder obstacle is not perfectly centered in the channel which will
cause asymmetry in the diffuser and erroneous results on collection of cells. Also the half-cylinder

shape is not well defined at this scale.

Theoretical design Experimental design

Figure 2.8: Picture of a downscaled half-cylinder obstacle. On the left the theoretical design of the channel.
Desired dimensions are: width w =40 ym, and a diameter A = 25 ym. The constriction size expected is 7.5 ym.
On the right, the real geometry. We measure w = 40 ym =+ 2 ym, A = 20 ym, the upper constriction is 12 ym and
the down constriction is 9 ym. The shape and dimensions of the obstacle are far from theory.

Diffusion

Another challenge encountered in the devices from the first generation is the diffusion of the
internal fluid into the external one in the straight channel (Figure 2.9). As we work with miscible
fluids, diffusion is a non negligible effect. The length of 3000 ym of the straight channel is too long
and promotes diffusion. When there is diffusion, the width of the internal fluid is not clearly visible

and will lead to off-centering variability. Moreover pressure loss in a long channel is considerable.



52 CHAPTER 2. CELL SORTING

In order to reduce both diffusion effect and hydraulic resistivity, we reduce the length of the straight

channel.

Figure 2.9: Diffusion. Culture medium is flowing in an external fluid of 70 % of glycerol. Internal pressure is
600 mbar and external pressure is 700 mbar. The length of the straight channel is 3000 ym. With the length, the
two fluids start to diffuse and the interface becomes unclear.

Asymmetry

Figure[2.10|presents the coflow of MEM in a more viscous external fluid. Upstream of the obstacle
the internal fluid is centered between the two more viscous layers of fluid, as expected. However,
when we observe the flow at the end of the diffuser, we notice an asymmetrical distribution in the
outlets (Figure[2.10). The flow is displaced towards the top of the device. Even with a well defined
obstacle, the device is not perfectly symmetrical. The asymmetry is small and barely visible close to
the obstacle but is amplified in the diffuser. Using the device assuming the distribution is centered
around outlet 1 would yield erroneous results. The asymmetry is probably due to fabrication limits.
Two reasons are possible: the asymmetry of the mold itself or lack of accuracy during the molding
process. Resolution could be improved by using chrome mask for the photolithography; however it
is much more expensive than film mask. For preliminary results we were interested to observe cell

behavior in such constrictions.

Figure 2.10: Coflow in a symmetric device. Picture of the flow shape around an obstacle of diameter 50 ym with
a straight channel of width 70 ym. Picture of the same flow at the entrance of the separated outlets. Dashed line
corresponds to the center of the channel.
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Clogging

Figure 2.11: Picture of a constriction clogged by debris. The obstacle of diameter 25 ym is at the end of a
channel of width 40 ym. Cells are suspended in MEM and the external fluid is a solution of PBS. Some debris
are surrounding the obstacle and become larger and more numerous over time.

Cells are centrifuged and suspended in MEM not supplemented with serum just before experi-
ment. Figure shows a clog formation at a constriction of 7 yum over time. We notice that the
downscaled system of first generation is easily blocked during perfusion. At time t = 0 min the ob-
stacle is clean, but after 5 minutes some filaments are around the obstacle and after 8 minutes their
number increases dramatically. After only few minutes experiments (less than 10 minutes), many
debris are surrounding the obstacle. The presence of clogging modifies the flow around the obstacle
and will modify cell trajectory and reduce the efficiency of the system. When many debris are sur-
rounding the obstacle they trap other debris and its difficult to clean the device. The flow is disturbed
and increasing pressures is not efficient to unblock the constriction since the debris are around the
obstacle. Even when the clogging appears only in one constriction, it is difficult to displace it since
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increasing pressures increases the flow rate in the bare constriction but increases too slightly forces on
the clog. It is often not enough to unblock the constriction. The filaments trapped around the obstacle
provide from cell suspension and can be trace of serum remaining after centrifugation and/or the
DNA of dead cells.

The symmetric system presents many challenges when using cells. Two of these challenges are
directly related to the geometry itself. First, when one of the gap is clogged up or down the obsta-
cle, the streamlines are modified. Increasing the pressure does not increase extensively the forces on
the cell clogged in the gap but more fluid goes through the bare gap. This dramatically influences
cell trajectories and induces errors in sorting. Second, small imperfections in obstacle centering due
to fabrication induces asymmetric distribution of cells in the different outlets. We imagine a device

based on the same principle but with an asymmetric profile in order to avoid centering uncertainties.

2.3.2 Second generation: asymmetric device

a) b)
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Figure 2.12: Sketch of the asymmetric device. The fluids flow from left to right. (a) Sketch of the microfluidic
device geometry. The system is composed of two entrances one for each fluid in the pinch flow, a diffuser and
five outlets to collect cells. The external fluid is perfused at pressure P,;y4i,,;,- The cell suspension is perfused in
the second inlet at pressure P,;;. (b) Zoom in the blue delimited area. It is a picture of the constriction at the end
of the straight channel. Cells flow into the constriction, and follow streamlines in the diffuser conducing them in
the 5 different outlets.

The geometry is presented in figure It consists of a pinch flow entrance whose intersection
leads to a straight channel of 50 ym width and 27 ym depth. As in the symmetric version, cells are
squeezed into a constriction at the end of the channel. Two constriction widths are designed: 13 ym
and 20 ym. Cells are flown against a curve which is part of the wall (Figure[2.12]b), instead of the half-
cylinder obstacle. An asymmetric geometry presents many advantages. In the absence of an obstacle,
we avoid resolution limits we have with symmetric devices. At this scale it is easier to fabricate an
obstacle directly on the wall shape than an obstacle inside the channel. Moreover off-centering effects
are not limiting the efficiency of the device but asymmetry is used for sorting. The unique constriction

prevents problems of off-centering, and unwanted asymmetric flow. Moreover in case of clogging,
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increasing the pressures will directly increase the forces applied on the clog and chances to unblock

the constriction increase in comparison with symmetric devices.

At the entrance of the system, the flow-focusing is replaced by a pinch flow. The flow is driven
in pressure, and we control the width of the fluid containing cells by adjusting P..;; and Pegiym
respectively applied to cell suspension and culture medium. Compared with conventional PFF, the
narrow constriction allows locally high throughput. Downstream of the obstacle the channel widens
and splits into five different outlets to collect cells. In the literature, PFF is known to be a microfluidic
technique able to sort micro-objects according to their size, as shown in chapter [I] section[T.1.2] For
this reason, we first check the ability of our asymmetric device to sort DAMI cells according to their

size.

Cell sorting
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Figure 2.13: Effect of BBI after 3 days of culture. (a) The DAMI cell line without BBI. (b) The DAMI cell line
after 3 days treatment with 40 M BBI.

"

We measure the mean DAMI cell diameter d between slide and coverslip on 102 cells and find
d = 11.2 £ 1.2 ym with no cell larger than 16 um. We use spacers (three layers of tape: final thickness
of 0.15 mm) between the slide and the cover slip in order to measure the diameter of non squeezed
cells. The cell population is relatively homogeneous in size. In parallel of sorting experiments, Ilyesse
Bihi worked on drugs to mimic a mature behavior of the DAMI cell line. He found that treating them
3 days with 40 M BBI make them become larger (Figure[2.13). Thus we use this treatment for size-
based sorting experiments. Prior to perfusion, we measure cell diameter between slide and coverslip
on 70 cells and find dpp; = 23.2 & 3.8 ym with no cell smaller than 16 ym. We centrifuge treated and
untreated cells separately, suspend them in MEM culture medium and mix 2 ml of each population at
respectively 500 000 cell/ml and 150 000 cell/ml. Prior to perfusion, we measure the size distribution
of the cell suspension. We find an average diameter of 16.4 &= 4.9 ym with 75 % of cells larger than 16
pm and 25 % smaller than 16 ym. It corresponds to a composition of 3/4 non treated cells and 1/4
cells treated with BBI, indicating that cell loss induced by centrifugation is negligible. Cells are then
flown in the device and collected in the different outlets (Figure 2.14).
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Figure 2.14: Size-based sorting. Size distribution of cells collected in the different outlets. Non treated cells (dnT
< 16pum) and cells treated 3 days with 40 uM BBI (dnT > 16pm) are perfused into the sorting device. Cells whose
diameter is lower than 16 ym are collected in outlets 1 and 2. Cells whose diameter is greater than 16 ym are
centered in outlet 3. Outlets 4 and 5 only collect the cell medium.

The perfusions are performed with the following inlet pressures: P, = 500 mbar the pressure of
the cell suspension and Py;;.4;,,;;, = 500 mbar the pressure of the culture medium MEM (corresponding
flow rate measured Q..;; = Quedium = 2400 ul/h). After one hour of perfusion, we scan a droplet of
each of the solutions collected in outlets 1, 2 and 3 and measure cell size distribution. Outlets 4 and 5
only collect cell medium. We find an average diameter d; = 13.8 £ 2.6 ym for outlet 1 (in red, Figure
R.14); d» = 15.1 £ 5.3 um (in blue, Figure 2.14); and d3 = 19.2 & 5.4 ym for outlet 3 (in green, Figure
.14). We calculate the proportion of cells smaller than 16 ym in each outlet and find 94 % in outlet
1 (n = 227 cells), 81 % in outlet 2 (n = 140 cells) and 37 % in outlet 3 (n = 88 cells) (respectively, cells
larger than 16 um represent 6 % of cells collected in outlet 1; 19 % of cells collected in outlet 2 and 63

% of cells collected in outlet 3).

Size-based sorting principle and efficiency

Cells are maintained as close to the wall as their size allows it by the pinch flow module. DAMI
cells used in this part are between 11ym and 35 ym. The constriction is designed to be 13 ym wide
and found to be 14.5 &+ 2 ym in practice. Thus depending on their size cells are smaller or larger than
the constriction. As detailed in chapter (1} the cell to obstacle distance in the constriction influences
the final position of the cell. Smaller cells follow the curved channel wall while larger ones have their
center of mass further from the obstacle and follow a trajectory leading to a more centered outlet. We
make the hypothesis that the trajectory of cells in the diffuser is the trajectory of the streamline flow-
ing through their center of mass in the constriction. Even if cells flowing in the constriction modify
the streamline this hypothesis allows us to predict that small cells, closer to the wall are collected into
outlet 1, which is consistent with our experiment (Figure 2.14). Trajectories can no longer be charac-
terized by a single angle measurement since the diffuser has a round shape. The sorting efficiency is

now defined as the device’s ability to segregate cells in the outlets. We measure a throughput of 60-70
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cell/h 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 ym are enriched by a factors 1.25 in outlet 1 and 1.08 in outlet 2,
and cells greater than 16 ym 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 ym correspond
to untreated DAMI cells (resp. cells larger than 16 ym correspond to 3 days BBI treated DAMI cells).
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.

2.4 Conclusion

We have designed and used two generations of devices downscaled from capsule sorting device
described in chapter [l} 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 fabrica-
tion 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 sys-
tem 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 pres-
sure 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 ul/h, [120]). Also the asymmetry of the device is known to be more efficient than corresponding
symmetric geometries [102], 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 in-
teresting to test the sorting efficiency with MK from cord blood. Future work is also needed to inves-
tigate 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 knowl-
edge we have with capsule sorting. In chapter|ljwe 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. In-
creasing 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
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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 [121]]
are realized to find sepsis treatments [122} [123] and help diagnosis [124]. The Technology Research
Institute (IRT) Bioaster, Paris, seeks to better understand sepsis in order to find new biomarkers [125]
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.
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3.1 Introduction

Chapters [T] 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 respec-
tively depend on conditions of fabrication and drug treatments. In this chapter we present a review
of existing techniques of characterization in sections and Then, we present in section
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.

59
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3.1.1 Mechanical properties characterization

By definition, mechanical properties of an object refer to its resistance to deformation in response
to an applied force. When the deformation is small, most materials have a linear response. For
elastic materials, the Young’s modulus E describes the deformability of a material in simple traction-
compression experiments. It is usually defined as the ratio between the stress ¢ and the strain €
(E = o/e). The stress-strain response is directly governed by the force applied to the object. The
normal stress applied in this case to the material is called tensile stress (Figure 3.1)a). Another stress
namely shear stress occurs by applying a parallel opposite forces on an object (Figure[3.1]b). It is the
case of friction for example. We define the shear modulus G as the ratio between the shear stress
and the shear strain. For elastic materials the relation between the Young’s modulus and the shear
modulusis: G = E/(2(14v)), where v is the Poisson’s coefficient of the material [126].

F
-
>

e

Figure 3.1: Theoretical deformation of a material submitted to stress. (a) Determination of the Young’s mod-
ulus. Normal stress: a force F is applied perpendicularly to the dark surface. The tensile strain is € = Al/L. (b)
Determination of the shear modulus. Shear stress: the force F is applied parallel to the dark surface. The shear
strain € is the ratio Aly/L,. Image adapted from [127].

For viscoelastic materials, the stress is no longer proportional to the stain but a notion of tem-
poral dissipation of strain appears. The complex shear modulus is composed of an elastic G’ and a
viscous G” modulus: G = G’ +iG". Capsules are viscoelastic spherical objects consisting of a core
medium enclosed with a thin elastic membrane that protects the internal content from the external
environment (chapter[I). The mechanical properties vary as a function of the fabrication principles
and the nature of the membrane. Among the most common capsule fabrication processes, there is
interfacial polymerization of a liquid droplet, cross-linking layer of proteins and multi-layer of poly-
electrolytes. Depending on the function and exchanges with the environment needed, the adapted
process is chosen and make the composition and thickness of the membrane vary. In this chapter we
present methods of characterization able to determine the Young’s modulus E and the shear modulus
G.
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3.1.2 Cell mechanical properties

Mechanical properties are mainly governed by the cytoskeleton composition of cells. Actin fila-
ments 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 polar-
ized 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 [128] or
the membrane [129] 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 re-
produce the more effectively as possible the physiological environment. Understanding mechanical
properties of single cells is crucial to understand more global mechanical properties as tissue resis-
tance or cells global behavior. Moreover, as presented in chapter [2| some diseases such as malaria

[108], sickle cell disease [110], cancer [69] and sepsis [111] induce a modification of cell stiffness.

A lot of tools have already been used to determine cell deformation under stress, but their effi-
ciency 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. Tech-
niques used to characterize the mechanical properties of capsules and cells can be separated in two
groups, leading to global or local deformations [130]. Some techniques such as: compression be-
tween 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.

3.1.3 Global measurements of mechanical properties

Global measurements of the mechanical properties consist in whole cell solicitation. Compres-
sion 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 trans-
ducer which measures the forces applied as a function of the plate separation is connected to the
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Figure 3.2: Techniques of mechanical properties characterization. Techniques commonly used to determine
mechanical properties of cells. (a-c) Local techniques, (d-f) Global techniques. (a) Microrheology is based on
the displacement of particles tracked in cells by thermal agitation. The viscous properties of the membrane
can then be determined. (b) Micropipette aspiration consists in measuring cell deformation when it is aspired
by the micropipette whose diameter is smaller than the cell. The deformation profile depends on pressures
applied and is relied on cell stiffness. (c) Atomic force microscopy (AFM) is a technique of indentation. The
cantilever deflection depends on cell stiffness. (d) Compression between two plates is the first tool we imagine
when thinking of mechanical properties. Micro-objects deform between the two plates depending on the forces
applied and the deformability of the objet. (e) Optical stretcher traps the cell thanks to two laser beams, at high
intensity the forces are able to deform the cell. (f) Microflow deformation is a passive non invasive technique
which consists in flowing micro-objects in a narrow constriction. The shape of the object depends on the ratio
between the diameter of the channel and the diameter of the object; the pressures and the viscosity of the fluid.

o

Figure 3.3: Compression between two plates. Capsule is compressed between two parallel plates. The defor-
mation to an applied force gives the stiffness of the capsule. Image adapted from [I31].

compression setup. It consists of placing the object to characterize on a fixed plate and approach
another plate in contact. Squeezing the object with a certain force leads to a certain deformation.
Respectively imposing a certain deformation allows to measure the required applied forces. The ap-
parent elastic modulus is related to the deformation, the relaxation time and the forces applied. Thus
compression has often been used to study capsule stiffness and rupture [131]. Using the method with
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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 [132]. 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 physio-
logical 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 [133]. 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, aerosols
and open perspectives on biological trapping. In 1994, Perkins et al. have measured DNA elonga-
tion 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 tar-
get 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.
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 [136], 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 [137]. 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 [138], but the throughput is still low on the order of 100 cells/hour. Also, the
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method needs a complex experimental fabrication with the presence of optical fibers and the forces
applied are weak.

Microfluidic constrictions

Another microfluidic method is based on the use of narrow channels. Cells, capsules or bubbles
are deformed by the flow in a constriction where there is friction against the wall. Several parameters
are measured such as: the deformation profile of the micro-object, the time spent in the channel, the
time necessary to enter in the channel, the difference of pressure between the entrance and the exit of
the channel, the hydrodynamic forces, the object velocity and the fluid viscosity. All these parameters
are relied on mechanical properties of the fluid, and the object.

Figure 3.4 presents a leukocyte flowing into a rectangular channel. It flows successively through
two rectangular constrictions. Analysis of the time to enter and staying into the constriction gives
indication on cell stiffness [139]. Stiffer cells stay longer in the constriction than softer ones. And usu-
ally, softer cells have a larger elongated index calculated as the ratio between the elongated length
of the cell in the channel and the initial diameter of the cell [140]. When the channel widens at the
exit of the constriction, relaxation times are measured [118, 141]]. The technique allows to easily have
quantitative data about speed, time of penetration, relaxation and shape of the squeezed cell in the
channel. Based on this principle, Preira et al. [106] develop a gradual filter method with gaps be-
coming smaller and smaller. The method presents other advantages such as its ability to characterize
mechanical properties of a population and not only single cells, in the small volume used during
experiments. This is very interesting for cancer diagnosis or other pathologies modifying the me-
chanical properties of cells such as the acute respiratory distress syndrome [142]. Experiments can
give a fast idea about the presence of abnormal cells. In order to improve the technique and being
able to quantify cell stiffness, inverse analysis method has been developed with capsules in the labo-

ratory:.
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Figure 3.4: Leukocyte cell passing through a rectangular section. (a) Sketch of the microfluidic device consist-
ing of two rectangular section channels where the second one is narrower than the first one. The green arrow
indicates the interface between the two channels. (i) The cell at the entrance of the first constriction; (ii) at the
entrance of the second constriction; (iii) The cell starts flowing in the narrow constriction. (iv) Complete entry of
the cell into the narrower constriction. (b) Optical images of a cell entering the constrictions. The cell deforms in
order to pass through the constrictions. Physical parameters such as entry time, transit velocity and elongation
profile are then analyzed. Scale bare 20 m. Image from [142].
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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 cap-
sules elastic moduli [143] and among them the surface shear modulus G;. 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 charac-
terize 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 by the relation:
Gs = uU/Ca. In 2011, Chu et al. have applied this method to the characterization of batches of cap-
sules produced with different conditions of pH [51]].

In conclusion, mechanical properties of micro objects as capsules and cells need an inter disci-
plinary approach. Several techniques exist with their own advantages and drawbacks. The most

adapted technique depends on which parameter we are looking for.

3.14 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. [144]
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 ym height (Nano World website) is attached to a resilient can-
tilever. 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 be-
tween 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)
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where F is the force, k the stiffness of the lever and z the vertical displacement of the bended can-
tilever. 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 de-
termine 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 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 [146]. The formula

called "Hertz approximation" is:

F=% £ R;. ot (3.2)

312
where F is the force applied by the cantilever, E is the Young’s modulus, v the Poisson ratio, Rt

the tip radius and ¢ 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 [147]. 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 [148]. 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 al-
lows 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
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which is not the case of scanning tunneling microscopy.

Figure 3.5: Tip geometries. AFM cantilever often present a tip which can have different shapes depending of the
applications. (a) Colloidal probe is used for elastic axisymmetric problems. (b) Conic probe is non-deformable
and axisymmetric. (c) Square-base pyramidal probe allows a non-axisymmetric deformation.

a) b)
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Figure 3.6: AFM stiffness cartography. (a) Fluorescent picture of a transfected fibroblast with a GFP vimentin.
(b) Stiffness map of the same area of the cell, reconstructed from AFM scan force in a defined area. The stiffness
varies inside the cell. Image adapted from [149].

AFM is also used for biological applications [150]. It allows to image biological samples with
molecular resolution in buffer solution. AFM enables research on different sample types such as:
proteins [151], membranes [152], single living cells [153} [154], cell adhesion [155, [156], nucleus [157],
and tissue [158]. It is a sensitive method to study isotropic objects, allowing the detection of small
perturbation responses and reconstruct a map of the different stiffness measured inside a cell spread-
ing on a surface (Figure [3.6). However, the necessity to work with attached objects, and the local

response of the sample, limit the use of AFM for cells in suspension.
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One of the method developed for cells in suspension has been tested with microcapsules com-
monly used as cell models. In 1991 Ducker et al. [159] 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 [160]. As the sur-
face 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 [161] or thin-wall biomimetic microcapsules [162]. As well experiments have been performed on
chondrocytes, adipocytes and osteoblasts cells in their spherical and spread shapes using a borosili-
cate glass sphere [163]. 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 physiolog-
ical conditions. The method consists in injecting beads into the cytoplasm of living cells [164} [165].
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 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 mo-
tion of bead pairs [166]. 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 [167] to

study their viscoelasticity when they are squeezed.

Magnetic twisting cytometry is a variant of microrheology. Instead of using thermal forces to dis-
place particles in the cytoskeleton, magnetic microbeads are attached to the membrane and move by
magnetic torques [169]. Displacements are relied on the magnetic field applied [170]. Particle track-
ing 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.
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Figure 3.7: Particle tracking microrheology. Application of intracellular microrheology in a fibroblast. Mi-
crobeads are tracked in fluorescence. The colors points are larger than microbeads diameter to help the visual-
ization. Beads have a Brownian motion depending on the stiffness in the area their are located. In the softer part
the beads easily move and the motion is more extended (in red) than in stiffer areas where the motion area is
restricted (in blue). Image adapted from [168].

Micropipette aspiration

Micropipette aspiration is a method that has been widely used to measure mechanical properties
on living cells. It consists of a partial aspiration of cells into the hole of the pipette, smaller than
the size of the cell. A negative pressure gradient is imposed at the end of the pipette. Into the tube
the aspired cell part takes a round shape. The length of the cell inside the micropipette is recorded
as a function of time [I7I]. There are different techniques to determine cell or capsule mechanical
properties. Using two micropipettes to stretch the capsule in both sides, or using a micropipette on
suspended or attached cells. As an example we present in figure [3.8| a neutrophil flowing in a mi-
cropipette towards a bead. Depending on the adhesive contact we observe different distances run in
the micropipette before cell motion stops. The method is adapted to characterize visco-elastic proper-
ties of different object types such as capsules [11] and cells. Neutrophils are found to have a viscous
behavior whose surface tension is about 30 pN/um and a cytoplasm viscosity around 100 Pa.s. Other
cell types such as chondrocytes and endothelial cells have a solid like behavior due to their function

and an elastic modulus of 0.5 kPa has been measured [171]].

The volume of the cell protrusion in the tube, is related with the aspirating pressures applied
and allows the access to cell mechanical properties. This method has been largely used to study
amoeboid migration [130], and neutrophil stiffness after treatment with cytochalasin B (CytoB). Non
treated neutrophils have been found to have a cortical (surface) tension of 268 & 12 mN/m, while
CytoB 30 uM treated cells have a cortical tension of 135 & 7 mN/m. CytoB 30 #M also decreases cell
cytoplasm viscosity by almost 65 % [173]. Another application consists in quantifying the single-cell
forces of pushing and pulling forces of T-lymphocytes during activation and determining the varia-
tion of Young’s modulus over time [174]. The Young’s modulus is measured by indentation each 10

seconds with a small bead while the cell is in contact with another bead. At rest the cell Young’s mod-
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Figure 3.8: Micropipette aspiration. (a) On the right a bead is fixed on a micropipette. On the left a neutrophil
is flowing through another micropipette. (b) During the first 0.5 s the cell approaches the bead. The cell flow
towards the bead until contact (the distance AD between the bead and the cell is 0 ym. Here, either the cell freely

moves back in the micropipette (dashed line) or adheres to the bead. Adhesion makes the motion cease after a
while around an asymptotic value. Image adapted from [172].

ulus is measured at 128 4= 16 Pa. After contact the T-cell activates and its Young’s modulus reaches 292
+44 Pa. Many models exist to analyze cell deformation and determine mechanical properties. Histor-
ically, linear viscoelastic half-space analytical model were used [175]. However, analytical methods
assume that the cell is infinitely large and undergoes slight deformation, which is not the case in mi-
cropipette aspiration where the cell deformation is large. Using the finite element method [176], take
into account the real geometry of cell, boundary conditions and lead to more accurate predictions of
cell deformation than those of analytical methods [177].

The advantages of the method are its high versatility, the possibility to be in liquid and the ability
to apply low forces on suspended or attached cells. However, it requires expert operator as the ex-

periment preparation and realization takes time and formation to place all the micropipette aligned
in a petri dish .

Atomic force microscopy as well as micropipette aspiration are limited by the size of the probe.

The number of cells analyzed by time unit is quite short because of the time needed for indentation
(resp. deforming capsules under pressure).

3.1.5 Methods used for our application

We need to characterize the mechanical properties of capsules and cells in order to separate them
according to their mechanical properties. Chapter[Tjand chapter 2] present a sorting method based on
the ability of objects to deform in a constriction. Capsules flowing in our sorting systems undergo

large, global deformation over very short time scales (a few milliseconds). That is the reason why
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Table 3.1: Summary of techniques for mechanical properties characterization. All methods presented are com-
patible with living cells. We summarize here advantages, and drawbacks of each method. The parameters mea-
sured are the Young’s modulus E, the shear modulus G, the surface shear modulus G; and the viscoelasticity

u.

Method xi:i:l:fi Advantages Drawbacks References
Microrheolo g,[l[)fji] High frequency (up to 100 kHz) Only for soft materials (G « 100 Pa) [165][166]
&Y G” [Pa] Passive method Not adapted for suspended cells
Il?ldaptid mfor:t non linear deformation Limited by the pipette diameter
Micropipette  E [Pa] casureme Low throughput
L Adapted to adherent and suspended o2 [171]
aspiration u [Pa.s] cells Modeliazation needed to access
High forces range (10 pN to 10* nN) force profiles
Quantification of the elastic modulus
AFM E [Pa] High spatial resolution (depending on Low scanning speed [144][150]
u [Pas] the tip geometry) Low throughput [153][179]
Large range of forces (100 nN to 1 uN)
. E [Pa] Large range of forces (around 100 nN), [131]][132]
Compression u [Pa.s] Uniaxial deformation Low throughput [180]
Low throughput (100 cell/h),
Ooti No physical contact with the sample ngh power of the lasers (500 mW)
ptical E [Pa] d . Limited choice of wavelength,
stretcher [Pa.s] Non destructive Local heating of the cell [SIILS3]
pira. Adapted to suspended cells &
P Modeling needed to access force
profiles
Microfluidic Quantification of the shear modulus, Limited by the high speed camera
constrictions G [Pa] Global deformation, frequency [143][182]

High throughput (10 000 cell/h) Limited by numerical models

global measurements are really interesting in our case.

Among all the existing techniques described earlier and summarized in table local deforma-
tion 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 mechani-
cal 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
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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 Compiégne, 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.

3.2 Microfluidic constrictions

3.2.1 Material and methods

Device geometry and fabrication

Capsule device

The microfluidic device consists of a glass tube of internal diameter 75 ym (Beckman Coulter).
The tube is inserted in another glass tube of internal diameter of 400 ym 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.

Silicon pipe
PDMS
5
Flow 1651 764I 7

Figure 3.9: Microfluidic channel with a circular constriction. Schematic of the cylindrical microchannel setup
to be connected to the perfusion system. Image from [51].

Cell device

The microfluidic device consists of two chambers of height 30 ym connected to each other by a
rectangular straight channel in PDMS of width w = 10 pm, length L = 3000 ym and height & = 14 ym
as shown in figure The diameter of inlet and outlet holes drilled in the chambers is 0.75 mm.
The PDMS fabrication technique is described in chapter
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Figure 3.10: Microfluidic channel with a rectangular constriction. The channel consists of a channel of width w
=10 pm, height h = 14 ym and length L = 3000 ym.

Capsule preparation

Liquid-core ovalbumin microcapsules are prepared at the University of Reims Champagne-Ardenne,
in France, by Florence Edwards-Lévy following the protocol detailed in chapter [I]section[1.2.2] Two
batches of capsules are prepared. The pH of the albumin solution is 5.9 for the first one and 8 for
the second one. Capsules are stored in water at 4°C. Before experiment, 20 1 of microcapsules are
suspended in pure glycerol. The suspending fluid viscosity is much lower (800 cP) than the one of
pure glycerol (1300 cP) due to the presence of water in the capsule solution. To control the viscosity
during the experiment as much as possible, we perform at 20 °C and measure the viscosity of the

suspending fluid after each set of experiments with a Couette viscometer (Thermo Haake).

Cell preparation

DAMI cells are cultured following the protocol detailed in chapter 2]section Between 30 000
and 150 000 cells are suspended in 2 ml of medium (MEM, medium) in a tube agitated at 200 rcf to

avoid sedimentation.

To modify cell mechanical properties, we use cytoskeleton drugs: blebbistatin (BBI) (Sigma Aldrich,
Munich, Germany, final concentration 40 M or 10 M), cytochalasin D (CytoD) (Sigma Aldrich, Mu-
nich, Germany, final concentration 2 M or 10 yM). BBI is known to inhibit myosin II [183] that is
involved in cortical tension. Cyto D is a drug inhibiting actin polymerization [184].
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Set-up for capsule and cell perfusion

The microsystem is placed on the stage of an inverted microscope (DMIL LED, Leica Microsys-
tems GmbH, Germany) with a dry x 63 objective. The flow is driven in pressure with a pressure
pump (MFECS, Fluigent, France). The system is connected to the reservoirs with PTFE tubes of inter-
nal 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 col-
lects cells or capsules flowing out of the microsystem. A high speed camera (Fastcam SA3, Photron,

USA) whose pixel size is 17 ym 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 ] software. We simultaneously

measure the shape and velocity of the flowing cell or capsule.

3.2.2 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 Barthes-Biesel [185]. Then it has been improved by
Diaz et al. [186] 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. [143]
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 mod-

ulus G; of albumin capsules prepared with different conditions of pH [51].

The numerical profiles database available at the laboratory has been calculated by Thi-Xuan Chu
during her PhD [187], 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 y and, the
capsule velocity U and mechanical properties. Profiles are characterized by their lengths L, the total
length of the elongated capsule, and Ly, 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 Ly and Ly, 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 given by the relation Gs = ul/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
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Figure 3.11: Inverse analysis. Two capsules fabricated at same pH 5 are flowed into a cylindrical microchannel
at two different speeds. Their size is almost the size of the tube. a) Pictures of the experimental shapes. b) Fitting
between experimental profiles and numerical simulations at two different capillary numbers. Ly is the total
length of the capsule in the flow direction, Ly, is the length between the apex and the curvature of the capsule.
Figure adapted from [51].

superposition of the numerical and experimental profiles. Figure presents in (a), experimental
profiles at two different conditions of flow. They have similar initial size but different velocities in the
channel and thus different capillary number Ca. In (b), the figure shows how we superimpose
the experimental (dashed line) and numerical (plain line) profiles.

The aim of this work is to determine the surface shear modulus for the membrane of capsules fab-
ricated with two different conditions of pH. We have chosen to use capsules fabricated in the same
conditions as those used by Chu et al. [187] in order to calculate the modulus Gs with their numerical
database. First we perform experiments with 20 stiff capsules. With undeformed capsules (pH 8), the
numerical model does not work, the capillary number Ca is too low to be detected. In the literature,
Chu et al. [187] have found Gs = 0.081 4 0.026 N/m, which is the value used in chapterEl In order
to better characterize our stiff capsules, we should perform experiments in more confined channels
(between 50 ym and 75 pum), that are not available at the laboratory. Another possibility is to perform
at higher flow strength, increasing the viscosity or the pressures applied but we are limited by the

capacity of the condenser and the pressure resistance of our device.

Then, we perform the same experiment with 32 soft capsules. Among them only height are con-
sidered to determine the Gs modulus. Others are too large (confinement ratio greater than 1.2) to be
considered, form train of capsules in the channel, do not present a parachute shape or present param-
eters in a gap of the database. We present in figure (a) and (b) respectively the capsule with the
lowest and the highest confinement ratios among the 8 capsules measured. Experiments have been

carried out in the same conditions of flow and we determine a capillary number of Ca = 0.02 which
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Figure 3.12: Determination of the experimental value of G; for soft capsules. Capsules performed at pH 5.9
flowing with a capillary number of Ca = 0.02 in a cylindrical channel of 75 ym. (a) Correlation of the experimental
profile (black dots) and the numerical profile (plain line) with a confinement ratio of a/R = 0.8. (b) Correlation of
the experimental profile (black dots) and the numerical profile (plain line) with a confinement ratio of a/R = 1.01.
(c) Plot of the surface shear modulus Gs as a function of the confinement ratio a/R. The dashed line represents
the average value obtained.

leads to an average value of the surface shear modulus of Gs = 0.054 £ 0.021 N/m. Compared with
Chu et al. [187] value for soft capsules, Gs = 0.030 & 0.007 N/m, our capsules are stiffer. However
we are in the range of capsules prepared 5 minutes at pH 5 (Gs = 0.042 + 0.016) and capsules of pH
5.9 with a reticulation time of 15 minutes (Gs = 0.048 £ 0.022 N/m). As our capsules are prepared at
pH 5.9 with 5 minutes reticulation time but from a different batch of capsules than the one used for
the article, mechanical properties can vary. Because of the heterogeneity of the capsule suspension,
we have large variability of standard deviation. We consider as reasonable the error we make by
considering the already published values for soft and stiff capsules. We are conscious that the value

of the modulus G; are not perfectly exact but respect the correct tendency to be used in chapter|[T]

3.2.3 Cell characterization

Other similar studies have been performed in square section channels [188]. The advantage of
a square section is the ease of fabrication with common soft lithography methods. It is possible to
easily fabricate channels of different size (up to 5 ym) in PDMS. We have no cylindrical channel small
enough available at the laboratory to characterize cells with the same technique as for capsules (sec-
tion 3.2.2). We design a channel in PDMS to confine the cells and study their profile in a straight
rectangular channel. Figure shows the profile of a cell traveling at the end of the constriction.
The shape of the cell is similar as the one of capsules in cylindrical channels. However, here, we
are not using inverse analysis to characterize cell mechanical behavior. At the laboratory, it exists a
database for capsules flowing in a cylindrical or square channels but not yet in a rectangular
channel. Some simulations have been tested in channels of section 3/2 but after a while the profile
becomes asymmetric [189]. It can be the consequence of the aspect ratio. In cylindrical channel we

assume the capsule profile is axisymmetric. A square channel probably slightly deform the axisym-
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metric profile [I88]. In a rectangular channel, the capsule profile is not axisymmetric and can not
be described from single view observation [190]. For these reason a numerical database is not yet
available at the laboratory for the rectangular geometry. The determination of the surface shear mod-
ulus of cells whose membrane is thin by inverse analysis could be interesting. But in order to have
reliable measurements, the numerical data base should take into account the internal composition of
a cell. By inserting inclusion to mimic the presence of a nucleus or at least considering a viscoelastic
model instead of a purely elastic one. The creation of the data base adapted for cells requires deep
investigation. Moreover, when they mature, MK membrane invaginates into the cytoplasm to form a
membrane reservoir (Introduction, Figure[3). Thus the determination of the surface shear modulus is

not the best elastic modulus to characterize MK deformability.

A variation in stiffness may modify cell velocity. Chu et al. [51] have shown that the velocity ra-
tio between capsule and mean fluid velocities increases monotonically with the capillary number Ca
(Ca = ul/Gs), for a same confinement ratio. It means that considering the fluid velocity U and the
fluid viscosity y constant, an increase in Ca results in an increase in cell velocity v. To increase Ca, the
shear modulus G;s has to be low. Soft capsules should thus flow faster than stiff capsules considering
the mean velocity constant. A possible explanation is that stiff cells deform less in the constriction
and their friction along the wall is larger than in the case of soft cells flow. We fix the pressure at
300 mbar and measure cell lengths and velocity into the constriction at the end of the channel where
imperfections of the channel due to fabrication limits are always the same. We assume that cells are
flowing one by one in the channel and that the mean velocity of the fluid is constant. To really control

this parameter, we should control the flow rate.

Figure 3.13: Untreated cell flowing into a straight rectangular channel. Picture of a cell flowing from left to right
at the end of a straight rectangular channel in PDMS. The shape is similar to the shape obtained for microcapsules
in the cylindrical channel.

Table[3.2] presents the velocities obtained for different cell treatments but same condition of perfu-
sion. We notice no significant differences in lengths in the flow direction (p > 0.05 with the ANOVA
test calculation) for all the treatments tested. However, the velocity of cells treated with BBI 10 uM for
30 minutes is significantly lower than untreated cells (p < 0.001). That appears to correlate with the
literature that expect a stiffening of cells in suspension when inhibiting myosin II [191]]. Increasing
BBI concentration seems to inhibit its effect on cell length and velocity. There is probably other effect
of BBI at high concentration that inhibit its effect on deformability.

Several hypotheses can explain this lack of difference between the control and all the treatments
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Table 3.2: Velocity in the constriction for diverse cell treatments. Cells are perfused at 300 mbar in a rectangular
channel of 10 ym wide, 3 mm long and 14 ym deep. N represents the number of cells characterized. Cell velocity
is presented as the average & the standard deviation.

Treatment Concentration [yM] Duration [min] Ly[pm]  Cell velocity [mm/s] N

Control / 60 154+£22 922+£59 25
DMSO 4 60 15.7 £2.0 825+54 14

BBI 40 60 155 £3.0 945+ 64 25

BBI 10 60 151+19 72.5+6.7 46
CytoD 2 30 172 £ 3.1 93.5+8.4 20
CytoD 2 10 152 +£23 86.5+7.1 10
CytoD 10 30 15.6 £2.8 97.7+6.1 11

(except BBI 10 uM). First, the treatment may not impact cell mechanical properties. Second, the chan-
nel is not confining enough the cells to underline different profiles. Third, the hydrodynamic forces
ull are too low to distinguish different stiffness. Increasing the hydrodynamic forces is possible by
increasing the viscosity u 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 lab-
oratory 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 experimen-

tal results, we decided to use another technique and perform AFM experiments.

3.3 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 cy-
tochalasin 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 Saarbriicken
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 compres-
sion 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.

3.3.1 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
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Surface Surface

Figure 3.14: Wedging cantilever. Picture of a tilted cantilever before (on the left) and after wedging (on the
right). The wedge allows a plate to plate contact between the surface and the cantilever while the bare cantilever
is used for local contact.

are added to the dish with concentration and duration mentioned in table 3.3 The role of each drug
is detailed in section [3.3.2} After treatment, the FluoroDish is directly placed on the stage of the

microscope. DAMI cells are in suspension and do not adhere to glass surface during the experiment.

Table 3.3: Summary of cell treatments for tipless AFM experiments. Cells are treated with several drugs in
order to modify their mechanical properties.

Drug Treatment Abbreviation Concentration [yM] Treatment duration Supplier
Blebbistatin BBI 40 uM 40 min - 3 days Sigma Aldrich
Latrunculin A Lat A 05-1uM 10 min Sigma Aldrich
Cytochalasin D Cyto D 5uM 30min-2h Sigma Aldrich
Calyculin A Cal A 26-5nM 30 min Sigma Aldrich
ROCK inhibitor Y-27632 10 uM 30 min Tocris Bioscience, Lille, France
Neutral Red NR 1/40-1/30 v:v 1 h 30 min Sigma Aldrich
Wedged cantilever

In order to have compression between two parallel plates of living cells, an AFM-cantilever is
wedged with the method described in [192]. A tipless cantilever in nitride is used, whose thickness is
600 nm, back side coated with a 45 nm Ti /Au layer (Model: MLCT-O10, Brucker), whose frequency
is between 90 to 160 kHz and with a spring constant of 0.6 N/m. The wedge is made of an epoxy
polymer reticulated at the end of the cantilever. Figure[3.14illustrates the correction of the tilted angle
of 10° by the wedge. The UV-curing polymer (NOA 63, Norland Optical Adhesive, Cranbury, USA)
is first placed in a FluoroDish, on a glass bottom. With a pipette tip, we form non-polymerized NOA
droplets of different sizes on a glass surface. The glass slide is placed on the stage of the microscope
and the bare cantilever is approached to a droplet whose size matches that of the cantilever’s end,
until contact. It is important to have no bending of the cantilever during this process in order to have
a flat non-tilted wedge surface. The wedge is cured by UV at the maximum power for 5 minutes.
Because NOA does not adhere to glass, the solid wedge remains attached to the cantilever as it is
retracted from the dish. Each wedged cantilever is observed by electron microscopy to check top
(Figure3.15] (a)) and lateral (Figure[3.15} (b)) topographies. When the surface is smooth and the angle

corrected to have a non- tilted surface, the cantilever is ready to be mounted on the AFM head.
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a) b)

Figure 3.15: Wedged cantilever. Scanning electron microscopy images. (a) Top view of the epoxy wedge. (b)
Side view of the epoxy wedge. Images acquired by Daniel Flormann, at INM in Saarbriicken.

a) b)

Polished glass Cantilever

Figure 3.16: Mount the cantilever. (a) The cantilever is clamped to the glass block. (b) Then the glass block is
placed on the top of the AFM head. Bottom view.

Experimental set up

The wedged cantilever is placed and fixed on a standard JPK glass block (Figure[3.16]a) on the top
of a polished glass area. The glass block is then mounted on an atomic force microscope head (Cell-
Hesion; JPK Instruments) (Figure 3.16]b). A rubber seal ring is placed around the glass block, on the
AFM head to avoid evaporation. A drop of liquid (MEM medium) is put on the top of the cantilever
to avoid air trapping between the lever and the liquid medium where cells are in suspension. Then
the dish containing cells is mounted on the stage of the microscope. The AFM head is placed on the
top of the dish. AFM head and the dish are mounted on a piezoelectric scanner which can move in
three directions. The laser beam is focused on the metal part of the lever (in the opposite side of the
wedging). The normal forces exerted on the cell induce a vertical deflection of the cantilever which
results in the deflection of the reflected laser beam detected on the photodiode (Figure@b). That
allows us to compare different cell treatment effects on cell mechanical properties. Before each mea-

surement, we scan the sample, choose the cell we will characterize and take a picture in order to later
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Figure 3.17: Sketch of the principal components of an AFM. (a) A laser is aligned with the cantilever and the
center of the detector, by modifying the inclination of the mirror. This step is realized with no contact with the
surface to avoid any bending of the cantilever. (b) When the cantilever is in contact with the surface or with the
sample, it deforms. The laser is then deflected and the variation observed in the detector is relied on stiffness
with the Hooke’s law.

measure its diameter. We measure the mechanical properties of at least 10 cells for each treatment,
with one measurement per cell. For each cell, we measure cell deformation at load of 2 nN or 5 nN
with none or 2 minutes contact time and plot the force-distance curves. Between two measurements,
we pull up the cantilever in the liquid, and displace the sample with the piezo stage to find another
cell in the dish.

Calibration

Each time a cantilever is mounted onto the microscope calibration is required. Calibration de-
pends on the position of the cantilever and the fluid used (air, or liquids). AFM calibration is per-
formed in a culture dish containing culture medium which has the same viscosity and reflection
index as the medium suspending cells. The aim of calibration is to correlate the laser signal with
the piezo motors in order to measure the forces exerted at the cantilever. The calibration consists in
aligning the laser with the cantilever and the photodiode detector by adjusting the position of the
mirror, as shown in figure[3.18] The laser is well aligned and ready for operation when the sum signal
is maximum (around 3 Volts). The photodiode screen is the sensor that collects the light reflected on
the cantilever. When the cantilever is at rest, the laser beam should hit the middle of the screen. The
position in the photodiode is measured by the voltage difference between the different quadrants of
the photo-diode [193]. The calibration is realized in two steps: i) the adjustment of the sensitivity

(Figure[3.19) and ii) the spring constant calibration (Figure 3.20).

The sensitivity calibration allows to relate the voltage signal, measured by a capacitive sensor, with
a displacement of the piezo motor. In order to obtain the sensitivity value, the cantilever approaches
the stiff glass surface of the bottom of the dish. When touching the glass surface, the cantilever de-
forms and the laser beam detected by the photodiode differs to the original position. In figure B.19
the black curve represents the approach and the red curve the retraction. The horizontal part of the

curves correspond to the vertical distance run by the head of the AFM when the lever is not in contact
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Non aligned laser on Aligned laser on the
the cantilever cantilever
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Figure 3.18: Alignment of the laser beam on the cantilever. Sketch of the alignment of the laser to the cantilever.
On the left, the laser beam is off the cantilever and the sum laser signal detected by the photodiode detector is
low. On the right, the laser is aligned with the cantilever which is the correct position for measurements. The
laser signal is maximum.
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Figure 3.19: Sensitivity calibration curve. Vertical deflection as a function of the displacement of the cantilever.
The linear part of black curve is the approach of the cantilever from the surface until the inflection point which
corresponds to the contact point. The linear fit (in blue) corresponds to the approximation of retract slope. Image
adapted from [193].



3.3. TIP-LESS AFM 83

. 80p
N

-

-~ 70

=

8

N—' 60..

=

2

50} ‘
Q

k5

< 10 F

g

= 30

-

S

o 20f

o0

£

0 10}

S 10

“ S

0 T

2 4 6 8 10 12 14 16 18 20
Frequency (kHz)
Figure 3.20: Spring value calibration curve. With no contact between the cantilever and the substrate, the

cantilever oscillates at some frequencies. The fit of the fundamental mode allows the measurement of the spring
value. Image adapted from JPK instruments User Manual.

with the cell. After the contact point, the cantilever pushes against the material. The deflection of the
cantilever increases with the distance after contact and shift the detected voltage (here at rest 3 volts).
The cantilever retracts and the deflection decreases until it reaches its initial position. The slope of the
approaching curve gives the sensitivity value which correlates the change in voltage with the piezo

movement.

Experimentally, the spring value is determined by the cantilever deflection when it oscillates far
from the surface. The resonant modes of the cantilever are obtained due to thermal fluctuations
stimulation [194]. We fit the fundamental mode and estimate the cantilever spring constant with a
correction factor depending on the cantilever geometry. The resolution of the equipartition theorem

allows to determine the value of the correction factor , and is not detailed here.

Analysis

Cell diameter is determined using a circular fit with the software image ]. Force-distance curves
are analyzed using JPK software. It consists to analyze the approach or retraction curve. The retrac-
tion curve is usually used to measure cell adhesion. For the determination of the Young’s modulus,
we are using the approach curve. The contact point between the wedge and the cell is determined
as the inflection point of the curve (Figure 3.21). Then the deflection of the cantilever increases with
the indentation and is directly related to the force applied on the cell. Prior the experiment we fix the
force the cantilever has to apply on the cell before retracting. Since the final force applied on cells is

always the same, their deformation depends on their stiffness. We define the Young’s modulus as the
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tangential slope of the force-displacement curve for an indentation of 15 % of the cell diameter which
is the limit of small deformation regime avoiding nucleus response [154]. The best fit to determine

the Young’s modulus uses the Hertz model.
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Figure 3.21: Determination of the Young’s modulus. Approach curve. Plot of the vertical deflection of the
cantilever as a function of the indentation depth §. The distance 0 #m corresponds to the contact point. Then the
cantilever compresses the cell until a certain force whose value is determined prior to experiment. The Young’s
modulus is the slope of the green curve which fit the part of the red curve in the grey box until a max indentation
of 15 % of the cell diameter.

Our cantilever is tipless but wedged. We assume that compressing a round cell with a plate is
equivalent than having a round tip characterizing a flat surface. Thus we consider the cell diameter
is the tip diameter. The deformation of 15 % of the cell diameter is not small enough to only consider
membrane deformation response but include the cytoplasm response. Thus the Hertz model is too
simple to accurately characterize quantitatively the cell Young’s modulus E. However it is a currently
used model to analyze force-displacement curves and give an approximation of the elastic modulus
enough to qualitatively compare experiments realized in the same conditions of cantilever, operator,

and loading forces.

3.3.2 Cell characterization

Determination of size and mechanical properties of non treated cells

We measure the diameter of each cell before the experiment. For each population of cells we per-
form compression at least on 10 cells. The size and the Young’s modulus are expressed as the mean

+ the standard deviation. We call control experiments, experiments performed on non treated cells.
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Table 3.4: 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.

Treatment Concentration [yM] Duration Cell diameter D [yum] Cell Young’s modulus [Pa] N

Control / 1h 15.16 £ 1.66 27 £21 82
BBI 40 3 days 24.63 &+ 3.65 20 £ 18 15
S-nitro BBI 40 40 min 1513 +£1.13 28+19 15
CytoD 5 2h 16.12 4+ 2.48 8§+7 10
CytoD 5 30 min 1521 +£1.45 33 £22 13
Lat A 0.5 10 min 15.12 £1.99 13+8 10
Lat A 1 10 min 15.00 £1.71 10+ 4 13
Cal A 0.0026 30 min 15.72 £ 2.08 91 + 88 25
Cal A 0.05 30 min 1598 £ 1.85 105 £ 94 18
Y-27632 10 30 min 1527 £1.97 79 £ 82 18

We realize a set of control experiments before each set of measurements in order to validate the ro-
bustness 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.
Regrouping all the comparable controls of 5 days of experiments on 82 cells, we obtain a non treated
cell average diameter of 15.16 ym + 1.66 ym 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 ym except for cells treated 3 days with BBI whose
diameter is larger : 24.63 4= 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
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Figure 3.22: Stiffness of cells treated with actin polymerization drugs. Histogram presenting cell Young's
modulus for different treatments : 5 yM CytoD at different duration (2 h and 30 min), and LatA at 0.5 yM and 1
uM. NS corresponds to not significant differences to the control p > 0.05, * corresponds to p < 0.05, ** corresponds
to p < 0.01, and *** corresponds to p < 0.001 in the ANOVA test, Instat3, compared with control.

Cytochalasin D is known to inhibit actin polymerization which is supposed to conduct to cell soft-
ening [184]. We carry out 13 measurements for cells treated 30 minutes with 5 yuM CytoD. We find
no significant differences between the control and the CytoD-treated cells, as shown in figure (3.22).
Increasing the duration time of treatment from 30 minutes to 2 hours in the incubator at 37°C, we
perform on 10 cells and find a Young’s modulus of 8 = 7 Pa. The lower value of the average Young's
modulus indicates a decrease of cell stiffness. That might results of a larger CytoD effect due to the

increase of treatment duration, however the difference is not significant.

Latrunculin A is a drug inhibiting actin polymerization as well as CytoD but is known to have a
short therm effect to disrupt actin filaments organization which is stable over time whereas CytoD
effect evolve with time [196]. Measurements with the AFM are thus performed just after treatment,
we count 10 minutes in order to have a stabilization in temperature in the AFM cabinet. We find a
Young’s modulus of 10 + 4 Pa for cells treated with 1 M and 13 + 8 Pa for cells treated with 0.5 M.
It appears that LatA does not significantly soften cells neither in comparison with the control (Figure

5.22).
Muyosin activity effect on cell mechanical properties

Blebbistatin directly inhibits myosin IT activity [183]. BBI 40 uM does not modify cell mechanical
properties in agreement with observations made in section [3.2.3)in constrictions. We perform tipless
AFM measurements on 16 cells treated 3 days with 40 uM BBI and find an average Young’s modulus
of 20 & 18 Pa (Table 3.4). Figure [3.23|shows that this value is equivalent to the one of the control. The
lack of effect of BBI is potentially due to its inactivation caused by its sensitivity to light. Thus we
perform tipless AFM measurements on 16 cells treated 40 minutes with 40 M of S-nitro BBI which is

the same molecule as BBI but non sensitive to light. We find an average Young’s modulus of 28 + 19
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Figure 3.23: Stiffness of cells treated with myosin inhibitors and enhancers. Histogram representing cell
Young’s modulus for different treatments inhibiting myosin activity such as: BBI, S-nitro BBI and Y-27632; and
two concentrations of CalA enhancing myosin activity (2.6 nM and 5 nM). NS corresponds to not significant
differences to the control p > 0.05, * corresponds to p < 0.05, ** corresponds to p < 0.01 and *** corresponds to p
< 0.001 in the ANOVA test, Instat3, compared with control.

Pa (Table[3.4), which is not significantly different from the control or the treatment with BBI. The light
sensitivity of BBI does not seem to affect the effect of the drug on cell stiffness. In order to validate
this observation, tipless AFM measurements have to be done on cells treated 40 minutes with BBI
and compared with results obtained with S-nitro BBI. Since there is no significant difference with the
control, we estimate BBI is not modifying cell stiffness. In the literature it has already been shown
that BBI has no effect on the Young’s modulus of HL-60 cell line (human leukemia cells) [197]. BBI
effect seems to depend on cell type and adhesion.

Y-27632 inhibits ROCK whose role is the phosphorylation of myosin phosphatase [198]. As a con-
sequence it inhibits actomyosin activation [199]. That should have different effects on adherent cells
or cells in suspension since they have different cytoskeletal structure. We measure the Young’s modu-
lus on 18 cells and find 79 + 82 Pa on average (Table[3.4). That is significantly larger than the Young'’s
modulus of the control. The drug seems to stiffen cells that are in suspension. It is consistent with the
literature where myosin II has been shown to soften cells in suspension [191]. BBI and Y-27632 inhibit

myosin but using different channels that can explain the difference of effect of the two drugs.

Calyculin A is an enhancer of myosin. It inhibits myosin-light-chain phosphatase and
increases the contractility of the cell. We first perform on cells treated 30 min with 50 nN of CalA.
However, the contractility became so high that it was impossible to do the measurement. The cells
became so rigid that it was impossible to squeeze them between the wedge and the glass plate. Any
pressure exerted by the cantilever pushed the cell away from the probe. Thus we decrease the drug
concentration. Results obtained with 5 nM and 2.6 nM are shown in table 3.4, We respectively find
a Young’s modulus of 91 & 88 Pa and 105 & 94 Pa for each concentration. The two concentrations

are not significantly different when compared to each other but are larger than the control Young's
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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,
Young’s modulus have been published for other cell types. With a pyramidal tip of 3 ym 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.

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 mechan-
ical 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 [202] and cells treated 3 days with BBI will be used as a model for
mature MK in the next two chapters [d]and

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 [203]. In the chapter [[|we demonstrated the ability of our device
to sort microcapsules whose surface shear modulus G; is separated by a factor 3 (E = 2(1 4+ v)G,
where v 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 uM of LatA whose size
is homogeneous and whose stiffness shows a difference of factor 6, could be interesting to test. How-

ever, when two populations are treated with different drugs we need to rinse the extra amount of
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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.

3.4 Conclusion

In the sorting device presented in chapter|[I]and 2} capsules and cells are confined in the constric-
tion. 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 microchan-
nels. 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 distin-
guish 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 Saarbriicken 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.
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4.1 Introduction to megakaryocyte elongations

Platelet transfusion has been used for therapy since the seventies 205]. 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

91
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platelet donation, in vitro platelet production is studied. The idea is shown in figure .1} Stem cells
are amplified and differentiated into megakaryocytes (MK). Then MK are cultured until maturation,
and placed into bioreactors to produce in vitro platelets by fragmentation (Figure [B). The latest are
finally transfused to a patient. Differentiated stem cells can be the ones of the patient himself. Thus,
it reduces the risk of incompatibility and insure stem cells availability. In vitro platelet production is a
dynamic field with many challenges. The main consists in finding the stem cells source and defining
protocols for MK differentiation. In the manuscript, we only focus on one step of the process: the
fragmentation of MK into platelets. We develop microfluidic tools to study in vitro MK elongation
and fragmentation in flow. This biomechanical approach interests many groups all around the world
and our group is one of them. The field is dynamic and several companies are involved in the projects.

It is the case of Platelets Biogenesis in the US, Megakaryon in Japan and PlatOD in France.

Platelet transfusion with no blood donation

Patient
Donor O
Stem cells In vitro platelet
production :
fragmentation
% of MK

Amplification @

Differentiation
in MK

Figure 4.1: Platelet transfusion without blood donation. Stem cells are differentiated into megakaryocytes.
They are cultured and they produce platelets into bioreactors. Platelets produced are transfused to a patient. An
overview of in vitro platelet production techniques is detailed later in this section.

41.1 Production in static conditions

We review here various methods developed to mimic and study in vitro platelet production. In
early studies, MK were cultured in liquid medium in static conditions. In the past 10 years, more
sophisticated models based on microfluidics and tissue engineering techniques were developed for
dynamic MK culture and/or platelet harvesting. As platelet formation is a multisite process involv-
ing the bone marrow, bone marrow sinusoids and lung capillaries, these biomimetic models are very

diverse.

Mouse MK cultured in liquid conditions in a well have been shown to produce platelets when
they arrive at maturation (Figure[4.2). When the MK is mature, it extends cytoplasm filaments called

proplatelets. They elongate and form small fragments of cytoplasm called preplatelets and platelets
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[207]]. The release of platelets in static conditions requires hours [208]. 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.

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 [207].

4.1.2 Production in dynamic conditions

In 2003, Li et al. [209] 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 mi-
crofluidic channel coated with VWF release platelets at a much faster pace than in static conditions.
The second one described by Sullenbarger et al. [210] 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 [211]. However, the system does not allow accurate
control of pressures and shear stress, the production runs continuously for one day for a yield of
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platelets produced of one per cultured MK.
Systems mimicking the vascular niche

In vivo MK differentiation takes place in the bone marrow. In order to mimic the migration of
MK from the bone marrow to the blood vessels, Nakagawa et al. [212] developed a device in which
the chambers are separated by a wall pierced with oblique micro slits. This porous wall mimics the
endothelium of a sinusoid irrigating the bone marrow. Figure 4.3|shows the design of the channel.
MK are trapped between the slits and generate platelets. The top flow applies pressures onto MK
whereas the bottom flow applies shear forces loading to cytoplasm pieces that have the same size as
in vivo platelets. The number of platelets produced with this manner is 3 to 6 fold higher than in static
conditions. That is a promising result, but they do not present the membrane biomarkers CD41 and

CD42b that are necessary for platelet activation.

Pressure flow
Pressure flow chanel Megakaryocyte

Main flow

Figure 4.3: Platelet bioreactor, slit design. The pressure flow and the main flow directions form an angle of
60°. MK are perfused in the top part of the channel. They are trapped between slits of width 16 ym separated
by 4 ym. The shear rate exerted by the main flow helps the production of platelets. Each part of the system is
connected to one outlet. Platelets are collected in the bottom outlet. Figure from [212].

Later, Thon et al. [213] proposed a microfluidic device based on the same principle as the one pre-
sented by Nakagawa et al. [212]. The main difference is the shear rate imposed on the MK trapped
between the slits (100 to 1000 s~!) and the geometry of the gaps. Instead of tilted slits with a gap of 4
pm, this system propose slits more shallow than in the previous model (Figure [£.4). The system im-
proves the time of platelet release, instead of 18 hours needed in static conditions, this device allows
a production in two hours, and increases platelet production yield by 50 % in comparison with static
conditions. However, only few MK can be trapped in the gaps. In order to capture more cells it is

needed to modify the geometry of the system.
Systems mimicking the bone marrow

Pietrzyk-Nivau et al.[202] propose a method of culture in 3D using hydrogels. The porous 3D
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MK inlet Outlet
Culture Platelets

medium inlet outlet

Figure 4.4: Platelet bioreactor, 2 ym gap design. Sketch of the microfluidic device with successive columns of 10
pum per 90 ym separated by 2 ym. Bottom picture shows the production of proplatelets from a primary mouse
MK perfused at a shear rate of 60 s~!. Scale bare 50 ym. Figure from [213].

architecture of the hydrogel provides an environment close to the one of the bone marrow and mim-
ics the bone marrow stiffness. Culture of hematopoietic stem cells in hydrogel have been shown to
differentiate into MK [214] and produce platelets. Platelets have been tested in flow cytometry and
present CD41 an CD42b membrane receptors. Mimicking bone marrow environment in 3D architec-
ture seems to help MK differentiation and production of platelets.

Di Buduo et al. propose an hybrid system for studying both the differentiation of MK in the bone
marrow and the production of platelets in the vessel. It consists of a cylindrical microchannel in a
mixture of silk, fibronectin and collagen, mimicking the bone marrow vasculature, and embedded in
a hydrogel seeded with MK [215] (Figure £.5). Mature MK seeded into the hydrogel travel through
the silk sponge and finally adhere to the silk microtube. There, proplatelets are extruded from the
MK through the silk vessel and the endothelial cells. The platelets produced flow freely through the
microtube. Here, culture medium optionally supplemented with RBC is perfused at a shear rate of
60 s~ 1. In order to control the microtube stiffness, several mixtures have been tested. The advantage
of this system is its great similarity with the physiological conditions.

Platelet formation in the capillaries: importance of shear rate

The effect of shear rate on platelet production has been studied in vitro in the group of D. Baruch
[7]. In order to submit MK to the physiological shear rate reached in blood capillaries, pressures are
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Silk sponge material mimics bone marrow environment (BME)
by controlling the following various factors:

Stiffness ECM Cytokine Endothelial cells

vy lf\ (= l

Shear stress
\,) \-/' u and viscosity
O O RBCs

-

Mature &J \
plateletsl &< ) Silk sponge

collected microtube
Proplatelets Megakaryocyte
W <

Normal function
in vitro

Figure 4.5: MK differentiation and platelet production in a biomimetic channel. Sketch of an in vitro megakary-
opoiesis 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 mi-
crotube, 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].

adapted to reach a shear rate of 1800 s~! 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 perfu-
sion. 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 [217]. Also most MK flow through the chamber
at high velocity and do not interact with the VWE. Thus they do not elongate neither they produce
platelets. Even among MK interacting with the VWE, 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
um wide, 52 ym deep and 17.3 cm long. Into the straight part of the serpentine shape is a forest of
pillars coated with VWF [§]. 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 cal-
culated 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
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Figure 4.6: Platelet production in high shear rate. (a) Sketch of the experimental device. Cell suspension, located
in the culture flask (i) is perfused thanks to a peristaltic pump (ii), into the bioreactor (iii). It forms a loop, cells
that are not captured at the end of the bioreactor return to the flask and are perfused again and again. The dark
blue region corresponds to the forest of pillars coated with the specific VWF protein. Pillars are arranged in a
tilted hexagonal lattice. This configuration make each MK (orange spheres) streamline (black lines) to encounter
at least one pillar. (b) Side view of the channel representing only one pillar. The MK roll (translocate) on the
surface or is advected in the flow. When it encounters the pillar, it translocates at its surface and anchors behind
the pillar. Then it elongates and breaks into preplatelets and platelets. (c) Top view of the forest of pillars before
cell perfusion and after one hour perfusion. Scale bar is 100 ym. Figure from [8].

a lot of platelets to collect and characterize them. The number of platelets produced after 2 hours of
perfusion is enough to test their functionality with standard experiments in microscopy, cytometry
and aggregometry. These tests have shown that platelets produced are non activated when collected
and able to activate. Almost 4 platelets / MK are collected which is quite low in comparison with the
physiological yield (10? - 10° platelets / MK) [218]. An explanation of the low platelet per MK ob-
tained is that some of them are not mature enough to produce platelets. Among anchored MK some
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are not elongated and do not produce platelets. Platelets produced in vitro in these devices could
benefit from a better understanding of the biomechanics of cell elongation and rupture.

4.1.3 Focus on a microfluidic device to understand platelet formation from iso-
lated cells

Platelet formation principles are multiple and we do not completely understand which parameters
conduce to platelet release from MK. High shear rates are necessary to accelerate platelet production
and the MK perfused in the microfluidic device containing VWF-coated pillars produce functional
platelets. In the forest of pillars the lack of visualization of the phenomenon is a limit to understand
platelet production process since pillars modify cell elongation trajectory (Figure [£.7). We design a
new microfluidic device in order to visualize cell anchoring, elongation and rupture for single cells. In
this chapter we use time lapse microscopy to study elongation and rupture at the individual cell scale,
as well as an attempt to monitor oxidative stress in an elongating cell. We perform experiments in
parallel with cord blood MK in Paris at INSERM U1140, and with the DAMI cell line in Compiegne at
UTC. We propose methods to analyze cell elongation kinetics, and characterize their spatiotemporal

evolution. Also we attempt preliminary experiments to predict cell rupture.

50 pm

Figure 4.7: Elongation of a MK on a pillar. Top view of a MK whose elongation trajectory is modified by the
other close pillars in the chamber. Figure from [§].

4.2 Material and Methods

4.2.1 Microfluidic device and fabrication

The microfluidic device geometry is represented in figure In comparison with the bioreactor,
the number of obstacles (pillar (Figure or beam (Figure [£.9)) is reduced in the chamber. More
space (1 mm) between two obstacles is dedicated to the observation of the elongation that occurs in
the flow direction. The device consists of a straight channel of thickness 34 ym, width 2 mm and
length 17 mm with twenty columns of thirty-three suspended pillars (or thirteen suspended beams),
attached to the roof but not to the glass slide. Pillars have a diameter of 30 ym and thickness 20 pm.
Beams are 100 ym wide, 20 ym thick and 2 mm long, and separated from each other by 900 ym. The
system is produced in PDMS using the protocol described in chapter|[T} section[I.2.1} In the chapter,
the system with pillars is used for experiments on cord blood MK and the system with beams is used
with the cell line.
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Figure 4.8: Design of the microfluidic channel used for single MK elongation study. Sketch of the top view of
the channel of width 2 mm. It consists of twenty columns of thirty-three suspended pillars of diameter 30 ym
each and 20 ym thick. The distance between the wall and pillars is 14 ym.

In order to trap cells on the surface of the pillars we coat microsystems with VWE. VWF is dis-
solved in PBS (phosphate-buffered solution; pH 7.4, Gibco, ref : 10010-031) at a concentration of 40
uM. The microsystems are filled the day before experiment with 15 ul of this solution and stored

overnight at 4°C in a humid atmosphere.

4.2.2 Cell preparation

First experiments have been performed at INSERM U1140 on primary MK. However, during these
experiments, several technical problems appear such as the visualization of cell filaments in both
bright field and fluorescence. In order to address these experimental challenges, we perform experi-
ments at the UTC with the stimulated DAMI cell line that presents less heterogeneities than primary
cells, and is more repeatable. Also it is easier to culture, is less expensive, requires less chemical drugs

and can be manipulated in laboratory of biosafety level L1.

MK from cord blood: INSERM experiments

Megakaryocytes are differentiated from cord blood provided by the Saint Louis Hospital cell ther-
apy unit. CD34" hematopoietic stem cells isolated from cord blood by an immunomagnetic technique
are cultured by S. Poirault-Chassac , at INSERM U1140, in Paris. Culture is performed in medium
IMDM-BIT 15% (Iscove modified Dulbecco medium, and BSA Insulin Transferrin, Stem cell Tech-
nology), supplemented with a-monothioglycerol (Sigma-Aldrich) and liposomes. The first 5 days of
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Figure 4.9: Design of the microfluidic channel used for single DAMI cell elongation study and laser ablation.
Sketch of the top and side views of the channel. It consists of thirteen suspended beams of 100 ym wide, 20 ym
thick and spaced by 900 ym. We call suspended beam the thickest part of the PDMS that forms upper beam in
the channel. The channel width is 2 mm, which corresponds to beam length.

culture, 3.2 10° cell/mL are cultured in the medium supplemented with 50 nM of thrombopoietin
(TPO), a hormone involved in MK differentiation, and 20 ng/mL of stem cell factor to help differen-
tiation. From day 6, the medium is only supplemented with 20 nM of TPO. Until maturation (at day
12 or 13), cells are maintained at 7 10° cells/mL.

After 12 or 13 days of culture MK are centrifuged at 163 rcf for 10 minutes and the pellet is diluted
in 1.5 mL of IMDM medium. Cells are placed on the top of a BSA gradient of 5 layers respectively
at 2%, 5%, 7%, 10% and 12%. The tube is centrifuged 15 minutes at 80 rcf. Mature MK are separated
from progenitors, and platelets already formed in statics. They are suspended in IMDM medium at a

concentration of 2 10° cell/mL.

Then they are exposed 20 minutes at 37°C to 10 uM of MitoSOX (Invitrogen, Grand Island, NY,
USA). MitoSOX is an indicator of the presence of superoxide ion in mitochondria. Its fluorescent
properties are presented in figure Its absorption wavelength is 510 nm and the emission wave-
length is 580 nm. Finally cells are diluted in IMDM medium at a concentration of 2 10° cell/mL in 5
mL to 10 mL.

DAMI cell line: UTC experiments

DAMI cell culture is detailed in chapterElsection Cells are treated with blebbistatin (BBI) 40
uM for 1 day in a 48 wells cell culture plate. Each well is filled with 10° cells in 1 ml of medium MEM
supplemented with 10 % FBS and 1 % penicillin and streptomycin. We fill as many plates as required
for perfusion. Prior to staining, cells are centrifuged 5 minutes at 290 rcf and suspended in 1 ml PBS.
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Figure 4.10: MitoSOX fluorescent properities. Product information by Thermo-Fisher. (a) MitoSOX chemical
structure. (b) Absorption (blue line) and emission (red line) spectra for the fluorochrome.

Then they are exposed 10 minutes at 37°C to 1 mM of MitoSOX. In order to avoid centrifugation-
induced cell damage, we do not rinse the probe with PBS but dilute it with 4 ml of MEM without

antibiotics and FBS. Experiments are performed in the dark in order to avoid bleaching.

4.2.3 Experimental setup for perfusion

MK from cord blood

Experiments with the cord blood MK are performed at the INSERM U1140. The microfluidic de-
vice is placed onto the stage of an inverted microscope (Zeiss Axiovert) on which is mounted a high
sensitivity numerical camera (Rolera MGi+). The channel is connected to a syringe pump with sili-
con tubes. The system is rinsed with PBS at a shear rate of 1800 s~! (i.e. a flow rate of 41 L /min) to
remove unbound VWE. Then cells are perfused 1 h 30 min to 3 h and are observed in bright field or

in fluorescence.

DAMI cell line

Experiments with the DAMI cell line are performed at the Université de Technologie de Com-
piegne. The microfluidic device is placed on the stage of an inverted microscope (Leica DMI 6000B,
Leica Microsystems, Germany) on which is mounted a fluorescent camera (Leica DFC300 FX, Leica
Microsystems, Germany)). The channel is connected to a pressure pump (MFCS 2 bar, Fluigent) with
PEEK tubes of internal diameter 0.25 mm. Prior to cell perfusion the system coated with VWF is
rinsed with PBS at 20 mbar for at least 15 min. Then we replace the PBS solution by the cell suspen-
sion. We fixe the pressure at the entrance at 104 mbar to generate a shear rate of 1800 s~! on the wall.
A gentle agitation of the cell reservoir allows the suspension to remain homogeneous. Part of the cells
adhere on VWF and we follow the behavior of single cell elongation. We want to avoid having too
many cells in the system. The cell suspension is infused in the system for 20 minutes. Then, the cell
reservoir is disconnected and replaced by a reservoir containing pure medium. Adherent cells are
thus exposed to a constant shear stress, but their number remains low so that they do not interfere

with one another.
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4.2.4 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

Images are acquired in bright field and then in fluorescence on different cells. Bright field acquisi-
tions are performed simultaneously on 5 cells during 40 minutes at the magnification of x20 or x40
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 ] software. The physical length of one pixel is 16 ym. 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.

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 ac-
quired in bright field and in fluorescence with an excitation wavelength of 580 nm at a x20 magnifica-
tion. 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 um.

4.3 Elongation characterization

4.3.1 Shape of the elongated filament

We observe the elongation of MK in the microfluidic device coated with VWE. All MK behave
differently under flow and their shape vary over time. We can distinguish four steps illustrated in
figure 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 [219]. In the present work, we seek to quantify these heterogeneities
and focus on the elongation velocity.
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Figure 4.11: The different steps of MK elongation. Images of the elongation of a MK from cord blood after 14
days of culture (by Ilyesse Bihi). (a) First the MK is captured onto the pillar coated with VWE. (b) Second, the
cell elongates in the flow. The cytoplasmic filament is thick and elongates in both side of the cell body. (c) Then

condensation areas appear and form an undulation shape. (d) Finally the filament forms a chain of pearls as a
necklace.
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Figure 4.12: Elongation of a MK. The flow is from left to right. Scale bar 50 ym. A cord blood MK is observed in
bright field. (a) Acquisition of images by Meriem Lebsir. Pictures of successive images of the elongation. Black
arrows point the evolution of the position of a bead over time. (b) Plot of the total length of the cell over time.
Experimental points are plotted in grey. The black line is the linear fit. We find an average velocity of 0.446 +
0.006 pm/s.

4.3.2 Elongation velocity over time

We characterize cell elongation by measuring the distance between the pillar where the MK is

captured and the end of the elongated filament over time. Images are acquired with a frequency of
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Figure 4.13: Plot of instantaneous velocity over time. The instantaneous velocity values of the distance run by
the end of the filament over 10 s are the red diamonds.

one image per second. Figure shows a MK in elongation and a plot of the total distance of the
MK as a function of time. We fit the experimental value with a linear regression. We find an average
velocity of 0.446 yum/s. In order to better visualize the evolution of the velocity, we plot in figure 13|
the instantaneous velocities as a function of time. Each point corresponds to the instantaneous veloc-
ity calculated over 10 seconds. In this example, we notice that the velocity remains positive, which
suggests the filament does not retract during the acquisition period. However, the velocity is not
constant over time. The filament does not elongate with a constant velocity, we observe acceleration
phases (0 s to 155 ; 60 s to 90 s; 200 s to 215 s), deceleration phases (15 s to 60 s; 160 s to 200 s) and
constant phase (90 s to 160 s).

The instantaneous velocity is defined as U = L/t where U is the velocity, L the length and ¢ the
time (f=10 s). Assuming an error of 2 pixels when measuring the filament length, we get a precision
AL = 0.8 ym. Error bars correspond to the uncertainty on U calculated as AU = UA—LL, and are smaller
than data points in figure[#.12] We plot the instantaneous velocity as a function of time for 11 MK and
find an average elongation speed between 0.29 &+ 0.10 ym/s and 0.98 &+ 0.14 ym/s. It exists a large
variability between two cells that can be due to their intrinsic properties.

4.3.3 Spatial distribution of elongation velocity

We plot the spatiotemporal diagram in figure [4.14]of the filament elongation namely kymograph.
It corresponds to the modification of grey intensity over time along the filament. The pillar is on the
left of the image, it is recognizable by the vertical straight line corresponding indicating that it does
not move over time. The MK followed has a beads-on a thread shape and elongates. The variation of
intensity along the horizontal axis is due to the presence of beads. Thus we can follow the position

of remarkable beads over time. The filament does not linearly elongates. If elongation was linear,
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each bead would follow straight lines on the kymograph which is not the case. Sometimes a segment
between two beads slows down and sometimes it goes faster. We can notice, on figure that the
elongation is heterogeneous inside the cell. Even if on average the cell elongates (the position of the
free extremity moves towards the right side of the image while the other is anchored to the pillar),
some segments between two beads stretch (segment (ii)) while others contract (segment (iii)). Also
we notice the apparition of beads over time (blue arrows in segment (i)) corresponding to condensa-

tion zones in high elongation rate areas.

t=0 min

t=6min45s

t'v

Figure 4.14: Spatiotemporal diagram of cell elongation. Acquisition of images by Meriem Lebsir. Cord blood
MK elongation under flow. Att = 0 min acquisition starts. We stop it after 6 min 45 s. The spatiotemporal
diagram allows to follow the behavior of the filament over time. Red arrows show the initial and the final
positions of two single beads. (i) The apparition of beads (blue arrows), visualized in the spatiotemporal diagram
as new lines. (ii) Elongation of the segment between the two beads pointed with the white arrows. (iii) Local
retraction of a segment between the two beads pointed with the red arrows. Write arrow heads point times of
ruptures. After rupture we observe a global contraction of the filament. Scale bare 50 ym.
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Figure 4.15: Acceleration between rupture. Acquisition of images by Meriem Lebsir. Plot of the distance as
a function of time for a MK which breaks after 195 s elongation. During the 10 s prior the rupture elongation
accelerates.

4.3.4 Study of ruptures

In order to visualize the beads, we perform with a x40 magnification. Thus the spatial resolu-
tion is 205 x 205 ym. MK can grow much longer. For this reason we are not able to visualize the
whole filament in the same field and we probably miss ruptures occurring out of field. Thus, rup-
ture is a phenomenon rarely observed in our device. However, on the 25 MK followed during one
of the experiments performed, five ruptures have been observed. In figure we show the veloc-

ity of one of them. We observe an acceleration of elongation during the 10 seconds preceding rupture.

In this section, we focus on the last 10 s preceding each rupture event, and we seek to quantify
the heterogeneity in elongation velocity described in section On five cells we distinguish 52
segments that do not break and 9 segments that break (several ruptures can occur on the same cell).
A segment is the distance between two beads detected when there is a modification of intensity in
the filament. We call non-rupture the events between two beads that do not break, and rupture the
events where ruptures occur. We measure the length of each segment juste before rupture, their elon-
gation velocity during the 10 seconds before rupture and the elongation rate. The elongation rate is
calculated as the elongation velocity as a function of the segment length. In table [f.1} we present the

average value of length (I), velocity (V) and elongation rate.

We observe that on average segments that break have an elongation velocity greater than the one

of segments that do not break. Segments where ruptures occur are longer than non rupture segments

(Figure4.16).
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Figure 4.16: Histogram of the distribution of length for rupture and non rupture segments. 52 non rupture
segments and 9 rupture segments on 5 MK have been measured.

Table 4.1: Summary of rupture and non rupture measurements. Measurements of the average length (I), av-
erage elongation velocity (V) and average elongation rate for rupture and non rupture segments. Results are
expressed as the mean =+ the standard deviation.

I [pym] V [um/min] Elongation rate (min~!) Number of segments
Non rupture  11.6 £6.2 324158 02410 52
Rupture 309£187 17.2+£187 0.6£05 9

At the scale of the whole cell, it is already known that the elongation velocity is inhomogeneous.
We demonstrate here that elongation rate inside the cell is also highly heterogeneous. In the next

section we try to simultaneously monitor cell metabolism and elongation.

4.3.5 Role of the reactive oxygen species

MK elongation is a very dynamic process involving fast and local cytoskeleton reorganizations.
To better understand which regions of the cell are actively involved in this process, we use fluores-
cent microscopy to map the metabolic activity in elongating MK. Many cellular reactions are fueled by
oxygen [220], in particular during MK differentiation [221] and platelet production [222], we choose to
target ROS and in particular mitochondrial superoxide anion. We use the fluorescent probe MitoSOX
(Red mitochondrial superoxide indicator for live-cell imaging) which is specific to the mitochondrial
superoxide anion (O 7). In this section we study the effect of elongation on the production of the

superoxide anion in fluorescence by staining cells with MitoSOX.

On cord blood isolated MK: INSERM experiments

In this section, we present results obtained by Meriem Lebsir [223] during her master thesis. The

fluorescence intensity is averaged in a delimitated area kept constant in all images and containing the
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Figure 4.17: Plot of the fluorescent signal as a function of time for cord blood MK. Adapted from [223]. (a)
Fluorescence acquisition starts after 37 minutes perfusion. The fluorescence intensity vary over time resulting
on the presence of superoxide anion. (b) Fluorescence acquisition stats after 2 hours perfusion. The fluorescent
signal decreases over time, probably resulting on photobleaching.

cell filament in each image. In order to avoid noise due to background signal and the signal of cells in
flow, the region of interest is chosen as close to the filament as possible. We call fluorescent signal the
difference (F; — Fy) between the mean fluorescence intensity at time ¢ (F;) and the mean fluorescence
intensity in the first image of the acquisition at time t = 0 s (Fp). In figure .17 (a), we measure the
fluorescent signal of one cell as a function of time. Acquisition is performed for 100 seconds after
37 minutes of perfusion. We observe fluorescence signal variations. Since MitoSOX stains the super
oxide ion produced by mitochondrial activity, fluorescence traduces its presence. At high fluorescent
signal we assume an extensive mitochondrial activity. On the contrary, figure (b), acquisition is
performed for 34 seconds after 2 hours of perfusion. We observe a decreasing profile of the fluores-
cent signal as a function of time. We observe no pic of fluorescence, the signal only decreases over

time probably resulting of photobleaching.

We seek to understand if the production of ROS occurs in specific elongation sites: beads, high
elongation rate, or close to the extremity of the filament. We have to distinguish real variation in
the fluorescent signal (indicating ROS activity) to photobleaching which is the degradation of the
fluorescent molecule by light. Fluorescence acquisition should be performed before 40 minutes to
observe mitochondrial activity and avoid bleaching of the fluorescent probe MitoSOX. However, the
inability of the microscope to switch between fluorescence and bright field without moving the mi-
croscope stage, does not allow us to make correlation between elongation rate and the production of
ROS neither their position into the filament. Moreover, to study the influence of elongation on the

production of superoxide anion, we have to wait the MK elongates enough which requires some time.

Improvement of the protocol with the DAMI cell line: UTC experiments

In this section, we seek to develop a protocol to superimpose bright field and fluorescent obser-
vations, and avoid photobleaching. We perform these experiments at the UTC where the fluorescent

microscope allows to switch filters between bright field and fluorescence. We use the DAMI cell line
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to establish the protocol because their culture is easier than the one of MK, more reproducible and
requires less chemical agents. Since the cell line behaves as immature MK we decide to treat it with
40 uM BBI that have been shown to mimic the behavior of mature MK in chapter 2} Images are suc-
cessively acquired in bright field and in fluorescence. For a same period of time and a same field, we

follow the cell elongation in bright field and the production of superoxide anion in fluorescence.

Both images are not acquired simultaneously since the microscope has to switch filter between
the two images. Time to change filter between bright field and fluorescence is 2 seconds. During one
cycle the microscope acquires images and changes filters twice. Thus to acquire one image with the
superposition of bright field and fluorescence it takes almost 5 seconds. It corresponds to the highest
step time we can impose during the time lapse. Figure presents one cell which elongates for
almost 10 minutes. We measure the elongation velocity on seven cells and on average, we find 0.055
=+ 0.001 pm/s which is much lower (by a factor 10) than cord blood elongation velocity find in pre-
vious section (0.50 & 0.17 um/s). Two of the consequences are that we observe the whole elongation
of the filament as its length is smaller for DAMI cells than for cord blood MK but ruptures and high
elongation rates are rare. Moreover, for these experiments, cells are treated with BBI only for one day
as at this time the role of BBI on the cell line was not well known. However we show in chapter [2|that
after 3 days of treatment with BBI they become larger and mimic mature MK behavior. Increasing the

treatment duration should increase the ability of cells to elongate.

t=152s

t=298s

t=443s

t=589s

Figure 4.18: Pictures of DAMI in elongation in fluorescence and bright field. Images acquired by O. Chaput
and G. Aldebert. On the left succession of images in bright field of the elongation of a cell treated 1 day with BBI
and stained with MitoSOX. On the right, corresponding images in fluorescence.

We observe in the previous section that the elongation is faster during the 10 seconds preceding
rupture. However, the temporal limit imposed by the switch between filters does not allow to pre-

cisely study rupture phenomenon. The technique only allows us to detect the superoxyde anion in
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the condensed zone of the cell (beads, body)(Figure £.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 rup-
ture, 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.

4.4 Conclusion

We studied single cell elongation behavior in microfluidic chambers and we observe that the elon-
gation speed is not homogeneous during a period of time as it has already been demonstrated in the
literature [219]. 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 elon-
gated 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 photobleach-

ing.

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 alter-
nating 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 produc-

tion of the superoxide anion.

The superposition of fluorescence and bright field is essential for this study. In future work experi-
ments 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 flu-
orescence 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.
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Laser ablation
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5.1 Introduction

5.1.1 Cytoskeleton remodeling during PLT formation

During the formation of platelets, mature MK extend long cytoplasmic protrusions called pro-
platelets in the blood circulation [224]. These dramatic morphological changes involve fast reorgani-
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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 uM) of microtubule-targeting drug nocodazole
[7], but not if the drug concentration is lowered to 100 nM [219]. 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 micro-
tubules from sliding along one another [219]. 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. Sliding-
induced elongation rates as high as 3 ym/min are measured, and hydrodynamic forces can further
accelerate elongation in dynamic bioreactors as high as 30 ym/min. Viscous forces applied on the fil-
ament are on the range of nano Newtons, while a bounding between MK and VWEF is only some pico
Newton order of magnitude [225]. 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 [226]. 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
[227]. The very late stages of platelet formation, when the elongating MK breaks to release pro-

platelets, 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 [228], in flow. Laser ablation technique is
not available at Université de Technologie de Compiegne 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 Saarbriicken, in Germany, in the lab of Jun. Prof. Dr. Franziska Lautenschldger

who is specialist in cell biophysics.
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5.1.2 History and applications of laser ablation

Electrons present in the external layer of the atom can absorb or emit energy as photons. Energy
of a photon is given by the equation of Planck-Einstein [229]: AE = hv, where h is the Planck constant,
v the light frequency in hertz (Hz) and AE the energy of absorption or emission. Figure[5.T]illustrates
the principle of atom absorption and emission of photons. When an atom receives a photon with a
specific wavelength, it adsorbs the energy and is in an excited state. Spontaneously, the atom can go
into ground state by emitting a photon. In the case an excited atom receives a photon, it induces the
way to go back into the original state of the atom and emit a second photon with exactly the same
wavelength, frequency, phase and direction that the photon received. That is the principle of stimu-

lated emission.

In 1960, Maiman [230] invented a principle stimulating optical beam using a ruby. A laser (Light
Amplified Stimulated Emission Radiation) is a source of monochromatic, unidirectional, coherent
light, of high intensity, based on the principle of simulated emission. A laser consists of many atoms
placed in a chamber between two mirrors. Some photons excite the atoms which will at some point
be almost all activated. When one of these atoms spontaneously go back to its ground state it emits a
photon able to initiate a cascade of stimulated emissions from the excited atoms. The mirrors reflect

the photons and create a laser beam.

E, E, E,
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hv /\/\/L—> /\/\/\’) hv hv /\/\/\_,> %
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E, E, E,
Absorption Emission Stimulated emission
Figure 5.1: Absorption and emission of photons. Spontaneous absorption of a photon consists of a gain of
energy hv for an electron. When an electron loses energy the atom spontaneously emits a photon. In the case an

electron is already in the upper layer of energy and receives external excitation as a photon, it emits two photons.
This phenomenon is called stimulated emission.

When a high intensity laser is focused on a small area, the exposed material is damaged: this is the
principe of laser cutting, welding, and ablation. Laser ablation can be used on metals for example for
the formation of colloids [231] or the control of crystalline nanowires formation [232]. The experiment
is performed in a solvent to trap the colloids. Soon after the invention of laser ablation on materials,
it was clear for researchers that the method will have many applications to manipulate and damage
biological samples [228]. One of the first experiment on biological tissue has been realized in 1965
where Amy et al. damaged a mitochondria with a ruby laser beam. But it is in the 80’s that the
microsurgery using laser really starts to be used on biological structures [234]. Even if the method
is not recent it has been improved a lot and the use of lasers on biological samples presents many
advantages due to the precision and specificity of the technique. It is now possible to ablate either

part of a cell or a part of a whole organism.

The study of laser ablation on metals has been coupled with biological applications. In biolog-



114 CHAPTER 5. LASER ABLATION

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 [235]. Other complex structures such as : zebrafish kidney [236], veins
[237] or axon repair [238}239]; 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 [240, 241]. However, the study of cell
behavior and reparation is limited by the alteration of the membrane. To study the different organ-
ites of a cell with microneedles, we need to isolate them [242]. 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 interac-
tion 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 [243]. Many studies have been accomplished
on mitochondria [244] and cell cortex in order to understand the role of microtubules [245| 246|] and
actin stress fibers [247-249]. They can be visualized with fluorescent probes and are ablated to un-
derstand their biophysical properties. Severing cytoskeletal elements such as actin and microtubules
allows to measure tension forces [250-252] in the filaments, and repair after ablation [253] [254]. Sev-
eral 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 [255H257]. 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 [258] 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 [259]], or the separation of the two daugh-
ter 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 [260]. The laser damage the fila-
ment between the two daughter cells (Figure 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
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induces adding forces and the measurement of tension is not direct. So we will only focus on charac-

teristic velocities of elongation and contraction before and after ablation.
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b) Partial ablation

Figure 5.2: Sketch of laser ablation on cells before abscission. Abscission is the last step of cell division when
the two daughter cells are separated. (a) Laser ablation on the bridge between the two cells permits to mimic
abscission and measure traction forces of the cells by measuring the displacement of the cells in the substrate.
(b) With a lower power intensity of the laser, partial ablation of the bridge is possible. Microtubules are cut but
the membrane is not damaged. Microtubules regrow in the membrane tube and reform the bridge. abl. is for
ablation and the time is seconds after ablation. Arrow heads show the regrowth of the microtubules. Image
adapted from [260].

5.1.3 Principle of the laser ablation technique

Laser ablation is based on the highly focus beam which induces enough energy to damage a ma-
terial. The confocal microscope on which is mounted the MicroPoint laser allows to visualize the cell
in bright field to have an overview of the cell, and in fluorescence to focus the laser on the zone of
interest. There are two lasers involved in the optical path. First, the CSU 647 (Confocal Scanning
Unit) is used to visualize the microtubules in fluorescence with a wavelength corresponding to deep
red. Second, the MicroPoint allows laser ablation experiments by focusing the laser onto the sample
(Figure 5.3). The first pathway corresponds to common fluorescence microscopy (in blue in figure
B.3). The exciting light is emitted by a lamp. A filter selects the wavelength needed to excite the fluo-
rescent probe. Then the beam is reflected on a dichroic mirror to be directed on the sample direction.
It passes through the objective and illuminates the sample. The fluorescent probe is excited and emits
light with an increased wavelength (in green in figure[5.3). The emitted light passes the objective and
the dichroic mirror. Finally it passes through the emission filter before reaching the camera. The sec-
ond pathway permits laser ablation. The MicroPoint laser is inserted into the pathway of the confocal
microscope (in red in figure[5.3). The laser is reflected by the dichroic mirror. A tube length allows to
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focus the laser on the sample with a high accuracy. Cells can also be illuminated in bright field as in

all inverted microscope.
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Figure 5.3: Sketch of laser ablation principle. Confocal microscopy and laser ablation (MicroPoint) are added on
an inverted microscope. The sample is placed on the microscope platform and illuminated with a monochromatic
lamp. One laser is used for the confocal microscopy, the visualization in fluorescence (Laser CSU) in blue. The
laser beam has a specific excitation wavelength reflected on a filter cube. The path crosses the objective and
illuminates the sample. The wavelength emitted by the fluorochrome is directed on the camera. The second
laser is used for ablation (MicroPoint). It works the same way but is focused on a small specific area of the
sample. It is used only few seconds and its high intensity saturates the camera.

5.1.4 Organization of the chapter

We propose in this chapter to study cell rupture with the method of laser ablation. The method is
usually used in static conditions. In our case, it consists in severing microtubules by focusing a high
intensity laser, without killing the cell. During ablation, we are not able to acquire images because the
intensity of the laser saturates the camera. Nonetheless, we are able to switch between bright field
images and fluorescent images in order to superimpose both responses. The objectives are (i) to adapt
the principle of laser ablation, well known in static conditions, in flow; (ii) to understand the role of
microtubules in rupture; (iii) to measure retraction times of the filament after rupture. This chapter
is organized as follow. A first section presents the geometry of the system, the preparation of

cells and the experimental set-up. A second section presents the elaboration of the laser ablation
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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.

5.2 Material and methods

5.2.1 Microchannel design and fabrication

The microfluidic system geometry is presented in chapter 4 on figure It consists of a straight
channel of thickness 34 ym, width 2 mm and length 17 mm, with thirteen beams (also called ridges
[104]) of width 100 ym, thickness 20 ym, and length 2 mm, separated by 900 ym. The system is pro-
duced in PDMS using the protocol described in section 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 VWEF in order to trap cells on the surface of the beams. VWEF is
dissolved in PBS (phosphate-buffered solution; pH 7.4, Gibco, ref : 10010-031) at a concentration of
40 yM. The microsystems are filled the day before experiment with 15 pl of this solution and stored

overnight at 4°C in a humid atmosphere.

5.2.2 Cell culture and treatment

DAMII cells are cultured as described in section 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
[183]. In the literature, Shin et al. have shown that a treatment of megakaryocytes (MK) with 20 yuM
BBI for 3 days increases the number of in vitro platelets produced [261]].

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 uM of
BBL
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5.2.3 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 elon-
gate. 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 a, b). Both are based on
the silicon rhodamine fluorochrome whose absorption wavelength is 652 nm and the emission wave-

length is 674 nm. That corresponds to far red wavelengths. Absorption-emission spectra are drawn

on figure[5.4] (c).

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 [262]. A depolymer-
ization 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 [263]. 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 M 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 uM of SiR-actin. The fluorescence in-
tensity 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
uM. 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 [264]. 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 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 we see that although
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Figure 5.4: SiR-actin and SiR-tubulin properties. Product information by Spirochrome (a) SiR-actin chemical
structure: Cy1HggNgO1(Si, molecular weight 1241.6 g/mol. SiR-actin consists of jasplakinolide and rhodamine
fluorochrome. (b) SiR-tubulin chemical structure: C73HggN4O14Si, molecular weight 1303.6 g/mol. SiR-tubulin
consists of docetaxel and rhodamine (¢) Absorption (blue line) and emission (red line) spectra for both fluo-
rochromes.

BBI-treated cells are larger, they behave in a similar manner in response to SiR-actin staining: the flu-

orescence signal is low on average, and increases in deformed cells and upon addition of verapamil.

We use the protocol of perfusion detailed in chapter [@ section with BBI-treated DAMI cells
stained with SiR-actin and verapamil. We acquire images as soon as cells adhere to the surface. Soon
after capture, we can visualize the ring of actin (Figure 5.7} b) in the cell body. But as soon as the cell
elongates, the intensity becomes weaker and the filament is never fluorescent. The use of SiR-actin

does not seem to be adapted to visualize the filament in fluorescence in order to ablate it.

Staining of microtubules

We stain microtubules (Figure 5.8) in DAMI cells which are in suspension, with (Figure[5.8c and
d) and without verapamil (Figure[5.8]a and b). We make same experiments on DAMI cells treated 3
days with BBI (Figure . We notice that, as SiR-actin, SiR-tubulin requires verapamil to enter the
cell (Figures [5.8/d, and [5.9|d). Moreover, SiR-tubulin + verapamil seems to stain a large majority of
cells and its efficiency is not modified with the presence of BBI.

In bright field, cells do not appear perfectly round but their cortex structure, visualized in flu-

orescence microscopy, is organized as expected : a halo of actin superimposed with a coil of



120 CHAPTER 5. LASER ABLATION
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Figure 5.5: DAMI stained with 1 M SiR-actin. (a) without verapamil, in bright field. (b) without verapamil, in
fluorescence with emission wavelength of 647 nm. (c) with 10 M verapamil, in bright field (BF). (d) with 10 yM
of verapamil, in fluorescence with excitation wavelength of 647 nm. Scale bar 50 ym.
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Figure 5.6: DAMI treated 3 days with blebbistatin 40 M, stained with 1 M SiR-actin. (a) without verapamil,
in bright field. (b) without verapamil, in fluorescence with emission wavelength of 647 nm. (c) with 10 uM
verapamil, in bright field. (d) with 10 M of verapamil, in fluorescence with excitation wavelength of 647 nm.
Scale bar 50 ym.
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Figure 5.7: Images of a DAMI in elongation stained with SiR-actin, supplemented with verapamil. Flow is
from left to right. Scale bar 25 ym. (a) Bright field picture, the cell elongates and form a thin filament. (b)
Visualization of actin filaments in fluorescence, the intensity is lower in the filament than in the cell body.
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Figure 5.8: DAMI stained with 1 yM SiR-tubulin. (a) without verapamil, in bright field. (b) without verapamil,
in fluorescence with emission wavelength of 647 nm. (c) with 10 uM verapamil, in bright field. (d) with 10 uM
of verapamil, in fluorescence with emission wavelength of 647 nm. Scale bar 50 ym.
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Figure 5.9: DAMI treated 3 days with blebbistatin 40 1M, stained with 1 M SiR-tubulin. (a) without vera-
pamil, in bright field. (b) without verapamil, in fluorescence with emission wavelength of 647 nm. (c) with 10
uM verapamil, in bright field. (d) with 10 uM of verapamil, in fluorescence with emission wavelength of 647 nm.
Scale bar 50 ym.

microtubules and some microtubules in the cytosol connected to a centrosome to the external ring.

We have seen that microtubules are more fluorescent than actin filaments.

In dynamic conditions in a flow chamber, we can visualize the microtubules in the filament (Figure
p.10), whereas actin was only visible in the cell body. Close to its anchorage point at the surface of
the ridge, the filament appears dark. This is due to the fact that the flow is not plane in the vicinity
of the obstacle, and the filament is therefore not perfectly horizontal. Only the second half is in the
focal plane of the microscope. Nevertheless, we can precisely focus the laser on the bright part of the
filament. Thus we will stain microtubules using the protocol detailed in section[5.2.4}

5.2.4 Cell preparation

For laser ablation experiments, DAMI cell line is treated 3 days with 40 uM of BBI in a volume
of 2 ml at a concentration of 10° cells/ml in one well of a 6 wells cell culture plate (Cat. No. 657
160, Greiner BioOne). In order to visualize microtubules, in the DAMI cell line, 5.10* cells/ml in 1ml
are treated lhour with 10 uM verapamil and 1M SiR-tubulin (Spirochrome), in a fluoroDish (World
precision instruments), at 37°C, before the experiments. Then they are centrifuged (HERMLE Z326K,
GmbH, Germany) 5min at 200 rcf and the pellet is resuspended in 4ml of MEM (Minimal Essential
Medium Eagle) (M4526-500ML, Sigma Aldrich). The cells are around 10* cells/ml and ready for the

perfusion.
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Figure 5.10: Images of a DAMI in elongation stained with SiR-tubulin, supplemented with verapamil. Flow
is from left to right. Scale bar 25 ym. (a) Bright field picture, the cell elongates and forms a thin filament. (b)
Visualization of microtubules in fluorescence, the intensity is lower in the filament than in the cell body.

5.2.5 Experimental setup

The microfluidic chip is placed on an inverted confocal microscope (Nikon Eclipse Ti-E GmbH,
Diisseldorf, Germany) with a x60 oil-immersion objective, 1.4 NA. The system is connected to an
autonomous pressure pump (Fluigent, France) with PTFE tubes of internal diameter of 0.3 mm. The
inlet and outlet tube lengths are respectively fixed at 70 cm and 30 cm. Reservoirs, at the entrance
with the cell suspension and at the exit to collect the solution, are placed at the same height in order
to have no adding pressure. When no pressure is imposed at the entrance, the fluid is at rest. Prior to
the experiment, the VWF is rinsed with PBS at least 10 minutes at 100 mbar before perfusing the cells.
During the experiment, condition of perfusion and shear stress are the same as described in section
4.2.3]

As mentioned in section microtubules are stained with the probe SiR-tubulin. A laser of
wavelength 647 nm illuminates the cells. Fluorescent images of the microtubules are recorded using
an ORCA-Flash 4.0 V2 sCMOS camera (Hamamatsu Photonics Europe GmbH). The camera has a
small pixel size of 6.5 ym and a total resolution of 2048 x2048 pixels, providing a large spatial reso-
lution. Image acquisition is realized with the NIS-elements software. Images are acquired in bright
field and in fluorescence in order to have a superposition between the whole cell and the position of
microtubules. Exposure time is respectively 30 ms and 400 ms for bright field and fluorescence im-
ages. The intensity of the laser is fixed at 15 % in order to limit bleaching effect during the 20 minutes

duration of each acquisition.

Ablation of the DAMI microtubules is conduced with a second laser: the MicroPoint (Andor Tech-
nology) ultraviolet nitrogen-pumped dye laser, also mounted on the microscope. The zone that can
be reached by the laser is smaller than the field of view of the camera. Thus we have to place the
target cell in this zone and select the region of interest (ROI). It is the region where we will fire and
so damage the selected zone. The MicroPoint is an additional module mounted on a confocal micro-
scope already equipped in FRAP, and spinning disc modules. This laser is thus not yet implemented

in the software, it is instead controlled by a macro which has to be run before each set of measure-
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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 ev-
ery 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 fluo-

rescent signal becomes too weak to be detected. Images are analyzed using the Image J software (Fiji).

5.3 Development of laser ablation protocol

Laser ablation equipment is available in Saarbriicken. 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.

5.3.1 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 ym. 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 [5.1T). 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 (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 re-
gion as shown in figure (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 ROIL The calibration
depends on the refraction index (oil or air objectives). When modifying the objective magnification,
the calibration has to be done again.
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Figure 5.11: Calibration points. The calibration motif: 16 points in the x-axis and 16 points in the y-axis, crossed
in the middle. The size of the fire points depends on the laser intensity. Checking manually the position of each
point permits the correlation between the laser and the camera.

5.3.2 Ablation in static conditions on adherent cells

We first perform laser ablation on transfected fibroblasts expressing fluorescent microtubules. It
is easier to start with adherent cells close to the dish surface to be sure the depth of field is enough to
focus the laser on microtubules. Figure shows that just after ablation, at 14 seconds of acquisi-
tion, there is a black line corresponding to the position of the ROI. After two minutes, this darkened
region becomes brighter again. But, before this, we can notice in figure that at 29 seconds of
acquisition, the dark zone has grown larger. This indicates that, shortly after ablation, microtubules
retract on both sides of the ROI. It means that the laser severs microtubules without killing the cell.
The reorganization of microtubules lets us assume that the cell is repairing itself after ablation. Be-
cause fibroblasts are adherent cells, their microtubules are close to the glass surface. In order to avoid
breaking the glass, we need to use a low intensity power of 65 % for laser ablation. Cells in suspen-
sion are further from the glass surface. The distance the laser has to travel is longer to submit the
microtubules at the same energy to sever them, we need a higher intensity. The maximum intensity

the MicroPoint can reach is 85 %.

5.3.3 Ablation in static conditions on cells in suspension

DAMI cells are grown in suspension, and are placed in a microfluidic chamber for experiments.
Thus the power of the MicroPoint has to be adapted. First we visualize the microtubules in statics, to
show the ability of the laser to damage microtubules without killing the cell (Figure 5.14). In figure
b.14we can see a DAMI cell whose microtubule ring is severed. Ablation of cells in suspension seems
to create a motion of the cell in the opposite direction (data not shown). In bright field, we observe that

laser ablation initiates the apparition of a bleb : a growth at the point where occurs ablation (Figure



126 CHAPTER 5. LASER ABLATION

Figure 5.12: Selection of a ROI. The field of the camera is 2048 x 2044. Here we illuminate the highlighter in
a glass bottom fluorodish. (a) Before ablation, the red square shows where the MicroPoint laser can physically
fire. In the capture of the live image we need to select a ROI which corresponds to the area where the laser will
fire from the top left-hand corner to the bottom right-hand corner of the ROL (b) Live image after ablation. The
bright shape corresponds to the ROI shape where the laser fired. When the ROI shape corresponds to the shape
after ablation, the calibration is finished and the laser is ready for experiments.

10 pm

Figure 5.13: Ablation of microtubules in static conditions on adherent fibroblast. Ablation of a transfected
fibroblast adhering on glass surface. MicroPoint power : 65%. The red arrow points the position of ablation.
Two minutes after ablation, their is recovery of the fluorescence that can be the consequence of microtubules
repair after bleaching. Scale bar 10 ym.
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Figure 5.14: Ablation of microtubules in static conditions on cell in suspension. Ablation of a DAMI previously
treated 3 days with 40 M BBI and stained 1 h with 1 yM SiR-tubulin + 10 M verapamil. MicroPoint power :
85%. The red arrow points the position of ablation.

Figure 5.15: Ablation of microtubules induces the apparition of bleb. DAMI treated 3 days with 40 yM BBI
and stained with 1 M SiR-tubulin and 10 uM verapamil. Scale bar 25 ym. (a) Visualization in bright field before
ablation. (b) Visualization in fluorescence just after ablation at MicroPoint power of 85 %. Red arrow points the
ROI ablated. (c) Visualization in bright field after ablation. Black arrow head points the bleb.
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F.15). However, after few minutes the bleb disappears. It has already been studied in the literature
and after blebbing, the cell reorganizes and recovers its initial shape [258]. As for adherent cells, cells
in suspension repair after ablation. We proved our ability to disturb microtubules organization in
statics for cells in suspension. That is promising for experiments realized in flow on thin filaments of
microtubules. The protocol used is static conditions has been adapted in dynamic conditions and is
described in section [5.3.4]

5.3.4 Ablation in dynamics

Figure 5.16: Ablation of microtubules in dynamic conditions. Successive images of a DAMI treated 3 days with
40 M BBI and stained with 1 yM SiR-tubulin and 10 #M verapamil, perfused in a microfluidic device. The cell
is trapped at the surface of the beam and elongates. The flow is from left to right. At 0 seconds, the acquisition
starts, laser ablation occurs after 14 seconds acquisition. The red arrow points the ROI area ablated. The filament
elongates during almost one minute and breaks between 88 seconds and 92 seconds. Scale bar is 20 ym.

We performe laser ablation on cells elongating at the surface of a ridge coated with VWEF. In figure
we can see a DAMI elongating from left to right. Conditions of perfusion and acquisition are
detailed in section[5.2.5, We call t = 0 s the time at which we start the acquisition. The elongation of
the cell is followed until the ablation time at 15 seconds. We observe on this example that after laser
ablation, the ROl area bleaches as in static conditions. The cell continues to elongate during almost 1
minute until a rupture occurs. That suggests that the filament is not entirely damaged, but only the
microtubules. If the power of the laser is too high, we can severe the membrane with the microtubules
which will lead to an immediate breakage of the cell. But if the power of the laser is too low, it only
induces bleaching and does not damage the microtubules. The aim of the ablation in dynamics is to
study the rupture phenomenon. Thus, we have to find the minimum power of the laser able to severe
microtubules and lead to rupture. The power of the MicroPoint varies between 65 and 75 % of the

laser depending on the z-position of the filament in the microfluidic device.

5.4 Choosing the ablation position

First, we reproduce experiments already performed at UTC and at the INSERM U1140, in order to
be sure the DAMI cell line behavior was the same after a long travel between Compiégne and Saar-
briicken. We carry out experiments in the same conditions of perfusion as detailed in section[f2.3} In
brief, we fix the inlet pressure at 104 mbar in order to have a shear stress of 1800 s ! close to the wall
in the microfluidic device. We perfuse DAMI treated 3 days with 40 uM BBI and stained 1 hour with
SiR-tubulin. Cells can have several shapes and elongation velocities. In order to characterize elonga-
tion velocity, we follow the extremity of the filament over time. When the extremity is out of view,
the easiest way to measure the elongation is to follow the cell body. Elongation velocities presented
in this section are all measured between the beam and the extremity of the filament. Thus we do not

consider very long filaments that are not entirely in the field view. We then calculate instantaneous
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speeds as the distance travelled by the extremity over 10 seconds. The results are presented as the
average of instantaneous speeds + uncertainties. The initial length of the filament when starting the

acquisition is scaled as distance = 0 ym.

Figure 5.17: Definition of the parameters to measure elongation velocity. Picture of a cell elongating in the
microfluidic device. L; is the distance between the beam and the extremity of the filament when we start the
acquisition. Two recognizable points A and B are followed in order to measure elongation velocity over time. A
is the point prior the cell body and B the point following the cell body.
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Figure 5.18: Elongation of SiR-tubulin stained DAMI cells. The flow is from left to right. Scale bar 10 ym.
DAMI were previously treated 3 days with 40 M BBI and stained with SiR-tubublin supplemented with ver-
apamil. (a) Picture of two cells exposed to a same flow elongate. On the top the cell body separates and the
filament presents a shape of necklace with several beads. In the bottom, the cell filament elongates until the cell
detaches from the beam after almost 15 minutes. (b) Plot of the total length of the cell on the top of the image in
(a) over time. Experimental points are plotted in grey. The dashed line is a linear fit. We find an average velocity
of 0.2268 4 0.0006 ym/s.

In chapter ] we discussed spatial heterogeneities present in the filament, when it elongates. In
order to be insensitive to these variations, we measure the total length L of the filament over time.
We acquire images for 20 minutes, or until the cell detaches from the beam. Figure [5.18| (a), presents
two cells elongating in a channel. The cell in the bottom of the image elongates from the beam to the
cell body. However, prior the cell body, in point A, figure there is weak elongation, the body
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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 (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 ex-
periment. 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 ym. The
magnification is x20 so one pixel size is 0.32 ym. The uncertainty generated by measuring the total
length of the filament is £ 2 pixels (i.e. == 0.645 ym) 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 ym/s with a standard
deviation of 0.059 um/s. In chapter | we studied elongation in bright field for cells treated with BBI
with no staining. We found an average velocity around 0.054 ym/s with a standard deviation of 0.035
um/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 ex-
plained in chapter[dthat 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.

Table 5.1: Elongation experiments. N corresponds to the number of experiments. U is the average velocity
considering the total length of the filament. U4 is the average velocity considering the point A on the cell body
(Figure5.17). Up is the average velocity considering the point B on the cell body (Figure .

N U [pm/s] Uy [pm/s] Up [pm/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 4 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 4 0.0002 /
Average 0.1025+0.0015 0.1100 & 0.0003  0.1180 4 0.0001

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 respectively preceding and following the
cell body. The initial length of the filament when the acquisition starts is called L;. Table5.1|shows
that Up 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 x60 in order to precisely cut the mi-
crotubules. 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.

5.5 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
After ablation, three stages are observed and depicted in Figure[5.20]: fast elongation (i), ruptures
(if) and contraction (iii). In a first section, we describe the choice of the laser power. We finally study

the contraction following ruptures.

5.6 Choosing the ablation power

Our objective is to sever microtubules without damaging the cell membrane. To find the most ap-
propriate 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 sev-
ering 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[5.2T| presents a scatter plot of the delay of rupture after ablation as a func-
tion 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
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Figure 5.19: Ablation of the filament. Flow is from left to right at pressure 65 mbar. Scale bar 10 ym. Red arrow
represents the ablation point. Ablation occurs at t = 13 s. (a) Montage of successive images of a DAMI cell in
elongation in flow. After ablation, the dark hole expends, the microtubules are severed. The filament breaks at t
=92 s which is Imin 20 s after ablation.

ablation we will see bleaching at the localization of the ROI but no rupture.

At low power it is difficult to be sure of damaging microtubules. However if the power is too
high (greater than 75%) the filament breaks instantaneously. The reason is probably that we damage
all the cell and the flow carry the non attached part of the filament. Thus we have to find the best
compromise allowing to only severe microtubules. After several experiments we expect 72% to be
the best choice in our configuration. In all our experiments rupture occurs between 10 seconds and
1.5 minutes after ablation. Because the rupture is not immediate, we can conclude that the ablation of
microtubules (Figure[5.19|(a)) does not damage completely the membrane. However, rupture is often

followed by contraction and sometimes other ruptures.

We characterize elongation velocity before and after ablation with the method detailed in section
We first measure elongation velocity of the cell during 45 seconds before ablation. Then we mea-
sure elongation velocity of the cell until rupture. We can notice an increase of velocity after ablation.
On average the velocity after ablation Uar 4 is 0.84 £ 0.33 um/s, that is threefold higher than the ve-
locity before ablation Upy 4, for the six experiments presented. It is much faster than when compared

to spontaneous ruptures we get in chapter fat an average velocity of 0.28 & 0.30 um/s.
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Figure 5.20: Ablation is followed by ruptures and contraction. Plot of the total length of the filament as a
function of time. Red arrow shows the point of ablation. Black arrows point the ruptures. (i) In the first phase
of 20 seconds, the cell elongates. After ablation, the elongation velocity increases extensively. (ii) Successive
ruptures are also preceded by 3 to 5 seconds elongation phases. (iii) After the last rupture, the remaining part of
the filament contracts with a velocity of 0.10 ym/s (in the literature, the retraction velocity of a MK after platelets
release is around 0.06 ym/s [§]).
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Figure 5.21: Rupture delay as a function of laser power. Scatter plot of the rupture delay as a function of the
power of the laser applied. We notice no correlation between the power and the delay of rupture after ablation.

5.6.1 Contraction velocity after ablation

In this section we describe the behavior of the cell after ablation and in particular the retraction fol-
lowing ruptures. Figure[5.22]presents a cell for which ablation occurs after 13.5 seconds observation,
at the right tip of the cell body. As a consequence, the right part of the cell is released in the flow. We

observe the evolution of the remaining part of the cell simultaneously in bright field and fluorescence
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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 %. Ty represents the time between ablation and rupture, in seconds.
L; 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). Upy 4 is the elongation velocity before laser ablation. Uy 4 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 . Images are acquired in bright field (BF) and/or fluorescence (CSU647).

N Powl%l Tyypt[s] L;[um] Uppa[pm/s]  Uapa [pm/s]  BF or CSU647
A B A B

1 71 83 221 0314 0.246 / 1.047 Ccsue647
2 72 45 220 0554 0495 1.044 1.085 BF
3 72 58 122 0.174 0.164 0.242 0.219 BF
4 72 39 186 0.146 0.120 1.000 0.931 BF
5 65 59 160 0.179 0.134 1117 1.053 BF
6 72 55 198 0210 0210 0.786 0.718 BF

for 5 minutes. During the three first minutes after ablation, we can see in bright field the formation
and the retraction of a bleb (Figure t =42 s to t = 231 s). A similar phenomenon has already
been observed in statics (Figure . 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 ¢ = 231 seconds with
a velocity of 0.11 ym/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.

As already explained, we want to induce rupture in order to mimic spontaneous platelet forma-
tion. 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 fre-
quent 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 ob-
served 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. Figure shows a cell attached to the beam coated with VWE. Some beads at
the extremity of the filament accelerate and detach in the flow (Figure[5.23|b). After five ruptures the
filament shrinks with a velocity close to elongation velocity prior ablation (0.17 ym/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
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Figure 5.22: Repair of the cell. Pictures of successive positions of a cell perfused at 65 mbar in the microfluidic
channel. Ablation occurs at the right tip of the cell body at time t = 13.5 s. Ablation seems to inhibits elongation.
On the left images in bright field. On the right corresponding images in fluorescence. Microtubules are stained
with the probe SiR-tubulin. In bright field, a bleb appears (red arrow head) in the position of ablation. In
fluorescence we observe microtubules reorganization. After time t = 231 s, the cell re-grows.

number of ruptures per cell ? Also, we can wonder whether the remaining filament still has the

potential to further elongate in the future, and if so, under which conditions.

5.7 Conclusions and perspectives

In this chapter we described the elaboration of a protocol for laser ablation on suspended cells
elongating in a microfluidic device. First, we have chosen to stain the cell cortex. The staining of actin
was not efficient to visualize the elongated filament so we decided to stain only the microtubules with
the SiR-tubulin probe. Although this probe can be toxic for cells, we chose the maximum amount rec-
ommended in the data sheet (1 M) in order to visualize the staining as long as possible. Even then,
the intensity was weak. For a better staining efficiency we added 10 yM verapamil. Even if that drug
stresses the cell, we observed that most of them were stained and alive after treatment. However,
during the perfusion, several cells adhere to the beam and do not elongate, these cells seem dead. In
order to reduce the stress of the cell just before perfusion, it would be a good idea to not centrifugate

cells after staining but just dilute the cells in medium in order to have 10* cells/ml in 5 ml.

Then, we developed the ablation of microtubules in static and in dynamic conditions. In static con-

ditions, ablation is quite simple. The microtubule ring is severed and a bleb appears. That signifies
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Figure 5.23: Retraction of the filament. Fluid flows from left to right. The cell is attached on VWF at the surface
of a beam. (a) Picture of the cell in flow before ablation, the cell elongates with a velocity of 0.17 yum/s (b) We
follow the total length of the filament and noticed several ruptures of the filament. The red arrow in picture
(a) shows the point of ablation. Black arrows in picture (b) indicate the points of successive ruptures. Ablation
occurs after 15 seconds acquisition.

that the rupture of the cortex creates a zone where the internal pressure is released [258]. Preliminary
results in dynamic conditions on filament ablation in elongated DAMI cells are promising. We have
shown that the ablation of microtubules conducts to the rupture after less than 2 minutes. We have
demonstrated that the elongation velocity increases much more after ablation than for spontaneous
ruptures. Damages caused by the laser appear to have an additional effect on cell elongation velocity.
The main rupture of the filament is often followed by several ruptures of the extremity of the fila-
ment. After each rupture, there is a retraction of the filament followed by an acceleration before next

rupture.

The quality of results is limited by some of the technical features of the equipment. The switch
between bright field and fluorescence took at least 1.5 seconds. This long period is partly due to the
time the halogen lamp needs to switch on and off. In order to be faster, we have 3 possibilities. 1)
Change the halogen lamp for a LED which reaches the maximal illumination instantaneously. 2) In-
sert a shutter on the illumination path in order to always have the lamp on. 3) Stop using bright field
and stain the membrane to visualize the shape of the cell. We have to choose a fluorochrome whose
adsorption wavelength is larger than 500 nm in order to avoid blue light that stops MK elongation.
Typically a fluorochrome emitting in the orange wavelengths should be interesting for double stain-
ing. The advantage of a double staining microtubules/membrane is the rapidity of the acquisition.
Otherwise, the laser ablation can occur of both filters. Until now, laser ablation was done in several
time because of the switch for the acquisition of images. Also, during ablation no image is taken
because of the saturation of the camera. Having both information of the position of the membrane
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and the microtubules in fluorescence should help to have ablation in only one loop.

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.
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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 un-

derstanding elongation and rupture processes of MK.

In a first part, we have demonstrated that our passive microfluidic device is able to sort micro-
capsules 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 ap-
plied. 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-
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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 iden-
tify 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 ef-
ficient than the existing ones; and develop tools for sepsis diagnosis using cell deformability as a

biomarker.
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Biomedical applications often require to sort cells according to their physical properties, such as size, den-
sity or deformability. In recent years, microfluidics has provided a variety of tools to sort micro-objects.
We present here a simple microfluidic device consisting of a channel containing a semi-cylindrical obsta-
cle against which capsules are squeezed by the flow, followed by a diverging chamber where streamlines
separate. We demonstrate that this basic system is capable of sorting elastic microcapsules according to

MSC: their size at low flow strength, and according to the stiffness of their membrane at high flow strength.
00-01 Contrary to most existing sorting devices, we show that the present one is very sensitive and capable of
99-00 discriminating between capsules with differences in membrane elasticity of order unity.
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1. 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 pathologi-
cal 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 lat-
eral 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] in-
volve labels, i.e. specific markers located at the surface of the
micro-objects. Finally, other techniques such as optical stretch-
ers [17] and stiffness-dependent separation [18] can sort het-
erogeneous 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].

* Corresponding author.
E-mail address: anne.le-goff@utc.fr (A. Le Goff).

http://dx.doi.org/10.1016/j.medengphy.2017.06.040
1350-4533/© 2017 IPEM. Published by Elsevier Ltd. All rights reserved.

In bioengineering, particles, capsules and vesicles are con-
sidered as simplified models for cells [21-23]. 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 un-
der conditions mimicking physiological situations, such as flowing
through a constriction [26], and in the context of drug encapsula-
tion 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 etal. [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 deformability-
based 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 geom-
etry. 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.
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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 fiex, and forms a fluid thread of viscosity w;, and thickness €. (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 &.

2. Materials and methods
2.1. 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 in-
duces 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 5min. 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 ] software using a circular fit, and expressed as the
mean + the standard deviation. The deformability of capsules ob-
tained 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 mod-
ulus of the membrane Gs.

2.2. 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 A at its end (Fig.1c). 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 obsta-
cle, the channel widens (Fig. 1a), 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. 1d). We define

as § the distance between the center of mass of the capsule and
the pillar.

2.3. 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 2h 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 plasma-
oxidizer (HARRICK, NY 14850, USA). After 2h in a stove at 70°C,
the device is ready to be used.

2.4. Experimental setup

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

2.5. 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 di-
ameter of 0.25mm. A fluid of viscosity u;, is perfused at pres-
sure P;, into another fluid of viscosity jtexr moved at pressure Pey:
(Win < Mext). The pressures applied to each entrance are ad-
justed, varying P;,[Pex: in order to control the core flow width e
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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.2a) used to measure the inner flow width €, and the width of the channel w.

Table 1
Fluid properties for different coflows with p;, (resp. ptex:) as the viscosity of the
inner fluid (resp. external fluid), and the viscosity contrast x =1 = ftext/ [Lin-

Fluid pair  Internal fluid External fluid  wj[cP]  fext[cP]  x 7!
A Pure water Glycerol 70% 1 30 30
B Alginate solution Glycerol 70% 7 30 4

C Capsule suspension Pure glycerol 800 1300 2

(Fig. 1b). Different fluid pairs (Table 1) are used for calibrating the
flow and establishing the relationship between the flow rate ratio
¢ = Qin/qexs and the width e.

Coflow experiments are performed with different fluids, whose
properties are summarized in Table1. We prepare a 70% glyc-
erol/water mixture (24397-365, VWR, France) and a 1% (w/w) low
viscosity alginate (A1112, Sigma-Aldrich, St Louis, MO, USA) solu-
tion 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, gexr and gj,, in the
two inlets of the flow-focusing module thanks to a flowmeter
(Flowell, Fluigent, France). The value of the flow rate ratio ¢ is de-
duced.

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

2.6. Capsule flow

We prepare the capsule suspension with 20uL of capsules in
1g of pure glycerol. The reservoirs containing the external and in-
ternal fluids (Fluid pair C, Table1) 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 x 768 pixels, with a 10 x magnification for all the videos
and images. We measure the capsule speed U in the straight chan-
nel upstream of the obstacle, before any deformation, and the tra-
jectory followed by the capsule in the divergent chamber (Fig.4a),
at different flow strengths. We define the flow strength as the
product pexU. Varying the pressures P;, and Pex modifies U, and
in consequence the flow strength.

The position Y. of the center of mass upstream of the obsta-
cle is compared to the position of the middle of the channel Yy =
0. The off-centering « is defined as the difference between the

two values and non-dimensionalized by the capsule diameter D,
_ Ye—Yo
K= .
D

3. Results
3.1. Coflow at the channel entrance

Before flowing microcapsules in our device, we flowed two mis-
cible 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 obsta-
cle. 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 with-
out microcapsules to understand the coflow behavior when varying
the viscosity ratio x = i,/ 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 pres-
sure P;, keeping the external pressure Pey: constant, adjusting the
range of variation to avoid backward surge in one or the other inlet
and measure the width €. We worked at variable P;,/Pex: in order
to characterize the behavior of coflows and determine the relation
between the width €, the viscosity and flow rate ratios x and ¢
(Fig. 3a).

The values of the internal thread width € are plotted in Fig.3 as
a function of the viscosity ratio ¢ and flow rate ratio x. It is non-
dimensionalized by three different lengths «: the rectangular mi-
crochannel 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 cross-
section channel (w=h = «), they showed that the core thread
width scales as:

[1 +(1.5X1/2¢2/3)71]71_ (1)

We prove that the depth h, which is the smallest length in our
device, does not limit the core flow width €. In a square channel
the three characteristic lengths are equal, and it was not obvious to
know which characteristic length constrained the width €. When €
is rescaled by o = +vhw, the data collapse onto the master curve
defined by Eq. (1) (Fig.3a). We then plot € /+hw as a function of
the flow rate ratio ¢ for different viscosity ratios y and show that
our experimental values agree with Hu and Cubaud [33] predic-
tions (Fig.3b). € /+hw increases when the viscosity ratio y~! de-
creases. That means that the width € 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 fol-
lowing experiments with capsules, we apply pressures in order to
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Fig. 3. The width € of the core flow is expressed as a function of the flow rate ratio ¢ and the viscosity ratio x. (a) Plot of €/« for the different dimension parame-
ters o, for the fluid pair A. Solid line represents €/a = [1+ (1.5)x1/2¢2/3)=1]-1, Best fit for a = vhw. (b) Plot of €/~hw as a function of ¢ for the fluid pairs A and
B. Triangles correspond to fluid pair A (water/70% glycerol mixture, x~' = 30) and circles represent experimental data from fluid pair B (alginate/70% glycerol mixture,
x~1 = 4.28). Solid lines represent €/a = [1 + (Ky¢2/3)~']~1 (Kx = 1.5x1/2) and are adapted from [33].
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Fig. 4. (a) Trajectories of a 60 um capsule (red) and a 80 um 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).

have values of the internal thread size ¢ smaller than the capsule
diameter D.

3.2. 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 Do = 60+ 18 pm in statics, between slide and
cover, on 174 capsules. Capsules are then flowed through a 50
pm gap between the wall and the obstacle, where they are con-
fined. They are then collected at the different outlets Fig.1a)
and their size distribution is determined. The external fluid is
pure glycerol (Fluid pair C, Table1) with an external pressure
Pexr = 1000 mbar. The internal fluid is the capsule suspension
(Fluid pair C, Table 1) with an internal pressure P,, = 400 mbar.

We notice that larger capsules are deflected further from the
channel axis than smaller ones (Fig.4a). This is confirmed by the
capsule size measurements at the three outlets (Fig.4b). We found
an average diameter D; = 39 £+ 10 um for outlet 1 (in red, Fig. 1a),
D, =70+ 8 pm for outlet 2 (in blue, Fig.1a) and D3 = 73 £ 8 pm
for outlet 3 (in green, Fig. 1a). These results indicate that the sys-
tem 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 §. 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 §, which is the only
modified parameter in size-based sorting.

3.3. 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, = 200 mbar and
Pext = 1000 mbar (low flow strength), and P, = 1200 mbar and
P.xy = 4500 mbar (high flow strength). An increase in pressure
keeping the P;,/Pex: ratio constant (constant core width €) induces
an increase in the flow rates g;;, and gexr 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 pro-
duced at pH 8 (Table2) [25]. We can notice that the stiffness of
the two batches of capsules, defined as the ratio of G, 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 §). 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.5a) than at low flow strength (pink capsule, Fig.5a). On the
contrary, capsules prepared at pH = 8 follow roughly the same tra-
jectory whatever the applied viscous force (Fig.5b). For the stiffest
capsules (pH = 8), the trajectory is not affected by an increase in
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Table 2

Capsules produced with different pH are flowed under a pressure ratio P;,/Pex. The velocity U
is measured experimentally, and the surface shear modulus G arises from the experiments by
Chu etal. [25]. The values of the capillary number Ca are calculated using Eq. (2).

Cond. pH Py, [mbar]  Pex [mbar] U[mms~'] G5 [Nm1] Ca

1 59 267 1000 11+ 01 0.030 + 0.007  0.05 + 0.01
2 59 1200 4500 50+03 0.030 £ 0.007  0.22 + 0.04
3 8 200 1000 0.7 £ 0.1 0.081 + 0.026  0.01 + 0.002
4 8 1200 4500 49 + 06 0.081 + 0.026  0.08 + 0.02

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 100 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article).

flow rates. This means that even at high pressure, the flow strength
MextU remains too small to overcome the elastic forces character-
ized by the 2D elastic shear modulus G;.

4. Discussion

In the flow-focusing module at the entrance of our system, the
capsule suspension forms a jet surrounded by a more viscous glyc-
erol. The results presented in this paper show that we are able
to control the width € of the core flow, for a given viscosity ra-
tio x, by modifying the pressures applied at the entrances of our
system. In the literature, the flow through flow-focusing microsys-
tems has been abundantly studied but involves mostly the coflow
of immiscible fluids, mainly for bubble [35] and droplet forma-
tion [36]. The velocity profile in the coflowing fluids differs sig-
nificantly depending on whether the most viscous fluid is the in-
ternal [37] or the external one [33]. Although there are consider-
ably 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 uni-
versal equation €/a = [1 + (1.5 /2¢3/2)~1]-1 established by Hu
and Cubaud [33] in a rigid square channel for a viscosity ratio x ~!
between 100 and 10,000 remains valid for smaller viscosity con-
trasts (x~! = 30 and x~! = 4 in our experiments). More inter-
estingly, the current results extend this law to soft PDMS channels
with rectangular cross-section, provided the effective length scale
a = +/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 €
and modify the previous equation. It would be interesting to per-
form experiments in wider channels in order to find the limit of
validity of this scaling law.

By flowing microcapsules of various sizes and mechanical prop-
erties 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 sys-
tems, particles or bubbles are squeezed against a wall by an exter-
nal 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 symmetri-
cal 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 de-
vice is governed by the distance § between the obstacle and the
center of mass of the capsule in the confined zone. At low flow
strength, § 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, § is the capsule radius (D/2) and & is maximal for cap-
sules whose diameter is equal to the constriction width. At larger
flow strength piex:U, hydrodynamic forces increase and become
comparable to elastic forces. In this case, the distance § 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:

MextU

Ca= G (2)
The capillary number compares viscous and elastic forces. De-
formable capsules are pushed closer towards the obstacle wall (low
§) 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 Gs, capsule deformation will only occur at large capil-
lary number, i.e. at high flow strength pex:U. We seek to determine
the critical capillary number Ca. beyond which capsule trajectory
starts to depend on the mechanical properties. In earlier experi-
ments, the shear modulus G has been measured for several condi-
tions 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 cap-
sules 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 § between the ob-
stacle wall and the capsule center of mass, and the two popula-
tions can be separated. Our experimental results suggest that Ca.
lies between 0.1 and 0.2. This is consistent with the numerical re-
sults 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 results in a significant mod-
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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 exper-
iments are polydisperse, with diameters between 55 pym and 85
um. Many size-based separation techniques require a large size
contrast between objects to be sorted, and a frankly bimodal dis-
tribution [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. — Yy between their center of mass and the channel axis can be
as large as € — D. Small objects are therefore much more likely to
be off-centered than objects of size D ~ €, which are more effi-
ciently 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 § = WT*’\. 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 determinis-
tic lateral displacement or inertia have demonstrated their abil-
ity 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 neg-
ligible. We propose in this article a more sensitive device, which
can sort micro-objects exhibiting moderate variability in size or
deformability.

5. Conclusion

We have demonstrated that capsule sorting based on deforma-
bility and size can be achieved experimentally by using the same
device at various flow rates. The present device allows us to sep-
arate 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 stiff-
ness. 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 cap-
sule in the diffusing chamber is governed by the distance & be-
tween 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 pre-
vious size-based separation at low flow rate, in the desired size
range. This is the proof that we have developed a versatile mul-
tipurpose 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 het-
erogeneous populations of cells, and help cancer diagnosis or cell
differentiation.
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