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Abstract

In my PhD work, I used tissue-mimetic systems to understand the physical basis of collective
remodeling in biological tissues. In particular, I focused on the interplay between adhesion and
mechanical forces and how it controls the emergence of tissue architecture during morphogenesis.
Indeed, during morphogenesis, a cell aggregate is subjected to large successive elongations and
folds that give rise to the highly organized 3D structures found in the embryo. To study the
mechanical pathways of tissue remodeling, we used both an in vitro bottom-up approach, using
a minimal set of ingredients to reproduce biomimetic tissues, and an in vivo study aiming at
measuring forces inside developing tissues. In both cases, we used biomimetic emulsions that were
shown to reproduce the minimal mechanical and adhesive properties of cells in biological tissues.
These emulsions are stabilized with phospholipids and can be functionalized with binders to induce
specific interactions between the droplets.

The first aspect of my project was to study the elasto-plastic behavior of adhesive emulsions
under mechanical perturbations, by flowing them in microfluidic constrictions with controlled ge-
ometries. Adhesion between the droplets was introduced either through non-specific depletion
forces, or through specific binding between biomimetic droplets. Image analysis allowed us to dis-
tinguish between an elastic response, in which the droplets deformed and kept their neighbors, and
a plastic response, in which droplets rearranged their positions irreversibly. We found that while
the presence of adhesion does not affect the global topology of rearrangements of the droplets, it
slows down the local dynamics of individual rearrangements. As a result, droplets exhibit larger
deformations and are globally aligned with the direction of tissue elongation. That could be the
signature of an adhesion-induced polarization process in elongating tissues.

The second aspect of my project was done in collaboration with Marie Breau (LBD-IBPS). It
consisted in using oil droplets as force sensors in developing zebrafish embryos. In particular, the
injection of biocompatible oil droplets in their olfactory placode allowed us to measure the presence
of anteroposterior compressive forces that can contribute to axone elongation of the olfactory
neurons. Further studies will be conducted in order to obtain the full force map in the placode
and decipher the origin of the forces driving axonal growth.

These complementary approaches both paved the way to a better understanding of the role of

forces and adhesion during morphogenesis.
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Résumé

J’utilise une approche biomimétique pour comprendre les mécanismes physiques qui sous-tendent
le remodelage des tissus biologiques. J’étudie en particulier le role des interactions entre adhésion
et forces mécaniques dans la morphogénese, processus lors duquel les tissus sont soumis a des
élongations et repliements successifs qui modelent la forme des embryons. Ce sont ces aspects
mécaniques que nous étudions par deux approches complémentaires in vitro et in vivo dans un cadre
simplifié. En particulier, nous utilisons des émulsions biomimétiques constituées dont les propriétés
mécaniques et adhésives miment celles des cellules d’un tissu. Ces émulsions biomimétiques sont
stablisées par des phospholipides et peuvent étre fonctionnalisées par des ligands spécifiques.

Le premier aspect de mon projet consiste a étudier in vitro le comportement mécanique de
d’émulsions adhésives soumises a des perturbations mécaniques, en les injectant dans des constric-
tions microfluidiques de géométrie controlée. L’adhesion entre les gouttes est créée soit par des
forces de déplétion non-specifiques, soit par des liens spécifiques mimant I’adhésion cellulaire. Par
analyse d’image, nous différencions la réponses élastique, dans laquelle les gouttes se déforment
a voisinage constant, de la réponse plastique, lors de laquelle les gouttes se réarrangent irréver-
siblement. Nous avons montré que la présence d’adhésion n’affectait pas la topologie globale des
réarrangements, mais pouvait les ralentir localement. En conséquence, les gouttes présentent des
déformations plus grandes et s’alignent avec la direction de 1’élongation des tissus. Cela pourrait
étre la signature d’un processus de polarisation induit par ’adhésion dans les tissus en élongation.

Le second aspect de mon projet, en collaboration avec Marie Breau, consiste a utiliser des
émulsions biocompatibles comme senseurs de forces in vivo. En particulier, nous avons injecté des
gouttes la placode olfactive d’embryons de poissons zebres pour mesurer les forces associées a 1’élon-
gation des axones dans ce tissu. Les résultats obtenus suggerent la présence de forces compressives
qui pourraient contribuer a la croissance axonale. Des études plus approfondies seront menées afin
de conclure sur l'origine et role de ces forces dans le développement de la placode olfactive.

Les deux approches complémentaires utilisées pendant ma these permettent de lever le voile

sur le role central des forces et de ’adhésion cellulaire dans la morphogénese.
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Introduction

Creation of a new life and its development from conception to birth have always been an alluring
mystery to researchers. During the development, the cells of the embryo grow and divide multiple
times. Cells that were initially almost identical thus differentiate into distinct tissues, through a
complex shaping process called morphogenesis. This is the process that gives rise to various organs
of different shapes and functions and allows the embryo to eventually develop into a fully formed
organism. Certainly, such a complicated process requires a precise regulation and must avoid any
detrimental mistake. Up to now, two main pathways have been considered as those governing the
development of an embryo: biochemical and biomechanical pathways. While the first one has been
widely studied, it has only been recently that scientists started to explore the mechanisms of the
second pathway. One of the challenges that make it complicated to study the role of biomechanical
pathways in morphogenesis, is the difficulty to disentangle the effects of mechanical and chemical

signals.

This difficulty can be overcome by using soft matter analogues of biological tissues. Indeed,
several studies have demonstrated that divided matter, such as foams or emulsions, allow to mimic
certain mechanical properties of biological tissues. In this context, the use of biomimetic emul-
sions is particularly promising. These systems consist of adhesive oil droplets that were shown to

reproduce the minimal mechanical and adhesive properties of both individual cells and tissues.

In my PhD work, I used such biomimetic emulsions to study the role of mechanical path-
ways during morphogenesis. In particular, we tackled this question through two complementary
approaches: in vitro and in vive. Our first approach aimed at revealing the role of adhesion in
tissue remodeling processes under force (i.e. the global reorganization of tissues through which
they acquire their final shapes). To this end, we applied mechanical perturbations on biomimetic
emulsions and study their microscopic response as a function of interdroplet adhesion. With two
different experimental systems, we probed the effect of both non-specific and specific adhesion.
Our second approach consisted of studying the role of mechanical forces in the formation of the
olfactory circuit in zebrafish embryos. This study was done in collaboration with Marie Breau and
her team from Laboratoire de Biologie du Développement in Institut de Biologie Paris Seine. In
a recent work she demonstrated that the formation of the olfactory system and, in particular, its
region called the olfactory placode, is governed by mechanical forces exerted by the surrounding
tissues. In order to map out these forces, we used oil droplets as biocompatible in vivo force

sensors. To this end, we injected droplets into the placode of zebrafish embryos, and studied their



deformation resulting from the exerted forces.
This PhD manuscript is organized around 5 chapters.

Chapters 1 to 3 are dedicated to the in wvitro approach that tackles the role of adhesion on
the mechanical behavior of tissues during morphogenesis. In Chapter 1, I explain the basics of
morphogenesis and describe biological tissues from a mechanical point of view. I finish the chapter

by presenting Soft Matter models of biological tissues and, in particular, biomimetic emulsions.

In Chapter 2, I describe in detail the experimental methods that we used to study the behavior

of biomimetic emulsions under mechanical perturbations.

Finally, in Chapter 3, I present two experimental systems that were developed during my PhD
in order to study the role of adhesion in tissue remodeling processes. I explain in details the

obtained results and link them to other findings reported in the field.

Chapter 4 is dedicated to the second axis of my work - mapping out the mechanical forces
during the olfactory placode development in zebrafish embryos in vivo. Here, I briefly describe the
state of the art related to the role of mechanical forces in the development of the olfactive system
in zebrafish, and show our first results in mapping out the compressive forces generated during this

process.

In Chapter 5, I summarize the work that was done during my PhD and describe the future
developments of the projects. In addition, I present the preliminary results of a current study, in

which we explore the role of adhesion on the structure of emulsions static packings.
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1.1 Cellular basis of morphogenesis 6

1.1 Cellular basis of morphogenesis

1.1.1 Morphogenesis in Nature

Tissue remodelling is the process of structural reorganization of living tissues. While tissue re-
modelling plays an important role in many physiological and pathological processes occurring in
the organism, I will concentrate on its role in morphogenesis. During morphogenesis, tissues dif-
ferentiate, deform, and move in an orchestrated manner to generate various organs with different
shapes and functions. For example, during gastrulation, the Drosophila embryo folds onto itself
to produce the ventral furrow that eventually becomes the first tubular shape of the embryo, thus
defining the inside-outside geometry of the future organism [36] (Fig. 1.1). Another example of
tissue remodelling is convergent extension (CE) [158]. This is the process by which the tissue of an
embryo is restructured to converge (narrow) along one axis and extend (elongate) perpendicularly
to this axis. This process involves collective migration of cells, as well as their rearrangements
(intercalation). CE plays a crucial role in shaping the body plan during embryogenesis and is

observed in both vertebrate and invertebrate embryos.

Figure 1.1 | Example of tissue remodelling in nature. Experimental images of ventral furrow
invagination of the Drosophila embryo. The length of the embryo is around 500 ym. The ventral
furrow is formed over a period of approximately 20 minutes, and appears as a shallow deepening
hollow. Adapted from [35].

Tissue remodelling is controlled by both biochemical and biomechanical processes. On the one
hand, it is controlled by secreted signaling molecules, which are called morphogens. Morphogens
diffuse away from the sources of the secretion generating spatiotemporal concentration gradients.
These gradients induce concentration-related biochemical responses and changes in gene expression

in distant cells, thus driving tissue patterning [167, 118, 98]. On the other hand, tissue remodelling
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is also controlled by forces generated within the cytoskeleton of the cells and transmitted across
transmembrane receptors to neighboring cells and to the surrounding extracellular matrix [73, 38,
109, 174]. These forces induce mechanotransduction processes: mechanoreceptors on the surface of
the cells are activated in response to the exerted forces, which provides regulatory signals within the
cells (Fig. 1.2). These signals are equally as important as those conveyed by chemicals and genes [40,
48]. The force propagation in turn is enabled by the mechanical coupling between the cells, and
thus depends on cellular adhesion. Therefore, the behavior of tissues during morphogenesis is

strongly determined by the mechanical and adhesive properties of the cells [96, 49, 174, 17].

Sensing Signalling - X
For example: talin, vinculin, For example: MRTFA, 4
p130CAS, FAK and MLP YAP and LIM proteins —

USR]

Focal adhesion

Integrin Stimulus: surface rigidity
Time: Seconds Minutes Hours Days Weeks

Figure 1.2 | Mechanotransduction scheme. Mechanotransduction converts mechanical stimuli
— such as substrate rigidity, stretching or shear stress — into chemical signals to regulate cell
behavior and function. Typically, the pathway involves receptors at focal adhesions or cell—cell
contacts, mechanosensors and nuclear signalling factors to change gene and protein expression
profiles. The timescale of these events ranges from milliseconds to seconds for the stretching of
mechanosensors, hours for altered gene expression, days for changes in cell behavior and function,
and weeks for tissue development. Adapted from [79].

1.1.2 Cellular basis of tissue remodelling

The cytoskeleton: a source of mechanical forces in cells

Mechanical properties of the cells and forces generated within the cells are controlled by their
cytoskeleton. The cytoskeleton is a complex, dynamic network of interlinking protein filaments
present in the cytoplasm of all cells. It is composed of three types of polymers: actin, microtubules

and intermediate filaments.

Actin is the most abundant intracellular protein in most eukaryotic cells. It exists in two forms:
as a globular monomer, called G-actin, and as a filament F-actin, which is a polymer of G-actin
subunits with a diameter of about 8-9 nm. The formation of actin filaments is a treadmilling
process: the filaments assemble at one edge and disassemble simultaneously at the other edge. In
a cell, actin filaments are organized in bundles and networks, which are stabilized and crosslinked
by different proteins. The filaments are constantly shrinking or growing in length, and their
bundles and meshworks are continually forming and dissolving. Actin filaments usually interact

with myosins, which are molecular motors that create internal stresses in actin networks. Changes
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in the organization of actin filaments generate forces that modulate the shape of a cell and produce

several types of cell movement.

Microtubules are polymers of globular tubulin subunits, which are arranged in cylindrical tubes
measuring about 25 nm in diameter. Like the other filaments of the cytoskeleton, microtubules are
highly organized inside a cell: they radiate from the centrosome, which is the primary microtubule-
organizing center in animal cells. Together with actin, microtubules play an important role in cell
migration during morphogenesis. In particular, they provide intracellular transport of signaling
molecules and secretory vesicles and contribute to the generation of pushing forces [61]. The role of
microtubules is also critical in moving chromosomes and the mitotic spindle during mitosis [120],

as well as in enabling cellular motility through the beating of cilia and flagella.

Intermediate filaments are about 10 nm in diameter and are assembled from a large family
of proteins. The composition of intermediate filaments depends on the type of tissue. Similarly
to actin filaments, intermediate filaments are also organized in a network that stretches from the
nuclear envelope to the plasma membrane. Together with actin filaments, they are usually attached
to the plasma membrane and form a skeleton that helps supporting it. However, unlike actin and

microtubules, intermediate filaments do not contribute to cell motility.

Such a complex organization of its cytoskeleton allows a cell to control its shape and mechanical
properties. In particular, the elasticity of the cell is defined by a thin layer of actin called actin
cortex (of width ~ 200 — 500 nm). It is located under the membrane of the cell and is responsible
for a cortical tension, 7. ~ 1073N/m, analogous to a surface tension in liquids [34]. Moreover,
by regulating the cytoskeletal dynamics, a cell can generate forces, that then are transmitted to
neighboring cells and the extracellular matrix. This allows a cell to mechanically interact with its

surrounding environment and determines the global behavior of the whole tissue.

Cell-cell adhesion provides mechanical coupling between cells in tissues

Cells are connected to each other through specialized integral membrane proteins called cell-
adhesion molecules (CAMs). Specifically, in soft tissues, cell-cell adhesion is mediated by proteins
of the cadherin family [161, 128]. The cadherin family is subdivided into several subfamilies in-
cluding the “classical” cadherins which are most widely expressed, particularly during the early
development [68]. Each classical cadherin contains a single transmembrane domain, a relatively
short intracellular domain, and five extracellular domains (Fig. 1.3). The formation of cell-cell
adhesions entails two types of molecular interactions: lateral association of cadherins on the mem-
brane of the cell and transversal binding of cadherins oligomers between two adjacent cells. These
two types of interactions are called cis and trans interactions respectively. In this way, cadherins
form clusters of a tight intercellular adhesion called adherence junctions [117], with the binding
energy between two cadherins of ~ 9 — 11kT" [88]. The intracellular domain of cadherin is linked
to the actin cytoskeleton by various adapter proteins, such as a— and S—catenins (Fig. 1.3). This
interaction of cadherins with the cytoskeleton inside the cells actively regulates the strength of
cell-cell adhesion [116, 161, 33].
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Cadherins are essential to maintain cohesion in developing tissues [71]. In addition, these
proteins have been shown to play a central role in diverse cellular processes, such as motility and
signalling, tissue growth, cancer dissemination and development [149, 86, 159, 66]. For instance, the
reorganization of tissues during morphogenesis is often accompanied by the conversion of nonmotile
epithelial cells into motile precursor cells for other tissues (mesenchymal cells). Such epithelial-
to-mesenchymal transitions are associated with a reduction in the expression of E-cadherin, the
epithelial cadherin that is highly expressed in the early stages of development [68]. The conversion
of the pigment-producing cells known as melanocytes into cancerous melanoma cells is also marked
by a loss of E-cadherin activity [81]. The resulting decrease in cell-cell adhesion allows melanoma

cells to invade the underlying tissue and spread throughout the body.

Apart from intercellular adhesion, cells in animal tissues also adhere indirectly through the
binding of adhesion receptors in the plasma membrane, called integrins, to the surrounding extra-

cellular matrix.

Figure 1.3 | Molecular interplay between cortical tension and adhesion. Intercellular
adhesion is mediated by cadherin molecules (green). The intracellular domains of cadherins are
bound to S-catenins (orange). Cadherin complexes are stabilized by cortical actin filaments (red)
through a-catenin (yellow), which shuttles between S-catenin and F-actin. Adapted from [102].

The extracellular matrix

The extracellular matrix (ECM) is a non-cellular component which is present within all tissues.
Its composition and topology are unique for each tissue and tailored to its functions [57]. However,

three types of molecules are abundant in the ECM of all tissues:

e Fibrous proteins, which provide the mechanical strength and resilience of the ECM;
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e Proteoglycans, a group of glycoproteins that cushion cells and bind a wide variety of extra-

cellular molecules;

e Multiadhesive matrix proteins, which bind to and cross-link cell-surface adhesion receptors

and other ECM components.

The main fibrous proteins of ECM are collagens, elastins, and laminins. These proteins are
mainly synthesized by cells called fibroblasts, and once released, they assemble into long fibres
forming different meshed structures. Fibre proteins are entangled and cross-linked with proteogly-
cans. Proteoglycans fill the majority of the extracellular interstitial space within the tissue in the
form of a hydrated gel. The ECM is directly connected to the surface of the cells by proteins called
fibronectin. Fibronectin molecules bind to the components of the ECM, particularly to fibrous

collagens, and to the integrins, which are embedded in the plasma membrane of the cells.

Because of its connection to cells, the ECM serves several important functions. In particular,
the ECM provides a lattice through or on which cells can move in the early stages of tissue assembly.
It was also shown that cell-matrix adhesion participates in the mechanical coupling between the
cells, which regulates the formation of muscle segments in the development of the zebrafish [162].
The matrix also serves as a reservoir for many extracellular signalling molecules that control cell

growth and differentiation.

Therefore, cell-cell adhesion and cell-matrix adhesion, in combination with the mechanical

properties of the cells, play a critical role during morphogenesis.

1.2 Mechanical properties of tissues

1.2.1 The concept of surface tension in biological tissues

The mechanical properties of tissues depend on those of the individual cells, but also on the
adhesion energy between cells and between the cells and the extracellular matrix. When two cells
are in contact, the size of their area of contact will be determined by the competition between the
cortical tension and the intercellular adhesion (Fig.1.4). On the one hand, the membrane and the
underlying cortical cytoskeletal components generate contractile forces, which tend to reduce the
contact area. On the other hand, the E-cadherin mediated adhesion creates an adhesive force that
tends to increase the contact area [80] and microscopically flatten the plasma membrane of the
cells. This gives rise to an interfacial tension between the cells, that can be considered as analogous

to a surface tension in liquids.

In liquids, surface tension drives surface minimization. As a result, a liquid droplet, such as an
oil droplet in water, is spherical; with this shape, it minimizes its interfacial area and, therefore,
minimizes its surface energy. Increasing the surface area of the drop requires an energy dFE, which

is proportional to the area increment dS, such that dE = ~vdS, in which + is the surface tension of
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Cortical tension Adhesion
(acto-myosin network‘/ \E-cadherin)

Figure 1.4 | Control of cell shape by adhesion and cortical tension. (A) When two single
cells are brought into contact, the length of their surface of contact Scontact changes according
to intercellular surface tension. This surface tension results from the opposite effects of cortical
tension that reduces the surface of contact, and of adhesion that increases the surface of contact.
Adapted from [102]. (B) The evolution of contact area between two E-cadherin-expressing cells.
Adapted from [33].

the liquid. In many regards, tissues behave similarly to fluids. Indeed, cells tend to aggregate in
clusters in which the surface area of contact with the surrounding environment is minimized [151].
When two cell aggregates of the same cell line are brought into contact, they fuse to yield a larger,
spherical aggregate thus minimizing the total surface energy (Fig. 1.5). Moreover, different cell
populations mixed together can get sorted into two phases like immiscible fluids (Fig. 1.5). The
first experiments capturing such behavior (the so-called “cell sorting experiments”) were conducted
by Holtfreter and coworkers [163]. In these experiments, they dissociated two different tissues into
single cells and mixed them. Upon aggregation, cells sorted spontaneously into separate tissues
like immiscible liquids. Holtfreter et al. suggested that the separation happened due to “affinity”,
a term used by Holtfreter in reference to analogous phase-separation phenomena in chemistry, the

meaning of which in the context of tissues was not specified though.

A
—>

Figure 1.5 | Wetting analogies of tissue behavior. (A) Cell sorting. Two different cell popu-
lations (pink and blue) in a cell aggregate spontaneously sort out according to their surface and
interfacial tensions. (B) Aggregate fusion. When brought into contact, two aggregates of the same
cell line fuse to yield a larger spherical aggregate. Adapted from[64].
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1.2.2 Tissues as fluids: the differential adhesive hypothesis as an at-

tempt to explain cellular segregation

In order to explain the observed tissue segregation, Steinberg proposed the so-called differential
adhesive hypothesis (DAH) [152]. His hypothesis proposes to consider tissues as liquids. In this
framework, the DAH suggests that the final “equilibrium” configuration of segregated tissues min-
imizes the total surface energy and is guided by the surface tension of the tissues [55]. As a result,
the tissues with higher surface tension will occupy the interior of the mixed aggregate, while the
tissues with lower surface tension will be located on the surface of the aggregate. According to the
DAH, the surface tension of tissues is generated from the intensity of adhesion between the cells
in these tissues. Indeed, it was shown that surface tension increases linearly with the expression
level of cadherin [56]. In an experiment on the role of cell adhesion in tissue surface tension, Foty
and Steinberg measured the surface tension of aggregates of mouse fibroblast cells that expressed
different levels of N-, P-, or E-cadherins. Independently of the cadherin type, tissue surface ten-
sion was found to be linearly proportional to the cadherin expression level. Moreover, cell sorting
experiments with heterotypic aggregates of all combinations of the different cell lines systemati-
cally produced the cell organization predicted by DAH. Computational studies further confirmed
DAH [62].

However, other studies of cellular segregation showed that the surface tension in tissues arises
not only from the strength of adhesion between the cells, as previously described, but also from
cell contractility. Krieg et al. [96] measured in vitro with atomic force microscopy (AFM) the
adhesion level and cortical tension of individual cells of germ layers from gastrulating zebrafish
embryos. During gastrulation, blastoderm cells rearrange to form the three primary germ layers:
the ectoderm (outer layer), the mesoderm (middle layer), and the endoderm (inner layer). Krieg
et al. found that the ectoderm cells showed significantly less cohesion compared to the other two
layers, but higher cortical tension. Nevertheless, in cell sorting experiments in vitro, ectoderm cell
clusters became surrounded by mesoderm or endoderm cells, and mesoderm cells where surrounded
by endoderm cells. Such arrangements of the germ-layers correlated with their cortical tension
levels, but not with their adhesion level. Shétz et al. performed direct measurements of the surface
tension of the germ-layers and found that indeed the ectoderm had the highest surface tension,
and the endoderm had the lowest [151].

These findings confirm the idea that cell aggregates tend to minimize their interfacial surface
and, as liquids, sort according to their surface tension. However, tissue surface tension probably
arises from the interplay between cell-cell adhesion and the cortical tension of the cytoskeleton [110,
153]. In agreement with this, Brodland and Chen proposed an interfacial tension hypothesis, where
they took into account both the contribution of the mechanical properties of the cells and the level

of adhesion between them [23]. This extended version of the DAH is now widely accepted.
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1.2.3 Characterization of the mechanical properties of tissues

In order to be able to quantitatively describe tissues, their mechanical parameters, such as surface
tension or elasticity, have to be measured. There are available techniques to measure some of the
mechanical parameters on the single cell level, such as AFM to measure the cortical tension of
a cell [97]. However, such measurements are usually done on time scales of seconds, while the
relevant time scale for tissue reorganization is on the order of hours [64]. Therefore, it is important
to measure the mechanical parameters at the tissue level. Different techniques were developed in
order to characterize the mechanical properties of tissues [64, 157, 138, 144]. Some of them are

summarized in Fig. 1.6 and are described below.

One of the first techniques proposed to measure tissue surface tension consisted in using cellular
aggregate centrifugation [134]. When an aggregate is centrifuged for a sufficiently long time, it
deforms and flattens. The level of deformation inversely correlates with the tissue surface tension.
In addition, by following the evolution of the aggregate shape in the centrifugal field or its shape
relaxation after centrifugation is stopped, this technique could in principle be used to evaluate the

elastic modulus and viscosity of the tissue [64].

Parallel-plate compression, a technique proposed by Steinberg and co-workers [52, 53, 54] and
further developed by [121], is one of the most widely used nowadays. In this method, an aggregate
is compressed between two nonadhering parallel plates to a fixed deformation. The measurement
of the evolution of the compression force as a function of time allows to measure the viscoelastic
properties of the aggregate [111, 153], such as Young’s modulus E, and dynamic viscosity n. The
aggregate eventually reaches an equilibrium shape, analogous to the shape of a liquid drop com-
pressed between two plates. Knowing the equilibrium shape of the aggregate and the corresponding

applied force F', the aggregate surface tension can be obtained from the following equation:

_ (2 + 1\" F (1.1)
"\R " R,) 7RZ ‘
where Ry, Rs are the principal radii of curvature of the deformed aggregate and 7R is the contact

area between the aggregate and either of the plates (Fig. 1.6) [53].

Another technique developed to characterize tissue rheology is micropipette aspiration [65]. In
this method, an aggregate is aspirated at a constant suction pressure into a micropipette of smaller
diameter than that of the aggregate, and the length of the aspirated tongue, L(t), is tracked over
time. After aspirating the aggregate for a long enough time to capture its long-term behavior,
the pressure is released, causing the aggregate to retract out of the pipette under the action of its
surface tension. This method allows to measure the aggregate’s elastic modulus, its viscosity, and

its surface tension by fitting the aspiration and retraction curves [65, 64].

Finally, the resistance of a tissue to stress-induced failure can be characterized by pulling apart
partially fused aggregates at a constant speed and measuring the fracture energy that is needed to

separate them [168].
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Figure 1.6 | Experimental techniques used to quantify mechanical properties of model
tissues. Adapted from [64].

The described techniques allow to measure different mechanical parameters of biological tissues.
However, the choice of the appropriate parameters depends on the physical model adopted to
describe the tissue behavior. Indeed, multiple experimental studies showed that biological tissues
can be described both as viscoelastic fluids and as an elasto-visco-plastic solid depending on the
time scale [64]. As a matter of fact, it was shown that biological tissues can undergo a solid to

liquid transition, which I am describing below.

1.2.4 “Liquid-solid” like phase transition of tissues

It was shown that the macroscopic response of biological tissues is viscoelastic: the tissue behaves
as an elastic solid over short timescales and as a viscous fluid over long timescales [151]. Indeed,
when cellular aggregates are compressed between parallel plates for a short time (seconds), the
aggregate regains its shape right after the pressure is released. This is the behavior typical for
elastic solid materials. However, if the compression is applied for a longer time (hours), the
aggregate remains flat for several hours even in the absence of the compressive force. This last

behavior could only take place if cells in the aggregate rearranged, thus dissipating the applied
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stress, which is the typical behavior for liquids. Such change in the mechanical behavior of tissues
ressembles solid-liquid transitions observed in inert granular materials. And similarly to granular
materials, solid-like tissues possess a yield stress: tissues elastically resist a finite stress below the

yield stress, but flow and remodel if the applied stress exceeds the yield stress.

Physical mechanisms for “liquid-solid” phase transition of tissues

The mechanisms that underlie and control such liquid to solid and solid to liquid transitions in
tissues have been of great interest over the last decades. By analogy to similar transitions in inert
soft matter, three main physical mechanisms were shown to drive “solidification” of tissues [100]:
cellular jamming, tension-related rigidity and cellular motility. These mechanisms are summarized

on a speculative cell jamming phase diagram, as depicted in Fig. 1.7, and described in details

below.
A Temperature B Motility
i Liquid
jammed
-"Vb
Unjammed unjammed
Jammed  Shear stress
Liquid
1/Density '
1/Density

Figure 1.7 | A speculative phase diagram for liquid-solid transitions in soft inert ma-
terials (A) and biological tissues (B). Arrow-heads within the cell assemblies (disk regions,
B) depict the migration speed and migration direction of individual cells. Colors depict cell clus-
ters (packs) that move collectively. Cells that exist near the jamming transition, move in packs
that become progressively larger and slower as the jamming transition is approached. As cell—cell
junctions lose cadherin-dependent adhesion, the tissue becomes fluidized and unjammed. Adapted
from [131, 146, 100].

The first possible mechanism of a liquid to solid transition is jamming. Jamming is a term
introduced in Soft Matter physics and defined as “a transition from a fluid-like to a disordered
solid-like state that occurs out of thermal equilibrium in the absence of Brownian motion, and
that is driven by external forcing such as compression or shear” [9]. The onset of jamming is set
by the jamming packing fraction ¢;, i.e. the fraction of available space taken up by the particles.
For repulsive hard spheres, jamming starts when the packing fraction approaches the random close
packing of spheres ¢prop ~ 0.64 - the maximal packing fraction that can be obtained when rigid
monodisperse particles are packed randomly in 3D [9]. Below the jamming packing fraction ¢,
the system behaves as a liquid, but becomes rigid when ¢ > ¢;. The onset of jamming can be
also defined from topological point of view by considering the packing geometry and, in particular,

the contact number z, which is defined as the average number of contacts per particle. Indeed,
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particles in a liquid can rearrange freely, but jammed matter is stuck by close contacts. Therefore,
when the contact number is too small, the system is in a so-called floppy mode and its particles
can move. However, there exists a precise minimum value of z, called the isostatic contact number
Ziso, for which the system does not allow floppy deformations and reaches isostaticity. The value
of z;s, can be established based on Maxwell’s criterion which states that the system is isostatic
when the number of constraints equals the number of the degrees of freedom of the system [115, 9].
For a system of N, particles in d dimensions, the number of degrees of freedom is Npor = N,d.
However, each contact between two particles restricts their movement and thus adds a constraint to
the system. Therefore, the total number of constraints N. = N,z/2, where z is an average number
of contacts per particle. So if the system is isostatic, Npor = N, which leads to z = z;5, = 2d.
Thus, for 3D systems, z;s, = 6, and for 2D systems, z;5, = 4. Systems with z below z;5, behave as

liquids, but undergo the jamming transition when z exceeds z;s,-

In analogy to jamming transitions in Soft Matter, cellular jamming can cause such transitions
in biological tissues. As cells adhere, divide and tend to form aggregates, their density increases,
which can finally lead to jamming and, thus, to solidification (i.e. absence of flow). However,
many biological tissues are confluent, meaning that there is no space between the cells, and their
packing fraction is 1. Therefore, for such tissues, solidification due to the jamming transition does

not exist.

Nevertheless, it was shown recently that confluent tissues can still undergo liquid to solid
transitions. These transitions are not driven by density, but rather by the deformability of the
individual cells. In 2D numerical models of tissues, this deformability is defined as py = Py/+/ Ao,
where Py and Ag are the cell’s perimeter and area respectively. Bi et al. showed that increasing pg
higher than a critical value leads to a solid-liquid transition in 2D [12]. In other terms, a higher cell
deformability favors a liquid behavior of the tissue. This critical value of py was directly related to
T1 events that are the basis of fluidity in confluent tissues [160]. A T1 event is a rearrangement
in a group of 4 cells (Fig. 1.8A), where two of them (cell 1 and cell 2) are initially in contact, and
the other two are not (cell 3 and cell 4). The T1 event consists in breaking the existing contact
between cells 1 and 2 and establishing a new contact between cells 3 and 4. Such a rearrangement
has some energetic cost Ae. Bi et al. demonstrated in numerical simulations that increasing pg
(i.e. making cells more deformable) decreases this cost, thus allowing the 2D model to switch
from a solid-like to a liquid-like behavior (Fig. 1.8B). In living tissues, the deformability of the
cells is determined by the ratio between intercellular adhesion and cortical tension of the cells
(see Fig. 1.4). Indeed, increasing adhesion leads to an increase in the perimeter of the cell, and
therefore, to an increased cell deformability. On the contrary, an increase of cortical tension would
decrease the perimeter of the cell and its ability to deform. Thus, an increase of intercellular
adhesion favors the liquid behavior of tissues, while an increase in cortical tension results in tissue
rigidification (Fig. 1.8C). The dependence of tissue rigidity on the cell deformability was also
reported in experiments [133]. Moreover, recent work has demonstrated that such models can
quantitatively predict cell rearrangement rates in body axis elongation in the fruit fly [166, 170], if

one also takes into account cell alignment in the packing. Similar effects are predicted in 3D [119].

Finally, by analogy to the effect of temperature in physics, liquid to solid transitions in tissues
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Figure 1.8 | Energy barrier for cell rearrangements in confluent tissues. (A) A sketch of a
T1 event. Initially relaxed cells (left) flatten during the T1 event due to stress (middle). For cells
to rearrange, an energy barrier Ae has to be overcome. After the rearrangement, the cell shapes
relax by dissipating energy (right). Adapted from [111]. (B) Energy barrier for a T1 event as a
function of py. Adapted from [12]. (C) Speculative diagram of the dependance of a solid to liquid
transition on the cortical tension and adhesion. Adapted from [122].

Cell-cell adhesion

can be mediated by cell motility. Indeed, the ability of a cell to actively move allows it to escape the
constraints imposed by its neighbors, thus creating a flow. And on the contrary, theoretical tissue

models showed that tissues become more solid-like with a decrease of the cell motility [74, 13].

Role of adhesion in solid-to-liquid transition

The role of adhesion is different in the case of confluent and non-confluent tissues. Computational
studies showed that in non-confluent tissues, cell-cell adhesion performs a role very similar to
that expected in systems with adhesive spheres: presence of adhesion generates larger intercellular
spaces, which increases the fluidity of the tissue via a decrease in the packing density [164, 92].

These results were experimentally confirmed by Mongera et al., by studying the effect of dis-
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ruption of N-cadherin-mediated adhesion on vertebrate body axis elongation in zebrafish [127].
Similar results were found by Ilina et al., who showed that deregulation of adherens junctions by
downregulation of E-cadherin and p120-catenin determined unjamming transition in breast cancer

invasion [78].

In confluent tissues, the role of adhesion is much more subtle and likely cell-type specific [100].
Intuitively, an increase in adhesion between cells is supposed to increase the contact area between
them and, therefore, to increase the cell perimeter Py. As it was already explained above, in-
creasing cell perimeter leads to tissue fluidization. And indeed, two cells in contact experiments
showed that increasing cadherin expression increased the surface area of a cell-cell contact [169].
However, experiments with confluent monolayers of keratinocytes demonstrated that an increase
in cell contact corresponded to a knockdown of E-cadherins, i.e. lower adhesion [147]. In some
ways, these subtle behaviors are not surprising, as cadherin signaling can significantly tune the
mechanics of the cortical cytoskeleton [1, 107], so that increases in adhesion are often balanced by

changes to cortical tension that have an opposite effect [100].

Role of cell polarity on the mechanical properties of tissues

In this context, the role of cell polarity (i.e. spatial differences in the organization of cellular
components) is especially interesting. In polar cells, adhesion molecules and components of the
cytoskeleton are localized asymmetrically, along interfaces with a specific orientation, generating
large-scale anisotropic forces [11, 173]. Such forces can alter the mechanical properties of the tissue
and cause a phase transition. For example, Duda et al. showed that tissue stretching induces
polarization of actomyosin in the cells and formation of actomyosin cables across the tissue, which
leads to rigidification of the tissue [43]. The mechanism underlying such rigidification is similar
to rigidification of biopolymer networks under applied strain: the networks are floppy under a
small strain, but become rigid when the applied strain exceeds some critical value [93, 143, 155].
The importance of cell polarisation was also demonstrated by Wang et al. [166]. They found that
tension-driven rigidity predictions from cell deformation alone were not able to predict correctly
cell rearrangements rates during convergent extension of Drosophila epithelium. However, their
predictions closely matched with experimental observations when cell anisotropy were taken into

account as well as their deformation.

1.3 Soft matter analogues of tissues

Due to shared similarities between tissues and inert materials, soft matter systems have been widely
used as a way to study the mechanical properties of tissues [64]. In particular, specific aspects
of tissue behavior have been explained by analogies with other soft materials, such as viscoelastic
pastes [42], foams [70], emulsions [141] and colloids [41].

Indeed, biological tissues, soap foams and granular packings can all be described using the same
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framework. For instance, from a topological point of view, they they can all be described in terms
of space tessellations. It was also shown that their topology is controlled by common laws that
determine the neighborhood of each cell as a function of cell size and polydispersity in the packing
[129, 103]. Those similarities, both from this topological, but also dynamical and mechanical stand

points, led to the use of foams and emulsions as soft matter models of biological tissues [64].

Among different soft matter analogues of biological tissues, one that first caught the attention
of scientists were foams. For example, interfacial energy models derived from soap foams were
shown to efficiently predict the highly organized structure of cells in organs such as the Drosophila
eye [76]. These models are based on a minimization of the surface energy of the cells taking
into account their membrane elasticity and the strength of adhesion. The behavior of foams have
also been widely studied under mechanical constraints [29, 7]. In particular, it has revealed the
importance of T1 rearrangements for yielding in those materials. Indeed, the succession of local
T1 rearrangements called avalanches was associated with stress relaxations in confined foams, and
thus enables their flow [85]. The nature of avalanches and their role in yielding of soft matter

materials will be discussed in more details in Chapter 3.

However, there are significant differences between foams and biological tissues. First of all,
air bubbles in foams can dissolve in the continuous phase, which makes them coarsen through
ripening on short timescales. As a result, the average bubble size as well as the microstructure
of the foam spontaneously evolve over time. Moreover, the attraction between bubbles has only
been tuned through non-specific depletion forces that depend on the concentration of micelles
or macromolecules in the system [5], while protein-mediated adhesion between cells in tissues is

specific.

The use of emulsions (for instance, oil droplets in water) as tissue mimics overcomes these
limitations. Indeed, emulsions can be stable for months if the chosen continuous and dispersed
phases are insoluble in each other, and the droplets being liquid are also incompressible and exhibit
typical surface tensions of 10 mN/m, which is similar to the ones of cells and aggregates [135]. In
addition, different methods of emulsion production allow to control precisely the size of the droplets
and their polydispersity. Moreover, as droplets are deformable and since their deformation depends
on their surface tension and the applied load, emulsions can be used to directly measure the forces
in the packings [82, 24], which is not accessible with hard spheres [148, 32].

Finally, the oil/water interface on the droplets is functionalizable, as described in more details
in the next section. Functionalization makes it possible to introduce specific adhesion between
droplets. Thus, functionalized emulsions provide a possibility to study experimentally the effect of

specific adhesion on the mechanics of granular materials and tissues.
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1.4 Biomimetic emulsions as a soft matter model of tissue

1.4.1 Biocompatible droplets to probe cellular forces

Up to now, droplets have been used to tackle various questions concerning biological tissues. Fat-
taccioli et al. [50] used emulsions to mimic cellular adhesion on a solid surface and to study the role
of non-specific interactions between adhesive surfaces, as well as the effect of the density of specific
binders on the total energy of adhesion. As it is possible to make emulsion droplets biocompat-
ible, they have been used together with living cells or even have been introduced into biological
tissues [142, 44, 127, 125]. For instance, Pinon et al. used oil droplets to study the formation of
immunological synapses [136]. For this, they modelled a cell-cell contact as a droplet-cell contact
using functionalized oil droplets. Such a system allowed them to tune precisely different param-
eters of the contact, such as the membrane stiffness, and to measure their effects on the synapse
formation. Droplets have also been used as biomimetic cellular barriers for immune cells [125] or
as force sensors in cohesive tissues [127]. The use of biomimetic droplets as force sensors in tissues

will be further discussed in Chapter 4.

Beyond the use of droplets as single cells analogous, adhesive packings of dense biomimetic
emulsions can actually display the same mechanical properties of biological tissues [141]. Below, I

am explaining what has already been done in this regard.

1.4.2 Composition of biomimetic emulsion systems

It is only fairly recently that biomimetic emulsion systems with various functionalization pathways
have been proposed to mimic biological tissues [141, 51, 140]. These systems consist of functional-
ized droplets interconnected with each other through specific binders. An example of such systems
is sketched in Fig. 1.9A. The radius of the droplets can be tuned to match the one of cells in
developing tissues. The oil-water interface of the droplets is stabilized by a fluid monolayer of
phospholipids that mimics the outer leaflet of the cellular membrane. In order to mimic the in-
tercellular adhesion mediated by homophilic cadherins in tissues, droplets can be functionalized
with specific binding molecules. Moreover, the droplets surface tension can be adjusted by tuning
the amount of phospholipids introduced at the interface, and by adding co-surfactants such as
sodium dodecyl sulfate (SDS). Tuning the surface tension allows to control the propensity of the
droplets to deform under mechanical constraints. Finally, index-matching of the continuous (wa-
ter) and dispersed (oil) phases makes the emulsion transparent, which allows one to see inside the
packing and image its microstructure in 3D, using confocal microscopy. When the functionalized
droplets are packed, a binder on one surface diffuses until it binds to the complementary binder on
the neighboring surface [20, 50, 141]. This process eventually leads to the formation of adhesive
patches that are enriched in fluorescent binders as shown in Fig. 1.9B.

This system allows to probe different aspects of a specific adhesion and tune the adhesion energy
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Figure 1.9 | (A) Schematic representation of functionalized emulsions. The oil-water interface is
stabilized by a mixture of phospholipids and negatively charged SDS. Some of the lipids hold a
PEG-biotin group that allows binding through biotin-streptavidin interactions. (B-C) Confocal
images of fluorescent droplets (B) and their 3D representation (C, adapted from [141]). Adhesive
patches between the droplets are the areas of brighter fluorescence.

between the droplets. This can be done by varying the type of binders on the droplets surface. In

particular, droplets can be functionalized with three possible types of binders:

e First, droplets can adhere through quasi-permanent biotin-streptavidin bonds. In this case,

biotinylated lipids grafted on the droplets surface bind to streptavidin molecules available in
the aqueous phase. The energy associated with forming such a ligand-receptor bond is on

the same order as those in cadherin mediated adhesion [132, 171].

The second possibility is to use complementary DNA strands [67, 51, 176]. The droplets are
functionalized with single DNA strands, and upon contact, the droplets adhere through the
thermally reversible hybridation of complementary single strands into a stiff DNA double
helix. The binding energy associated with this reaction (and hence the melting temperature
of the double helix into two single strands) depends on the length of the DNA sequence,

which provides specific and programmable interaction between the droplets.

Finally, it is possible to introduce cadherin adhesion between the droplets. To do so, the
droplets are grafted with the adhesive extracellular domains of E-cadherin through a histidine
tag [140]. E-cadherin-E-cadherin binding is calcium dependant and was shown to form on
the droplets surfaces both trans- and cis- bonds, similarly to cadherin adhesion in biological

tissues.

The resulting adhesion dynamics between the droplets depend on the energy of the binders as

well as the diffusion dynamics on the surface of the droplets [165, 6]. Indeed, upon contact, the
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binders have to diffuse on the surface of the droplets and progressively enrich at the contact to
form an adhesion patch. Choosing oils with lower/higher viscosities allows to decrease/increase
the viscous drag of the phospholipids at the interface and thus ensure faster/slower diffusion of the

binders [139], which should in turn accelerate/slow down the adhesion process.

1.4.3 Emulsions as models for static packings of cells in tissues

Pontani et al. showed that dense emulsions packed in 3D can mimic the packing of cells in tis-
sues [141]. In order to reach homeostatic pressures that are typical for tissues (=~ 10kPa) [33, 69],
emulsions were put under different levels of external compression through centrifugation. Spe-
cific adhesion was introduced through biotin-streptavidin-biotin bonds, and electrostatic repulsive
forces between droplet surfaces were controlled by tuning the salt concentration in the aqueous
phase. The use of fluorescent streptavidin together with index-matching between the droplets and
the continuous phase allowed to image the 3D structure of the packings, and, therefore, to find the
threshold compression force needed to overcome electrostatic repulsion and surface elasticity and

establish protein-mediated adhesion.
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Figure 1.10 | Idealized droplet deformation under a compressive force F;. The total energy E
depends on the interdistance h and the deformation angle 6. Adapted form [141].

In order to quantitatively assess adhesion in the emulsion system, a free energy model was
developed to capture the evolution of the adhesion strength with the applied pressure. This model
considers various energy terms that affect the formation of the adhesive patch: the binding energy
Ey of the adhesive proteins, the work W; done by the applied external pressure to put droplets in
contact, the electrostatic repulsion energy FE, between the droplet surfaces and the elastic cost of
droplet deformation E,. In this case, E, and W; favor the adhesion, while F, and E; limit the
adhesive patch formation. According to the model, the size of the adhesive patch at equilibrium
is therefore set by the minimization of the total free energy E of the system (with respect to the

distance h between the droplet surfaces and the deformation angle ), which can be described as
E=FE;+FE,+FE.+W; (1.2)

Data were well fitted by this model and yielded parameter values (e.g. surface tension or binder
concentration in the patch) close to those measured in cells and cellular aggregates. The agreement
between the predicted values and reported cell values validates the use of biomimetic emulsions as

a model system for biological tissues.

Another model describing the formation of adhesive patches was developed by Feng et al. [51],
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who worked with biomimetic droplets functionalized with complementary DNA strands (Fig. 1.11).
They characterized the change in the total free energy for a system of two droplets in the unbound
and bound states taking into account energy terms associated to the loss of entropy upon binding.
This model, in good agreement with the experimental data, was able to capture the dependence

of the adhesion strength on the number of DNA molecules on the droplet surfaces. Using the
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Figure 1.11 | (A) The silicone oil droplets are stabilized with phospholipids, some of which are
labeled with fluorescent streptavidin that allows the grafting of S or S’ DNA strands on green
and red streptavidins respectively. The complementary S and S’ sticky ends then bind and form
adhesion patches enriched in DNA tethers between the droplets. (B) The patch angle 6 and relative
intensity are plotted as a function of the relative DNA coverage on the droplets. The experimental
data are well fitted by the model (solid lines). (C) Monovalent doublets (left), divalent droplet
chains (center) or higher valency clusters (right) are self-assembled by controlling the binders
concentration. Adapted from [141].

predictions of the theoretical model and varying the number of binders and length of the DNA
chain, Feng et al. obtained structures with different valency (e.g. the number of patches, and thus
neighbors one droplet could have). They found that increasing the valence induced rigidification
of the system: a valence 2 led to floppy polymers of emulsion droplets, while a valence above
4 caused rigid droplet networks (Fig. 1.11). These results confirm the importance of intercellular
adhesion for the static and rheological properties of tissues, and the existance of several controlable

parameters makes this system an appealing soft matter model to study it.

Finally, Pontani et al. [140] studied the 3D packings with E-cadherin-mediated-adhesion be-
tween droplets. They found that trans cadherin-cadherin adhesion appeared even in the absence
of calcium and could stabilize looser packings [83]. When clustering agents, such as calcium, were
added to the aqueous phase, the formation of lateral cis adhesion of the already bound cadherin
pairs over the clustering of monomer cadherin on the surface was observed. Moreover, increasing
the concentration of cadherin and calcium over a threshold triggered fusion of the droplets. How-
ever, the fusion did not cause full demixing of the emulsions and progressively slowed down until
the system reached the steady state. Such arrest of the fusion was explained by the decrease of sur-

face tension upon fusion. Interestingly, the replacement of cadherin by biotin-streptavidin-biotin
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bonds under the same concentration of calcium led to droplet-droplet adhesion, but did not give
rise to fusion. These results highlight the importance of the cis interactions of cadherins, in agree-
ment with current observations in cells, where jammed adhesion rings were also observed [106, 45].
Altogether, this study showed the importance of the emulsion model system, which appropriately

mimics the two-dimensional binding of stiff interfaces in cells.

1.5 Conclusion and thesis objectives

The behavior of biological tissues during morphogenesis is a complex mechano-chemical process,
which is strongly dependent on a feedback loop between cellular adhesion and mechanical prop-
erties of individual cells, that are determined by their cytoskeleton. Overall, the mechanical and
rheological properties of biological tissues resemble those of soft matter materials, and can be
quantified using various techniques. The observed similarities between tissues and amorphous ma-
terials allow to use soft matter systems as mechanical models of biological tissues. In particular,
biomimetic emulsions were shown to be a good model to study the mechanical properties of tissues.
In my work, I have thus used phospholipid-stabilized emulsions to unveil the mechanical pathways
of morphogenesis. My PhD project is centered on two complementary approaches: in vitro and in

VIVO.

The first axis of my PhD is focused on the role of interdroplet adhesion on the elasto-plastic
behavior of biomimetic emulsions under mechanical perturbations by flowing them through mi-
crofluidic constrictions with controlled geometries. Image analysis allowed us to distinguish be-
tween an elastic response, in which the droplets deformed and kept their neighbors, and a plastic
response, in which droplets rearranged their positions irreversibly. We compared the behavior of
repulsive and adhesive emulsions, and investigated the role of non-specific and specific adhesion in
their elasto-plastic response under mechanical perturbation. The results of this part are presented
in Chapter 3.

The second axis of my project was done in collaboration with Marie Breau of IBPS-LBD. It
consisted in injecting adhesive oil droplets into the embryo of zebrafish to study the role of me-
chanical forces in the neuronal development of the olfactory placode (OP). We aimed at obtaining
a map of the forces generated in the OP during embryogenesis. The detailed description of this

part is given in Chapter 4.

Both complementary approaches revealed the underlying regulations of adhesion and mechani-
cal properties that take place during morphogenesis. The ongoing development of the projects, as

well as future steps are described in Chapter 5.
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In this chapter, I will describe in depth the systems and experimental tools I developed through-
out my PhD in order to produce oil in water emulsions and to image them while they are mechan-

ically perturbed.

2.1 Emulsion production

In our experiments, we work with monodisperse and polydisperse direct oil in water emulsions.
Both polydisperse and monodisperse emulsions are produced using silicon oil (viscosity 50 x
107% m?/s, Sigma Aldrich) as the oil phase, and 10 mM sodium dodecyl sulfate (SDS, Sigma
Aldrich) water solution as the continuous phase. There are currently three main techniques avail-
able to produce emulsions: microfluidic emulsification [89], viscoelastic shear [14, 25] and membrane
emulsification [84]. Importantly, these techniques differ by the level of polydispersity of the pro-
duced droplets and the production rate. Therefore, we use several of them according to our needs,
as explained below. In order to measure the polydispersity of the produced emulsions, they are
imaged with a 10x objective in bright field microscopy. The acquired images are analysed using a
custom made Matlab routine that allows to extract the droplets diameter. The polydispersity is

then calculated as the standard deviation of the droplets diameter.

2.1.1 Monodisperse emulsions

We use microfluidics to produce monodisperse emulsions. Since an emulsion in a microfluidic device
is made by precisely fabricating one drop at a time, this process results in a highly monodisperse
emulsion, but has a rather low production rate. The size of the droplets is set by the width of
the channels at the flow-focusing junction and by the relative flow rates of the continuous and
dispersed phases.

We cast a flow-focusing microfluidic chip in polydimethylsiloxane (PDMS, Sylgard 184, Dow Corn-
ing, USA) against a mold fabricated by Adéle Dramé-Maigné (SPM team, Gulliver lab, ESPCI)
using photolithography. This device consists of a simple cross junction (see Fig. 2.1A), where the
dispersed phase (oil) is broken up into droplets by the continuous phase (water). The width of
the channels is 60 pym, and it reduces down to 30 pm at the flow-focusing junction. The silicone
oil and SDS solution are injected using a pressure pump (MFCS-8C Fluigent, Pyater = 300 mbar,
P,;; ~ 600 mbar). The resulting emulsions display an average droplet diameter of 45 pum and
polydispersity of 3.9% (Fig. 2.1C).
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2.1.2 Polydisperse emulsions

When larger volumes of emulsions are needed for the experiments, polydisperse emulsions are pro-
duced using the membrane emulsification technique. According to this method, the dispersed phase
is forced through a cylindrical Shirasu Porous Glass (SPG) membrane decorated with micropores
directly into the continuous phase, that is maintained under vigorous agitation (see Fig. 2.1B). In
this way, emulsified droplets are formed and detached at the end of the pores with a drop-by-drop
mechanism. The size of the droplets is controlled by the size of the pores. We use a pressure
emulsifier (Internal Pressure Type, SPG Technology Co.) located in the Péle Microfluidique labo-
ratory of the Institut Pierre-Gilles de Gennes (IPGG). Before production, the membranes should
be properly cleaned. For this, the membranes are first sonicated for 30 minutes in toluene, and
then for 30 minutes in acetone. Finally, the membranes are baked overnight at 500 °C to eliminate
possible organic residues. The emulsification process is the following. The oil phase is stored in
a pressure-tight vessel that is connected to a compressed air inlet. The continuous phase (100ml
of 10mM SDS solution) is stirred with a magnetic bar in a beaker. By applying a pressure of
compressed air (P = 5000 Pa), the oil phase is pushed through an SPG membrane decorated with
10 pm pores directly into the aqueous phase, where the droplets are stabilized by the dissolved
SDS. The obtained emulsion is then washed in a separating funnel with 200 ml of 10 mM SDS
solution. The resulting emulsion has an average droplet diameter of 35 yum with 21% polydispersity
(Fig. 2.1C). All produced emulsions are finally stored at 4°C.

2.1.3 Tuning the continuous phase

After the emulsions have been produced, we replace the continuous phase according to the experi-
mental needs. To do so, the emulsion is washed in a separating funnel with the desired continuous
phase. In particular, we use buffers with two different concentrations of SDS: 10 mM and 45 mM.
In addition, to enhance the imaging of the emulsions, we use a water/glycerol mixture (60:40 in
volume) that has an optical index that is closed to that of the oil phase. Indeed, without glycerol
the optical indexes of oil and water are not matched, which leads to the appearance of fringes at
the droplet interface when imaged in bright field (see Fig. 2.2A).

2.2 Lipid stabilization and functionalization

2.2.1 Lipid stabilization

In order to enable future functionalization of droplets with binding molecules, and thus make
biomimetic emulsions adhesive, the polydisperse oil droplets are stabilized with phospholipids.
For this, we use a mixture of two different phospholipids that serve different purposes, as it was
done by Pontani et al. [141]. The first ones are egg L- a-phosphatidylcholine (EPC) lipids. They

constitute the major interfacial component that mimics the outer leaflet of cell membranes. The
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Figure 2.1 | Methods of emulsion production (A) Flow focusing device, top view. (B) Sketch
of the experimental apparatus used for the preparation of oil/water emulsions using an SPG mem-
brane: (a) SPG membrane module; (b) compressed air; (c¢) dispersed phase container; (d) continu-
ous phase and emulsion container; (e) magnetic stirrer; (f) dispersed phase; (g) continuous phase.
Adapted from [130]. (C-D) Bright field images of the produced emulsions: modisperse case (C),
polydisperse case (D).

second component of the mixture is DSPE-PEG-biotinylated lipids that provide biotin ligands
for the binding with streptavidin to mimic adhesion. Droplets are also co-stabilized with SDS
that introduces electrostatic repulsion between the droplet surfaces [126], analogous to the charge
repulsion between cell surface macromolecules [104]. The procedure of lipid stabilization is done in
two steps with a gradual decrease in the concentration of SDS in the aqueous buffer. This way, we
ensure the repartition of lipids at the droplets surface instead of SDS while avoiding coalescence
of the emulsion.

The detailed protocol for lipid stabilization is the following. First, 9 mg of EPC lipids and
1 mg of DSPE-PEG(2000) biotinylated lipids (Avanti Polar Lipids) are dried with a nitrogen flow
and dissolved in 500 pL of dimethyl sulfoxide (DMSO, Sigma Aldrich). Indeed, it was shown [137]
that 10% DMSO in the buffer accelerates the repartition of lipids to the droplet surface. This
mixture is then added to 5 mL of high SDS aqueous buffer (5 mM SDS; 10 mM Tris, pH=7.5).
The resulting solution is sonicated for 30 minutes. We then add 2 mL of emulsion cream to the
phospholipid containing buffer and leave it to incubate overnight at 4°C. After incubation the
emulsion is washed with 100 mL of high SDS buffer (5 mM SDS, 10 mM Tris) in a separating
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Figure 2.2 | Imaging of the emulsion droplets. (A) Effect of adding glycerol on the visual-
ization of the emulsion in 10 mM SDS buffer with bright field microscopy. Without glycerol (top
and middle) the optical indexes of oil and water are not matched, which leads to the appearance
of fringes at the interface. Adding 40% glycerol (bottom) improves the visualization. (B) Poly-
disperse droplets labeled with Nile Red (10 mM SDS in 40% glycerol). (C) Polydisperse droplets
functionalized with Alexa-555 conjugated streptavidin (1 mM SDS; 10mM Tris, 10 mM NaCl in
40% glycerol).

funnel and set for a second round of stabilization. The low SDS aqueous solution used for this last
round contains 1 mM (instead of 5 mM) SDS while the rest of the procedure for lipid dissolution
remains unchanged. After this last incubation, the emulsion is washed again in 100 mL of low SDS
buffer (1 mM SDS, 10 mM Tris) in a separating funnel. The resulting droplets display an average
diameter of 35 pm (with a polydispersity of 21%) and are stable over several weeks when stored
at 4°C.

2.2.2 Functionalization with streptavidin

In order to make droplets adhere to each other, as well as to fluorescently label them, the droplets
are functionalized with streptavidin Alexa Fluor 555-conjugated (Invitrogen), as shown in Fig. 2.2C.
To this end, 200 pL of the emulsion cream is mixed with 3.6 pL of streptavidin (1 mg/mL) and
200 pL of 10 mM SDS buffer. The resulting solution is incubated for 1 hour at room temperature
to allow the streptavidin to bind to the biotinylated lipids on the surface of the droplets. After
that, the aqueous buffer under the emulsion cream is removed with a gel-loading pipette tip. The
emulsion is then washed twice in the 800 pL. of 10 mM SDS buffer in order to wash out unbound
streptavidin, and once with 1 mL of a water/glycerol mixture (60:40 v:v) containing 1 mM SDS,
10 mM Tris, 10 mM NaCl and 0.05 mg/mL casein (S-casein from bovine milk, Sigma Aldrich). The

salt favors adhesion by dampening electrostatic repulsion between the droplets [141], and casein
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prevents the interaction between droplets and their container.

2.2.3 Fluorescent labelling with Nile Red

For some experiments, the dye Nile Red (Sigma Aldrich) is used to fluorescently label the emulsions
(Fig. 2.2B). To this end, we dilute a 100 mM SDS solution saturated with Nile Red to the desired
SDS concentration (10 or 45 mM). We then add 1 ml of the emulsion cream to 15 ml of the solution
and let the mixture incubate overnight, allowing the dye to partition between the oil and water

phases.

2.3 Experimental set-ups

2.3.1 2D static packings

We studied the role of adhesion on the static structure of 2D polydisperse droplets. To this end, we
placed a 10 uL drop of the emulsion between a microscope glass slide (76 x 26 mM, Objekttrager)
and a cover slip (24 x 60 mm, Knittel Glaser) separated by spacers (50 pym or 30 pm thick
polymethylmethacrilate - PMMA-film, Goodfellow). In order to prevent evaporation, the samples
are sealed with sticky wax (Sybron Dental Specialties, Kerr), as it is inert compared to other sealing

agents, such as nail polish or glue.

2.3.2 Fabrication of microfluidic constrictions

To mechanically perturb the emulsions, we used a microfluidic constriction. The chip is composed
of three sections (Fig. 2.3). First, at the inlet, the channel is wide and can accommodate several
rows of droplets. It is followed by a constriction region, where the width of the channel progressively
decreases until the constriction ends in a one drop-wide channel which leads to the output. In order
to maintain the droplets in a monolayer, the depth of the channel was adjusted to the diameter of
the droplets. The channel was made in crosslinked PDMS using a negative cast that was engineered

with a micromilling machine (desktop Mini-Mill machine, Minitech Machinary Corp., USA).

In order to engineer the cast, we first design the channel using the Autodesk Fusion 360
software. This software allows to generate a G-code that encodes the instructions for the mi-
cromilling machine. The negative cast is then micromachined in a block of acrylic glass - PMMA
(50 x 50 x 5 mm?). Prior to milling, in order to ensure a constant depth of the channel, we make
the surface of the block flat. For this, we remove the top 50 pum of material over a rectangular
region (4x4 mm) with a 3 mm square-end mill (NS TOOL Co., LTD), then, in order to smooth
out possible traces of the squared mill, we remove a layer of 1 ym deep with a 3 mm torque mill
(NS TOOL Co., LTD), and finally polish the surface with Miror (Miror Formule Cuivre, Henckle).
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Figure 2.3 | Schematic representation of the microfluidic channel. (A) Microfluidic devices
designed in Fusion 360. (B) A sketch of the microfluidic device that consists of a wide channel,
constriction and a thin channel. The dimensions of the device are indicated in dark blue fonts for
the channel used with monodisperse emulsions, and in dark red fonts for the channel used with
polydisperse emulsions. (C) Zoom on the constriction area of the microfluidic device.

After that, the negative cast is milled in the surfaced block using the 3 mm square-end mill. A final
cut is done along the contour of the channel with a 50 ym square-end mill (Performance Micro
Tool, USA) in order to smooth out the contour of the channel. To clean the cast and get rid of all
possible debris, the cast is sonicated in a soap solution three times for 10 minutes. We check the

depth of the milled channel using a profilometer (M3D, Fogale Nanotech).

Using the technique described above, we prepare two different channels (see Fig. 2.4A). While
the three sections are preserved in both channels, their dimensions are different. The first channel
is designed for monodisperse emulsions. At the entrance, the channel is 200 um wide over a 5 mm
length, then at the constriction the width is reduced from 200 to 50 pm over a length of 200 pm,
finally the channel is 50 pym wide over a final 5 mm length. The depth of the channel remains
50 um through all three sections.

The second channel is prepared for polydisperse emulsions. As the average diameter of poly-
disperse emulsion is smaller than the diameter of monodisperse emulsion (35 pm vs 42 pm), the
depth of the channel is adjusted to 35 pm. In addition, to eliminate possible boundary effect due
to the channel borders, we increase the width of the channel: at the inlet, the channel is 1 mm
wide over 5 mm length, then at the constriction the width is reduced from 1 mm to 38 ym wide
over a length of 5 mm, and then the channel remains 38 pym over 5 mm before the outlet.

The negative cast is used to mold a channel in PDMS. First, the PDMS base is mixed with its
curing agent 10:1 (w/w) ratio and centrifuged for 15 minutes in order to remove large air bubbles.
Then, the liquid mix is poured into the mold and put in a vacuum desiccator to further remove air

bubbles and improve transparency of the PDMS. After this, the PDMS is cured overnight in an
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oven at 65 °C. The PDMS channel is cut out from the mold with a scalpel, and inlet and outlet
holes are punched with a 1.5 mm puncher. Finally, the PDMS elastomer channel is sealed with a

glass slide using an oxygen plasma treatment (P = 0.4 Torr, exposure time = 1 min.).

2.3.3 Flowing set-up

The inlet of the channel is connected to a pressure pump (MFCS-8C Fluigent) with a Tygon tubing
(PHYMER), and the outlet of the channel is equally connected to a waste collection beaker (see
Figure 2.4). Before running the experiment, the channel is passivated with a §-casein solution
(0.05-0.25 mg/ml depending on the emulsion). That is done to avoid any interaction between
droplet surfaces and the channel boundaries. To prepare the casein solution, we dissolve a powder
of f-casein from bovine milk (Sigma Aldrich) in an aqueous buffer (10 mM Tris, pH = 7.5) at a
concentration of 1 mg/ml. This solution is then diluted with water to reach the desired concentra-
tion. The channel is filled with this diluted solution using the pressure pump (P = 30 mbar) and
left to incubate for 20-40 minutes (P = 10 mbar). Meanwhile, a reservoir containing the emulsion
cream in the water/glycerol buffer is connected to the pressure pump. After incubation, the inlet
is connected to the reservoir containing the emulsion. As the emulsion creams, the tube is first
plunged into the buffer underneath the emulsion cream. This way, the channel is washed with the
buffer for 15 minutes (P = 30 mbar). Then, we pull up the tube so that it plunges in the cream
phase. Once the droplets have filled the channel, the pressure is decreased to stop the emulsion
flow (P = 5 mbar) and the droplets are left to pack overnight, during which adhesion patches grow
(see Fig. 2.4C). After the incubation phase, the emulsion is flowed in the channel under constant
pressure (P = 15-60 mbar depending on adhesion). The flow of droplets at the constriction area
is imaged either in bright field or through confocal microscopy with a 10X or 20X objective at
a frequency of 15 frames per second (fps) for polydisperse emulsion, or 20 fps for monodisperse
emulsion, and an exposure time of 20 ms. When the whole constriction region does not fit the field
of view, we use a stitching procedure: the constriction is imaged in parts that are added starting
with the region which is the closest to the thin channel to have the full image. Typically, each
region is mapped with 1000 images (Fig. 2.4A).

2.3.4 Imaging

We use a Nikon Eclipse 80¢ microscope (Qimaging RETIGA R3 camera) equipped with a spinning
disk confocal microscopy module (Spinning Disc Crest Xlight V2, Gataca systems). Compared to
epifluorescent microscopy, confocal microscopy enhance the imaging by rejecting the out-of-focus
light with the use of conjugated pinholes. This results in a greater resolution, a greater contrast
and a reduced noise. As opposed to laser scanning confocal microscopy (LSCM), which uses a
single pinhole, a spinning disk confocal microscopy (SDCM) has hundreds of pinholes arranged in
spirals on an opaque disk, which rotates at high speeds. When spun, the lazer beam scans through
the pinholes across the sample in rows, building up an image. Using a spinning disk thus improves

the speed of image acquisition (allowing for imaging fast dynamic processes and live specimens),
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Figure 2.4 | Experimental set-up (A) The oil in water emulsion is pushed using a pressure pump
through the microfluidic channel that consists of three parts: a wide channel, a constriction, and
a thinner channel. We film the emulsion flow either in the constriction region, or in the area of
the constriction located right before the beginning of the thin channel (see red dashed squares
for region of interest). The packing fraction of the emulsion is determined within the window of
200x200 pm located before the constriction area (green dashed rectangle). (B) Bright field images of
the constriction area for monodisperse (top) and polydisperse (bottom) emulsions. (C) Progressive
formation of adhesive patches over time. The top confocal image shows that Alexa-555 streptavidin
fluorescence is more homogeneously distributed over the surface of the droplets at the beginning of
the experiment. Over time, biotin-streptavidin-biotin bonds form at the droplet-droplet contacts
(middle row) until they enrich into clear adhesive patches with an increased fluorescence signal,
allowing to isolate them through image analysis (bottom row). Note that the formation of the
patches depletes the fluorescence level on the free edge of the droplets making it appear more red
over time.
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and considerably reduces photo damage. For our experiments, we use two laser configurations:
red (excitation wavelength 555 nm, emission wavelength 594 nm) and green (excitation wavelength
470 nm, emission wavelength 488 nm). We use three objectives: 10X (Nikon CFI Plan Fluor), 20X
and 60X (both Nikon CFI PLAN APO LBDA).

2.4 Image analysis

The general steps of the image analysis that we perform are the following. First, the images are
segmented to find the center and contour of each droplet in the channel. From this data, a surface
Voronoi tessellation is then performed. Voronoi tessellation is a partition of a plane into regions
around a given set of objects (droplets in our case), such that any point inside the region is closer to
the inclosed object than to any other. This allows to attribute a cell to each droplet, thus defining
its neighbors. Then, we measure the deformation of each droplet, as well as their local or global
packing fractions. Finally, we track droplets over time to analyze the rearrangements topology and

local dynamics of the droplets. Below, I describe the image analysis in details.

2.4.1 Segmentation and Voronoi tesselation

Raw images are either segmented using Ilastic [10] or a custommade Matlab (MathWorks, USA)

routine.

In the first case, background and foreground pixels are determined using the pixel classification
feature of Ilastik. To this end, the droplet border is detected on fluorescent images by manually
identifying background and foreground until Ilastik can successfully detect the contour of droplets.
The obtained binarized images are then processed in Fiji to skeletonize the contour (see Fig. 2.5E).
Using the module Analyze Particles, we identify all the droplets and exclude those touching the
borders of the channel. The binarized images obtained from Ilastik are additionally processed in
Fiji to perform a surface Voronoi tessellation. First, we generate binary masks of the identified
droplets. A surface Voronoi tessellation is then performed on these masks to identify the Voronoi
cells corresponding to each droplet (see Fig. 2.5F). Voronoi cells are finally matched to their

corresponding droplets based on the coordinates of their centres.

Alternatively, using the Matlab routine, the images are first thresholded based on their intensity
histograms. After thresholded images are cleaned up using morphological operations, droplet
centres taken as their centroids are found using the Matlab "regionprops” function (see Fig. 2.5A-
C). We then find edges of each droplet and smooth them with a Savitzky-Golay sliding polynomial
filter (see Fig. 2.6A). To attribute a cell to each droplet, we perform a watershed tessellation (a
transformation in image analysis analogous to Voronoi tessellation, that allows to divide adjacent

"basins” into separate regions).
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Figure 2.5 | Image analysis (A) Typical bright field image of monodisperse droplets in the con-
striction area. (B) Segmented image of (A) with the detected centres of the droplets (red crosses).
(C) Detected contours of the droplets. (D) Typical fluorescent image of polydisperse droplets in
the constriction area. (E) Detected droplets from (C). (F) Voronoi cells of the droplets on (C).

2.4.2 Droplet neighbors identification and tracking

A table of neighboring relationships between droplets and Voronoi cells is generated using the
Region Adjacency Graphs of the Python Scikit-image package. For every image, we obtain the
list of neighbors for each droplet and each Voronoi cell in the constriction and measure the size of
the droplet-droplet contacts as well as the length of the edge between neighboring Voronoi cells.
The droplets and Voronoi cells are tracked on the labelled movie with a custom Python tracking
algorithm and the FastTrack tracking software [59], and instant velocities of droplets and Voronoi
cells are computed as the distance travelled between two consecutive frames acquired at a fixed

frame rate.
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2.4.3 Droplet deformation and packing fraction

To study droplet deformation, we consider only the droplets located in the constriction area (see
Fig. 2.4. In addition, while analyzing the images of the bigger channel, we exclude the droplets
whose corresponding Voronoi cells touch the walls of the channel. We use two different methods

to measure droplet deformation.

For the first approach, we have followed Chen et al. [31] (see Fig. 2.6B). To this end, the
perimeter of each droplet is interpolated and discretized using a custom Matlab routine at evenly
spaced 1024 angles 6 and the deformation d is calculated as a standard deviation of the radii r(6)
taken from the droplet center (see Fig. 2.6) for each of these angles divided by the mean value of

T

(2.1)

The other way to quantify droplet deformation is to compute a shape factor A = p? /47a, as it
was done by Boromand et al. [18]. The shape parameter A equals 1 for disks and is greater than
1 for all nonspherical particles [19]. To avoid overestimating A because of finite image resolution
(i.e. finite number of pixels), we fit successions of osculating arcs of circles around the droplet
contours. To do so, we divide the contour in groups of 12 points. On each group, we compute the
coordinates of the center and radius of the circle going through the first, sixth and twelfth points
of the group, as a good approximation of the osculating circle at this part of the contour. We
then model the contour of the droplet as a succession of such arcs, and compute its perimeter p
and area a from the modelled contour. To check the accuracy of the fitted contours, we apply our
custom fitting routine to an image of synthetic perfect circles. As shown on Fig. 2.5C, the shape
parameter obtained from this model yields 1.0009 + 0.0003, which validates our analysis on real

droplets.

To complete the study of droplet deformation, we also fit each droplet with an ellipse, and use
its aspect ratio and orientation of the major axis to study elongation and alignment of the droplets

in the constriction.

Finally, we compute the local and global packing fractions of the droplets in the constriction
area. We define the local packing fraction for each droplet as ¢; = a/a., where a is the area of
the droplet and a. is the area of corresponding Voronoi cell. Note that to study the deformation,
we only consider droplets whose local packing fraction lies in ¢; € {0.6;1}, which allows us to
eliminate overlapping or missing droplets resulting from segmentation mistakes. To determine the
global packing fraction of the emulsion in each video frame, we calculate the ratio between the sum
of all droplets area and the area of the channel within the window of 200 x200 pm located before the
constriction region (see Fig. 2.4A). Finally, frames were stored according to the emulsion packing

fraction, and the distributions of droplet deformations for each packing fraction were computed.



37 Chapter 2: Materials and Methods

A EE— TR

A A A 11,001

o ,/L\i/
(e Lo e )fe)
A AN AN A
Y S W 10009
N ‘;/' L\\;/ L\\su'// L\\g”—,/ L\x\ /
 |{1.0008
" N1.0007
g V=@ o = p*/4
<d>="0 =p°/Ana

Figure 2.6 | Droplet deformation. (A) Detected contour of an individual droplet (left) before
smoothing (middle) and after smoothing (right). (B) Still snapshot of the image analysis in the
channel at a given instant for monodisperse droplets. Detected droplet contours are plotted in
black, and deformation d of each droplet is shown as a colorcode. (C) Shape factor A (color coded)
of synthetic ideal circles.

2.4.4 T1 events detection

By tracking droplets and their neighbors over time, we identify the formation or rupture of edges
between Voronoi cells. This allows us to identify individual T1 events by considering the neighbor-
hood of droplet quadruplets as shown in Fig. 2.7C. To eliminate artifacts from contacts or edges
disappearing or appearing from pixel fluctuations, we take into account Voronoi cell edges that are
not transient and that can thus be detected for at least 4 consecutive frames. Contacts or edges
appearing or disappearing because one of the two objects enters or leaves the field of view are also
discarded. A manual inspection of T1 events detected this way shows that only 2% of the detected
events are not true T1 events. Of those false T1 events, half of them are caused by segmentation

errors, and the other half by exotic 5-cells exchanges of neighbors.

We then examine avalanche phenomena by considering T1 events that occur during a given
time window and that are connected by neighboring droplets. To do so, we define an adimensional
time ¢t = t*(V)/(R) with t* the elapsed time in seconds, (V) the mean flow velocity and (R)
the mean radius of droplets that are both averaged over all droplets in all frames of each movie.
We define clusters of events, called avalanches, as neighboring T1 events within a specified time
window ¢ + At, where At = 0.4 in adimensional time (which is the time necessary for a droplet to

travel 40% of its radius on average). This time window is chosen to span avalanche sizes ranging
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Figure 2.7 | Confocal imaging and analysis. (A-B) Confocal images of two different packing
fractions of an adhesive emulsion in the constriction. (C) Confocal images of four adhesive droplets
undergoing a T1 event. Droplets 1 and 2 are first connected through an adhesive patch (left panel),
are then pulled apart (middle panel) and are not neighbors anymore (right panel). In the meantime
droplets 3 and 4 gain a contact at the end of the event. (D) Result of the image analysis performed
on (C). Voronoi cells are drawn in white solid lines, droplet contours are shown in red and the
color of the disk inside each droplet codes for its deformation A.

from one T1 event to all the droplets contained in the field of view, thus guaranteeing that the
avalanches are not too big nor too small within that chosen window. The distribution of T1 events
into separate clusters (i.e. avalanches) is the following. First, for each T1 event, we make the list
of all the Voronoi cells that are adjacent to one of the 4 cells of the current T1 at any time point
between t — At and t + At. We then make a list of all the T1 events in which those neighboring
cells are involved within the time window, and get their cluster identification number (id). If none
of the T1 events is already allocated to a cluster id, then a new cluster id is created and given to
all the connected T1 events. If all the T1 events have a unique common cluster id, then this id
is assigned to the current T1 event. If the T1 events have more than one cluster id, the current
T1 event and all connected T1 events are then assigned the smallest of the cluster ids of the list.

We quantify avalanche sizes by measuring the total number of droplets participating in the same
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avalanche i.e. with the same cluster id.
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In my PhD work, I did study the mechanical pathways of morphogenesis with biomimetic
emulsions: droplets of oil in water stabilized with a monolayer of phospholipids that mimics the
fluid cellular membrane, and functionalized with binding molecules which ensure specific adhesion
between the droplets. In this chapter, I am going to describe how we study tissue remodelling

under controlled mechanical perturbations in vitro.

As it was explained in Chapter 1, during development, tissues undergo large scale movements
that shape the different organs in the embryo. To unravel the passive mechanical pathways associ-
ated with this process, we developed a simplified system where we exert a large-scale perturbation
on biomimetic emulsions by forcing them to flow through microfluidic constrictions. In this way,
we mimic the convergent extension that tissues undergo during morphogenesis. In order to go
through the constriction, droplets have to elongate along the axis of the channel (elastic response)
or rearrange their positions in order to go through the thinner channel (plastic response). We
studied the interplay between the elastic and plastic responses as a function of the adhesion energy

between the droplets and the packing fraction of the emulsion.

First, we performed a preliminary study as a proof of concept and probed the effect of attraction
forces between the droplets. The easiest way to do so is to introduce interdroplet attraction with
non-specific depletion forces. The details of this study and the obtained results are given in the

first part of this chapter.

In the second part of this chapter, I present the study where we used a system that mim-
ics biological tissues more faithfully. In this system, a specific adhesion is introduced through
streptavidin-biotin-streptavidin bonds between the surfaces of the droplets, which mimics cadherin

cellular adhesion.
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3.1 Depletion attraction forces to introduce non-specific ad-

hesion between the droplets

Depletion forces appear between particles or emulsion droplets that are surrounded by much smaller
particles called depletants, that can be surfactant micelles, colloids or non-adsorbing polymer
molecules. A schematic representation of what causes depletion attraction is shown on Fig. 3.1:
when two droplets of radius R and surrounding depletion zone of thickness é approach each other,
micelles start to be expelled from the inter-droplet region into the outer continuous phase. This
happens when the interdroplet distance a is smaller than 2(r,, 4+ 0), where 7, is the radius of the
depletants [15]. This leads to an osmotic pressure difference between the surrounding continuous
phase and the empty excluded inter-droplet region. As a result, depletion forces are exerted on the
droplets to fill the excluded volume thus creating an attractive interaction between their surfaces.

Depletion forces are therefore short range forces that appear only between neighboring droplets.
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Figure 3.1 | Schematic representation of an attractive interaction between colloidal
particles induced by depletion forces. Depletion attraction forces (blue arrows) appear when
two particles with radius R and surrounding depletion zone & approach each other such that
depletants with radius r,, < R start to be excluded from the inter-droplet region.

In our experiments, depletion attraction between the droplets is introduced by increasing the
concentration of SDS in the continuous phase of the emulsions. When the concentration of SDS
exceeds the critical micellar concentration (CMC), its molecules arrange to form micelles that act
as depleting agents. Asakura et al. [5] showed that, above the CMC, depletion attraction forces P
between two large particles of diameter R and interparticle distance a increase linearly with the

number of micelles N of diameter r,, present in the continuous phase, and can be calculated as
P =—pyS, (3.1)

where pg is the osmotic pressure
po=kTN/V (3.2)

with kT being the thermal energy (k = Boltzmann constant, T' = temperature), V' the total volume
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of the solution and S a geometrical parameter defined as
™ 2 2
S = Z[(R + 7rm)” — a”] (3.3)

In this way, increasing the concentration of SDS leads to the increase of the number of micelles,

and thus to higher attraction forces between the droplets.

In our experiments, the continuous aqueous phase is supplemented with glycerol (40 % in
volume of glycerol, see Chapter 2), which shifts the CMC of SDS from 8 mM (in pure water) to
about 9 mM in our experimental conditions [145, 90]. Thus, under both SDS concentrations that
we use, namely 10 mM and 45 mM, the system is still above the CMC, and the surface tension
of droplets remains the same at both SDS concentrations [91]. However, the number of micelles is
not necessarily linear with the SDS concentration. Indeed, the number of surfactant molecules in
one micelle, which is also called the aggregation number, can grow with the concentration [16]. For
SDS, this number has been reported by various authors and yields different values. We calculated
the number of micelles based on the reported aggregation numbers, and estimated that attractive
forces at 45 mM SDS are approximately 30 times larger then at 10 mM SDS. The details of our

calculations can be found in the attached article A.

Similarly to granular materials, emulsions exhibit a jamming liquid-to-solid transition, which
depends on the global packing fraction ¢ of the emulsion. And similarly to granular materials,
the jamming in athermal (i.e. those that do not exhibit Brownian motion) repulsive monodisperse
emulsions in 3D occurs at ¢; = ¢rcp ~ 0.64. Jammed emulsions behave as amorphous solids and
possess a yield stress. They elastically (reversibly) support a finite stress below this yield stress, and
deform irreversibly, i.e. start to flow, if the applied stress exceeds this yield stress[113]. However,
in stark contrast to the repulsive emulsions, attractive emulsions can form an elastic solid even well
below jamming [114]. For example, Datta et al. [37] showed that depletion attraction interactions
between the droplets were sufficient to change the rheological properties of thermal (i.e. brownian)
emulsions. To this end, they applied a shear stress on both repulsive and attractive emulsions
and measured their viscoelastic response. They found that while repulsive emulsion possessed a
yield stress only for ¢ > ¢prcp, attractive emulsions could support the stress even for ¢ < ¢rcp.
This result suggests that attractive interactions between the droplets lead to the formation of a
connected network of droplets that can support a shear stress. In addition, Datta et al. showed
that attractive emulsions above jamming exhibited an extra relaxation process before starting to
flow; however, the microscopic nature of this process remained unclear. Therefore, even though the
effect of interdroplet attraction on the rheological properties of emulsions has been macroscopically

evidenced, its microscopic origin is still unknown.

The effect of attraction at a microscopic level was partially exhibited by Jorjadze et al. [83] on
3D packings of polydisperse athermal oil droplets stabilized with SDS. These packings were formed
under gravity. As silicone oil droplets have a smaller density compared to water, they pack at the
air/water interface by buoyancy (a process called creaming), and form jammed structures. By
varying the concentration of SDS, Jorjadze et al. probed how their structural properties depended

on the average amplitude (Fy) of the attractive interdroplet forces. They measured their packing
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fraction ¢, as well as the average contact number (z) (the number of contacts a particle has), and
found that depletion attraction stabilized the packings below the isostatic limit, i.e. ¢ < ¢rcp
and (z) < 6 (see Fig. 3.2).
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Figure 3.2 | Effect of depletion attraction on the structural properties of emulsions.
Packing fraction ¢ (A) and average coordination number (z) (B) decay as a function of (Fy) below
the isostatic value. Adapted from [83].

To further investigate the effect of attractive forces between the droplets on the structural
properties of emulsion packings, we study the behaviour of compressed attractive and repulsive

emulsions in 2D in both static and dynamic conditions.

3.1.1 Effect of depletion attraction on 2D static packings

Several experimental studies on compressed foams and repulsive emulsions [39, 87] revealed that
their structural and mechanical properties, such as the shear modulus or the contact number,
displayed a power-law scaling with the distance to the jamming onset expressed in terms of packing
fraction as (¢ —¢;). Boromand et al. [19, 18] performed computational studies of jammed packings
of soft frictionless particles undergoing an isotropic compression. They developed a numerical
model to study the structural and mechanical properties of 2D bubbles and emulsions, including
at high compression. This model will be described in detail in the Section 3.2.3. Using this model,
Boromand et al. developed a theoretical framework for the evolution of the shape factor A of the
particles as a function of local packing fraction close to the jamming onset. They defined the shape

factor A as
A= i (3.4)
dma
where p and a are the droplet perimeter and area respectively. The shape factor A is a direct
measure of asphericity of the droplets. Indeed, it is equal to 1 for a perfect disk and is greater
than 1 for any non-spherical particle. Boromand et al. predicted that for polydisperse disordered
packings, the distance to the jamming onset ¢ — ¢; scaled with A —1 as

o — ¢ =a(A-1)* (3.5)

with w =~ 0.3 (see Fig. 3.4A).

We checked if attractive interactions induced by depletion affected this power law scaling.
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Following Boromand et al. we measured the asphericity A and the local packing fraction ¢; of each
droplet in several images of 2D monodisperse and polydisperse packings for both 10 and 45 mM
SDS concentrations (see Chapter 2). Examples of such monodisperse and polydisperse packings

are shown in Fig. 3.3.

Figure 3.3 | Examples of a monodisperse (A) and a polydisperse (B) emulsion packing.
Droplets are labeled with Nile Red. ([SDS] = 10 mM)

Fixing w = 0.33 and ¢; = 0.842 (random close packing of disks in 2D), we found that indeed
our data of polydisperse repulsive emulsions are well-fitted by Eq. 3.5 (see Fig 3.4B). If we fix only
the prefactor a letting w and ¢; free, we still found similar values for w = 0.36 and ¢; = 0.848.

All performed fits are summarized in Table. 3.1.

| [SDS] || Fixed parameters || Free parameters ||
o | T
ST
9; = 0.842 oo £ 0.0
45mM djj _ 8:;’22 a =028
o
w=0.33 f2 = Doth - 001
si=0s2 || 800 s

Table 3.1 | List of all fitting parameters obtained for various fixed parameters applied to the
deformable particle model equation 3.5.

Moreover, even though the model was developped for polydisperse disordered packings, we also
found that the change in the local packing fraction as a function of the droplet deformation in
monodisperse repulsive emulsions is well described by the power law scaling of Eq.3.5. In this

case a scaling exponent w ~ 0.25 and a critical volume fraction ¢; = 0.91 are found. The higher
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value for ¢; can be explained by a high degree of crystallization, as seen on Fig. 3.3A. Indeed, the
obtained value of ¢; corresponds to the one of hexagonal close packings ¢rcp = 0.91. The results

of these scalings are shown on a log-log scale in Fig. 3.4.

Surprisingly, we find that the data for the repulsive ([SDS] = 10mM) and the attractive
([SDS] = 45mM) emulsions overlap and are captured by the same scaling function in the case
of both polydisperse and monodisperse emulsions. Therefore, our experiments indicate that deple-
tion interactions between the droplets do not affect significantly the scaling of ¢; — ¢; vs A —1,
i.e. changing the SDS concentration does not induce any measurable modification in the static

packings of droplets.
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Figure 3.4 | Analysis of static 2D packings. (A) Local packing fraction ¢ versus A — 1 for
the DP model (open diamonds) and emulsions droplets (filled triangles). Adapted from [18]. (B)
Log-log plot of ¢; — ¢, versus A — 1 for monodisperse and polydisperse emulsions for both SDS
concentrations.

In contrast to the results of Datta et al. [37] and Jorjadze et al. [83], who found that depletion
attraction stabilizes looser 3D packings, we do not observe any significant change in ¢; for 2D static
packings with depletion interactions. In our SDS stabilized emulsions, the droplets are essentially
frictionless and are thus free to move. In addition, as we explore packing fractions above jamming,
the droplets are compressed. In such a system, the slightest amount of compression will thus
lead to a rearrangement of the structure without noticeable deformation of the droplets until their
repulsive jamming packing fraction is reached. This intuition is confirmed by the measured values
of ¢; which correspond to random close packing ¢rcp ~ 0.842 for the polydisperse (disordered)

emulsions and to hexagonal close packing ¢gycp = 0.91 for the monodisperse emulsions.

However, despite the fact that static packings cannot be distinguished as a function of depletion
forces, these forces still can have an effect on the mechanical properties of the emulsion. We reveal
in what follows that significantly distinct behaviors can be evidenced in the context of a dynamic

flow.
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3.1.2 Emulsion flow in a constriction

In order to study the effect of depletion attraction on the emulsion response to a mechanical per-
turbation, monodisperse emulsions were flowed in microfluidic channels exhibiting a single physical
constriction (see Chapter 2, Fig. 2.4A). Here, we used monodisperse droplets whose diameter is
comparable to the channel height, constraining the system to a 2D monolayer of droplets. We
chose to flow monodisperse emulsions, because their packing and flow is ordered (the details will
be explained later), and one could expect that the effect of the attraction forces would be best seen
with the order breaking. We focused our analysis on the area of the constriction in which droplets
have to rearrange and deform in order to go from a large channel into a narrower one. The width
of the narrow channel was chosen such that it only allows for the passage of one droplet at a time

(Fig. 2.4A) in order to maximize the number of rearrangements.

Even though the emulsions are frictionless, we observed some interactions (probably of wetting
nature) between the droplets and the surface of the channel. Passivation of the channel with a
[-casein solution prior to the emulsion flow (see Chapter 2) minimized all the interactions between

the droplets and the channel thus establishing a smooth flow.

A typical experiment was carried out in two phases. The channel is first filled with the emulsion
using a pressure pump. After a waiting time (see Chapter 2), the pressure is increased again so
that the packed emulsion can flow in the channel. We usually require a typical pressure of the order
of 30 mbar to establish a steady flow. For each experiment, we recorded images of the droplets
upstream, in order to measure their packing fraction, as well as inside the constriction, where we

study droplet deformation and rearrangements (Fig. 3.5).

Figure 3.5 | Emulsion flowing in the constriction. Droplet deformation is studied inside the
constriction (red window), while packing fraction is measured in the green window upstream of the
constriction ([SDS] = 45 mM).
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3.1.3 Global packing fraction

We measured the global packing fraction of the emulsion for each frame in a window located
upstream of the constriction (see Chapter 2 and Fig. 3.5). We found that the packing fraction
varied over the course of one experiment. It happened due to temporal irregularities of the flow,
which could be caused by partial plugs at the inlet of the channel. Therefore, to check the ef-
fect of packing fraction on droplet deformation, we break each experimental video into separated
images, and measure the packing fraction for each image. We sorted our experiments into seven
bins with the average packing fractions span from 95.5% to 97.0%. We then pool together the
images corresponding to the same packing fraction throughout all performed experiments, for each
concentration. For all of the following measurements we keep this sorting of our data based on

packing fractions.

3.1.4 Effect of the depletion attraction on droplet deformation

We first studied the effect of attraction forces on droplet deformations. As it was explained in
Chapter 2, we define the droplet deformation d as the standard deviation of the radius r(6) following
Chen et al. [31] :

(3.6)

We chose to use d as a measurement of the droplet deformation, and not A as it was done for the
static packings, because the calculation of d requires less computational work than the calculation
of A. Indeed, a value of the shape factor A relies on the precise calculation of peremeter of
the droplets. To calculate the perimeter properly, one needs to find the contour and then fit it
(see Chapter 2), which is computationally costly. As the analysis of flowing emulsions requires
quantifying deformation on a much larger amount of droplets, we thus chose a parameter that is

easier to compute on such a large amount of data.

We measured d for all droplets inside the constriction region (Fig. 3.5). The obtained distribu-
tions of the measured deformations for different packing fractions and for each SDS concentration
are shown in Fig.3.6. At all packing fractions we investigated, the distributions peak at smaller
values of the deformation for the low attractive case compared to the case of strongly attractive
droplets. However, we do not see any significant differences with the packing fractions. Indeed, in
the case of high attraction, the curves for different packing fractions clearly collapse on each other.
In the case of low attraction, some difference in the height of the peak can be observed, with lower
packing fractions having slightly higher peak values than high packing fractions (blue curves in

Fig. 3.5). However, this difference remains small and prevents us from drawing any conclusions.

In order to study in more details the observed shift in the deformation distributions, we next

examined the droplet deformation field along the channel. To this end, we measured deformation
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Figure 3.6 | Statistics of deformation under steady flow. Probability density function of
the deformation d calculated in the constriction for different packing fractions in the case of low
attraction forces ([SDS] = 10 mM, open circles) and high attraction forces ([SDS] = 45 mM, open
squares).

d of all droplets filling the channel in the field of view. An example of such measurements is shown
in Fig. 3.7A. In order to study the deformation along the x-axis of the channel, we divided the
channel into bins of 25 pm wide, a width which corresponds to the average droplet radius, and
measured the average droplet deformation inside the bins. The resulting curves of (d) versus z are
shown in Fig. 3.7B-C. We did it for both concentrations of SDS in order to study the effect of the
attractive forces. One would expect the droplets to be more deformed in the constriction region, as
they are subjected to the external compression. And indeed, droplets that are in the constriction
region have higher values of (d) compared to the droplets out of the constriction for both 10 mM
and 45 mM SDS concentration and for all packing fractions. This validates the chosen method for

measuring deformations in our system.

Although the general shape of the obtained curves is similar for both SDS concentrations, the
values of deformations are higher at a 45 mM SDS concentration both in the constriction region
and in the thinner channel. For both conditions (Fig. 3.7B-C), the average deformation builds up
in the constriction to a first maximum, then decreases to a lower value at x =~ 450 pm, builds up

again to a second maximum and finally decreases to a lower average value.

The observed averaged deformation field inside the constriction - accumulation of the defor-
mation followed by its release - can be a signature of a local stress release after two sequential
rearrangements of the droplets (for instance, T1 events). Indeed, in soft jammed materials under
strain, only a small subset of particles support most of the load, forming so-called stress net-
works [30, 26, 175], which leads to complex rearrangements of the particles and stress relaxation.
In jammed emulsions, droplet rearrangements happen through T1 events (exchange of neighbors in
a group of 4 droplets). Chen et al. [31] showed that in the case of a 2D repulsive emulsion flowing

through a hopper shaped chamber, T1 events were immediately followed by a local decrease of
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Figure 3.7 | (A) Still snapshot of the image analysis in the channel at a given instant for an attractive
emulsion ([SDS]=45mM). The color of the droplets codes for their deformation d calculated for their
detected contours displayed on the image. (B-C) Average deformation of the droplets along the
x-axis of the channel for different packing fractions in (B) the low attraction case ([SDS]=10mM)
and (C) high attraction case ([SDS]=45mM). The deformation is averaged in bins that are 25
pm wide along the x-axis, corresponding to about droplet radius. The average deformation peaks
inside the area of the constriction for both conditions. The error bars correspond to the standard
error of the mean for the distributions of d obtained in each bin. The total number of droplets,
combining all packing fractions, is N = 27219 for 10mM SDS and N = 91391 for 45 mM SDS.
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droplet deformation d inside the emulsions (d is defined in the same way as in our experiments).
To study the effect of T1s on droplet deformation, Chen et al. computed a spatial-temporal map,
which represents the relative deformation of individual droplets around the T1 event (Fig. 3.8A).
The map shows that local deformations first build up prior to a T1 event (red), and then drop
dramatically after the T1 event (blue). The biggest decrease in deformation after a T1 event (the
blue region which splits in two), corresponds to the converging and diverging pairs of the droplets

that have undergone the rearrangement (Fig. 3.8A).
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Figure 3.8 | (A) Spatial-temporal map of the local deformation d around a T1 event. At = 0 is the
moment when the T1 event occurs, indicated by the horizontal dashed line. AR is the distance
from the center of the T1 event (AR = 0) normalized by the average droplet radius (r). The color
indicates the mean magnitude of the deformation d of individual droplets compared to the global
mean (white color). Smaller values (d < (dg)) are blue and larger values (d > (dg)) are red.
Adapted from [31]. (B) Spatial distribution of dislocations and slip planes throughout the channel.
The slip planes are indicated by the green lines. The dislocations and corresponding droplet pairs
during T1 events are colored in yellow and purple. Adapted from [58].

Similar effects are thus probably observed in our experiments (see Fig. 3.7). The droplet
deformation increases up to its peak value, and then it is partially releazed by a first T1 event.
This first release happens in the middle of the constriction region (x ~ 450pm). As the width
of the constriction continues to reduce, the droplet deformation increases again, until finally it
is releazed at the exit of the constriction by the second T1 event. However, while in the case
of low depletion forces ([SDS] = 10 mM), droplets relax to a deformation value that is close to
the initial one at the entry of the channel (((d),,, — (d);, = 0.0025)), with high depletion forces
([SDS] = 45 mM), droplets relax to a plateau at higher values of deformation than at the entry
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(({d) yt — (d);,, = 0.01)). This impaired relaxation could be a signature of long range effects that
could also explain why droplets enter the constriction with a slightly higher value of deformation

in the high attraction case.

The existence of two peaks of deformation observed in the constriction region indicates that T1
events occur at precise locations. These locations are actually set by the geometry of the channel,
as it was shown by Gai et al. [58]. Indeed, they found that for a flow of a quasi-2D packed
monodisperse emulsion in a tapered microfluidic channel, T1 rearrangements happened along slip
planes and zones, where the number of droplets in the y-direction decreased by 1, occurred at well-
defined regions. By making an analogy to crystal plasticity during extrusion, Gai et al. predicted
that slip planes along which T1 events occurred, should form a 60° angle with respect to the x-axis.
This is what they actually measured in their experiments. They also evidenced that the slip zones
were distributed periodically along the channel (Fig. 3.8B). This periodicity could be explained
using a model of crystal grain boundaries and was set by the channel geometry and size of the

droplets.

Since we flow monodisperse emulsions and since the dimensions of the channel are fixed, we
obtain an ”ordered” flow with four lines of droplets flowing in the channel ahead of the constriction,
and one line of droplets in the thin channel (Fig. 3.9).

line 1

line 4

Figure 3.9 | (A) Image of droplets in the constriction ([SDS] = 10 mM). The zones where the
number of droplets decreases from 4 to 3 and from 3 to 2 are indicated with yellow lines and
referred to as zone 1 and 2 respectively. (B) Plotted trajectories of the droplets in lines 1-4 ([SDS]
= 10 mM).

Overall, one can distinguish three locations where the number of lines of droplets decreases by
one unit: from 4 to 3 droplets, from 3 to 2, and from 2 to 1 droplet at the entrance of the thin
channel. In this framework, droplets should exchange neighbors to do the necessary rearrangements
in given areas of the channel, that are defined by its geometry. We can thus estimate the distance
Az between two rearrangements by calculating the distance between the points where one can
accommodate for 4 droplets and 3 droplets of diameter D in the constriction (Fig. 3.10). Knowing
WD(Q) = 60 um. And
indeed, the distance between the two peaks observed in Fig. 3.7, ~ 80 pm, is close to the predicted

the slope of the constriction « & 20°, a simple calculation leads to Az =

value of ~ 60 pum.
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Figure 3.10 | Distance between two T1s. Schematic representation of a part of the channel
where number of lines of droplets reduces from 4 to 3. The distance Ax between the zone of 4
droplets and the zone of 3 droplets is set by the slope of the constriction o and droplet diameter
D.

We next test the hypothesis that rearrangements are impaired by the attraction between the

droplets, which would in turn force the droplets to deform more to overcome the constriction.

3.1.5 Effect of depletion attraction on droplet rearrangements

While trajectories of the droplets in lines 2 and 3 are more complicated (after the rearrangement
droplets can randomly go either up or down), the trajectories of droplets in lines 1 and 4 are pretty
straightforward: droplets in the line 1 always go down, and droplets in line 4 always go up following
the borders of the channel (see Fig. 3.9B). That is why we chose droplets in lines 1 and 4 to study

locations of the rearrangements.

In order to determine precisely the locations of droplet rearrangement, we measured both the
velocity and number of neighbors of the droplets along the channel. In the constriction, droplets
are slowed down transiently until they perform a rearrangement. This effect is evidenced by local
minima in their individual velocity profiles. We show in Fig. 3.11A typical velocity profiles of
individual droplets in lines 1 and 4 along the channel axis for both SDS concentrations. In this
example, the two local minima are separated by the expected distance between rearrangements Ax.
We extract the positions of these minima for all droplets in lines 1 and 4 in two specific areas of the
channel, corresponding to the zones of rearrangements, for both SDS concentrations. We compare
both conditions by plotting the cumulative distributions of the minimum velocity location in each
zone (Fig. 3.11B). We observe that the distributions for attractive droplets are shifted by 7 pm
and 4 pm in zones 1 and 2 respectively (measured shift at 50%), indicating that rearrangements

are indeed delayed in the channel compared to the low depletion case.

Furthermore, we analyzed the average number of neighbors per droplet along the constriction
(Fig. 3.11C). Droplets in lines 1 and 4 enter the constriction with 4 neighbors in a hexagonal lattice,
and exit with 2 neighbors like all droplets in the smaller channel. We measured the positions along

the channel where droplets transition on average from 4 to 3 and from 3 to 2 neighbors respectively.
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We find that, for the more attractive emulsions, the transitions from 4 to 3 and from 3 to 2 neighbors

are delayed by 11 um and 8.5 pm respectively.
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Figure 3.11 | Analysis of droplet velocity and number of neighbors (A) Typical velocity
curves of individual droplets in lines 1 and 4 along the channel axis for 10 mM (blue) and 45 mM
SDS (orange) emulsions. The velocity drops to a minimum value (indicated by an arrow) in zones
1 and 2 each time the droplets slows down before a rearrangement. For each droplet trajectory we
find the location of this minimal velocity to build the cumulative probability density of panel (B).
(B) Cumulative distributions of the minimum velocity location for lines 1 and 4. The 45 mM SDS
droplets slow down farther into the constriction, as evidenced by the shift in distributions at 50%
probability, by about 7 pym in zone 1 and 4 pum in zone 2. (C) Average number of neighbors per
droplet along the channel for lines 1 and 4. For more attractive emulsions, the number of neighbors
drops from 4 to 3 and then from 3 to 2 respectively 11 um and 8.5 pm later in the constriction.

Our findings suggest that depletion attraction forces between droplets affect the topology of

rearrangements by causing delays of T1 events.

3.1.6 The effect of the flow rate

Finally, we checked if the flow rate had an effect on droplet deformation. Indeed, as we use a
pressure pump to flow the emulsions, we do not have a precise control over the flow rate. For this,
the droplets are individually tracked in the channel in order to extract their average velocities v,
that spans from 120 to 360 pum/s (the velocities are measured in the thin channel). For a given v,
we measured the average deformation of all considered droplets (Fig. 3.12A). We found that the
deformation does not depend on the instantaneous droplet velocity within the investigated range

for both SDS concentrations.

We also studied the effect of the flow speed on the location of the velocity minima in the specific
areas in the constriction (zone 1 and zone 2). We compared the cumulative distributions of these
locations for all the experiments and for the experiments with the same flow speed (80pum/s) for
10 mM and 45 mM SDS emulsions respectively (Fig. 3.12B). One can see a slight shift between
the two velocity conditions, but the difference between the curves for low and high attraction is
preserved. Therefore, we can conclude that the flow rate does not affect significantly the locations

of the velocity minima.
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Figure 3.12 | The effect of the flow rate on droplet deformation and rearrangements.
(A) Average deformation (d) as a function of instantaneous droplet velocity v in the small channel.
(B) Cumulative distributions of the minimum velocity location as a function of flow speed in the
wide channel. The minima are found for the droplets in lines 1 and 4 for 10 mM (blue) and 45 mM
(orange) SDS, in zones 1 and 2. Dashed lines are obtained for all velocities (average velocity of
76 +10 pm/s for 10 mM SDS and 97 £ 13 pm/s for 45 mM SDS), solid lines are obtained for data
that is filtered as a function of droplet velocity, in particular we only keep droplets displaying a
similar average velocity of 71 + 3 um/s.

3.1.7 Conclusion

In this part of our work, we probed the effect of adhesion on the structural and rheological properties
of emulsions by introducing non-specific attractive interactions induced by depletion between the
oil droplets. We first evidenced that such attraction forces are too low to induce any measurable
effect in 2D static packings of droplets. Indeed, for both attraction forces, we recovered the scaling
laws predicted by [18] for purely repulsive packings, with a critical packing fraction ¢; ~ 0.842.
However, using ordered monodisperse emulsions, we uncovered distinct changes in their elasto-
plastic response, when the droplets were flowed through a 2D physical constriction. The first
manifestation of the attraction force was an increase of the average deformation of the droplets
in the constriction. The second one was a delay of the topological rearrangements inside the

constriction as attraction forces are increased.

It is quite remarkable that such low attraction forces are enough to modulate the elasto-plastic
response of emulsions in our system. However, the effect of depletion attraction is very subtle, and

it is unsure if it would have been clearly evidenced with disordered polydisperse emulsions.

After demonstrating the effect of weak non-specific attraction, we are now going to make the
next step towards mimicking biological tissues by introducing specific binders on droplet surfaces.
These binders will establish specific interdroplet adhesion, mimicking intercellular cadherin adhe-
sion. In addition, this specific adhesion has a higher adhesive energy, and thus one can anticipate
that it will affect in a stronger way the elasto-plastic response of emulsions compared to the de-

pletion attraction.
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3.2 Biotin-streptavidin-biotin bonds to mimic intercellular

specific adhesion

For our second set of experiments, we considered a specific adhesion between the droplets using
biotin-streptavidin-biotin bonds. The adhesive energy of those bonds is much higher (~ 10kT per
bond) than that of the non-specific depletion attraction we have studied in the previous section,
and is comparable to the one of cadherin homophilic interactions in tissues. Moreover, the fluidity
of the droplets surface allows the binders to diffuse along the oil/water interface and to aggregate
into adhesion patches at each droplet-droplet contact. For these experiments, we used polydis-
perse emulsions to prevent long range crystalization effects and to better mimic the natural size
distribution of cells [129].

As it was done in the previous section, we have studied the response of this system under
mechanical stress by pushing the droplets through a 2D microfluidic constriction. In order to study
a bigger number of droplets, we modified the dimensions of the channel to make the constriction
region larger (see Fig. 2.4). Now, the width of the large channel is about 30 droplet diameters, and it
progressively reduces to one droplet in the thin channel (see Chapter 2). This geometry forces more
rearrangements in the emulsions and allows us to study their elasto-plastic response away from the
channel border eliminating possible boundary effect. In addition, such geometry aims to mimic the
convergent extension of epithelial tissues that is essential during embryogenesis. In the mean time,
pressure-driven flows mimic the forces that are imposed on tissues during morphogenesis, where
they arise from the growth of neighboring tissue leading to a slow pressure buildup. Again, here,

we experimentally study and compare the response of both non-adhesive and adhesive emulsions.

3.2.1 Mimicking the cellular membrane and adhesion
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Figure 3.13 | Structural formula of lipids that were used for droplet stabilization. (A)
Egg PC. (B) DSPE-PEG-biotin. Adapted from Avanti Polar Lipids.

Polydisperse emulsions were stabilized with a mixture of two lipids (Fig. 3.13), EPC and DSPE-
PEG-biotin (mass ratio 9:1). Such a choice of lipids is dictated by the lipid membrane composition

of a living cell. Indeed, while the exact lipid composition of cell membranes is different for each
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cell type, cells share similar features in their lipid distribution between the external and cytosolic
(internal) leaflets. In particular, the external leaflet consists mainly of phosphatidylcholine (PC)
and sphingomyelin (SM). Both of these lipids have a hydrophobic tail composed of either two fatty
acyl chains in the case of PC, or of a long hydrocarbon and a fatty acid chain in the case of SM. In
addition, both of them have choline polar heads. Such long tails have a high tendency to aggregate,
and, in combination with the large heads, they form the external leaflet of the cell membrane which

is less fluid compared to the internal one.

Therefore, EPC, which belongs to the family of PC (see Fig. 3.13A), is our choice for droplet
stabilization as a main interfacial component (90% of the membrane lipid mass). DSPE-PEG-biotin
also contains a long tail, similar to that of EPC (see Fig. 3.13B). In addition, its hydrophylic head
is grafted with a long polyethylene glycol chain, which acts as a polymer brush to induce steric
repulsion between the droplets. Moreover, this PEG chain is biotinylated, which provides the
ligands the ability to bind with streptavidin to mimic adhesion. One strepdavidin molecule can
bind to four biotin molecules through strong non-covalent bonds. Our droplets thus adhere through

biotin-streptavidin-biotin complexes between contacting surfaces.

3.2.2 Adhesive patches formation

To create and observe adhesive bonds between the droplets, we have functionalized the biotinylated
lipids on the droplet surface with fluorescent streptavidin (see Chapter 2). When the functional-
ized droplets are in a tube, the equilibrium separation between the droplet surfaces exceeds the
distance over which the binding proteins can interact and the fluorescence on the droplet surface
remains homogeneous. However, Pontani et al. [141] demonstrated that compression forces make
droplet surfaces come closer together thus enabling streptavidin-biotin interaction. Moreover, the
presence of salt (see Chapter 2) in the continuous phase dampens electrostatic repulsion between

the droplets, thus facilitating their mutual adhesion. With time, these bonds aggregate into adhe-

sion patches at each droplet-droplet contact. The progressive formation of the patches is shown in
Fig. 3.14.

X
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Figure 3.14 | Progressive formation of adhesive patches over time. At the beginning of
the experiment, streptavidin fluorescence is more homogeneously distributed over the surface of
the droplets (left image). Over time, biotin-streptavidin-biotin bonds form at the droplet-droplet
contacts (middle image) until they enrich into clear adhesive patches with an increased fluorescence
signal (right image). Note that the formation of the patches depletes the fluorescence level on the
free edges of the droplets making it appear more red over time.
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At the beginning of the incubation process, the streptavidin is homogeneously distributed over
the whole surface of the droplets. However, over time, biotin-streptavidin-biotin bonds form at
the droplet-droplet contacts leading finally to a redistribution of the streptavidin molecules into
adhesive patches with an increased fluorescent signal. This effect is clearly evidenced in Fig. 3.14.
With the color code used for this figure, an increasing intensity of the signal appears as a whitening
of the colors, and the adhesive patches appear white. Simultaneously, the formation of the patches
depletes the number of streptavidin molecules on the free edge of the droplets, making it less
fluorescent and thus appearing more red over time. However, the remaining fluorescence of the
free edge of the droplets indicates that unbound streptavidin molecules are still present. The reason
for this is not clear. It could be due to an initial excess of streptavidin on the surface, or the system
might just reached its equilibrium in streptavidin repartition with the maximum area density of

streptavidin in the patch.

When droplets are adhesive, one expects their flow to be hindered, since droplets need to break
their adhesive contacts in order to rearrange. Indeed, a higher pressure has to be applied for
adhesive emulsions to flow in the constriction compared to non-adhesive ones. On average, in our
experimental conditions, for repulsive droplets, one needs to apply about 15-20 mbar with the
pressure controller, as opposed to 30-60 mbar for adhesive ones. At the macroscopic scale, these
two systems therefore exhibit very distinct material properties. We show in the following sections

the microscopic origin for this difference of behavior.

3.2.3 Effect of specific adhesion on the global rearrangements topology

As it was told above, highly packed emulsions behave as solids at small applied stresses, but
at higher applied stresses they undergo plastic deformations and then flow. Such a behavior is
also typical for various other systems, such as foams, granular materials, colloids and molecular
glasses. The universal nature of such plasticity has been an important question during the last
decades. While crystal plasticity is governed by the motion of dislocations (i.e. irregularities
within a crystal structure) [123, 172], in amorphous solids, there is no order, and dislocations
cannot be defined. Instead, the modern vision of plasticity in amorphous solids is based on the
concept of localized plastic events in which a few particles rearrange. Such events were originally
introduced by Argon [4] and have been observed to cause flow heterogenecities in many different
studies. Le Bouil et al. [101] observed a nonhomogeneous strain that appeared as transient bands
of mesoscopic size (dozens of grains) and a well-defined orientation under a homogeneous stress
applied on a granular material. They associated the presence and the orientation of those bands
with localized plastic reorganizations that redistribute stresses in a surrounding continuous elastic
medium. Similar results were obtained by Amon et al. [2]. These authors studied a granular
packing under shear as a model amorphous system, and observed the deformation field at the
free surface of the packing. They found that during a stress drop (Fig. 3.15A), localized spots of
increased plastic deformation (i.e. grain rearrangement) occurred progressively until the emergence
of ruptures into the material (see Fig. 3.15B). The rate of occurrence of these localized events is

linked directly to the plasticity of the system (Fig. 3.15C). Indeed, each local rearrangement of
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grains modifies locally the mechanical equilibrium, causing the surrounding material to deform,
and creating internal stresses. These stresses may then trigger other rearrangements, leading to a

succession or avalanche of rearrangements [108, 47, 8].

In our experiment, we have access to the whole dynamics during the emulsion flow, and we thus
examine the statistics of the avalanche sizes through a measure of the local plastic rearrangements,

namely T1 events, and compare both adhesive and non-adhesive emulsions.

Intuitively, one could expect adhesion to give rise to long range effects leading to bigger
avalanches. To check this hypothesis, we have thus measured the size of the avalanches for adhe-
sive and repulsive emulsions. The avalanche size is defined as the number of droplets participating
in spatially and temporally connected rearrangements during a given time window. Droplets are
considered to be connected if their Voronoi cells share a common edge (see Chapter 2). In this
way, T1 events whose cells are neighbors at any point within the time window are grouped in the
same avalanche. We studied the avalanche size distributions and found that surprisingly for both
repulsive and adhesive emulsions, the avalanches size distribution follows a power law of exponent
~ —2 (Fig. 3.16B). The value of this exponent is in agreement with those obtained by Bares et al.

[8] for 2D sheared granular packings in numeric simulations and experiments (Fig. 3.16A).

To confirm this observation and to explore a wider range of parameters, numerical simulations
were performed in collaboration with Thibault Bertrand and Franck Pan (Department of Math-
ematics, Imperial College, London). For this purpose, a computational toy model for adhesive

emulsions has been developed based on the deformable particle model (DPM) recently introduced
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Figure 3.15 | Local plastic deformation underlies global plasticity. (A) Stress response for an
imposed shear increases linearly with time at small times, as expected for an elastic material. Small
stress drops (indicated with arrows) are observed as a consequence of the avalanches of localized
events of plastic deformation. (B) Localized events of plastic deformation can be observed on
correlation maps between successive images of the free packing surface during the first stress drop.
(C) The temporal evolutions of the strain in a creep experiment (blue triangles) and cumulated
number of local plastic deformation events (red circles) are very similar. Adapted from [2].
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Figure 3.16 | Avalanche statistics. (A) Experimental data of Bares et al. [8]. Probability density
functions P(N) of the avalanche sizes measured in terms of number of particles involved in each
avalanche. Adapted from [8]. (B) Experimental data from our experiments. Distributions of
avalanche size for adhesive (red dashed line) and non-adhesive (blue solid line) emulsions cannot
be distinguished. A line corresponding to a power law with exponent —2 was drawn as a guide to
the eye.

by Boromand et al. [19, 18]. The principle of the model is the following.

Each of the N emulsion droplets is modeled as a deformable polygon with N,, circulo-line edges

of width 6. The model relies on the minimization of the following potential energy

N N
: k
Upp =73 D mi+g D (am = amo)” + Uins (3.7)
m=1i=1 m=1

where [,,, ; is the length of the circulo-line between vertices ¢ and ¢+ 1 and a,, is the area of particle
m. The first term of Upp is proportional to the perimeter of the droplet with a proportionality
constant y corresponding to a line tension. The second term in this potential energy is a penaliza-
tion term quadratic in the distance between the area of the droplet and a target area a,,g, with
a compressibility coefficient k. Finally, Uy, represents the potential energy of interaction between
two droplets, which is composed of the sum of a repulsive term and an attractive term (Fig. 3.17).

The repulsive term prevents overlapping between interacting droplets and depends on the minimal

distance dr,fn‘i;;,ij between the circulo-lines ¢ and j respectively on droplets m and n. The adhesive
term represents an attractive force between the droplets; it is proportional to a coefficient k, and

is applied only after two droplets initiate a contact.

Finally, the simulations were performed using the same constriction angle as in the experiments
(o = 20°). The emulsion is flowed through the constriction by subjecting each vertex composing
the droplets to a constant force F,; = 0.002 in the direction of the channel. More details about the

model can be found in [63].

This model has allowed us to systematically vary the adhesion energy (by changing the coeffi-
cient k, € {0,0.01,0.1}), droplet deformability (by changing the line tension v € {0.1,0.25}) and

polydispersity. Varying these parameters in the experiments would be difficult as the parameters
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A Particle m 5 B

Figure 3.17 | Schematic of the simulation model. (A) Deformable particles m and n composed
of N, = 16 vertices with 9, the length of the circulo-line between vertices k and k+1 of particle n is
denoted I,, ;. (B) Close-up on the region of interaction between the two deformable particles. The

minimal distance between the circulo-line ¢ on particle m and j on particle n is denoted d%‘};”

are not independent from each other. In particular, the surface tension of the droplets (and thus
their deformability) can be varied by using different lipid composition, or by adding other types of
surfactants, but it would also affect the adhesion strength. And vice versa, in order to increase the
adhesion in our system, one would need to increase the number of biotin-streptavidin-biotin bonds
in the adhesive patch, which could be done by increasing the concentration of biotinilated lipids on
the droplet surfaces. However, the addition of the extra lipids would change droplet deformability.
Alternatively, we could change the system by introducing interdroplet adhesion through comple-
mentary DNA strands (see Chapter 1). In this case, adhesive energy can be changed by varying
the length of the these strands [156]. Therefore, we chose numerical simulations to explore the

effect of these parameters.

First, packings with the same polydispersity (20%) as in our biomimetic emulsions were exam-
ined. Similarly to our experimental findings, the presence of adhesion did not affect significantly
the distribution of the avalanche sizes, which in both cases follows a power-law of exponent ~ —2
(Fig. 3.18A). Then, we checked the effect of adhesion on monodisperse packings. The obtained
distributions also did not show any significant difference between adhesive and non-adhesive emul-
sions. However, our simulations revealed an effect of polydispersity on the size of avalanches.
This effect can be observed for the droplets with the lowest deformability (y = 0.25). As it is
shown in Fig. 3.18B, monodisperse packings exhibit an excess of large avalanches for all adhe-
sion energies compared to polydisperse packings. This observation is consistent with the idea
that low deformability monodisperse particles, like grains, exhibit a higher crystalline order lead-
ing to large rearrangements taking place along disclination planes (planes with broken crystalline
order) [172, 58].
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Figure 3.18 | Avalanche statistics for simulation data -(A) Distributions of avalanche size for
polydisperse packings of highly deformable droplets (lowest ) without adhesion (blue solid line),
with low adhesion (purple dashed line) and high adhesion (red dashed line). A line corresponding
to a power law with exponent —2 was drawn as a guide to the eye. (B) Probability density
function (pdf) of the avalanche sizes for simulated packings of polydisperse (dash-dotted lines
with triangles) and monodisperse (dotted lines with stars) droplets for three different levels of
adhesion. For polydisperse droplets, the distributions of repulsive and attractive emulsions are not
significantly different between each other for both experiments and simulations. In simulations,
the monodisperse packings exhibit higher avalanche sizes compared to polydisperse packings for
every adhesion level. All simulation curves are averaged over 5 repeats of simulations performed
with the same parameters. The logarithmic binning as powers of two is used for the x-axis for all
panels.

3.2.4 Local dynamics of rearrangements in the presence of adhesion

While we could not find evidence of the effect of adhesion on the statistics of the avalanche sizes,
consequences of adhesion could be evidenced locally by examining the dynamics of individual rear-
rangements. During a T1 event, the contact edge between neighoring droplets shrinks progressively
until it disappears completely, and the droplets rearrange (Fig. 3.19A). Therefore, the duration
time of T1 events depends on the rate with which the contact edge shrinks. Adhesion between the

droplets resists the breaking of this edge and can thus affect its rate of shrinking.

In order to study the role of adhesion on the duration of T1 events, we have first measured

the speed at which contact edges between Voronoi cells were shrinking before the actual neighbor

exchange (see Fig. 3.19A). To do so, we measured AAZE /{V'), where [, is the contact length between

neighboring Voronoi cells, Al, = [ (frame n) — [ (frame n + 1) and At the time between two con-
secutive frames. We measured it for all the droplets involved in a T1 event during the adimensional

time window [tg — 10, tg], to being the exact moment of neighbor exchange.

We found that the edge length shrinks more slowly for adhesive droplets for all edge lengths,
as shown in Fig. 3.19B. We explain it by the fact that the presence of adhesion helps to stabilize
short edges and slows down the dislocation process by adding a strong energetic barrier. Such a
slowing down may lead to delays of T1 events, which were shown to strongly affect the rheological

properties of tissues. Using numerical simulations, Erdemci-Tandogan et al. [46] demonstrated
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Figure 3.19 | Local dynamics of rearrangements (A) Shrinking contact edge between Voronoi
cells during a T1 event. Confocal snapshots of adhesive droplets undergoing a T1 rearrangement
(left) and their corresponding Voronoi cells (right). The shrinking contact edge between Voronoi
cells is shown in red. (B) Rate of shrinking for dislocating edges of length [, normalized by the
average velocity of the flow (V') plotted as a function of I, normalized by the global average edges
length (l.). For a given l., a dislocating edge length is always disappearing more slowly for adhesive
emulsions.

that an increase of the duration of T1 events by 10% solidifies the tissue by increasing the tissue

relaxation time.

In conclusion, avalanche size statistics in flowing emulsions are not affected by adhesion. In
fact, the signature of adhesion only lies in the local dynamics of T1 events rather than in long
range collective effects. However, this local dynamics of T1 events can have a strong impact on
the elastic properties of the emulsions. In the next section, we study the impact of these local

dynamics on droplet deformations.

3.2.5 Adhesion as a trigger of droplet deformation and alignment

As it was shown in Section 3.1, T1 rearrangements lead to the relaxation of deformations in the
system [31]. Therefore, the impairment of T1 events due to adhesion, which was described above,
should result in the accumulation of the droplet deformation in adhesive emulsions. Moreover,
during elongation, the adhesion patches induce pulling forces on the droplets in addition to the
compressive forces induced by the constriction geometry. To relate the locally slowed down rear-
rangements to increased deformations, we have examined the deformation of droplets involved in
T1 events by measuring their shape parameter A = p?/4ma over the course of the rearrangement.
An example of such measurement is shown in Fig. 3.20: initially low, droplet deformation progres-
sively increases reaching its maximum right before the rearrangement, and finally drops down after
the T1.
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Figure 3.20 | Droplet deformation during a T1 event.

In order to quantify the observed "relaxation” of the deformation, we compared the deformation
of contacting droplets before and after the rearrangement. For this, we calculated AA = @—
M, where A1, A, are droplets that were in contact before a T1 event, and As, A4 are droplets
that became in contact after the T1 event, and t~ and ¢+ are the frames just before and after the
rearrangement, respectively (Fig. 3.20). For non-adhesive emulsions, we find that the distribution
of AA is symmetric around zero, indicating that droplet deformations are identical before and
after the rearrangements (see Fig. 3.21). In contrast, for adhesive emulsions, this distribution
becomes asymmetric with a “shoulder” corresponding to positive values of AA. Such distributions
demonstrate that adhesive droplets accumulate excessive deformation prior to rearrangements.
However, after detachment, the droplets do not exhibit any excess in deformation and thus behave
like repulsive droplets. Such behaviour of the adhesive droplets makes sense, because in our system

adhesion is short range and dense adhesive patches form on the timescale of hours.
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Figure 3.21 | Relaxation of droplet deformation during T1 events. Probability density
function (pdf) of the deformation AA calculated in the constriction for different packing fractions in
the case of (A) non-adhesive and (B) adhesive emulsions. While the distributions for non-adhesive
emulsions are symmetrical and centred around zero, the distributions for adhesive emulsions become
asymmetrical with a shoulder corresponding to positive values of AA. This shows the accumulation
of excessive deformation of adhesive droplets before T'1 events, prior to a subsequent relaxation of
the deformation after the T1 event.

To further investigate the role of adhesion in the accumulation of droplet deformation, we
related the amount of excess deformation AA during rearrangements to the binding energy be-
tween droplets. We can qualitatively estimate the binding energy by looking at the intensity of

fluorescence of the droplet contact area. Indeed, as fluorescence of our droplets is due to strep-



3.2 Biotin-streptavidin-biotin bonds to mimic intercellular specific adhesion 66

tavidin molecules, and adhesion between the droplets arises from biotin-streptavidin interactions,
the strength of adhesion is proportional to the level of patch fluorescence. We thus plotted AA as
a function of the streptavidin fluorescence intensity at the dislocating contact area of the droplets
(Fig. 3.22). We find that a higher intensity, meaning a higher binding energy, directly correlates
with the higher values of AA. These results confirm the hypothesis, that adhesion between the

droplets leads to the accumulation of deformation by delaying droplet rearrangements.
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Figure 3.22 | Difference in droplet deformation AA before and after they undergo a T1 event as
a function of adhesive patch intensity. An increase of patch intensity, i.e. an increase in binding
energy, corresponds to higher values of droplet deformation accumulated before a T1 event.

In order to check the effect of adhesion on the global level of droplet deformation in the system,
we measured the shape parameter A for all droplets in all experiments. We then plotted the
average values of A along the x axis of the constriction. We observe that the shape parameter
of adhesive droplets is much higher compared to repulsive emulsions for all considered packing
fractions (Fig. 3.23A). In addition, this high deformation does not relax back to the values measured
for non adhesive emulsions even far from the outlet (i.e. = 10 droplet diameters away from the
entry of the small channel). This indicates that the effects of adhesion on droplet deformations
are long-ranged, which suggests that forces are transmitted more efficiently through the emulsion

in the presence of adhesive patches.

Finally, we checked whether adhesion affected the alignment of the droplets in the constriction.
Indeed, recent works demonstrated that cell alignment plays a crucial role in defining the mechanical
properties of tissues during morphogenesis [127, 166]. In order to study the alignment of droplets
in our experiments, we fitted all droplets in the field of view with ellipses, as it was done in
[127], and measured their aspect ratio and orientation of their major axis with respect to the
horizontal x axis defined in Fig. 2.4B. As shown in the polar plot in Fig.3.23A, the aspect ratio
of the droplets is significantly higher for adhesive emulsions for the whole range of orientations.

Moreover, even though orientation of both adhesive and repulsive droplets is influenced by the
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Figure 3.23 | Analysis of droplet deformation (A) Average deformation .4-1 of the droplets
along the x axis of the channel for the adhesive (diamonds) and control (circles) emulsions at various
packing fractions. The deformation is averaged in 35 pum bins along the x axis, x=0 corresponding
to the entry of the thin channel. The error bars correspond to the standard error of mean for the
distribution of A obtained in each bin. (B) and (C) Analysis of the ellipses fitted to control (blue)
and adhesive (pink) droplets in packings with average ¢; = 88%. (B) Aspect ratios as a function of
ellipse orientation. The aspect ratios for adhesive droplets are significantly larger for all considered
angles. (C) Distributions of ellipse orientations 6 with respect to the x axis in the constriction.
Adhesive emulsions yield a narrower distribution than control ones.

constriction geometry and flow, the distribution of ellipse orientations is more peaked in the case
of adhesive emulsions (Fig. 3.23C). These results suggest that specific adhesion between the droplets

not only lead to higher droplet deformation, but also results in droplet elongation and alignment.

3.2.6 Conclusion

We developed a biomimetic system which should help us to study the role of cellular adhesion
during morphogenesis in biological tissues. Our system consists of oil in water emulsions, where
the adhesion between the droplets was first introduced as non-specific depletion attraction, and
then as specific adhesion through biotin-streptavidin-biotin bonds, which mimics cadherin cell-cell
adhesion in biological tissues. Using this system, we studied the effect of adhesion on the elasto-
plastic response of emulsions to mechanical perturbations. We observed that both non-specific
and specific adhesion modified the emulsion flow by favoring the elastic component of the response
(i.e. reversible deformation of the droplets) and impairing the plastic component (irreversible
droplet rearrangements). Indeed, in both cases, adhesion caused delays of T1 events, which led
to the increase of droplet deformation. However, the effect of non-specific attraction was weaker
compared to those of specific adhesion. In particular, depletion attraction did not affect 2D static
packings of the emulsions. While we have not finished the study of the effect of specific adhesion
on static packings (this will be discussed in Chapter 5), we evidenced its effect in the context
of dynamic flow. The first manifestation of specific adhesion could be observed on macroscopic
scales in a form of the emulsion rigidification: a higher pressure was needed to induce the flow
after the formation of adhesive patches between the droplets. However, passed that threshold
force, both repulsive and adhesive emulsions could flow and go through a constriction. On the

microscopic level, the flow of the emulsions occurred through a cascade of local rearrangements
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called avalanches. Our experiments and simulations both showed that adhesion did not affect
the formation of the avalanches, and the size distributions of these avalanches were similar for
both repulsive and adhesive emulsions. Meanwhile, the simulations evidenced a weak effect of the

presence of a crystalline order in the spatial structure of the emulsions.

Nevertheless, specific adhesion between the droplets changed the local dynamic of those rear-
rangements. The presence of adhesion prevented the detachment of bound droplets, leading to the
delays of T1 events. As a consequence, we observed an accumulation of excessive deformation of
the droplets in the constriction region. In addition, specific adhesion triggered droplet elongation
and alignment in the direction of the flow. Such droplet polarisation propagated dozen of droplets

upstream from the outlet of the constriction.

Applying the obtained results in the context of biological tissues, we suggest that intercellular
adhesion in combination with external compression is sufficient to cause the planar polarisation of
cells. This, in turn, may trigger remodelling of the cellular cytoskeleton and an increase of acto-
myosin contractility at cell-cell junctions that are perpendicular to the extension axis [72, 112].
A positive feedback loop between external forces and the intracellular response could thus arise,
activating the biochemical signalling inside the cells. Finally, the interplay between the biochemical
and biomechanical signals would tune the progression of morphogenesis. Our hypothesis is sup-
ported by recent studies that also evidenced the importance of cell anisotropy to predict the fate
of tissues and highlighted its impact for rapid morphogenetic movements such as the convergent

extension of the drosophila germband [166].
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In this chapter, I am describing a complementary project I worked on during my PhD and that
was done in collaboration with Marie Breau and her team (Developmental Biology Laboratory,
Institute Biology Paris Seine). Together, we developed an approach to study in vivo the role of
mechanical forces on the formation of the neural system in zebrafish. In particular, we studied the
morphogenesis of the olfactory circuit in zebrafish embryos and one of its main component called
the olfactory placode (OP).

As a matter of fact, extension of axons in the OP is only guided by extrinsic forces. In our
project, we mapped out these forces using oil droplets injected into the area of interest in zebrafish
embryos. These droplets serve as local force sensors without perturbing the development of the
embryo. Allowing to study the mechanical properties of biological tissues in wvivo, this project
provides one more step towards the understanding of the role of biomechanical pathways during

morphogenesis.
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4.1 Neural circuits and their development

A neuron is the basic functional cell of the nervous system. Although neurons are different in
their structure, a typical neuron consists of a cell-body (soma) and multiple protrusions, such as
dendrites and axons (Fig. 4.1). Neurons communicate with each other via specialized contacts
called synapses, where the axon terminal of one cell contacts another neuron’s dendrite, soma or,
less commonly, axon. A population of interconnected neurons that ensure the same function forms
a neural circuit. Neural circuits are connected to one another to form large scale brain networks.
For example, the human brain has some 8.6 * 101 neurons [75], and each neuron has on average
7000 synaptic connections to other neurons. It has been estimated that the brain of a three-year-old

child has about 10'® synapses.
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Figure 4.1 | Schematic representation of neurons. A typical neuron consists of a cell-body
and protrusions called axon and dendrites. The axon of one neuron is connected to a dendrite of
another neuron through a synapse, enabling the transmission of electrical signals (in the form of
action potentials) and forming a complex neural circuit. Adapted from [77].

Each neural circuit maintains its own function and ensures the detection, transmission and
processing of the information. Neural circuits are the basis of neural functions in health and disease,
and the faulty assembly or disintegration of these circuits can result in disorders of the nervous
system. Thus, the assembly of neural circuits, which happens through a series of developmental
steps, requires a tight control and coordination [60]. First, the newborn neurons migrate to their
final destination in order to correctly fit in the circuit. This is an active process which is ensured by
the cytoskeleton activity of the neurons. When they have reached their destination, neurons emit
multiple little protrusions through active cytoskeleton dynamics, one of which starts to grow and
progressively differentiates into an axon. Once differentiated, axons elongate and navigate through
pre-existing tissues to find their target cells. Simultaneously, they form additional lateral branches.
Finally, only the branches that established functional synapses are selected, while the others are
eliminated during the so-called pruning process. These developmental steps should occur in a well

controlled and orchestrated manner in order to form the neural circuits at the right place and the
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right time.

It is thought that the development of the nervous system is primarily guided by chemical cues
from the surrounding tissues [154, 94]. Such guidance molecules form two classes: those that
“attract” neurons, and those that "repel” them. In addition, the guidance molecules can act either
on short, or over long distances. In the first case, the guidance occurs in a contact-dependent
manner via adhesive molecules located on the surface of surrounding cells or on the ECM. In
the second case, guiding molecules create chemical gradients that can be sensed by neurons wia
secreted diffusible molecules. Together, these attractive or repulsive molecules play the role of
traffic signals that define the routes taken by migrating neurons and their growing projections.
Simply said, guidance molecules create a "road map” for neurons that indicate the right and wrong
directions (Fig. 4.2).
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Figure 4.2 | Chemical guidance of axon growth. Axons travel upon a roadway, made up of
adhesive molecules present on the surface of neighboring cells or in the ECM. Anti-adhesive surface-
bound molecules provide the roadway ‘guardrails’ that determine roadway boundaries. Diffusive
chemical cues additionally tune the growth of the axon over long distances. Adapted from [105].

However, in addition to well-studied chemical cues, in vivo neurons are also surrounded by a
complex and dynamic environment exposing them to a variety of mechanical signals, including
compression (pushing) or traction (pulling) forces exerted by neighboring cells or tissues. These
mechanical signals are likely to influence the morphogenesis of neuronal circuits [60]. Numerous
experiments in vitro actually showed the effect of such mechanical forces at each step of the
development of neural circuits. For example, Lamoureux and colleagues showed [99] that applying
an external mechanical tension stimulated the differentiation of minor extrusions into axons. The
fact that axon growth can be stimulated by mechanical tension was first proved by Bray in 1984

[21], and later confirmed by numerous experiments [60]. Importantly, it was shown that mechanical
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tension did not just stretch the axon, but triggered the addition of novel material on the tip and
along the axon. Mechanical forces also likely participate in the pathfinding of growing axons,
as shown in the recent work of Koser et al. [95], who studied neurons of the eye retina in wvitro
and in vivo. They found that the stiffness of the surrounding tissues determined the direction of
axonal growth. The role of the mechanical forces was also shown to play an important role in the

retraction of unfunctional lateral axon branches [3].

Despite evidences obtained from in wvitro experiments, the role of the mechanical forces in
neuronal development remains largely unexplored in wvivo [60]. To address this question, Marie
Breau and her team (Laboratory of Developmental Biology, IBPS) together with Léa-Laetitia
Pontani developed an interdisciplinary project, that combines live imaging, physical approaches
to measure and perturb forces in vivo, and molecular functional studies. In this project, they are

focusing on the development of the zebrafish olfactory neural circuit.

4.2 Development of the zebrafish olfactory circuit

4.2.1 Zebrafish and its olfactory system

The zebrafish is a model animal that has been used in Neuroscience for a long time. It was first
introduced into the laboratory by George Streisinger in the 1970s, and it rapidly grew as a model
animal in developmental biology and genetics. Indeed, zebrafish has a rapid external development, a
great genetic malleability and a high physiological and genetic homology to mammals. In addition,
zebrafish is mostly transparent at the larva stage, which enables the use of optical methods such as
high-speed and high-resolution microscopy, as well as new manipulative tools in the emerging field
of optogenetics [150]. All these reasons make the zebrafish a unique vertebrate model organism
to study neurogenesis, and, in particular, the formation of its olfactory circuit, whose superficial

location makes it amenable to both live imaging and mechanical perturbation.
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Figure 4.3 | The olfactory circuit. The anatomy of the olfactory circuit is similar between humans
(A) and zebrafish (B). Olfactory sensory neurons from the olfactory organ (nose for humans) send
their axons to the olfactory bulb which is located in the brain. Adapted from Patrick J. Lynch
and [27].
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The main function of the olfactory system is to sense smells. Odors are detected by olfactory
sensory neurons (OSNs), which are part of the olfactory epithelium (OE) located in the nose
(Fig. 4.3). Axons of the activated OSNs transmit electrical impulses to the first processing center
in the brain called the olfactory bulb (OB). There, odor-evoked activity patterns are processed by
a network of neurons and are eventually conveyed to higher brain areas [124]. Thus, establishing
precise connections between the OE and the OB during the development is crucial for the olfactory

system to function properly.

4.2.2 The role of extrinsic mechanical forces on axon extension

In zebrafish, the olfactory epithelium develops from the two cell regions near the brain, which are
called the olfactory placode (OP) (Fig. 4.4A-B). Breau et al. [22] demonstrated that the formation
of the OP occurs through a shrinking of the initial placodal field in the anteroposterior (AP)

direction combined with an elongation in the mediolateral (ML) direction (Fig. 4.4B).
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Figure 4.4 | Formation of the olfactory circuit during the OP morphogenesis. (A) Top
view on zebrafish larva. (B) Zoomed region of the OP. (C) Proposed model for the circuit formation.
Neurons from the OP extremities converge towards the center through active migration along the
brain surface (red arrows), while cell bodies of central cells passively move away from the brain
(blue arrows). As they move laterally, axon tips of the central neurons keep contact with the brain
surface, which results in axon elongation (blue, retrograde axon extension). Adapted from [22].

Tracking of individual neuronal cells showed that two types of cell movement underlay the
formation of the OP. The cells from the anterior and posterior regions of the initial placodal field
first migrate along the AP axis to converge towards the central region of the placode (convergent
movement), and then they move laterally, away from the brain surface (lateral movement), ex-
tending their neurons. Central cells undergo only lateral movements, without drastic displacement

along the AP axis (Fig. 4.4C). This suggests that the OP morphogenesis can be driven by a com-
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bination of convergence and lateral cell movements (Fig. 4.4B). Most importantly, Breau et al.
demonstrated that the axon elongation occurred in an unusual way: the cell bodies were moving
laterally while axon tips remained anchored to the brain surface. Such a retrograde extension of
the axons contrasts with a canonical mechanism, where axons outgrow from the cell bodies and

navigate towards their target [60, 22].

Combining live imaging and drug suppression of different key cytoskeletal components that are
usually involved in cell movements, Breau et al. showed that while convergent movements were
representative of an active cell migration process, lateral movements that provoked retrograde axon
extension were passive, non-autonomous processes. The passive nature of these lateral movements
suggests that axon extension is driven by extrinsic forces exerted on the central OP cell bodies,
pushing or pulling them away from their anchored axon tips. In agreement with this suggestion,
tension maps obtained with laser ablation of cell/cell contacts in the developing OP showed that
the highest tension was located at the center of the OP, along the mediolateral (ML) axis (Fig. 4.5).
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Figure 4.5 | Tension maps in the OP. (A) Laser ablation of cell/cell contacts was performed to
map tension in the OP. The initial relaxation speed of vertices was used as a proxy for tension.
Yellow and blue bars show the vertex/vertex distance before and after ablation. (B) Laser ablation
was performed at an intermediate stage (16-18s), in the OP centre and extremities, on cell/cell
contacts oriented parallel (purple) or perpendicular (green) to the brain surface. The highest
tension was measured in the OP centre, perpendicular to the brain surface. Scale bar: 10 pm.
Adapted from [22]

These results are compatible with two non-exclusive possible sources of extrinsic forces gen-
erating tension anisotropy and driving axon extension (Fig. 4.6): either an anteroposterior (AP)
compression from actively converging OP cells squeezes central cell bodies away from their axon
tip (compression hypothesis, Fig. 4.6A,C) - inducing passive stretching of the cell/cell contacts
and thus high ML tension in the OP center - or ML traction exerted by the morphogenetic cell
movements in the underlying eye tissue pulls cell bodies away from the brain (traction hypothesis,
Fig. 4.6B,C).

To confirm these hypothesis, a full map of both compressive and tracking forces is needed.
However, obtaining the tension map with laser ablation requires months of work for a given de-
velopmental stage, as it is possible to perform only one ablation on one embryo. Part of my work
was thus to implement an alternative method to map out forces in a real time and non invasive
manner and to identify the sources of these forces, i.e. the cells or tissues that exert compression

and/or traction on the OP neurons.
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Figure 4.6 | Working hypotheses. Possible sources of extrinsic mechanical forces driving ret-

rograde axon extension in the olfactory circuit: (A) compression exerted by actively converging

movements. Adapted from [22].

cells from the placode extremities or (B-C) traction exerted by the adjacent eye morphogenetic

4.3 QOil droplet to map out deformations and forces

The method relies on the use of oil droplets as force sensors in the OP. Indeed, when a droplet of

oil is injected in the intercellular space of a living embryonic tissue, adjacent cells exert forces on
it, which is possible since the mechanical properties of such droplets are close to those of cells. The
applied forces cause deformation of the droplet from its equilibrium spherical shape (Fig. 4.7A).
Knowing the surface tension of the droplet and analyzing its deformation, it is possible to extract
the forces causing this deformation.

Proofs of concept for the feasibility of droplet injection in live tissues has already been shown
by Campas and colleagues [28, 127]. They introduced fluorescent oil droplet in different regions
along the anteroposterior axis of zebrafish embryo in order to establish the role of mechanical
forces in body elongation (Fig. 4.7B). By fitting the droplet with an ellipse, they characterized
its deformation and orientation, and extracted the stress values along the AP axis of the embryo
(Fig. 4.7C). Their data indicate that extrinsic stresses can guide morphogenetic flows in the ze-

brafish. Therefore, injecting an oil droplet as a sensor of cellular forces has proven to be a valid
method to study mechanical aspects of morphogenesis.

While detection of traction forces requires an adhesion between the droplet and the surrounding
cells, compression forces can be measured with a simple passive droplet. For this reason, we started
the force detection in the OP with compressive forces. To this end, we have used soybean oil

droplets fluorescently labeled with Nile Red. I will now describe the details of the protocol used
for the experiments.
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Figure 4.7 | Sketch of isolated spherical oil droplets in solution (top panel) and a droplet injected
between the cells of the embryonic tissue (bottom panel); the deformation of the droplet results
from the local cellular forces. Adapted from [28]. (B) Confocal sections along the anteroposterior
axis of a zebrafish embryo. The PSM is divided into the anterior (A-PSM) and posterior (P-PSM)
regions and the MPZ is divided into the lateral (L-MPZ) and medial (M-MPZ) regions. (C) Sketch
showing the average droplet orientation along the anteroposterior axis and the posterior-to-anterior
increase in mediolateral constriction (arrows) in the PSM. The polar plots give the orientation of
the long axis of the droplets with respect to the anteroposterior axis. Adapted from [127].

4.3.1 Oil preparation and injection

We labeled soybean oil with Nile Red. For this, 5 ml of soybean oil (Sigma Aldrich) is mixed
overnight with 300 pl of acetone saturated with Nile Red (Sigma Aldrich) under magnetic stirring
at room temperature. After that, surfactant Tween 20 (Sigma Aldrich) is added to the filtered
oil (Millex-SV 5.0 um filter) with a final concentration of 2 mg/ml. Finally, Egg-PC lipids are
diluted in the oil (2 mg/ml) using the technique described in Chapter 2. Addition of Tween 20
to phospholipids allows to obtain stable and well-deformable droplets. Such oil can be stored in a
place protected from light for several weeks. Our collaborators, Marie Breau, Girish Gangatharan
and Pauline Monnot, then inject with a microinjector a small quantity of oil that form a droplet
into the OP area of zebrafish embryos at ~ 17 hpf (hours post fertilisation). The diameter of the
final droplet is about 15-20 pm, which is comparable to the size of cells in the OP. After that,
the droplet is imaged through confocal microscopy (Fig. 4.8A). Z-stacks of the droplets are made
starting 90 minutes after the oil injection and until photobleaching (= 5h). The droplet is imaged
every 30 minutes. Altogether, we take around 10 z-stacks (i.e. timepoints) per experiment, which

is enough to cover the formation of the OP.
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Figure 4.8 | Oil droplet injected in the OP region of a zebrafish embryo. (A) A 10-20 pum
red fluorescent oil droplet is injected in the OP centre of a ngnl:gfp embryo, in which OP neurons
express cytoplasmic GFP. Photo done by G. Gangatharan and P. Monnot. (B) Equatorial plane
of the droplet fitted with an ellipse (red solid line).

We analyzed the acquired images using a custom-made Matlab routine. Images are first thresh-
olded, and, following Mongera et al. [127], the droplet is fitted with an ellipse (Fig. 4.8B). To
characterize the droplet deformations, we measure the eccentricity of the fitted ellipse defined as
(”‘T’l), where b is the major axis and a is the minor axis of the fitted ellipse. We also measure its
orientation (the angle between the major axis and the mediolateral axis of a zebrafish embryo) for

each time point.

4.4 Results

First, we checked if the droplet deformation evolved during the observed time interval. For this, we
averaged the eccentricity and orientation of the fitted ellipses for images from the same experiment
corresponding to droplet’s equatorial plane. The later was selected from the z-stack based on
the fitted ellipse with the largest area. As it can be seen on Fig. 4.9A, there is no clear trend
observed in time neither for the eccentricity, nor for the orientation of the droplet. It suggests
that compression forces do not change typically over the time of observation. We then tracked the
average eccentricity and orientation of the droplet for each experiment (Fig. 4.9B). The data shows
that in almost each experiment (6 out of 7) the droplet (i.e. the major axis of the fitted ellipse) is
oriented along the mediolateral axis, with eccentricities between 0.032 and 0.057. Such orientation
suggests that the droplets are compressed in the anteroposterior direction, which corresponds to
our hypothesis that convergent neurons exert compression forces on the cells located in the central
region of the OP.

We performed control experiments in which we injected a droplet of the same composition in

a liquid agarose gel. After solidification of the gel, we imaged the droplet with the same confocal
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Figure 4.9 | Eccentricity and orientation of droplets inserted in the OP region. (A) Time
evolution of the droplet eccentricity and orientation in the OP does not show any trend. (B) Most
of the droplets (n = 6/7) are oriented in ML-direction, suggesting the presence of a compression

along the AP axis.

microscope. In this case, there are a priori no external forces, and we thus expect the droplet to

remain spherical, and the values of its eccentricity to be close to zero. We find that the eccentricity

of the droplets injected in the agarose gel is indeed lower then those in the placode and always lies
between 0.0014 to 0.03 (Fig. 4.10).

Finally, to verify how sensible our droplets are to the compression, we injected them in the

presomitic mesoderm (PSM) of the zebrafish embryo - the region where the strongest compressive

forces have been mapped out [127]. This time, we find that all the droplets are deformed along

the anteroposterior axis in agreement with the work of Mongera et al. [127], with eccentricities

between 0.05 and 0.1 (Fig. 4.10).
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Figure 4.10 | Negative and positive controls. Eccentricity and orientation of the droplets
injected in (A) agarose gel (negative control) and (B) PSM region (positive control).

In order to compare the eccentricity and orientation of the droplets injected in the OP, the
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PSM and the agarose gel, we averaged the values of the eccentricity and orientation for each group
of experiments. Results are presented in Fig. 4.11. The strongest deformation (0.067 + 0.026) is
observed for the droplets in the PSM region with an orientation in the anteroposterior direction
(87.7° £ 23.5°). However, the average eccentricity in our case is one order of magnitude smaller
compared to the measurements of [127] (0.067 vs 0.35), which suggests that our droplets are less
deformable than those of Mongera et al.. The droplets injected in the OP are deformed along the
mediolateral axis (the mean eccentricity equals 0.046 + 0.01 and mean orientation is 0.5° + 42°)
corresponding to our hypothesis that compression forces are exerted in the anteroposterior direc-
tion. Finally, the droplets in agarose gel show the lowest mean eccentricity of 0.016 £ 0.007 and

mean orientation of 5.5° + 30.7°.

The difference between the eccentricity and the orientation of the droplets injected in the OP,
the PSM and the agarose gel can be evidenced also on box-plots (Fig. 4.11B,C). We also checked
whether the difference between these groups is significant. Statistical analysis. showed that the
groups are different for the value of eccentricity. Concerning the orientation, the droplets injected
in the PSM region showed significant differences from the droplets injected in OP or agarose gel.
However, we found that there was no difference in orientation between the droplets in the OP and

agarose gel.
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Figure 4.11 | Comparison between droplets injected in PMC, OP and agarose gel. (A)
Polar plot showing eccentricity and orientation of droplets in OP (pink), PSM (blue) and agarose
gel (green). (B-C) Box-plot shows the difference of eccentricity (B) and orientation (C) for three
groups of droplets.

Our results demonstrate the existence of anisotropic compression forces exerted on neurons in
the central region of the olfactory placode. However, the low values of droplet deformation in the
OP compared to the ones in the PSM do not allow to conclude that the strength of the measured

compression is enough to solely cause a passive retrograde axon extension.

4.5 Conclusions

In this part of my project, we implemented a method to measure in vivo forces arising during
morphogenesis. Using oil droplets injected in zebrafish embryos, we measured compression de-

formations exerted in the central region of the olfactory placode during its formation. We also
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performed positive and negative controls in order to verify our measurements. Overall, the ob-
tained results prove the efficiency of the technique to sense the compressive forces in embryos. By
revealing a mediolateral deformation of injected droplets in the OP, we evidenced the existence of
compression forces along the anterioposterior direction. These findings are in agreement with our
working hypothesis that passive retrograde axon extension in zebrafish can be caused by forces
exerted by actively converging cells from the placode extremities. However, the measured values of
the eccentricity of the droplet in the OP are lower compared to those measured in the PSM region,
that are themselves lower than those measured by Mongera et al. Such low values of eccentricity
in the PSM region can indicate that our droplets are less deformable than those which were used
by Mongera et al. We are currently measuring the surface tension of the oil we used to make the
droplets in order to provide an estimate of the related compressive forces. Only after that, it will
be possible to conclude whether compression forces are sufficiently large to cause the retrograde
axon extension. In addition, to obtain the full force map, we have to measure the traction forces
as well. The first steps that were already taken in this direction, as well as future steps which will

be done to finilize the study, will be described in the next chapter.
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In my PhD work, I demonstrated the possible role of mechanical pathways in tissue remodelling

and morphogenesis. That was done with two complementary approaches:

1) in vitro studies of the effect of cell-cell adhesion on the elasto-plastic behavior of tissue

mimicking emulsions;

2) in vivo measurements of cellular deformations induced by compressive forces in zebrafish

embryos during the development of the olfactory neural circuit.

The first approach allowed us to address a complex biological question using Soft Matter
Physics. Within this Soft Matter framework, we were able to study the sole contribution of
the mechanical aspects of tissue remodelling without the biochemical pathways that necessarily
overlap in biological systems. In addition, the use of biomimetic emulsions as a mechanical model
of tissues enabled us to apply the developed tools and knowledge of Physics of granular materials

to the biological questions.

In the mean time, the second approach provided us with a direct evaluation of the role of
mechanical forces in living organisms. In long term perspective, this approach enebles one to
observe a full scope of the interplay between biomechanical and biochemical pathways. Moreover,
working in vivo can allow not only to study the mechanical properties themselves, but also to reveal
the biological origins of these properties by using zebrafish mutants with cytoskeleton defects of

different cells.

In the following, I would like to summarize both aspects of my PhD work and describe their

possible future development.

5.1 Effect of adhesion on the elasto-plastic behavior of tissue

mimicking emulsions

In order to study the mechanical properties of tissues in a simplified framework, we developed
an in vitro synthetic system based on the use of biomimetic emulsions forced to flow through a
geometrical constriction. This type of flow was aimed at reproaching in the most basic way the
remodelling of biological tissues during convergent extension. With this system, we studied both
the elastic and plastic responses of these emulsions under mechanical perturbations, and probed
how such elasto-plastic behavior was affected by non-specific and specific adhesion between the

droplets.

We first used a system where adhesion was introduced through non-specific depletion forces. We
revealed that even a relatively weak attraction between the droplets was sufficient to modulate the
flow of monodisperse ordered emulsions. In particular, the introduction of depletion forces resulted
in higher values of the average droplet deformation. The effect of the interdroplet attraction also
manifested in the topological rearrangements of the droplets: a delay in the occurance of T'1 events

was observed with an increase of the depletion forces. However, the impact of such non-specific
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attraction remained subtle, and could be evidenced only in the context of dynamic flow. Indeed, we
did not observe any significant changes in the static packings of droplets neither for monodisperse,

nor for polydisperse emulsions.

The effect of adhesion became even more remarkable when we introduced specific adhesion
between the droplets as a way to mimic more faithfully the intercellular adhesion. Our experiments
demonstrated that while specific adhesion did not affect the global rearrangement topology, it
changed the dynamics of local T1 events. In particular, the interdroplet adhesion was found
to oppose the rupture of droplet-droplet contacts, and thus to delay the droplets rearrangements.
Such delays resulted in an exces of deformation both in the droplets involved in the rearrangements,
and in the system on the global scale. Moreover, this specific adhesion did not only cause higher
deformations, but also induced an elongation of the droplets along the longitudinal axis of the

constriction.

These results may shed light on the role of cell-cell adhesion in tissues during embryogenesis.
In the example of biomimetic emulsions, we indeed measured droplet alignment due to adhesion
along the elongation direction. In biological elongated tissues, one could expect that a similar
mechanism occurs and induces polarization of the cells. Such long-range cell alignment in the
direction of tissue elongation could lead to symmetry breaking in tissues, and thus induce the

activation of biochemical signalling pathways during morphogenesis.

5.1.1 Perspectives

Our study was a first step towards mimicking tissue remodelling with a synthetic soft matter system
and paved the path for future unraveling of other biological mechanisms, such as the role of the
ECM or differential adhesion during morphogenetic processes. Yet, to adress these new questions,
a finer control of the interdroplet adhesion is required. For this, other types of binders should
be used, such as DNA complementary strands or even cadherin molecules. This would allow to
tune continuously the adhesion strength or to create more complicated adhesion patterns between

neighboring droplets.

Actually, we already started to develop emulsions in which specific adhesion is introduced
with DNA complementary strands. Varying the DNA sequence and its length, we can increase or
decrease the adhesion strength. As a first step, we started to probe the role of adhesion on the static
packings of biomimetic emulsions. We already addressed this question in this manuscript using
depletion forces, but showed that these were not sufficient to change the topology of the emulsion
static packings. However, adhesion energies introduced by biotin-streptavidin-biotin bonds or
complementary DNA strands are orders of magnitude higher than those due to depletion attraction,
and, therefore, one can expect a clearer signature of the effect of such adhesion on the topology of

the packings.

We have thus compared 2D packings of three different polydisperse emulsions: non-adhesive,

adhesive and partially adhesive. Packings of non-adhesive droplets were prepared with streptavidin
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Figure 5.1 | (A) Sketch of two oil droplets coated with complementary C (blue) and D (red) DNA
strands. (B) Confocal image of a 2D packing of the partially adhesive emulsion. Droplets are
coated with complementary DNA strands. In this way, a contact between two droplets coated with
different DNA strands (blue - red) is adhesive, while a contact between droplets of the same color is
non-adhesive. (C) The total number of contacts (adhesive and non-adhesive) Z as a function of the
local packing fraction plotted in log-log scale. Both adhesive and partially adhesive emulsions show
an excess of contacts compared to repulsive emulsions for packing fractions below RCP. Error-bars
are calculated as the standard error.

or DNA coated droplets without the salts that are needed to trigger the adhesion. Adhesive
emulsions were prepared using streptavidin in the same way as it was described in this manuscript.
Finally, partially adhesive packings were prepared with two sets of complementary DNA strands,
that we will refer to as C and D for the sake of simplicity. Droplet coated with the C DNA can
bind only to droplets coated with the D DNA, but not to those with the C DNA, and vice versa
(Fig. 5.1A).

We first studied the topology of the droplet packings by examining the relationship between
the local packing fraction ¢; and the total number of contacts Z (both adhesive and non-adhesive)
each droplet has with its neighbors. As shown on Fig. 5.1C, for ¢; > ¢rcp and all three types of
emulsions, the curves Z(¢;) collapse on the same master curve and are linear, as predicted in the
literature [18]. However, for ¢; < ¢rcp, both adhesive and partially adhesive emulsions clearly ex-
hibit, within experimental error bars, an excess of contacts compared to the repulsive case, without
any significant difference between adhesive and partially adhesive cases . These observations sug-
gest that adhesion stabilizes more contacts between the droplets for packing fractions below ¢rcp
by adding an energetic cost to rupture of an adhesive contact between the droplets. Meanwhile,
for packing fractions above ¢rcp, compressive forces put all neighboring droplets in contact for

both adhesive and repulsive emulsions, thus eliminating the effect of the adhesion.

We also studied the deformation of the droplets as a function of local packing fraction by
measuring the shape factor A, defined in Chapters 2 and 3. Intuitively, the interdroplet adhesion

should induce additional deformations, and thus higher values of A, due to adhesion patches that
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Figure 5.2 | (A) Local packing fraction ¢; as a function of the shape factor A. For a given packing
fraction, both adhesive and partially adhesive emulsions are characterized by higher value of A
compared to the repulsive case. (B) Local packing fraction ¢; as a function of the shape factor
A for the repulsive emulsions and partially adhesive emulsions separated based on their Q). The

curves collapse for all measured values of Q).

flatten the contact area between contacting droplets. Indeed, when the local packing fraction ¢; is
plotted against A, we find that for almost all values of ¢;, A is higher for adhesive and partialy-
adhesive emulsions compared to non-adhesive emulsions (Fig. 5.2A). However, for very high values
of packing fraction (¢; > 0.97), the curves for all three emulsions do overlap. Surprisingly, there is
no observed difference between adhesive and partially adhesive emulsions. To further investigate
these results, we separated the droplets of the partially adhesive emulsions into groups based on
the ratio @ between the number of adhesive contacts Z, and total number of contacts Z that
each droplet has, Q = Z,/Z. Indeed, as it can be seen in the picture of Fig. 5.1B, in the case of
partially adhesive emulsions, a droplet may have both adhesive and non-adhesive contacts with its
neighbors (depending on whether they are coated with C or D DNA strands). We then plotted A
versus the local packing fraction for these separated groups of droplets (Fig. 5.2B). We see that all
curves for partially adhesive emulsions overlap independently of their value of Q). Still, the droplets
of adhesive packings without almost no adhesive contacts (i.e. the droplets with @ < 0.02) can be
clearly distinguished from the droplets of repulsive packings. Our findings indicate that even the

presence of a partial adhesion is sufficient to affect the static packings of emulsions and stabilize
them at ¢; < prop.

As the next step, we plan to tune further the number of adhesive contacts one droplet can make
with its neighbors by mixing in different proportions droplets coated with C or D DNA. This will

allow us to eventually build a phase diagram representing the change in the emulsion packings as

a function of the amount of adhesion in the system.

On longer time scales, the effect of this specific adhesion will be studied in new geometries that
allow to apply multiple mechanical perturbations. For example, that can be done by pushing the
emulsion through a wave-shaped microfluidic channel (Fig. 5.3). In such a device, the compression
in the convergent parts of the channel is alternated with relaxation in the divergent parts of the

channel, which would mimic better the complex force patterns during morphogenesis. In addition,
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in the emulsions that we used for the experiments described in Chapter 3, the formation of adhesive
patches took hours. Therefore, the broken patch could not be reformed on the timescales of
our experiments, and after a rearrangement, droplets behaved as repulsive ones. However, using
complementary DNA strands and tuning a concentration of salt, it is possible to reduce the time
needed for the formation of new adhesive patches down to minutes, which should enhance the effect

of adhesion on the droplet behavior. Finally, one could think of extending these results to 3D.

Figure 5.3 | A new design of a microfluidic device. The chosen geometry of the device allows to
apply multiple mechanical perturbations on the flowing emulsion, thus alternating compression
in the convergent parts of the channel with relaxation in the divergent ones. The emulsions are
functionalized with the complementary C and D DNA strands, and are labelled with fluorescent
streptavidin.

5.2 Measuring mechanical forces during the development of

the olfactory placode in zebrafish

Eventually, the goal of this project is to use oil droplets to map compression and traction forces in
the OP and to identify the sources of these forces, i.e. the cells or tissues that exert compression
and/or traction on the OP neurons. We have already succeeded in obtaining a preliminary map of
the deformations due to compressive forces in the OP by injecting a passive oil droplet in zebrafish
embryos. Our preliminary results indicate the presence of AP compressive forces in the developing
OP, which is consistent with the previously obtained tension map and compression hypothesis
(Fig. 4.6). To consolidate these results, more droplet injections in wild type embryos should be

performed.

In addition, for the moment we have limited ourselves to measuring only the deformations of
the injected droplets, and have not yet extracted the corresponding values of compressive forces.

In order to do this, we would have to make several assumptions. The most proper way to do it
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would be evaluating the local stresses by measuring the deformations of the droplet surface as it
was done in [28]. This method requires a precise visualization of the entire droplet surface, as well
as elaborated computations. Nevertheless, the first approximation that should give an idea about
the order of magnitudes of the compressive forces can be done in a simpler way. Indeed, as injected
droplets have approximately the same sizes as the cells in the OP region, a droplet compressed
in the embryo can be modelled as a droplet compressed between two parallel plates (analogous to
a tissue aggregate compressed between parallel plates in a surface tensiometer), as it is shown in
Fig. 5.4.

Figure 5.4 | Schematic representation of compression forces (green arrows) exerted on the oil droplet
by neighboring cells in the OP of zebrafish embryo. The droplet is represented as an ellipse of major
axis b and minor axis a.

In this case the ratio between surface tension and compressive forces is the same as the one

used to determine the surface tension of tissue aggregates [53, 64] and is given by

1.1
R R

F
7TR§

7= )~ (5.1)
where Ry, Ry are the principal radii of curvature of the deformed aggregate and 7R? is the contact
area between the aggregate and either of the neghboring cells. Knowing =y, one can thus estimate

the compressive force as

F= v(Ril + R%)(m%) (5.2)

To first order, the droplet deformation can be approximated as the deformation of the ellipse
that best fit the droplet. In this case Ry = b/2, Ry = a/2, and Rj is roughly R — Ry, where a and
b are the minor and major axis of the fitted ellipse. Such calculations should provide approximate
values of the compressive forces inside the zebrafish embryo. Thus, we will be able to check our
measurements by comparing the obtained values for the forces in the PSM region with those
reported for the same region in [127], and this should allow us to discuss about the possible role

of compressive forces in the OP development.
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5.2.1 Perspectives

With the technique we used so far, we measured the deformation of the droplets due to compressive
forces. However, to map out the full force distribution (compression + traction) the droplets have to
adhere to the surrounding cells. Indeed, if the cells around the droplets are under extension, those
pulling forces will be transmitted through the cell/droplet adhesions and measured through droplet
deformation. We thus need to functionalize the droplets with adhesion proteins which would bind
tho the cells in the embryo. For instance, the droplets can be functionalized with cadherins or
with antibodies against cadherins. However, for the moment, we have not succeeded in directly
injecting oil in water emulsions or droplets in the zebrafish OP; instead we were injecting the small
quantity of oil with the dissolved surfactants, that would eventually form a droplet directly in the
embryo, similarly to other teams [127]. Such difficulties with the injection of droplets dispersed in a
carrier liquid might be due to the density of the tissue in the OP region that cannot accommodate
such dilute solutions of droplets. Therefore, in order to combine the bulk injection method with
droplet functionalization, new formulations of the oil should be developed. One of the possible
ways would be to dissolve directly the proteins of interest (e.g. cadherin) in the oil and let them
co-stabilize at the interface with the other surface-active molecules present inside the oil (Fig. 5.5).
Since cadherins in particular exhibit hydrophilic and hydrophobic parts, they should spontaneously
enrich at the oil water interface once the droplet is formed in the tissue. Overall, this method should
allow, after necessary calibrations, to form a functionalized droplet inside the zebrafish embryo,

and thus to map out potential tracking forces.

Cadherin

B Soybean oil
i (Nilered +
surfactants)

Figure 5.5 | Schematic view of droplet injection the zebrafish OP from an oil containing the cad-
herins (or anti-cadherin antibodies). OP cells are known to express cadherins at their surface. The
properties of the oil will be tuned so that the cadherins relocate to the surface of the droplets upon
injection.

Once pushing and pulling forces are determined, the next step will be to identify which cells
in the OP exert these forces. For this, similar droplets should be injected in embryos where the
potential sources of extrinsic forces are perturbed. For example, it can be embryos with impaired
motility in the converging cells, or mutants in which the underlying eye tissue (associated to the

traction hypothesis) is not present.
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1 Introduction

The flow of particulate systems is a problem of great impor-
tance both theoretically and practically, with direct applications
to the industry. It is relevant for a wide range of soft materials,
from granular packings to foams and emulsions. While these
materials present obvious differences, they share universal features,
e.g. they generically undergo what is known as a jamming
transition.™” As the particle or droplet volume fraction ¢ increases,
this rigidity transition between liquid and amorphous-solid states
controls the phase behavior of these disordered solids. At a critical
volume fraction ¢, (random close packing), the system jams
and develops a yield stress.*® The mechanical and rheological
properties, such as the elastic modulus or the local pressure, of
these systems are known to display a power law dependence with
the distance to the jamming onset (¢ — ¢.).*>"

Jammed solids are characterised by a spatially heterogeneous
network of interparticle contacts, with a broad distribution
of contact forces exhibiting an exponential tail*'"'*'* in
which only a small subset of the particles sustain most of the
mechanical load."”® Below the yield stress, these systems respond
elastically, while above it, they deform and flow plastically."® In
these soft glassy flows, it was shown that stress and strain rates
are coupled nonlocally.®***! In two-dimensional materials, the
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delayed in the constriction for higher attraction forces.

flow properties can easily be probed both at the microscopic and
macroscopic scales.>**' As a consequence, previous experi-
mental studies examined the microscopic rearrangements in a
variety of two-dimensional model systems under stress.*>** This
plastic flow is generically governed by local structural rearrange-
ments which relieve stresses and dissipate energy.®***** Local
plastic rearrangements have been connected to the fluctuating
macroscopic flow in both simulations®®>° and theoretical
studies®***>***! of model systems. Nevertheless, the intimate
link between the microscopic dynamics of an amorphous material
and its macroscopic elasto-plastic response is still an open question
for a broad class of more realistic materials.

In emulsions, the use of surfactants prevents the coalescence
of the droplets and leads to short-range purely repulsive droplet—
droplet interactions.”>***> As such, dense stable emulsions are
examples of jammed solids. In the last decades, a number of
experimental works studied the structural, mechanical and
rheological properties of purely repulsive emulsions.'>**%”
In particular, as in other soft materials,”>*"**> recent studies
in quasi-2D flowing emulsions have also highlighted the impor-
tance of T1 events for local rearrangements and stress
redistribution.”>** Monodisperse emulsions allow one to study
material properties such as grain boundaries, dislocations and
plasticity;>*™’ in particular, a recent study showed the existence
of a spatiotemporal periodicity in the dislocation dynamics of
these emulsions.*® However, none of these studies have so far
addressed the question of how interdroplet attractive forces
modify the flow response of these emulsions.

Indeed, in a variety of natural settings and industrial appli-
cations, emulsion droplets do display additional attractive
interactions that have been shown to change the nature of

This journal is © The Royal Society of Chemistry 2020
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the jamming transition.”®*®® In contrast with the purely
repulsive case, droplets in attractive emulsions can form bonds
and thus a soft gel-like elastic structure which can sustain shear
stresses below isostaticity.”>®'"®® However, the microscopic
dynamics of the material, i.e. at the scale of the particles, was
not explored. As a consequence, it is of particular importance to
ask how the response to stress and in particular, the structural
and mechanical properties of emulsions are modified by the
presence of attractive interactions. Despite their broad applic-
ability, our understanding of the influence of particle-particle
interactions on the macroscopic properties of soft matter
systems with attractive interactions is currently hindered by a
crucial lack of controlled experimental settings.

In this article, we propose a first step towards completing our
understanding of the microscopic origin for the macroscopic
properties of adhesive emulsions. In particular, we study emulsions
in which droplets interact through depletion attraction. First, we
find that the static structure of 2D polydisperse emulsions remains
unchanged by the introduction of depletion forces. However, the
response of 2D monodisperse emulsions under mechanical con-
straint is impacted by the presence of depletion forces. Indeed, we
flow the droplets through a microfluidic constriction in which they
have to undergo elasto-plastic remodelling in order to go from a
wide channel to a narrow one. In particular, we find that attractive
droplets deform more inside the constriction, which we correlate to
a shift in the positions of rearrangements. These findings show
that depletion attraction forces are sufficient to modify the elasto-
plastic response of dense emulsions under a mechanical perturba-
tion. This attraction, even though it is not evidenced in static
conditions, impairs rearrangements and in turn promotes an
enhanced elastic response under flow.

2 Materials and methods
2.1 Emulsion preparation

Polydisperse emulsions are prepared using a pressure emulsi-
fier (Internal Pressure Type, SPG Technology Co.). Silicone oil
(viscosity 50 mPa s, Sigma Aldrich) is pushed through a
cylindrical Shirasu Porous Glass membrane decorated with 10 pm
pores, directly into a 10 mM SDS solution that is maintained under
vigorous agitation. The resulting droplets display an average dia-
meter of 42 pm (polydispersity 21%). In order to prepare the
emulsion with both SDS concentrations, we use the same droplets
and only replace their continuous phase. To do so, the emulsion is
washed in a separating funnel in order to replace the continuous
phase by solutions of 10 or 45 mM SDS in a water/glycerol mixture
(60:40 in volume). This enhances the optical quality of the oil/water
interface visualization through bright field and confocal microscopy.

For experiments in the constriction and in static packings,
we use monodisperse emulsions with an average droplet
diameter of 45 um (polydispersity 3.9%). These emulsions are
obtained with a custom made flow-focusing microfluidic set-up
(channel size 60 uym x 60 pm, width at the flow-focusing
junction 30 um). We use the same oil and continuous phases
for polydisperse and monodisperse emulsions.

This journal is © The Royal Society of Chemistry 2020
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2.2 Observation and image analysis of 2D static packings

When studying 2D static packings, we consider emulsions that
are fluorescently labelled with Nile Red (Sigma Aldrich). To
label the emulsion, we incubate it overnight in a SDS buffer
(with [SDS] = 10 or 45 mM) saturated in Nile Red allowing the
dye to partition between the oil and water phases over time.
A 10 pL drop of emulsion is placed between a microscope glass
slide (76 x 26 mm, Objekttrager) and a cover slip (24 x 60 mm,
Knittel Glaser) separated by spacers (50 pm or 30 um poly-
methylmethacrilate - PMMA-film, Goodfellow). Droplets are
imaged through confocal microscopy (Spinning Disc Xlight V2,
Gataca systems) using a 20x objective.

To study the local structure of these static packings, we use a
custom Matlab (MathWorks) routine that works as follows. We
first threshold the images and perform a watershed tessellation,
we then measure the perimeter p and area a of each droplet as
well as the area a. of the associated watershed tesselation cell
(see Fig. 1D). Following Boromand et al.,** we study the relation
between the deformation of the droplets and their local packing
fraction. To do so, we compute their shape factor .o/ = p*/4na and
determine the local packing fraction ¢, = a/a.. Note that we only
consider droplets in the center of the packing, i.e. we exclude
those that are partially cut by the edge of the image frame. The
shape parameter .o/ equals 1 for circular disks and is greater
than 1 for all nonspherical particles.®®

2.3 Experimental set-up for emulsion flow

We designed the constriction in a microfluidic channel
composed of three main sections (Fig. 1): at the entrance, the
channel is 50 um deep and 200 pm wide over a 5 mm length,
then at the constriction the width is reduced from 200 to 50 pm
over a length of 200 pm, finally the channel remains 50 pm
wide over a final 5 mm length. Note that the droplets are not
confined in the vertical direction in this geometry since their
diameter is slightly smaller than the height of the channel. The
channel is made in polydimethylsiloxane using a negative cast
micromachined in a block of PMMA (50 x 50 x 5 mm?®) using a
desktop CNC Mini-Mill machine (Minitech Machinary Corp.,
USA). After passivating the channel with casein 0.05 mg mL™"
(B-casein from bovine milk, Sigma Aldrich) for 20 minutes, the
emulsion is flowed in the device using a pressure pump (MFCS-8C
Fluigent, P = 30 mbar). After droplets fill the constriction area,
the pressure is decreased to stop the emulsion flow, and droplets
are left to cream in the supply tube overnight, thus compressing
the droplets in the microfluidic device in order to reach high
values of packing fraction. After this passive compression phase,
the emulsion is flowed again in the channel at a constant
pressure. The flow of the droplets at the constriction is imaged
in bright field microscopy with a 10x objective at a frequency of
20 frames per second (fps).

2.4 Image analysis of the emulsions flowing in the
constriction

To analyse the videos of flowing emulsions, we first threshold
the images to subsequently determine the center and perimeter
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Fig. 1 Experimental set-up and image analysis — (A) the oil in water emulsion is pushed using a pressure pump (P = 30 mbar) through the microfluidic
channel that consists of three parts: a 200 pum wide channel, a constriction, and a 50 pm wide channel. The depth of the channel is 50 pm over the whole
length, and the diameter of the droplets is ~45 um. (B) Typical image of a monodisperse emulsion flowing in the constriction. In the area of the
constriction, the flow of the droplets is imaged in bright field microscopy at 20 fps. The packing fraction of the emulsion is determined within the window
of 200 x 200 pum located before the constriction area. (C) A typical confocal microscopy image of compressed 2D droplets at [SDS] = 10 mM. (D) Result
of the image analysis performed on (C). Droplet contours are shown in red and watershed tessellation cells with the green curves. Based on these
measurements, we calculate the local packing fraction ¢, as the ratio between the area of the droplet and that of its corresponding watershed tesselation

cell, as well as the shape parameter ..

of each droplet in the channel using a custom made Matlab
routine. When studying droplet deformation, we only consider
the droplets located in the constriction region. We define this
area along the channel as a window that includes the 200 um of
the constriction itself, plus 50 pm before and after the con-
striction (Fig. 1). To quantify the deformation of each droplet,
we use the approach proposed by Chen et al.>* The perimeter of
the droplet is interpolated and discretized at 1024 evenly
spaced angles 0 and the deformation d is calculated as a
standard deviation of the radii r(f) for each of these angles
divided by the mean value of r:

=i (1)

We also determine the global packing fraction of the emul-
sion in each video frame. To this end, we calculate the ratio
between the sum of all droplets area and the area of the
channel within the window of 200 x 200 um located before
the constriction region. Finally, frames are sorted according to
the emulsion packing fraction, and the distributions of droplet
deformations for each packing fraction are computed.

For rearrangements and flow analysis, the droplets were
tracked using a custom Python routine and the FastTrack soft-
ware (http://www.fasttrack.sh/). All droplets are sorted according
to the lane they belong to in the channel ahead of the constric-
tion. In our experiments, they are thus sorted into four lanes.
The instantaneous velocity of the droplets was computed as the
distance travelled between two consecutive frames acquired at a
VO ) — X0 T 00+ d) ()

dt '
In our images the spatial resolution yields 300 nm per pixel.

fixed frame rate v(1) =
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3 Results

3.1 Analysis of static packings

We first study 2D static packings of monodisperse and poly-
disperse emulsions with two distinct depletion interactions.
Using silicon oil droplets stabilized with two different concen-
trations of SDS (10 mM and 45 mM) allows us to change the
depletion forces between the droplets. In our experiment, the
continuous aqueous phase is supplemented in glycerol (40% in
volume of glycerol). Note that in addition to allowing for a
better imaging of the droplets, it also shifts the critical micellar
concentration (CMC) of SDS. However, the CMC is only raised
from 8 mM (in pure water) to about 9 mM in our experimental
conditions,®®®” which ensures that the system is still above the
CMC under both SDS concentrations and that the surface
tension remains the same when the concentration of SDS
is increased from 10 to 45 mM. Above the CMC, depletion
attraction forces increase linearly with the concentration of
micelles,®® which itself grows with increasing concentrations of
SDS. Given the aggregation numbers of SDS (i.e. the number of
SDS molecule per micelle at a given concentration) found in the
literature,®®””* we estimate that there is approximately 30 times
more micelles at 45 mM SDS than at 10 mM SDS (see ESIft).
Depletion forces at 45 mM SDS are thus expected to be 30 times
larger than at 10 mM SDS.

To study the impact of depletion forces on static 2D pack-
ings, we first quantify the deformation of the droplets as a
function of their local packing fraction in these monodisperse
and polydisperse emulsions. Thus, we measure the asphericity
and local packing fraction of each droplet in several images
of 2D monodisperse and polydisperse packings for both 10
and 45 mM SDS concentrations (see Materials and methods).

This journal is © The Royal Society of Chemistry 2020
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In Fig. 2A, we first plot ¢; vs. &/ — 1 for monodisperse
emulsions for both SDS concentrations. Surprisingly, we find
that data for both SDS concentrations are collapsing on the
same master curve showing that the depletion-induced attrac-
tive interactions between the droplets have little effect on the
structure of static packings.

To confirm the results we obtained for monodisperse emul-
sions, we also performed experiments on disordered packings
(see Fig. 1C and D for an example of polydisperse emulsion).
In Fig. 2B, we plot ¢, vs. o/ — 1 for polydisperse emulsions for
both SDS concentrations. Recent studies®"®> developed a new
numerical model to study the structural and mechanical prop-
erties of disordered 2D packings of bubbles and emulsions,
including at high compressions. In the so-called deformable
particle (DP) model, particles deform in response to mechan-
ical constraints to minimize their perimeter while keeping their
area fixed. This leads to a model of deformable disks with
potential energies that include an energy term associated to the
line tension and a penalization energy term quadratic in the
change of area of the droplets, thus associated to their com-
pressibility. Further, the deformable particles interact via a
purely repulsive potential energy. Within the framework of this
DP model and in our range of deformations, it was predicted
that for disordered packings the distance to jamming onset
¢1 — ¢, scales with asphericity .«/ — 1 as

1= e =ols —1)° (2)

with o =~ 0.3.

In the case of the disordered packings, we can compare our
experimental data to this theoretical prediction. We find that
the data for both SDS concentrations are well-fitted by eqn (2)
with scaling exponent w = 0.33 and critical volume fraction
¢. = 0.842, ie. the scaling form obtained in the DP model.
A summary of the fitting procedure and a table of all performed
fits for both SDS concentrations are given in ESI.{ While the
results of the DP model were obtained for disordered systems,
we also find that the change in local packing fraction as a
function of droplet deformation in monodisperse emulsions is
well described by the power law scaling in eqn (2) with, in this
case, a scaling exponent w = 0.25 and a critical packing
fraction ¢. = 0.91 which can be explained by a high degree of
crystallization.

These scalings are shown on a log-log scale in Fig. 2C,
where we show that, in monodisperse emulsions (respectively
polydisperse emulsions), data points corresponding to both
depletion forces overlap and are captured by the same scaling
function with ¢.=0.91 and w = 0.25 (respectively ¢. = 0.842 and
® = 0.33). This indicates that depletion induced attractive
interactions do not affect significantly the scaling ¢, — ¢. versus
o/ — 1, i.e. changing SDS concentration does not induce any
measurable modification in the static packings of droplets.
This might seem counterintuitive. Indeed, while it was shown
that purely repulsive polydisperse emulsions become fluid-like
below random close packing (i.e. only respond elastically above
random close packing), experimental studies on the rheology
of attractive emulsions showed that attractive emulsions are

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Analysis of static 2D packings — local packing fraction ¢, versus
o/ — 1 for monodisperse (A) and polydisperse (B) emulsions. In (A), the
experimental points (red diamonds for 10 mM SDS, blue squares for 45 mM
SDS) are plotted together with the scaling function in eqn (2) with
exponent w = 0.25 and ¢. = 0.91 (black dot-dashed line). In (B), the
experimental points (red open diamonds for 10 mM SDS, blue open
squares for 45 mM SDS) are plotted together with the DP model, ie.
scaling function in egn (2) with exponent w = 1/3 and ¢. = 0.842 (black
dashed line). (C) Log-log plot of ¢ — ¢, versus o7 — 1 for monodisperse
and polydisperse emulsions for both SDS concentrations. We used ¢. =
0.91 and ¢. = 0.842 for mono and polydisperse packings respectively. The
total number of droplets for: (1) polydisperse emulsions are N = 1193 and
N = 1735 for 10 and 45 mM SDS respectively and (2) monodisperse
emulsions are N = 630 and N = 530 for 10 and 45 mM SDS respectively.
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elastic both below and above random close packing hinting at
the fact that loose emulsions can be stabilized by attraction.®?
Here, we do not observe any significant change in ¢. for static
packings with depletion interactions. In our SDS stabilized
emulsions, the droplets are essentially frictionless and thus are
free to roll. In such a system, the slightest amount of compression
will lead to a rearrangement of the structure without noticeable
deformation of the droplets until their purely repulsive jamming
packing fraction is reached. This intuition is confirmed by the
measured values of ¢. which correspond to random close packing
¢rep & 0.842 for the polydisperse (disordered) emulsions and
to hexagonal close packing ¢ucp = 0.91 for the monodisperse
emulsions.

Despite the fact that static packings cannot be distinguished
as a function of depletion forces, we reveal in what follows that
significantly distinct behaviors can be evidenced in the context
of a dynamic flow.

3.2 Emulsion flow in a constriction

In order to study their response under mechanical perturba-
tions, monodisperse emulsions are flowed in microfluidic
channels exhibiting a single physical constriction (Fig. 1). In
particular, we use monodisperse droplets whose diameter is
comparable to the channel height, constraining the system to a
2D monolayer of droplets. We focus our analysis on the area of
the constriction in which droplets have to rearrange and
deform in order to go from a large channel into a narrower
one. The width of the narrow channel is chosen such that it
only allows for the passage of one droplet diameter (Fig. 1) in
order to maximize the number of rearrangements.

A typical experiment is carried out in two phases. The
channel is first filled with the emulsion using a pressure pump.
After a waiting time (see Materials and methods), the pressure
is increased again so that this packed emulsion can flow in the
channel. We usually require a typical pressure of the order of 30
mbar to establish a continuous flow. For each experiment, we
image the droplets upstream, in order to evaluate their packing
fraction, as well as inside the constriction to measure their
deformation. We choose to quantify the deformation d of each
droplet in the channel through the standard deviation of
droplet radii as previously done*® (see Materials and methods).

3.3 Deformation along the channel

We first study the deformation of the droplets inside the channel.
To do so, we measure the packing fraction of the emulsion in a
window located upstream of the constriction (on the left of the
image) and that encompasses 200 pm of the channel length
(Fig. 3A). We show in Fig. 3 the average deformation (d) along
the channel for both SDS concentrations.

The obtained curves differ for the two SDS concentrations
both in the constriction region and in the thinner channel. For
both conditions (Fig. 3B and C) the deformation builds up in
the constriction to a first maximum average deformation until
it is released to a lower value of (d) at x ~ 450 pm. Then the
deformation builds up again to a second maximum and is
decreased to a lower deformation. Qualitatively, this behavior
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Fig. 3 Analyzing the droplet deformation in the constriction — (A) still
snapshot of the image analysis in the channel at a given instant for an
attractive emulsion ([SDS] = 45 mM). The color of the droplets codes for
their deformation d calculated for their detected contours displayed on
the image. (B and C) Average deformation of the droplets along the x-axis
of the channel for different packing fractions in (B) the low attraction case
([SDS] = 10 mM) and (C) high attraction case ([SDS] = 45 mM). The
deformation is averaged in bins that are 25 pm wide along the x-axis.
The average deformation peaks inside the area of the constriction for both
conditions. The error bars correspond to the standard error of the mean
for the distributions of d obtained in each bin. The total number of
droplets, combining all packing fractions, is N = 27219 for 10 mM SDS
and N = 91391 for 45 mM SDS.

can be explained as the signature of a local stress release after
a rearrangement. Indeed, Chen et al.>®* showed that in com-
pressed emulsions, T1 events were immediately followed by a
local decrease of deformation inside compressed emulsions.
Here the localized peaks indicate that droplet rearrangements
indeed occur at positions that are set by the topology of the
packing in the channel.*

The other difference between the two conditions can be
observed in the thinner channel region, after the constriction,
where droplets enter one by one and release their deformation.
In the case of low depletion forces ([SDS] = 10 mM), droplets

This journal is © The Royal Society of Chemistry 2020
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relax to a deformation value that is close to the initial one at
the entry of the channel ({(d)oue — (d)in ~ 0.0025). However,
with high depletion forces ([SDS] = 45 mM), droplets relax to
a plateau at higher values of deformation than at the entry
((d)our — {d)in ~ 0.01). This impaired relaxation could be a
signature of long range effects that could also explain why
droplets enter the constriction with a slightly higher value of
deformation in the high attraction case.

3.4 Deformation as a function of packing fraction

To further confirm these observations, we study the distribu-
tion of deformation of all droplets at all positions inside the
constriction (taken in a window whose length spans 50 um
before and after the constriction - see Materials and methods).
Since the global packing fraction can evolve over the course of
one experiment, we separate each experiment into stacks
according to their upstream packing fraction. We then pool
together the image sequences corresponding to the same
packing fraction throughout all performed experiments, for
each concentration. Note that we also checked that the defor-
mation in the constriction does not depend on the instanta-
neous droplet velocity within the investigated range (from 120
to 360 um s, see ESIY).

We compare the distributions of the deformations observed
for different packing fractions and for each SDS concentration
(Fig. 4). The distributions peak at smaller values of deformation
in the low attraction case than in the case of strongly attractive
droplets (Fig. 4A). This shift can also be clearly evidenced when
plotting the cumulative distributions for each condition at
various packing fractions (see Fig. 4B). As expected, for low
depletion forces (10 mM SDS) we find that the distributions
exhibit lower values of deformation in all conditions. When
attraction is introduced between droplets, all curves are shifted
to higher values of deformation.

In the previous section we showed that depletion alone was
not sufficient to induce significant additional deformations in
static packings of droplets. The shift observed in these defor-
mation distributions must thus originate from differences in
the local topological changes of the emulsions. Hence, we next
examine the spatial location of rearrangements in the constric-
tion as a function of SDS concentration.

3.5 Rearrangements and velocity distributions in the
constriction

We here test the hypothesis that rearrangements are impaired
by the attraction between the droplets, which would in turn
force the droplets to deform more to overcome the constriction.

Since the size of the channel as well as the diameter of the
droplets are fixed, there are always four lines of droplets
flowing in the channel, ahead of the constriction, and one line
after the constriction (Fig. 5A). In this framework, droplets will
exchange neighbors to do the necessary rearrangements in
given areas of the channel that are defined by geometry. We
can thus estimate the distance Ax between two rearrangements
by calculating the distance between the points where one can
accommodate for 4 droplets and 3 droplets of diameter D in the
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Fig. 4 Statistics of deformation under flow - (A) probability density
function of the deformation d calculated in the constriction for different
packing fractions in the case of low attraction forces ([SDS] = 10 mM, open
circles) and high attraction forces ([SDS] = 45 mM, stars). (B) Cumulative
distributions of the deformation d in the constriction for low attraction
forces (open circles) and high depletion forces (open squares) for different
packing fractions.

constriction. Knowing the slope of the constriction « this leads
to Ax = D/(2¢) = 60 pm.

To study these rearrangements, we measure both the
velocity and number of neighbors of the droplets along the
channel. In the constriction, droplets are stalled transiently
until they perform a rearrangement. This effect is evidenced by
local minima in their individual velocity profiles as shown in
Fig. 5B, that are separated by the expected distance between
rearrangements Ax. We extract the positions of these minima
in two specific areas of the channel, corresponding to zones of
rearrangements, for each droplet in lines 1 and 4 for both SDS
concentrations. We compare both conditions by plotting the
cumulative distributions of the minimum velocity location in
each zone (Fig. 5C). We observe that the distributions for
attractive droplets are shifted by 7 pum and 4 pm in zones 1
and 2 respectively (measured shift at 50%), indicating that
rearrangements are indeed delayed in the channel compared
to the low depletion case. Similarly to the deformation, this
shift does not seem to depend on the flow speed in the channel
(see ESIT).

Furthermore, we analyzed the average number of neighbors
per droplet along the constriction (Fig. 5D). Droplets in lines 1
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Fig. 5 Rearrangements and velocity distributions in the constriction — (A) image of droplets in the constriction for 10 mM (top, blue) and 45 mM (bottom,
orange) SDS. The zones where the number of droplets decreases from 3 to 2 and from 2 to 1 are indicated with yellow lines and referred to as zone 1 and
2 respectively. (B) Typical velocity curves of individual droplets in lines 1 and 4 along the channel axis for 10 mM (blue) and 45 mM SDS (orange) emulsions.
The velocity drops to a minimum value (indicated by an arrow) in zones 1 and 2 each time the droplets stall before a rearrangement. For each droplet
trajectory we find the location of this minimal velocity to build panel (C). (C) Cumulative distributions of the minimum velocity location for lines 1 and 4.
The 45 mM SDS droplets slow down farther into the constriction, as evidenced by the shift in distributions at 50% probability, by about 7 um in zone 1 and
4 um in zone 2. (D) Average number of neighbors per droplet along the channel for lines 1 and 4. For more attractive emulsions, the number of neighbors
drops from 4 to 3 and then from 3 to 2 respectively 11 pm and 8.5 um later in the constriction.

and 4 enter the constriction with 4 neighbors in a hexagonal
lattice, and exit with 2 neighbors in the smaller channel. We
measured the positions along the channel where droplets
transition on average from 4 to 3 and from 3 to 2 neighbors
respectively. We find that, for the more attractive emulsions,
the transitions from 4 to 3 and from 3 to 2 neighbors are
delayed by 11 um and 8.5 pm respectively.

4 Discussion

Attractive interactions between particles are expected to
affect their packing topology as well as their rheological and
mechanical response to local mechanical perturbations. Below
the jamming transition, previous work showed that attraction
induced by depletion forces tuned significantly the structure of
3D packings and could mechanically stabilize them below the
isostatic 1imit.®® Above the jamming transition, one expects
adhesive forces in packings of deformable spheres to change
how droplet deformation and coordination numbers scale with
the packing fraction.®>®®> To the best of our knowledge, this
issue has been addressed neither in theoretical models nor in
experimental systems.

In our experimental study, we provide a first step towards
the understanding of the mechanical response of adhesive
emulsions by introducing attractive interactions induced by
depletion between oil droplets. We first evidence that such
attraction forces are too low to induce any measurable effect in
2D static packings of droplets. Indeed, for both attraction
forces, we recover the scaling laws predicted by Boromand
et al.®* for purely repulsive packings, with a critical packing
fraction ¢. ~ 0.842. However, using monodisperse emulsions,
we uncovered distinct changes in their elasto-plastic response
when the droplets are flowed through a 2D physical constric-
tion. Note that recent numerical studies dealing with attractive
soft sphere packings showed similarly that attractive packings
with structures very similar to their repulsive counterpart

3300 | Soft Matter, 2020, 16, 3294-3302

(e.g. in the fact that the critical packing fraction is not signifi-
cantly different) could have qualitatively different mechanical
properties.”” In our experiments, the first manifestation of
attraction is an increase of the average deformation of the
droplets in the constriction. The second one is the delay of
topological rearrangements inside the constriction as attrac-
tion forces are increased. Depletion forces thus appear
adequate to modulate the elasto-plastic response of emulsions
in our system.

Such findings could be relevant for biological tissues in
which adhesion controls to a large extent remodelling events
that occur on timescales that are beyond those of cytoskeletal
activity. In order to isolate the role of adhesion in biological
processes, cellular tissues can indeed be mimicked with droplet
assemblies connected by specific binders.”*””> Within that
framework, emulsions have been shown to exhibit similar
mechanical properties and have for this reason been used to
measure cellular forces both in vitro’® and in vivo.””””® This
reductionist approach could thus shed light on behavioral
transitions in developing tissues upon adhesion modulation
and will be the focus of future investigations.
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Adhesion as a trigger of droplet polarization in flowing

emulsions ¥

laroslava Golovkova,” Lorraine Montel,“¥ Franck Pan,”? Elie Wandersman,? Alexis M.
Prevost,“ Thibault Bertrand,” and Lea-Laetitia Pontani*¢

Tissues are subjected to large external forces and undergo global deformations during morpho-
genesis. We use synthetic analogues of tissues to study the impact of cell-cell adhesion on the
response of cohesive cellular assemblies under such stresses. In particular, we use biomimetic
emulsions in which the droplets are functionalized in order to exhibit specific droplet-droplet adhe-
sion. We flow these emulsions in microfluidic constrictions and study their response to this forced
deformation via confocal microscopy. We find that the distributions of avalanche sizes are con-
served between repulsive and adhesive droplets. However, adhesion locally impairs the rupture
of droplet-droplet contacts, which in turn pulls on the rearranging droplets. As a result, adhesive
droplets are a lot more deformed along the axis of elongation in the constriction. This finding
could shed light on the origin of polarization processes during morphogenesis.

1 Introduction

During morphogenesis, cells both differentiate and self-assemble
into tissues and organs with specific forms and functions. For
instance, during gastrulation, the Drosophila embryo folds onto
itself to produce the ventral furrow that eventually becomes the
first tubular shape of the embryo, thus defining the inside-outside
geometry of the future organism. This extensive remodeling
of tissues is controlled by both biochemical pathways, through
soluble morphogens!~3, and biomechanical processes, through
forces*® and the regulation of cellular adhesion”-8. The behavior
of tissues during morphogenesis is thus strongly determined by
their mechanical response, which is controlled by a feedback loop
between cellular adhesion and biochemical signaling through the
cytoskeleton®~13. Figuring out the properties of the tissue from
a materials standpoint is therefore of the utmost importance to
fully understand the role of the various processes at play during
morphogenesis.

The mechanical properties of tissues and their architecture de-
pend on the properties of the individual cells but also on the ad-
hesion energy between the cells and with the extracellular ma-
trix. As a matter of fact, in the absence of interactions with the
extracellular matrix, the level of cell-cell adhesion is directly re-
lated to the surface tension of cellular aggregates. As a result

@ Sorbonne Université, CNRS, Institut de Biologie Paris-Seine (IBPS), Laboratoire
Jean Perrin (LJP), F-75005, Paris, France. E-mail: lea-laetitia.pontani@sorbonne-
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b Department of Mathematics, Imperial College London, South Kensington Campus,
London SW7 2AZ, England, UK.

T Electronic Supplementary Information (ESI) available: [details of any supplemen-
tary information available should be included here]. See DOI: 00.0000,/00000000.
+ These authors contributed equally to this work.

it was shown that the level of intercellular adhesion controls
the shape and hierarchical organization of cells in aggregates in
vitro10:14-17  These processes were described in the framework
of the differential adhesion hypothesis18, in which the cohesive
cell aggregates are considered as fluids that tend to minimize
their interface as a function of the relative strength of cellular
adhesion. It was also shown that cell aggregates exhibit me-
chanical behaviors that depend on the adhesion between cells.
For instance, adhesive cell aggregates spread on solid substrates
like viscoelastic droplets at short times, but display distinct long
time wetting properties when the adhesion is impaired 9. In ep-
ithelial monolayers, the correlated rearrangements and cell de-
formations also indicate that the tissue behaves as a viscoelastic
liquid2°. Those experimental observations, together with theo-
retical frameworks2!, suggest that soft tissues can be described
within a soft matter framework 22.

Following this idea, interfacial energy models derived from
soap foams were shown to efficiently predict the highly organized
cellular structure in organs such as the Drosophila eye23. The be-
havior of foams, in analogy with tissues, have thus been widely
studied under various mechanical constraints. These studies re-
vealed the importance of plastic rearrangements for yielding in
those materials?4. Other approaches consist in treating the tis-
sues as fluid-like materials, leading to the modeling of morpho-
genetic movements based on hydrodynamic theories25:26, Simi-
larly, descriptions borrowed from glassy materials have been re-
cently implemented to describe the collective behavior of cells in
developing tissues2’. In this context, the jamming of cells, evi-
denced by a decrease of fluctuations in the topology of the tissue,
directly tunes the material properties of tissues. In turn, it is be-
lieved that the jamming transition controls the tissue response to

1-9 |1
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the large stresses during morphogenesis. Another approach aims
to infer the fate of tissues from their static topologies. In this
case, the shape of the cells and their packing topology were used
to predict the fluidization of tissues28-33,

Here, we propose to bridge the gap between biological systems
and soft matter frameworks by using biomimetic emulsions to
decipher the collective dynamics and material properties of tis-
sues during remodeling. In particular, we address the impact of
cell-cell adhesion on the mechanical properties of tissues by us-
ing functionalized adhesive emulsions. In our previous work, we
showed that weakly attractive droplets displayed impaired plas-
tic rearrangements under flow34. Here, we propose to directly
mimic intercellular adhesion by introducing specific interactions
between the droplets3>-37. Such biomimetic systems have al-
ready been shown to reproduce the minimal adhesive and me-
chanical properties of tissues in static experiments3°. Their spe-
cific interactions are here introduced through biotin-streptavidin-
biotin bonds that are allowed to form between the surfaces of con-
tacting droplets. The energy of those binders is comparable to the
one of cadherin homophilic interactions in tissues38. Moreover,
the fluidity of the droplets surface allows the binders to diffuse
on the droplets surface and to aggregate into adhesion patches at
each droplet-droplet contact. At equilibrium, the size of the patch
can be roughly determined by the balance between the gain in ad-
hesion energy and the loss in elastic energy due to the flattening
of the droplet surface in the patch3>.

We study the response of these systems under mechanical
stress. In order to impose a mechanical perturbation on the as-
sembly of adhered droplets, we push them through a 2D microflu-
idic constriction (see Fig. 1A). We use a pressure-driven flow that
mimics pressure build-up in growing tissues, as well as forces ex-
erted by neighboring cells and tissues during development. This
geometry thus forces rearrangements in the emulsions, allowing
us to study their elasto-plastic response, but also aims to mimic
the convergent extension of epithelial tissues that is essential dur-
ing embryogenesis3®. We find that adhesion does not affect the
rearrangements topology and that the size of avalanches exhibit
the same statistics for all experimental conditions. This observa-
tion is further confirmed in simulations that allow us to explore
different droplet size polydispersities, deformabilities and adhe-
sion energies. These simulations similarly evidence avalanche
size statistics to be independent of adhesion. However, when
exploring experimentally the individual T1 events, we find that
the local dynamics are slowed down in adhesive emulsions as the
binding patches prevent droplet-droplet separation during rear-
rangements. In turn, we observe that adhesive patches lead to
large scale deformations across all droplets in the constriction. In
addition to being more deformed, we find that the droplets are
also more aligned with each other, which could be the signature
of an adhesion-induced polarization process in elongating tissues.

2 Materials and Methods

2.1 Emulsion preparation

Oil in water emulsions were prepared using a pressure emul-
sifier, as described in34. After emulsification, the oil droplets

2| 1-9
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were stabilized with phospholipids in order to make adhesive
biomimetic emulsions, as shown in Fig.1B. Firstly, 9 mg of egg L-
a-phosphatidylcholine (EPC) lipids and 1mg of DSPE-PEG(2000)
biotinylated lipids (Avanti Polar Lipids) were dried under nitro-
gen and dissolved in 500 uL of dimethyl sulfoxide (DMSO, from
Sigma Aldrich). This mixture was then added to 5 mL of high SDS
aqueous buffer (5mM SDS, 10mM Tris, pH=7.5). The resulting
solution was sonicated for 30 minutes. We then added 2mL of
emulsion cream to the phospholipid containing buffer and left to
incubate overnight at 4 °C. After incubation the emulsion was
washed with 100 mL of high SDS buffer (5mM SDS, 10mM Tris)
in a separating funnel and set for a second round of stabilization.
During this second round, the SDS concentration in the aqueous
phase is lowered in order to favor the repartition of lipids at the
droplets surface, instead of SDS, while still keeping them from co-
alescing. The low SDS aqueous solution used for this last round
therefore contains 1mM (instead of 5mM) SDS while the rest of
the procedure for lipid dissolution remains unchanged. After this
last incubation, the emulsion is washed again in 100 mL of low
SDS buffer (ImM SDS, 10mM Tris) in a separating funnel. The
resulting droplets display an average diameter of 35 um (with a
size polydispersity of 21%) and are stable over several weeks at
4°C.

Before running the experiments, the droplets are functional-
ized with streptavidin Alexa Fluor 555-conjugated (Invitrogen).
To this end, 200 uL of the emulsion cream is mixed with 3.6 uL
of streptavidin (1 mg/mL) and 200 uL of low SDS buffer. The re-
sulting solution was incubated for 1 hour at room temperature to
allow the streptavidin to bind to the biotinylated lipids on the sur-
face of the droplets. The emulsion was then washed twice in the
800 uL of low SDS buffer and once with 1 mL of a water/glycerol
mixture (60:40 v:v) containing 1mM SDS, 10mM Tris, 10mM
NaCl and 0.05 mg/mL casein to prevent non specific interac-
tions between the droplets and the channel walls ( 3-casein from
bovine milk, Sigma Aldrich). The water/glycerol mixture ensures
that the optical index of the continuous phase matches better the
one of the oil droplets for transparency, while salt favors adhesion
by dampening electrostatic repulsion between the droplets3>.

2.2 Experimental set-up

The microfluidic channels are engineered following the tech-
niques described in34. The channel consists of three sections:
at the inlet the channel is first 1 mm wide over 5 mm length, then
the width is reduced from 1 mm to 38 um over a length of 5 mm,
and then the channel remains 38 um wide over 5 mm before the
outlet (see Fig.1A). In order to maintain the droplets in a mono-
layer, the depth of the setup is adjusted to 30 pum, thus facilitating
image analysis. The mean velocity profile in such channels was
measured using tracer particles and follows the expected trend
fixed by the channel geometry (see SIt).

After passivating the channel with a solution of 0.25 mg/mL ca-
sein for 40 minutes, the emulsion is flowed through the channel
using a pressure pump (MFCS-8C Fluigent). After the droplets
fill the channel, the pressure is decreased to stop the emulsion
flow (P = 5 mbar) and the droplets are left overnight to allow the
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droplets to pack and the adhesion patches to grow (see Fig.1C).
The global packing fractions resulting from this process range
from 83 to 91% for adhesive emulsions, and from 82 to 92% for
non-adhesive ones. After the incubation phase, the emulsion is
flowed in the channel under constant pressure (P = 15-60 mbar
depending on adhesion). Once the flow is established, the av-
erage droplet velocity is stable during an experiment, except for
sudden bursts that are due to rearrangements releasing stress in
the emulsion (data not shown). The velocities measured at the
center of the constriction, 200 um away from the beginning of
the thin channel, are 23 + 12 um/s for adhesive emulsions and
32 + 12 pum/s for non-adhesive ones. The emulsion is imaged in
the constriction area through confocal microscopy with a 20x ob-
jective (exposure time = 20 ms, frame rate = 15 fps, see Fig.2A).
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2.3 Numerical Simulations

In order to explore a wide range of parameters, we develop a
computational toy model for adhesive emulsions that is based
on the deformable particle model (DPM) recently introduced by
Boromand et al.4%41, In static 2D emulsions, particles deform
in response to mechanical stresses to minimize their perimeter
while keeping their area fixed. Modeling each of the N emulsion
droplets as a deformable polygon with N, circulo-line edges with
width 6, our model relies on the minimization of the following
potential energy:

N N, kN )
Upp=7 Y, Y lmi+5 ¥, (am=an0)* + Ui M
m=1

m=1i=1
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Fig. 1 Experimental setup — (A) The oil in water emulsion is pushed using a pressure pump (P = 15-60 mbar depending on adhesion) through the
microfluidic channel that consists of three parts: a 1000 um wide channel, a constriction, and 38 um wide channel. The depth of the channel is
30 um over the whole length, and the diameter of the droplets is ~ 35 um. We film the emulsion flow in the area of the constriction situated right
before the beginning of the thin channel (see red dashed square for region of interest). (B) Schematic representation of biotin-streptavidin-biotin bonds
forming between the contacting surfaces of the droplets stabilized with phospholipids. (C) Progressive formation of adhesive patches over time. The
top confocal image shows that Alexa-555 streptavidin fluorescence is more homogeneously distributed over the surface of the droplets at the beginning
of the experiment. Over time, biotin-streptavidin-biotin bonds form at the droplet-droplet contacts (middle image) until they enrich into clear adhesive
patches with an increased fluorescence signal, allowing to isolate them through image analysis. Note that the formation of the patches depletes the
fluorescence level on the free edge of the droplets making it appear more red over time.

where [,,; is the length of the circulo-line between vertices i and
i+1 and a,, is the area of droplet m. The first term in Upp is pro-
portional to the perimeter of the droplet with a proportionality
constant equal to a line tension y. The second term is a penal-
ization term quadratic in the distance between the area of the
droplet and a target area a,,) with compressibility coefficient k.

Finally, U;,; represents the interaction potential energy between
two droplets; it is composed of a repulsive term and an attractive
term (see details in SIT). Upon contact, overlaps between inter-
acting droplets are penalized by introducing a purely repulsive
interaction potential U, between all pairs of circulo-lines of dif-
ferent droplets. Upon contact, two droplets are also subjected to
contact mediated adhesion. For instance, after the initial contact
between a vertex of droplet / and a vertex or an edge of droplet j
is made, droplets i and j are subject to an attractive force derived
from the interaction potential U, 4?. See supplementary informa-
tiont for the detailed expressions of the repulsive and attractive
energy terms.

Under flow conditions, we use the same constriction angle as
in the experiments (see moviet). We flow the emulsion through
the constriction by subjecting each particle vertex to a constant
force in the direction of the channel. We use periodic boundary
conditions along the axis of the microfluidic channel, i.e. that
droplets exiting the constriction re-enter the channel ahead of the
constriction. Provided these forces, we integrate the equations of
motion for the vertices in the overdamped limit.

We perform simulations with N = 128 deformable droplets with
N, = 16 vertices per droplet. We vary the line tension y and
the adhesion strength k, keeping all other parameters fixed for
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control
adhesive
93 %

90 %

88 %

84 %

Fig. 2 Confocal imaging and analysis — (A) Confocal image of an ad-
hesive emulsion in the constriction. (B) Cumulative distributions of de-
formation 7 - 1 for all droplets in the region of interest for adhesive
(dashed lines) and non-adhesive control (solid lines) emulsions across
packing fractions ranging from ¢, = 84 to 93%. (C) Confocal images of
four adhesive droplets undergoing a T1 event. Droplets 1 and 2 are first
connected through an adhesive patch (left panel), are then pulled apart
(middle panel) and are not neighbors anymore (right panel). In the mean-
time droplets 3 and 4 gain a contact at the end of the event. (D) Result
of the image analysis performed on (C). Voronoi cells are drawn in white
lines, droplet contours are shown in red and the color of the disc inside
each droplet codes for its deformation <.
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monodisperse emulsions and polydisperse emulsions with 20%
polydispersity (see in SIT). We place ourselves in the limit of non-
overlapping, nearly incompressible emulsion droplets.

2.4 Data Analysis
2.4.1 Tesselation and tracking

Raw images are segmented using Ilastik#3. The segmented im-
ages are then skeletonized and droplets are detected using Fiji.
Droplets, as well as channel boundaries, are then indexed directly
on the segmented image. A surface Voronoi tessellation is finally
performed on these processed images to identify the Voronoi cells
corresponding to each droplet.

A table of neighboring relationships between droplets and
Voronoi cells is generated using the Region Adjacency Graphs
from the Python Scikit-image package#*. We then obtain the list
of neighbors at each time for each droplet in the constriction and
measure the size of droplet-droplet contacts as well as the length
of the edge between neighboring Voronoi cells. The droplets are
tracked with a custom Python tracking algorithm allowing us to
compute instant velocities of droplets and Voronoi cells.

2.4.2 Deformation

We measure droplet deformations following the method used
in34. To avoid artificial measurement noise due to finite im-
age resolution, we fit successions of osculating arcs of circles
around the droplet contours. The computed shape parameter
o/ = p?/4ma, with p the perimeter and « the surface of the iden-
tified droplet, and local packing fraction ¢; are then calculated
from this fitted contour, as shown in Fig.2D. Note that we exclude
the droplets whose corresponding Voronoi cells touch the walls of
the channel. In parallel, we also fit each droplet with an ellipse,
and use its aspect ratio and orientation of the major axis to study
elongation and alignment of the droplets in the constriction. Fur-
ther details of the image analysis can be found in SI .

2.4.3 T1 events detection

By tracking droplets and their neighborhood over time, we iden-
tify the formation or rupture of droplet-droplet contacts and
edges between Voronoi cells. This allows us to identify individual
T1 events by considering the neighborhood of droplet quadru-
plets as shown in Fig.2C. A typical T1 event involves 4 droplets
that undergo the following sequence: droplets 1 and 2 are ini-
tially in contact, while droplets 3 and 4 are not touching and are
distributed on each side of this contact; then droplets 1 and 2
are separated, allowing droplets 3 and 4 to come into contact. As
seen in Fig.2C this particular type of rearrangement can be the ba-
sis of tissue elongation along the axis of the newly formed contact
between cells 3 and 4. We then examine avalanche phenomena
by considering T1 events that occur during a given time window
and that are connected by neighboring droplets.

To do so we define an adimensional time ¢ = t*(V)/(R) with
t* the elapsed time in seconds, (V) the mean flow velocity and
(R) the mean radius of droplets that are both averaged over all
droplets in all frames of each movie. T1 events whose cells were
neighbors to each other within a specified time window (here, 0.4
in adimensional time) are grouped in a common avalanche event
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(see SI and supplementary moviet). For simulation data, the T1
were similarly identified from the loss and gain of physical contact
between quadruplets of droplets, and grouped in avalanches us-
ing the same adimensional time window. We quantify avalanche
sizes by measuring the total number of droplets participating in
the same avalanche.

During a rearrangement, we also measure the speed at which
contacts between voronoi cells are shrinking before the actual
neighbor exchange. To do so, we measure % /{V), where [, is
the contact length between neighboring Voronoi cells (see sup-
plementary moviet), Al, = l,(frame n) — [, (frame n+ 1) and At the
time between two consecutive frames. We measure it for all the
droplets involved in a T1 event during the adimensional time win-

dow [fp — 10,1], to being the exact moment of neighbor exchange.

3 Results

We inject and flow emulsions in a microfluidic constriction as de-
picted in Fig.1A (see also supplementary movie T). In the large
channel the emulsion spans about 30 droplet diameters, and it
progressively reduces to one droplet in the thin channel. We ex-
perimentally tested both non-adhesive and adhesive emulsions
(see Materials and Methods). When the droplets are adhesive
one expects their flow to be hindered and the emulsion to behave
more elastically, whereas an assembly of repulsive droplets, for
which rearrangements can be performed at lower energetic cost,
should be more plastic. Indeed, when measuring the shape pa-
rameter </ of all droplets in the constriction, we find that they
are globally more deformed in the case of adhesive emulsions for
all packing fractions (see Fig.2B), which is consistent with previ-
ous work34,

In agreement with this global observation, much higher pres-
sures need to be applied for adhesive emulsions to flow in the
constriction compared to non-adhesive ones. On average, in our
experimental conditions, one needs to apply about 15-20 mbar
with the pressure controller for repulsive droplets, as opposed to
30 to 60 mbar for adhesive ones. At the macroscopic scale these
two systems therefore exhibit very distinct material properties.
We explore in what follows the microscopic origin of this differ-
ence in behavior.

3.1 Topology and local dynamics of rearrangements

We first study the properties of these two different kinds of emul-
sions by examining the topology of droplet rearrangements such
as T1 events depicted in Fig.2C-D. Indeed, it was previously
shown that the rearrangements of monodisperse droplets are cor-
related and ordered in space and time when going through a con-
striction344°, In particular, T1 events are aligned along discli-
nation planes that are regularly spaced. Here, we do not expect
to see such patterns emerge in the constriction, even in the ab-
sence of adhesion, as our droplets exhibit a 21% size polydisper-
sity. Instead, our experiments display a spatially heterogeneous
and intermittent flow which is commonly observed in nature dur-
ing avalanching. Indeed, a large variety of physical systems46-56
generically exhibit intermittent dynamics which is characterized
by a slow build-up and a rapid release of stress in the system when
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Fig. 3 Avalanche statistics for experimental data (A) and numerical
simulations (B) - (A) Distributions of avalanche size for adhesive (red
dashed line) and non-adhesive (blue solid line) emulsions cannot be dis-
tinguished. (B) Distributions of avalanche size for polydisperse packings
of highly deformable droplets (lowest y) without adhesion (blue solid line),
with low adhesion (purple dashed line) and high adhesion (red dashed
line), see Sltfor values of k, and y. All curves are averaged over 5 re-
peats of simulations performed with the same parameters. The distribu-
tions are not significantly different between each other. The logarithmic
binning as powers of two is used for the x-axis in both panels. The maxi-
mum cluster size that we measure corresponds to an avalanche over the
entire field of view, indicating that the choice of time window does not ar-
tificially exclude large avalanches from the analysis. In both panels a line
corresponding to a power law with exponent —2 was drawn as a guide to
the eye.
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subjected to a slow continuous loading. Few studies have looked
at this intermittent dynamics at the local scale 46-57-60_ Here, hav-
ing access to the whole dynamics during the emulsion flow, we
examine the statistics of avalanche sizes through a measure of
the local plastic rearrangements.

More specifically, we measure the size of the avalanches for
different adhesion conditions. We define the avalanche size as
the number of droplets participating in spatially and temporally
connected rearrangements during a given time window. In par-
ticular, T1 events whose cells are neighbors at any point within
the time window are grouped in the same avalanche. Under all
experimental conditions, the avalanches sizes are distributed ac-
cording to power-law distributions and are surprisingly indistin-
guishable with or without adhesion, as shown in Fig.3A. Although
one would expect adhesion to give rise to longer range effects,
large avalanches do not seem to prevail in adhesive emulsions.
Moreover, in both conditions the distribution of avalanche sizes
reasonably follows a power law with a —2 exponent, in agree-
ment with previous results obtained for 2D granular packings ©C.

To confirm this observation, we performed numerical simu-
lations (see Materials and Methods), allowing us to systemati-
cally vary the adhesion energy, droplet deformability and poly-
dispersity. We first examined packings with the same polydis-
persity as in our biomimetic emulsions. We find that adhesion
does not affect significantly the distribution of avalanche sizes as
shown in Fig.3B, which confirms our experimental findings. How-
ever, in the lowest deformability condition, a difference between
monodisperse and polydisperse packings clearly exists (see SIt).
Indeed, our results show that monodisperse packings exhibit an
excess of large avalanches for all adhesion energies. This result
is consistent with the idea that low deformability monodisperse
particles exhibit a higher crystalline order leading to large rear-
rangements taking place along disclination planes*>-61,

While we could not find evidence of the effect of adhesion on
the statistics of avalanches sizes, the consequences of adhesion
can be evidenced locally by examining the dynamics of individ-
ual rearrangements. To do so, we have first measured the speed
at which the length of the dislocating edge decreases during a
T1 event. We find that the edge length shrinks more slowly for
adhesive droplets for all edge lengths, as shown in Fig.4A. Here,
the presence of adhesion helps stabilize short edges and slows
down the dislocation process by adding a strong energetic bar-
rier to the formation of the rosette preceding the actual neighbor
exchange®2. However, once the contacting droplets have been
separated, the growth of a new edge takes place faster for ad-
hesive droplets (data not shown). This is due to the additional
accumulated pressure necessary to break the adhesive contact,
which pushes the new droplets in contact more promptly.

In conclusion, avalanche size statistics in flowing emulsions is
not affected by adhesion. In fact, the signature of adhesion only
lies in the local dynamics of T1 events rather than in long range
collective effects. We next study the impact of these local dynam-
ics on droplet deformations.
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Fig. 4 Properties of individual rearrangements - (A) Rate of change of
shrinking for dislocating edges of length /., normalized by the average
velocity of the flow (V) plotted as a function of /, normalized by the global
average edges length (I,). For a given /., a dislocating edge length is
always disappearing more slowly for adhesive emulsions. (B) Difference
in droplet deformation A«7 before and after they undergo a T1 event as
a function of adhesive patch intensity. An increase of patch intensity, i.e.
an increase in binding energy, corresponds to higher values of droplet
deformation accumulated before a T1 event.
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Fig. 5 Analysis of droplet deformation — (A) and (B) Analysis of the ellipses fitted to control (blue) and adhesive (pink) droplets in packings with average
¢, = 88%. (A) Mean aspect ratios as a function of ellipse orientation. The aspect ratios for adhesive droplets are significantly larger for all considered
angles. (B) Distributions of ellipse orientations 6 with respect to the x axis in the constriction. Adhesive emulsions yield a narrower distribution than
control ones. (C) Average deformation <7-1 of the droplets along the x axis of the channel for the adhesive (diamonds) and control (circles) emulsions
at various packing fractions. The deformation is averaged in 35 um bins along the x axis, x=0 corresponding to the entry of the thin channel. The error
bars correspond to the standard error of mean for the distribution of .7 obtained in each bin.

3.2 Droplet deformations

As a consequence of impaired rearrangements, the droplets
should be more deformed during T1 events in adhesive emul-
sions. Indeed, the adhesion patches induce pulling forces on
the droplets in addition to the compressive forces induced by
the constriction geometry. To relate the locally slowed down
rearrangements to increased deformations, we have examined
the deformation of droplets involved in T1 events by measur-
ing their shape parameter 7 = p?/4ma over the course of the
rearrangement. In particular, we quantify the difference be-

tween the level of deformation before and after a T1 by mea-
2 - 2

suring Ao? = , where 7], o are droplets that
were in contact before a T1 event, and .«%3, ¢/ are droplets that
became in contact after the T1 event, and r~ and ¢* are the
frames just before and after the rearrangement, respectively. For
non-adhesive emulsions, we find that the distribution of A</ is
symmetric around zero, indicating that droplet deformations are
identical before and after the rearrangements (see SIT). In con-
trast, we find that this distribution becomes asymmetric when
droplets interact through specific binders. However, after detach-
ment, the droplets do not exhibit any excess in deformation and
thus behave like repulsive droplets. This makes sense because in
our system adhesion is short range and dense adhesive patches
form on the timescale of hours.

Considering this scenario, we finally relate the amount of ex-
cess deformation A/ during rearrangements to the binding en-
ergy between droplets. To do so, we plot A<7 as a function of the
streptavidin fluorescence intensity at the dislocating contact area
and find that a higher intensity, meaning a higher binding energy,
directly correlates with droplets that are more deformed prior to
rearrangements (Fig.4B). This directly links deformation levels in
the emulsion to binding energy between droplets.

To track the global effect of this local excess of deformation
during rearrangements, we have fitted ellipses to all droplets in
the field of view and measured the aspect ratio of the ellipses

as well as the orientation of their major axis with respect to the
horizontal x axis defined in Fig.1A. As shown in the polar plot in
Fig.5A, the aspect ratio of the droplets is significantly higher for
adhesive emulsions for the whole range of orientations. More-
over, the distribution of ellipse orientations is more peaked in the
case of adhesive emulsions (Fig.5B).

In order to quantify droplets deformation independently of
their orientation, we measure the shape parameter </ for all
droplets in all experiments. When plotted along the x axis, we
observe that the shape parameter of adhesive droplets is much
higher for all considered packing fractions (see Fig. 5C). In addi-
tion, this high deformation does not relax back to the values mea-
sured for non adhesive emulsions even far from the outlet (i.e.
~10 droplet diameters away from the entry of the small channel).
This indicates that the effects of adhesion on droplet deforma-
tions are long-ranged, which suggests that forces are transmitted
more efficiently through the emulsion in the presence of adhesive
patches.

4 Conclusion

Intuitively, cell-cell adhesion is expected to rigidify biological tis-
sues, providing them with an elastic response to an applied force.
In cellular aggregates, the level of cadherin expression has indeed
been shown to control the wetting properties on 2D surfaces1?,
while in developing tissues loss of cadherin function can induce a
lowering of the yield stress2”. This effect of adhesion on the bulk
material properties of tissues is also observed indirectly in our
biomimetic emulsions. Indeed, a much higher pressure is needed
to induce flow in the case of adhesive emulsions. However, passed
that threshold force, both repulsive and adhesive emulsions can
flow and go through a constriction. We observed that the flow
of emulsions under continuous load exhibits a spatially and tem-
porally heterogeneous dynamics that are characteristic of yield-
stress materials. Furthermore, our experiments and simulations
both show that the avalanche size statistics is independent of ad-
hesion but weakly dependent on the presence of crystalline order
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in the spatial structure of the emulsions.

However, the way those rearrangements take place differs with
or without adhesion. Indeed, adhesion prevents the detachment
of bound droplets, leading to slowed down dynamics prior to the
first droplet-droplet contact loss in T1 events. As a result, droplets
exhibit larger deformations and they tend to align with the di-
rection of tissue elongation. These long-range cell elongations
could be the onset of symmetry breaking in tissues, thus inducing
signaling pathways during morphogenesis. Indeed, tissue shape
changes can be due to a combination of external forces as well
as intrinsic forces. This is the case for the process of convergent
extension that is very conserved across metazoans3°. These in-
trinsic forces usually emerge from an anisotropy of contractility
in individual cells®® and recent studies highlighted the impor-
tance of in-plane anisotropy®#6%. In this case, the cytoskeleton is
remodeled and acto-myosin contractility can be increased at cell-
cell junctions that are perpendicular to the extension axis®6:67,
Interestingly, a recent study also evidenced the importance of cell
alignment to predict the fate of tissues and highlighted its im-
pact for rapid morphogenetic movements such as the convergent
extension of the drosophila germband 8.

In this context, our results suggest that adhesion could partic-
ipate to morphogenetic processes by inherently making the cells
anisotropic when tissues start to be elongated, thus providing a
positive feedback loop between external forces and the intracel-
lular response. Beyond these findings, our biomimetic approach
paves the path to unraveling other biological mechanisms in the
future, such as the role of the extracellular matrix or that of dif-
ferential adhesion during morphogenetic processes.
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