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PREAMBLE

Tumors are often referred to as solid mass, thus highlighting a first argument towards the
difference in mechanics of a tumor. In fact, early diagnosis of cancer was achieved through
palpation. Traces of this detection technique go back a long time before our understanding
of cell and cancer biology : In the 18th century, a French clinician from Besancon reportedly
extracted a "solid mass" from the breast of a woman, which prompt other women to ask for
palpation. X-rays were first used by German surgeon Albert Salomon to differentiate between
benign and malignant tumors. The technique was then improved in 1949 by Raul Leborgne in
Uruguay by compressing the breast between two plates to produce better quality images, thus
developing the mammography as it is still performed today [Gold, 1990].

Abnormal growth of cells and an overproduction of extra-cellular matrix components make
the tumor environment denser and stiffer than the original tissue [Gkretsi, 2018]. Interestingly,
even though the tumor is more rigid than its environment, the tumor cells are often softer than

their non-malignant homologous [Alibert, 2017 ; Fuhs, 2022].

We believe the mechanical properties to play a role in the development of tumors and its
progression through the metastatic cascade. Indeed, in order to reach distant organs to colonize,
the tumor cell has to breach several barriers, some of them being literally barriers (such as the
endothelial vascular barrier), others harsh mechanical conditions.

Blood circulation is the main and most effective way to disseminate cells throughout the
body. As they travel with the blood flow, tumor cells experience conditions like they have never
encountered before. The majority of them originate from a tissue, where they grew adhering to
the extra-cellular matrix. Here in suspension, there is nothing to adhere to, and worse there is a
lot of stress produce by the flow. As the cells circulate through the capillary bed, they encounter
constrictions with diameters smaller than the cells, as can be seen in the electron micrograph
of Fig.1la. As the cells are being pushed through these narrow spaces by the flow, they have to
deform. If the cell is not well adapted to undergo deformation, it may result in damages and cell
death. The ability of cells to navigate the circulation and the capillary bed thus depends highly

on their mechanical properties and the molecular players of these properties.

How circulating tumor cells (CTCs) manage to survive to such extreme conditions is still
unsettling and misunderstood. However, here may lie the key to prevent the formation of me-

tastases.
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Preamble

If we consider the cancer cells as a new organism, which aim is to grow, to proliferate and
to metastasize, then surviving the blood circulation becomes a cause of "natural selection". In
the framework of the "survival of the fittest", only cells with the best characteristics, or the ones
with the higher adaptability, will be able to continue their journey. The selective pressure of the
blood circulation will drive changes in the CTCs population towards characteristics which are
the best suited to survive the blood circulation. We believe the mechanical properties of the cell
to be one of these characteristics.

Using Drake equation' to investigate relative importance of the different steps in the me-
tastatic cascade, [Dujon, 2021] identified that the most essential parameter to the success of
metastasis, by far, is the life-expectancy of CTCs during their journey in the bloodstream. This
finding suggests that therapies reducing the survival of those cells in the vascular system could

significantly reduce the risk of metastasis.

Figure 1 — In vitro reconstruction and microfluidic reproduction of blood capillary constrictions. (a)
Scanning electron micrograph of corrosion cast showing capillaries in exocrine pancreas of mouse. Arrows
denote several prominent constrictions (adapted from [MacDonald, 1995]). (b) Scanning electron micro-
scope image of the capillary-like constriction in the Pachinko device (with single cell nests to capture the
cells), scale bar = 50 pm. (c¢) Scanning electron microscope image of a capillary-like constriction in the
recirculation device, scale bar = 50 um.

1. Proposed by astrophysicists in the 1960’s to evaluate the probability of another complex phenomenon
occurring, the emergence of intelligent civilizations in the Milky Way. Here the complex phenomenon occurring
is the apparition of metastasis
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In this study, we have chosen to investigate the relation between a circulating tumor cell
mechanical properties and its ability to withstand fast flow-induced deformations and survive the
blood circulation. We have used the microfluidic technology to reproduce the blood circulation

harsh conditions and mimic the capillary constrictions.

To that aim, we developed two complementary microfluidic devices. The first one, named
Pachinko by analogy with a popular Japanese game, aims at studying the dynamics of fast
flow-induced deformation and recovery. The device is composed of a capillary-like constriction
(see Fig.1b) to deform the cell, and an array of single cells nests to trap the cell and study its
recovery. The device allows to study the morphological characteristics of the CTC at the single

cell level.

The second device aims at studying the long-term consequences of repeated flow-induced
deformations at the cell population level. The microfluidic chip is composed of an array of
capillary-like constrictions (see Fig.1c), through which the CTCs are recirculated over several
hours. The cells can be collected throughout and at the end of the recirculation in order to

characterize their number, viability and other characteristics.

The current manuscript will present the development and use of these microfluidic chips to

the study the biomechanics of several cancer cell lines, following the outline presented below :

— Chapter 1 will provide an introduction and literature review to the subject. We introduce
first concepts of cell mechanics, then their relevancy in the context of cancer biology and

metastasis, and finally microfluidics and its use to study the biomechanics of cells.

— Chapter 2 will present the first microfluidic device, named Pachinko, developed to study
the short-term dynamics of deformation and recovery of single cells. As a proof of concept,
we’ll focus at the whole cell level to establish the viscoelastic behavior of several cell lines

of breast and colon cancer.

— Chapter 3 will focus on the dynamics of the nucleus in the Pachinko device. We’ll show

the particular elastic behavior of the nucleus, and the role of vimentin in this behavior.

— Chapter 4 will present the second microfluidic device developed to study the long-term
effect of repeated deformations on cancer cells. We’ll compare the overall survival, damages

accumulation but also vesicles production of two breast cancer cell lines.

— Chapter 5 will provide the materials and methods used in this study.
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CHAPTER 1

GENERAL INTRODUCTION

In this first chapter, I’'ll introduce notions of mechanics, cell and cancer biology, and mi-
crofluidics that will help apprehend my project. All of these fields may individually require too
many pages to be described thoroughly. I'll thus focus my interest on their relevancy to the study
of cell mechanics, and how each of these fields rely on each other to reach the understanding

that we have today on the mechanics of cells.

1 Cell mechanics

As cells are inherently made of matter, they don’t escape the laws of physics. We’ll first
rapidly put aside that cells are "active" matter and study them with concepts and laws that
were initially developed for soft matter. Though their organization is complex, as we’ll describe
it, we’ll show that major cellular components can be understood and combined in an attempt

to recreate the behavior of the whole object.

1.1 Rheology

Having a look at the literature, one might find that the cells are regularly described as "soft"
or "stiff", sometimes "deformable", without a proper definition of what these terms refer to.
Rheology, the study of how materials deform when forces are applied to them, is the field that
deals with these concepts. Though this field is often not familiar to biologists, it has brought key
experimental results and concepts from mechanics to cell biology. The concept of viscoelasticity
that is often used to described cells draws from theories describing ideal materials, namely
the Hookean elastic solid [True Theory of Elasticity, Robert Hooke (1678)] and the Newtonian
viscous liquid [Principia, Isaac Newton (1687)] [Barnes, 1989].

We’ll provide in Appendix A a short summary of rheological concepts that will be used in
this work. In brief, the extension of an Hookean solid is instantaneous and proportional to the
load (Hooke’s law). A Hookean solid in a deformed state will remain deformed as long as the

applied stress persists. In contrast, Newton’s theory describes ideal liquid states, in which the

1



Chapter 1. General Introduction

flow will persist as long as a stress is applied. The flow rate will be proportional to the applied
stress. These proportionality laws allow to define the concepts of "elasticity" and "viscosity"
respectively. Combination of these elements create viscoelastic models, such as Kelvin-Voigt

viscoelastic solid, the Maxwell viscoelastic liquid, and more complex ones [Lim, 2006].

There exist a variety of rheological moduli, as each depends on the design of the experiment
used to measure it. The most well-known Young modulus F specifically refers to a force applied
perpendicularly to the surface of the object resulting in an uniaxial deformation in the same
direction. If the stress is applied tangentially to the surface, the modulus measured resulting
from the deformation is the shear modulus G. Though these moduli are related, their values
differ, so one must be careful in comparing experiments in the literature. Finally, the extent of
deformation can strongly depend on how long and how quickly the force is applied, making it

even harder to compare different experimental designs.

The property that rheological studies are designed to quantify is conceptually simple, namely
a value that predicts how a material will deform when a force of a certain magnitude is applied
to it in a defined geometry for a given amount of time [Janmey, 2007]. Yet, one must be precise
about its measurement. In this work, the use of "soft" and "stiff" will refer to comparison of

elastic moduli, while "deformable" will refer to a lower viscosity.

1.2 The cell, its components and their mechanics

The cellular composition of eukaryotic cells is a complex assembly of various organelles,
filaments, vesicles, etc. (see Fig.1.1a), some of them playing a central role in cell mechanics.
These mechanical properties sustain vital cellular functions such as shape maintenance, divi-
sion, motility, and mechanotransduction. Key components that may exert notable influence over
the mechanical characteristics of a cell include the nucleus, the cytoskeleton, and the cellular

membrane We’ll describe these ones in particular.

1.2.1 Nucleus

As the cells biggest organelle, the nucleus plays a determinant role in cell mechanics. Its size,

shape, and position within the cell impact the overall cell morphology and stiffness.

The nucleus compartmentalizes the chromatin from the cytosol, thus protecting the genetic
information inscribed within the chromatin. The nuclear envelope is composed of an inner and
outer bilayered lipidic membrane (INM and ONM), pierced by several nuclear pores which allow
exchange of small molecules (< 60 kDa) with the cytosol. The outer nuclear membrane extends
into the endoplasmic reticulum, where messenger RNA is transcribed into proteins. The inner
nuclear membrane is supported by a meshwork of intermediate filaments named lamins (60-
70 kDa, see Fig.1.1b), which gives the nuclear membrane structural integrity, contributes to its
mechanical resistance [Turgay, 2017 ; Malashicheva, 2021] and binds to the chromatin. Lamin

meshworks have been reported to be highly elastic and exhibit limited compressibility, thus
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(a) ANIMAL CELL centrasorme with

pair of centrioles

microtubule N chromatin (DNA) extracellular matrix

actin
filaments

peroxisome

ribosomes in Golgi intermediate
cytosol apparatus filaments

Figure 1.1 — organization of the cell and its nucleus (a) Drawing of the major features of eucaryotic cells
organization (adapted from [Alberts, 2019]). (b) The nuclear envelope (INM and ONM in transparent
grey) with underlying lamins meshwork (rod-domain in dark grey and Ig-domain in red) and NPCs (blue),
were modeled into a region of a cryo-tomogram (adapted from [Turgay, 2017]). (¢) Schematic illustration
of the nuclear envelope in mammalian cells. The interplay between lamins and LINC complexes at the
nuclear envelope has been proposed to facilitate coupling of the nucleus to the cytoskeletal systems in the
cytoplasm. Lamins further interact with peripheral heterochromatin to regulate chromatin organization
within the cell nucleus (adapted from [Vahabikashi, 2022]). INM, inner nuclear membrane ; NPC, nuclear
pore complex ; ONM, outer nuclear membrane.

acting as a "shock absorber" to protect the nucleus [Dahl, 2004]. Among the four types of lamins
(A/C, Bl and B2), only Lamin A/C seems to contribute to nuclear mechanics [Lammerding,
2006].

The chromatin is organized in regions of open chromatin (euchromatin, which is accessible
for genes transcription) and dense chromatin (heterochromatin, which is repressed). It is of-
ten referred to as a complex viscoelastic material [Vries, 2007 ; Stephens, 2017 ; Keizer, 2022].
Additionally, chromatin compaction affects its mechanical properties [Stephens, 2017].

Both the bulk (chromatin) and the shell (lamins) contribute nuclear rheology. [Stephens,
2017] reported that they each respond to different regimes. Chromatin elasticity governs small

nuclear deformation (< 3 um), whereas lamin A/C levels control nuclear strain stiffening at
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large extensions (> 3 um).

The volume of the nucleus is regulated by the "pump and leak" model : the difference in
protein concentration inside the nucleus results in an osmotic pressure which drains water inside
and inflates it. This force is balanced by the nuclear envelope tension [Rollin, 2023b]. In normal
conditions, the nucleus envelope displays wrinkles. These folds originate from the difference of
elastic modulus of the stiff nuclear membrane (supported by the lamina) and the soft inner

nucleoplasm it relies on [Brau, 2011].

The nucleus is anchored to the cytoskeleton through the LINC (LInker of Nucleoskeleton and
Cytoskeleton) complex (see Fig.1.1c¢), which facilitates force transmission between the nucleus
and cytoskeleton, and governs its positioning [Lee, 2018]. These complexes are composed of 2
parts positioned on either side of the nuclear membrane : SUN proteins anchored in the INM and
binding to lamins on the inside of the nucleus ; and nesprins embedded in the ONM and binding
to filaments of the cytoskeleton [Tapley, 2013]. Thus, this structure allows for a mechanical
transmission between the cytoskeleton and the nucleus [Lombardi, 2011]. As we’ll see later,
mechanotransduction (process by which external forces are sensed by the cell, transmitted to
the cell interior and converted into a cellular response) can affect the nucleus mechanics as it
can alter gene expression, and induce formation of heterochromatin thus increasing chromatin
rigidity [Stephens, 2019].

1.2.2 Cytoskeleton

The cytoskeleton, as its name hints at, brings structural integrity to the cell. It is composed
of filaments of different polymers (see Fig.1.2a), each of which have their specific organization

and functions.

— Actin : The actin cytoskeleton, an intricate network of actin filaments, is pivotal in cellular
mechanics. It confers shape and maintains mechanical stability through dynamic remode-
ling. Actin-driven processes such as lamellipodia formation, cell adhesion, and contractility
influence cell stiffness, migration, and deformation responses. The mechanical properties of
actin filaments are regulated by crosslinking proteins, motor proteins, and polymerization
dynamics.

The actin filaments are highly dynamics. They are constantly extending as monomers (G-
actin) are incorporated into the polymerous filament (F-actin). Disassembly events brings
the length of filaments down, thus creating an equilibrium [Blanchoin, 2014].

The cell is layered with actin stress fibers that run through the cell (see Fig.1.2b) and
create tension. Anchored below the cellular membrane, the actin cortex brings structural
integrity to the fluid plasma membrane.

Its combination with the molecular motor myosin II allows for cell contractility, as the
two filaments slides upon one another bringing their ends closer upon ATP consumption.
This assembly can generate forces (= 3 pN per myosin molecule [Morris, 2001]), and drive

change in the cell shape. When coordinated at the scale of the cell (sarcomere organization)

4
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Figure 1.2 — organization of the cytoskeleton (a) Main components of the cytoskeleton : actin, microtu-
bules and intermediate filaments. TEM images, scheme of filaments and distribution in the cell (adapted
from [Alberts, 2022]). (b) Actin (red) and microtubules (green) organization in a pulmonary artery en-
dothelial cell. Scale bar = 15 pm (example image from the ImageJ-Programmpaket (public domain)). (¢)
Intermediate filament networks and the cell nucleus. The greater localization of vimentin intermediate
filaments juxtaposed to the nucleus is indicative of a distinct cage. Immunofluorescence image of a HUH7
(liver tumor) cell marked for vimentin (green), actin (red), and DNA (blue). Scale bar = 15 nm (adapted
from [Patteson, 2020]).

and the tissue (muscle cells fibers), this mechanism allows for muscle contraction [Murrell,
2015].
Reconstituted in vitro actin-and-membrane systems display either buckling or wrinkling

upon reduction of the volume, which is characteristic of an elastic network [Kusters, 2019].

— Microtubules : Microtubule filaments, composed of tubulin subunits, form dynamic net-
works. The microtubules network originates from nucleation centers (MTOCs microtubule-
organizing centers), the main one being the centrosome. Microtubules grow from these
centers towards the boundary of the cell. They support the organization of the cell, and
define for instance the shape of axons, cilia and flagella.

They serve as tracks for intracellular transport. Microtubule filaments act as pathways for
proteins motors (such as kinesins, and dyneins) to allow for intracellular cargo transport.
They also play a role in processes like cell division, orienting the chromosomes during

mitosis and pulling cellular components into each daughter cells.

Compared to actin and others filaments, microtubules filaments are large (25 nm diameter),
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hollow but rigid structures. When under cycles of bending and release, microtubule stiffness
decreases incrementally with each 10s cycle. Strikingly, in a process of self-healing, damaged
microtubules were able to incorporate new tubulin dimers into their lattice and recover
their initial stiffness after a 100 s rest [Schaedel, 2015].

— Intermediate Filaments : Intermediate filaments constitute a class of structural pro-
teins contributing significantly to cell mechanics. They impart mechanical resilience and
stability to cells by resisting tensile forces [Bodegraven, 2021]. Keratins (in epithelial cells),
vimentin (in mesenchymal cells), and neurofilaments (in neuronal cells) are examples of
intermediate filaments found in different cell types. Their expression patterns and mecha-
nical contributions vary, affecting cell stiffness and resistance to mechanical stress. Unlike
actin and microtubules which undergo rapid growth and disassembly, the intermediate

filaments are much more stable.

Only present in cells with a mesenchymal phenotype, vimentin has been reported to act as
a "shock absorber", by dissipating energy upon unfolding of the filament structure [Block,
2017]. Tts mechanical response is non-linear and depends strongly on the loading rate :
they are soft during a slow deformation, and stiffen under a fast deformation. Repeated
stretching of the filaments leads to a softening due to irreversible conformations changes,

which doesn’t seem to recover after 1h [Forsting, 2019].

These three main types of filaments interact with each others, as exemplified by the variety
of cytolinker proteins that binds different filaments together in many configurations (sprectra-
plakin, formin, APC, Tau, ... [Dogterom, 2019]. They are responsible for interactions in actin-
microtubules crosslinking, guidance of microtubules by actin bundles, anchoring of microtubules
in the cortical actin network... Similar proteins exists with intermediate filaments : Plectin, for
instance, binds intermediate filaments to actin microtubules, actin filament bundles, and fila-
ments of the motor protein myosin II [Svitkina, 1996]. In reconstituted in vitro system, vimentin
intermediate filaments were able to stabilize microtubules against depolymerization and support

microtubule rescue [Schaedel, 2021].

As we'll see later in more details, the cytoskeleton transmits external forces, from focal
adhesion and cell-cell junctions to the nucleus. these forces are transformed into biomechanical

cues that regulates cell expression (mechanotransduction) [Mathieu, 2019].

1.2.3 Plasma membrane

The plasma cellular membrane, composed of a bilayer of phospholipids embedded with pro-
teins, functions as a semi-permeable barrier. Membrane tension and fluidity impact cell shape
and deformability. Membrane receptors and adhesion proteins play vital roles in mechanotrans-
duction, cell adhesion and migration, among others.

In a mammalian cell, the tension in the membrane is of the order of 10> N/m [Hochmuth,
2000 ; Morris, 2001], which is lower than the tension in the underlying cortical actin network
(~ 107* N/m during interphase, ~ 1072 N/m during mitosis) [Fischer-Friedrich, 2014]. The
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contribution of the membrane to the cell mechanics results mostly from the underlying actin
cortex. The lysis tension (required to break the membrane) is of the order of 1072 N/m [Gauthier,
2012).

The membrane is permeable to water and has dedicated channels to accelerate the transport
of water and other ions. These channels can either be passive (if the transport follows the
concentration gradient) or active (against the gradient), and are affected by membrane tension
[Cox, 2019]. The exchange of water allows to regulate the volume of the cell according to the
"pump and leak" model (equilibrium between osmotic pressure and cell membrane tension)
[Tosteson, 1960].

Cells undergo slow deformation at constant volume, while fast deformation leads to volume
loss [Venkova, 2022], in response of the increase of membrane tension when the rate of deforma-

tion is faster than the relaxation time of the actin cortex and membrane ensemble.

Similarly to the nucleus, the cell membrane presents invaginations, named caveolae, that un-
fold and act as membrane reservoirs upon rapid stretching of the membrane, then reforms upon
stress release [Sinha, 2011]. For instance, the absence of a functional caveola reservoir in myo-
tubes from muscular dystrophic patients enhanced membrane fragility under mechanical stress.
As lymphocytes are deformed within capillary, these reservoirs allow to extend the membrane

surface and prevent rupture [Guillou, 2016a].

1.2.4 Comparison and orders of magnitude

The persistence length, defined as the length over which correlations in the direction of the
tangent are lost, can be used to compare the strength of the different polymers that compose
a cell (DNA, actin, microtubules, intermediate filaments). The typical order of magnitude of
the persistence length is 50 nm for DNA (very flexible), ~ 600 nm for lamins, 15 um for actin
(typically the size of a cell) and a few millimeters for microtubules (much larger than a cell,
microtubules are very stiff and rigid) [Blanchoin, 2014].

The persistence length [, can be expressed using the bending stiffness of the polymer B
through [, = kBLT where kp is the Boltzmann constant and 7T is the temperature. The bending
stiffness itself depends on the Young modulus E and radius r of the polymer filament : B = F %"4.

We can then deduce a measure of the Young modulus :

| 4kpT 1,
oot

E (1.1)

The Young modulus has then been estimated to 300 MPa for the lamins network. F-actin is
2 GPa, and vimentin is 6 MPa, as reported in Tablel.1.
Among the cytosolic filaments, intermediate filaments are the most extensible, while micro-

tubules are the more rigid.
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Filament Persistence length | Radius Young modulus
Chromatin 50 nm 2nm | 300 Pa (metaphase)
Lamins 600 nm 3.5 nm 300 MPa
Vimentin 1 pm 10 nm 6 MPa
F-actin 15 pm 8 nm 2 GPa
Microtubules > 1 mm 25 nm 1.2 GPa

Table 1.1 — Mechanical parameters for different types of filaments in the cell. Values are extracted from
[Gittes, 1993 ; Wen, 2011 ; Blanchoin, 2014 ; Turgay, 2017]

1.3 Experimental approaches to rheological measurements

To access and measure rheological moduli, one should be able to apply a controlled force or
deformation on the object, and to measure the resulting other one. To that aim, several types
of devices have been developed, as presented in Fig.1.3a. Some of these techniques quantify me-
chanical properties at the scale of the whole cell (micropipettes, optical stretcher, microfluidics),

while others focus on the local scale (AFM, optical tweezers, particle tracking microrheology).

1.3.1 Micropipette aspiration

Micropipette aspiration works by gently applying suction to a small section of a cell mem-
brane using a fine glass pipette. This controlled suction causes the cell membrane to deform and
enter the pipette (see Fig.1.3b). The dynamics of this deformation and subsequent relaxation,
once suction is stopped, allows to access the cell’s mechanical properties. These properties include
its elasticity and viscosity. Using low pressure difference and a small tip diameter, micropipettes
aspiration allows to probe the membrane tension only. Increasing the pressure difference, more of
the cell will enter in the pipette and properties of the cytoplasm and/or nucleus will be probed.

This technique has been widely used to study properties of many cell types (see [Xie, 2019]
for a comparison of 8 cancer cell lines). It is for instance appropriate for the measurement of
membrane tension [Hochmuth, 2000] or cell adhesion forces [Hogan, 2015]. This device also allows
to study the properties of the nucleus, either within an intact cell through staining [Booth, 2015],
or on isolated nuclei [Dahl, 2004] to characterize its properties independent of the surrounding
environment. As an example, [Pajerowski, 2007] reported that nuclei in human embryonic stem
cells are highly deformable and stiffen 6-fold through terminal differentiation.

Micropipettes can also be used to hold suspended cells by applying a low suction, which
also to perform rheological measurements (microindentation) by applying forces with a probe
[Husson, 2023].

1.3.2 Optical stretcher and tweezers

Optical stretchers and tweezers rely on the principles of laser light manipulation to trap and
precisely control tiny particles, including cells. By focusing a highly focused laser beam onto a
cell, the refractive forces exerted by the beam trap the cell in three dimensions and deform it (see

Fig.1.3¢c). By focusing on organelles or artificially injected microbeads, the forces can be applied
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Figure 1.3 — Summary of experiments designed to access cells rheological properties (a) Overview of
experimental techniques used to compare the rheological properties of cells at the whole cell scale or
local scale (adapted from [Alibert, 2017]) (b) Micropipette aspiration principle, and human Embryonic
Stem Cells in the device (red : cell membrane, blue : DNA) (adapted from [Pajerowski, 2007]). (c)
Optically induced surface forces lead to trapping and stretching of cells (adapted from [Guck, 2005]) (d)
AFM indentation on adhered and suspended cells (adapted from [Nematbakhsh, 2017]. (e) Real-Time
Deformability Cytometry (adapted from [Otto, 2015]).

on subcompartments of the cells. The trapped cell’s or organelle’s position can be manipulated,
and its response to controlled forces can be measured.

As an example, [Mandal, 2016] were able to map the intracellular mechanics of cells on
micropatterned subsrates, by studying the position of an internalized bead. They were able to
show that the shear modulus decreases from the cell center to the periphery and from the cell
rear to the front along the polarity axis of the micropattern.

Similar technics use magnetic forces to control the displacement of injected microbeads, and
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thus applying forces. Using two mutually attracted magnetic beads, one inside the cell and
the other in the extracellular medium, the cortex can be pinched to provide an accurate and

time-resolved measure of its thickness [Laplaud, 2021].

1.3.3 AFM

Atomic Force Microscopy (AFM) offers a precise and finite control of stresses and deforma-
tions locally applied on the cell. It operates on the principle of a small cantilever armed with a
sharp tip that scans the cell’s surface. As the tip approaches the cell, it experiences forces arising
from interactions with the surface. These forces induce deflections in the cantilever, which are
then used to generate nanoscale-resolution images of the cell’s topography. Moreover, AFM goes
beyond mere imaging as it can quantitatively assess mechanical properties. By applying control-
led forces and measuring the resulting cantilever deflections, AFM can determine parameters
like cell stiffness, elasticity, and adhesion forces.

However, AFM relies on the cell being immobile during the measurement, which is easy with
adherent cells and require more complex geometries with suspended cells (see Fig.1.3d). The
measure obtained depends on the geometry of the tip used on the cantilever, and the depth and
speed of the indentation. Thus, one should carefully choose these parameters in accordance to
the investigated characteristics. For instance, a sharp tip used with a small indentation will probe
only the cell membrane mechanics, while a larger tip with a bigger indentation will mobilize the
bulk of the cell.

Some variants like flat AFM or microplate rheometers allow to apply large uniaxial de-
formations [Hosseini, 2022], and/or to submit cells to more complex patterns of deformations

(sinusoidal solicitation) [Mitrossilis, 2010].

1.3.4 Microfluidics and microsystems

These systems rely on microfabrication technics which allow to design structures at the
micron scale. As the devices that we use in this work belong to this group of microfluidic
systems, we will describe microfluidics and the related devices more thoroughly in a following
section 3.

By designing specific geometries, and using properties of the laminar flow, these devices are
able to exert forces on flowing cells. In deformability cytometry experiments, a rapid narrowing
in a microfluidic channel leads to an increased velocity, and thus increased shear stress, which de-
forms the cells flowing in the narrow channel (see Fig.1.3e). Using different velocities or channels
dimensions will results in different shear stresses being apply to the cells. Alternatively, cells can
be deformed between two opposing flow in cross-slots devices [Guillou, 2016b]. In these kinds of
devices, the suspended cell and its properties are treated as a continuum [Gerum, 2022]. Indeed,
these devices do not allow to decipher the contribution of different parts of the cell. Additionally,
the pattern of forces applied on the object is complex and make the extraction of parameters
difficult.

Microsystems allows to drastically increase the throughput of experiments, either using high

throughput technics (up to 1000 cells analyzed per seconds in deformability cytometry [Otto,
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2015]) or through parallelization and simultaneous characterization of measurements (see [David-

son, 2019] for a parallelized microfluidic implementation of micropipettes aspiration experiment).

1.3.5 Rheological values reported for cells

Several studies have focused on the same cells using different technical approaches. We report
in Tablel.2 a few studies comparing the rheological properties of cell lines of breast tissue : non-
cancerous MCF-10A and cancerous MCF-7 and MDA-MB-231.

Rheological Parameters

Experimfzntal Non-cancerous Cancerous Reference
technic MCF-10A MCF-7 MDA-MB-231
Cell ‘
Micropipettes ‘ E = 0.21 kPa ‘ ‘ [Tabatabaei, 2019] ‘
adherent cells : adherent cells : adherent cells :
E = 0.56 kPa E = 0.43 kPa E = 0.32 kPa
1 = 69 Pas n =50 Pas 1 = 38 Pas [Nematbakhsh, 2017]
AFM suspension cells : | suspension cells :  suspension cells : (Hertz model)
E = 0.21 kPa E = 0.18 kPa E = 0.15 kPa
n = 47 Pa.s n = 29 Pa.s n = 33 Pa.s
_ _ [Omidvar, 2014]
E = 1.04 kPa E=0.62 kPa (Hertz model)
: | OD =105 | OD =214 OD = 33.7 | [Guck, 2005] |
Optical
Stretcher Gy = 3.7 Pa Gy = 1.7 Pa ’ )
and G' = 3.3 Pa G' = 1.7 Pa [Mandal, 2016]
Tweezers G" =14Pa G" = 0.3 Pa (SLL model)
Microsystems El = 12.3 kPa El1= 14.5 kPa El1 = 22.4 kPa [Hu, 2017]
and E2 = 10.0 kPa E2 = 7.0 kPa E2 = 5.9 kPa (Heftz and
Microfluidics | 7 = 1.89 kPa.s n = 1.64 kPa.s n = 2.56 kPa.s Tatara’s model)

Table 1.2 — Comparison of rheological values for breast cancer cell lines MCF-10A (non-cancerous),
MCF-7 (cancerous, lowly metastatic) and MDA-MB-231 cells (cancerous, highly metastatic).

Depending on the experiments, the elasticity moduli reported were in the range of 0.1-
10 kPa, and viscosity in the range of 0.01-10 kPa.s. This illustrates the complexity of rheological

measurements in heterogeneous soft objets such as cells, as discussed below.

Rheological values depend on experimental designs. The wide range of values reported
in Tablel.2 highlights the importance of the choice of parameters (deformation level, loading
rate, etc...) used for the experiments. As the measurements depend of the magnitude the forces,
and how quickly they are applied, one should be careful when interpreting and comparing results,
as reported values may vary up to a 1000 fold [Wu, 2018].

In the microfluidic system presented in [Hu, 2017], deformation levels reached a few micro-
meters (up to 70% of the cell size, likely integrating the properties of the nucleus as well) while

maximal indentation in both AFM experiments were 600 nm. Thus, the elasticity and viscosity
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values reported were an order higher in the microfluidic experiment. Indeed, using micropipette
aspiration on whole cells and isolated nuclei, the nucleus has been reported to be 3-4 times stiffer
than the cytoskeleton and twice as viscous [Guilak, 2000]. Following relaxation of a bead injected
into the cytoplasm of cells, [Mandal, 2016] reported that the shear modulus of the cytoplasm is
of the order 1 Pa, approximately a 100 to 1000 times less than the cytoskeleton and nucleus.
Using the same AFM technic, [Nematbakhsh, 2017] and [Omidvar, 2014] reported slightly
different values (within a factor 2-3), though using cantilever with the same rigidity and inden-
tation with the same speed, maximal force and maximal depth. However, while [Nematbakhsh,
2017] used a microsized-bead (4.5 pm diameter) probe for attached to the tip, in [Omidvar, 2014]
cantilevers were functionalized with cells to probe cell-cell adhesion at the same time as the me-
chanical properties. Similarly, [Li, 2008] reported the dependency of apparent Young moduli
measurements with the loading rate during AFM indentation : Young moduli measured at 1 Hz

were in average twice bigger than when measured at 0.03 Hz.

Cancer cells are softer. In all experiments though, it can be noted that MDA-MB-231 cells
have the lowest elasticity and viscosity of all three lines. Values for MCF-7 are always similar or
lower than the ones for MCF-10A cells. These experiments underline that cancer cells appear
softer and more fluid-like that their non-malignant counterparts.

Using micropipettes aspiration, [Tabatabaei, 2021] reported that MDA-MB-231 cells were
more deformable reaching the equilibrium length faster than MCF-7 cells, though rheological
parameters were not extracted. The same trend was observed in the optical deformability re-
ported in [Guck, 2005], though modelization was too complex to extract rheological parameters
from the experiment.

This trend for reduced elasticity and viscosity in cancer cells compared to their non-malignant
counterparts seems to be a conserved characteristics, and have been reported in other cell lines
from other cancers (colon [Pachenari, 2014], ovarian [Xu, 2012]), and in primary cells (breast
[Plodinec, 2012], thyroid [Prabhune, 2012], oral [Remmerbach, 2009].

However, tumors are highly heterogeneous in their mechanical properties on all scales from
the tissue level down to individual cells. This results in a broad rigidity distribution, from very
stiff cells to cells softer than those found in healthy tissue [Fuhs, 2022].

It is worth noting than nuclei mechanics highly depends on the cell cycle. The nucleus ar-
chitecture that we have described is valid for the G1/S state (meaning in non-dividing cells).
Notably during mitosis chromatin compacts into chromosomes and the nuclear envelope disap-
pears, thus allowing the two copies of the genome to be separated into the two daughter cells.
During this phase (G2/M), the cells are then much softer. In a deformation-based quantification,
cancers cells in G2/M state showed an ~45% reduction in steady-state viscosity and a more than

60% decrease in both transient elasticity and viscosity [Teng, 2018].
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1.4 Impact of mechanics on cell biology

Mechanics is of importance in many biological processes. The cytoskeleton is able to transmit
forces from the exterior of the cell to the nucleus. In a process call mechanotransduction, cells
convert mechanical signals conveyed by the microenvironment into biochemical signals to adapt

their behavior to the environment.

1.4.1 Interaction with the extracellular environment

Thanks to the acto-myosin coupling at the site of focal adhesions, cells are able to sense and
exert forces. In particular, they are sensible to the rigidity of their surrounding environment.
Solid tissues exhibit a range of stiffness in the body. In the brain, a very soft tissue, the Young
modulus E is approximately 0.1-1 kPa, and can reach up to 100 kPa in bones. In muscles, the
ECM reach intermediate values of approximately 10 kPa [Guimaraes, 2020]. It has been shown
that the substrate elasticity is able to direct stem cell lineage specification [Engler, 2006]. Naive
mesenchymal stem cells grown on a soft matrix (0.1-1 kPa) will differentiate into neurons, while
if grown on intermediate (8-17 kPa) or stiff (25-40 kPa) matrix will differentiate into muscle cells
or osteoblasts respectively, the specificity being Myosin II dependent. The transcription factors
YAP and TAZ (mediators of Hippo signaling, powerful regulators of cell proliferation and survi-
val, playing critical roles in organ growth) were identified as nuclear relays of mechanical signals
exerted by ECM rigidity and cell shape [Dupont, 2011]. They are localized in the cytoplasm in
cells experiencing low levels of mechanical signaling, such as in rounded cells attached to a soft
ECM (typically < 1.5 kPa for epithelial cells) ; they are instead nuclear in cells perceiving high
levels of mechanical signaling, such as cells cultured on rigid substrates (typically at > 5-10 kPa)
or experiencing deformation and cytoskeletal tension (for example, cells stretching over an area
of > 3000 um?) [Helvert, 2018]. When adherent cells are detached and unable to sense the rigi-
dity of their environment, the lack of proliferative signal through the Hippo pathway leads them
to apoptosis (anoikis, detachment-induced death).

FElasticity of the extracellular matrix also influences protein expression. For instance, lamin A
levels scaled with tissue elasticity (correlated with levels of collagen in the extracellular matrix)
[Swift, 2013]. Indeed, lamin A/C transcription levels were similar to those of mechanosensitive
proteins (Vinculin, Yapl, and Piezol), thus indicating regulation by both matrix elasticity and
externally imposed tissue strain, while lamin B levels align with and predict regulation by the
cell cycle transcription factor, FOXM1 [Wang, 2022].

Reciprocally, cells are able to modulate the stiffness of their environment, either stiffening
it through production of collagen and other matrix proteins, or softening through expression of
matrix metalloproteinases [Winkler, 2020].

1.4.2 Relevance of mechanics in cancer

It is well accepted that tumor tissues are stiffer than their normal surrounding environ-

ment. Indeed, palpation remains one of the ways to detect tumors. In the mammary gland,

13



Chapter 1. General Introduction

the elastic modulus of the tissues has been showed to increase with tumorigenesis [Levental,
2009]. This observation has been the rationale for the development of elastography in addition
to ultrasonography. Some recent studies have shown the stiffness of the tissue surrounding of
the malignant breast lesions to be higher than that of benign breast lesions [Xiao, 2016 ; Yang,
2020b]. Cancer-associated fibroblasts (CAFs) are the main contributors to ECM stiffness and
degradation [Najafi, 2019]. Extensive remodeling of ECM during cancer progression causes alte-
rations in its density and composition [Gkretsi, 2018]. Cancer cell proliferation, migration, and
invasion as well as angiogenesis are consequences of ECM stiffness and degradation. A stiff or
rigid ECM is for instance capable of stimulating epithelial cell transformation from normal cells
to malignant cancer cells [Katara, 2018].

In their transformed state, cancer cells seems to escape anoikis death, probably linked to
a malfunction in the rigidity-sensing structure at focal adhesions or in the cytoskeletal organi-
zation [Sheetz, 2019]. Indeed, modulating the absence or presence of mechanosensory modules,
cancer cells from different tissues can be toggled between rigidity dependent and independent
growth rate, respectively [Yang, 2020a]. Mechanical stretching of adherent cancer cells inhibited
growth and activated cell apoptosis. However, when rigidity sensing was restored in cancer cells,
they grew better with mechanical stretch, like normal cells [Tijore, 2018]. Thus, the mechanical
differences in transformed cells may make them more sensitive to mechanical damage.

As we’ll see later when we’ll focus on the impact of the blood circulation on cancer cells
(section 2.3), shear stress produced by the flow proves to be harmful for most cancer cells.
However, in the surviving cells, shear stress promote adaptation in the cell phenotype (epithelial

to mesenchymal transition, stemness).

2 Cancer and Metastasis

Having described the typical tools and experiments to address the mechanics of cells, we
considered the cells as passive objects, which they are not. We thus must not forget that the
cells are alive, and thus active objects, which properties may change as the cell adapts.

In this work, we’ll focus particularly on a subset of cells : the cancer cells, for they are
of particular importance as cancer remains among the highest mortality cause in the world.
According to estimates from the World Health Organization (WHO) in 2019 [WHO, 2020],
cancer is the first or second leading cause of death before the age of 70 years in 112 of 183

countries and ranks third or fourth in a further 23 countries.

2.1 Introduction to cancer

Worldwide, an estimated 19.3 million new cancer cases and almost 10.0 million cancer deaths
were reported by the International Agency for Research on Cancer in 2020 (see Fig.1.4a)[Sung,
2021]. Female breast cancer has surpassed lung cancer as the most commonly diagnosed cancer,
with an estimated 2.3 million new cases (11.7%), followed by lung (11.4%), colorectal (10.0%),

prostate (7.3%), and stomach (5.6%) cancers. Lung cancer remained the leading cause of cancer
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Figure 1.4 — Introduction to cancer (a) Distribution of Cases and Deaths for the Top 10 Most Common
Cancers in 2020 [Sung, 2021]. (b) Metastatic dissemination is a non-random process based on biological
and mechanical cues. The anatomical plan and corresponding vascular pathways depict how circulating
tumor cells (CTCs) use blood, as well as the lymphatic circulation (purple arrows), to reach distant
organs, highlighting the common metastatic patterns for colon cancer (blue arrows), breast cancer (red
arrows) and pancreatic cancer (brown arrows). Adapted from [Follain, 2020].

death, with an estimated 1.8 million deaths (18%), followed by colorectal (9.4%), liver (8.3%),
stomach (7.7%), and female breast (6.9%) cancers.

Cancer is characterized by the unregulated proliferation and invasive behavior of abnormal
cells in the body. Cancer can affect any part of the human organism, originating from a variety
of factors, including genetic mutations, epigenetic alterations, exposure to carcinogens (cancer-
causing substances), and lifestyle choices. The hallmark feature of cancer is the ability of these
deviant cells to grow uncontrollably, eventually spreading to nearby tissues and disrupting nor-
mal bodily functions. While the term "cancer" encapsulates a diverse range of individual diseases,
each with its own distinct characteristics and behaviors, they all share the fundamental trait
of unregulated cell growth. This uncontrolled growth can result in the formation of a mass of
cells, referred to as a tumor, which can be categorized as benign (non-cancerous) or malignant
(cancerous) [Hanahan, 2011 ; Hanahan, 2022].

With some exceptions, most tumors are classified into four major groups according to their
origin (epithelial, mesenchymal, hematopoietic, and neuroectodermal). Virtually all cell types
can give rise to cancer, but the most common human cancers are of epithelial origin, the carci-
nomas. Most carcinomas fall into two categories : squamous cell carcinomas arise from epithelia
that form protective cell layers, while adenocarcinomas arise from secretory epithelia [Weinberg,
2014]. Tumors that breach the basement membrane and invade underlying tissue are malignant.
An even further degree of abnormality is metastasis, the seeding of tumor colonies to other sites
in the body. Metastasis requires not only invasiveness but also such newly acquired traits as

motility and adaptation to foreign tissue environments.
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The work presented here was realized using models of breast and colon cancer. We’ll rapidly

describes these two specific cancers here.

2.1.1 Breast cancer

Breast cancer occurs when cells in the breast begin to grow out of control. Many breast
cancers are diagnosed based on a mammogram (specialized x-ray scan), or when a woman or
her doctor finds an abnormal lump in her breast.

Worldwide, breast cancer is the leading type of cancer in women, accounting for 25% of all
cases. Five-year survival rate is between 80-90%, though lower in developing countries.

At diagnosis, breast cancer cells may be found in the breast tissue only, in the axiliary lymph
nodes under the armpit, or in more distant sites in the body. Based on where the cancer is found,
breast cancer is assigned a stage, from I to IV. Stage IV breast cancer, also called metastatic

breast cancer, has spread to a distant place in the body.

— Classification Breast cancer is divided into 3 types based on the presence or absence of

different proteins in the breast cancer cells [Waks, 2019].

— Hormone receptor—positive breast cancer (also referred to as luminal) makes up 70%
of breast cancer cases and has either estrogen receptor (ER) or progesterone receptor
(PR) protein expressed in the cancer cells.

— HER2-positive (also known as ERBB2-positive), characterized by cells displaying a
high level of the HER2 protein due to HER2 gene amplification, makes up 15% to
20% of breast cancer cases

— Triple-negative breast cancer makes up 15% of breast cancer cases and does not have

ER, PR, or HER2 protein expression in the cancer cells.

Luminal tumors have a better prognosis, and are less aggressive than that in triple negative
tumors which have a higher metastatic rate [Kast, 2015]. Identifying a patient cancer stage

and subtype is important as prognosis and treatments differ for each.

— Treatments For patients with stage I to III, usual treatment consists of surgery to re-
move the breast tumor and possibly the whole breast (mastectomy), in combination with
systemic treatments, and possibly radiation therapy to the breast +/- lymph node area.
Hormone receptor—positive breast cancer is best treated with anti-estrogen drugs, while
HER2-positive breast cancer is treated with intravenous antibodies that specifically attack
the abnormal HER?2 protein, both in combination with intravenous chemotherapy. Triple-
negative breast cancer is treated with intravenous chemotherapy [Waks, 2019], and more

recently immunotherapy [Loibl, 2024].

— Risk factors On top of the usual ones (obesity, alcohol, lack of physical exercise, older age
...), other risk factors may include exposition to estrogen (early menarche, late menopause,
late pregnancy or endocrine treatments) and familial history of breast cancer [NCI, 2023].
About 5-10% of all cases are from genetic origin. Among mutated genes that are associated
with breast cancer, BRCA1 and BRCA2 are the predominant. These genes belong to a
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class of tumor suppressors, expressed in the breast and other tissues where they help DNA

repair or cells death if DNA cannot be repaired.

— Models Several models of cells are available from commercial cell lines, to patients derived
primary xenografts.
Among cell lines, some of them are widely used in laboratories including MCF-7, MDA-
MB-231, MDA-MB-468... In this study we choose to focus on three cell lines : MCF-7,
SK-BR-3 and MDA-MB-231. Each of these lines present markers that represent the three
main types of breast cancer : MCF-7 present receptors for estrogen (ER) and progesterone
(PR), SK-BR-3 are positive for HER2, and MDA-MB-231 present none of these markers
(triple negative) [Dai, 2017].
Though cell lines provide unlimited homogenous materials for tumor studies and are re-
latively easy to culture, they are known to accumulate mutations during the initial es-
tablishment and subsequent series of cultivations. Thus, whether breast cancer cell line
heterogeneity reflects that of carcinoma remains an important issue to resolve before dra-
wing any reliable conclusion at the tumor level using cell lines. In that regard, more ela-
borate models can be used, including patient derived xenografts (resected human tumors
engrafted into mice). These models allow to better conserve the original human tumor
characteristics [Woo, 2021].

2.1.2 Colon cancer

Colon (or colorectal cancer) is the development of cancer from the colon or rectum (parts of
the large bowel). It affects both men and women equally, and represent approximately 10% of
all cases. More than 1.9 million new colorectal cancer (including anus) cases and 935’000 deaths
were estimated to occur in 2020, representing about one in 10 cancer cases and deaths. Overall,
colorectal ranks third in terms of incidence, but second in terms of mortality [Morgan, 2023].

It can be detected through colonoscopy, possibly coupled with medical imaging to determine

if the disease has spread.

— Pathogenesis Colon cancer exemplifies stepwise progression as it develops initially as
a benign precursor lesion from the epithelial cells lining the colon or rectum, which can
progress to an invasive lesion with the capacity to metastasize. The lesion arises from
an intestinal clonogenic precursor cell (crypt base stem cell) through the accumulation of
multiple genetic abnormalities, most notably in the Wnt pathway (inactivating mutations
of APC, activating mutations of KRAS, and subsequent mutations of TP53 and of genes
in the TGF-3 pathway) which confer invasive and metastatic capacity [Tabibzadeh, 2020].
The Wnt signaling pathway normally plays an important role for normal function of these

cells, as the intestinal epithelium is the most rapidly self-renewing tissue in adult mammals.

— Risk factors Most colon cancers are due to old age and lifestyle factors, with only a small
number of cases due to underlying genetic disorders. Risk factors include diet, obesity,

smoking, and lack of physical activity, dietary factors (red meat, processed meat, alcohol)
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or some inflammatory bowel diseases (includes Crohn’s disease, ulcerative colitis) [Stewart,
2014].

— Treatments At an early stage, colon cancer may be removed through surgery, with pos-
sible resection of parts of the intestinal tracts. If there are only a few metastases in the
liver or lungs, these may also be removed. Chemotherapy, radiotherapy and immunothe-

rapy may come in combination with surgery.

— Models Similarly to breast cancer, commercially available cells lines originating from
colon cancer exists : Caco-2, HT-29, SW-620... In this work, we’ll use HT-29 and SW-620s
as models of primary and metastatic tumors respectively. HT-29 originates from a primary

tumor, while SW-620s was isolated in a lymph node metastasis [Ahmed, 2013].

What makes these diseases even more deadly is the fact they can metastasize. Primary
tumors can be reasonably well treated and removed surgically as long as they remain localized.
However, it is much more difficult once it has spread through the body. Metastatic potential
varies between cancers, and within each cancer subtypes. For instance, metastasis incidence
is more common in patients with a triple negative breast cancer than the other two subtypes
[Zagami, 2022]. Additionally, metastasis establish preferentially in different organs depending
on the type of cancer. Where breast cancer can give rise to lymph node, bone, liver, lungs and
brain metastasis [Harbeck, 2019], colon cancer preferentially extends to lymph node and liver
metastasis (see Fig.1.4b) [Follain, 2020]. These preferences may arise from cell markers affinity
[Ganesh, 2021], and/or topological cues : the lymphatic system locally drains tissues, while the

portal vein drains blood from the gastrointestinal tract to the liver.

The "seed and soil" hypothesis in cancer metastasis was proposed by British surgeon Stephen
Paget in 1889. Paget’s hypothesis suggests that just as a seed (the cancer cell, or "the seed") needs
a fertile environment (the tissue, or "the soil") to grow, certain cancer cells have a predilection for
specific target organs or tissues when they metastasize [Paget, 1889]. This hypothesis highlights
the non-random nature of cancer metastasis and the role of the microenvironment in facilitating

the colonization of secondary sites by metastatic cancer cells.

We will then focus on the metastatic process.

2.2 The metastatic cascade

As primary tumor gets better treated, metastasis (the development of secondary tumors in
distant organs) amount to approximately 90% of cancer-related deaths [Chaffer, 2011].

Metastasis is a complex multi-step process, in which cancer cell will escape the primary
tumor, migrate through the surrounding tissue, invade a blood or lymph vessel (intravasation)
where it will circulate for a certain amount of time before escaping (extravasation) and colonizing
a distant organ, thus giving rise to a secondary tumor [Fidler, 2003 ; Lambert, 2017]. In all of
these steps, the cancer cell experiences different levels of stresses and confinement. We’ll rapidly
describe these different steps, then we’ll focus on the passage in the blood circulation that this

present work addresses.
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Figure 1.5 — The metastatic cascade - (a) The different metastatic cascade steps : (1)tumor growth,
(2) intravasation of cancer cells into the circulation, (3) survival in the blood circulation as CTCs, (4)
extravasation at distant sites, and (5) subsequent organ colonization (adapted from [Kurma, 2023]). (b)
tumor cell adaptations and interactions within the microcirculation. Cancer cells escape from primary
tumors and are shed into the circulation, where they eventually arrest in capillary beds. Inset : Transit
through the microcirculation alters CTC behaviors. Cell deformation due to biomechanical forces (FSS,
constrictions) may induce phenotypic changes on CTCs, such as adaptations in cellular stiffness. Moreover,
interactions of CTCs with immune cells, endothelium and platelets also take place, leading to stable
arrest (platelets, neutrophils), extravasation (neutrophils) and colonization (monocytes and neutrophils)
(adapted from [Varotsos Vrynas, 2021]).

2.2.1 Tumor growth

As cancer cells undergo uncontrolled proliferation during the initial tumor growth, a favorable
microenvironment is created through neovascularization, inflammatory-like immune response,
and extracellular matrix remodeling. Some cells may undergo changes and acquire stem-cell
features (self-renewing) during a process called epithelial-to-mesenchymal transition (EMT),
that we’ll detail in a later section 2.2.5.

However, cells in the tumor will still experience high levels of confinement resulting from
tumor expansion, and hypoxia as the tumors expands faster than new vessels. Confinement can
induce DNA damages mediated by ruptures in the nuclear envelope, which in turn is able to
promote tumor cell invasion [Nader, 2021b] As the cells acquire migratory characteristics, they

are then able to escape the primary tumor and migrate through tissues.

2.2.2 Migration and Intravasation

The mechanisms that individual cells, including non-malignant ones such as immune cells,
use to migrate can be divided into two distinct types, known as mesenchymal migration and
amoeboid migration. Cells migrating in a mesenchymal fashion typically adopt an elongated,
spindle-like shape and exert traction on their substrates via focal adhesions associated with actin
rich protrusions, such as lamellipodia or filopodia [Abercrombie, 1980]. In contrast, cells under-

going amoeboid migration adopt round or irregular shapes. They undergo cycles of expansion
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and contraction, which allow them to squeeze through gaps in the extracellular matrix. The velo-
city of amoeboid migration is often higher than that of mesenchymal migration [Parnkovd, 2010].
This free migration can be guided by chemical gradients (chemotaxis) or mechanical gradients
(durotaxis).

The gain in migratory properties also allows cells to cross the endothelial barrier and enter
the blood of lymph circulation, referred to as intravasation. Intravital microscopy studies have
shown that cancer cells generate protrusions (invadopodia) that are first aligned along endothelial
cell—cell junctions through contact guidance, and then inserted in between endothelial cells [Roh-
Johnson, 2014]. Interestingly, the protrusions formation is enhanced upon physical contact with
macrophages. Both single cells and clusters of cancer cells together with partnering cells from the
microenvironment can intravasate into blood [Aceto, 2014]. Intrinsic properties of cancer cells
(genetic mutations, gene expression, metabolism ...), signals from the tumor microenvironment
(interaction with immune cells, pericytes), and mechanical cues (tissue stiffness, interstitial fluid

pressure) have been hypothesized to promote intravasation [Sznurkowska, 2022].

2.2.3 Passage in the blood circulation

Once in the blood circulation, cancer cells are exposed to very harsh conditions, including
high shear stress and deformations, due to the flow and topology of the capillaries [Follain, 2020].
These stresses and deformation are harmful for the cancer cells of epithelial origin. A majority of
the cells entering the blood circulation will die from exposition to the stresses. However, a small
fraction of these cells survives, and may give rise to metastasis [Weiss, 1990]. This metastatic
inefficiency has been characterized very early by Zeidman in 1950 who observed that only tens
of lung tumors resulted from > 10° cancer cells injected intravenously [Zeidman, 1950]

This deleterious effect on cancer cells has been observed in vivo, following radioactive marked
melanoma tumor cells, [Fidler, 1970] reported that only 1% of cells survived 24h after intravenous
injection in immunodeficient mice. However, these few remaining cells were sufficient to establish

metastasis proliferation.

The causes of CTCs deaths are still unclear. Hypothesized destructive mechanisms include
anoikis (programmed cell death due to detachment), though cancer cells often have some in-
trinsic resistance to this [Sheetz, 2019], exposure to immune system-mediated destruction when
separated from the immune privileged microenvironment of the primary tumor [Labelle, 2012],
and mechanical destruction due to hemodynamic forces including deformation in the microvas-
culature [Weiss, 1985].

Thus, the outcome for cancer cells becomes either death or escape the circulation. It has also

been reported than cells can enter a dormancy state [Luzzi, 1998].

Then comes the question of how long does a cancer cell remain circulating in the blood
circulation, before stopping, dying or extravasating. In vivo, CTCs half-life have been estimated
to the order of an hour. [Meng, 2004] reported a half-life of 1 to 2.4 h in patients whose primary
breast cancer was just removed while searching for CD45~ CK™ cells. [Stott, 2010] reported
a short (< 24 h) half-life for CTCs post surgical removal of the primary tumor in 6 out of 8
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prostate cancer patients, while the remaining 2 patient presented persistent CTCs for up to 3
months. [Aceto, 2014] reported that clusters of CTCs are cleared faster from the blood circulation
(6-10 min) compared to single CTCs (25-30 min) following injection in immunosuppressed mice,

as these clusters are more likely to be trapped in small capillaries.

As CTCs navigate the circulation, biomechanical forces and blood cell-CTC interactions
play a crucial role in shaping CTCs during their transit through capillaries [Varotsos Vrynas,
2021]. Biomechanical adaptations, facilitated by the activation of the RhoA-ROCK pathway,
allow tumor cells to withstand frictional forces and survive hemodynamic forces, promoting
metastasis. Additionally, platelets contribute to the protection and facilitation of metastasis by
forming heterotypic aggregates with CTCs. Neutrophils also enhance the metastatic ability of
tumor cells and promote their proliferative ability.

As cells can remain stuck in the blood microcirculation, it is unclear what is the proportion
of free cells moving through the capillaries during transit in the blood circulation. Thus, cells
could spend most of the time trapped, and exposition to fluid shear stress could be very short
(a few seconds) [Krog, 2018].

We’ll focus more on the description of the blood circulation, its topology and stresses in a

later section 2.3.

2.2.4 Extravasation

In order to escape the blood circulation, CTCs have to interact with and attach to the
endothelial cells of the vessel, either through cell arrest in constrictions, or through interaction
with the endothelial wall under favorable flow patterns.

Using the zebrafish embryo, [Follain, 2018] show that arrest of CTCs occurs in vessels with
favorable flow profiles where flow forces control the adhesion efficacy of CTCs to the endothelium.
They identified a threshold of hemodynamic profiles (mean velocity in the range 400-600 pm/s)
that participates in the stable arrest of CTCs in permissive vascular regions. These permissive
flow profiles promote the formation of transient protrusions, establishing integrin-dependent
adhesion of CTCs to the endothelium. This fast and weak adhesion is then quickly stabilized to

reach adhesion forces exceeding the shear forces generated by such permissive flow values.

Even if the cells manage to extravasate and form micrometastasis, these do not necessarily
develop to form macroscopic metastases. Indeed [Luzzi, 1998] reported only 0.02% of melanoma
cells injected intraportally in mice livers gave rise to macroscopic metastasis after 13 days, while
after day 3 more than 80% of the cells had extravasated. In this study, only 10% of the injected
cells died within the microcirculation. Similar results were found following injection in the lung
of mice, where 74% of cells managed to extravasate after 3 days but only a small proportion

started to form metastasis [Cameron, 2000].
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2.2.5 Epithelial to mesenchymal transition (EMT)

Cancer cells are able to adapt to the environmental changes encountered during the different
steps of the metastatic cascade through a process called the Epithelial to mesenchymal transition
(EMT). It characterizes the cells change in phenotype from epithelial (from a tissue, typically
adherent) to mesenchymal (similar to immune cells, ability to migrate). It also contributes to
cell growth, cell survival, and the reemergence of stem cell characteristics [Thiery, 2009].

EMT is characterized by a loss of polarity and cell-cell adhesion and a gain of migratory
and invasive properties. Loss of E-cadherin (cell-cell junction) is considered to be a fundamental
event in EMT. Cellular mechanics is also affected as EMT influences actin cortex regulation.
Additionally, transition from keratin filaments (epithelial phenotype) to vimentin (mesenchymal)
guides transformation to motile cells [Lorenz, 2019].

Studies have shown that EMT can be induced through many transcription factors (SNAI1/2,
ZEB1/2, Twist, ...) and signaling pathways (TGF-3, Wnt, Notch). EMT can also be induced in

response to hypoxia, which is characteristic of tumor environments [Zhang, 2013].

Microfluidic approaches were able to show that flow forces increase the EMT of tumor cells
and favor their motility and aggressiveness [Rizvi, 2013]. Changes in the morphological, genetic,
and protein profiles of biomarkers associated with aggressive disease were evaluated in ova-
rian cancer 3D cultures grown under controlled and continuous laminar flow. A modulation of
biomarker expression and tumor morphology consistent with increased epithelial-mesenchymal
transition, a critical step in metastatic progression and an indicator of aggressive disease, is
observed because of hydrodynamic forces. Similar effect was observed in breast MDA-MB-221
cell lines where EMT genes overexpression was induced in response to flow-induced deformation

in a microfluidic device [Ahmad-Cognart, 2020].

2.3 Focus on the blood circulation

In a cylindrical blood vessel, the pattern of velocity u is given by the Poisson flow : velocity

is maximal at the center (r = 0) and zero at the walls (r = d/2) of the vessel : u(r) = Umaz(1 —

2r)2) " As the velocity decreases from the center to the walls, it creates a gradient between fluid
d
layers of different radial coordinate, namely the shear rate v(r) = 815@\ = umam%. The shear

stress 7 is the product of the shear rate v by the viscosity p of the fluid 7(r) = p7y(r). The shear

stress is homogeneous with a force per unit area, and is traditionally expressed in dyn/cm? (even

though the corresponding unit in the international system is the Pa : 1 Pa = 10 dyn/cm?).
The viscosity of blood is about 4 centipoise (cP), which is considerably greater than the

viscosity of water (0.7 cP at 37 °C), primarily owing to the presence of red blood cells.

2.3.1 Topology

During their journey in the blood circulation, CTCs experience a huge variety of hemodyna-
mic conditions. Typical values are given in Tablel.3. In the heart and the aorta, the velocity is
very high (around 1m/s), thus giving rise to high shear stress. As the diameters of the vessels de-

creases (arteries and veins), the velocity and shear stress decreases as well. In the capillary bed,
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Figure 1.6 — Stresses and Deformations in the blood circulation - (a) Representation of different he-
modynamic forces encountered by CTCs. Fluid shear stress (FSS) can be calculated under conditions of
Poiseuille flow where the maximum is at the vessel wall and the minimum is at the vessel axis (adapted
from [Krog, 2018]). (b) Shear stress values in various vessels (adapted from [Papaioannou, 2005])

System Radius Fluid Velocity Shear stress Reynolds number
Interstitial fluid 0.001-0.004 mm/s | 0.1-1 dyn/cm? 0.00005-0.0002
Lymphatic system | 15-75 pwm 0.02-1 mm/s 0.64-12 dyn/cm? 0.000033-0.002
Arteries 0.1-5 mm 100-500 mm/s 4-30 dyn/cm? 1-5000
Veins 0.2-1 mm 1-200 mm/s 1-4 dyn/cm? 0.006-100
Capillaries 5-20 um 0.01-1.5 mm/s 10-20 dyn/cm? 0.003-0.004

Table 1.3 — Key features of different fluid systems involved in cancer cell transport (Velocity, shear
stress and Reynolds values reproduced from [Follain, 2020])

velocity is small (from 0.01 to 1.5 mm/s). However, as the diameters of capillaries as extremely
small as well, the shear stress increases again (10-20 dyn/cm?, see Fig.1.6).
The blood flow, driven by contractions of the heart, is thus pulsatile. It can be turbulent in the

heart and arteries, whereas it is mostly laminar in veins and capillaries. This is characterized by
puL

the Reynolds number Re = &=, where p is the density, u is the flow velocity, L the characteristic
length of the vessel and p the dynamic viscosity of the system. Re greater than 2000 suggests
transition to turbulent flow, while Re is less than one within the microcirculation where viscous

forces dominate.

In the capillary bed, vessels are relatively simple, composed only of a layer of endothelial
cells that allow for exchange with the tissue. Vessel diameters are small (typically a few microns
[Miiller, 2008 ; MacDonald, 1995]) and present branching and constrictions (down to 3-4 pm,
see Fig.1.7a) These constrictions induce strong deformations on cells (see intravital imaging
Fig.1.7b) and their nuclei, which modify various cell properties and behaviors (through me-
chanotransduction or damages, see Fig.1.7c) and may contribute to CTCs arrest in the blood
circulation.

It is worth noting than red blood cells (RBCs) and leukocytes have relatively small diameters
(6-8 um for RBCs, 6-7 um for lymphocytes, 12-15 um for neutrophils for instance) and are
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Figure 1.7 — Stresses and Deformations in the blood circulation - (a) Scanning electron micrograph
of corrosion cast showing capillaries in exocrine pancreas of mouse. Arrows denote several prominent
constrictions (adapted from [MacDonald, 1995]). (b) Intravital videomicroscopic view of a B16F1 mela-
noma cell (*) arrested due to size restriction within a sinusoid (S) of mouse liver, shown 45 minutes after
injection. Blood flow is blocked (—) in the region immediately downstream from the cell (adapted from
[Luzzi, 1998]). (c) Circulating tumor cell (CTC) encountering a capillary constriction and the possible
adaptations that may increase its metastatic potential (adapted from [Perea Paizal, 2021]).

highly deformable [Shaw Bagnall, 2015]. Their small size helps navigate the microcirculation,

RBCs for instance cross capillaries in seconds, ~ 300 times faster than leukocytes [Chien, 1987].

2.3.2 Cells in the circulation

Fluid shear stress reduce cancer cells viability. Though malignant cells appear to resist
short high shear stress (> 600 dyn/cm?) pulses better compared to non-transformed epithelial
cells [Barnes, 2012], prolonged exposition to high shear stress still remains deleterious to cancer
cells.

Indeed, in an 4n vitro circulation device, high shear stress (60 dyn/cm?, comparable to those
induced by an intensive exercise) caused necrosis in over 90% of MDA-MB-231 cells within the

first 4 h of circulation in suspension, while low shear stress (15 dyn/cm?, resting state) had low
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impact [Regmi, 2017]. More importantly, the cancer cells that survived the first 4 h of circulation

underwent apoptosis during 16-24 h of post-circulation incubation.

Stress induce EMT and promote stemness. In a parallel plate experiment, fluid shear

stress on the order of 10 dyn/cm?

promoted EMT (upregulation of Vimentin and Snail, both
at the gene and protein expression levels) and adhesion of breast cancer cells to an endothelial
monolayer [Fuh, 2021]. Upregulation of EMT was more pronounced in MDA-MB-231 and MCF-
7 compared to SK-BR-3 cell lines. Up regulation of cell motility and cell-cell adhesion was more
pronounced in MDA-MB-231 cells than MCF-7 and SK-BR-3.

HeLa cells cultured under different shear stress levels showed increased cell proliferation with
medium to low FSS (10 to 100 mPa), whereas high shear (1 Pa) had a suppressing effect, along
with increase in stemness-related gene (Sox2, N-cadherin) expression in a magnitude-dependent

manner [Dash, 2022].

2.4 Liquid biopsy

Liquid biopsy consists in using blood samples to look for tumor markers. In blood targets are
CTCs, but also their subproducts, namely ctDNA (circulating tumor DNA), EVs (Extracellular

Vesicles) and proteins.

2.4.1 CTCs & ctDNA

The first description of CTCs by Thomas Ashworth dates back to 1869 [Ashworth, 1869].
Since then, this specific subset of cancer cells has been thoroughly described and studied by
many [Bidard, 2016 ; Keller, 2019].

Accessing these markers remains complicated due to the low number of CTCs and small
amount of ctDNA in circulation [Pantel, 2019].

Circulating cell-free DNA in blood plasma is highly fragmented DNA mainly derived from
apoptotic cells. The total amount of ctDNA might be <0.01% of the total circulating DNA
concentration. Detection technics include targeted DNA sequencing (relies on the knowledge of
a single mutation to be targeted) or non-targeted sequencing (genome-wide analysis, but less
sensitive). Apart from detection, interest in these tumor subproducts (ctDNA, EVs) exists as

they may transfer information and signals between cells.

2.4.2 CTCs capture devices

The isolation and capture of CTCs in the blood can be done in a variety of ways, that can be
summarized in two categories : label-dependent and label-independent methods [Kumar, 2022]
(see Fig.1.8). Several commercially available devices have been developed to detect and isolate

CTCs from blood samples.
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Figure 1.8 — Schematic representation of the CTCs isolation and detection techniques, (a) various
mechanisms for the isolation/detection; (b) overview of different steps and their associated techniques
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through CellSearch (adapted from [Riethdorf, 2007]). (d) Diagram of a Parsortix GEN3 Cell Separation
Cassette showing how the blood flows into the cassette, over the step structures and through the critical

gap (adapted from [Miller, 2018]).
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Label dependent methods for positive CTC isolation depend on specific CTC cell sur-
face markers, such as EpCAM, EGFR, HER2, etc. Conversely negative selection include CD45

(leukocytes) and CD66b (granulocytes).

The antibodies can be coupled to magnetic nanoparticles to allow for magnetic sorting, as it
is the case for the CellSearch® system (Menarini Silicon Biosystems), the first FDA-approved
CTCs isolation product and considered as the gold standard method of CTCs isolation. It is
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intended for enumeration of CTCs of epithelial origin (characterized as CD45-; EpCAM+, and
cytokeratins 8, 184, and/or 19+) in whole blood (see Fig.1.8¢c) [Riethdorf, 2007].

Other methods target interaction between the CTC and ligand-tagged surfaces of microfluidic
channels and their adhesion to them through lateral passive rolling to capture the CTC [Choi,
2014].

However, these methods yield may vary a lot as expression levels of the target markers may
vary. For instance, some CTCs display low levels of EpCAM and are thus hard to detect in the
CellSearch system [Andree, 2016].

Label independent methods rely on specific physical properties of CTCs to capture them,
for instance larger cell size or enhanced mechanical plasticity of CTCs compared to normal blood
cells.

Several devices employ high flux membrane (microsieve technology), pillars, cross flow to
achieve mechanical filtration of larger CTCs. As larger objects also exert higher inertial forces,
microfluidics can be used to separate cells of different size. The same is true with electrokinetics
or acoustophoresis whose applied forces vary with the size of the object, thus allowing separation.

Parsortix® (ANGLE plc) is a recently FDA-approved microfluidic devices that captures
CTCs based on their less deformable nature and larger size compared to other blood cells. The
cells are flown through separation structure laid out in a “step” configuration yielding a final
“critical gap” where the cells are captured (see Fig.1.8d) [Miller, 2018]. As a result, cells of
interest are preferentially captured based on their size and resistance to compression.

However, size and mechanical properties may be heterogeneous within a CTC population,

or may be too similar to the ones of blood cells to allow for separation.

2.4.3 Clinical relevance

CTCs have been detected in the blood already at early stages of tumor developments.

The presence of CTCs in the blood was shown to be a marker of poor prognosis in many
studies. The presence of > 5 CTCs per 7.5 mL of whole blood in patients with metastatic breast
cancer was an independent predictor of shorter median progression-free survival (2.7 months
vs. 7.0 months) and shorter overall survival (10.1 months vs. > 18 months) [Cristofanilli, 2004].
Similarly in metastatic colon cancer, a meta-analysis including 11 studies (n = 1847 patients)
showed that an elevated CellSearch based baseline CTC count (using various cutoffs ranging
from 1 to 5 CTCs/7.5 mL) was a strong and independent prognostic factor for progression-
free survival and overall survival [Huang, 2015]. The presence of CTCs in the circulation after
treatment can be a sign of minimal residual disease [Pantel, 2019].

Utility of CTCs into treatments decision are discussed in two major axes : either treat-
ment based on CTCs count or CTCs variations; or based on the molecular characteristics of
CTCs [Vasseur, 2021]. Current clinical trials demonstrated that the inclusion of CTCs count
in therapy choice would help improve treatment. For instance, CTC count was shown to be a
reliable biomarker method for guiding the choice between chemotherapy and endocrine therapy

as the first-line treatment in ER metastatic breast cancer [Bidard, 2021]. In a phase II study
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on metastatic colon cancer, [Krebs, 2015] found that patients with a high baseline CTC count
(>3 CTCs/7.5 mL) could benefit from an intensive chemotherapy regime (four drugs), unlike
patients with low CTC counts.

However, in metastatic breast cancer, clinical practice guidelines still currently do not re-
commend the use of CTCs for treatment decisions [Van Poznak, 2015], while results from several
CTC-based interventional clinical trials are still pending.

With that in mind, these cells may prove relevant object of analysis in the study of metastasis
[Cayrefourcq, 2015 ; Koch, 2020].

3 Microsystems and microfluidics

3.1 General knowledge
3.1.1 History

Microfluidics is undergoing fast development over the last 20 years. Similarly to microelectro-
nics which controls electrical current at the microscale, microfluidics allows for control of fluids
at the micrometer scale [Whitesides, 2006]. The first applications of microfluidic technologies
have been in analysis, for which they offer a number of useful capabilities : the ability to use
very small quantities of samples and reagents (femto to nanoliters), and to carry out separations
and detections with high resolution and sensitivity ; low cost ; short times for analysis ; and small
footprints for the analytical devices. Microfluidics exploits both its most obvious characteristic
— small size — and less obvious characteristics of fluids in microchannels, such as laminar flow.

This expansion has been made possible by the generalization of microfabrication, including
the introduction of soft-lithography by the group of Whitesides in 1998 [Xia, 1998] : this tech-
nique has enabled simplified fabrication, and fast prototyping of elastomer-based, transparent
and biocompatible microfluidic devices. The gold standard material used in microfluidic chips
is PDMS (polydimethylsiloxane). PDMS is an optically transparent, gaz permeable, biocompa-
tible, soft elastomer (Young modulus ~2 MPa). Its ease of use contributed to the explosion of

microfluidics.

3.1.2 Theory

In fluid mechanics, the velocity field u of an incompressible fluid is given by the Navier-Stokes

equation :

%tl-{-(u : V)u:—;Vp+1/V2u+f

V- -u=0

where u represents the velocity vector field, ¢ is the time variable, p the pressure, p the fluid
volumic mass, v its kinematic viscosity (v = % with p the dynamic viscosity). f represents

external body forces, such as gravity.
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In this equation, the term (u - V)u represents inertial forces, while ¥V?u represents vis-
cous forces. We introduce the Reynolds number Re = %, where p is the fluid density, p its
dynamic viscosity, U is the characteristic velocity, L is a characteristic length of the system.
The Reynolds number can be seen as the magnitude ratio of inertial over viscous forces. In the
case of microfluidics, the magnitude of L and U is small enough so that Re << 1, thus inertial
forces can be neglected. Similarly, gravity can be neglected as well, and in absence of any other
external forces, the equation then becomes :

%—l; = —;Vp + vV

In the stationary regime (%—‘t‘ = 0), we obtain the simplified form of the equation :

1
vViu=-Vp
p

The flow described by this equation, also referred to as Stokes flow, is laminar (smooth and
orderly fluid motion characterized by parallel layers of fluid moving in the same direction).

Oppositely, in the regime of high Reynolds number (Re > 2300), the flow is turbulent.

3.2 Microfluidics in biology

The development of microfluidics has contributed to huge progresses in the domain of biology.

Microfluidics in now part of many standard experiments.

3.2.1 Droplets microfluidics

Droplet microfluidics enables the manipulation of micro-droplets of a volume ranging from
femto to microliter in an immiscible phase. The phase constituting the droplets and the one
surrounding them are respectively referred to as “dispersed” and “continuous” phases. Although
both water-in-oil and oil-in-water droplets can be generated, most applications involve water-
based droplets in an immiscible carrier oil, in a way that each droplet can be considered as
a small reactor in which controlled reactions can occur. Offering the possibility to manipulate
extremely small volumes of fluid, droplet microfluidics has emerged as a powerful tool for high

throughput bioanalytical experiments such as drug screening or single-cell analysis.

3.2.2 NGS, FACS

From the first genome sequencing of a bacteriophage by F.Sanger and others in 1977 [San-
ger, 1977], to the Human Genome Project who mapped the entire human genome in a ten-years
worldwide effort [Lander, 2001], sequencing in the past have proved to be a long, expensive and
complicate work. The development of microfluidics allowed for the emergence of next-generation
sequencing (NGS) techniques in the mid-2000s, more cost-effective and high-throughput me-
thods which resulted in significantly lowered costs and expedited sequencing. Currently, the

gold standard in genome sequencing is a combination of long-read sequencing (e.g., PacBio or
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Nanopore) and short-read sequencing (e.g., Illumina) [Slatko, 2018].

The use of droplets microfluidics has allowed to compartimentalize individual cells into dro-
plets, thus allowing the analysis of each of them individually. One of the pivotal applications
of droplet-based single-cell analysis is single-cell RNA sequencing (scRNA-seq)[Jiang, 2023].
Here, each droplet serves as a miniature reaction vessel for cell lysis, reverse transcription, and
cDNA amplification. This methodology allows for the simultaneous profiling of thousands of
individual cells, thereby elucidating cellular heterogeneity within tissues and biological systems.
Beyond transcriptomics, droplet microfluidics has been applied to single-cell proteomics and
epigenomics. By integrating various analytical modules within a microfluidic chip, researchers
can perform multi-omic analyses on single cells, unraveling the intricate connections between

genomic, epigenomic, and proteomic information at the single-cell level.

3.2.3 Organ-on-chips
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Figure 1.9 — Tumor-on-Chip models (a) A 3D model of cancer cell migration on a microfluidic platform.
A multistep process was followed to incorporate collagen, endothelial cells (green), and cancer cells (red)
into the target channels. (adapted from [Azadi, 2021]). (b) Human Orthotopic Lung Canceron-a-Chip
Models. 2-channel microfluidic chip containing human lung epithelial cells and a low density of NSCLC
tumor cells cultured on the upper surface of a porous ECM-coated membrane (brackets) with human lung
microvascular endothelial cells cultured on all four walls of the lower channel, forming a hollow vascular
lumen. Scale bar = 200pm (adapted from [Hassell, 2017]).

Microfabrication and microfluidics opened new perspectives to recapitulate organs architec-
ture with organs-on-chip (OOC). They allow to better reproduce 3D organization of organs
which cannot be achieved with conventional 2D cell culture, while still being simpler and more
accessible than in vivo animal models.

OOC are an integration between 3D tissue engineering with microfluidic systems. These
platforms raise hopes for the study of drug delivery and drug screening, and for the development
of controlled environments for cell culture, including the development of a complex model of

organs with organoids and spheroids, and the growth of self-organizing stem cells in a controlled
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environment with a high temporal and spatial resolution. In this way, OOC can be considered
as an alternative or complement to animal models [Verhulsel, 2014].

The first organ-on-chip was developed in 2010 in the team of D.E. Ingber (Wyss Institute,
Boston, USA) : a breathing lung-on-chip device to reconstitute an alveolar-capillary interface
[Huh, 2010]. Many models of many organs have been developed on chips since, and the bridge
to a human-on-chip model will soon be crossed. Among these, we’ll focus on a subset which aim
at reproducing the tumor microenvironment, namely tumors-on-chip (TOC) [Bouquerel, 2023].
The main challenge of these devices is to integrate in vivo-like extracellular matrix composition
(collagen and other proteins) and stiffness [Azadi, 2021], multi-cellular constructs (including
endothelial cells, fibroblasts, immune cells) [Bersini, 2014] and hypoxia [Bouquerel, 2022], among

other characteristics to increase the biomimicry of these reconstituted systems.

In a 3D microenvironment model containing cancer cells, endothelial cells, and the biological
matrix, the extravasation of tumor cells was studied, focussing on the effect of substrate stiffness
on the invasion ability of breast cancer cells (see Fig.1.9a) [Azadi, 2021]. MCF-7 and MDA-MB-
231 cancer cells were cultured among substrates with different stiffness, and showed reduced
invasion in softened substrates.

By introducing mechanical stimulation, the interaction of a tumor with an endothelium bar-
rier was reproduced in a human orthotopic models of non-small-cell lung cancer (NSCLC) that
recapitulate organ microenvironment-specific cancer growth, tumor dormancy, and responses to
therapy observed in human patients in vivo (see Fig.1.9b) [Hassell, 2017]. The use of mechanical
actuation functionalities revealed a previously unknown sensitivity of lung cancer cell growth,

invasion, and therapeutic responses to physical cues associated with breathing motions.

3.3 The study of cell mechanics in microfluidics

In the body, cells can be exposed to a variety of confinements. During solid tumor growth, can-
cer cells gets compressed [Nader, 2021b].Migrating cells gets deformed as they migrate through
the extracellular matrix. As presented above, cells in the blood circulation experience fast de-
formation as they flow through the capillary bed.

Using the technology aforementioned, several microfabricated devices have been fabricated
to study the dynamics of cells under confinement. In this section we’ll review the devices that
allow to deform cells under confinement, then devices that allow to reproduce cell free migration

through confined space, and finally forced migration through constrictions.

3.3.1 Confinement

This first category of device allows placing cells in a deformed state similar to what they
may encounter in vivo as the tumor expends for instance.

Using microfabrication technics described above, a multiwell confiner was developed in the
team of M.Piel (Institut Curie). Cells can be confined to a chosen height under microfabricated
pillars, as described in Figl.10a. Upon confinement, the cell membrane expands (to conserve the

cell volume) and gets tensed. Upon a threshold specific to each cell line, the cell membrane is able
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Figure 1.10 — Uniaxial confinement of cells. (a) Multiwell plate confiner design. Cells are squeezed
under a PDMS ceiling, which height is given by the height of designed PDMS pillars, adapted from [Le
Berre, 2014]. (b) Representative graph of temporal evolution of nuclear envelope unfolding (blue) and
plasma membrane blebbing (red) under confinement, adapted from [Lomakin, 2020] (c¢) Two modes of
amoeboid migration, either through formation of local protrusions (RPE1) or through cortex instability
("stable bleb", HeLa), adapted from [Liu, 2015].

to detach from the cortex to form blebs (see Figl.10b). These structures are largely unstable and

will collapse as actin polymerization within will bring the membrane back [Garcia-Arcos, 2022].

Similarly at the nucleus level, the nucleus membrane unfolds upon confinement and gets
tensed (see Figl.10b). If tension increases, the nuclear membrane will detach from the lamina,
creating a bleb. This bleb can then rupture, putting in direct contact the content of the nucleus
with the cytosol.

The nucleus is able to sense its confinement and respond to it [Venturini, 2020]. Upon stret-

ching of the membrane, the calcium- dependent phospholipase cPLA2 is recruited at the mem-
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brane and acts as a membrane tension sensor , which triggers a pathway leading to the production
of aradonic acid and subsequent increase in cell contractility [Lomakin, 2020]. Other proteins
have been reported to be recruited at the nuclear membrane upon mechanical stress, for ins-
tance ATR which is a kinase known to protect the chromatin from mistakes during replication
[Kumar, 2014].

Nuclear envelope ruptures induce DNA damage. For instance, TREX1 (a cytosolic endonu-
clease) causes DNA damage in deformed nuclei upon nuclear envelope rupture events. Inter-
estingly, TREX1 drives senescence in normal cells and an invasive phenotype in cancer cells
[Nader, 2021b].

Under confinement and in the absence of focal adhesions, mesenchymal cells can sponta-
neously switch to a fast amoeboid migration phenotype [Liu, 2015]. In this state, they can adopt
two main types of fast migration : one involving a local protrusion and a second involving a
myosin II dependent mechanical instability of the cell cortex that leads to a global cortical flow
(see Figl.10c). The choice depends on both the cell type and the level of confinement, for ins-
tance epithelial RPE1 cells form protrusions, while tumoral HeLa cells form a stable bleb in the
direction of migration. The formation of stable blebs requires actomyosin contractility, and thus
can be prevented by inhibition of myosin II (Y27632).

This increase in motility can be observed in cell migration through the dense extracellular
matrix environment. The cells establish cell-fiber attachment sites that are needed to either push
or pull the cell body forward [Brabek, 2010], which is faster than the regular crawling movement
motion [Abercrombie, 1980] If the mesh size is too large, the migration speed decreases due to
a loss of these cell-fiber attachments. If the mesh size becomes too small, the migration speed
decreases and the cells may get trapped. Then the cell can either force the network fibers apart
where it can remodel its shape until it can pass through the pore, or it can degrade the fiber

matrix with the help of proteolytic enzymes.

Confinement and migration are closely connected, as cells experience confinement during
migration and that confinement can alter, and even promote, migration. Hence the following

devices focus on the free migration of cells through small confined spaces such as microchannels.

3.3.2 Free migration in confined space

As cells migrate through tissues, or through epithelial barriers with pores smaller than the
cell itself, the whole cell and its nucleus have to squeeze in. Due to its relatively large size and
relative rigidity as an organelle (2-10 times stiffer than the cytoplasm [Friedl, 2011b]), it has
been hypothesized that the nucleus can impact the cell’s ability to migrate. Thus, the nucleus

acts as a "physical barrier to migration" [McGregor, 2016].

To study migration, one can use different designs such as microfabricated confined channels
of a desired width, or transwell assays (migration through pores in a membrane). Migration of

cells can be either free of directed along a gradient of chemicals (chemotaxis). These devices
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Figure 1.11 — Free migration of cells through constrictions. (a) Nesprin-2 but not Lamins accumulates
at the front of the nucleus as it is deformed through the constriction (adapted from [Davidson, 2020]) (b)
Representative RPE-1 cell expressing 53BP1-GFP (gray levels) and REP-cGAS (red) migrating through a
constriction (L = 15 mm,w=2 mm). Red arrow shows first RFP-cGAS entry at nuclear tip ; scale bar=20
um (adapted from [Raab, 2016])..

allow to gain insight into the organization and dynamics of the cell’s components and proteins
during deformation.

As nucleus is being deformed, all associated proteins are reorganized. For instance, nesprin-2
(a protein which anchors actin filaments to the nucleus as part of the LINC complex) accumu-
lates at the front of the nucleus during confined cell migration of NTH-3T3 through 2 pm wide
constrictions [Davidson, 2020] (see Fig.1.11a). Movement of the nucleus through the constric-
tion was sustained from the front of the cell by an actomyosin- dependent pulling force on the
nucleus Actin filaments, organized in a barrel structure around the nucleus in the direction of
movement, in concert with myosin, were able to redistribute nesprin-2 toward the front of the
nucleus and contribute to pull the nucleus through narrow constrictions.

Migration of dendritic cells or HeLa cells were followed through a 2pum-wide confined channel.
At the tip of the nucleus, the nuclear membrane can detach from the lamina and form a bleb.
This conformation is unstable and the bleb ends up breaking, which allows for cytosolic proteins
to enter the nucleus and chromatin to escape the nucleus into the cytoplasm [Raab, 2016] (see
Fig.1.11b). This transient opening caused by nuclear deformation was rapidly repaired in an
ESCRT (endosomal sorting complexes required for transport)-dependent manner. DNA double-
strand breaks coincided with nuclear envelope opening events. As a consequence, survival of
cells migrating through confining environments depends on efficient nuclear envelope and DNA
repair machineries.

These devices can also be used to characterize cell phenotypic characteristics. For instance,
transwell (8um pores in a membrane) assays were used to separate highly from weakly migratory
cells within a population of MDA-MB-231 cells [Hapach, 2021]. When injected orthotopically

into immunocompromised mice, both subpopulations formed primary tumors that grew steadily
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over the course of 4 weeks. However, distal metastatic spread was observed in all mice injected
with weakly migratory MDAs, whereas minimal distal signal was observed in mice injected with
highly migratory MDAs. Difference was explained by the fact that weakly migratory cells were
found as clusters in the blood, while the others remain as single cells. These weakly migratory
cells retained an epithelial phenotype, including E-cadherin expression, which enables successful

distal metastasis in this model.

In experiments presented in this section, cells were left free to migrate through constrictions,
either naturally [Raab, 2016 ; Davidson, 2020] or helped with a gradient of serum [Hapach, 2021].
As a results, migration through the constriction span over several hours. In this context, the cell
is able to reorganize, may repair any damages that may happen, change its genomic expression,
and so on. The cell acts as active matter in this case. When we consider migration through the
blood circulation, the motor of migration through the constriction is the blood flow and typical
crossing times for red blood cells are on the order of the second to the minute [Blom, 2003]. At
this time scale, it is hard to imagine the cell having time to actively respond to the deformation
it experiences. Thus, we need specific models to understand the mechanisms involved in flow-

induced migration.

3.3.3 Forced migration through confined space

To push the cell through confined channels or constrictions, microfluidic devices use flow as
a carrier for the cell. The pressure difference used to create the flow will also determine the force
applied on the cell : FF = AP x S where AP is the pressure difference around the cell, and S
is the surface of the constriction. These devices allow to probe cells with a large range of forces
(depending on the pressure difference and confinement level used) with much lower duration
(typical duration of applied constrained is milliseconds to seconds). In these conditions, the cell
can be considered as inactive matter, meaning that no biological modifications have the time to
happen.

The impact of LaminA /C in such condition was studied in the case of laminopathies [Jebane,
2023]. Using a microfluidic device incorporating 6 pm square cross-section constrictions, they
were able to probe the deformation mechanics of cells pushed in these constrictions under a
pressure difference of 165 mbar (see Fig.1.12a). The deformation of the cells in this device follows
the Jeffrey’s rheological model presented section A. Cells affected by lamin A/C alterations
display a distinctive increase in long-time viscosity, meaning they deform more slowly in the
constriction. These cells include fibroblasts from two patients carrying a R482W mutation on
the LMNA gene; and healthy fibroblasts treated with atazanavir (which impacts lamin A/C
maturation), which results in abnormal nuclei shapes. Moreover they have been able to identify
that the whole-cell response to mechanical stress is driven not only by the nucleus, but also by
the nucleo-cytoskeleton links and the microtubule network, as confirmed by nocodazole-induced

destabilization of microtubules.

Similar devices were used to probe leukocyte trafficking through narrow capillaries (entry,

transit and shape relaxation) using specific drugs (latrunculin A, jasplakinolide, and blebbista-
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Figure 1.12 — Forced migration of cells through constrictions. (a) Design of the microfluidic chip with
square 6x6um? constrictions. The cells enters the constriction under pressure (AP = 165 mbar. The cell
tongue length increase follows Jeffrey’s rheological model (adapted from [Jebane, 2023]). (b) Entry of a
leukocyte in a 4pum wide channel. Entrance time as function of the pressure difference applied on the
device for (e) normal, (¢) blebbistatin-treated, (A) jasplakinolide-treated, and (57) latrunculin A-tread
cells (adapted form [Gabriele, 2009]). (c¢) Selected images from timelapses of lat-cells, jasp- cells, and
untreated THP1 cells; scale bar : 15 um (adapted from [Dupire, 2020])

tin) [Gabriele, 2009]. As circulating cells in the blood, leukocytes have to cross the capillaries
constrictions, including the lung, where they can remain trapped and cause acute lung injury. A
microfluidic device was constructed to deform leukocytes (THP1 monocytes) gradually down to
a 4 um wide channel (see Fig.1.12b). The deformation rate during entry reveals that cell stiffness
depends strongly on F-actin organization and hardly on myosin II activity, supporting a actin
cytoskeleton role in leukocyte sequestration. In the transit stage, cell friction is influenced by
stiffness, demonstrating that the actin network is not completely broken after a forced entry
into a capillary. Finally, cell shape relaxation was largely independent of both actin organization
and myosin II activity, whereas a deformed state was required for normal trafficking through

capillary segments.

In a microfluidic device mimicking the pulmonary capillary bed, the dynamics of THP1
monocytes evolved along successive capillary-like channels, from a nonstationary slow motion

with hops to a fast and smooth efficient one [Dupire, 2020]. Here a very finely tuned cortical
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tension combined with a high cell viscosity governs the fast transit through the network while
preserving cell integrity, as demonstrated using drugs targeting the actin cytoskeleton. In this
study, cortical tension controls the steady-state cell velocity via the viscous friction between the

cell and the channel walls.

3.3.4 Focus on cancer cells
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Figure 1.13 — Focus on cancer in forced migration of cells through constrictions devices. (a) Optical
images showing the entry of a single MCF-7 cell into a 10 by 10 wm microchannel (adapted from [Hou,
2009]. (b) Suspended microchannel resonator (SMR) with a constriction (6 pm wide, 15 pm deep, and
50 um long under 124 mbar) located at the apex (adapted from [Byun, 2013]). (c¢) Brightfield images
of SK-BR-3 and MDA-MB-231 cells three geometries of micro constrictions (6x15um?) at a constant
applied pressure of 100 mbar (adapted from [Ahmad-Cognart, 2020]).

Finally, we’ll present here examples in the literature which focused on cancer cells in forced

migration through confined spaces devices.

The devices are similar to the ones presented above. For instance, in a 10x10 um? micro
channel, [Hou, 2009] compared the properties of breast tumor MCF-7 cells to their non-malignant
MCEF-10A counterpart (see Fig.1.13a). In this device, tumor cells crossed the constriction faster
than normal cells, which is coherent with regarding the higher deformability of cancer cells
reported in the literature presented above. This type of experiments based on optical acquisition
of cells through a single confined microchannel has been performed in several studies with
different cell types of different cancers [Byun, 2013 ; Khan, 2013 ; Nath, 2018], different pressure
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[Xia, 2018], different levels of confinement [Nath, 2019] and sometimes focusing on the crossing
of cells clusters [Au, 2016].

[Byun, 2013] embedded a microfluidic channel and 6x15 um? constriction in a suspended
microchannel resonator (SMR) (see Fig.1.13b), which resonance frequency depends on the mass
of the resonator. As a cell passes through the constriction, the mass of the resonator changes
because of the difference in density with water. Thus, the cell passage through the constriction
can be recorded, and its buoyant mass estimated from the shift in frequency. When accounting
for cell buoyant mass, they found that cells possessing higher metastatic potential exhibit faster
entry and transit velocities, thus hypothesizing increased deformability and reduced friction as
markers of more invasive cells.

In a rare example, [Yan, 2022] approached the study of cell recovery following deformation
with a manually actuated valve to stop the flow following each cell escape of a constriction.
These experiments confirmed the viscoelastic nature of cells. More interstingly, cells of from
more aggressive lineage exhibited higher irreversible plastic deformation as compared with less
aggressive ones, highlighting the potential of focusing on recovery as a marker for cells metastatic
potential.

In these devices, the constrictions are generally abrupt, either with a sharp change in width,
or with a narrowing at a constant angle. In a previous work in the team, [Ahmad-Cognart, 2020)]
investigated the effect of constriction geometry on the transit of breast cancer cells through
multiple successive 6x15um? constrictions. Constrictions profiles were made of circle arcs with
increasing diameters, leading to a less abrupt entry in the constriction. The sharper constrictions
(type 1, 10um diameter) resulted in a faster transit of the cells through the entire channel with its
many narrowings than the softer ones, highlighting the need to be careful about the constriction
geometry in designing experiments. Cells were able to be collected at the outlet in the chip,
revealing changes in gene expression and damages accumulation in response to flow-induced

deformations.

Thus, constriction-based microfluidic devices allow to discriminate between different cancer
cell lines of different origins and metastatic potential. By doing so, they correlate the potential
aggressiveness of a cancer cell with its mechanical properties. The devices presented here, and
in the literature, almost exclusively use a single deformation to extract these properties. We’ll
propose to complete this bundle of knowledge by studying the often disregarded recovery of cells
following deformation, as well as the impact of repetitive deformations. This complementary
approach will give us insight on the behavior of the single cell as well as of the cell population,

at the short and long timescale, following a single or repetitive deformations.

4 Scope of the PhD project

Having described the interest of the study of mechanics of cancer cell deformation, I'll present

here the framework of the project I collaborated to.
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4. Scope of the PhD project

4.1 MecaCTC project

MecaCTC is an INSERM supported project, led by Catherine Villard, which aim is to
understand the biomechanics of circulation cancer cells under flow. The partners of the project

are the following :

— team of Catherine Villard, Institut Curie UMR168 then LIED CNRS UMR8236, Univ.
Paris Cité.
— team of Matthieu Piel, Institut Curie UMR144.

— team of Francois-Clément Bidard, Laboratory of Circulating Tumor Biomarkers, Institut

Curie & Dep. Oncologie Médicale.

— team of Catherine Alix-Panabiéres, Laboratoire des Cellules Circulantes Rares Humaines
(LCCRH), CHU Montpellier.

The objective of the consortium is the following : We showed that cancer cell lines flown in
microfluidic systems mimicking the blood circulation may undergo DNA damage and modify
their expression of mechanosensitive pathways. The central hypothesis of this project is thus
that the circulation has in itself a significant impact on various facets of circulating tumor
cells (CTCs) physiology and fate, and consequently on the metastatic process as a whole. This
project gathers physicists, biologists and clinicians to develop the potential of this hypothesis
in oncology. We shall first explore the role of pathways previously identified as being affected
in cells under static or quasi-static confinement, associated e.g., with nuclear membrane tension
and rupture (leading to DNA damage), or volume regulation at the whole cell level (targeting
cell survival). This exploration will use state-of-the-art cell biology methods, e.g., live imaging,
pharmacology or KO of specific genes. In parallel, we will implement a general transcriptomic
approach to identify pathways specifically affected by the circulation stimuli. We shall first use
cell lines, including CTC lines established in this consortium, then primary cells from patients
“naive” to circulation (ascites).

The consortium benefits from an expertise in microfabrication and microfluidics developed
in the Institut Pierre-Gilles de Gennes building, where the team of Catherine Villard and Mat-
thieu Piel are located. All partners have an extensive understanding of cell and cancer biology,
specifically under confinement. The consortium will benefit from the use of interesting cell lines
established in the team of Catherine Alix-Panabiéres, in complement to the use of commercially
available cell lines. These models will be completed by clinical sample (ascites), obtained from

Institut Curie hospital with the help of the team of Francois-Clément Bidard.

The experimental work was distributed between :

— Kotryna Vaidziulyté (post-doc), under the supervision of Matthieu Piel and Catherine
Villard. Her work consisted in the study of the CTCs lines under conditions of static

confinement.

— Keerthi Kurma (post-doc), under the supervision of Catherine Alix-Panabiéres. Her work
consisted in the multi-omic analysis of the colon CTCs lines developed in their team under

conditions of flow-induced deformation in microfluidic chips that I developed.
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— Myself, under the supervision of Catherine Villard and Jean-Yves Pierga. I will describe

the aim of my work just below.

4.2 My Project specifically

Within this framework, my work consisted in the development and use of microfluidic devices

to study the response of CTCs to flow-induced deformations :

— The first device focuses on the short-term dynamics of flow-induced deformation and re-
covery. I screened several cell lines in this device, including three cell lines of breast cancer
(MCF-7, SK-BR-3 and MDA-MB-23, and 4 lines of colon cancer (commercial HT-29 and
SW-620, and two lines from the collection isolated by the CHU Montpellier partners, na-
mely CTC-41 and CTC-41.5A). T focused on the morphological changes at the whole cell
level (see Chapter 2) and at the nucleus level (see Chapter 3). I investigated the role of
nucleus and cytoskeleton in the deformation and recovery dynamics, with a special focus
of vimentin filaments. Additionally, I also explored cell viability and DNA damages, cell

volume, and cell blebbing in these Pachinko devices.

— The second device aims at understanding the long-term consequences of repeated flow-
induced deformations on CTCs lines. I developed the microfluidic chip and a first recir-
culation set-up. I performed proof of concept experiments with two lines of breast cancer
(MCF-7 and MDA-MB-231) demonstrationg loss of viability, increase in vesicles produc-
tion and acculumation of nuclear damages (see Chapter 4). The analysis of the colon

CTCs lines in this device was entrusted to Keerthi Kurma in Montpellier.

During this project, I had the opportunity to supervise four interns who helped with the
experiments of the time : Cyril Bonhomme (M2, 3 months, back and forth recirculation), Jules
Edwards (M1, 2 months, Pachinko experiments), Emilie Su (M2, 6 months, Pachinko experi-
ments and analysis) and Nassiba Abbade (M2, 6 months, Pachinko experiments and analysis,

vimentin silencing and transfection).
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CHAPTER 2

LPACHINKO : DESIGN AND RESULTS AT THE CELL LEVEL

In this chapter, I'll present the design and use of the microfluidic device named Pachinko.
This device allows the study of the fast dynamics of deformation and subsequent recovery in
the milliseconds to seconds range. We’ll use this device to sort the cell lines by their rheological

behavior.

The main question we address is : Does the mechanical properties of the cell correlate with
its aggressiveness/ metastatic potential at the clinical level ? The literature we presented in the
introduction points in this direction [Alibert, 2017], including a few studies on the widely used
MCEF-7 and MDA-MB-231 cell lines [Guck, 2005 ; Hou, 2009 ; Omidvar, 2014 ; Hu, 2017 ; Ahmad-
Cognart, 2020]. The present study addresses this question by including an analysis of the cell
recovery after deformation. To this aim, we will study seven cell lines : three breast cancer lines
(MCF-7, SK-BR-3 and MDA-MB-231) and four colon cancer lines (CTC41, CTC41.5A, HT-29
and SW-620).

— The breast cancer cell lines are each representative of the three subtypes of breast cancer,
as defined in section 2.1.1, which present different metastatic potential. Tumors from basal
origin present a higher risk of metastasis formation than luminal tumors. We’ll see if these

differences can be expressed at the rheological level.

— The colon CTC41 and CTC41.5A cell lines were obtained from CTCs collected at dif-
ferent instants of the disease progression in a single patient : cells at the origin of the
CTC41 lineage were isolated before the lines of treatment, and CTC41.5A after the last
relapse before death. We’'ll investigate how the mechanical properties of the cells evolved
as the cancer progresses, and compare them with reference lines for primary (HT-29) and

metastatic (SW-620) colon cancer.
In this chapter, we’ll include the accepted version of a paper written to demonstrate the use

of Pachinko devices to study the mechanics of fast flow-induced deformation and subsequent

recovery on breast cancer cells. We’ll then complete the analysis with similar results obtained
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Chapter 2. Pachinko : Design and results at the cell level

with cell lines of colon cancer. Finally we will comment on the common features and differences

between the two different types of cancer.

1 Introduction to the paper

1.1 Working principle of the Pachinko device

a deformation recovery recovery

© 1

\
b
stress
time
- >

strain

Figure 2.1 — Schematic working principle of Pachinko device. (a) Application of stress (orange arrows)
and resulting strain (blue arrows) under pressure difference in the constriction. (b) Schematic stress and
strain curves.

The Pachinko device gets its name for its shape analogy with a popular Japanese game. The
device is constructed to push cells through a capillary-like constriction using flow (see Fig.2.1a).
There, each cell will deform under the pressure difference, and will then be trapped in a single-cell
nest after its escape.

In a microfluidic channel of dimensions in the micrometer range, the resulting Reynolds
number is small enough so that the flow can be considered as laminar (Stokes flow). We'll
confirm this hypothesis by quantifying it in the channel. We'll take u = 0.003 m.s~! as the flow
speed (in the main channels before the constrictions, see later Comsol Simulations), L = 15 pm

as the smallest dimension (height of the channel) and v = 0.7 x 107% m2.s™! (kinematic viscosity
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1. Introduction to the paper

of water at 37°C).

ul, 3x107315x 1076
Re V 07 % 10-6 0.06 << 2300

The Reynolds lumber is largely small enough to confirm the flow within the chip is laminar (i.e.

there is no turbulence).

Similarly to what we described in the section 2.3, the velocity profile follows here a Poiseuille
distribution, which is maximal at its center and null on the walls. More precisely, as the height
of the channel (h =15 pm) is much smaller than the other dimensions (in the main channel w ~
250 um), the Poiseuille gradient is mainly present in the vertical direction, and the velocity is
constant across the width of the channel (also know as Hele-Shaw flow approximation). The
resulting flow Q (in m®.s™!) depends on the applied pressure difference AP (in Pa) and the

hydraulic resistance of the channel Ry, :

AP

=R

In a channel of rectangular section w x h and length L, the resistance is Ry = ,u%ig where [
is the fluid dynamic viscosity (in Pa.s). Thus a sudden decrease in channel width w lead to an
increase of resistance.

The negligible width of the three constrictions (w=6 wm) compared to the main channel
before (200 um) and trap chamber region ensures the resistance of the constriction is large in
front of the ones of the main channel and trap chamber. It thus ensures that the majority
of the pressure difference applied between the inlets/outlets is located within the constriction.
Numerical simulations show that the pressure drop applied on a cell in a constriction is &~ 6 mbar

(see simulations in the Supplementary Materials of the paper).

The cells is pushed by the flow against the walls of the constriction. The resulting force
from the walls compresses the cells, which then elongates in the perpendicular direction (see
Fig.2.1a). To quantify the cell strain, we measure the elongation of the cell along its major axis

in the direction of the constriction (Fig.2.1b).

1.2 Short summary of the paper

In the paper included in the following section and recently accepted for publication in Lab
on Chip, we demonstrate the use of the microfluidic-based fast induced deformations in the
Pachinko device to compare and characterize the rheological properties of three breast cancer
cell lines : MCF-7, SK-BR-3 and MDA-MB-231.

We first characterized the deformation of the cells within the capillary-like constriction. We
show that SK-BR-3 cells are able to cross the constriction faster due to their smaller size in
general. We then show that the less metastatic MCF-7 cells are less deformable, and thus take

a longer time to deform and cross the constrictions.
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Chapter 2. Pachinko : Design and results at the cell level

We then analyzed the recovery dynamics once the cells escaped the constriction, and the
applied stress is released. We show that for each cell lines, the recovery is composed of two
regimes : a fast elastic regime, followed by a slower viscoelastic regime. We show that two
characteristic times appear in the viscoelastic regime, of the order of 1s and 10 s. Using the
generalized Kelvin-Voigt formalism, we extracted rheological parameters, including elastic and
viscous moduli for the different regimes. We calculated the MDA-MB-231 cells to have a smaller
elastic modulus (= 0.79 kPa vs ~ 1 kPa for the SK-BR-3 and MCF-7 lines) overall, while the
MCF-7 cells display higher viscous moduli (=~ 2.9 kPa.s) than the other two lines .

Using treatments to perturb the cytoskeleton we show that the integrity of the cell cortex
was required to observe recovery. Inhibiting actomyosin contractility lead to a slower partial

recovery of the deformation.

The originality of this approach resides in the implementation of a recovery chamber with
traps allowing to capture and observe the cell recovery after flow-induced deformations. Indeed,
if several devices have been developed to study cell deformation (as recapitulated in section
3.3.3), none are able to study cell recovery over several minutes. Though the use of high speed
camera allows to capture first instants of the cell recovery, the cell rapidly escapes the field of

view of the camera.

2 Paper draft "Deformation under flow and morphological re-

covery of breast cancer cells"

In the following pages you’ll find the draft of the paper accepted for publication in Lab on
Chip on June 10th, 2024, followed by the associated Supplementary Informations.
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Abstract

The metastatic cascade includes a blood circulation step for cells
detached from the primary tumor. This stage involves signifi-
cant shear stress as well as large and fast deformations as the
cells circulate through the microvasculature. These mechanical
stimuli are well reproduced in microfluidic devices. However,
the recovery dynamics after deformation is also pivotal to un-
derstand how a cell can pass through the multiple capillary con-
strictions encountered during a single hemodynamic cycle. The
microfluidic system developed in this work allows to study single
cell recovery in flow-free conditions following pressure-actuated
cell deformation inside constricted microchannels. We used three
breast cancer cell lines - namely MCF-7, SK-BR3 and MDA-MB231
- as cellular models representative of different cancer phenotypes.
Changing the size of the constriction allows to explore moderate
to strong deformation regimes, the latter being associated to the
formation of plasma membrane blebs. In the regime of moderate
deformation, all cell types display a fast elastic recovery behav-
ior followed by a slower viscoelastic regime, well described by a
double exponential decay. Among the three cell types, cells of the
mesenchymal phenotype, i.e. the MDA-MB231 cells, are softer
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and the most fluid-like, in agreement with previous studies. Our
main finding here is that the fast elastic recovery regime revealed
by our novel microfluidic system is under the control of cell con-
tractility ensured by the integrity of the cell cortex. Our results
suggest that the cell cortex plays a major role during the tran-
sit of circulating tumor cells by allowing their fast morphological
recovery after deformation in blood capillaries.

Introduction

The role of cell mechanics in the successive steps leading to
metastatic cancers! is more and more documented2. Migrating
cells from a primary tumor experience strong deformations in
their path toward the blood vessels3. The environment of the
bloodstream is then a source of shear stress and confinement >,
Finally, the step of extravasation requires cell squeezing across
the endothelial barrier®.

In vitro approaches using microfluidic tools have highlighted the
transformation and sorting effects of blood stream mechanical
stressors on circulating tumors cells (next referred to as CTCs).
Cells exposed to shear stress display subsequent increased
migration capabilities”8 and over-expression of epithelial-
mesenchymal transition®10 or stemness!! genes. Furthermore,
shear stress applied during hours favors the survival of soft, stem
cell like phenotype showing high metastatic potential compared
to stiffer cells 2.

Mechanical stimuli encountered into the blood circulation are
however not limited to shear stress. Because the diameters of
vessels in the capillary bed are much smaller than cell and even
nucleus sizes1314, circulating cells are repetitively squeezed in
the microvasculature (see!® for a review). Eventually, capillary
occlusion through cell arrest may occur. Interestingly, the me-
chanics of CTCs opens a new field of mechanobiology addressing
strong and fast flow-induced deformations, distinct from the
phenomenon of spontaneous migration under confinement
which has been studied for a decade®17. This regime of large

Journal Name, [year], [vol.], 1-14 |1
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Fig. 1 - Design and operating principle of the Pachinko device. (a) Image and overall design of the microfluidic device. The simulated pressure profile
(values in mbar) in the microfluidic device is indicated (b) Constrictions and cell nests dimensions. (c) Principle of cell deformation and recovery in
the device. (d) Reconstructed representative image of a cell in different parts of the device (light blue overlay: cell nucleus stained with Hoechst). (e)
Pressure profile with simulated streamlines through a single constriction and adjacent nests. Most of the pressure gradient is located in the constriction
(pressure drop AP ~ 6mbar), ensuring cell recovery under negligible hydrodynamic forces (due to a pressure drop of about 0.1 mbar across a trapped

cell, see Fig. S2).

deformation under flow has been studied using microfluidic-
based models including constricted microchannels 18-21, We have
reported in a previous study that the time required for a cell to
cross multiple successive constrictions was mainly determined
by the time needed to enter through the first constriction?2.
This observation is a consequence of the finite time of cell
shape recovery, higher than the time necessary to reach the
next constriction. Quite importantly, the viscoelastic relaxation
time of CTCs might influence the transit and arrest of CTCs
in capillaries*, a phenomenon essential for extravasation. By
devising a device including 80 um long relaxation chambers
in-between constrictions, Kamyabi et al.23 were able to follow
cell shape relaxation occurring in an about 10ms duration, thanks
to the use of a high speed camera (1000 fps). This relaxation
step occurs however under shear stress and cell motion. More
recently, Yan et al. 24 succeeded in monitoring cell recovery under
free-flow conditions by manually stopping the flow each time a
cell escaped from the constrictions.

The present work focuses on new methodological develop-
ments for the study of cell morphological relaxation. The nov-
elty of our work lies in the immediate release of hydrodynamic
stresses after flow-induced deformation, together with cell immo-
bilization in traps, providing unprecedented access to cell mor-
phological recovery. This new methodology is then applied, in
a proof-of-concept approach, to circulating cancer cells of three
different types, to demonstrate the potential and limitations of
this new system. Finally, this work highlights the role of the acto-
myosin cortex in cell recovery, which appears to be responsible
for their initial elastic behavior.

Specifically, the journey of a cell in our original device occurs in
several steps. Cells are first pushed by a pressure gradient into
constrictions in which they next progress by deforming. They are
then released into a relaxation chamber characterized by uniform
pressure and filled with nest-like traps to immobilize them and
track their morphological relaxation by fast camera imaging. Im-
portantly, we designed the constrictions as slits in order to achieve
significant cell deformation while avoiding cell blebbing. We will
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refer to this device as Pachinko in the following, by analogy with
a popular Japanese game.

Design and running principle of the Pachinko mi-
crofluidic system

The Pachinko microfluidic chip

The overall design of the microfluidic device is described in
Fig.1a. It includes three inlet/outlet ports and three main com-
partments: a flowing channel between inlet 1 and outlet 2, a re-
covery chamber connected to the outlet 3, and a set of three iden-
tical microchannels (constrictions) connecting the main channel
to the recovery chamber. Each constriction is composed of a
60 um-long narrowing of the channel with a circle arc profile.
This shape was selected on the basis of a previous work?2 to pro-
duce a smooth deformation profile, similar to what is observed
at the level of mural cells (e.g. pericytes) in both static and dy-
namic conditions (during e.g. capillary diameter regulation for
cerebrovascular blood flow control) 2526, At the narrowest part of
the constriction, the cross section is a 6pm-wide and 15 pm-high
rectangle (Fig.1b and Suppl. Information, section 2, Fig.S1). This
characteristic lowest dimension falls in the range of typical di-
ameters found in the microvasculature of various mammals 2627,
including humans?8 while providing a significant deformation of
the cell. It is in addition achievable using standard microfabri-
cation techniques in contrast to circular channels which would
require more sophisticated methods2°.

Cell suspension is injected into the device through inlet 1, thus
establishing a flow of cells in the main channel. The pressure
difference between the main channel and the recovery chamber
creates a pressure profile that drives cells to enter constrictions.
There, they will undergo flow-induced deformation before cross-
ing the constriction and getting trapped into one of the nests ar-
ranged in a staggered pattern. We set the pressure difference be-
tween the main channel and outlet to 10 mbar, in order to achieve
cell arrest time in the range of seconds, i.e. close to the order of
magnitude of arrest time reported for CTCs in blood capillaries in
vivo30.

Pressure and velocity profiles in the microfluidic chip have been
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Fig. 2 - Cell trajectory and morphological analysis in the Pachinko device. (a) Trajectory of a representative cell.

Cell initially flowing in the main

channel (A) is deviated (B) into the constriction where it is pushed and deformed under flow-induced forces (C-D) before a final recovery step in a
nest (E-1). (b) Representative images of the cell (DIL staining) at the different A-l time points shown in (a) (scale bar = 10um). Images display
the raw and segmented shapes as well as the corresponding elliptic fit (major axis a, minor axis b). (c) Cell elongation &(r) (blue) and aspect ratio
AR(r) (orange) versus time as the cell flows through the microfluidic device, highlighting the time points A-l. The arrest time of the cell inside the

constriction is defined as the duration between C and D.

determined by numerical simulations. Due to the negligible size
of the three constrictions in parallel compared to the main chan-
nel and the recovery chamber, the majority of the pressure drop
is located at the constrictions level, thus ensuring the cell is free
of any significant pressure gradient in the main channel and in
the recovery chamber (Fig.le and Suppl. Information, section
3, Fig.S2 and Table S1). The pressure drop applied along the
narrowest part of the constriction, estimated to approximately
AP, = 6 mbar, creates a hydrodynamic force that will push the
cell, squeezing it between the channel walls (see Fig.1d), until
the cell reaches a deformation high enough to be released in the
recovery chamber. Note that the surface of channels is passivated
using pLL-PEG to minimize the friction between the cells and the
PDMS surface. The cell will then follow the streamlines and end
up in one of the single cell nests where it can recover from the

deformation. The pressure difference applied on the cell in a
trap is estimated to 0.1 mbar (Fig.S2) and is thus negligible com-
pared to AP,). Note that as the cell membrane is being curved
in the constriction, a pressure difference AP, is created which
opposes cell deformation and counteracts the hydrostatic pres-
sure difference AP,. Laplace law gives the equation which relates
AP, with the cell membrane cortical tension 7, and the front and
back radius of the cell (R, and Rpq, respectively) in the con-
striction: AP = To(1/R fron — 1/Rbacr) 3>2. Taking an estimate of
Ty ~ 50 pN/um33 for cancer cells, we found that AP. ~ 0.05mbar
at the cell entry and decreases as the cell progresses in the con-
striction (Suppl. Information, section 4 and Fig.S3). Thus we can
neglect the membrane curvature induced pressure difference and
consider that cells experience in the constriction a pressure drop
of AP ~ 6 mbar.
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Dynamics of cell morphology upon flow-induced deformation

Briefly, cells are stained with a membrane dye (DIL) to detect the
outline of the whole cell (see Material and Method section). The
trajectory of a cell can be divided into three parts (see Fig.2a):
travel in the main channel (points A-B), then deformation and
transit through the constriction (points C-D), followed by recov-
ery in the single cell nest (points E-I). In each frame, a region
of interest around the cell is segmented to reveal the shape of
the cell (represented by its 2D projection). The segmented image
properties are measured to determine the cell deformation versus
time, which is computed from the elliptical fit of the segmented
shape (Fig.2b, see Suppl. movie). As a proxy for cell deformation
and shape recovery, we use the elongation parameter ¢ defined
as the length of the ellipse major axis « normalized to its initial
value q( before the cell entry into the constriction:

a(t) —ap
e(r)= Ta

We also measure the aspect ratio AR(t) = %, with a(r) and b(t)
the major and minor axis lengths, which increases from 1 for a
spherical cell to values above 1 for elongated cells. Fig.2c displays
an example of the dynamics of both parameters during the jour-
ney of a a typical cell in the Pachinko device. The main regimes of
€(r) variation defined by yellow, red and purple letters, reflect the
history of the cell in the three compartments of the device. In the
main channel (points A-C), € = g is constant and equal to 0 by
definition. Similarly, AR=AR|) is constant and close to 1, which re-
flects that a spherical floating cell displays a projected shape close
to a perfect circle. In the constriction (points C-D), the deforma-
tion increases rapidly as the cell is pushed in-between the walls,
reaching the maximum g,,, (equivalently AR,,,,) value. In the
cell nest (points E-I), the deformation relaxes toward an asymp-
totic €. (equivalently AR..) value. To capture all of the recovery,
we record for a duration of 50s after the cell exits the constriction.
Above this time, we noticed that the cell shape no longer evolve.

Finally, let’s note that approximately 30% of cells ended up
alone in a nest. Cells escaping the nest array chamber, or mul-
tiple cells ending up in a single cell nest were discarded from the
analysis.

Results

The method described above has been applied to three breast can-
cer cell lines: SK-BR-3, MCF-7 and MDA-MB-231. Each cell lines
represents one of the three main subtypes of this disease: SK-BR-
3 cells originate from a HER2+ cancer34, MCF-7 from estrogen
and progesterone receptors positive tumor while MDA-MB-231
cells display none of these markers and are therefore categorized
as "triple-negative". These subtypes correlate with different levels
of aggressiveness, with the triple-negative breast cancer being the
most aggressive, and more prone to induce metastasis3>.

Deformation regime

Our device has been mainly designed for the study of the recov-
ery regime. The circle arc shape of the constriction, in contrast to
long and uniform deformation channels as developed in2%-36-38,
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involves complex deformation and friction force patterns whose
modeling would deserve specific mathematical treatment. How-
ever, temporal monitoring of cell deformations in these constric-
tions may provide useful comparisons between cell lines.

We first consider the cell arrest time, defined as the residence time
within the constriction. It should be noted that, due to the dou-
ble flared shape of our constriction and its short length (relative
to the cell diameter), this arrest time differs from the entry or the
transit time as defined in the literature for funnel-shaped constric-
tions opening onto a long and narrow channel20-36-38  Actually,
our arrest time is a combination of both, reflecting the fact that
cells are never arrested in the constriction but move slowly until
their velocity displays an abrupt change upon cell release.
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Fig. 3 - Cell arrest in the constriction displays high variability within each
cell line. (a) Box plot of the arrest time for each cell line. The indicated
value refers to the cell line median arrest time. (b) Scatter plots of
the arrest time as a function of cell diameter. Contours of highest point
density are represented for each cell line (MCFs n=37, SKs n=85, MDAs,
n=>59). Top and side plots around the central scatter plot represent the
density of cell diameters (top) or arrest times (right, 'all’). The gray-
shaded side plot (right, 'size bin’) represents the density of cell arrest
times selected within the size bin 15.5-16.5 um (highlighted in gray in
the central plot) for whole cells.

For each cell line, arrest times range from around 100s for the
slowest cells, down to 20ms for the fastest (Fig.3 and Methods).
A large variability in arrest time is observed for all the three cell
lines analyzed, in particular for MDA-MB-231 cells.

Arrest time is firstly correlated to cell diameter

The median arrest time of SK-BR-3 cells is 180 ms, which is signif-
icantly smaller than median arrest time of MDA-MB-231 (680 ms)
and MCE-7 cells (920 ms), without any significant difference be-
tween the latter two (Fig. 3a).

The arrest time correlates with cell size at the population level
as SK-BR-3 cells are on average smaller compared to the other
two cell lines. The median diameter for SK-BR-3 cells is 15.9 um,
while MDA-MB-231 and MCF-7 median diameters have both been
measured at 16.8 um (Suppl. Information, section 5 and Fig.S4).
On average, the larger the cell is, the longer it takes to cross the
constriction (Fig. 3b).

Other studies using flow-induced deformation in constrictions
of similar dimensions have reported a correlation between cell
size and arrest time3?, or between cell buoyant mass, (which is
related to its volume), and arrest time3®6. Our results therefore
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confirm previous data.
Arrest time is a read-out of cell mechanical properties

The scatter plot of Fig3b indicates however that cell size is not
the only relevant parameter to determine the arrest time. Indeed,
some of the bigger cells can cross the constriction very rapidly,
and inversely small cells can spend up to a few seconds in the
constriction.

To compare between cells of a given size, we binned the data
of Fig3b by cell size, performing a sliding 1 um bin size (Suppl.
Information, section 6 and Fig.S5). Interestingly, a hierarchy be-
tween cell types emerges. A typical example of such window is
shown on the right of Fig3b. The arrest time for MDA-MB-231
and SK-BR-3 cells distribute over the lowest values, conversely
the MCF-7s over the highest ones. In other terms, MDA-MB-231
and SK-BR-3 cells appear to be more deformable than MCF-7 cells.
Our results are in line with other studies comparing the deforma-
bility of circulating MCF-7 and MDA-MB-231 cells4*-42. Although
the mechanical properties of SK-BR-3 cells are less documented,
our results confirm a previous work from our group, showing
no significant difference between the arrest time of SK-BR-3 and
MDA-MB-231 cells in an identical constriction geometry22.

Cells progress linearly through the constriction

We next examined the position of the center of mass and longitu-
dinal extent of cells during their journey into the constriction (Fig.
4a). To compare cells of different arrest times, we normalized the
time spent in the constriction by their arrest time, so that each
cell enters the constriction at time 0 and exits at time 1. Overall,
the cell rapidly enters the constriction, then they linearly progress
through the narrow 6 um wide opening until most of the cell has
crossed the neck of the constriction (Fig. 4b).
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Fig. 4 - Spatio-temporal dynamics of cells during their passage through
the constriction. (a) Position of the cell center (+ 95% Cl) relative to
the center of the constriction as the cell crosses the constriction. Upper
and lower curves represent respectively back and front position of the
cell. For each cell, time has been normalized by 1/arrest time to overlay
curves. Only curves with at least 50 points were considered for this graph
(MCFs n=17, SKs n=20, MDAs n=24). (b) Outline of a whole cell (the
same as represented in Fig.2) at different time points as it progresses
through the constriction.

The arrest of the cell in the constriction is thus a continuous
transit and not a full stop. Remarkably, for all cell lines, cell re-
lease from the constriction occurred as soon as the center of mass
of the cell has passed the neck of the constriction (Fig. 4a.

| MCF7 | SKBR-3 | MDA-MB-231 |
0.28 s 0.36 s 0.66 s
T [0.24-0.32] [0.32-0.40] [0.56-0.77]
1.90 kPa 1.15 kPa 1.16 kPa
E [1.74-2.06] [1.08-1.22] [1.10-1.22]
0.056 kPa.s 0.044 kPa.s 0.081 kPa.s

m | [0.045-0.068] [0.037-0.051] [0.068-0.095]

Table 1 - Parameters obtained from Jeffrey's model fits, using R.sy =
6.27 um and AP = 6 mbar. Values represent fitting parameters and 95%
confidence interval.

The rheological analysis of the deformation regime reveals that
MCEF-7 cells are less deformable

We next studied the rheological parameters of cell deformation.
We consider these objects as viscoelastic, meaning they can be
modeled by the association of elastic "springs" and viscous "dash-
pots" (see for instance*® for an overview of these rheological
models). The simplest combination of springs and dashpots that
allows to adequately fit our data is the serial association of a
Kelvin-Voigt element, built from a spring (Young modulus E) and
a dashpot (viscosity n;) in parallel, and a pure viscous regime
(viscosity 7;). This combination of mechanical elements also
known as the Jeffreys model is described in Fig.5a. Short-time
scale deformation is governed by the viscoelastic deformation of
the Kelvin-Voigt element, while long-time scale deformation is
governed by the linear elongation of the dashpot element. In
this framework, the elongation &(¢) (see Fig.5a) is ruled by the
following equation4:

e(r)= Mé [(1 —e(ﬁ')> +Lt:|

ap 37[T)2

where ay is the initial major axis length, R, is the equivalent
radius of the constriction (see Suppl.Informations, section 1), AP
is the pressure difference applied on the constriction, and E, 7,
N, the rheological parameters described in Fig.5a.

It is important to note that most of the cells cross the constric-
tions in less than a few seconds. In other terms, the number of
cells which can be analyzed decreases dramatically beyond a 5s
window. We have thus decided to confine our analysis on the vis-
coelastic regime at short time scale by fitting the data with the
Kelvin-Voigt model on time scales below 2 sec (Fig.5b).

The parameters deduced from this analysis are reported in Ta-
ble 1. They are characterized by a low viscosity and an elastic
modulus on the order of the kPa, in agreement with other works
dealing with flow-induced deformations 324245

Overall, Tablel and Fig. 5 indicate that MCF-7 cells are rela-
tively less deformable than SK-BR-3 and MDA-MB-231 cells, as
indicated by their larger Young modulus E (Table 1) and lower
maximal deformation (Fig. 5b). These observations are consis-
tent with other results in the literature4® and with the larger
arrest time of MCEF-7 cells measured with our Pachinko device
(Fig.3).
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Fig. 5 - Deformation curves. (a) Deformation curves are well described
by the Jeffreys model (see the main text for a description). The graph
shows an example of the time variation of the elongation € obtained for
a cell arrested a few seconds in the constriction, highlighting the viscous
regime. (b) Mean curves for the three cell lines and fits of the viscoelastic
regime set over a time range of 2s. The viscous regime was not fitted
as the majority of the cells escaped before reaching this regime. Error
bars represent 95% confidence intervals (MCFs n=31, SKs n=46, MDAs
n=29).

Recovery regime

We then turned our attention to the morphological fate of cells
when trapped in the nests of the recovery chamber after their
passage through the constrictions.

In order to compare cells of different size and different maximal
elongation, we normalize the elongation by its maximal value for
each cell (Fig.6a) to define the normalized deformation as

E(1) — €x at) — de
£N()rm(t):g()_sm = ()
max

Amax — oo

The starting time ¢ = 0 of the recovery regime corresponds to the
last frame before the cell exits the constriction i.e. in most case to
the maximum deformation ¢&,,,,. Fig.6a displays a typical example
of the variation of &y, (¢). It can be decomposed into an almost
instantaneous recovery, happening faster than our frame rate of
observation (< 20ms), followed by a slower shape relaxation. To
identify the time constants governing cell recovery, we here chose
to describe this slow decay as a viscoelastic (VE) regime according
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to a generalized fractional Kelvin-Voigt model 43:46:
SN()rm(t) = Zai e(_[/‘n)

Alternatively, fitting with a timescale-free power law model was
also performed (Suppl. Info section 7) according to4’

A\
ENorm([) = <_) +C

fo
with C a constant.
Cells recover almost entirely from the deformation

Although recovery from the deformation induced in the constric-
tion is almost complete, the mean values of €. show a small but
significant difference with the initial value & = 0 (Fig.6b). The
observation may be attributed to cell plasticity, a behavior al-
ready reported after similar deformation under flow for SK-BR-
3 and MDA-MB-231 cell lines?2. Assuming an elastic modulus
of ~ 1kPa for the softer cells, the small pressure difference of
0.1 mbar across a trap (Fig. S2) would result in a deformation
of ~ 1% through Hooke’s law. The remaining pressure difference
that cells undergo in the recovery chamber is thus not able to
explain alone the magnitude of their residual deformation.

Cell recovery displays two regimes of different nature

As described previously in Figba, each cell recovery curve can be
divided in an instantaneous recovery occurring in less than 20 ms,
followed by a slower shape relaxation. This was observed for the
three cell lines analyzed here (Fig.6d). We want to emphasize
here that the instantaneous recovery does not originate from an
eventual flipping of the cell at the exit of the constriction which
would anyway yields the same maximal elongation. Only a tilt of
the cell over the height of the recovery chamber could affect this
parameter. But a simple geometric calculation would then show
that this would minimize &,,,, by only around 10%. Finally, we
performed experiments with an isotropic square constrictions of
similar section area as 6x15 um? constrictions (i.e. 9x9 um?) and
observed again this instantaneous recovery (Fig. S8).

At the whole cell level, the latter regime appears to be best de-
scribed with a three-phase exponential decay equation (Supp. In-
formation section 7 and Fig.S6 for a comparison with one-phase,
two-phase decay and power law fits) corresponding to a viscoelas-
tic behavior (Fig.6a). The addition of more phase decay did not
improve the quality of the fits, we thus chose to limit the fit to
a sum of three exponential decays labelled as fast, medium and
slow. The general form of the equation thus becomes:

(=1/Tpast) (=t/Ttow)

(=/ Tmedium)

ENorm (t) = dfast € + Amedium € +asiow €

with a@; the amplitudes of the three exponential decays and 7;
(i = fast,medium,slow) their characteristic times. The order of
magnitude of about 100 ms obtained for the fast exponential de-
cay for all cell lines (i.e. 110ms for MCF-7, 113ms for SK-BR-3 and
56ms for MDA-MB-231 cells) has led us not to distinguish it from
the recovery phase that takes place in less than 20 ms at the exit
of the constriction, and to associate these two phases of recovery
with an elastic regime. We then define ®yvr = dyegim + dsiow aS
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Fig. 6 - Recovery at the whole cell level. (a) The graph shows the time variation of the normalized deformation &yopm(t) = (€(f) — €w)/(Emax — €w)
during recovery, which can be modeled by an instantaneous elastic regime, followed by a slower regime of total amplitude ®j. The latter can be
described by a sum of Kelvin-Voigt elements of characteristic decay time 7;. (b) Cell deformation measured in the constriction (&4, MCFs n=36,
SKs n=85, MDAs n=59) and after recovery (€., MCFs n=30, SKs n=56, MDAs n=44). Statistical difference to & =0 is shown. (c) Distribution of
Eror = Eo + E fast + Epedium + Estow for the three cell lines. Statistical comparison between each cell lines is represented (MCFs n=36, SKs n=85, MDAs
n=>59). (d) Mean normalized & curves after exiting the constriction (taken as starting point t=0). Bottom graph displays zoom over the first 20
seconds. Error bars represent confidence interval at 95% (MCFs n=25, SKs n=51, MDAs n=37). Fitting curves represent three-phases decay (bottom
left) or power law (bottom right) fits of the mean curves. Corresponding parameters (with confidence interval at 95%) are reported in Table 2.

the fraction of the viscoelastic (VE) regime in the total recovery.
Table 2 displays the results of these fits for each cell lines.

The graphs of Fig.6d does not show striking differences be-
tween cell lines. However we observe that the viscoelastic regime
contributes more to the recovery in MDA-MB-231 cells (®ygr =
37% of the whole recovery compared to 29% and 20% for MCF-7
and SK-BR-3 cells, respectively), almost equally distributed along
the medium and slow decay. The characteristic decay times are
also lower in MDA-MB-231 indicating that MDA-MB-231 relaxes
faster towards their equilibrium shape.

The power law fits (Suppl. Info section 7 and Fig.6d) overlap

nicely with the three phases decay fits. They allow for an over-
all fit of the curves, without any distinction between elastic and
viscoelastic regimes. The power law exponents obtained for each
cell lines are nycrs = 0.35, nggy = 0.18 and nypas = 0.33 for MCF-
7, SK-BR-3 cells and MDA-MB-231 cells, respectively. The lower
value for SK-BR-3 cells reflects the lower contribution of the vis-
coelastic regime to the relaxation of SK-BR-3 cells, consistent with
the lower value of ®y in these cells.

To go deeper into the analysis of the whole cell recovery, we
sought to deduce the rheological parameters of the three cell
types. Assuming that in the constriction, cells experience a stress
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Three phase decay fit

| MCE7 | SKBR-3 | MDA-MB-231 |
20.4 % 9.49 % 20.3 %
Amedium [19.7-21.1] [8.89-10.1] [18.8-21.8]
1.46 s 1.23s 0.58s
Tinedium [1.38-1.55] [1.11-1.38] [0.52-0.66
8.24 % 10.6 % 16.5 %
Aslow [8.04-8.44] [10.3-10.9] [15.8-17.2]
24.0's 10.8s 4.68 s
Tslow [21.6-27.0] [10.5-11.3] [4.49-4.87]
R? 0.968 0.977 0.962
28.6 % 20.1 % 36.8 %
Pye [27.7-29.5] [19.2-21.0] [34.6-39.0]
1.76 kPa 1.62 kPa 1.45 kPa
Etor [1.57-1.96] [1.45-1.78] [1.19-1.62]
1.26 kPa 1.30 kPa 0.92 kPa
Eejastic [1.12-1.40] [1.15-1.42] [0.75-1.03]
0.50 kPa 0.33 kPa 0.53 kPa
Eiscoetastic [0.45-0.56] [0.29-0.36] [0.43-0.60]
0.53 kPa.s 0.19 kPa.s 0.17 kPa.s
Nmedium [0.46-0.60] [0.16-0.22] [0.13-0.20]
3.48 kPa.s 1.87 kPa.s 1.12 kPa.s
Nstow [2.96-4.07] [1.65-2.07] [0.91-1.27]
Power law fit
| MCE7 | SKBR-3 | MDA-MB-231 |
0.35 0.18 0.33
n [0.345-0.355] | [0.174-0.186] | [0.327-0.342]
R? 0.962 0.971 0.925

Table 2 - Parameters obtained from the three phase decay and power
law fits of the cell recovery and deduced rheological parameters. Values
represent median and [95% confidence intervals].

of magnitude AP =~ 6 mbar, the Hooke’s law leads to the relation
AP = Etor€max Where Eyy = Eg + Efast + Epedium + Esiow and &gy is
the maximal longitudinal deformation. Though it was defined ad
hoc for elastic materials only, we’ll use it here to give an approx-
imation of the apparent Young modulus E;, of our viscoelastic
cells. Fig.6¢c shows a trend in the distributions of E;,,: MCF-7 cells
have the highest median value and the MDA-MB-231 the low-
est, all of the order of 1 kPa and not significantly different from
each other. From the value of E;,;, we could deduce the values
of the Young modulus associated with the elastic and viscoelastic
regimes (i.e. Ejqzic = Eo +Efast and Eyjscoelastic = Emedium + Estows
see Table 2). The elastic regime (values of the Young modulus of
the order of 1 kPa) is the most discriminant between cell types in
terms of Young modulus, with again MDA-MB-231 cells showing
the lowest values. Oppositely, E,scoerasric iS similar for the three
cell lines and of the order of a few hundred of Pa, i.e. much lower
than E,,y;. except for MDA-MB-231 cells.
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More generally, the cell viscosity in recovery can reach very large
values, in particular for the slowest decay 7y, (i.e 3.48 kPa.s
for MCF-7 cells). Strikingly, MDA-MB-231 cells exhibit the lowest
viscosity, the lowest recovery elastic modulus and the lowest re-
laxation times among the three cell lines, which underlines their
relatively high deformability, as expected from their mesenchymal
phenotype and their higher metastatic potential.

Role of the cell cortex integrity in shape recovery

The results shown so far have been obtained under moderate
deformations, with no detectable cell damage such as blebbing of
the plasma membrane. We focus here on the role played by the
cell acto-myosin cortex underlying the plasma membrane during
the elastic recovery highlighted in the previous sections. We
address this question through mechanical and pharmacological
perturbations of the acto-myosin cortex. As all cells display an
elastic regime, with no striking differences between cell types,
we choose to perform these experiments on the MDA-MB-231
cell line.

The occurrence of membrane blebs in a large deformation
regime suppresses the elastic recovery regime

To induce larger cell deformation, we used constrictions with a
6x6 um? square cross-section. The higher mechanical constraints
induced membrane blebbing (Fig. 7a), suggesting that the de-
formation is here strong enough to disrupt the attachment of the
cell cortex to the membrane. In a first set of experiments, we ob-
served the presence of membrane blebs in 43 out of the 51 cells
(84%) recorded going through the 6x6 um? square constriction.
Cells which did not present blebs were among the smallest cells
observed. Strikingly, the elastic recovery regime was lost in these
conditions. Instead, we observe a slow healing of blebs, com-
patible with the timescale of a few minutes associated with bleb
retraction 8,

Actin depolymerization prevents cell recovery

To further investigate the role of the cell cortex integrity on elas-
tic recovery, we applied pharmacological perturbation on the cell
cortex to depolymerize actin or impairing cell cortex contractility.

MDA-MB-231 cells were treated with 0.5 uM of Latrunculin A
(LatA) for 30min. This concentration induces a partial F-actin
depolymerization on adherent MDA-MB-231 cells (Suppl. Info
section 8 and Fig.S7), in agreement with other works#®. LatA
treated cells display shorter arrest time (median 300 ms, i.e. less
than half the median value observed in the control condition, see
Fig.S9), thus supporting the role of the actin cytoskeleton in the
resistance to deformation. Then, instead of progressively recover-
ing their initial disc-shaped appearance into the nest, LatA treated
cells tend to spread between trap structures, adopting indented
shapes (see Fig.7b). This prevented us to perform elliptical fits,
hence to compute recovery curves. This observation highlights
the need for an intact actin cytoskeleton to observe recovery fol-
lowing induced deformation.
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Fig. 7 - Role of the actin cytoskeleton and acto-myosin contractility in cell shape recovery following large deformation. (a) Images of a MDA-MB-231
cell through a square 6x6 um? constriction (scale bar = 20 um). The overall contour of the cell is delimited in yellow and encompasses the area
of membrane blebs (*) located beyond the dark dotted line. (b) Representative images of cells treated with either 0.5 uM Latrunculin A or 30 uM
Y-27632 (scale bar = 10 um). (c) Cell deformation measured in the constriction (&4, MDAs Y-27 n=14, non-treated MDAs n=>59) and after recovery
(€=, MDAs Y-27 n=17, non-treated MDAs n=44). Data were statistically different to & =0 (not shown, with at least ***). (d) Mean rescaled &
curves after exiting the constriction (taken as starting point t=0). Error bars represent confidence interval at 95% (MDAs Y-27 n=14, non-treated

MDAs n=34).

MyosinlI inhibition leads to partial recovery

We next explored whether contractility was required using the
ROCK inhibitor Y-27632 (Y-27). MDA-MB-231 cells were treated
with 30 uM Y-27632 for 30min. This condition is associated with
an increase in the spreading area of cells (see Fig.S7), which sug-
gests a significant inhibition of acto-myosin activity, as expected
in this range of concentrations>°.

Even though maximal deformation levels were similar, the re-
maining deformation &., was higher for Y-27 treated cells (though
not significant) compared to the control condition. Y-27 treated
cells kept an elongation of 0.17, against 0.07 for non-treated cells
(Fig. 7c). The higher residual deformation observed in Y-27
treated cells suggests that acto-myosin contractility participates
in cell shape recovery.

To highlight long-term differences in the recovery we define the

rescaled deformation as

E(t
eRe.s‘C(t) = 8(_) =
max

a(t)—ap

Amax — AQ

The mean recovery curves are shown in Fig.7d for treated and
control cells. Both curves are composed of a first elastic regime
followed by a viscoelastic regime, but Y-27 treated cells display
lower and incomplete recovery. A three-phase exponential decay
fit, as presented previously, yields a slow characteristic time of
Taow = 9.91s for Y-27 treated cells, emphasizing a slower vis-
coelastic recovery than observed for non-treated MDA-MB-231
cells (Typ = 4.68 5).
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Discussion and Conclusion

The present study demonstrates the ability of a custom-made
device, including constricted micro-channels and single cell
traps placed in a flow-free recovery chamber, to study the
morphological recovery of cells after fast deformation under
flow. Using this device, we obtained new insights into the
morphological adaptation of cancer cells to mechanical stressors
and physical constraints such as those encountered in the blood
circulation. Most of our study was performed using a constriction
geometry leading to a significant cell deformation of about 40%
but without observable disruption of the attachment of the cell
cortex to the plasma membrane.

Even if the principle of the operating mode of the Pachinko device
is simple, obtaining the recovery mechanical parameters of cells
meets several challenges. We first need to image individual cells
during their entire journey from the inlet to the traps, i.e. before
entering the constriction, inside the constriction, and within a
trap after their escape from the constriction. Those multiple
requirements are particularly challenging as many events can
occur to lead us to discard a cell: first the cell must not flow too
rapidly (leading to a blurred image in the main channel, or to an
arrest time below our framerate in the constrictions), it should
not be attached to another cell before and within the constriction,
and finally the cell must recover in an empty trap that should
remain as such for 50 s while many other cells continue to flow
into our device. We estimate that less than 30 % of cells are
exploitable. On top of that, track’s reconstruction, segmentation
and fitting procedure require manual reviewing and adjustments
(e.g. of initial fitting parameters) when necessary, as mentioned
in the dedicated Material and Method sub-sections. It is why
this system could be qualified as moderate-throughput, which is
nevertheless sufficient to obtain about 10-15 exploitable cells per
experiment, which typically lasts around 1 hour.

We have shown that MCF-7, SK-BR-3 and MDA-MB-231 breast
cancer cells mostly recover their spherical shape after deforma-
tion, with a residual deformation more pronounced in SK-BR-3
and MDA-MB-231 as compared to MCF-7 cells. Let’s note that
plastic deformation has also been reported in breast cancer lines
after deformation®*, and was associated to cytoskeletal damages
accumulation particularly in high metastatic potential cancer
cells. Strikingly, the major part of this recovery takes place
within 100 ms. It is followed by a slower recovery regime, well
described by a two exponential decay expressing the visco-elastic
behavior of cells on a time scale of tens of seconds. The order
of magnitude of about 1 mm/s of the speed of circulating blood
cells®! would result in a full recovery length in the centimeter
range. Such a slow recovery might avoid repetitive, large
amplitude cycles of deformation-relaxation for cells encountering
successive capillary constrictions, while the elastic-like relaxation
occurring on much shorter lengths would on the contrary relax
partly and almost instantaneously the cell strain. Both effects
might contribute to protect cells during their transit in the
circulation.

Our main finding is that cell recovery relies on the presence of
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actin filaments as well as on the integrity of the acto-myosin cor-
tex lining the inside of the plasma membrane. We indeed found
that (i) depolymerizing F-actin filaments using Latrunculin A sup-
presses the process of recovery itself, leading to plastic cell behav-
ior, and (ii) inhibition of the myosin light chain phosphorylation
using the ROCK inhibitor Y-27632 limits the amplitude of the elas-
tic regime, restraining in turn the amplitude of the total recovery.
Our observations are in line with evidences that the elastic modu-
lus dominates over the viscous modulus at high frequency>2 due
to cortical tension. The acto-myosin cortex, an active gel respon-
sible for the most part of the tension of the cell envelope®3, en-
sures the storage and relaxation of elastic energy32-°4. We thus
cannot totally exclude the contribution of active mechanisms in
the regime of elastic recovery. Similarly, and although the pas-
sive viscous properties of the cytoplasm®° and of the entangled
cytoskeleton>® alone could account for the post-elastic regime of
recovery, we cannot rule out from our experiments an active con-
tribution of the cell cortex in the viscoelastic recovery regime of
amplitude ®yg.

The approach followed in this study has considered cell recov-
ery independently of their prior deformation. A more elaborate
analysis could however consider the entirety of the cell history
(deformation and recovery), similarly to the work of Bonakdar et
al.>”. The time constants of the viscoelastic regimes are much
higher in recovery than in deformation. These differences might
be interpreted by considering the role of the nucleus, whose diam-
eter is larger than the smallest size of our constrictions. The nu-
cleus is expected to resist deformation in the constrictions, while
it should interfere less with cell recovery. It would be interesting
in future studies to monitor the deformation and recovery of iso-
lated nuclei, enucleated cells and nuclei in their natural cellular
environment. However, beyond these differences, MDA-MB-231
cells are, among the three cell lines, the softer and most fluid-
like in both deformation and recovery>®>°. Increase in softness
is a recognized signature of tumorigenesis1243, and a fluid-like
behavior might be an asset for survival in the circulation, enhanc-
ing the probability of the occurrence of metastasis®®. Our study
deals with originally adherent cells which we have detached from
their substrate and suspended to mimic the behavior of circulat-
ing tumor cells. It has been reported that suspended cells display
significant differences regarding elasticity !, myosin II activity 2
and lamin A/C posttranscriptional level®3 as compared to their
adherent counterparts. In line with these results, we have estab-
lished that the level of p-MLC (phospho MyosinlI Light Chain) in
our 3 breast cell lines was lower in suspended cells, which seems
to indicate a decrease in their contractility (Fig.S10).

A remaining open question is that of a possible change in volume
of cells in the regime of fast deformation studied here. Some re-
cent results obtained on the volume monitoring by fluorescence
exclusion method (FXm) on a time scale of tens of milliseconds
suggest that cells can reduce their volume on these time scales
(see Fig.7G of Venkova et al. 50). This volume loss is associated to
an increase in membrane tension as well as to the loss of water
and small solutes. The recovery rate expected from volume loss
is on the order of minutes®, i.e. well beyond the recovery char-
acteristic times measured in the present study. However, volume
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loss could contribute also to shorter timescales in both deforma-
tion and recovery by e.g. reducing the cell apparent modulus.
Further technological developments would be necessary to ad-
dress the important question of suspended cell volume adaptation
to fast deformation and release.

Overall, our work gives new insights not only into flow-induced
deformation of suspended cells but also into their shape recov-
ery, which are both critical cellular events during the journey of
CTCs in the blood circulation. A natural extension of our work,
which would initially avoid the challenges raised by the rarity of
CTCs among an overwhelming quantity of surrounding normal
blood cells -requiring advanced sorting techniques®- will be to
flow CTG cell lines® into our Pachinko device.

Materials and Methods

Photolithography

The microfluidic device layout was etched on a photosensi-
tive resin-coated chrome-glass substrate (Nanofilm) following
standard technics to obtain the adequate mask of the device.
A thin 15 pm layer of negative photoresist SU-8 (SU-8 2015,
Kayaku Advanced Materials) was spin-coated on a silicium wafer
(3000 g, 305s), baked rapidly (3 min, 90°C), then exposed
through the chrome mask (140 mJ/ cm?). The wafer was baked
(4 min, 90°C), developed in PGMEA to dissolve unexposed resin,
then baked once more at 200°C. Exact height of the de-
vice was measured with a mechanical profilometer (Dektam 6M
profilometer, Veeco). Wafer surface was rendered hydropho-
bic by silanization under vacuum with (tridecafluoro-1,1,2,2-
tetrahydrooctyl)trichlorosilane (AB111444, abcr) after activation
via plasma cleaning.

Soft lithography and microfluidic chip coating

PDMS mix (10:1 base:curing agent, Sylgard 184, Don Corning)
was prepared, degassed, and poured over the resin structures of
the silanized silicium wafer (height ~ 5 mm). PDMS was de-
gassed under vacuum for 15 min so that it perfectly matches the
resin structures, then cured at 70°C for 3 h. PDMS was removed
from the wafer mold, and individual chips were cut apart. In-
lets and outlets were punched out at a 1.5 mm diameter. PDMS
was cleaned using 70% Ethanol and Isopropanol, then dried with
a nitrogen air gun. PDMS chips and fluorodishes were plasma-
cleaned then immediately bonded together to seal the microflu-
idic chip. On the day of the experiment, microfluidic chips were
washed with 70% Ethanol then PBS, then passivated by injecting
100 pL of 1 mg/mL solution of pLL-PEG (pLL(20)-g[3.5]-PEG(5),
Susos) for 30 min, then rinsed with PBS.

Numerical simulations

Simulations were performed using the Microfluidics module of
COMSOL Multiphysics 5.5. Device geometry was imported and
meshed finely (minimal element size 0.172 um, Suppl. FigS2).
Navier-Stokes equation was applied to simulate fluid behaviour in
the microfluidic chip. Laminar flow was assessed due to the char-
acteristic dimensions of the system. Channel height was taken
into consideration using the shallow channel approximation of

the laminar flow module. Pressure and velocity field distribution
were exported to confirm hypothesis that the pressure drop is lo-
cated at the constrictions (see Fig.1le and Figs. S2 and S3).

Cell culture

All three MDA-MB-231, SK-BR-3 and MCF-7 cell lines were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM GlutaMax,
ThermoFisher 10566016), supplemented with 10% of Foetal
Bovine Serum (FBS, Gibco 10270-106) and 1% of Penicillin-
Streptomycin (10 000 U/ml penicillin, 10 000 pg/mL strepto-
mycin, Gibco 151140-122). Cells were maintained in growth-
enhanced treated culture flasks at 37°C under 5% CO, atmo-
sphere. Cells were passaged routinely before reaching confluency,
and media was renewed every couple of days.

Cell staining and treatments

Cells were plated in a 6well plate so that they reach 70-90% con-
fluency on the day of the experiment. The culture medium was
removed and replaced with 1 mL of 20 pg/mL lipophilic tracer
DIL (1,1-Dioctadecyl3,3,3’,3’-Tetramethylindocarbocyanine Per-
chlorate, ThermoFisher D3911) or in culture media, and left to
incubate for 1 hour at 37°C. Alternatively, cells were stained with
5 uM CalceinAM (Invitrogen C3099) in culture media for 30 min
at 37°C. Dye containing medium was removed and cells washed
with 1mL PBS before being harvested with 500 puL Trypsin (Gibco
12605) for at 37°C. Cells suspension was spun at 500 g for
5 min, then resuspended at =~ 400 000 cells/mL in serum-free
DMEM supplemented with 25 mM HEPES (Sigma H0887)) and
2 000 U/mL DNAse (Sigma D4513). Optionally, either 30 uM Y-
27632 (Tocris 1254) or 0.5 uM Latrunculin A (Sigma L5163) was
added to the preparation. Cells were left to incubate for 30 min at
37°C before being injected into the microfluidic Pachinko device.

Cell injection in the Pachinko device

The cell suspension was placed in an Eppendorf tube mounted
with a p-cap (Fluigent) connected to the inlet 1 of the microflu-
idic chip through a fluidic tubing (ID .02 in, OD .06 in, Tygon
ND-100-80, Cole-Parmer). Outlets 2 & 3 were connected to Ep-
pendorf tubes containing experiment media without cells. The
cell suspension and media were kept at 37°C on a hot plate for
the whole duration of the experiment. Inlet 1 and outlet 2 pres-
sure were set to 12 and 8 mbar respectively to initiate a flux of
cells in the device main channel. The pressure in outlet 3 was ini-
tially kept at 10 mbar to prevent cells from entering constrictions
then decreased to 0 mbar to allow cells to enter (Fig.1a.).

Acquisition

Cell fluorescence as the cell moves through the device were
recorded through a 10x objective on an inverted microscope
mounted with a CMOS camera (acA1920-150um Basler AG, pixel
size 4.8 um*4.8 um) to record. Stained cells were acquired at
50 Hz with a 5 ms exposition for at least 50 s. Exposure times
and frame rates were adjusted to maximize the contrast of the
fluorescent object while minimizing the blur due to cell motion at
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high speed through the device. The framerate was increased as
much as possible within the limits of the camera to achieve the
highest temporal resolution possible for each fluorescent marker,
i.e. 20 ms for whole cell fluorescence.

Cell trajectory reconstruction

Sequences of fluorescent cell or nucleus moving through the de-
vice were binned on ImagelJ. Cell tracks were reconstructed using
the TrackMate plugin on ImageJ®® (see an example on Fig2a).
Briefly, cells were detected with a threshold based method, then
detected spots were linked on each successive images (linear mo-
tion LAP tracker) to reconstruct tracks. Parameters of the de-
tection and tracking algorithms were adjusted to each sequence.
Tracks were manually reviewed and corrected for punctual errors
in track reconstruction. Track coordinates were exported to Mat-
lab (R2020a, MathWorks) for downstream analysis.

Cell arrest time determination

Only complete tracks (i.e. with images before and after deforma-
tion in the constriction) were selected for the analysis. Entry and
exit time points were defined as the index of the first image where
the cell y-position exceeds respectively the constriction entry and
exit y-coordinate. The arrest time of a cell was determined as
elapsed time between entry and exit time points. For the fastest
cells which can cross the constriction in less than 1 frame, we at-
tribute to these cells an arrest time corresponding to the inverse
of the acquisition frame rate, i.e. 20 ms.

Image analysis and segmentation

For each cell track, for each time point in the cell track, a re-
gion of interest around the cell position was drawn in the original
images. The selected section of the image was binarized: DIL-
stained membrane images were segmented with 2 thresholds cal-
culated using Otsu’s method, to account for fluorescent intensity
heterogeneity in the cell. Non-background layers were merged
together to recreate cell binarized region. Images were filtered to
keep the biggest structure in the image. Major and minor axes
of the ellipse that have the same normalized second central mo-
ments as the binarized region were measured (see an example on
Fig2b).

Cell parameters extraction

The diameter of the cell can be estimated by measuring the av-
erage area of the shape in the main channel assuming that the
2D projection of the cell is a circle through the relation ag =,/%
between the cell diameter ay and the binarized region area A.
Elongation € and aspect ratio AR of the cell or nucleus were de-
fined with major axis « and the minor axis length b as &(¢) :“”}1%
and AR(r) =44 where ag is the average value of the diameter
measured in the main channel. Maximal &,, and end value
&. were determined for each cell using Matlab Cftool applica-
tion interface, and used to compute the normalized deformation
ENorm (1) =£0=t=_ Incomplete and blurry images were manually

Emax—Eoo

excluded from the analysis based on visual examination of corre-
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sponding images.

Contour plots

Contour and density plots were generated for each cell lines data
sets using Python gaussian kernel density estimation. For better
vizualisation, one density level was overlayed on scatter plots to
indicate region of highest points density. Kernel density plots for
each parameter was added right and on top of the graph to rep-
resent this parameter distribution.

Mean recovery curves and fits

For each cell, normalized elongation values of the cell during re-
covery were imported on Graphpad Prism9 software (GraphPad
Software Inc., USA) (with time t=0s taken as the last image of the
cell in the constriction). For each cell lines, mean curves and cor-
responding 95% confidence interval were plotted. These mean
curves were used to fit according to the developed models de-
scribed in the text and in the Supplementary Information section
7.

Statistical analysis

All statistical evaluations were conducted using the Graphpad
Prism9 software (GraphPad Software Inc., USA). Independent
groups were compared using the non-parametric Mann-Whitney
test (arrest times, diameters, Young modulus), or Wilcoxon
matched-pairs rank test in the case of paired data (&4 VS €x).
Significance is reported as the following: *: p < 0.05, **: p <
0.005, ** : p < 0.005, **** : p < 0.001.

Western blotting

Cells were collected, lysed with RIPA buffer (RIPA Lysis and Ex-
traction Buffer, Thermo Fischer Scientific) supplemented with
Protease and Phosphatase inhibitor cocktail (Halt™Protease and
Phosphatase Inhibitor Cocktail (100X), Thermo Fisher Scientific)
and EDTA solution (0.5 M EDTA (100x), Thermo Fischer Scien-
tific), incubated on ice for 5 min, passed through a 1 mL syringe
(Terumo) with 25G needle (Terumo) ten times, incubated on
ice for another 5 min and centrifuged at 16 000 g for 5 min at
4°C. Equal amounts of the supernatant was then mixed with 2x
Laemmli sample buffer (Sigma) and boiled at 95°C for 10 min.
Proteins were then separated using sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE, 4%-12% Bis-Tris gel,
Life Technologies) and transferred onto a nitrocellulose mem-
brane using dry transfer Trans-blot Turbo Transfer System (Bio-
Rad). Membranes were blocked with 5% BSA (Euromedex) in
Tris-buffered saline (Interchim) containing 0.1% Tween (Sigma)
(TBS-Tween) for 1h at room temperature, after which pri-
mary antibodies diluted in TBS-Tween 5% BSA were added for
overnight incubation at 4°C. The membranes were subsequently
washed in TBS-Tween after which secondary horseradish peroxi-
dase (HRP) conjugated antibodies were added in 5% BSA in TBS-
Tween and incubated for 2 h at room temperature. After exten-
sive washing in TBS-Tween, SuperSignal West Pico PLUS (Thermo
Fgischer Scientific) reagent was used and chemiluminescence sig-
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nal was recorded on a ChemiDoc Touch 2 Imager (BioRad). The
primary antibodies used for p-MLC2 detection were Phospho-
Myosin Light Chain 2 (Thr18/Ser19) (polyclonal rabbit, Cell Sig-
naling, #36748S), and for GAPDH - GAPDH (14C10) (monoclonal
rabbit, Cell Signaling, #2118S). Secondary antibodies used were
Goat anti-Rabbit IgG (H+L), HRP (polyclonal goat, Invitrogen,
#65-6120).
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Supplementary information

1 - Effective radius of the constrictions
The equations used to derive rheological parameters! have been established in the case of a cylindrical pipette of radius R. To be
applied to the rectangular constriction of the Pachinko microfluidic device, R needs to be replaced with an effective radius R,s
that is a function of the constriction width w and height h. Referring to the theory for rectangular channels established in?, the
expression for R, s is given by:

wx 3
(L4 h/w)? x g (h]w)

2
4
Rerr=7 M

with ¢g* a dimensionless function of the form

g'(x) =

N2/ 192 & tanh(Zi)\]
(++3) (1‘77 ) 7;)} @

Xi=135

With w = 6um the width and & = 15um the height of the rectangular channel, applying Eq.1 and Eq.2 yields R, 7y = 6.27um.

2 - Profile of the constrictions

Upon fabrication of the wafer molds, the height of structures were checked using a mechanical profilometer (dektak 6M, Veeco). We
also used an optical profilometer (NT9100, Veeco) to obtain 3D imaging of constrictions (Fig. S1a-b). Diffraction during exposure
limits the achievable resolution of structures obtained with photolithography. The actual width of the constriction ranges from =
S5um at the top to ~ 7 pum at the bottom of the structure. We consider this distribution to be acceptable, and will refer to the
constriction as a rectangle of 6 um width. These results were confirmed by the observation of the structures in the PDMS chip by
scanning electron microscopy.
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Figure S1 - Detail of a constriction a) 3D visualisation of a constriction height measured on the wafer used to produce the microfluidic chips,
using an optical profilometer (NT9100, Veeco). b) Detail of the profile of the cross-section of a constriction at its narrowest point. Due to
photolithography limitations, constriction width ranges from 7um at the base to 5um at the top. Thus for simplification, the constriction was
considered as a rectangle of 6pum width. c) Scanning Electron Microscopy view of the constriction and single cell nests trap chamber, taken on a
PDMS chip before bonding to the fluorodish.
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3 - Numerical simulations
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Figure S2 - Numerical simulations performed on the Pachinko device. a) Representation of the mesh used for finite elements calculations. Meshing
was refined close to the constriction and single cell nests (minimal element size was set to 0.172um). b) Representation of the pressure profile
within the device. Inlet 1, outlets 2 and 3 pressure were set respectively to 12, 8 and 0 mbar. Most of the pressure drop is located on the
constrictions. The shallow channel approximation was used to take into account the effect of the channel height on the pressure profile. c) The
middle constriction was closed to mimic the effect of a cell within a constriction. The resulting pressure differences applied between the front and
back of the cell is approximately AP, ~5.76 mbar. Residual pressure drop located in the single cell nests is ~0.1 mbar, and thus can be neglected
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in front of the pressure drop applied within the constriction.
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Table S2 - Pressure Differences AP as a function of the possible configurations of constrictions occupancy by cells. Values are obtained through
numerical simulations with Comsol (see Fig.S2). The plot for the configuration "1 cell in the middle constriction" is represented on Fig.S2c.
Experimentally we observed that in average only one constriction was used at the same time, for calculations purposes we'll then use AP = 6 +
0.25 mbar.

AP in constriction

| | | |

Nb cells in constrictions \ Left \ Middle ‘ Right ‘
| 6.19mbar | open | open |

1 cell | open | 5.76mbar | open |

| open | open | 5.86mbar |

| open | 7.35mbar | 7.46mbar |

2 cells ‘ 7.50mbar ‘ open ‘ 7.22mbar ‘

| 7.80mbar | 7.40mbar | open |

3 cells ‘ 10.15mbar ‘ 10.0mbar ‘ 9.88mbar ‘

4 - Membrane curvature-induced pressure differences

As the cell membrane is being curved in the constriction, a pressure difference AP, is created which opposes cell deformation and
counteracts the hydrostatic pressure difference AP,. Laplace law defines the relation between the inside and outside pressures
around a curved membrane as:

1 1
AP = Pyside — Pousside = 0 (Fl + RfZ)

where 1) is the membrane tension, and R; and R, are the principal curvature radii. We apply this relation at the back and front of
the cell:

outside —

y 1 . 1 1
APback = Pyside — back __ T ( + 7) and Apfronr = Piide _ment -5 < i )

Rpack  Rp ouside = U\ R o Rpy
where Ry4cr and Ry, are the radii of the back and front radii of the cell in an horizontal plane, and R), the inverse of the vertical
curvature defined between the floor and ceiling of the microchannel of height 4. We define the resulting pressure difference created

by the membrane curvatures AP, as3*:

__ pback Jfront 1 1
AP = Poutside - Pgutside =T (Rfr(mt - Rpack

Tsujita and al. gives values of cortical tensions ranging from =~ 50 pN/um for MDA-MB-231 cells to ~ 100 pN/um for MCE-7
cells®. We take an estimate of 7y ~ 50 pN/um for the following calculations. We found that AP, ~ 0.05 mbar at the cell entry and
decreases as the cell progresses in the constriction (Fig.S3). Thus we can neglect in the following the pressure difference induced
by membrane curvature and consider that cells experience in the constriction a hydrostatic pressure drop of AP, ~ 6 mbar. In fact,
AP, represents the minimal pressure required for the cell to enter the constriction. Slowly increasing the pressure to determine the
pressure threshold required for the cell to enter the constriction would result in a measure of the cell cortical tension 7.
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Figure S3 - Evolution of the cell shape as it crosses the constriction and of the pressure difference induced by membrane curvature. a) Outline
of the cell presented Fig.2 and Fig.4b as it goes through the constriction. Each image represenetd here is separated by 20ms. b) The radius of
curvature was calculated for each point of the cell outline, using the code developed in Driscoll et al.6. The color map represents the curvature
c) Drawing of the front and back curvature radius. The front (resp. back) of the cell was defined as the 10% of the points with
the highest (resp. lowest) y-coordinate in the shape outline. Mean over these points was used to determine front and back radii of the cell. d)
Front and back radii were plotted as the cell progresses through the constriction (x-axis is the index of the image of the cell represented above).
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The resulting pressure difference AP, induced by membrane curvature is represented on the right y-axis.

5 - Cell diameters

Figure S4 - Cell diameters.
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The median value is given for each cell line. Interestingly, SK-BR-3 are slightly smaller than the other two cell lines.
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6 - Scatter and contour plots
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Figure S5 - Scatter plot of arrest time in MCF-7, SK-BR-3 ans MDA-MB-231 cell lines. To compare between cell lines independently of size
effects, density plots were sampled on a sliding bin of size 1um.

7 - Comparison of fits
The normalized deformation data were fit successively with one, two, and three phase decays fits in order to determine the number
of exponential decays to be considered. The corresponding fit equations in GraphPad Prism were the following:
* One Phase Decay:
Y=(YO - Plateau) *exp(-X/Tau) + Plateau

* Two Phase Decay:
SpanFast=(YO-Plateau) *PercentFast*.01
SpanSlow= (YO-Plateau) * (100-PercentFast)*.01
Y=Plateau + SpanFast*exp(-X/TauFast) + SpanSlow*exp(-X/TauSlow)

¢ Three Phase Decay:
YFast=(YO-Plateau) *PercentFast*.01*exp(-X/TauFast)
YSlow=(Y0-Plateau) *PercentSlow*.01*exp(-X/TauSlow)
YMedium= (YO-Plateau) * (100-PercentFast - PercentSlow)*.01*exp(-X/TauMedium)
Y=Plateau + YFast + YMedium +YSlow
Alternatively, a power law fit was considered.
¢ Power Law:
Y=(X/X0)(-n)+C

We determined that three phase decay was the best fit to represent the recovery. Addition of more exponential did not increase
the quality of the fit, as the software was unable to compute a fourth caracteristic time. From the parameters computed here (YO,

Plateau, PercentFast, TauFast, PercentSlow, TauSlow, PercentMedium, TauMedium), we define as presented in the main text as the
following:

* 9% slow = (PercentSlow)*(YO-Plateau)
¢ % medium = (100-PercentFast-PercentSlow)* (YO-Plateau)

* Oyp = (% slow + % medium)
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Figure S6 - Fitting of whole cell shape recovery after deformation. For each cell line, the fitting curves obtained with one, two and three phase
decays, as well as the fitting curve obtained with the power law were overlayed on the individual cells data points. The parameters obtained for
each line are reported in the table on the right. Parameters used in Table 2 are boxed in red.
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8 - Treatment of MDA-MB-231 cells with cytoskeletal drugs

Latrunculin A

no treatment 0.5uM 2uM S5um

adherent

suspension

Scale 20pm
Y-27632

no treatment 10pM 30puM 100puMm

x

adherent

suspension

Scale 20um

Figure S7 - Treatment of MDA-MB-231 cells with Latrunculin A and Y27632. (top) Treatment with 0.5, 2 and 5uM LatrunculinA. 0.5uM was
selected as it induced depolymerisation of the actin cytoskeleton in both adherent and suspension conditions. (bottom) Treatment with 10, 30
and 100puM Y27632. A concentration of 30uM was selected as it increased adherent cells spreading (a proxy for diminution in contractility and
thus acto-myosin activity).
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9 - Comparison of the recovery dynamics of MDA-MB-231 cells after passing through 6x15 and 9x9 um? constrictions

0.5

MDA-MB-231 Cell

0.4 6x15 um2

- 9x9 m2
0.3 H

Normalized €

time (s)

Figure S8 - Recovery of a MDA-MB-231 cell deformed in a square 9x9 um? constriction. Elastic recovery is also present in isotropic square
constrictions 9x9 um? of similar section area as 6x15 um? constrictions.

10 - Arrest time of MDA-MB-231 cells submitted to Y-27 and LatA
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Figure S9 - Box plot of arrest time distribution of WT, Y-27 30 uM and LatA 0.5 uM treated MDA-MB-231 cells. Displayed value represents the
median.
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NOTES AND REFERENCES

11 - Expression levels of p-MLC2 by Western blot

p-MLC (/GAPDH)
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Figure S10 - Western Blots for p-MLC2 (phospho-Myosin Light Chain 2). Adherent (adh.) cells were lysed in the culture dish, while suspended

(susp.) cells were lyzed 30min after harvesting.

12-14 - Raw data files

These files correspond to Fig. 3 and Fig.6¢ (Supp.12, Data Cells.xIsx), Fig. 5 (Supp. 13, Data Deformation.xIsx) and Fig. 6d (Supp.
14, Data Recovery.xlsx).
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3 Comments on the paper

3.1 Analysis workflow

The analysis performed in the paper to extract information from the images is described in

the workflow displayed in Fig.2.2.

(a —i5) (¢ h
Pre-processing | [ || Processing ‘\ Analysis A
Imagel Matlab Graph,c?ad
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Binning Segmentation Curve fitting
Tracking (TrackMate) Elliptical fit Statistical analysis
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Figure 2.2 — Data analysis workflow. (a) Binning and tracks reconstruction were performed using
ImageJ. (b) Analysis of individual tracks were conducted in Matlab. For each cell at each time point, the
cell was segmented and the shape was fitted with an ellipse. Maximal deformation and final deformation
were measured and used for normalization. (¢) Normalized curves were fitted in Graphpad Prism, and
statistical analysis were performed.

Fach set of experiments consists of several sequences of a few cells entering the constrictions
and the trap chamber. At the end of each sequence, the trap chamber is emptied by increasing
the pressure in outlet 3, and a new sequence can be acquired (within a 1 hour window from cell

detachment).

ImageJ : First step of the analysis is the reconstruction of tracks with the ImageJ plugin
TrackMate [Tinevez, 2017] (see Fig.2.2a). The sequences of images recorded were binned by a

factor 4, with two aims :

— To reduce the overall memory size and computation times, as all images must be imported
into ImageJ memory for tracks reconstruction. A typical sequence of 3 minutes at 50 fps
acquisition rate consists of 9000 images of 2.2 Mo ; the total amounts to ~ 20 Go which
exceeds available memory. Binning in each direction by a factor 4 decreases the size by 16,

so that each sequences amounts to =~ 1 Go.
— To act as a filter to reduce background noise and improve cell detection.

Reconstructed tracks need to be manually verified and corrected, as Trackmate reconstruction
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algorithm may exchange cells if the two of them come too close to each other. This verification

step is the more time consuming, though less than a fully manual tracking.

Matlab : The resulting tracks (i.e. positions of each cell in each frame) are imported into
Matlab to be analysed. For each cell, movies of a 100x100 pixel® region centered around the cell
as it moves through the device are generated. For each frame, the region is segmented using
Otsu’s method [Otsu, 1979] (a two-levels threshold is used to account for heterogeneity in the
cell staining, see below). The resulting shape characteristics (area, elliptical fit and related para-
meters, see section below) are extracted and saved (see Fig.2.2b). Based on movie evaluations,
some points are excluded if the segmentation failed (mainly if two cells are touching each other,
or when the cells moves extremely rapidly as it enters and/or exits the constriction which results
in blurriness). In Matlab we also extract the initial diameter of the cell ag, its maximal length
Amae and its length after 50 s of recovery ao.. We use these values to define the normalized
deformation €pnerm, that will be then fitted in Graphpad Prism.

Matlab analysis has been implemented as an app that can be shared to other users to
analyse data generated in Pachinko experiments. The app has been tested and used by interns

and collaborators in the team. In annex B, we include relevant parts of the code used in the

app.

Graphpad prism : Data analysis was performed in Graphpad Prism. Normalized deformation
curves and other parameters were imported. Curves were fitted with the appropriate model in
order to extract the parameters. Statistical analysis were performed on other parameters (arrest

time, maximal deformation, etc...)

3.2 About segmentation

Membrane staining with DIL appear heterogeneous, with regions of higher or lower intensity.
Thus, we observed that usual segmentation with a single intensity threshold tends to undereva-
luate the range of the cell, making it appear smaller than it really is. To overcome this problem,
we then turned to a 2-thresholds segmentation (see Fig.2.3a), thus separating the images into
three regions : background, low an high intensity (see intensity histogram in Fig.2.3b). We
then merged the low and high intensity regions to recreate the shape of the cell, as it can be

appreciated in Fig.2.3c.

3.3 About shape descriptors

To quantify the deformation, many shape descriptors are available, either based on the shape
itself (circularity, solidity, Feret diameters) or its elliptical fit (major a and minor b axis, and
their combinations). The choice of a descriptor can impact the interpretation of experiments

[Fregin, 2022]. We made in the paper the choice of two descriptors based on the elliptical fit :

a—ag
ao

the elongation along the main axis € = , and the aspect ratio AR = ¢. Though we started
using the aspect ratio for its intuitive nature and easiness of understanding, we ended up selecting

the elongation ¢ for the analysis. The reasons of this choice are :
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Figure 2.3 — Segmentation (a) Different segmentation using 1 or 2 thresholds for Otsu’s method (b)
Histogram of pixel intensity within the image, and Otsu’s thresholds (1 level in black, two levels in
magenta) (¢) Segmented shape (cyan) and elliptical fit (red). (*) denotes regions of low intensity that
were lost with a single level segmentation. The max Feret diameter was added (magenta).
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— Rheological models in the literature are often developed for an uni-axial deformation.
Adapting them for the AR (which simultaneously computes deformation in both the major

axis a, and its perpendicular minor axis direction b) would prove difficult.

— The measure of the minor axis may prove unreliable. As the constriction section is a
rectangle (6x15 pm?), the deformation is anisotropic. If while exiting the constriction,
the cell was to flip around its main axis, the projection of the perpendicular axis in the
direction of observation would not reflect the same minor axis as in the constriction. Thus
the length of the minor axis may change only due to rotation. This does not concern the

cell major axis as it cannot flip due to the confinement provided by the channel ceiling.

— The shape of the cell in the constriction differs from an ellipse, and both major and minor

axis are overevaluated in the constriction.

Finally, as we were not satisfied with the elliptical fit for cells stuck in the constriction, we
used the measure of the max Feret diameter instead of the major axis to quantify elongation
during this stage. The Feret diameter (in magenta in Fig.2.3c) is defined as the longest line
that can be drawn in the object, and tend to recapitulate best the elongation of the cell in the

constriction while the major axis length (in red in Fig.2.3c) tend to overestimate it.
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4 Fast deformation of colon cancer cells and morphological re-

covery

While we focused on the breast cancer lines in the paper, a similar work was also performed
on the 4 lines of colon cancer cells presented earlier (CTC41, CTC41.5A, HT-29 and SW-
620). We'll refer to CTC41 as primary, as they originate from the primary tumor and present
similar phenotype to HT-29s cells [Cayrefourcq, 2015; Alix-Panabieres, 2017]; and CTC41.5A
as metastatic since they originate from a secondary liver tumor [Soler, 2018]. We’ll present here

the results for these lines, in the same order as presented in the paper.

4.1 Focus on the arrest time
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Figure 2.4 — Cell arrest in the constriction displays high variability within each cell line. (a) Box plot of
each cell line arrest time. Written value refers to the cell line median arrest time. (b) Scatter plots of the
arrest time as a function of cell diameter. Top and side plots around the central scatter plot represents
the density of cell diameters (top) or arrest times (right). (c) Contours of highest points density are
represented for each cell line.

We first measured the arrest time, i.e. how long does a cell take to cross the constriction.
The arrest time depends on the size of the constriction, the pressure difference and the size
and mechanical properties of the cells. As the constriction size is the same for all cells, and the

pressure drop is set the same through all experiments, we expect the arrest time to depend only
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Chapter 2. Pachinko : Design and results at the cell level

on the cell size and properties.

Cell arrest time displays high intra-lines variability. Similarly to what was observed in
the breast cancer lines, the distribution of observed arrest time spans several orders of magnitude,

from 20 ms (acquisition framerate) to 10-100 s for the slowest (see Fig.2.4a).

Colon cell lines display different median arrest time. We measured median arrest time
in the constriction to be 320 ms and 280 ms for the CTC41 and HT-29 cells respectively ; and
90 ms and 40 ms for SW-620 and CTC-41.5A cells respectively. All significant differences are
drawn on the plot Fig.2.4a.

Arrest time is first associated with cell diameter. We here draw the same conclusion
as in the paper on breast cancer cells, which is that the two cell lines with higher median cell
diameter (15.3 um for CTC41 and 15.7 pm for HT-29) are the ones to display a significantly
higher arrest time. Median diameters for SW-620 and CTC41.5A lines are respectively 13.5 um
and 13.8 pm. On the plot Fig.2.4b, this translates into the SW-620 and CTC41.5A lines being
more grouped in the lower left part of the graph, as it can also be appreciated in the contour
of higher density represented Fig.2.4c. However, we do observe cells with a big diameter to go
very rapidly through the constriction, and conversely small cells that take longer time to cross

than expected, especially for the HT-29 line.

Mechanical properties of metastatic colon cell lines are more homogeneous. The
spread of the contour plot can be attributed to differences in mechanical properties, as objects
with identical properties would organise along a line (meaning that the arrest time would depend
only through the objects diameter). Qualitatively we observe that the CTC41 and HT-29 cells
spread over a larger area than the two metastatic cell lines, which would characterize a larger
heterogeneity of properties within the cells at the beginning of the disease. As the diseases
progresses and the most efficient clones are selected, their properties become more homogeneous.
Interestingly, the data points for CTC41.5As organize almost perfectly onto a line, which could
be explained by their clonal origin from a liver metastasis.

We note that this line would intersect the x-axis around 12.5 pm. Interestingly, this diameter
corresponds to the effective radius R.¢s that was calculated in the paper (Refs = 6.27 pm) in
order to adapt the equations developed for cylindrical pipette aspiration to our rectangular
constriction. Below 2R, cells would go instantly though the constriction without stopping. It
is worth noting that this value is way different that the width of the constriction w = 6 um,
though we would have expected the threshold to be close to it. Thus, for a range of diameters
(between w = 6 um and 2R.f; = 12.5 um), cells are deformed though it doesn’t result in the

cell stopping in the constriction (or for a duration lower than our acquisition framerate 20 ms).

Link between arrest time and metastatic potential. In breast cancer lines, we showed
that arrest time distribution of cells with similar sizes (within a 1 um range) recapitulated the

expected order of metastatic potential, with MCF-7 cells being less deformable (i.e. having a
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4. Fast deformation of colon cancer cells and morphological recovery

higher arrest time) compared with SK-BR-3 and MDA-MB-231 cells. In colon cancer cells, we
are unable to draw the same conclusion as primary and metastatic lines have more different
diameters distributions. Analysis of 1 um-wide sliding bins (not represented here) does not

return any particular order between the cell lines.

4.2 Cell deformation in the constriction
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Figure 2.5 — Deformation curves. (a) Mean curves for all four cell lines and fits with either Jeffrey’s model
(continuous line) or power law model (dashed line). Though the fits were performed on the elongation,
we represent here the deformation for the sake of comparison of lines with different median diameters,
and coherence with the next section on recovery. (b) Mean deformation and elongation curves and their
fits (in color) and each replicate fit (in grey) of the CTC41 cells.

We next aimed at extracting rheological parameters from the deformation curves of cells
within the constriction. The shape of the deformation curves (first viscoelastic deformation
followed by a linear viscous deformation, as can be seen in Fig.2.5) led us to use a Jeffrey’s
model (serial association of a Kelvin-Voigt element with a dashpot) to fit the data. Short-time
scale deformation is governed by the viscoelastic deformation of the Kelvin-Voigt element, while
long-time scale deformation is governed by the linear elongation of the dashpot element. Within
that framework, the balance between the force applied by the pressure difference on both sides

of the object with the forces resulting from the viscoelastic contribution first, then the viscous
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flow results in a two-terms equation of the form :

ReffAP —=E 4 E
t)= ————|[1—e3" t
&) apE [( e ) - 372 ]

In order to have a fitting expression independent of the cell diameter ag, the actual fits in

Prism are performed on the elongation ape(t) = a(t) — ay :

Re AP =B
ape(t) = % [(1 — 63’”71t> +

t
32 ]

As variability between cells is quite important (see replicates in Fig.2.5b), the mean curve
appear to be quite noisy, and thus hard to interpret. However, we can observe that each cell
lines reach different plateau levels, related to different 1/E values. We thus deduce that among
the colon cell lines, we expect SW-620 cells to have an higher elastic modulus than CTC41 and
CTC41.5A cells; and HT-29 cells to have the lower elastic modulus as they deform more than
the others.

Fit on the mean curves. As the majority of cells already escaped the constriction after 2s
(as can be seen with each replicates of CTC41 cells in Fig.2.5b), we chose to limit our analysis
to a window of 2s. Indeed, we do not trust the fit of the viscous part as it depends mainly on a
very small number of cells, as evidenced from Fig.2.5.

We thus only consider the following expression of the Kelvin-Voigt model :

-E
ape(t) = LGJCEAP (1 - e37f"1t>

Alternatively, a power law fit was used as well :

R.tAP [ t\P
aoe(t)zflf((to) +C

with 3, K and C constants to be determined (by convention, t( is choosen equal to 1 s) [Balland,
2006]. The exponent 3! quantifies viscoelasticity of the material (3=0 corresponds to a perfect
elastic solid, =1 to the ideal viscous liquid).

The resulting parameters for both fits can be found in Tab.2.1 below.

Fits on individual cells, and comparison with breast cancer cells. We report in Fig.2.6
the values obtained for individuals fits (E, 71, and if the arrest time is long enough 72), when

these were able to be computed, for both breast and colon cell lines.

First, it is worth noting the difference between parameters calculated from mean curves

(Tab.2.1) and the median of parameters calculated from individual fits (Fig.2.6). We explain

1. In the paper draft, the exponent (3 is referred to as a more generic n
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4. Fast deformation of colon cancer cells and morphological recovery

Kelvin-Voigt

| CTC-41 | HT-29 | SW-620 | CTC-41.5A |
0.86 s 1.37 s 1.01s 0.31s
T | [055-1.17) | [1.07-1.68] | [0.63-1.39] | [0.27-0.35]
1.40kPa | 0.81kPa | 274kPa | 1.81kPa
E | 124156 | [0.73-0.89] | [2.39-3.09] | [1.68-1.94]
0.127 kPa.s | 0.118 kPa.s | 0.294 kPa.s | 0.060 kPa.s
| 0.087-0.168] | [0.102-0.135] | [0.207-0.380] | [0.049-0.070]

R* 08151 0.9629 0.8393 0.9219
Power law
| CTC-41 | HT-29 | SW-620 | CTC41.5A |
0.14 0.21 0.07 0.12
[0.127-0.229] | [0.198-0.246] | [0.063-0.101] | [0.115-0.141]
R 0.800 0.785 0.504 0.885

Table 2.1 — Parameters [95% CI] obtained from Kelvin-Voigt model and power law fits (restricted to
the first 2 s), using Rery = 6.27 pm and AP = 6 mbar.
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Figure 2.6 — Individual cells fit parameters (F, 71 and 72) using Jeffrey’s model deformation. When 7
wasn’t able to be computed, fit was changed to Kelvin-Voigt model (E and 7; only).
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these differences with the fact that some cells were not able to be fitted (mostly due to bad
quality of the data), though these cells did contribute in the mean curve.

Then, the comparison of elastic moduli £ between breast cancer cell lines determines SK-
BR-3 to be the softer cells. Here the CTC41 and HT-29 cells appear to be the softer among
colon cancer lines.

Though order of magnitude of n; is similar for breast and colon lines, we observe some colon
cells to have lower extreme values. The viscous modulus 75 could be computed for cells for which
arrest time is above & 1 s. For each cell lines, the order of magnitude is of a few 100 Pa.s (though

a bit lower for SW-620s cells for which the value has been computed for only 5 cells).

4.3 From deformation to recovery
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Figure 2.7 — Deformation (b) Cell deformation measured in the constriction (€,,4,) and after recovery
(€00)- The statistical difference to €9 = 0 is shown. (c) Distribution of E;,; = EA—P for the three cell lines.
The statistical comparison between each cell lines is represented.

Cells recover almost entirely from the deformation. As the cell escapes the constriction,
the applied stress on the cell is suddenly released. We measure the remaining deformation e,
after 50 s of recovery (chosen experimentally as nothing evolves anymore after 50 s). Comparison
between &,,4, and e, is given Fig.2.7a. Max longitudinal strains range from = 20% for the small
metastatic SW-620 and CTC41.5A lines to 30% for the large primary CTC41 and HT-29 lines.
No significant differences were found between each lines, while each dataset was individually
statistically different from £y = 0. The final infinite deformation values €., range from -4% to
7% for each lines, and are each statistically different from either g = 0 or £,,4,. We conclude
that cells do recover to a large extent from the imposed deformation, though a small residual
deformation subsists at the end of the recovery. We evaluated in the paper the pressure drop
across a cell to be of the order of 0.1 mbar (10 Pa). The resulting deformation would then only
represent 1% for a cell of 1 kPa Young modulus. We thus conclude that the observed residual

deformation to result from cell plasticity, i.e. irreversible deformation. We hypothetize that
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4. Fast deformation of colon cancer cells and morphological recovery

the surprisingly low e, value for SW-620 cells might originate from the fact that their initial
diameter may have been overevaluated, as small cells travel in the main channel very rapidly
due to the absence of friction with the floor and ceiling and thus may appear blurry due to the

cell displacement during image acquisition.

Estimation of the cell Young modulus from its maximal deformation. The fits above
give us a first determination of an elastic modulus. We’ll try here to evaluate the cell Young
modulus based on the measurement of the maximal deformation. When the cell is in the constric-
tion, the stress o applied is of the magnitude of AP and results in a deformation €,,4,. Through

Hooke’s law, we can correlate the stress o to the max longitudinal strain €4, :

Emax

0~ AP =~ Eiyemar thus Eioy = AP

We thus deduce from each individual measurement of €,,4, (see Fig.2.7a) a value for the
Young modulus E},: for each cell. The distribution is given Fig.2.7b. Median Young modulus
values are ~ 2.4 kPa for CTC41, =~ 1.9 kPa for HT-29, =~ 3.0 kPa for SW-620s and ~ 2.8 kPa for
CTC41.5A. We observe that these values follow the same trend as the elastic moduli resulting
from the Kelvin-Voigt fits, though the values are higher here.

Interestingly, we found here the metastatic lines to have in average an higher elastic modulus
as the primary lines. As we’ll discuss later, these results are quite surprising as the majority of
the literature suggests that the more aggressive cells are often softer than their less aggressive

or non-malignant counterparts.

4.4 Recovery of colon cells display two regimes

Cell recovery displays two regimes : a fast elastic regime followed by a slower vis-
coelastic one. Similarly to the recovery of breast cancer lines, the recovery of colon cancer
lines also displays two regimes of different nature : a fast elastic regime, followed by a longer
slower viscoelastic regime. We fitted the data points with successively increasing number of ex-
ponential decays until we obtain a fit of reasonable quality, i.e. providing a good visual adequacy
between the curve and the points, to which any addition of more phase decay does not yield any
improvement. Rheologically, this corresponds to an serial association of Kelvin-Voigt elements
of different characteristic times. We found the best fit to be a sum of three exponential decays
(as represented in Fig.2.8). All data and fits tested can be found in appendix C. The general

form of the equation then becomes
g(t) = (Emaz - 500) (afast eXp_t/TfaSt +Amedium eXp_t/Tmedium +asiow eXp_t/TSZow) + €0 (2'1)

As emae and e varies with each cell, we defined a normalized strain €pnopm as

e(t) —e0o  alt) —ase
t p— p—
‘C:Norm( ) Emaxr — €oo Omazr — oo
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Figure 2.8 — Cell recovery. Mean normalized £(t) curves after exiting the constriction (taken as starting
point t=0). Bottom graph displays zoom over the first 20 seconds. Error bars represent confidence interval
at 95%. Fitting curves represent three-phases decay (bottom left) or power law (bottom right) fits of the
mean curves. Corresponding characteristic times (with confidence interval at 95%) are reported in Tab.2.2.

Recovery equation 2.1 then becomes :
ENorm (t) — afast exp_t/Tfast +amedium eXp_t/Tmedium +aslow eXp—t/’Tslow (22)

with a; and 7; (i = fast,medium, slow) the respective amplitude and characteristic time
of each exponential decay. Once again, similarly to the findings on breast cancer cells, all fast
characteristic times were found to be less than 100ms (70 ms for CTC41, 61 ms for HT-29, 43 ms
for SW-620s and 63 ms for CTC41.5A). We thus chose to merge the fastest exponential, defined
only by a few time points for which we might lack precision 2, in the elastic regime (see Fig.2.9)
We then define v g = amedium + Asiow a8 the fraction of the viscoelastic regime in the total

recovery. The table of Fig.2.2 displays the results of these fits for each cell lines.

Different colon cell lines have specific viscoelastic regimes. Whereas recovery curves
for breast cancer seems to overlap nicely, here we observe higher differences within the colon
cancer cell lines. The recovery curve of SW620 cells drops more rapidly than the others (reaching

90% of recovery within 50ms), as it can also be appreciated in the fit parameters : it displays

2. Experimentally, these points are often associated to the journey of the cell towards its trap, eventually
causing blurring
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Figure 2.9 — Rheological models for cell recovery. a) Rheological model corresponding to the three phase
decay description made for the cell recovery, including the three characteristic times Trast, Tmedium and
Tsiow- D) Merging of the faster characteristic time with the spring Fy into a spring of modulus Fjgstic-

the lower fraction of viscoelastic regime ®y g (20% compared to >34% for all other cell lines)
and faster characteristic times, both slow (5.8 s) and medium (0.27 s). A similar behavior can
be observed to a lesser extend for CTC41.5A cells (with a relatively small proportion of the
slow regime). On the opposite, both CTC41 and HT-29 cells display a more important part
of viscoelasticity in their recovery, associated with longer characteristic times (up to 19.5 s for
CTCA41s cells).

Different colon cell lines present different rheological parameters. Using the fit pa-
rameters obtain above, we deduce the elastic and viscous moduli for the different regimes. We
measure the SW-620s cells to have a higher elastic regime modulus than the other cell lines

(2.28 kPa), to be associated with its faster and sharper recovery.

We observe the viscoelastic regime to present an elastic modulus between 0.5 kPa and 1 kPa
for all cell lines. The values obtained for viscous moduli associated with the slow and medium
characteristic times range from 0.10 to 0.76 kPa.s and from 1.21 to 4.69 kPa.s respectively. The
maximum is obtained for the CTC41 cell line, which on the graph is characterised by the most
important viscoelastic regime, associated with higher characteristic times, while the minimum
is reached with the SW-620s cells.

Power law fits. Alternatively, recovery curves were fitted with a power law equation of the

form

t\ "
5N0Tm(t) - (tO> +C

with C a constant The power law exponents obtained for each cell lines are norcg1s = 0.30,
ngrs = 0.39, ngws = 0.55 and nercq1.54s = 0.40. The higher the exponent is, the more elastic
the recovery. These values recapitulate well the order between curves observed on the graph.

The values we measure here are of the same order or higher that the ones observed for the
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three phase decay fit

| CTC41 | HT-29 | SW-620s | CTC41.5A |
26.5 % 21.8 % 12.8 % 25.6 %
Amedium [25.5-27.5] [18.5-27.3] 9.8-15.9] [23.5-27.8]
1.28 s 0.38 s 0.27 s 0.49 s
Tmedium [1.21-1.36] [0.33-0.46] 0.22-0.35 [0.45-0.54
10.8 % 12.9 % 7.4 % 8.6 %
slow [10.5-11.1] [12.5-13.5] [7.0-7.7] [8.4-8.8]
19.6 s 7.00 s 5.80 s 12.0 s
Tslow [18.9-20.2] [6.71-7.32] [5.52-6.09] [11.4-12.7]
R? 0.953 0.950 0.943 0.945
@ 373 % 34.7 % 20.2 % 34.2 %
VE [36.0-38.6-29.5] |  [30.9-38.6] [16.8-23.6] [23.5-27.8]
2.22 kPa 1.94 kPa 2.86 kPa 2.73 kPa
Etot [1.80-2.56] [1.79-2.26] 2.43-3.28] [2.56-3.11]
1.39 kPa 1.26 kPa 2.28 kPa 1.79 kPa
EBetastic [1.12-1.61] [1.14-1.49] [1.93-2.63] [1.67-2.06]
0.83 kPa 0.67 kPa 0.58 kPa 0.93 kPa
Eviscoelastic [0.67-0.96] [0.58-0.81] [0.45-0.71] [0.85-1.08]
0.76 kPa.s 0.16 kPa.s 0.10 kPa.s | 0.34 kPa.s
Thmedium [0.60-0.88] [0.13-0.21] [0.07-0.14] [0.30-0.41]
4.69 kPa.s 1.75 kPa.s 1.21 kPa.s 2.81 kPa.s
Nstow [3.78-5.44] [1.59-2.06] [1.02-1.42] [2.57-3.25]
power law fit
| CTC41 | HT-29 | SW-620s | CTC41.5A |
0.30 0.39 0.55 0.40
n [0.293-0.306] | [0.382-0.397] | [0.541-0.561] | [0.389-0.404]
R? 0.948 0.929 0.896 0.933

Table 2.2 — Parameters obtained from the three phase exponential decay and power law fits of the cell
recovery and deduced rheological parameters. Values represent median and 95% confidence intervals.

breast cancer cell lines.

Comments on the fitting of recovery. The approach described in the paper submitted to
Lab on Chip, in this chapter on the whole cell and in the following one dedicated to the nucleus,
reflects our attempt at constructing rheological models that would allow to fit the data. Since

the submission of this manuscript, the state of our comprehension has advanced, particularly
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thanks to the pertinent inputs of the reviewers and of the jury. Under the assumption that the
recovery could be considered independently of the deformation. By doing so, we implicitely as-
sumed that the cell relaxed from the imposed stress in the constriction as it exits. We now think
that this may be a too strong approximation considering the fact that the cell is still deforming
as it escapes the constriction.

To take this into account, we’ll approach the release of the stress as the cell escapes the constric-
tion as the addition of a delayed stress of opposite amplitude, which would bring the overall
stress experienced by the cell back to 0 (see [Bonakdar, 2016] for instance).

The equations describing both deformation and recovery in the framework of Burgers rheological

model considering a cell of arrest time 7' then become :

RepfAP Eio + E% 1- exp(”’71 ) + ﬁt if t < T (deformation)
EBurgers(t) =< -B -E
ap L(t-T Lt
E% <exp(3”"1( )> - exp(3”"1 )> + ﬁT if t > T (recovery)

(2.3)
The cell rheological behavior is the combination of an elastic component Ey which deforms and
recovers instantly, a viscoelastic component which deforms and recovers with a characteristic
time 7 = g—ll, and a viscous deformation 1y which deforms linearly but do not recovers. We’ll
also note the necessary contribution of the arrest time in the new set of equations, which means
that the analysis has to be carried at a cell by cell basis, and can’t be based on the mean curves
only.
Similarly, using a power law formalism, cell behavior can be modeled using the following

equations become :

€ PowerLaw () = RepfAP (E}Je + E%z) (%)/B if t <T (deformation) (2.4
o "0 E{Je [(ti))ﬂ B (%)B + E%)l (%)B if t > T (recovery) '

where the behavior is decomposed between a viscoelastic contribution FE,. which recovers once
the cells escapes, and a plastic contribution E),; expressing the presence of a residual deforma-
tion..

The previously generated data have to be reanalyzed with this new formalism. Our first
results suggest that these equations allows to unify the behavior in deformation and recovery
with a low number of parameters, which is expected of a strong model and was not the case in

the previous analysis.

5 Discussion & Perspectives

In this section, we’ll discuss first about the device and its design, and establish a comparison
with other devices in the literature. Then we’ll elaborate our results on cell rheology, in particular

under the framework of cancer and the basic knowledge about cancer cell rheology.
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Chapter 2. Pachinko : Design and results at the cell level

5.1 About the design and experiment

Different levels of deformations for cells of different size. We made the choice here to
compare all cells of different size with a constriction of the same width w = 6 um. This results
in different levels of deformations for each cell (as can be seen in the paper and in Fig.2.7a) :
Bigger cells are deformed more (and often for a longer duration) than smaller cells. We chose to
quantify this level of deformation by measuring the max longitudinal strain &,,q.

The other choice would be to adapt the size of the constriction to the diameter of the cells
studied, so that the deformation level remain the same, which is the case with other experimental
technics such as AFM for instance (where the indentation can be adapted to each cell). However
this solution would prove hard to implement here as it would require to have a catalog of chips
with different constrictions sizes, and cells still present significant variations of diameters even
within a cell line.

Similarly, all cells do not spend the same duration in the constriction. With a much more
complex design, the arrest time could be adjusted by tuning the pressure gradient in order to
accelerate or on the contrary slow down cell deformation and transit through the constriction.
This would require a feedback loop between a real-time cell tracking and the pressure controller

(that in practice may not be fast enough), and to reduce the number of constriction to one only.
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Figure 2.10 — Strain rate applied to the cells in the constriction.

Estimation of the strain rate. In order to compare with other methods, we estimate the
strain rate € of deformation in our device as € = % [Urbanska, 2020] where Z is the mean absolute
strain of a cell and to the duration of the deformation (i.e. the arrest time in our case). In a
constriction of identical dimensions, [Urbanska, 2020] numerically calculated the mean absolute
strain to be ~ 40% of the max longitudinal strain €4, (considering that the cell deforms from a
sphere of diameter ag into an ellipsoid of dimensions a,;qz, w = 6 pm and h = 15 um). Based on
this approximation (as the confining channel section dimensions are the same as our constriction
section), we then evaluated the strain rate for each cell analyzed above.

We found the strain rate applied to the cell to be of the order of 0.1 to 1 s~!. The strain
rate is higher for the smaller cells (SK-BR-3, SW-620, CTC41.5A) as they cross the constriction
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the fastest. We acknowledge that the top part of these graphs may be truncated as some cells
that went through the constriction in less than 20 ms and were excluded from our analysis.
These rate are similar to other constriction-based microfluidic devices (0.04 s™! in [Urbanska,
2020]) or AFM measurements (0.1-1 s71 in [Omidvar, 2014], 0.1 s7! in [Nematbakhsh, 2017]),
though it is higher than other experimental designs such as micropipette aspiration (< 0.02 s~}
in [Pachenari, 2014] and <0.05 s~! in [Tabatabaei, 2019]).

=30 a
o LAAAAAAN ANAANNANNAANANNANANANANANNANA AN AN A

0 ~ ARV VAV VY

AN, NI f[}]’“-i.L o s

S

b E— c d
mean strain < £ > 1.0 - 15
Q
——mean absolute strain /< &2 > 08—~ 0.8 * % %k k S
——max longitudinal strain £, Feret o %
e 0.6 E
06} 5 é . _S‘ 1.0 r
= E W g4 031 G55 2 0.86
'E g - I— 4 g % % 2] u’f
B _ = & 0.2+ b 4 o [
2 £ - _
é [0 o I RO PP o 0.5
I :
______________________________________________________________ ©
-0.2 U
0.10 £
‘3 5 10 15 2‘3 2‘5 3‘3 3‘5 4'3 4'5 5'3-: : -0'4 0'0
<e> J<ére

maxFeret

Figure 2.11 — Strain pattern during deformation (a) Strain evaluated at each point of the cell contour
in the xy plane as a SK-BR-3 cell deforms (red : elongation £ > 0, blue : compression ¢ < 0). (b)
Comparison of mean strain (< e >, blue dotted line) and mean absolute strain (root mean square
V< €2 >, blue continuous line) to the deformation calculated from the max Feret diameter (orange line).
Values are computed on SK-BR-3 cells. (¢) Box plot of : temporal average of mean strain < & >, maximal
values of mean absolute strain v'< €2 > and maxFeret ¢,,,, deformation. (d) Average of ratio of mean
absolute strain over maxFeret deformation.

Strain pattern in the cell during deformation. Due to the shape of the constriction, the
strain pattern in the cell is complex (compression in the middle of the constriction, elongation at
the front and back of the cell). As an attempt to better describe the deformation, we determined
the strain € at each point of the cell contour in the xy-plane (compared to the initial diameter, see
Fig.2.11a). We observe that the middle part of the cell in the neck of the constriction experience
compression, while the back and front extremities of the cell are in elongation. To quantify the
average deformation of the cell, we define the mean strain as < & > and the mean absolute
strain as v/< €2 >, both computed over the points of the contour. Evolution of these quantities
are represented Fig.2.11b, and compared to the maximal longitudinal deformation (based on the
max Feret diameter) that we used through this study. Interestingly, both follow similar trends.

Assuming the cell is incompressible and deforms only in the xy-plane (as we chose the channel
height to confine cells in the z-dimension), we expect the mean strain to average to 0. However,
we measure the average of the mean strain for all SK-BR-3 cells to be -0.10 (see Fig.2.11c). We

propose three hypothesis to explain the overall compression of the cell in the xy-plane :
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— First, the cell may not be incompressible, and rapidly loses volume as it enters the constric-
tion. Though this loss of volume would have to happen in < 20 ms as the strain of the first
acquired point is already negative. [Venkova, 2022] observed such a fast loss of volume of

~ 10% following deformation by confinement of HeLa Kyoto cells.

— Second, overall compression is compensated by an elongation in the z-direction, and the

average strain over the volume of the cell then equals to 0.

— Third, we overestimated the diameter of the cell in the main channel. Though we were
careful in excluding blurry images to measure it, as the cell moves during the exposure

time the acquired area may cover a surface slightly bigger than the cell actually is.

We believe the second hypothesis to be the most plausible. We would indeed expect the mean
strain to keep decreasing if the cell was able to continuously lose volume upon increasing defor-
mation. And in case of an overestimation of the initial diameter, we would expect the mean strain
to remain constant and equal to the error we made on the measure. Oppositely, the increase
towards zero of the mean stress can be easily understood if we consider an increasing elongation
in the xy-plane as the cell progresses through the constriction together with an elongation in
the z-direction which cannot evolve due channel confinement.

We observe the mean absolute strain and max longitudinal deformation to follow the same
trend, though interestingly mean absolute strain turns out smoother and less noisy. In Fig.2.11c,
we compared the maximal strain measured on these curves. When SK-BR-3 displayed a 0.37
maximal strain when computed with the max Feret diameter (see also the paper), the max
strain was evaluated to 0.31 with a narrower distribution using the mean absolute ratio. At
each point of the deformation in the constriction, the mean absolute strain is a fraction of the
max longitudinal strain. We evaluated this fraction to be about 86% for SK-BR-3 cells (see
Fig.2.11d).

This similitude in trend between both measurement legitimates the use of the maximal
longitudinal strain as a measure of deformation. However, we acknowledge that the values we
report in this chapter that depend on the maximal deformation (elasticity and viscosity moduli)
may be correct to within a factor of ~ 0.86. In further Pachinko experiments and analysis, the

mean absolute ratio will be added to the measurements recorded.

A few studies addressed the issue of strain pattern determination through numerical ap-
proaches. [Abarca-Ortega, 2024] aim to describe fluid forces and cell deformation. In this study,
the cells are considered to be visco-hyperelastic, homogeneous, and isotropic under quasi-static
progressive loading (incremental steps of pressure until deformation equilibrium is reached). This
approach revealed the heterogeneous distribution of stresses within the cell, with a maximum
located close to the contact points between the cell and the wall surface.

[Chen, 2024] modeled the cell as an homogeneous droplet enclosed by a hyperelastic film
(membrane), in order to determine regions of higher membrane deformation and resulting surface
tension. The deformation was able to induce formation of plasma membrane pores in the region
of higher surface tension, thus proving the interest of cell squeezing for absorption of foreign

substances.
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Figure 2.12 — Closure of constriction by cells. (a) Pictures of the Pachinko chip filled with fluorescent
media (10kDa Dextran-FITC) as a MDA-MB-231 cell enters the third constriction (left), then just before
(center) and after (right) the cell exits the constriction. When all constrictions are occupied, the fluorescent
media in the downstream recovery chamber is photo-bleached, until a constriction opens and the medium
is renewed. (b) Temporal reslice kymograph of the pixel intensity along the red line represented in (a).
White dotted lines represent cell boundaries. (c) Pixel intensity within the trap chamber.

About the pressure difference AP across the constriction. In our calculations we used
AP= 6 mbar, based on numerical simulations (see Suppl.Infos of the paper), as the pressure
difference applied on cells stuck in the constriction. In fact, this value is a theoretical maximum
under the assumption that the cell occupies entirely the constriction. Indeed, a flow leak around
the cells in the constriction would result in a lower effective pressure difference applied on the
cell. These leaks might originate from any mismatch between the originally spherical cells and the
rectangular constriction if the deformation doesn’t close the constriction [Preira, 2013 ; Moore,
2023]. Experimentally, we validated the absence of any significant leak. By injecting fluorescent-
labeled media (FITC-dextran 10 kDa, 1 mg/mL) into the device, we observed photobleaching of
the media in the trap chamber within a few seconds when constrictions were occupied by cells,
while media in the main channel was renewed and thus did not photobleached (see Fig.2.12). If
significant leaks were present around arrested cells, then some media downstream the cells would
have been renewed and photobleaching would not be observed. We acknowledge that this proof
only concerns cells who spend enough time in the constriction to see photobleaching happen. It
is possible that cells that go very rapidly through the constriction do not deform sufficiently to
block the constriction. Thus the effective pressure difference would be less than AP= 6 mbar,

though high enough to deform and have the cell go through the constriction. For these cells,

85



Chapter 2. Pachinko : Design and results at the cell level

values of elasticity and viscosity deduced would be overestimated.

POMS

k Medium
S FITC-Dextran

- l' “Glass )

Q
side
view

Fluorescence Phase

g

Fluorescence
intensity (a.u.)

g

.
chamber height

8

=

Optical thickness {m)
=

Figure 2.13 — Volume measurement by fluorescence exclusion microscopy (FXm). (a) Principle of the
FXm (adapted from [Cadart, 2017]). (b) FXm image of MDA-MB-231 cells acquired with a confocal
spinning disk microscope, with one cell in the constriction and one cell in a trap.

About the cell volume. Cell volume can be indirectly measured through fluorescence ex-
clusion microscopy (FXm) [Cadart, 2017 ; Braini, 2018]. The media contains a cell-impermeable
fluorescent dye (here FITC-dextran 10kDa). The presence of a cell will result in a decrease of
fluorescent intensity due to volume exclusion of the media, proportional to the volume of the
object. We evaluated the possibility to measure the volume of cells going through the Pachinko
device, as recent study highlighted the potential loss of volume of HeLa Kyoto cells under confi-
nement [Venkova, 2022]. However, experiments were rendered difficult by the need to acquire
images at a high framerate (50 fps) over a prolonged period of time (= 50 s), which with the
current set-up led to inhomogeneous photobleaching of the media and prevented volume mea-
surements (see section above). A solution was recently found imaging with a confocal spinning
disk with a more sensitive camera to reduce the laser intensity and thus prevent photoblea-
ching. Further experiments will allow us to follow the volume of cells as they are undergoing

fast deformation to determine
— whether the incompressibility hypothesis we made earlier is valid.

— or if the cell lose volume in response to fast deformation, and if so to what extent and under
which timescale, as the timescale may inform us on the underlying mechanism (diffusion,

aquaporines, transient holes in the membrane).

— if the potential loss if volume is reversible, and if so under which timescale.

About the constriction geometry. Previous work in our team demonstrated the impact of
several constrictions geometries on the arrest time of cells [Ahmad-Cognart, 2020]. Arrest time
decreases as the constriction approach gets sharper. In the literature, constrictions designs are
often sharper than in our design [Gabriele, 2009 ; Xia, 2018; Davidson, 2019; Jebane, 2023].
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Figure 2.14 — Spatio-temporal dynamics of MDA-MB-231 cells during their passage through two dif-
ferent constrictions geometries.

The resulting arrest time is often decoupled into an entry time (where the cell deforms) followed
by a transit time (where the cell slides through the channel). We compared the progression of
MDA-MB-231 cells into 2 different constriction designs : our 6 pm-wide constriction design with
a circle arc profile, and a sharp transition from 26 um to a 6 pum-wide straight channel (see
Fig.2.14). We found in both cases that the cell move forward into the constriction as it is being
deformed. The deformation thus seems never entirely decoupled from the transit. Then, as the
deformation level is high enough , the cell rapidly transits through and escape the constriction
(see last points of the spatio-temporal graph) . We then conclude than the parameter we defined
as arrest time is closer to the reported entry time as defined in the literature. To observe and
measure a transit time, we would need to modify the constriction and add a long enough straight

channel to accommodate the entire deformed cell.

We finally evaluated the influence of the constriction anisotropy. Indeed, as the constric-
tion is a 6x15 um? rectangle, the cell is more deformed in one direction. As presented in the
Suppl.Materials of the paper, we followed cell recovery in a square constriction of similar area
(9x9 um?). The recovery in a square constriction displays the same two regimes as observed
with the 6x15 um? constriction. An advantage of square constriction is that the deformation
measurement is less sensitive to cell flipping in the trap chamber, as all sides present the same
deformation. However, this only applies to AR and other measurement based on the deforma-
tion in the direction of the minor axis. The elongation measurement is unchanged as the cell
major axis stays within the plane of observation due to the spatial confinement in the z-direction

provided by the channel ceiling.

5.2 About the rheology

Recovery was almost never studied in comparison with constriction-induced deformation.
In a rare example, [Gabriele, 2009] compared deformation and recovery of THP-1 monocytes
deformed in a 4x17 pum? channel. Though several drug treatments were tested (Latrunculin A,

Blebbistatin, Jasplakinolide) and affected largely the dynamics of deformation, none seemed to
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affect the dynamics of shape recovery. Moreover, in all conditions, the recovery of the aspect

ratio was characterized by a relaxation within ~ 50 s.

Comparison with the literature. In this work we compared cells of tumor origin only. It
would be interesting to analyse non-tumoral cell lines in our device. Based on the literature, we
expect non-tumoral cell lines to be stiffer (higher Young modulus and higher viscosity modulus).
We presented in the introduction the MCF-10A cells as a non-tumoral cell line of breast tissue
origin. Many other models of breast cancer lines exist, including commercial immortalized cell
lines[Dai, 2017], or xenografts [Woo, 2021]. An interesting example of other lines that could have
been tested are MCF10DCIS, a xenograft mouse model derived from the MCF10A cell line, which
recapitulates the transition from in situ to invasive stages of breast cancer progression [Nader,
2021a].

We discussed in the paper the comparison of our rheological parameters estimation with
reported comparable values in the literature. We found the MDA-MB-231 to be the softer and
more fluid-like, both in deformation and recovery, in accordance with the literature [Guck,
2005 ; Tabatabaei, 2019]. Increase in softness is a recognized signature of tumorigenesis [Alibert,
2017], and a fluid-like behavior might be an asset for survival in the circulation, enhancing the

probability of the occurrence of metastasis

Similarly for the colon cells, other largely used cell lines that we could have tested include
human tumoral Caco-2 or SW-480 (primary tumor derived from the same patient as lymph node
metastatic SW-620) or non-tumoral NCM460 [Bjerknes, 2006].

Interestingly we measure here the colon metastatic lines (SW-620 and CTC41.5A) to have
an higher elastic modulus than the primary lines (CTC41 and HT29). The colon cancer lines
were overall less studied than the breast cancer ones so finding values to compare with prove
to be difficult. In a micropipette aspiration experiment, [Pachenari, 2014] reported HT-29 cells
(grade I) to present an higher apparent elasticity and viscosity than SW480 cells (grade IV).
However, instantaneous Young modulus was higher for high grade cells, relating to the existence
of extensively build-up actin networks at the cell cortex, meaning that high grade cancer cells
could resist more to initial deformation. Similarly, [Bras, 2022] reported SW620 metastatic cells
to present the highest Young’s and storage moduli compared to primary HCT15 and HCT116
cells, with a defined cortical actin ring with distributed F-actin filaments. On the contrary, when
compared in a AFM experiment, SW-480 were shown to be stiffer than their metastatic SW-620
counterpart, though these differences could be related to the difference in adherent morphology
of these cells (elongated vs round respectively) [Palmieri, 2015]. The sparsity and diversity of
results obtained in the literature thus calls for a better characterization of these cells, which this
work aims to contribute to.

Only a minority of studies show similar results in other cancers, with more metastatic cells
being stiffer. For instance, using AFM [Bastatas, 2012] showed that low grade metastatic prostate
cancer cells have higher elastic moduli than highly metastatic cells. When probed globally, grade
IV glioblastoma cells were shown to be softer than grade III astrocytoma cells, while they appear

stiffer at the intracellular level, which could be explained by changes in the composition and
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spatial organization of the cytoskeleton and by changes in nuclear mechanics [Alibert, 2021].

To summarize, a change of cell rheological properties towards a softer and more fluid-like

behavior is expected for cells of higher metastatic potential.

Regarding the comparison between CTC41 and CTC41.5A, both lines originating from the
same patient (CTC41 was isolated before the lines of treatment, and CTC41.5A after patient
relapse). Additionally to the observed decrease in cell size for CTC41.5A, which correlated with
a faster transit through constrictions, we observed a surprising increase in elastic modulus and
decrease in viscous modulus, both in deformation and recovery. The CTC41.5A, which present
the liver marker ALDOB+ (indicating that these cells come from a secondary liver metastasis),

appear in our system more rigid and more fluid-like.

Comparison of rheological models based and power law fits As it can be expected,
increase in the number of parameters tends to result in a better fit (higher R?). We showed here
for the cells that the three phase decay fit (7 parameters, R? ~ 0.94-0.98) worked better than
the two phase decay fit (5 parameters, R? ~ 0.92-0.97) and way better than one phase decay
fit (3 parameters, R? ~ 0.6-0.9). However, models with finite number of relaxation times may
be too simple to describe complex behaviors. Hence power law rheology models as gained some
interest for its capacity to provide very good fits with a low number of parameters (3 parameters,
R? ~0.9-0.97).

Power laws may result from other cellular mechanisms. Poroelastic models (the cytoplasm is
considered as a porous elastic meshwork within a fluid) [Moeendarbary, 2013] where deformation
is limited by the friction of the fluid through the pores of the elastic meshwork, show a power-
law dependency at long time scales (> 0.1-0.2 s). Soft glassy materials (the cell is imagined to
consist of many disordered elements held in place by attractive or repulsive bonds, traps, or
energy wells formed between neighboring elements) [Kollmannsberger, 2009] considers the cells
as remodelable. The binding energies are weak enough to allow the elements to occasionally hop
out of their trap and change their position. Power-law rheology arises from a wide distribution
of energy well depths such that the distribution of element lifetimes is scale-free.

Values for the exponent [ derived in the power law model, referred to as the fluidity 3, are
typically between 0.1 and 0.5 for cells [Kollmannsberger, 2011], which corresponds to the range
of values we obtained. In recovery, we kept an initial exponent —n that will be replaced by

with the reworked equations.

Overall, the modeling process was hard to implement as simple models (such as Kelvin-Voigt
or Burgers) were not successful in representing the data. We thus choose to increase the number
of parameters (especially additional characteristic times) to better fit the data by adding Kelvin-
Voigt elements in series, at the expense of the simplicity of the model. A compromise can be
found with the power law models as they allow for a good fit with less parameters, though their

interpretation is also more complicated.
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About the estimation of the Young modulus from the maximal deformation We
AP

Emazx

we acknowledge that this approach raises questions that we wish to discuss here. Given the

estimated the Young modulus of deformed cells through Hooke’s law as E = However

fixed geometry of the constriction, &,,4, depends only on the initial cell size. Moreover, as AP
should be fixed and independent of the cell, we expect Ei,; to depend only on the cell size,
and not its rheological properties... which makes little sense. We explain it by the fact that the
Hooke’s law is established through a balance of forces (externally applied, and resulting from the
deformation of inner chemical bonds that constitutes the material). However, in the constriction
the cell is deforming continuously, and is thus out of equilibrium. As we chose AP high enough
so that the cell goes through the constriction, the cell escapes the constriction before reaching its
equilibrium strain. This may result in an underestimation of the actual strain resulting from AP.
Said otherwise, the measured &4, could be be achieved with a pressure difference AP, sy < AP.
The proposed equation E = aiﬁ only holds for cells that would stop in the constriction and
experience a deformation at equilibrium under the applied stress AP.

The correct way to measure the Young modulus would be to increase the pressure difference
stepwise starting from zero, waiting for the cell to reach an equilibrium position in the constric-

tion between each steps, until the cell escapes the constriction. The effective pressure difference
AP&ff

Emax

AP,y when this happens should be used to determine the Young modulus as E =
Complementary experiments would be required to evaluate the error we made in our analysis

by computing the Young modulous as we did.

About the approximation we made in the evaluation of the elastic component in
rheological models. Due to experimental limitations, as described earlier, we chose to merge
the fastest of the exponential decay obtained by the fit to the elastic regime. Rheologically, this
means neglecting the viscous component 7,5 as described in Fig.2.9, which allows to define an
equivalent elastic modulus Eejqstic ~ Eo + Efqst-

During the curve fitting process, we made the choice to keep a three decay fit among the
one and two phase decay (see data in Annex.C) but only further analysed the medium and slow
decay out of the three. However, the fit was able to compute parameters to this fast exponential
decay (a fast and Tyqe) which allows us to compute rheological parameters in a similar way as
we did for the medium and slow decays. The values for 7y, are of the order of ~ 100 Pa.s for
each cell lines. This value isn’t far away from the one computed for 7,edium, Or to the values
reported in the literature for the cytoplasm [Hochmuth, 2000; Wang, 2019].

Thus, we acknowledge that our hypothesis of an elastic nature of this first decay may not
hold against that of a viscoelastic origin linked to the rheological behavior of the cytoplasm.
Further experiments with a better resolution (achieved with a better camera) should allow to
better decipher the transition from elastic to viscoelastic and to evaluate precisely the relative

fraction of elastic and viscoelastic regimes.
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5.3 About the cytoskeleton

About the drug treatments. As a first step towards understanding the role of cell compo-
nents in the overall mechanical behavior of the cell, we perturbed the cytoskeleton of MDA-MB-
231 cells using Latrunculin A and Y-27632 (see the paper). The same approach could be used
in the future for MCF-7 and SK-BR-3 cells, and colon cell lines by extension.

We used Latrunculin A over Latrunculin B in our experiments for its longer lasting ef-
fects [Spector, 1989]. Both bind actin monomers near the nucleotide binding cleft and prevents
them from polymerizing. We selected the use of Y-27632 over blebbistatin to inhibit actomyosin
contractility, as blebbistatin is reportedly phototoxic which thus complicates live imaging using
this drug. Y-27632 is a ROCK inhibitor. ROCK pathway increases contractility by increasing
phosphorylation of myosin II light chain. Its inhibition results in a decrease actomyosin activity.
We selected the effective Y-27632 concentration based on the increased spreading of the cells,
as lamellipodia formation is under control of Racl which activation under normal conditions is
inhibited by the ROCK pathway.

In a 6x15 um? confinement channel, [Byun, 2013] reported that Latrunculin B treatment
(5 ng/mL) induced a 3.8-fold increase in the entry velocity of H1975 cells, thus revealing an

increased deformability of the cells.

To complete the analysis, we may have investigated other drug treatments :

— Cytochalasin D as an alternative to Latrunculin A for actin polymerisation inhibition
through different mechanism [Wakatsuki, 2001].

— Nocodazole interacts with microtubules polymerisation. Used at a low concentration, it
allows for cell cycle arrest by blocking the cell into mitosis by preventing spindle formation.

At a higher concentration, it results in microtubules depolymerisation [Jebane, 2023].

— Jasplakinolide, oppositely to Latrunculin, increase cell stiffness by inducing actin polyme-

risation through stimulation of nucleation. [Gabriele, 2009 ; Dupire, 2020].

6x15 um? constrictions result in a regime of small deformations. As we described in
the introduction section 3.3.1, under strong confinement, cells can form blebs. This detachement
of the plasma membrane from the underlying cortex is observed for a confinement below a
threshold height (=~ 5-6 pm), though this value varies for each cell type [Lomakin, 2020].

In our usual 6x15 um? constrictions, we do not observe any bleb formation. We thus consider
the deformation regime to be small enough to not induce plasma membrane detachement. As
presented in the paper, blebs were observed in 6x6 um? square constrictions, indicator of a

change towards a strong deformation regime.

In a confined channel of reducing width, [Hu, 2017] studied deformations of breast lines MCF-
7 and MDA-MB-231. Modelisation of the deformation using SLS model (standard linear solid,

serial association of a spring and a Kelvin-Voigt element) allowed to access instantaneous and

relaxed elasticity, as the cell first enters into the confined channel, progresses while deforming
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and then reaches its equilibrium position/deformation. This illustrates the evolution of apparent
elasticity as the deformation increases in the constriction.

In the same device, [Hu, 2018] reported a jump in apparent elastic moduli for deformation e
> 0.5, corresponding to the solicitation of the nucleus. The increase in modulus produced by the
nucleus was smaller for MDA-MB-231 cells than for MCF-7 cells, indicating that MDA-MB-231
cells have a softer core. Following this observation, and several other studies of the mechanics
of the nucleus, we will in the next chapter focus on the dynamics of deformation and recovery

of the nucleus.

6 Short Conclusion

In this chapter, we presented the design and use of the Pachinko microfluidic chip. It allows
to deform single cancer cells under flow within capillary-like constrictions, and to capture them
within single cell nests traps to study their morphological recovery.

We demonstrated the study of morphological deformation and recovery at the whole cell level
for three lines of breast cancer (presented in a submitted publication) and four colon cancer cell

lines.

Our main findings at the whole cell level are the following :

— At the population level, cell arrest time depends on its size first. Then, for cells of similar
size, the arrest time correlates with expected metastatic potential (for breast cancer lines).
For colon cancer cells, the differences between primary and metastatic lines are more easily

explained through their overall differences in cell size and arrest time.

— The dependence of the arrest time on the cell diameter shows less variability for cells
representing an advanced stage of cancerous disease, suggesting a selection phenomenon

highlighted by a mechanical signature.

— Cell deformation is characterized by a first viscoelastic increase, followed by a linear viscous

increase.

— Cells recover almost entirely from the deformation, though we do observe some remaining

deformation that may be attributed to cell plasticity.

— Recovery following flow-induced deformation presents two regimes : A fast elastic regime,

followed by a slower viscoelastic regime.
— Viscoelastic recovery displays two characteristic times of the order of 1 s and 10 s.

— The presence on an actin cytoskeleton is required for recovery. Inhibiting actomyosin ac-

tivity led to partial and slower recovery.

— We inferred rheological moduli for the different lines based on the fit of their recovery.
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CHAPTER 3

PACHINKO : FOCUS ON THE NUCLEUS

In the previous chapter, we focused our study on the deformation and recovery mechanics at
the whole cell level. However, as we explained in the introduction, this behavior stems from the
combinatorial responses of inner cell components, including the cytoskeleton and the nucleus.
We started to develop this point through the use of pharmacological treatments to perturb the
actin cytoskeleton and the acto-myosin contractility. We will complete our approach by a study
of the dynamics of the nucleus.

As the cell biggest organelle, its mechanics contributes greatly to that of the cell. Its stiffness
is evaluated to be 2-10 times higher than that of the cytoplasm [Friedl, 2011b]. In the literature,
the nucleus is often described as a complex viscoelastic material (chromatin) enveloped by an
elastic shell (lamins) [Dahl, 2004 ; Stephens, 2017]. As high strain on the nucleus may results
in damages, either the rupture of the nuclear envelope or double stranded DNA breaks [Nader,
2021a), it is important to understand the mechanics of the nucleus as it will influence the cells

survival and behavior.

In this chapter, we’ll present the dynamics of deformation and recovery of nuclei in the
environment of the cell, studied in the Pachinko device. More precisely, we’ll use Hoechst staining
to follow nucleus morphology. We’'ll first show that the recovery of the nucleus is almost entirely
elastic, then that a vimentin cage-like structure around the nucleus may contribute to this elastic

behavior.

1 About the arrest time

1.1 Link with diameter

Arrest time measurement is independent of staining . As expected, staining cells with
either DIL (membrane) or Hoechst (nucleus) does not impact crossing dynamics of the cell
though the constriction. Indeed, no significant differences were observed between arrest distri-

butions measured with either staining (see Fig.3.1a). We just note that minimal values are lower
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Figure 3.1 — Arrest time of the nuclei of breast and colon cell lines. (a) Comparison of arrest times
measured either with DIL or Hoechst staining (b) Pooling of arrest times distribution (both DIL and
Hoechst measurements). Displayed values refer to the median. All significant differences are shown. (c)
Scatter plots of the arrest time as a function of nucleus diameter. The contours of the highest points
density are represented for each cell line. Top and side plots around the central scatter plot represents
the density of nucleus diameters (top) or arrest times (right). Gray side plots represent the density of
arrest times selected within the size bin 10-11 um (highlighted in gray in the central plot).
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2. Deformation of nuclei in the constriction

with Hoechst staining (0.01 ms) as we were able to increase the acquisition framerate from 50
to 100 fps due to the better contrast with Hoechst staining. We thus pooled all measurements

together to determine the arrest time distribution (see Fig.3.1b).

Arrest time distribution differs between cell types. Merging the data points obtained
on nuclei with the ones obtained at the level of the whole cell confirmed that the arrest times
display different distributions between cell lines (see Fig.3.1b), as we already observed in the
previous chapter.

We update the values that we presented in the paper for the breast cancer lines : MCF-7 cells
display the highest median arrest time (800 ms), SK-BR-3 the lowest (220 ms) while MDA-MB-
231 cells display an intermediate value (570 ms). Moreover, the significance of the differences
between these three cell types increased with addition of more data points.

For colon cancer lines, we still observe two separate groups : CTC41 and HT-29 primary
cell lines show no significant differences, as do SW-620 and CTC41.5A metastatic cell lines. As
already observed for breast cancer cells, the significance of the differences between cell lines also
increased, including addition of a significant difference between HT-29 and SW-620 cell lines,

further separating both groups.

Arrest time and nucleus diameter show no clear dependence. We previously establi-
shed a trend between the cell size and arrest time.

Though MCF-7 cells display slightly smaller nuclei (median 10.5 pm) compared to SK-BR-3
and MDA-MB-231 cells (11.4 um and 11.3 pm respectively), it doesn’t correlate with a signifi-
cant lower arrest time (see Fig.3.1c). We even observe the opposite. Looking at nuclei of similar
sizes, e.g. within the 10-11 pm window (Fig.3.1c¢) does not change our conclusion.

Looking at the colon lines, we observe that the CTC41 cell lines have an higher nucleus
diameter (median 11.5 um) compared to HT-29, SW-620 and CTC41.5A cells (10.4 pm, 10.1 pm
and 9.8 um respectively). Here too, there is no clear dependence between the size of the nucleus
and the arrest time at the population level. Though we do observe a higher arrest time for CTC41
cells, the HT-29 cells of lower median nucleus size show a non-significant distribution of arrest
time with the CTC41 cells (see Fig.3.1c). The differences in arrest time between the primary
and metastatic lines were better explained by the differences in cell diameter, as described in

the previous chapter.

2 Deformation of nuclei in the constriction

2.1 Deformation curves and fits

We then seek to follow the evolution of the deformation as the nucleus goes through the
constriction. We plot in Fig.3.2 the mean deformation curves of nucleus for all cell lines.

These curves are difficult to fit, as the number of cells to contribute to the mean decreases
versus time as more and more cells escape the constriction, thus resulting in a higher and higher

noise as the arrest times increase. As we have done before for cells, we limit the fit to the first
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Figure 3.2 — Deformation of the nucleus in the constriction (a) Mean deformation curves for all four
cell lines and fits with either Kelvin-Voigt model (continuous line) or power law model (dashed line).

2 s. We represent on the graph the curves for the Kelvin-Voigt model and the power law fit. We

report the corresponding parameters in the table 3.1.

Kelvin-Voigt

| MCFs SKs | MDAs | | CTC41 | HTs | SWs | CTCAL5A |
0.68 s 1.65 s 0.19 s 0.34s 0.29 s 0,14s 0.57 s
T | [0.63-073] | [1.09-2.21] | [0.16-0.22] 0.32-0.37) | [0.25-0.33] | [0.12:0.17] | [0.36-0.77]
1.38kPa | L70kPa | 2.31kPa 258 kPa | 4.68kPa | 3.49kPa | 5.26 kPa
E 34141 [1.41-1.99] [2.11-2.52] [2.48-2.68] [4.32-5.03] [3.12-3.87] [4.58-5.94]
0.099 kPa.s | 0.298 kPa.s | 0.046 kPa.s 0.093 kPa.s | 0.143 kPa.s | 0.054 kPa.s | 0.316 kPa.s
M} [0.092-0.107] | [0.244-0.352] | [0.037-0.056] | | [0.083-0.102] | [0.115-0.170] | [0.040-0.067] | [0.190-0.441]
R*  0.970 0.883 0.813 0.946 0.832 0.447 0.547
Power law
| MCFs SKs | MDAs | | CTC41 | HTs | SWs | CTC4L5A |
0.23 0.54 0.07 0.09 0.08 0.07 0.10
B | [0.193-0.265] | [0.431-0.659] | [0.059-0.088] [0.081-0.097] | [0.077-0.100] | [0.061-0.093] | [???-0.299]
R*  0.972 0.889 0.566 0.777 0.785 0.548 0.534

Table 3.1 — Fit parameters resulting from the Kelvin-Voigt and power law fits on deformation curves

Overall, the shape of the deformation curves of breast cancer nuclei is quite similar. MDA-
MB-231 nuclei however reach a lower plateau than the other two types, which translates into a
higher elasticity and a lower viscosity. As for the colon lines, we observe the CTC41 to deform
to an higher extend than the other lines, which corresponds to a lower elastic modulus.

However, we acknowledge the quality of the fits to be quite poor (see values of R?). Among
the possible explanations of this insufficient quality, let’s mention that due to the flared geometry
of the exit of the constriction, we observed that some nuclei start to recover while the whole
of the cell is still being stuck in the constriction (see CTC41, HT-29 and SW-620 nuclei for
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2. Deformation of nuclei in the constriction

instance). Such a phenomenon, by mixing the dynamics of deformation and recovery, is expected
to interfere with the analysis of the deformation regime. Following this observation, we’ll propose
in Appendix D an evolution of the Pachinko design to remedy it, among other modifications.
Thus, we’ll remain cautious about the obtained parameters. We can still notice the magnitude
of the parameters to be similar (E ~ 1-5 kPa and n; ~ 50-300 Pa.s), with higher elastic values
for MDA-MB-231 cells among the breast cancer lines, and CTC41.5A among the colon cancer

lines.

Fit on the individual cells. As the mean fits were not conclusive, we turned to individual
fits of each cell and plot the distribution of E, 7; and, if the arrest time is long enough, 7
obtained from these individual fits in Fig.3.3 for both breast and colon cells. Let’s note that
some individual curves, for which the fitting procedure failed, were discarded of this analysis.

We observe the elasticity values E obtained from individual fits to be of the same order as
those from the mean curves, though viscosity values n; were consistently lower for all cell lines
(= 10-50 Pa.s for individual fits, vs = 50-300 Pa.s for the mean). Estimation for 7, viscosity,
corresponding to the linear increase in deformation at long time scale, gives values in the range
200-1000 Pa.s, with values being higher for colon nuclei than breast nuclei. As the arrest time
for CTC41.5A cells is the lowest among all colon cell lines, only a few CTC41.5A nuclei were
recorded long enough to be fitted with a Jeffrey’s model. The increased viscosity 72 compared
to the other colon cell lines shown in Fig.3.3 can be thus consider as an artefact resulting from
a limited and biased cell sampling.

Comparing the values obtained for the whole cell and nucleus separately, we do observe the
nucleus to present higher elastic modulus in average for both breast and colon cancer lines.We
also note an increase in long-term viscosity 79 for the nuclei of colon lines, which isn’t observed

for breast cancer lines.

2.2 Nucleus positioning through the constriction

To further decipher the respective contribution of the nucleus and cytoplasm in the arrest
time, we next examined the position of the center of mass and longitudinal extent of both cells
and nuclei during their journey into the constriction (Fig. 3.4a). We focused on cells and nuclei
which spend long enough time in the constriction so that at least 100 points were recorded. The
temporal position of these cells and nuclei was normalized by their respective arrest time so that
all enter the constriction at tnorm = 0 and exit at tyorm = 1.

First, we observed that these positions display a remarkable coincidence of the center of
mass of the nuclei and of the cells for all cell lines (Fig. 3.4a). Overall, the cell and nuclei rapidly
enters the constriction, then they linearly progress through the narrow 6 pm wide opening until
most of the cell (Fig. 3.4b) and nucleus (Fig. 3.4c) has crossed the neck of the constriction.

We observe SK-BR-3 cells to first stop further in the constriction compared to the others,
which is linked to their relative smaller diameter. Overall, the nucleus and cell membrane deform
and transit simultaneously as they are crossing the constriction. Thus, we cannot exclude either

element as being a limiting factor in the process of cell crossing. Indeed, if the limiting behavior
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Figure 3.3 — Individual cells fit parameters (E, n; and n2) using Jeffrey’s model deformation. When 7
wasn’t able to be computed, fit was changed to Kelvin-Voigt model (E and 7; only). Cells for which the
fit did not converged were excluded from the plots.

of the nucleus due to its high viscosity compared to the cytoplasm seems intuitive, studies showed
than disrupting the acto-myosin cortex of cells with Latrunculin B results in reduced arrest time
[Urbanska, 2020 ; Byun, 2013], thus confirming the contribution of the cell cortex in the overall
arrest time as well.

Interestingly, we did not observe any rearrangement of the nucleus within the cell as they
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Figure 3.4 — Spatio-temporal dynamics of cell and nucleus inside the constriction. (a) Cell and nucleus
center position (+SD) relative to the center of the constriction as the cell crosses the constriction. Upper
and lower curves represent respectively back and front position of the cell. For each cell, time has been
normalized by 1/arrest time to overlay curves. Only curves with at least 50 points were considered for
this graph. (b&c) Superimposition of the curves shown in (a) to compare only cells (b) or (c¢) nucleus
positions between cell lines. (d) Outline of an example of a whole cell and a nucleus at different time
points as they progress through the constriction.

are being deformed. The nucleus seems to remain at the same position within the cell during the
transit through the constriction. Indeed, we could have expected the stiffer nucleus to relocate at
the rear of the cell, similarly to what can be observed during free migration [Gundersen, 2013].

In these cells which spend > 1 s in the constriction, we do observe a linear progression regime
as they cross the constriction. This regime could be associated with the viscous linear increase

in deformation reported by [Davidson, 2019] for instance.

3 From deformation to recovery

We measured the maximal deformation of nuclei during their deformation. For breast cancer
lines, max deformation ranges from 30 to 35% (with no significant differences between the three
cell lines). It ranges from 20 to 40% in colon cell lines with a significant distinction between the
median of CTC41 and the rest, which could be explained by the bigger size of CTC41 nuclei.

Compared to the whole cell (see previous chapter), the nuclei max strain is slightly inferior
than for the whole cell, with the exception of CTC41 cells due to the size of their nuclei. We
can thus deduce that the nucleus is being less deformed than the rest of the cell, as the nucleus

it is expected due to its higher Young modulus than the cytoplasm [Friedl, 2011b].

With the exception of CTC41, nuclei of all cell lines recover almost entirely from the

deformation. Indeed, values for ., are close to zero, which characterizes complete recovery.
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Figure 3.5 — Nucleus deformation measured in the constriction (€,,q,) and after recovery (€. ). Statis-
tical difference to g9 = 0 is shown.

At the whole cell level, we attributed small residual deformations (sometimes significant) to
plasticity (as reported for SK-BR-3 and MDA-MB-231 nuclei in similar conditions [Ahmad-
Cognart, 2020]).

However, the residual deformation in CTC41 nuclei approach 15% in average. We could

attribute this to nuclei plasticity or remodelling as the nuclei was deformed.
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Figure 3.6 — Distribution of E;,; = aA—P for the three cell lines. Statistical comparison between each
cell lines is represented. '

Similarly to the approach we took at the whole cell level, we estimate a value for elasticity
using Hooke’s law :

o~ AP = EipiEman

The resulting values for F;,; are given Fig.3.6. They range at & 1.4-1.7 kPa for breast lines ; and
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4. Results : Nucleus recovery is mostly elastic

between 1.4 kPa for CTC41 nuclei to ~ 2.5-2.8 kPa for HT-29, SW-620 and CTC41.5A nuclei.

We’'ll compare these values with the behavior of nuclei in recovery.

4 Results : Nucleus recovery is mostly elastic

4.1 Recovery curves and fits

As the cell escapes, the constraint applied on the nucleus is released, leading to its morpho-
logical recovery. The deformation thus decreases rapidly, as seen on representative images in

Fig.3.7. The corresponding recovery curves are shown in Fig.3.8.
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Figure 3.7 — Representative breast nuclei recovery. Images were taken at the last image in the constric-
tion (¢t = 0) and 20 ms (¢ = 20 ms) following escape from the constriction. Scale bar = 20 pum.

Recovery is composed of a fast elastic regime followed by a slower viscoelastic
recovery. Interestingly, a two phase decay (instead of three for the whole cell, see Suppl.Fig.C)
provides high quality fits for the recovery curves of the nuclei of all cell lines, leading to the
expression enorm(t) = Gfqst exp t/Trast 4q4,,, exp t/Tslow . Except for MDA-MB-231 cells, we
found for each cell lines that the characteristic time 7y, is of the order of the second, while
Ttast is of the order of 100 ms (see Tab.3.2).

Similarly to the approach taken at the whole cell level, as the order of magnitude for 774
is close to our acquisition framerate, we chose to merge it with the elastic regime. We define
byp = ami”ﬁ as the transition from elastic to viscoelastic regime, in the case of a two
exponential decay fit. From this measure, we then find two groups : MCF-7, SK-BR-3 and
CTC-41 nuclei display a ®y g ~ 12% on one side; and HT-29, SW-620 and CTC41.5A display
Oy r ~ 6% on the other. The elastic regime thus presents a higher proportion (=~ 94%) in the
recovery for the latter group.

For the case of MDA-MB-231 nuclei, both measured characteristic times fall within the range
that we defined as elastic, with 7, being quite different than all the other cell lines. We thus
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Figure 3.8 — Nucleus recovery. Mean normalized e(t) curves after exiting the constriction (taken as
starting point t=0). Bottom graphs display a zoom over the first 5 seconds of the recovery curves for breast
(left) and colon (right) nuclei. Error bars represent confidence interval at 95%. Fitting curves represent
two-phases decay (middle graphs) or power law (bottom graphs) fits of the mean curves. Corresponding
characteristic times (with confidence interval at 95%) are reported in table 3.2.

chose to arbitrarily attribute to this cell line a &y = 0, meaning we consider its recovery to be
entirely elastic (though we could have chosen another value, making it closer to HT-29, SW-620
and CTC41.5A).

Power law fits recapitulate elastic recovery better than a two phase decay. Finally,

we also computed power laws fits. The resulting exponents are ny;pas = 0.66, nggs = 0.36 and

nyors = 0.26 for breast nuclei, reflecting very well the relative arrangement of the three curves,
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5. Link with cancer aggressiveness

two phase decay fit

MCFs SKs MDAs CTC41 HTs SWs | CTC4L5A |
0.15s 0.069 s 0.013 s 0.23 s 0.29 s 0.055 s 0.026 s
Tfast [0.14-0.16] | [0.067-0.072] | [0.012-0.014] [0.22-0.24) [0.28-0.30] | [0.053-0.059] | [0.025-0.027]
4.92 s 245 s 0.23 s 6.51 s 6.18 s 5.74 s 3.77 s
Tslow [4.71-5.15) [2.39-2.52] | [0.224-0.240] [6.17-6.89)] [5.57-6.94] [5.17-6.40] [3.52-4.06]
R? 0.945 0.968 0.759 0.963 0.93 0.915 0.868
® 122 % 11.3 % 0% * 11.7 % 6.1 % 6.7 % 6.7 %
VE [11.9-12.4] [11.1-11.4] [11.6-12.0] [5.8-6.3] [6.5-6.8] [6.5-7.0]
1.71 kPa 2.16 kPa 1.79 kPa 1.42 kPa 2.50 kPa 2.85 kPa 2.69 kPa
Etot [1.47-2.24) [1.71-2.70] [1.47-2.17) [1.26-1.68) [2.20-2.85) [2.63-3.16) [2.02-2.85]
1.50 kPa 1.91 kPa 1.79 kPa 1.25 kPa 2.35 kPa 2.66 kPa 2.51 kPa
Eetastic [1.29-1.97) [1.52-2.40] [1.47-2.17) [1.12-1.49] [2.07-2.68) [2.46-2.95) [1.88-2.66]
0.21 kPa 0.24 kPa 0.17 kPa 0.15 kPa 0.19 kPa 0.18 kPa
Eviscoclastic | [0.18-0.27) [0.19-0.30] [0.15-0.20] [0.13-0.17) [0.17-0.21] [0.14-0.19)]
1.02 kPa.s 0.59 kPa.s 1.09 kPa.s 0.94 kPa.s 1.09 kPa.s | 0.68 kPa.s
Nstow [0.87-1.35) [0.47-0.75) [0.95-1.30] [0.79-1.11) [0.95-1.26] [0.51-0.75]
power law fit
MCFs SKs | MDAs CTC41 HTs | SWs | CTC415A |
0.26 0.36 0.66 0.30 0.42 0.55 0.63
n [0.254-0.270] | [0.357-0.386] | [0.644-0.677] [0.290-0.303] | [0.413-0.435] | [0.544-0.563] | [0.617-0.650)]
R? 0.951 0.976 0.812 0.966 0.905 0.920 0.846

Table 3.2 — Parameters obtained from the two phase exponential decay and power law fits of the nucleus
recovery and deduced rheological parameters. Values represent median and 95% confidence intervals.

with that of MDA-MB-231 being closest to the axes .

As for the colon lines, the some ordering can be observed : ncrcsa1 = 0.30, nyrs = 0.42,
nsws — 0.55 and nNoTrc41.54 — 0.63.

Similarly to the results obtained with the fits based on rheological models, we find MDA-
MB-231, SW-620, CTC41.5A (and HT-29 to a lesser extent) to be the more elastic. Though,

the power law fit require less parameters and gives good quality (see R?).

5 Link with cancer aggressiveness

5.1 EMT and vimentin

In the recovery curves we observed differences of behavior between the cell lines that we’ll
try now to explain by looking at the protein levels of some proteins involved in the nucleus
mechanics, namely the lamins and the vimentin intermediate filaments.

To do so we quantified the relative proteins levels for vimentin and lamin A, C, B1 and B2.
We present Fig.3.9a the first results of the Western Blots I performed on the breast cancer cell
lines with the help of Kotryna Vaidizulyté. We also provide the quantification for colon cancer

lines (Fig.3.9b) performed by Kotryna Vaidziulyté and Nassiba Abbade (with more replicates).
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Figure 3.9 — Quantification of vimentin, lamin A, lamin C, lamin B1 and lamin B2 levels in (a) breast
and (b) colon cancer cell lines. Representative blots (top) and quantification of relatives levels (normalized
to GAPDH levels). For reference, MCF-7 and SW-620 levels are set to 1. Western blots on colon cell lines
were performed by Nassiba Abbade and Kotryna Vaidziulyté (Breast : N = 2 for Vim, Lamin A and C;
N = 1 for Lamin B1 and B2).
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Figure 3.10 — Immunofluorescence staining of breast cancer cells for actin (phalloidin, red), vimentin
(green), nucleus (DAPI, blue) and Lamin A (magenta). Only MDA-MB-231 cells present a vimentin cage,
both in adherent and suspended state.
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Chapter 3. Pachinko : Focus on the nucleus

Vimentin is only expressed in MDA-MB-231 and SW-620 cells . These two lines are
among the ones we refer to as metastatic. As we saw in the introduction, vimentin is also a
marker for the epithelial-to-mesenchymal transition (EMT). As it can be appreciated in MDA-
MB-231 suspended cells (Fig.3.10), vimentin forms a cage-like structure around the nucleus.
Interestingly, we observe the vimentin organisation to be different in adherent MDA-MB-231

cells.

Relative lamins levels are close between cell lines. The difference in lamins proteins
levels are more subtle. As LaminA /C is known to contribute to the nucleus mechanics [Lammer-
ding, 2006], and because the differences in Lamins B1&2 are relatively small, we will focus our
interest on LaminA /C. Interestingly, with only 2 replicates, it would appear than MDA-MB-
231 display an higher level of Lamin A (and C to a lesser extent) than MCF-7 and SK-BR-3.
Similarly, CTC41 and SW-620 display a lower Lamin A level compared to the other cell lines.

Among the recovery curves, we identified a more elastic nucleus recovery for MDA-MB-231,
SW-620 and CTC41.5A cells, and HT-29 to a lesser extent. The case of MDA-MB-231 could be
explain by the presence of a vimentin cage around the nucleus. Though HT-29 and CTC41.5A do
not express vimentin, their laminA /C levels is higher than for SW-620s, which could contribute
to the more elastic nature in their recovery. Then we are left with MCF-7, SK-BR-3 and CTC41
cells, which do not express vimentin and have lower levels of lamins A/C, and are the one to

present the higher proportion of viscoelasticity in their nucleus recovery.

6 Role of vimentin filaments

As we identified different vimentin expression patterns in the different cell lines, we then
sought to understand its effect in nucleus rheology. The literature describes vimentin to have a
cage-like structure around the nucleus and act as a "shock absorber" [Block, 2017]. To do so, we
chose to knock down vimentin levels in SW-620 cells, and reversely to expressed it in a cell line

where it is endogenously absent, i.e. HT-29.

6.1 Vimentin knockdown in SW-620 cells
6.1.1 Protocol optimisation

Contrary to other cytoskeletal filaments (actin, microtubules, ...), we found no drugs able
to depolymerize the vimentin network. This can be attributed to the stable nature of inter-
mediate filaments networks. We thus turned to short interfering RNA (siRNA) to knock down
the expression of vimentin proteins in the cells. An optimisation of the silencing protocol was
performed by an intern, Nassiba Abbade, with the help of Kotryna Vaidziulyté. Among the
different conditions tested (see Fig.3.11a), we selected the condition "2x48h", which corresponds
to 2 successive transfections of siRNA for a duration of 48h (96h total). This condition was
successful in reducing vimentin protein levels by & 90%, and is next referred to as "siVim" cells

("siNT" is used for the control treated in a similar way with non-targeting siRNA).
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Figure 3.11 — Optimisation of siRNA transfection protocol in SW-620 cells. (a) Different treatment
duration are tested (48h, 72h, 2x48h). Vimentin protein levels (relative to GAPDH) are quantified at
the end on the transfection. WT = non treated wild type SW-620 cells, siNT = non-targeting siRNA,
siVim = Vimentin targeting siRNA. (b) Relative vimentin protein levels in all performed experiments.
Vimentin protein levels are decreased by =~ 80% in average. (¢) Immunofluorescence of siRNA transfected
SW-620 cells for 2x48h (scale bar = 20 um). Images were taken at the end of the transfection.

Immunofluorescence imaging of the siRNA transfected cells confirmed the efficiency of the
protocol. The overall proteins levels in siVim cells were decreased, and remaining vimentin

protein show disorganisation compared to the control (see Fig.3.11b).

During experiments with these transformed cells, vimentin protein levels were assessed after
each silencing protocol, and compared to siNT cells. In all experiments, the vimentin levels were

reduced by ~ 80% in average (see Fig.3.11a).

6.1.2 Change to 3x15 pum? constrictions

We began using these cells in Pachinko experiments and noticed that almost all of the cells
were going through the 6x15 um? constrictions in less than one frame (< 10 ms). Analysis of
these first sequences revealed that the siRNA treated cells (both siVim and siNT) displayed
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Figure 3.12 — (a) Box plots of SW-620 cells diameters. WT = non treated wild type SW-620 cells and
nucleus, siNT = non-targeting siRNA, siVim = Vimentin targeting siRNA. (b) Max deformation levels
in WT SW-620 cells (6x15 um? chip) and siRNA transfected SW-620 cells (3x15 um? chip).

significantly reduced diameters (> 1 pm at the cell level, see Fig.3.12a). We attribute this de-
crease in size to the high confluency of cells in wells at the moment of harvesting, as cells volume
start to decrease do to the compaction. Indeed, during the 2x48h treatment, SW-620 cells kept
growing beyond the threshold of confluence. The starting cell seeding density was probably too
high and this parameter (and the depending ones : amount of siRNA and reagents per cell)
would need to be adjusted in following experiments.

Nonetheless, in order to use these cells, we chose to use chips with smaller constriction width
(3x15 um? constrictions) so that cells arrest time are long enough to be analyzed. However,
using these smaller constrictions resulted in a higher median deformation levels of nuclei in the
constriction (= 40-45%, see Fig.3.12b) than the typical ones for nuclei in previous experiments
(=~ 20% for SW-620 nuclei).

6.1.3 Recovery of siVim SW-620 nuclei

We present Fig.3.13 the mean recovery curves for siRNA transfected SW-620 cells.
Even though deformation levels are different, we observe a nice overlap between the WT SW-
620 nuclei deformed in 6x15 um? constrictions, and siNT SW-620 nuclei deformed in 3x15 pm?

constrictions.

Vimentin knockdown impairs elastic recovery in SW-620 nuclei. As it can be seen in
the graphs, we observe the mean recovery of siVim SW-620 nuclei to display a stronger signature
of the viscoelastic regime.

The curves were modeled with a two phase decay fit. Though both fast and slow characteristic
times are similar in both fits (7445t = 170 ms for siNT and 130 ms for siVim ;744, ~ 5.65 s for
siNT and 5.25 for siVim), the difference in both fits can be appreciated through the amplitude
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Figure 3.13 — Impact of Vimentin knock-down in SW-620 cells on nucleus recovery. Mean normalized
€ curves after exiting the constriction (taken as starting point t=0). Bottom graph displays zoom over
the first 20 seconds. Error bars represent confidence interval at 95%. Fitting curves represent two-phases
decay (bottom left) or power law (bottom right) fits of the mean curves.

of the viscoelastic regime (associated to Tsioy) @ It represents ~6% for siNT nuclei and ~10%
for siVim nuclei. Even if the differences appears small, they can be appreciated on the graph
and are of the same order of magnitude of the differences observed between the colon cell lines
previously described. This is characterized particularly highlighted through the lower exponent
in power law fits for siVim nuclei (ng;y i, = 0.21) than for siNT nuclei (ngy7 = 0.40) and WT
(nwr = 0.55).

We then deduce that the vimentin cage-like structure formed around the nucleus plays a role

in the rheological properties of the nucleus, more precisely increasing its elasticity.

6.2 Expression in HT-29 cells

We then took the opposite approach and expressed vimentin in HT-29 cells that do not
endogenously express it. We dispose of two plasmids, each containing the gene for the vimentin
protein, tagged with either mEmerald (#54299, Addgene) or mCherry (#55158, Addgene). We’ll

refer to these plasmids respectively as "mEmerald" and "mCherry".
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Figure 3.14 — Optimisation of vimentin transfection protocol. Two plasmids were tested, referred as
"mEmerald" and "mCherry" (see text for more details). (a) Imaging of "mEmerald" transfected cells
through lipofection. (b) Imaging of "mEmerald" and "mCherry" transfected cells through electroporation.
Quantification of relative vimentin protein levels. Classification of transfection efficiency (Vim+ : good
transfection level and good protein organisation, Vim+++ : over-expression of vim, Vim- : absence of
visible vimentin). "mCherry" plasmid was selected for further experiments.
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6.2.1 Transfection protocol

To transfect the two plasmids into HT-29 cells, we first tried lipofection (see Fig.3.14a). This
method resulted in a low transfection efficiency (< 10%) and a few cells which incorporated an
excessive amount of plasmids. Though the organisation of vimentin in the rest of Vim+ cells
was well recapitulating the expected cage-like structure around the nucleus.

We then turned to electroporation to insert the plasmids into the HT-29 cells (see Fig.3.14b),
which increase overall efficiency. Transfection with "mCherry" plasmid was selected in the end

as it resulted in ~24% of the cells to display correct levels of vimentin with a good organisation.

6.2.2 Recovery of trVim HT-29 nuclei

These cells were used in Pachinko experiments with 3 x 15 pum? constrictions. We’ll refer to

the transfected cells as "trVim". The resulting recovery curves are shown in Fig.3.15.
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Figure 3.15 — Impact of Vimentin expression in HT-29 cells on nucleus recovery. Mean normalized &(t)
curves after exiting the constriction (taken as starting point t=0). Bottom graph displays zoom over the
first 20 seconds. Error bars represent confidence interval at 95%. Fitting curves represent two-phases
decay (bottom left) or power law (bottom right) fits of the mean curves.

Vimentin expression enhance elastic recovery in HT-29 nuclei. We observe that trVim
nuclei recover faster from the deformation than WT HT-29 nuclei.
Compared to two characteristic times returned by the fit for HT-29 (7745 = 290 ms and
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Tslow = 6.2 8), the same fit for the trVim nuclei returns a characteristic time 7745 = 350 ms (and
a second one = 14 ms that we’ll disregard for it being too close to the acquisition frame rate of
10 ms). Power law fit exponent increase from n = 0.42 for WT to n = 0.75 for trVim HT-29
nuclei.

We acknowledge that the recovery curve for trVim HT-29 nuclei contain cells with heteroge-
neous levels of vimentin expression et organisation. To improve cellular homogeneity, we envision
to sort the cells through FACS at the end of the transfection selecting for cells with the best

organisation, and establish a stable transfected line with homogeneous characteristics.

We conclude from these first two experiments that the presence of a perinuclear cage of
vimentin filaments seems to play a major role in the nucleus elasticity. We’ll discuss later about

the potential role this may have in the progression of cancer cells.

7 Discussion

In this section, we’ll first discuss about the consequences of nucleus deformation. Though it
induces damages in the nuclei, we’ll show that it does not result in loss of viability. Then we’ll
elaborate our results on nuclei rheology, in particular under the framework of cancer and the

basic knowledge about cancer cell rheology.

7.1 Nuclear damages and Viability
7.1.1 DNA damages and nucleus envelope rupture ?

It has been observed in several studies that the nucleus experiences damages under confine-
ment [Raab, 2016 ; Denais, 2016 ; Nader, 2021a]. Notably, as the confinement increases, nuclear
wrinkles start to unfold, then the tension in the nuclear membrane increases until rupture [Na-
der, 2021b]. Nuclear membrane can detach from the lamina and form unstable blebs that end
up rupturing [Raab, 2016]. At this points of rupture, cytoplasmic proteins can enter the nu-
cleus. TREX-1, a cytoplasmic endonuclease, is able to induce damages to DNA strands [Nader,
2021b]. While these damages would results in senescence in normal cells, they are able to pro-
mote invasive behaviors in cancer cells (through induction of EMT for instance) [Nader, 2021a].
Simultaneously, both nuclear envelope (NE) and DNA damages are able to be repaired, which
involves ESCRT proteins restoring NE integrity, as well as BAF1 and the DNA repair pathways
[Raab, 2016 ; Lusk, 2020].

We would like to investigate next the apparition and possible reparation of deformation-
induced damages to the nucleus in the 6x15 pm? constrictions. We obtained MDA-MB-231 cell
line stably expressing 53BP1 : :GFP and ¢cGAS : :mCherry from Matthieu Piel lab [Nader, 2021a).
53BP1 is a nuclear protein involved in the reparation of DNA damages and thus accumulates as
foci to the site of double strand DNA breaks. cGAS is a cytoplasmic protein that detects and
binds DNA in the cytosol (in combination with TREX-1 they allow for detection and removal

of viral DNA in the cytosol) and thus allow us to detect sites of nuclear envelope rupture that
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resulted in DNA leaking to the cytosol. These transformed lines will be used in the Pachinko
device to evaluate the damages to the nucleus.

In a free migration experiment through constrictions, [Denais, 2016] observed NE rupture in
~ 2% of cells going through a constriction of equivalent cross section than ours (90 um?). When
NE rupture happened, it was located at the front of the nucleus in most cases, where the curva-
ture in the lamina was the more intense. This percentage increased above 10% when the cross sec-
tion was reduced below 30 um? (which in our case would correspond to a 2x15 pwm? constriction).
However, the proportion could very well increase in response to forced migration through
constrictions as in the Pachinko device. This is why we decided to assess the viability of our

cells trapped in the recovery chamber, as presented in the next section.

7.1.2 Long term viability after fast deformation
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Figure 3.16 — Viability 1h after passage through constriction was assessed in all breast lines through
live (calcein AM, green)/dead (propidium iodide, red) imaging. Traps were overfilled with cells for this
experiment.

Though our study only focused on the first minute following deformation, it is possible
that effects of deformation manifest at a longer time-scale, possibly in response of nuclear da-
mages. Thus, we preliminarily tested for cell viability through live/dead imaging 1h after passage
through the constrictions. In all three breast cancer cell lines, cells were largely still alive 1 hour

after a single deformation through 6x15 um?in the Pachinko device (see Fig.3.16). Though we
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observed a few more dead cells in MCF-7 cells, their viability following harvesting was also

typically lower, and so were the cells injected in the chip.

7.2 About the rheology

We summarize here some of the points we made in the previous chapters dedicated to whole

cell behaviors which remain pertinent when discussing the nucleus.

— As the constriction geometry is fixed, the level of deformation and strain rate experienced
by nuclei still depends on their size. Smaller nuclei are deformed less, but also cross the

constriction faster in average.

— The same complex deformation pattern (compression in the middle, elongation on both
ends) is observed in the nucleus, and evaluating the strain based on the measurement of the
max longitudinal strain may results in rheological values true within a multiplicative factor
less than 1 (that we estimate to 0.75 for SK-BR-3 nuclei, data not shown). Moreover, as
the nucleus is smaller in average than the channel height, it could very well simultaneously

deform in the z-direction until it reaches confinement by the channel ceiling.

— Similarly, as the analysis were similar, the discussion we made about Young modulus
estimation or the elastic approximation of the faster exponential decay remains true in

this chapter.

Nuclei deformation corresponds to a regime of small deformation. Deformation levels
were estimated to be between 20% and 40% for all cell line (Fig.3.5). The width of the constriction
(6 um) falls within the range of confinement were we could expect to see nuclei unwrinkling
[Lomakin, 2020]

Comparison with the literature. In deformation experiments, the nucleus is often charac-
terized as viscoelastic [Guilak, 2000 ; Dahl, 2004 ; Davidson, 2019 ; Jebane, 2023].

Our main observation is the surprisingly fast recovery of nuclei, that we chose to attribute
to elasticity. It appears from the literature that the properties of the nucleus depend on the
time scale and amplitude of the applied force. The nucleus has either elastic characteristics,
where it deforms instantly and reversibly like a spring as we observed in recovery, or viscous
properties, resembling a liquid, resisting shear flow and strain linearly with time as we observed
in deformation.

For instance, an elastic response of fibroblasts nuclei was observed in less than 1 s in [Nee-
lam, 2015] following deformation. This behavior was abolished in LMNA- /- cells, underlying the
role of lamins in the elastic recovery. More generally, the elastic property of the nucleus was
often associated to the lamina network surrounding the nucleus [Lammerding, 2006], more pre-
cisely Lamin A /C. This statement corroborates our hypothesis that in the absence of vimentin,

elasticity in recovery was associated to the respective levels of lamins.

Regarding the lamins levels of breast cancer cells, MDA-MB-231 have a higher level than
MCF-7 cells [Lewinska, 2017 ; Alghanem, 2020], as we confirmed through immunobloting. Though,
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lower lamin A levels were associated with enhanced confined cell migration and metastatic ca-
pacity [Bell, 2022], which contradicts the expected order between MDA-MB-231 and MCF-7
cells.

In colorectal cancer, Lamin A was reported as a risk biomarker [Willis, 2008]. Higher levels
of lamin A were associated with a worse prognosis, through increase of invasiveness. Conversely,
in others studies low lamin A levels correlated with increased disease recurrence in stage II and
III colon cancer [Belt, 2011]. In the immunobloting analysis performed by Kotryna Vaidziulyte,
we observed an increase in the levels of lamin A (and C to a lower level) as the cancer progressed
from CTC41 to metastatic CTC41.5A lines. However, in metastatic SW-620 cells the lamin A
levels were quite low.

These seemingly opposite results justify the need to dig deeper in the comprehension of the
nucleus properties and the metastatic potential of a cell. A softer nuclei may present as an
advantage for metastasis as it allows for increased deformation and motility. However, it may

come with the cost of a more fragile nucleus.

The nucleus as the poroelastic material. Some papers argue that the nature of nucleus’
mechanics is better described by poroelasticity, rather than viscoelasticity. Under the hypothesis
of nuclei behaving as a linear isotropic poro-elastic material, we could explain the presence of
characteristic times in a supposedly entirely elastic material. Indeed, within poro-elastic mate-
rials, modification of the object shape is limited by friction of the solvent through pores of the
matrix (here the chromatin). Hence characteristic times are introduced in the behavior, which
depend on respective fractions of matrix and solvent, elasticity of the matrix network and the
size of pores in the matrix [Wei, 2016 ; Rollin, 2023a].

Isolated nuclei. We observed in the Pachinko device the nucleus in its cellular environment.
Thus, the properties of the nucleus were not independent of its surroundings, notably the cy-
toskeleton linked to it though the LINC complexes. Indeed, we showed that the presence of
a vimentin cage-like structure influenced the elasticity of the nucleus. Some work on isolated
nuclei may help to isolate the mechanical properties of the nucleus only [Dahl, 2005]. Under
deformation by micromanipulation, [Stephens, 2017] concluded that the mechanics of isolated
nuclei are reasonably representative of the in vivo force response of the nucleus, as no changes
were observed in measured spring constants.

In a 3x3 um? constriction, [Jebane, 2023] studied the flow-induced deformation of isolated
nuclei obtained from cells carrying a lamin A/C mutation or submitted to a treatment impac-
ting the lamin A/C maturation. Interestingly, the behavior of isolated nuclei was not able to
recapitulate the one observed at the whole cell level, thus suggesting that interaction with the
cytoskeleton, and not only the properties of the nuclear envelope, modulates the properties of

the nucleus.

Similarly, it would be interesting to analyze the behavior of enucleated cells and compare

with the results obtained in the previous chapter. Surprisingly, under AFM characterisation with
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small deformations (3 pm indentation), [Efremov, 2020] did not observed a softening of cyto-
plasts (enucleated cells) compared to the original cells (fibroblasts), while nucleoplasts (nuclei

surrounded by plasma membrane) were substantially softer.

Vimentin filaments act as a "shock absorber" to protect the nucleus. We hypothetized
the vimentin intermediate filaments (VIFs) around the nucleus to contribute to its elasticity.
Similarly, [Patteson, 2019] reported the VIFs perinuclear cage to provide a protective structure
that resists extreme deformations to maintain the structural integrity of the nucleus. Its function
is to maintain nuclear shape against the imposed deformations, acting like an elastic spring.

Thus, the VIFs network contribute among others to maintain nuclear mechanical homeostasis
against localized forces. [Neelam, 2015] pulled on fibroblasts nuclei using a micropipette to
deform them. Upon force removal, the original shape and position were restored quickly within
a few seconds. This stiff, elastic response required the presence of vimentin, lamin A/C, and
SUN (Sadlp, UNC-84)-domain protein linkages, but not F-actin or microtubules.

In accordance with the above, [Block, 2017] reported that the VIF cage-like structure around
the nucleus seems to act as a "shock absorber" by dissipating energy upon unfolding of the
filament structure. Then, at longer time scale, the VIF cage can be deformed, allowing for a

"safe" regime of deformation for the nucleus.
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Figure 3.17 — Example of a MDA-MB-231 nuclei that exhibit high viscosity in its recovery. Images
at different time points of the MDA-MB-231 nuclei associated to the curve in purple, compared to the
mean of all MDA-MB-231 recovery in red. The characteristic time 74, for the purple nucleus has been
measured at 2.37 s, compared to 0.23 s for the mean of nuclei.

Do mitotic cells display higher and slower viscoelastic recovery ? We observed a small
fraction of big nuclei that did not recover, and displayed a highly viscous behavior (see an in
Fig.3.17, though remaining deformation was subtracted during € yon, normalization and is thus
not visible on the curve). The relatively low characteristic time the nuclei presented here is
Tolow=2.37 s, i.e. ten times less that the one measured for the mean of MDA-MB-231 nuclei.
We attributed this behavior to cells undergoing mitosis. Indeed, it has been reported that cells

properties vary during cell cycle, including an almost 2-fold decrease in elasticity and viscosity
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in the G2/M state compared to GO [Teng, 2018]. This decrease could be understood from the
disassembly of nuclear lamina during mitosis.

In order to confirm our hypothesis and study the mechanics of mitotic cells, cell cycle could
be arrested in mitosis by treatment with nocodazole, a microtubule-disrupting drug [Venturini,
2020].

7.3 Validation of rheological models
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Figure 3.18 — Physical models in the Pachinko device. (a) Design of Micro Hydrogel Beads (MHBs)
production microfluidic chip. (b) Images of MHBs production. (c) Fluorescent images of MHBs displaying
distribution of sizes (and intensity). Scale bar = 50 um. (d) Representative images of MHBs (FITC) and
Oil Droplets (NileRed) in the constriction (t=0) and just after exiting the constriction (t=20 ms) (e)
Mean recovery curve of MHBs and Oil Droplets, displaying perfect elastic behavior.

7.3.1 Micro Hydrogel Beads

In order to characterize the behavior of truly elastic objects in our Pachinko device with
6x15 um? constrictions, we used home made MicroHydrogel Beads (MHBs) as a model of elastic

materials.
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Production of MHBs. MHBs were produced from PolyAcrylAmid (PAA) with the help
of Simon Dumas with a protocol developed in the team (adapted from [Zilionis, 2017]). This
protocol was adapted to introduce fluorescence in the beads by inclusion of Fluorescein O-
methacrylate in the gel precursor mix. Rapidly, acrylamid solution (A4058, Sigma) was mixed
with acrylamid :bis-acrylamid 19 :1 solution (A9926, Sigma) to create the gel precursor solution.
APS catalyser (final concentration 0.3%) was added to the mix just before the flow-focusing
junction that allows formation of a stream monodisperse droplets by emulsification between two
flows of carrier oil (HFE-7500 + 1% surfactant, see Fig.3.18a&Db). Relative flow of each solution
allows to set the concentration of the catalyst, and the size of the droplets. Collected beads were
then placed at 60-75°C overnight to polymerize the gel. Beads were then washed in a series of
successive solution to transfer them in aqueous solution (TBSET buffer).

By tuning the fraction of flow between the gel precursor mix and oil carrier fluid, we were
able to create droplets of varying size, hence reproducing the distribution of nuclei size (5-20 pm,
see Fig.3.18c).

MHBs are perfectly elastic. We observed the recovery of MHBs in the Pachinko device
to be perfectly elastic (see Fig.3.18d&e). MHBs recovered their spherical size as soon as they
exit the constriction. The return to the spherical shape in less than one acquisition frame and a
flat recovery express the fully elastic nature of our beads, validating the ability of the Pachinko

device to highlight an elastic behavior.

7.3.2 Oil Droplets

Oil droplets are perfectly elastic as well. Similarly, as an attempt to model a perfect
viscous behavior, we had oil droplets go through the Pachinko device. The oil droplets provided
by Jacques Fattaccioli (Dep. de Chimie, ENS PSL - IPGG) were generated from lipiodol oil
through a porous membrane (monodisperse distribution, ~ 12 um) [Pinon, 2022]. The oil dro-
plets were stained with lipophilic marker NileRed. However, we observed droplets recovery to
be instantaneous (similarly to MHBs, see Fig.3.18d&e).

Indeed, the oil droplets properties evaluated using a plate-plate rheometer. [Pinon, 2022]
show a constant storage modulus G’ ~ 103 Pa and loss modulus of G” =~ 20-200 Pa, meaning
that the viscous contribution of the oil could be neglected and that the overall behavior of the
droplet is dominated by its surface tension. Thus, oil droplets recovered from the deformation

similarly as elastic objects.

The observation of perfect elastic behavior in MHBs and oil droplets highlights the diffe-
rence with nuclei recovery. We thus confirm our analysis that nuclei display a small viscoelastic
component, although their recovery is largely dominated (> 90%) by an elastic behavior.

8 Perspectives

Simultaneous imaging of cell and nucleus dynamics. We observed a distribution of

properties, both at the level of the cell and nucleus. It would be interesting to record the
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dynamics of a single cell and its nuclei at the same time. To do so, we would need to perform a
double staining and a dual acquisition. In the first few attempts we made, we were limited by

the rate of opening/closure of the different shutters of the microscope used.

About the role of vimentin in the recovery. In order to fully describe the role of vimentin
in the recovery of nuclei, we would like to replicate the results obtained in the breast cancer
cell lines : express vimentin in MCF-7 cells, and decrease its expression in MDA-MB-231. A
first attempt using the 2x48h siRNA protocol on MDA-MB-231 cells led to a ~ 50% decrease of
vimentin expression (quantified by immunoblotting).

Regarding the experiments on colon cancer cell lines, we would like to replicate the silencing
experiment on SW-620s cells while adjusting the initial seeding concentration. This way, we
would be able to compare the cells in the same 6x15 um? constriction as performed in all other
experiments. As for the expression of vimentin in HT-29 cells, as we explained earlier, we would
like to sort the cells through FACS in order to homogenize the vimentin expression levels among
the cells.

About the role of lamins and chromatin. Even if we observed that the absence of a
vimentin decreased the elastic proportion of the recovery, the recovery remains largely elastic
in all cases. According to the literature, this elastic behavior could be associated to the lamin
network underlying the inner nuclear membrane [Swift, 2013]. In the same way as for vimentin
filaments, a silencing protocol could be performed to decrease the levels of the different lamins,
notably Lamin A/C. We would expect to observe a decrease of the elastic component of the
recovery following silencing or its increase following overexpression of lamins genes.

Similarly, to evaluate the contribution of the chromatin bulk to the mechanics of the nu-
cleus, one could modulate its compaction level in order to change its mechanical properties
[Pajerowski, 2007 ; Stephens, 2017]. The chromatin can either be softened by digestion with
micrococcal nuclease (MNase), or accumulation of decondensed euchromatin with trichostatin
(TSA). Conversely, heterochromatin compaction can be induced by addition of MgCly to stiffen

the chromatin network.

Complete the study on damages. Finally, as a complement to the analysis of cells survival
following repetitive deformations that we’ll present in the next chapter, we would like to measure
the occurrence (and possible reparation) of nuclear damages induced by the fast deformation of
the nuclei. As described earlier, the analysis would focus on nuclear envelope rupture (cGAS)
and double strand DNA breaks (53BP1, yH2AX).

9 Short Conclusion

In this chapter, we focused our interest on the morphological deformation and recovery of

nuclei inside cells. We recapitulate here our main findings :
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— The arrest time was better correlated with the cell size rather than the nucleus size.
Both the cytoskeleton and the nucleus contributes to resistance to deformation. As a
consequence, we found the same differences in arrest time between cell lines as described

in the previous chapter.

— Though the analysis of nuclei deformation was complicated, we observed on individual fits
values of elastic F and viscous moduli 775 to be higher than the ones measured at the whole

cell level.

— We found the recovery of nuclei to be mostly elastic (> 90% recovery in less than 1 s).
The recovery happens much faster than at the whole cell level observed in the previous

chapter.

— Among the breast cancer cell lines, we observed the MDA-MB-231 cells to recover faster.
The same can be said for SW-620 and CTC41.5A, and HT-29 to a lesser extent, for colon

cells lines. These cells are the ones we referred to as being more metastatic.

— Though the rheological models based modelization lacked robustness, we were able to
extract rheological parameters. These parameters recapitulated the Young modulus esti-
mations based on the max deformation. The order in elasticity proportion observed was

better correlated to the exponent in power law rheology fits.

— We correlated part of the elastic behavior to the presence of a vimentin perinuclear cage
around the nucleus. Removal of this structure in SW-620 cells impaired elastic behavior

in recovery, while addition of this cage in HT-29 cells enhanced it.
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CHAPTER 4

LRECIRCULATION : EFFECT OF REPETITIVE DEFORMATIONS

In previous chapters, we focused on a single-cell, flow-induced deformation in a capillary-
like constriction. We investigated the morphological recovery occurring within a few seconds
following the deformation.

However, in the body, CTCs experience multiple repeated deformation over the course of
their short lives in the circulation, which could last up to a few hours [Meng, 2004 ; Stott, 2010].
Several studies explored the role of fluid shear stress on cancer cells behavior, including survival
or gene expression, by either modulating the flow speed [Barnes, 2012 ; Ma, 2017 ; Regmi, 2017]
or by introducing changes in tubing diameters [Alvarado-Estrada, 2021]. From the literature, we
retain that fluid shear stress has a deleterious effect on cells, as observed both in wvivo [Fidler,
1970; Weiss, 1990] and in vitro [Regmi, 2017], though malignant cells fare better than non-
tumoral cells [Barnes, 2012]. However, the question of repeated deformations was more rarely
studied. [Ahmad-Cognart, 2020] showed changes in gene expression following a single passage
through five consecutive constrictions, while [Jiang, 2023] demonstrated increase resilience of

cancer cells as an adaptation to repetitive deformation.

We present here the development of a recirculation microfluidic chip with capillary-like
constrictions and of the experimental setup to establish recirculation within the chip. We used
this recirculation setup to compare the properties of MCF-7 and MDA-MB-231 cells. We demons-

trate the first results on cell survival, vesicles production and nucleus damages accumulation.

1 Experiment design

We aimed at constructing a microfluidic chip, through which cells would be submitted to

repeated deformations over a long period of time.
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Figure 4.1 — Designs of the recirculation microfluidic chips. First (a) and second (b) iteration of the
design, presenting series of five successive 6x15 pum? constrictions. (c) Scanning Electron Microscopy image
of the constrictions array, zoom on the orange region in (b). (d) Photo of the assembled microfluidic chip.

1.1 Microfluidic chip
1.1.1 First design

To construct a recirculation chip, we parallelized lines of five consecutive 6x15 um? constric-
tions, as this series of constriction was already studied in the team [Ahmad-Cognart, 2020]. To
increase the cell throughput of the device, we increased the number of channels up to 68 channels

in parallel (see Fig.4.1a).

As a nod to biomimetism, we referred to in wvivo data to dimension the channel widths
hierarchy from the inlet/outlet in the overall design of the chip. Similarly to vessel organisation
in the lung, the ratio of the widths between two successive connecting channels upward and
downward the constricted area is set to 0.75. This ratio is conserved through several species
[Lapi, 2007 ; Kassab, 1994 ; Ellsworth, 1987], including humans [Huang, 1996]. It explains why
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1. Experiment design

the section of the aorta is a tiny fraction of the total surface of capillaries, as the total area

increases at each vessel branching.

One consideration in the construction was to limit the hydraulic resistance of the chip so
that flow could be sustained by the available pressure controllers limited to 1 bar, which limits
the number of parallel constrictions that can be used (see later simulations).

The determination of recirculation parameters is made of several compromises dictated by
experimental limitations. We aimed at achieving cycles of &~ 4 min, slightly higher than the ~
1 min reported in [Blom, 2003]. We set a flow of 1 uL/min in each channel, i.e. a total flow of
64 pL/min in a chip with 64 parallel channels, which amounts to recirculated volume of ~ 250 pL
(minimum volume required to fill reservoirs and tubings with liquids). We acknowledge this flow
to be higher than the ones reported in wvivo for capillaries [Kornfield, 2015; Follain, 2020].
Though, reducing it would results in either much longer cycles, or amount of liquids too small

to work with.

1.1.2 Second design

A few experiments with the first design led us to conceive a second generation of recirculation

microfluidic chips (see Fig.4.1b, ¢ and d). Improvements in the new iteration of devices include :

— Increase in the number of channels up to 128 in parallel (divided in 8 sections of 16 parallel

channels).

— Addition of filters near to the inlet/outlet to catch the bigger debris that might clog the

microchannels.

— Implementation of more sharp angles to prevent regions of cell arrest between branching

of the channels.

— Connection of the different channels between each of the constrictions, allowing for cells
to change directions if one of the constriction happened to be already occupied or clogged.
This also has the benefit of reducing the effective pressure difference on the cells by a

factor 5 as compared with a series of five consecutive constrictions in the first design.

— More importantly, increase in the height of the delivery channels to decrease the fluidic
resistance outside of the zone of nominal height filled with constrictions.The height of the
connecting channels was increased to 45 um, in order of reduce the resistance of these
connecting elements. This results in a reduction of the total pressure required to establish
a flow through the device (see Fig.4.2 and Tab.4.1).

This second designed with 128 channels allows to work with a more comfortable volume of
500uL, at a flow of 1 uL/mL per channel with cycles of ~ 4 min.
1.1.3 Numerical simulations

Using Comsol Mutliphysics, we computed numerically the pressure drop in a 128-channels
chip of the second design, with different height for the main channels (15, 30 or 45 um). For

calculations, the flow was set to 1 uL/min per channel.
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Volume: Pressure (mbar) Volume: Pressure (mbar}

2 levels (15um + 45um)

1 level (15um)

45um 15um 45um

Figure 4.2 — Numerical simulations of flow within the recirculation chip in a second design chip with
either 1 (a) or 2 (b) levels (Comsol MultiPhysics). Simulations were conducted in a 3D geometry using
laminar flow physics.

vix ; “15um

o

‘ Old design ‘ New design ‘

‘ 1 level ‘ 1 level ‘ 2 levels ‘

First level ‘ 15 pm ‘ 15 pm ‘ 15 pm ‘ 15 pm ‘
Second level ‘ / ‘ / ‘ 30 pum ‘ 45 um ‘
Total drop ‘ 550 mbar ‘ 960 mbar ‘ 220 mbar ‘ 160 mbar ‘
Constriction drop | 108 mbar (20%) | 120 mbar (12.5%) | 115 mbar (52%) | 112 mbar (70%) |
Drop per constriction ‘ 21.6 mbar ‘ 24 mbar ‘ 23 mbar ‘ 22.4 mbar ‘

Table 4.1 — Pressure levels obtained numerically for the different chips designs

We observe that the pressure drop necessary to establish a flow through the constrictions
section is ~ 110-120 mbar. It corresponds to a pressure drop of ~ 22-24 mbar in each of the five
constrictions.

In a design with only one level (15 um), more than 80% of the pressure applied is used to
establish a flow through the main channels. This proportion decreases ~ 50% when the main
channel height is increased to 30 pm, and down to 30% for 45 pm. Thus increasing the height
in the main channel allows to works with a lower total pressure, from ~ 1 bar with one level
(15 pm) down to ~ 160 mbar with two levels (15 and 45 pm).

1.1.4 Experimental considerations

We observed experimentally that chips tend to clog rapidly if cells are injected in the device
without any preparation. Indeed, as some cells die within the device, they release their DNA
into the media which aggregate with cells and debris to clog the chip (see Fig.4.3).

To increase the possible duration of the experiments, we propose the following modifications :

— The cell viability in the injected suspension was improved using magnetic sorting of dead
and apoptotic cells (Dead Cell Removal kit, Miltenyi).
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1. Experiment design

Figure 4.3 — Image of a chip clugged with DNA.

— Addition of DNAse (2000 U/mL) in the recirculation media to digest any DNA that may

be released.

With these modifications, the recirculation was able to be maintained for more than 4 hours.

1.2 Implementation of the recirculation fluidic system

To produce a sustained flow within the chip, we compared several setups. We first evaluated
methods using pressure controllers to create the flow. Indeed, as compared to peristaltic pumps
(see further down in the manuscript, such instruments do not introduce additional mechanical

stress on the cells.

1.2.1 Back and forth using pressure controllers

This first method of establishing flow was developed with the help of Cyril Bonhomme, a
M2 intern for a duration of 3 months.

As pressure controllers were already used for the Pachinko experiment, we investigated their
use to create a "back and forth" flow within the microfluidic chip, thus achieving an alternated
flow between the two reservoirs. To do so, a pair of coupled pressure controllers is connected to
each end of the chip. Each controller successively pushes a determined volume at a set flow rate

(128 pL/min) for a certain pre-determined number of cycles (see Fig.4.4 for the setup).

Though this setup was successful in establishing a alternated flow within the chip, we ob-
served that the number of cells actually recirculating at each cycle decreased exponentially (see
Fig.4.5 for an example). Within a few cycle, only a small fraction (20% of cells within 10 cycles)
of injected cells were actually going through the constrictions and experimenting deformations.

Our hypothesis is that the cell number initially present in the recirculated volume gradually

125



Chapter 4. Recirculation : Effect of repetitive deformations

L
> @

=

® e

7 @ O O S Pressure
Flow =00 . w (mbar)
ALB OO0 S 250
( =000 C= m
—-elelolole— " m
Flow [ C— (0
N ——elelole
B=AT =00
I => 0

Figure 4.4 — Use of couple pressure controller to create a back and forth flow within the chip. Streamlines
through the microfluidic chip in both steps of recirculation (flow A— B and flow B— A).

diffuse to a bigger volume, due to the mismatch between cells and flow speed. Thus the concen-

tration of cells within the recirculated volume decreases at each cycle.
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Figure 4.5 — Evolution of cell concentration in the design. (a) Number of cells that transited through
the device during each cycle. (b) Explanation of cell number diminution with each cycle.

To remedy this, we changed towards methods allowing for recirculation in an uni-directional
manner. If the flow is always going in the same direction through the chip, no cells can be lost

and all cells will experience the same number of deformations.

1.2.2 Omi recirculation intrument by Fluigent

In our search for alternatives to the previous setup, we contacted the company Fluigent which
was developing a recirculation instrument namedOmi. The device (now commercially available)

was designed to establish media recirculation through organs-on-chips. As a beta tester for
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1. Experiment design

Fluigent, I realized several experiments with the device to evaluate if it was also suitable for the
recirculation of a suspension of cells in a culture medium.

The device allows for recirculation from the inlet reservoir (RI) through the microfluidic
chip into the outlet reservoir (RO). When either RI is empty or RO is full, the content of the
outlet reservoir RO is transferred back into the inlet reservoir RI through a side channel, thus
completing the recirculation cycle. Side reservoirs (I and O) allow for injection or sampling of
liquid during the experiment. Flow is achieved through the pressurisation of the reservoirs with
a pump located within the device, and is able to deliver &~ 600 mbar max at 37°C, which is
sufficient to establish a flow in the latest version of the recirculation chips with two levels.

The device can function in a incubator environment (37°C, 5% CO2) thus providing perfect

conditions for the cells.
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Figure 4.6 — Recirculation using Omi device (Fluigent). (a) Device and reservoirs layout. (b) Viability
of MDA-MB-231 cells recirculated with Omi through a control chip (BE-Flow Standard from BEOnChip,
straight channel of 375 um height) for 5 days.

The viability of recirculating MDA-MB-231 cells in suspension was assessed. Good viability
(above 50%) was observed for up to five days. However, as we’ll explain below, we cannot
guaranty the conditions of the experiment.

Indeed, the device presented several limitations in its use for our application. Recirculation
steps is achieved using optical detection of fluid levels in each reservoir. Thus, a minimal volume
is required in each reservoir, effectively creating "dead volume". We estimate this dead volume to
amount to &~ 2 mL (reservoirs and internal channels). During a cycle, only 128 uL is recirculated,
which represents 6.4% of the total volume. Assuming homogeneity of cells in suspension, only
~ 6% of the cells is actually submitted to deformation at each cycle. Conversely, if the totality
of the volume is injected through the chip, it takes 15 min for the volume to be circulated at
128 puL/min. Moreover, increasing the number of channels adequately (x15) would result in a
minimum pressure of 1.8 bar to cross the constrictions, way above the range of pressure delivered
by the internal pump. Increasing the flow within the chip will take us away even further from in
vivo values, and would similarly be limited by the available pressure. As we were not satisfied

with Omi performance for our cell recirculation application or any of the options to improve
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these performances at our level, we looked for a third option.

1.2.3 Use of a peristaltic pump

Peristalticoump (" * Flow sensor

+ W |

Recirculation media

.—Qﬁg)—. Chi
U Cellsin P

Figure 4.7 — Recirculation setup using a peristaltic pump as a motor.

We ended up using a peristaltic pump to circulate cells within our microfluidic device. Though

these pumps are known to induce mechanical deformation of the tubes, and thus on the sus-

pended cells, this would introduce a similar bias through all conditions, allowing us to conduct

comparative studies.

The peristaltic pump creates a flow by compressing the flexible tubing under a "roller" and

pushing it forward. Using a flow sensor, we calibrated the pump rotation speed required to

produce a 128 puL/min flow through the chip. The setup described in Fig.4.7 can be placed

inside an incubator for optimal cell conditions (37°C, 5% CO2).

In all the experiments that will be presented now, the live cells fraction isolated through

magnetic sorting is resuspended in a recirculation media, composed of :
— serum-free culture media (DMEM GlutaMax, 1% Pen/Strep).
— HEPES 25 mM, to keep the pH constant through the experiment.
— DNAse 2000 U/mL, to digest DNA released by dead cells.

— OptiPrep 15%, to increase media density and limit sedimentation in the reservoir.

2 Study of circulated breast cancer cells

The peristaltic pump device presented above has been used to submit MCF-7 and MDA-MB-

231 cells to repeated deformations over a prolonged period. We’ll present here the first results
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obtained regarding cell viability, vesicles production, damages accumulation. We will finally give

some of the perspectives opened by these results.

2.1 Viability of recirculated cells
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Figure 4.8 — Viability of recirculated cells. (a) Recirculation within tubing was accomplished either with
Omi device (Recirc Omi) or a peristaltic pump (Recirc PP). Ctrl refers to the non-recirculated cells. (b)
Viability of MCF-7 and MDA-MB-231 cells recirculated with a peristaltic pump through either the chip
(Recirc Chip 6x15 pm?), through tubing only (Recirc Tubing), or not recirculated (Ctrl).

Use of peristaltic pump offer a good cell viability for 2 hours. We first assessed the
use of peristaltic pump for our application. In that aim, MDA-MB-231 cells were recirculated
for a period of 4 hours within tubing (0.5 mm inner diameter) only, with either the peristaltic
pump or Omi (see Fig.4.8a). We observed no decrease in viability (assessed through live/dead
staining at the end of the experiment) with Omi over the duration of the experiment, though
the cells may have been stressed to a lower level according to the limitations we presented
above.Regarding the peristaltic pump, we observed a slight decrease in viability, with an onset
at the time point of 2h of recirculation (-10%) up to -40% after 4 hours. This decrease may be

a consequence of either the fluid shear stress encountered by cells through the tubing, or of the
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cell damages induced by the pump. In either case, we chose to limit the during the duration of
further experiments to 2 hours when evaluating the influence of repeated deformations on the

cells.

Addition of repeated deformations though constrictions induce a decrease in cell
viability, more important for MCF-7 cells. We then compared the viability of MDA-
MB-231 and MCF-7 cells after their recirculation in tubing only or through the recirculation
chip including a series of five 6x15 um? constrictions (see Fig.4.8b). We observed a decrease in
viability to different extent according to the experimental conditions after 2 hours. First, this
decrease was limited for MDA-MB-231 cells : the loss of viability after 2 hours increased from 5%
when recirculated through tubing only, to 20% with the addition of the chip with constrictions.
This effect was more pronounced for MCF-7 cells, which displayed an additional 60% loss of
viability induced by the multiple cell passages through the chip : the loss of viability increased
from 10% with tubing only, to 70% with the addition of constrictions. The different observed
between the two non-recirculated controls for MCF-7 cells is surprising and will be investigated
with the addition of more replicates.

We thus conclude that MCF-7s are much more sensitive to repeated deformations than
MDA-MB-231 cells.

a Instantaneous viability b Normalization by initial cell number
100 — : 150
| \
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Figure 4.9 — Viability of recirculated MCF-7 and MDA-MB-231 cells. Instantaneous viability (a) and
overall survival (b) at different time points through the chip with 6x15 um? constrictions. Ctrl refers to
the non-recirculated cells. (N=3 for all conditions)

Overall cell survival confirms the higher loss in viability of MCF-7 cells upon cir-
culation. Additionally to the loss of viability (Fig.4.9a), we observed that the number of cells
actually in recirculation circuit also decreases with time. The diminution may be explained by
the disappearance of dead cells through lysis. We thus defined an overall survival, as the pro-

portion of live cell present at a time point, compared to the initial number of live cells at the
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beginning of the experiment :

Number of cells (t)

Overall Survival (t) = Viability (t) x Toitial mombor of colls

The evolution of the overall survival can be appreciated in Fig.4.9b. We observe a decrease
in overall survival after 2 hours of &~ 50% for MDA-MB-231 cells, and ~ 80% for MCF-7 cells,
thus confirming a higher deleterious effect of repeated deformation on MCF-7 cells than on
MDA-MB-231 cells.

We acknowledge high variability on the count of cells. Indeed, the number of cells is currently
evaluated by counting the number of cells in a 5 ulL sampling placed in a well of a 96 well
plate. The variability may arise from an incorrect sampling (due to non-uniform cell allocation
at different points of the fluidic circuit), or from a spatial inhomogenity in cell seeding at the
bottom of the well during image acquisition. This variability is particularly evident in the control

condition which we would have expected to be less variable with a survival close to 100%.

2.2 Vesicles production under stress and deformation

Under stress, cells are able to produce extracellular vesicles (EVs) [Thompson, 2023]. These
objects, whose size ranges from tens to hundreds of nanometers, exert many functions including
cellular communication and signaling. These particles can be classified in several categories :
microvesicles, exosomes, and apoptotic bodies, based upon their biogenesis, release pathways,
size, content, and function [Doyle, 2019]. The EVs produced by CTCs may prove useful as
biomarkers for early cancer detection [Tatischeff, 2023], and are thought to be able to spread

cancer genes [Rak, 2012] or even promote metastasis [Wan, 2022].

Our objective here is to explore the mechanisms of the production of EVs in experimental
conditions set to reproduce the mechanical stresses (either fluid shear stress and/or deformations)
CTCs experience in the circulation. We present here the concentration and size distribution of
vesicles as a first step in the understanding of the specificity of vesicles production in CTCs

produced after 2h of circulation in our device.

Vesicles enumeration and size distribution depend on the equipment used. Due
to their size in the hundreds of nm, it is impossible to observe vesicles with a microscope. To

quantify vesicles production, we used and compared two optic-based detection technics :

— NanoSight (NS300, Malvern Panalytical). Detection is based on the light scattering of
particles, and allows to detect particle > 40 nm. Sample concentration has to be within

the range [107-2.10%] particle/mL, so samples may have to be diluted first.

— Videodrop (Myriad). Detection is based on interferometry, and allows to detect particle
> 80 nm.

The size measurement of these nanoparticles is based on the detection of the brownian movement,

which magnitude depends on the hydrostatic radius of the particle.
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Figure 4.10 — Vesicles production from circulating MDA-MB-231 and MCF-7 cells. (a) Comparison
between two detection equipment (NanoSight and VideoDrop). (b) Production of vesicles in either the
chip or the tubing only, compared to the non-circulated control. (c) Fold Increase of vesicles production
by recirculated cells compared to the non circulated control. Values represent the median.

Both equipment are sensitive to different range of nanoparticles sizes, with NanoSight being
able to detect smaller particles. We follow reports of other users of these equipment that concen-
trations obtained with both apparatus are proportional. We show that the values obtained with
the NanoSight are systematically higher than those from the Videodrop, with a factor =~ 3.2 for
MCEF-7 cells (slope 3.22 + SE 0.83 p=0.0048, see Fig.4.10a).

Due to the unavailability of both equipment at the time of the experiments, some samples
have been frozen at -80°C before measurements (represented by snowflakes on the graph). The
influence of freeze/thaw cycle of vesicles sample quality is unclear, however we acknowledge it

may have an effect on the vesicles number and/or the size distribution.

Both fluid shear stress and repeated deformations increase vesicles production.
We measured the production of vesicles at the end of each recirculation experiment (Fig.4.10Db).
Over the course of 2 hours, the production from cells recirculating through tubing, and thus
submitted to shear stress and stress from the peristaltic pump, was increased by a factor ~ 2.2-
2.3 for both cell lines (though replicates need to be completed). Addition of the chip with
6x15 um? constrictions increased this factor to 3.5 for MCF-7 cells, and up to 4.1 for MDA-MB-
231 cells (see Fig.4.10c).

During the experiment, the cells are kept in a serum-free medium, as serum contains a lot of
vesicles and sample production would be lost within the noise. We acknowledge that the baseline
value for vesicles production (above 10® particles/cell) is quite high, even for the control, and
present some unexpected variability. A baseline reference from a high number of experiments
in controlled conditions will be established for each cell lines to define the expected vesicles
production, and thus identify experiments that may derive due to others factors. Simultaneously,
as washing steps do not remove all the vesicles, the measurement of vesicles number at time
point ¢ = 0 will be added to future experiments, and will be subtracted from all measurements

at t = 2h. This should result in an increase of the fold increases values presented in Fig.4.10c.
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Figure 4.11 — Size distribution of vesicles (count by NanoSight) (a) Average size distribution in 6x15 pm?
chip, tubing, and non-recirculated conditions for MCF-7 and MDA-MB-231 cells. (b) Comparison of
median (plain points) and mean (hollow points) diameters for the replicates of the distribution presented
in (a).

Vesicles size distribution remains mainly unchanged between conditions. We avera-
ged the size distribution obtained with the NanoSight measurement (see Fig.4.11a, MDA-MB-231
tubing condition wasn’t included due to a high different in baseline levels including in the res-
pective controls). These curves allow to appreciate the increase in vesicles production between
the non-recirculated control and the recirculated conditions. We observe the distributions to be
similar, as exemplified by the similarity between median and mean diameters in each conditions
(Fig.4.11b).

We observe the initial peak around 100 nm to be conserved. We also note a slight increase
in the levels of the bigger objects produced. However, our analysis does not allow to distinguish
between bigger vesicles and apoptotic bodies, which would display diameters with this range
(> 500 nm).

2.3 Nuclear damages accumulation

As we’ve seen in the Pachinko device that a single deformation can induce damages in the
nucleus, we evaluated nucleus damages at different times points through the experiment. We
first focused on the morphological deformation of the nuclei, as quantified by their aspect ratio,

at different time points (see Fig.4.12)

Nucleus deformation increases with the recirculation time. Overall, we observed an

increase in the nuclei AR during the first hour, then a stagnation or slight decrease at the 2
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Figure 4.12 — Aspect ratio of recirculated nuclei. (a) Inter-experiments reproducibility. (b) Nucleus
morphological changes of MCF-7 cells recirculated in 6x15 um? constrictions chip or tubing only. (c)
Nucleus morphological changes of MCF-7 and MDA-MB-231 cells recirculated in 6x15 um? constrictions
chip. Images display examples of MDA-MB-231 nuclei for 0 and 120 min time points.

hour time point. Though the dispersion in AR is high, we observed this trend to be reproducible
between experiments (Fig.4.12a). Interestingly, we did not observe additional damages in MCF-7
nuclei with the introduction of the 6x15 pm? chip compared to the recirculation through tubing
(Fig.4.12b). We hypothesize that cells damaged within the constrictions may be removed from
the system through lysis and are thus not collected in the analysis, which is coherent with the

cell number decrease observed in the viability study.

Increase in nuclei deformation is more pronounced in MDA-MB-231 cells. Finally,
though their nuclei are slightly more deformed to begin with, we observe the increase in AR to
be bigger in MDA-MB-231 nuclei (from 1.18 to 1.33 during the first hour) than in MCF-7 nuclei
(from 1.13 to 1.18).

Interestingly, we observed this increase to stop or reverse after two hours. We propose the

following hypothesis to account for this observation :

— The nucleus adapt and recover from the deformation. This recovery would me more present

in MDA-MB-231 cells, which may be linked to the presence of the vimentin cage-like
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structure around the nucleus as evoked before. It has been reported than MDA-MB-231
cells are able to efficiently repair their nucleus damages, including membrane envelope
rupture [Raab, 2016].

— The cells with more deformed nuclei die and are removed from the system through lysis.
This would imply that the capacity to restrict nucleus deformation to a limited range is

an advantage for cell survival through the circulation.

Figure 4.13 — Immunostaining of MDA-MB-231 cells after 2 hours of recirculation with the
6x15 um? constrictions chip. Blue = Hoechst, Green = 53BP, Red = yH2AX.

We tested for accumulation of damages within the nucleus in the form of double-strand DNA
breaks . We used a 53BP : :GFP stable MDA-MB-231 cell line established in the lab of Matthieu
Piel to visualize sites of double-strand breaks in the form of 53BP foci. Indeed, 53BP is recruited
at the site of breaks to achieve DNA repair. In addition, we performed an immunostainig for
vH2AX, a marker of the phosphorylation of H2AX histone which is required for the assembly
of DNA repair proteins at the sites containing damaged chromatin. First experiments revealed
the presence of sites of double-strand DNA breaks (see an example with MDA-MB-231 cells in
Fig.4.13). This staining will need to be repeated at different time points and to be quantified.

3 Discussion

3.1 About the microfluidic chip and recirculation setup

Alternatives to PDMS. The microfluidic chips that we used is made of PDMS, whose Young
modulus is about 2 MPa. The cells are deformed against constrictions which are more stiffer that
in vivo capillaries constrictions (tissue stiffness about 10 kPa). The difference with the modulus of
the cell (about 1 kPa) is much smaller and may allow for the vessel to deform as well, making for

a more gentle deformation than against a PDMS wall. To improve on the difference of modulus
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between the cell and the constrictions, we explored possibilities of using other materials. We
constructed chips using Ecoflex, an other silicon-based elastomer of Young modulus around
100 kPa [Vaicekauskaite, 2020]. Additionally to the gain in physiological relevance, we observed
these softer chips to be "self-clearing" : the constrictions expands with the upstream build-up of
pressure following clogging with debris, which in turns allows the debris to go through and clear

the constriction.

To mimic the in vitro conditions even more, we would ideally used components of the ECM
such as collagen. Channels can be formed within a polymerised collagen gel using laser abla-
tion, thus allowing the construction of any channels shape, including constrictions, with a good
resolution (around 2 um) [Pinon, 2024]. Other devices have also been able to reproduce a mi-
crovasculature network lined with endothelial cells within a collagen gel to study the transit of
cancer cells under flow [Chen, 2017].

Similarly, the constrictions section is a 6x15 um? rectangle. Designing a circular constrictions
to better reproduce capillaries would require more complex technics. Some papers achieved
circular complex channels, using diffraction during resin exposure [Fenech, 2019] or through

laser ablation technique described above [Pinon, 2024].

Alternatives to the peristaltic pump. As we were not satisfied with using a peristaltic
pump, we propose other set-up to initiate recirculation within the chip. One way to approach
it is to start from the "back and forth" setup presented first, and adapt it using switches and

valves so that each cycle goes in the same direction (similarly to the Omi device construction).

3.2 About vesicles

We presented here and compared two detection methods of vesicles production in our de-
signed recirculation system. Other methods exist and may complement our analysis, such as
exoid TRPS [Shao, 2018] or nanoFCM [Loconte, 2023]. Moving forward, we’ll prioritize the use
of the Videodrop for vesicles quantification, for its ease and fastness of use (1 single 8 pL deposit,
~ 30 s per sample) compared to the NanoSight (> 500 uL required, including a dilution, and

> 5 min per sample).

Vesicles production kinetics. This will allow us to determine the kinetics of vesicles pro-
duction by measuring rapidly the number of vesicles at each time point. Indeed, as we observed
a decreased viability during recirculation, the overall number of cells that contribute to vesicles
production decreases as the recirculation goes on. We thus may expect that the increase in
vesicles number starts rapidly, and then slows down as more and more cells die. We may conver-
sely hypothesize that cells vesicles production increase upon repeated deformations, and may
even compensate for loss of viability. Following the kinetics of vesicles production will help us
answering these questions.

As we observed DNA to act as a biological glue, we may also hypothesize that released DNA
upon cell death may capture a fraction of vesicles leading to an underestimation of the vesicles

production in some conditions.
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Vesicles content and surface markers analysis. Going further into the analysis, we would
like in the future to extract more information than vesicles size and number, especially regarding
their content. Surface markers or proteins content can be analyzed through cytometry or immu-
nobloting [Théry, 2018]. These analysis could reveal markers or proteins specific to circulating
cancer cells.

Vesicles could be sorted through different technics (Size exclusion chromatography, diffe-
rential ultracentrifugation, immuno-precipitation) to access the different types and/or popula-
tions of vesicles [Cocozza, 2020]. Additionally, the use of fluorescently labeled CD9 (marker of
EVs) stable cell lines would allow to decipher between objects produced through exocytosis or
membrane budding, who present CD9, and those produced though other pathways who don’t
(apoptotic bodies for instance, produced during apoptosis).

Finally we could test on the biological efficiency of the produced vesicles using functional

studies, to test for pro- or anti-inflammatory properties for instance [Olejarz, 2020)].

About vesicles and metastasis. In cancer, EVs have been shown to transfer tumor-specific
molecules among cancer cells, healthy cells, and tumor microenvironment [Abhange, 2021], as
well as promoting proliferation, migration, invasion, and metastatic spreading in target cells
[Green, 2015 ; Goh, 2020].

Interestingly, a recent study showed that MDA-MB-231-derived small EVs were able to
promote the formation and elongation of cellular protrusions, soften the cell body, and induce
chromatin decondensation in recipient cells such as MCF-7 cells [Senigagliesi, 2022a]. All these
characteristics may contribute to the survival of cells through circulation and the subsequent
formation of metastasis. The elastic modulus of both MDA-MB-231 cells and MCF7 cells treated
with EVs produced by MDA-MB-231 cells were significantly lower if compared to the untreated

MCEFEY7 cells, simultaneously to an increased level of filamentous f-actin [Senigagliesi, 2022b].

3.3 About what happens in the cell

The survival of cancer cells under flow conditions was already reported in the literature
[Barnes, 2012; Ma, 2017; Regmi, 2017 ; Alvarado-Estrada, 2021]. However, only a few studies
include cell deformation induced by constrictions.

A previous work performed in our team has focused of the single passage of SK-BR-3 and
MDA-MB-231 cells through a series of five 6x15 pm? [Ahmad-Cognart, 2020]. We reported SK-
BR-3 nuclei area to increase in response to shear stress, and less to the additional strain provided
by constrictions. This behavior is also confirmed by the variations of circularity and aspect ratio.
Conversely, MDA-MB-231 cells appeared quite insensitive to the transition from a suspended to a
circulated state, but display significant changes in nucleus size and morphology when constricted.
Marking for DNA damages with YH2AX revealed DNA damage and repair activity is significantly
activated in circulated SK-BR-3 cells, but not in MDA-MB-231 cells (which displayed higher
basal repair activity). We also reported changes in EMT-related genes expression towards a
mesenchymal phenotype in both cell types.

By forcing cancer cells to flow through 5 pum-wide constrictions, [Jiang, 2023] demonstrated
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that mechanical deformation can select a tumor cell subpopulation that exhibits resilience to
mechanical squeezing-induced cell death, as revealed by up-regulation of proliferation and DNA
damage response pathways. The selection of resilience to deformation trait was shown on several
cancer lines, including MCF-7 and MDA-MB-231 cells.

Cell death through mechanical lysis. [Weiss, 1985] proposed a theoretical framework of
hemodynamic destruction of intravascular cancer cells. They evaluated that the blood pressure-

induced membrane tension increase Ao is given by

_ Ap Rcell

A
7 2

where Ap is the pressure drop across a cancer cell, and R is the cell radius, which closely
approximates to capillary radius R

In our system, we estimate this increase Ao to be &~ 22.5 mbar x 15 um /2 =~ 17 mN/m, or
17 dyn/cm. [Weiss, 1985] reported Ao to be of the order of 7.3 dyn/cm in myocardial capillary,
and 1.6 dyn/cm in pulmonary capillaries.

The usual values found in the literature for membrane tension are in the range of 103N /m,
i.e. 1 dyn/cm. The increase of membrane tension to the blood pressure would bring the mem-
brane tension close to, or above, the tension we reported in the introduction for cell lysis
(1072N/m) [Gauthier, 2012]. We then make the conclusion than the decrease in cell number
measured during recirculation may be attributed to cell destruction through lysis. This obser-
vation is consistent with reports of cancer cell death under flow conditions, both in vivo [Fidler,
1970 ; Weiss, 1990] and in vitro [Regmi, 2017].

We acknowledge that the membrane tension increase produced in our device is an order
higher than in vivo expectations. We could reduce the pressure drop within the constriction
by lowering the flow we impose during recirculation. Though to keep short recirculation cycles,
we would need to reduce the recirculated volume and change the setup to reduce the minimal

volume required (cell reservoirs, tubings, ...) in further experiments.

3.4 About metastasis

We show here that the combination of shear stress and deformations result in an increased
cell death for both MCF-7 and MDA-MB-231 cells. However, it may be more relevant to focus
on the cells that do survive as they may have been selected for their better phenotypes and/or
induction of relevant genes for survival and metastasis formation.

As we described in the introduction, exposition to fluid shear stress is able to induce EMT

and promote stemness in cancer cells [Fuh, 2021].
Shear stress and drugs resistance. Other studies report that fluid shear stress exposition

is able to induce resistance to typical anti-cancerous treatments. For instance, [Triantafillu, 2019]

reported synergistic increase of drug resistance-related gene expression in MCF7 cells co-treated
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with FSS and drugs (paclitaxel, doxorubicin), as well as increase in stem cell properties. The
latter increase from FSS may contribute to drug resistance via the STAT3/NANOG pathway.
Conversely, [Regmi, 2018] reported an inverse, i.e. deleterious consequence of circulation
in lung, breast, and cervical cancer cells. FSS significantly increased the potency of the ROS-
generating drugs (doxorubicin and cisplatin), but had little effect regarding non-ROS-generating
drugs (taxol and etoposide). Though the shear stress level was 4 times higher in [Triantafillu,
2019] (60 dyn/cm?) compared to [Regmi, 2018] (15 dyn/cm?) and may contributed to these
discrepancies, the search for a unified mechanism behind these seemingly contradictory results

must be carried out.

4 Perspectives

We presented in this section some first results on the recirculation experiments conducted
on MCF-7 and MDA-MB-231 cells. We focused here on the influence of repeated constrictions-
induced deformations on cell survival, vesicles production and nuclear damages accumulations
(though the latter need to be completed and quantified). More analysis are currently in progress
to complete this study thanks to Arthur Salles, who has joined the team as a PhD student in
partnership with Fluigent.

About viability measurements. We evaluated the viability of recirculated cells by acquiring
several images of these cells after seeding them in 96 well-plate. This measure is however marred
by the variability inherent to seeding inhomogeneity in the well. To improve on that aspect, we
would need a more precise measure of cell number and fluoresence, that could be provided with
a plate reader for instance to capture the entirety of the well. Other fluorescence-based viability
markers could have been explored as well such as Alamar Blue (measure of reducing power cells,
as a marker of viability) or ToxiLight (titration in the media of the enzyme adenylate kinase

(AK), released from damaged cells).

Complementary analysis. In the future, we would like to assess if any changes occurred in
the proliferation rate of cells post-circulation. In that aim, we plan to study their growth rate
by sampling cells from the recirculation system at different time points. After an initial recoil
at the population level due to an overall loss of viability, we expect the surviving cells to long
recirculation times through the chip to have been selected for and display increase proliferation
capacity.

At the end of the experiment, the media is collected and cells are separated from the media
through centrifugation. We already analyzed the vesicles present in the supernatant. The cell
pellet collected was lyzed and stored at -80°C in prevision of future transcriptomics analysis
(RT-qPCR, RNA-seq). We expect to see changes in the expression of EMT-related genes, but

we’ll consider as well genes related in the nucleus dynamics, proliferation and stemness.

To take this idea one step further, we could collect at the end of the recirculation experiment,

the cells that survive and put them back into culture to establish a new cell population. We
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expect this population to have different characteristics than the original lines it originates from,
such as increase proliferation, DNA repair capacity, change in rheological properties.

This selected population could be investigated in the recirculation system to evaluate changes
in survival, vesicles production, damages accumulation, etc... Similarly, these cells could be

analysed in the Pachinko device to investigate changes in their rheological properties.

Using the Pachinko device, we identified vimentin as an important protein in the context of
fast deformation dynamics. We plan to study in the recirculation system the effect of vimentin
silencing in MDA-MB-231 cells and vimentin expression in MCF-7 cells. Under the hypothesis
that the vimentin cage-like structure protect the nucleus from fast deformation, we expect the
survival of siVim MDA-MB-231 to decrease compare to WT MDAs, and inversely the survival
of Vim+ MCF-7 cells to increase.

More relevent cell models. Finally, we aimed at circulate in our system more pertinent
cells, i.e. closer to the in vivo material. Indeed, as easy to use as commercial cell lines are, they
present several limitations including numerous accumulated mutations [Dai, 2017]. Cancer cells
isolated from patient derived xenografts would for instance offer a cancer cells model closer to
the patient and conserve the original human tumor characteristics [Woo, 2021].

During this project, we initiated a work to isolate cancer from cells from ascite fluid. Ascite
fluid is an abnormal build-up of fluid in the body of cancer patient, that is punctured to relieve
the patient and is thus considered as medical waste. In this fluid can be found some cancer
cells that "leaked" from the tumor, among other cell types like red blood cells, fibroblasts and
leukocytes. We can consider these primary cells as naive from the circulation, which is a strong
asset in the framework of our experiments about the role of circulation on cancer cells. To isolate
the cancer cells from among other the cells types contained with the ascite fluid, we implemented

a several step protocol :
— The red blood cells were lysed using an hypotonic media.
— The fibroblasts were removed based on the difference of adhesion with cancer cells.

— Either the leukocytes were removed through magnetic sorting using anti-CD45 labelled

magnetic beads, or the cancer cells were similarly selected as EpCAM+ (CD326) cells.

Though we still need to characterize the cells fraction issued from the separation to make sure
it is composed of cancer cells only, it would be interesting to characterize these cells within our
device. The results, notably cell survival, could be analysed in regard with the clinical data from

the patient from whom these cells originate.

5 Short Conclusion

In this chapter we introduced a microfluidic chip designed to submit cells to repeated de-
formations in capillary-like constrictions. We presented a setup to establish a recirculation flow

within the chip using a peristaltic pump.
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We conducted experiment for a duration of two hours. Cells were recirculated at a flow of
1 uL/min per channel (=~ 22.4 mbar drop per constriction) within cycles of ~ 4 minutes each.
During a full experiment, cells were deformed in 5 successive 6x15 pm? for 30 times in average.

In accordance to the literature, we showed decrease survival of MCF-7 and MDA-MB-231
cells submitted to repeated deformations. Survival was impacted to a higher extend in MCF-7
cells (80% loss of viability after 2 hours), compared to MDA-MB-231 cells (50% loss of viabi-
lity). This denotes that MDA-MB-231 present better characteristics regarding survival to fluid
shear stress and fast deformations. This observation can be associated to the higher metastatic
potential of MDA-MB-231 cells as representative of triple negative breast cancer.

The stress produced by the flow resulted in an increase production of vesicles by the cells.
This production was additionally increased when cells are submitted to repetitive deformations.

We observed increased nucleus morphological deformation associated with fluid shear stress.

A similar work with the chips designed was conducted by partners in the lab of Cathe-
rine Alix-Panabieres in Montpellier. They were able to show different behaviors between the
circulating tumor cell lines established in their lab, that will hopefully result in a publication

soon.
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MATERIALS AND METHODS

1 DMicrofabrication

Microfabrication was performed in the clean room of the Institut Pierre Gilles de Gennes.

1.1 Chrome mask fabrication

Channels designs were drawn on AutoCAD. Wafer layout was assembled on CleWin5. Chrome
masks were fabricated using the litholaser (uPG101, Heidelberg Instruments) The microfluidic
device layout was etched on a photosensitive resin-coated chrome-glass substrate (Nanofilm)
following standard technics to obtain the adequate mask of the device. Rapidly, the positive
photoresist layer on top of the chrome mask was illuminated with a laser according to the im-
ported design (resolution < 1 pm). The mask was developed in a AZ3115B :Water 1 :3 bath to
remove exposed resin, then rinsed with water and dried. The chrome layer that appeared in the
exposed regions was etched away using chrome etchant for 1 min on a shaker at 60 rpm, letting
the transparent quartz underneaht appear. Structures were checked under a microscope. Then
remaining photoresin was removed using acetone. An example of chrome mask can be seen in
Fig.5.1b.

1.2 Photolithography

Wafer were fabricated using MJB4 then MA/BAG6 aligners (Siiss MicroTec). We describe
rapidly here the process to create a 15 um resin layer, as used in the Pachinko device. To achieve
other targets heights, parameters need to be adjusted according to the table Tab.5.1. A thin
15um layer of negative photoresist SU-8 (SU-8 2015, Kayaku Advanced Materials) was spin-
coated on a silicium wafer (3000 g, 30 s), baked rapidly (3min, 90°C), then exposed through
the chrome mask (140 mJ/cm?). The wafer was baked (4min, 90°C), developed in PGMEA to
dissolve unexposed resin, then baked once more at 200°C.

If the design include a second layer (for second generation of recirculation chips, or square

constriction Pachinko designs for instance), the processed was repeated a second time to create
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Figure 5.1 — Vesicles production of recirculated. (a) Photolitography and soft-lithography principle
(adapted from [Ma, 2014]). (b) Chrome mask and wafer master mold. (¢) PDMS microfluidic chip assem-
bly.

143



Chapter 5. Materials and Methods

Target height ‘ Resin Spincoating Pre-bake Exposure Post-bake Development
6 wm SU8-2007 3500rpm, 30s 2min 95°C 115 mJ/em?  3min 95°C 2min
9 um SU8-2010 3500rpm, 30s 2min20s 95°C 120 mJ/cm2 3min20s 95°C 2min20s
10 pm SU8-2010 3000rpm, 30s 2min30s 95°C 125 mJ/ecm?  3min30s 95°C 2min30s
15 pm SU8-2015 3000rpm, 30s 3min 95°C 140 mJ/cm?  4min 95°C 3min
45 um SUS-2050 3500rpm, 30 N 057C them S jem2  1min 65°C then

5min 95°C

6min 95°C

Table 5.1 — Photolithography parameters. Prior to resin deposition, wafers were dehydrated at 200°C
for 10 min. At the end, wafers were hard-baked at 200°C for > 10 min.

the top resin layer. Alignment was performed before second exposure.

Exact height of the device was measured with a mechanical profilometer (Dektam 6M profi-
lometer, Veeco). As resin properties depend on the external conditions (room temperature, air
humidity), the resin layer height was systematically checked after each wafer production.

Wafer surface was rendered hydrophobic by silanization under vacuum with (tridecafluoro-

1,1,2,2-tetrahydrooctyl)trichlorosilane (AB111444, abcr) after activation via plasma cleaning.

1.3 Soft lithography

PDMS mix (10 :1 base :curing agent, Sylgard 184) was prepared, degassed, and poured over
the resin structures of the silanized silicium wafer (height ~ 5 mm). PDMS was left to degassed
under vacuum for 15 min so that it perfectly matches the resin structures, then cured at 70°C
for 3 h. PDMS was removed from the wafer mold, and individual chips were cut apart. Inlets
and outlets were punched out at a 1.5mm diameter. PDMS was cleaned using 70% Ethanol and
Isopropanol, then dried with a azote air gun. PDMS chips and fluorodishes were plasma cleaned
then immediately bonded together to seal the microfluidic chip. On the day of the experiment,
microfluidic chips were washed with 70% Ethanol then PBS, then passivated by injecting 100 uL
of 1 mg/mL solution of pLL-PEG (pLL(20)-g[3.5]-PEG(5), Susos) for 30 min, then rinsed with
PBS.

2 Cell Biology

2.1 Cell culture

Seven adherent or non-adherent cancer cell lines, originating from breast or the colon cancer
were used in this study. Breast MCF-7, SK-BR-3 and MDA-MB-231 cell lines were available in
the team. Colon HT-29, SW-620 and both established CTC permanent cell lines (CTC-41 and
CTC-41.5A) were provided by our collaborators in the laboratory of Catherine Alix-Panabiéres
in Montpellier [Cayrefourcq, 2015; Soler, 2018]. Short description of these cell lines is provided
in Tab.5.2.

The used CTCs cell lines are the first permanent cell line derived from CTCs taken from a

colorectal cancer patient at different time points in the course of the disease [Cayrefourcq, 2015].
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Cell line ‘ Culture Cell origin Age Sex ‘
MCF-7 adherent Breast adenocarcinoma (primary tumor) 69 F
SK-BR-3 adherent Breast adenocarcinoma (metastasis pleural efflusion) 43 F
MDA-MB-231 adherent Breast adenocarcinoma (metastasis) 51 F
HT-29* adherent Colorectal adenocarcinoma (primary tumor) 4 F
SW-620%* adherent Colorectal adenocarcinoma (lymph node metastasis) 51 M
CTC-MCC-41* suspension Metastatic cancer cells (released from the primary tumor) 57 M
CTC-MCC-41.5A* | suspension Metastatic cancer cells (released from a secondary tumor) 57 M

Table 5.2 — Description of the human cancer-derived cell lines used in this study. * : Provided by
Catherine Alix-Panabiéres’s team (LCCRH, CHU Montpellier).

All adherent cell lines except for SW-620 were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM GlutaMax, ThermoFisher 10566016) supplemented with 10% Fetal Bovine
Serum (FBS, Gibco 10270-106) and 1% of Penicillin-Streptomycin (100x, 10’000 U/ml penicillin,
10’000 pg/mL streptomycin, Gibco 151140-122).

The SW-620 cell line requires Roswell Park Memorial Institute medium (RPMI 1640, with
L-Glutamine 2 mM and sodium bicarbonate, Sigma 8758), completed with 10% of FBS (FBS,
Gibco 10270-106) and 1% of Penicillin-Streptomycin (100x, 10’000 U/ml penicillin, 10’000 pg/mL
streptomycin, Gibco 151140-122).

The colon CTC lines (CTC-MCC-41 and CTC-MCC-41.5A) were maintained in non-adherent
culture conditions, in RPMI 1640 with L-glutamine supplemented with 10% FBS, 1% Insulin-
transferrin-sodium selenite (ITS, Sigma 13146), 50 ng/mL of human Epidermal Growth factor
(hEGF, Miltenyi) and 10ng/mL of human Fibroblastic Growth factor (hFGF, Miltenyi). All
cell cultures were maintained at 37°C and 5% CO2.

All cell lines were tested negative for mycoplasma contamination with either Mycoplasma-
Check (Eurofins) service (colon lines), or through the biochemistry platform of UMR168 (breast

lines).

2.1.1 Cell staining

To enable live imaging, two fluorescent markers are used to selectively label specific targets.

Cell membrane : To capture the dynamic behavior of the entire cell, we employ DIL (1,1’-
Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate), a lipophilic membrane stain
exhibiting an orange-red fluorescence (excitation wavelength Aeze = 552 nm, emission wave-
length A¢;, = 566 nm). DIL is diluted in culture medium at 20 pg/mL. Cells are exposed to the

DIL solution and incubated for a minimum of 1 h at 37°C.

Nucleus : For visualizing the deformation and subsequent recovery of the nucleus, we employ
Hoechst, a blue fluorescent dye (Hoechst 33342) that specifically binds to DNA (A¢ze = 350 nm
and A, = 452 nm). Hoechst is diluted in PBS at 25 pg/mL. Cells are incubated in the Hoechst

solution for a duration of 10 min at 37°C.
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2.2 Treatments

Following harvesting of the cells, either 30 uM Y-27632 (Tocris 1254) or 0.5 uM Latrunculin
A (Sigma L5163) was added to the preparation. Dilution were prepared in the experiment
media : serum-free DMEM, supplemented with 1% Pen/Strep, 25 mM HEPES and 2’000 U/mL
DNAse. Cells were left to incubate for 30 min at 37°C before being injected into the microfluidic

Pachinko device.

2.2.1 Vimentin silencing

For transient vimentin knockdown, a reverse transfection protocol was performed, entailing
the addition of the treatment complex to freshly passaged cells. SW-620 were seeded in a 6-well
plate with an initial cell number ranging from 500’000 to 1°000°000. The transfection complex
consisting of siRNA (targeting vimentin expression or non-targeting, all from Dharmacon), Li-
pofectamine RNAi-MAX reagent (Invitrogen 13778075), and Opti-MEM (Gibco 31985070) was
meticulously prepared in accordance with the manufacturer’s guidelines. In the case of wild-
type controls, an equivalent volume of Opti-MEM was applied. References for the used products
are listed in Table 5.3. Subsequent to the addition of treatments, the medium was renewed 24
hours post-transfection. It is noteworthy that, for the double transfection condition, the second
transfection was administered to cultured cells rather than freshly passaged cells. Evaluation of
knockdown efficiency was conducted 48 or 72 hours post-transfection via Western Blot analysis

employing standardized techniques.

Following the optimization process, double-transfected cells (2x48h) were selected as the
experimental model for conducting Pachinko experiments. Consequently, 48 h after the second
transfection, cells were harvested and divided into two equal portions : one for subsequent
lysis (to allow future immunoblotting analyses) and the other for labeling purposes (to enable

Pachinko experiments).

L-003551-00-0005

siRNA ‘ Description Format Target Reference ‘
- ON-TARGETplus VIM gene  Dharmacon (Horizon Discovery)
SiVim Human Vim siRNA SMARTpool 1 eripts D-001810-10-054

GNT ON-TARGETplus SMARTpool Hone Dharmacon (Horizon Discovery)

Non-targeting Control Pool

Table 5.3 — List of siRNA transcripts references.

2.2.2 Vimentin transfection

For the transient overexpression of vimentin through lipofection, a reverse transfection proto-
col was performed, entailing the addition of the treatment complex to freshly passaged cells. Cells
were cultured on on a 6-well glass-bottom cell culture plate to enable subsequent live imaging.
The initial cell number was set at 500°000. Transfection was carried out with a fluorescently-
tagged DNA plasmid (2.5 pg, Addgene, see Tab.5.4) complexed with Lipofectamine 3000 (Invi-
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trogen) mixed in Opti-MEM (GIBCO). For wild-type controls, an equivalent volume of Opti-
MEM (GIBCO) was applied. References for the used plamsids are listed in Table 5.4. The
efficiency of overexpression was evaluated via live imaging 24 or 48 hours after transfection and
was be completed with immunoblotting analysis.

For transfection through electroporation experiments, cells were harvested and 3°000°000
cells were added to the prepared plasmid (3 pg) and Nucleofector 100 pL solution mix (Lonza).
The mix was transferred in a amaxa certified cuvette and placed in the Nucleofector 2b Device
(Lonza). Program T-020 was used, then cells were immediatly removed from the cuvette with
500 uL of media and transferred into a culture dish. The efficiency of overexpression was evalua-

ted via live imaging 24 or 48 hours after transfection and was be completed with immunoblotting

analysis.
Plasmid Gene insert Tag (C-terminal Aeze (Nm)  Agpy (nm)  Reference
on backbone
mCherry-Vimentin-N-18 ﬁ\jﬁgggggg mCherry 587 610 ﬁ%ﬁe;se
mEmerald-Vimentin-7 1\11{1\?;1383;/8134 9 mEmerald 487 509 ﬁ;%e;;e

Table 5.4 — List of plasmids references.

2.3 Cell preparation

Pachinko experiments : Following staining, and optionally treatment, cells were trypsinized
for 5 min and harvested. Cells were counted and resuspended at ~ 400’000 cells/mL in serum-
free media, supplemented with 1% Pen/Strep, 25 mM HEPES and 2’000 U/mL DNAse, and
optionally the drug treatment.

Recirculation experiments : Cells were trypsinized for 5 min and harvested, before being
filtered through a 40 um pore cell strainer. Cells were pelleted at 500 g for 5 min, then resus-
pended in 100 uL. Dead Cell Removal Microbeads solution (Dead Cell Removal Kit, Miltenyi)
and incubated for 15 min at room temperature. Dead and dying cells fraction was separation
on a LS column (Miltenyi) placed in a magnetic MidiMACS Separator (Miltenyi). Live cells
fraction was eluated through the column using 4x3 mL of binding buffer 1x, then pelleted at
500 g for 5 min and resuspended at 1 million cells/mL in 1 mL recirculation media. Recirculation
media is composed of serum-free DMEM, supplemented with 1% Pen/Strep, 25 mM HEPES,
2’000 U/mL DNAse and 15% OptiPrep. 500 uL. were injected into the recirculation device, and
the other 500 puL. were kept on the side as a control.

147



Chapter 5. Materials and Methods

2.4 Biochemistry
2.4.1 Live/Dead imaging

To quantify viability of cells (sampled during recirculation for instance), an equal volume of
Live/Dead 2x mix (LIVE/DEAD™ Cell Imaging Kit (488/570), ThermoFisher) was added to
the cells. Cells were incubated for 15 at room temperature then imaged under a videomicroscope.
Live cells ares stained with green Calcein AM, and dead nuclei with red Propodium Iodide (PI).

In recirculation experiments, viability was counted as the ratio of live cells over total num-
ber of cells. Regarding nucleus counting, a threshold of 50 pix? (i.e. > 20 um?) was used to

differentiate between dead cells and debris (stained with PI as well).

2.4.2 Immunofluorescence

For imaging of adherent conditions, two hundred thousand cells were cultured for 24-48 hours
on coverslips covered with Poly-L-Lysine (PLL) 0.1% (Sigma), then fixed with 4% Paraformalde-
hyde (PFA) in Dulbecco’s phosphate-buffered saline (DPBS) (Gibco - ThermoFisher Scientific)
for 15 minutes at room temperature (RT). Conversely, for imaging of cells in suspension, 5 pL
of cells in suspension were placed on a PLL-coated glass slide and immediately fixed with 4%
PFA. Afterwards, cells were rehydrated with DPBS twice and then permeabilized with 0.1%
Triton X-100 (Sigma) in DPBS for 15 min at RT. After two instant washes in DPBS, blocking
was performed in 4% Bovine Serum Albumine (BSA, Sigma) in DPBS (PBS-BSA) for 5 min
at RT. Cells were stained for one hour with primary antibodies (ABs) diluted accordingly to
Tab.5.5 in PBST 2% BSA and then washed twice with DPBS. Coverslips were incubated with
fluorescently labeled secondary ABs, diluted accordingly to Tab.5.5 in PBST 2% BSA, for at
least one hour at RT. After two more instant washes in DPBST, coverslips/glass slides were
drained on a Kimwipe (Kimtech), mounted using EverBrite Hardset Mounting Medium with
DAPI (Biotium), and left at +4°C overnight before being sealed with nail polish and imaged.

2.4.3 Immunoblotting

Cells were lysed in Radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-HCl, pH
7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) (ThermoFisher Scientific)
containing freshly added 1x EDTA (Thermo Fisher Scientific) and 1x Protease and phosphatase
inhibitors (Halt Protease & Phosphatase Inhibitor Cocktail, Thermo Fisher Scientific). Lysates
were passed through a 25G needle ten times and incubated for 5 min on ice, then cleared by cen-
trifugation at 16’000 g for 5 min at 4°C. Protein lysates were mixed with 1x Laemmli buffer and
heated for 10 min at 95°C. Proteins were separated using a 4-12% polyacrylamide gel (NuPAGE
4-12% Bis-Tris Gel 1mm x 10-well mini, ThermoFisher Scientific) with a standard sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) protocol in 500 mL of 20x NuPAGE
MOPS SDS Running Buffer (ThermoFisher Scientific). Separated proteins were transferred to
a nitrocellulose membrane at a voltage of 23 V for 6 min in a dry transfer iBlot device (Ther-
moFisher Scientific), according to the manufacturer’s protocol. Membranes were blocked for 2

hours at room temperature (RT) and on a shaking platform, using 3% Bovine Serum Albumin
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Target Host Clonality Labelled Reference Final .
concentration
Primary Antibodies
. Sigma 1:1000 (WB)
Lamin A/C mouse monoclonal SABA500236 1:200 (IF)
. . Abcam )
Lamin B1 rabbit  polyclonal ab16048 1:1000 (WB)
. . Abcam )
Lamin B2 rabbit monoclonal abl51735 1:1000 (WB)
. . . Abcam 1:1000 (WB)
Vimentin (SP20) rabbit monoclonal ab16700 1 :200 (IF)
MLC II rabbit  polyclonal Cell Signaling 1 :500 (WB)
36725
p-MLC II (T18/S19) | rabbit  polyclonal Ceu?)%lfzghng 1 :500 (WB)
. Cell Signaling )
GAPDH rabbit monoclonal 91185, clone 1410 1:2000 (WB)
Millipore .
~YH2AX (Ser139) mouse monoclonal 05-636-25ug, clone JBW301 1 :500 (IF)
Secondary Antibodies
goat  polyclonal HRP conjugate I;\é;ﬁrglgsél 1 :5000 (WB)
Rabbit IgG(H+L) -
t lyclonal ~ AlexaFluor 546 LifeTechnologies 1 :1000 (IF)
goa polyclona exaFluor A11071 :
. Invitrogen )
goat  polyclonal HRP conjugate 14656520 1 :5000 (WB)
Mouse IgG(H+L) ThermoFisher
goat  polyclonal Cyb5 A10524 1:500 (IF)
LifeTechnologies )
goat  polyclonal  AlexaFluor 488 AL1017 1 :1000 (IF)

Table 5.5 — List of antibodies (ABs) used in immunoblotting (WB) and immunofluorescence (IF) expe-
riments.

(BSA) (Sigma) in Phosphate-Buffered Saline (PBS) containing 0.1% Tween 20. The antibodies
(ABs) used and their corresponding concentration are shown in Tab.5.5. Separate blots were
probed with different primary ABs and all blots were probed with ABs against GAPDH, as a
loading control. Primary ABs were diluted in the blocking solution and incubated with agita-
tion overnight at 4°C. After three 10-minutes washes in PBST (PBS with 0.1% Tween 20), the
blots were probed with Horseradish Peroxidase (HRP) conjugated secondary ABs diluted in the
blocking solution (1 :5’000), and incubated for 3 h and on a shaking platform and at RT. After
a single 1-hour wash followed by two 5-minutes washes in PBST, imaging was performed with
ChemiDoc Touch Biorad 2 Imager using SuperSignal West Pico Chemiluminescent Substrate

(ThermoFisher Scientific). Analysis was performed using ImageLab.
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2.4.4 Vesicles collection

At the end of recirculation, the tubing circuit was emptied and collected in a eppendorfs.
Cells were removed by centrifugation at 500 g for 5 min. The supernatant was collected and
centrifuged at 2000 g for 10 min at 4°C. The supernatant was collected carefully and transferred
to another ependorf for analysis. The sample containing vesicles was stored overnight at 4°C for

analysis on the next day, or frozen at -80°C for a longer conservation.

3 Experiments

Preparation of the chip : Prior to usage, the solutions undergo filtration (220nm PTFE
filters) and are then injected into inlet 1 using a syringe, needle, and tubing. The microfluidic
chip undergoes a series of washing steps, starting with 100 puL of 70% ethanol, followed by 100
uL of PBS. To ensure optimal performance and prevent cell adhesion, the channel is passivated
with 1 mg/mL pLL-g-PEG (poly(L-lysine)-g-poly(ethylene glycol), SuSoS) as described below
for a duration of 30 minutes to one hour. Any excess pLL-g-PEG is subsequently washed away
using PBS.

Microfluidic chips are prepare the same for both Pachinko and Recirculation experiments.
The following section below refer to the Pachinko experiment. The experimental setup consists
mainly of a fluidic system (microfluidic chip and pressure controllers) and an acquisition system
(see Fig. 5.2).

pressure controllers

\

\
| Camera inlet1

outlet3

Microfluidic chip

MDA-MB-231 (breast cancer) cell

microscope

Figure 5.2 — Experimental setup for Pachinko.

Fluidic system : The cell suspension (~ 400’000 cells/mL) was placed in an Eppendorf tube
mounted with a p-cap (Fluigent) connected to the inlet 1 of the microfluidic chip through a fluidic
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tubing (ID .02in, OD .06in, Tygon ND-100-80, Cole-Parmer). Outlets 2 & 3 were connected to
Eppendorf tubes containing the same media without cells. The cell suspension and media were
kept at 37°C on a hot plate for the whole duration of the experiment. Three Flow-EZ pressure
controllers (Fluigent), monitored by All-in-One software (A-i-O 2019, Fluigent), are employed

to regulate the pressure drop across the constrictions.

Acquisition system : For recording the experiment, the chip was securely mounted on an
inverted microscope (Nikon Eclipse TS100) with a 10X objective (N10XW-PF - 10X Nikon CFI
Plan Fluorite Objective, 0.30 NA, 3.5 mmWD). A fluorescence microscope cube filter (TLV-
TE2000 - Thorlabs Microscopy Filter Cubes), specific to the fluorophores used, is adapted, along
with a high-speed acquisition camera (acA1920-150um Basler AG, pixel size 4.8pum*4.8um).
Pylon Viewer software (pylon 6.3.0 Camera Software Suite for Windows, Basler AG) is employed
to control the camera settings.

The exposure time is set to a minimum (=~ 2 ms), and the acquisition rate is fixed either at
50 fps for whole-cell analysis or at 100 fps for nucleus analysis. Recording was conducted in a

light-controlled environment where minimal or no ambient light was present.

Operation on the Microfluidic Chip : Inlet 1 and outlet 2 pressure were set to 12 and
8 mbar respectively to initiate a flux of cells in the device main channel. The pressure in outlet
3 was initially kept at 10 mbar to prevent cells from entering constrictions then decreased to
Ombar to allow cells to enter.

Simultaneously, fluorescence and acquisition were started to capture cells entering the constric-
tions. The recording is stopped when the majority of the traps are filled. The experiment can be
repeated multiple times using the same chip by flushing the cells out of the trap chamber with

higher pressure at outlet 3.

4 Data Analysis

4.1 ImagelJ
Cell trajectory reconstruction

Sequences of fluorescent cell or nucleus moving through the device were binned on ImagelJ.
Cell tracks were reconstructed using the TrackMate plugin on ImageJ[Tinevez, 2017] Briefly,
fluorescent objects were detected with a threshold based method, then detected spots were lin-
ked on each successive images (linear motion LAP tracker) to reconstruct tracks. Parameters
of the detection and tracking algorithms were adjusted to each sequence. Tracks were manually
reviewed and corrected for punctual errors in track reconstruction. Track coordinates were ex-
ported to Matlab (R2020a, MathWorks) for downstream analysis.
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4.2 Matlab

Cell arrest time determination : Only complete tracks (i.e. with images before and after defor-
mation in the constriction) were selected for the analysis. Entry and exit time points were defined
as the index of the first image where the cell y-position exceeds respectively the constriction
entry and exit y-coordinate. The arrest time of a cell was determined as elapsed time between
entry and exit time points. For the fastest cells which can cross the constriction in less than 1
frame, we attribute to these cells an arrest time corresponding to the inverse of the acquisition

frame rate, i.e. 20 ms.

Image analysis and segmentation : For each cell track, for each time point in the cell
track, a region of interest around the cell position was drawn in the original images. The se-
lected section of the image was binarized : Hoechst-stained nuclei images were binarized with
a threshold determined with Otsu’s method [Otsu, 1979]. DIL-stained membrane images were
segmented with 2 thresholds calculated using Otsu’s method, to account for fluorescent intensity
heterogeneity in the cell. Non-background layers were merged together to recreate cell binarized
region. Images were filtered to keep the biggest structure in the image. Major and minor axes of
the ellipse that have the same normalized second central moments as the binarized region were

measured.

Cell parameters extraction : The diameter of the cell can be estimated by measuring the
average area of the shape in the main channel assuming that the 2D projection of the cell is
a circle through the relation ay =./%4 between the cell diameter g and the binarized region
area A. Elongation ¢ and aspect ratio AR of the cell or nucleus were defined with major axis a
and the minor axis length b as () :“(27;“0 and AR(t) =44 where ag is the average value of
the diameter measured in the main channel. Maximal &,,,, and end value e, were determined
for each cell using Matlab Cftool application interface, and used to compute the normalized
deformation &pnopm (t) ==8=_. Incomplete and blurry images were manually excluded from

€max —€o0

the analysis based on visual examination of corresponding images.

4.3 Python

Contour plots : Contour and density plots were generated for each cell lines data sets using
Python gaussian kernel density estimation. For better vizualisation, one density level was over-
layed on scatter plots to indicate region of highest points density. Kernel density plots for each

parameter was added right and on top of the graph to represent this parameter distribution.

4.4 GraphPad Prism

Mean recovery curves and fits : For each cell (resp. nucleus), normalized elongation values
of the cell during recovery were imported on Graphpad Prism9 software (GraphPad Software

Inc., USA) (with time t=0 s taken as the last image of the cell in the constriction). For each cell

152



4. Data Analysis

lines, mean curves and corresponding 95% confidence interval were plotted. These mean curves

were used to fit according to the developed models described in the text.

Statistical analysis : All statistical evaluations were conducted using the Graphpad Prism9
software (GraphPad Software Inc., USA). Independent groups were compared using the non-
parametric Mann-Whitney test (arrest times, diameters, Young modulus), or Wilcoxon matched-
pairs rank test in the case of paired data (€42 VS €x0). Significance is reported as the following :
*1ip <0.05, 7 p <0.005, 7 p < 0.005, ***:p < 0.001.
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CONCLUSION

In this study, we designed two complementary microfluidic devices to study the short- and
long-term response of cancer cells to fast flow-induced capillary-like constriction-based defor-
mations. These devices aim to reproduce the stresses and deformation that cancer cells may
encounter as they navigate in the blood circulation and in particular through the microcapillary
bed. The main focus of this work was thus the still under-studied dissemination step in the
bloodstream as part of the metastatic cascade. We investigated the behavior of seven cancer
cells lines; three from breast cancer and four from colon cancer, as representative of different

clinical phenotypes.

In the first Pachinko device, we focused on the morphological deformation and recovery of
cancer cells under flow. We correlated the time it takes for a cell to cross the constriction to its
size first, and notably to its metastatic potential at the clinical level for breast cancer. Indeed,
as the literature points towards [Alibert, 2017], we found metastatic breast cancer cells to be
softer. Interestingly, as other studies did [Pachenari, 2014 ; Bras, 2022], we found the opposite
for colon cells, which remains to be investigated.

By trapping the cells after their deformation to study their recovery, we were able to report
that the morphological recovery of cells present two regimes : a first almost instantaneous elastic
regime, followed by a slower viscoelastic regime which present characteristic times of the order
of 1s and 10 s. By modeling this behavior with rheological models or power-law theory, we
estimated rheological parameters for each of the cell lines. Though, we acknowledge this approach
was complicated by the sometimes poor quality of the fits.

We report that both the nucleus and the cytoskeleton instead contribute to the resistance to
deformation. Inhibiting the actin cytoskeleton contractility resulted in a partial slower recovery,

while its disassembly prevented cell recovery overall.

We then studied the dynamics of nucleus deformation and recovery. Though the nucleus
is described as a complex viscoelastic material [Dahl, 2004], we showed that nuclei recover
surprisingly in an almost entirely elastic way, exhibiting more than 90% recovery in less than
1 second for all cell lines, and even faster for the more metastatic lines. Relating to the first
immunobloting results, we associated the elastic recovery to depend of the presence of a vimentin
perinuclear cage, then on the protein levels of Lamin A/C if the former is absent. Thus we

observed MDA-MB-231 and SW-620 nuclei, which are surrounded by a vimentin cage, to display
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higher elasticity in recovery than the other studied lines. Then CTC41.5A and HT-29 nuclei
presented higher elasticity than CTC41 nuclei which could be correlated to higher lamin A/C
levels.

As others did, we hypothesize the role of vimentin intermediate filaments forming a perinu-
clear cage as a protective structure for the nucleus. Its relative rigidity upon fast deformation
acts as a "shock absorber" and protects the nucleus from sudden deformation which may result
in nuclear damages [Block, 2017]. Then, at a slower rate, the cage can be deformed, allowing
the nuclei to deform within a "safe" regime. Similarly, we may advance the same hypothesis
regarding the higher instantaneous elasticity measured in more metastatic colon cell lines at the

cell level. A denser actin cortex may provide similar protection against fast deformation.

In the second recirculation device, we explored this notion of cancer cell survival following
forced deformations. We implemented a recirculation device that allowed to submit cancer cells to
repetitive deformations, similarly to what they may encounter circulating the blood. We showed
that loss of survival was more limited in the more metastatic MDA-MB-231 cells compared to
MCEF-T7 cells. This results calls to the more aggressive nature of metastatic triple negative breast
cancer for which MDA-MB-231 cells are representative, compared to the luminal breast cancer
represented by MCF-7 cells [Kast, 2015]. Similarly to the previous paragraph we may call the
mechanical properties of cells and/or nuclei, including the presence of a protective vimentin
perinuclear cage, as well as possibly different damages repair pathways, to explain the survival
differences. The ability to transit and survive through constrictions may prove to be essential to
promote metastasis.

Alternatively, we could hypothesize that as cells are getting stuck within small capillaries,
it encourages interaction with the endothelium and facilitates extravasation. Thus, it has been
observed that colorectal cancer forms preferentially metastasis to the liver (=~ 50% of CRC
patients [Vatandoust, 2015]) that drains the region via the portal vein and acts as a filter

capturing CTCs.

We also showed proof of increased vesicles production in response to fluid shear stress, and
additionally to deformation. We may postulate the messenger role of these vesicles, as a way to
collectively adapt to the stresses and deformation encountered in the circulation [Senigagliesi,
2022b].

About the relevancy of CTCs. While ctDNA has been included in the diagnostic determi-
nation for some cancer (detection of epidermal growth factor receptor mutations in non-small-cell
lung cancer for instance [Normanno, 2017]), the clinical use of CTCs still remains currently li-
mited. The main limitation resides in their rarity and subsequent complicated detectability. As
the detection threshold was set as low a 5 CTCs per 7.5 mL blood sample [Cristofanilli, 2004],
the absence of detected CTCs does not necessarily relate to their absence from the blood. Mo-
reover, available capture devices rely on either the presence of surface markers, or specific size
and rheological properties [Kumar, 2022], both of which may potentially not recapitulate the
heterogeneity of CTCs.
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Conclusion

Though they remain excellent study models to understand the progression of metastasis
[Pantel, 2016]. CTCs lines isolated from patients [Cayrefourcq, 2015; Koch, 2020] offer a more
pertinent model than immortalized cell lines, while retaining the same ease of use compared
to other alternatives (PDX, ascites, ...). On our devices, we were for instance able to show the
evolution of mechanical properties (towards smaller and more rigid phenotype) of cells isolated

from the same patient before treatment and after relapse.

Cancer, EMT and stemness. We explained that cells undergoing the EMT transition may
be better suited to survive in the blood circulation [Thiery, 2009]. Indeed, the mesenchymal
phenotype is the one of leukocytes, which have to be able to deform as they migrate through
the blood or within tissues. However, leukocytes are unable to proliferate. If a cancer cell was to
remain stuck in the mesenchymal state after its escape from the circulation, it would not be able
to proliferate and start a new metastasis. What makes a cancer cell dangerous may not be the
capacity to undergo EMT to migrate and survive the blood circulation, but to be able to switch
between both phenotypes accordingly. This behavior is an example of cell plasticity [Friedl,
2011a]. When the cells needs to migrate and withstand stresses and deformation, it adopts a
mesenchymal phenotype. Conversely, when it needs to be able to proliferate again, it undergoes
MET (reverse EMT) and adapts a epithelial phenotype [Roy, 2021]. More recently, cancer cells
were found to exist at an intermediate state between epithelial and complete mesenchymal states,
known as partial /hybrid EMT. These cells are able to acquire stem-like characteristics, which
serve as critical drivers of tumor progression [Nassar, 2016].

It would appear that a rare population of undifferentiated cells is responsible for tumour
formation and maintenance. This sub-population is referred to as tumor-initiating cells, or as
"cancer stem cells" for their capacity for both tumor initiation and sustaining tumor growth.
In colon cancer, these cells were identified as part the high-density CD133+ population, which
accounts for about 2.5% of the tumor cells [Ricci-Vitiani, 2007]. Subcutaneous injection of colon
cancer CD133+ cells readily reproduced the original tumour in immunodeficient mice, whe-
reas CD133- cells did not form tumors. In breast cancer, this sub-population was shown to be
ALDH1+ which correlated to successful engraftment in immundeficient mice and predicted poor
prognosis in the patient [Ginestier, 2007 ; Charafe-Jauffret, 2013]. In a mammary tumor pro-
gression model, these "cancer stem cells" could be derived from human mammary epithelial cells
following the activation of the Ras-MAPK pathway and can be accelerated by EMT induction
[Morel, 2008].

In that regard, understanding the mechanisms that induce EMT and/or stemness is essential
to the comprehension of metastasis. If the shear stress has been identified has one of them [Fuh,
2021], we think the addition of constriction-based deformations may enhance it [Ahmad-Cognart,
2020]. Though we did not have time to perform the experiments here, we should be able in the
future to evaluate the expression of related genes in cancer cells that were repeatedly deformed

under flow.
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About treatments. The discovery that cancer cells were able to escape the immune response
by expression of the PD1 ligand (which results in death of the immune cell [Iwai, 2002]) allowed
for the development of new immunotherapies. Target PD1-PDLI interaction or the many similar
other, they aim at restoring the capacity of immune cells to target the tumor [Alsaab, 2017].
Recently, the development of antibody-drug conjugates (ADCs) brought real improvement
by allowing to deliver drugs to specific cells based on the expression of target antigen. As an
example, ado-trastuzumab emtansine (T-DM1) was the first ADC to be approved by the FDA
in 2013 for the treatment of metastatic breast cancer (targeting the HER2 marker) [Amiri-
Kordestani, 2014]. By increasing the drug-to-antibody-ratio, a new generation of ADCs is able
to target cells with very low or none antigen expression by diffusion of the payload to neighbour
cells, referred to as the bystander effect [Giugliano, 2022], thus bringing a possible answer to

cancer heterogeneity.

If targeting the cell mechanical properties prove to be a successful strategy to prevent me-
tastasis in the future, we could imagine using ADCs to deliver drugs to either impact the

cytoskeleton, nuclear proteins, EMT and more.
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RESUME EN FRANCAIS

Le projet s’intéresse a 1’étape clé, et pourtant peu étudiée, qu’est le passage des cellules
cancéreuses dans la circulation sanguine dans le processus métastatique. La cascade métastatique
est un processus complexe, trop souvent létal d’un point de vue clinique, impliquant une phase
intermédiaire dans la circulation sanguine. Les cellules issues de la tumeur primaire acquierent
alors le statut de cellules tumorales circulantes (CTCs). Les capillaires sanguins présentant un
diametre typique bien inférieur a celui de la cellule cancéreuse, et méme de son noyau [Follain,
2020], les CTCs se retrouvent soumises a de forts stress et fortes déformations [Perea Paizal,
2021]. L’étape "circulante" des cellules cancéreuses reste mal comprise et peu étudiée, mais il
est probable qu’il ne s’agisse pas d’une simple étape de dissémination passive. Le role des forces
mécaniques est bien documenté dans le cancer, y compris I'influence du flux sur 'augmentation
des capacités de migration [Dash, 2022], la surexpression des geénes liés a la transition epithélio-
mesenchymateuse [Ahmad-Cognart, 2020], ou au caractere souche des cellules [Dash, 2022]. Par
ailleurs, 'application de stress sur plusieurs heures favorise la survie des cellules les plus molles
montrant un potentiel métastatique plus élevé que leurs homologues plus rigides [Lv, 2021],
ainsi que 'enrichissement de cette sous-population aux caractéristiques mécaniques plus molles
[Alvarado-Estrada, 2021]. Dans ce cadre, la question de ma theése porte sur les processus de
sélection et de transformation des CTCs du fait des stress mécaniques qu’elles subissent dans la

microvasculature :

Quelles sont les réponses et adaptations des Cellules Tumorales Circulantes aux

stress et déformations rencontrées dans la microvasculature ?

Au niveau méthodologique, j’adresse cette question a ’aide de modeles microfluidiques de la
microvascularisation sanguine. Mes travaux visent plus précisément a induire et comprendre les
réponses cellulaires et subcellulaires & des déformations fortes et rapides en condition de stress
hydrodynamique mais aussi, de fagcon plus originale, & étudier les processus de récupération apres
ces déformations. La compréhension de la réponse globale des CTCs dans la circulation peut
se révéler essentielle dans I'identification de nouvelles cibles thérapeutiques visant a prévenir la

formation de métastases.

Deux dispositifs microfluidiques ont été développés pour étudier la mécanobiologie des CTCs.

Ces dispositifs constituent des modeles in vitro des constrictions présentes dans les capillaires
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sanguins. Le premier dispositif vise a 1’étude de la déformation et de la récupération a court
terme (ms-s) a I’échelle de la cellule unique dans une constriction. Le second dispositif vise a
I’étude de la survie et des modifications d’expression génique, a une échelle de temps typique dans
la circulation (min-h), d’une population de CTCs soumises de fagon répétée a des déformations

dans des constrictions.

Chapitre 1 - Introduction.

Dans cette étude, on s’intéresse a la cellule cancéreuse comme objet rhéologique, dont les
propriétés sont viscoélastique. Ces propriétés mécaniques a 1’échelle globale émergent de son
organisation intracellulaire. Parmi les éléments qui constituent la cellule, nous porterons un
intérét plus particulier au noyau, au cytosquelette et a la membrane plasmique. Le noyau a été
décrit comme un objet viscoélastique complexe [Stephens, 2017], entouré par une enveloppe aux
propriétés élastiques formées de lamines [Dahl, 2004 ; Lammerding, 2006]. Le cytosquelette est
composé de plusieurs filaments (actine, microtubules, filaments intermédiaires : Fig.R.1a) aux
propriétés principalement élastiques [Blanchoin, 2014]. La vimentine, un filament intermédiaire
présent uniquement dans les cellules de type mésenchymale, s’organise sous la forme d’une cage
entourant le noyau (voir insert Fig.R.1a) et semble agir comme un "absorbeur de chocs" [Block,
2017]

Pour accéder a ces propriétés mécaniques, on étudie la relation entre le stress appliqué sur un
objet et la déformation qui en résulte. De nombreuses techniques expérimentales ont été mises
au point [Alibert, 2017] pour obtenir cette relation. En ce qui concerne le cancer, la littérature
semble converger vers 'idée que les cellules cancéreuses sont plus "molles" que leurs homologues
non cancéreux (voir [Guck, 2005 ; Omidvar, 2014 ; Mandal, 2016 ; Hu, 2017 ; Nematbakhsh, 2017 ;
Tabatabaei, 2019] pour le cancer du sein).

Parmi ces techniques, les dispositifs microfluidiques permettent d’étudier les cellules en sus-
pension, reproduisant ainsi les conditions physiologiques du passage des cellules dans le sang
[Byun, 2013; Hu, 2017; Urbanska, 2020; Ahmad-Cognart, 2020]. Lors de leur passage dans
la circulation sanguine, les cellules cancéreuses acquierent le statut de Cellules Tumorales Cir-
culantes (CTCs), et sont soumises a des fortes contraintes hydrodynamiques [Follain, 2020] :
contraintes de cisaillement et déformations. En effet, les capillaires sanguins - les plus petits
vaisseaux de notre organisme - ont un diametre pouvant descendre jusqu’a quelques microns
(3-4 um, Fig.R.1b) [MacDonald, 1995 ; Miiller, 2008]. Dans ces endroits que nous dénommerons
constrictions, les CTCs - de diametre 15-20 pmen moyenne - doivent se déformer pour les traver-
ser. Ces conditions peuvent occasionner des dommages aux cellules et induire la mort cellulaire
(Fig.R.1c). La majorité des CTCs en circulation vont y mourir [Zeidman, 1950 ; Weiss, 1990],
le probléme réside alors dans la fraction qui parvient a survivre et coloniser d’autres organes

distants pour y former des métastases.

Ainsi, plusieurs dispositifs microfluidiques ont été mis au point pour étudier I'impact des

forces hydrodynamiques sur les CTCs. Par exemple, il a été montré in vitro que 'application de
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Figure R.1 — Représentation schématique d’une cellule et des composants principaux intervenants dans
les propriétés mécaniques (pour des raisons de clarté, le noyau est représenté bien plus petit qu’en réa-
lité). L’insert détaille 'organisation en cage périnucléaire de la vimentine [Patteson, 2020]. (b) Les CTCs
doivent se déformer pour traverser les constrictions (adapté de [Perea Paizal, 2021)). (c) Imagerie électro-
nique des constrictions dans les capillaires (pancreas murin, [MacDonald, 1995]). (d) Puce microfluidique
reproduisant une série de constrictions pour ’étude de 2 lignées cellulaires de cancer du sein [Ahmad-
Cognart, 2020].
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contraintes de cisaillement réduisent la viabilité de cellules cancéreuses en circulation [Barnes,
2012 ; Regmi, 2017], méme s’il est intéressant de noter qu’elles s’en sortent mieux que les cellules
non-malignes.
L’effet de la déformation des cellules cancéreuses a lui été étudié en situation de confinement
statique [Liu, 2015 ; Lomakin, 2020], de migration spontanée au travers de constrictions [Raab,
2016 ; Davidson, 2020], et de migration forcée au travers de constrictions [Hou, 2009 ; Byun, 2013 ;
Ahmad-Cognart, 2020] (voir un exemple Fig.R.1d). Ces dispositifs ont notamment pu mettre
en évidence le réle du noyau comme facteur limitant en déformation, ou encore ’acquisition
de propriétés favorable a la formation de métastases (caractére souche, transition epithélio-
mesenchymateuse).

En revanche, ces dispositifs s’intéressent uniquement a la déformation des CTCs, et ignorent
quasi systématiquement leur récupération. Dans cette étude, nous porterons un intérét parti-
culier & I’étude de la récupération a ’échelle de la cellule entiere (Chapitre 2) et de son noyau

(Chapitre 3), ainsi qu’a leffet a plus long terme de déformations répétées (Chapitre 4).

Chapitre 2 - Dispositif Pachinko, étude a I’échelle de la cellule.

Le premier dispositif développé, nommé Pachinko, utilise une différence de pression appliquée
par des contréleurs externes pour contraindre une cellule a se déformer dans une constriction
reproduisant les capillaires sanguins, de section 6x15 um?. Une fois la cellule suffisamment dé-
formée, elle traverse la constriction et est ensuite capturée dans des pieges microfluidiques pour
permettre ’observation de sa récupération. L’analyse a été semi-automatisée pour permettre
le suivi chaque cellule dans la puce microfluidique, segmenter les images pour obtenir la forme
de la cellule ou de son noyau, et ainsi quantifier sa déformation puis récupération au cours du
temps (voir Fig.R.2a pour le design et principe).

Plusieurs lignées cellulaires ont été analysées dans ce dispositif. Le premier modéle cellulaire
de CTC utilisé, consiste en trois lignées de cancer du sein ; MDA-MB-231, SK-BR-3 et MCF-7,
chacune représentative des grands sous-types de cancer du sein. Les résultats obtenus sur ces
lignées sont présenté dans un article preuve de concept accepté pour publication dans Lab-On-

Chip. Nous avons pu établir que :

— A Déchelle de la population, le temps d’arrét d’une cellule dans une constriction est lié a
sa taille (Fig.R.2b). Ainsi, la lignée SK-BR-3 ayant en moyenne un diametre inférieur aux

2 autres lignées, traverse plus rapidement la constriction que les 2 autres.

— A diameétre égal, le temps d’arrét d’une cellule devient inversement lié & I'agressivité du
sous-type de cancer dont est extrait la cellule. Ainsi, les MDA-MB-231 (sous-type le plus
agressif de cancer du sein triple négatifs) traversent plus rapidement la constriction que les
SK-BR-3 (HER2+) et que les MCF-7 (exprimant les récepteurs hormonaux). Ces résultats
sont en accord avec la littérature, qui associe ’agressivité des cellules cancéreuses avec leur
déformabilité dans d’autres dispositifs [Byun, 2013 ; Alibert, 2017; Urbanska, 2020]

— A T’échelle intra-cellulaire, le temps d’arrét semble étre principalement sous le controle de

la déformation du noyau dans la constriction. En effet, le suivi de la position du noyau lors
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Figure R.2 — Principe du dispositif Pachinko. (a) Design du dispositif et principe théorique de l'ap-
plication de déformation des cellules cancéreuses dans une constriction 6x15 pm?. L’observation de la
récupération se fait dans des piéges microfluidiques dédiés. (b) Relation entre taille de la cellule et temps
d’arrét dans la constriction. A taille égales, les MDA-MB-231 passent plus rapidement que les autres
lignées moins agressives. (¢) Les courbes moyennes de récupération se composent d’un premier régime
élastique, suivi d’un régime viscoélastique.

de sa déformation dans la constriction montre que la cellule s’échappe a partir du moment
ou son noyau passe le centre de la constriction. Le noyau et le facteur limitant dans la

déformation de la cellule.

— La déformation des cellules est caractérisée par une premiere partie viscoélastique, suivie
par une augmentation linéaire de type visqueuse : cela correspond a un modele rhéologique
de Jeffrey. Alternativement, la déformation peut aussi étre modélisée grace a un formalisme

de type loi de puissance.

— Les cellules récupérent de leur déformation de facon presque complete, et cette récupération
se compose d'un régime élastique quasi instantané, suivi d’un régime viscoélastique a plus

long-terme (voir Fig.R.2c pour les courbes normalisées). Les temps caractéristiques mis
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en jeu dans la récupération viscoélastique sont de l'ordre de la dizaine de secondes. Une
faible déformation plastique (de l'ordre de 5%) subsiste lorsque la forme de la cellule
arréte d’évoluer. Afin de modéliser le comportement obtenu, nous avons mis au point
un modele rhéologique faisant intervenir 3 éléments de Kelvin-Voigt, et donc 3 temps
caractéristiques. Cependant, formalisme en loi de puissance semble expliquer de fagon plus
simple ce comportement (2 parametres nécessaires pour la loi de puissance, contre 7 pour

le fit sur modele rhéologique généralisé).

— La présence d’un cytosquelette d’actine intact est requise pour observer une récupéra-
tion. Cette derniére est absente lorsque le cytosquelette est dépolymérisé (Latrunculin A,

0.5 uM), et incompléte lorsque 'activité de la myosine est inhibée (Y27, 30 pM)

— Un décollement de la membrane plasmique du cortex d’actine se produit, aussi appelé bleb,
lorsque le taux de déformation dépasse un certain seuil (observé dans des constrictions de

6x6 um?). La récupération de la cellule est alors plus lente (de I'ordre de 100s).

Nous avons complété ’étude obtenu sur les cellules de cancer du sein par un autre type de
cancer. Grace a des partenaires (laboratoire de C. Alix-Panabiéres, LCCRH, CHU Montpellier),
nous avons pu obtenir plusieurs lignées uniques de CTCs, isolées a partir d’'un méme patient
atteint d’un cancer du cdlon a différents instants de progression de la maladie [Cayrefourcq, 2015].
Deux de ces lignées (CTC41 obtenue avant traitement, et CTC41.5A obtenue apres rechute),
ainsi que des lignées commerciales de cancer du colon (HT-29 cancer du cdlon primaire, et
SW-620 cancer du cdlon métastatique) ont été analysées dans le dispositif Pachinko.

Nous avons pu observer des résultats similaires a ceux des lignées de cancer du sein. En
déformation, les lignées considérées les plus agressives (SW-620 et CTC41.5A) se déforment
plus rapidement que leurs homologues moins agressifs. En récupération, la lignée CTC41 du
patient obtenue avant traitement se rapproche des HT-29 (cancer primaire), alors que la lignée
CTC41.5A du patient obtenue apres rechute se rapproche des SW-620 (cancer métastatique). On
observe par ailleurs que les propriétés mécaniques de la lignée métastatique CTC41.5A semblent
plus homogenes que pour la lignée originale CTC41, ce qui est a mettre en regard avec la selection
par la circulation sanguine de ce clone métastatique. Cette évolution des propriétés mécaniques
de cellules issues d’un méme cancer a différents stades de 1’évolution de la maladie témoigne de
I'importance des stress mécaniques dans la progression du cancer et de ’adaptation des cellules
en réponse. Nous faisons ainsi ’hypothése que les propriétés mécaniques des cellules cancéreuses

sont reliées a l’agressivité du cancer.

Chapitre 3 - Etude a I’échelle du noyau.

En raison de son important role dans les propriétés mécaniques a 1’échelle globale, nous avons
porté un intérét plus particulier au noyau. Les noyaux des 7 lignées décrites précédemment ont
été analysées dans le dispositif Pachinko, via un marquage nucléaire Hoechst. Nous avons pu

observer que :
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tion dans les HT-29 augmente son comportement élastique.

— La récupération a ’échelle du noyau est quasiment compléte, présentant une déformation
plastique résiduelle de 'ordre de 5%. Cette récupération se compose d’un régime élastique
quasi instantané, suivi d’un faible régime viscoélastique a plus long-terme, avec des temps

caractéristiques environ 10 fois plus rapides qu’a I’échelle de la cellule (< 1 s, voir Fig.R.3a).

— La proportion du régime élastique est d’autant plus importante parmi les lignées les plus
agressives (MDA-MB-231, SW-620 et CTC41.5A). La récupération de ces lignées se rap-

prochent du comportement de 1’élastique parfait, comme observé pour des microbilles

d’hydrogel.

— Les lignées les plus agressives (MDA-MB-231 et SW-620) présentent une cage de vimentine
périnucléaire, confirmée par quantification des niveaux de protéines (immunoblotting) et

imagerie. Le role de cet structure dans les propriétés du noyau est investiguée par la suite.
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— Les niveaux de vimentine dans la lignée SW-620 sont diminués d’environ 80% par trans-
fection siRNA. Cette diminution affecte le comportement élastique en récupération de ces
noyaux (Fig.R.3b).

— De fagon inverse, la vimentine a été exprimée dans la lignée HT-29 qui ne I’exprime pas de
fagon endogene. L’ajout de cette cage de vimentine augmente le comportement élastique

de ces noyaux (Fig.R.3c).

— Les modulations d’élasticité liées a la présence ou absence de vimentine ne permettent pas
d’expliquer 'entiereté du comportement élastique observé. Sur la base des quantifications
de niveaux de protéines, nous postulons un réle important de la protéine Lamine A dans

ce comportement.

La vimentine a été décrite dans la littérature comme ayant un role protecteur, agissant comme
un "absorbeur de chocs" [Block, 2017] pour protéger le noyau de déformations trop rapides. Cette
protéine est par ailleurs exprimée au cours de la transition épithelio-mesenchymateuse, un des
marqueurs des changements intervenant lors de la cascade métastatique. Nous allons par la
suite nous intéresser a son role dans la survie des CTCs soumises a des déformations répétées

en circulation.

Chapitre 4 - Réponse aux déformations répétées en circulation.

Afin de nous rapprocher des conditions physiologiques observées lors du passage dans le
sang des CTCs, a savoir son caractere cyclique et répété sur des longs temps de circulation,
nous avons développé un dispositif permettant la recirculation de cellules au travers de séries de
constrictions afin d’étudier I'effet a plus long terme des déformations répétées sur une population
de CTCs (voir Fig.R.4a pour le design de la puce). Nous avons porté cette étude sur 2 lignées
de cancer du sein : MCF-7 (dépourvue de vimentine) et MDA-MB-231 (présentant une cage de

vimentine périnucléaire). Nous avons pu montrer :

— La recirculation des cellules au sein de la puce microfluidique a pu étre atteinte a ’'aide

d’une pompe péristaltique sur une durée de 2h, avec des cycles de 'ordre de 4min.

— La viabilité des cellules a été impactée par la recirculation : Les cellules MCF-7 ont perdu =
80% de viabilité au bout de 2h, cette perte de viabilité se limite & 50% pour les MDA-MB-
231 (voir Fig.R.4b). Cette différence suggere que les MDA-MB-231 sont mieux adaptées
pour survivre aux stress et déformations rencontrées dans la circulation sanguine. Cette
observation est en concordance avec les données cliniques montrant que les cancers triple
négatifs (dont sont issus les MDA-MB-231) forment plus de métastases que les cancers
luminaux (MCF-7) [Kast, 2015].

— La production de vésicules extracellulaires augmente en réponse aux contraintes de cisaille-
ment, d’un facteur ~2.2-2.3. L’addition de déformations répétées dans la puce microflui-
dique augmente ce facteur a 3.5 pour les cellules MCF-7 et 4.1 pour les MDA-MB-231.

Ces vésicules présentent un intérét a la fois comme biomarqueur pouvant étre retrouver
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Figure R.4 — Etude des déformations répétées sous circulation. (a) Dispositif microfluidique permettant
la recirculation aux travers de constrictions 6x15 um?. (b) Evolution de la survie des lignées MCF-7 et
MDA-MB-231 au cours de la recirculation dans la puce microfluidique (contréle = cellules non recirculées).

dans le sang, ainsi que comme messager pouvant promouvoir le potentiel métastatique au

sein d’autres cellules cancéreuses [Green, 2015 ; Goh, 2020].

— Nous avons observé 'accumulation de dommages au sein des noyaux via 'augmentation de
leur rapport d’aspect. Cette accumulation est plus prononcée pour les noyaux des MDA-
MB-231.

— Des premiers tests réalisés depuis le rendu de ce manuscrit semblent montrer que ’addition
ou le retrait de la cage de vimentine au sein des cellules semblent moduler la viabilité a

I’échelle de la population.

Enfin, des analyses de transcriptomiques seront prévues sur la sous-population ayant survécu
pour identifier quels mécanismes, voies de signalisation et genes ont étés impliqués dans la

réponse et survie aux déformations répétées.
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L’implication de Jean-Yves Pierga (co-encadrant de la these, directeur de recherche et cli-
nicien a I’hdpital de I'Institut Curie) dans le projet permettra d’avoir acces a des prélevements
de liquide d’ascites, qui sont des échantillons cliniques issus de patients et également un dé-
chet médical contenant des cellules cancéreuses. Ce modele intéressant de cellules cancéreuses
métastatiques mais naives de la circulation, viendra compléter I’étude faite sur les lignées com-

merciales du sein.

Conclusion

Ainsi, au cours de cette étude, nous avons développé deux dispositifs microfluidiques per-
mettant d’étudier le comportement de cellules tumorales circulantes en réponse a ’application
de déformations rapides sous flux. Ces dispositifs complémentaires s’intéressent a la fois a la
déformation et récupération morphologique a court terme de la cellule et de son noyau, et de
Ieffet a plus long terme de la viabilité et des caractéristiques d’une population soumises a des
déformations répétées.

Nous espérons, par la compréhension des mécanismes gouvernant la réponse des CTCs a
une ou plusieurs déformations, pouvoir identifier des cibles thérapeutiques afin de perturber ces
mécanismes et empécher les CTCs de survivre a leur passage dans la circulation sanguine, et

ainsi prévenir la formation de métastases.
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APPENDIXES

A Notions of rheology

Rheology, a branch of physics and material science, investigates the mechanical behavior
of materials under the influence of applied forces or stresses. It seeks to elucidate the complex
interplay between stress, strain and strain rate, shedding light on the response of materials to
various mechanical conditions. This field plays a pivotal role in diverse applications, spanning

from the design of industrial processes to the understanding, in our case, of biological systems.

Stress and strain

Stress (o, expressed in Pa), a measure of the internal forces within a material, is defined as
the force per unit area acting on a given plane. It represents the intensity of the load imposed on
a material and can lead to deformation. Deformation is the change in shape or size experienced
by a material in response to applied stresses. Strain (e, dimensionless), in turn, quantifies this
deformation and is expressed as the ratio of the change in size or shape to the original size or
shape. Strain rate (£, in s7!) is the time derivative of the strain in the material and quantify

the speed of change in shape or size (see Fig.A.la).

Ideal models

Idealized models allows to link these parameters through simple laws and equations (see
Fig.A.1b). The Hookean spring exemplifies the linear elastic behavior of materials, adhering
strictly to Hooke’s law. This law states that the stress applied is proportional to the resulting
strain, thereby characterizing the stiffness or elasticity of a material. Mathematically, stress (o)
is directly proportional to strain (¢), as expressed by the equation o = Ee, where E signifies the

material’s Young’s modulus (in Pa).

Conversely, the viscous dashpot embodies the behavior of materials exhibiting viscous flow,
as opposed to elastic deformation. This behavior is characterized by a constant rate of strain in
response to an applied stress, which corresponds to a linear increase in deformation over time. In
this scenario, the stress-strain relationship is characterized by Newton’s law of viscosity, where
stress (o) is directly proportional to the rate of strain (¢), leading to the equation o = ne (where’

represents the time derivate). Here, n symbolizes the dynamic viscosity of the material (in Pa.s).
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A. Notions of rheology
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Figure A.1 — Ideal rheological models. (a) Definition of stress o and strain €, of the shear modulus G
and typical experiments. (b) Schematic representations of Hookean elastic, Newtonian fluid, Maxwell and
Kelvin-Voigt models, and their characteristic response to creep experiments (adapted from [Janmey, 2007]
and [Alibert, 2017]). (c) Jeffreys and Burgers models representation.
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Appendixes

These ideal models can be combined to describe more intricate material responses. By com-
bining a Hookean spring and a viscous dashpot in series, we get the Maxwell model often used
to describe viscoelastic liquids. This model predicts a time-dependent response characterized by
initial elastic behavior followed by viscous flow. The association in parallel of a Hookean spring
and a viscous dashpot gives the Kelvin-Voigt model, which can be used to desbribed viscoelastic
solids. This model depicts a material that exhibits simultaneous elastic and viscous responses

under applied stress.

In this last solid model, the stress is shared between the two components o = 0 spring+0dashpot-
As they are associated in series, their strain is the same € = €4pring = Edashpor- We then deduce
that ¢ = Fe + né. Similarly for the Maxwell model, assuming shared strain but same stress, we
get % + % = €. Thus, these models exhibit a characteristic time 7 = .

More generally, we can define the shear modulus G as the ratio of the stress over the strain
G(t) = % This function allows to describe all behavior knowing their stress-strain response,
even if they differ from ideal models. Using a complex notation, it can be rewritten as G(w) =
G'(w) + iG"(w). This form defines a storage (G') and loss modulus (G”), which respectively
quantify the elastic component of the material (stored energy, that can be restituted) and viscous

component (lost energy).

Loading and creep experiments

The response of a material that follows one of the previously described model can be assessed
through simple experiments.

Loading experiments involve subjecting a material to controlled external forces or stresses
while measuring the resulting deformation and strain. In tension and compression tests, for
instance, a material is subjected to axial loads, allowing the determination of its Young’s modulus
FE and yield strength. Shear tests, on the other hand, probe the shear modulus G of materials
by applying tangential forces that induce shear deformation.

Depending on the experiment, the measured modulus varies. Young modulus FE relates to
an uniaxial deformation in the same direction as the applied force (see Fig.A.l1a). If the force is
applied in parallel to the surface of the material, the resulting deformation is characterized by the
shear modulus G. Upon loading in one direction, the material will expand in the perpendicular
direction, in order to keep a constant volume. This ratio of transverse strain to axial strain is
called the Poisson coefficient v. In a linear homogeneous and isotropic material, all the different
rheological moduli are related to each other, for instance E' = 2G(1 + v). If we assume that the
material is incompressible, then v = 1/2 and F = 3G.

Creep analysis, on the other hand, explores a material’s behavior over extended periods under
constant stress. This method involves applying a sustained stress to a material and monitoring
its time-dependent deformation response. Through creep tests, material parameters such as
viscosity n and relaxation time tau can be inferred, shedding light on the material’s viscous

behavior and its ability to recover from deformation over time.
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A. Notions of rheology

The experiments that we’ll conduct in this study fall within this last category. As the cell
is being deformed in the device, it will experience a constant stress which will results in its
elongation. Once the stress is released, the shape of the object will evolve with time, and tend

towards its original shape.

We’ll model the passage of the cell through a constriction by the application of a constant
stress o, of typical amplitude o9 = AP x S where AP is the applied pressure difference, and
S the surface of the constriction, for a duration #y. In this framework, the deformation and

relaxation of an object that falls within the Maxwell and Kelvin-Voigt models are :

@D+ %t if t <ty (deformation for a duration tg)
8Ma:pwell(t) = E K (51)
€Mazwell(to) if t > to (recovery after tg)
90(1 — exp(~/7)) where 7 = L if t <t (deformation
5Kelvin—Voigt(t) = F E (52)

€ Kelvin—Voigt (t0) exp~t/7 if t > to (recovery)

Towards more complex models

However these simple models cannot recapitulate the whole complexity of observed beha-
viors, notably when they exhibit several characteristic times. Hence more complex models have
been developed by associating several hookean springs and newtonian dashpots. Among all the
possible combinaisons, we’ll describe two that we’ll use later to model our data (see Fig.A.lc).

Jeffrey’s model, also known as standard linear liquid represents a linear viscoelastic material
with a finite relaxation time, providing a versatile tool to analyze the transient deformation of
materials.

For instance the equations of a material following Jeffrey’s model submitted to a creep

experiments is of the form :

21— exp(~t/™)) 4 7ot where 7y = 7 ift <ty (deformation)

EJeffrey(t) = (53)
€ Jef frey(to) exp~t/™ +o2to if t > to (recovery)

We can note that the deformation is composed of the superposition of the exponential component
from the Kelvin-Voigt model and the linear increase from the dashpot. As the object recovers,
the deformation of the dashpot is conserved.

In contrast, Burger’s model, an extension of Jeffrey’s model by adding an hookean spring
in series, introduces a second relaxation time, making it suitable for describing materials with

more intricate viscoelastic behavior.

These models are regularly used to model cells mechanical properties in various experiments

as we’ce seen previously.
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Power law rheology

If the adequate model is unknown and can’t be inferred from experimental data, or if a
finite number of relaxation times is too simple to correctly describe the object behavior, power
law rheology can be used. It allows for a continuous distribution of characteristic times, which
is reflected in equations of the form o = K (%)” where K characterizes the cell stiffness and
n the cell viscoelasticity [Kollmannsberger, 2011]. This coefficient n is often referred to as the
fluidity. In creep experiments under a stress oy, the strain can be expressed as €(t) = %(%)”
[Fabry, 2001 ; Balland, 2006].

When n = 0, we obtain Hooke’s law for elastic fluid (with K = E) described above. When
n = 1, we obtain Newton’s law for viscous liquids (with K = n). Any viscoelastic material may

be characterized by its flow behavior index 0 < n < 1.

Power law models have been used in many studies to describe the behaviors of cells [Lange,
2015 ; Gerum, 2022] and/or the nucleus [Dahl, 2005].
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B. Matlab App code

B Matlab App code

Here we provide the code used in the Matlab App created to analyse the images. The code
takes information generated by TrackMate (stored in a table tracks_complete) to select and
analyse each cells individually. For each cell, at each frame, a region around the cell is segmented
to obtain the shape of the cell. The shape descriptors generated by regionprops are stored in
a table Results for further analysis.

Please, don’t hesitate to contact me to access the app. As it is still in development, I can’t

publish it online but I am willing to share it when needed.

%% Functions

function image = loadImage (app, imageIndex, trackIndex)
% Helper function to load the desired image
s = trackIndex; % current track
t = app.tracks_complete{s}(imageIndex, 1); 7 time point
% Selects image to open
img_to_open_name = fullfile( app.img_dir, app.original_img(t+1).name ); 7 directory
indexing starts at O
% Opens selected image
image = imread(img_to_open_name);
end

function croppedImage = cropIlmage(app, image, imageIndex, trackIndex)
% Helper function to crop the image to desired ROI
s = trackIndex; % current track
% Position of cell in track in the track referentiel...
x = app.tracks_complete{s}(imageIndex, 2);
y = app.tracks_complete{s}(imageIndex, 3);
% ... and in original images
x_cell = floor (app.binning*x);
y_cell = floor (app.binning*y);
[h_I, 1_I]1 = size(image);
% Selects ROI and crop the image
pos_ROI = [max(1,min(x_cell-app.S0I/2,1 _I-app.S0I)) max(l,min(y_cell-app.S0I/2,h_I-
app.S0I)) app.SO0I app.S0Il; 7% position of the ROI, case of a cell on the edge is
taken into account
croppedImage = imcrop(image, pos_ROI);
end

function BW = segmentImage (app, croppedImage, otsu)
% Helper function to segment the cropped image (using Otsu's method and a nb of levels =
otsu)
% Segmentation
thresh = multithresh(croppedImage, otsu); % define threshold
segmentedImage = imquantize(croppedImage, thresh); J) segment image
BW = (segmentedImage > 1); 7 merge non background levels
% Extract maximum Area
BW = imfill (BW, 'holes'); % fill holes
BW = bwareafilt(BW,1); % keep the biggest object only

end
%% Tracks analysis (segmentation, parameters extraction)

% Create the progress dialog
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progressDialog = uiprogressdlg(app.UIFigure, 'Title', 'Processing', 'Cancelable', 'on');
totallterations = 0;
for 1 = 1 : app.n_selected_tracks
s = app.list_selected_tracks(l);
totallterations = totallterations + app.constriction_index{s}(3);
end
iteration = 1;
% Preallocating memory
app.cell_shapes = cell(size(app.tracks_complete)); 7% cell array to store cells shapes

properties

% Run

for 1 = 1 : app.n_selected_tracks
s = app.list_selected_tracks(l);
i_stop = app.constriction_index{s}(3);
% prepare plot
fig = figure(1);
set (fig, 'Color', 'black');

% allocating memory

clear videoFrames

videoFrames = struct('cdata', cell(l, i_stop), 'colormap', cell(l, i_stop));

cell_shapes_temp = struct('Centroid', cell(l, i_stop),
'Orientation', cell(l, i_stop),
'MajorAxisLength', cell(1l, i_stop),
'MinorAxisLength', cell(l, i_stop),
'Eccentricity', cell(1l, i_stop),
'Circularity', cell(l, i_stop),
'Area', cell(1l, i_stop),
'Solidity', cell(l, i_stop),
'MaxFeretDiameter', cell(l, i_stop),
'MaxFeretAngle', cell(l, i_stop),
'MaxFeretCoordinates', cell(1l, i_stop),
'MinFeretDiameter', cell(1l, i_stop),
'MinFeretAngle', cell(l, i_stop),
'MinFeretCoordinates', cell(1l, i_stop),
'PixelList', cell(l, i_stop),
'PixelValues', cell(l, i_stop));

for i = 1:i_stop

% frame number in trackmate file

t = app.tracks_complete{s}(i, 1); 7 first frame in directory t=0

% position of cell in track in binned images...
x = app.tracks_complete{s}(i, 2);

y = app.tracks_complete{s}(i, 3);

% ... and in original images

x_cell = floor(app.binning*x);

y_cell = floor (app.binning*y);

% Display the image in a separate figure
fig = figure(1);

% Opens selected image
I = loadImage(app, i, s);
[h_I, 1_I] = size(I);

% Crop image
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B. Matlab App code

I_cropped = croplmage(app, I, i, s);

% Segmentation
BW = segmentImage (app, I_cropped, app.otsu_level);

% Smooth boundary

boundaries = bwboundaries (BW);

firstBoundary = boundaries{1};

% Get the x and y coordinates.

x = firstBoundary(:, 2);

y = firstBoundary(:, 1);

% Now smooth with a Savitzky-Golay sliding polynomial filter

windowWidth = 15;

polynomialOrder = 2;

x = [ x(end-windowWidth:end); x; x(1:windowWidth-1) ]; 7 elongate to prevent edge

effects
y = [ y(end-windowWidth:end); y; y(1:windowWidth-1) 1;
smoothX = sgolayfilt(x, polynomialOrder, windowWidth); 7% filter
smoothY = sgolayfilt(y, polynomialOrder , windowWidth) ;
smoothX = smoothX(windowWidth:end-windowWidth); J shorten to initial size
smoothY = smoothY(windowWidth:end-windowWidth) ;

% calculate centroid, orientation and major/minor axis length of the ellipse
shape_stats = regionprops(BW, I_cropped, {'Centroid','Orientation',
'MajorAxisLength', 'MinorAxisLength', 'Eccentricity', 'Circularity', 'Area',
'Solidity', 'MaxFeretProperties', 'MinFeretProperties', 'Pixellist',
PixelValues'});

if isempty(shape_stats) == false
% if fit suceeded
% store data
cell_shapes_temp(i) = shape_stats;

% calculate the ellipse line

theta = linspace (0,2%pi);

col = (shape_stats.MajorAxisLength/2)*cos(theta);
row = (shape_stats.MinorAxisLength/2)*sin(theta);

M = makehgtform('translate',6 [shape_stats.Centroid, 0], 'zrotate',deg2rad(-1%*
shape_stats.Orientation));

D = M*[col;row;zeros (1,numel (row)) ;ones(1l,numel(row))];

% main axes
clf
axl = axes('Position', [0 O 1 1]);

imshow(imadjust(I_cropped), 'Parent', axl)
hold(gca, 'on')

% ellipse in red

plot(gca, D(1,:),D(2,:),'r', 'LineWidth',1)
hold(gca, 'on')

% major and minor axis in red

xC = shape_stats.Centroid(1);

yC = shape_stats.Centroid(2);

theta = -1xdeg2rad(shape_stats.Orientation);
M = shape_stats.MajorAxisLength;

m = shape_stats.MinorAxisLength;

plot(gca, [xC-M*cos(theta)/2 xC+Mxcos(theta)/2], [yC-M*sin(theta)/2 yC+Mx*sin(
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theta)/2], 'r','LineWidth',1)

hold(gca, 'on')
plot(gca, [xC-m*sin(theta)/2 xC+m*sin(theta)/2], [yC+m*cos(theta)/2 yC-m*cos(
theta)/2], 'r','LineWidth',1)
hold(gca, 'on')
% smooth boundary in blue
plot(gca, smoothX, smoothY, 'c-', 'LineWidth',1); Y%smooth line in blue
hold(gca, 'off')
else
% if ellipse fit failed
% store null data
cell_shapes_temp(i).Centroid = [0,0];
cell_shapes_temp(i).0Orientation = 0;
cell_shapes_temp(i).MajorAxisLength = 1;
cell_shapes_temp(i).MinorAxisLength = 1;
cell_shapes_temp(i).Eccentricity = O0;
cell_shapes_temp(i).Circularity = 1;
cell_shapes_temp (i) .Area 0;
cell_shapes_temp(i).Solidity = 1;
cell_shapes_temp(i).MaxFeretDiameter = 1;
cell_shapes_temp (i) .MaxFeretAngle = 0;
cell_shapes_temp(i).MaxFeretCoordinates = [0,0];
cell_shapes_temp(i).MinFeretDiameter = 1;
cell_shapes_temp(i).MinFeretAngle = 0;
cell_shapes_temp(i).MinFeretCoordinates = [0,0];
cell_shapes_temp(i).PixelList = O0;
cell_shapes_temp(i).PixelValues = 0;
% Display the image only
axl = axes('Position', [0 O 1 1]);
imshow(imadjust (I_cropped), 'Parent', axl)
hold(gca, 'off')
end
% figure labels
text (5, 5, [app.date_exp ' ' app.type_cells ' ' app.size_cstr ' ' app.dye ' seq'
app.seq_exp ' track' num2str(s)], 'Color', 'white', 'FontSize', 7.5);
hold(gca, 'on')
text(gca, 5, 10, "frame "+string(app.tracks_complete{s}(i, 1)), 'Color', 'white',
'FontSize', 7.5);
hold(gca, 'on')
text(gca, 5, 15, "time = "+string((i-1)/app.fps)+" s", 'Color', 'white', '
FontSize', 7.5);
hold(gca, 'on')
plot(gca, [5 5+10/app.pixel_size],[app.S0I-5 app.S0I-5], 'LineWidth', 2, 'Color',
'white'),
hold(gca, 'on')
text (gca, 10, app.S0I-10, '10um', 'Color', 'white', 'FontSize', 7.5);
hold(gca, 'off')
% Add whole image for cell position
ax2 = axes('Position', [1-(0.15+1_I/10000) 0.05 1_I/10000 h_I/100001]1);

imshow (I)

hold(gca, 'on')
plot(gca, x_cell+D(1,:),y_cell+D(2,:),'r', 'LineWidth’
hold(gca, 'on')
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B. Matlab App code

rectangle ('Position', [1 1 1_I-1 h_I-1], 'EdgeColor', 'white', 'LineWidth', 1)
hold(gca, 'off')

% Record

if app.recording == true
videoFrames (i) = getframe (gcf);

end

% Update the progress dialog
if progressDialog.CancelRequested
delete (progressDialog);

disp('Function canceled by user.');

return;
end
progressPercentage = (iteration / totallterations) * 100;
iteration = iteration+1;

progressDialog.Value = progressPercentage/100;
progressDialog.Message = sprintf('Processing: 7%d%%', round(progressPercentage));
end

% Store data
app.cell_shapes{s} = cell_shapes_temp;

% Save video
if app.recording == true
movie_filename = [app.date_exp '_' app.type_cells '_' app.size_cstr '_' app.dye '

' _movie.avi'l;

_seq' app.seq_exp '_track' num2str(s)
v = VideoWriter( fullfile( app.res_dir, movie_filename ) );
v.FrameRate = 50;

v.Quality = 100;

open(v) ;
writeVideo(v,videoFrames) ;
close(v);
clear videoFrames

end

end
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C Data and fits

In this section, we’ll produce the data obtained for each cell lines during the study of recovery,

for both whole cells and nuclei. For a better comparison, the normalized deformation &y g, (t) =
e(t)—eoo
Emazr —€co

Each cell replicate is presented in light gray. Mean curves is overlayed in colored points (with

is presented.

its 95% confidence interval). Curves obtained from the fit with GraphPad Prism are overlayed

as well. The corresponding parameters are reported in the tables following.

The mean curves were fitted with the following equations, where X is the time and Y represents
ENorm *

— One Phase Decay :
Y = (YO - Plateau)*exp(-X/Tau) + Plateau

— Two Phase Decay :

(YO-Plateau)*PercentFast*.01

SpanSlow = (YO-Plateau)*(100-PercentFast)*.01

Y = Plateau + SpanFast*exp(-X/TauFast) + SpanSlowxexp(-X/TauSlow)

— Three Phase Decay :
YFast = (Y0O-Plateau)*PercentFast*.01*exp(-X/TauFast)
YSlow = (YO-Plateau)*PercentSlow*.01*exp(-X/TauSlow)
YMedium = (YO-Plateau)*(100-PercentFast - PercentSlow)*.01*exp(-X/TauMedium)
Y = Plateau + YFast + YMedium + YSlow

SpanFast

— Power Law :
Y = (X/X0)"(-n) + C

In the case of a three case decay, we separated the separated the recovery into two regimes,
one elastic followed by one viscoelastic, notably merging the fatsest exponential into the elastic
regime for reasons we presented earlier. From the parameters computed here (Y0, Plateau,
PercentFast, TauFast, PercentSlow, TauSlow, PercentMedium, TauMedium), we then define as

presented in the main text the following :
— Qglow = (PercentSlow)*(YO-Plateau)

— Qmedium = (100-PercentFast-PercentSlow)*(YO-Plateau)

- (I)VE = (aslow + amedium)
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Figure C.1 — Breast Whole Cell Fits. For each cell lines, mean recovery curves and the curves for one,
two and three phase decays fits, as well as the one for the power law fit were overlayed to each cell
replicates (represented as gray points).
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Figure C.2 — Colon Whole Cell Fits. For each cell lines, mean recovery curves and the curves for one,
two and three phase decays fits, as well as the one for the power law fit were overlayed to each cell
replicates (represented as gray points).
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C. Data and fits

One phase decay
Best-fit values
YO
Plateau
Tau
95% Cl (profile likelihood)
YO

MCF-7

0.3367
0.01616
1.963

SK-BR-3

0.18
0.0144
5.918

MDA-MB-231

0.3083
0.01099
2.5

CTCc4l

0.3546
0.02800
2,782

HT-29

0.2883
0.04628
2.980

SW-620

0.5817
0.007465
0.1681

CTC41.5A

0.3489
0.01546
1.048

0.3245t00.3490 0.17691t00.1832 0.3021t00.3146 0.3427t00.3667 0.2781t00.2991 0.5340t00.6292 0.3259t00.3713

Plateau 0.01516t00.017150.01371t0 0.015080.01030t0 0.011680.02673 t0 0.02926 0.04510to 0.047440.00676 to 0.00816 0.01447 to 0.01642
Tau 1.834t02.103 5.716t06.127 2.414t02.589 2.604t02.975 2.750t03.222 0.1476t00.1944 0.9285t01.198
Goodness of Fit
R squared 0.7983 0.8996 0.8955 0.7985 0.7363 0.6137 0.7046
Two phase decay
Best-fit values
YO 0.6221 0.3584 0.5462 0.5872 0.8687 0.8992 0.6015
Plateau 0.003867 0.01054 0.00835 0.006745 0.04119 -0.0004277 0.0007461
PercentFast 79.93 63.51 63.38 77.14 82.49 90.71 84.12
Tau (slow) 8.843 8.731 4.032 13.41 6.133 5.287 10.22
Tau (fast) 0.3107 0.3173 0.2452 0.5325 0.1365 0.06431 0.2377
95% Cl (profile likelihood)
YO 0.6039t00.6408 0.3497to0.3674 0.5314t00.5617 0.5689t00.6062 0.8481t00.8892 0.8740t00.9243 0.5865t00.6170
0.002766to 0.007866to 0.003972to -0.00084561t0 - -0.0001229to0
Plateau 0.004903 0.01006t0 0.011020.008832 0.009149 0.04055t0 0.041839.799e-006 0.001583
PercentFast 79.31t0 80.53 62.67 t064.33 62.33t064.40 76.40t0 77.85 81.97t0 83.02 90.38t091.04 83.65t084.58
Tau (slow) 8.293 to0 9.450 8.511t08.961 3.903 to 4.167 1221t014.83 5.933t06.347 5.081t05.510 9.740t010.73
Tau (fast) 0.2886t00.3348 0.2945t00.3418 0.2247t00.2674 0.4869t00.5818 0.1309t00.1426 0.0619t00.0669 0.2261to0 0.2498
Goodness of Fit
R squared 0.94 0.9703 0.9568 0.9231 0.9356 0.9183 0.9313
Three phase decay
Best-fit values
YO 0.8034 0.4323 0.7154 =1.000 1.088 =1.000 0.8146
Plateau -0.01292 0.008402 0.007731 =0.000 0.04026 =0.000 -0.0008599
PercentFast 64.87 52.54 48.01 62.67 66.81 79.80 58.08
PercentSlow 10.09 25.08 23.37 10.79 12.33 7.361 10.52
Tau (Slow) 23.99 10.84 4.675 19.57 7.000 5.798 12.01
Tau (Fast) 0.1105 0.113 0.05563 0.06996 0.06080 0.04317 0.06273
Tau (Medium) 1.462 1.23 0.5831 1281 0.3861 0.2731 0.4903
95% Cl (profile likelihood)
YO 0.7849t00.8224 0.4201t00.4454 0.6796t00.7559 1.069t01.108 0.7818t0 0.8474
-0.01660to0 - 0.007839to 0.007254to -0.001799 to
Plateau 0.009954 0.008943 0.008204 0.03958 to 0.04095 7.906e-005
PercentFast 63.81t065.89 50.82t0 54.15 45.10to 50.67 61.63t063.72 63.52t070.11 76.62 to 82.97 55.58t060.58
PercentSlow 9.779t0 10.42 24.16t026.01 21.93t024.86 10.48t011.10 11.89t012.76 7.048t07.674 10.04t0 11.00
Tau (Slow) 21.51t027.12 10.47t0 11.24 4.490t0 4.877 1895t020.24 6.711t07.315 5.529t06.094 11.40t012.70
Tau (Fast) 0.1038t00.1175 0.1013t00.1254 0.045951t0 0.067400.06613 to 0.07427 0.05587 to 0.06667 0.04065 to 0.046010.05564 to 0.07188
Tau (Medium) 1.376t0 1.553 1.110to 1.362 0.5140t00.6643 1.212t01.359 0.3348t00.4560 0.2224t00.3539 0.45181t00.5359
Goodness of Fit
R squared 0.968 0.9771 0.962 0.9529 0.9497 0.9434 0.9447
Power Law
Best-fit values
X0 0.01292 0.0008052 0.01035 0.01624 0.01341 0.009950 0.009678
n 0.3501 0.18 0.3342 0.2992 0.3898 0.5508 0.3961
C -0.05632 -0.1331 -0.06206 -0.08255 -0.005393 -0.01062 -0.03329
95% Cl (profile likelihood)
0.0007279to 0.009735to 0.009492to 0.009170to
X0 0.012411t00.01343 0.0008884 0.01097 0.01546t0 0.01702 0.0127510 0.014080.01041 0.01019
n 0.3446t00.3555 0.1744t00.1856 0.3269t00.3416 0.2924t00.3060 0.3822t00.23974 0.5411t00.5605 0.3887 to 0.4035
-0.058661t0- -0.13990t0- -0.06540t0 - -0.08722to- -0.007856t0-  -0.01157to- -0.03532to-
c 0.05405 0.1268 0.05886 0.07810 0.003024 0.009702 0.03135
Goodness of Fit
R squared 0.962 0.9713 0.9253 0.9482 0.9289 0.8964 0.9328

Table C.1 — Parameters for the different fits tested on recovery curves at the whole cell level
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Figure C.3 — Breast Nucleus Fits. For each cell lines, mean recovery curves and the curves for one,
two and three phase decays fits, as well as the one for the power law fit were overlayed to each nucleus
replicates (represented as gray points).
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C. Data and fits
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Figure C.4 — Colon Nucleus Fits. For each cell lines, mean recovery curves and the curves for one,
two and three phase decays fits, as well as the one for the power law fit were overlayed to each nucleus
replicates (represented as gray points).
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MCF-7 SK-BR-3 MDA-MB-231 CTC41 HT-29 SW-620 CTC41.5A
One phase decay
Best-fit values
YO 0,2057 0,1976 0,4474 0,3481 0,3346 0,5867 0,9752
Plateau 0,01347 0,0105 0,009554 0,03384 0,008401 0,00562 0,009165
Tau 2,202 1,202 0,09809 1,007 0,5209 0,1116 0,03329
95% Cl (profile likelihood)
YO 0,1985t00,2131 0,1907t00,2047 0,4239t00,4720 0,3342 to 0,3624 0,3240 to 0,3453 0,5512 to 0,6236 0,8846 to 1,076
0,009693 to 0,008944 to 0,03254 to 0,007672 to 0,004780 to 0,008307 to
Plateau 0,01203to0 0,014880,01131 0,01016 0,03511 0,009129 0,006458 0,01002
0,02902 to
Tau 2,043t02,371 1,124t0 1,285 0,09013t00,1068 0,9268 to 1,096 0,4947 to 0,5487 0,1008 to 0,1238 0,03828
Goodness of Fit
R squared 0,7933 0,8103 0,6909 0,8089 0,84 0,7094 0,6006
Two phase decay
Best-fit values
YO 0,4852 0,5343 =1,000 0,5516 0,398 0,7917 =1,000
Plateau 0,002525 0,006612 0,008878 0,008287 -0,006074 -0,01165 -0,003125
PercentFast 74,78 78,69 79,67 78,35 84,98 91,71 93,28
Tau (slow) 4,921 2,45 0,2378 6,51 6,182 5,736 3,77
Tau (fast) 0,1521 0,06955 0,01369 0,2315 0,2014 0,05583 0,02627
95% Cl (profile likelihood)
YO 0,4718t00,4990 0,5221t00,5468 0,5428 to 0,5604 0,3895 to 0,4065 0,7712 to 0,8122
0,001229t0 0,006211to 0,008334 to 0,006537 to -0,007752 to -  -0,01301 to - -0,004035 o -
Plateau 0,003751 0,007007 0,009423 0,01004 0,004396 0,01029 0,002214
PercentFast 74,04t075,49 78,15t079,21 78,1610 81,19 77,8810 78,82 8437108559 9142109200 93,04 to 93,51
Tau (slow) 4,6861t05,177 2,375t02,529 0,2190 to 0,2602 6,173 10 6,886 5571106944 5324106217 3,519 fo 4,060
0,01283 to 0,05382 to 0,02551 to
Tau (fast) 0,1423t00,1624 0,06630t00,072980,01468 0,2239 to 0,2396 0,2798 to 0,3039 0,05800 0,02708
Goodness of Fit
R squared 0,945 0,9678 0,759 0,9632 0,9303 0,9147 0,8684
Power Law
Best-fit values
X0 0,002087 0,002196 0,004566 0,005014 0,005262 0,006313 0,006115
n 0,2619 0,3625 0,6606 0,297 0,4239 0,5537 0,6334
C -0,08792 -0,03557 0,0007251 -0,07133 -0,03525 -0,01644 -0,00486
95% Cl (profile likelihood)
0,001911to 0,002094to 0,004299to 0,004771 to 0,004863 to 0,006057 to 0,005780 to
X0 0,002271 0,002299 0,004834 0,005262 0,005670 0,006569 0,006448
n 0,2538t00,2700 0,3574t00,3676 0,6441100,6772 0,2907 to 0,3032 0,4127 to 0,4351 0,5440 to 0,5634 0,6167 to 0,6503
-0,09353to0- -0,03699t0- -0,0001826to -0,07532 to - -0,03781 to - -0,01760 to - -0,006095 fo -
C 0,08267 0,03419 0,001602 0,06752 0,03282 0,01531 0,003675
Goodness of Fit
R squared 0,9512 0,9756 0,8116 0,966 0,905 0,9202 0,8458

Table C.2 — Parameters for the different fits tested on recovery curves at the nucleus level
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C. Data and fits
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Figure C.5 — Transformed Colon Nucleus Fits. For each cell lines, mean recovery curves and the curves
for one, two and three phase decays fits, as well as the one for the power law fit were overlayed to each
nucleus replicates (represented as gray points).
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One phase decay
Best-fit values
YO
Plateau
Tau
95% CI (profile likelihood)
YO

HT-29 trVim

0,6984
0,01286
0,04378

0,6621 to 0,7347

SW-620 siNT

0,1285
0,004687
1,349

0,1259 to 0,1310

SW-620 siVim

0,137
0,00676
3,100

0,1348 to 0,1393

Plateau 0,01220 to 0,01353 0,004301 to 0,005074  0,006006 to 0,007513
Tau 0,04105 to 0,04691 1,309 to 1,391 3,013 10 3,213
Goodness of Fit
R squared 0,6386 0,1957 0,2691
Two phase decay
Best-fit values
Y0 = 1,000 0,2941 0,3538
Plateau 0,01125 -0,005255 -0,0006028
PercentFast 88,01 80,12 71,35
Tau (slow) 0,3974 5,656 5,257
Tau (fast) 0,01858 0,1726 0,131

95% CI (profile likelihood)
YO

0,2846 to 0,3036

0,3399 to 0,3676

Plateau 0,01069 to 0,01180 -0,006268 to -0,004242 -0,001879 to 0,0006737
PercentFast 86,93 to 89,09 79,42 to 80,83 70,20 to 72,50
Tau (slow) 0,3582 to 0,4463 5,297 to 6,067 4,999 to 5,543
Tau (fast) 0,01770 to 0,01955 0,1641 to 0,1821 0,1223 t0 0,1411
Goodness of Fit
R squared 0,7685 0,2339 0,3028
Power Law
Best-fit values
X0 0,005782 0,001578 0,0003182
n 0,7531 0,3938 0,2079
C 0,006599 -0,02651 -0,09965

959% Cl (profile likelihood)
X0
n
C
Goodness of Fit
R squared

0,005504 to 0,006060
0,7341 t0 0,7720
0,005829 to 0,007368

0,7904

0,001398 to 0,001758
0,3828 to 0,4047
-0,02835 to -0,02466

0,2413

0,0002435 to 0,0003928
0,1954 to 0,2204
-0,1095 to -0,08984

0,3053

Table C.3 — Parameters for the different fits tested on recovery curves at the nucleus level

186




D. Improvement on the Pachinko device

D Improvement on the Pachinko device

Having practiced the Pachinko device for quite some time now, I present Fig.D.1 some

improvements to be made on the device for future users :

1. Addition of support pillars in the chamber below the traps. First, after plasma treatment
during chip assembly, there exist a risk of collapsing the ceiling (only 15 wm-high, but
spanning over more than 3 mm) if one isn’t careful enough. Second, the addition of pressure
to empty the trap chamber between acquisitions tends to lift up the ceiling, which exert
forces on the small pillars composing the traps and may cause them to unbound from the
glass slide. The addition of pillars supporting the ceiling will prevent its collapsing during

assembly, and its deformation under high pressure.

2. Change in the constriction profile. The circle arc profile that we use for the constrictions
present the advantage of being more representative of in wvitro capillaries constrictions.
Though, deformation pattern it induces in the cell is complex and can be difficult to
analyse. For instance, big cells can take the shape of an "8", where the front of the cell
start to recover while the back hasn’t come through the constriction. To remedy this issue,
a straight channel from the middle of the constriction can be added so that the integrity

of the cell experiences the same level of deformation before its escape.

3. Change in the trap design. Here several changes could be made. The size of the pillars
composing the trap could be increased. The two small pillars in the previous design tend
to break over time, thus rendering the wafer and/or epoxy replicas molds unusable. The
depth of the cell housing could be increased and narrowed, to prevent cell from escaping
the design, and from having several cells occupying the same trap at the same time. During
emptying of the trap chambers between acquisitions, some cells tend to remain stuck below

the traps. We propose to round the bottom of the traps to prevent it.

Pachinko improvements: 7 2

Figure D.1 — Proposed improvements of the Pachinko device.
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RESUME

Les métastases, responsables d’environ 90% des morts liées au cancer, sont formées par un processus complexe im-
pliquant une phase intermédiaire de dissémination cancéreuse dans la circulation sanguine. Les cellules issues de la
tumeur primaire y acquiérent alors le statut de cellules tumorales circulantes (CTCs). Les capillaires sanguins présentant
un diametre typique inférieur a celui de la cellule cancéreuse, et méme de son noyau, les CTCs s’y retrouvent soumises a
un stress hydrodynamique et a de fortes déformations. Nous nous interrogeons sur la fagon dont ces cellules répondent
mécaniquement a ces stress et déformations, et sur le lien entre ces réponses et le potentiel métastatique de ces cel-
lules. Pour cela, nous avons développé deux dispositifs microfluidiques, qui constituent des modeles simplifiés in vitro
de la microvasculature, et nous sommes intéressés a sept lignées cellulaires de cancer du sein et du colon. Le premier
dispositif permet d’étudier la dynamique de déformation et de récupération a des temps courts a I'échelle de la cellule
unique. Nous avons pu montrer que le temps d’arrét des CTCs dans les constrictions dépend en premier lieu de leur
taille, puis de leur agressivité: a taille égale, les cellules issues d’'un cancer plus agressif traversent plus rapidement les
constrictions. Nous avons aussi pu caractériser les propriétés rhéologiques des CTCs au cours de leur déformation et
récupération morphologique. De fagon intéressante, nous avons observé que le noyau des cellules les plus agressives
récuperent de fagon quasiment instantanée. Cette récupération élastique semble étre liée a la présence d’'une cage de
vimentine (filament intermédiaire) entourant le noyau, absente dans les cancers les moins agressifs. Le second dispositif
permet, a I'échelle de la population de cellules, de suivre I'effet de déformations répétées sur la survie et I'agressivité des
CTCs. Les cellules issues d’un cancer plus agressif semblent mieux survivre, car plus aptes a récupérer des déformations
et dommages. Nous espérons, par la compréhension des mécanismes gouvernant la réponse des CTCs a des déforma-
tions rapides sous flux, pouvoir identifier des cibles thérapeutiques afin de perturber ces mécanismes et empécher les

CTCs de survivre a leur passage dans la circulation sanguine.

MOTS CLES

Cellules Tumorales Circulantes, Méchanobiologie, Microfluidique, Noyau, Cytosquelette, Métastases.

ABSTRACT

Metastases, which are responsible for about 90% of cancer-related deaths, are formed by a complex process involving
an intermediate phase of cancerous dissemination in the bloodstream. There, cells from the primary tumor acquire the
status of circulating tumor cells (CTCs). As blood capillaries display diameters typically smaller than both cancer cells
and their nuclei, CTCs experience high shear stress and high deformations. We are investigating how these cells respond
mechanically to these stresses and deformations, and how these responses relate to their metastatic potential. To this
end, we have developed two microfluidic devices as simplified in vitro models of the blood microvasculature, and studied
seven cell lines of breast and colon cancer. The first device allows us to decipher short-term dynamics of deformation and
recovery at the single cell level. We were able to show that the arrest time of CTCs in constrictions depend firstly on their
size, and then on their aggressiveness: for the same size, cells from a more aggressive cancer cross the constriction more
quickly. We also characterized the rheological properties of CTCs during their deformation and morphological recovery.
Interestingly, we observed that nuclei of more aggressive cells recover almost instantly. This elastic recovery may be linked
to the presence of a vimentin (intermediate filament) cage-like structure around the nucleus, missing in the less aggressive
cancers. The second device allows to monitor the effect of repeated deformation on CTCs survival and aggressiveness
at the cell population level. Cells from a more aggressive cancer have a higher survival rate, as they are expected to
better withstand deformations and damages. By understanding of mechanisms governing the response of CTCs to fast
flow-induced deformations, we hope to identify new therapeutic targets to disrupt these mechanisms and prevent CTCs

from surviving in the blood circulation.
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Circulating Tumor Cells, Mechanobiology, Microfluidic, Nucleus, Cytoskeleton, Metastasis.
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